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PREFACE

The launch of LANDSAT has for the first time provided the water re-
source manager and practical hydrologist with hroad prospects for
efficient acquisition of essentially real-time data. These are usable
for hydrologic land use assessment, surface cover classification, phy~
siographic analysis, surface water inventory, and for the extraction
of information pertinent to soil properties. This information has
value rot only by and in itself, but also to construct the watershed
transfer function for hydrologic planning models aimed at estimating
peak outflct;: from rainfall inputs.

'The reduction of satellite data to practical, operational information
requires a clear, easily applicable methodology for converting these
data into quantitative hydrologic parameters, |

The ﬁmﬁamental objective of this effort is the develcpuent of such a
methodology and its transfer to hydrologic users. It was realized
that such technology transfer could be made far more effective hy the
parallel development and eventual damnstration of the results of a
model., specifically structured to take full advantage of the capabil-
ity of LANDSAT — for eé:ample, its frequent recurrence and conseguent
ability to determine seasonal variations in the watershed's conditions.
The category of Planning Models was chosen for development and demon-
stration because of its great practical importance in the design of
waterworks, becagse of the wide diffusion of such models down to capil-
lary levels within the hierarchy of water resources users, and because
their implementation is relatively simpler than real-tiine management
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models, thus making optimum use of the resources available for this
effort,

mnsequ@ﬂy, the effort was structured along two major routes: the
develomnent of a hydrologic planning model specifically based upon
rawtely sensed inputs, including its test and verification from ex-
isting records; rad the applic.tion of LAIDSAT daf.a to supplying the
model's quantitative parameters and coefficients. Included was the
investigation of the use of [ANDSAT data as infommation inputs to
all categories of hydrologic models requiring quantitative surface
parameters for their effective functioning.

The effort thus far has consisted of two phases. The first focused

on the definition of the "drivers" ~ those hydrologic processes to
which peak ruoff is most sensitive - and upon the synthesis of a
simple 'yet effective model for the estimation of long-recurrence out-
flows. The results of the first phase effort mrelpresented in the
Final Report, "The Application of Remote Sansing to the Development
and Fomulation of Hydrologic Planning Models,"” dated Janvavy, 1875, (1)
The second phase has extended this work to inglude the development

of a routing model for use in sensitivity analyses, and a quantita-
tive investigation of the accuracy and ommpleteness of the hydrolo-
gic information which can be extracted from rawtely-sensed imagery.

This document reports the findings and conclusions of the Phase~two
effort: it includes a smimazy of the results of the earlier work.
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CHREPTER T
REVIEY] OF THE FIRST PHASE EFFORT

Of critical concern to water resources planners and engineers is the

ability to forecast peak flow events, The capacity to estimate the
magnitude and duration of large-recurrence outflows has a significant

impact upon the accuracy of sizing and designing waterworks, and thus
on their cost. '

The tool available to the planner for these puwrposes is the hydrologic
model, Although the inputs of dlifferent models vary, all req,ui.re sig=
nificant cquantities of physiographic and hydrologic infornmation; these
data are typically expensive to cbtain and are often only partially
available, Remote sensing offers a new source of informatian which
formerly had to be acgwired by less efficient means or ignored al-
together,
The first phase of this effort conducted fram February to December
1974 addressed four pertinent topics:
1) TIdentification of the "drivers" of peak flow events, i.e.,
the hydrologic phencmena (infiltration, antecedent soil
moisture, etc,) to witlch the watershed's outflow is most

sensitive,

2) The develomment of a model compatible to the meximun degree
with xmbtely—sensed hydrologic inputs.

3) vVerification of the model for actual watersheds,
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4) Preliminary identification of the efficiency of remote sen-
sing in detemmining the paramsters of the model,

1.1) Investigation of Driver Phengeena

The purpose of this investigation was t0 achieve a valid statistical
comparison of the rates and magnitudes of the hydrologic processes
contributing to the vunoff from long-recurrence events, This was ac~
complished over a significant sample of watersheds, with wide var—
iation of climatology, terrain, and physiography. The camparison al-
lowad the determination of which are inportant and wiich can he neg-
lected without significant loss of accuracy. ‘

Rain falling on a watershed is subdect to several processes which ab-
stract water and govern the flow. Those which produce the most sig-
nificant changes to flow rates and volumes "drive" the basin outflow.
Table 1 describes the hydrologic processes; Table 2 presents the
"drivers" of each., Figure 1 synopsizes their relative contributions
to the peak event. It shows that several processes can be omitted in
the formulation of a peak rate model because of their limited impact.
For example, the rates corresponding to interflow, percolation, and
evapotranspiration are very slow in comparison with other processes
such as rainfail, infiltration and overland flew, Also, intercepti'on

and depression storage bscome saturated early in large rainfall events.

Therefore, except for very special circumstances, peak flow can be

adequately modelled by considering only precipitation, infiltration and

gsurface flow - both overland and in the chunnels.
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TABLE 1 . | L

SUMMARY DESCRIPTIONS OF HYDROLOGEIC PROCESSES

HYDROLOGIC PROCESS ' ‘ DESCRLETTON

Molsture caught and stored on plant leaves and i
Interception stems or other impermeable cobjects; eventually P
' evaporated back into the atmosphere. :

Dowrward mvement cf water from the surface into

Inflltration  the soll.
» Labersl subsurface water movement toward stream
A) Interflow channels,
: Dowrmard movement of waber through soil to Y
B) Percolation groundwater (area where pores of soll or rock *
: are filled with water), S

CoAy - . Water from interflow and percola’cion whi\.h mves

2 ‘Base Runoff tmderg;round to the chanriel.
Evapotranspiration

Upward movement of water in gaseous state from

A) kvaporation the surface.

. Movement of water .hwough plants to 'che

B) Transp}r atign atmosphere,
Precipitation Excess
h A) Depression | Retention of excess rainfall in surface depres-

- Storage sions,

Uninfiltrated water which flows over lang

runoff) end overland flow (direct runoff).

) VSur-'uf.‘f:-v‘JE? Flow ‘surface to stream chamnels, Lo L
¢) Chamnel Flow Flow of water in natural channels. N
Total ﬁm‘.‘oﬁ; ) Sum of runoff from underground -processes (base
3
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TARLE 2

POTENTTALLY IMPORTANT DRIVERS AS RELATED TO HYDRbIDGIC PROCESSES

HYDROLOGIC PROCESS

PRINCIPAL, DRTVERS

SECONDARY DRIVERS

Overiand Flow

Slope

Roughness of Soil
& Cover .

Drainage Danslity &
Pattern

Inflltration

Soll Permeability

Mntecedent Soll
Moisture ’

Soil Molsture Capa~
city

Vegetative Cover
Slope

Water Turbidity
Temperature

A) Interflow

Soil Permeabllity

Subsurface Molsture
Gradient -

Flow Length, Slope

B) Pércqlation

Soil Permeahility

Subsurface Moisture
Gradient

Soll Depth

Evapotranspiration

A) Evapciation

Temperature
Antecedent Soll
Moisture

Soll Permeablility

Waber Tw:'hidity

Wird

B) Transplration

Temperature
Solar Radlation
Vegetative Cover
Antecedent Soll
Molsture

Wind

Depresslon Storage &

 Pepresslon Density

Slope

Cover Composition,
Age, Density

- Detention Cover Retention
Duration of Ralnfall { Evaporation Rate
o Intensity of Raine
Interception fall

REPRODUCIRTTITY OF TR
ORIGINAL ¥/

L i Ve 5 Fs 2
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FIGURE | RATES OF HYDROLOGIC PROCESSES

IOOH- Rate,cm/hr.

50 Y. rain-range over 150 Experimental
I Watersheds v

T infibration- Y ¥ »

TIME, hrs.
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The met of the prinéipel drivers of plamning models can thus ke de=
fined as shown in Table 3 which also indicates that several of the
drivers are remotely measurable or infevrable., The means by which

this can be accamplished will be discussed in Chapter IV,
1,2) Dbevelopment of Remote Sensing Model

The following criteria were followed in the structuring of a peak-rate

. wodel s '

1) The model would be modular, to allow the user flexibility of
application. |

2) The model would provide the long-recurrence peak outflow rate;
" development of a model to yield the hydrograph was reserved
for a later phase of the effort.

Sensitivity analyses of the sub-surface abstraction module were per-
formed on an EAT 380 Hyhrid camputer to detamﬁne the effects on run-
c:ff of the sub-surface hydrologic drivers: soil moisture content and
capacity, ‘and 5011 permeability. Figures 2 and 3 examplify two of
the computer runs.

The peak rate model was constructed from the following modules:

Rain Recurrence Module: an evpirvical formulation of the form.

o '.n“:z
1= & (1)
t+a%
where: i = rain rate, m/sec.

T = recurrence pariod, years

i
:
.




TABLE 3

PLANNING MODEL COMPONENTS

PROCESSES PRIVERS REMOTE SENSING
POTENTIAL
Overland Flow Slope .
Surface PFriction *
Drainage Density & %

Pattern

Infiltration Soil Permeabilities
Soil Moisture Capacity
Antecedent Soii ®
Moisture

Rainfall Regional & Seasonal

Recurrence Statistics
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EFFECT OF ANTECEDENT SOCIL WMOISTURE
CONTENT ON INFILTRATION AND RUNOFF
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t
Oys Gy Qqp 4 = constants, funccions of location

b

rain duration, hrs., ?

This was used to calculate the expscted magnitude of larye re-

currence rainfalls,

Rainfall sSpatial Correction Module: the intreduction of a factor

U T T R T AT L

to convert point rainfall to its areal equivalent for large basins.

e 3

As watershed area increases, efifective rainfall must be diminished, d
An ewpivical relation, as shown in Figure 4, was used for this pur-

pose.

Sub-surface Abstractions (Infiltration) Module: +tha Holtan in- -:-_'_

filtration eguation:

t =cr-a- s, -nhte 1, (2) : §
where: I = infiltration rate X

GI = maturity of cover index

a = average vegetative cover factor

Sa = average available =0il moisture

capacity
I = cunlative infiltration
i ¢ = saturated infiltration rate

Holtan's equation was selected for use because 1) it explicitly in-
clﬁﬂes surface observables (the a and GI factors) which are poten- T
tially remotely sensible, 2) it is currently being applied over a :
diverse range of cover and soil types so awpirical verification ex-—

istg and 3} its results do not differ appreciably from those of

other widely-used formmulations,

il




FIGURE 4 WEATHER SERVICE
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Overland Flow Module: a formulation which relates maximum over—

land flow rate to watershed slope, area, surface friction, channel
length and rainfall input.

3 1
g=om1 g| 4 D @5 04 -2 (@3
£S5 sI0 (3600) 3
where: ¢ = maximm outflocw rate, m3/sec/2m2

L = channel length, m
1= length of average strip, m
n = average Manning's "n"

¢ = routing factor
E=XKa T%

=

= infiltration and spatial correction factor
= rain recurrencs interval, years

= average slope, m/m

Qpe Bor Qg = constants, function of location

i 3

1.3) Verification of the Model

Validation of the model required testing against a set of real watersheds
possessing long-term records and representing a variety of enviromrental
conditions. Such a sst has been developed by the U.S. Department of
Mriculture, Agricultural Research Service (ARS). From this sot of
approximately 350 watersheds, 158 basins with area greater than 40 hec-
tares were selected to form the analytic sample. The fifty-year re-
currence outflow was selected as the test event. Initially, the fifty-
year event was chosen because it represented a realistic estimate of

water resources project life and because it was consistent with the -

r e )
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length of available reccrds. The selection was made subject to further
verification which has been completed and is described in Section 3.3.
Initial verification of the model was mads on a 5 ot of nine basins
selected for gesgraphic and hydvologic diversity. A typical descrip-
tion of such a test basin appears in Figure 5. The paramsters necess—
ary for application of the model were calculated fram the ARS data. A
summary of the paramsters for the test subset of nine basins is pro-
vided in Table 4. '

The computed flow rate and the rate statistically derived from the
measvrement records were compared. Computation of peak flow was also

. made uging other models in oommon ugsage - the Rational Formula, the

S.C.5, model, and Cook's egquation ~ for the same watershed sample.
The results are presented in Table 5 and Figure 6. The peak-rate

model yielded estimates within ¥ 15% of those derived from runofe
records for seven of the nine test watersheds.

The results for two watersheds - Reynolds, Idaho, and Chickasha,
Oklahoma, exceeded the 15% accuracy bound. It appeared that these
large errors might be attributable to the "cauplexity" of the two
basing, both of which are composed of numercus sub-basins of diverse
characteristics, hence requiring more camplex routing than incorpora-
ted in the model. The develomment of the routing module will be de-
scribed in Chapter ITI.

1.4) Identification of the Fole of Remote Sensing in Hydrologic
Modelling

A visual analysis was performed of one watershed at Chickasha, Oklahoma,

from black and white, Band 5, LANDSAT imagery taken on October 20, 1973.
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FIGURE 9

RIESEL. (WACO) TEXAS ECO-7

Area 45 Km?2

Slope .02 m/m

Length of Channel 66 sz

Drainage Density 1/680 m/m2

2084717
(te1) 78

Cover

60% busfure
6% Small grain

3% Corn

7 % Cotton

9% Row grains

2 % Gravel & paved roads
| 3% Other, mostly waeds

Soils

66 % Wilson clay loam
24% Burleson Haiden clay
4% Frio clay loam
3% Crackett loam
2% Burleson cigy
! % Houston Black cigy
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TABLE 4
PEAK RATE MODEL. PARAMETERS

£CO MAIN CHAN- | OVERLAND
| 0 LOCATION Bg0 | HEL LENGTH{mowienom| @ | & | ¥ | %0 K
. Lym 1,m, n3/eec/km
. I | DANVILLE, VT. anxi6S| ome eos 2o |om |uz2 | = 28
2 | COSHOCTON,O. L4x03| BI85 183 .73 j.048 (472 | 268 7
3 | sLackssums,vA. |14x10°5] sooo 87 120 jo {423 | 100 £2
4 OXFORD, M188. 14208 | 12,000 838 26t |oe0 |.154 D8 8
: ' I
e
& | FENNINORE, WISC. [14x10°8] (845 168 326 [.034 {.080 | 128 70 ;
8 | CHICKABHA,OKLA. {20x0°] 3e7i9 800 . 344 |.038 | 028 | .08 8
7 WACO TEX. 22516  aze8 263 31 J.038 |.o21 | 108 76
8 | SAFFORD,ARIZ. 1221070 3840 133 38 |o20)020 | 53 73
¢ | rEvioips iake  |eexig’T|  2uest 1es 322 |.0% |76 |.col &0
L ¥
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TABLE §

. Danville Vi,
. Coshocton, Ohio
. Blackshurg. Va

. Oxford Miss.

Fennimore. Wisc,

. Chickasha, Okla

. Waco, Texas

Safford, Ariz.

. Reynolds, idaho

COMPARISON OF RESULTS
FOR THE FIFTY YEAR FEAK

FLOW EVENT

Qg - m3/sec/kme

Records ECO | Rational SCS Cook
095 09l 4.8 z2.14 549
10.6 255 iI76 4.4 12.6
.33 1.01 2.7 7.5 i
IL.9 108 ) 3.1 8.4
1.8 2.5 IB.S‘ 3.5 13,4
088 0.08 33 29 6.4
13.6 LS 154 228 5.7
6.25 5.3 144 15.2 6.0
0.87 0.001 1.7 13,7 :f

DI oo
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FIGURE g COMPARISON OF ACTUAL VRS PREDICTED SO-YEAR = _
RECURRENCE FLOW ;,
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The findings of this analysis are summarized in the following:
1} Substantial hydrologic information can be measured from
low resolution, single-~band, black and white imagery
from LANDSAT. The parameters identified and measured were:
surface water bodies, Land Use Type 2 and 3 surface cover

classes, channel length, and watershed area.

2) Of particular value are seasonal LANDSAT observations.
For example, the October imagery showed the watershed when
vegetation density was low; this made the higher--urder
streams visible. More channels could be measured from the
image than appeared on the U,5.G.S. topographic map at the
same scale, LANDSAT imagery clearly shows that effective

drainage dengity varies cyclically throughout the vear.

3) It became apparent that published records do not ’reflect
current surface cover conditions, since the watershed's
land use typically alters with time. For example, the
October 1973 1ANDSAT imagery demonstrated that surface cover
had changed from that described in the latest published

data (1967).

4) Discrepancies in published data on the extent of surface
water were easily measurable. For example, some impound-
ments had bzen added to the watershed under analysis since
the U.S.G.S8. map was last updated. The effect of the im-
poundments in increasing the surface water area of the

watershed was clearly visible.
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1.5) Oonclusions from the First Phase BEffort

1.

2.

3.

4.

5.

T T s e it 4 IR e i s AT o 3 4wt s

An improved model for the prediction of peak flow events
was structured, specifically designed to take maximum ad-
vantage of the data and information stream available from

remote sensing.

The model was exercised to predict the peak mmoff from
nine experimental Agriculturai Research Service water—
sheds, selected from among a set of 158 instrumented and
well~described watershads.

The predictions of the new model in its sinplified version

were tested against:

a. The predictions from three of the most employed con-
temporary planning models -~ i.e., the Rational For-
mula method, Cook's method, and the Soil Conservation
method; and,

b. The statistical recurrence analysis of the stream-

gage records of the nine test watersheds.

The results indicate that, within the range of applicabil-
ity of its simplified version, the model appears to be an
improvemant over oconventional hydrologic planning models.

The feasibility of extracting the model inputs and para-
meters from remtely sensed information was identified
by visual analysis of LANDSAT imagery.
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CHAPTER IT
APPROACH TO THE PHASE 2 EFFORT

The Phase 2 effort concentrated in two areas:
l) The iwprovement and extended verification of the planning

model, including routing.

2} The andlysis of LANDSAT imagery to determine practical proce-
dures for the extraction of quantitative hydrologic informa-

tion usable in Planning Models.

The first area included four tasks. In the first task, the application
of the peak-rate model to the test watersheds was extended to include a
larger, statistically significant sample., Estimation errors of the

lérqe—rec&mrence flow event with resgpect to runcff records ware deter—

mined; the results were compared with estimates dexived from other

commonly enployed models.

The ramaining three tasks aimed at the improvement of the model's accur-

acy by further analysis of the following important factors:

In the second task, the time~profile of the critical rainfall and
runoff statistics from the 158 ARS watershed sample were analyzed
to ascertain regional and seasonal characteristics of peak flows
and to detemmine what is the "plamming rain," i.e., the rainfall

which defines the critical outflow.

The third task addressed the sensitivity of overland flow to changes

of physical hasin parameters., This was assessed through camputer

runs of a strip model.
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The fourth task addressed the inclusion of "complex" watersheds.

A routing model hased on ramotely-sensed inputs was synthesized.

The second area consisted of three tasks:

: In the first, technicuss for extraction of hydrologic data were : .
| analyzed, o

In the second task, an investigation was undertaken to determine .
the information content of each MSS band and multi-band combina~ :
tions., IANDSAT imagery from two test watersheds was interpreted

and campared to topographic map ground truth to ascertain which

hydrologic features could Ye identified. N :

i
i
v
i
Hi
it
1
il
I}
|l

The third task addressed an in-depth cuantitative analysis of a

single basin from IAMDSAT data. A Maryland watershed was selec-

ted for this analysis because of the availability of recent, sea-
sonal ground truth, and also hecause of the watershed's rapid de-

velopment, which adds the possibility of assessing the effects of o

land use changes on hydrologic properties.

The relationships of these tasks to each other and to the overall ob-

jectives are depicted in Figure 7.
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EXPANDED VERIFICATION
OF PEAK RATF. MODEL

FIGURE 7 FLOW CHART OF CURRENT EFFORT

IDENTIFICATION QF

PLANJING RAIM

ANALYSIS OF INFOR-

l".lll-.l... MATION CONTENT CF

MSS BRANDS

{
SURFACF PARAMETER DEVELOPMENT OF
SENSITIVITY ROUTING MDODFL
ANALYSIS I

| .

|
DEVELOPMENT OF QUANTITATIVE
ANALYSIS H ANALYSIS OF
TECHNIQUES LANDSAT IMAGFRY
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CHAPTER ITI

EXPANDED VFRIFICATION OF PEAK-RATE MODEL AND DEVELOPMENT OF ROUTING MODEL

3.1) Exparded Verification of Peak-Rate Model

Seven of the nine watersheds selected for verification in the Phase 1
effort and which yielded the bast results were essentially "simple ".
composed of a main chamnel without contributing sub-areas. An addi-
tional twenty-four basins satisfying these criteria were selected in
this effort. These watersheds, howaver, ware chosen to include a wider
range of physiographic, geographic, and hydrologic characteristics.

They ranged in avea fram 40 to akout 2000 hectares.

The parameters required by the model were computed for each watershed
as follows:
1) Main channel length was measured with a map wheel from U.S.G.S.

topographic maps.

2) The average infiltration rate was computed by determining the
waighted average of the types of soil. The U.S. Soil Conser—
vation Service classifies soils in the United States with re-
spact to infiltration rates in four classes, desigmted A, B,
C, and D, respectively, Class A denotes soils with high in-
filtration rates even when thoroughly wetted. They consist
chiefly of deep, well-to-excegsively drained sands or gravels.
Class B denotes soils with moderate infiltration rates when
thoroughly wetted. These ave chiefly moderately deep to
deep, and moderately well to well-drained soils with moder-

ately fine to moderately coarse textures. Class C includes
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goils having low infiltration rates when thoroughly wetted.
They consist chiefly of soils containing a layer which ime
pedes downward movamnzsnt of water, or soils with mederately
fine to fine texture., Class D represents soils with very
low infiltration rates when thoroughly wetted. These soils
consist chiefly of clay soils, soils with a parmanent high
water table, soils with a clay layer at or near the surface

layer and shallow soils over nearly impervious material.

An averade watershed soil class was determined by computing
a weidghted average of the above data. It was calculated by

assigning values of 1, 2, 3, and 4 to classes A, B, C, and

D, respectively. For example, for Coshocton #194, 86% of the

soils are type C, while 14% are type B. The average class was,

then:
(0.86)9(3) + (0.14)¢(2} = 2.86
Therefore, mean s0il class for Coshocton is approximately C,

so0 the characteristics of this class were used in the model.

Average soll class was translated to average saturated, or
final, infiltration rate by using the values for each soil
type given by H. Holtan, et, al., for the USDAHL~70 water—
shed model (2)}. These values are presented in Table 6.

The character of the soil vis-a-vis layers of soil which
congstitute an impediment to flow are used to determine the
choice of the value within the range. A low value for im-
peding layer of clay; a mid value for loam; and a high value
for sand,

|
:
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FINAL INFILIRATION RATE FOR SOTL CLASSES

Tabis 6
Soil Class Final Infiltration Rate Range (cm/hr)
A P {4 -78
8 076 -.38
C 0.38-12
D Q.12-00
AVAILABLE STORAGE CAPACITY BY SOIL TYPE

.

Toble 7

Soil Type

Sand
Sandy Loam
Loam

Clay Loam
Siliy Clay
Ciay

Available Storage Capacity m/m

0.29
0.29
0.25

.22
.20
C.l8

Y N

e
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3)

4)

After average final infiltration rate was calculated, avail-
able water storage over unit depth was computed. Values of
available storage capacity were assigned on the basis of
soll type, according to Table 7., A weighted average was
taken to determine the available storage capacity {Sa) . An
average vegetative factor (a) was computed for the watershed.
First, the distribution of cover was determined from the
data base (for exammle, 11% cultivated, 58% grassland, etc..).
Then each type of cover was assigned a value according to
Table 8, A waighted average was comput.d according to per-
centage of each tvpe of vegetative cover in the watershed.

The input set for the Foltan ecuation was then camplete.

The average infiltration I ovar tima was then calculated by

the Holtan emation:

[l
f
]
w
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The approximate time of concentration was computed by applying
the empirical eguation developed hw Xerhy (3). The time of
cancentration is the time required for rainfall from the most
rawte point of hasin to reach the cutlet. It therefore de-
fines the minimun rainfall duration for the hasin to reach
paak outflow. The Kerby formula was used to give an initial
estimate of the duration of the peak rain, subject to itera-
tive validation as described in Section 3.3, It is of the

form:
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Table 8

VEGETATIVE COVER FACTORS (a) FOR
HOLTAN'S EQUATION

COVER GOOD CONDITION ~ POOR CONDITION
Fallow " 030 0.10
Row Crops 0.20 0.10
Small Crains 0.30 0.20
Hay (legumes) 040 0.20
Hay (sod) 0.60 0 40
Pasture ( bunch grass) 040 0.20
Temporary Pasture ( sod) 0.60 0 40
Permanent Pasture (sod) 1.0 0.80

Woods and Forests 10 0.80
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Wheres: tc = time of concentration
I, = distance frem the nost remote point in the
hasin to the chennel, in a direction parallel
to the slope
5 = slope
n = retavdance coefficient, according to Takle 9.
An average surface friction factor, Manning's "n", was cal-
culated for each watershed. Values shown in Table 10 were
welghted according to the psreent of the basin in each cover

class.

4

Gubel's Extrene Valus tectnique was applied to the flow re-
cords of the expanded sample to ocm;guﬁe the fifty-year re-

' currence £low, to be coipared ultimately with predictions of
thesaméeventbyﬂ'xenﬁdel. The formula is as follows:

Qs°=n+3s

Where: Qgp = fifty~year recurrence outflow rate

u = mean of flow records _
8 = standard deviation of flow records

B = constant, function of the muber of years of
record ‘

Table 11 shows values for i, f and s for different recurrence
intervals.

Average basin slope was computed by a weighted average of the
slopes, using the data fram A.R.S. records,
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RETARDANCE OOEFF!GIENT -

'KERBY'S EQUATION

Type of Surface

Smooth impervious surface................

" bare packed soil. ..

Poor grass, cultivated row crops or

moderately rough bare suiface .

Pasture or average grass
Deciduous timberland . .

Coniter timberland, decidizﬁwé
timbertand with deep forest

titter or dense grass. . .

Vaive of n

.0.02

C..0.10°

. 0.20

. 0.40
.0.60

. 0.60

S,
Mok .o St won
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Table |0
MANNING'S ROUGHNESS COEFFICIENT FOR OVERLAND

FLOW FOR VARIOUS SURFACE TYPES

Watershed Surface

Manning's "N

Smooth Asphalt

Concrete ( Trowel Finish)
Rough Asphalt

Concrete (Unfinished)

Smooth Earth ( Bare)

Firm Gravel

Cemented Rubble Masonry
Pasture (Short Grass)

Pasture ( High Grass)
Cultivated Area (Row Crops)
Cultivated Area ( Field Crops)
Scattered Brush, Heavy Weeds
Light Brush and Trees (Winter)
Light Brush and Trees ( Summer)

Dense Brush ( Winter)
Dense Brush ( Summer)
Heavy Timber

idle Land

Grass Land

0.013
0.013
0.016
0.0I7
0.018
0020
0.025
0.030
0035
0035
0040
0045
0050
0080
0.070
0.100
0.100
0-020
0.032

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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VALUES OF B FOR DIFFERENT SAMPLE SIZE 8 RECURRENCE
Sample Recurrence interval,years
Hred | 10 20 25 50 75 100
15 1.703 2.410 2.632 3.32] 3721 4.005
20 1.625 2.302 2517 3179 3,563 3836
25 1.575 2235 2444 3,088 3.463 3729
30 1.541 2.188 2.393 3.026 3,393 3653 1
40 1.495 2.126 2326 | 2.943 3,30l 3,554
|
50 1.468 2.086 2283 2889 324! 3.491 ‘
60 1446 | 2059 | 2253 | 2852 3200 3.446 :}: |
70 1.430 2038 2230 2.824 3.169 3413
75 1.423 2.029 2.220 2812 3155 | 3400
100 1.401 1998 | 2187 | 2770 3108 | 3.349
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Where, kl, kz, ka, k4 are ratios of the overland to channel

parameters of surface friction factor, flow length,
flow depth and slope, respectively.

This factor is essentially the routing component of the
peak rate model in that it accounts for channel flow in.
time of concentration calculations. A detailed deriva-
ticn can be found in Reference 1.

9) Infiltration abstractions were included in the. fom of the X

factor which reduces actual precipitation to precipitation
excess, The K term was calculated by comparing the
rain rate ccourring over the time of concentraticn vﬁﬂl the
average infiltration rate for the samz period, TIor example,
the rate (P) for the 50-year recurrence, T ~ duration rain
in the Blacksburg watershed is 0.109 meters/hour, The in-
filtration equation, using the constants for this lwate.rshed,
derived as explained previously is:

T =0.72 (4,97 - )14 10,38

an/he
For t_ = .52 howrs (from the Kirpich formila), the infiltra-
tion rate will £all fram 7.1 aw/hr to 3.4 ay/hr, with an
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average value equal to approximately 4.2 aw/hr,

- The K factor, therefore, for this case equals:

1___:1;:1“ 0,042 m/hr .. 4 62
P 0,109 m/hr
In other words, for this particular rain event, and for the
Blacksburg watershed, apprm:imate.ly 62% of the rainfall be~

comes runoff.

10) All model imput requirements are summarized for the water-
shed gample in Table 12, It is clear that a great diver-
'sity of hydrologic and physiographic conditions is repre-
sented,

11} To enable camparison of results with the SCS model cutlined
"in Refevence 4, an average SCS curve nurtber was computed.
Curve number values were taken from Table 13 according to
average soil group. The determining factor in choosing a
curve mmbexr is vegetative cover. A weighted average
yielded a final curve number.

Using the paramsters develépeci above, the peak rate model was run for
each of the 31 simple watershsds, The 5.C.8. formula, Cooks model and
the Rational formula wers also nn for the same sample. The results
are shown in Table 14: and, for the psak rate model alone, in Figure
8. Mean exrors for the peak rate model were 56% compared with 62.5%,
99,2%, and 80.3%, for the S.C.S., Oook, and Rational models, respect-
ively.
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. TABLE 12
VMOLEL, INFUT REQUIRSMENTS FOR EXTENDED WRATERSHED SAMPLE
(%1070 0™

BASTN n m{; (nﬁ s E oy 0o oy k [0
Coshocten §5 048 | 700 | 241 155 | 1.410 1.08 .15 .83 | .772 | 1.546
. Coshocton §10 085 | 869 80 162 | 1.315 1.08 .15 .83 .677 | 2.696
- Coshocton §92. 046 | 2367 | 200 166 | 1.09 1.08 .15 .83 561 | 3.275
Coshocton #94 048 | 3840 | 232 .158 .987 1.08 .15 .83 .507 | 5.016
Coshoctan §95 .050 | 5297 | 227 .169 915 1.08 .15 .83 .470 | 7.077
Coshocton £97 ,051 | 8201 | 222 172 .959 1.08 .15 .83 .494 |11.96
Coshoctan £194 048 | 515 | 163 172 | 1.8 1.08 .15 .83 713 | 1.4 2
Coshocton $196 L051 | 802 | 119 172 | 1.189 1.08 .15 .83 .612 | 1.97 7
Coshouton #994 023 [17020 | 242 .| 172 | 1.3:1 1.08 15 | .83 .680 |72.0
Towa City 440 ,042 | 6360 | 149 103 | 1,053 1.178 .151 .79 .495 |19.4
Fermimore #41 033 | 1580 | 165 .08 | 1.420 1.139 .14 .78 J721 | 3.42
Fennimore #42 .035 837 | 162 .05 | 1.524 1.139 .14 .78 774 | 2.002
Hastings #56 .035 | 2415 78.8 .059 | 1.535 1.214 172 .836 .703 112.56
Hastings £57 .037 | 1610 89.3 061 | 1,751 1,214 .172 .836 .736 | 5.7
Hastings 258 .0353 | 1503 75.4 057 | 1,359 1.214 172 .836 .571 | 4,91 ’
Hastings #59 034 }14220 92.1 053 | 1111 1.214 172 .836 .467 196.21
% Stillwater £81 ,032 | 1690 | 107 073 | 1.916 1.404 .17 792 .702 | 6.26
| Waco #83 | 035 | 2400 | 218 020 | 2.383 1.5 17 .78 .817 | 3.287 |
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Table [3
SCS CURVE NUMBERS
Land Use Treatment Hydrologic ydrol
or Cover or practice - C:r?dmon H bl o8 o
A 8 Cc D
Row cropse Straight row Poor 72 el |88 | 9l
Straight row Good 67 |78 |85 | 89
Comour:: Poor g 773 8% | 88
~Small grain raight row Poor ‘ VB—%%
Contoured Good el 73 | 8| B4
Legumes or
rotation Contoured Good 55 69 | 78 | 83
Native pasture '
or range Fair g €9 ;2 a6
| Good | | 74 | %
Woods - Fair 36 73
Good 25 5 | 70| 77
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TARLE 14

SUMMARY OF MODEL RESULTS

RECORDS , PEAK RATE MODEL S.C.8. COOK RATIONAL
WATERSHED 3 2 % ERROR % ERROR  § ERROR & FRROR
Toshocton #5 7.62 109 -50 39 143
(15.9) {3.82) {10.6%) (18.5)
Coglocton #10 12,3 62 ~55 27 19
(19.9})" {5.55) {15.6) (14.86)
Joshocton #92 5,12 7 3s 112 80
{5.48) {6.89) {10.83) (2. 20)
Coshocton $94 .05 ~53 ~10 82 a7
(2.82) (5.44) (11.04) (7.70)
Coshockon #95 4,63 ~72 35 164 31
{1,29) (6.27) (12.24) (6.07)
Coshocton 497 4,82 -87 ~22 74 -1l
' ( .62) (3.74) (8.37} (4.29)
Cashocton #194 10.6 143 ~-58 ie 64
- {25.5 (4,4) {12.6) (17.6)
nehocton #196 19.3 -41 -78 ~41 ~41
N {11.3) (4.34) (11.38) (11,400
Coshocton #9924 2,69 ~86 13 212 -16
. (.11) (3. 04) {8.39) (2.26)
Iowa City 5,83 ~88 ~28 138 -27
(.68} {4.20) {14.2) (4,32)
Fenninmore #W-1 11.8 (l§35} 66 -1 10
| - (4.06) (11.1) (13.0)
: Fermimore (-4 12.93 63 76 2 20
] (21.2) (22, 9) (12.7) (15.6)
| codlings #9-3 16.4 ~86 ~53 38 -40
1 (2.24) (7.71) (22.6) (9.87)
| Hzstings $W-5 10.5 ~45 21 3 5
§ (5.75) (12.7) (10.2) (11.0)
| Hastings §W-8 4,54 -8l 43 99 7
- _{.84) (6.50) {9.05) (4.86)
' hastiogs #W-11 3,57 ~93 -1 142 -16
i (.088) (3.55) (8.63) (2.99)
stillwater iv-4 20,6 -29 ~47 -50 ~28
! - (14.6) (10.9) (10.3) (14.8)
Waco HU 13.5 17 13 ~87 3
1. o (15.8) (15.2) (1.81) {13.9)
Ivaco 4D 13.6 15 68 ~58 13
(11.5) (22.8) {5.7) (15.4)
7
_’,J'r 1 - -
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TABLE 14 {cont'd)

RECORDS, O PEAR RATE NODET, 8.C.8. COOK RATTONAL
WATERSHED 3 §° & FRROR % ERFOR & FRROR S ERFOR

Waco 4G 7.41 ~04 68 -1 ~25
: (.408) (7.35) (7.35) | {5.54)
! Waco &2 33.3 11 ~26 -26 -19
(37.085) (24.5) (28.7y | (27.1)
Waco &Y 23,1 17 49 -42 -10
(27. 06) (34, 8) {13.3) | (20.8)
Waco 4¥-2 29,2 53 00 -33 -19
(34.68) (29.1) (19.5) | (23.6)
Alnuguargque Hil-1 6,72 55 59 8 21
(10.4) (10.7) (7.23) | (8.18)
Albuguargue 4%-3 7.61 50 -2 79 98
- (11.42) (7. 46) (13.6) | (15.1)
Safford -1 6,25 15 143 -20 130
(5. 3) (15.2) (5.00) | (14.4)
| Safford -4 3.65 ~52 95 141 142
; (.77 (7.10) (8.79) | (8.84)
i Safford $W~V 5,56 93 62 108 118
(10.73} (9.02) (11.6) | (12.2)
Danvilie £W-1 .95 -t 125 478 405
(.91} (2.14) (5.49) | (4.8)
Blackeburg #9-1 1.33 ~24 464 735 855
(1.01) (7.5) (11.1) | (12.7
Quford #-10 11.9 =g =y -29 -39
(10.8) (3.1) (8. £) £7.3)

¥ = 54,1 X=625 | T=099.2{%X= 8023

¢ = 36.5 ¢ = 81.8 ¢ =149.3 |0 = 163.2

REPRODUCIBILITY OF THE
ORIGINAL PACE IS POOR
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Two statistical tests ware vun to determine the significance of these
results fbs: the 31 watershed sample, Tha first tested whether the p !
variance of the peak rate model was lower than the variances of ‘du;:
othar three: the second tested the siguificance of the differvences

among the means, The results are summarized in Table 15.

In the first test, significant differences were estsblished between

the variance of the peak rate model ard the other models,

In the second case, scakistical differences between the means of the

peak rate model could he shown for the Cook msthod, but not for the '

other two. The computations are presented in Appandix A,

These results indicate that the reduction in variability of fore-
cast achieved by the pealt rate model is statistically significant.
The maan error of estimate was improved also, but within the limits

of the sample size significance can be dewnstrated for one of the

three cages,

3.2) Investigations to Improve the Accuracy of the Peak-Rate Model

Developnant of the psak rate model made appayent several potential
sources of forecast eryors. To improve prediction accuracy, several

questions were addressed:

1) What is the “planning rain,” L.e. what rainfall input corres-
" ponds to the peak Fflow output and what are its temporal and

araal distributions?
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TARLE 15
STATISTICAL ANAIVSIS OF MODEL FORECAST ERRORS
1) Cochran's Test for Egquality of Variance
. 2 _ 2
Test Hypothesis (B)): o o - % scs, ook, Rational
Accept H if ¢ < ,7652 (90‘05)
g” test statistic (G)
0 Pesalt Rate 1332.25 -
sCs G691,.24 0.83 Raject Ho
Cook 22290. 4% 0.94 Reject Ho
Rational 26634, 24 0.93 Reject o

o e B rejectad for all cases; B0 pesk rate variance is signifi-
cSntly less at 958 confidence level

2) "M Test for Equality of Mgans

Test hypothesis (1): Vpey = Mgeg ook, Rational
Accept H_ if T < 1.311 tty 10

% s as T
FCO 54.1 36.5 - -
8Cs 62,5 g81.8 43 0.52 Aooept Ho
ook 89.2 148.3 34 1,82 Reject H
Rational 80.3 163.2 33 1.09 Accept H

@ Ho rejected for Cook rodel at 90% confidence leval
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2} UWhat seasnnzl and geographic factors are pertinent? Do
rainfall and runoff exhibit propansities to occur during
particular seasons in particular locations? What season-

ally variant conditions should be included in the modal?

3) vhat i the quantitative sensitivity of bhasin runsff to
variations in surface parameters? How acourately does
onz nesd 1o measure slope, friction factors, etc. to

cbviate the introduction of unacceptable eryors.

4) How should the appropriste basin sub~area ke selected?
Since values for each micro element of the basin are
costly to measuwre in prasctice, how should the hydvologic
paramzters be oombined into an average value yielding

correct results?

Tha following four sections describes each question and present the
corresponding analyses. The results from these analyses will be
incorporated in the model in a subseguant phase of this effort,

3.2,1) Analysis of Rainfall Tharacteristics
Tha recurrence fonmila given in Chapter 1

Oy Tm2

£ + &)%3

is implicitly based upon the assuwption that the rainfall is of con-
stant intensity throughout its period of ccowrrence. The reason is
that most raingagss measure rainfall mass rather than rate: it is

thus practically convenient to divide the reading of the gage by the

R
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duration. REquation (1) is therefore in essence an integral equa-

tion: its correct statemant should ke the following:

v = Ltidt

V = rain mags, or voluwe, tallen within the time in-
tervel, t.

In actuality, the time kehavior of i wffects the rumoff. It is
therefore not surprising that, in general, 1o single type of rain
event causes the peak basin outflow. A fifty-year recurrence run-
off, for example, can be produced by one intense rainfall or by a
saries of lesser events., This fect, already indicated by various
rasearchers, was verified for the watershed test sample iy estan-

ining the relation betwesn largs-recurrence rainfalls and runoffs,

The recurrence interval of the ruwnoff was caloulated using the
Weikbull plotting position technigue, giving a regression line
fitted through the amual runoff peaks over the pariod of record.
The peaks were ranked from largest to smallest and the probabll-

ity of the occurrence was assigned according to:

m

P= n+l

Where: P = ccourrence probability
m = plotting rank (largest cutflow = 1)
n = years of record

’
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These points vere plotted as shown in Figure 9. If the distribu~
tion ig assum=zd to be nomal, the regression linz can ke drawn by
assigning the msan discharge to P = 0.5, The mean plus the stan-
dard deviation, assuming normality, will have a P = 0,165, and the
mean flow minus the standard deviation wiil hove P = 0.835. From
this line, the recurrence interval of any discharge vate can b
estimated,

The recurrence interval of the causative rainfall wes computed from
the empirical relation used in the rainfall module, Egquation (1).
The values of the ceefficients in the equation were calculated from
records for each location. The profiles of the rainfall rate were
identified from analysis of detailed records of rainfall and rumoff
rates and masses at time intervals of a few minutes. In saveral
watersheds, the largest runoff events were identified, the corres-
ponding hydrographs charted, and the hyetographs of the generating
rainfall or rainfalls overlayed thereon. Figures 10a, b, depict

typical exzmples.

Camparisons between the profiles of related high-recurrence rain-
falls and runoffs are alsc given in Figure L. The conclusion is
that no easily-discernible relation appears to exist between the
runoff and the mass of rainfall of equal recurrence. Thus ths
selection of the “"planning rain" is not as simple as might b2 ex-
pected. Since obvicusly some agsump'.ions must b2 made, it is
valuable to know how sensitive basin discharge is 0 the choice of

rainfall profile for equal masses of rainfall.
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- FIGIRE 9

o RUNOFF PROBABILITY — SAFFORD, ARIZ. 1939~ 1967
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As a first step, a computer nodel developed by D.E. Qverton was
used to gage the effect of the temporal profile of the rain upon
the runoff. Ths model simulates the runoff resultant from a
given rainfall input for a unit width "strip" of any length. A
detailed derivation of the model is contained in Peference 5.

Two features are noted here:

1) The model accounts for several important surface variables e
of watersheds, It accepts rainfall inputs of varving mag-
nitudes and temporal distrikbutions over strips which can

have variable slopes, dimensions, and suxface covers.

2) The model was previously validated with accurate results

from simulation of several hundred rainfall-runoff situa-

tions by the U.5, Ammy Corps of Fngineers.

A series of computer simulations was made to assess the sensitivity
of the ruwff peak to the temporal profile of the rainfall and to

the time of occurrence of the rainfall maximm, using parameters

typical of those of the A.R.S, watershed sample., Several rainfalls

of equal volume but with the different temporal profiles shown in

Figure 1l were simulated. The resultent runoff hydrographs are

shown in Figure 12. A significant difference in outflow is apparent
between the constant rain and rains of triangular shape. With re- .3
ference to Figure 10, the large recwrrence rain profiles taken from 4
the records tend to be triangularly shaped. It thus appears that ]

the trianguwlar profile should be used.
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As regards the sensitivity to timing of the rainfall peak, Figure 12
shows that, among the triangular rainfalls, ths discharge peak varies
as the time of peak rain, rising to a maximum and then falling off.

The highest discharge pzak results from rainfalls € and D. Though
special conditions, such as irregular basin shape, can alter the con~ ;
clusion, it aprears valid to assume that the planning rain should |

have its maximum occur near the midpoint of its duration. \{

The appropriate duration can be estimated as well. Figure 12 shows 3
that the highest runoff rate which can he expected from a rainfall i
of the volume input will occur at about minute 31, This gives an
apirical estimate of the strip watershed's time of concentration. 1

Referring to Figure 13, it can be seen that the sensitivity of dis-

o T Ay ik

charge rate to occurrence of the peak is least in the neighborhood

of tc. It may be concluded, then, that the rainfall must be at
least of duration tc to ensure that the watershed reaches its ulti- L

mate outflow rate,

For the strip watershed simulated, the Kerby formula for the time

of concentration gave an estimate of tc of 33 minutes, satisfactory

for setting the planning rain duration.

Two characteristics of the planning rain are thus defined. Its tem-

i S et

e

poral profile-should be triangular and its duration should be equal
to the time of concentration of the basin., It remains to detesrmine

its recurrence interval.

Figare 14 shows how this question can be addressed. It presents the .

rainfall rates plotted against their respective recurrence intervals
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for the nine watershed sample. A marked similarity in the form of
all the curves is apparent, For reocurrence periods greater than
approximately 50 years, the increase in rain rate is small., This
suggests that, for recurrences greater than this value, the choice
of rainfalls is fairly insensitive. The planning rain for develop-
ment of the routing model was therefore selected as one of trian- P ; 4
qular shape, with duratic-:n equal to the time of concentration, and : 1:

of recurrence interval of 50 years.
3.2.2) Analysis of Seasonal Factors Affecting Peak Flow Events

Watersheds are not static, but vary with time due to man-made alter-

ations, and cyclically within each year because of the effect of
seasonal changes. The response of watersheds to rainfall inputs,
therefore, will also vary with time and season. Thus hydrologic
plarming models will be most accurate if they mirror the condi-

T ST

tions extant in the basin during the season when the peaks are most
likely to occur. It is therefore important to ascertain whether 3
runoff peaks exhibit seasonal regularities and to identify the cri- “ :
tical seasans for the watershed under study. |

A geographically diverse sample of watersheds was selected for this :!
analysis, comprising 15 ARS basins with records longer than 15 years.
The annual peak discharge for each basin by year and month of occurr—
ence was recorded, and a chart prepared showing the probability that
an ammual peak would happen in any given month, Figure 15 exempli- i
fies the findings. The analysis pemmits the tentative conclusion L ?

that in the regions where peak events are dominated by surface para-
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meters, (Danville, Blacksburg) the distribution is bimodal, i.e.
flood peaks tend to occur in two distinct pericds of the year,
typically late spring and late summer, Watersheds in transition
regions (Coshocton, Waco) exhibit a less marked seasonal tendency.
The probability of occurrence of pzak flows is more equally spread
over a six to nine month interval. Those basi 1s which are heavily
sub-surface dominant (Safford, Albugquerque) show single-mode dis-
tributions. Nearly all their peak flows occur within a three month

pericd in late summer.

For each sample basin the annual psak discharges were ranked from
largest to gmallest over the period of record., These data were
graphed to show larger-recurrence flows at the top, and the more
frequent events at the bottom. Figures 16, 17 and 18 show the mo-
dal effects described above, Other conclusions which can be drawn
are as follows:
1) In the sub-surface dominant areas, flows occur during one
season (July-September) regardless of recurrence inter-
vals, The sample contained five such basins with a total

of 126 annual peaks: B86% of these cccurred in the inter-

val above, with rost of the remainder in June and October.

2} Figure 19 demonstrates an effect observed in several of
the other watersheds, Though lower-recurrence flows
ocour in many different ronths, the highest 3 or 4 flow

events are confined to about three consecutive months.
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AMNUAL PEAK DISCHARGE, IN./BR.
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ANNURAL PFAK DISCFARGE, IN/HR
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ANMUAL- PFAK DISCHARGE, I¥/FR

FIGURE 19 OCCURRENCE ENVELOPE
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Since the analysis shove considerad discharge ewvents of all recurr-
ences, a subseguent analysis was undertaken to chart the hehavior
of the largs recurrence flows anly. Table 16 suppliss the months
of occurrence of the four largest discharges for the selected water-

shed sanple.
TARIE 16 FLOW RATE RECURRENCE RANK
1 2 3 s
Safford, Arizona #W-1 Sept. Aug. Aug. July
Safford, Arizona #wW-4 Aug. Sept, Aug. Sept.
Safford, Arizona #W-5 July Aug. Aug. July
Albuguerque, N,M., W-1 Aug. Sept. Aug. June
Albugquerque, N.M., W3 Aug. Sept. Aug. July
Hastings, Nebraska W-3 July May July May
- Hastings, Nebraska W-5 July June June June
Coshocton, O., #5 Juns Aug. June July
"Cashocton, O., #10 June Sept. July April
*Waco, Texas, C March  Aug. April June
*aco, Texas, W2 May June April Nov.
*Waco, Texas, Y-2 May June April Sapt.
*Stillvater, Okla,, W4 April Oct. July May
Iowa City, Iowa July July Juna  Aug.
Fermimore, Wisconsin, W-4é Aug. Aug. Aug. July

Those watersheds which showad no seasonal trend are starred. The
Coshocton, Waco, and Stillwater basins, as noted earlier, are in
transition regions and show no seasonal skewness, From the data
above it would appear that, except for transitional regions, peak
flows tend to ccour during a particular season. Therefore, the
watershad conditions extant in that season should be reflected in

the hydrologic modsl.

This hypothasis was tested further by perfoming a similar analysis
for discharge volume rather than rate. Table 17 gives the month of
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cocurrence of ths maxinum two hour discharge volumza. Again, the

four highest events for thz psricd of record are presented,

TARLE 17 FLOW VOLUME RECURRENCE RANK

i 2 3 4
Safford, Arizona, W-1 Sept. Aug. Aug. Sept.
Safford, Arizona, W-4 Audg, Sept. Aug. Sept.
Safford, Arizona, W-5 July Aug. Aug. Aug.
Alhvouarque, N.M., W1 Aug, Sept. Aug. Aug.
Albugquerque, N.M,, W3 Sept. | Aug. Juns Aug.
Hastings, Nebrashka, W-3 May Jure July July
Hastings, Nehrasla W5 Jun Juns July May
Coghecton, 0. #3 June  Aug. Jung March
“*Coshocton, ©, {#10 Jur Sapt, July April
¥aco, Tewms, C March  Aug, April  Dec.
“itaco, Tevag, W-2 May April  June Nov.
*aco, Texas, Y-2 May 2pril March Jume
*Stillwater, Okla,, W~4 April  May July Qct.
Iowa City, Iowa July hug. July July
*Fennimore; Wisconsin, W-4 Aug. July July Jar.

The starred watersheds once more exhibit a weaker seasonal tendancy.
With the exception of the Femnimore basin, the rate and voluma sam—
ples are the samz, Compariscn of the rate and volume table yields
the following information:
1) Of the 60 sample points, 58% of the rate and volums paaks
occur ir the sams month, and 80% occur within one month

of each other,
2} Only seven of the sanples did not cccur in the same season.

Thevefore, except in transitional regions, flood rates and volumes
exhibit a propensity to ocour in a particular thres—month season,
typically spring or late sumex. A planning model, then, will be
more likely to produce acceptable estimates if the condition pre-

sent in these seasons arve reflected.
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3.2.3) BAnplyzis of Sensitivity of Rumoff to Surface Pavamcters

The purpose of this anzlysis is twoifold:
1} to detommine how accurately surface characteristics must be
measured for input to models, i.e., what ave acceptable

errors in estimation of valuss of hydrolegic paramstars.

2} to develop a rationale for “averaging® surface parameters -
for sumning the valuss for each point on the watershzd into

some computationally manzgeable unit,

in the first phase of this effort, sensitivity to sub-surface drivers
was analyzed via analog conmputer programs. This task, therefore, cen-
tered soley upon investigation of semeitivity to surface parameters.
The strip model described earlisr was employed, because it provided
the capability to vary all surface drivers and determinz changes in
the resultant runoff, Computer runs were made to assess the sensi-

tivity of discharge to slopz and surface friction.

All computer runs assuwed constant rain. The combination of triangu-
lar rain profiles and varying surface parameters ig reserved for a
subsequant phase of this effort. Also, the computer runs assunad a
strip of fixed total length and a fixed duration and intensity of
rain, Thus the results presented hereinafter are to be congidered
as indicative only, The generalization of th2 results to strips of
arbitrary length, and rains of arbitrary intensity and duration is
regsarved for later phases of this effort.
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The Effect of Slope on Bunoff Pesk: 30 runs

A seﬁes of computer runs were made to determine the effect
of variovs slopss typical of rural watershzds (0.01 - 0.20)
on both a2 gingle-plane strip and a two~plane strip. The
first series assumnsd a strip of unit width, constant sur~
face friction (n = .05) and lengtn {1 = 305m) and variable
glopa, A constant rainfall (P = 8an/hr) wes mathematically
applied to the strip and the rumnff hydrograph recorded for
slope valuss of .01, .05, .15 and .20. The results show
that the value of slopa impacts the timing of the occurr-
enca of ths discharge peak, i.e., the time of concentra-
tiom. As ewpected, higher slopss produce a shorter t.;

this, in turn affects the design duration of the planning

_rainfall, Figure 20 shows, for example, that the 20% slope

produces a timz of concentration of approximacely 16 min-
utes wheye a 5% slope gives a t. of 20 minutes. At a given
recurrencs interval, say 50 years, and for a given regional
rainfall fonmlation, say Ouford, Mississippi, this change
in slope resulis in an approximate decrease in p2ak rate of
11%. For the same zet of assumptions, however, a changs in
glope from 5% by the same proportion to 1.25% gives a 38%
dzcrease in pezk rate. Ths conclusgion is that slope must
be mzasured rove critically for flatter basins (S < 53).

In addition, the results (Figure 20) show that the duration
of the paak is a function of slope, asymptotically approa-

ching 20 minutes, As shown in Figure 21, for slopes less

|
i
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FIGURE 21
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gressively increasing number of straight planes., Figures
28 and 29 present the results.

The approximation of the watershed profile by a single plane
produced errcrs of 3% in the peak rate duration., The inclu-
sion of a second ° . . greatly increased accuracies. Further
approximation did not, however, produce significant improve-
ment, This suggests that only major changes in watershed to-
pography need to be accounted for. Snall fluctuations (<5%)
in slope can be smoothed over without loss of accuracy.

The Effect of Surface Frictic: on Runoff Peak:

The surface runoff models uses Mannirng's "n" as a measure
of flow resistance due to surface roughness. Overland flow
was modalled for both the one and two plane cases with
varying surface roughness. In the single plane run, the
strip chosen was identical to that used in the slope sen~
sitivity runs, All parameters were held constant (slope =
.05; 1 = 305m; P = 8an/hr) while Manning's "n" was varied,
{(n = ,01 to .10) representing surface covers fram concrete
to heavy forest, Surface fricticn was found to affect
peak discharge rate as shown in Figure 30. The time of
concantration chosen for the planning rain will vary from
9 (Graph A) to 39 minutes (Graph E) depending on the
ning's "n" selected, Errors in discharge resultant
from inaccuwrate surface friction estimation will be most

severe for low values of Manning's "n". It may be con-
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cluded then, that the more developed a watershed is, the
more critical is the quantification of surface roughness.
Further, pesk duration were found to depend on surface
roughness as shown in Figure 31, Peak duration is sensi-
tive to surface z . hness principally for more resistive
surfaces (n > 0.04). For rural watersheds, a realistic
range of Manning's "n" is from 0.03 to 0.10. In this re-
gion, a 25% estimation error will result on the average in

about a 50% inaccuracy in runoff duration.

In the two-plane runs, the single strip was again divided
at the midpoint. Both sections were given identical slopes
and lengths, and various cambinations of "n's" were
modelled, The steady uniformm rain was applied. Figures 32
through 37 show the sensitivity of the two plane mpdel to
surface roughness. Results similar to those of the single
plane simulation were found., The impact of surface friction
measurement upon estimation of t, is most critical for low

values of Manning's "n".

To date, computer analysis has been conducted for a basin
strip of average dimension and for a typical rainfall input.
The principal findings were:

a) Duration of mmoff peak is most sensitive to slope at
values less than about 10%, When slope of watersheds
are greater than 10%, an average value can be approxi-
mated., In flat basins, though, more detailed ground

truth should be consulted, Th2 same sensitivity
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FIGURE 3 DURKTICN OF F.RAK FLOW VS. MANNING'S “n" .
- T SINGIE PLANE, n = VARIMALE,  SLOPE = .05, LENGTH = 1000’ |

I
H
i
¢
N
l

.09

HFAVY TIMBER

A
'l
-
.08
i DENSE BRUSH
.07
LIGH? BRUSH & TRELS
06 &, :
A ! 05 4 o
i E
_ |
.04 :
103 b s
GRRVEL
,02 (
. 01§ =
ONMNCRFTF
/- 0 1 s L : { i { Aji

0 6 12 18 24 30 36 42
_D[H?ATION OF PERK (MIN.)

%k . o : T . PR

L3, T T Pt S I ey . . o 7_“ ' o ’ ’ j? i
i > A & T




)
b F iLURE 32 SITISIPIVITY 10 reNNING o "N"
.‘g\_ : . .
o= 2 PLANES 5= ,05 I = VARIARTR L = 500' ERCH PLANE

UNIFORM RAIN; RATF = 3.1"/IR,
40 MINUTE DURATION

= 0L IOWER N = ,10
.03 +10
.05 . .10

.08 .10
.10 .10

B

DISCHAWGE, IN./HR.

f e t } } t 4 i 1
18 24 30 3o 42 48 54 60

“TIME MINUTFS , m

b ot bt .
*
,!r*
4

[ TR e

Tt TN



T

DISCHARGE, IN./PR o

FIGURE 33

o
L

2 PLANES

(MIFORM RAIM; PATE = 3,1"/HR.
40 MIN, DURATTCON

(o]

fonl o Bl B3

sS=,05

.03

.08
, 10

SENSITIVITY TO FMINMING'S "N!

N = VARIARLE L = 500" EACH PLANE

WER N = ,Q8
N8
Or
.08
.08

o i e wa l maa e e e Tain e e ase e

Ut 4

30 36 42 48

Lo,




r TIGURE 4 SENST TVITY T6r MANKL. 3'3 "
2 PLPNES g = .05 N = VARIALE 1 = 500' EARCH PLAME

UNIFORM RAIN; RATE = 3,1"/HR.
40 MIHUTE DURATICN

2 4 1OWER M = ,05
.05
.05

,05

DISCHARGE, IN./HR,

3

24 30 3

.

r-N

Gh

TIT, MINUTES

o Cih Al s i - -.'S“““'; o

B T A T N
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applies to estimates of time of concentration = the

critical region consists of the lower slopes.

b) Irregular watershed slop=s can bz approximated by

straight planss where slope variations are less

than about 5%; otherwise, each strip should be di-

vided with the outflow of the uppermost becoming

the input te the lower, ‘

c) The ruwff paak rate is most sensitive to surface
friction in basins with lower resistivities (n <
0.04), while the duration of the peak is most sen-

gitive to higher friction. It follows that a re-

motaly-sensed estimate of surface cover nesds to be

adequate enough io separate it into classes with

T

similar values of Manning's "n". Referring again
to Table 11, it bscomss pats.;ht that a remote sen—
sor should he ahle 1o separats forests from fields,
fields fram soil, and soil from urban aveas, for

example, ' \

, JFrom thz above, the following criteria can be established for the

! gslection of model parsmsters: . . a

; -1} Th2 rainfall input should be of triangular shapz, have dyra- v
. ; N

tion equal to tha tims of concentration, and be of recurr—

enca equal to fi".Et_y years.,
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2} The model pavamsters should reflect thz conditions extant

in the basin during the flood-probable season.

3) The slope module should ks particularly sccurate for flat
basins; the surface friction factor should be differen-
tiable among classes with large differences in Manning's

llnﬁ'
3,3) Developmant of Routing Module

In large watersheds, or in those composed of several tributary streams,
the assunption that all areas of the basin contribute to the outflow
hydrograph simultansously leads to errors. The hydrograph of each sub-
{’Jatershad can differ from those of its neighbors in temporal distribu-
tion, magnitude and duration. The overall outflow frma the basin is
the combination of these hvdrographs, appropriately added to account
for the time lag reguired for rmoff f£rom ewch to reach the kasin out-
let. Figure 38 illustrates the differences batwesn c.mple and complex

basins.

Camplex watersheds cypically ~wntain more than ¢ . pradominant channel.
The cuktflow from each sub-are: doss nobt drain directly irnto the main
chamnel; rathar, some flows first to secondary streams. The contribu-
tion of cartalr sub-areas is delayed. Figure 39 ‘llustrates the
effect. An effective hydrologic model accamplishes mathemstically
what has keen done graphically in the Figure: 1t oompuates the hydro-
graph of each sub-watershed or sub-arean ard sues them according to a

time~delay (routing) function. The ronting model can provida the
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FIGURE 38
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water resource planner a time picture of the buildup of the peak i
flow event, whereas the simple model genérally yields only its :
maxinmum rate. ;

The approach to developing the routing module of the peak-rate model ;
was to approximate a watershed by a series of unit stxdips and then : , |
to sun the hydrographs according o a time delay function, This tech- |
" nique was graphically sumarized in Figure 39. The medel., therefore, ,
consists of an overland flow camponent (unit strips) and a channel |
flow conponent (lag time function). In line with the intent of this :
effort, the model was designed to keep the conputing hardware to a .
mininnmm,

The model approximates overland flow on a unit-width strip and outputs

the discharge hydrograph. The overland flow component assumes outflow
to be a. function of depth at the discharge point:

= .o '
Q= o ho - (1)

Vhere: Q = outflow rate, 13/time
h_ = depth of outfall, 1

m,o = constants . :
It alzo holds that the outflow at steady state will egual the rain
rate times the area:

Q=1L + 1 (2)

Where: : i = effective rainfall rate, accounting for
ilfiltration losses

(width = 1}

Therefore: uhom = il; or (3}




o T 1T O Al R A -

- in  Mm ' ;4

hb = 51?-'4 {3)
'Iheave:;agedepthoverthestripwilléqualmesmtionsoftte _
depths at each point divided by the total length: o

m

L ()Y
jo o ae

L

h=

(5) i N

| - Whare: T = average depth - - ¢ ‘-'.".‘é
£ = length between 0 and L ; o

. i/m 1/m
i 1, gL
&) ot & @

. I the release of runoff at the outfall adheres to the Manning re-
lation, then m = 5/3; '

.35 35 .
B= &) d ffe e o

. 3/5 8/5
i 1,
QE) (fﬂ i?

L
sal, @

2 3/5 * ‘ :
P :
@ =58 (9)

i
accln

h__3
R~ 8 ‘ (10) L

The storage of water on the strip giuals the average height times the

areaqs:

5= = 2h L (11)
Whexes: S = gtorage
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Differentiating both sides yields:

dhy

das __ o 5
okl oadl )

(12)

The change in storage on the strip will also equal the inflow rate

minus the outfick: .

Inflow = (rain rate) x (awea) = iL

l. 3
149 /B, 7

Outflew = (Mamning relesse) =
n

Wheares: S = slope
n = friction factor

= Inflog - Outflow

8&

Frem équation

£

2%
I
8 8

(:g’-::.) = Inflow - Outflow

Therefores 1.49 /5 /3

S iT - =

“J
% 8

- oxr,

(2]

2,38 /E n/3
T n

z%i-—

n:]gg

Eﬁguations (14) and (18) define the overland flow component of the model.
It was programned 0 run in an iterative fashion on the larger~capacity
hand calchiators (Hewlett~Packard HP~65). A sample oubput appears in

(13)

(14)

(15)

(16)

(17

(18}

Figure 40, The required inpuits are slope, surface friction factor,

able from remobe sensora.

flow length, and rainfall rate, The first thrée aré potentially measur-
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A routing function was then added so that the mmoff contribution of
geveral strips can be acoumilated and a watershed modelled in totality.
This was accamplished by introducing a lag time for each strip depen-
ding upon its distance from the basin eutlst, the slope and £riction
of the channels, and the rain rate. The particular equation employed
was taken from Overtom (Reflerence 5) and is of the form:

0:863

Lag Time )= (secs.) (18)

B’i (1 49 si—

Theve: i = rain rate, £t./sec,
' n = Manning's "n" for the channel
L = length fram outlet to strip, ft.
s = chamnel slope, f!:/ﬂ:. |

<

The output of a strip with length fmm the outlet of 100 feet:, sur-
face friction factor of .05, slope of .05 and ra:.n rate of .00007 feet
per second will have its lag time ccmputed as follows:-

-' 67
g = (c.os) (.00007) _(1000) ) - 506.1 secs.
8 (.00007) 1.49 /05

= 8.4 minutes

The outflow hydrograch from this strip, as computed by the overland
flow component, will be delayed by 8.4 minutes and then added to the
diacharge of the remainder of the basin to yield the overall basin hy-
drogragh, Figure 41 graphically depicts this modelling process. The
coanplete fom of the routi.né nodel is, tharefore:
L4 JEp 3
Q= o (14)
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~100~

o_ 8 - 2,38¢s5 h

== & 1 naf {18)
Sl 83 i T e C

T = 5 ; _.mili (19) o

8 1,48 /=

The output of equatiqn (18) will ke the depth of flow at the outlet at
time = t. This value is input to equation (145 to compute the outflow
rate, also at time = t. The mw will ke formed from the Q's
for all t's, Its.contribution to total basin discharge will be deter
mined, in tum, by equation (19). "

Previously, sub~surface sensitivity had been examined with the ahaloy o
‘computer and surface sensitivity through the simple strip model. A
final type of sensitivity requ:red a camplete mut:.ng model for its an~
alysis. The sensitivity of dischaxge to phys:.ograph:.c parameters,
namely basin shape and areal distribution of rainfall, was detemmined , T )
through the use of the newly developed model, ks

A gimulation was mm to quantify the effect of watershed shape upon
pesk discharge rates. Five hypothetical basins of 400 hectare area
were modelled, each having a different shape. Figure 42 shows the |
shapes and thelr correspording dn.scharge outputs for a constant rain- ;
fal1 input, As expected, those basins mth large percentages of the:u: _
total area close to the cutlet pro&uced h:;.gher dlscharges. The shape . . &,

PR

factor in this exzmple accounted for up to a 20% difference in outflow
peak,

The time to pesk rate was also affected, though not significantly.
These findings confimm our earlier assertion that watershed shape is
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a driver of peak flow events. Since shape is a discharge driver, a

planning model should be capable of accounting for it. The routing
model provides the capability. The watershed will be simulated by a
number of strips which can have different lengths (as well as slope

and Manning's "n"), so any shape can he approximated.

A second simulation was performed to ascertain the sensitivity of
outflow to the areal extent of rainfall. To this end, a square basin
of 400 hectares was assumed, and different rainfall rate combinations
applied over its area. A high (l5em/hr.) and low (7.5awhr.) rate
were simulated for a 30 minutes duration. The basin was divided in
thirds and the high rain was effectively moved from the outlat to the

ridge line, Figure 43 gives the results.

Higher peaks accrued from harder rains nearer the outlet. This is the
same effect ohserved in the shape simulation in that higher peaks re-
sult when a greater percentége of the rain can reach the outlet quickly.
Further, it is possible to get a dual rather than single peak resultant
frem the position of the rainfall relative to the outlet as shown in
the Figure. Though the particular cowbination of rain rates and posi-
tions which produce the maximum outflow will vary with basin size and
shape, when basins to be measured are very large or when rainfall char-
acteristically occurs only over small areas the effects of the "worst

case" should ke accounted for.

Again the routing model is particularly applicable to modelling vari-
able rain rate. Fach unit strip can be given a separate rainfall in-
put. Where detailed rainfall network data exists, then, it can be

modelled very closely.
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The following summarizes the findings and results of the develop~ -
ment of the plamning model: '

1) The peak rate model has been further verified by extension

! of the test sample to 3l watersheds, The results of the
model were found to be a significant improvement over si-
milar camonly-used models. 'Most of the model parameters
can potentially be measured fram remote sensing stations - ﬁ

slope,. surface cover, and physiographic measuraments. ]

2) The analysis of rainfall characteristics and their seasonal
modifiers has allowed two conclusions, First, though no

direct relation exists between the "x" year rain and the

éischarge of like recirrence, enough evidence exists to per-

‘mit estimation of a “planning rain.” The rationale for its .
" sglection has heen presented. These rains formed the inputs

to the peak rate model and produced reasonable results.

Second, it will behoove the water resource modeller' to con-
sider the seasonal perturbations to rainfall-runoff phenom—
ena, Individual gecgraphic regions will have verying peak

flow characteristics, These factors provide valuable clues By
to construction of the planning model data set. Satellite

Lot
]

S T R e -

ramwte sensing offers an improvement over conventional
gources of ground truth in this regard. Should it be deter—
mined that the model should reflect late summer conditions
in a basin, for example, LANDSAT imagery from that period
can be acquired and analyzed. The most readily available

DTERODCUEL O Ty

URIGTIAL PAGEIS POOR




-

T 1 N
R P SR

3}

=105~

source of acrial photographs, on the other hand, "sees" a
particuiar area only once every several years,

A routing wodel has been synthesized for modelling of “com-
plex" basing. It offers itwo principal features. First, a
greal deal of flexibility is provided for approximation of
watersheds with intama:!_'l.‘y variable hydvologic parameters.
The mmber and physical characteristics of the strips can
be tailored to closely approximate conditions extant in the
watershed to be modelled. Second, ample opporiunity for
raptely-sensed input is provided. Slope, surface ﬁriction,
strip and channel dimensions are potentiélly measurakls
from remcte sensing stations., The model has been success-
fully applied to assessment of the sensitivity of runoff
to basin shape and areal distribution of rainfall.
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. CHRVIR IV
'HYDROLOGIC. ANALYSIS OF LANDSAT TMAGERY

This task included three principal components:
1) Analysis of the state of the ark of techniques for measuring
surface characteristics of hydrologic significance and of
their cost, inpla'centatior.; time, equipment and skill requive~

ments.

2) Evaluation of the specific hydrologic information content
of the four LANDSAT bands and detevmination of which bands
or cenbinations of bands arebestsuitedtoneasurizig each
model input,

'3} Quantitative hydrologic analysis of a complete watexshed

using IANDSAT imagery and available ground truth.

4,1) Analysis of the State of the Art of Measuremsnt of Hydmlogm
Parameters from Ramotely-Sensed Data

Thig imvestigation focused upon masurenent wathods for those remotely

sengible hydrologic factors of most immediate value to watershed model-

lirg: |
1} Physiographic Bagin Measurement

2)  Burface Cover Identificstion & Classification

3] Soils Classification

Tha-an&iysis could be carried to significant depth thanks to the simul-
taneous availability of an effort sponsored by Goddard Space Flighﬁ |
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Center, Dr. Vincent Salomonson, NASS5-20567, "User Requirements and
User Acceptance of Current and Next~Generation Satellite Mission
and Sensor Camplement, Oriented Towaxd the Monitoring of Water Re-
sources," of Decamber, 1975, with which the burden of ’chis research
was shared.
4,1,1) Measuvement of Physiographic Basin Parameters from Remotely
Sensed Data :
Various physiographic measurements which serve as direct inputs to hy-
drologic models are possible from IANDSAT imagery: the measuremsnt
of watérshed area, overland. flow lengths, drainage density; ,ar}d the
estimation of chamel dimensions,

Watershed areas are defined by the ridge line, i.e., the contour with-
inwhichall rainfall drains to the same outflow point. In regions
where relief is promounced, ridge lines can be directly discerned £rom
aerial photography or satellite imagery, Where slopes are not so steep,
topographic and slope maps are valusble interpretive aids, With the
boundary delineated, aren can be measured with a planimeter or calilra-

ted gﬂ&. Flow lengths can also be directly meagared. The watershed's

shape, which has been shown in this effort to be one of the drwivers of
diacharge, can also be discerned. ’

Figure 44 illustrates the method for the definition of the watershed
area, The uppermost set of images demonstrates how the ridge lines

can be identified from promounced relief. Shown is a western Califommia
watershed of 72,320 hectares, The left-hand image shows that a signifi-
cant contrast exists between the northeastern (light) and southwestern

e L T
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FIGURE 44 reunwaTION OF WATERSHED AREA REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

’ FROM REMOTELY SENSED DATA

5 ... . LANDSAT BAND 5 Monterey, California
June 1972 1:1,000,000 Scale
{
LANDSAT BAND 5 LaCrosse, Wisconsin
June 1973

1:400,000 Scale (approx.)
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(dark) slopes of the steep ridges comprising the basin boundary, In
the right-hand image, a contour is drayn around the ridge line de-
fined by the reflectance diffevence. The area can then be measured
v overlayin_g a calibrated grid and counting the divisions within the

line,

The lower pair of images shows an area where slopes are less than 10%,
so that relief is not apparent. Wﬁat is apparent, however, are sev-
eral streams, each with associated drai;zage structure. The streams
gppear dark in the Band 5 image while the land shows up light. By
following the streams visually it can be determined which cnes drain
to the same point, thereby approximately defining the watershed. The
boundary location can be refined by interpoiating the distance he-
tween streams which drain away from each other, The line on the right
hand lower image was drawn by dividing the distance between streams in
half, This approximation of the ridge line resulted in area measure-

ment ervors of order 5% or less.

It is possible to detemmine physiographic data from LANDSAT imagery
to an accuracy comparabie to that available from medium-scale maps.
“igure 45 shows a section oo an U.S.G.8. 1:250,000 scale topographic
wap of an ARS test watershed at Chickasha, Okla. The elevation con~
tours give the altitude of points around the central stream. By
connectmg the points of highest elevaticn, the watershed boundary
can be cbtained. The area of the basin was measured by planimeter
from the map to ke 54,857 hectares.

s




FlGURE 45 Comparison of LANDSAT Imagery and Topographic Map for
Determination of Watershed Boundary and Area

U.5.G.S. Topographic Map

l:250,000}$cale

LANDSAT MSS5 Image
4X Magnification; 1:250,000
20 October 1973
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The lower illustration is a LANDSAT image emlarged four times to match ]
the svale of the topographic map. This watershed is relatively flat,
50 ride lines could not ke relied upon to define area. The boundary |
was instead debermined by using the drainage divide and vegetation
shade changes as quides. The watershed avea was mensweated hy a polar-
plamimeter to be 56,470, a 3% overestimate with respect to the topogra-
Fhic map, -

Should the appropriate clues rot be present, the satellite image can
be projected onto a topegraphic map and aligned using identifiable | v
featurés (roads, lakes) as lendmarks. The ridge line derived from o

e e Bt W Fam 2 bk ki i s i s i
P 3 :

the topo map can then be transferred to the image.

) ) ] 1

The length of chamnels affects the ratio of overland to chamnel Elov. Ey
Thedr partlcular arrangement within the watershed determines the ' l'
amount of time that precipitation spends nmming over the land versus ’
_ A s
in the channel, and therefore the lag time involved in transmitting 1

flow to the basin outlet, The length of the channels is a variable
entering the computabkion of basin time of concentraticn in certain

hydrologic models, In others, drainage pattern and density arve com- ! .
pared with basin area to develop time delay histograms for overland
flew, because it determines the lag time for the contribution of each ; ]
k ?“i

A

watershed sub-area to reach the outflow point. Watersheds with

higher drainage densities have more chammel length per wnit avea and, _ b
therefore, water will travel a shorter distance overland before rea- 53
ching a stream; Since chamnel £low is gemerally faster than surface '
Fiow, a watershed with high drainage density will reach its outflow g 3

- peak quicker than one of equal area with a lower ratio. ]
[
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Figure 46 demonstrates the importance of drainage density in hydro-
logic pheramena. The upper image is a 400 square mile section of
Band 5 LANDSAT image, photographically enlarged approximately 2.5
times, It sivws a mumber of watexrsheds with a high ratio of stream
lexgth to unit area, Streams appear light and land surface dark,

A representative drainage density for the area is approximately 1
kilometer per square kilomster, The exact value for each basin can
be measured by first determining basin' area as earlier described
ard then computiing stream length within the area with a map wheel
or sinilar measuring device,

Thelomrimageisanareaoflikedﬁmensiqnsﬂrmah;gherand
drier Jocation. It i apparent that much more surface avea per unit
stream length exists in this watershed than in the previous image.
Stream length was measured by map wheel from the image to be 210
kilometers, Drainage density here is approximately 1 kilamater per
5 square kilometers,

Figure 47 demonstrates the utility cf- the several LANDSAT bands for
measuring channel parameters, The images show a Minnesota watershed
as seen in each band, To measure total stream length, best results
are achieved using Bands 4 and 5, because higher order (smaller)
streams are visible which cannot be seen in the other bands. On the
other hand, to neasure chamnel width, Bands 6 and 7 are preferable
hecause the contrast between the stream and the surrounding vegeta~
tion is much improved. ‘The main channel is particularly visible,
appearing light amongst darker vegetation.
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FIGURE

46

DELINEATION OF DRAINAGE PATTERN AND MEASUREMENT

OF DRAINAGE DENSITY FROM REMOTE SENSING IMAGERY

HIGH DENSITY DENDRITIC PATTERN
COLBY, WISCONSIN ; MSS 5
JUNE 1973

1:400,000 Scale (approx.)

LOW DENSITY DENDRITIC PATTERN

NEAR TOPEKA, KANSAS ; MSS 4

’

JULY 1973

1:400,000 Scale (approx.)




TR e,

FIGURE 47

USE OF MULTIBAND IMAGERY IN IDENTIFICATION

DRAINAGE PATTERN AND DENSITY

ROCHESTER, MINNESOTA SCALE 1: 350,000 (approx.)

BAND 4

BAND 6

BAND 7
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4.1,2) Measurement and Classification of Surface Cover from Remotely
Sensed Imagery

The type and distribution of surface cover influence the frictio;a en-

countered by precipitation excess while rumning overland. Soil type,

another suwrface parameter, has more inpact upon subsurface processes.

Vegetation and land use can ke classified ramwtely in sufficient de-

tail to permit the assigmment of gquantitative hydrologic values.

This will be demonstrated later in the report. The classification of

goils is moxe difficuit, however, because in many cases the soils '

cannot be seen due to vegetation cover,

Hydrologic planning models iypically divide watersheds into zones with
similar vegetative characteristics, or, ﬂ@aﬁﬁy average the vege-
tation factors across a catclment and utilize a "lumped" parameter.

Moreover, vegetation class and density are used as indicators of water

retention and infiltration.

Figure 48 indicates the ability of IANDSAT imagery to determine diff-
erent vegetative cover on the vzatershéd as compared with other ground
truth sources, The upper photo indicates a section of 1:24,000 (oxi~
ginal scale] USGS topographic quadrangle including the ARS test water-
shed in Blacksburg, Virginia. In the lower aerial phdto (original
scale 1:45,000) the field structure and hydrologic land use is readily
apparent and with limited ground truth can be successfully interpreted.

Field structure can be likewise interpreted from the IANDSAT image.
Note parl:iculérly the odd-ghaped field near the center of the aerial
ard satellite photos, Classification fram IANDSAT data will generally
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require some ground truth, such as aerial imagery, for correlating
the surface cover class and reflectance level. Figure 49 illustra-
tes the procedure for incorporating the IANDSAM-derived data into
oonventmnal hydrologic sodels, Once the watershed is partitioned
intn hydrolegically distinct classes such as row crops, fallow,
forest, impervious etc,, the appropriate hydrologic parameters can
be ascribed to the individval sulwatersheds,

The teclmigue is illustrated for a hypothat:.cal watershed for three
Inportant paramsters; Manning's "n", which is a measure of the im-
pedance of the watershed to overland flow; Holtan's “a", which is a
neasure of the ilfiltration potential of the watershed; and ﬂ:e sCs
curve punber, which is divestly used to determine the fraction of a
given rainfall event which appears as dirvect runoff,

4,1,3) Eemote Classification of Soils

Bydrolegic models typlcally group soil into homogeneous hydrologic
clagges of different permeabilities, porosities, etc, Areal extent
of soil type is used to determine infiltration rate and potential
molsture content. Soil pexmeability, porosity, and conductivity
ser\}e as inputs to the infiltration and evapotranspirgbion OO~
nents of the models,

Soils clqssification must in many cases rely upon inference rather
than direct measurement since the soils are often obscured by vege-
tative cover, . Soil association must typically be inferred from
krowledge of the surficial vegetation., Same interpretation is pos-
sible directly frem the imagery since soil wetness affects photo-
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SC5=867-MN
VALUES OF HYDROLOGIC PARAMETERS
MANNING'S “N” HOLTAN'S A" SCS CHRVE NUMBER
SMOOTH ASPHALT 0.013 FALLOW 0.10-0.30 | ROW CROP
COMNCRETE (TROWEL FINISH) 0.013 RAW CROPS 0.10-020] (STRAIGHT) 67-91
ROUGH ASPHALT 0.016 SM. GRAINS G.20-0.30{ (CONTOUR) 65-88
CONCRETE (UNFINISHED) 0.017 HAY (LEGUMES) 0.20-0.40 1 SN, GRAIN
SMIOOTH EARTH {BARE) 0.018 HAY{S0D) 0.40-060 | (STRAIGHT) 65-88
FiAM GRAVEL 0.020 PASTURE {CONTOUR) 61-84
CEMENTED RUBBLE MASCNRY 0.025 tbunch grass) LEGUMES OR
PASTURE 0.030-0,035 | TEMPORARY ROTATION
CULTIVATED AREA 0.038-0.040 } PASTURE (S0D) 0.40-0.60 { NATIVE PAS-
SCATTERED BRUSH, HEAVY WEEDS 0.045 PERMANENT 0.80-1.0 | TUREOR 39.84
LIGHT BRUSH & TREES 0.050-0.060 | PASTURE (50D} RANGE
DENSE BRUSH 0.070-0.100 | WOORS & FOREFSTS 0.40-1.0 { WOODS 25-79
HEAVY TIMBER 0.100
IDLE LAND 0.030
GRASSLAND 0.032
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graphic dark¥ness in MSS Band 7. Ancillary data such as vegetation
type, geographic location, slope and proximity to water bodies fa-

cilitates classification and mensuration.

Figure 50 shows a sectian.of the SCS Soil Swrvey for Marshall County,
Mississippi. The survey provides a map of general soil asscciations
and an acre-hy-acre county-wide soil classification. The figure de~
picts the soil association map: it alone is generally marginal for . -.
hydrologic moéelling since hydrologic paramsters vary widely within

a soil association.

The lower figure is a LANDSAT Rand 7 image of the same area taken \
August 1973, The differences in shade allow hroad soil association
classification. A clear correspondence exists between reflectance
in the image and soil asgociation as shown in the SCS maps. Addi-
tional detail useful in finer classification, is however not readily
appavent., Therefore, in models not specifically designed for remote
sensing inmput, additionpal ground truth, such as the soil survey, is
required to assign values to subsurface inputs,

4,2) Specific Hydrologic Analyses of LANDSAT Imagery
4,2,1) General Principles | "&?

The objective of this task was t0 determine the extent to which in- : ‘ 1

formation directly applicable to hydrologic models can ke gleaned

fram the satellite data. The task consisted of an assessment of the

information content of the MSS bands and of the quantitative hydro-

logic analysis of selected test basing, specifically:

it
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FIGURE 50 Photointerpretation of Remote Sensing' Imagery

for Soil Classification

Soil Conservation Service Zoil

Association Map

Scale 1: 190,000

LANDSAT Band 7 August 1973

Scale 1l: 190,000 (approx.)
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1) the identification of hydrologic features of watersheds,

namely, stream courses, forest cover, surface water and

impermeable areas.

2) The assigment of two quantitative parameters used in the

routing model for the two basins - Mannings' "n" and
Holtan's "a".

The effort focused upon extraction of the pertinent information by
relatively simple, low-cost, visual methods, enploying black and
white Landsat imagery, Though more sophisticated technicues such
as compuker-aided analysis have yielded good results;. ansystems'
Familizrity with small users indicates that the benefits from re-
motely-sensed data will be realized eavlier if simple yot adequate
information-extraction procedures can be identified.

The previous task indicated that at least a minimal level of ground
truth greatly facilitates the interpretation of remote imagery, be-
cauge it agsists in establishing a correlation between surface ob-
gervables and reflectance levels. The degree of availability of
such ground truth data is not the same everywhere. Topographic maps,
soil surveys, and aerial photography can be obtained for large areas
of the U.S. Often, however, all three do not exist simultaneously
for particular watersheds, In spite of this wnevenness of covaraée,
even limited ground truth is valuable. Thevefore, the capability
of superimposing Landsat imagery onto ground truth data at the same
scale is of nﬁjor importance to successful extraction of hydrologic

parameters.
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To accamplish this function, an image viewing system was assembled,
capable of projecting single or multi-band IANDSAT imagery onto a
work surface., The satellite imagery was magnified up to forty times
and could be traced or overlayed upon ground truth maps or photo-
graphs. The system developsd is a low-cost, highly reliable visual
analysis tool of the type readily accegsible to practicing hydrolo-

gists,
4,2,2) Analysis of Hydrologic Infommation Content of LANDSAT Bands

Two of the ARS experimental watersheds were selected for visual pho-
tointerpretation of LANDSAT images. Those chosen - the Thorme Cresk
basin near Blacksbury, Virginia, and Watershed W-10 near (xford,
Mississippi - were singled out due to the availability of adequate
ground truth in the form of topographic maps, soil surveys and aer~
ial photography. These aids were applied to verify the interpreta-

tion from LANDSAT imagery.

The same methodology was used for bhoth basins. Using the projec-
tion device, the imagery in each band was overlayed on a topographic
map upon which the basin boundary had keen drawn. The LANDSAT im-
age was matched in scale, position and orientation to the map using
prominent physical features (roads, rivers, ete.) as reference
points. Once matched, selected portions of the IANDSAT image wexe
visually c::mpared to the ground truth to establish "training sam-
ples" of reflectance correspondences. Next, the ground truth was
removed, and the photointerpreters attempted to identify all sur-

face features and to measure those requiring quantification.
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4.2.2.1) Analysis of the Blackshury Watershed

Figure 51 reproduces an aerial photograph of the Blacksburg water-
shed at the scale of approximately 1:60,000. The basin is 1235
hectares in area; it contains primarily agricultural fields, plus
small stands of forest., Urbanization is insignificant. The fol-
lowing describes the results of the photointerpretation in each
LANDSAT hand, and compares the detail discernible in IANDSAT imagery
to that available in other sources.

Band 7 (0.8 -~ 1,1 um}

a, Surface Water — The Blackshurg watershed contains no standing
water areas of significant size. The LANDSAT scens in which
it appears does contain a large (v1,000' width) river: this
was readily discernible and used to align the imagery with
the ground truth map,

b. Streamcourses - Without the topo map, identification of small

streams was extremely difficult, When the LANDSAT image was
overlayed on the map, some stream patterns became more appar-
ent ~ approximately 20% of the streams in the watershed were

detectable,

c. Vegetation ~ Vegetative detail is not readily detactable in
Band 7. Agricultural fields could not be delineated. Most
vegetation appeared a uniform gray shade. Corrvespondence
with topo map information was fair. 55 hectares of land
were identified as forest, whereas 71 are reported in the

topo inap.
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FlGURE 5' AERIAL AND LANDSAT IMAGES OF BLACKSBURG WATERSHED

AERIAL PHOTOGRAPH
1:60,000 (approx.)

Scale:

LANDSAT BAND 5

1:125,000 (approx.)

26 OCTOBER,1973 Scale:
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Impermeable Areas - The only impermeable areas readily iden~
tifiable were roads. Primary four lane highways appeared

dark, secondary roads were partially visible. Some railroad

right of way could be seen. Approximately 25% of total high-

way miles could be seen.

Band 6 (0,7 -~ 0.8 ym)

=9

b,

d.

Surface Water - The large river in the scene was visible, -

though not quite as dark as in Band 7. This river again was
used to align the imagery,

Streamcourses - No streams could he discerned within the

watershed without the aid of the topographic map. When
overlayed, however, approximately 20% of total stream length
could be identified, appearing a slightly darker gray than
their suwrromdings.

Vegetation - The more heavily vegetated arcas of the water-
shed appeared darker in Band 6, though forest could be iden-
tified positively only with the aid of the topo map. Forest
area was estimated by planimeter at 56 hectares frem the im-
ages and 71 from the topo map.

Roadoourse -~ With the topo map overlayed, approximately 35%
of total highway length could be measured. Roads appeared
dark in Band 6; they could also be identified by shape.

J:rf' :
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Band 5 (0.6 = 0.7 ym)

=

b.

C.

d.

Surface Water - The large river was visible in Band 5: con-
trast was not as good as in Bands 6 or 7, Visibility was
suffﬁ‘.cient to use the river for aligment, however,

Streamcourse ~ With the image projected on the map, more

stresmoourse became visible in Band 5 than fram the prece~
ding two bands, Approximately 22% could be measured vis-
wvally, '

Vegetation - Band 5 appears to offer the most vegetative de-
tail, Color ranges from dark to very light and some field

" shapes are distinguishsble, Forest area was measured by

planimeter as 52 hectares.

‘Rosdeourse - Foad detail was minimal without the ground

truth, Contrast is not as good as it is in areas where
roads are cut through forests., Wwhen overlayed, though, the
image revealed sections of primary road. Approximately
5490 meters of the 12,505 meters present could ke discerned.

Band 4 (0.5 = 0.6 um)

=4

b.

Surface Water - Surface water is cbscured in Band 4. The

large river was only faintly visible and could not be used
to locate the watershed.

Stresmeourse -~ No streams ocould be measured even with the

topo map as reference.
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¢. Vegetation - Vegetative detail is significantly worse than
in Band 5. Most cover classes appear an almost uniform
gray shade, with a few fields having high reflectance. One
such fleld could be located and correlated to a ground txuth
aerial photo. Forest acreage was not measurable,

d. Roadcourse - Only occasional sections of road could be seen
and only in cawbination with the topo map. Though two sec-
tions were used to align the map, no significant quantita-

tive measurements could ke taken,
4,2,2.2) »Analysis of the Oxford Watershed

Figure 52 shows the Oxford, Mississippi test basin, The watershed con-
sists of 2227 hectares in north central Mississippi. The land is low-
lying,. characterized by a preponderance of forest cover with scre opan

fields and no wbanization.

Band 7 {0,8 - 1.1 ym)

a. Surface Water - According to the 1970 USGS maps and the

ASCS aerial photography, the watershed contains 105 ponds.

Of these, 22 are larger than l acre in area. In LANDSAT

Band 7, 11 ponds were visible, ranging from 1.25 to 8.0 acres.
49% of the total standing water area was visible, The vigi-~
bility of the water hodies was not directly related to the
size of the water rodies, i.e., some ponds of area 1 to 2
acres were clearly discernible while cther larger ones were
mot, Distinctively shaped ponds were successfully used to
align the LANDSAT imagery and the topo map.
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FIGURE 52

AERTAL PHOTOGRAPH 11-22-74

S R R

AERTAL AND LANDSAT IMAGES OF OXFORD WATERSHED

SCALE 1:60,000

LANDSAT IMAGE 8-21-73

BAND 5 SCALE 1:60,000(approx.)
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Streamcourse ~ Stresms per se wera not visible, but the

s&eanmursa could be identified from the differencas in
vegetative cover associated with the water route. Wide
areas around stresms appeared light, but did not follow
the totalilength of the streams, It was possible to mea~
sure 10,370 meters of streamcourse out of a total of
20,283 meters, Drainage dansity was not measurable on
Band 7, Streamcourse contrast was valusble in aligning

the Band 7 imagery to the map,

Ce

Vegeta ~ Coarse vegetation deta:nl was visible ani Band
. rtwasdatmineafmnaerialplutographsﬂmtthe

" forest cover appeared a mediwm gray vaile less heavily

vegetated areas were much lighter. Only two gray shades

. conld be easily separated by visual analysis. The corres-

pordence betwaen forested areas on the IANDSAT images and
the map was generally good but rot exact, The borders be-
tween forests and non-forests matched imperfectly. Forests
commrised 1730 hectares on the IANDSAT images and 1321 hec-
tares oh the map.

d, - Zmpermesble Areas - The only impewmeable areas clearly visi~

ble were the larger roadheds, Visibility of roadways in
Bind 7 was minimal - no quantitative measures could be made.

Band 6 (0,7 ~ 0,8 ym)

=

Surface Water ~ Same ponds were visible on Band 6 but con-
trastwaspoorer Six ponds were identified ranging from
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1,25 ¢o 8,0 acres. These six vere a subzst of those identi~
fied in Band 7, i.e., five of the intermediate size ponds
were obscured, These six nonds represented 41% of total sur-

face wakter area,

Stresmcourse ~ The appearance of streamcourses on Band 6 was

gimilar to Band 7, but thz amount of detail visible was re-
Guced, General contvast wes slightly poorer than that of
Band 7. 8450 meters out of 20283 matets total streamcourse
vere measurable, The streams themselves were not visible,

though a canal approximately 50 feet wide was identified.

‘mBandﬁthestrmcoursesandpandswereusedtoalign
‘the:lnage.

- Vegetation - Forest and non~forested areas were visible,
. although agreement with the map was imperfect, The heavily

vegetated areas were basically a single shade of gray. The
detail was slightly better than in Band 7, Forest area was
estimated from Band 6 as 1704 hectares, a 29% discrepancy
with respect to the USGS map.

Impexmeable Arexs - Roadoourses were far more apparent in

Band 6 than in Band 7. The roads in the scene are of secon~
dary and tertiary size. The roads themselves were not visi-
ble but the contrast batween forest and clearing srourd the
road was apparent, Approximately 50% of the ridge lines
corresponding to the path of the roads was visible, 7320
meters of a total of 12810 meters of roads were identified.
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Band 5 (0.6 ~ 0,7 1m)

2,

b,

Ce

Su;:'f_a_tge Waker « Surface water was invisihle on Band 5. M
ponds could ba identified.

Streamcourse — The streamcourse in Band 5 was presented less
contrast than in either Band 6 or Band 7, It was more diffi-

cult to locate the basin since streams and ponds were not

satisfactory quides. Though the contrast was severly reducéd,
more streamcourse wag visible than in Band 6 and Band 7, once
the imagery had been registered with the map., Band 5 provided
an improved estimate of total chanel length over either bands

6 or 7,

Vegetation ~ Subtle differences in vegetative cover were
apparent, Forests were darker than fieids,- but greater §if-
feventiation was possible within the forest class. In this
respect more detail is present than is given in the map, and
the correspondence of forest area is greater.

Impermeable Areas ~ Roadcourses have high reflectance in

Band 5 and contrast is marked. Tertiary roads are visible to
a great extent, and were used to align the vratérshed imagery.
Without the roads, locatlon of the watershed would have been
extbremely difficult. Approximately 80% of the ridge-line
correspanding to roadeourses was discernible.

Band 4 {0-5 - 0|G m)

a. Surfdce Water - No standing water was visible in Band 4.

3
2
4
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b. Stresmoourse - Streamcourses were lighter than forest but

~ contrast was not as sharp as in Bands 6 and 7, Ahout 6%

of i-.ota.?. streameourse was detectable in Rand 4,

¢, Vegetation = Overall contrast is poorer than Bands 5, 6,
or 7. Iight and dark correspondence with ground truth was
similar to Bands 6 & 7, but visibility was severly inhi-
bited, Forest area, therafore, ms no’c"masured in Band 4,

d. Impexmezble Arsas - Some but not all secondary and tertiazy
roads were visible in Band 4. Total length visible was
visible was 10,980 meters, Roadcourses appear light and

‘were used to align the J'magery, but contrast is much worse
than in Band 5. Akout 30% of the ridge line corresponding

to roadcourse was clear.

In additional analysis, the photointerpreter took a single surface
characteristic ~ forested area - and attempted to quantify it in
bands 5 and 7 and in two multi-band corbinations., The forested areas
vere mapped and subseguently compared to ground truth data (USGS topo-
graphic map) to check classification accuracies. Figures 53a through
e deplct maps of forested areas constructed from Landsat imagery by
utilizing the reflectance levels of the bands. It is clear that Band
7 greatly ovarestimates forest area. This is consistent with the
single band analyses presented earlier., Band 5 can differentiate
nore detail among surface covers and therefore vields a better esti-
mate. Satisfactory results (15,1% inventory error) also came from
the intersection of Bands 5 and 7.
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F'GURE 53 REMOTE CLASSIFICATION OF FORESTED AREA

OXFORD, MISS., WATERSHED
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N Table 18 presents the omission and commission errors calculated : 1
- frem the forest area estimates, In the inventory mode (errors cal- ,1
culated by taking the difference between ohserved and actual areas A :
| and dividing the result by actual area), Band 5 yielded an ervor of |
| only 18. .
| 4,2,2,3) Conclusions fram the Analyses % j
Table 19 swmarizes the findings made on the Oxford and Blackshburg L
watersheds, The following conclusions can be made regarding the re- \ ‘
lative value of each band limited, of course, to the examples ana- ;
| 1) .Band 7 appears to be best for identification and measurement ?
of surface water area, This is because of the very low re-
flectance of standing water in the 0.8 ~ 1.1 ym range and - |
‘consequent high contrast with its surroundings. Though mo s
significant urbanization exists in either basin, amalysis of
the remainder of the LANDSAT sosne showed Band 7 to ke good
also for identification of urban land use.
2} Band 5 offers much more information akout vegetation than the
other bands. Where vegetative cover typically appears only .
as ane or two shades of gray in other bands, Band 5 often 3
vields twice that mmber,
3] The information der’vable fram Band 6 is correlated with that
of Band 7; likewise, Band 4 is correlated with Band 5. In i
both cases, the detail in the former has proven inferior.
Band 4, however, was found useful in the measurement of road-
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TABLE 18

]

FOREST/VEGETATIVE AREA COMPARISON §

Band T Band 5 Intersection Union

5&7 5 & 7 »
Total Area A L
Measured 1730 Ha. 1309 Ha. 1123 Ha. 1911 Ha. 0

Omission 6.1% 9.3% 2.8% 2.1% [
Error (81 Ha) (123 Ha) (37 Ha) (28 Ha) P

Commission 31.1% 21.2% 18.9% - 38.3%
Error (411 Ha) (281 Ha) (250 Ha) {506 Ha)

Tnventory 31% 1.01% 15.1% : bl 5% %
Mode Error L
Actual area = 1206 Ha. ( from U.5.G.S. 1:24,000 Scale Topographic Map) o
NOTE: The U.S,G.S, map is not necessaxily_acctxrate. Thus the
' results quoted should be considered as indicative, but
not cunélusive § '
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" | UABLE 19 [COMPARISON QF MEASURED HYDROLOGLC SURFACE CHARACTERISTICS TG USGS TOPO. MAPS
!
. STREAMCOURSE FOREST ROADCOURSE SURFACE WATER
. VISIBLE (ft.) YISIBLE (Ac.) VISIBLE (ft.) VISIBLE (Ac.)
Blacksburgf Oxford . . |Blacksburg | Oxford 'Blaclcsburg Oxford Blaglcs— Oxford
;‘ ML
| iBAND 4 ® | 10,000 | # 1792 -x- 36,000 0 0
[ [RAND 4 14,000 36,000 129 3232 18,000 12,000 0 0
i
o :
ﬂj'BAND 6 12,000 28,000 138 4210 14,000 24,000 0 33
lsaw 7 | 12,000 34,000 135 4273 | 10,000 0 0 39
.oy MAPL 58,000 163,000 175 3265 41,000 42,000 0 80
f TARLE 20 COMPARISON OF HYDROLOGIC PARAMETERS ESTIMATED FROM LANDSAT TO THOSE
¥ ESTIMATED FROM GROUND TRUTH DATA
. Holtan's "a" Manning's "n"
" Va, Miss. Va. Miss.
BAND & * .59 % .053 ‘
BAND 5 W42 W75 .033 071
BAND 6 W43 .B6 .033 .084
BAND 7 43 .87 .033 084
MAP b4 W76 034 .072
A,R.S.

% No quantitative measurement possible

A3




Thé f:mal step of the analysis was aimed at determining the accuracy
of the nmeasurements of Manning's "n" and Holtan's "a" from IANDSAT
imagery. These two parameters were f:ix%t computed from the ARS re- '
cords, The two costficients were calculated from the information ex-
tracted fram each band, TFor the Blacksburg watershed, the best esti-
mate came from Band 5, though it was only marginally better than the
values o!:r‘caj.ned from the other bands, 'All estimates are satisfactory
for modelling purposes. The best single band for the Oxford watershed

- was Band 4: +the Band 5 and 7 intersection was an improvement over
other single~band Fiqures. Results are given in Table 20.

The overall conclusion is that since each band provides an infommation
:mcrément, the sum of the information present in each should be applied
to determining the model's parameters, This can ba accamplished by an-
alysis of each band individually, as was done for the Oxford and Blacks-
burg basins, or by compositing the information into a "synergistic" im-
age, as will be described in the next Section.

4.3) oQuantitative Eydrologic Analysis of LANDSAT Imagery

The.resulta of the preliminary visual analysis of the Blacksburg and
foérd watersheds were sufficiently promising as to warrant its ex--
tension to a detailed study of a third basin, possessing high-qualii:y
recent ground truth., The objective was to determine how many surface
features could be identified and measured; to assess the accuracies
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achievablg in areal measurement in the inventory and land use modes;

and to ascertain the hydrologic infoxmation content of composite ine-

agery, The Muddy Branch Creck in Montgomery County, Maryland, was

selected for this study, for the following reasons:

1)

2}

3

4

5)

6)

7}

A set of mulbti~temporal ground tyuth is avallable in the form
of high-altitude color infraved aerial photographs of high
guality. These were cbtained through the coopsration of the

Maryland Depariment of State Planning. The photography was
taken within two months of the LANDSAT pass analyzed.

Soil Surveys and 1:24,000 scale topographic maps are avall~
able,

The watershed is gaged.

The watershed is sufficiently large - approximately 5000 hec-
tares ~ to contain a variety of land uses, thus presenting a
good test of the rewote sensing capability o identify a di~

verse set of surface covers.

Other local studies of this watershed for other purposes are
avallable: thus a good inventory extsts of physiographic and
hydrologic data.

The watershed is rapidly wbanizing and subject to frequent
flooding, resulting in high monetary losses.

The basin is sufficiently close to permit detailed on site
visual examination if rrguired,
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Figure 54 shows a map of the Muddy Branch watershed. The surface cover

contains fields and meadows, scme of which ave cultivated, and scme fallow,

plus other several land uses. The areas immediately adjacent to the
main stream are predominantly forested. The rortheastern end of the
watershed contains part of the city of Gathershurg and therefore, re-
sidential and industrial land uses. Several lakes are present, ranging
from one~half to approximately 5 héctares in area. Figure 55 is an
aerial photegraph showing the location of these surface covers.

The two bands containing the most hydrologic information, MSS 5 and 7,
were first analyzed individually: the accuracies of measurément of im-
portant hydrologic parameters from Lendsat imagery were determined by
ccmparison with the accuracy achievable from aerial photography. The
analjsis technique was visual, Thirty-five millimeter sections con-
taining the Muddy Branch Watershed were cut ou£ of LANDSAT 9" X 9" 1m-
ages, sultably mounted and projected by means of the device described
earlier. "Training" correspoiviences between surface cover and visible
color wers established; the basin was then classified using only the
Iandsat imagery, The findings of the photointerpreters are presented
follewing, |

Band 7 (0,8 - 1,1 um) Black & White

Vegetation detail was not good. Contrast among vegetated areas was low.
Forests and fields weres a medium shade of gray with furests appearing
only slightly darker. Thus, forested area was generally overestimared,
similar to what had ocourred for the Oxford basin. The photointerpre-
ter measured the forest area by planimeter to be 2591 hectares, as com-
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FIGURE 54

MAP OF MUDDY BRANCH WATERSHED

Scale: 1:63,000 (approx.)

Source: Storm,Water Management--A Comprehensive Study of the
Mucddy Branch & Seneca Creek Watersheds, Cornell,
Howland, Hayes & Merryfield, Clair A, Hill & Assoclates,
April, 1975.
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pared with 1519 measured froum the aerial photographs, Band 7 is much
better suited for identifying and measuring surface water. Forty-cne
lakes are present in the watershed. Eleven could be seen easily;

two more were discernible when the topographic map was overlayed.
These thirteen, camprise 67% of the total surface water. Roads were
not particularly visible on Band 7. A major interstate higlway which
traverses the watershed could be séen, as could a second major artery:
no others were visible, Streamcourse visibility was minimal and could
be identified only with the aid of the topographic map. When over-
layed, 5490 mesters of streamcourse out of a total of 79,300 were dis~

carned,

Band 5 (0.6 ~ 0,7 um) Black & White

The river banks of the Potamac River which appears within the scene
containing Muddy Branch Creek were not sharp. Impermeable areas -
standing water and urbanization were also depressed. No lakes or
ponds could be seen, Only the large interstate highway was visible.
Conversely, vegetation detail was substantial, Tt was possible t_o‘
more accurately differentiate between fields and forested areés. Area
was measured by planimeter to be 1703 hectares, a overestimate

with respect to ground truth, Differences in vegetative shade could
be used to delineate certain other physical features of the watersl;ted.
Power 1lineé cuts ocould be easily seen; as could the location of a
building situated in a small cleared area, Streamcourses per se could
not be discerned, but were apparent insofar as they were correlated to

forested areas,
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Single-band analysis of Muddy Branch thus produced results congruent
with the earlier findings; Band 7 is most useful for identification
of surface water and urban uges while Band 5 is most suited to vege-

tation classification,

Multi-band Tmagery Analysis

Multi-band images were prepared for analysis using a diazo processor.
LANDSAT 9" X 9" black and white images were transferred to a sheet of
transparent £ilm and encoded in shades of a single color. A Band 5

image, for example, was reproduced in shades of magenta. Band 4 and
7 diazo images wewe produced in yellow and cyan, respectively. This
color combination places the individual images 120 degrees apart on

the "codlor wheel" and thereby heightens the contrast and readability

of the composite,

The individual transparencies of the three bands were then canbined
int; a layered sandwich., The images were registered using the re~
ference marks available on the Landsat. imagery, Tests with cali-
hrated test sheets demonstrated registration errors to be signifi-
cantly less than a pixel. The advantages of thus producing diazo

canposites were found to be:

1) The information contained in all the spectral bands is

made visible simultansocusly.

2) It is well-known that the eye is more amenable to separa-
tion of color than of shades of gray. In fact, the addi-

tion of color provides a marked improvement in visual
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anzlysis over black and white images. The three primary hues
cambine in the composite to produce a large number of distin-
guishable colors,

3) The diazo films can be dewveloped and combined to stress diff~
erent colors and shadings, This pexmits the interpreter to
"tune" the camposite images to accent the contrast of desired
features., For example, a composite with a dark magenta com~
ronent in Band 5 cbscures vegetation contrast, but heightens

surface water visibility.

4) The process is very inexpensive, A four-color composite can
. be generated for a total cost of approximately $1,00.

A slide-size section containing the watershed was cut out from the com-

posite and projected as previously described.

The first composite analyzed was made from LANDSAT images taken in
Octoker, 1273, The ground truth aerophotos were taken in December,
1973 at a scale of 1:130,000. Five distinct land uses could he sep-
erated; forests, fields, lakes, bare soil, and urban areas, The
LANDSAT composite was visually interpreted and thematic maps pre-
pared for each cover class, Description of the analysis and accur-

acies achieved follows,

FORESTED AREA

All vegetation appears red or red-orange; forests display a darker

red shade, In the inventory mode, forest area was measured as 1242

-

R A N

ot o ¥ i AL




L e A T T DAL T A

-146~

hectares from the LANDSAT composite versus 1292 from the aerial photo.
This estimate of forested area is significantly better than that olb-
tained from single-band imagery.

FIELDS

A ———————

On the aerial photograph, cropped and non-cropped fields were dis-
criminable; in the LANDSAT camposite the agricultural areas were too
similar to ordinary meadows to be separable fram these. Fields could
usually be separated easily from forests dus to their lighter red-
crange shade, Same of the boundaries between fields and forests or
bare soil were unclear and had to ke estimated. Area of fields was
measured as 2852 hectares from the LANDSAT imagery, a 6% underesti-
mate compared with aerial photoground t ath,

LAKES .

iy ————

Standing surface water showed the best contrast with its surroundings
and was therefore the most easily identifiable surface element. Lakes
dovn to an area of approximately one acre were visible, though all
lakes extant in the basin could not be identified from the IANDSAT oo
posite, Surface water appeared almost black in the composite and was
typically surrounded by orange fields, illustrating the value of con-
trast for identification and mensuration, Percent total surface water
area was overestimated slightly from the LANDSAT imagery due to the
dominance of border pixels in the low Band 7 reflectance of water.
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' BARE SOIL

% In the aerial photograph, land without vegetative cover showed wp white.

In the IANDSAT color composite, areas identified as bare goil presented

two distincﬁ colorations. Most areas appeared light blue: some dis- o
v played a much davker blue coloration. The reason for tl.is difference iy
is not completely clear; it appears that moisture content could ke o
T causing the effect, Both light and dark blue aveas were sumned in com- L
puting bare soil area. 575 hectares acres were measured from <he com-

; * posite versus 547 fram the aerial.
URBAN AREAS

e - Two distinct shades were visible for developed urban arsas. Same lo- o
cations appeared pinkish while others were bluish. Both types were

less uwniform in color (i.e,, appeared mottled) than any other cover
class: this factor allowed their separation and identification. From
the aerial photo, the type of urbanization (residential versus non-re—

sidential) could be seen and a correlation was attempted between land S
use and color. Though the relation did not always hold, there appeared S

to exist a correspondence between color intensity of development.

Large~lot residential areas contain vegetation {(and therefore appear

pinkish) than more crowded sites possessing a less amount of natural
surface cover, Total urban area was measured to ke 557 hectares fyom

the IANDSAT conposite and 649 hectares from the aerial.

Figure 56 is a black and white reproduction of the Octcber LANDSAT
composite. The lower graphic presents a sunmation of the thematic
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FIGURE 55

OCTOBER 1973 LANDSAT COMPOSITE IMAGE .

MUDDY BRANCH WATERSHED
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maps produced for each cover class, The areal extent of each land use
was measured by overlaying a calibrated grid and counting the squares
included in the particular cover class, The nurber of squares was then
converted to hectares and exrvors calculated. Some areszs had esrlier
been estimated with a planimeter, however, it was found that the grid
technique produced camensurate accuracies while reducing analysis
time, The results obtained in the inventory mode are reported in Table
21, They were calculated by subtracting actual area from measured avea
and dividing by actual area, The errors shown, therefore, represent
differences in areal measurement rather than in location., Table 22 pre-

sents the results in the land use mode. As expected, these correspon-

- ding errors (area correctly classified minus actual area, divided by

actual a:c;ea) are higher than the inventory ervors. However, in most hy-
drologic mxdels, the parameter used is the percent of a watershed in

each surface cover class: the inventory mode errors apply in this case.

Table 23 presents a breakdown of errors by category. Lakes, for exam-
ple, were most often confused with fields., This was not due to their
having similar reflectance characteristics, but rather to the fact that
the border between the two was unclear, The lakes supplied very low
reflectance and therefore dominated the horder pixels, This led to
confusion with the surrounding fields and consequent overestimation.
Forest, field, wrban and soil combinations exhibited similar behavioi-.
Though their color shades in the composites were easily distinguishable,
the boundaries were not as sharp as in the aerial photography. For ex~
ample, two foresﬁed areas Separated by a small tract of fields tend to

he classified as all forest,
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INVENTORY MODE ERRORS ~ MUDDY BRANCH PASIN

TARLE 21

INVENTORY MODE

- ¢ */
AREA % OF AREA % OF INVENTORY
LANDSAT WATERSHED AERIAL WATERSHED ERROR

Urban 1,376 acres 11 1,604 acres 12 - 16%

Forest 3,068 acres 24 3,192 acres 23 - 4%

i e m——

" Lakes 74 acres 1 72 ‘agres 1 + 3%

Soil 1,420 acres 11 1,352 acres 10 + 5%

Flelds 7,044 acres 54 7,480 acres 55 + 6%

.
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LAND USE MODE FRRORS - MUDDY ERANCH BASIN
TAFIE 22 - i,
LAND USE MODE ;

COMMISSTON OMMISSION LAND USE
ACRES ACRES ERROR

Urban
Area 156 472 - 24%

. et B :
Forest 614 778 - - 23% S
O O 0 OO PE UV S, T

" Lakes 22 16 - 28%

A = et At e e - et e g e m a7

Bare .
Soil 684 546 ‘ - 46% ‘ L
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"Tields 1,088 1,548 ~ 20%
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TARLE 23
ANALYSIS OF CLASSIFLCATION ERRORS

AERTAL LANDSAT-1 )
) (Hectares) (Hectares) LANDSAT-1: HECTARES CLASSIFIED AS: 3
¥

LAKES 8011 URBAY FOREST FIELDS SUM
{z) (b) (e} (d) {e) (atbtctdte)

LAKES 27 28 - 1 0.3 1 i1 14

SOIL 421 428 0 - 8 40 122 170

-ZST~

URBAN 614 480 0 7 - 46 136 190

FOREST 1231 1245 2 17 33 - 164 216

FIELDS 2186 2246 16 228 65 174 - 483
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The percent areal composition of each class of cover of the Muddy
Branch watershed was computed from the aerial photography and from the
ITANDSAT analysis, Table 21 shows that the largest difference between

the two was one percent,

Mamning's "n" and Holtan's "a" were again calculated on the basis of

LANDSAT and ground truth data, Table 24 depicts the findings:

TABLE, 24
LANDSAT AERIAL GROUND
' COMPOSITE TRUTH
Mamning's "n" 0,037 0.037
Holtan's "a" ¥ 0.489 - 0.480

¥ for non-urban areas only

The color composite clearly gave results equal to those of the asrial
ground truth. The accuracies achievable from IANDSAT in the assign-

ment of hydrologic parameters were found to be quite satisfactory.

The quantitative analysis of LANDSAT imagery for Muddy Branch water-
shed demonstrates that accuracies sufficient for hydrologic medelling
c: 1 ba obtained through relatively simple visual means. It was fur-
th . uctermined from the investigation of the Oxford and Blacksburg
watershed that two factors can improve classification results:
1) The quality of the data used as ground truth is important.
The aerial photographs used for the Muddy Branch analysis
weye 1.nore recent, and therefore more reliable, than was the

map data applied in the Oxford and Blacksburg investigation.
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Moreover, aerial photography gives a nicture of what is

on the surface rather than a graphic representation, thus.

facilitates comparison to satellite imagery.

The application of the several MSS bands individually and
in composite form provides far more discriminability and
therefore hetter accuracies than does the use of a single

band.
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CHRPTER V
SMBERY OF FINDINGS AND CONCLUSICONS

Three tasks were undertaken in this effort: 1) the validation of the
peak-rate model on an expanded set of watersheds, 2) the development
f of a routing model for complex bhasins, and 3) the quantitative hydro-
1 E logic analysis of IANDSAT imagery. The findings and results are de— }f_
seribed in the following. A

: f
I 5.1) Expanded Validation of the Peal-rate Model |
of A thirty-one watershed sample was selected with significant geographic
) E and hydrologic diversity, The prediction supplied hy the model was X

T tested on each, and the output compared to the records and to forecasts
S I canputed by using three other conventional planning models., The remote
R sensing model gave improved variability and accuracies conmensurate to
L the other three models, Mean ervors for the remote sensing model were
I approximately 50%, The remote-sensing model in its current implemen-
tation applies to "simple" basins - camposed of a single predominant
channel, and devoid of significant sub-basins.

Additionally, same potential sources of modelling error were identi-
fied and therefore a number of pertinent questions were addressed.

First, the "plamning rain" had to be defined. Subsequent analyses

i led to the conclusion that this rain could be best approximated by one p
‘ of triangular shape, having a duration approximately equal to the time i

of oconcentration of the basin and having a recurrence of approximately
£ifty~vears, Sescond, seasonal characteristics of peak flow phencmena

were investigated to ascertain what impacts they might have on a model. PR
¥
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Tt was discovered that different geographic regions exhibit varying
seasonal propert:n.es, but that, within a region the charvacteristics
are sm.'f.lar Those bas:l.ns located in subsurface-dominated areas,
for example, show a propensity to produce peak discharge in a two to -
three month period in late sumer hence requiring increased satell-
ite coverage du.f;ing this periocd. The model, therefore, should mea-
sure the physiographic (drainage density) and hydrolegic (surface
cover, soil moisture, ete,) conditions which exist in the critical
geason. Finally, sensitivities of surface parameters were examined.
It was shown that the runoff rates were sensitive to slope primarily
at low slopes, Further, it was found that sensitivity to surface
function requires that a remote sensor be able to classify surface
cover into éategories with similar values of Mamning's "n",

5.2)A Development of a Fouting Model

The need for a model to treat "complex" basins was identified above.
A medel was developed which approximates the vatershed by a series
of strips, each having its own set of surface and rainfall para-
meters, The output of these strips is sumned using a simple time
delay function which accounts for the length of overland flow and
the hydrologic characteristics of the charmel. The camplete model
was applied to analysis of the sensitivity of runoff to basin slope
and areal extent of rainfall. It was discovered that koth are sig-
nificant and should be provided for by the planning model. 'l‘he
routing model -met these critoria and also those of high remote sen-
ging input potential and camputational simplicity.
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5.3) Hydrologic Analysis of LANDSAT Imagery

The final task was aimed at using remote sensing directly to deter-
mine hydrologic information content of the LANDSAT bands and to at-
atmpt to simply extract the necessary hydrologic data. Initially,

the Oxford and Blacksburg test basins were examined. It was found
that information sufficient to dstermine several of the important

inputs to the model could be determined from IANDSAT data using re-
latively uncamplicated visuval techniques. Moreover, it was deter-

mined that single bands contain useful but different data and hypo—

thesized that a composite image would optimize the information value.

This hypothesis was confimmed through in~depth analysis of the Muddy
Branc.ﬁ basin, Surface features of the watershed were identified,
measured, and checked against aerial photographs ground truth. The
results showed invertory errors to be well within acceptable limits
for modelling and useful for direct computation of model parameters.
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APPENDIX A

STATISTICAL ANALYSIS OF FORECAST ERROR IMPROVEMENT

A set of tests was run to determmine if the cbserved improvements were
statistically significant, The procedure to be used is to first es-
tablish the equality or inecuality of variances among the four models
and given these results, to determine the significance of the differ-
ence among the means., First, the Cochran test for equality of vai~
ance was performed to test the null hypothesis that

2 _ 2
%eak rate = ¥SCS, Cook, Pational

. against the altermative that the variances are unequal.

The appropriate statistic is as follows:

largest S.2
_ i
€=
1 s’
i=1
Where: G = test statistic number
§; = sample veriance of il sample

k = number of treatments {equal to 2 in this case
since the models were tested in pairs)

The process for camparing the variances of the peak rate and S.C.S.

medels 1s given below.
2
Sscs

2 =
Speak rate = 1,332.25

= 6,691.,24

P T L. e L L




_ b,681.24 _

= §.023.45 ~ 083

G

The table value of G at the 95% confidence level is 0.7657.

Crost 7 Craple
The null hypothesis for the pesak rate and 8CS formulas can therefore be
rejected, thus accepting the alternative hypothesis,

2

o 2
e Olpaaﬂt: rate

Similarly, the eguality of variance of the peak rate and Cock's model was

tested.

2 - e

Speak rate 1,332.25
2 _

S3 Y = 22,290,409

_22,290.49 _
G =g - 094
G ( = 0,7657 at 95% confidence lavel)

test 7 Gtable
o e We reject the null hypothesis, and conclude that

or,2 < a2
peak rate Cooks

Purther, the inequality of variances between paak rate and Rational was

established
2 _ .
8ok rate = 1133245
2
S2 i ionay = 261634.24
oo 26,6342 o o
vo G = 55 5g6.45 ~ 0-2)
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Gt est Gtahle Ve rejacted the null hvpotrhesis in favor of the alter-

native hvpothesis, and conclude that

aZ .2
peak rate = “Raticnal
All the above analyses enahle wus to conclude that the variance of the
peak rate model is less than the variancers of the other mpdels. The

reduction of variance observed is therefore statistically significant

at the 95% confidence level.

Knowing that the variances bestween the peak rate model and the other
three are not equal defines the appropriate test for equality of the
r2ans. In this series, the peak rate model was tested individually
against the three other models for significance of difference between

the means. The test statistic used was:

n, 0y

-3
i

T = test statistic
mean errors of the two test semples

wt
i

]
S,” = variances of the samples
Ny, Ay = nunber of cach =awple

In the first test, the peak rate model wos crmpared with the S5C28 for-

mualas

P = -_‘; - { e
X A 54.1 “oeg 52.5

SR e e T
. S SN



) i'::' '."1* e e e e e e et e o 1+ 2 e ._(-w R _-.-.-..-;;.-vm.-‘.‘-..-_._...“.__.m_ - . e e " ._ » E ) L T §

t

2 = 1,332.25 &2 = 6,801.24

i
w
el

= 33 n

£,691.24 1,332.25
31 31

62,5 ~ 54.1 ]r 55
)

;b The munber of degrees of fresdom were omeputed hy the formula: ‘, -

i; . ‘:
.—:Jl 522 512 2 ‘
g ! 2 _

! YT e272 527 ° = 41.49

i 2 ] [b.__.l |
; e B g
n - - -«-.--—-.:-...i .
; nl i 112 i
: = 42 degrees of fresdom o
. The value of the table statistic at the 90% confidence level for 42

degrees of freedom is less than 1,311

T T

o
: oo Trest ¢ Teanle =
L
; The hyrothesis of egquality of means must therefore he accepted showing : i
the peak rate model errors to be equal to the 5CS mudel.
The second test compared the peak rate and Cook models. H‘;’
Xopak = 99+2 .
2 - o
5 Cock 22,290.48 -
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! By the same equation as previously given:
:‘1

Fr—

T = 1,53
34

<
i

L The table value of ty 19 8t 34 degrees of freedam is less than 1.311

P Trest ~ To.05 & » Feject the null hypothesis and con— G

clude that the mean peak rate model errcr is significantly less than

that of the Cook formula.

Finally, the peuk rate model was compared with the Rational formmla.

-.‘.‘_A.:A.‘.‘l R e i

= 86.7

XP.ational

2 k
5 Ratiana1 = 26:634.24 6

e

I

= 31

e

NRational

Therefore,

T = 1,09

3
3

Vo= 33

The significance of error improvement could not be established at thi

confidence level.
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