
he
rt
t,

he
d
e

nt

ly
n
s.
re

re
s.
er

an
e
of

ise
cts
as

ility

er

ne
rt
A New Beaufort Equivalent Scale

Ralf Lindau

Institut für Meereskunde

Düsternbrooker Weg 20

D-24105 Kiel, Germany

Abstract

By comparing Beaufort estimates with simultaneous wind speed measurements t
relationship between both parameters can be determined in form of a Beaufo
equivalent scale. Previous equivalent scales were derived without regard to the fac
that the error variances of the basic observations are different. In most cases, t
variance of only one parameter minimized, either the variance of the Beaufort estimate
or the variance of wind measurements. Such regression methods do not yield th
universal relationship between both parameters, which is required for an equivale
scale.

Therefore a new Beaufort equivalent scale is derived by comparing the three-hour
wind speed measurements from six North Atlantic Ocean weather stations betwee
1960 and 1971 with more than 300,000 Beaufort estimates of passing merchant ship
But these two raw data sets are not comparable without regard to the different structu
of error variances.

Firstly the random observation errors of the estimates and of the measurements a
calculated to separate the error variance from natural wind variability in both data set
In this way it can be shown that, as expected, the measurements from ocean weath
stations are much more accurate than wind estimates. The difference in accuracy c
be quantified. Secondly, daily means of wind speed from the measurements of th
stationary ocean weather ships and spatial means from simultaneous estimates
surrounding merchant ships within an averaging area are computed. The latter compr
more individual observations than the means of ocean weather ships, so that the effe
of the different observation accuracies are compensated. The radius of averaging are
are calculated separately for each season and each region, so that the spatial variab
within this area is equal to the temporal variability at the ocean weather station within
24 hours. Only such pairs of averaged observations are suitable, because neith
random observation errors nor natural variability has a falsifying effect. On these
especially generated data pairs the method of cumulative frequencies, which allows o
to detect also non-linear relationships, is applied in order to obtain the optimal Beaufo
equivalent scale.
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Introduction

Today a large portion of wind observations at sea is still reported in terms of Bea
force. Beaufort estimates are made subjectively and based on the visual appearance of
surface (Petersen, 1927). But the usual parameterizations of interactions between oce
atmosphere need the information of the metric wind speed 10 in above sea level. There
Beaufort equivalent scale, which attaches a wind speed value to each Beaufort step, is o
importance especially for the study of air-sea fluxes (Isemer &Hasse, 1991).

Since about 100 years many attempts have been made to determine the un
relationship between Beaufort force and wind speed. In any case, equivalent scale
evaluated by comparing Beaufort estimates with neighboring wind measurements
regression line, based on such pairs of observation, yields the requested equivalent sca
there are at least two ways to calculate a regression line: either by minimizing the varian
the Beaufort estimates while considering the measurements as independent parame
conversely, by minimizing the variance of the wind speed. The first method yields
regression of Beaufort on wind speed, the second the regression of wind speed on Bea

It is well known, that these two one-sided regressions are useful to predict the
probable value of the wind speed for a given individual Beaufort estimate, and vice versa
this is not, what an equivalent scale should perform. An equivalent scale should giv
universal relationship between both parameters. In principle, this relationship is defined b
orthogonal regression, lying exactly between the two one-sided regressions. However, th
variances of both parameters have to be equal, otherwise the best equivalent scale is t
the more accurate parameter.

These considerations are rather old. At the end of the last century Köppen prop
firstly in a publication of Waldo (1888), to consider the wind speed as independent an
average the Beaufort force. Other researchers followed him, and it became customary
the regression of Beaufort on wind speed as equivalent scale. The most famous exam
this kind of evaluation is the Code 1100, originally derived by Simpson (1906). This old W
scale (Fig. 1) is still in use.

In contrast, since about 1945 most scales have been based on the reverse regress
wind is averaged for each Beaufort number (Roll, 1951; Verploegh, 1956; Richter, 1
WMO, 1970). Consequently, the regression of wind speed on Beaufort is obtained.
accordance of nearly all modem scales in their relatively low slope does not prove
shortcoming of the old WMO scale. The reason for the difference is simply the use of diffe
regression methods. Neither method is absolutely correct for deriving an equivalent
However, the old method, averaging the estimates, is better, if the measurements are
accurate. (Actually they are, which is shown subsequently.) In any case it is impossib
derive a correct equivalent scale without knowledge of the error variance in both param

Data

Individual wind observations from six Ocean Weather Ships (OWS) in the No
Atlantic and from neighboring Voluntary Observing Ships (VOS) were taken from COA
(Fig. 2). In order to derive a Beaufort equivalent scale, wind measurements and estimate
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to be separated to be able to compare measurements from OWS with estimates from
However, the only information in COADS concerning the kind of observation is a fl
indicating whether the wind is measured or whether the observation method is unkn
Additionally, this flag seems to be not very reliable. (Isemer and Lindau, 1994). For this re
all wind observations from OWS are assumed to be measured without regard to the fla
VOS reports, flagged as unknown, are assumed to be Beaufort estimates.

In COADS direct information about Beaufort force is only available in some decks.
standard information concerning the wind force is given in knots, even if the wind
originally estimated. Obviously the wind speed was obtained by converting the estimates
the old WMO scale Code 1100. In the following computations these knot-values will be u
because averaging Beaufort numbers is difficult due to the nonlinear character of the Be
scale.

In this study the period from 1960 to 1971 is considered. The fifties and sixties w
the decades with the largest number of OWS in the North Atlantic. The evaluations
restricted to an even more limited period, because there are indications of a time-drift o
scale. Therefore, first an equivalent scale has to be developed for a certain, relatively
period. After that, a calibration with pressure gradients allows to calculate a time depe
scale. The latter was done in another study, also published in this volume.

Error Variances of the Observations

As mentioned above, it is necessary to know the magnitude of the observation err
both parameters, in measurements and in the estimates, before deriving an equivalent 

The random error variance of Beaufort estimates from VOS is calculated in
following way. Pairs of simultaneous observations are formed within the VOS data set
difference in wind speed between two ships is computed, squared and summed up, sep
for 50 different classes from 10 km to 500 km. In this way the mean total variance of
observed wind is obtained as a function of distance∆x (Fig. 3). Two factors contribute to the
variance: on the one hand true natural wind variability, in this case pure spatial varia
because the observations are simultaneous, and on the other hand random observation
Of course the total variance is growing with increasing distance, reflecting the spatial
variability. At the distance∆x=0 no natural wind variability remains, so that here the to
variance consists exclusively of the error varianceσο

2. Theσο
2 cannot be calculated directly

because two ships cannot be in the same place at exactly the same time. However, an e
of σο

2, may be obtained by a linear fit for the total variance and extrapolating to∆x=0. In this
way an error varianceσο

2= 47 kn2 results. As variances of differences between tw
observations, respectively, are considered, the value ofσο

2 comprises the inaccuracy of two
ships. Thereforeσο

2 has to be divided by two to get the mean error variance of a single s
Thus, the mean error variance of wind observations from merchant ships can be estima
23.5kn2.

In order to obtain the error variance of OWS measurements, the procedure is rep
with simultaneous pairs consisting of one VOS observation and one OWS observ
respectively (Fig. 4). Now, the total variance increases faster with distance than in the first
when VOS-VOS pairs were considered. This is due to the fact, that OWS are measurin
234
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wind speed about 25 m above sea level, while the WMO scale Code 1100, which was u
convert the VOS estimates, is defined for a height of 10 m. Therefore, there is an addi
reason for wind speed differences between OWS and VOS. Not only natural wind varia
and observation errors, but also a different reference level contributes to the variance.
easily be shown, that this effect increases with distance.

In order to exclude the effect of different reference levels, individual OW
measurements are reduced from 25 m to 10 m, by assuming a logarithmic wind profile
using drag coefficients according to Large and Pond (1981). The stability is taken into ac
and a constant relative humidity of 80% is supposed. After the reduction the slope of the
fit for OWS-VOS pairs is equal to the increase for VOS-VOS pairs (Fig. 5). The varianc
the distance∆x=0 amounts to 34.3kn2, representing the sum of mean observation errors
OWS and at VOS. As VOS errors are already calculated, an error variance of 10. 8kn2 is
obtained for wind speed measurements at OWSs.

Since OWS measurements have proved to be more accurate than Beaufort est
made on merchant ships, the optimal equivalent has to ascend even steeper than the ort
regression, if Beaufort is plotted at the abscissa. Thus, the old method proposed by Köp
not exactly correct, but quite reasonable compared to the usual technique applied nowa

Method

With the knowledge of both error variances, there remains no major obstacle on the
to an equivalent scale. In this study the method of cumulative frequencies is applied
proceeding is as follows: both data sets are sorted separately in ascending order. In this w
exceedance probability for each value in both distributions is known. Values with the s
exceedance probability in their respective distribution are considered to be equivalen
linear relationships this procedure is identical to the orthogonal regression, but it allows o
detect also non-linear relationships, as they are expected, between Beaufort and wind s

Intending to apply the method of cumulative frequencies the different error varia
in OWS measurements and VOS estimates have to be equalized. This is attained by ave
the individual observations. VOS means are based on a larger number of wind report
OWS means, so that the difference in accuracy is compensated. However, only a few
are assembled for each mean, so that sufficient variability remains between them.

Not only error variances in both parameters must be equal, but also the mean n
variability which is included in the averages. For example, monthly means are not a
comparable to 10-minute means. In this regard a problem appears because of the di
structure of OWS and VOF data. Measurements from stationary OWS have to be avera
time, but merchant ship reports have to be averaged in space. Therefore, corresponding
and temporal averaging radii have to be defined.

While OWS measurements were always averaged over 24 hours, the correspo
spatial averaging radius for VOS was computed for each season and each region. Fi
shows for example the evaluations at the vicinity of OWS I in autumn. First, the error vari
of OWS is computed analogous to the method described in Section 3, but taking time
instead of spatial distances. This value is subtracted from the total measured variance to
the true natural variability within 24 hours. Taking now the VOS data, the error varianc
235
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computed too, and the natural variability can be separated. Then the radius is searched
the pure spatial variability is equal to the pure temporal variability within 24 hours dedu
from OWS data. In most cases a radius between 300 and 400 km results.

The New Scale

We are now able to derive an equivalent Beaufort wind scale. Daily means of O
measurements are compared to spatial means of observations from neighboring me
ships, within the averaging radius evaluated above. OWS means are always based
individual reports. VOS means are calculated, if at least three simultaneous observatio
available. The VOS means are based on about 6 individual reports in average. These av
fulfill two conditions: (1) their mean accuracy is equal and (2) they contain the same na
variability.

The method of cumulative frequencies yields the new Beaufort equivalent scale (F
and Table 1). Actually, the old WMO scale Code 1100 is calibrated, because the CO
knot-values, which are based on this scale, are used for the computations. The new s
valid for a height of 25 m, since this is the OWS anemometer level. The general features
new scale, compared to the Code 1100, are considerable higher values for the most fr
Beaufort numbers. This is not at all surprising, because the new scale is valid for 25 m in
of 10 m.

An alternative scale is derived using reduced OWS measurements. The wind
reduction from 25 m to 10 m was carried out as described previously. Figure 8 show
resulting l0 m-scale. The equivalent values of this new scale are rather similar to the old W
scale code 1100 for the most frequent Beaufort numbers 2 to 6. Their trifling rise compar
the old WMO scale is compensated by considerable lower values for the stronger an
frequent Beaufort numbers. This result confirms entirely the previous considera
concerning the regression methods: it is true, the Code 1100 curve ascends slightly too
if equivalent values are plotted against Beaufort number, since measurements are of cou
totally accurate. However, the old WMO scale is not at all as insufficient as most of the n
derivations suggest, because the accuracy of measurements, at least at OWS, is muc
than the accuracy of Beaufort estimates.

Applications of the Scale

If the new Beaufort scale is well derived, wind speed measurements of OWS sh
coincide with converted estimates of surrounding merchant ships. In this manner, the n
m-scale is tested. Individual monthly means within an area of 5° latitude and 7° longitude are
evaluated from VOS data by using the new scale. They are compared to monthly means
OWS, which is situated in the center of the area. This is carried out for the period 1960 to
for the selected area surrounding the six OWS, which are used for the derivation. For
comparisons the orthogonal regression has to be used, because error variances of m
means, based on several hundred individual reports, are negligibly small. Figure 9 show
almost optimal agreement of OWS measurement and converted VOS estimates.
236
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This result is not totally trivial. Only a relatively small part of the VOS data was us
to derive the new scale, in order to satisfy the requirements with regard to the variances
test proves, that the restricted sample is representative for the whole data.

Some further remarks are necessary concerning the application of the new sca
order to compute fields of wind stress the squared wind speedv2 has to be evaluated. Bu
observation errors affect the results as follows. A wind speed observation V may be di
into the true part v and an observation error∆v according to:

(1)

Consequently, the mean pseudo stress [V2], calculated simply from the observations, contain
not only the true value [v2], but also the error variance [∆v2].

(2)

Thus, as a matter of principle, calculating wind stress is impossible, if the observ
error of the wind speed is unknown. This holds true, if the calculations are based on Bea
estimates. In this case the error variance of the converted estimates has to be ascertaine
the scale recommended in this study is derived by separating natural variability and
variance, the effect of observation inaccuracy is easy to calculate. It is exactly the
variance which was computed for merchant ship observations in an earlier section.

Universality of the Scale

Further equivalent scales are derived for different meteorological conditions,
example stability-dependent and seasonal scales (Fig. 10). The differences are small,
the conversion of all wind estimates with only one universal scale is possible without g
errors.

Unfortunately, the nations of the merchant ships are not registered in COADS unt
year 1970. In order to derive special scales for each nation a data set from Seewet
Hamburg is used. These observations show, that different nations estimate the wind's
very differently.

In average American Beaufort estimates are about 2 knots higher than neighb
German observations! Consequently national equivalent scales are quite different (Fig
For this reason, a multi-national scale which is derived in the North Atlantic canno
transferred into a region with another nation-mix, like the Pacific ocean. In order to con
Beaufort estimates of COADS, it would be very helpful, if the nationality of the ships w
available, so that the different national scales could be applied.

V v ∆v= =

V
2[ ] v

2[ ] ∆v
2[ ]+=
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Summary

Evaluations of the error variance for OWS measurements and for VOS estimates
that wind measurements on board of OWS are much more accurate. Paying attention
different observation errors and also taking care for comparable natural variability in both
sets, a new equivalent scale results, which is not very different to the old WMO scale
1100. The similarity is due to the fact, that the regression method used in former times wa
reasonable: In contrast to the present, the more accurate wind speed measuremen
considered as an independent parameter.

Strictly speaking, the recommended scale is valid only in the North Atlantic and for
period 1960 to 1971. A transfer in time is attainable by using gradients of air pressu
transfer in space seems to be possible without problems, because special scales for d
meteorological situation are rather similar. However, the obvious differences in estim
wind force between different nation raise some problems, if the scale is transported in re
with other prevailing countries of origin. For a careful conversion of Beaufort estim
different scales should be used for different nations.
238



r for

Wind
.

from
aphic

eiten.

rate to

wind

nach

the

orce

: The
References

Cardone, V.J., 1969: Specification of the wind distribution in the marine boundary laye
wave forecasting. Report TR69-1, New York University, New York, N.Y., 131 pp

Isemer, H.J. and L. Hasse, 1991: The Scientific Beaufort Equivalent Scale: Effects on
Statistics and Climatological Air-Sea Flux Estimates in the North Atlantic OceanJ.
Climate, 4, 819-836.

Isemer, H.J., and R. Lindau, 1994: On the Homogeneity of Surface Wind Speed Records
Ocean Weather Stations. Submitted to Journal of Atmospheric and Oceanogr
Technology.

Kaufeld, L., 1981: The development of a new Beaufort equivalent scale.Meteorol. Rundsch.,
34,17-23.

Köppen, W., 1916: Beaufortskala und Windgeschwindigkeit.Meteorol. Zeitschr., 33, 8891.
Köppen, W., 1926: Über geschätzte Windstärken und gemessene Windgeschwindigk

Annalen d. Hydrographie u. Marit. Met., 54, 3 62-3 66
Large, W.G. and S. Pond, 198 1: Open ocean momentum flux measurements in mode

strong winds.J. Phys. Ocean., 11, 324-336
Lindau, R., HA. Isemer, L. Hasse, 1990: Towards time dependent calibration of historical

observations at sea.Trop. Ocean-Atmos. Newslett., 54, 7-12.
Petersen, P., 1927: Zur Bestimmung der Windstärke auf See.Annalen der Hydrographie

55,69-72.
Roll, H.U., 1951: Zur Frage der Umrechnung Beaufort - Knoten auf See-Annalen d. Meteorol.

4,408-410
Richter, J., 1956: Geschwindigkeitsäquivalente der Windstärkeschätzungen

Beobachtungen auf deutschen Feuerschiffen.Annalen der Meteorologie, 7, 267-287.
Simpson, C.G., 1906: The Beaufort Scale of Wind-Force Report of the Director of

Meteorological Office, Official No. 180, London
Verploegh, G., 1956: The Equivalent Velocities for the Beaufort Estimates of the Wind F

at Sea. Koninklijk Nederlands Meteorologisch Institut,Medelingen en Verhandelingen,
66, 1-3 8.

Wonnacott, R.J., T.H. Wonnacott, 198 1:Regression: A second course in statistics. John Wiley
and Sons, New York, 556pp.

Waldo, F., 1888: Vergleich von Beauforts Skala und Windgeschwindigkeit.Meteorol.
Zeitschr., 5, 239-241.

World Meteorological Organization, 1970: Reports to marine science affairs. Rep. No. 3
Beaufort scale of wind force. WMO, Geneva, Switzerland, 22pp.
239



o

Table 1: New Beaufort equivalent scale, valid for a height of 25 m above sea level.

Table 2: Mean scalar wind speed difference between VOS estimates compared t
simultaneous and neighbouring (up to 150 nm) measurements from OWS.

Bft 0 1 2 3 4 5 6 7 8 9 10 11 12

knots 0.0 2.3 5.4 9.5 15.0 20.5 25.5 30.9 36.8 43.2 50.6 58.9 68.8

Nation  Former
SU

    USA  France  United
Kingdom

     FR
Germany

Nether-
lands

∆u kn     0.0    -0.3     -1.2     -1.5     -2.0    -2.3
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Figure 1: The old WMO scale Code 1100 compared to the scientific Scale of the WMO
CCM IV. The old scale is based on the regression of Beaufort on wind speed, the latter on
the regression of wind speed on Beaufort.
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Figure 2: Locations of six North Atlantic ocean weather stations. Their wind speed
measurements were used to derive a new Beaufort equivalent scale.
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Figure 3: Mean squared difference of wind speed as a function of distance. The results
are based on pairs of VOS-VOS estimates.
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Figure 4: As Fig. 3, but additionally the results for pairs of OWS-VOS as hached portion
of the bars. The measurements of OWS are not reduced.
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Figure 5: As Fig. 4, but the measurements of OWS are reduced from 25 m to 10 m.
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Figure 6: Illustration of computing the averaging radius, examplified by the season
autumn in the vicinity of OWS I.
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Figure 7: New Beaufort equivalent scale valid for a height of 25 m above sea level.
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Figure 8: New Beaufort equivalent scale based on reduced OWS measurement
therefore valid for a height of 10 m.
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Figure 9: Individual monthly means of the wind speed in the North Atlantic from 1960 to
1972. In order to test the new 25 m-scale converted Beaufort estimates of VOS ar
compared to OWS measurements. VOS estimates are taken from a 5° x 7° area
surrounding the respective OWS.
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Figure 10a: Beaufort equivalent scales derived separately for each season. Differences
the proposed universal scale are figured.
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Figure 10b: As Fig. 10a, but for (1) instability and (2) stability or near neutral
conditions, respectively. The critical value to separating both conditions is a temperature
difference of -1 K between air and sea.
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Figure 11: As Fig. 10, but for the USA and Germany, respectively.
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