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ABSTRACT

Wind speed, temperature, and dew point were measured at
eight heights up to 16 meters on the U. S. Lake Survey Lake Michigan
Research Tower during September and October, 1963, and during August,
196k, Wave height spectra were measured during several days of
August, 196L4. The Research Tower was located in water fifty feet
deep, one mile from shore near Muskegon, Michigan. Edited data are
presented in both tabular and graphical form. Brief descriptions
of the methods used for measurement are included.
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1. INTRODUCTION

The research program, "An Investigation of Atmospheric
Turbulent Transfer Processes over Water," initiated under Contract
Cwb-10591 in June, 1963 has continued under Contract Cwb-10714. The
original contract provided for instrumentation of a tower in Lake
Michigan for measurement of wind speed, temperature, and water vapor
profiles, water temperature and wave heights. The second contract
provided for continuation of the measurement program. '

The tower, constructed and installed by the U. S. Army Corps
of Engineers, consists of a steel mast of braced construction ex-
tending 16 meters above the water surface. Sensors were placed on
the mast at approximately logarithmic intervals with reference to the
surface. Data were recorded during September and October,1963 and
during August, 196k,

This report describes the instrumentation used and presents
the data collected. These data are presented in edited form with
comments concerning reliability but with no intention of interpreta-
tion or explanation,



2. SENSOR AND RECORDING SYSTEMS

The U. 8. Lake Syrvey, Lake Michigan research tower and
associated instrumentation have been described in a previous re-
port (Elder, 1963). An automatic data logging system was planned
for use in the measurement program., This system was described in
the previous report and final drawings are appended to this report.
However, delays in delivery of the automatic recording system pre-
vented its use during this contract period. A system of paper
chart recorders was assembled from equipment available within the
laboratories in order to realize the potential of the research
tower that wes already erected. All of the data reported herein
were obtained from the improvised recording equipment described
below,

Figure 1 shows the research tower as instrumented during the
1964 season. Wind speed, air temperature, and dew point sensors were
permanently mounted at the five upper levels, while the sensors nearer
the water surface were placed in position only during recording per-
iods. The paper chart recorders were located Just above the L-meter
level and were protected by canvas covers, The location of sensors
and method of recording for 1963 differed slightly from those of 196k,
They are, therefore, describeq separately.

2.1 Sensors and Recording System for 1963

Permanently mounted sensors were located at nominal heights
of 16, 10, 6, 4 and 3 meters with reference to the mean water surface.
The removable sensors were 2, 1 and 0.5 meters above the surface.
These heights were changed between periods of measurements. Actual
helghts are given in presentation of data.

Air temperature and dew point sepsors were as described in
the previous report (Elder, 1963). Briefly, the temperature sensors
at the permanent levels consisted of Honeywell Model 921AC, Nickel A
resistance elements mounted in Climet Instruments, Inc., Model 016-1,
aspirated radiation shields, The temperature sensors used at the
removable levels were Victory Engineering Corporation, type §2A8h
thermistors, mounted in non-aspirated, flal-plate radiation shields
of a type described by Portman (1957). On October 8, a Barnes Infra-
red Thermometer, Model IT-2, was mounted at about 5 meters to sense
the water surface temperature, A thermistor mounted on a floating
cork board was also used for the same purpose, but it failed to glve
reliable data due to interference noise produced by wave motion.

The dew point sensors were Honeywell Dew Probes, Model SSP1298B,
mounted in the aspirated radiation shiglds.
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Figure 1. Lake Michigan research tower, 196k.



The wind speed sensors at the permanent heights were Beckman
and Whitley, Inc., Model 170 anemometers, while those used at k4, 2, 1,
and 0.5 meter heights were made by C. W. Thornthwaite Associates. The
Beckman and Whitley anemometers were used in place of Climet Instru-
ments, Inc. units described in the previous report (Elder, 1963) be-
cause they were compatible with the available recording system. The
use of two anemometer units caused some calibration difficulty as
discussed under data presentation.

Wind direction data were obtained from recordings of a vane
mounted at 16 meters on the tower for periods August 27 through
October 10. The recorder discontinued operation following that date,
and wind direction is observer estimate for October 17. Data obtained
from a vane mounted on the Muskegon harbor breakwater are used for
October 18 and 22.

The temperature and dew point recording system employed an
unbalanced bridge for each sensor. A commutator switched the bridge
output voltage sequentially into a single-point potentiometer recorder.
The commutation rate was once per two minutes, thus giving a record of
each variable every two minutes. The record was obtained on a paper
chart for manuval reduction.

Wind speed was recorded in terms of anemometer revolutions.
Electro-mechanical counters with decade switches (Barber Coleman)
operated an Esterline Angus, 20 pen, event recorder. Each rotation
of anemometer cups at each level was recorded on paper chart. The
rotations were summed over the chosen time interval (usually 6
minutes) in data reduction. Air movement, averaged over the period
of summation, at each height was thus obtained.

Because of the limitations of the paper chart recorder, the
recording system could not operate on a full-time basis. A method
was provided whereby the recorders could be started and stopped re-
motely from shore. In this way, records were obtained during periods
when attendance at the tower was not possible.

2.2 Sensor and Recording System for 1964

During August 1964 an improvised recording system was once
more employed. It consisted of basically the same system as employed
during 1963 with a few modifications.

The temperature sensors were not changed, but the Barnes
Infrared Thermometer was not available for use. Temperature records
were obtained on a multipoint recording potentiometer that replaced
the commutator and single-point recorder used during 1963. The
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multipoint recorder provided a six-minute data cycle.

Beckman and Whitley anemometers were employed at only four
heights with the lowest height being 2 meters above the mean water
surface, The problem of calibration difference between the two sets
of anemometers was thus avoided, but fewer data points were obtained.
The -anemometer at 2 meter height suffered damage on two occasiong so
that the exposure at that level was eventually abandoned. The data
were recorded as described for 1963.

A wave height recording system, designed and constructed by
the U, 5. Army Coastal Research and Engineering Laboratories, was
installed during July and operated until damaged by lighting on
August 11, 1964, The system employed a pressure sensor mounted at
ten-foot depth with analog recordipg on magnetic tape, This instru-
mentation was installed and maintained by personnel of the U. S. Lake
Survey. ‘



The meteorological recorders were operated during periods

shown in Table I.

3.

TABLE T

DATA COLLECTED DURING 1963

PERIODS OF OBSERVATION, 196%

DATE TIME (EST) DATE TIME (EST)

27 Aug. 1010 - 1234 8 Oct. 1315 - 2100
10 Sept. 1313 - 1638 9 Oct. 0912 - 1208
1401 - 1501

16 Sept. 1810 - 1838
10 Oct. 0902 - 1331
21 Sept. 1410 - 1850 1733 - 1814
22 Sept. 1115 - 1550 11 Oct. 0952 - 1130

2101 - 2205
17 Oct. 1330 - 1630

26 Sept. 1314 - 1608
18 Oct. 1400 - 1600

27 Sept. 0806 - 1212
22 Oct. 1135 - 1800

Data for many of the periods of observation listed in Table I
are not complete, due to instrument malfunction. In many cases this
malfunction may have been due to causes as simple as failure of the
recorder pen to write, but it nevertheless caused loss of data. Cer-
tain periods of data were selected for reduction due to completeness
of coverage, or to the uniqueness of the prevailing conditions.

Data for the selected periods are given in Table III, pre-
sented as 6-minute averages ending at the time indicated. These
same data are presented graphically in Figures 2 through 7. The
vertical gradients presented in these figures are the result of
averaging over the time intervals as shown. The longer period
averages are also shown in Table ITT.



TABLE IT
HEIGHTS OF LOWER SENSORS WITH REFERENCE TO MEAN WATER LEVEL

Height (cm)

August 27 60 110 210
September 10 50 100 200
September 22 98 198
September 26 o8 198
September 27 98 198
October 9 198
October 10 98

October 17 through 22 205

Table IIT lists nominal heights above the mean water surface
at which the sensors were exposed. Actual heights of exposure for the
permanent sensors were 1609, 1003, 603 and 405 centimeters with refer-
ence to the mean surface. Heights of the lower sensors changed somewhat
between observations due to remounting prior to each period. The meas-
ured heights are shown in Table II for the different data periods.
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3.1 Data Corrections

The data tabulated in Table IIT have been carefully checked
and corrected for known instrumental errors, and cases of obvious
instrument malfunction have been removed from the record. Derivation
of applied corrections is discussed in following sections.

3.1.1 Wind Speed and Direction

The wind speed profile data were obtained by use of two sets
of low inertia three-cup anemometers of different design, and there-
fore, of different calibration and somewhat different distance constants.
However, it was assumed that with known calibration constants, the two
sets of anemometers would give comparable measurements of the mean wind
speed when exposed under identical conditions.

Prior to use in the measurement program, the anemometers were
subjected to extensive testing to determine the correct calibration,
and to detect small differences in calibration between individual units.
Two methods of calibration comparison were employed.

First, one unit of both the Beckman and Whitley and Thorn-
thwaite sensors was operated in a low-speed wind tunnel to check its
conformity to the calibration as stated by the manufacturer. While
some deviation was observed, it was accepted that the manufacturer's
calibration was sufficiently accurate to describe the average re-
sponse of a:group of sensors. Means availlable to measure tunnel
wind speed do not permit determination with an error of less than
one percent as desired in wind speed profile measurements. The
test section of the wind tunnel employed did not permit expésure of
several units simultaneously to compare calibrations precisely.

A simultaneous exposure of all anemometers on a horizontal
. bar in natural wind was used as a second method to compare directly
calibrations of all units. The exposure site was about 2 meters
above a closely mowed grass-~covered surface on the east side of
Willow Run Airfield. A uniform flat surface existed for at least 1
mile upwind. The anemometers were exposed for periods of several
hours in low wind speeds, less than 1 mps, and at higher speeds,
about 8 mps. Percentage differences between anemometer revolutions
were calculated.

Anemometers within each set were reasonably consistent in

calibration. However, calibration differences of 2.0% between two of
the Thornthwaite units, and 2.6% between Beckman and Whitley units
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were observed. An average difference of about 5% existed between the
calibration of the two sets as ig expected from published calibrations.
A systematic dependency of calibration differences upon wind speed was
not observed. The comparison data were accepted as a valid indication
of calibration differences. Factors were calculated that would normal-
ize calibration of all units to that of the anemometer used at the
lowest level of the tower.

On September 28, a storm caused loss of the anemometer cups for
the l-meter height and damage to cups at 10 meters. The lost and
damaged cups were replaced with others that had not been compared
with the remaining units. Following removal of anemometers from the
tower, a second comparison, of the type described above, was per-
formed. The results of this comparison were used to normalize obser-
vations made following September 28.

The normalization factors were applied to all data presented
in Table III and Figures 2 through 6. Examination of wind speed pro-
files shows that the normalization factors produced consistent and
reasonable results with data in agreement between the two anemometer
sets in some cases while in other cases, disagreement remains. Data
for August 27, September 22, and September 27 are most noticeable in
their disagreement. In these cases, an arbitrary correction was ap-
plied to bring the two sections of the profile into coincidence as
shown by the dashed curves in Figures 2, 3, and L.

3.1.2 Temperature and Dew Point

The air temperature data presented in Table IIT and in
Figures 2 through 6 have been edited and represent the best estimate
of the existing thermal regime. Some error in the temperature measure-
ment probably exists because of lack of provision to calibrate ac-
curately the bridges in the improvised recording system. This error
could amount to a few tenths of a degree, and may not be consistent
throughout the period of measurements due to repeated efforts to im-
prove calibration as the work progressed.

Water surface temperature was measured by the floating
thermistor from August 27 through September 26. These measurements
are subject to doubt as the float movement with the wave surface
produced a high noise level in the record. On September 27 the float
was removed from the tower, and on October 18 the Barnes Infrared
thermometer was installed. Surface temperatures following that date
are measured by the infrared sensor.

The surface temperatures indicated by the infrared ther-
mometer were compared on three occasions with water temperature
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measured with a slightly immersed thermometer shielded from solar
radiation. The comparative readings are shown in Table IV.

TABLE IV

COMPARISON OF RADIOMETER AND THERMOMETER MEASUREMENTS
OF WATER SURFACE TEMPERATURE

Barnes Radiometer Thermometer Difference

October 8 1k4.0°C 16.2°C 2.2°C
October 9 13%.8°C - 16.2°C 2.k°g
October 10 14.3°C 16.1°C 1.8°C

On October 10, the radiometer measurements were compared to
the temperature of a bucket of stirred water as measured by a thermometer.
The radiometer had previously been adjusted to read zero when exposed to
a stirred ice-water bath. Agreement with the thermometer was good at
that temperature, but departed at higher temperatures. The comparison
data are shown in Table V.

TABLE V

COMPARISON OF RADIOMETER AND THERMOMETER MEASUREMENTS
OF STIRRED WATER TEMPERATURE

Barnes Radiometer  Thermometer Difference
0.0°C 0.0°C 0.0°C
5.4°¢C 5.5°C 0.1°C
8.7°C 9.0°C 0.3°C

11.3°C 12.0°C 0.7°C
13.1°C 1k.1°C . L.0°C
15.4°¢C 16.7°C 1.3°C
17.9°C 19.1°C 1.2°C
19.5°C 20.7°C 1.2°C
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Since most of the water temperatures measured were near 16°C,
a correction of +1.3°C was applied to all radiometer readings. The
remaining discrepancy between water surface temperatures as measured
by the radiometer, and by an immersed thermometer are probably due to
the temperature gradient that may exist near the water surface. This
factor has been discussed by Ewing and McAllister (1960), Clark and
Stone (1964) and Franceschini (196k4).

Dew point profile measurements are tabulated in Table III,
and shown in Figure 7 for October 17 and October 22 only. The Dew
Probe instruments were exposed throughout most of the measurement
period, but a thorough verification of the record was not obtained.
The data appear to be inconsistent with measured water temperatures
in some cases. A sufficient number of comparisons with psychrometer
measurements were not obtained to give great confidence in data.
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L. DATA COLLECTED DURING 196k

Data were collected with the recording system described in
Section 2.2 during periods shown in Table VI.

TABLE VI

PERIODS OF OBSERVATION 196k

DATE TIME (EST) DATE TIME (EST)
August 2 1802 - 2050 August 10 1346 - 1436
1606 - 1654
August 3 1124 - 1236 2020 - 2120
1700 - 1812
August 11 1200 - 1636
August 5 1212 - 1642
August 12 1200 - 1254
August 7 0800 - 0918 1500 - 1600
1736 - 1836 '
August 15 0830 - 1000
August 8 0746 - 0840
1200 = 1300 August 16 1318 - 1648
2000 - 2100
August 9 1200 - 1300
1700 - 1800

The data have been reduced and edited in a manner similar to
that described for the data of 1963. Obviously erroneous data have
been deleted where malfunction of equipment could be determined as the
cause.

The wind speed, ailr temperature, dew point, and water
temperature data were averaged over 6-minute periods. The averaged
data are given in Table VII. Longer period averages, usually 30
minutes, were formed and are shown graphically as Figures 8 through 13.
The longer period average values are also shown in Table VII.

Table VII lists observations at nominal heights above the
mean water surface. The actual heights from a quiet water surface,
measured at time of installation of sensors, were 205.9, 408.9,
799.1 and 1604.5 cm. Changes in mean water level throughout the
measurement period were not great, probably amounting to no more
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than a few centimeters. Actual measure of water level was recorded,
but the record had not been reduced by the time of this writing.l

Dew point measurements are tabulated for only two days. The
Dew Probe sensors were installed on August 9, and two units were dam-
aged during a storm on August 1]1. They were not restored to operation.

Wave height spectra for periods coincident with periods of
meteorological data have been supplied by U. S. Lake Survey. The
spectrum for each period is presented in Figures 14 through 17 as
analyzed by personnel of U. S. Army, Coastal Research and Engineering
Laboratory. In each case, the spectral distribution of linear aﬁerage
of wave height is presented. Each curve represents data averaged over
a 20- minute period uéing a filter bandwidth of 0.027 cps as described
by Caldwell and Williams (1961). The data have not been adjusted for
the depth of exposure of the pressure sensor.

1. The records of mean water level during August, 196k,
should be available from U. S. Lake Survey at a later date.
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APPENDIX A
1. Telemetering and Recording System

The automatic telemetering and data recording system
designed for recording data from the research tower facility has
been described in functional form in a previous report (Elder, 1963).
The schematic diagrams of the electronic components were not available
for inclusion in that report. They are, therefore, included in this
Appendix. The diagrams are largely self-explanatory and require only
brief elaboration.

Figure Al is a photograph of the recorder and telemetering
system. The record logic, magnetic tape recorder, and manual read-
out counter are shown as the unit at the left of the photograph.
The telemetering system is shown on the right.

1.1 Telemetering System

Figures A2 and A2a are schematic drawings of the electronic
components of the telemetering system. The power supplies, tempera-
ture bridges and data commutator system are also shown.

Figure A2 is the wiring diagram of the sensor input circuits
and data commutator. PC-1 through PC-18 are input plugs for binary
counters and digital to analog converters, K. J. Law Engineers,

Model 407. One unit is required for each anemometer. The input
sighal is a pulse from the anemometer. Pulses are accumulated and
an analog voltage proportional to the accumulated count is provided
for the telemetering system. The counter is reset upon read-out.
Schematic diagrams of the Model 407 counters and digital to analog
converter are not shown, The units are available commercially.

P-2 through P-21 accommodate bridge circuits for measurement
of up to 20 temperature values. P-T through P-11 are designed for
" use with VECO-type 32A84 thermistors. Linearization of thermistor
output is accomplished by the resistor network mounted on the range
switch. Position 1 provides linearization for the range -10 to 10°C;
position 2, for O to 20°C; and position 3, for 10 to 30°C. P-2
through P-6, and P-12 through P-21 are designed for use with Honey-
well Model 921A3, Nickel A resistance thermometers, or Honeywell
Dew Probe, Model SSP129D. The output of these sensors is es-
sentially linear so that no further linearization is provided.
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A typical plug-in bridge circuit is shown. Provision is made
for adjustment of bridge balance from about -10 to 10°C, and for ad-
Jjustment of range to 20°C. The values of components shown will match
approximately the sensor elements specified above. Minor adjusﬁments
may be required to match individual element calibration. Switches S-2
through S-21 provide means to adjust bridge calibration. When in the
calibrate position, the sensor element is replaced by the calibrate
resistor. If the temperature-resistance relationship of the sensor
is known, the appropriate value can be set on the calibrate resistor
and the bridge adjusted for range or balance.

The outputs of the digital to analog converters and bridges
are.adjuéted to a full scale value of 20 Mv. These output voltages
plus the direct output of the wind vane potentiometer are applied to
successive channels of the commutator switch S-24. The commutator
consists of 36 gold-plated, magnetically-operated, reed switches.
Three channels are required for logic control functions, leaving 33
channels for data inputs.

Figure A2a is the schematic wiring diagram of the commutator
logic and telemetering system. Logic components are shown in con-
ventional symbols and commercially available modules are identified.

The commutator drive logic may operate in one of two modes.
In the manpal mode, the commutator steps one channel at each actua-
tion of the manual advance switch. This function is controlled
elther at the tower or at shore. The automatic mode is controlled
by the timing motor., Every two minutes the logic ils actuated and
causes the commutator to advance through an entire cycle at the rate
of 15 steps per second.

The commutator switches the analog voltages successively
into the voltage-controlled oscillator, Vidar Model 260A, which
functions as a telemetering transmitter. A signal varying from O
to 30 Kes. in proportion to- the applied voltage is transmitted to

. shore through the cable driver and submarine coaxial cable.

1.2 Digital Recording System
Figure A% and Figure A%a are logic diagrams of the automatic
digital recording system. Conventional logic symbols have been used.

Schematic circuit drawings are not included because the logic com-
ponents are standard, and may be obtained from commercial sources.
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The series of incoming pulse trains from the tower
telemetering system is received by the shore recording system.
After amplification and squaring, the pulses are applied simul-
taneously to a) an integrator-discriminator and switching control
logic, b) a twelve-bit binary counter, and c) a decimal display
counter.

The first 66 millisecond pulse train of the incoming series
is the control signal which the discriminator senses. The discrimi-
nator output signal actuates the counter and recorder logic circuits.
Thereafter, successive 33 millisecond portions of the 66 millisecond
pulse trains are counted, converted to twelve-bit binary words and
recorded on magnetic tape. The 35th pulse train contains a second
control signal that turns off the binary counter and record logic.
Synchronization between the telemetering and recording systems is
based on the 60-cycle line power with some phase shift adjustment
provided in the recording system.

As stated above, the telemetering system commutation rate
is 15 points per second, or 66 milliseconds per point. Thus, the
signal from each sensor is of 66 millisecond duration. The binary
counter is allowed to count between the 15th and L48th millisecond
of each incoming pulse train. The counter output is a twelve-bit
binary work which is recorded in the IBM format during the remaining
18 milliseconds of the data point period. The counter is then re-
set and is ready to count the pulse train from the following data
point. Because of the direct proportionality of the voltage-to-
frequency conversion in the telemetering system, the pulse count
is a direct measure of the value of the input variasble.

Manual inspection of the data for calibration and system
performance checks is made possible by the use of the decimal counter
having a visual display. ©Switch S1 selects the data channel for dis-
play as identified by the indicator lights. Data from the channel
selected is gated to the counter where frequency of the signal is
displayed in cycles per second. This frequency is directly con-
vertible into magnitude of the variable measured. Display of this
value continues until the next commutator scan at which time a new
measure of the same variable will be displayed or that of another
channel, if selected. The visual display may be employed as a data
monitor while recording continues, or may be used as a display for
system calibration with the manual commutator advance.

Both the telemetering and data recording systems were de-
signed and constructed by K. J. Law Engineers, Detroit, Michigan. More
complete details of component specifications may be requested from them.
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Figure Al. Telemetering and digital recording system.
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