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CHAPTER 1

INTRODUCTION

This document provides guidance to users of meteorological
instrumentation who are tasked with producing reliable measure-
ments; that is, instruments functioning with required precision
and accuracy, and measurements representative of the phenomenon
to be measured. It is designed to serve as a general guide to
the use of meteorological instruments available at Range Command-
ers Council, Meteorology Group (RCC-MG) member ranges. Accord-
ingly, each instrument subsection includes (1) a description of
the instrument and how it operates, (2) a discussion of the
instrument's capabilities and limitations, (3) estimates of
resolution and accuracy, and (4) guidance on calibration and
quality control procedures. References are provided for detailed
technical and procedural information.

Additionally, this document is organized into general
categories of instruments: those that make measurements at fixed
points in space, active remote sensing instruments, passive
remote sensing instruments, and airborne instruments. Appendixes
on sampling and quality control and a glcssary of terms follow.
Fixed-point instruments are placed at a specific location to
obtain measurements at that location. Active remote sensors rely
on the reception of forward- or backscattered energy as a means
of obtaining information from the atmosphere. Passive remote
sensors obtain information without requiring a transmitter as
part of the instrumentation. Airborne instruments are unique by
virtue of a platform, including aircraft and various types of
balloons and kites that carry the sensors through the air.



CHAPTER 2

FIXED-POINT INSTRUMENTS

Fixed-~point instruments such as anemometers, wind vanes, and
thermometers are the most common and usually the least expensive
meteorologlcal sensors. They are often mounted on metecrological
towers or in instrument shelters. Fixed-point sensors offer the
advantages of well understood operatinq characteristics and
simplicity. Instrument output is often related to the measured
variable through a transfer function defined in a laboratory.
Also, many of these instruments have 51mple calibration proce-
dures In turn, a fixed-point instrument is limited to sampling
portions of the atmosphere flowing past its sensor. Because of
their physical presence, fixed p01nt sensors and their supporting
structures perturb the atmosphere in which they are immersed.
Additionally, measurements made at a fixed poxnt can be unrepre-
sentative of meteorological conditions occurring at locations
where measurements are needed. Representativeness can be partic-
ularly true of measurements taken close to the Earth's surface
for atmospheric dispersion applications. Detailed theory and a
discussion of many types of fixed-point instruments are provided

in the Instructor’s Handbook on Meteorological Instrumentation (Brock and

Nicolaidis, 1984).

Anemometers

In-situ instruments used for wind-speed measurements include
cup and propeller anemometers; ion beam, thin-film, and hot-wire
anemometers; and sonic anemometer/thermometers. Alternative wind
measurement instrumentation also exists for specialized applica-
tions. Field inter-comparisons of in-situ wind sensors (Finkel-
stein et al., 1986) indicate that wind-speed measurement biases
on the order of 0.15 meters per second (m/s) and comparabilities
near 0.35 m/s are possible with high quality cup and propeller
anemcmeters. An analysis of the same data by Lockhart (1989)
suggests that agreement to about 0.2 m/s is possible.

cup Ahemometers. A cup anemcmeter consists of a conical

3-cup (occasionally 6-cup) rotor assembly mounted on a rotating
shaft that rests on low friction bearings within a transmitter

housing. Wind flowing past the rotor assembly creates an assym—
metrical drag because drag coefficients are larger on each cup's
concave side than on the convex side. This assymmetrical drag

causes an imbalance of forces on the cup surfaces that generates
torgque on the rotor. The assembly rotates when torque overcomes
bearing friction; the speed at which this occurs is the starting
threshold. Above threshold speed, a rotor assembly responds to
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ambient winds by increasing or decreasing rotation rate to
balance forces on the cup surfaces. A light beam chopper within
the rotor assembly produces pulse counts proporticnal to rotation
speed. Magnetic or generator-based mechanisms are also avail-
able. System response is modulated for high freguency noise by a
low-pass filter in the transmitter, and pulse counts are convert-
ed to analog voltages by a translator. Transmitter output is
related to wind-speed by a transfer function defined in wind
tunnel tests. Cup anemometer response has been modeled by Show i
et al. (1989).

Cup anemcneters offer the advantages of simplicity, rugged-
ness, and maturity of design, and their operational characteris-
ties have been optimized through extensive testing. The latest
designs include strong, lightweight plastiecs or carbon-fiber
composites that achieve structural strength and rigidity with
lightweight assemblies. A major advantage offered by cup anemom-
eters is that they are omni-directional in the horizontal plane,
requiring no orientation into the wind.

. Disadvantages of cup anemometers include inertial effects
because of asymmetrical cup drag, non-uniform torgue generation,
and irregular off-axis response. Inertial effects cause the
rotor assembly to gain energy in an accelerating wind field more
guickly than it loses energy in a decelerating wind field.

Tordque generated by aerodynamic drag on cup anemometers is
non-uniform, varying with the position of the cup assembly in the
flow (Lockhart, 1985). These torque variations cause the rotat-
ing cup assembly to be in a continual state of acceleration/
deceleration, which produces undesirable high freguency noise
signal. The electrical filters used in the transmitter represent
an engineering compromise between system response and the need to
dampen this noise. The result is a smoothed output with phase
lag. These effects are illustrated in figure 2-1, which compares
the response of a cup anemometer with the inertia-free response
of a sonic anemometer. Cup anemometers also exhibit an irregular
off-axis response to vertical wind components (MacCready, 1966).
The cumulative effect of these cup anemometer response charac-
teristics is overspeeding, which can reach 3 to 10 percent in
turbulent wind conditions (Hayashi, 1987; Kaganov and Yaglom,
1976) .

Cup anemometer sensor performance is determined through wind
tunnel tests. Performance characteristics include starting
threshold, distance constant, and off-axis response (see glossary -
for definition of terms). These performance characteristics and
the sensor transfer function can be defined using American
Society for Testing and Materials (ASTM) Method D5096 (1990). .
Cup anemometer measurement accuracy in a steady horizontal wind
can be defined by a transfer function to within 1 or 2 percent of
reference speed over the speed range defined by the ASTM method.
Qutside this range, low-speed frictional drag and high-speed
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aerodynamic drag degrade measurement accuracy. The density
dependent starting threshold and distance constant will vary from
cne location to another, but the transfer function and off-axis
response remain invariant over the normal range of atmospheric
densities. The cup anemometer characteristics recommended by
Strimaitis et al. (1981) for dispersion model applications are
presented in table 2-1.

Cup anemometer performance is degraded when the cups are
deformed, damaged, or when moisture or particles accumulate on
them. Cup assemblies in field use should be freguently inspected
for damage and accumulation of foreign matter. Anemometer
performance also deteriorates as bearing friction increases
because of wear. Increased bearing friction is often gradual and
difficult to detect in the field unless speeds near starting
threshold are closely monitored. Starting threshold or torque
checks are recommended every 6 months, supplemented by field
intercomparison and wind profile checks (see Quality Control,
chapter 6). Damage and the accumulation of foreign matter can be
detected through visual inspection of the rotor. Wind tunnel
calibration verifies performance of the entire anemometer assem-
bly. Starting torque can be verified using a Waters torque watch
or a Young torque disk. These technigques are described in the
Quality Assurance Handbook (1989).
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Propeller Apnemcmeters. Propeller anemometers consist of a

3- or 4-blade helicoid propeller assembly mounted on a shaft
extending into a transmitter housing. The shaft is usually
oriented to intercept the horizontal wind flow and can be mounted
on the front of a vane for orientation into the wind. Wind
blowing past the array generates a torque on the rotor, and the
assembly rotates when sufficient torgque is generated to overcome
bearing friction. The rotor assembly responds to ambient winds
by increasing or decreasing rotation until forces on the rotor
are in balance. A light chopper generates a pulse count propor-
tional to assembly rotation rate; the count is converted to
velocity using a transfer function defined in wind tunnel tests.
A similar procedure is used for magnetic and generator-based
sensor assemblies. Propeller anemometers can be found in fixed
orthogonal (u, v, w) arrays or mounted on the front of wvanes.

Propeller anemometers offer the advantages of lightweight,
low-starting threshold, and a simple, linear transfer function
that remains constant over a wide range of velocities and atmo-
spheric densities (Gill, 1963). These attributes are present
because, unlike a cup assenmbly, the helicoid propeller's surface
area is symmetrical about the array axis of rotation and the
entire frontal surface area is continuously available for torque
generation. Above threshold velocities, propeller anemometer
measurement accuracy in a steady on-axis wind can usually be
defined within 1 or 2 percent of a reference velocity over a
velocity range defined by the ASTM Method D5096 (1990).

The main disadvantages of propeller anemometers derive from
their .lack of omnidirectional response to the wind. Propellers
that are constrained to a fixed position or plane can only
respond to the on-axis wind component. To a first order, propel-
ler response is the true wind-speed multiplied by the cosine of
the angle of attack. Real propeller arrays also have a small but
significant non-cosine component to their off-axis response. In
addition, propellers cannot respond properly to the wind when the
sensor is near its stall angle (approaching 90° to the wind).
Consequently, propeller arrays are often mounted on vanes to keep
them oriented into the wind. Failure to correct for non-cosine-
response errors can lead to gross errors if the data are used for
momentum flux or turbulence measurements. Massman and Zeller
(1988) provide a methodology for non-cosine error correction.
Overspeeding has alsc been observed in heavier propeller arrays
(Mori and Mitsuta, 1987), although this effect is below detection
threshold for modern lightweight arrays.

Pertinent propeller anemometer performance characteristics
are starting threshold, distance constant, and off-axis response.
Transmitter output is related to velocity by a transfer function.
The performance characteristics and transfer function are defined
by wind tunnel tests using ASTM Method D5096 (1990). For modern,
lightweight helicoid propellers, the performance characteristics
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and transfer function remain essentially constant over a normal
range of atmospheric densities. Biannual starting threshold or
torque checks are recommended to verify calibration. Wind
tunnels can verify performance of the sensor assembly at thresh-
old and over the instrument's operating range. Starting torque
can be checked using a Waters torque watch or a Young torque disk
{(Quality Assurance Handbook, 198%). The propeller anemometer
characteristics recommended for dispersion model applications are
presented in table 2-1. Standard wind and gust measurement
procedures are described in the World Metecorclogical Organization
(WMO) Guide (1983),

TAELE 2-1. RECOMMENDED RESPONSE CHARACTERISTICS FOR
CUP AND PROPELLER ANEMOMETERS, HORIZONTAL
WIND VANES, AND BIVANES

Technical Cup Propeller Horizontal
Specification Anemometer Anemcmeter Vane Bi-Vane
Accuracy/Precision #0.2 m/s 0.2 m/s +50 +3°
Resolution .1 m/s 0.1 m/s 1° ie
Threshold <0.5 m/s <0.5 m/s <0.5 m/s <0.5 m/s
Range 0-50 mfs 0-30 m/s 0«540°

(elect.) +860°(vert)

0-360°

{mech)
Distance Constant <5 m <5 m <5 m <3 m
bDamping Ratio - - - 0.4-0.6 0.4~-0.6

(Source: Strimaitis et al. (1981)).

Sonic Anemometers/Thermometers. The sonic anemometer/ther-
mometer (sonic) is capable of simultanecusly providing wind
velocity component and sonic temperature measurements at high
data rates. Sonics consist of pairs of transmitters and receiv-
ers, spaced 10 to 25 cm apart, that send or receive sound pulses
at the rate of several hundred times per second. The fundamental
unit of measure for these instruments is time. These instruments
operate on the principle that the time between transmission and
reception of a sound pulse is a function of the speed of sound
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plus the wind-speed component along the transmitter-receiver
axis. A time differential is found by subtracting the time taken
for travel in one direction from time of travel in the other
direction. Because the speed of sound does not change apprecia-
bly in the fraction of a second between each transmission, the
time differential is assumed to be a component of wind along the
transmitter-receiver axis. The horizontal wind vector can be
resclved by a sonic with two axes and the three-dimensional wind
vector can be resolved by one with three axes. By summing rather
than differencing pairs of inverse transit times, the sonic
simultanecusly provides speed of sound measurements that can be
converted to sonic temperatures (Kaimal and Gaynor, 1991).

Unlike mechanical wind sensors, the sonic does not gain or
shed energy with the environment for measurement purposes.
Therefore, sonics can produce wind component and temperature
measurements at fast data rates without inertia, damping, over-
shoot, or threshold complications. Instrument response is
bounded by the rate of acoustic wavefront propagation between
transducers (several hundred microseconds) and the instrument's
data averaging algorithms. However, the advantages offered by
sonic anemometry do not come without penalty. Sonic electronics
are fairly complex, and the services of a skilled technician are
required to successfully operate and maintain the equipment.
Absolute calibration is possible with the use of a zerc wind tube
in a controlled atmosphere (see ASTM-XXX3). The major remaining
difficulties are flow distortion and flow separation because of
the physical presence of a sonic array around the sampling
volume, although streamlined transducer designs and software
corrections have minimized these problems. Sealed transducers
permit operation in a wet environment where the performance of
mechanical and thermal sensors is degraded. Precise array axis
orientation is required for sonic anemometers to eliminate
cross—axis signal contamination, and valid wind data can be
collected only when flow is within the instruments acceptance
angle. Alsc, substantial software is needed to convert measure-
ments made along a fixed axis of orientation to along wind and
crosswind components or to wind-speed and direction. Procedures
recommended for sonic operation are described in ASTM-XXX2.

Sonics are typically operated at a data rate of 10 cyles per
second {(Hz) or greater and are recommended when high guality
wind, flux, and turbulence measurements are needed. Sonics
provide the wind component and temperature data required for
covariance computations. These covariances are then used to
compute the fluxes of heat, momentum, and moisture which define
the state of the surface boundary layer by the eddy correlation
method. These fluxes characterize the atmosphere's stability and
dispersion power for diffusion model applications.



Sonic performance is defined in terms of the standard error
of the velocity estimate, thermal stability, velocity range, and
acceptance (see ASTM-XXX3). Acoustic pathlength and transducer
shadow corrections are also needed to characterize a sonic
anemometer/thermometer. A sonic's turbulence measurement
capability is limited by its spatial resolution. Spatial resolu-
tion is defined by the acoustic pathlength and angle of orienta-
tion into the flow (Silverman, 1968). Calibration is verified
by checking the acoustic pathlength with calipers and performing
the zero wind chamber calibration procedure specified in
ASTM-XXX3. Sonic anemometer performance is discussed in Kaimal
et al. (1990). KXraan and Oost (1989) describe calibration
procedures for sonics with nonorthogonal axes.

Thermal Anemometry. This class of nonmechanical anemometers
is based on King's law, which relates heat dissipation in a wire
to the square root of velocity normal to the wire. A similar
relationship applies to hot film sensors. Thermal anemometers
contain a set of hot-wire or hot-film sensors mounted in an
electrical bridge network. In a zero-wind field, the bridge
network is in balance with the hot element maintained at a
specified temperature. The cooling effect of the wind blowing
across the long axis of the sensor generates a bridge current and
produces an analog voltage output. The horizontal wind vector
can be resolved by a set of orthogonally mounted hot-wire sensor
elements.

Hot-wire or hot-film anemometers offer the advantages of
small size, rapild response (data rates of several hundred Hertz
are possible), and the ability to measure flow in a confined
area. Disadvantages include sensitivity to contamination, which
can change sensor calibration, and fragility. Covers or shields
are sometimes used to protect sensors. These instruments also
need air density compensation. Density compensation is required
because heat dissipation is a molecular process and a density
correction accounts for sensor contact with a varying number of
molecules per unit volume at different elevations with respect to
sea level. An additional problem with hot-wire and hot-film
anemometers is that inherent nonlinearities, flow blockage, and
distortion effects generated by a protective cover make wind-
tunnel calibration a complex process. The covers or shields
distort off-axis response; sensor orientation can be a major
operational consideration.

Significant progress has recently been made in the design of
rugged hot-wire and hot-film anemometers that are relatively
insensitive to contamination, although their usefulness remains
guestionable in wet conditions. WNew micro-processors that
accommodate high-order calibration equations and density compen-—
sation routines make these instruments accurate nonmechanical



flow measurement devices. Hot-wire or hot-film anemometers are
the instruments of choice when high frequency turbulence measure-
ments are needed within 1 m of the surface or in confined areas.
However, hot wire anemometers respond to temperature fluctuations
as well as velocity, creating significant uncertainty in veloc-
ity-temperature correlation data. The effects of hot-wire
dynamic response are discussed by Larsen et al. (1986). Fine
scale velocity and temperature measurement applications are
summarized in Lenschow (1986).

Thermal anemometer calibration involves determination of
sensor temperature~resistance characteristics, angular (yaw)
response, and heat transfer in forced convection (Andreas and
Murphy, 1986). Calibration points are taken in zero wind and at
several wind-speeds. Andreas and Murphy conclude that the
temperature coefficient of resistance is sufficiently stable for
platinum hot-film anemometers that full annual recalibration is
probably unnecessary if the reference resistance remains stable.

Othexr Nonmechanical Anemometers. Additional nonmechanical
anemometers are based on technologies such as ion-beam deflection
and wake-vortex generation. While they hold promise, these tech-
nologies are not as well developed as other wind measurement
technologies. Advantages of these instruments include less
sensitivity to contamination than hot-wire anemometers and
increased ruggedness. Universally accepted calibration proce-
dures have not been established for these instruments.

W vanes

Mechanical wind vanes are frequently used in combination
with cup or propeller anemometers to define the horizontal wind
vector. A wind vane consists of a horizontal arm with flat plate
assembly forming a sensor tail on one end and a balanced counter-
weight on the opposite end. The arm is mounted on a vertical
post and is free to rotate. Wind flowing past the plate forces
the vane into its most aerodynamically efficient (least resis-
tance) position, with the plate downwind of the axis of rotation.
The vertical post contains low torque potentiometers or photo-
diodes to provide an analog voltage or digital output as a func-
tion of vane position. Vane position is converted to wind
direction in degrees by a transfer function. Single potentiome-
ter vanes operate from 0 to 360° in azimuth with a "dead spot" of
about 5° in which data are lost. To overcome data loss, some
vanes have dual potentiometers covering the ranges 0 to 270° and
270 to 540°., Alternatively, opto-electronic vanes use slotted
discs mounted concentrically about the post to produce a series
of binary counts for translation to wind direction. Other possi-
ble vane transducers include synchro motors and Hall effect



devices. Intercomparison tests of in-situ wind vanes (Finkel-
stein et al., 1986) indicate that comparabilities on the order of
5° for wind direction and 3° for wind direction standard devia-
tion are possible. A reanalysis of the data by Lockhart (1989)
suggests that intervane agreement to within 2° is possible.

Wind-vane performance characteristics include threshold,
overshoot or damping ratio, and distance constant. These perfor-
mance characteristics are defined by wind tunnel tests using
ASTM-XXX1. Static bench calibration is verified by moving the
vane through a series of positions defined on a jig where known
outputs can be observed.

A variety of wind vane tail designs exist. These are the
product of compromises between structural strength, vortex-
shedding characteristics, and responsiveness. The design of a
second-order mechanical system such as a wind vane involves a
tradeoff between quickness of response and overshoot. Overshoot
is defined by the distance constant and damping ratioc (see
glossary for definitions). A vane distance constant should be
matched as closely as possible with its companion anemometer if
the combined measurements are used for micrometeorological or
diffusion modeling applications.

The wind-vane damping and distance constants are major
design considerations, especially if vane-derived data are to be
used to compute wind angle variances or standard deviatiocns.
Vanes must be damped to prevent excessive oscillations in turbu-
lent winds. Manufacturers sometimes include electrical damping
circuits in their wind vane transmitters to mask unwanted oscil-
lations. Electrical damping does not compensate for inadeguate
vane design. Damping circuits should be bypassed during any
evaluation of vane performance. The vane distance constant (the
amount of air that must pass the vane before it responds to a
change in wind direction) should be sufficiently small that it
responds to the dominant scales of turbulent eddies at the height
of measurement. In the surface boundary layer, the dominant eddy
size scales directly with the height above ground. Table 2~1
includes recommended wind=-vane characteristics for diffusion
model applications.

Wind vanes are found in several different configurations and
may include a front-mounted propeller. Some vanes are designed
to include some motion in the vertical plane. These bidirec-
ticnal vanes (bivanes) may also have a front-mounted propeller
for wind-speed readings. Bivanes have limited mechanical re-
sponse to vertical motion (usually #45° to %#60°), and the derived
turbulence data are useful only when vertical motions do not
drive the vane to its mechanical limits. Table 2-1 includes
desirable bivane characteristics. While bivanes provide a
relatively inexpensive means to obtain information on the verti-
cal component of the turbulence field, their exposed horizontal
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surfaces accumulate deposited material that unbalances the vane.
When a bivane becomes unbalanced, its response characteristics
change and its performance is degraded. As a rule of thumb, an
out-of-balance condition in excess of 15° indicates that the vane
should be rebalanced. Bivanes are most suitable for micrometec-
rological applications at locations where they can be serviced on
a daily basis.

As with mechanical anemometers, the sensor and moving
components of wind vanes are subject to deterioration and wear.
Wear creates shorts or dead spots in vane potentiometers. Addi-
tionally, wind-vane response is degraded as tails are damaged by
exposure to field conditions. It is difficult to detect the
onset of performance degradation in the field unless direct
intercomparisons are made with other instruments. Mounting
instruments at multiple levels on a meteorological tower not only
provides extra data-points but also provides an opportunity to
interchange instruments for performance verification. Periodic
review of individual data-point scatter can reveal the occurrence
of potentiometer dead spots. A simple field check to identify
potentiometer faults consists of slowly rotating a vane through
its range of angular positions while recording cutput. The
recorded results should be free of spikes or dead spots.

T o ers

Temperature measurements are made for a wide variety of
purposes, and the application dictates the most appropriate type
of thermometer to be used. For weather observing and climatclog-
ical applications, low cost, simplicity, reliability, and long-
term absolute accuracy are the most desired attributes. A good
liguid-in~glass thermometer is appropriate for these applica-
tions. At the other end of the scale, measurements for tempera-
ture variance, heat flux, or temperature structure parameter
(CTg) computations require fast response and short term relative
accuracy. Fast-response hot-wire or sonic thermometers are most
appropriate for these applications. Vertical temperature gradi-
ent computations require moderately fast response and high
relative accuracy between probes. Quartz crystal, platinum wire,
or thermocouple arrays are most useful for this application.
Thermodynamic profiling reguires good response and stability,
wide-dynamic range, and low cost. Thermistors are often used for
this purpose.

Most meteorological thermometers are of the immersion type,
which require that the sensor absorb or emit energy to approach
thermal balance with its surroundings. Thermocouple, thermistor,
platinum-resistance thermometer (PRT), and quartz-crystal ther-
mometers are examples of immersion thermometers. Immersion
thermometers are susceptible to radiation effects. Their re-
sponse times are governed by convective exchange of heat and are,
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therefore, dependent upcon wind-speed, probe gecmetry, and the
thermal dissipation characteristics of the probe surface. Sonic
and radiometric thermometers are free from these effects, but
suffer from conversion uncertainties that limit their absolute
temperature measurement accuracy.

Platinum Wire Platinum-Resistance Thermometers. The PRTs are
based on a linear relationship between temperature and the
electrical resistance of a metal wire of high chemical purity and
thermal stability such as platinum. Platinum wire with a resis-
tance of 100 ohms at 0 °C, increasing at the rate of nearly 0.4
ohms per degree Celsius (Q/°C) is commonly used. The advantages
of these PRTs include stability, repeatability, linearity, and
excellent dynamic range. The PRT has been the traditional
instrument of choice for maximum accuracy, stability, and repro-
ducibility.

Major disadvantages of PRTs include small resistance change
per degree Celsius, self-heating, and susceptibility of the low
voltage signal to electromagnetic interference. Self-heating
occurs as current passes through the PRT. Energy is dissipated
as heat in proportion to the product of resistance and the square
of the current. Self-heating bias can be minimized by selecting
a large PRT with low resistance and a large thermal dissipation
constant, but the tradeoff is slow response to temperature
change. Fine-wire PRT probes can have response times on the
order of tenths of seconds (s), but larger PRT probes with
minimal self heating can have response times of several tens of
seconds.

Large PRTs are favored when range and precision are more
important than fast response. Industry standards and transfer
functions for PRTs are well defined. Thin-wire PRTs are some-
times used for fast response measurements when absolute accuracy
is not critical. Signal conditioning circuitry can be checked
using a decade resistor box and the manufacturer's specifica-
tions. The PRT calibration is verified using thermal baths, as
recommended in the Quality Assurance Handbook (1989). Large PRTs
should be shielded from radiation and aspirated, but fine-wire
PRTs used for fast-response temperature fluctuation measurements
are often exposed without shielding. With careful attention to
radiation shielding, circuit design, sensor matching, and
calibration, PRTs are capable cof measuring mean temperature
difference and absclute temperature with resolutions of 0.01 and
0.05 °C, respectively (Stevens, 1967}.

Thermoelectric Thermometerg {(Thermgcouplez). Thermocouples
are simple temperature measurement devices made by jeining two
dissimilar metal wires. An electric current flows between junc-
tions of two metals if a temperature gradient occurs in the
wires. For small differences, the induced (Seebeck) voltage is
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linearly proportional to the temperature differential. Typical
output is 40 microvolts per degree Celsius {uV/°C) for a copper-
constantan thermocouple.

Thermocouples are used in a wide range of configurations and
offer the advantage of being simple, rugged, and inexpensive.
They can also be made with very thin wires for rapid response at
the expense of ruggedness. Some disadvantages include a nonlin-
ear, low voltage output and susceptibility to electro-magnetic
interference and system bjases. These errors include changes in
wire characteristics during welding, decalibration because of
wire age and mechanical or heat stress, and direct current (dc)
offset acquired through the cabling or data acquisition system.
In meteorological applications, thermocouples are frequently used
for temperature difference measurements with a reference estab-
lished at one level on a tower and junctions at other levels.

Precision thermocouple measurements are possible, but
require special attention to noise, spurious voltage offsets,
decalibration because of wire aging, and reference junction
stability. A low signal level, on the order of 40 to 60 uvV/°C,
creates a major problem for accurate temperature measurement.
Requirements for accurate thermocouple measurements are described
by Cheney and Businger (1990), who claim that accuracies near
0.01 °C are achievable. Thermocouple calibration involves
matching of the transducers in thermal baths and checking the
gain of the signal conditioner, as described in the Quality
Assurance Handbook (1989). Fine-wire thermocouples have a large
surface-to-volume ratio and dissipate heat guickly; thermocouple
response time can be 0.1 s or better. Therefore, they can be
used with a minimum of radiation shielding. The dynamic response
of fine-wire thermocouples is described by Tsukamoto (1986).

Thermistors. The resistance of thermistors, which are made
from metallic~oxide semiconductor materials, decreases with
increasing temperature. Thermistors are inexpensive and provide
moderate response (on the order of 10 s) for temperature profil-
ing applications. Thermistor disadvantages include nonlinearity,
self heating, aging, decalibration effects, and electromagnetic
interference. Nonlinearity can be compensated for by software
using a fitted pelynomial transfer function. "Linear" thermis-
tors, consisting of two thermistors in a sealed probe with
compensation provided by external resistors, are also available.
Mechanical aspiration of the sensor helps to minimize self
heating, although the thermistor's slow heat dissipation rate
remains a problem for accurate temperature measurements. Therm-
istor resolution is on the order of 0.05 °C. Aging and decali-
bration upon exposure to high temperatures limit thermistor
reliability. Thermistors are commonly used for temperature and
temperature profile measurements when extreme accuracy is not
critical. Luers (1990) describes thermistor temperature sounding
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applications’, which include a methodology for calculating radia-
tion and conduction errors. Thermistors are also sensitive to
stress produced by rough handling and mechanical vibration.
Stress can produce hairline cracks in a thermistor's protective
coating that alter calibration. To achieve maximum accurac