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Figure 27. Histogram and scatter plots of the direction 
differences versus wind speed for the VAWR and VMWR in CODE-1. 
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Figure 28. Time series of speed and direction (rotated into 
local geographic coordinates as defined in the text ) for the VAWR 
with Gill wind sensor set, the modified VMWR , and the differences 
in the signals as measured by the two systems in CODE 1. 
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slightly out of synchronism, the directions agree within about 
4° . The speeds fall within a± 1 m/s envelope with the VMWR 
apparently overestimating the higher speeds . Data from 
subsequent tests suggests that the cause of the error may be the 
result of changing the propeller blade thickness. The 1 / 16 thick 
blades used in the VMWR have a higher (about 6%) along-axis scale 
factor for winds parallel to the axis than do the standard VMCM 
propellers with 1/8 inch blades, and a corresponding non­
cosinusoidal response. Figure 29 is a plot of the relationship 
between the blade thickness and the scale factor for the VMCM 
propeller. Payne (1981) saw the effect in wind tunnel tests but 
the cause was then attributed to a modification in the hub design 
which was being studied. The CODE-1 data shown in this report 
was computed using the standarg scale factor of 2.67 revolutions 
per meter of wind run. 

Because of the mechanical problems with the VMWR and the good 
result with the Gill sensor set, further work with the VMWR was 
not - pursued, even though this comparison suggests that the VMWR , 
if properly modified, would make a perfectly suitable wind 
recorder. 

8.1.2 . Standard and Integral VAWR comparisons in CODE-2 . 

In CODE-2, a redundant VAWR with an integral sensor set was 
deployed with the Standard VAWR (see Figure 3) on the centra l 
meteorological buoy at C3 and is called the Integral VAWR. A 
comparison of data from these two systems was also made . The 
data from the standard VAWR were rotated 14.5 degrees 
(Limeburner, 1985, page 31) when system blocked vane directio n 
tests before and after the deployment (see Figure 3) s-howed a 
consistent alignment offset. The CODE-2 Standard VAWR versus 
Integral VAWR intercomparison was made over the 76 day period 
between April 15 and June 30, 1982, and the results presented 
here are based on an analysis of the rotated one-hour vector­
averaged time series . The computed correlation coefficient was 
0.998, with a phase angle of 0.36°, indicating that both vector 
time series were very highly correlated and the stronger wind 
vectors were on average rotated by only 0.36° with respect to 
each other. Since this small mean rotation was well within the 
uncertainty of the compasses , no angular correction was made to 
either wind time series. Other statistics are listed in Table 
II. 
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Plots of the Standard Gill versus Integral sensor time series 
(Figure 30) show a remarkable similarity between the two data 
sets. Vector-averaged wind speeds (Figures 31 and 32) agree to 
within 0.1 m/s, and the direction data (Figure 33) agree to 
within 1° at speeds above 5 m/s. The 0.5 m/s mean difference in 
direction is less than 1/2 bit of the compass and vane digital 
encoders. The slight curvature in the speed response indicates 
that the vector average wind speeds measured with the Integral 
system are smaller than those measured with the Standard system 
at speeds above 10 m/s. 

A possible explanation is a small eddy-current damping effect on 
the anemometer due to the coupling between the magnet mounted on 
the shaft and the aluminum housing. The effect was tested for 
but not seen in simple lab tests which may not have detected a 
difference less than 1%. 

Other possible explanations include differences in the wind 
sensor s (c onsidered unlikely since both systems use the same cup 
anemometer de sign ) and differences in the system response due to 
the different wind direction sen?ors. We had gotten the visual 
impression during prelaunch dock testing of the C3 me ~eorological 

buoy that the shorter vane of the integral VAWR was more 
responsive to the wind fluctuations; however, spectra of the wind 
kinetic energy computed over periods of one month or longer with 
both the one hour time series and the 7 1/2 minute time series 
(Figure 34) show no significant basic differences in the 
frequency response of the two systems. 

We then decided to look more closely at the basic 7 1/2 minute 
time series data and found that the shorter vane of the Integral 
system is more responsive at higher frequencies than the standard 
vane. To quantify this effect and also examine the initial 
assumption regarding the speed sensors, we have computed a 
variety of statistics using the 7 1/2 minute basic time series 
for the period May 1 through May 10 (Figures 35, 36 and Table 
III). The wind during this period {Figure 30) is predominately 
upwelling-favorable and relatively constant in direction except 
during a relaxation event on May 4 & 5, and the wind magnitude 
varies from less than 1 m/s during the relaxation event to 
greater than 15 m/s. Comparisons of the 7 1/2 minute vector 
average speeds (S) with the rotor speeds (R) in Figure 35 show 
that a) the two speed sensors agree on average to within 0.6 % at 
wind speeds of 10 m/s or greater, b) the difference in vector 
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Figure 30. Time series of speed and direction (rotated into 
local geographic coordinates as defined in the text) for the VAWR 
with Gill wind sensor set, the VAWR with the Integral sensor set 
and the differences in the signals as measured by the two systems 
in CODE-2. 
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Figure 31. 
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Histogram and scatter plots of the wind speed 
measurements made with the VAWR and Integral VAWR in CODE-2. 
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Figure 32. Histogram and plots of the VAWR and Integral VAWR 
speed difference versus wind speed in CODE-2 . 
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Figure 33. Histogram and plots of the direction differences 
versus wind speed for the VAWR and Integral VAWR in CODE-2 . 
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Figure 35 . Plots of rotor speed difference (R 2 - R1 ) and the 
vector-average speed difference (s 2 - s 1 ) versus wind speed 
(upper panel) , and plots of the differences between vector­
average speed (S) and rotor speed (R) for each instrument versus 
wind speed (lower panel). The subscripts 1 and 2 refer to the 
Standard and Integral VAWRs respectively . The mean and standard 
deviation statistics have been computed using a wind speed bin 
width of 2 m/s and the basic 7 1 / 2 minute time series for the 10 
day period, May 1 through May 10, 1982. 
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speeds based on the 7 1 / 2 minute and the one hour time series 
agree , and is slightly greater than the observed difference in rotor 
speeds , and c ) the difference between rotor and vecto r spee ds 
measured with the Integral system increases more rapidly wich 
wind speed above 10 m/ s. 

This last result is clearly ilustrated in plots of the ratio of 
vector-average speed to rotor speed (Figure 36). Above 10 m/ s , 
the vector speed to rotor speed ratio for the Integral system 
decreases more rapidly with increasing wind speed indicating that 
the Integral system is measuring a greater variation in wind 
direction. 

To estimate this effect , we have computed for each VAWR the 
instantaneous direction fluctuation 9'for each 7 1 / 2 minute 
period by subtracting the vector-average wind direction from the 
instantaneous wind direction recorded at the end of each 7 1 / 2 
minute averaging period. While the resultant time series of e• 
is clearly undersampled in time and does not resolve the 5 to 20 
second variations due to wave and buoy motion and to the 
turbulence in the wind field, each 7 1/2 minute sample of e• 
should be independent and the statistics of e• during quasi ­
steady conditions should be representative of the actual 
behaviour of e•. Plots of the standard deviation of the 
direction fluctuation (Figure 36) show a slight increase in e • 
measured with the Integral system at the higher wind speeds. 

If we assume that wind speed and direction fluctuations are 
statistically independent in quasi-steady conditions , then the 
average wind velocity {u) in the direction of the mean wind {x) 
is simply 

where 5 is the average wind speed and cos-a' is the time average 
of the cosine of the instantaneous direction fluctuation , e•. 

To test this simple model, we have computed the ratio u/R and the 
time average of cos e• for the 24 hour period of May 8 when the 
winds were strong (14-16 m/s} and relatively constant in 
amplitude and direction. The results are: u/R = 0.970 ~ 0.003, 
cos-~~ = 0.971 ~ 0 . 045 {standard deviation e· = 14.1°) for the 
Integral system and u/R = 0.980 ~ 0 . 002, cos-a' = 0.979 ± 0.034 
(standard deviation 9' = 11.9°) for the Standard system. The good 
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agreement between .u/R and cos-a' during the stronger winds 
confirms that the small difference in measured vector-average 
wind speeds (Figures 32 and 35) is due primarily to the more 
responsive direction sensing of the Integral system . 

8.2 Air temperature shields. 

In CODE-1 meteorological buoys were outfitted with redundant 
temperature shields in order to determine which was the more 
effective shield for use over the ocean. By comparing night-time 
and daytime temperature differences, and assuming the radiation 
heating on both sensors was equal during the night-time, we could 
determine which shield was the more effective. Between CODE-1 
and CODE-2, field tests were also run on Buzzards Bay with a 
newly constructed wind steered shield. Built of concentric t ubes 
of surlyn, aluminum and pvc, the steered shield was designed as a 
wind vane and mounted to pivot with the wind and allow direct air 
flow across the temperature sensor (Figure 37). At the same 
time, the air flows freely between the tubes to carry away 
unwanted heat . This shield was compared to the multiplate 
Thaller shield in an attempt to evaluate the performance of the 
Thaller shield in the field. 

After CODE-2, performance of the standard shield was tested in 
comparison with an R. M. Young aspirated temperature shield 
(Model No. 43404A) with a calibrated thermistor sensor . The 
Youn~ shield was modified with a de motor replacing the ac moto r 
normally supplied with the unit and a reduced air flow r e sulted . 
Results of an eight day test from a Woods Hole dock are shown in 
Figure 38 . The average difference over the record was +0 . 06°C 
with a standard deviation of 0 . 2° . The night-time average 
difference was -0.03°C with a standard deviation of 0.1° . Large 
errors occur when the wind speed is low, below about 2 m/s, and 
are most likely caused by solar heating during the daytime as the 
shield does not follow the wind , and by radiation heating of the 
aspirated standard (from the dock, buoy or ocean) at night. 
These tests are described in the WHO! Technical Report entitled 
"Air Temperature Shield Tests" by Payne (1987) . Tests by the 
Atmospheric Environmental Service of Canada have shown the 
accuracy of an off-the-shelf R.M . Young shield (Model 43404A) to 
be 0.2 °C RMS (Bob Young, Personal communication , 1988 ) 

Although the temperature difference noted in CODE-1 resulted from 
several causes, the major heating contributor was the solar 
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shield referred in the text as the steered shield, {C) wind speed 
and {D) insolation. {From Payne, 1987) 
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radiation. In general for wind speed greater than about 2 to 3 
m/s, the temperature measured in the dome-shaped shield was 
warmer than that measured in the multiplate shield during the 
daytime by 0.5 ° or less. During the Buzzards Bay tests, the 
multiplate shield temperature was less than 0.2 ° warmer than the 
wind steered shield temperature for similar conditions. Thus, if 
the steered shield heating contribution was less than 0.1 °, we 
conclude that the solar heating on the dome shield was 0.6 ° or 
less and the heating of the multiplate shield was 0.3 °C or less. 
Figure 39 shows a time series of the temperatures measured with 
the steered and the multiplate Thaller shields on a typical sunny 
day and a cloudy day. The noise on the difference results from 
variability in the temperature when the compared temperatures are 
not measured at precisely the same time. 

8 . 3 Pyranometers . 

In CODE-1, Eppley pyranometers deployed on the C3 and C5 buoys 
returned good data·. Examination of the basic insolation time 
series showed a pattern of partial shading in the.early morning 
on clear days. This pattern was rather consistent from day to 
day as clear sunny days tended to occur when the winds were 
strong and upwelling favorable and thus tending to align the buoy 
into a relatively constant geophysical orientation . Over the 108 
day CODE-1 deployment period, shadowing of the pyranometer by 
other sensors occurred 48% of the time in the C3 record and 8% of 
the time in the C5 record. The maximum error in the daily total 
insolation due to shadowing on a clear day was estimated to be 
- 2.4% at C3 and - 1.5% at C5. As the pattern of shadowing was 
consistent in each record, the basic insolation time series were 
corrected for obvious shadows. 

To compare the corrected CODE-1 pyranometer measurements, Figure 
40 shows a time series plot of the atmospheric transmittance on 
days known to be clear using the basic insolation records and 
available satellite imagery . The atmospheric transmittance is 
defined here as the corrected daily total insolation divided by 
the insolation which would be measured if there was no 
atmosphere. The no-atmosphere insolation is a function of year 
day and latitude and has been computed using the subroutine 
"BSOLAR" supplied by R. E . Payne. Also plotted in Figure 39 is 
the computed clear-sky atmospheric transmittance based on the 
clear-sky insolation formula of the Smithsonian Astrophysical 
Tables. While pre-deployment dock tests indicated that the C5 
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CODE. Wind speed, insolation and temperature difference are 
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pyranometer read 5% higher than the C3 pyranometer, the clear-day 
atmospheric transmittance data shows that both Eppley 
pyranometers track well, and that the difference between the C5 
and C3 systems is 2.6%, which is within the manufacturer's 
specification. Since we have no independent knowledge of the 
behavior of atmospheric transmittance, we cannot assess the 
question of sensor drift during CODE-1. 

In CODE-2, one Eppley pyranometer deployed at C3 and three Hy-Cal 
pyranometers deployed at R2, N3, and R3 returned complete 
records. Examination of the basic insolation time series on 
clear days showed various degrees of early morning shadowing on 
clear days. The maximum error in the daily total insolation 
occurred in the N3 record. Again, since the pattern of 
shadowing was relatively consistent for each record, the basic 
insolation time series were corrected for obvious shadows. The 
corrected CODE-2 records were then used to compute atmospheric 
transmittance during clear days (Figure 40.) The C3 Eppley and C2 
and R3 Hy-Cal pyranometers track well in time, showing a slow 
decrease in measured atmospheric transmittance during CODE-2 as 
was observed in CODE-1. The C3 Eppley and R3 Hy-Cal pyranometer 
records agree within a few percent while the C2 Hy-Cal 
pyranometer reads about 7% low in comparison with C3. The N3 Hy-
Cal pyranometer exhibits more scatter in comparison to the other 
three sensors, and a larger decrease in atmospheric transmittance 
with time, suggesting a drift in sensor calibration. The N3 
Hy-Cal pyranometer was recalilbrated by the manufacturer in 
February 1984, and found to have a 7.5% decrease in sensitivity 
since its initial calibration in February 1982. The time series 
of Figure 41 suggests that some of this sensor drift occurred 
during the CODE-2 deployment. 
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9. SYSTEM SPECIFICATIONS 

The cassette tape recorder used in the VAWR wi ll record data at a 
pre-set interval of any binary fracti o n o f an hour fr om 2 hours 
to 1.76 seconds. The CODE VAWRs were set to record 8 t i mes pe r 
hour , or 7.5 minutes. A VAWR {Wind, 2 temperatures , insolation 
and pressure) will record every 7 1 / 2 minutes for about 200 days 
with a 300 ft. tape . Standard VACM alkaline batterys will last 
about 200 days. 

Listed in Table III are standard wind recorder specifications f o r 
the VAWR with 7 1/2 minute record interval . . In some cases the 
resolution depends on this averaging {recording ) interval. 

Table III. 
Sensor and System specifications for the CODE VAWRs 

Wind Speed: 
R. M. Young Annemometer # 6301 

Threshold: 0.2 m/ s 
Range: 0.2 to 50 m/ s 
Sensor accuracy: 0.2 rn / s 
System accuracy: 0.2 rn / s 
Resolution: 0.375 meters o f air 
Distance Constant: 3. 7 me ter s 

Wind Direction relative to the instrument: {See no t e 1 ) 
R. M. Young Wind-vane # 61 01 

Sensor accuracy: < 2.8 
System accuracy: < 8.5 
Resolution: 2.8 degr~es 
Range: 0 - 360 degrees 

degrees {1 bit ) 
degrees 

{7 bit encoder ) 

Wind-vane delay distance : 1. 2 meters 

WHOI Integral vane (Custom) 

Sensor accuracy: 2.8 degrees 
System accuracy: < 8.5 degrees 
Resolution: 2.8 degrees 
Range: 0 - 360 degrees 
Wind-vane delay distance: 0. 7 5 me ter 
Vane-follower time constant : 1 s e cond 
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TABLE III Continued . 

Instrument Orientation 
EG&G compass # 55570 

Sea temperature: 

Linearity: < 5.6 degrees (2 bits) 
System accuracy: < 8.5 degrees 
Alignment: < 2.8 degrees (1 bit) 
Resolution: 2.8 degrees (7 bit encoder) 
Time Constant: 10 seconds 

Thermometries Thermistor # A118W-USSP100BA202XA1-A 

Air temperature: 

(Probe # A667-USSP100BA202XA1-A) 

Sensor accuracy: 0.003°C 
System accuracy: 0.010°C 
Resolution < 0.0002 °C 
Range: -5 to +30°c 
Thermal Time Constant: 7 sec 

YSI Thermistor # 44007 in WHOI Thaller Shield. 

Insolation: (See Note 2) 

Sensor accuracy: 0.2°C 
System accuracy: 0.4°C (wind > 2 m/s) 
Resolution: < 0.0002°C 
Range: -10 to +35°C 
Thermal Time Constant: 150 sec (in water) 

Eppley pyranometer # 8-48; Hy-Cal pyranometer # 8405: 

Sensor accuracy: + 3% (42 W/m2 ) 
System Accuracy: ~ 5% (70 W/m 2 ) 
Resolution: 0.003 W/m2 (Eppley) 

0.01 W/m2 (Hy-Cal) 
Range: > 1394.6 W/m2 (1 SC) 
Time Constant: 3 to 4 seconds 
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Barometric pressure: (See Note 3) 
Paroscientific pressure transducer # 215-AS-602 

Sensor accuracy: 0.15 mbar (wind < 30 ml s) 
System accuracy: 0.3 mbar 
Resolution: 0.1 mbar 
Range: 0- 1034 mbar (0- 15 psi.) 
Over-pressure: 1.2 x FS (1240 mbar) 
Null Stability: 0.016% I year 
Thermal Stability: .0047% I 0 c 

Relative Humidity: (See Note 4) 
Hy-Cal relative humidity probe # HS-3552-B 

Notes to Table III. 

Sensor accuracy: ±6% RH 
Resolution: .003% RH 
Range: 0 - 100 % RH 

1. Direction accuracy given here is the sum of compass and wind­
vane errors for the VAWR. Specifications such as those listed do 
not adequately describe the instr~mentation; critical time 
varying inputs are often left unspecified. The platform motion 
may cause significant direction errors and must not be ignored in 
an error analysis. For example, the present VAWR compass has a 
10 second time constant, meaning that the compass requires 10 
seconds to fully respond to a step input. On an active buoy, the 
direction errors may be very large under certain conditions of 
non-symmetrical motions. The specifications listed are worse 
case totals, and better performance estimates may be determined 
from intercomparison tests such as those described in Section 8. 

2. Accuracy specification assumes the sensor is horizontal 
(level). 

3. It has been learned (1986) that the pressure transducers used 
in CODE exhibit a relatively large temporal and thermal drift in 
calibration. See the text for more detail (Section 6). 

4. Accuracy quoted is the manufacturer's specification which 
was not verified in the field due to problems (see Section 7 of 
the text). 
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10. CONCLUSIONS 

CODE and the VAWR represented renewed efforts at WHOI to make 
scientific quality meteorological measurements at sea. Building 
on the earlier work of Payne, Halpern and others, CODE began an 
era of wind measurements recently concluded with a 5-month deep 
ocean deployment of a 5 element moored array of meteorological 
buoys in FASINEX. By using the proven reliability of the VACM as 
a base, we successfully avoided most of the painful stage of 
implementing a newly developed instrument. The combination of 
the Gill-designed R . . M. Young anemometer, the Integral vane and 
the Thaller shield has proved a rugged, reliable and accurate 
wind recorder for extended use at sea. 

The Integral VAWR was used later in SEQUAL, TROPIC HEAT , LOTUS , 
MILDEX, and FASINEX. Two Standard VAWRs monitored the winds of 
the Strait of Gibraltar from a castle in Tarifa and a seaside 
knoll in Morocco. There have been lots of problems as well as 
successes and some of the things we have learned from the CODE 
and post-CODE deployments are briefly mentioned here for 
consideration in the development of an even better system of high 
quality at-sea moored meteorological measurements. 

1. Wind sensors with "moving parts'' do work for long periods at 
sea and are reliable. Control on the source of crucial 
components such as bearings must be carefully monitored. 

2. Temperature shields are crucial, and measurements to .05°C are 
believed possible but not easy. The Thaller-type multi-plate 
shield is better than the dome shield, but for wind speeds below 
about 2 m/s, all naturally ventilated shields we tested fail. A 
wind-steered shield can be made which approaches the accuracy of 
an aspirated shiel·d above speeds of 2 m/s . Water temperature 
measurements can be made 5 to 10 times more accurately. 

3. Insolation data are crucial to heat flux calculations. 
Sensors must be gimballed if large errors due to buoy tilt are to 
be avoided. Improvements in pyranometer response {calibrations) 
are required. Fouling of glass domes does not appear to cause a 
problem at the +3% accuracy level, but may be at the ±1% {10 W/ m2 ). 

4. Transducers can be temporally and thermally unstable, 
performing as much as ten times worse than expected. 
There is little published long-term data on most newer sensor 
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designs. Manufacturers specifications, published data and 
reports cannot be trusted on face value. Frequent calibrations 
must be performed and a calibration history maintained on all 
sensors . 

5. Humidity data (also crucial to heat flux calculations) 
continues to be elusive; this variable is the most difficult we 
attempt to measure and our record is poor . 
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