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Abstract 

The aim of the study is to evaluate reanalysis wind data with mast measured data at Hawks Bay, 

Karachi, in the coastal region of Pakistan. MERRA and MERRA-2 reanalysis datasets, assimilated by 

NASA global data assimilation system, are evaluated in this study. The comparison between wind data 

has been performed for 10 m, 50 m and 80 m heights using hourly and daily data. Statistical Analysis 

using correlation coefficient (R), mean bias error (MBE), standard deviation of errors (STDE) and root 

mean square error (RMSE) was used for comparison. MERRA-2 data shows better results for wind 

speed at 10 m and for wind direction at 80 m in terms of statistical parameters and correlation 

coefficient. R of wind speed for MERRA-2 at 10 m are 0.70 and 0.91 for hourly and daily data 

respectively whereas R of wind direction at 80 m are 0.66 and 0.76 for hourly and daily data 

respectively. The wind energy industry is in developing phases in Pakistan, the present work will 

contribute towards the exploration of wind energy potential of the southern region of the country. 

Key Words: Wind Resource Assessment, Reanalysis dataset, MERRA, MERRA-2, Offshore 

Wind, Pakistan 

1.   Introduction

Pakistan is a developing country, has been 

facing extreme energy crisis due to the increase in 

energy consumption and lesser amount of energy 

supply than the demand in the country for the last 

2 decades. Wind energy is an environment friendly 

and sustainable energy option for Pakistan, as 

optimistic analysis says that by 2030 one fifth of 

planet’s demand of electricity would be satisfied 

by the renewable resources; solar and wind 

projects. The same scenario might be possible for 

Pakistan as it is enriched in the renewable 

resources like wind energy, especially during the 

moon soon season and the wind coming from the 

coast of the Arabian sea [1]. In the last ten years 

(2009-18), 18 wind power projects of 937.27 MW 

capacity started commercial operation which 

makes up less than 1.5 % of total power 

production. This proportion is way less compared 

to other energy generation methods as almost 68% 

of the total energy of Pakistan is currently 

dependent on the thermal power plants operated 

by fossil fuels [2; 3]. The high dependence on 

imported fossil fuels has a bad impact when there 

is a fluctuation of crude oil price in the 

international market [4-6]. The prohibitive cost of 

electricity increases the circular debt and subsidy 

[3]. Apart from the economy, studies have shown 

that the use of fossil fuels are causing 

environmental pollution and global warming [7]. 

Pakistan has about 1100 km long coastal 

line on the Arabian Sea, but wind resource 

assessment work or even feasibility of wind farm 

installation has not been carried out so far. The 

start of commercial wind project includes various 

considerations to estimate energy potential of the 

site. Mast measured wind data for at least three 

years is required for estimation of wind power 

potential. In-accurate data is main reason behind 

the error in estimations and prediction of energy 

production for wind projects due to which many 

projects may have the less estimated capacity by 

as much as 60 percent [8]. This problem increases 

the importance of reliable wind data which is only 

possible using wind masts. The installation of 

wind mast and data measurement is too much 

expensive and time taking process. In the presence 

of reliable mast measured wind data, the long-term 

time series from reanalysis data can be evaluated 

which can be used in the nearby location using 

bias correction methods. 
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The objective of this paper is to compare 

mast measured wind data with reanalysis wind 

data. The mast measured wind data at Hawksbay 

near Karachi is compared with MERRA and 

MERRA-2 reanalysis datasets. If the reanalysis 

wind data shows the comparable results as of mast 

measured data, then the reanalysis data can be 

used for preliminary resource assessment of 

possible offshore wind power projects. 

2.   Wind Data 

Alternative Energy Development Board 

(AEDB) of Pakistan in collaboration with the 

United Nations Development Programme (UNDP) 

had installed wind masts in the southern areas of 

Pakistan for accurate measurement of wind data 

[9]. The wind mast was installed on the premises 

of Hawksbay coast in Karachi [9]. The location of 

the site is 24o 52 02.025 N and 66o 51 41.983 

E, which is about 1.0 km from the coastal line. 

The mast has five anemometers for measurement 

of wind speed at heights of 10 m, 30 m, 60 m, and 

80 m and two wind vanes for measurement of 

wind direction at 28.5 m and 78.5 m. The wind 

mast was installed in March 2009 and it started 

collecting data from 19th March 2009. The data for 

two years duration from 1st May 2009 to 30th April 

2011 was used in the current work. 

MERRA reanalysis dataset [10] was 

developed by NASA based on its global data 

assimilation system. MERRA dataset has a spatial 

resolution of about 70 km (0.50° latitude and 

0.677° longitude) and a temporal resolution of one 

hour. MERRA wind data is available at 2 m, 10 m 

and 50 m height above the ground. MERRA-2 

reanalysis dataset [11] is the advanced version of 

MERRA reanalysis by the NASA, which replaces 

the original MERRA reanalysis [12] using an 

upgraded version of the GEOS-5 data assimilation 

system [13]. The other improvement in MERRA-2 

is it assimilates the observation types which were 

not available in its previous version and includes 

updates to the Goddard Earth Observing System 

(GEOS) model and the analysis scheme which can 

provide a worthwhile ongoing climate analysis 

beyond MERRA’s capabilities. MERRA-2 has a 

spatial resolution of about 70 km (0.50° latitude 

and 0.625° longitude) and a temporal resolution of 

one hour. MERRA-2 wind data is available at 50 

m, 10 m and 2 m height above the ground. 

MERRA-2 products can be easily accessed online 

[14] through the “NASA Goddard Earth Sciences 

Data Information Services Center (GES DISC)” 
[15]. The temporal resolution of both MERRA and 

MERRA-2 are similar but the spatial resolution is 

slightly different, so the grid points of both 

datasets are different. 

3.   Methodology 

The mast measured data has a temporal 

resolution of 10 minutes whereas the reanalysis 

data have a temporal resolution of one hour, so 

measured data was converted to an hourly duration 

for comparison. Bilinear interpolation has been 

used to compute wind data at the mast location 

using four nearby grid points, which is used in the 

previous literature [16-21]. The measured wind 

speed at 50 m height and reanalysis data at 80 m 

were computed from wind data at other heights 

using logarithmic law, which has been used for a 

range of wind speeds, altitudes and locations [22; 

23]. The reanalysis data were compared with mast 

measured data at 80m, 50 m and 10 m height using 

statistical analysis. The parameters used for 

comparison of the data are; the standard deviation 

of the error (STDE), correlation coefficient (R), 

the root mean square error (RMSE) and mean bias 

error (MBE). The MBE, RMSE and STDE for 

wind speed are given by the equations (1) to (3), 

where Si is the reanalysis wind speed and Mi is the 

measured wind speed, these expressions were 

reported by Carvalho et al. [24]. The negative 

value of bias represents an underestimation of 

wind speed by reanalysis dataset compared to 

measured data and vice versa. 

MBE = 
1

n
 ∑ (Si − Mi)

n
i=1   (1) 

RMSE = √
1

n
 ∑ (Si − Mi)2n

i=1  (2) 

STDE = √ RMSE2 − MBE2 (3) 

4.   Results  

4.1   Statistical Analysis  

The MBE, RMSE, STDE and R of 

reanalysis data for wind direction and speed for 

the hourly and daily duration at 10 m, 50 m and 80 

m is presented in Table 1. The wind speed and 

wind direction are represented as WS and WD 

respectively. Both datasets show a very good 

agreement with the measured data. MERRA has a 

lower MBE for wind speed at 50 m and wind 

directions at 80 m height for hourly data compared 

to MERRA-2. MERRA-2 has lower RMSE, lower 

STDE and higher R for wind speed at 10 m height 

and wind direction at 80 m for hourly data 

compared to MERRA. Both reanalysis data show 

almost the same results for the daily data as for 
hourly data with a slight difference; MERRA-2 

has the lower errors at 80 m compared to MERRA 
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data whereas MERRA data has lower errors at 

other heights. The correlation between measured 

and reanalysis wind speeds at 10 m, 50 m and 80 

m height are shown in Fig. 1. 

4.2  Time Series Analysis 

The comparison of monthly mean wind 

speed for two years duration is presented in Fig. 2. 

The results show monthly mean wind speeds are 

closely related, both reanalysis data underestimate 

wind speed throughout the year at 10 m height. At 

50 m height, MERRA data underestimates the 

wind speed throughout the year while MERRA-2 

wind speed overestimates the measured wind 

speed from March to June and underestimates the 

wind speed for the rest of the year. At 80 m height, 

MERRA-2 underestimates the wind speed for the 

whole year whereas MERRA overestimates the 

wind speed for the duration of March to June and 

underestimates for rest of the year. 

4.3  Weibull PDF  

The Weibull probability distribution 

function (PDF) is widely used to represent wind 

speed distribution [25; 26]. The Weibull PDF is 

based on two modelling parameters; shape 

parameter k (also known as Weibull slope 

parameter which is the direct measure of the 

spread of the distribution curve) and the scale 

parameter A (the direct measure of the skewness of 

the distribution curve) [27; 28]. 

The Weibull PDF of mast measured data 

and reanalysis data is presented in Fig. 3. For low-

speed wind, the reanalysis values are higher 

whereas for high wind speed the values are lower 

than the measured values. The overall results show 

that reanalysis data has lower values than the 

measured values. 

The value of k and A for both measured and 

reanalysis data is presented in Table 2, percentage 

errors of the reanalysis are presented in 

parenthesis. At 50 m height, the mean wind speed 

for reanalysis data shows a similar pattern with 

measured data within 8 % error, the similar 

behaviour is for Weibull factors A while Weibull 

shape factor k shows higher error within 18%. The 

overall predictions are better at 50 m height, the 

results of MERRA in terms of mean wind speed, 

wind power density and Weibull factors are better 

compared to MERRA-2. 

 

 

 

Fig.1: Correlation between measured and 

reanalysis wind speed at: (a) 10 m, (b) 50 

m, (c) 80 m 
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5.   Discussion 

The mean wind speed, mean wind direction 

and wind power density at three heights are shown 

in Table 2, the percentage error of reanalysis is 

presented in parenthesis. The lowest difference for 

mean wind speed is 4.49 % for MERRA at 50 m 

and the maximum is 7.13 % at 10 m for MERRA. 

The percentage difference is around 6 % for all 

heights for MERRA-2. The percentage difference 

for mean wind direction for both datasets is less 

than 5%. The lowest difference in mean wind 

density is 10 % for MERRA at 50 m and 80 m. 

MERRA wind data is underestimated at all 

three heights of 10 m, 50 m and 80 m. The hourly 

wind speed has Bias, RMSE, STDE and R values 

ranging from -0.25 to -0.33 ms-1, 1.96 to 2.00 ms-1, 

1.94 to 1.97 ms-1 and 0.580 to 0.682 respectively. 

On the basis of statistical analysis, the best 

estimate of wind speed is for 50 m height (due to 

minimum bias, RMSE and STDE). The hourly 

wind direction has Bias, RMSE, STDE and R 

values ranging from -5.93º to -12.3º, 42.34o to 

46.06º, 41.92o to 44.39º and 0.57 to 0.64 

respectively, giving the best estimate of wind 

direction is for 80 m height (maximum correlation 

coefficient and minimum errors). The MBE, 

RMSE and STDE values for wind speed ranging 

from -0.98 to 0.52 ms-1, 1.62 to 2.14 ms-1 and 1.55 

to 2.14 ms-1 was reported in a similar study [24]. 

The MBE, RMSE, STDE and R for wind direction 

reported were ranging from -6.44º to 0.84º, 36.08º 

to 51.37º, 35.50º to 51.36º and 0.82 to 0.95 

respectively in a similar study [24]. 

Table 1: Comparison between reanalysis with measured data 

Duration Data Height Bias RMSE STDE R 

WS WD WS WD WS WD WS WD 

Hourly  

MERRA 

10 m -0.33 -12.3 2.00 46.06 1.97 44.39 0.58 0.574 

50 m -0.25 -8.71 1.96 43.66 1.94 42.78 0.659 0.610 

80 m -0.28 -5.93 1.98 42.34 1.96 41.92 0.682 0.639 

MERRA-2 

10 m -0.32 -13.52 1.75 42.74 1.72 40.55 0.700 0.600 

50 m -0.33 -9.38 1.85 40.54 1.82 39.44 0.673 0.642 

80 m -0.39 -6.62 1.91 39.50 1.87 38.94 0.686 0.664 

Daily 

MERRA 

10 m -0.33 -5.61 0.85 36.02 0.78 35.43 0.888 0.688 

50 m -0.25 -5.47 1.00 32.61 0.97 32.15 0.881 0.699 

80 m -0.64 -4.43 1.07 30.23 0.86 29.90 0.890 0.759 

MERRA-2 

10 m -0.32 -8.35 0.75 32.73 0.68 31.65 0.911 0.691 

50 m -0.33 -6.31 0.87 29.95 0.80 29.28 0.899 0.757 

80 m -0.39 -3.65 0.95 29.60 0.87 29.37 0.891 0.760 

Table 2: Comparison reanalysis with measured data 

Height Data Mean wind 

speed 

(ms-1) 

Mean wind 

direction 

(o) 

Wind power 

density 

(W/m2) 

Weibull scale 

factor A 

(ms-1) 

Weibull shape 

factor k 

10 m 

Measured 4.658 268.2 111 5.271 2.145 

MERRA 4.326 (-7.13) 260.8 (-2.76) 80 (-27.93) 4.873 (-7.55) 2.398 (11.79) 

MERRA-2 4.336 (-6.91) 256.2 (-4.47) 77 (-30.63) 4.879 (-7.44) 2.537 (18.28) 

50 m 

Measured 5.543 267.8 163 6.249 2.538 

MERRA 5.294 (-4.49) 263.5 (-1.61) 146 (-10.43) 5.963 (-4.58) 2.386 (-5.99) 

MERRA-2 5.211 (-5.99) 259.6 (-3.06) 131 (-19.63) 5.854 (-6.32) 2.607 (2.72) 

80 m 

Measured 5.855 265.7 190 6.596 2.570 

MERRA 5.577 (-4.75) 264.3 (-0.53) 171 (-10.00) 6.282 (-4.76) 2.383 (-7.28) 

MERRA-2 5.470 (-6.58) 261.0 (-1.77) 151 (-20.53) 6.144 (-6.85) 2.612 (1.63) 
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Fig. 2: Time Series of Measured, MERRA and 

MERRA-2 data at: (a) 10 m, (b) 50 m, 

(c) 80 m 

 

 

 

Fig. 3: Weibull probability distribution function 

of wind speed at: (a) 10 m, (b) 50 m, (c) 

80 m
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Carvalho et al. [29] in another study 

reported the values for MBE, RMSE, STDE and R 

of wind speed for five sites of compared with 

MERRA was range from 0.16 to 0.90 ms-1, 1.76 to 

2.39 ms-1, 1.75 to 2.21 ms-1 and 0.81 to 0.89 

whereas the values of wind direction range from -

1.99º to 4.28º, 34.64º to 52.36º, 34.58º to 54.18º 

and 0.78 to 0.89 respectively. Stafell et al. [30] 

compared MERRA with 23 European countries 

gave a range of correlation coefficient range from 

0.87 to 0.97. A comparison of current work with 

previous work [29-31] done by other researchers 

on wind speed and wind direction reveals that 

MERRA data has better Correlation (R) values in 

European region compared to the site in Pakistan. 

MERRA wind data is underestimated in Pakistan 

whereas it both overestimates and underestimates 

along the Iberian Peninsula coast and in Europe. 

The hourly wind speed data from MERRA-

2 at 10 m, 50 m and 80 m has the MBE, RMSE, 

STDE and R values for ranges from -0.32 to -0.39 

ms-1, 1.75 to 1.91 ms-1, 1.72 to 1.87 ms-1 and 0.60 

to 0.66 respectively while these values for wind 

direction ranges from -6.62 to -13.52, 39.50 to 

42.74, 38.94 to 40.55 and 0.60 to 0.66 

respectively. 

The best estimates of MERRA-2 wind 

speed are at 10 m height whereas for wind 

direction best estimation is for 80 m height. 

Miinalainen [32] compared four sites on the 

coastline of Norway with MERRA-2 at 10 m, the 

statistical parameters for wind speed for those four 

sites were reported as MBE, RMSE, STDE and R 

ranging from 2.10 to 4.32 ms-1, 2.59 to 5.10 ms-1, 

and 2.0 to 2.68 ms-1, 0.48 to 0.74 respectively. A 

comparison of the present study with of 

Miinalainen [32] reveals that MERRA-2 shows 

fewer bias values for Pakistan than Norway and 

almost better estimation for Pakistan as compared 

to Norway. 

6.    Conclusions 

The evaluation of MERRA and MERRA-2 

reanalysis datasets for the coastal region of 

Pakistan was performed. MERRA-2 data gave 

better results in terms of all the statistical 

parameters compared to MERRA data at 10 m 

height. Both MERRA and MERRA-2 data show 

similar results compared to mast measured data at 

50 m height. The estimation from MERRA data is 

more accurate than MERRA-2 data in terms of 

wind power density, mean wind speed, and 

Weibull factors. MERRA-2 show better results in 
terms of RMSE, STDE and R as compared to 

MERRA data at 80 m. The percentage difference 

of wind speed from reanalysis data and surface 

data is about 5 % and for wind direction is about 3 

%, which is very good for initial site assessment in 

the absence of surface measured data. 
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