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AN EXCHANGE SYSTEM FOR PRECISE MEASUREMENTS OF TEMPERATURE
AND HUMIDITY GRADIENTS IN THE AIR NEAR THE GROUND

L. W. Gay and L. J. Fritschen

ABSTRACT

Small differences can be very accurately measured with two sensors if precautions are taken to
periodically interchange the sensors between observations. The Bowen ratio model of evapotranspiration
requires measurements of air temperature and humidity gradients near the evaporating surface. The gra-
dients are in the order of only 0.1 °C /m or 10 Pa /m. Precision in excess of 0.01 °C /m or 1 Pa /m can be
obtained only through laborious calibration and replication of instruments, or through periodic inter-
change. The design of a simple system for interchanging psychrometers is described. The system will
exchange sensors between two levels one meter apart at selected time intervals. The vertical exchange
path of this design maintains a constant orientation of the sensors and has important advantages over
rotating systems used elsewhere. The principles apply to a variety of measurement problems.

INTRODUCTION

The precise determination of the difference between two quantities is a problem commonly encoun-
tered in environmental measurements. Such measurements are difficult to obtain if the differences are
based upon subtraction of readings made with two separate instruments, since errors in either instru-
ment are incorporated into the difference. Errors become particularly troublesome when the desired
differences are small with respect to the absolute value of the quantity. The errors involved may be
either random or fixed. The random errors of measurement can be minimized or even eliminated with ap-
propriate sampling. Fixed errors, or biases, are not eliminated by frequent sampling but they can be
removed by an exchange technique. This note reports the design of a simple system that successfully
eliminates fixed errors from measurements of temperature and humidity gradients in the atmosphere near
the ground.

REMOVING BIASES FROM DIFFERENCE MEASUREMENTS

The effects of fixed errors can be eliminated from difference measurements in three ways. The
first is by using one sensor as a "rover" between the two measurement locations, and obtaining the dif-
ference by subtraction of successive readings. Since the difference sought is that existing between
readings at two different points, the variable being measured must not change until after the sensor
has moved to the new location and the new sample taken. The second technique is to subtract the means
obtained from a number of sensors at each location. This requires that the calibrations, number of
sensors and distributions of biases combine to yield either a zero bias at each location, or a mean
bias that is equal at each location. Careful calibration is needed. A third technique requires that
two sensors be interchanged between each set of measurements. The mean value (say of temperature) is
then determined at each position over a time interval that contains several exchanges of sensors. Sub-
traction of the means obtained by successive measurements at the two locations will give the differences
free of systematic errors.

For example, consider measurements of true temperature T1 at level z1, and true temperature T2 at
level z2. The measurements are made with sensor 2 containing systematic error r, and sensor 1 free of
systematic error. The temperature measurements are made at successive intervals (time 1, time 2, etc.)
with sensor 1 initially at level 1 and sensor 2 at level 2, but the sensors are interchanged between
measurements. The temperature difference over a period long enough for a single exchange of sensors
(Tanner, 1963) becomes:
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Level time 1 time 2 Mean

z2 T2 + e T2 1 /2(T2 +e+T2)

zl T1 ' T1 + e 1 /2(T1 +T1 +e)

Difference Az T2 -T1 +e T2 -T1 -e T2 -T1

The interchange technique, in contrast to the multiple sample approach, sets no restriction upon
the bias or systematic error a other than that it indeed be systematic, i.e., not change during the ob-

servation period. In contrast to the first technique the temperatures need not be steady state, as
measurements are made at both points (21, z2) at the same time. The difference finally obtained by the

interchange technique is actually a mean over the period that elapsed between successive measurements.
Thus some consideration must be given to the frequency of interchange and measurement with respect to
the time resolution desired in the data.

FIXED ERRORS AND THE BOWEN RATIO

The Bowen ratio, 8, or ratio of sensible to latent energy, can be written in terms of measured
temperature (tT) and humidity (ee) differences between two levels in the atmosphere close to an evapo-

rating surface. The form given in most standard derivations (see Webb, 1965) is

B = C
AT

where C is a coefficient derived from properties of the air and dependent upon units chosen for the

measurement.

The temperature and vapor gradients are rather small (in the order of 0.1 °C or 10 Pa per meter)

over most vegetative canopies. Small gradients are difficult to measure precisely. The vertical dis-

tance between the sensors affects the magnitude of the gradients, as a larger distance develops a

larger signal. If the distance is too great, however, the upper sensor may extend beyond the surface
boundary layer into air with properties that are unaffected by the underlying surface. The gradient

measurements will not then represent the surface -exchange processes. If the distance between sensors

is too small, the signal is smaller and the effects of systematic measurement errors become more pro-

nounced. Gradients over vegetation are commonly measured with a vertical distance of about 1 m, and
with the bottom sensor positioned at the approximate level of the tips of the canopy.

The gradient measurements needed in the Bowen ratio are exceptionally well suited to the inter-

change technique. The turbulent nature of the atmosphere and corresponding temporal variations in
temperature and humidity restrict the usefulness of a single "rover" probe, and the use of many sensors

is laborious.

AN AUTOMATIC INTERCHANGE MECHANISM

The mechanism pictured in Figure 1 was designed to move the psychrometers vertically during the

exchanging cycle. It is similar in purpose to several rotary action designs (Sergeant and Tanner,1967;
Black and McNaughton, 1971), and the mechanism of McNeil and Shuttleworth (1975). Vertical movement

maintains the psychrometer water reservoirs in an upright position, eliminating possible spillage and

water loss. The basic unit consists of a support frame, a reversible gearmotor, a timer, and a drive

chain that carries the psychrometers. Two interchange units were contructed for testing. Although both

were controlled by a single timer, each could be manually controlled, independently of the other.

The support frame holds the psychrometers 1 meter apart when fully separated. After a preselected

time increment, the psychrometers are transferred up (or down) to the other level. A reversible gear -

driven motor powers the exchanging mechanism. A pair of travel -limiting microswitches, one at each end
of the support frame, opens when the sensors reach the desired position, thus stopping the motor until

the timer triggers another exchange. An additional pair of microswitches near the limiting travel

switches are connected to a battery to provide a position signal. The magnitude of this signal can be

used to determine the position of either psychrometer.

The support frame was fabricated with about 12 feet (3.7 m) of 1.25 x 1.25 x 1/8 inch (32 x 32 x

3.2 mm) steel angle iron, arc -welded together with 6013 welding rod. Two horizontal tower support

struts (36 inches or 0.914 m long) were welded 36 inches (0.914 m) apart and perpendicular to the verti-

cal main support member, 42.25 inches (1.07 m) long. Mandrels for the drive chains were mounted on op-

posite ends of the vertical support member. The mandrel support pads contained mounting slots for

adjusting the position of mandrels and the tension of the chains. Two ball- bearing mandrels (Dayton

2X625), two 18 -tooth chain sprockets (Martin #41818) on each mandrel, and two roller chains (Dayton #41)

composed the exchange assembly. Two horizontal aluminum instrument supports (19 x 1.75 x 0.25 in, or

483 x 44 x 6 mm) were bolted to the chains 1 meter apart. The psychrometers were attached to these
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supports with 1.25 -inch (32 mm) U- bolts. The 4 -RPM geared motor (Dayton 2Z813) drove the upper mandrel
directly. A rubber spider (universal joint) eliminated alignment problems in the drive connection.

Figure 1. The exchange mechanism with two aspirated psychrometers.

The control system circuit is shown in schematic form in Figure 2, and the components of the cir-
cuits are listed in Table 1.

The 115 -volt clock (Dayton Time Switch ( #2E130) in Figure 2C initiates an electrical impulse to
the rotary relay switch (Potter & Brumfield #19AP11A), in Figure 2A, which closes the circuit through
the oil- filled capacitor (Dayton #4)(426) and energizes the gear motor. The sensors are driven to dif-
ferent levels until the chain stabilizing support depresses the travel -limiting switch (Micro #(3Z7651).

This opens the power circuit to the gear motor and stops the psychrometer. After an appropriate period
has elapsed, the clock initiates another impulse to the rotary relay switch, which energizes the reverse
power to the motor via the capacitor, and the cycle is repeated.

The position -indicator circuit is wired to two "normally closed" microswitches, as shown in Figure
2B. Whenever the "reference" psychrometer is in the top position, the upper switch is turned to the
normally open position, and a positive signal appears on the signal leads. Whenever the psychrometer is
in transit, both switches are in the normally closed position and zero signal appears. When the psy-
chrometer "parks" at the bottom position, the lower switch is turned to the normally open position, and
a negative signal appears on the signal leads. The signal polarity indicates whether the "reference"
sensor is up or down. The magnitude of the signal is established by the simple voltage divider; the
output of the divider shown yields ±0.0089 V.

The exchange system is controlled by an override switch at each driving motor. To deactivate one
of the units, simply turn the manual override switch (DPDT) to the central off position and the psy-
chrometers can be stopped at any position during the cycle. While the override switch is off on one
unit, the clock continues to operate and the cycling continues on the other unit. Upon restarting,

the instruments can be easily synchronized in position with each other by manipulating the override
switch in either the up or down position. This switch will reverse the direction of the gear motor on
that particular unit.
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Figure 2. Exchange mechanism schematics. A. The timing and control circuits.

B. The position indicator circuit. C. The clock circuit.

SOME SAMPLE CALCULATIONS

The application of the exchange principle to the evaluation of temperature and humidity gradients
can be illustrated with data collected by the authors over a stand of saltcedar (Tamarix chinensis).

The exchange mechanism was mounted on a lightweight mast with the lower measurement level at the height

of the canopy tips, and the psychrometers were exchanged immediately following each measurement. The

sensors were permitted to come into equilibrium at the new position before the measurements and subse-

quent exchanges were repeated.

The choice of time interval between measurement and interchange is not well defined for field ex-

periments. In the sample discussed here, the instruments were read and exchanged each 6 minutes (0.1

hr). The 0.1 hr readings were averaged for 0.5 hr, giving 6 readings (3 with each sensor) at each of

the two levels for each half -hour average. The half -hour averages were then subtracted to obtain the

mean differences for temperature and vapor pressure.

The data required for the sample calculation of the mean temperature and vapor gradients for 1330-

1400 hrs are tabulated in Table 2. The temperature and vapor data are listed in the table in the order
that they were recorded, i.e., the results from psychrometer 1, followed by the results from psychrom-

eter 2. The location signal defines the position of each psychrometer at the time of sampling. In this

experiment, psychrometer 1 is at the upper level when the signal reads +8 mV, and at the lower level

when the signal is -8 mV.
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Table 1. Parts list for one controller and one exchange mechanism.

Quantity Parts Description

4 Microswitches 6" (152 mm) L. arm #BZ- 2RW863 -A2 7651

1 Capacitor, 4.0 MFD, 370VAC oil- filled Dayton #4X426

1 Rotary switching relay DPDT, 5A, 125VAC Potter & Brumfield
#19AP11A

2 Chassis -mounted buss fuse holders lamp fuses

1 DPDT switch center position

1 8 -pole socket female

1 8 -pole plug male

1 4 -pole plug male

1 4 -pole socket female

1 Permanent split capacitor 4 RPM, high- torque Dayton #22813
motor

1 Aluminum chassis box 13 "L x 5 "W x 3 "D

(330 x 127 x 76 mm)

4 Sprockets, 18 -tooth for 3 5/8" (92 mm) dia., Martin #41818
#41 chain 5/8" (16 mm) shaft dia.,

keyed & dual setscrews

1 Electric clock time switch Dayton #2E130

8 U -bolts to fit 1 1/4" (31.8 mm)
pipe

2 Roller chains 10 ft (3.05 m), with Dayton #41
master links

2 Ball- bearing mandrels 5/8" (16 mm) dia., Dayton #2X625
10" (254 mm) L. shaft

1 Coupling body 5/8" (16 mm) bore dia. Dayton #4X177

1 Coupling body 1/4" (6.4 mm) bore dia. Dayton #4X236

1 Rubber spider Dayton #1X409

2 Aluminum instrument supports 19 "L x 1 3/4 "W x 1 /4 "T

(483 x 44 x 6 mm)

12 ft Angle iron, steel or 1.25" x 1.25' x 1/8"
(3.7 mm) aluminum (32 x 32 x 3.2 mm)

Table 2. Data collected with a pair of psychrometers mounted on the interchange mechanism. T1 and el
are temperature and vapor pressure measured with psychrometer 1, while T2 and e2 are measured
with psychrometer 2.

Time Location T1( °C) el Pa T2( °C) e2(Pa)

1330 +8 mV 33.51 570 33.59 693
1336 -8 mV 33.92 647 33.86 727
1342 +8 mV 33.68 646 33.82 759
1348 -8 mV 33.81 648 33.86 728
1354 +8 mV 33.69 622 33.72 733
1400 -8 mV 34.33 716 34.31 781
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The mean temperature at level 1 (T1 at level 1) is thus 11 = 1/6(33.59 + 33.92 + ... + 33.72 +

34.33) - 33.87 °C. Similarly, T2 = 33.82 °C, el = 699 Pa and e2 = 679 Pa. The gradients over the 30-

minute period and the 1 m difference in height are thus aT /ez = -0.05 °C /m and to /ez = -20 Pa /m. The

gradients are ultimately incorporated into the Bowen ratio model and form the basis for estimating

evapotranspiration. The results of these and other calculations have been tabulated by Davenport et

al., 1978.

CONCLUSIONS

The basic design is well adapted for obtaining precise temperature and vapor pressure gradients.
The control system operated flawlessly throughout experimental periods totaling 15 days. Future sys-

tems could be lightened by 25 to 30 pounds by fabricating the main support from aluminum angle, and by
using bicycle sprockets, chains, and nylon or bronze bearing blocks. These refinements, however, are

not necessary for field use.
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