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ABSTRACT
The rising energy demands of the world and minimal availability of conservative energy sources have
considerably increased the role of non-conventional sources of energy like solar and wind. The
modelling of the prevalence of wind speed and trends helps in estimating the energy produced from
wind farms. This study uses statistical models to analyse the wind patterns in India. Hourly wind data
during 2004-2008 were obtained from the National Renewable Energy Laboratory for the study. A
logistic regression model was initially used to investigate 4-hourly wind prevalence and the pattern of
wind gust. A linear regression model was then applied to investigate wind speed trends. The 4-hour
periods of the day, months, and year factors of wind were used as the independent variables in the
statistical analysis. The results showed that wind prevalence was mostly higher between 4 AM to 4
PM within the day (90%). Analysis of the monthly wind prevalence revealed higher percentage
between April to June (90%), while higher annual prevalence was revealed in 2007 and 2008 (85%).
Wind speed trends (4-hourly periods) was observed to increasing from 4 AM to 4 PM within which the
maximum occurred. Monthly wind speed was seen to be increasing from January to April where it
attains the maximum (13 ms-1) and reduces it to minimum in November (3 ms-1). Annual mean wind
speed has reduced by 4 ms-1 between 2004 and 2008.

INTRODUCTION

Wind plays a pivotal role in climate and weather on Earth’s
surface. The movement of wind on Earth’s surface has diverse
ranges of magnitudes, different directions and various time
intervals from minute to few hours. Wind circulation on the
Earth’s surface commonly known as wind prevalence
describes the motion of wind with internment momentarily
rates (Greene et al. 2010). The wind speed intriguing behav-
iour has a vast impact on global climate and weather condi-
tions (Csavina et al. 2014) nurturing of ecosystems, and
human life imbalance (Mitchell 2012). Wind gusts rapid
and internment speeds have an enormous influence on
climate and weather events (Cheng et al. 2014). In addition,
its extreme can cause enormous damages or destruction to
human-made structures, devastation to humans and
ecosystems, and dangerous situations in aircrafts (Jain et al.
2001, Schindler et al. 2012, Jamaludin et al. 2016). It plays
a significant factor in wind characteristics often combined
and denoted as wind velocity. Further, six major wind belts,
three each in the northern and southern hemisphere, encircle
the surface of the Earth. These belts lie from pole to equator

namely polar easterlies, westerlies, and trade winds describe
the wind pattern on the Earth’s surface (Myrl 2012).

The variant behaviours of wind cause a difference in
absorption of solar energy among the climate zones of earth
and atmospheric circulation by differential heating between
equator and poles (Chapin et al. 2002). Therefore, wind with
its volatile behaviour can be used productively to harness
energy, operate transport and warfare equipment. Thus,
statistical analysis of wind characteristics will be beneficial.

In recent decades, many studies have investigated wind
patterns over the Earth’s surface. A study by Klink (2002)
investigated trends and interannual variability of wind speed
distributions in Minnesota. The research results showed
reducing wind speed trend below the overall mean for most
of the stations. However, only few stations showed increasing
trends above the overall mean. Nchaba et al. (2016) studied
long-term austral summer wind speed trends over southern
Africa. The results revealed evidence of a decline in wind
speeds, results in deceleration of mid latitude westerly, and
Atlantic southeasterly winds with a poleward shift in the
subtropical anticyclone. Increasing trends in the annual
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frequency of summer circulation weather types, and the
weakening of the subtropical continental heat. Another
study by Klink (1999) studied on trends in mean monthly
maximum and minimum surface wind speeds in the
coterminous United States, 1961 to 1990. The results showed
reducing trends in the maximum and minimum winds
observed in spring and summer reduced. The decreasing
wind speed occurred in western and southeastern United
States may be due to variable topography and high pressure
mostly all through the year. However, central and the
northeastern United States having gentle topography and
are near common storm tracks had the highest maximum
and minimum winds. Also, a study by Bett et al. (2013)
investigated European wind variability over 140 years. The
results revealed strong highly-variable wind in the north-
east Atlantic. Also, findings do not show any clear long-
term trends in the wind speeds across Europe and the
variability between decades is large. However, the year 2010
had the lowest mean wind speed on record for this region.
Mohanan et al. (2011) investigated the probability
distribution of land surface wind speeds. The results
illustrated daytime surface wind speeds to be broadly con-
sistent, whereas night time surface wind speeds are more
positively skewed. However, in the mid latitudes, these
strongly positive skewnesses are shown to be associated
with conditions of strong surface stability and weak lower-
tropospheric wind shear. Moreover, research by Troccoli et
al. (2012) studied long-term wind speed trends over Aus-
tralia. The results showed that light winds tend to increase
more rapidly than the mean winds, whereas strong winds
increase less rapidly than the mean winds. The trends in
both light and strong winds vary in line with the mean winds.
Chen et al. (2013) investigated wind speed trends over
China, quantifying the magnitude and assessing causality.
The results exhibited pronounced downward trends espe-
cially in the upper percentiles and during spring. The warm
and cold Arctic Oscillation and El Niño-Southern Oscilla-
tion phases have significant influence on the probability
distribution of wind speeds. Thus, internal climate variabil-
ity is a major source of both interannual and long-term vari-
ability.

Reddy et al. (2015) used statistical analysis to estimate
wind energy over Gadanki, India from 2007 to 2012 using
Weibull, Rayleigh and Gamma parametric methods. They
showed that Weibull distribution fitted well. A study by
Gupta & Biswas (2010) analysed wind velocity of Silchar
(Assam, India) from 2003-2007 by applying Rayleigh’s and
Weibull methods. The results revealed that average wind
velocity in Silchar is about 3.11 kmh-1, which is consider-
ably low. Lakshmanan et al. (2009) studied on the basic
wind speed map of India with long-term hourly wind data

from 1983-2005 using Gumbel method. The study results
showed that certain regions require improvement to higher
wind zones from the current benchmark wind zones. They
also suggested the need to revised basic wind speed map
with upgraded wind speed zones for India. Even though
many aspects of wind in India have been analysed, not much
has been on the description of wind prevalence rates, wind
speed trends and wind gust patterns. The objectives of this
study are to describe the wind and wind gust prevalences
and analyse the wind speed patterns using statistical mod-
els.

MATERIALS AND METHODS

India has nine meteorological stations specified by National
Renewable Energy Laboratory (NREL). Hourly wind obser-
vations from Calcutta during 2004-2008 were obtained from
NREL (https://www.nrel.gov/international/ra_india.html)
for the study. This station was selected due to its subtropi-
cal climate with moist (rain-bearing) winds and frequent
thunderstorms (Mukhopadhyay et al. 2009). The winds can
vary from frigid winds, may be related to large storm sys-
tems such as Nor’westers and Western disturbances (Reddy
2008). It is also in wind and cyclone zone of very ‘high
damage risk’ (UNDP 2006).

Data were arranged based on the Earth’s surface wind
direction patterns for Indian subcontinent (Wiegand 2004,
Kious & Tilling 1996, IMD 2015). The data, which did not
fall under the wind direction for the particular month, were
discarded from the study resulting in 38,157 observations
during the period of study. The hourly wind occurrence had
fluctuations that were smoothened by accumulating data to
4 hour periods, and these were used for the analysis. The
measurements recorded for consecutive 4-hourly periods
were associated as per the well-known ancient time metrics
of Babylon and Egyptian system which can be represented
in 4-hourly periods of 6 intervals of a day (Gillings 1972).
Moreover, 6 periods of 4 hours each of the day classified
into clear time intervals like mid-night, dawn, morning, noon,
mid-noon, night (Glickman & Zenk 2000) which is indi-
cated as a period of the day, and other predictors are months
and year. Observations on February 29 were discarded to
have uniform number of observations for each year and also
associated with heuristic 365 day climate data observations,
therefore totalling to 9,540 observations for the study.

STATISTICAL METHODS

Logistic regression was initially fitted to model the preva-
lence of 4-hourly wind. The 4-hourly wind speed less than
0.775 ms-1 was kept as the non-occurrence of wind, and at
least 0.775 ms-1 was considered as the occurrence of wind.
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In modelling the prevalence of 4-hourly wind, if p
i 
is the

probability of wind for the ith period in the data set, re-
stricted on the variables x

i
, then the model takes the form:
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1
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      
        ...(1)

Where,   is a constant, ( 1, 2,3,..., )i i m   are the slope
coefficients of the model and ( 1, 2,3,..., )ix i m  are the
predictors and m is the number of predictors. The predictors
are the 4-hourly periods, month and year factors.

Model (1) was also used to estimate the prevalence of
wind gust. Wind speed of at least 5 ms-1 (Geer 1996) was
classified as gust occurrence and classified as the non-oc-
currence of a gust if otherwise. The modelling process of
estimating the wind gust occurrence is similar to that of the
wind prevalence. The predictors are also the 4-hourly
periods, month and year factors. These models were assessed
using the receiver operating characteristic (ROC) curve.

The ROC curve is popularly known for determining the
capability of prediction a binary outcome (Westin 2001).
The ROC curve plots sensitivity against the false positive
rate of the 4-hourly wind prevalence.

Multiple regression was then used to describe the trends
of wind speed of at least 0.775 ms-1. The model takes the
form

,1321  tkjiijk xxxy  ...(2)

Where, ijky  represents wind speed trends, α  is a con-
stant, β ’s are the regression coefficients, ix , jx , kx  is time
indicating the predictors 4-hour periods, month and year, γ
denotes the regression coefficients of the trimmed lag 1 term
and t-1 indicates lag 1 period. The goodness of fit of the
model was assessed using the coefficient of determination
(R-square) and the Q-Q plots.

Further, since the normality assumption was not satis-
fied as the data were not normally distributed, due to heavy
tails; the wind speed values were transformed by square
roots, to satisfy the statistical assumption of normality. Sub-
sequently, the wind speed observation anomalies were fil-
tered by removing the auto correlations at lag 1 term
(Chatfield 1996). The filtered autocorrelations at lag 1 term
were then added to fit linear regression model (Venables &
Ripley 2002) that investigated the wind speed trends.

The sum contrasts (Tongkumchum & McNeil 2009) were
applied to obtain 95% confidence intervals (CI) to compare
the fitted model means with the overall wind means. This
contrast gives criteria to classify levels of the factor into
three groups, according to whether each relating CI is greater
than or equal to, or is less than the overall mean. All analy-

sis was done in R (R Development Core Team 2008)

RESULTS

A logistic regression model was fitted to 4-hourly wind pe-
riods for 2004-2008.

The model for the 4-hourly mean of wind prevalence
was made of 3 predictors. The first predictor was the 4-hourly
period of the day and had 6 factors, the second predictor
was the months with 12 factors, and the third factor was the
year having 5 factors. There were 24 parameters including
the constant term in the model. The parameters were highly
significant and influential in the model.

Assessing the goodness of fit of the model by the ROC
curve (Fig. 1) revealed an area under ROC curve (AUC)
value of 0.75 which show a sound classification of the preva-
lence and non-occurrence of wind.

The overall accuracy of the classification on the occur-
rence and non-occurrence of wind was 85% having a true
positive rate of 99.7% with a false positive rate of 61.5%.

The plot of confidence intervals illustrates the pattern
of wind prevalence percentage for period of the day, month
and year and the crude percentage (Fig. 2). The horizontal
red line denotes the overall mean of the wind prevalence,
which is approximately 70%.

Analysis of the 95% confidence interval plots revealed
that the wind prevalence patterns for period of the day were
significantly different from the overall mean.

The period from dawn (period 2) to afternoon (period 4)
observed high wind prevalence rates with the maximum

Fig. 1: ROC curve of the logistic model for 4-hour period of wind
to investigate the prevalence of wind.
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prevalence of around 90% observed in noon (period 3). The
low wind prevalence rates were observed from midnight to
dawn (period 1), evening (period 5) tonight (period 6) with
the minimum prevalence of around 50 % in the night (pe-
riod 6) respectively.

The monthly wind prevalence patterns were observed to
have high wind prevalence rates from March to July with
maximum wind prevalence of 90% observed in April. Mod-
erate wind prevalence rate was observed during August and
September with modest wind prevalence of 70% aligned
with the overall mean. Wind prevalence rates were observed
to be less than the overall mean during January and February.
It increases gradually to attain its maximum (90%) in April,

decreases steadily, attain its minimum (30%) in November.

The yearly wind prevalence patterns were not signifi-
cantly different from the overall mean between 2004 and
2005. It reduced considerably to its minimum in 2006 and
rose steadily to its maximum in 2007, where it began to
reduce slightly. The yearly wind prevalence ranged from 50
to 85% and observed to be higher than the overall mean
between 2007 and 2008.

Model (1) was also used to examine the 4-hourly period
wind gust prevalence from 2004-2008. The 4-hourly mean
wind gust prevalence model was also made of 3 predictors.

Assessing the goodness of fit of the model by the ROC
curve (Fig. 3) revealed an area under ROC curve (AUC)
value of 0.61 which show classification of the occurrence
and non-occurrence of wind. The overall accuracy of the
classification on the occurrence and non-occurrence of wind
gust was 81.67% having a true positive rate of 89.7% with a
false positive rate of 23.7%.

In Fig. 4, the horizontal line denotes the overall mean of
the prevalence of wind gusts, which is around 10 % during
the study period. The wind gust patterns for period of the
day were significantly different from the overall mean. The
period from midnight (period 1) to noon (period 3) observed
increasing wind gust prevalence rates with the maximum
prevalence of around 18% observed in noon (period 3). It
then decreases steadily from this period to the night. The
minimum wind gust prevalence of 4% occurred in midnight
(period 1).

The monthly wind gust patterns revealed increasing
pattern from January to April, where the maximum was at-
tained. It was constant between April and decreases steadily
until August, where it increased again until September. It
then decreases sharply to minimum in November. The wind

Fig. 2: Logistic model confidence interval plot for percentages of wind prevalence.

Fig. 3: ROC curve of the logistic regression model for
the 4-hourly wind gust prevalence.
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gust prevalence was observed to be mostly above the over-
all mean between March and September.

The yearly wind gust prevalence revealed decreasing
pattern from 2004 to 2006, where it attained the minimum
of 4% and increased sharply to its maximum of 14% in
2007. There was a decreasing pattern between 2007 and
2008.

The linear regression model (model 2) was fitted to the
4-hourly wind speed to examine the trends. The model for
4-hourly period wind speed from 2004 -2008 was also made
of 3 predictors. There were 25 parameters including the con-
stant and AR(1) terms in the model. Most of the parameters
were highly significant and influential in the model. The
coefficient of determination (r-squared) and the quantile-
quantile plots was used to evaluate the goodness of fit of
the model. The r-squared value of 0.432 shows that 43% of
the wind speed patterns are explained by the model (2).

Fig. 4: The 95% confidence interval plot for the percentage of wind gusts using logistic regression.

Fig. 5: Q-Q plots for the linear model of the wind speed.

Fig. 6: Linear model confidence interval plot of wind speed trends.
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The quantile-quantile (Q-Q) plot illustrates that the
residuals from the model are approximately normally dis-
tributed (Fig. 5) which shows that the model fitted the data
reasonably well. However, there were some deviations from
the upper tail of the model. This deviation may be due to
extreme values in the data and some variations that could
not be explained by the predictors.

Fig. 6, the horizontal line denotes the overall mean of
the wind speed is approximately 9 ms-1. The wind speed
trends for the period of the day were significantly different
from the overall mean. The period during dawn (period 2) to
noon (period 3) had the maximum wind speed of around 13
ms-1 observed during noon (period 3). Moderate wind speed
trend was observed during the afternoon (period 4) with a
modest wind speed of approximately 9 ms-1 aligning with
overall mean. The low wind speed trends were observed
during midnight (period 1) to dawn (period 2), evening (pe-
riod 5) to night (period 6) with a minimum wind speed of
around 6 ms-1 in midnight (period 1) respectively.

The monthly wind speed trends revealed rising trends
during April to June with a maximum wind speed of around
13 ms-1 observed during April. Moderate wind speed trend
was observed during March and July to September with a
modest wind speed of approximately 9 ms-1 aligning with
overall mean. The low wind speed trends were observed
during January to February, and October to December with
a minimum wind speed of around 3 ms-1 in November. The
monthly and yearly wind speed trends revealed values either
greater, equal to or lower than the overall mean. The yearly
wind speed revealed increasing trends during 2004 and 2005
with a maximum wind speed of around 11 ms-1 observed
during 2004. Moderate wind speed was observed during
2007 with a modest wind speed of approximately 9 ms-1

aligning with overall mean. The reducing trends were
observed during 2006 and 2008 with a minimum wind speed
of around 7 ms-1 in 2006.

CONCLUSION AND DISCUSSION

Statistical models were used to investigate the 4-hourly
wind observations of Calcutta, India during 2004-2008. The
wind and wind gust prevalence patterns together with the
wind speed trends were investigated. The wind prevalence
pattern, wind speed trend and wind gust prevalence for the
period of the day, month and year illustrated distinct
divergent patterns. Logistic regression model fitted wind
prevalence and wind gust pattern reasonably well. The
overall wind prevalence was observed to be 70% all through
the year. The period of the day factors revealed the wind
prevalence above the overall mean between period 2 and
period 4. This pattern may be due to stronger breeze during

early morning to afternoon (Zhong 1992). The observed
wind prevalence below the overall mean during the other
periods of the day may be due to lighter land breeze during
the night (Mandal et al. 2013). The observed monthly maxi-
mum wind prevalence of 90% during March and June may
be due to the high rates of wind such as breeze, storm during
the first and second quarter of the year (Gadgil 2003,
Rajeevan et al. 2012). However, the minimum wind
prevalence occurred between October and December which
may be as a result of the lighter rates of wind blown such as
squall on the surface of the Earth (Gadgil 2003, Rajeevan et
al. 2012). The yearly wind prevalence was mostly below the
overall mean during 2004 to 2006, but above the overall
mean between 2007 and 2008 where the maximum occurred
(85%). This pattern was partly because of stronger breeze
and monsoon winds during the initial period of the decadal
period from the year 2000, and lighter and weak monsoon
winds from the final period of decade 2000 (Kumar et al.
2006). The results of the 95% confidence interval plot for
the wind gust was similar to that of wind prevalence.

Linear regression model revealed an increasing trend
for the period of the day factors period 1 to period 3 and
decreasing trend between period 3 and period 6. The observed
trend may be due to the stronger intensity of sea breeze and
prevailing wind during early morning to afternoon and low
intensity of land breeze and prevailing wind during the night
(Chaudhuri et al. 2013). The monthly wind speed trend
showed increasing trend between January and April and
reducing trend from April to November. These trends
observed partly due to vigorous variation of wind speed
near to the surface of the land (Torralba et al. 2017), global
warming (Mclnnes et al. 2011) strong monsoon (Loo et al.
2015), and weaker monsoon (Vishnu et al. 2016). The yearly
wind speed trend displayed reducing trend between 2004
and 2006 and increasing trend between 2007 and 2008.
This observed trends may be due to the effect of global
warming and ocean warming on monsoon patterns (Mojgan
et al. 2017).

This study has provided a description of wind trends
and patterns, which helps in obtaining descriptive and
knowledgeable information of wind circulation over Cal-
cutta, India. These trends are vital in the development of
wind resources distribution in several areas of India. Future
studies on wind could include data on dewpoint, wind chill
and heat index along with different statistical methods.
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