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ABSTRACT

A data set spanning a period of 10 years and obtained from a combination of satellite remote sensing and model
predictions is used to construct a global climatology of ocean wind and wave conditions. Results are presented for:
significant wave height, peak and mean wave period and wave direction as well as wind speed and direction. The
results are presented in terms of mean monthly statistics. The processed data set provides global resolution of 2°. The
climatology clearly shows the zonal variation in both wind speed and wave height, with extreme conditions occurring
at high latitudes. The important role played by the intense wave generation systems of the Southern Ocean is clear.
Swell generated from storms in the Southern Ocean penetrates throughout the Indian, South Pacific and South
Atlantic Oceans. During the Southern Hemisphere winter, this swell even penetrates into the North Pacific. The
results confirm visual observations that the Southern Ocean is consistently the roughest ocean on earth. It is shown,
however, that this is mainly caused by consistent high wind speeds, rather than the extended westerly fetch which
exists. The west coasts of most continents have noticeably rougher wave climates than their respective east coasts, as
a result of the longer generation fetches which exist on the west coasts. Copyright © 1999 Royal Meteorological
Society.
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1. INTRODUCTION

Numerous activities require accurate predictions of global ocean wave conditions. These activities span a
range of traditional discipline areas and include geomorphological interests such as coastal shoreline
stability and the seasonal longshore migration of sediment, engineering activities such as coastal and
offshore structure design and operation, transport activities including optimal ship routeing and climate
studies centred on air—sea interaction. Data for such activities have traditionally been obtained from three
sources: in situ measurements using wave buoys, voluntary observing ship (VOS) data and the predictions
of numerical models. Each of these data sources have limitations, particularly when global-scale
climatology is required.

In situ measurements involve significant cost and typically span relatively short durations. Hence, a
reliable assessment of seasonal variability is typically difficult to obtain. They do, however, provide the
potential for high quality information at specific locations. Even extensive systems, such as the US NDBC
network, however, cannot provide global or even basin-scale climatology. Such systems are, however,
essential for calibration and validation of other data gathering techniques (Cotton and Carter, 1994; Sterl
et al., 1998; Young, 1998).

Voluntary observing ship data (Gulev et al., 1998) provide the opportunity for global-scale observations
of wave conditions. The data are, however, spatially inhomogeneous, confined to major shipping routes.
Thus, areas such as the Southern and South Pacific Oceans have little available data. In addition, shipping
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932 LR. YOUNG

naturally attempts to avoid extreme weather conditions and hence high sea states may be under
represented in the data set. Because such observations are visual, the accuracy of the data may also be
inferior to other sources. Despite these limitations, VOS data have been used to compile global wave
statistics (Hogben and Lumb, 1967; Hogben ez al., 1986).

Numerical models provide a cost-effective means for the acquisition of global-scale data. They are,
however, limited by the adequacy of the underlying model physics and the accuracy of input wind fields
used to drive the models (Komen e? al., 1994). Recently, however, global climatology based on long-term
model hindcasts has been presented (Sterl et al., 1998).

The advent of satellite remote sensing systems provides the opportunity to obtain truly global data on
oceanic wind and wave conditions. Some initial attempts have been made to obtain global wave
climatologies from such data (Young, 1994; Young and Holland, 1996). These studies have been limited
by the relatively short temporal period for which data were available (3 years) and the fact that only the
significant wave height, H, and wind speed, U,, were considered. Parameters such as the wave period and
wave propagation directions were not available.

A number of satellite instruments are available for the determination of wave height and wind speed
and direction. These instruments include: the Special Sensor Microwave Imager (SSMI); the Synthetic
Aperture Radar (SAR); the Scatterometer and the Radar Altimeter. SSMI instruments have operated on
a number of satellite platforms dating from 1987. They provide measurements of wind speed at a
resolution of 29 x 37 km and with a relatively low accuracy of about 8 m s~! (Hollinger, 1991).
Scatterometers have flown on both ERS1 and ERS2 and provide measurements of both wind speed and
direction. As such, the scatterometer has become the instrument of choice for satellite-based wind field
measurements. The processing of scatterometer data are however, relatively involved and the routine
determination of global data is still not available. The SAR offers the potential for the determination of
the full wave spectrum (Hasselmann et al., 1996). The nonlinear mapping associated with the SAR
transfer function has, however, posed a significant practical difficulty and routine SAR-based wave
spectral data are not yet available. In addition, the power requirements of the instrument limits the global
coverage. Radar altimeters have operated routinely on a number of satellites since 1986. The altimeter can
measure wave height to an accuracy of + 10% and wind speed to an accuracy of + 15% (Young, 1998).
The long data record, together with the relatively high spatial resolution of the instrument ( ~ 10 km) and
the ease of data processing, makes the altimeter ideal for large-scale wind and wave climate studies. For
these reasons, it has been adopted in the present study.

Unfortunately, not all of the desired characteristics of the ocean wind and wave fields can be obtained
from altimeter data. Examples are the wave period and the mean wind and wave directions. Highly
sophisticated global wave prediction models have also been operational for a similar period, the
sophistication and reliability of such models progressively improving over this period. Therefore, it is
feasible to construct a comprehensive global database from a combination of satellite and model-derived
data.

This paper presents such a database of global wind and wave quantities. The database includes values
of: the significant wave height, H, the mean and peak wave periods, T,, and T, respectively, the wind
speed, U,, and the mean wind and wave directions, 6, and 6, respectively. Although the data base
provides global climatology for both winds and waves, the primary focus of the paper is on the global
wave field. The database is used to investigate the seasonal variability of the global wave field and to
assess and explain numerous features of the wave climate in various regions. The global wind field
represents an essential element in understanding the physical processes responsible for the wave climatol-
ogy. For convenience of presentation, data are presented in the form of mean monthly values.

The arrangement of the paper is as follows. Section 2 presents the various data sources (instruments)
which have been used to construct the database including an assessment of their accuracy and Section 3
details the techniques used to process these large data sets to form the present database. The results, as
they apply to the global wave climate are presented in Sections 4 and 5. Section 4 presents results showing
the seasonal variability of global wave parameters. The impact on various regional areas is presented in
Section 5 with an analysis of the factors which control the wave climate in these regions. Finally, Section
6 presents conclusions and the assessment for future development of such database systems.
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2. DATA SOURCES

Two general data sources have been used to construct the database: satellite measurements and model
results. It would be desirable to rely completely on measured data and not utilise model results. In
principal this is possible, as all of the required quantities can be measured by satellite. In practice,
however, the reliability or the length of time for which a particular data set is available limits the use of
some data. The available data sources are outlined below.

2.1. Significant wave height

The Radar Altimeter has been widely adopted as a highly reliable instrument for the measurement of
the significant wave height, H, (H, is defined here in terms of the variance of the wave record, m, as
H,= 4\/%). The details of the theory by which the altimeter determines H, have been summarised by
Dobson and Monaldo (1996). The accuracy of individual measures is generally stated as + 10% or 0.5 m,
whichever is the greater. Detailed calibrations of the instruments on a number of satellites by Cotton and
Carter (1994) and Young (1998) indicate that such estimates of the accuracy are conservative.
Altimeters have been carried on a number of satellite missions, including:

(i) GEOSAT: November 1986—January 1990
(i) TOPEX: September 1992—present

(iii)) ERS 1: August 1991—present

(iv) ERS2: May 1995-present

For the present paper, data from GEOSAT, TOPEX and ERS1 have been used for the period up to
October 1995. The raw H, products from each of the satellites were corrected using the calibration results
developed by Young (1998). The Young (1998) result is consistent with, but extends, the correction
proposed by Cotton and Carter (1994). Hence, ~ 10 years is spanned by the data set.

2.2. Wave period

The Synthetic Aperture Radar (Alpers and Rufenach, 1979; Alpers et al., 1981; Raney, 1981; Alpers,
1983; Hasselmann et al., 1985; Alpers and Briining, 1986) can measure the directional wave spectrum
from which quantities such as the wave period and mean wave direction can be obtained. Such
instruments have been carried on both ERS1 and ERS2. The transfer function relating the SAR image
spectrum to the wave spectrum is still a matter of some debate, although recent results are promising
(Hasselmann et al., 1996). In addition, processing of SAR data is an involved task and long-term global
usage may not yet be feasible. For these reasons, this data source has not been utilised for the present
application. Rather, model results from the third generation spectral wave model WAM have been used
(Komen et al., 1994). This model has been widely adopted by the international community and has been
validated on numerous occasions (Janssen et al., 1996). These validation exercises reveal the model to be
remarkably reliable. In the present context, it has been used to obtain two measures of the wave period,
T, and T,,. The peak wave period, T, is defined as the peak ordinate of the spectrum. In cases where there
is a mixture of swell and wind sea, the parameter can be noisy. Generally, however, T, is a reliable
measure of the longer period waves. It provides a good estimate of the period of swell in a particular area.
In contrast, the mean wave period, T, is an integrated weighted mean over the full spectrum. Values of
T, tend to reflect the locally generated wind sea. For the present application, these quantities have been
taken from the global implementation of the WAM model which is operational at the European Centre
for Medium Range Weather Forecasting (ECMWF). Data from the 5-year period June, 1992—May, 1996
were used for the present study. The standard operational ECMWF data products 231” for 7, and ‘232
for T,, were used. During the first 2 years of the data period, the model was run at a 3° resolution, a
higher 1.5° resolution being used in later years. A consistent 3° data set was obtained by decimating all
1.5° resolution data to this coarser level. This data period was selected as it overlapped the period for
which altimeter data were available, thus creating a consistent composite data set. Longer and higher
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resolution WAM data sets (Sterl er al., 1998) have subsequently been produced. Whether such data
sets would significantly enhance the resulting global climatology is yet to be determined.

2.3. Wind speed

The Radar Altimeter can also measure the wind speed, U, although with less accuracy than for
H,. The wind speed is obtained indirectly from the backscatter radar cross-section ¢. The relationship
between ¢ and U,, has generally been determined empirically from comparison with buoy data. A
large number of relationships have been proposed, including Chelton and Wentz (1986), Witter and
Chelton (1991) and Young (1993). In a recent validation, Young (1998) has shown consistently reliable
results from GEOSAT, TOPEX and ERSI1 altimeters with an accuracy of ~ + 15%. For consistency,
data from the same period and satellites as indicated for H, have been used here. The calibration
corrections proposed by Young (1998) were applied to the present data.

2.4. Wind and wave direction

As indicated above, wave direction can be measured using satellite-based SAR. For the reasons
outlined above (with regard to wave period), this is not feasible for the present application. For this
reason, the ECMWF global wave model (WAM) has also been used to obtain the mean wave
direction, #,. The same data period and resolution as used for wave period have again been adopted
for 0,, but being obtained from the ECMWF operational product 230’.

Wind direction, 6,, can be measured with Scatterometers such as those carried on ERS1 and ERS2.
Difficulties with processing a long-term global data set and interpretation of the 180° directional
ambiguity in such data makes it impractical for the present application. Again, model data have
been used. The ECMWF global atmospheric circulation model has been utilised for this purpose
with data spanning the period January 1985-December 1990 being used. ECMWF re-analysis level
ITII-B global atmospheric data were used with 6, being obtained from the surface level data. The
model was run at 1.125° resolution, but the data was obtained and processed at a reduced 2.5°
resolution.

3. DATA PROCESSING

3.1. Satellite altimeter data

Altimeter data are far from error free. Erroneous data occur for a number of reasons, typical
examples being data spikes at the continental boundaries or where islands or exposed reefs fall within
the altimeter footprint. Although such errors are obvious on visual inspection, manual quality control
is clearly not feasible with such a large data set. A two-pass automatic data-checking algorithm was
implemented with the following steps.

3.1.1. Pass 1.

(i) The satellite-derived values of H, and U, are the average of a number of individual radar pulses. The
number of pulses varies between 10 and 20 depending on the particular satellite. Averaging of these
pulses is performed onboard the respective satellite. The mean values (H or U,,), together with the
standard deviation of the individual radar pulses, (o, o) are transmitted to the ground station. If
ou/H, or oy/U,, were greater than 0.1, the observations were discarded as there was obviously
significant spatial variability.

(i) A 1/12° land mask was used to determine the position of land masses. Any data corresponding to
land, according to the mask, were discarded.

(iii) Only values of H; in the range 0—-20 m and U,, in the range 0-40 m s~

! were retained.
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3.1.2. Pass 2.

(i) The remaining data were divided into blocks of 50 points, ensuring these passes had no spatial ‘jumps’
corresponding to the passage of the satellite over a continent. The mean values H, and U,, and the
standard deviations ¢y and o, of the 50 points in the block were determined. If o};/H,> 0.5 or
oy/Uo> 0.5, the respective values of the entire 50-point block were discarded as it obviously
contained multiple data outliers.

(i1) Individual data outliers within the blocks were rejected using the criteria: |Hs—ﬁ5|/a/ﬂ>3 and
|Ujo — Uyolfoy > 3.

Data from an extensive number of satellite passes were visually examined. Based on this visual
inspection, it was concluded that the technique was capable of yielding data, free of erroneous values.
Close to continental land masses the process was probably conservative, rejecting some valid data. In the
present context, where interest is focused on global-scale data, this is of little consequence. Should interest
be focused in coastal regions, a more refined technique would be required.

3.2. Model data

Processing of the model data was far more straight forward. Model predictions were obtained for
12 h GMT at each model grid point for the full 5-year model data set. These values were assumed
representative of the respective model grid squares and averaged to yield monthly values. In the case of
0, and 6, vector averages were performed.

4. GLOBAL VARIATION OF WAVE CONDITIONS

A number of previous investigators have used radar altimeter data to investigate global values of H and
U,o. Chelton et al. (1981) produced a global 3-month average H, field from the relatively short data set
available from the SEASAT mission. Mognard et al. (1983) used this same data set to produce mean
monthly H, fields for the Southern Hemisphere winter of 1978. Challenor et al. (1990), Carter et al.
(1991), Romeiser (1993) and Young (1994) used GEOSAT data to investigate global variations in H.,.
Young and Holland (1996) used a combination of GEOSAT altimeter data and atmospheric circulation
model results to investigate global mean monthly H,, U,, and 6, fields.

The present application extends both the number of quantities for which data are available and also the
period over which the data set has been obtained (= 10 years). The satellite data were partitioned into
2° x 2° sampling squares on the Earth’s surface. The satellites return approximately one measurement
each of H, and U, every second. Hence, the typical passage of a satellite through a sampling square
returned = 150 observations of each quantity. During the 10-year span of the composite GEOSAT,
TOPEX and ERSI satellites each sampling square was subjected to an average of 750 satellite passes.
Consequently, there was a total of &~ 110000 observations of each of H; and U,, for each sampling
square.

The model results were available on a 3° x 3° grid with data being obtained at 12-hourly intervals.
Hence, there was a total of x 3600 observations of each of the model quantities (7,, T, 0, 0,) for each
sampling square during the 5-year period for which model data were available.

The selection of the size of the sampling squares was a compromise between obtaining high resolution
and sufficient data to obtain reliable statistics. The data partitioning adopted here provides both high
resolution and greater data density than previously utilised. These previous studies indicate that the
scheme adopted above should provide reliable results with a resolution not previously possible (Tournadre
and Ezraty, 1990; Young, 1994, 1998).

The gridded data were processed to yield mean monthly values which are shown in Figure 1(a)—(f).
These figures show shaded isopleth plots of mean monthly values of each of the quantities (H,, Ui, T,
T, Oy, 0,) Results are shown for the months of January, April. July and October, representing each of
the four seasons. Space limitation preclude the display of the full 12-month sequence for each quantity.

Copyright © 1999 Royal Meteorological Society Int. J. Climatol. 19: 931-950 (1999)
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Numerous features of the global wave climate are apparent in Figure 1(a)—(f). A number of the more
important features are discussed below.

4.1. Zonal (latitude) variations

The most striking feature of the global distribution of H; (Figure 1(a)) is the zonal variation. The
highest wave conditions are seen at the higher latitudes. This is particularly clear in the Southern Ocean
where intense wave conditions are observed year round, although they peak during the Southern
Hemisphere winter (July—August). A similar situation exists in the Northern Hemisphere with peak
conditions again occurring during winter (January) in both the North Pacific and North Atlantic Oceans.
Although the peak values are similar in both hemispheres, the seasonal variabilities contrast dramatically.
The maximum values of H, occur in the Southern Ocean region between South Africa and Australia,
where conditions peak at H,= 5.4 m during August. Maximum condition in the Northern Hemisphere
occur in the North Atlantic, where a maximum mean monthly value of H,= 5.2 m occurs in January. At
these same locations, the summer values are 3.66 m (Southern) and 2.53 m (Northern). Hence, although
the maximum values are similar, the seasonal variability in the Northern Hemisphere is much greater than

Hs {m) January

(a) 50 100 150 200 250 300 350

Figure 1(a). Global distributions of mean monthly values of the significant wave height, H, for the months of January, April, July
and October. Values are shown in units of meters as defined by the colour bar to the right
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Figure 1(b). Global distributions of mean monthly values of the wind speed, U,, for the months of January, April, July and
October. Values are shown in units of meters per second as defined by the colour bar to the right

in the Southern Hemisphere. The reputation of the Southern Ocean as being rough year round is well
founded.

It is often assumed that the high wave conditions which occur in the Southern Ocean occur as a result
of the extended fetch provided for westerly winds. This is the only region of the globe where there is no
interruption by land in the east—west direction. Although the long fetches play a role, Figure 1(b)
indicates that high wind speeds are more important. The wind speed (U,,) variations at these high
latitudes largely follow the same seasonal trends observed for H,. At the same North Atlantic location
considered above, U, varies from 15.1 to 7.9 m s~ ! between winter and summer, whereas in the Southern
Ocean the variation is from 15.0 to 10.2 m s ~!. Therefore, as noted for H,, the maximum values of U,
(winter) in both hemispheres are similar. The Northern Hemisphere, however, experiences much lower
winds in summer than does the Southern Hemisphere. Therefore, at these latitudes the wind speed seems
to play a more significant role in determining the wave height than does the fetch. It can be concluded
that the fetches in both hemispheres are sufficiently large that other influences, such as the magnitude and
duration for which winds are sustained by a storm, are more important in determining the maximum
waves generated. Hence, the waves appear to be limited by the maximum wind speeds and the duration
of the storms rather than the fetch.

Copyright © 1999 Royal Meteorological Society Int. J. Climatol. 19: 931-950 (1999)
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In contrast to high latitudes, equatorial regions are calm all year round, with little seasonal variability.
The global wave fields show a progressive decrease in H from high latitudes to the equator. The wind
fields, however, show a local increase in the subtropical regions associated with the trade-wind belts (e.g.
=+ 20° in Figure 1(b)). These local maxima do not occur in the wave fields, because waves are not purely
local. Once generated, they propagate away from the generation region in the form of swell. The net result
is that the wave height field varies far more smoothly than does the wind speed.

4.2. West coast wave climates

The western coasts of the continental land masses (particularly in the Southern Hemisphere), have a
consistently rougher wave climate than their respective east coasts. This is particularly clear for both
Australia and South America. At the latitudes of these land masses, the mean wind and wave directions
(Figures 1(f) and 1(e)) are from the west. Therefore, the west coasts experience long fetches and hence
higher wave climates. In addition, the wind speed to the east of South America appears to be consistently
lower than to the west (Figure 1(b)). This is presumably a result of the blocking effect of the Andes
Mountains. The clear reduction in wave climate caused by the relatively narrow Drake Passage to the
south of South America is also clear.

TP {s) dJanuary

f T

) o 50 100 150 200

T
250 300 350

Figure 1(c). Global distributions of mean monthly values of the peak wave period, T, for the months of January, April, July and
October. Values are shown in units of seconds as defined by the colour bar to the right
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(d) o 50 100 150 200 250 300 350
Figure 1(d). Global distributions of mean monthly values of the mean wave period, 7, for the months of January, April, July and
October. Values are shown in units of seconds as defined by the colour bar to the right

4.3. Swell propagation

Figure 1(c) clearly shows that very long waves (large 7,) exist off the west coasts of the Americas as
well as Australia. The region off Australia peaks with the onset of the high wave activity which occurs in
the Southern Ocean during the Southern Hemisphere winter. These long waves appear to correspond to
swell which was originally generated in the intense wave region of the Southern Ocean between Australia
and South Africa and has propagated north-east along the great-circle path from this area. This
assumption is confirmed by the @, fields shown in Figure 1(e), which show waves in the area propagating
from the south-west.

The region off the west coast of the Americas is less easily explained as it is potentially affected by swell
propagating from both the North Pacific and the Southern Ocean. Examination of the mean wind
directions (Figure 1(f)), shows that both of these west coast regions (Australia and Americas) are
predominately in the easterly trade wind belts with relatively consistent east to south-east winds all year
round. Mean wave directions, however, diverge from the local wind directions considerably. In both areas
the mean wave directions are from the south or south-west, consistent with the assumption that it is
predominately controlled by Southern Ocean swell. Waves in the region off Western Australia are

Copyright © 1999 Royal Meteorological Society Int. J. Climatol. 19: 931-950 (1999)
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predominately from the south with the direction turning more to the south-west as the Southern Ocean
wave climate increases in magnitude during the Southern Hemisphere winter. Indeed, a characteristic of
the Indian Ocean is the dominant role Southern Ocean swell plays throughout the entire basin. The
dominance of the Southern Ocean swell declines during the Southern Ocean summer, but still continues
as far north as the Indonesia islands (Figure 1(e)). For the rest of the year, the predominately southern
wave direction exists throughout the full basin.

The situation in the Pacific is more complex as a result of the possible propagation of swell from high
latitudes of both hemispheres. During January (Figure 1(e)) a clear ‘front’ can be seen from New Zealand
to Central America. This front marks the boundary between the domains of dominance of swell from
each of the hemispheres. North of this front the mean wave direction is from the north, consistent with
swell propagating from the intense storms of the North Pacific winter. South of the front, the mean wave
direction is from the south-west consistent with the propagation of Southern Ocean swell. By April, this
front has moved further north to lie between Mexico and New Guinea. This occurs as a result of the
seasonal strengthening of the Southern Ocean wave climate together with the similar weakening of the
North Pacific system. This process continues, and by July the front has almost completely disappeared,

Wave Direction January

274 g -
N = \”p}}y

(e)o 50 100 150 200 250 300 350

Figure 1(e). Global distributions of mean monthly values of the mean wave direction, 6, for the months of January, April, July and
October. Values are shown as direction vectors
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Figure 1(f). Global distributions of mean monthly values of the mean wind direction, for the months of January, April, July and
October. Values are shown as direction vectors

the Southern Ocean swell system dominating the entire Pacific basin. By October, the North Pacific wave
field has again strengthened, the swell ‘front’ moving south in response, to lie approximately along the
equator.

As a result of the process described above, the west coast of the Americas is influenced by long period
swell propagating from both hemispheres. This is particularly so in Central America where the swell
‘front’ seasonally migrates along the coast.

As with the other oceanic basins, the longest waves in the Atlantic Ocean occur along the coasts of
Western Europe and West Africa (Figure 1(c)). A swell front, marking the extent of swell propagation
from the high latitudes of each hemisphere is also visible (Figure 1(e)). This front is less distinct than in
the Pacific, probably as a result of the weaker Southern Ocean generation region for the Atlantic and the
fact that the propagation distances are significantly shorter than in the Pacific. The relatively narrow
geometry of the Atlantic also restricts propagation of Southern Ocean swell into the Northern Hemi-
sphere. The swell front does not migrate north of the equator, in marked contrast to the Pacific.

Copyright © 1999 Royal Meteorological Society Int. J. Climatol. 19: 931-950 (1999)
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Figure 2. Regions of the globe used to form averages shown in Figure 3(a)—(f). The identifying symbols are shown for each region
(PN, PSTN etc.). The details of the latitude and longitude extent of each region appear in Table I

5. REGIONAL VARIATIONS OF CLIMATE

In an effort to compare the ocean climate between regions, a number of representative regional zones have
been selected. These zones are shown in Figure 2 and their characteristics documented in Table I. Regions
with similar zonal extent have been selected for each major oceanic basin to facilitate intercomparison.
The various ocean wind and wave parameters mentioned earlier have been averaged over each of these
zones and are compared in the time series plots of monthly mean values shown in Figures 3(a)—(f).
Although the averaging process filters out many local events, it provides a useful method of investigating
regional trends in a relatively succinct form. The wave climate in each of these zones is considered below.

Table I. Geographical extent of regions for which wave conditions appearing in Figure
3(a)—(f) have been averaged

Region Symbol  Longitude extent Latitude extent
North Pacific PN 160-224°E 33-47°N
North Subtropical Pacific PSTN 160-224°E 20-33°N
Equatorial Pacific (north) PEN 173-246°E 0°-20°N
Equatorial Pacific (south) PES 173-246°E 20°S-0°
South Subtropical Pacific PSTS 190-246°E 33-20°S
South Pacific PS 190-246°E 47-33°S
Southern Ocean (Pacific) SP 190-270°E 60-40°S
Eastern Pacific PE 250-268°E 20°S-0°
North Atlantic AN 312-340°E 33-55°N
North Subtropical Atlantic ASTN 312-340°E 20-33°N
Equatorial Atlantic (north) AEN 317-337°E 0°-20°N
Equatorial Atlantic (south) AES 331-360°E 20°S-0°
South Subtropical Atlantic ASTS 331-360°E 33-20°S
South Atlantic AS 321-360°E 47-33°S
Southern Ocean (Atlantic) SA 321-360°E 60-40°S
Equatorial Indian (south) 1ES 63-93°E 20-0°
South Subtropical Indian ISTS 63-106°E 33-20°S
South Indian IN 63-106°E 47-33°S
Southern Ocean (Indian) SI 54-106°E 60-40°S
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Figure 3(a). Seasonal variability of the significant wave height, H, for the regions shown in Figure 2. The units used on the vertical
axis are meters. The identifier for each region is shown to the right of the plot

5.1. Northern latitudes

The North Atlantic (AN) and North Pacific (PN) are characterised by strong seasonal trends for both
H, and U,,. The time series for both H, and U,, are remarkably similar for the two basins (Figures 3(a)
and 3(b)). The North Atlantic has slightly stronger winds and hence greater waves in summer than the
North Pacific. Winter conditions are, however, almost identical for these two zones. Peak wave periods,
T, are also very similar with summer values in the North Pacific being slightly longer than the North
Atlantic (Figure 3(c)). This result, taken together with the H; and U,, results indicates that the North
Atlantic has a higher incidence of storms in summer than the North Pacific. Hence, the wave field in the
North Pacific is more swell-dominated in summer, being less influenced by local storm events. The 0, is
also more southerly during summer than the North Atlantic, indicating a greater penetration of Southern
Ocean swell into the North Pacific than the North Atlantic (Figure 3(e)). This is not surprising, as the
Pacific basin is significantly wider than the Atlantic, enabling a clearer great-circle path for swell
propagation from the south.
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5.2. Northern subtropics

The seasonal variation in the northern subtropical regions of both the Pacific (PSTN) and the Atlantic
(ASTN) are reduced compared to the respective zones to the north. These two oceanic basins have similar
climates at these subtropical latitudes, although the Pacific has more severe winter conditions than the
Atlantic. As with regions further to the north, the Pacific has higher values of T, during summer,
consistent with the greater penetration of Southern Ocean swell into the region (see 0, values in Figure
3(e)). These subtropical regions are characterised by year-round easterly trade winds (Figure 3(f)). Wave
directions (Figure 3(e)), however, deviate considerably from the local wind direction. In the Pacific, the
waves are from the north-west during winter moving to the south-east during summer. This reflects the
influence of the swell generation regions of the North Pacific and Southern Oceans. In contrast, wave
directions in the Atlantic are more northerly during winter. This occurs because this basin is much
narrower than the Pacific, and hence propagation from a more westerly direction (as in the Pacific) is not
possible. As in the Pacific, the wave direction moves more to the south in summer, but this effect is less
pronounced in the Atlantic.
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Figure 3(b). Seasonal variability of the wind speed, U,, for the regions shown in Figure 2. The units used on the vertical axis are
m s~ !. The identifier for each region is shown to the right of the plot
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Figure 3(c). Seasonal variability of the peak wave period, T}, for the regions shown in Figure 2. The units used on the vertical axis
are seconds. The identifier for each region is shown to the right of the plot

5.3. Equatorial regions

Equatorial regions of both the Pacific and Atlantic (PEN, PES, AEN. AES) are characterised by little
seasonal variability either of U,, or H,. In contrast, the Indian Ocean (IES) has a much greater seasonal
variability with significantly higher values of both U,, and H| in the Southern Hemisphere winter than in
summer. Similarly, there is little seasonal variation in 7}, in either the Pacific or Atlantic. The Indian
Ocean, however, has a clear increase in the magnitude of 7, during the Southern Hemisphere winter
(Figure 3(c)). All equatorial regions are characterised by weak year-round easterly winds (Figure 3(f)).
The wave fields are, however, dominated by high latitude swell. In the Pacific, equatorial regions (both
north and south) are dominated by northerly swell during the Northern Hemisphere winter and southern
swell during the Southern Hemisphere winter. This same trend is seen in the northern equatorial regions
of the Atlantic (AEN). Southern equatorial regions of the Atlantic (AES) have a relatively constant
year-round south-easterly wave direction. This indicates that the basin geometry largely prevents North
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Atlantic swell penetrating into the Southern Hemisphere. The dominance of the intense wave regions of
the Southern Ocean between Australia and South Africa are clearly seen in the Indian Ocean Equatorial
regions. The wave direction in this region is from the south throughout the year.

5.4. Southern subtropics

The Indian Ocean southern subtropical region (ISTS) has higher winter wave conditions than the
corresponding Pacific region, followed by the Atlantic. This is partly as a result of the magnitude of
Southern Ocean swell entering each region, but more directly as a result of corresponding differences in
the wind conditions in each basin. In contrast, the Indian Ocean has the lowest values of wave height of
the three basins in summer. The Pacific and Atlantic basins are similar during summer, with the Pacific
yielding slightly higher values of H,. Again, these trends largely reflect wind speed variations for the
respective basins. The Pacific and Atlantic southern subtropical regions have little seasonal variability of

T (8 T )

PN

PSTN

PEN

PES

g

. PSTS

a

3 PS

g

4 sP

g

? PE

9 gh—a-—n-—’*"'"""'_*—"""--—-'
% .'IES 5 [1s
1 Msts 3 L E
My FMAMUIJIASOND JFMAMSIJJASORND

Figure 3(d). Seasonal variability of the mean wave period, T, for the regions shown in Figure 2. The units used on the vertical axis
are seconds. The identifier for each region is shown to the right of the plot
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Figure 3(e). Seasonal variability of the mean wave direction, 6,, for the regions shown in Figure 2. The units used on the vertical
axis are degrees. The identifier for each region is shown to the right of the plot

T, (Figure 3(c)). The Indian Ocean, however, clearly shows longer waves during the Southern Hemisphere
winter. This reflects the significant penetration of Southern Ocean swell into the Indian Ocean, as noted
earlier. Both the Pacific and Atlantic southern subtropical regions experience winds which are westerly
during the Southern Hemisphere winter and easterly during the summer (Figure 3(f)). In contrast, wave
directions are largely southerly in both basins, as a result of Southern Ocean swell (Figure 3(e)). There is,
however, some evidence of more northerly wave conditions in the Pacific during the Southern Hemisphere
summer as a result of Northern Hemisphere swell. The Indian Ocean has largely uniform easterly winds.
although the wave direction is dominated year round by southerly swell.

5.5. Southern latitudes

As noted in Figure 1(a)—(f), the most severe wave conditions occur in the Southern Ocean between
Australia and South Africa (SI) (Figure 3(a)). This is largely as a result of the correspondingly strong
winds in the region. In comparison to similar regions in the Northern Hemisphere, there is less seasonal
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variability in wind speed and hence wave height in the Southern Hemisphere than in the north (compare
PN and PS or AN and AS). There is also no evidence of Northern Hemisphere penetration of swell into
these southern latitudes (in contrast to that seen in the North Pacific). Both wind and wave conditions are
year-round westerly.

5.6. Eastern Pacific

As noted in Figure 1 (a)—(f), the area of the globe where the longest period waves are found is in the
Eastern Pacific (PE). This area is characterised by relatively light, year-round easterly winds. The waves
are, however, largely from the south with some evidence of Northern Hemisphere swell during the
Southern Hemisphere summer. There is little variation in values of 7, for this region, which are in excess
of 12 s throughout the year.
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Figure 3(f). Seasonal variability of the mean wind direction, 6, for the regions shown in Figure 2. The units used on the vertical
axis are degrees. The identifier for each region is shown to the right of the plot
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5.7. Arabian Sea

In addition to the basin-scale variations in wave climate noted above, very localised variations also
occur. The clearest example of this occurs in the Arabian Sea. This area lies in the tropics and, as with
most other tropical areas is generally calm. During July—August, however, a strong south-westerly jet
develops close to the African coast (Figures 1(b) and 1(f)). This jet is associated with the Asian summer
monsoon. The result is localised mean monthly values of H; as large as 5 m and U, values of 15 m s~
The existence of such conditions has been confirmed by Anderson and Prell (1992).

6. CONCLUSIONS

By combining satellite altimeter data and model results a composite ocean climate data set spanning 10
years has been compiled. This data set includes information on: significant wave height; wave period and
direction; as well as wind speed and direction. The temporal extent and spatial coverage has enabled a
global ocean wave climatology to be developed. This climatology shows the seasonal variability of ocean
wind and wave conditions on a 2° x 2° resolution grid.

Numerous features of the global wave climate have been investigated with the data set. The most
striking feature of the global wave height field is the zonal variation. The highest waves exist at the high
latitudes with the wave climate progressively moderating with reducing distance from the equator. This
trend is also generally seen in the wind field distribution. Clear local zonal maxima, however, exist in the
trade wind belts. Similar maxima do not occur in the wave fields as a result of the dispersive nature of
waves. Waves are not purely local. Once generated, they propagate large distances, thus masking local
generation events.

The ubiquitous nature of swell is clearly seen in the data. In particular, swell generated in the intense
wind regions of the Southern Ocean has significant impact on much of the world’s oceans. Southern
Ocean swell penetrates the full Indian Ocean and during the Southern Hemisphere winter can even
penetrate into the North Pacific. As a result of the narrower geometry of the Atlantic Ocean, however,
Southern Ocean swell does not appear to influence conditions in the North Atlantic.

Although the data set is comprehensive, the 10-year duration is still probably too short to provide
reliable information on extreme wave conditions. However, with time, the potential exists for the study of
extremes.
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