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This paper considers the problem of the accuracy of Voluntary Observing Ship
(VOS) wind and wave data, using individual wind and wave reports from the
COADS (Comprehensive Ocean-Atmosphere Data Set). Additional information
on the accuracy of marine wind and wave observations was available from a pilot
questionnaire, SHIPMET, which was distributed among 400 marine officers with
the aim of discovering the actual practice of marine meteorological observations
onboard merchant vessels. The evaluation of true wind is one of the most impor-
tant sources of error in wind observations. Estimates of the possible effects of
inaccurate evaluation of true wind are presented. An estimation of random obser-
vational errors in wave parameters shows that wave fields can be successfully
evaluated from the VOS data. Some approaches are recommended to remove
systematic biases in visual wave estimates. 

Despite considerable progress in the development of satellite instruments and
modelling, Voluntary Observing Ship (VOS) data are still the main source of our
knowledge about ocean winds and waves, especially for the decades before the
1980s. During the last two decades these data have been assimilated in the
Comprehensive Ocean-Atmosphere Data Set (COADS), which is currently the
most complete collection of marine surface observations, assembled from the
Global Telecommunication System (GTS) and log books and archived as
Compressed Marine Reports (CMR) and Long Marine Reports (LMR) (Woodruff et
al., 1998). However, marine meteorological variables derived from COADS
contain a number of biases and uncertainties connected with the observational
accuracy and should be carefully validated before they are used for the flux fields
production. In this context, wind and wave fields are the most ‘questionable’ and
problematic VOS observations. Although the other surface variables (SST, SLP, air
temperature and humidity) are also influenced by random and systematic obser-
vational errors, it is easier to assess their accuracy since they are exclusively
instrumental observations. Taking into account the fact that winds and waves can
be derived from satellite observations and model hindcasts with a better accuracy
than other meteorological variables, we expect that the alternative products of
these sea-air interface parameters will appear quite soon for the period covering
the last several decades. In this context, it is very important to quantify the accu-
racy of the VOS winds and waves to provide the best possible VOS data possible
for the intercomparison with remotely-sensed and model products. This paper
addresses some issues on the accuracy of VOS wind and wave data on the basis of
statistical analysis and new information about the actual measurement tech-
niques used onboard merchant vessels which is provided by the questionnaire
distributed among a representative population of officers.

(a) Wind observations

There are many uncertainties in VOS wind observations. First of all, a consider-
able part of wind observations are the visual estimates made by officers of
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merchant ships. The observational accuracy of these observations is reasonably
low in comparison to in situ measurements. There are additional uncertainties
connected with the systematic biases of different equivalent Beaufort scales in the
low and high wind speed ranges. Instrumental wind observations show the
mixture of measurements made by hand-held and fixed anemometers. Hand-held
anemometer data are crucially affected by the ship’s superstructure and sample
procedure. Winds recorded by fixed anemometers are also influenced by the
ship’s superstructure; they are additionally affected by differences in anemometer
heights onboard different ships and by the uncertainty of the procedure for eval-
uating true wind (or drop of it). Altogether, these uncertainties result in a coupled
error which is comparable or overestimates the uncertainty of visual observations
(Kent et al., 1993). Finally, for the creation of climatologies, data from the fixed
anemometers (hand-held anemometers are usually excluded from the analysis)
are merged with visual observations.  This leads to additional time- and space-
dependent uncertainty of monthly averaging of inhomogeneous data. 

During the last several decades the issue of the accuracy of wind observations
at sea has been addressed in many works. To minimize biases in visual wind obser-
vations several alternative Beaufort equivalent scales were developed in addition
to the traditionally used WMO Code 1100 scale (Cardone, 1969; WMO, 1973;
Kaufeld, 1981; Isemer and Hasse, 1991; da Silva et al., 1995; Lindau, 1995). Kent
and Taylor (1997) comprehensively reviewed all these equivalent scales and found
the Lindau (1995) scale to be the most unbiased. Considerable progress has been
achieved during recent years as regards the problem of adjusting wind observa-
tions to a standard height, primarily by merging the WMO International List of
Selected, Supplementary and Auxiliary Ships (WMO-No. 47) with the LMR available
from the COADS collection. By matching the call signs from WMO-No. 47 and
LMR, it is possible to get the actual observational heights of fixed anemometers at
30 to 60 per cent of marine carriers (Kent and Taylor 1997) and to adjust the wind
to a standard level and neutral stability. During the VOS Special Observing Project
in the North Atlantic (VSOP-NA) (Kent et al., 1993), a large set of well documented
surface meteorological data was collected in the North Atlantic mid-latitudes for
the period from 1989 to 1991. Analysis of this data set makes it possible to quan-
tify the most important biases in ocean wind observations and to implement the
corrections. Laboratory and numerical modelling using typical ship superstruc-
tures helped to abate the impact of the ship on anemometer measurements
(Yelland et al., 1998). However, some biases  remain unexplained. In particular,
Gulev (1999) compared the high quality instrumental data to COADS winds for
the 1980s and early 1990s in the north-west Atlantic, and found an overestima-
tion of the COADS winds in low ranges and underestimation for the strong and
moderate winds, i.e. the opposite tendency to that usually expected for such inter-
comparisons. Since the application of the alternative equivalent Beaufort scales
did not remove the bias and made it even more pronounced, it was concluded
that such a disagreement results from the incorrect evaluation of true wind.
Quantitative inspection of the procedure for evaluating true winds onboard
merchant ships and correction of corresponding biases is difficult in contrast to
research vessels, for example, whose data are much better documented (Smith et
al., 1999). 

(b) Visual wave observations

VOS wave observations are exclusively visual estimates of heights, periods and
directions of wind sea and swell. For a long time visual wave observations from
limited collections were used to produce ocean wave statistics (Hogben and
Lumb, 1967) and global wave statistics (Hogben et al., 1986) widely used by sailors
and naval engineers. Direct comparisons of wind waves to in situ observations
from buoys and the other platforms (e.g. Wilkerson and Earle, 1990) reported
about the large random and systematic errors in visual observations. Gulev and
Hasse (1998, 1999) updated all visual observations in the North Atlantic from the
COADS collection for the last 30 years and quantified many of the errors and
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uncertainties. Intercomparison of Gulev and Hasse (1998) climatology with the
European Centre for Medium Range Weather Forecasts (ECMWF) wave model
(WAM) wave hindcast and altimeter measurements in the North Atlantic (Gulev
et al., 1998, Cotton et al., 1999) shows a general similarity of spatial patterns and
the co-location of local maxima. Although the mid-latitudinal estimates of VOS
waves were consistent with WAM hindcast and altimeter measurements, it has
been found that overestimation of VOS waves in the tropics and subtropics is
systematic. Small waves are relatively poorly resolved in WAM, leading to diffi-
culties in their validation. However, small wave heights in the VOS data are
influenced by systematic bias, which will be analysed below. 

Considering the validation of the VOS waves over the global ocean, one of
the main weaknesses of the VOS data is the inhomogeneity of the data coverage.
In general, there is concern that the observational density of wave observations is
considerably smaller in comparison to the other variables. Gulev and Hasse (1998)
reported that 40 to 60 per cent of the total number of reports for the North
Atlantic include wave information. Note that for the 1963-1979 period they used
CMR and LMR that were available only from 1980. The inspection of newly
updated LMR (Woodruff et al., 1998) shows that the percentage of reports with
wave observations closely matches 70 to 80 per cent of reports which contain
wind information. Figure 1(a) shows the total number of reports with wave
parameters for 2-degree boxes over the Global Ocean during January for a 15-year
period from 1979 to 1993. The distribution of the number of wave reports is qual-
itatively similar to that of the other meteorological variables. Mid-latitudinal and
subtropical regions in the northern hemisphere are much better sampled than the
southern hemisphere, where high observational density is observed primarily
along the major ship routes. The quantitative comparison of the number of wave
observations with the observational density of the basic variables (widely used for
the creation of global scale climatologies) shows that the estimated 70 to 80 per
cent of wind reports derived for the North Atlantic remains valid also for the other
oceans. Even in the Southern Ocean, considered to be very poorly sampled, the
density of wave observations considerably overestimates the density of humidity
observations. In general, we can conclude that the number of observations is large
enough for the creation of global scale climatology at least north of 40S.

The main problem with the validation of visual wave observations against
instrumental measurements is the evaluation of significant wave height (SWH),
which is usually reported in instrumental records. The traditional approach to
deriving SWH from separate visual estimates of wind sea and swell is to apply the
formula (Hogben et al., 1988):

(1)

where hw and hs are wind sea and swell heights, respectively. The results of
intercomparison with instrumental measurements (Gulev and Hasse, 1998) show
that Formula (1) overestimates the observed SWH in the majority of cases by
several tens of centimeters with a mean deviation of -0.27 m. An alternative esti-
mate of SWH was established by Wilkerson and Earle (1990), who analysed buoys,
a majority of which had been deployed in the subtropics, and found that the
highest of the two estimates was less biased. However, intercomparison of the
measurements in both subtropics and mid-latitudes (Gulev and Hasse, 1998)
showed a tendency of frequent underestimation of this SWH estimate. The best
estimate of SWH was found to be a combined estimate, computed as recom-
mended by Barratt (1991) (i.e. applying (1) when sea and swell are within the
same 45° directional sector, and taking the higher of the two components in all
other cases), but the optimal directional sector was found to be 30°. This
combined estimate gives the mean ‘buoy minus VOS’ difference of -0.07 m in the
Atlantic (Gulev and Hasse, 1998). The combined approach was chosen for the
production of new global wave climatology recently developed at IORAS (Gulev
et al., 2001). Figure 1(b) shows an example of a climatological chart of January
SWH computed using the combined estimate for the 1979-1993 period. It shows
reasonable heights in the North Atlantic and North Pacific mid-latitudes. In the

SWH h hw s= +( ) /2 2 1 2
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South Atlantic, where the number of wave observations is considerably smaller,
our climatology does not indicate ‘the belt’ of large wave heights as in model
hindcasts. This difference results mostly from  undersampling and considerable
efforts are required to develop new procedures  for the optimal interpolation of
wave characteristics in poorly sampled areas.

Visual estimates of wave periods were found to be systematically underesti-
mated in the VOS observations. Wilkerson and Earle (1990) reported about 0.2 sec
‘buoy minus VOS’ differences. Gulev and Hasse (1998) found that mean departure
is about 0.26 sec with a std. dev. of 0.1 to 0.6 sec. Dacunha et al. (1984) and
Hogben (1988) reported even larger systematic biases in periods for the Cobb
seamount in the North Pacific. To correct biases several methods were developed.
Ochi (1978) and Dacunha et al. (1984) recommended correcting joint probability
distributions of wave heights and periods, making it possibile to obtain the
corrected mean periods. Gulev and Hasse (1998) developed a method for the
correction of individual observations for periods with an accuracy of 0.12 sec. This
method is based on the consideration of joint probability distributions of wave
height and period in 17 locations of the North Atlantic. The appplication of this
correction to the North Atlantic wave climatology shows that the largest correc-
tions of 0.4 sec for sea periods and 0.8 sec for swell periods were applied in the
north-east Atlantic. 

Estimation of the observational accuracy of visual VOS wave data (Gulev and
Hasse, 1999) shows that the day minus night-time difference in the visual wave
estimates is not as large as in wind observations. In the North Atlantic it ranges
from several centimetres to 0.2 m and does not have any pronounced spatial
pattern. Another possible source of error in visual estimates of ocean waves is a
poor separation of seas and swells by the observers. Gulev and Hasse (1999) tested
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the success of this separation using joint probability distributions of the wave
height and wind speed for the wind sea and swell, which were overplotted by the
JONSWAP curves, representing wave height as a function of wind speed and dura-
tion in the formulation of Carter (1982). Most of the wind sea observations were
bracketed by the JONSWAP curves corresponding to the 6- and 18-hour durations.
Alternatively, only less than 20 per cent of swell observations were bracketed by
the JONSWAP curves. Thus, there is evidence of quite good separation of seas and
swells in the VOS wave data. However, as is the case with wind observations,
further improvements to the accuracy of VOS wave data requires information on
how the observations are actually made by the officers onboard merchant ships.

Houmb et al. (1978) were probably the first to report on interviewing observers as
a method of estimating the observational accuracy of meteorological data. They
investigated the effects of changing from meteorological assistants to mates on the
visual wave estimates on some Norwegian ships. They found that mates tended to
underestimate wave height in comparison to meteorological assistants.
Unfortunately, this practice was not widely distributed for assessments of the
observational accuracy of winds and waves at sea.  To assess the impact of the
‘personal factor’ on the accuracy of VOS wind and wave observations, we designed
the SHIPMET questionnaire (Gulev, 1996) and distributed it for a pilot pool among
nearly 400 Russian ship officers. Such a population is considered to be very repre-
sentative for narrow professional questionnaires. The questionnaire contained
more than 60 groups of questions about the technical details of different meteor-
ological observations (not only waves and winds) onboard different marine
carriers. These questions were assembled according to the requirements of socio-
logical pools. When one question is repeated at least several times in different
contexts, it provides the possibility of testing the reliability of the given answers
using the answers to the so-called ‘sister questions’. Before the final list of ques-
tions was established, 11 officers were interviewed in a free manner. These
interviews helped to provide details on the techniques used. Important questions
were asked on which operational guide to use as the reference for the survey. In
different Russian fleets (merchant, military and fishing) slightly different guides
were used. Finally, the guide for the merchant fleet was taken as the reference and
it was assumed that all officers were familiar with it. This guide elaborates on most
of the details of meteorological observations for different types of meteorological
onboard equipment. Some sample questions from the SHIPMET questionnaire
which are analysed in this study are given in the Appendix below.

The ‘response function’ of the officers was quite good and more than 2/3 of
the questionnaires were answered. After the expertise of the answered question-
naires, aimed at excluding unreliable samples, 211 of them were selected for the
statistical analysis. Most sailors who participated in the pool were mid- and high-
level officers and had the rank of mates, although approximately 15 per cent of
them were sailors, appointed as low-rank officers after a couple of years of sailing
experience. Figure 2(a) shows the distribution of officers’ sailing experience. Most
officers (63 per cent) have 5 to 15 years experience and this reflects the typical
distribution of the experience of officers in most Russian ship companies. Figure
2(b) shows the regions in the North Atlantic where these officers operated. We
asked them to mark roughly the most frequent ship routes along which they trav-
elled. Thus, this picture contains some uncertainty. Nevertheless, it correlates well
with the typical observational density over the North Atlantic (if the American
and Canadian carriers are excluded), and we beieve that we achieved an adequate
representation of geographical regions. Most officers travelled along the ship
routes that cross the North Atlantic mid-latitudes and subtropics and also the
European basin. 

Figure 3 displays some pilot results of the statistical analysis of the officers’
answers to the questions concerning the determination of wind speed onboard
the vessels. Figure 3(a) shows that most of the officers were quite familiar with the
Beaufort scale details. Seventy five per cent of respondents either use a table with
the description of the Beaufort scale or know it with varying degrees of accuracy.
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About 16 per cent of respondents use the reduced tables based on sea state only.
However, Figure 3(b) shows that less than 1/3 of all officers account for ship
behavior and other factors and estimate the Beaufort number, i.e. sea state
remains the highest priority for most officers when determining the Beaufort
number. If we assume arbitrarily that poor familiarity with the Beaufort table may
result in the error of ±1 Beaufort number for low and moderate winds and of ±2
Beaufort numbers for strong winds, and apply these error estimates to 25 per cent
of officers, who were completely or partly unaware of Beaufort scale details, the
resulting absolute error of the reported Beaufort numbers will be ±0.25 and ±0.5
respectively.

Figure 3(c) shows results of the analysis of the evaluation procedure of true
wind onboard merchant vessels equipped with anemometers. According to the
answers of respondents, 19 per cent of officers do not know about the technique
for evaluating true wind; 21 per cent know, but do not usually use it; 33 per cent
use it either episodically or using the “approximate course and ship velocity”; and
only 27 per cent use it correctly. Thus, according to our pool, about 40 per cent of
officers omit true wind correction. Assuming roughly that anemometer measure-
ments contribute 30 to 50 per cent of the total number of wind observations, the
actual contribution of uncorrected winds is about 12 to 20 per cent of all wind
reports. Additionally, considerable uncertainty stems from the 33 per cent of offi-
cers who do this correction episodically or using an approximate (i.e. expected,
and not reported by the navigation system) ship course. Assuming very tenta-
tively that half of the reports by this 33 per cent of officers can be considered as
uncorrected, and using the same estimate of 30 to 50 per cent for the contribu-
tion of anemometer winds, we can increase our estimates of the total percentage
of uncorrected winds by at least 5 to 8 per cent. 

If we consider the determination of wind direction in the absence of an
onboard anemometer (Figure 3(d)), nearly 60 per cent of respondents report it
from the wave direction, and more than a quarter of sailors do not explain  how
the direction is derived. In this sense, the recently introduced simplification of the
LMRF format (use of wind direction when the wind sea direction is not reported
or deviates considerably from the wind direction) seems to be a reasonable step.
At the same time, the situation with the evaluation of true wind from the relative
wave direction for visual wind estimates (not shown here) is somewhat better
than with the correction of anemometer winds. More than 80 per cent of officers
ensured that in this case the reported wave and wind directions were absolute and
not relative, although different approaches for evaluating the absolute directions
were reported. Smith et al. (1999) reported on frequent confusions concerning the
definition of true wind, used by meteorologists, oceanographers and the
merchant marine. However, in our pool, more than 90 per cent of officers among
those who are familiar with the technique of true wind correction used the
meteorological definition of true wind (i.e. speed referenced to the fixed earth,
and direction referenced to true north).

Figure 4 shows the the results of the analysis of the observational
techniques of visual wave estimates. Figure 4(a) summarizes how the officers of
ships without onboard anemometers follow the recommendations on wave
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height measurements. These recommendations require the use of a special plane
for the measurements of wave height, at least during the daytime. Ideally, the
estimates of both wave height and period should be taken as an ensemble
average within the parcel of 10 waves. In order to count the parcel, it is
recommended to use a buoyant piece of red, yellow or white meterial to mark
the reference point. The use of a watch is strongly recommended for the
estimation of periods. However, in practice, many approaches are used.
Remarkably, 32 per cent of observers do not even leave the bridge to make wave
measurements. Although this has to affect the accuracy of visual wave estimates,
note that the wind speed estimated by these sailors will be affected to the same
degree. Only about 23 per cent of respondents reported that they count the
parcel of 10 waves and about 17 per cent use a special plane during the daytime
to estimate wave height. Forty-two per cent of observers report waves with
intermediate accuracy, i.e. they leave the bridge, watch the sea surface but do not
count the parcel of 10 waves, and do not use the plane to estimate wave height.
Our questionnaire shows that high uncertainties of visual wave estimates can be
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Figure 3—Results of the
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Beaufort estimates, (c)
approaches used for true wind

correction, (d) priorities of factors
determining wind direction.
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approaches to determining wave

period, (d) approaches to
determining wave direction.



associated with reports from vessels equipped with anemometers (Figure 4(b)).
Officers onboard these ships consider ocean waves to be a low priority parameter
with respect to wind, which is measured by fixed anemometers. Nearly 60 per
cent of these sailors either directly use in situ measured wind speed to estimate
wave height, or at least take wind measurements into account when they
estimate waves. Assuming, as before, that 30 to 50 per cent of vessels are
equipped with anemometers, in 15 to 30 per cent of cases we deal with some
kind of simplified wave hindcast carried out by observers using wind
information. Note that for ships equipped with anemometers 36 per cent of
observers directly report wind direction as wind sea direction; and it is clear that
many of these reports are affected by an inaccurate evaluation of true wind. Joint
consideration of Figures 3(d) and 4(d) shows that the reported wind direction
and wind sea directions in the majority of cases are not independent estimates in
the VOS observations. Wave periods are perfectly estimated (i.e. a using watch)
by just 28 per cent of respondents. In 45 per cent of cases we can expect that the
low accuracy of reported wave periods are caused by simplifications of the
observational technique. An important lesson is that nearly 30 per cent of
observers use tabulated relationships between wind speed and wave height in
order to estimate wave periods. Inspection of the tables used (the origin of these
tables is always unknown) shows that their application usually results in the
systematic underestimation of wave periods, which can partly explain the
general underestimation of visual wave period estimates. The correction of these
biases in wave periods requires the application of the procedures mentioned
above in section 2.

Although the processing of the results of the SHIPMET questionnaire is still
under way, the first pilot results show that the actual uncertainties inherent to the
VOS collections of marine observations may be considerably larger than we
expect from the traditional estimates of random and systematic errors in marine
observations. Particularly, some of the reported approaches can result in system-
atic biases which should be taken into account. First of all, this is an inaccurate
evaluation of true wind. There are reasonable questions about the reliability of the
results of the SHIPMET questionnaire itself. According to sociological statistics,
the random errors of narrow professional questionnaires are even higher than for
the typical public pools, and ranged from 5 to 10 per cent. Thus, many of the
conclusions based on these questionnaires should be considered more qualita-
tively rather than quantitatively. The most important question of all is whether
we should believe that officers report reality rather than what the questionnaire
expects of them (i.e. cite the instructions). The motivation of respondents is
different for public relation pools and for professional pools, and this may result
in additional uncertainty. An additional problem is connected with the question
of whether Russian officers are representative of officers from other parts of the
world. We estimated biases in winds and waves reported by the officers of differ-
ent nations in the North Atlantic (Gulev and Hasse, 1998), using country code in
COADS, and did not find any significant climatological biases. However, it is
obvious that fleet-to-fleet differences in observational practices can be quite
significant, especially if we consider the North Pacific where there is considerable
contribution from the Japanese vessels. 

Kent et al. (1999) recently  estimated random errors in basic meteorological vari-
ables reported by VOSs using the semivariagram technique. Random errors of the
wind speed in the North Atlantic ranged from 2.0 to 2.3 m/s and did not indicate
any significant spatial variability. This random observational error couples many
particular uncertainties which affect wind observations at sea, and partly, of
course, account for the random part of uncertainty associated with the evaluation
of true wind. In general, there is concern that in many regions the problem of true
wind evaluation does not seriously affect wind climatology. This is because on
major ship routes the underestimation (overestimation) of true wind (if the
correction is not done) when travelling in one direction will be compensated 
by the overestimation (underestimation) of true wind when travelling in the 
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opposite direction. However, this concern is based on several assumptions which
may not necessarily apply to all regions. First, it is assumed that the directional
steadiness of the dominant winds is quite high and is not affected by synoptic
variability, or that the latter exhibits the random process. Secondly, it is assumed
that ships always take the same routes travelling in both directions. The first
assumption seems to be reasonable, at least for the mid-latitudinal regions,
however weather regime changes may play an important role in wind speed and
direction variations on weekly time scales. As regards the second assumption, it
should be noted that many ships which contribute to the VOSs do not shuttle
between two regions, but operate in different regimes. Moreover, marine carriers
now use different routes travelling to the west and to the east. For instance, for
the Newfoundland basin, the majority of ships, following the recommendations
of meteoservices, use the southern routes when travelling from Europe to the USA
and cross this region only on the way back. In this case, winds in this region will
be slightly underestimated if the true wind evaluation is omitted (Gulev, 1999).
Separate consideration of the zonal and meridional components of wind speed
for this region shows that zonal wind speed (mostly affected by the ‘true wind
effect’ under the dominant wind directions and ship routes for this region) indi-
cates the larger disagreement between the COADS and high quality instrumental
measurements than the meridional component. 

We can demonstrate very roughly the possible bias in monthly climatologi-
cal wind speed, which may result from an inaccurate evaluation of true wind from
relative wind. Using the ship course and velocity reported in LMR, we recomputed
winds for the North Atlantic assuming that the correction of relative winds was
not applied at all. We also applied the reverse convergence to the winds, which
were properly corrected. According to the SHIPMET pool, approximately 40 per
cent of anemometer winds were not corrected. Thus, after the application of this
procedure, approximately 60 per cent of wind observations were converted from
true winds to relative winds and 40 per cent were corrected. Figure 5 shows the
difference between climatological wind speed computed from the original VOS
reports and from the reports after the ‘overall’ correction. All Beaufort estimates
were used in the averaging of both arrays without any correction. The consider-
able positive difference of 0.5 to 1 m/s in the north-west mid-latitudinal Atlantic
shows that the actual increase in the number of uncorrected reports (due to the
application of the true wind correction to the already corrected winds, which were
assumed to constitute a majority of reports) results in the underestimation of
climatological wind in this region. Alternatively, overestimation is observed in the
North Atlantic tropics and subtropics. 
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To estimate random observational errors in the visual wave observations,
Gulev and Hasse (1999) used the approach of Lindau (1995) and Kent and Taylor
(1997), who recommended computing the differences between simultaneous
observations for certain classes of ship-to-ship distances. When the distance is
equal to zero, natural variability does not contribute to the total variance, and the
latter should represent only the error variance σo

2, which has to be divided by two
to get the squared measurement error εm

2 = σo
2/2 (Lindau, 1995). To arrive at the

σo
2 estimate, the polynomial extrapolation has to be used. An alternative

approach was suggested earlier by Laing (1985), who introduced the dependence
of the correlation between the log-transformed wave heights (r) on ship separa-
tion (x) as r(x) = ro exp(-kx), where estimates ro are reasonably not influenced by
the spatial variability and should characterize the observational error. 

Figure 6(a) shows the results of estimation of both εm
2 and ro for significant

wave height estimate for the North Atlantic Ocean after Gulev and Hasse (1999).
The resulting estimate of ro gives 0.76 for significant wave height, 0.69 for the
wind sea, and 0.73 for the swell height. When we consider the regional correla-
tions for 20-degree areas, the lowest correlation from 0.50 to 0.60 is found in the
Western Atlantic subtropics and the highest (of about 0.83) in the North Atlantic
mid-latitudes. The polynomial fit for εm

2 gives a standard deviation (std.) error of
about 0.85 m2 at ∆x=0. However, if we use only classes of distances from 20 to 180
km, this estimate will be lower by about 0.07 m2. We made an additional estimate
for the class 0-10 km only and got εm

2, which is a little bit less than 0.8 m2.
Figure 7 shows spatial distributions of the error estimates for wind sea and swell
heights over the North Atlantic Ocean, computed by Gulev and Hasse (1999) for
20-degree boxes. The largest observational error of wind sea height of about 0.8 -
0.85 m2 is obtained in the western subtropics, and the minimum (0.55 - 0.6 m2)
is located in the eastern mid-latitudes. The spatial distribution of the observa-
tional error in swell height is quite different from that of the wind sea. The
minimum error of around 0.8-0.85 m2 is observed in the eastern mid-latitudes
and the central subtropics and tropics. The largest errors up to 1 m2 are observed
in the western North Atlantic. A similar estimation of the random observational
error in the resultant wave periods (after the correction of the wind sea and swell
periods) has been carried out by analysing ship pairs and the data from the NDBC
buoys in the subtropical Northwest Atlantic (Figure 6(b)). Although there is a
disagreement between the two error estimates for large distances, the obtained
εm

2 is quite comparable for both tests and closely matches 0.6 sec2. However, this
error grows by approximately 50 per cent in the mid-latitudinal North Atlantic.
Thus, despite the fact that, according to the SHIPMET pool, less than 30 per cent
of officers estimate wave periods perfectly, relative random errors in wave periods
are not very high with respect to the observed magnitudes of seasonal and 
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Figure 6—Semivariagram (bold
line, solid circles) and correlation
(dashed line, boxes) estimates of

random observational error in
SWH over the North Atlantic (a)

and estimates of random
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wave period for ship-buoy (solid
line, triangles) and ship-ship

(dashed line, boxes) pairs (b). 



interannual variability (Gulev and Hasse 1998, 1999).  Furthermore, we can point
out that the uncertainty of observational procedures results primarily in the
systematic underestimation of wave periods.

Considering the possible systematic biases in wave height, we have to
mention first of all the systematic overestimation of small seas and swells in VOS
data. This overestimation results from the usage of the code figure ‘1’ which is
applied in COADS LMR to all waves smaller than 0.5 m. Therefore, all sea heights
coded as ‘1’ should represent a value that is somewhat lower than 0.5 m.
Particularly, Gulev et al. (1998) found that the tropical VOS wave heights are
slightly lower in comparison to the altimeter data and WAM hindcast.  To resolve
this problem we considered two-dimensional frequency distributions of wind
speed and wave height for small waves, computed using instrumental data from
NDBC buoys and from the VOS reports which give ‘1’ as the measure of wave
height and were sampled simultaneously with buoy measurements within a
radius of 50 km. Buoy records report significant wave height and do not provide
separate measurements of sea and swell. Thus, we selected the cases with the
absence of swell in the VOS reports for this comparison. We required that the
VOS wind speed estimate should not deviate from the wind speed measured at
buoy by more than on 1 m. In total, more than 350 pairs of buoy and VOS
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(a)

(b)

Figure 7—Spatial distribution of
the random observational error

(m2) in the wind sea (a) and
swell (b) visual estimates over

the North Atlantic ocean.
Contour interval 0.05 m2.



measurements of SWH and wind speed were chosen, primarily in the Gulf of
Mexico and in the subtropical Atlantic. The analysis of probability functions for
the wind speed, derived from the buoys and VOS reports, showed frequency
distributions that were very close to each other. Subsequently, the two-
dimensional probability density distribution of wind speed and wave height
from the buoy measurements was considered for the wind speed range of 1.2 to 6
m/s and wave height of less than 0.5. For this range we derived a simple formula
which can be used for correcting VOS wave height. The corrected sea height,
reported with the code figure ‘1’, has to be derived as hs = 0.5 - exp(-0.658V),
where 1.2≤V≤6 is a wind speed. This formula  makes it possible to correct small
sea height with an accuracy of better than 20 per cent. Our attempts to derive
the accurate correction of small swells were less successful. However, we can
recommend with an accuracy of 30 per cent applying the correction of 0.15 m to
all swells reported with the code figure ‘1’. Further details on the evaluation of
small waves in COADS are given in Gulev et al. (2001). 

We reviewed the accuracy of the VOS wind and wave observations using tradi-
tional statistical estimates together with the results of the questionnaire aimed at
shedding light on the observational practices used by marine officers. Our initial
experience with the questionnaire distributed among marine officers shows that
this was quite a helpful tool for improving our knowledge of the actual uncer-
tainties of winds and waves reported by VOSs. The statistical analysis of the pool
results gives a reliable, although primarily qualitative, picture of the main sources
of uncertainties inherent to the VOS observations.

It has been shown that the evaluation of true wind remains one of the most
important sources of uncertainties in marine wind observations. Using ship
course and velocity together with estimates of the percentages of uncorrected
reports, which are available from the SHIPMET, it is possible to estimate roughly
the possible error associated with the true wind correction, but it is still unclear
how to correct the biases. As noted by Kent et al. (1993) and Gulev (1999),
requirements to report both true and relative wind, or the relative wind only
(even if satisfied), may result in additional uncertainty; this can affect the
homogeneity of historical data. A remarkable example of this kind was the
change of WMO swell period codes in 1968. This change was not simultaneously
accepted by all nations and ship companies, and resulted in the biased swell
periods for 1968-1969. However, the creation of some high quality regional and
time limited subsets of the VOS data (like VSOP-NA) is very important for marine
climatologists.

Wave parameters visually observed by marine officers can be successfully
derived from the COADS collection of marine meteorological observations.
Although the sampling frequency of wave observations is somewhat smaller in
comparison to wind and temperature observations, it makes it possible to produce
global and basin scale climatologies. However, south of 40S, VOS wave products
should be considered with great care owing to the considerable undersampling of
this region.  It should be noted that VOS climatologies of the other parameters
also show large sampling errors in these latitudes. We quantified the accuracy of
visual wave observations. Random observational errors ranged from 0.5 to
0.85 m2 for wind sea, from 0.8 to 1 m2 for swell and from 0.4 to 0.7 sec2 for wave
periods. Beside the random observational errors, visual wave observations are
influenced by some systematic biases. In particular, small waves are overestimated
because of the coding system in the COADS, and periods are also underestimated
by several tens of seconds. Simple corrections of these biases can be applied. At
the same time,  systematic biases associated with the differences in observational
practices during the day and at night-time were not found. 

Results of the SHIPMET questionnaire show that the approaches adopted by
the officers affect the wave observations in the same degree as visual wind esti-
mates. In this sense, the relative observational accuracy of wave observations
should not be worse than for Beaufort wind estimates. Comparisons of visual
wave estimates with instrumental measurements and alternative global data

4.
SUMMARY AND
CONCLUSIONS
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(Gulev et al., 1998) show a number of systematic biases between the VOS waves
and alternative wave products. In particular, there is an evident overestimation of
small waves, an underestimation of high waves, and an overall underestimation
of wave periods. It should be noted that small and high waves in the model hind-
casts and satellite products are also of a low accuracy. In this sense, buoys and the
other in situ platforms provide in situ observations of a very high value, but
further efforts are needed to obtain reliable estimates of sea and swell from wave
recorders. Otherwise, direct comparisons with the VOS data will always be influ-
enced by the uncertainty of evaluation of SWH from visual estimates of sea and
swell. To quantify and correct the systematic biases in the VOS wave observations
it could be desirable in the future to establish some kind of analog of equivalent
Beaufort scale(s) for visual wave estimates. 

Results of the SHIPMET questionnaire show that visual estimates of ocean
waves and winds are, in fact, largely influenced by each other and are not fully
independent. A considerable amount of wave observations are actually simplified
local wave hindcasts carried out by sailors on the basis of wind information. The
standardization of COADS formats also works in this direction. In this context, it
is difficult to use jointly wave and wind information to cross-check the quality of
wind and wave parameters. Nevertheless, these checks, if performed for the
limited collections of truly independent observations, can help to considerably
improve the accuracy of both wind and wave fields. 
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APPENDIX

SAMPLE QUESTIONS FROM THE SHIPMET
QUESTIONNAIRE

1. Visual Beaufort estimates
1.1 Do you use tables with the qualitative description of the Beaufort

numbers? yes, always / yes, episodically / yes, but the “reduced table”
based on the sea state only / no

1.2 If NO, can you reproduce the table?
1.3 What is the dominant factor for the determination of the Beaufort

number? sea state / ship behaviour / combination of factors / other
(specify)

1.4 What is the dominant factor for the estimation of wind direction in the
case of visual estimates of winds? wave direction / combination of factors

2. True wind correction
2.1 Do you know about the necessity to apply true wind correction to the

winds measured by anemometers? yes / no
2.2 If YES, do you do this correction? yes/no
2.3 If YES, describe briefly your actions needed to recompute relative wind to

the true wind.

3. Wave height determination
3.1 When estimating wave height, do you go out of the bridge? yes / no /

episodically
3.2 If YES, or EPISODICALLY, do you count the parcel of 10 waves to estimate

wave height? yes / no
3.3 If YES, do you use the plane to estimate wave height? yes / no
3.4 When estimating wave height onboard the ship equipped with an

anemometer, do you take into account the measured wind speed? yes,
always / yes, during night time / no 

4. Determination of wave periods
4.1 When estimating wave period, do you go out of the bridge? yes / no /

episodically
4.2 If YES or EPISODICALLY, do you use a watch to estimate the period? yes

/ no
4.3 If you do not go out, do you use any tabulated relationships between

wave height, wind speed and wave periods? yes / no

5. Determination of wave direction 

When estimating wave direction onboard a ship equipped with
anemometer, do you use wind direction measured wind speed, for your
estimate? yes / no
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