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Abstract—In this paper, a detailed statistical analysis of the wind and wave fields in the Indian Ocean (10)
for the period of 1998—2009 was performed based on using the wind fields taken from the site of the National
Centers for Environmental Prediction and the National Oceanic and Atmospheric Administration
(NCEP/NOAA) [1] and on the numerical wind-wave model WAM [2] modified with the source function
proposed in [3]. The primary analysis of the fields includes mapping the wind and wave fields, as well as their
energy fields, calculated with different scales of space-time averaging; the subsequent zoning of the 1O area;
and assessing the seasonal interannual variability of all the fields and their 12-years trends. Further analysis is
carried out taking into account the zoning. This analysis includes a construction of the time series obtained
with different scales of space-time averaging for all the fields, a spectral analysis of these series, finding and
analyzing the spatial and temporal distribution of extrema of the wind and wave fields (accounting for the
their sharing in the zones), and making histograms of the wind and wave fields and calculating their first four
statistical moments (in the zones and in the ocean as a whole). The results allow us to evaluate a large set of
statistical characteristics of the wind and wave fields in the 10 area, scales of their variability, their long-term
trends, and the features of distribution for these statistical characteristics in the ocean area as well.
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1. INTRODUCTION

This paper represents a stage of implementation of
the international Russian—Indian (Russian Federa-
tion of Basic Research project no. 10-05-92662-
IND_a) study devoted to wind and wind-wave fields
and their energy store, as well as the processes of their
interaction, and the long-term variability of these
fields using the example of the Indian Ocean (I10).
Because the wind field is the primary source of all pro-
cesses mentioned above, a study of its variability and
statistical characteristics is primary and obligatory.
After that, the WAM wind-wave model [2] modified
with the new source function [3] was used to calculate
the wind-wave fields. To solve the problems of the
project, in this paper we proposed a certain methodi-
cal approach for processing geophysical fields which
will be used later as the reference approach for pro-
cessing fields of other variables planned in the further
implementation of this project.

The wind field W(x, y, f) used in this study is
defined as a three-dimensional array for two compo-
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nents of the wind vector. It was obtained from the site
of the National Centers for Environmental Prediction
and the National Oceanic and Atmospheric Adminis-
tration (NCEP/NOAA) [1]. The field represents a
reanalysis prepared with the following sizes of the
space-time grid: 1° in latitude, 1.25° in longitude, and
3 hintime. The accuracy of the field components is on
the order of 1.5—2 m/s (estimations found in paper [4]
and archive [5]). At the time the work was conducted,
the available period of reanalysis was 12 years: 1998—
2009.

Such a detailed and long-term wind field, to our
knowledge, has not been used for a detailed study of its
statistics in the 10 yet, despite the fact that such works
have a long history and have been successfully carried
out in many research centers around the world for dif-
ferent areas of the World Ocean (references see in [6—
10]). The objectives of our work do not include any
detailed analysis of the previous results, because our
project focuses mainly on a study of features for a
space-time structure of the wind- and wave-field
energy, as well as their long-term trends, and the vari-
ability of intensity for their mechanical interaction on
long-term scales. Such an approach to a study of the
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air—sea interaction is unique and has no analogues.
Therefore, for our purposes, the abovementioned
works are used as certain reference points only, per-
mitting us to control the quality of our results that
overlap with those mentioned above.

In addition, it is essential to note that another dis-
tinctive feature of our study is a detailed account of the
spatial inhomogeneity of the wind field in the I1O. The
accounting this circumstance is achieved by zoning
the entire ocean area into a number of zones that differ
in wind-field dynamics. As the basis of zoning, we use
the stable distributions of local extrema for the aver-
aged wind field (see below). Introducing zoning allows
us to detect the characteristics of the wind-field vari-
ability in the area studied with a greater certainty and
in more detail than the results found in earlier studies
[6—10].

Sections 2—6 are devoted to analyzing the wind
field in the 10, while sections 7—10 are devoted to a
wave-field analysis.

2. THE TASKS SET FORTH

Using the example of the wind field, the general
formulation of the main sets of tasks is stated as fol-
lows.

(1) To build and analyze four types of charts for the
mean wind field, (Wi, j, T)), given by the formula

WG, j,T) = {Z ALW G, j, mj / D AL,

t,eT t,eT

Q2.1)

where Af, = At = 10800 s is the time step, 7 is the
period of averaging, and W(i, j, t,) is the wind module
at the spatial node (i, j) at the time moment #,. The fol-
lowing constructions are made: (a) charts for a certain
winter (January) and summer (July) month averaged
over all years and a chart of the seasonal variability,
(b) one-year-averaged charts and the charts of the
interannual variability, (c) a chart of the wind field
averaged for the entire period, and (d) a chart of the
mean wind-field trend for the entire period.

The purpose is to define the seasonal and interan-
nual variability of the mean wind values, the 12-year
trend of the wind field, and the spatial distribution of
the latter. Based on an analysis of the spatial distribu-
tion of the wind, the justification of IO zoning is to be
executed.

(2) To build and analyze charts of the mean densi-
ties of the horizontal flux for a kinetic energy of wind
(hereinafter, FKEW), {E (i, j, T)), given by the for-
mula

(E4G,.T)) = {Z At WG, m/zj / Y A, 22)

t,eT t,eT
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where p, = (353/T%) kg/m? is the air density taken
with account for its dependence on climatic mean
temperature Tk (in the Kelvin scale), varying with the
latitude and seasons. Variations of the argument 7 in
(2.2) correspond to the four types of averaging men-
tioned in task 1.

The goal is to estimate the FKEW quantities in the
zones and in the whole 10 and their variation with the
seasons and years and define the 12-year trend of
FKEW and its spatial distribution. The FKEW is esti-
mated in units of the power per unit of a vertical square
(Wt/m?) located perpendicular to the wind direction.
The significance of the FKEW is stipulated for the fact
that it is what characterizes the rate of transfer of the
mechanical energy from wind to waves [11].

(3) To construct graphs of a time history for the
mean wind speed W(R, T) and mean FKEW E (R, T)
averaged over space and time and defined by the rela-
tions

W(R,T,1)

= {z At, Y W, Jj, z,,)AS,,.]

t,eT i,jeR

D A, [ AS,, (2-3)

t,eT i,jeR

ERT)

- {z ALY %W%i, Ji tn)AS,_.,] / > At / > ASy,
t,eT i,jeR t,eT i,jeR

where AS;; is the grid-cell square of the IO area adja-
cent with the left lower corner to the ith node of lati-
tude and to jth node of longitude. The argument R is
the index of the spatial integration (i.e., the fixed
point, the zone, or the whole ocean); the argument 7
means the period of averaging.

The following 12-year series are constructed: (a)
the time history for the “instantaneous” (3-h time
step) values of WAR, T, f) and E (R, T, t) at the fixed
points of zones, (b) the time history of the same quan-
tities made with the 1-day averaging (1-day time step)
and with averaging over each of the zones, and (c) the
time history of the same quantities with the 1-day averag-
ing and averaging over the whole 10. All the resulting
time series are subjected to spectral analysis. The goal is
to determine the scales of temporal variability for the
“instantaneous” magnitudes of wind and FKEW at the
fixed points and the same magnitudes averaged over the
zones and over 1O as the whole.

(4) To construct the time-history graphs for the mean
wind, W(R, T, ) and mean FKEW E (R, T, f) with the
annual averaging (for each year of 1998—2009) for each
zone and for the whole 10. The goal is to define the 12-year
trends for the 1-year mean wind speed and FKEW aver-
aged both over zones and the whole 10.

(5) To determine the extreme values of wind
W o ax(ims J s> 1) and their spatial and temporal location
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isJm» £, fOr €ach zone. To build a chart of the extreme
values W_,,.(i, j) found for each point of the 10 area
studied. The goal is to provide information about the
real values of the wind maxima, including their time
and space locations.

(6) To construct a set of histograms for the wind
speed: (a) for the entire period 1998—2009 at the indi-
vidual (distinguished) points of each zone, (b) for a
dedicated winter (January) and summer (July) month
with accumulation for the whole period (for each
zone), and (c) for all years with the space integration
over each zone separately and over the whole 10.

The goal is to demonstrate evidently the spatial and
temporal variability of the distribution function for the
wind module and the dependence of the former on the
scale of averaging.

(7) For all kinds of histograms referred to in item 6,
to calculate four statistical moments (mean, standard
deviation, skewness, and kurtosis) and to estimate
parameters of the empirical distribution function as
parameterized by the Weibull distribution.

The goal is to demonstrate the extent of correspon-
dence of the statistical characteristics mentioned to
those known from literature [8—10].

The specificity of the analysis is to study the statis-
tics of the wind field and FKEW for three types of spa-
tial scales: at each point of the ocean (charts), the
zonal distribution of characteristics, and the integral
values of characteristics. This approach is consistent
with the principle of enlarging the scale of describing
the geophysical field. In the following presentation of
results, we will adhere to this principle. Due to the lim-
ited size of this paper, the results will be given in a
visual form for the most important items of the above
problems only. A lot of omitted results are available
when accessing archive [5] or directly from the
authors.

3. ANALYSIS OF THE CHARTS FOR WIND
AND WIND ENERGY

3.1. The Mean Wind Charts

A chart of wind speed (Wi, j, T)) averaged for the
entire period is shown in Fig. 1a. An analysis of all the
charts of such a kind shows the following features of
the mean wind fields. First, all the maps show a clear
and stable distribution of wind speed in space like one
shown in Fig. 1a. Taking the presence of local extrema
in the wind field as a basis for zoning, the following
areas could be distinguished: the Arabian Sea (Z1), the
Bay of Bengal (Z2), the equatorial part of 1O (Z3), the
southern part of the trade wind in 10 (Z4), the south-
ern subtropical part of 10 (Z5), and the southern 10
(Z6). Such a distribution of extremes for the wind field
indicates the stability of the spatial dynamics of atmo-
spheric circulation over the 10 as a whole. The bound-
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Fig. 1. (a) The field of mean wind speed for the entire
period of 1998—2009 (straight lines indicate the bound-
aries of the selected zones Z1—Z6 of the 10 zoning; the
bold dots denote the “central” points of the zones), m/s;
(b) The field of seasonal difference of the season-mean
fields (July—January) averaged over the entire period, m/s
(the areas of negative values in the seasonal differences are
shaded); (c) the 3-h-value history of the wind speed at
buoy DS1 and the appropriate reanalysis data at the proper
grid point for the period from May to September 2001.
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The coordinates of buoys and the mean-square-root errors
OH for model calculations of wave height Hg for the two
variants of the WAM model and three buoys in the 10

aHs, m
Buoy index
[buoy coordinates]
WAM -orig WAM - modif
DS1 [15.5° N; 69.3° E] 0.75 0.47
DS2[10.7° N; 72.5° E] 0.40 0.29
SW3[15.4° N; 73.7° E] 0.45 0.28
Mean error 0.533 0.347

aries of zones and the location of their “central” points
are shown in Fig. l1a by thick straight lines and dots,
respectively (numerical values are given in the table of
archive [5]).

For completeness, we note that the average values
of wind-speed range from a minimum of 4—6 m/s in
equatorial zone Z3 to a maximum of 12—14 m/s in zone
Z6. Herewith, the maximum wind values are often
achieved just in the summer (Fig. 1b in [5]).

The exact values of the winds averaged over all
ocean zones are given in archive [5]. It is interesting to
note the strong seasonal variability of the mean wind
field shown using the example of “summer—winter”
variability (Fig. 1b). Almost everywhere except for
zones of weak winds, Z3 and Z5, the increase in aver-
age winds is remarkable in the summer time; it is espe-
cially noticeable in the western parts of zones Z1 and
Z3. According to our estimates, this growth can reach
7—8 m/s, which is associated with the monsoon
dynamics taking place in the northern part of the 10.
The negative value of the seasonal difference taking
place near the western coast of Australia (zone Z5) and
reaching up to —(3—4) m/s apparently has a similar
nature. The temporal trend, obtained by the method
of least squares for each point of the wind field, is
characterized by chaotic heterogeneity (Fig. 1 in [5]),
slightly resembling Fig. la. Its analysis is given in
archive [5]. It marked an increase in the average wind
speed on the order of 0.06—0.08 m/s per year, espe-
cially in the areas of high winds (zones Z1, Z4, and
Z6). There are also weak negative trends (in the cen-
ters of zones Z3 and Z5, as well as in the center and to
the east of zone Z6) reaching values of —0.04 m/s per
year. The reliability of the established trend is small,
because the latter is within confidence intervals having a
value of Ay, = 0.05 m/s (for details, see [S5]). For a more
reliable determination of trends (and their explana-
tion), a greater period of analysis is evidently required.

Note: To confirm the applicability of the wind
fields for dynamics analysis and for the further analysis
of wind-wave fields calculated for this wind, a compar-
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ison was performed between the wind speed measured
at three buoys (coordinates are given in table) and the
wind values of reanalysis at the corresponding grid
points. In Fig. 1c a plot of this comparison for a buoy
called DS1 is shown. One can see a good coincidence
of the values of wind speed (correlation coefficient
K.orr = 0.90 and standard deviation 6W = 1.5 m/s).
Taking into account the corrections of the buoy wind
speed from a height of H = 3 m to a height of H =10 m,
the values of the mean wind speed for reanalysis and
the one measured at the buoy are 8.2 and 8.5 m/s,
respectively. This evaluation confirms the high quality
of reanalysis.

3.2. The Charts of the Flux of Kinetic Energy of Wind

The charts of FKEW (E (i, j, T)) in general repeat
the main features of the wind field (Wi, j, 7)), essen-
tially emphasizing the zones of extreme winds. The
expediency of studying the FKEW comes from the
determining role of this characteristic in the process of
interaction between the atmosphere and ocean [11,
12]. For this reason, as the basis of our studying the
wind field, we study the time-space distribution of the
flux of kinetic energy of wind and its variability. The addi-
tional specificity of the FKEW assessment (E,(i, j, 7)) is
given by an account for the air density dependence on
the temperature p,(7%). We achieved this accounting
on the basis of data received from the report of the
European Centre for Medium Range Weather Fore-
casts [13]. The abovementioned situation demon-
strates a high self-sufficiency and importance of the
FKEW field analysis. To our knowledge, there are no
analogues of such calculations and their analysis in the
literature.

Some results of the FKEW field calculations are
shown in Figs. 2a and 2b. They testify to the following.

All the features of the spatial variability of the wind
field (E,(i,j, T)) become more emphasized in the field
of wind energy flux density (W(i, j, T)). Thus, the
range of variation of the FKEW field (£,(i, j, T)) aver-
aged for the entire period reaches up to 13 times (with
a maximum of about 1300 W/m? in zone Z6, Fig. 2a).
The values that were found have a pioneering nature
and are of considerable interest both for evaluating the
mechanical energy of the wind over 10 and for
describing the dynamics of interaction between the
atmosphere and ocean (see Section 8).

The quantitative estimates of seasonal, interan-
nual, and long-term variability of the FKEW fields
(E (i, j, T)) are equally interesting (see details in [5]).
Thus, the range of seasonal variation reaches values of
about 100 W/m? in the minimum of FKEW and
1000 W/m? in the maximum (Fig. 2b). However, the
trend of the average field (E (i, j, T)) has a range of
[—10, +50] W/m? per year; i.e., it has an order of 1%
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Fig. 2. (a, b) The same as in Figs. 1a and 1b, but for the
average wind energy, in units of 102 W/mz.

per year (Fig. 2c [5]). That is beyond the confidence
interval for these series (the statistical trend-coeffi-
cient has a value R?> = 0.65, which corresponds to the
criterion of its validity). Herewith, the main increase
in the FKEW takes place in the central and Middle
Eastern parts of zone Z6, while a weak negative trend
is typical for the equatorial zone Z3 and the Far East-
ern part of zone Z6. The causes of the negative trend
are to be found later in the general dynamics of the
spatial variability of atmospheric circulation.

4. ANALYSIS OF TEMPORAL VARIATIONS
OF WIND AND ITS POWER: THE SCALES
OF THEIR VARIABILITY

4.1. Time History of Wind Speed at Fixed Points
of Zones

The typical time history of the “instantaneous”
wind speed W(Z,, ) (time step is 3 h) (in our case, it is
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Fig. 3. The spectra of the 3-h series of wind speed at the cen-
tral points (Table 1 of the archive [5]) of IO zones: (a) zones
Zl and (b) Z6.

related to the “central” points of 1O’s Z; zones, the
coordinates of which are given in Table 1 of the archive
[5]) shows its variation while moving to the south (see
Fig. 3 in the appendix of [5]). If the northern zones are
characterized by a marked irregularity of the chrono-
gram (i.e., the presence of several visually distinguish-
able scales of considerable variability: weeks, season,
half a year, year), only 1-year variability is noticeable
in the southern I10. These visual conclusions are fully
supported by the results of a spectral analysis of the
series W(Z,, 1) (Fig. 3).

A spectral analysis of the time series was performed
using the method of autoregressive Yule—Walker anal-
ysis described in detail in [14]. According to [14], the
confidence intervals Ag in the logarithmic coordinates
scale are on the order of £10—20%, depending on the
length of the series. Visually, this corresponds to the
thickness of the smearing of the spectral line at high
frequencies (with periods of 1 day or less). From an
analysis of a complete set of graphs for the frequency
spectra S(m) (see [5]), we can draw the following con-
clusions.
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Fig. 4. The series of (a) speed and (b) energy of the wind averaged for one day and over whole 10 and their spectra: (c) and (d),

respectively.

For zone Z1 (Fig. 3a) and for the similar zone Z2,
the greatest wind variation occurs at the period of
0.5 year. From this scale there is an almost uniformly
dropping-down spectrum up to a 1 day scale, having a
number of weak (but significant) peaks at periods of
100 (seasons), 30, and 15 days (mesoscales). On aver-
age, from scales of 100 days up to 1 day, the decay law
of the spectrum has a form S(®) o« ®~'°*%2 similar to
the law of the decay for isotropic turbulence spectra,
“—5/3”, or to the spectra of Lagrangian turbulence,
“—2”[15]. On smaller scales there are sharp (and reli-
able) peaks at periods of 1, 0.5, and 0.3 days. For zone
Z3, this general shape of the spectrum S(w) is
retained, but a significant peak at a period of 40 days is
seen and fluctuations on scales of 1, 0.5, and 0.3 days
significantly stand out.

For southern zones Z4—76 (Fig. 3b) there is a well-
distinguished annual maximum, beyond which, at
scales from 100 to 10 days there is the white noise spec-
trum (“shelf”), followed at high frequencies by the
power-law spectrum of the form S(w) < w2 * %2
which has a decay rate slightly greater than “—5/3.”

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS Vol. 48

On the tail of the spectrum, there are very sharp peaks
at scales of 1, 0.5, and 0.3 days.

4.2. Time History and Spectra of the FKEW at Fixed
Points of Zones

It is interesting to compare the above results with
those for the flux of wind energy E,(Z, f). The corre-
sponding results are shown in Fig. 4 of archive [5].

According to these results, the intensity of the
annual harmonic becomes dominant even for the
northern zones Z1—Z73. Starting from the period of
100 days, the spectrum gradually decreases with the
same “classical” law S(®) oc @' *92 revealing well-
marked maxima on scales of 1, 0.5, and 0.3 days.

For the southern zones Z4—Z76, all spectra have
main maximum on the scale of a year, followed by a
“shelf” (i.e., the spectrum of white noise) on scales
from 100 to 10 days (in zone Z4) or less (up to 3 days
in zone Z6). On smaller scales, this shelf is trans-
formed into the turbulence spectrum with a slope on
the order of “—2” (in the spectra of all the zones). As
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before, sharp peaks stood out at the scales of 1, 0.5,
and 0.3 days (especially strong in zone Z4).

4.3. Time History of FKEW Averaged for a Day
and over the Zones

An analysis of data of this kind shows that, when
moving to the south, the semiannual variability, which
is remarkable in areas of Z1—Z73, becomes weaker. But
at the same time, the annual variability of wind power
is well-expressed in all zones (figures of the series are
given in the appendix to archive [5]). This visual anal-
ysis is confirmed by a spectral analysis (see Figs. 5 in
[5]). In zones Z1—Z3, the spectra of the time-series
for FKEW contain sharp peaks at periods of 1 and
0.5 year, which are replaced by a smooth decline of
intensity in the range of scales from 60 days to 10 days,
where the slope of the spectrum is of the form S(w) oc
o 10%03_On scales of 10 days or less, the slope of the
spectrum becomes steeper: S(®) oc @ 2>*%3 In addi-
tion, in the spectra for zones Z2, Z3, there is a remark-
able local maximum at the period of 40 days, which is
gradually shifted to the period of 60 days as it moves to
the south (to zones Z4—Z76). On the smaller scales, the
white noise spectrum is achieved, located between this
moving local maximum and periods of 10 days. For
shorter periods, it is replaced by a falling spectrum of
the kind S(®) oc > >3+03,

4.4. Time History of Wind and FKEW Averaged Over
the Whole Ocean

In conclusion, it is interesting to point out pecu-
liarities in the time history and spectra of the daily
mean values W(R, T, f) and E (R, T, t) averaged across
the whole 10 (Fig. 4).

First, despite the large scale of spatial averaging,
the time history of the average values W(R, T, f) and
E (R, T, 1) shows a very strong variability. Namely, on
the synoptic scale (5—10 days), the wind averaged over
the ocean can vary up to 1.3—1.4 times, whilst the average
FKEW varies even up to 1.5 times (Figs. 4a, 4b). Such a
strong variability of the FKEW for the whole ocean is
seen as a new and quite unexpected result. Apparently,
this is associated with the passage of great cyclones in
the southern part of the 10.

Second, the spectra of these series (Figs. 4c, 4d)
have sharply marked periods of 1 and 0.5 year. Then,
the long “shelf” of the intensity of the spectrum takes
place from the period of 100 to 10 days, which is fol-
lowed by a rather abrupt power-law decay of the kind
S(®) oc 2393 Tt should be noted that spectra of this
kind are obtained for the first time.

Third, on the tails of the spectra, there are remark-
able peaks corresponding to the scales of 8—7 days and
5—3 days. Despite the fact that these peaks are
“drowning” in the statistical noise of the spectral esti-
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Fig. 5. The time history of (a) velocity and (b) energy of the
wind averaged for 1 year and over the zones (including the
mean over entire area of the 1O as the average for all
zones). The m.s.r. trend-lines for the entire 10 and their
formulas are shown.

mate, it appears that these features of the spectrum
correspond to the above-noted sharp synoptic vari-
ability in the time-history series for the FKEW of the
whole ocean. The general analysis and conclusions of
this subsection are given in Section 6 and, in more
detail, in [5].

5. ANALYSIS OF INTEGRAL AND POINT
FEATURES

5.1. The Time History of the Annual Values

The two panels of Fig. 5 show the time history of
the wind speed (5a) and FKEW (5b) averaged over all
zones and the 10. The expected distribution of mean
values among the zones is seen. Note that the esti-
mates of annual values of FKEW averaged over the
zones correspond to dependence of E R, T, 1) =
(0.8 —0.9)YW3(R, T, ) 10% with an error. This empir-
ical fact can be used for quick “expert” estimates of the
mean values of FKEW without involving cumbersome
calculations using formula (2.4). Restricting our anal-
ysis by the integral values for the whole 10 only, we
should note the presence of a barely discernible trend
for the averaged wind speed: growth on the order of
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Fig. 6. The time history of significant wave height H () at
buoy DS for the period from May to September 2001: the
thin solid line is the data of the buoy measurements,
squares are the results of calculations with the original
WAM model, and circles are the results of calculations
with the modified WAM model. The arrow shows the
beginning of the summer monsoon over the south of the
Indian peninsula.

0.25% per year and the presence of a fairly significant
trend for the density of mean-over-ocean wind energy
flux: the increase is 1% per year. Note that the first
digit of the trend clearly falls into the confidence inter-
val, having an order of 1% (taking into account the
variance of the annual wind for 12 years). The statisti-
cal trend parameter, which is equal to R? = 0.35, testi-
fies to the same thing. Meanwhile, the estimate of the
trend for FKEW is already in the range of 1% per year
and deserves attention (R? = 0.71).

That is the magnitude of the trend for E (¥), which
is of major interest in the light of the long-term (cli-
mate) variability of FKEW in the 10’s area. In a view
of the smallness of the time period (12 years), these
estimates, of course, have a tentative nature (local for
these years). However, they are important both for the
purposes of their clarification for longer periods and
for the purposes of a subsequent comparison of the
trends for wind-energy fields, with ones for wave-
energy fields representing the main interest of the
project.

5.2. Location of Extremes for the Wind Speed

The extreme values of the wind speed W, and the
coordinates of their spatial and temporal distribution
are shown in Table 2 of archive [5]. A complete analy-
sis of the table and complete picture of the wind max-
ima in the form of a “synthetic” map, the points of
which are not tied to a single time, are presented there.
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5.3. Histograms of the Wind-Speed Distribution
(in the Zones and the Whole 10)

The most complete probabilistic information about
the wind-speed field is given by its histograms, which
have been studied in a lot of papers (see references in
[7,9, 10]). For this reason, the analysis of histograms
and their first four statistical moments performed by us
is moved out of this text. It is presented in archive [5].
One significant result of this analysis is the strong vari-
ability of the statistical moments of the wind-speed
statistical distributions both among the zones and
depending on the scales of averaging.

6. THE MAIN RESULTS OF THE WIND-FIELD
ANALYSIS

The main results concerning the analysis of the
wind field in the 10 consist of the following.

6.1. The zoning of the 1O into 6 zones is established
and justified (Section 2, Fig. 1a) and the dynamics of
the wind circulation has stable characteristics at all the
considered scales of averaging. Using the example of
the wind-histograms analysis, it was shown that, due
to spatial variability, an estimation of the mean statis-
tical quantities averaged over the whole ocean is not
acceptable even for studying the variability of geophys-
ical fields on long-term (climate) scales; i.e., it is nec-
essary to study the statistics in each zone separately.

6.2. A variety of scales of variability both for the
“instantaneous” values of the wind at fixed points and
for the series obtained at different scales of spatial and
temporal averaging are established. The natural
enlargement of the main period for wind-field vari-
ability from a period of 0.5 year to a period of 1 year
while moving through the set of zones to the south is
revealed. In the spectra of the “instantaneous” series
(with a time-step of 3 h), the following scales of vari-
ability (both for the wind speed and FKEW) are fixed:
1 year, 0.5 year, 100 days, 60 days, 40 days, 1 day, 0.5
day, and 0.3 day. Starting from the synoptic scale (10
days or less), the spectra of velocity and energy-flux
density for wind power have exponent decay laws with
indexes from —5/3 to —2.5 (Section 4).

In the spectra for daily mean values of wind speed
and energy averaged over the zones and whole area of
the ocean, only the scale of 1 and 0.5 year is well
marked. In addition, the scales of synoptic variability
(5—8 days), which occur against a background of
exponential decay of the high-frequency part of the
spectrum, are also distinguished. Only these scales are
responsible for the visually observed significant synop-
tic variability of the wind energy (Section 5.1;
Figs. 4a—4d).

For the wind-energy flux values averaged over the
zones and the whole ocean, the spectrum has the white
noise part (“shelf”) located between the scales of max-
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imal variability (1 year or 0.5 years) and the small
scales of a turbulent nature. The shelf part of the spec-
trum commences on a scale of 100 days and ends on
scales of 10—3 days. The presence of the shelf in the
spectrum shape indicates the absence of an apprecia-
ble dynamic relation between movements in the
specified range. At the same time, the dynamics of
processes at smaller scales (turbulent transport of
energy through a cascade of scales) is similar in all
zones, which leads to the conservation of the falling
exponent spectra on these scales for all versions of
field averaging.

6.3. The estimates of the energy store for the wind
field and its variability were found both in the zones
and in the whole 10 for the first time. For 1998—2009
it was shown that the confident positive trend takes
place for the ocean-averaged FKEW, having a value of
about 1% per year. Due to the smallness of the analysis
period (12 years), these results are preliminary. Never-
theless, they add additional scientific interest to the
study of the long-term variability of the atmospheric
dynamics.

7. MODIFICATION OF THE WAM MODEL
AND OBJECTIVES OF THE WAVE-FIELD
STUDY

7.1. Results of the Modified Model WAM Verification

The numerical model WAM (Cycle-4), modified
with the new source function proposed in [3], has been
used to calculate the wind-wave field in the 10. In this
section we briefly review the results of a comparative
verification of the modified WAM model performed
on the basis of the available data of three buoys located
in the area of the 10. Herewith, we will follow the
specified technology of data processing that was devel-
oped and successfully tested previously [16]. Recall
that the numerical model WAM is described by the
equation [2]

dS(c,0,x,1)

y = F(S,W,U) = In+ NI — Dis,
1

(7.1)

where the left-hand side is the full derivative in time
for the frequency-angular spectrum of wind waves,
S(o, 0, x, 1), and the right-hand side is the so-called
source function, F, which depends both on wave spec-
trum S(o, 0, x, 1) and the local wind W(x, #) and cur-
rents U(x, 7). The left-hand side of (7.1) is the mathe-
matical part of the model. It is achieved in the WAM
as a set of programs for calculating the evolution of the
wave spectrum in the spherical coordinates with the
use of standard initial and boundary conditions. This
part of the model remained unchanged in our calcula-
tions.
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The right-hand side of (7.1) gives a mathematical
representation of the source function (SF) summands
(terms) defining the physical content of the model.
The SF describes the mechanisms of wind-wave evo-
lution: the rate of energy transfer from wind to waves,
In; the rate of nonlinear transfer of wave energy
through the spectrum, N/; and the rate of wave energy
dissipation, Dis. Just these terms of the SF of the orig-
inal model were replaced by the ones proposed in [3].

The details of the modified SF’s representation, as
well as the technology of comparative verification,
have been described in detail previously [16]. There-
fore, we present here the final results of the root-
mean-square error estimates (r.m.s.), dHg, for the
modeled values of the significant wave height, Hg. This
error is obtained by means of comparing the modeled
wave heights with those measured on three buoys
located in the Arabian Sea (table).

As can be seen from the table, the win of accuracy
for the modified model (i.e., the decrease in dHy) is,
on average, about 35% of the errors for the original
model. In the terminology of [16], it is an indication of
the significant improvement of the model. In our cal-
culations, the average value of 8 Hg is about 0.35 m for
the modified model.

On the example of buoy DS1, the result of compar-
ison of the calculations is visually represented in Fig. 6
(the correlation coefficient of the wave height series on
the buoy and obtained by the modified model is 0.95).
It is seen that the main win in accuracy is due to the
more adequate description of the extreme values of
wave height given by the modified model (an explana-
tion of this fact can be found in [4, 16]). This fact
allows us to state that the results of calculations of
extreme wave height in the 1O obtained with the mod-
ified model have higher reliability than those obtained
with the original WAM model. The same is confirmed
by a comparison of histograms of these series (see fig-
ures in the annex to archive [17]).

7.2. Setting Tasks for the Wave- Field Analysis

Research objectives for the wind-wave field study
in the IO are completely formulated analogously to
those for the wind field (see Section 2). The only dif-
ference is in the following. In order to obtain the mean
wave-height fields (H(i, j, T)), in formulas (2.1) and
(2.3), the wind field W(i, j, t,) should be replaced by
the wave height fields H(i, /, ¢,) and, in order to obtain
the wave-energy fields (Ey(i, j T)) in formulas (2.2)
and (2.4) the density of the wind energy flow p,W3(i,
J, t,)/2 must be replaced by the wave energy density

gp,H ;(i, J, t,)/16 (where g is the acceleration due to
gravity and p,, is the density of water).
No. 6

Vol. 48 2012



648 POGARSKII et al.

‘.-—

T
20 40 60 80 100 120 E

Fig. 7. The charts of calculated fields: (a) the field of wave-
height Hgaveraged for the whole period of 1998—2009; the
isolines are numerated in meters. (b) The seasonal differ-
ence mean fields (July—January) averaged for the entire
period, m. The shaded area corresponds to negative values
of the seasonal difference.

Herewith, it is assumed that the field of wave height
H(i,j, t,) is calculated with the modified WAM model
used for the wind-field grid: 1° x 1.25° in latitude—lon-
gitude and 3 h in time. The relation of the significant
wave height with the wave spectrum is given by (7.2).

1/2

HG, j,t,) = 4( I J' S(@,0,i, /, t,,)dcode) (7.2)

In all other respects, all seven objectives formulated
in Section 2 are transferred to the formulation of tasks
for the wind-wave field analysis in all details. This
methodological unity allows us to not dwell on this
issue more and to go directly to the analysis.
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8. ANALYSIS OF THE CHART FOR WAVES
AND THEIR ENERGY

8.1. Charts of the Mean Wave-Height Fields

Out of all the charts for the mean wave-height fields
(H(i,j, T)), the most important two charts are repre-
sented for demonstration (Figs. 7a, 7b). More detailed
wind-wave fields and the fields of wave energy are rep-
resented in archive [17]. A general analysis of the
whole variety of charts testifies to the following fea-
tures of the mean fields H.

First, all the charts show a remarkable and sustain-
able distribution of wave height through the space,
shown using the example of the chart averaged for the
entire 12-year period (Fig. 7a). Like in the wind field,
the same six designated zones characterized by the
local extrema of'the field (H(i,j, T)) are seen: the Ara-
bian Sea (Z1), the Bay of Bengal (Z2), the equatorial
part of 1O (Z3), the southern part of the trade-wind in
10 (Z4), the subtropical southern part of 1O (Z5), and
the southern 10 (Z6). The reason for the zoning is
provided for the wind dynamics discussed in detail
above, which makes it possible not dwell on this issue.
Here it is important to note the fact of the sustainable
spatial inhomogeneity of all the mean wave-height
fields: seasonal, annual, and averaged through the
whole period under consideration (see figuresin [17]).

Note that, due to the space-time inertia of the wave
field, when compared to the variability of the wind
one, the zone boundaries for the fields of wave and
wind are somewhat shifted and, in the wave field, not
all the zones are clearly marked. Nevertheless, in order
of succession to the earlier analysis and accounting for
insignificant changes in the zones boundaries, further
we will use the previously adopted zoning partition of
the 10 (Fig. 1a and table in [5]).

The second feature deals with the ranging of
characteristic values for the wave fields. Note that
the 12-year-mean values of Hgrange from a minimum
value of 1 m in the coastal areas of zones to maximum
values on the order of 5.5—6 m in the center of zone Z6
(Fig. 7a). Herewith, the maximum waves are often
found in the summer (see [17]). In contrast to the
12-year-mean fields, the seasonal and annual fields,
while maintaining the mentioned zoning structure,
indicate even a greater range of variability.

Third, it is important to note a very strong seasonal
variability of the mean field (H(i, j, 7)), which is
shown using an example of the “summer—winter” dif-
ference for the 12-year-mean wave fields (Fig. 7b). An
increase in the average wave height takes place in sum-
mer almost everywhere except for the eastern part of
zone Z1. This increase is especially noticeable in the
western part of zone Z2 and in the center of the border
between zones Z5 and Z6. That differs from positions
of maxima for the seasonal variability of the wind

No. 6 2012



JOINT ANALYSIS OF THE WIND AND WAVE-FIELD VARIABILITY

(Fig. 2b). The summer-increase for the wave height
canreach 3—4 m, i.e. about 100% of'the average winter
values. Herewith, the negative seasonal changes in the
wave height in the IO during the summer period are
almost not observed except for a narrow region near
the northwestern coast of Australia. Thus, the mon-
soon variability of wind, which is the source of sea-
sonal variations in the wave field, is most pronounced
only in the northwestern part of the 10.

Finally, a few words about the average wave-height
trend for the entire period (Fig. 2c in [17]). The regu-
larity of the average height distribution through the
zones is practically repeated in the field of its time
trend, which was obtained by the method of least
squares for each point of the wave fields taken with
time increments of 3 h (“instantaneous” fields). Com-
pared with the same trend of the wind field (Fig. 2c in
[5]), the wave trend field, which was found even for the
“instant” wave height, is characterized by a greater
smoothness. That fact is determined by the inertia of a
wave field.

For the whole 12-year period, the average
increase in wave height with a rate of about 1% per
year (which exceeds the limits of the confidence
interval of variability, having a value of about 0.3—
0.5%) is seen. The trend is most pronounced in areas
of high winds (zones Z2, Z4, and Z6). It is important
that the magnitude of the mean trend of “instanta-
neous” wave fields of 1% corresponds to the trend for
the annual values of Hg averaged across the ocean
(see Section 10).

Regarding the negative trends of wave height, a
more reliable determination (and explanation) of
them demands a longer period of simulations and a
separate discussion.

8.2. Charts of the Wave Energy

Charts of the wave energy (E, (i, j, T)) are defined
by the wave-height fields. This means that the mean
wave-energy fields (£, (i, j, T)) are rather similar to the
mean-height fields, (H¢(i, j, T)), emphasizing essen-
tially the areas of extreme waves. Nevertheless, a sepa-
rate calculation and analysis of variability for the wave-
energy fields has its own justification. As was noted in
Section 3, the importance of wave-energy fields (E, (i,
J, 1)), as well as the fields of the flow of kinetic energy
of wind, (E (i, j, T)), are determined by their impor-
tance in describing the atmosphere—ocean interac-
tion. For this reason, we put the study of the wave-
energy and wind-energy fields and their variability as
the basis of our research, taking into account that
these fields determine the intensity of the mechanical
energy transfer from wind to waves, the analysis which
we plan to perform in subsequent papers. To our
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Fig. 8. The same as in Fig. 7 but for the mean wave energy;
the plots are given in units oka/mz.

knowledge, there are no analogues of such calcula-
tions or their analysis in the literature.

The most important results of calculations of the
wave-energy fields are shown in Figs. 8a and 8b (and in
more detail in [17]). In comparison with the fields of
wind energy, these results indicate the following fea-
tures of fields (E,,(i,/, T)).

First and foremost, note that the zone-structure of
the fields (E,(i, j, T)) is retained at any time-scales of
averaging (seasons, years, the entire period), and the
peculiarities of their spatial distribution becomes more
exaggerated. Thus, for field (E,(i, j, T)), averaged for
the whole 12-year period, the range of variability
reaches 20 units, i.e., 4—5 times greater than one for
field (compare Figs. 7a and 8a). At most, the charac-
teristic value of the 12-year-mean wave energy reaches
by 20 kJ/m?, whilst the minimum values are on the
Vol. 48
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Fig. 9. The spectra of 3-h series for wave height at the central points of the 10 zones (see table): (a) zones Z1—23; (b) zones Z4—Z76.

order of several units of kJ/m? (in the coastal areas and
throughout zone Z3).

The consistency of geometry for fields (H(i, j, T))
and (E,(i, j, T)) is seen for all scales of time averaging.
Therefore, in view of a detailed description of the
wave-height fields given above, a further description of
details for the wave-energy fields (£,(i, j, T)) will only
require some specification. In particular, to describe
the temporal variability of the wave-energy field, it is
sufficient to give quantitative estimates of trends for its
seasonal and long-term variability.

Thus, the range of seasonal “summer—winter”
variability (Fig. 8b) is from 25 kJ/m? (at the maximum,
corresponding to the center of zone Z6) to 2 kJ/m? (at
a minimum, covering the whole equatorial zone Z3).
These values indicate a double increase in wave energy
in the summer period, which takes place almost
throughout the whole 10.

The interannual 12-year trend of “instantaneous”
wave-energy fields has a range of variability from zero
(at the border of zones Z1—Z2—73 and in the south of
the Indian peninsula) to values of 500 J/m? in the cen-
ter of zone Z6 (Fig. 2c in [17]). Thus, for the specified
long-term period, the trend is about 2% per year (the
average value for the entire period). Herewith, the
main increase in energy takes place in the western and
eastern parts of zone Z6. The zero trend in the area to
the south of the Indian peninsula is an unexpected fea-
ture of the field (E,(i, j, T)), a justification for which
should be sought in the overall dynamics of atmo-
spheric circulation.
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Comparing the average values of the wind kinetic-
energy fluxes (on an order of 1000 W/m?) with the
average values of wave energy (on the order of
10*J/m?) and taking into account the estimate of the
energy-transfer rate from wind to waves obtained in

[12] and having the order Cj/ 2. 10~*, one can find that
the “full pumping” of ocean waves by wind (in the sta-
tionary case) could be achieved during a time on the
order of 10° s, i.e., on the order of a day. This result
suggests the possibility of a sufficiently rapid dynamics
of the wind-wave energy transfer (taking into account
the scale of the ocean). It will be shown (Section 9)
that such a dynamics is actually achieved, but the
scales of its variability have somewhat larger values (7—
10 days). The obvious reason for this increase in the
pumping scale of the ocean waves by the wind is the
heterogeneity and nonstationarity of the latter.

In summary, note that the above estimates are new
results in studies of the variability of wave fields in the
10. It is natural to expect that such work in this direc-
tion needs to be continued, which may result in some
refinement of these estimates.

9. ANALYSIS OF THE TIME-HISTORY
OF WAVES AND THEIR ENERGY: THE SCALES
OF THEIR VARIABILITY

9.1. The Time History of Wave Height at the Fixed
Points of the Zones

Let us first consider the time-history of the
“instantaneous” wave height at the “central” points of
the 10 zones, the location of which is shown in Fig. 1a
(for the exact coordinates, see the table of archive
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Fig. 10. The spectra of the daily series of wave height averaged over the zones of the 10 (see table): (a) zones Z1—Z3; (b) zones

Z4-76.

[17]). Such an approach is important to determine the
full range of temporal variability scales of the wave
field and its variations while moving from north to the
south. Only the main results are represented here (for
details, see [17]).

A visual analysis of the 3-h series (Fig. 3 in the
annexation to [17]) shows a series of differences
between the wave and wind fields. The most important
of them is that the annual harmonic is the most pro-
nounced in all the zones (whilst in the time series of
the wind field, the semiannual harmonic is the most
visible; see [5]). At the same time, in the northern
zones of the wave field (as in the wind fields), the vari-
ability on the scales of several tens of days is clearly vis-
ible, which is changed by the variability on smaller
scales while moving to the south. These observations
are fully confirmed by the results of spectral processing
series H(Z,, f), which was performed on the basis of
the autoregressive Yule—Walker analysis [14]. The lat-
ter has confidence intervals on the order of £(10—
20)% in the logarithmic scale.

From an analysis of the frequency spectra shown in
Figs. 9a and 9b, one can draw the following conclu-
sions. For zones Z1—Z73, which have a similar dynam-
ics (Fig. 9a), the largest variability takes place in the
period of one year, which, with an increase in the fre-
quency, is followed by a cascade of weakly expressed
scales from 30 to 10 days slowly decreasing in intensity.
Starting with a period of 10 days, the wave-height
spectra take on a fast-falling feature similar to form
S(f) o« f with the exponent n = 3.5—4. Such high
degrees of spectrum decay (compared with the values
of n = 1.5—2 for the wind spectrum; see Section 4) are
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evidently given by the nonlinear dependence of wave
height on the wind speed (see [16]). In addition, it is
important to note the pronounced maxima of the
spectrum for wave height on scales of 1, 0.5, and
0.3 days, repeating the same extremes in the spectrum
of the wind (Section 4). For the southern zones Z4—
76, the spectra of waves (Fig. 9b) are qualitatively sim-
ilar to the spectra for the northern zones. However, the
cascade of falling intensities is transformed to the shelf
of the white noise spectrum, which occupies the scale
from 100 to 10 days and completely repeats the shape
for the proper wind spectrum (Section 4). As was sug-
gested earlier, such a shelf'is a consequence of a lack of
correlation for wind variability on these time scales,
which naturally affects the variability of the wave
height.

9.2. The Time History of Wave Energy at the Fixed
Points of Zones and Its Spectrum

It is interesting to compare the above results with
their counterparts for wave-energy series Ey{Z;, f). In
this case, as far as the time history Ey{Z;, f) repeats the
time history of wave height Hy(Z,, ) which increased
in amplitude exaggeration, of main interest is not the
series but their spectra.

The calculations performed have shown that the
energy spectra are similar to those of the spectra of
height, differing mainly by the magnitude of their
intensity (not shown). In this respect, the wave-energy
spectra are less interesting than the wind-energy spec-
tra, which indicated a larger set of variability scales
(see Section 4 and [5]). Apparently, this “poorness” of
scales in the wave-energy spectra is due to the higher
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inertia of the wave field smoothing small scales of vari-
ability of the time history for wind energy.

Another difference between the wave-energy spec-
tra and ones for the wave height, in addition to their
intensity, is the increase in degree of the spectral decay
on 15—20% for the range of periods from 10 days and
down. In this range, the decay exponents of the energy
spectra S(f) have values n = 4.5—5. The above gives a
complete description of both the series and the wave-
energy spectra, which allows us to not dwell on it here
in detail.

9.3. Spectra of the Wave Height Averaged
for One Day and over the Zones

An analysis of data of this kind reveals a significant
difference between the spectra for the averaged wave
height from the spectra for “instant” height (Fig. 9),
which consists of the following (Fig. 10). As was seen
from Fig. 10a, for the specified series, in the northern
zones Z1—73, in addition to the prevailing scale of
variability of 1 year, the marked semi-annual variabil-
ity takes place similar to that for the wind fields (Section 4).
As one moves south, this variability gradually wanes,
almost disappearing in zones Z4—Z76 (Fig. 10b).

The reason for the semiannual variability disap-
pearance in the wind fields (and hence in the wave
ones) is the same: the northern zones of the 10 fall in
the tropics. There, the sun crosses the zenith twice a
year. As one moves to the south (into the middle lati-
tudes), the effect of the “double zenith” disappears
and the reason for semiannual harmonics vanishes.

This behavior of the variability indicates a synchro-
nism of the semiannual variations for wave height in
the zones as a whole, which manifests itself in the
spectra of the averaged series. At the same time, at the
central points of the zones, as we have seen, this scale
of variability does not occur (within the confidence
intervals).

For the northern zones, credible peaks of intensity
on a 30-day scale are clearly visible. In the southern
zones, similar peaks occupy a larger range of scales,
appearing on the background of a long shelf extending
on the scales from 100 to 10 days. These scales of vari-
ability are not very pronounced; however, they deserve
to be mentioned. It is not excluded that this is a display
of the multiple harmonic of the annual fluctuations
offered by the nonlinear nature of wind waves. How-
ever, in general, the transfer of energy through the
scales ranging from 100 to 10 days does not take place,
which is characterized by the presence of a shelf in the
intensity of the spectrum in this frequency range. Fur-
ther studies are evidently needed to clarify the nature
of these features for the spectrum of averaged wave-
height series.
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Regarding the slopes of the spectra in the high-fre-
quency region (for periods of less than 10 days), these
slopes do not differ from those for the “instantaneous”
wave height (n = 4.5—5). This behavior of the spectra
for averaged series shows a similarity of wave and wind
dynamics on these scales (Section 4).

In concluding this sub-section, note that the spec-
tra for the series of wave energy, averaged for one day
and over the zones, are in practice slightly different
from those for the series of an average height. There-
fore, they are not discussed here.

9.4. The Time History of Wave Height and Their Energy
Averaged for One Day and over the Whole 10

Let us consider now the peculiarities of the time his-
tory and the spectra of the daily mean values H( R, T, ?)
and Ey(R, T, 1) averaged over the whole 10 (Fig. 11).

First, with respect to the series themselves, it is
essential to point out that, despite the large scale of
spatial averaging, the time-history of averaged magni-
tudes Hy(R, T, f) and EyAR, T, t) shows very strong
variability. Therefore, on a scale of several days (5—
10 days), the average-over-the-ocean wave height
Hy(R, T, r) can vary up to a factor of 1.5—2, and the
average wave energy does this 3—4 times (Fig. 11a).
Such a strong variability of wave energy for the whole
ocean seems to be a much unexpected result, since it
shows an intense wave dynamics. Moreover, this vari-
ability is typical for the entire period of 12 years under
consideration (Fig. 11b). Herewith, the tendency of
growth for the wave energy averaged for a year can
even be seen visually (Fig. 11b). The estimates
explaining the possibility of the “complete” pumping
of the wind waves on a scale of 1—2 days have been given
earlier in Subsection 8.2. Here, this effect is confirmed
visually for the mean-of-ocean values of H(R, T, #) and
Ey(R, T, r). However, the modeled data offer a 3—4
times greater duration of the ocean “pumping,” which
is a significant refinement of the purely theoretical
estimates of Subsection 8.2. It is clear that the time—
scale increase of the pumping waves by wind is due to
the strong inhomogeneity and nonstationarity of the
wind field. The importance of the above series is that
they give a more realistic assessment of this scale. Sec-
ond, the spectrum of the wave-height series averaged
over the whole 10 (Fig. 11c) has a single well-defined
period of 1 year against the background of which the
semiannual harmonic is almost negligible, although its
intensity exceeds the confidence intervals. In this
respect, the spectra of height differ from the spectra of
wind, in which the semi-annual harmonic was signifi-
cant even for the whole 10 (Figs. 4c, 4d). As the fre-
quency increases, there is already a known lengthy
shelf of the spectrum intensity from periods of
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Fig. 11. The series of wave energy averaged for a day and over the whole 10: (a) detailed view of the series; (b) general form of the
series. The spectra of daily series of (c) wave height and (d) energy averaged over the whole 10.

100 days to 10 days, on the background of which there
are reliable peaks of the spectrum corresponding to
scales of 20, 15 and 10 days (these scales are visible in
Fig. 11c). Starting from the period to 10 days, the
slowly decaying spectrum is replaced by a rather sharp
power-law-decay one with an exponent n = 4. Here-
with, on the tail of the spectrum, selected scales of 7—
8 days and 3—5 days, which are well manifested in the
spectrum of the wind (see Section 5), are only weakly
visible. Third, the spectrum of the wave-energy series
averaged for one day and over the whole ocean (Fig.
11d) is similar in all details to the mean wave-height
spectrum shown in Fig. 11c. Here they are given only to
show their difference from the analogue spectra of the
wind energy, which have a larger set of variability scales
(see archive [5]).

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

10. ANALYSIS OF THE INTEGRAL AND LOCAL
CHARACTERISTICS OF THE WAVE FIELD

10.1. The Time History of the Annual Values
Jor Wave Height and Their Energy

The two panels of Fig. 12 show the time history for
the annual values (averaged over all zones and the 10)
for the wave height (Fig. 12a) and their energy
(Fig. 12b). The expected distribution of the mean val-
ues among the zones is seen. It is interesting to note
that estimates of the annual values of energy among
the zones (with an error of about 10%) correspond to

the relation of the form E,(R, T) = 1000H;(R, T).
This empirical fact can be used to obtain fast “expert”
estimates of the mean energy of waves without involv-
ing cumbersome calculations.

Limited by the analysis of integral values for the
whole 10, the presence of a well discernible trend for
Vol. 48
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Fig. 12. The time history of the annual (a) wave heights and
(b) energy averaged across the zones and the whole 10.
The r.m.s trend lines for the entire 1O and their formulas
are shown.

the mean wave height should be noted in Fig. 12:
growth on the order of 1% per year, which corresponds
to the limits of the confidence intervals for the vari-
ability of the series (R? = 0.66). This trend is accompa-
nied by an even more pronounced trend of the ocean-
mean energy of waves: growth on the order of 2% per
year, which already exceeds the confidence intervals
(R?> = 0.72) and can be regarded as a reliable result.
Just these values of trends are of major interest in view
of establishing the long-term variability of wave energy
in the 10O area. Naturally, due to the small time period
(12 years), the estimates obtained here have a local
(i.e., nonclimate) feature. Nevertheless, they are
important both for the purposes of clarification for
longer periods of analysis and for comparison with the
similar trends of wind energy.

Thus, there is a rather good agreement between all
the trends: the trend for the density of the wind-energy
flux obtained previously was about 1% per year (Sec-
tion 5), which correlates rather well with the growth of
the wave height of 1% per year and one for the wave
energy of 2% per year.

It should be especially emphasized that this kind of
detailed numerical estimates for the energy of the wave
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field in the IO have no analogues. Therefore, we
believe that the estimates are of significant interest
both for scientific and practical aims. This issue is dis-
cussed in more detail in the concluding Section 11.

10.2. The Location of the Wave— Height Extrema

The extreme values of wave height H,,, and the
coordinates of their spatial and temporal distribution
(is Jm> 1,y) are shown in Table 3 of archive [17]. As was
mentioned above, these space-time coordinates are of
interest for comparison with the similar coordinates of
the wind-speed maxima. A joint analysis of the tables
for the wind and wave maxima is given in [17].

10.3. Histograms of the Wave— Height Distribution
in the Zones and the Entire 10

The most complete probabilistic information about
the field of wave height is given by histograms, the
study of which is considered in a lot of papers (see ref-
erences in [7, 18]). Histograms are the numerical rep-
resentation of the probability density function (PDF),
and, for a variety of geophysical fields, they are usually
parameterized by one or another kind of Weibull’s dis-
tribution [7, 10]. In terms of the stationary and
unmixed wave state, the instant wave heights are well
described by the Rayleigh distribution [18], which is a
special case of the Weibull’s distribution. However, it is
important to note here that we are dealing with the
PDF applied not for a series of random wave heights,
but namely with the PDF for certain statistical charac-
teristics of the field: the significant wave height defined
via the wave spectrum by Eq. (7.2). Therefore, we can-
not expect a distribution close to Rayleigh’s PDFE.
These differences make up the main interest of our
estimations.

It is known, however, that the PDF parameters for
the waves do strongly depend on the conditions of wave
formation [7, 18]. Therefore, one should expect that,
on the scales of the 10, these parameters will vary con-
siderably both in space and time and depend also on the
scales of the space-time averaging of the wave field. This
variability in the probabilistic structure of the wave-
height field leads to the necessity for separate direct cal-
culating parameters of Weibull’s distribution for each of
the selected areas and time periods. The full discussion
of this problem requires a separate presentation. In our
task it is presented in Section 5 of archive [17].

11. THE MAIN RESULTS OF ANALYSIS
FOR THE WAVE FIELD

The most important results of an analysis of variability
for the wind-wave field in the IO are the following.

11.1. Despite the nonlocal dependence of the wave
field on the wind field, it is shown that the zoning of
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the wave field in the IO area can be, in general, linked
to the previously adopted zoning for the wind field
(Sections 2 and 8). On this basis, the analysis of the
variability scales for the wave field is performed sepa-
rately for each zone (Sections 8—9), whilst the annual
ocean-mean values are analyzed only in order to
determine the 12-year variability of the wave field
(long-term trends of wave height and their energy
averaged over the whole 10, Section 10.1). The prob-
ability statistics are the most reliable when they are
constructed for each zone separately (section 10.3).

11.2. A spectral analysis of the wave series obtained
for different scales of averaging (Section 9) shows that
the main scale of variability is one year. Against this
background there is variability with a period of 0.5 year
and a number of scales in the range of 40—10 days.
Herewith, the period of 0.5 year is typical only for the
northern zones Z1—73.

For the southern zones Z4—Z76, there is a weak
variation in the spectra intensity in the range of periods
from 100 to 10 days. This peculiarity of the spectra
shape for the wave height resembles the same feature
of the wind speed spectra (Section 4). That allows us
(by analogy) to treat it as a manifestation of the lack of
correlation for the wave-field variability in this range
of scales.

In the range of 10 days and less, for all scales of
averaging of the wave field, there is a power-law decay
for the spectrum of wave height series with decay
parameters n = —(3—4) and for the wave-energy spec-
tra with n = —(4—5). More detailed conclusions about
the variability scales and an interpretation of the spec-
tra shapes are given in Section 4.5 of archive [17].

11.3. The estimates of seasonal, interannual, and
12-year variability were obtained for the wave height and
wave energy fields. For the first time it was found that, for
1998—2009, there is a positive trend of the ocean-mean
wave height of about 1% per year, as well as for the wave
energy on the order of 2% per year. This result correlates
well with the previously established value of the trend for
FKEW of 1% per year (Section 6).

12. CONCLUSIONS

In conclusion, we should refer to the freshest data
obtained in this direction and presented in recent
paper [19]. These results indicate that estimates of the
average trends for the World Ocean mean wind speed
and wave height made on the basis of a long-term anal-
ysis of satellite data are 2—3 times lower than those
obtained by us. This difference gives rise to a number
of tasks. One of them is associated with the specifica-
tion of the range of reliable values of remote sensing
data, and the second is associated with the specifica-
tion of reliability for the numerical modeling results.
Leaving the discussion and solution of these princi-
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pally important issues for future, note that it is this dif-
ference that increases the significance of the estimates
obtained in this paper, the clarification of which
becomes a necessary and urgent continuation of the
work in this direction.
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APPENDIX “(by G.S. Golitsyn)”

Emphasis is placed on the power-law parts in the
spectra for wind speed (Figs. 3a, 3b, 4c) and the third
statistical moment of it: the density of flux for the
kinetic energy (Fig. 4d) (presented in [5] in more
detail). They take decades for frequencies with periods
from about 10 days to a day. Herewith, the slopes of the
spectra for the individual zones are slightly different,
and the FKEW spectra are steeper than the spectra of
wind velocity. Their slopes are “—2” and “—2.5,”
respectively. These slopes are valid for the spectra of
currents in the Lagrangian description of turbulence
[15]. It is interesting to get such parameters theoreti-
cally. Indeed, the temporal structure functions for the
second-order velocity have the form [15]

Dyw) = ([u(t +7)—u(r)]) =ex,

which follows from the dimensional considerations.
Here ¢ is the energy flux through the spectrum of
scales. For the same reason, following kind of struc-
tural function of the third order is obvious:

(A1)

3
Dy(x) = <[u(t +1) - u(z)]§> = (e1)"”. (A2)
The spectra are found from the relation [15]
D,(t)= J.Sn(f) (1 =cos(f1)df . (A3)

They also have a power-law shape; herewith their
negative exponents are more than unity with respect to
ones for the structure functions. Thus, the spectrum of
the second order will be S;(f) ~ /2 and the spectrum of
the third order is S;(f) ~f2°.

The proposed consideration is in no way proof,
since the data of the wind reanalysis (or buoy measure-
ments) give the value of the field at a point, i.e., they
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are neither Eulerian nor Lagrangian velocity. The wind
is heterogeneous not only in magnitude but also in
direction throughout the 10 days mentioned in which
there are the parts of power spectra; i.e., there is no
statistical homogeneity there. Nevertheless, the exist-
ence of the power-law parts in the time spectra of the
wind-speed statistical moment is interesting in itself,
because it gives a basis for analyzing the reason that it
can occur. The above estimations indicate such a pos-
sibility.
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