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ABSTRACT 

      To calculate the wind-waves in the Indian Ocean (IO), the wind field for the period from 1998 to 

2009 was used, obtained from the NCEP/NOAA archive [1], and numerical model WAM (Cycle-4) 

was applied, modified by the new source function proposed in [2]. Based on buoy data for the Indian 

Ocean, the fitting of the modified model WAM was done, which provides the win in accuracy of 

calculations on 35%, in comparison with the original model. All the further calculations of the wave 

fields in IO were made for these model settings.  

    At the first stage, the analysis of the simulation results involves a) mapping the fields of the 

significant wave height < ( , , )SH T Rx > and the wave energy < ( , , )WE T Rx >, calculated with different 

scales of averaging in time T and space R; b) estimating the fields of seasonal, annual and long-term 

variability; and c) determining the 12-year trend of the annually averaged fields, as well. The analysis 

was carried out taking into account the previously introduced zoning the ocean area, provided by the 

spatial inhomogeneity of the wind field [3].  

     Further analysis includes a) creation of time series for the averaged (over zones and across the 

ocean) wave height, < ( , )SH R t >, and wave energy, < ( , )WE R t >; b) construction of the frequency 

spectra of these series; c) finding the extrema of wave field; d) making histograms of wave heights (in 

the zones and the whole ocean); and e) calculating the first four statistical moments  for the wave-

height field (in the zones and whole IO).  

     The results obtained allow us to estimate the stored energy of the wave field in the Indian Ocean 

and the scales of its variability; to establish a positive 12-year trend of the averaged wave height (about 

1% per year) and wave energy (2% per year); to determine features of the probability distribution; and 

to describe the statistical properties of the wave field in the zones of the Indian ocean. 

Keywords: Indian Ocean, zone partition, wind-wave model, the wave field, the wave energy field, 

variability of the wave field, the spectra of the series, histogram of wave heights and their statistical 

moments. 
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1.  Introduction and statement of objectives 

      This work is a continuation of implementation the international project of RFBR ˉ 10-05-92 662-

IND_a, devoted to study of an energy state of the wind and waves fields; processes of their interaction; 

and long-term variability on the example the Indian Ocean (IO). In a previous paper [3] it was carried 

out a comprehensive analysis of variability of the wind field in the IO area for the period 1998-

2008yy; and the certain systematic approach to complex statistical processing of global geophysical 

fields was suggested. In this paper, this approach is used as a methodological standard for statistical 

analysis and studying variability of the wind-wave field in IO. 

     For constructing the field of wind waves, a wind field and a wind wave numerical model are 

required. The wind field used in this study was obtained from the site of NCEP/NOAA [1]. This field 

is a reanalysis performed on a grid with resolution of 1
0
ʭ1.25

0
 on latitude-longitude and 3h in time. As 

it was established earlier [4], the accuracy of the field components is of the order of 1.5-2 m/s. At the 

time of the work execution, the available to us duration of the reanalysis was 12 years: from 1998 to 

2009yy. Such a detailed and long-term wind field, to our knowledge, has never been used for detailed 

studying the wave field in the Indian Ocean (see references to alternative approaches in [3]). 

      In addition, a significant difference of the present work from similar studies is using the well-

known numerical wind-wave model WAM (Cycle-4), in which the physical part of the model (the so-

called source function) is replaced by the one proposed earlier in Polnikov [2]. As it was shown in 

special studies on the example of the Atlantic ocean [4-6], the referred replacement of the source 

function (both in WAVEWATCH [4] and in WAM [5,6]) leads to a substantial (15-20% ) reducing the 

simulation errors for the wave field. For more convincing, in section 2 we present similar results 

obtained by comparing our simulation results with the data for three buoys in IO. It is these results 

(found in terms of using the modified model WAM) provide a great novelty and validity of the 

estimates of the wave field and its variability in IO, compared with the corresponding results of the 

global wave fields, which have been considered earlier [7, 8, 9 ]. 

      The goals of this work do not relate to any detailed analysis of the previous research results of 

wave field studies in any regions of the World Ocean, as our project differs substantially from the 

well-known studies. In fact, it focuses mainly on the studying peculiarities of the space-time structure 

for the wind and wave energy fields, and, in the future, on the study of variability of their mechanical 

interaction on the long-term (climate) scale. Analogs of such studies are not known. Therefore, the 

above-mentioned papers are only the referring points, allowing to compare our results with those that 

overlap with the results of our works. This comparison is conducted at the conclusion of the article. 

    Additionally, it is essential to note the following distinctive feature of our study that is a detailed 

account of the spatial inhomogeneity of the wind field in the Indian Ocean, which is accomplished by a 
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zoning the entire ocean to a number of areas that differ in dynamics of the wind field. As the basis of 

this zoning, we use the stable distributions of the local extrema for the averaged wind fields (see 

pictures below and in detail [3]). The introduction of zoning allows us identifying characteristics of the 

wind and waves fields variability with greater details (and credence) in comparison with the known 

results of earlier works. 

   With using the modified model WAM, the basic set of tasks of this paper is as follows. 

1. To build and analyze the four types of charts of averaged fields for significant wave height 

< ( , , )SH i j T > , given by 

( , , ) ( , , ) /S n S n n

n n

H i j T t H i j t t
t T t T

å õ
æ ö< >= D D
æ öÍ Íç ÷

ä ä    .   (1.1) 

The kind of charts are as follows: 

   a) Charts for a winter (January) and a summer (July) month, made with averaging over all years; 

   b) The annually averaged charts; 

   c) Chart of the significant wave height averaged over the entire period; 

   d) Chart of the whole-period trend for the wave-height field in whole IO. 

Hereafter, ttn D=D = 10800s is the time step, T is period of averaging, ( , , )S nH i j t
 
is the significant 

wave height at the spatial node (i, j) and at time tn, given by the integral of the current two-dimensional 

spectrum of waves, ( , , , , )nS i j twq  :   

1/2( , , ) 4( ( , , , , ) )S n nH i j t S i j t d dwq w q= ññ    ,    (1.2) 

where w and q  is the frequency and direction of the spectral components of the wave field, 

respectively. 

     Purposes are the following:  to get a mean wave-height field < ( , , )SH i j T > for the whole IO; to 

determine the seasonal and interannual variability of the mean field < ( , , )SH i j T >; to estimate the 12-

year trend of the wave height field ( , , )S nH i j t  (spatial distribution of the trend); basing on an analysis 

of the spatial distribution of wave heights, to control an extent of compliance the IO zoning for the 

wave and wind fields. 

2. To build and analyze the charts for a mean field of wave-energy density, defined as 

  
2( . , ) ( , , ) /16 /W w n S n n

n n

E i j T g t H i j t t
t T t T

r
å õ
æ ö< >= D D
æ öÍ Íç ÷

ä ä     (1.3) 

where wr  
= 1029 kg/m

3
 is the sea water density , and g = 9.81m/s

2
 is the acceleration due to gravity. 

Variations of the argument T correspond to the four types of averaging mentioned in Problem 1. 
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     Purposes: to determine the average field of wave-energy density (hereafter, the wave energy field, 

for simplicity) in  the IO  area, in units  J/m
2
; its seasonal and annual variability; estimating the 12-year 

trend of the wave energy field and its spatial distribution. 

3. To construct the time-history series of the wave height averaged in space and time: 

( , ) ( , , ) / /

, ,
S n S n ij n ij

n n

H R T t H i j t S t S
t T t Ti j R i j R

å õ
æ ö= D D D D
æ öÍ ÍÍ Íç ÷

ä ä ä ä     (1.4) 

and the same series of the wave energy  ( , )WE R T  defined as 

2

( , ) ( , , ) / /
16

, ,

S
W w n n ij n ij

n n

H
E R T g t i j t S t S

t T t Ti j R i j R

r

å õ
æ ö= D D D D
æ öÍ ÍÍ Íç ÷

ä ä ä ä    (1.5) 

where ijSD  is the area of the special grid cell in the IO area, the left bottom corner of which is adjacent 

to the i-th node of latitude and the j-th node of longitude. Argument R is the index of the spatial 

averaging region (i.e., a certain point, a zone, or the whole ocean), argument T is the averaging period. 

    The following 12-year series are constructed:  a) the time history for the "instantaneous" ( 3- hours 

time step) values of ( ., )SH Zn t  and ( , )WE Zn t  at the central points of the zones (denoted as Zn);  b) 

the series ( , , )SH Zn T t  and ( , , )WE Zn T t  with the daily averaging (T = 1day) for each zone; and c) 

series of the daily-average values ( , , )SH R T t  and
 

( , , )WE R T t , obtained with additional spatial 

averaging both over the zones and over the entire IO.  

     The resulting time series are the objects for a spectral analysis. 

     Purposes: to determine the scales of temporal variability both the "instantaneous" wave height 

series ( , , )SH R T t  and the energy series ( , , )WE R T t , using data at the selected points, or data averaged 

over the zones, and over the whole IO. 

     4. To plot the time history of the annually averaged wave height ( , , )SH R T t
 
and wave energy 

( , , )WE R T t  (for the whole period form 1998 to 2009) for each zone and for the whole IO. 

     Purpose: to determine mean values and the 12-year trends for annually averaged wave heights and 

energy both for zones and for whole IO. 

     5. To determine the extreme values of wave heights  ,max( , , )S m m mH i j t   and their spatial and 

temporal location coordinates ( , , )m m mi j t  for each zone; to build a map of the extreme values of wave 

heights ,max( , )SH i j  for the whole period. 
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   The aim: to provide information of the modeled maximum wave heights values (the most likely close 

to real values), including their space and time distribution. This is important, for example, for the risk 

assessment of shipping. 

     6. To construct a histogram for the wave heights of the following types: a) at the central points of 

each zone, for the whole period from 1998 to 2009yy; b) for a chosen winter (January) and summer 

(July) month with accumulation for all the years (for each zone); c) the total histogram for the whole 

period, with the spatial accumulation for each zone separately and for whole IO. 

     The aim: to get the actual probability distribution function (PDF) of wave heights; to demonstrate 

their spatial and temporal variability within IO. 

    7. For all kinds of histograms, mentioned in item 6, to calculate the first four statistical moments 

(mean, standard deviation, skewness and kurtosis) and estimate the parameters of the modeling PDF, 

parameterized by the Weibull distribution. 

     The aim: to demonstrate the extent to which these PDF and statistical characteristics are close to 

those known from the literature [7-11]. 

     According to the technique proposed in [3], the specificity of the present analysis is to study the 

statistics of the wave fields and their energy for the three types of spatial scales: at each point of the 

ocean (chart), the distribution of characteristics in the zones (series), and the integral characteristics of 

the entire ocean.
1
 This approach can be roughly described as the principle of enlarging the scale 

describing a geophysical field. Farther, we will adhere to this principle. However, in view of the 

limited text volume, the graphic format will be given here for the most important results, only. 

 

2. Assessing the accuracy of the modified model WAM 

     In this section we briefly review the results of a comparative verification of the modified model 

WAM, made on the basis of available to us data for three buoys located in the IO(Fig. 1). In this case, 

we will follow this process technology, developed and successfully tested previously [4-6]. 

      Remind that the numerical model WAM is described by the transport equation [12] 

DisNlInSF
dt

tdS
-+== ),,(

),,,(
UW

xqs
   ,    (2.1) 

in which the left hand side is the total derivative of the frequency-angular spectrum in time and the 

right hand side is the so-called source function F depending both on the spectrum of waves and on the 

local wind W (x, t) and current U (x, t). 

                                                           
1
 As we know, such approach to the statistical features description for geophysical fields is used for the first time(at least, 

for the IO case). 
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The left hand side of (2.1) is a mathematical part of the model. It is implemented in the WAM as a set 

of programs calculating the evolution of the wave spectrum in the spherical coordinates with using the 

standard initial and boundary conditions. In our calculations this part of the model remains unchanged. 

                    N 

                     E 

Fig. 1. The chart of buoy locations. 

 

           Mathematical representation for the terms of the source function (SF) deals with the physical 

content of the model. SF describes the mechanisms of wind-wave field evolution: a) the rate of energy 

transfer from wind to waves, In; b) the rate of nonlinear transfer of wave energy through the spectrum, 

Nl; and c) the rate of wave energy dissipation, Dis. In our work, just these components of the original 

model have been replaced by the others proposed in [2]. 

     Detailed view of the modified SF, as well as the technology of performing a comparative 

verification are described previously [4-6], and we will not dwell on this issue. Therefore, we will 

present father the final estimations of the root-mean-square (r.m.s) errors for modeling values of 

significant wave height, SHd , found by comparing them with those obtained at three buoys located in 

the Arabian Sea (see Fig. 1 and Tab. 1) 
2
. 

      As seen from the Tab. 1, the win in accuracy of the modified model, i.e. the decrease of SHd , 

amounts, on average, about 35% , with respect to the errors of the original model. In the terminology 

                                                           
2
 A more detailed description of the verification procedure for the modified WAM, based on the buoy data in IO, will be 

presented in a separate paper.  
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of paper [6], this is an indication of the significant improvement of the model. In our calculations, the 

mean value 
SHd
 
for the modified model is about 0.35m. 

Table 1. 

The coordinates of 3 buoys in IO and r.m.s. errors of simulations for wind wave SH  

with two versions of WAM 

  

 

 

 

 

 
 

 

     The result of calculations comparing, on the example of buoy DS1, is shown visually in Fig. 2. It is 

seen that the main gain in accuracy for the modified model is provided by more adequate description 

of the extreme values of wave heights (explanation of this fact can be found in [4,6]). This fact 

suggests that the results of calculations of extreme wave heights in IO, obtained by using the modified 

model, have higher reliability compared to those obtained with the original models WAM (or WW[4]). 

 

0
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Fig. 2. Time history of the significant wave height SH (t) at the point of buoy DS1 location for the 

period of observations: the solid line is the buoy data; the line with open circles is the result of 

simulation with the original model WAM(C4); the line with filled circles is the result of simulation 

with the modified WAM. 

 

Index of buoy  

[ coordinates] 
SHd ,  m 

WAM-orig 

SHd ,  m 

WAM- modif 

DS1  [15.5N, 69.3E] 0.75 0.47 

DS2  [10.7N, 72.5E] 0.40 0.29 

SW3 [15.4N, 73.7E] 0.45 0.28 

Mean r.m.s. error 0.533 0.347 
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3. Analysis of charts for the fields of waves and their energy 

3.1. Charts of the averaged fields of wave height 

     From the variety of charts for the averaged fields of wave heights < ( , , )SH i j T > , said in the 

statement of the problems, the three most important charts are presented for demonstration (Fig. 3a, b, 

c). The general analysis of the whole variety of maps shows the following features of  wave-height 

fields < ( , , )SH i j T >. 

     Firstly, all the charts show a noticeable and sustainable spatial distribution of the wave heights, as 

shown on the example of chart for wave heights averaged for the whole 12-year period (Fig. 2a). As in 

the wind field case, we can see six separated zones (designated as Zn), characterized by the local 

extrema of wave height SH : the Arabian Sea - Z1, the Bay of Bengal - Z2, the Equatorial part of IO - 

Z3, the trade-wind part of the south IO - Z4, the southern part of the subtropical IO - Z5, and the South 

Indian Ocean - Z6. The reason of this partition is provided by the dynamics of the wind field, which 

was discussed in details in [3]. That permits us do not dwell on this issue. It is important to note that 

the fact of sustainable spatial inhomogeneity of the wave height field takes place for all the secondary 

fields: seasonal, annual, and averaged for the whole  period. 

 

           N 

 E 

3a 
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3b 

 3c.  

Fig.3. Charts of simulated fields: a) the field of wave height SH  averaged for the whole period of 

1998-2009yy, contours are given in meters;  b) the field of seasonal difference (July-January) for the 

monthly fields averaged for the whole period, given in meters; c) the field of r.m.s. trend for wave 

fields SH , given in sm/year. Shading corresponds to regions with negative trends. 
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     Note that because of inertia of the wave field in comparison with the variability of the wind, the 

zone boundaries for the wave field are somewhat shifted with respect to those for wind fields, and in 

the wave fields they are not always clearly identified (see Table 2). However, in order of continuity the 

analysis established in [3], and taking into account the insignificance in the zones boundaries changes, 

farther we will use the previously adopted zoning partition of IO, which is given in Tab. 2 for 

completeness
3
. 

          The second feature of the wave-wind field concerns determining the characteristic values of the 

fields. In the order of the primary analysis of charts shown in Fig. 3, note that the average for 12 years 

values SH   are varying from the minimum values of 1m, in the coastal areas of zones, to the maximum 

value of the order of 5.5-6m, in the center of zone Z6 (Fig. 3a). Herewith, the maximum wave is often 

realized in the summer (Fig. 3b). Note that unlike the 12-year-averaged fields, the seasonal- and 

annual-averaged fields, saving the same zone structure, show a greater range of variability. Discussion 

of them and the exact values of wave heights, averaged over all ocean zones, will be given later 

(Section 5). 

Table 2.  

 

Partition of the wind field in IO and its manifestation in the wave field 

 

 

 

 

 

 

 

 

 

 
 

     Third, it is important to note a very strong seasonal variability of the mean field < ( , , )SH i j T >, 

shown on the example of the difference "summer-winter" fields averaged for 12 years (Fig. 3b). 

Almost everywhere, except the eastern part of the zone Z1, the summer field has an increase in the 

average wave heights. Especially this increase is noticeable in the western part of zone Z2 and at the 

center of the border between zones Z5 and Z6. This is different from the location of maxima for the 

seasonal variability of wind field (Fig. 1b in [3]). Summer growth of wave heights may reach 3-4m, 

i.e., about 100% of the average winter values. In this case, the negative seasonal changes of wave 

heights in the IO in the summer are practically not observed, except a narrow region near the north-

                                                           
3
 Remind, that the most southern boundary is provided by the commonly used boundary between Indian and Southern 

oceans[3], which is taken as a conventional mean ice-boundary in the case of wind-wave simulation. 

Zone 

Coordinates of the 

zone boundaries for  

the wind field 

 Central points of 

the wind field 

zones 

Extent of the zone  

manifestation 

in the wave field 

Z1 40ɽ -  80ɽ;  25N - 7N  14N, 62,5E middling 

Z2 80E - 100E; 25N - 7N  15N, 88,75E clearly (smartly) 

Z3 35E - 105E;  7N -  9S  00N, 80,0E middling 

Z4 35E - 142E;  9S ï 22S  17S, 80,0E clearly (smartly) 

Z5 20E - 140E; 22S ï35S  29S, 80,0E poorly 

Z6 20E - 147E; 35N -60N  49S, 80,0E clearly (smartly) 
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western Australian coast. Thus, the monsoon variability of the wind, which is a source of the seasonal 

variations of the wave field, is the most pronounced only in the north-western part of the IO. 

     And finally, some words about the trend of wave heights, averaged for the whole period. As seen 

from a comparison of Figs. 3a and 3b, the regularity of the averaged heights distribution in zones is 

practically repeated in the field of its time-trend, obtained by the method of least squares for each point 

of the wave field with a resolution 3h ("instantaneous field"). Compared with the same trend of the 

wind field, the trend-field for wave heights is characterized by a greater smoothness, what is 

determined by the wave field inertia. 

     For the whole 12-year period, the average wave height has an increase with the rate of 1% per year 

(which exceeds the limits of the confidence interval for wave-height variability, ȹʅ , having a value of 

about 0.3-0.5%). The trend is most pronounced in areas of high winds (zone Z2, Z4, Z6). It is 

interesting to note that the magnitude of the mean trend of "instantaneous" wave fields of 1% 

corresponds to the trend of the values SH  averaged across the ocean (see Section 5). At the same time, 

the chart of Fig. 2c has also a small region of negative trend, which is located on the western border of 

zones Z1 and Z3. However, this negative trend does not exceed 0.1% per year, well below the 

confidence intervals of these estimates. Interesting that, in contrast to the wind field, a negative trend 

for the east coast of Australia is not detected. Obviously, for a more reliable determination of the 

negative trends of wave heights (and their explanations), it needs a longer period of data analysis and a 

special discussion. 

 

3.2. Charts of  wave energy 

     Charts of wave energy, ( . , )wE i j T< >, are the obvious derivatives of the wave-height fields 

( , , )S nH i j t< >. This means that the averaged fields of wave energy repeat the wave height fields 

<HS(i,j,T)>, emphasizing greatly the areas of extreme waves. However, calculation and analysis of 

variability in the wave-energy fields has its own justification. 

     The importance of wave energy fields, as well as the fields of wind energy, is determined by a large 

physical content of the energy concept compared with the concepts of wave height and wind speed. 

For this reason, as the basis of our research, we put to study a spatial distribution of wave and wind 

energy and their variability, taking into account that these fields determine the intensity of mechanical 

energy transfer from wind to waves, the detailed analysis which we plan to perform in subsequent 

papers. The said indicates a high degree of self-sufficiency and worth of analysis of the wave energy 

field. To our knowledge, there are no analogues of such calculations and their analysis in the literature. 
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4a  

 

4b  
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4c 

Fig. 4. The same as in Fig. 3 but for the wave energy. 

Panels a) and b) are given in KJ/m
2
 panel c) is given in J/m

2
. 

 

The most important results of calculations of the energy fields of the waves are shown in Figs 4a, b, c. 

In comparison with the fields of wind energy, the results indicate the following features of the wave 

energy fields ( . , )wE i j T< >. 

    First of all, note that the previously established zone-structure of the fields is preserved under any 

scale of averaging time (seasons, years, entire period), and their spatial distribution become more 

exaggerated. So, for the field ( . , )wE i j T< >
 
, averaged for the 12-year period, the range of variability 

gets a factor 20, i.e. 4-5 times higher that of a similar field <HS(i,j,T)>  (see Figs. 3a and 4a). At the 

peak, the characteristic value of wave energy averaged for 12 years reaches a value of 20 KJ/m
2
, while 

the minimum values are of the order of units of KJ/m
2
 (in the coastal areas of IO and in the open ocean 

of zone Z3). These values agree well with those for the fields <HS(i,j,T)>, noted above. 

     The above consistency for geometry of fields <HS(i,j,T)> and ( . , )wE i j T< > is seen for all scales of 

time averaging. Therefore, in view of the foregoing detail description of the wave height fields 

<HS(i,j,T)>, the further description of the energy fields ( . , )wE i j T< > requires some elaboration, only. 




