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COMPARISON OF MAST AND BOOM WIND SPEED AND DIRECTION 
MEASUREMENTS ON U.S. GATE B-SCALE SHIPS

Katherine B. Kidwell and Ward R. Seguin

Center for Experiment Design and Data Analysis 
Environmental Data Service 

National Oceanic and Atmospheric Administration 
Washington, D.C. 20235

Abstract. During the 1974 GARP Atlantic Tropical 
Experiment (GATE), wind measurements were made 
aboard four U.S. ships with identical microvane 
and cup anemometers mounted on the forward masts 
and on booms extending from the ships’ bows.
Study of the simultaneous wind observations by 
the mast and boom sensors shows wind speed differ­
ences varying from 0 to 1.0 m/s and wind directions 
varying between ± 15 for relative wind directions 
from 270 through 0 to 90°. These differences are 
dependent upon the relative wind direction, the 
wind speed, the heights of the sensors above sea 
level, the exposure of the sensor, and atmospheric 
stability. Wind speed differences are found to 
increase linearly when the wind direction is on the 
bow and in some cases nonlinearly when the ship 
lies normal to the wind. Specific biases in the 
wind measurements for each of the four ships are 
tabulated for the benefit of users of the archived 
GATE surface data.

1. INTRODUCTION

Accurate surface wind observations were an important requirement of the 1974 GARP-L Atlantic Tropical Experiment (GATE) as outlined in GATE Report 
No. 3 (1974). Synoptic analysis of surface fields, computation of kinematic 
divergence and vorticity fields, and calculation of surface fluxes of momentum, 
and latent and sensible heat are all dependent upon wind measurements. Yet, 
very little has been known quantitatively about wind observation errors aboard 
ship.

Augstein et al. (1974) compared wind speeds measured on the mast of the 
ship Meteor with those measured on a meteorological buoy and found that the 
mast wind speeds are systematically smaller than the measurements at the buoy, 
with the differences increasing with increasing wind speed. Ching (1976), in 
comparing wind speed measured by mast and boom sensors during the 1969 Barbados 
Oceanographic and Meteorological Experiment (BOMEX), found that mast wind speeds
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2
are strongly affected by the ship’s superstructure when the ship is lying 
broadside to the wind. Seguin and Garstang (1971) found the mast-boom wind 
speed differences to be influenced by atmospheric stability. Despite these 
studies, quantitative data have been meager.

Before GATE, the advantages and disadvantages of mounting meteorological 
instrumentation on buoys versus ships were discussed, with considerations of 
cost and time ruling in favor of the latter. As a partial solution to the 
old question of where best to place meteorological sensors aboard ships, and 
to increase the likelihood of collecting high quality data, four of the U.S. 
GATE B-scale ships were equipped with identical sensors mounted on both the 
forward masts and on booms extending from the ships’ bows. The microvane and 
cup anemometers used are shown in figure 1. Their location on the boom is 
indicated in figure 2 and their positions on the masts of the four ships, the 
Researcher, Gilliss, Dallas, and Oceanographer, are shown in figures 3, 4, 5, 
and 6, respectively. Table 1 shows the sensor heights.

Table 1.—Wind sensor heights

Ship Boom sensors 
(m)

Mast sensors 
(m)

Researcher 10.0 24.1
Gilliss 8.2 18.3
Dallas 8.7 23.8
Oceanographer 10.5 29.6

The wind speed and direction data collected by both mast and boom sensors 
by the four ships during the three observation Phases of GATE provided an 
excellent opportunity to examine differences between mast and boom wind 
observations. In this study, the differences between mast and boom speeds and 
directions are analyzed both as a function of relative wind direction and of 
wind speed for evidence of systematic obstructive effects. The influence of 
atmospheric stability on the wind speed differences is also discussed.

2. METHOD OF ANALYSIS AND RESULTS

Data were acquired at a rate of two samples per second and were recorded 
on pulse code modulation (PCM) analog tape. In subsequent computer processing, 
these data were edited, corrected for ship velocity and ship heading^and then 
averaged to produce 3-min averages. The average wind directions were 
calculated from the u- and v-components; the average wind speeds, from scalar 
speeds only. The instrumentation, field data collection, and data processing 
have been described in detail by Seguin et al. (1977).

Twelve 3-min average data sets were used in the analysis, one for each 
ship for each Phase of GATE. Each Phase lasted roughly 20 days, giving a 
maximum of approximately 9,600 samples of 3-min pairs of mast-boom data. The
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wind speed and direction data are relatively free of errors, but gaps do exist 
as a result of sensor maintenance and interruptions in the recording of ship 
velocity and ship heading data.

Two methods were used in comparing the mast and boom wind measurements.
By the first method, mast-boom differences are examined with emphasis on 
relative wind direction; by the second, with emphasis on variations in the 
wind speed. The techniques used are described below, with results presented 
for each of the four ships.

2.1 Differences Calculated by Method 1, With Emphasis 
on the Changing Relative Wind Direction

Differences were calculated for two wind speed classes, < 5 m/s and _> 5 
m/s, and 72 relative wind direction classes defined by a 30° wind direction 
window that was rotated in 5° increments around the compass as shown in 
figure 7. Because these windows overlapped, individual samples were counted 
more than once.

2.1.1 Wind Speeds

The mast and boom wind speeds and their differences (mast minus boom) 
were accumulated and averaged for each of the seventy-two 30° windows. By 
this technique, the data were sorted as a function of the relative mast wind 
direction and speed, independently of time, with values representing the 
averages for each of the 30° windows for an entire GATE observation Phase.
The average mast-boom wind speed differences were displayed as polar plots, 
and linear plots were prepared of the average wind speeds.

Polar Plots

Figure 8 shows the differences for the Researcher during Phase I. The 
radii in this and subsequent plots represent the magnitudes of the differences 
in speed, and the angles represent the central angles of the 30° windows.
Since all directions were computed relative to the ship, with ship heading 
removed, 0° refers to wind on the bow, 90° to wind on the starboard (right) 
side, and so on. The inner curve shows the wind speed differences for mast 
winds < 5 m/s; the outer curve, for mast winds > 5 m/s.

As seen in figure 8, the wind speed differences for the Researcher are 
not symmetrical about the 0 to 180° axis, and the pattern for both wind speed 
classes is about the same. Table 2 shows the angles for the minimum and 
maximum wind speed differences for the two wind speed classes for all three 
Phases. The consistency from Phase to Phase and the fact that the angles in 
any one column do not vary by more than 15 to 20° support the validity of the 
results, suggesting that the patterns observed are related to obstructions on 
the ship.

The wind speed difference curves for the Gilliss, Dallas, and 
Oceanographer for Phase I are plotted in figures 9, 10, and 11, respectively. 
In the case of the Gilliss, the differences for high winds are strongly 
asymmetrical for angles of 270-0-90°, with fairly large differences (1.0 m/s)
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Table 2.—Angles (in degrees) for Researcher minimum and 

maximum mast-boom wind speed differences

Phase Minimum Minimum Minimum Maximum Maximum

Low wind speed class (< 5 m/s)

I 2 80 270 45 207
II 5 105 260 35 310

III 15 90 290 50 320

High wind speed class (j> 5 m/s)

I 0 82 260 45 300
II 357 85 270 50 302

III 7 85 285 50 315

between 60 and 100°, contrasted with differences of only 0.1 to 0.2 m/s at 
relative angles between 270 and 330°. The same asymmetric pattern is evident 
for the low wind speed class.

For the Dallas, the differences also show a characteristic pattern for 
both wind speed classes for Phase I, as seen in figure 10, as well as for 
Phase II, based on the tabulations in the appendix. Minimum mast-boom 
differences occur when the relative wind direction is on the bow. Because of 
a sporadically bad boom wind sensor during Phase III, the differences for that 
period, also given in the appendix, are not representative.

The patterns for the Oceanographer are consistent for all three Phases 
in the case of both high and low wind speeds. Minimum differences between 
270-0-90° are found between 330 and 60°; maximum differences (~0.8 m/s), 
between 80 and 90°.

Linear Plots

To examine the variations in wind speeds measured by each sensor on 
each ship, which might help explain the differences seen in the polar plots, 
the average speeds were plotted on linear graph paper. Mast and boom data for 
both wind speed classes (< 5 m/s and 5 m/s) were plotted. With a 
sufficiently large sample, the average for each class should change very 
little, and any deviations could then be assumed to be caused by the super­
structure of the ship.

Figure 12 shows that low wind speeds on the Researcher in Phase I 
averaged ~3.0 m/s (within 0.5 m/s) at relative wind directions from 270 
through 0 to 120°. Between 120 and 240°, there is a pronounced drop in both 
the mast and boom wind speeds, a "blind zone” presumably caused by ship obstruc­
tions. The low wind speed curves also suggest that the measurements on the 
mast were noticeably lower for some relative wind directions, such as 90°.
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The Gilliss Phase I data are shown in figure 13* Assuming the true 
average low wind speed is approximately 3.0 m/s, both the mast and boom 
sensors show lower values between 120 and 250° as a result of the effect of 
the ship. Between 80 and 130°, the boom wind speeds increase noticeably in 
comparison with the mast winds for both wind speed classes. On the port side 
of the ship, the measurements correspond very closely, but on the starboard 
side the differences are considerable.

As seen in figure 14, the Dallas mast and boom measurements are 
relatively consistent for the low wind speed class. The !,blind zone" appears 
to be between 110 and 240 . In the case of high wind speeds, the boom 
averages are noticeably lower than the mast averages at angles between 240 and 
280° and between 50 and 80°.

The average wind speeds for the Oceanographer are plotted in figure 15, 
where the obstructive ship effect is evident between 110 and 270°. Observa­
tions for this window were too few for conclusions to be drawn in the case of 
the high wind speed class. Outside this window, both the mast and boom 
averages in both wind speed classes are closely matched, with a slight dip in 
the boom measurements near 80°.

The wind speed difference patterns discussed above illustrate the 
complex influence of the ship on wind velocity measurements. The fact that 
these patterns for each of the four ships are consistent from Phase to Phase, 
and in some cases for both the low and the high wind speed class, support the 
validity of the analysis and the deduction that the differences observed are 
related to obstacles on the ships. The linear plots of the average wind 
speeds show that neither sensor, mast nor boom, is best for all relative wind 
directions. These plots also indicate that the influence of the various ships 
on measured velocity varies with wind speed, and that the differences are very 
small for light wind speeds. This is examined further in section 2.2.

2.1.2 Wind Directions

Wind direction differences were computed for each ship in much the same 
way as were the wind speed differences. Differences in wind direction were 
not computed when mast wind speeds were < 1 m/s. Since the 3-min average wind 
direction data used in the analysis were calculated from the u- and 
v-components of the wind, they were not independent of the wind speeds and 
biases in the speeds, discussed above. However, these 3-min average wind 
directions comprise the data that are part of the GATE archive and available 
to users.

Polar Plots

Figure 16 shows a polar plot of the mast-boom wind direction differences 
for the Researcher in Phase I for the two wind speed classes (< 5 m/s and 
>_ 5 m/s). As seen, the differences range from -6 to 2° for mast relative wind 
directions of 270 through 0 to 90°. Table 3 gives typical magnitudes of these 
differences for each Phase, and shows that the differences change slightly in 
Phase II and more noticeably in Phase III. The 8° change at 300° cannot be 
explained by the rotation of the sensors1 bases because of the small change at 
60°. Complete tabulations for all Phases axe given in the appendix.
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Table 3.—Mast-boom wind direction differences (in degrees) for 

the Researcher at selected relative wind directions

Phase 300° 0° 60°

Low wind speed class (< 5 m/s)

I -4.5 -2.2 0.9
II -4.5 -1.5 2.2

III 3.9 5.8 4.4

High wind speed class (j>- 5 m/s)

I -5.6 -2.7 1.2
II -4.6 -1.4 2.5

III 5.1 5.5 5.8

The Phase I Gilliss mast-boom wind direction differences for both the 
low and high wind speed classes are plotted in figure 17, which shows differ­
ences ranging from -8 to 0° at relative wind directions from 270 through 0 to 
90°. Differences for selected wind directions for all three Phases are given 
in table 4, which indicates an increase in these differences from Phase I to 
Phase II, and a lesser increase in Phase III. The consistency in the increase 
between Phases I and II suggests a rotation by one of the sensors relative to 
the other by approximately 6°.

Table 4.—Mast-boom wind direction differences (in degrees) for 
the Gilliss at selected relative wind directions

Phase 300° O ON o0°

Low wind speed class (< 5 m/s)

I -4.2 -1.0 -4.9
II -10.1 -6.5 -9.6

III -8.6 -8.1 -14.1

High wind speed class (>_ 5 m/s)

I -4.1 -0.5 -4.6
II -9.2 -5.6 -9.8

III -8.5 -6.8 -12.0
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The Dallas Phase I mast-boom wind direction differences for both wind 
speed classes are small, as seen in figure 18, They range from approximately 
-7 to 5° for relative wind directions from 270 through 0 to 90°. Table 5 
shows that this pattern is also true for the other Phases, which is further 
borne out by the complete tabulations in the appendix. Differences for the 
Oceanographer are also small, as shown by the plot in figure 19 and by table 
6," which lists differences at selected relative wind directions for all Phases.

Table 5.—Mast-boom wind direction differences (in degrees) for 
the Dallas at selected relative wind directions

300°Phase 0° o o

Low wind speed class (< 5 m/s)

I
II

III

-6.5
- 7.7
-7.0

2.5
2.8
2.9

3.6
5.1
4.6

High wind speed class (_> 5 m/s)

I
II

III

-6.8
- 7.7
-7.4

2.8
2.4
2.3

4.3
5.0
3.7

Table 6.—Mast-boom wind direction differences (in degrees) for 
the Oceanographer at selected relative wind directions

Phase 300°

oo0°

Low wind speed class (< 5 m/s)

I
II

III

0.6
0.7

-0.6

-2.2
-2.1
-2.5

-1.6
-0.7
-1.5

High wind speed class (_> 5 m/s)

I
II

III

1.4
0.9
0.0

-2.1
-1.8
-2.3

-2.3
-0.8
-1.6
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Linear Plots

For further examination of the mast-boom direction differences seen in 
the polar plots, linear plots of the average relative wind directions for the 
central angle of each 30° window, based on Phase I data from the four ships, 
are shown in figures 20 to 23. In the case of the Researcher, for example, 
figure 20 indicates little differences between the mast and boom average wind 
directions at relative wind angles between 25 and 100°. The variations are 
considerable, however, in the "blind zone" between 100 and 250°, and approach 
5° at angles between 250 and 20°.

2.2 Differences Calculated by Method 2, With 
Emphasis on Variations in Wind Speed

When this study was begun, one hypothesis to be investigated was that 
the differences between the mast and boom wind speeds would increase with 
high wind speeds, and that this increase might be sudden as the true wind 
speeds reach a magnitude turning the flow over the ship from smooth to rough. 
To test this hypothesis, four fixed wind direction classes and 11 wind speed 
classes were defined based on the mast sensors. The mast wind directions were 
used in sorting the mast and boom wind speeds into one of the four quadrants 
shown in figure 24. The speeds were then further sorted into 11 subclasses 
based on the mast wind speeds, with 10 of the classes defined as 1 m/s 
increments between 0 and 10 m/s, and the 11th consisting of wind speeds 
>10 m/s. For each class, average wind speed differences were calculated and 
differences from Phase to Phase in terms of the four wind direction quadrants 
were examined. These differences were also compared with wind speed 
differences computed from the logarithmic wind law

* * 2Au = -— Zn — ,k z-

where Au is the wind speed difference between the mast and the boom, k is 
von Karman1s constant of 0.4, and z2 and z are the heights of the mast and 
boom sensors, respectively. The friction velocity u* was calculated from u* = 
(x/p)^, where t is the surface stress, and p is the air density; x being 
computed from the bulk aerodynamic formula x = pC u2, with a drag coefficient 
of C = 1.5 X 10“3.

Figure 25 shows the Researcher mast-boom wind speed differences in 
Phase I for quadrant 1. Except at wind speeds < 1 m/s, the differences 
increase nearly linearly. This figure also shows that the differences pre­
dicted by the neutral log wind law are greater than the mast-boom differences 
computed from the data, and that this discrepancy increases with higher wind 
speeds. Similar plots for the Gilliss, Dallas, and Oceanographer in figures 
26, 27, and 28, respectively, also support the fact that the differences 
increase with increasing wind speed but not as rapidly as predicted by the 
log wind law. The curves for the Gilliss and Dallas are not as smooth as 
those for the Researcher and Oceanographer. In the case of the Gilliss, the



9

variations seen at high wind speeds are attributable to the small sample used 
in calculating the averages, and the sharp deviations in the Dallas Phase III 
data are the result of a faulty boom sensor.

For the other wind direction quadrants, results vary from ship to ship. 
The curves for the Researcher for quadrant 2, plotted in figure 29, are 
similar to those for quadrant 1 (fig. 25), while for the Gilliss the quadrant 
2 results in figure 30 suggest a more rapid increase in mast-boom wind speed 
differences at speeds > 7 m/s during all three Phases than predicted by the 
log wind law. The reason may lie in a change of flow from smooth to rough, 
with an obstruction on the ship becoming more prominent. The data sample used 
is too small, however, to determine the cause of the discrepancies, and the 
limited sampling in itself may have affected the computations.

The quadrant 4 mast-boom wind speed differences for the Dallas, shown 
in figure 31, are greater than the theoretical differences calculated from the 
log wind law, which implies that for this wind direction quadrant some part of 
the ship acts as an obstruction, increasing the differences between the 
measurements by the two sensors at higher wind speeds.

As seen in figure 32, the results for quadrant 2 in the case of the 
Oceanographer do not differ noticeably from those for quadrant 1. The larger 
differences at high wind speeds (fig. 28) probably stem from the limited 
number of observations.

3. INFLUENCE OF ATMOSPHERIC STABILITY ON WIND SPEED DIFFERENCES

Atmospheric boundary layer stability is linked by definition with the 
vertical gradients of temperature and wind speed. To determine whether the 
mast-boom wind speed differences are a function of atmospheric stability, 
these differences were calculated and plotted in terms of 10 stability classes, 
based on Researcher Phase III data. Stability was calculated from the bulk 
Richardson equation (Deacon and Webb, 1962)

r, o-Gt, = £z h o a
B T 2 2T um a

where g is the acceleration of gravity, z is the height of the sensors above 
sea level, r and are the profile coefficients for wind and temperature, 
respectively, 0 is the potential sea surface temperature, 0 is the potential

O £1 ^temperature of the air at the level of the boom sensor, and ua is the wind 
speed at the boom sensor level.

To isolate the effect of stability, the average mast-boom wind speed 
differences were subtracted from the speed differences of each stability class. 
These average speed differences were derived from figure 25 In section 2.2.
The results show that the mast-boom differences decrease monotonically from
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0.4 m/s to less than 0,1 m/s with increasing atmospheric instability. Figure 
33 also shows that sea-air temperature differences first increase sharply from 
0.7 C to 2.1°C and then drop off to approximately 1.8°C in the Phase III 
Researcher data.

4. SUMMARY

In this study, differences in mast and boom wind speed measurements 
aboard four U.S. GATE ships have been examined as a function of relative wind 
direction and as a function of two wind speed classes (< 5 m/s and > 5 m/s). 
The results show differences ranging from 0 to 1 m/s for relative wind 
directions ranging from 270 through 0 to 90°, with difference patterns being 
consistent from Phase to Phase and from the low wind speed class to the high 
wind speed class. These difference patterns indicate that wind measurements 
are very sensitive to permanent ship obstructions, and the plots presented 
here of average mast and boom wind speeds for the two wind speed classes (cf. 
figs. 12-15) help delineate the relative wind directions for which the effect 
of such obstructions is most pronounced.

Al^four ships were found to have a "blind zone" ranging from at least 
120 to 240 due to the ships’ masts, the stacks, and other equipment. The 
size of this zone is nearly the same for both the mast and the boom sensors. 
There are obstacles, however, that influence the two sensors differently. An 
example is the Gilliss (cf. fig. 13), where an obstacle on the ship appears to 
make winds measured on the boom increase sharply in comparison with the mast 
measurements. Because the mast wind velocities were used in this study as the 
reference data set, these anomalies seem to lie in the boom data, when, in 
fact, they may be attributable to the mast data. The mast wind speeds are apt 
to be more suspect than the boom speeds because the mast sensor on the Gilliss 
was mounted on a catwalk to the left of the mast; the wind speeds corresponding 
to relative wind directions of 90° would be influenced by the mast, causing a 
drop in the speeds measured by the mast sensor and, hence, an apparent increase 
in the boom wind speeds. Had the boom speeds been used as the reference data 
set, the anomaly would have appeared in the mast data.

Similarly, the patterns derived for wind direction differences of ± 15° 
are also consistent from Phase to Phase and almost identical for both wind 
speed classes. The abrupt changes in average directions (cf. figs. 20-23) 
indicate that wind direction measurements are also sensitive to ship obstruc­
tions. Pronounced variations are found in the "blind zone," and at some 
angles the mast and boom sensors are not influenced in the same way.

It has been illustrated that the mast-boom wind speed differences 
increase almost linearly with increasing wind speed and for relative wind 
directions from 315 through 0 to 45°, but the increase is smaller than would 
be expected from calculations based on the neutral log wind law. For other 
wind directions, the reverse is true in some cases. The differences based on 
the Gilliss and Dallas data show a more rapid increase than predicted by the 
log wind law, undoubtedly as a result of ship obstructions.
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Results also indicate that atmospheric stability is related to the 

vertical gradient between the mast and boom sensors, with increasing 
instability being accompanied by a decrease in the vertical wind gradient.

5. CONCLUSIONS

The large volume of wind velocity data collected aboard the U.S. ships 
during the three GATE observation Phases provide an unusually good opportunity 
for studying differences in wind velocities as measured on the forward masts 
and on the ships’ bow booms. The sensors were identical in design and were 
carefully calibrated both before and after the experiment.

The results of this study indicate that the quality of the wind data is 
dependent upon sensor location, the superstructure of the ship, and the 
relative wind direction and wind speed. The average wind speeds as measured 
by the mast and boom sensors also suggest that sensors mounted on the boom do 
not necessarily yield more reliable measurements than those on the mast. On 
the Researcher and Oceanographer, for which the data are as good in quality as 
one could hope to obtain aboard ship, the mast sensors were mounted on small 
horizontal masts extending forward of the main mast. The differences in the 
mast and boom wind speed measurements on these two ships were small, and 
variations at relative wind directions from 270 through 0 to 90° were not 
large. Neither of these two data sets supports the theory that relative wind 
directions normal to the ship significantly affect the mast-boom wind 
differences. On the Gilliss and Dallas, in contrast, ship obstructions 
affected the mast measurements more strongly, as borne out by the results 
presented here.

Without an absolute measure of wind speeds and directions, it is 
difficult to say which sensors, mast or boom, most precisely respond to real 
wind variations. However, this study suggests that both mast and boom sensors 
can be mounted to yield reasonably good wind observations for relative wind 
directions from 270 through 0 to 90°, and that the attitude of the ship should 
be maintained so as to keep the relative wind direction between these angles.

Finally, without prior knowledge of how wind speeds increase with 
height, it is probably impossible to precisely correct mast wind speeds to 10m 
for bulk flux computations. If at some time during an experiment, however, 
one can determine the expected differences between the mast and boom data as a 
function of wind speed, relative wind direction, and atmospheric stability, it 
would be possible to correct the mast wind velocities to the level of the boom 
observations. This requires that the wind speed, ship’s heading, and 
atmospheric stability be given. It is, therefore, important in future 
meteorological experiments that ship heading data be retained as a part of the 
basic data set.
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Figure 1.—Microvane and cup anemometer.
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Figure 2.—Schematic of the bow boom.



14

Figure 3.—Location of mast wind sensors on the Researcher.
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Figure 4.—Location of mast wind sensors on the Gilliss.
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Figure 5.—Location of mast wind sensors on the Dallas,
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Figure 6.—Location of mast wind sensors on the Oceanographer
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Figure 7.—Schematic of 30° window for 
sorting wind velocity data.
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Figure 24.—Quadrants used in sorting 
mast wind directions.
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Figure 25.—Linear plot of quadrant 1 mast-boom wind speed differences vs.
mast wind speed categories for all Phases for the Researcher.
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