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PREFACE 

The Department of the Interior has a basic responsibility for the apprais­
al, conservation, and efficient utilization of the Nation’s natural resources, 
including water as a resource, as well as water involved in the use and de­
velopment of other resources. As one of the several Interior agencies, the 
U.S. Geological Survey’s primary function in relation to water is to assess its 
availability and utility as a national resource for all uses. The U.S. 
Geological Survey’s responsibility for water appraisal includes not only 
assessments of the location, quantity, and availability of water but also 
determinations of water quality. Inherent in this responsibility is the need 
for extensive water-quality studies related to the physical, chemical, and 
biological adequacy of natural and developed surface- and ground-water 
supplies. Included, also, is the need for supporting research to increase the 
effectiveness of these studies. 

As part of its mission the Geological Survey is responsible for a large part 
of water-quality data for rivers, lakes, and ground water that is used by plan­
ners, developers, water-quality managers, and pollution-control agencies. A 
high degree of reliability and standardization of these data is paramount. 
This manual was prepared to provide accurate and precise procedures for 
the field measurement of water temperature. 

The series of manuals on techniques describes procedures for planning 
and executing specialized work in water-resources investigations. The 
material is grouped under major subject headings called books and is 
further subdivided into sections and chapters. Book 1 is on the collection of 
water data by direct measurement. Section D is on water quality. 

The unit of publication, the chapter, is limited to a narrow field of subject 
matter. This format permits flexibility in revision and publication as the 
need arises. “Water Temperature-Influential Factors, Field Measurement, 
and Data Presentation” is the first chapter to be published under Section D 
of Book 1. The chapter number includes the letter of the section. 
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WATER TEMPERATURE-INFLUENTIAL FACTORS, FIELD 
MEASUREMENT, AND DATA PRESENTATION 

By Herbert H. Stevens, Jr., John F. Ficke, and George F. Smoot 

Abstract 
This manual contains suggested procedures for 

collecting and reporting of water-temperature data on 
streams, lakes and reservoirs, estuaries, and ground 
water. Among the topics discussed are the selection of 
equipment and measuring sites, objectives and accuracy 
of measurements, and data processing and presenta­
tion. Background information on the influence of 
temperature on water quality and the factors influencing 
water temperature are also presented. 

Introduction 
The growing importance of water tempera­

ture in water-quality control has increased 
the necessity and demand for water-tempera­
ture data. A large amount of water-tempera­
ture data has been and is currently being col­
lected in the United States (Pauszek, 1972). 
There is great concern, however, regarding 
the accuracy of the data collected and how 
well the data document variations in the tem­
perature regimen. Nonrepresentative water-
temperature data can lead to erroneous as­
sumptions about the extent of thermal altera­
tions to the environment caused by the 
activities of man and by natural phenomena. 
The purpose of this manual on water tem­
perature is (1) to present the influential fac­
tors of temperature on water quality and the 
factors that influence water temperature, (2) 
to describe suitable instrumentation for 
water-temperature measurement and to sug­
gest procedures for the collection of water-
temperature data, and (3) to suggest pro­
cedures for the processing and reporting-of 
water-temperature data. Part 1 will be of most 
interest to water managers and those de-
signing a water-temperature data-collection 
network, whereas parts 2 and 3 are im­

portant to those active in data collection so 
that the data will be truly representative. 

Remote thermal-infrared sensing can 
provide information on heat radiation along 
lines and over areas from both land and water 
surfaces. Such information can aid in the un­
derstanding of thermal budgets and (or) the 
hydrodynamic behavior of water bodies. For 
instance, features that have been observed 
from thermal-infrared imagery include wind 
streaks, thermal bars, plungings and up­
wellings, pulses of discharge into low-velocity 
water, flow lines, ground-water seeps, and 
boundaries between water masses. The appli­
cation of remote sensing to the measurement 
of water temperature is not covered in this 
report and will be detailed in a future manu­
al. 

The authors extend thanks to A. F. Moench 
for his contribution of the sections on ground 
water. 

Purposes of water-temperature 
measurements 

Water-temperature measurements are 
essential to determine the utility of water and 
the effects that water uses have on tempera­
ture, and they have many applications in 
ground-water hydrology. 

Water use and stream standards 

Water temperature is an important factor of 
the utility of water. It has a direct influence on 
the quality of water for domestic supplies, 
fish and wildlife culture, assimilation of 
wastes, and industrial and agricultural uses. 

Domestic water below 10°C (Celsius)is con­
sidered to be satisfactory for drinking. Chem-

1 
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ical and biochemical reactions induced at 
higher temperatures produce undesirable 
tastes and odors in water. For water treat­
ment, however, flocculation and sedimen­
tation rates increase, and the effect of 
chlorine on bacteria are greater at higher 
water temperatures. 

Large increases in water temperature will 
cause rapid fish death, and moderate in-
creases in water temperature will cause slow 
fish death by increasing their metabolic rates 
and oxygen requirements and by decreasing 
their resistance to disease and toxic sub-
stances. 

For water purification, temperature affects 
the concentration of dissolved oxygen and 
the rate of BOD (biochemical oxygen de­
mand). 

Temperature affects the usefulness of water 
for industrial processing or cooling. In agri­
culture, excessively high or low irrigation-
water temperatures may affect crop growth 
and yields. 

Many uses of water degrade water quality 
and alter its temperature in the proocess. The 
release of bottom water from stratified arti­
ficial impoundments will decrease the down-
stream water temperatures, whereas the dis­
charge of industrial wastes and cooling 
waters, the return of irrigation water, and 
similar recycling processes usually increase 
the temperature of receiving waters. The re-
turn of warm water to aquifers has been 
known to increase ground-water tempera­
tures by 20°C (McKee and Wolf, 1963) and to 
significantly alter the ground-water hydrol­
ogy. The most significant addition of man-
made heat into waterways is from thermal-
electric power-generating plants. The Water 
Resources Council (1968) stated that roughly 
10 percent of the total flow of waters in United 
States’ rivers and streams is withdrawn for 
the production and condensation of steam 
and that water temperatures of the affected 
streams are raised an average of 8°C. 

State and interstate water-pollution-con­
trol agencies have established restrictions on 
temperature or allowable temperature in-
creases. The standards are related to the rea­
sonable and necessary use of waters in the 
public interest. The National Committee on 

Water Quality Criteria (U.S. Environmental 
Protection Agency, 1973) presented compre­
hensive water-quality criteria for the various 
beneficial uses of water. In order to meet these 
criteria, practical procedures must be 
developed to adjust and control water tem­
peratures. However, more knowledge of the 
effect that water uses have on water tempera­
ture and knowledge of the natural controls on 
water temperature is needed. 

Applications in ground-water hydrology 

Purposes for which ground-water-tempera­
ture measurements may be made range from 
quality considerations for domestic, 
municipal, and industrial uses to problem 
solving in geology and hydrology. Ground-
water-temperature data may be used to study 
rates and directions of ground-water move­
ment, identify areas of recharge and dis­
charge and zones of leakage around dams 
and dikes, evaluate aquifer parameters, lo­
cate geologic features, monitor the move­
ment of ground-water pollutants, and pros­
pect for and evaluate geothermal resources. 
In addition, temperature data can be used in 
modeling ground-water-flow systems. As this 
manual is limited in scope, measurements 
made in the soil, atmosphere, or unsaturated 
zone of the aquifer are not discussed, even 
though these may have direct application to 
problems of ground-water hydrology. 

Making quantitative estimates of ground-
water flow from temperature data was con­
sidered from a theoretical standpoint by 
Stallman (1960,1963). He presented a partial 
differential equation for the simultaneous 
flow of water and heat through saturated po­
rous materials. Bredehoeft and Papadopulos 
(1965) solved this equation for the steady-
state problem in one dimension and pre­
sented type curves that, when matched with 
the data of temperature versus depth from a 
well, allow the rate of vertical ground-water 
flow to be calculated. The basis of this meth­
od is the fact that vertically moving ground 
water will distort the normal geothermal 
gradient. Using a modification of this theory 
to increase the sensitivity of the matching 
technique, Stallman (1967) and Sorey (1971) 
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applied the method in the field to obtain 
values of the rates of water movement 
through semiconfining beds which were in 
good agreement with those determined by 
independent methods. The same theory was 
applied by Cartwright (1970) to estimate the 
quantity and location of water discharged 
from the Illinois basin each year. 

Stallman and Sammel (1972) showed how 
under special conditions it may be possible to 
evaluate ground-water velocities, aquifer 
transmissivity, and vertical hydraulic con­
ductivity from profiles of temperature and 
gradient of head. Numerical methods for solu­
tions to the general differential equation de-
scribing the simultaneous flow of water and 
heat in porous media and their application to 
ground-water-flow modeling are given by 
Supkow (1971). 

Birch (1947) studied the vertical circula­
tion of ground water by measuring the tem­
perature profile in a well near Colorado 
Springs, Colo. Schneider (1964) used the tem­
perature of a number of discharging wells to 
evaluate flow characteristics of carbonate-
rock aquifers in Israel. In a similar manner, 
Feder (1973) used temperature measure­
ments in wells and springs to determine the 
extent of vertical circulation of ground water 
in the carbonate-rock aquifers of Missouri. 

Another application of ground-water-tem­
perature measurements is to monitor man-
caused changes in the ground-water environ­
ment, such as those caused by the injection of 
radioactive or other heat-producing waste 
materials. Davis and De Wiest (1966) pointed 
out that temperature logs of wells could be 
used to locate gas leaks and cemented zones. 

The usefulness of temperature logging in 
wells for evaluating uphole and downhole 
water movement has been described by Tait 
(1972). Trainer (1968) used temperature meas­
urements in wells to locate bedrock fractures, 
and Lovering and Morris (1965) were able to 
relate geologic structures to ground-water 
temperatures. 

Ground-water-temperature measurements 
are presently being made to aid inprospect­
ing for geothermal resources (F. H. Olmstead, 
written commun., 1973). 

Temperature scales and 
units of measurements 

The three temperature scales used in the 
United States for measuring water tempera­
tures are the Fahrenheit (OF), Celsius or centi­
grade (“C), and kelvin(K) scales. These scales 
are all based on one primary reference point, 
which represents the temperature of melting 
ice at standard atmospheric pressure. For the 
various scales, this point is assigned the 
numerical value of 32”F, O”C, and 273.15 K, 
respectively. The value of 273.15 K is set to 
make the scale an absolute thermodynamic 
scale. The temperature interval between the 
primary reference point and a secondary ref­
erence point, which is the temperature of boil­
ing water at standard atmospheric pressure, 
is divided into 180 Fahrenheit degrees, 100 
Celsius degrees, and 100 kelvins (Besancon, 
1966; Weast and Selby, 1966). 

In concurrence with the trend for using 
metric units, the U.S. Geological Survey has 
adopted the Celsius scale. Although the name 
centigrade is commonly used for this scale, 
which was invented in 1742 by Anders Cel­
sius, the name Celsius is preferred. This edi­
torial policy, which is observed also by the 
National Bureau of Standards, is in accord 
with the recommendation of the Eleventh 
General Conference (1960) on Weights and 
Measures, represented by 33 nations that sub-
scribed to the Treaty of the Metre. The prin­
cipal reasons for preference of Celsius are 
twofold-( 1) with reference to the kelvin ther­
modynamics scale, the term “centigrade” is 
not truly accurate, and (2) in French tech­
nical literature, the term “centigrade” is 
applied to the divisions of a quadrant of a cir­
cle (Stimson, 1962). The kelvin scale, or centi­
grade absolute, was originated by Lord 
Kelvin. The zero point of the kelvin scale 
(-273.15”C) is the temperature at which all 
the thermal motion of the atom stops. The kel­
vin scale is specific as the preferred scale in 
the International Systems of Units (SI) 
adopted by the Eleventh General Conference 
on Weights and Measures (Mechtly, 1969). 

The following formulas may be used to con-
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vert a temperature reading from one scale to 
another: 

C = (5/9) (F - 32), 0)
C = K - 273.15, (2)
F = (9/5) C •t 32, (3)
F = (g/5) K - 459.67, (4)
K = C + 273.15, and (5)
K = (5/9) (F + 459.67) ’ (6)

where 
C is the temperature in “C, 
F is the temperature in “F, and 
K is the temperature in kelvins. 

The conversion between Celsius and Fah­
renheit to the nearest 0.5 degree is shown in 
table 1. 

Part 1. Influential Factors 
The significance of temperature in the field 

of water-quality control necessitates an un­
derstanding of the various processes and 
phenomena that control the temperature of 
water in streams and lakes and in the ground. 
Probably the most obvious of these is the cli­
matic factor. Lakes and streams in northern 
latitudes obviously are colder, stay frozen 
longer, and do not get as warm as do the 
waters in the subtropical areas. However, 
there are factors other than the climate af­
fecting temperature of water. These include 
the physical characteristics of the water it-
self, which are different from the physical 
characteristics of soil, rock, or air, the mixing 
processes, location on the face of the Earth or 
within the Earth, and other phenomena. 

The following paragraphs deal in some de-
tail with the influence of temperature on 
water quality and the factors influencing wa­
ter temperature. 

Influence on water quality 

Temperature is recognized as one of the 
most important factors in the field of water-
quality control. It influences almost every 
physical property of wafer and every physical 
process that takes place in water, most chem­
ical reactions in water, and, most important­

ly, all biologic organisms in the aquatic com­
munity. 

Physical 

The physical properties of concern in the 
field of water quality include density, specific 
heat, latent heats of fusion and of vaporiza­
tion, viscosity, vapor pressure, surface ten­
sion, gas solubility, and gas diffusibility 
(Parker and Krenkel, 1969; U.S. Federal 
Water Pollution Control Administration, 
1968). The variation in several properties 
with temperature for freshwater are shown in 
table 2. These physical properties, in turn, in­
fluence stratification, evaporation, velocity 
of settling particles, and the content and rate 
of replacement of dissolved oxygen. 

In studying the role of temperature of wa­
ter in nature, density probably is more impor­
tant than any other temperature-related 
physical factor. For convenience, the density 
of water is usually said to be 1.0 g/ml (gram 
per millilitre). However, as shown in both 
table 2 and figure 1, it varies a measurable 
and significant amount. Maximum density is 
1.000000 g/ml at 3.94”C. At 0°C (freezing tem­
perature) it is 0.9998679 g/ml. It is signifi­
cant that the curve shown in figure 1 increas­
es in slope at temperature above maximum 
density. This means that the difference in 
density between 20” and 30°C is much great­
er than the difference in density between 10” 
and 20°C. 

Density of water also is affected by the com­
pressibility factor, which is almost linear at 
the rate of 4.2 x 10-Gg/ml per metre of depth. 
As a result of compressibility, water at 11.6% 
at 100 metres depth has the same density as 
water at 4°C at atmospheric pressure. At a 
depth of 100 metres water has its maximum 
density at a temperature of 3.82’C. 

Thermal stratification, which is stratifica­
tion induced by density differences between 
waters of different temperature, inhibits ver­
tical mixing and oxygen transfer to lower 
areas of lakes and reservoirs. 

Chemicals in solution also affect water den­
sity. The amount of density increase due to 
solution varies with the concentration and 
the chemical constituent. For example, water 
having sodium chloride (NaCl) in a concen-
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- 5.5 22.5 72.5 8.5 47.5 1175 22.5 72.5 162.5 97.5 207.5 
- !i.O 2:1.0 7:w 9.0 48.0 11X.5 2’3.0 7:s.o l&3.5 98.0 20x.5 
- 4.5 xs.5 74.5 9.0 48 5 119.5 2b.o 7:3 5 164 0 98.5 209.5 
- 4.5 24.0 75.0 9.5 49.0 120 0 23.5 74 0 165.0 99.0 210.0 
- 4.0 24.5 76.0 9.5 49.5 121.0 23.5 74.5 166.0 99.5 211.0 

100.0 212.0 
-

tration of 50,000 mg/l (milligrams per litre) lakes, where density effects of the solutions 
has a density of about 1.035 g/ml. It is the are often more significant than the density ef­
density effects of solutions that are of great fects of temperature. 
concern in estuaries, and in some saline Another density effect that often must be 
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2.-Physlcal properties of concern In the field of water quality as a function of temperature 

vapor Surface Oxygen 
pressure Vlscoslty Ikns1ty lenslon solubhty 

(mm /Hg) (cent1pmse) km/ml) (dynes/cm) (w/l) 

4.579 1.792 0.99987 75.6 14.6 
1.519 .99999 74.9 12.8 

9.209 74.2 11.3 
1.140 :E24 73.5 10.2 

17.535 1.005 99823 72.8 9.2 
,894 99707 72.0 8.4 

31.824 ,801 .99567 71.2 ::: 
.722 .99406 70.4 

55.324 ,656 .99224 69.6 6.6 

NltrOgen 
s,,lubhty 

(mn/l) 

23.1 
20.4 
18.1 
16.3 
14.9 
13.7 
12.7 
11.6 
10.8 

Earth; therefore, water heats more slowly and 
cools more slowly than the atmosphere, 
rocks, or soil. For most calculations the 
specific heat of water is assumed to be 1.0 
calorie per gram per degree Celsius (cal g-l’ 
C-l). Actually, it ranges from 1.0080 to 0.9989 
cal g-l”C-l in the temperature range of 0” to 
25°C (Forsythe, 1954, p. 161). 

Latent heats of fusion and of vaporization 
of water also are rather high in comparison 
with most materials. For example, the latent 
heat of fusion of ice is 79.7 calories per gram 
at 0°C and the latent heat of vaporization is 
539.6 calories per gram at 1OO’C. 

Evaporation, a mechanism in coohng 
water bodies, occurs when the vapor phase is 
not in equilibrium with the liquid phase of the 
water. The evaporation rate becomes greater 
as increases in water temperature elevate the 
water-vapor pressure. 

The velocity of settling particles in a non-
turbulent medium is inversely proportional to 
the water viscosity and density (U.S. Inter-
Agency Report, 1957). Since both properties 
contribute to increased settling rates at high­
er temperatures, a difference in water tem­
perature can have a significant effect on the 
location and amount of sediment and sludge 
deposition in sluggish rivers, reservoirs, and 
estuaries (Colby and Scott, 1965; Guy, 1970). 

Aquatic organisms depend on dissolved 
oxygen in water to maintain their life and re-
productive processes. Lower gas solubility in­
duced at higher temperatures is an essential 
aspect of thermal pollution. Recent inves­
tigations on the Columbia River indicate that 
fish are seriously affected in water which has 
become supersaturated with nitrogen and 
other atmospheric gases (Snyder and Blahm, 

0 5:::I:10 15 20 25 
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Figure 1 -Temperature-density relationship of water at 1 
atmosphere (760 mm Hg (0°C)) pressure 

considered is the lower density of ice. Ice at 
0°C has a density of 0.9168 g/ml. This, of 
course, is responsible for the common 
phenomenon of ice floating on water. 

Specific heat probably is the most 
prominent physical characteristic of water 
controlling its temperature. The specific heat 
of water is considerably larger than specific 
heat of most materials on the face of the 
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1971). This supersaturation has resulted 
partly from rapid warming and mostly from 
sudden increase in pressure as air-entrained 
water plunges over spillways of dams, deep 
into tailwater pools. 

Reaeration-the dissolution of oxygen 
from the atmosphere-is a process by which a 
stream replaces consumed oxygen. Tempera­
ture variations that alter the surface reaera­
tion coefficient by changing the molecular-
diffusion coefficient of oxygen in water can be 
important in modifying the waste assim­
ilative capacity of streams (Bennett and 
Rathbun, 1972). 

Chemical 

Temperature affects chemical reactions. 
Generally, the rate of a chemical change is ap­
proximately doubled for each 10°C rise in 
temperature (Parker and Krenkel, 1969; U.S. 
Federal Waier Pollution Control Administra­
tion, 1968). In an irreversible reaction, higher 
temperatures will decrease the time required 
to produce the final products. In a reversible 
reaction, temperature influences both the 
length of time required to reach equilibrium 
and the proportion of the reactants and prod­
ucts at equilibrium conditions. Water tem­
perature affects ionic strength, conductivity, 
dissociation, solubility, and corrosion. 

Biochemical reactions, which result mainly 
from microbial activity, are influenced by 
temperature. Catalysts, known as enzymes, 
bring about chemical reactions at lower tem­
peratures. Taste and odor problems are in­
duced by temperature-accelerated chemical 
or biochemical action that produces such sub-
stances as hydrogen sulfide, methane, and 
partially oxidized organic matter. These 
tastes and odors are usually more noticeable 
when oxygen is depleted. 

Biological 

Temperature changes are important to 
purification processes in water and on the 
higher aquatic organisms. Temperature ef­
fects on microorganisms are significant to 
the biological processes of waste stabiliza­
tion because of induced changes in growth 
and death rates. In general, the higher the 

temperature, the more active a mirco­
organism becomes, unless the temperature or 
secondary effect becomes a limiting factor. 

Biodegradable organic material entering 
water exerts a BOD which must be satisfied 
before assimilation of the material is com­
pleted. The rate of oxidation varies with tem­
perature, type of waste, and type of biological 
life that assimilates and oxidizes the waste. 
High water temperatures intensify the ac­
tion of the microorganisms and cause BOD to 
be satisfied in a shorter time (or distance from 
the discharge point) than low temperatures; 
however, the reduction of dissolved oxygen at 
higher temperatures may limit the waste-
assimilation capacity of the water. 

The effects of water temperature on higher 
aquatic organisms have been the subject of 
many studies (Brett, 1956; Burrows, 1963; 
Ordal and Pacha, 1963; Parker and Krenkel, 
1969; Cairns, 1971; Snyder and Blahm, 1971). 
Although these effects are very complex and 
vary with the species of fish and with other 
existing conditions, they may be summarized 
as follows: 
1. 	Death through direct effects of tempera­

ture changes: 
Many of the biologists just cited have 

presented temperature extremes 
which can be endured by aquatic 
organisms. The lethal temperature for 
a given organism is not fixed, but 
varies between some limits that are 
dependent upon the sublethal tem­
perature to which the organism has 
become acclimatized. The extent of 
the temperature increase that will 
cause death depends upon how close 
the initial water temperature is to the 
lethal temperature. 

Rapid decreases in water temperature 
cause chill death among fish. The arti­
ficial warming of waters and sub-
sequent quick cooling, such as occurs 
when a thermal-power-generation 
plant closes down, often triggers chill 
death. The deaths would not have 
taken place had the water not been 
artificially warmed. 

2. 	 Death through indirect effects of tempera­
ture changes: 
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Slow death at moderate temperatures is 
caused by a decrease in the avail-
ability of dissolved oxygen, disrup­
tion of food supply, and decrease in the 
resistance to disease and toxic sub-
stances. Elevated temperatures in-
crease the metabolism, respiration, 
and oxygen demand of fish. The res­
piration approximately doubles for 
a 10°C rise in temperature; hence, the 
demand for oxygen is increased under 
conditions where the supply is low­
ered. Because fish normally take on 
the temperature of their environment 
(poikilothermic animals), water tem­
perature has a significant effect on 
diseases they host. Increased water 
temperatures are generally conducive 
to outbreaks of diseases. A disease of 
young silver salmon, however, is 
attributed to bacterium which thrives 
only in cold water. 

3. Interference with critical activities in the 
life cycle: 

Fish 	 show a preference for water of a 
definite temperature range. The dis­
charge of heated waters can create a 
hot-water barrier that effectively 
blocks the spawning migrations of 
many species of fish. Much lower 
temperatures are required for 
spawning and hatching of eggs than 
to maintain healthy adult fish. Water 
temperature is an important factor for 
fish to complete their life cycles. 

4. Competitive replacement by more tolerant 
species: 

A 	healthy aquatic community is one in 
which many species are present. Most 
forms of stress, such as heat, cause a 
decrease in the complexity of the 
aquatic community and a competitive 
replacement by more tolerant species. 

Changes in temperature can change the 
character of the fish life in a stream 
without any direct mortality. Cold-
water game fish will generally avoid 
a heated reach of a stream, and they 
will be replaced by a coarse warm-
water fish. 

Ambient relationships 

Water on the surface of the Earth is in­
fluenced by heating and loss of heat in al­
most every direction. Figure 2 illustrates a 
section of a stream that is influenced by heat 
from radiation, the air, ground water, and 
the bed of the stream. Other effects, which 
are not shown by the illustration, include the 
heat of biological processes, heat of solution 
of chemicals, radiochemical decay, thermal 
pollution, and geophysical heat. The energy 
components of figure 2 are expressed by the 
energy budget equation: 

Qs -Q, +Q, -Q,, +Qf -Qfr -Qb -Q, -Qh 
+Qgw+Qin -Qout ‘Qhb -Qw =Qx, (7) 

where 
Q, = incoming shortwave solar radia­

tion (direct and diffuse), 
Q, = reflected solar radiation, 
Qa = atmospheric radiation (long 

wave), 
Qar = reflected atmospheric radiation, 
Qf = forest radiation (long wave), 
Qfr = reflected forest radiation, 
Qb = back radiation from the water 

surface (long wave), 
Qe = energy used by evaporation, 
Qh = energy lost by convection, 
Qgw = heat advected into the reach by 

ground water 
Qin = heat content of streamflow en­

tering the reach, 
Qout=heat content of streamflow 

leaving the reach, 
Qhb = heat conducted from the stream-

bed or banks, 
Qw = energy advected by evaporating 

water, and 
Q, = change of heat content of water 

in the reach (+ for increase). 

Temporal and spatial variations 

As water moves through the ground or 
across the surface of the Earth its tempera­
ture changes in response to its environment. 
Streams may warm or cool, lakes go through 
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Figure 2 -Pnnclpal energy components m the heat 
balance of small streams See text for explanation of 
symbols (Modlfled from Pluhowski, 1972 ) 

their seasonal cycles, and ground water may 
warm or cool in going from one place to 
another. The following paragraphs provide 
more detailed discusssion on the phenomena 
often seen in streams, lakes, estuaries, and 
ground water. 

Streams 

When streams are fed principally by 
ground water they generally exhibit change 
in temperature of only a few degrees. This is 
especially true of streams that are well 
shaded. In ground-water-fed and shaded 
streams, the temperature of the water will be 
about the same as the mean annual air tem­
perature or the temperature of the aquifer, ex­
cept during cold weather when the streams 
freeze. Shaded streams supplied by snow-
melt also exhibit generally uniform tempera­
tures and usually are very cold, at least in 
their upper or shaded reaches. 

When streamflow consists largely of run-
off from rainfall, the temperatures show great 
seasonal variations. During cold spring or au­
tumn rains, the water temperatures will be 
relatively low, but during times of summer 
thundershowers their temperatures will run 
relatively high. 

Unshaded streams show the effect of radi­
ation heating, especially during the warmer 
seasons of the year. These streams fre­
quently have water temperature higher than 
the mean air temperatures in the area. 

Whereas radiation is the main factor 
influencing the temperature of unshaded 
streams, the water also exchanges a great 
deal of heat ,with the air and shows the effect 
of heat exchange with the streambed. Figure 
2 shows examples of both these actions in a 
reach of stream. Data from Pluhowski (1972), 
given in table 3, show the magnitude of some 
of the energy terms for a reach of streams in 
Virginia. 

Seasonal temperature variations in a 
stream represent a damped mean monthly 
atmospheric-temperature curve. In tem­
perate climates the water temperature never 
reaches the lower extreme of air temperature, 
which may be below freezing, and it will be 
slightly above or below the upper extreme of 
air temperature depending upon the degree of 
shading. A similar air-water temperature 
correlation exists in semitropical climates; 
however, the difference between the water-
temperature extremes will be smaller with the 
lower extreme approaching the mean daily 
air temperature on winter days. The effect of 
shade is shown by stream-temperature data 
in figures 3 and 4 for two different types of 
streams in Oregon. Monthly mean water tem­
peratures for the east-west-oriented streams 
(fig. 3) were higher than the monthly mean 
air temperatures during the summer months, 
whereas the air temperatures were higher 
than the water temperatures on the more 
shaded, north-south-oriented streams (fig. 4). 

Reservoirs in the stream channel also alter 
the temperature of waters in the stream. The 
type and extent of the alteration depends 
upon the size, operating schedule, and con­
struction of the reservoir. For example, a 
stream discharging from the upper layers of a 
reservoir generally will be considerably 
warmer than the waters flowing into the 
reservoir. On the other hand, waters dis­
charging from the deeper parts of the reser­
voir will be considerably colder than the in-
flowing waters. Only during periods of com­
plete mixing of reservoirs in spring or au-
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Table 3.-Energy-budget computations for Colwn Run near Reston, Va , for the 
period 1415-1500 hours (e.s t ) July 15, 1969 
[From Pluhowskl, 1972 1 ly (langley)=l gram-calone cm-‘] 

Stream reach (1): 
Beginning at site 5A.. ................................................ feet above mouth.. .. 1,‘::
Ending at site 5B.. ...................................................... feet above mouth ... 
Length of reach.. .................................................................................. feet.. .. 1.lOO 
Average width.. .................................................................................... feet.. .. 9.0 
Average depth ..................................................................................... foot.. .. .25 

Discharge (‘2): 
At site 5A.. ............................................................................................ cfs .... 1.3 
At site 5B.. ............................................................................................. cfs.. .. 1.3 

Time of travel (3): 
From site 5A to site 5B.. ............................................................. minutes.. .. 45 

Measured stream temperatures (4): 
Initial (site 5A at 1445 hr). .................................................................. "C .... 24.4 
Final (site 5B at 1500 hr) .................................................................... “C .... 27.8 

Solar radiation (5): 
Qso, total incoming solar radiation .................................................... ly .... 44.6 
Reduced 12.5 percent for bank shading.. ............................................ ly.. .. -5.6 

solar radiation reaching ly .... stream ................................................... 
8 ” reflected solar radiation (3 percent). ............................................. ly .... 
9:: absorbed solar radiation (insolation). ........................................... ly .... 

Atmospheric radiation (6): 
E, emissivity.. ................................................................................................... 
Q,, atmospheric radiation (reduced 3 percent to include 

albedo losses). ...................................................................................... ly .... 
Outgoing long-wave radiation (from stream to atmosphere) (7): 

E, emissivity.. .................................................................................................. 
Qbw , back radiation.. ............................................................................. ly .... 

Evaporation (8): 
Q,, evaporation heat flux.. .................................................................... ly.. .. 

Conduction (at streambed) (9): 
Tgw, ground-water temperature below stream.. .............................. “C.. .. 
Qhb, conductive heat flux.. ................................................................. ly.. .. 

Convection (at air-water interface) (10): 
Qh, convective heat flux.. ...................................................................... ly.. .. 

Heat-flux summary (11):
Net heat flux to stream ......................................................................... ly.. .. 

Predicted temperature at site 5B, 1500 hr (12):
Tern erature change caused by heat gain ........................................ “C.. .. 
Fina P temperature.. ............................................................................... “C .... 

Remarks (13): 
A positive heat flux indicates incoming energy to the reach, whereas a 

negative heat flux denotes loss of energy. 

-1.2 
37.8 

87 

23.0 

.97 
-29.2 

-3.6 

16.7 
-1.1 

1.0 

t27.9 

+3.7 

39.0

the same way they describe way they describe
conditions in a stream. 

Radiation and evaporation usually are the 
largest terms in the energy budget, as shown 
in table 4, which presents data for the 30-day 
period during June and July 1965 in a small 
lake in Indiana. Table 4 does not include the 
term for heat storage in the lake sediments or 
for ground-water inflow. The small amount of 
available data on exchange of heat with the 
lake bottom show that 

 
tumn is the reservoir outflow temperature ap­
proximately equal to the inflow temperature. 

Geologic setting usualIy plays a minor role 
in stream temperature. Most often geological 
setting is important as it influences stream 
shading, as in the case of a stream flowing 
along the north side of a hill or within a 
deeply cut canyon. However, geologic setting 
can be important when rock fractures allow 
the escape of warm or hot ground waters into 
a stream. 

Lakes and reservoirs 

A lake responds to environmental heating 
effects in much the same manner as does a 
stream. Figure 2 and equation 7 describe the 
heat exchange between a lake and its en­

vironment in 

the rate of heat stor­
age or release by the sediment seldom ex­
ceeds 30 calories per square centimetre per 
day, and throughout most of the season the 
rate is considerably less. Ground-water in-
flow to Pretty Lake was very small during 
this period and is ignored in this energy 
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Figure 3 -Comparison of monthly mean air and water 
temperatures for selected east-west-onented streams 
tn Oregon (Summer months patterned From Moore, 
1967, p K21 ) 
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Figure 4 -Comparison of monthly mean air and water 
temperatures from selected spring-fed or north-south­
orlented streams In Oregon (Summer months pat­
terned From Moore, 1967, p K22 ) 

budget. In equation 7 the term Q, represents 
the change in heat storage in the lake. 

Whereas the heating and cooling of water 
in the lake are largely effected by external 
heat sources and sinks, the temperature dis-

Table 4 --Energy-budget computations for 
Pretty Lake, Lagrange County, Indlana. 
for the period June &July 8, 1965 

(From Fwkv. 1972. p Al6 Q values ylven I” cal~,rlps p,.r 
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tribution within a lake is largely controlled by 
water density. As a lake is heated at the sur­
face by solar energy and heat exchange with 
a warm atmosphere, the water at the surface 
becomes warmer than the water deeper in the 
lake. At temperatures warmer than 4’C, the 
warmer surface water is also less dense than 
the cooler water at greater depth. The result is 
a temperature stratification within the lake 
(fig. 5) with a relatively warm zone known as 
the epilimnion, and a relatively cool zone 
called the hypolimnion. At mid-depth the lake 
will have a zone of rapid temperature change 
with depth called the metalimnion. The hori­
zontal plane where the temperature curve 
passes a point of inflection is the thermo­
dine. In some engineering literature and 
older limnologic literature the word thermo­
cline also is defined as meaning the whole 
metalimnetic zone (Hutchinson, 1957, ch. 7). 

In temperate climates where lakes cool to 
freezing or near freezing in the winter, the 
deep water of a lake will be near the tempera­
ture of maximum density. In shallower lakes, 
the waters are mixed by wind action as the 
lake heats; the hypolimnetic temperatures 
are several degrees above maximum-density 
temperature but always less than surface 
temperatures. In tropical or subtropical cli­
mates, stratification of lakes also exists, but 
the hypolimnion temperature may be 2O“C or 
warmer than the hypolimnion temperature of 
temperate climate lakes. 

As a temperate lake cools in the autumn, 
the epilimnion deepens, and the thermocline 
moves downward. Final circulation is not 
accomplished until the surface temperature is 
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Flgure 5 -Zones of a thermally stratified lake 

nearly equal to the temperature of hypolim­
nion. This process of autumnal cooling and 
circulation is called the turnover or overturn. 
Data in figure 6 demonstrate this 
phenomenon at Pretty Lake, Ind. (Ficke, 
1965). 

When the water at a lake surface cools to 
freezing temperature in wintertime, it also 
becomes less dense than the deeper waters. 
The result is that lakes also will demonstrate 
thermal stratification in the winter, with 
surface temperatures at 0°C and tempera­
tures in the deeper waters somewhere be-
tween 0” and 4°C. Thermal radiation pene­
trating lake ice often will warm the waters 
under the ice to temperatures of a few degrees 
above those of maximum density. 

Reservoirs on large rivers have their 
temperature influenced by the flow patterns 
of inflowing streams. For example, a 
stratified reservoir having relatively cool in-
flowing water exhibits an underflow pattern. 
Cold water entering the reservoir is more 
dense than the epilimnetic water of the reser­
voir and flows to the lowest point of the reser­
voir. As the water flows through the lake, it 

may be released through a bottom outlet and 
hardly mix at all with the waters on the lake 
surface. On the other hand, lakes with warm 
inflowing water may exhibit an overflow pat-
tern where warm waters may flow across the 
surface not mixing with the colder epilim­
netic waters. A lake with a large flow-
through-to-volume ratio that has a warm 
inflow and a bottom outlet may be rather 
effectively flushed-cool water from the 
hypolimnion leaves the bottom outlet and is 
replaced by warmer inflowing and epilim­
netic water. 

Estuaries 

Heating and cooling of estuaries is similar 
to processes in both lakes and streams. Estu­
aries resemble lakes in that they, at times, 
have relatively ponded water with diverse cir­
culation patterns, and they represent a rela­
tively conservative mass of water. Estuaries 
have both inflow and outflow from the sea; 
however, and in many these inflow-outflow 
volumes are many times the volume of the up-
stream freshwater inflow. 
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Figure 6 -Water-temperature proflles averaged from measurements at 21 locations 
on Pretty Lake, Ind.. dunng the summer and autumn of 1963 (From Flcke, 1965, 
p C200.) 

At the mouth of many estuaries the tem­
perature is uniform over the cross section and 
nearly the same as in the open sea; upstream, 
however, temperature gradients usually 
increase rapidly (Kinne, 1967). Tidal flats and 
other areas where velocities and depths are 
low exhibit greater diurnal-temperature fluc­
tuations than in the deeper areas. Also, 
strong winds can produce surface currents in 
the direction of the wind and produce bottom 
currents in the opposite direction. The result­
ing circulation patterns and wave action can 
greatly influence thermal stratification. 

The density and thermal patterns vary 
from estuary to estuary. Freshwater may 
very well be flowing downstream while the 
saltwater wedge on the bottom of the estuary 
is flowing upstream. These same patterns are 
complicated by mixing which may or may not 
occur. Situations may vary from almost total 
isolation of the freshwater and saltwater to 

rather complex mixing patterns across the es­
tuary. 

Pritchard (1952) classified estuaries ac­
cording to their geomorphology. The bar-built 
estuary is found along the Gulf of Mexico 
coast, and the more common coastal plain es­
tuary is found along the east and west coasts. 
The bar-built estuary is formed by an off-
shore bar normally deposited on shoreline 
having very small slopes; consequently, the 
enclosed bay is shallow. Between the shallow 
bay and the open sea, there is a narrow chan­
nel that depends upon tidal currents to keep it 
scoured. The coastal plain estuary refers to 
river valleys that have been drowned by vir­
tue of the rise in sea levels since the glacial 
period and is generally an elongated inden­
ture in the coastline with a single river as the 
source of freshwater at the upper end, where-
as the lower end has a free connection to the 
sea. 
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Pritchard (1955) also indicated that there is 
a sequence of coastal plain estuarine 
types-salt-wedge estuary, vertically strati­
fied or partially mixed estuary, and vertical­
ly homogeneous estuary. Each has a distinct 
stratification and circulation pattern, as 
shown in figure 7. The position an estuary 
takes in this sequence depends primarily 
upon the river flow, tidal flow, width and 
depth. The Mississippi River is an example of 
a salt-wedge estuary. Because of the low tide 
range and large river discharge, the freshwa­
ter flows out over a wedge of saltwater at the 
bottom, and the mixing process is relatively 
slow. In the partially mixed estuary, the tide 
range is large enough so that the amount of 
saline water entering the estuary is sufficient 
to produce salinity gradients that vary gradu­
ally over the entire depth. The Chesapeake 
Bay and the Columbia River estuary are good 
examples of this type of estuarine system. 
The mixing in the verticallly homogeneous 
estuary is such that is has no vertical salinity 
gradients. There is evidence that the lower, 
relatively wide parts of the Delaware Bay are 
of this type. 

Ground water 

Ground water generally is very uniform in 
temperature throughout the year. As noted 
above, streams fed by ground water are re­
markably uniform in temperature. Moreover, 
the temperature uniformity of ground water 
has long made it sought after for cooling pur­
poses. Nonetheless, temperatures of shallow 
ground water fluctuate seasonally, owing to 
conduction of heat from the land surface and 
to variations in the temperature of water re-
charging the ground-water body. Ground-wa­
ter temperatures also vary with depth, owing 
to the geothermal gradient, and areally be-
cause of heat transport by ground-water 
movement. 

Because of heat conduction from the land 
surface, very shallow ground water will show 
diurnal and seasonal temperature variations 
of about the same magnitude as those ob­
served for surface-water bodies. However, due 
to the insulating properties of the Earth, 
these variations are greatly attenuated with 

depth, and annual fluctuations generally are 
less than 0.5”C at depths of 10 metres or great­
er (Collins, 1925). 

Ground-water ‘temperatures are influenced 
by heat conduction upward from deep within 
the Earth, as well as by heat conduction 
downward from land surface. Consequently, 
ground water 10 to 20 metres below land sur­
face generally exceeds the local mean annual 
air temperature by lo to 2°C. Moreover, at 
depths greater than 20 metres, ground-water 
temperatures generally reflect the geother­
mal gradient and, hence, usually increase by 
2” to 3°C per 100 metres of depth (Collins, 
1925). 

Ground-watertemperatures may be signif­
icantly influenced by the temperature of re-
charge water from losing streams. Supkow 
(1971, fig. 58) shows a ground-water-tempera­
ture anomaly of about 7OC in the vicinity of 
Rillito Creek, which he attributes to recharge 
of colder water from the creek. Moreover, ef­
fects of induced recharge on the temperature 
of water pumped by wells near streams has 
been studied by several investigators. Schnei­
der (1962, p. B5) tabulated the results of six re-
ports that show the temperature of pumped 
ground water from different well fields to 
vary seasonally from 8’ to 18OC. For these 
same studies, the river sources of induced re-
charge showed seasonal temperature fluc­
tuations that varied from 25“ to 29°C. Rora­
baugh (1956), in one of the reports cited by 
Schneider, described effects of induced re-
charge on ground-water temperatures in de-
tail. 

Ground-water temperatures may be sub­
stantially affected by the temperature of wa­
ter injected through wells. Brashears (1941) 
found that on Long Island, water returned to 
the aquifer after use for air-conditioning re­
sulted in a rise in temperature of water 
pumped from nearby production wells of as 
much as 6°C. Moreover, he noted a gradual in-
crease in ground-water temperatures areally 
as recharge from this source increased. 

Recharge from deep percolation generally 
shows more subtle effects on ground-water 
temperature than that induced from streams 
and is often barely detectable. Generally, the 
temperature of such percolating water is 
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modified by heat exchange as it moves 
through the unsaturated zone. Moreover, resi­
dence time of infiltrated water in the unsatu­
rated zone may be fairly long because the in-
filtrating water generally displaces soil wa­
ter already in place (Warrick and others, 
1971). Thus, infiltration at land surface will 
result in water just above the capillary fringe 
being recharged to the ground-water body. 
Schneider (1962) inferred the effects of re-
charge from precipitation on the basis of devi­
ation of a few tenths of a degree Celsius in the 
seasonal water-temperature trends for two 
wells tapping a shallow aquifer. 

Temperature differences within the 
ground-water flow system due to recharge 
diminish within the aquifer with distance 
from the recharge source. The rate at which 
such temperature differences are dissipated 
depends upon the thermal conductivity and 
heat capacity of the solid-fluid complex com­
prising the aquifer and upon the velocity of 
the fluid as it affects heat dispersion. The 
various modes of heat transfer have been de-
scribed in detail by Bear (1972, p. 641-643). 

Ground-water movement results in area1 
temperature variations-due both to the ef­
fects of local recharge of water of different 
temperature than that of the ground water 
and to the interception of geothermal heat 
and its lateral transfer in the moving ground 
water. Supkow (1971) attributed much of the 
area1 ground-water-temperature variation at 
the water table for Tucson basin (about 14°C) 
to these causes. Moreover, Cartwright (1968) 
and Birman (1969) proposed the use of tem­
perature measurements at shallow depths to 
prospect for ground water, based at least in 
part on the effects of moving ground water on 
the geothermal gradient. The geothermal gra­
dient also may be distorted by vertical 
ground-water movement. As noted by Sorey 
(1971), measured ground-water temperatures 
sometimes deviate by a few tenths of a degree 
Celsius from that described by a linear geo­
thermal gradient. 

Schoeller (1962) mentioned some secondary 
factors which under normal circumstances 
bring about only negligible changes in the 
temperature of the ground-water-flow regime. 
These include heat generated by friction of 

ground-water flow within the porous me­
dium, temperature changes caused by the ex­
pansion of water brought up from great 
depths, and heat generated by chemical reac­
tions. With regard to this latter factor, Han­
shaw and Bredehoeft (1968) and Back and 
Hanshaw (1971) postulated that endo­
thermic and exothermic chemical reactions 
can produce marked temperature changes in 
ground water. Lovering and Morris (1965) dis­
cussed the possibility that ground-water tem­
peratures can be raised significantly by oxi­
dation of sulfide deposits. 

The injection or infiltration of radioactive 
or other polluting materials into the ground-
water system may also result in a tempera­
ture anomaly. A dramatic change in the tem­
perature of a spring near St. Louis, MO., is at­
tributed to a rise and fall of bacterial activity. 
The bacteria have been traced to organic mat­
ter leached from a nearby landfill (A. B. Car­
penter, oral commun., 1973). 

Part 2. Field Measurement 
Two major factors need to be considered in 

planning and conducting field measure­
ments of temperature. These factors are (1) 
proper selection of instruments and (2) proper 
field application and procedures. Dis­
cussions in this section, therefore, include, 
first, a description of equipment and, second­
ly, recommendations of methods and pro­
cedures for measuring temperature in the 
field. 

Instruments 

Instruments for measuring temperature 
consist of two basic parts-a sensor and a 
scaling device. The two components com­
bined form a thermometer. For example, con­
sider a mercury-filled thermometer. The mer­
cury is a material that expands upon heat­
ing, and, when contained in a tube of glass 
that has a uniform bore, it becomes a sensor 
with approximately uniform response to tem­
perature changes. When an etched scale is 
added to the mercury-in-glass sensor, the 
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