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Remote sensing in a water-resources study of Yellowstone National Park,
’W&oming, Montana, and Idaho

by Edward R. Cox

Abstract

'This report_&escriﬁés thé\gﬁefulﬁeéé bf,remoté;sénsingfdata in a
wate;-resourbes s:udf of YellowstonélNationai Park by delineating warm
and.cool‘ground-w#tér areas, Remoté-sensing data from aircraft missions
in Augést 1966, September 19@7. Angustb}969; and May 1970 were compared
with recohnaiasanée, groug@-temperatufe éurveys, and test-@ple‘data.

The:mal-ﬁafer discharge areas can bé.de;erﬁingd from infrared
iﬁagery and photography ftoﬁ‘thelaircfaftvmissiena: Contrasts on infrared

imagery caused by differences in vegetative coﬁer, particularly between

fofested and nonfbrested_areas, often mask the effects of ground-water

températdie differences, The imagery, however, shows relatively wafm and

cool land surface in seme areas. Color"gndvdblor infrared photographs =~ . -

have been useful in reconnaissance.
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{1 Aerial photographs and field studies of_enowpack conditions indicated
‘ the uhefﬁlhess of aeriel photography taken during spring snowmelt to

: determine relatively cool and warm land-surface areas. A snowline in
Nez Perce Creek valley corresponds to a boundary between cool and warm

' ground water that was determined from augered test holes and ground- .

temperaturevsurveys. Remnante of the snowpack correlate well with cool

 areas interpreted'from 1nfrared imagery. Relatively cool areas are easier

to determine from photographs of snowpack than they are from 1nfrared

imagery. Thermal-contour maps could be made from a setles of aerial

' *_photographs or repetitive data from a satellite taken durlng the melting

of the snowpeck.
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Introduction

i The u.s. Geologicel Survey is making a water-resources study of

| Yellowstone National Park for the U,S. National Park Service. This study

involves an overall appraisal of vater resources in the psrk and a search
for water supplies for public use at specific gites. Ground water is
pregerred to surface water by the National Park Service for public‘water_
suoplies in the park. Some.of the sites where ground-water data are needed
‘are in or near thermal areas, The search for potable ground water, therefore,
must delineate the boundery between the thermal and the cold-water areas.
“The presence of thermal ground water often is obvious by noting the - —=-
occurrence of hot springs, geysers, and other surface features. At places,
however, thermal ground water 1is discovered only from information obtained
by test-hole construction. The use of remote-sensing’techni&ues could be

a valuable tool in a reconnaissance of ground-water conditions near thermal

.

areas, and could, in places, eliminate the need for or reduce the mumber of
test holes to be constructed - R v ,‘/;'
The main purpose of the investigation described in this report is to

evaluate the usefulness of remote-sensing data in the water-resources study

-of Yellowstone'Nationel Park. The investigation was made in cooperation

with the National Aeronautics and Space Administration (NASA) . Remote-sensing
dats have been collected in Yellowstone National Park for use in this and
other remote-sensing studies.

o Acknowledgment is glven personnel of the National Park Service,

particularly the Park Naturalists and Rangers, for their excellent

' cooperation during this investigation.
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-Use of metric units

Because userof'thevmetric system is increasing io scientific reports,

" values for unite of measure'are given in this report in metric as well as
in English units, In this investigation, most measurementa were made in

lEnglish'units. Temperatures, however, were measured in degrees Celsius c)

rather than in degrees Fehrenheit (°F). Some reported temperatures are in
°F and these are shown in both °F and C. Temperaturea iﬂ‘this report “are

rounded to the nearest 0.5°C. - Temperatures in c can be converted into °F

by the equetion °F ='1.8(°C)+32.v;

Remote sensing in this investigetioo

L}

Rehoteusensing data as used in this investigation is defined as,date
pertaining to the surface of the earth that are obtained froo an aircraft-borne

or a spacecraft-borne sensor operated at a point above the surface of the

'earth Remote-sensing data available for this investigation are from cameras

and scanners operated from'aircraft.

N
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_ Radiation that is detected by remote sensors is either emitted by or

reflected from objects on the surface of the earth. All fadiation is

'divided in the eiedtromagnetic speétrum.according‘to wavelength. The

electromagnetic spectrum ranges from short garma and X-rays, to ultraviolet,

visible, and infrared waves to long radar and radio waves. This investigation
. . : - ‘

1is concerned, mostly with radiation from the visible and the infrared part of

the'elécttomagnetic spectrum, The visible part of the spectrum ranges in

A waveléngth'from about 0.4_éo about 0.7 pm (wicrometer); the infrared part -----

ranges from about 0.7 to about 1,000 pm, (A.microﬁeter is one millionth

of a meter, and is the game as the term "micron"with symbol |, that was

T . T

commonly used in the past.)
Virtdally all of the radiation received by objects on the surface of
the earth from the sun is in the ultraviolet, visible, and near infrared part

of the electromagnetic spectrum from'anelengths of 0.1 to 4 ym, Radiation

emitted from objects on the surface of the earth is in the far, or thermal

infrared pért of the spect;qm £tom wavelengths of 4 to 100 pm (Reifsnyder
and Lull, 1965, f. 1).  Therefore, most fadiation during the daylight hours
is reflectéd radiation from the ultraviolét;.the visible, ané the near |
infrared part of the spectrum, and radiatiqn during darknesd is mostly
emitted radiation in Ehe gar,_or thermal 1nf;ared part ofithé spectrum.

Photography:and imagery collected during daylight hours utilize mostly

reflected rédiation, and {magery collected du:ing darkness utilizes moétly V

emittéd radiation, :Remoté?sensing data used-in.this investigation are both

;photography and imagery. Photog:aﬁhy 1ch011ected by cameras; imagery is

~ collected bylsqannefs. ot , .

e n e e e e e e SORSESSUVIE IS B S e e
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Scanners are deviceg that continuously Aetect radiation from
succggaivevsmall segments of the terrain beneath the aircraft. The radiation
v»frdm,eaCﬁ small ségment of the earth is épticglly aﬁd'mechanically measured
and recorded on film ét magnetic‘tape. D#ta from magnetic tapé can be produced
‘later on film, Thus, as the aircraft moves over an afga,.data from a series
_gf_gng‘iinqua:eArgﬁprded and the_oﬁtput is called imagery. |
Radiation in some wavelengths 1s absorbed by the aﬁﬁosphere énd caﬁnot
- readily be detected by‘remote senéors}-ﬂThere”are éome‘notab1e éxcept1ons,
1howe§er, that are commoniy éélled #ﬁmosphéric windows. In ﬁhevinfrated part
of the eléctroﬁ#gngtic»spectrum; atmosphericpwindowévoccur at 3-5 ym and at
8-14 um, The atmbspheric window at 8-14 um is especially significaﬁt because
the radiation for the average temperature of the surféce of the earth is at
a maximum at a wavelength of 9.6 uym (Jensen, 1968, p. 71-72), |
 All material on the surfacé of the earth emits radiation.v Emitted
infrared radiation o£ material depends on the.rédiatingvefficiéncy, called
emissivity, and the temperature of the materi&l. If objects or areas of the
surface of the earth have éimilar emissivitiés; contrasfs showﬁ on infrared
‘ imagery will be dugrto differénces-in femperature. If remote-sensing data
indicate Jifferences in Femperature'of land surface in areas of thermal and

cold ground water, the data would be useful in water-resources studies,




In order for remote-sensing data to be useful in the water-resources

study of Yellowstone National Park, the»effects of warm‘ground water must

be expressed at the land surface and be detectable by remote sensors. These

conditions are most likely to exist when warm or hotréroun& water occurs

at very shallow depths. In parts of the park, ground water occurs at very

shallow depths, often less than 10 feet (3.0 meters) and occasionally less

than 5 feet (1.5 meters) below_iand surface. The thickness of the material
through which the temperaturgvof ground water can éffect the_land-?urface

temperatureAmay be related to the type of material overlying the ground-

- water body as well as to the temperature of the gtdund water.,

Geographic and geologic setting

Yellows;one National Park contains 3,472 square miles (8,992 square
kilometeré) in the northwest cornér of Wyoming and in adjacent areas of
Montana and Idaho, Most of_the park 1é a high plateau of moderate relief
bounded‘by moﬁﬁtains on the north, east, and south. Most of the plg;eau -
fanges in altiﬁude from 6,000 to 9,000 feét (about 1,800 to 2,700 metéré).
The lowesﬁ point in the park 18 about 5,160 feet (1,573 meters) near the
Yellowstone River on the north bqundaryg the higheét_point is Eagle Peak at
altitude 11,358 feet (3,462 meters) on the east boundary (fig. 1).

About SOrpérgent'of‘Yellowstone Naﬁibnal‘Pagkllies‘eASt of the

Continental Divide in the Missouri River drainage and about 20 percent

lies west of the divide in the Snake River drainage. Principal streams

" that either head in the pérk or drain considerable parts of the park are ‘

the Madison, Gallatin, Yellowstone, Falls, and Snake Rivers (fig. 1). These
streams and their numerous tributaries dissect the plateau and mountainous

areas of the park,

10
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Figure l.--Location of flightlines and coverage of remote-sensing data, Yellowstone National Park, Wyoming, Montana, and Idaho.




The plateau area of the park ie underlain hy rhyoliteﬂfloue‘and i
associated tuff of Tertiary and Quaternary age of unknown but prohably of
considerable thickness. North of the plateau are the Gallatin and Beartooth
Mountains, which are faulted and uplifted blocks composed mostly of
Precambrian metamorphic rocks and Paleozoic and Mesozoic sedimentary rocks,
East of the plateau is the<§hsaroka Range composed mostly of andesite
breccia of Tertlary age. Similar andesite breccia also crops out in'the

Washburn Range and the northern part of the Gallatin Mountains (fig. l)l

South of the plateau are faulted uplands composed of Paleozoic and Mesozoic

‘sedimentary rocks associated with the Teton and Washakie Ranges, which extend : -

northward to within about 10 miles (16 kilometers) of the south boundary of

the park.

All of Yellowstone National Park, except some of the higheet mountain
peaks, has been glaciated. The resultant deposits of glacial drift cover
most of the park, but relatively thick deposits occur chiefly in river
valleys and in the basins occupied by the larger lakes. Lacustrine deposits

occur not only in the lake basins but also in’arees where lakes existed

"temporarily during and after glaciation.

Alluvial deposits oocur along most of the major streams in the park and
along,many'of the tributary‘streams. Hot-spring deposits areilocated at
many of the thermal areas in the perk. | |

yYellowstone National'Park has relatively long winters and relatively
short summers.A Precipitation occurs as snow during the winter, as rain and
snow during the spring ‘and fall, and generally;as rain during the summer,
waever, brief snow storms occasionally occur in summer. Precipitation ]

generally increases with altitude.~ Precipitation is greater on the west

side of the Continental Divide than it is on the'east side of the divide.

12
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Annual average precipitation i§ 15.38 inches (39.07 centimeters) at
Mammoth, altitude 6,230 feet (1,899 meters); 13.43 inches (34.11 centimeters)
at Lamar Ranger Station, gltitude 6,550 feet (1,996 ﬁeters); and 18,86 inches
(47.90 cénﬁimeters) atALdke, altitude 7,760 feet (2,365'metets);. Precipitation

in 1969 at the South Entrance, altitude 6,880 feet (2,097 meters) was

31.70 inches (80.52 centimg:g;g) (U.S. National Oceanic andvA;mosfheric
Admihistration, 1969, p. 213). 7 .

Snow begins to accumplate in October in the higher parts of the park
and_commonly re#ches depths'df 4 feet (1.2'méters) by spring. In March 1970,
ma#imum depths offénoﬁ on theggrouna‘werewil‘in€£é542;;:§ cen;imééers) ;t, |
Mamhoth,"IQ inches (48.3 éentimeters) at Lamar RangervStation, 46 inches
(116.8 centimeters) at Lake, and 67 inches (170.2 centimeters) at'the South
Entraﬁce (U.S. National Oceanic and Atmospheric Adminiskration, 1970, p. 33).

The average annual air temperature is 39.7°F (4.5°C) at Mammoth and’
35.7°F (2°C) at Lamar Ranger Station. The avefage temperature in 1969 at

the South Entrance was 35.3°F (1.5°C) (U.S. National Oceanic and Atmospheric

 Administration, 1969, p. 211).

13




Data collection

Remote-sensing data used in this study were obtained from aircraft

missions flown forrthis and other projects. An August 1966 mission by

- HRB-Singer, Iné. obfained 3-5 um infrared imagery from a large part of

Yellowstone National Park (fig. 1). A September 1967 mission by the University

- of Michigan obtainedrphotography and multispectral imagery from selected =~

areas in the park (fig. 1). Both of these missions were flown for the U.S.

Geological Survey as part of extensive studies on geology, geophysics, and

thermal waters in{thé park in cooﬁeration with NASA. Aerial photographs of ~

. the Wyoming part of the park-weré‘madeVin‘19S4 for the Geological Sﬁfvey in

connection with tbpograﬁhic mapping in the park.

Two missions were flown specifically for this projéct. One missioﬁ
was flown in August 1969 by a NASA aircraft containing equipment that |
obtained 8-14 pm thermal infrared imagery, colo; photography, and]COIOr
infrared photography in selected aréas of thé park (fig. 1). The otherl

mission was flown in Méy 1970 by = Geological Survey aircraft equipped to

take color and black-and-white photographs of snowpack conditions in the
' Upper, Midway, and Lower Geyser Basins, and in Nez Perce Creek valley

 (figs. .1l and 2).

14
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Reconnaissance was made in areas where relatively warm and cool ground
water occur to find key indicators to aid in comparing remote-sensing and
field data, Reconnaissance consisted of inspections of surface geologic,

topographic, and hydrologic features; Infbrmatlen was also available from

~ test holes made primarily for the water-resources study of the park. " Areas

that showed promise for.good correlation of remote-sensing and field data

are near Fountain Paint Pot (Nez Perce Creek valley), Old Fa1thfu1 Nbrris

‘ Junction, ‘West Thumb, and Heart Lake (fig. 1)" Most-promising»of ‘these -~

areas is Nez Perce Creek valley.

Studies were made in April 1969 and in Aprll and May 1970 -in-the -park, -~ -

particularly the Upper, Midway, and Lower Geyser Baslns, to observe the
effects of relatively warm and cool land areas on snowpack conditions.

In June 1969, grbund-temperature surveys were made in Nez-Perce Creek

valley and adjacent Fountain Flats, near Norris Junction, and near West

Thumb, - Most of the ground-temperature data‘were collected from a 3-mile

(4. 8-kilometer) reach of Nez Perce Creek valley where warm and cool ground-

water areas are known from augered test-hole data. A portable radiometer
(8-14 pm) was used to monitor point radiation along cross-section lines in
the valley; In addition,'temperetures were measured by inserting the probe

of a portable thermistor-type thermometer into the upper'G inches

(15 centimeters) of soil. Ground-temperature data were also collected'in =~ ~

Nez Perce Creek valley with the portable thermistor-type thermometer at the

time of the August 1969 aircraft mission and in September 1969.

16




Data from several test holes have been used in this study. Most of the
test holes were made by a truck-mounted power auger, and some were made by a

portable power auger. Test-hole construction in much of the park, however,

". cannot be done because of the inaccessibility of most parts of the park to

motorized equipment.

Data interpretation

Black, white, and tones of gray on the infrared tmagery may71ndicatefjf— —
relative temperatures of land-surface features. Infra:eé imagery from
Yellowstone National Pafk shows cleariyﬂthe areas of thermal-water discharge
and nearby relatively hot land surf#ce. Ground water is undoubteély*hot~underh -

areas appearing on the imagery as hot_terrain. An 1nte:prétation of cool

terrain, however, does not'rule out underlying warm ground water because the

ground water may not be warm enough or close enough to the surface to warm

the land surfacg. o . S
Slight'differenées in tone oh thevinfrared imagery may représent
diffefencesyin em1531vity or diffetéhces in temperature of land surface
caused by ground wAter.L.Good correlatioﬁ ofttoﬁe on imagery'wiﬁh warmlor
cool ground water, therefore, can be;déne only after other data have been
coilected in areas covered by'the imagery.
Differences in tone on imagery caused by differences in vegetative
cover are often thg‘dominaht contrasts on the 1magery.rand they tend to
mask the éffects of gt#uhd-water tempgratuferdifferences, Contrasts between
forested anduhonforesﬁéd areas aré'partiqularly hoticeable on ﬁhe,iﬁage:y.
A:eas of différent veéetative;cover ﬁan be détermined’from aeriai photdgraphs

and, in a génefal‘way, from topographic maps. interpretations about = -

 vegetat1ve cover for large areas can be made using these sbu:ces of information

and a minimnum of field checking.
B 17




Differences in the moisture content of soil at land surface can also
cause contrasts on the 1ﬁagery that mask the effects of groundfwafer
temperatufe. During early summer, s0il at land surface 19 wet from melted
snow. At times, the soil is saturated, and water stands on the surface in

large areas. However,rall'of the aircraft missions from which infrared

imagery are used in this study were flown during August and September vhen -~

soil at land surface is driest., Contrasts from differences in the moistﬁre

content of soil at land surface, therefore, should be at a minimum on

: 1magery used in this study._

Ground-temperature surveys in June 1969 were made, at times, un&er

adverse weather conditions. Frost, rain, and snow occurred during the

surveys, and soils, in placeé. were nearly saturated, The radiometer was

‘greatly influenced by soil moisture and the type of ground cover (bare soil,

needle insulation, or grass). Grouhd-temperature data from the Nez Perce
Creek valley in August 1969 were collected near the end of a very dry periéd,
and the soils were :elatively dry.. The Séptember 1969 sufvey‘foilowed a
rainy period of several’days, and the soii;‘were moist, ‘Ground-temperétnre

daté, therefore, were collected under a variety of soil-moisture conditions.

18
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‘(1968. p. 7 14) points out that contrasts on the daytime imagery due to

'wgter. Consequently, infrared imagery from the August 1966 mission has

August 1966 mission

~ The August 1966 mission was flown during both daytime and nighttime
hours. Data obtained during the mission consistedvof 3-5 pm infrered

imagery. ‘The altitude of the flight is not known, but the scale of the

undistorted center part ‘of most of the imagery is slightly smaller than

that of 1:62,500 scale topographic maps, Both the daytime and the nighttime

imagery show contrasts caﬁSed‘by differenceS‘in vegetatire cover. Pierce

forests and dry grasslands are reversed on the nighttime imagery, and he

PRSRSRE

concludes that the contrasts are due to actual differences in temperature
in forests and clearings. These contrasts mask differenceS'in tone that

may represent differences in temperature of the land surface and ground

not been especlally helpful in the study of the water resources at specific
eites in the park.

The imagery 1s useful because the miesiongcovered large and remote
areas ot the park. An examination of the imagery gives a suggestion of
possible ground-water temperatures in remote valleys, because areas of

thermal-water discharge can be determined from the imagery.

19




September 1967 mission

The September 1967‘mission was flown during afternoon, night, and predawm

hours. Data obtained during the mission included: black-and-white, black-
and-white infrared, color,. and color infrared photography, and multispectral

imagery ranging in wavelength from 0.35 to 14 ym., Most of the'mission‘was

flown-at-altitudes of 10;300-and 11,000 feet (3;139 and 3,353 weters), or

about 3,000 to 5,000 feet (about $00 to 1,500 meters) above‘the terrain, .

The mission consisted of three segments and covered only a small part of o

the park (fig. 1).

A cursory examination was made of all data from the September 1967
mission. The 8-14 ym thermal infrared 1§agery flown just before dawn 1is
fhe best data from the mission to determine the effects of warm and cool
ground water and was examined in detail for this prdject.

The segment of the September 1967 mission that includes Fountain Paint

. Pot and 014 Faithful (fig; 1) covered most of the Upper, Midway, and Lower

Geyser Basins (fig. 2) and has the best possibilities for good correlation
of imagery and fieid data. Warm grbund water occurs at shallow depths in
the geyser baslné.k Cool ground water occurs at places near the edges of
the geyser basiné. Shading on the imagefy indicates relative témperatureg
of land surface, and the éffects are not éntirely masked by‘differences in
vegétative cover or soil-moisture conditions. The other éégménééiofrthé
September 19&7 mission (fig. 1) do not cover areas where both warm and cool

ground water occur at shallow depths.
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The 8-14 ym infrared imagery from the September 1967 mission in the
Upper, Midway, and Lower Geyser Baeins shows relatively warm and cool land
surface near thermal-weter diseharge areas, In places, the cool land-surface
areae are adjacent to hot springs and geysers., These relatively cool land-

gurface areas are interpreted as areas where minerals, particularly siliceous

sinter, have been deposited in beds of sand-and gravel by the upward-moving

hot water, The siliceous sinter is relatively hard and impervious and it
contains less hot water than the eurrouﬁding and underlying sand and gravel.

Consequeqtly,‘the siliceous sinter areas have cooler land surface than the sand

it

and gravel areas. Ground water is probably hot even under relatively cool

land~surface areas in the geyser basins.

The 8- 14 pm infrared 1maéer;—from the September 1967 mission was useful
in this investigation because it provided low-altitude coverage over areas
where relative land-surface temperatures could be determined as a basis for
comparing imagery and field data. Imagery from the mission was ;I;a useful )
as a gulde in plaening subsequent missions flowm specifieally”for this

investigation.,_Unfortunately, the erea covered by the mission does not

coincide with many areas where warm and cool ground water are adjacent at

shallow depths, such as Nez Pexce Creek valley, or areas where test holes

have been augered.

The mission, however, does cover the lower part of the valley of the

 West Fork of Iron SPring Creek near thermal featurea in Black Sand Basin

(fig. 2) Interpretation of the 1nfrared imagery from the September 1967
mission and field data 1ndicate that the land surfacé and the ground ‘water
in the lower part of the West Fork of Iron Spring Creek are relatively cool.
No test holes have. been augeted in the valley of the West Fork of Iron Spring

Creek because the area is inaccessible to motorized augering equipment.
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No testiheles were augered for this project 1§ the Upper, Midway;rot “
Lower Geyser Basins because of the possibility of encountering pressures
that could not be controlled The Geological Survey, however, drilled 11
cored test holes in 1967 and 1968 in thermal areas in the park as part of
the study of thermal waters of the park in cooperation with NASA, Seven

of these test holes were drilled in the Upper,ruidway, and Lower Geyser

Basins, Water pressures measured at land surface.exceeded atmospheric
pressure in six of the holes drilled in the Upper, Midway, and Lower.Geyser
Basins. These high water pressures beéan as drilling reached'deéths of

50 to 200 feet (15 to 61 meters). and commonly ranged from 30 to 100 pounds
rer square inch (2. i to 7.0 kilograms per square centimeter), measured atA
land surface (White and others, 1968, P. 5). The test holes drilled in the
Upper, Midway, and Lower Geyser Basins ranged in depth from 215 to 691 feet -
(66 to 211 meters), and maximum temperatures measured in the holes renged_;

from 142 to 203°C (White and others, 1968, p. 4). : T

August 1969 mission

The August 1969 mission was flown at midday‘for color and color infrared
photography and Just before dawn for 8-14 pm infrared imagery. The mission

was flown 5,000 feet (1,524 meters) above the terrain over all the flightlines

" with an additional pass for infrared imagery 2,500 feet (762 meters) above

the terrain over the flightline in Nez Perce Creek valley. The flightlines
were selected by the aUthorvspecifically for this project. In NASA
nomencleture, this was Mission 102,‘Test Site 11 (Yellowstone National Park),

flown over Flightlines 9-13 (fig. 1).
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Tﬁé flightlines for“this migssion were selected to cover areas where
cool and warm gfound water probably occur at shallow depths and low-altitude
1n£rarg& imagery had not been éollected. The areas 1n§1uded in‘this were
Nez ferce Créek valley, Norris Geyser Basin, West Thumb, and Heart Lake,

In Nez Pefce Creék valley. cool ground water occurs adjacent to warm

_ground water, as determined from augérgq_test holeé. Differences in ground- __ |
water temperatures are indicated by differences in soil temperatures at
land surface. During the field survey at the time the August 1969 mission

‘was flown, the diffefencé in sgrface-éoil temperaturés»be;@gen areas of
cool and areas of Qarm ground water-a#etaged about 7°C. - |

On November 16, 1969, the surfacé soil was f:ozeh in the area of cool--
ground water, but it was not frozen in the area of warm ground water, On
April 17, 1969 aﬁd May 14, 1970, the area of cool ground water was covered
by about 2 feet (0.6 meﬁer) of’snow, whéreas the area of warm ground water __ ... __

was almost completely free of snow.
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The difference in surface-soil temperatures in adjacent ate#s of
cool and warm'ground water in Nez Perce Creek,valley (flightline 9, fig. 1)
does not show on infrared imagery obtained during the Angust'1969 mission.,
Although no data are availaﬁle. emis?ivities'ara probably not appreciably.
different in the adjécent areas of cool and warm ground water, Because
radiation is a function of both emisﬁivity and temperature, the difference -

in surface-soil temperature of 7°C should have caused a visible contrast on the

imageryg A possible explanation is that the scanner may not have been

adjuéted properly for this mission. ‘A device called a gain control is used |

to regulate the contrast on the imagery, and an'automatic gain control was

used in this miséion. The gain cdntroi may havé.Séen influe;;edAbfwfhe-
:elatively large temperature differences between the thermal-water discharge
areas and nearby cool areas. The imagery might have shown the soil-temperature
differences if manual-gain control on the scanner had been used instead of
automatic-gain control.

The infrared imagéry’shows ¢1ear1y the éreas of thermal-wafer discharge
and nearby bare relatively hot land éurface in Ndfris Geyser Basin and the
bare thérmal areas north and éouth of the geyser basin (flightlines 10 and 11,
fig. 1). A dominant contrast on the imagery, however, is due to meadows and
forests. The areas where ground-water témperature'data wouldvbe useful in
this study are forested and they all appear as the same tone of gray on the

imagery. :Coqéequently; the areas known from augered test holes to have cool

ground water, the forésted areas adjacent to hot springs in the geyser basin that

i probably have warm ground water, and the areas that have unknown ground-water

' temperatures appear the same on the imagery.
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Ioformetion from reconnaissance soggests that the forestee areas having
cool ground water and those having unknown ground-water temperatures (fig. 3)
are drained, in part, by numerous cool springs and seeos along the Gibbon
River;‘Solfatare Creek, in the meodows, and at the edgee of the forested
areas; Two 1soiated‘warm springs near the Gibbon River and one near Solfatara

Creek (fig. 3) can be distinguished on the infrared imagery from the

numerous cool-spring areas, Because the forested areas shown on figure 3

that have dnknown ground-water temperatures are drained by cool springs,

. they probably have cool gtound water.

.

In the West Thumb area, cool ground water overlies warm ground water
near thermal-water«discharge areas. Test holes have been auge:ed and drilled
in unsuccessful efforts to locate cool,‘ootable, ground water in quentities
sufficient for public supplies at West Thumb and Grent Vil}age. The infrared
imagery from the August 1969 mission was examined for posSible indicators
of ground-water temperatures near Potts Hot Spring Basin and West Thumb
Geyser Basin (flightline 12, fig. 1.

The areas of thermal-water dischatge‘in Potts Hot Spring Basin and
West Thumb Geyser Basin aod_isolated hot springs and steam vents_show

clearly as hot spots on the infrared imagery. The surrounding land areas,

_even those adjacent to the thermal features, howéver, are interpreted as

being relativelywcool.‘ This interpretation suggests that any ground water -
at shallow depths would be cool under these cool land areas. Data from test
holes 1ndicate that cool ground water overlies warm grouud water in most of

the West Thumb area.
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Figure 3.--Three warm springs (%) and selected forested
areas that have cool ground water (1), warm ground
~water (2), and unknown temperature of ground
“water (3), in and near Norris Geyser Basin.
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south of West Thumb Geyser Basin. The hole locations were chosen on the

In September 1970, two test holes were augered near Yellowstone Lake
in the West Thumb area. One hole was about 500 feet (about 150 meters)

north of Potts Hot Séring Basin, and the other was about a mile (1.6 kilometers)

basis of reconnaissance and interpretation of infrared imagery from the

LTS
i

'(6.1 meters) to 34°C at 45 feet (13.7 meters) in the hole near Potts Hot

August 1969 mission. . Both holes were augered to depths of 45 feet (13.7 -
metérs) in lacustrine deposits of silt, sand, and gravel. Water was struck

at a depth of 7 feet (2.1 méters) in the hole near Potts Hot Spring Basin =

_apd at a depth of 14 feet (4.3 meters) in the hole near West Thumb Geyser
Basin, Teﬁpérature of the water at the bottom 6£ each hole was measured at
5-foot (1.5-meter) intervals as the holes were augered from depths of 20 to

4S5 feet (6.1 to 13.7 meters). ,Temperatﬁrea increased from 20°C at 20 feet

Spring Basin and from 18,.5°C at 20 feet (6.1 metefs) to 35.5°C at 45 feet
(13.7 meters) in the hole near Vest Thumb Geyser Basin, A hole was augered
in 1959 to Q depth of 103 feet (31.4 meters)‘ﬁear the West Thumb Geyser Basin.
The héie is near the hole agugered in 1970, The water temperature was 105°F

(41°C) at the bottom of the 1959 auger hole (Gordon and others, 1962,

p. 187-188).

A ground-water supply is neéded for a small campground and a patrol
cabin near the mouth of Witch Creek at the northwest corner of Heart Lake
(fig. 1) in an area that i{s inaccessible to motorized d:illlhg equipment.

No'tést holes are known to have been made near the lake. Witch Creek drains

the Heart Lake Geyser Basin, and the stream contains warm water,
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. from the imagery as being warm, No other thermal features are apparent im |

area is8 interpreted as resulting from cool-water springs discharging on the —

The infrared imagery from the August 1969 mission (flightline 13,
fig. 1) was examined for possible indicators of shallow ground-water
temperatures near Heart Lake Geyser Bﬁsin. The infrared imagery shows clearly
the areas’of’thermal-whter discharge and relatively warm land surface in the
Heart Lake Geyser Basin. The water in Witch Creek can also be interpreted
the area. The infrared imagery fufthet indicates a cool-water area on the ~

surface of Heart Lake in the hortheastern part of the lake. This cool-vater

bottom of the lake. _ .

A reconnaissance was made of the Heart Lake>GeySer Basin and-the area——
along the northeastern shore of the lake. Information from the reconnaissance

and the interpretation of the infrared imagery suggest that cool ground

water probably occurs at shallow depths near the campground and the patrol

cabin. This ground water coﬁld be developed for a ﬁp:er supply.
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of the photographs, The color-and color infrared photographs from the

U S — -
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The color and color infrared photographs taken during the August 1969

.miasion have been useful in reconnaissance, Most topographic and hydrologic

featutes can be identified on the photographu. Quality of the photographs

s generally good. Some differences in exposure between the center and the

edges of the color infrared photographs, howéver, affected the usefulness

August 1969 mission were more useful in reconnaissance than the black-and-

white photographs taken in 1954.

Thermal-water discharge areas can be determined from both the colot

. and the color infrared photographs. Hydrothermally altered rocks and

giliéedus»ainter,'evidence of present or former thermal-water discharge
areas, can be identified as white areas on the photographs. Thermdl-waﬁer
discharge areas also show as white areas on the black~-and-white photographs.
Water features such aé streams, lakes, ponds, and pools can be
identified on all-ﬁhree types of photographs. They are more easily

identified however, on color infrared photographs. Water features are

'blue or black on color infrared photographs, and they are easily distinguished

from the adjacent forests or grasslands that are red or pink on color {nfrared

photographs, Some ponds and pools,arerdifficult to distinguish on black-

} and-white and color photographs, because they are almost the same tone or

color as the adjacent forests or grasslandé.
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water temperatures in the pool. Some algae are visible only at the edge

‘Ground-water temperatures could be approximated in inaccessible areas
by estimating from colo¥ and color infrared photographs the temperature of

water in springs aﬁd pools. Some of the springs and pools in the park have a

colored appearance. The color can result from many causes, but the major

cause of colored appearance of hot pools is probably algae. The color of
the algae in ot pools varies with the t__gerature of the waterl__Some algae
can live in water as hot as 163 F (73 C) Pale green-yellow algae live at

higher water temperatures and red and brown algae live at lower water

vtemperatures (Scharff 1966 p. 21).

Temperatures were measured in about 30 hot springs and pools in the -

Nez Perce Creek valley in June 1970. No algae were observed in water above

74.5°C. Reddish-brown algae were observed in water from 46.5 to 60°C.
Green algae were observed in water from 38 to 46°C. Some of the pools have

different colpred algae in parts of ﬁhe pools because of differences in

of the‘pool and in channels that carry water discﬁgrgiug from the pool.
_Hosé oflthe 30 hot sprihgs and ﬁbols observed in the Nez Perce>Creek

valley are too small fdr their colors to show on the color photographs

taken-during the August 1969 mission. Color of the pools,'howeve;, would

show on color photographs taken at lower altitudes.
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Color and color infrared photographs from the August 1969 mission were

examined for differences in vegetation vigor in thermal and nonthermal areas

that might indicate differences in ground-water temperatures, Dead trees

' near thermal-water areas are common in the park, Miller (1966, p. 753-754)

lists temperatures at the bottom of holes 10 centimeters (3.9 inches) deep

iu and near a stand of lodgepole pine adjacent to hot land surface in the

park in August 1965 as follows: In fallen dead trees 137°F (58.5°C), in
standing dead trees 78 F (25.5 °C), in dying trees 64°F (18 C), and in the
closed stand of trees 58. 5 F. (14 5°C). This indicates that trees ‘may be
dying where surface-soil temperatures are as low as 18°C and differences in
surface-soil temperatures between presumably healthy trees in the closed
stand and dying trees are as small as 3.5°C. No dying trees were noted
during this investigation.on photographs or during field studies in Nez
Perce Creek valley where surface-soil temperatures were as high as 20°C and
surface-soil temperature differences were meesured at 7°C, No differences in
vegetation vigdt wete neted on color and eolor infrared ehotographs of
other ereas of the park that might indicate surface-soil temperature

differences and areas of adjacent cool and warm ground water.

31




May 1970 mission

The brief field stiidies of snowpack conditions in April 1969 indicated
the poésible usefulness of aerial photography taken during spring snowmelt
to determine relatively cool and warm land-surface areas. Patches of snow

as much as 2 feet (0.6 meter) deep were observed in April 1969 and in May

1970 in places as near -as_50-feet (15 meters) to hot springs in the Upper,?ﬁ:xzzgs;
Midway, and Lower Geyser Basins. A definite snowline across the Nez Perce - - -
Creek valley (fig. 4) separated the upper snow-covered part from the lower
snow-free part. This snowline coriesponds to the boundary between cool and

WArm ground water that was determined from augered test holes. A similar

snowline was obsefved between warm ground and thermal features in Black Sand

Basin and seemingly cool ground in the valley of the West Fork of Irom Spring

Creek (fig. 5). Aerial photoéraphs were taken on May 11, 1970 in the Nez

Perce Creek §a11ey and in the ﬁpper, Midway; and Lower Geyser Basins to

compare snowpack conditions in areas of warm and cogl ground water.

The May 1970 mission was flown at midday about 3,000 feet (about 900

meters) above theuterrain, at altitude 10,200 feef (3,109 meters) in the Lower

~and Midway Geyser Basins and Nez Perce Creek valley and at altitudeA10,400 feet

(3,170 meters) in the Upper Geyser Basin. - Color photographs were taken
during:the flight, and color and Blackiand;white prints from selected color
negatives were examined, The quality of(the photogtaphs is excellent. Areas -
covered by snoﬁ show on both -the color éndrthe black-and-white prints. A
light snowfall occurred the morning df tﬁeﬁflight. Consequently, scattered
snow onithe ground and on‘the'crowns of Ehe trees in some areas:resﬁlted

from the récentlsﬁowfaliband ié né: part of thé snowpack; The snow-cbvered
areas that are remnants of tﬁé snowpack; however, can be determined from

the photographs.
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Figure 5.--Looking south at the snowline in the valley of West Fork of Iron

Spring Creek near thermal features in Black Sand Basin on

April 16
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The snowpack melts faster where it has longer and more direct exposure

to the sun, such as in open areas rather than in forested areas, in windswept
areas ratherlthan in pfotected areas, and on south-facing slopes rather than
on north-facing slopee._iﬂowevér, within areas of similar melting conditions,
such as latgeropen areas in the geyser Basins, the snowpack probably melts
faster-in-areas-where land _surface is warmer._The remnants of the snowpack
shown on the photographs taken durihg_the Maj 1970 mission, therefdre, occur
in areas of relatively cool lﬁnd surface.

| ‘,Whéré the-température of the land surface is affected by the temperaturé
of shallow ground‘water, as in thg Nez Pefce’Creek valley; areas of relatively

warn and cool grouhd water can be determined.from the photographs taken

during the May 1970 mission kfig. 65. Interpretations of relative ground;
water temperatures (wgrm or cool) from the aerial photographs of snowpack
conditions in May 1970 in Nez ferce.Creek valley correiate well with data
from reconhaiesance, ground-temperatu:e'surveys, and test holes (fig. 6).
» The patches of show in the geyser Bésins that are remnants of’the

snowpack (fig. 7) cérrelééé well with relgﬁi§¢ly cool areas interpreted
from 8-14 pm infrared imagery from the September 1967 mission (fig. 8).
These relatively cool areas are easier to determine from the photographs
taken in May 1970 than from the infrared imagery owing to better detail

in the photographs.
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Figure 6.~-Snowline in Nez Perce Creek valley on May 11, 1970, location of
augered holes (circles) with water Eemperatures (WT) and
bottom-hole temperatures (BHT), springs, and sites where
temperatures of land surface and Nez Perce Creek were measured.
Snow-free area 1 has relatively warm land surface. Snow-free
area II 13 a south-facing cliff, Values on line A-A' are
temperatures in °C; values above the line measured with a
radiometer, June 18, 1969; values b;low the iine measured with
a thermometer inserted in upper 6 inches (15‘centimeters) of
soil, August 28, 1969 (upper values) and September 22, 1969
(lower values). Photograph from Ma§ 1970 miTsion, described

in text. i
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--Remnants of snowpack in part of the Upper Geyser Basin on

Figure 7

road in Black Sand Basin.

A 13 near a macadam

» 1970

May 11

A and B are also shown on

B 18 near the Firehole River.

covered areas that are

n fi

Arrows point to snow-

figure 8.

C is part of a

gure 8,

new road bed that was built afte? the imagery shown on figure 8

interpreted as relatively cool o

Photograph from the May 1970 mission, described

was collected.

in text,
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Figure 8.--Infrared imagery (8-14 um) in part of the Upper Geyser Basin. Relatively
hot areas are white; relatively cold areas are black. A is near a macadam
road in Black Sand Basin. B is near the Firehole River. A and B are
also shown on figure 7. Arrows point to relatively cool lénd-surface
areas that are snow covered on figure 7. Imégery from the}September
1967 mission, described in text. ‘ |
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Photographs from an aircraft mission show the snowpack only at that
time, and thermal-contour maps cannot be made as they can from infrared
imagery. Photographs taken at different times during the melting 6£ the
snowpack, however, could be used to make thermal-contour maps of mﬁch of

the geyser basins and Nez Perce Creek valley. During the maximum depth

__of the snowpack, probably in March or April, only the thermal-water discharge

areas, hot land-surface areas, and warm or fast-flowing streams aré free of
snow or ice. Progressively cooler areds become free of snow aé thé snowpack
melté (fig. é); 'A serieé of thérmal’contours could be made by 6ut11ning
snoﬁ-covered;areas on successive photograéhs takén as the snowpacklmelts.
Oblique photographs of the snowpack taken from high ground (fig. 16),or from

aircraft could be used to make thermal maps. However, better maps could

'probably be made by using aerial photographs such as those from the May 1970
mission (figs. 6 and 7). As the snowpack melts, repetitive data from a
satelli:é showing remnants of theisnowpack could probably be used to make

thermal-contour maps in Yellowstone National Park.
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Figure 9.--Remnants of snowpack in part of Midway Geyser Basin on May 1,
1970 (upper view), May 5, 1970 (middle view), and May 11, 1970
(lower view). Looking northwest toward Twin Buttes., Firehole

River in foreground,



Figure 10.--Remnants of snowpack in part of Fountain Flats, Lower Geyser

.

Basin on April 9, 1970 (upper view), Méy 5, 1970 (middle

view), and May 11, 1970 (lower view). Looking south toward

Fountain Paint Pot from northwest prong of Porcupine Hills,
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Field studies were made after snowstorms in spring, summef, and fall
to observe melting conditions of the snow as possiblé indicators of land-
surface temperatures. After these storms, the snow melts faster in areas
of gréater exposure to the sun such as open areas and south-facing slopes.

Snow melts slowest in areas shaded from the sun as in forests. The areas

of slowest snowmelt after individual-storms do not always correspond‘tO“'“ R

areas of relatively cool land surface as determined from measured soil
temperatures or interpretation of infrared imagery, because the snowmelt

is seemingly moré dependent on exposure to the sﬁn than on land-su;fgce
temperatures. The(usé of observations or photographs of snowmelt after
individual snowstorms, therefore, is not useful for estimating landffngggp

and ground-water temperatures.
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Summary and conclusions

In order for reﬁote-sénsing date to be useful in the water-resources
study of Yellowstone National Park, the effects of warm and cool ground
water must be expreésed at the land surface and be detectable by remote

sensors, Remote-sensing data from aircraft missions in August 1966,

RN
e

September 1967, August 1969, and May 1970 have been used in this study.

‘Information was obtained from,reconnaissance, ground-temperature surveys,

andvtest holes to find key indicators to’aid in comparing,remote-éensing
and field data. | ' | |

‘The August 1966 mission obtained 3-5 ym 1nfrared'imagerj from a large
part of the park at a relatively high altitude. Contrasts caused by
differences in vegetatiye cover are the dominant tonal differences on the
imagery, and relative differences in temper;turg of the land surface cannot
be determined from the 1mage£y. Areas of thermal-water discharge, however,
can be determined from the imagéry, and thie gives a suggestion of possible

ground-water temperatures in valleys in remote areas of the park.
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The September 1967 mission obtained phdtography and multispectral
imagery from selected areas in the park at relatively low altitudes. The
most useful data from this mission to determine the effects of warm and

cool ground water are the 8-14 pm thermal infrared imagery obtained just

~ before dawm in the Upper, Midway, and Lower Geyser Basins. The imagery

shows relatively cool land surface near some thermal-water discharge areas.
The cool areas are interpreted as areas‘where minerals, particulafly'
siliceous sinter, have been deposited in beﬁs of sand and gravel by upward-
moving hot water. The silicéousosinter areas contain legé hot water than

the surrounding and underlying sand and gra#el. waevef, ground water 1is
probably hot even undér relatively cool land-surface areas in the geyser
basins, | |

"The August 1969,mission was flown specifically for this project at
relativelyvlow altitudés over selected areas of the park. Photography and
8-14 um thermél 1nfr#ted imagery were collected during the mission.

Cool ground water occurs adjacent‘to warm ground water in Nez Perce .
Cfeek valley,‘as’determineﬁ frcm'augéred ;est holeé;' Differences in gfound-
water temperatures 1§'the Qalley are indicated by differences in surface-
soilvtemperatures, as determined by ground-temperature surveys ahd observations
of melting of snowp#ck.

The differences in surface?soil temperatures in Nez Perce Creek valley

‘do not show on infrared imagery collected during the August 1969 mission.

The 1magery’might have shown the'éoil-temperature differences 1if manuai-gain

control on the scanner had been used instead of automatic-gain control.
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m_@ggﬁ;hgdéégggryras being cool, ground water is probably'cool._ Land #reas

Infrared imagery from the August 1969 mission shows areas of thermal-

water discharge in Norris Geyser Basin, the West Thumb area, and near Heart
Lake. Because of contrast due to meadows and forests in and near Norris
Geyser Basiﬁ. relative ground-water temperatures cannot be estimated from
the infrared imagery. However, where spring§ an& seeps can be interpreted
near West Thumb, even those adjacent to thermal features, are interpreted
from infrared imagery as being relatively cool. This interpretation aérees
with déta from test holes that indicate cool ground water overlies warm
ground water in mosﬁ of the West Thumb #rea. Interpretation of infrared
imagery and field study at Heart Lake suggesés that cool ground water that _
could be developed for a water>supp1y’occura near a campground and a patrol
c;bin. The imagery shows & cool-water area on the surface of Heart Lake
that is interpreted as a cool-water spring discharging on the bottom of the
lake.

Color and colof infrared photographs from the August 19§9 mission have
been useful in reconnaissance for this project.' Water features can be more
easily identified on color infrared photographé than on color or black-and-
white photographs., Temperatures of‘some springé and{pools can-be estimated

from the color of the algae in the water. The color of the algae in hot

pools varies with the temperature of the water,

45




g
R

=

Aerial photographs taken in May 1970 and fleld studies of snowpack
coﬁditions 1nd1catg the ugefulness of aerial phptography taken duripg
spring snowmelt to determine relatively cool and warm land-surface areas.
Patches of snow as much as 2 feet (0.6 meter) dee§ were observed as near

as 50 feet (15 meters) to hot springs. ‘A definite snowline across Nez Perce

Creek valley separated the upper snow-covered part from the lower snow-free .

part. This snowline corresponds to a boundary between cool and warm ground
water tﬁat was determined from augered test holes. The differences in
ground-watér temperatures are indicated by differences in soil temperatures
at lénd surface as determined by.ground—teﬁperéture surveys. A similar

snowline separates warm and cool land surface near the West Fork of Iron

Spring Creek. The patches of snow that are remnants of the snowpack
correlate well with cool areaé interpreted from the 8-14 um infrared imagery

from the September 1967 mission. These relatively cool areas are easier

to determine from the photogréphs of the snowpack than they are from the

imagery owing to better detail in the phbtograpﬁs. Thermal-contour maps

could be made_from a series ofvéerial photographs or repetitive data taken

from a satellite‘during the melting of the snowpack,
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