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-¥ ABSTRACT
This report Is a source document for specifying wind

and wave conditlions for those regions considernd appropriate
| for Joint operations of NATO naval forces. The areas con-

sidered are the North Atlantic Ocean nortis.ard from the

Tropic of Cancer, the Mediterranean Sea, and coastal or
. landlocked areas such as the North, Baltiz and Black Seas.
b The report provides scasonal and geographic distributions
ct of wind and wave parameters and specifies mathematical models
by which wave spectra, required by any ship seakeeping per-
formance methodology, can be developed. Porticas of the data -

A \ contained hereln<ére deértved firom the U.S. Navy's emerging =
v : Twenty Year Kindcast Wind and Wave Climatology, and are con~
B - sidered to be far surzrlior to data previously avallable for

. ——— SN

those operating areas. *1"
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1 L ADMINISTRATIVE INFORMATION r
;‘ . This report was prepared under the sponsorship of the Naval Sea Systems Comuand
j‘; - (NAVSEA), Code 3213 Work Request Number WR91589, the Ship Performance and Hydro-

;sf ‘ mechanics Program funded under Program Element 62543N and Block Number ZF 43 421 901,
. | and the Surfaca Wave Spectra for Ship Design Program under Prograit Element 62759% and

Project Number SF 59 557 695. It !s ldentified hy Work Unit Numbors 1568-823-01,

‘. 1 { ‘ 1500~104=26, 1568-838-03, and 1500-300-37 at the David W. Taylor Naval Ship Research
gﬁ~ ' and Development Center (DTNSRDC).
i
BACKGROUND ‘
i, . In 1978, NATO Informatlon Exchange Group 6 (1EG/6), Sub-Group 5 ($G/5), whose
?7" - purpose Is to develop a Standard Agreement (STANAG) between NATO nations for assess-
| ing destroyer and frigate seakeeping properties, !dentified the need to also develop

( a STANAG which provides the appropriate natural environment Iinputs to the seakzeping
methudology and provides a standard for observing sea conditions during NATO ship

1 trials or operational evaluations. The U.S. delegate to the sub-group volunteered
' to explore such an effort, and a tentative approach was proposed to the group at
{ the April 1979 meeting held at DTNSRDC in Bethesda, Maryland. The approach was
subsequently approved, and this report has been developed as the source document of

T - 2o

i s

wave and wind statistics required to develop the STANAG.
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APPROACH

The procedure followed is broken into four succinct steps. They are

1. Define operational areas

2. Develop wird and wave statistlical data bases

3. Develop wave spectral families

L. Show sampie methodology application

The definition of operatlonal areas is straightforward and desendent only upon
the proximity and geographic locations of the NATO ratlons. Figure 1 identifies the
thiree generic operational areas that are read!ly Identifiable. They are

1. Open ocean North Atlantic from the Tropic of Cancer northward

2. Mediterranean Sea ’

3. Coastai and landlocked waters (e.g., North, Baltic and Black Seas)

As the statistical data hases and the wave spectral families appropriate for
each area ma vary, subseguent sections of this report deal with each region sepa-
rately. The data for each reglon is provided in Appendices A to E. Appendix F
provides a description of the data formats which have been amployed. Appendix G
provides the relative wind envelypes for VTOL aircraft operations. Appendices H and
I provide computer FORTRAN subruutines for calculating the recommended wave spectra
for each operetional area.

OPEN OCEAN NORTH ATLANTIC

WAVE AND WIND STATISTICS
The open ocean region identified on Figure 1 spans the North Atlantic from the

latitudes of the Northeast Trade Winds (up to about 30° N) through those of the pre-
vailing Westerlies (30 - 60° N) and into the Polar Northeasterliez (above 60® N), so
that it is not surprising that the climatology of the operational area Is strongly a
function of northerly locatlorn or latitude. Additionally, the influence of land
mass, currents, continental shelf, and local storm tracks each cause a similar
climatology variation with longitude. Therefore, it Is considered appropriate to
divide the open ocean area into sub-areas which are identified in Figure 2. Because
of the previous wide usage of the wave statistics provided by Hogben and Lumb, see
Reference 1%, it was declded to adopt their definition of geographic zones where

*A complete listing of references is given on pages 13 and 14,

2
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possible. Areas 1, 2, 3, 4, 6, 7, 8, 9, 10, and 11 are taken as defined by Hogben
and Lumb. Areas 15, 16, 17, and 18 are also taken as defined by Hogben and Lumb but
truncated at the Tropic of Cancer (23° N). Areas 00 and 0 are new areas which have
been added to span the more northerly operational regions.

While Reference | provided the previous standard for developing wave statistics
for the Notth Atlantic Basin, é new data base Is now emerging which will become a
primary source of environmental data for ship seakeeping analyses. This new data
set has been under development by the U.S. Navy since 1976, and as it Is well
treated In Reference 2, will only be briefly described here.

In short, the Spectral Ocean Wave Mode! (SOWM), documented in Reference 3 and
based on the work of Pierson and his assoclates, see Reference 4, is being used to
hindcast wave conditions throughout the Northern Hemisphere. The model utilizes
archived and well-refined wind flelds, see Reference 5, from which directional wave
spectra are hindcast at six-hour intervals for a continuous period of 20 years.

The hindcasts reflect the propagation of wave energy from one location to another as
well as the growth and decay of the seaway with local winds.

A iyplcal hindcast directional spectrum Is given in Table 1. From the set of
such spectra, a series of parameters are derived which provide a simple summary of
the character (hélght, period, and direction) of the seaway and which can be used to
define families of representative wave spectra. As the wind speed and direction is
carried along with the data set, joint distributions of wind and wave parameters are
also constructed. ‘

The darkzned clircies about the grid points within each area on Figure 2 indi-
cate the SOWM grid points included 'n thiz work. Ultimately the data may be expanded 1
to include 2t least the circled grid points. Table 2 provides a summary of the
points currently included. The parameter sets that are developed are

1. Significant wave helght vs. rodal wave period

2. Significant wave height vs. wind speed

3. Significant wave height vs. primary wave direction

k. Wind speed vs. wind direction

5. Significant wave height vs. wind speed (using World Meteorological Organi-
zatlon Standard Sea State dafinition)

Persistenca of significant wave height

~ O

Persistence of significant wind spaed

L T SNy P
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Other parameter . =tributicns (=.g., primary spectral width vs. primary wave di-
rection, primary wave direction vs. secondary wave direction, directional spread
about primary wave direction vs. directional spread about secondary directlion) can
be added to this source document as computer resources permit. While these data
distributions zre developed for the ten year period from September 1959 to August
1969, it Is noted that seasonal parameter distributions are also of interest and
should be utilized 'n the seakeeping performance assessment methodology.

Appendix A provides the data base of open ocean wind and wave conditions de-
rived from the T~ Yea: dindcast Wind and Wave Climatology. Tables are provided for
sreas ldentiflew the Morth Atlantic open ocean region.. Areas Included are pro-
vided in Tabie ?. Both . .al and seasonal distributions are provided. In keeping
with Refe < 22 L seasony asce defined by

1. Viuter - Jocember to February

2. 3r.iag = el to May

3. Svmer - Junz v Acgunt

4, Frl) - Captember to November
Howaver, sn ongoiny evaluation of a dynamic season definition (for example, of vary-
Ina length for each year) may indicate ihe need to revise .hese definitions of
season at a later timn. Figure 3, from Reference 2, {1lustrates the seasonal vari-
ation of mean signiflicant wave height at the selected location In Area 2. Clearly.
the duration of more severe conditions can occur at varying times in different
yearly cycles. Therefore, cumulating data for a fixed calendar span (e.g., all
December to Fabruarys) weu'ld produce a somewhat different worst season than If a
sliding seasonal definition were used.

Figure 4, from Reference 2, provides a comparison of some of the newly developed
Area 2 (grid point 127) data with that provided previously by Reference 1. This
latter data has been converted from observed to significant values by application of
the Nordenstrom relationship® described in a draft "Sea Environment Manual for Ship

nkk

Design and developed In Reference 6. The wave helght occurrences for grid polnt

127, if taken collectively over the ten year sample, are fairly typical for the

*The Nordenstrom relationsh'p is given by
Sy 0.75
(‘w)llg 1.68 ()

**Report DTNSRDC/SPD-0720-31 to be published in 1982.

meters

SUENITITY

- t— —ny

e —t




[t

0T ¥ 2mesien oy
|

entire region bounded by Area 2. The hindcast data set is without fair weather and
observer skill biases which may be at lcast partially surmised from the figure. For
example, the hindcast data set provides a greater statistical occurrence of all

waves exceeding about 2 meters. The highest significant wave height in this ten

year sample of hindcasts is 17.8 maters and the correspondong mode of the ulrectional
spectrum is about 23 seconds. On the other hand, the highest observed wave in the
Hogben-Lumb sample is about 12.8 meters and its observed mode is between 10 and 11
seconds. Clearly, the hindcast data set provides the naval architect with important
new wave statistics which will hopefully improve the realism of seakeeping perform-
ance assessments. It Is noted that the modal periods developed in this work are
reflective of the peak of the primary direction of the (density) directional spectrum.
Very often this coincides with the peak of the primary direction as well as the
entire spectrum.

With regard to wave periods, the hindcasts generally indicate longer wave
periods for given heights. This is not surprising as it is difficult to observe
them at sea and even the codes used to record observed occurrences on board ship are
Inadequate in this regard. Very often, the naval architect uses the most probable
modal or peak wave period for several varying wave heights. In this work, the modal
periods, being longer, will cause larger responses to be calculated for the longer
ships. Figure 5 shows a comparison of the new (tentative) most probable period -
significant wave height relationship with tne previously used one recommended in the
"Sea Environment Manual for Ship Design.'" Clearly, for waves in excess of about
6.5 meters, the hindcast periods are from 0.5 to 3 seconds longer.

Without doubt, the most severe wave conditions which NATO fleets wil!l encounter
are in the North Atlantic. Figure 6 presents an annual comparison of significant
wave height occurrences for the five generic operational areas. Acs might be expected,
the North Sea is ranked second most severe with the Black Sea third, the Mediterranean
Sea fourth, and the Baltic Sea fifth. When only worst seasons are compared the
ranking Is the same as for the annual occurrences, see Flgure 7.

Figures 8 and 9 provide a more detailed 1l1lustration of annual and wcrst season
occurrences for the areas defined in Table 2 in the North Atlantic. These data are
based on the occurrences provided in Appendix A. Gene ally, the severer conditions
prevall between 50 and 60° N with the western portions indicating somewhat worsened

conditions.

!

,

JUEPE 7 S 7 S

S

e S




e oAt -

Figure 10, from Reference 2, defines regions of extreme seas in the North
Atlantic. [xtreme seas are defined to be those with .ignificant wave heights of
10 meters or more. The figure was constructed by tabu'ating all extreme occurrences
for the circled 65 grid poliits in the ten year sample. Clearly, ship operacions
conducted between about 55 and 60° M will generally encouriter more severe conditlons,

though cccazional oceurrances are noted ue far south as the Tropic of Cancer.

WAVE SPECTRAL FAMILY

In keeping with the rscommendatiors of the Internationa: ship Structures
fongress (1SSC) and the irnter:zatlional Towing Tank Conference (ITTC), as well as
curient U.S. Navy des!ign practice {''Sea Environment Manual for Ship Design''), the
two-parameter Bretschneider spectral formulation is recommended for use for the
open ocean North Atlantic. The spectrum can be written in the form

Sc(w) = A'-\m5 exp[- B/mh] w? sec
where A = 483.5 (Ew)i/alToh mzlsech
and B =« 19uk.5/7 " 1/sec” (1)

The two defining parameters of the spectrum are the significant wave height,
(Zw)i/s, in meters and the modal or peak wave pericd, Tos in seconds. The parameters
can by taken from the data base provided in Appendix A, see Appendix F for data
format description. As indicated in the Appendix, the frequency distribution, being
fived in SOWM, permits only certain modal period values in the parameterization of
the spectra. The periods are shown on Table 3 and are defined at the peak of the
primary direction of the directional spectrum (converted to densities). Very often
this peak occurs at the same frequency as that for the point spectrum and the total
directional wave spasctrum. Figure 11 provides a selection of Bretschnelder spectra
for the case when the significant wave height is defined as 0.30 m (i ft).

The effect of wave directionality on predicted ship response can Le substantial.
Figure 12, from Reference 7, illustrates this effect for roll motion for a conven-
tional destroyer hull. Uni-directional or long-crested seas permit much mors severe
motion, in the worst case, than multl~-directional or short-crested seas. As stort-
crested seas occur most frequently in nature, it is recommended that they be used in

6
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most seakeeping analyses. However, in certaln Investigations, e.g. of head sea pltch and
heave motions, which require worst case values, long-crested seas should be used.

:'J‘ it i P
The state-of-the-art for mode!ing short-crested seas, Is to apply a +%) degree
a cosine squared spreading function to the Individual frequency components of the uni-
* directional wave spectrum, for example see Equation (1). The functlion can be
written

St(m,v) = (2/7) cos2 (v = u) St(u) (2)
where v represents the secondary wave directions, u Is the predominant wav= direction

i
{
O { and angies are measured in radlans. In applying Equation (2), it is assumed zhat
energy Is constant across directional bands equivalent to the Increment across suc-

cessive v's and that it Is constant for all wave frequencies. The spreading function
Is generally opplied about 9C degrees and at 15-degree Iincrements from the predomi-
. nant wave direction. £ generalization of this directionality model to a iv* cosine

- squared spreading fuiction, see Reference 8, has been dasveloped and may be applicable
] as more conclusions are derived from the Twenty Year Hindcast Climatology. For
£ .. purposes of this report, it Is recommended that the equation bs applied for $90

degrees, and at 15-degree Increments. Effectively,

Sc(m,v) -V . $c(u)

and W= %‘- cos? [—%%v- ul (3)
where anglas are measured in degrees.

Table 4 provides values for W for various v* values. (n this case, v* should
be taken as 90 and a as 15, so that the W valusy under the "90" column are to be

ST et -

ey
o
1 B

used.
Preliminary results reported in Reference 2 (for grid point 127 in Area !!)
indicate that
g* 1. Uni-diractional seas ares rarz
2. Spreading using a coslne squared funciion about 190 degrees may represent
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the most frequent case
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3. Spreading as narrov as 160 degrees and as broad as :+iZ0 degrees is not

rare
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MEDITERRANEAN SEA
WAVE AND WIND STATISTICS
Wave and wind statistics for the Mediterranean Sea are provided in Appendix B
for both annual and seasonal time spans. Frequencies of occurrence, developed from
Reference 9, are provided for the three areas (29, 30, 31) identified on Figure 13.
Parameters Included are

. . RN
- . R .
A e e ———

1. Significant wave height vs. modal wave per’od

2, Significant wave helght vs. wind speed

3. Significant wave height vs. primary wave cirection

k. Wind speed vs. wind direction
The secasons are defined as for the open ocean North Atlantic case.

As indicated in Reference 2, the Twenty Yaar Hindcast Climatology will eventu- ¢ {
ally be oxtended to Include the Mediterranean Basin us’ng an operational model, with ! {
a grid spacing of about 40 mlles, currently in use by the U.S. Navy, see Reference
10. Hence, the dats ygiven in Appendix B will eventually be replaced with distribu- {
tions simllar to those of Appendix A. Additionally, the basir will be divided into
operational areas such as I3 done in the North Atlantic. i

WAVE SPECTRAL FAMILY E
As the three Mediterranean aress noted on Figure 13 are In sufficiently deep

water and with sufficiently long fetches, the Bretschneider Spectral Family discussed |

previously, should be used. In keeping with the range of values given In Appendix B, \

modal periods up to 13 seconds together with the approprliate significunt heights,
shouid be used to define the spectra. The same recommendations with regard to !
directionality as made for the open ocean are also applicable here.

COASTAL AND LANDLOCKED AREAS .
WAVE AND WIND STATISTICS (7

Wave and wind statistics for coastal and landlocked operating areas are pro-
vided In Appendices C, D, and E.

Appendix C, developed from the Twenty Year Hindcast Climotology, provides data
for the North Sea. Parasmeter distributions are similar to those provided for the . §?
open ocean in Appendix A and are for grid pc. 't 124 In Area & on Figure 2. A summary &
of scme wave occurrences In this area Is provided in Figures 6 and 7. The same ;

———
3
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parameter sets and seasonal definitions as for the cpen ocean North Atlantic are
also applicable here.*

Appendix D provides wave and wind statistics for thu Baltic Sea, including the
Gulf of Bothnia, which are derived from References 9, 11, 12, and 13. The specific
operating areas Included are noted on Figure 1&. The same parameter sets and
seasonal definitions as used for the Mediterranean are also applicable here.

Appendix E provides wave and wind statistlics for the Black Sea derived from
Refarence 4. Figure 15 defines the specific operating area included. The eastern
part of the Black Sea w&s not treated as the prevailing conditions there are less
severe than the more western area shown in the figure. The parameter sets are the
same as used for the Mediterranean while the seasons are defined as for the open
ocean North Atlantic case.

WAVE SPECTRAL FAMILY
As all of these operating regions are relatively shallow™ and at least

partially surrounded by land, the Bretschneider spectral formulation is not recom-
mended for use here. Instead, the mean JONSWAP spectrum [s recommended here. This
formulation was developed by Hasseimann In order to model fetch-limited, shallow
water wave conditlions, see Reference 5.

The JONSWAP spectrum Is a generalization of the Plerson-Moskowitz form by
Inclusion of fetch as an additional parameter to wind speed. As It s usually
written, the mean JONSWAP spectrum Is dependent on the two parameters vind speed and
fetch. However, for simplicity, as wall as consistency with the current state-of-
the-art in seakeeping performance assessment, & JONSWAP expression which |s dependent
only on the two parameters, significant wave height arnd modal wave period, Is
desirable. Such an expression Is derived In Reference 16 and given by

wT

i T -4 2- 1l
s{(u) - Bgz w? expl- 1.25 d;fh h] 3.3‘xp ;;f ¥ m‘sec (5)

%]t should be noted that this Appendix will eventualiy be replaced by one
consisting of hindcast data, under development by the German Navy, for a fine grid
spacing throughout the North Seca.

**The Black Sea is actually of greater depth than the North or Baltic Seas,
but no data have been found with which to determine the most sppropriate wave
spectral famlly.
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where
o = 0.07 for £ < &- (8)
°
or
o = 0.09 for % > T‘: ¥)]

and where w [s the clrcular wave frequency In radfans per second. 8 [s & constant
dependent on the significant wave helght, (Ew)llg’ and the modal wave period, To'

g was devsioped to replace the o parameter gliven In the usual JONSWAP formulation
and to correct for the parameter's nonuniversality. The Inconsistency In the usual
JONSWAP formulation arises for relatively high waves with long perlods. Flgure 16
provides an 11lustration of the difficulty for winds of 20 and 30 knots. The solld
line represents the theoretical relationship between significant wave height and
fetch for those wind speeds. The dashud 1ine represents the values which are actu-
ally computed from the spectral area when the given fetch and wind speed are speci-
filed In the usual JONSWAP formulation. The difference between the solid and dashed
ilnes represents a rather noticeable increase in significant wave height for fetches
above about 40 nautical miles.

Figures 17 and 18 from Reference 16 permit the determination of i for given
values of significant wave helght and modal wave perlod. The wave parameter ranges
are deliberately broad in anticlpation of extreme occurrences which may be hindcast
for the North Sea. The neight and perliod ranges vere determined by examination of
the data sets in Appendices C, D, and E.

Figures 19 and 20 provide sample modified JONSWAP spectra for significant wave
heights of 2, 3, 5, and 7 m and a range of modal wave periods. As is the case with
the Bretschneider formulation, Equation (5) can be applied without special regard
to fetch or wind speed. However, as those values cculd be of Interest in some sea-
keeping analyses, Figures 21 and 22 are Included to provide a comparison with
corresponding helghi and period ranges.

As with the usual JONSWAP formulation, the modifled expression given In
Equation (5) Is for long-crested seas. While there Is 1imited experimental verl-
flcatlion, the cosine squared spreading function s reconmended for use with the
JONSWAP spectral formulation at this time.

10
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TOTAL MARINE ENVIRONMENT
The overall misslon effectiveness of a naval ship Is dependent on tho total

natural environment that the ship encounters.* While the functional relationships
between the ship (including all of Its combat and support systems) and the natural
environment are not completely understood, somes consideration of these factors may
be appropriate. While this document emphasizes wave and wind phenomsna, It Is
recognized that other environmental occurrences may be equally Important to the
ship's performance. Table 5, adopted from Reference 17, identifies a number of
natural environment parameters that may impact performance of certaln missions. In
recognition of this, a summary table providing data for many of these parameters Is
glven In Appendices A to E. The data, developed for annual occurrences, provides

ranges of values expected for each parameter and Is desciibed in detall in Appendix
F.

Figures 23 to 26, adopted Trow Reference 18, provide seasonal (February, May,
August, and November) varlations of surface currsnts (directional and speed) through-

out the NATO operational areas. Limits of ice coverage are also Indicated for more
northerly latitudes.

EXTREME SEAS
The recommendations for the use of varlous wave spectral formulations generally

reflect moderate to heavy weather operations (e.g., up to Sea State £). Most naval
missions to which this report Is directed will be conducted In no more severe con-
ditlons than these. However, the occasion may arfse when extreme condltions should
be considered, partlcularly In the context of mobllity mission requiraments in the
open ocean North Atlantic. For this case It is not clear whether the avallable
Bretschnelder or the JONSWAP spectre! formulations are more appropriate. While
Bretschneider spectra appear to be too broad (&gainst frequency) and of Insufficient
peak definition, the JONSWAP formulation has not yet been wel} establls. 2d as &
model for extreme seas, particularly in the open ocean. What Is more certain Is
that the directionality mode! assoclated with extreme seas should represent multi-
directional, confused seas, see Reference 19. Future investigations will perhaps
Identify the more appropriate spectral formulatlon.

*0f course; It Is also dependent on the man-made threat environment which is
present.
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TABLE 2 = LOCATIONS DEFINING NORTH ATLANTIC OCEAN

AREAS IN CURRENT STUDY

NATO Subproject ion/GP Latitude (° N) Longitude (° W)
Area
00 3/110 60.696 33.123
0 3/84 62.851 3.916
1 3/169 52.755 33.765
2 3/127 58.292 12.297
4 3/124 55.870 L.391€E
6 2/279 46.191 44.891
7 3/216 45.199 21.648
10 2/228 34.097 52.857
1 3/244 39.912 21.794
16 2/224 29.748 66.526
17 2/182 26.694 48.502
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; TABLE 3 - MODAL WAVE PERIOD VALUES FOR SEAKEEPING ,
| PERFORMANCE ASSESSMENTS |

1 £ (SOWM) T |
' Hertz Seconds
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TABLE 4 - SAMPLE SPREADING WEIGHTS (a OF 15 DEGREES AND
v OF 0 DEGREES) (REFERENCE 8)

_ w v 8 76 60 4 30 15 0
1 % | o000 | - - - - - - :

1 . 75 | 0011 | 0.000 - - - - -

;| 60 | 0042 | 0019 | 0.000 - - - -

. 45 | 0083 | 0069 | 0037 | 0.000 - - -

0126 | 0131 | 0126 | 0.083 | 0.000 - -

15 0.166 0.181 0.213 0.260 0.260 0.000 0.000

0 W) 0.167 0.200 0.260 0.333 0.500 1.000 1.000

<

WAVE ANGLES, v

16 '0.156 0.181 0.213 0.250 0.250 0.000 0.0u0

. . . ¢ . ¢ - ' M v

. 30 0125 | 0131 | 0126 | 0.083 | 0.000 - -
45 0083 | 0068 | 0037 | 0.000 - - -
- 60 0042 | 0018 | 0.000 - - - - §
75 0.011 | 0.000 - - - - - |
- } 20 0.000 - - - - - - i
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APPENDIX A
L CLIMATOLOGY OF THE NORTH ATLANTIC OCEAN

A-1




o '
1
J The following data graphs are derived primarily from the Ten Year Hindcast
.A Climatology, see Reference 2. Tables A-(0,00,1,2,4,6,7,10,11,16,17)=1-1 are
' developed from Reference 9. ‘
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