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 25 

Abstract 26 

The present study utilizes the turbulence observations over an Indian region, Ranchi, to study the 27 

diurnal and seasonal characteristics of mean and turbulent parameters in the atmospheric surface layer under 28 

different wind speed and stability regimes. Data for the year 2009 are chosen to compute mean and turbulent 29 

statistics using the eddy correlation technique and are studied within the framework of Monin–Obukhov 30 

similarity theory. The analysis of the observational behavior of the standard deviation of wind velocity 31 

fluctuations (σi, i = u, v, w) normalized by friction velocity (u*) suggests that these parameters remain 32 

independent of stability of layer in near-neutral to moderately stable/unstable conditions. However, they are 33 

observed to increase following the classical 1/3 power law with increasing stability/instability in moderate 34 

to strong stable/unstable conditions. Further, an attempt has been made to develop possible parameterizations 35 

of these coefficients in terms of Monin-Obukhov stability parameter in low and moderate to strong wind 36 

regimes for four different seasons. The proposed observation-based functional forms the σi as functions of 37 

the stability exhibit different behaviours depending on the optimal values of unknown coefficients obtained 38 

for different seasons. However, within the limit of the uncertainty in the observed input parameters, the 39 

values of the season-dependent set of coefficients do not affect the overall statistical agreement between 40 

predicted and observed values of the normalized standard deviation of wind velocity fluctuations.    41 

 42 

Keywords: Atmospheric Surface Layer, Surface Fluxes, Mean and Turbulent Characteristics, Monin-43 

Obukhov Similarity theory, Parameterization 44 

 45 
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1 Introduction 48 

The turbulent structure of the atmospheric boundary layer is poorly described in low wind conditions. 49 

The complexity of the boundary layer grows with the weakening of the winds and the degree of atmospheric 50 

stability (Mahrt, 1998; Mahrt, 2008; Luhar et al., 2009). The scarcity of data in low wind convective as well 51 

as very stable conditions over the tropical region has resulted in a limited understanding of turbulence 52 

structure in such types of atmospheric conditions (Gopalakrishnan et al., 1998; Aditi and Sharan, 2007). The 53 

limited knowledge of the boundary layer characteristics and their representation in numerical models is a 54 

major contributing factor for relatively poor performance of almost all dispersion models under low wind 55 

and very stable/unstable conditions (Sharan et al., 1996; Kumar and Sharan, 2010; Qian and Venkatram, 56 

2011). The diffusion of a pollutant released from various emission sources is irregular and indefinite in weak 57 

and variable wind conditions (Sharan et al., 2012). Various studies reported in the literature (Sharan et al., 58 

1995; Yadav and Sharan, 1996; Anfossi et al., 2006; Luhar, 2011) suggest that the operational dispersion 59 

models fail to predict the observed concentrations under low wind conditions due to inadequate 60 

understanding of turbulence and dispersion characteristics in these conditions. The dispersion of pollutants 61 

in the atmosphere is influenced by the standard deviation of wind velocity fluctuations ( u , v  and w ). 62 

These parameters provide useful information regarding the turbulent state of the atmospheric and are used 63 

as important inputs implicitly as well as explicitly to almost all dispersion models (Hanna et al., 1982; Sharan 64 

et al., 1999; Holmas and Morawska, 2006; Luhar, 2010; Kumar and Sharan, 2010; Kumar and Goyal, 2014; 65 

Pandey and Sharan, 2017). Thus, an accurate prescription of these parameters is required as input in the 66 

dispersion models for improved estimation of the concentration of air pollutants released from various 67 

sources. Turbulence measurements are seldom collected on a routine basis making it essential to 68 

parameterize these quantities with the help of field data under different stability and wind speed regimes 69 

over different topographical conditions that can be directly incorporated into dispersion models at different 70 
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scales. According to the Monin-Obukhov similarity theory (MOST, Monin and Obukhov, 1954) u , v  and 71 

w when normalized by friction velocity *u , are universal functions of Monin-Obukhov stability parameter 72 

  (Arya, 1988). Note that whether or not the MOST, within the existing framework, is valid in the very 73 

stable conditions (Mahrt, 1998; Klipp and Mahrt, 2004; Cheng and Brutsaert, 2005; Grachev et al., 2007; 74 

Mahrt, 2008; Kumar and Sharan, 2012; Mahrt, 2014) and very unstable conditions (Rao and Narashima, 75 

2006; Srivastava and Sharan, 2015) is still an open question. However, in spite of the limitations, MOST is 76 

being extensively used to parameterize surface flux in almost all numerical models of the atmosphere 77 

(Skamarock et al., 2008; Giorgi et al., 2012; Gopalakrishnan et al. 2013; Jun Zhang et al., 2015), forward 78 

dispersion models (Kumar and Sharan, 2010) and inverse modeling of source identification (Kumar et al., 79 

2015).  Simultaneously, the applicability of MOST in very stable/unstable conditions is being evaluated with 80 

measurements of turbulence in the atmospheric surface layer over different topographical conditions. 81 

Based on theoretical concepts as well as analysis of turbulence data, a number of expressions for the 82 

turbulence statistics, in terms of the stability parameter and wind speed in the atmospheric surface layer, 83 

have been proposed in the literature (Panofsky et al., 1977; Kaimal and Finnigan, 1994; Rannik ,1998; Sharan 84 

et al., 1999; Pahlow et al., 2001; Martin et al., 2009; Franceschi et al. 2009; Wood et al. 2010; Trini Castelli 85 

and Falabino, 2013; Nadeau et al., 2013; Grachev et al., 2013; Trini Castelli et al., 2014; Grachev et al., 86 

2018). However, the studies are limited to the mid-latitudes, and very few studies have been carried out over 87 

the Indian region (Ramachandranan et al., 1994; Agarwal et al., 1995; Krishnan and Kunhikrishnan, 2002; 88 

Ramana et al., 2003). The results presented in these studies are valid in a narrow range of wind speed and 89 

stability regimes. Ramachandranan et al. (1994) have analyzed the nature of normalized standard deviations 90 

of wind velocity components over a coastal site in daytime conditions only. Agarwal et al. (1995) analyzed 91 

a very limited dataset collected from a micrometeorological tower installed at IIT Delhi (India) campus using 92 

a sonic anemometer at the height of 4 m. Although the dataset covers a wide range of stability and wind, the 93 
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number of data points in each of wind and stability regimes were very less to derive any definite conclusion 94 

regarding the functional behavior of normalized standard deviations of wind velocity components. Further, 95 

due to the empirical nature of these expressions, it is of interest to investigate the applicability of these 96 

parameterizations under different atmospheric and topographic conditions (Trini Castelli and Falabino, 97 

2013; Trini Castelli et al., 2014). Various studies have pointed out that turbulent strength relationships 98 

depend on the underlying surface cover and local atmospheric conditions of the measurement site (Prasad et 99 

al., 2018). One can also expect the variation in the values of these parameters in different seasons and thus, 100 

it does not appear legitimate to apply same parameterization in different seasons without proper validation. 101 

In the present study, we have made an attempt to validate and improve the relationships of standard 102 

deviations of wind velocity components utilizing one-year-long continuous turbulence measurements in a 103 

wide range of wind and stability regimes. The objectives of the present study are to (1) study the seasonal 104 

and diurnal variation of surface layer parameters and turbulent fluxes, (2) develop observation-based 105 

parameterizations of standard deviations of wind velocity fluctuations under different stability and wind 106 

speed regimes in different seasons and (3) evaluate the empirical expressions proposed earlier in order to 107 

assess the extent of their applicability. 108 

 109 

2 Site Description and Data Analysis  110 

The observation data used in the present study is obtained from a CSAT3 sonic anemometer mounted 111 

on a 32 m tower installed at Birla Institute of Technology Mesra, Ranchi (23.412o N, 85.440o E), India (Tyagi 112 

and Satyanarayana 2013; Dwivedi et al., 2014). The description of the site, dataset and data quality control 113 

method parallels that of Srivastava and Sharan (2015) and Srivastava and Sharan (2019). A fast response 114 

sensor was installed at 10-m height that measures the three components of wind and temperature at 10 Hz 115 

frequency. The approach of Vickers and Mahrt (Vickers and Mahrt, 1997) is adapted for removing the spikes 116 
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present in the dataset. After the quality check, data were rotated into a streamline coordinate system using 2-117 

D rotation technique. 118 

From the turbulence measurements, frictional velocity *u  and temperature scale *  are calculated 119 

from the expressions 120 

   
1/42 2

* ' ' ' 'u u w v w    
        (1) 121 

and 122 

*

*

' '
,vw

u

             (2) 123 

in which ', 'u v and 'w  are, respectively, the fluctuations in longitudinal, lateral, and vertical wind 124 

components and v  is the mean virtual potential temperature at height z.  125 

The sensible heat flux (H) is calculated using an expression 126 

* *pH C u   ,         (3) 127 

in which  is the density of the dry air and PC  is specific heat capacity at constant pressure. 128 

The stability parameter   is calculated from the expression 129 
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   ,        (4) 130 

where g is acceleration due to gravity. The value of sonic temperature s  is very close to the virtual 131 

potential temperature  1 0.61v q   , in which q is the specific humidity. Thus, v s  is taken for 132 

computing the value of  from turbulence measurements. Note that the sonic temperature can be directly 133 

used to estimate the buoyancy flux, and thus the stability parameter  (Eq. 4).  The sonic temperature 134 
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has a water vapor contribution, which needs to be corrected for computing the correct value of the heat 135 

flux from Eq. (3). However, due to unavailability of humidity measurements, this correction has not been 136 

applied here, and heat flux is estimated directly using the fluctuations in the sonic temperature.The whole 137 

dataset of the year 2009 is divided according to four seasons, (i) Pre-monsoon (March, April and May), 138 

(ii) Monsoon (June, July, August, September), (iii) Post-monsoon (October, November and December), 139 

and (iv) Winter (January and February). To minimize the effect of the rainfall on the turbulence 140 

measurements, the data points corresponding to the one hour before and after rainfall are also excluded. 141 

In each of the season, the dataset is further divided based on the wind speed and the stability regimes. 142 

Since most of the data points corresponding to the range 2U   m/s are falling in the range 2 6U   m/s 143 

and only ~2% data belongs to the range 6U    m/s, we refer all the data points corresponding to 2U 144 

m/s to moderate wind condition. The quantitative description of data is given in Figure 1.  145 

Depending upon the average time of sunrise and sunset in each of the months, a transition regime is 146 

identified and corresponding data are excluded for the analysis of the turbulence parameter. The rest of the 147 

data are further divided into two categories, namely, ‘daytime data’ and ‘nighttime data’.  The atmosphere 148 

is observed to be significantly unstable during Pre-monsoon season as compared to the other seasons. 149 

Moderate winds (U > 2 m/s) are relatively more associated with the unstable condition as compared to low 150 

wind conditions (U < 2 m/s) in each of the seasons. However, the wind is generally observed to be low in 151 

stable conditions (~80%). It is observed that during the nighttime, for a significant amount of data,   attains 152 

a negative value, which corresponds to unstable conditions. The data points showing nighttime unstable and 153 

daytime stable are excluded from the regression analysis. However, from the study point of view, these data 154 

points are analyzed separately (Table -1).   155 

 156 

 157 
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3 Observational Behavior of Surface Layer Parameters in Different Seasons 158 

 Time averages of sonic temperature (Kelvin) for different seasons with respect to Indian Standard 159 

Time (IST) are shown in Figure 2. In each of the panels of Figure 2, the vertical error bars represent one 160 

standard deviation from the mean value of each parameter at that particular time. The temperature attains the 161 

minimum value just before the sunrise (0500-0600 IST) and a maximum value at around 1300-1400 IST, 162 

which is consistent with the physical characteristics of the temperature in each of the seasons. The average 163 

maximum (minimum) temperatures are found to be 306.13 K (295.59 K), 305.0 K (299.52 K), 298.05 K 164 

(288.28 K), and 299.07 K (286.61 K) in Pre-monsoon, Monsoon, Post-monsoon and Winter seasons 165 

respectively. The maximum diurnal variability in temperature is observed in winter season while the 166 

minimum variability is observed during the monsoon season. The minimum variability in the diurnal 167 

temperature during monsoon season can be attributed to the associated rainfall during this season.  168 

 The wind speed at 10 m height over Ranchi is shown in Figure 3 for different seasons. The low wind 169 

conditions prevail almost all over the year. The moderate wind conditions are predominately observed in 170 

Pre-monsoon season as compared to the other seasons. The diurnal variation of U shows that the wind 171 

remains low during nighttime and moderate to high during the daytime. However, there are a large number 172 

of individual hours for which wind speed is found to fall in the range 5< U< 9 m/s. 173 

The sensible heat flux (H) (W/m2) estimated using the eddy correlation technique (Eq. 3) in different 174 

seasons are plotted with respect to IST in Figures 4(a, b, c, d). The error bars in figure indicate one deviation 175 

from the mean value of H. The temporal evolution of H appears to be similar in different seasons. However, 176 

appreciable seasonal differences in the magnitude of H are observed.  The average maximum values of 177 

daytime heat flux in convective condition are found to be 214.30 (+/-78.0) W/m2, 105.47 (+/-64.64) W/m2, 178 

142.64 (+/-47.64) W/m2, and 188.46 (+/-54.06) W/m2 in Pre-monsoon, Monsoon, Post-monsoon and Winter 179 

season respectively. The magnitude of H is observed to be the highest during Pre-monsoon season and the 180 
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lowest in Monsoon season. However, the magnitude of H is found to be comparable during Post-monsoon 181 

and winter seasons. One of the possible reasons for the low values of H in Monsoon season may be 182 

intermittent rainfall during the entire season and the presence of clouds over the region.  183 

The Obukhov length is generally used to classify different stability regimes in air pollution as well 184 

as other meteorological applications. In order to study the general characteristics of the observational site, 185 

the frequency of occurrence of the stability parameter computed using Eq. (4) in different seasons is shown 186 

in Figure 5. The data points obtained in daytime unstable conditions fall in the range 100 0   , while 187 

nighttime stable conditions correspond to the range of value stability parameter lying in the range 188 

0 100  . It is evident from the Figure 5 that the dataset covers a wide range of stability conditions in 189 

each of the seasons with a bi-modal distribution having one peak in the stable regime and another peak in 190 

the unstable regime while the bins are logarithmically spaced. Moderate to high stability/instability is mostly 191 

associated with the low wind conditions and due to the high frequency of occurrence of low wind conditions 192 

in both stable and unstable conditions, near-neutral to moderately stable/unstable conditions are relatively 193 

less as compare to moderate to highly stable/unstable conditions in each season. 194 

 A very interesting feature of nighttime unstable and daytime stable conditions (Table 1) is found to 195 

occur. However, a closer analysis of the data reveals that approximately 95% cases of nighttime unstable 196 

conditions are associated with low wind conditions. Since in the present study, the data points corresponding 197 

to the transition regime have been excluded, the phenomenon of the nighttime unstable condition does not 198 

appear to be associated with the range of split of Day and Night period (Trini Castelli and Falabino, 2013). 199 

The analysis of data shows that in such cases, both the values of friction velocity and heat flux appear to be 200 

very small, which can result in a change of sign of the Obukhov length. These findings are in good agreement 201 

with the studies reported in the literature (Trini Castelli and Falabino, 2013; Trini Castelli et al., 2014) and 202 
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further suggest the use of   based classification of different stability regimes in air-pollution modeling with 203 

caution particularly under low wind conditions. 204 

4 Standard Deviation of Wind Velocity Fluctuations 205 

4.1 Observational Behaviour 206 

 Figure 6 shows the normalized standard deviations of the vertical velocity component *w u  versus 207 

the local Monin-Obukhov stability parameter  in the logarithmic axis for turbulence data over Ranchi from 208 

Pre-monsoon, monsoon, Post-monsoon and Winter seasons under stable conditions (i.e., 0  ). The data 209 

are divided into low wind and moderate wind regimes with left panels (Fig. 6a, c, e, g) presenting moderate 210 

wind conditions (U > 2 m/s) and right panels (Fig. 6b, d, f, h) representing low wind conditions (U < 2 m/s). 211 

The similar plots of the normalized standard deviations of the longitudinal and lateral velocity components 212 

are shown in figure 7 and 8. Figure 7 suggests that in near-neutral conditions, the values of *w u  do not 213 

vary significantly and appear to be independent of stability with the maximum (minimum) value 1.35(1.11) 214 

and the values are observed to increase with increasing stability in moderate to strong stable conditions in 215 

both the wind regimes. However, there is a large scatter in the values of *w u  in low wind conditions as 216 

compared to moderate wind conditions. The near-neutral values of *w u  in Pre-monsoon and Post-217 

monsoon seasons are observed to be comparable to the values reported over the tropics as well as mid-218 

latitudes and it is found to be consistent with the studies reported in the literature over Indian region in 219 

Monsoon and Winter seasons. Similar results are obtained for normalized standard deviations of the 220 

longitudinal ( *u u ) and lateral velocity ( *v u ) components (Fig. 7 and 8) and data from different seasons 221 

appears to follow a universal pattern similar to the nature of normalized component of vertical velocity 222 

component. In the near-neutral conditions, the values of *i u , i = u, v are found to be 2.54(2.30) and 223 

2.45(2.01) respectively.  224 
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Similar to the stable conditions, the plots for the normalized standard deviations of the vertical, 225 

longitudinal and lateral velocity components for unstable stratification are shown in figures 9, 10 and 11 226 

respectively. A good correlation between *i u  and   is observed under both the wind regimes in all the 227 

four seasons for all three components. This is in agreement with the classical 1/3 power law (Panofsky and 228 

Dutton, 1984; Moraes et al., 2005; Martin et al., 2009; Trini Castelli and Falabino, 2013). As compared to 229 

stable conditions, there is relatively less scatter in the values of *i u  under the unstable conditions in both 230 

the wind regimes. Weak and intermittent turbulence might be one of the reasons for large scatter observed 231 

in the stable conditions as compared to the unstable conditions. The scatter is found to increase with 232 

increasing instability. However, all three components appear to follow a classical ‘1/3 power law’ with a 233 

better correlation in moderate wind unstable conditions as compared to low wind conditions. The normalized 234 

vertical component of velocity shows the best correlation with stability in moderate wind unstable 235 

conditions, which is consistent with the study of Panofsky and Dutton (1984). 236 

Pahlow et al. (2001) analyzed the turbulence measurements from several field experiments to 237 

understand the turbulence characteristics under stable conditions. They found that the value of *i u  238 

remains constant up to 0.1  . These constants are found to be equal to 2.3, 2 and 1.1 respectively for *u u239 

, *v u  and *w u . However, for very stable conditions, *i u  increases strongly with increasing stability 240 

beyond 0.1  . Note that Pahlow et al. (2001) have not studied the turbulence characteristics separately for 241 

weak and strong wind conditions and in the present study, we have observed significant differences in the 242 

near-neutral values of these parameters depending upon the wind speed regime. 243 

Based on the analysis of the data at 10 m height over a coastal equatorial urban location during south-244 

west Monsoon season, Yusup et al. (2008) observed that the parameters *u u and *v u  increase linearly 245 

with increasing values of  under stable conditions. However, no systematic dependence was observed in 246 
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the case of *w u  under stable conditions. Trini Castelli and Falabino (2013) have analyzed the nature of 247 

standard deviations of the wind velocity fluctuations in the surface layer based on the extensive analysis of 248 

the turbulence data obtained over three different sites and proposed empirical curves for low winds under 249 

both stable and unstable conditions. They further investigated the dependency of the neutral values of *u u250 

, *v u  and *w u  on the wind speed to find a general relationship for these parameters as a function of 251 

stability parameter, those can be used in dispersion models irrespective of wind speed regime. The higher 252 

values of near-neutral values of these parameters under low wind conditions are found to occur as compared 253 

to those observed under moderate wind conditions, which is consistent with the results obtained in the present 254 

study. 255 

From the analysis of measurements over a forest region in southern Finland, Rannik (1998) found 256 

that normalized variances of u, v and w components remains fairly constant in the near-neutral stability. 257 

The corresponding average values are reported to be 2.25, 1.82, and 1.33 respectively for u, v and w 258 

components. The near-neutral value of the vertical component is in agreement with that found in the 259 

present study. However, the values of horizontal and lateral components are relatively smaller than those 260 

found in the present dataset. Rannik (1998) reported that under stable stratification *w u  increases 261 

significantly for 0.1  . The similar increase has also been observed for u and v components under stable 262 

conditions. Further, under unstable stratification, all three components were found to follow 1/3 power 263 

law. These findings are consistent with those reported in the present study.   264 

Babić et al. (2016a) analyzed multi-level turbulence observations over a heterogeneous surface 265 

under stable conditions. They evaluated the normalized standard deviations by utilizing the functional 266 

form similar to the present study but the exponent c (Eq. 5) has been treated as a free variable. They 267 

reported that the values of *i u , i = u, v, w depend on the measurement heights with the smallest values, 268 
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in general, correspond to the lowest level of measurements. The values of *i u  reported by Babić et al. 269 

(2016a) are in general smaller than those obtained in the present study and reported over flat terrain 270 

(Kaimal and Finnigan, 1994). However, those values are in good agreement to those found over 271 

‘physically’ similar type of terrain (Moraes et al., 2005; Wood et al., 2010). 272 

Nadeau et al. (2013) analyzed turbulence measurements over a steep mountain slope and found 273 

that near-neutral values of *i u , i = u, v, w as 2.85, 2.24 and 0.98 respectively. Similar to the present 274 

study, they have found that 1/3 power law works reasonably well and derived the empirical formulations 275 

of *i u  under both stable and unstable conditions. However, Nadeau et al. (2013) reported better 276 

statistical performance of the derived relationships for stable conditions while the present study suggests 277 

that the proposed relationships perform relatively better for moderate wind unstable conditions. Similar 278 

to the present study, Nadeau et al. (2013) found that the vertical component is relatively better correlated 279 

with the stability parameter as compared to the lateral and horizontal components. 280 

Babić et al. (2016b) have investigated the impact of the non-stationarity on the unknown 281 

coefficients appearing in the functional form of *i u (Eq. 5) over complex terrain. They argued that the 282 

differences in the near-neutral values of complex and flat terrain might be partially associated with the 283 

non-stationarity. Stiperski and Rotach (2016) have discussed the effects of data quality and post-284 

processing options on the derived functional forms of *i u . Similar to the present study. Babić et al. 285 

(2016b) have also utilized 1/3 power-law dependent form of  *i u for the analysis. 286 

Wood et al. (2010) have analyzed the nature of *i u with stability over an urban area using 287 

turbulence observations taken at 190.3 m height. They found the near-neutral values of *i u , i = u, v, w 288 

as 2.3, 1.85 and 1.35 respectively. The observed variation of *i u is found to follow 1/3 power law under 289 
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unstable conditions, which is consistent with the present study. However, under stable conditions, the 290 

exponent c (Eq. 5) is reported to have a  smaller value than that found in the present. Similar to the present 291 

study, the scatter in the values of the normalized vertical component is reported to be relatively less as 292 

compared to the horizontal and vertical components suggesting that the vertical component is, in general, 293 

better correlated with the stability parameter as compared to the other two components of wind velocity. 294 

Recently Grachev et al. (2018) have analyzed the nature of normalized standard deviation of wind 295 

velocity components over a coastal area using multilevel turbulence observations. They argue that these 296 

parameters, in general, follow the MOST for both sable and unstable conditions within the limit of possible 297 

uncertainty in the observations. The near-neutral values of *i u , i = u, v, w for their dataset are found to 298 

be equal to 2.39, 1.92 and 1.25 respectively. The near-neutral values of *u u  and *w u  are in good 299 

agreement with those found in the present study. However, the near-neutral value of the lateral velocity 300 

component found for the present data is relatively higher as compared to that reported by Grachev et al. 301 

(2018) over the coastal region. The analysis of Grachev et al. (2018) suggests that over a coastal area the 302 

observed values of *i u , i = u, v, w follow the Kansas-type functions (Kaimal and Finnigan, 1994). 303 

Fig. (12) shows the comparison of functional relationships of , *u w u  with respect to  derived 304 

from present data set in different seasons (solid lines with different colours) with those suggested by 305 

Kaimal and Finnigan (1994) (red dashed lines) under stable conditions. For weakly to moderately stable 306 

conditions 0 0.1  , the proposed formulations of *u u  and *w u  are found to be in close agreement 307 

to the corresponding Kansas-type functions (Fig. 12). However, for 0.1  , there is a considerable 308 

difference in the functional behaviour of proposed formulations and Kansas-type functions. In the low-309 

wind stable conditions, the proposed formulation of *u u  increases with respect to   with a relatively 310 

higher rate as compared to the Kansas-type functions. However, for the moderate wind stable conditions, 311 
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Kansas-type functions fall within the variability of proposed formulations in different seasons (Fig. 12). 312 

In the case of the vertical velocity component, the Kansas-type functions show a relatively higher rate of 313 

increase as compared to that shown by proposed formulations in low wind stable conditions. For weakly 314 

to moderately unstable conditions 0.1 0   , the proposed formulations are in close agreement with 315 

the Kansas-type functions (Fig. 13). However, the Kansas-type functions are found to increase at a 316 

relatively higher rate for low wind conditions in moderately to strongly unstable conditions 0.1    317 

(Fig. 13) for both *u u  and *w u  expect for *u u  in moderate wind conditions. 318 

Surface layer turbulence characteristics over an Indian region have been analyzed in few studies. For 319 

example, using data obtained at 5 m height, Kunhikrishnan (1990) reported the average values of *u u  and 320 

*v u  as 2.47 0.22  and 1.97 0.25  respectively, which are relatively lower compared to those obtained 321 

in the present study. Ramachandran et al. (1994) analyzed data at 5 m and 25 m height from southwest 322 

Monsoon and Northwest Monsoon seasons on the west coast of India under daytime convective conditions 323 

and found relatively lower values of *i u  as compared to those reported in the present study as well as 324 

suggested by Kunhikrishnan (1990). Agarwal et al. (1995) analyzed the data collected from a 325 

micrometeorological tower installed at IIT Delhi campus using a sonic anemometer at the height of 4 m. The 326 

study suggests that variances of longitudinal u , lateral v  and vertical w  velocity fluctuations normalized 327 

by friction velocity do not have a significant variation for wind speeds greater than 1 m/s (Agarwal et al., 328 

1995). The average values of the ratios *u u , *v u  and *w u were found to be equal to 2.08, 1.83 and 329 

1.18 respectively, for daytime convective conditions, whereas the corresponding values for nighttime stable 330 

conditions were reported to be 1.90, 1.59 and 1.27 respectively. However, for mean wind speed less than 1 331 

m/s these ratios were reported to be 2.47, 2.72, 1.55 for daytime unstable conditions and 4.44, 4.25, 1.79 for 332 

stable conditions.  Note that the values obtained under unstable conditions are in good agreement with those 333 
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found in the present study in both low and moderate wind conditions. However, the values of these 334 

parameters obtained under low wind stable conditions by Agarwal et al. (1995) are significantly larger than 335 

those found in the present study. Krishnan and Kunhikrishnan (2002) analyzed data from a tropical inland 336 

station Ahmedabad (India) and found the average values of *u u , *v u  and  *w u  equal to 2.32 0.39337 

, 2.29 0.22 , and 1.37 respectively in near-neutral conditions. They found no systematic dependence of the 338 

values of *u u  and *v u  on the values of  . However, the values of *w u are found to increase with 339 

increasing stability and instability. Ramana et al. (2003) analyzed turbulence measurements at 10 m height 340 

over a tropical site Lucknow (India) in different seasons and pointed out that turbulence statistics are nearly 341 

independent of season. They have suggested that the value of *w u  increases with increasing instability 342 

and follows a 1/3 power law in free convective conditions and follow a linear profile under stable conditions 343 

in all the four seasons. The near-neutral value of *w u was reported to be 1.05, 1.01, 0.94 and 1.0 during 344 

Winter, Pre-monsoon, monsoon and Post-monsoon seasons respectively. These values are relatively smaller 345 

than those observed in the present study in all the seasons. This might be partially attributed to distinguishing 346 

the whole data in two distinct wind speed regimes and frequency of occurrence of low wind conditions at 347 

present observation site. Further, the local atmospheric and topographical features appear to affect the near-348 

neutral values of these parameters.  Ramana et al. (2003) did not find any functional relationship between 349 

, *u v u
 
and  . However, the values of these non-dimensional parameters are found to increase with 350 

increasing instability and stability. The average near-neutral values of *u u and *v u  at 10 m level for all 351 

the seasons are reported to be 2.03 0.36  and 2.19 0.06  respectively. 352 

4.2 Development of Empirical relationships 353 
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A nonlinear curve fitting is applied to the data to obtain normalized i ’s as functions of  . The 354 

functional form chosen for this purpose is similar to that reported in the literature (Moraes et al., 2005; Trini 355 

Castelli et al., 2014; Tyagi and Satyanarayana et al., 2013), i.e., 356 

*

1 ,

c

i z
a b

u L

         
          (5) 357 

in which the constant a, b and c are determined for different stratification and seasonal conditions. 358 

In each of the figures (Figures 6-12), the solid lines show the best fit curve obtained using the least square 359 

technique. Note that in the neutral conditions, i.e., 0   the value of *i u a  , however, in the 360 

observational analysis the parameter a is calculated as the average value of *i u  in the stability range (-361 

0.01, 0.01), c is fixed as 0.33 and the other coefficient b is left to vary independently and the best-fit values 362 

of the parameter b are obtained. Some of the researchers have suggested that the value of the parameter c, 363 

usually taken as equal to 0.33, might be an over prediction and the true value should be less than 0.33 (Yusup 364 

et al., 2008; Agarwal et al., 1995). However, in the present study, we observe that the value of c does not 365 

differ significantly from 0.33 which is in good agreement with the earlier studies (Trini Catelli et al., 2014; 366 

Moraes et al., 2005; Martin et al., 2009). The estimated values of the parameters a and b are shown in Table 367 

2. The values of a for the normalized horizontal and lateral components of wind velocity standard deviations 368 

(near-neutral values of *i u , i = u, v) are observed to be higher in the low wind as compared to moderate 369 

wind condition under both stable and unstable conditions in all seasons. However, in Post monsoon season 370 

the larger values are observed in moderate wind conditions. The near-neutral values of normalized vertical 371 

wind standard deviation are observed to be smaller in low wind conditions as compared to moderate wind 372 

conditions in the stable as well as unstable conditions. Recently, Tyagi and Satyanarayana (2013) have 373 

utilized the data obtained from the same site taken in the present study during the Pre-monsoon season of 374 

the years 2008-2010 to analyze the difference in the boundary layer characteristics during a thunderstorm 375 
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(TD) and non-thunderstorm (NTD) days. They have also observed the 1/3 power-law dependence of the 376 

parameters *i u  on the stability parameter and proposed empirical expressions for *i u  under stable and 377 

unstable conditions for TD and NTD days. The unknown coefficients appearing in the empirical expressions 378 

in Pre-monsoon seasons, obtained in the present study, are relatively higher in magnitude to those obtained 379 

by Tyagi and Satyanarayana (2013) during NTD days in both low and moderate wind conditions. This may 380 

be attributed to the fact that in the present analysis, we have considered the low wind and moderate wind 381 

conditions separately for development of empirical formulations, while no such distinction is made by Tyagi 382 

and Satyanarayana (2013). 383 

 384 

4.3 Applicability of the Proposed Expressions  385 

Notice that the coefficients a and b appearing in the empirical expressions are found to vary in 386 

different seasons. However, it remains unclear whether the seasonal differences in the empirical expressions 387 

are statistically significant as compared to the uncertainty in the measurement of input parameters. Thus, in 388 

order to evaluate whether the coefficients from one season might be used in other seasons, we have calculated 389 

statistical metrics for different cases. For example, the expressions derived from data obtained during Pre-390 

monsoon season are evaluated using observed values of i ( , ,i u v w )  *u  and   from 3 other seasons 391 

namely Post-monsoon, Monsoon, and Winter. For this purpose, the predicted values of i  are computed 392 

from the expression derived using data from Pre-monsoon seasons (referred to base season) and observed 393 

values of  *u  and   from other seasons. The observed values of i  are computed from the turbulence 394 

measurements in the corresponding seasons and the predicted values are then compared to the observed 395 

values. The same procedure has been repeated by considering the base seasons as Post-monsoon, Monsoon 396 

and Winter. We have performed the statistical analysis, estimating the following metrics:  fractional bias 397 
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(FB), normalized root mean square error (NMSE) and correlation coefficient (r) defined as (Chang and 398 

Hanna, 2004) 399 

2
O P

FB
O P





          (6) 400 
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       (8) 402 

in which ‘O’ stands for the observed, ‘P’ stands for the predicted, and symbol of over-bar shows the 403 

corresponding average value. Notice that the use of coefficients derived from one season in the other seasons, 404 

generally worsen the statistics (Tables 3 and 4). However, considering the errors involved in the turbulence 405 

measurements and input parameters, from the statistical point of view, the bias generated due to the use of a 406 

set of coefficients from one season in another season is not significant. Thus, although it appears that the 407 

empirical formulae are season-dependent, they are statistically similar and parameterizations developed 408 

using data from one season can be utilized in other seasons without introducing significant bias. 409 

Notice that self-correlation occurs in the plots of *i u , i = u, v, w with respect to   because of 410 

the fact that friction velocity *u  appears in both the definitions of the dependent variable ( *i u , i = u, v, 411 

w) and independent variable ( ). Grachev et al. (2013) have proposed a new approach to overcome the 412 

impact of self-correlation on such analysis. This approach is based on the fact that the combination of two 413 

Monin-Obukhov universal functions should be a universal function (Grachev et al., 2013; Babić et al., 414 

2016a). Following the approach of Grachev et al. (2013), we have first estimated the values of  415 
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u w u w     and  v w v w    from the observational data and potted them with respect to   for 416 

different seasons and wind and stability regimes. The corresponding ratios of universal functions derived 417 

from the present dataset are embedded in the scatter plots to analyse the influence of self-correlation. Fig. 418 

(14) shows the variation of u w  versus   for different seasons under stable conditions similar to Fig. 419 

(6). Similar to Fig. (6), large scatter in the values of  u w  is observed in the low wind conditions (Fig. 420 

14a, c, e, f) as compared to moderate wind conditions (Fig. 14b, d, g). However, the scatter of the data 421 

around the proposed formulations for different seasons does not change significantly (Fig. 6 and Fig. 14). 422 

This suggests that the power law dependence of proposed formulations is not likely due to self-correlation 423 

between dependent and independent variables. Similar behaviour is also observed for  v w  (Fig. 15) 424 

under stable conditions. This nature appears to be consistent for unstable conditions also (Figs. 16, 17). 425 

We would like to point out that the observed values of u w  and v w  are found to increase with a 426 

relatively slow rate and even slightly decrease in some cases as compared to those found for *u u and 427 

*v u . Although the proposed formulations are able to capture the behaviour, this nature needs to be 428 

analyzed further. 429 

 430 

5 Conclusions 431 

Turbulence data over Ranchi (India) is utilized to analyze the mean and turbulence characteristics of 432 

the atmospheric surface layer. Data obtained from a sonic anemometer at 10 m height for the year 2009 is 433 

used to compute mean surface layer parameters such as wind speed and temperature, and turbulence 434 

parameters such as surface heat flux, friction velocity, Monin-Obukhov similarity parameter and standard 435 

deviations of wind velocity fluctuations in different seasons. Data are classified according to the four seasons 436 

and different wind speed and stability regimes.  437 
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The diurnal variation of wind speed is analyzed in different seasons, which suggests that the wind 438 

remains low during nighttime, follows a diurnal pattern reaching a maximum value during the early hours 439 

of the afternoon. A physically consistent diurnal behavior of 10 m air temperature is observed in each of the 440 

seasons with the maximum (minimum) variability (i.e., the difference between the average maximum and 441 

minimum temperature in a season) in the average temperature is found to occur in Winter (Monsoon) season.  442 

An analysis of diurnal variation of sensible heat flux suggests that in each of the seasons, the heat 443 

flux follows a bell-shaped curve which attains a peak at a time between 1200-1300 IST. Sensible heat flux 444 

is found to be high in the Pre-monsoon season ( 214.30 78.0 W/m2) and minimum in monsoon season (445 

105.47 64.64 W/m2), which is consistent with the study of Raman et al. (2003). However, the magnitude 446 

of both the average maximum and minimum values of heat flux are found to be significantly higher at Ranchi 447 

as compare to those obtained over another Indian region Lucknow  (Ramana et al., 2003). 448 

The observational behavior of u , v  and w  normalized by friction velocity ( *u ) with respect to 449 

stability parameter is analyzed in different seasons and wind speed regimes under stable and unstable 450 

conditions. In the near-neutral to moderate stable/unstable conditions, the values of *i u  (i = u, v, w) do 451 

not vary significantly and appear to be independent of stability.  The corresponding maximum (minimum) 452 

average values are found to be 2.54(2.30), 2.45(2.01), 1.35(1.11). However, they are observed to increase 453 

with increasing stability/instability in moderate to strongly stable/unstable conditions. A good correlation 454 

between *i u  and   is observed in both the wind regimes in all the four seasons, which is in agreement 455 

with classical 1/3 power law. Empirical relationships for *i u  as functions of   under different wind and 456 

stability regimes in different seasons are proposed. The proposed empirical formulations have been evaluated 457 

using the turbulence measurements obtained from the seasons other than the one for which the formulations 458 

are developed. The analysis suggests that the bias introduced due to the use of one set of formulations in the 459 
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other seasons is relatively small and one can eventually use the empirical formulations developed for a season 460 

into the other seasons without introducing significant error.  461 

 462 

 463 

 464 
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 627 

Figure 1: Histograms for quantitative description of the data in different stability and wind speed regimes 628 

in four seasons. 629 
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 633 

 634 

Figure 2: Diurnal variation of temperature (in Kelvin) in (a) Pre-monsoon, (b) Monsoon, (c) Post Monsoon, 635 

and (d) Winter season. In each of the panels, the vertical lines represent the error bars. 636 
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 643 

Figure 3: Diurnal variation of wind speed (in m/s) in (a) Pre-monsoon, (b) Monsoon, (c) Post-monsoon, and 644 

(d) Winter season. In each of the panels, the vertical lines represent the error bars. 645 
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 651 

Figure 4: Diurnal variation of Heat flux (in W/m2) in (a) Pre-monsoon, (b) Monsoon, (c) Post-monsoon, and 652 

(d) Winter season. In each of the panels, the vertical lines represent the error bars. 653 
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 656 

Figure 5: Frequency distribution of values of stability parameter in four seasons. 657 
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                                                               663 

   664 

Fig. 6 Variation of the normalized standard deviations of the vertical velocity component *w u  versus 665 

the local Monin-Obukhov stability parameter  in the logarithmic axis for turbulence data over Ranchi 666 

from pre-monsoon (a, b), monsoon (c, d), post-monsoon (e) and winter (f, g) seasons under stable 667 

conditions (i.e. 0  ). The left panels (a, c, f) correspond to moderate wind conditions; the right panels 668 

(b, d, e, g) represent low wind conditions. The continuous lines correspond to best-fit curves. 669 
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                                                                                 671 

 672 

  

Fig. 7 Similar to Fig. 6, variation of *u u  with  for pre-monsoon (a, b), monsoon (c, d), post-monsoon 673 

(e) and winter (f, g) seasons under stable conditions. The left panels (a, c, f) correspond to moderate wind 674 

conditions; the right panels (b, d, e, g) represent low wind conditions. The continuous lines correspond to 675 

best-fit curves. 676 
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 678 

Fig. 8 Similar to Fig. 6, variation of *v u  with   for pre-monsoon (a, b), monsoon (c, d), post-monsoon 679 

(e) and winter (f, g) seasons under stable conditions. The left panels (a, c, f) correspond to moderate wind 680 

conditions; the right panels (b, d, e, g) represent low wind conditions. 681 
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 683 

 684 

 685 

Fig. 9 Variation of the normalized standard deviations of the vertical velocity component *w u  versus 686 

the local Monin-Obukhov stability parameter  in the logarithmic axis for turbulence data over Ranchi 687 

from pre-monsoon (a, b), monsoon (c, d), post-monsoon (e, f) and winter (g, h) seasons under unstable 688 

conditions (i.e. 0  ). The left panels (a, c, e, g) correspond to moderate wind conditions; the right panels 689 

(b, d, f, h) represent low wind conditions. The continuous lines correspond to best-fit curves. 690 
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 693 

 

 694 

Fig. 10 Similar to Fig. 9, variation of *u u  versus   for pre-monsoon (a, b), monsoon (c, d), post-695 

monsoon (e, f) and winter (g, h) seasons under unstable conditions. The left panels (a, c, e, g) correspond 696 

to moderate wind conditions; the right panels (b, d, f, h) represent low wind conditions. 697 
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 699 

 700 

 701 

 702 

Fig. 11: Similar to Fig. 9, variation of *v u  versus   for pre-monsoon (a, b), monsoon (c, d), post-703 

monsoon (e, f) and winter (g, h) seasons under unstable conditions. The left panels (a, c, e, g) correspond 704 

to moderate wind conditions; the right panels (b, d, f, h) represent low wind conditions. 705 
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Fig. 12: Comparison of functional relationships of , *u w u with respect to  derived from present data set 711 

in different seasons (solid lines with different colours) with those suggested by Kaimal and Finnigan 712 

(1994) (red dashed lines) under stable conditions. 713 
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Fig. 13 Similar to Fig. 12, comparison of functional relationships of , *u w u with respect to  derived 741 

from present data set in different seasons with those suggested by Kaimal and Finnigan (1994) under 742 

unstable conditions. 743 
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 769 

Fig. 14 Variation of u w u w     with  (which is not affected by the self-correlation) for pre-monsoon 770 

(a, b), monsoon (c, d), post-monsoon (e) and winter (f, g) seasons under stable conditions. The left panels 771 

(a, c, f) correspond to moderate wind conditions; the right panels (b, d, e, g) represent low wind conditions. 772 

The red line represents the ratio of best-fit curve obtained for respective seasons and wind speed classes. 773 
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  778 

Fig. 15 Similar to Fig. 14, variation of v w v w     with  for pre-monsoon (a, b), monsoon (c, d), 779 

post-monsoon (e) and winter (f, g) seasons under stable conditions. The left panels (a, c, f) correspond to 780 

moderate wind conditions; the right panels (b, d, e, g) represent low wind conditions. The red line 781 

represents the ratio of best-fit curve obtained for respective seasons and wind speed classes. 782 
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 783 

 784 

 785 

 786 

Fig. 16 Variation of u w u w     with  for pre-monsoon (a, b), monsoon (c, d), post-monsoon (e) and 787 

winter (f, g) seasons under unstable conditions. The left panels (a, c, e, g) correspond to moderate wind 788 

conditions; the right panels (b, d, f, h) represent low wind conditions. The red line represents the ratio of best-789 

fit curve obtained for respective seasons and wind speed classes. 790 
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 793 

 794 

Fig. 17 Similar to Fig. 16, variation of v w v w     with  for pre-monsoon (a, b), monsoon (c, d), post-795 

monsoon (e, f) and winter (g, h) seasons under unstable conditions. The left panels (a, c, e, g) correspond to 796 

moderate wind conditions; the right panels (b, d, f, h) represent low wind conditions. The red line represents 797 

the ratio of best-fit curve obtained for respective seasons and wind speed classes. 798 
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Table 1: Quantitative description of data in each of the seasons under the different stability and wind speed 799 

regimes. 800 

 801 

 802 

Table 2: Table shows the empirical coefficients appearing in the expression (Eq. 5) in each of the seasons 803 

under the different stability and wind regimes. NA: no sufficient data points for estimating the 804 

coefficients. 805 

 806 

 Season Stable Unstable 

Low Moderate Low Moderate 

 

 

*u

u
 

 a b a b a b a b 

Pre-monsoon 2.54 1.66 2.37 3.851 2.54 -1.01 2.37 -4.04 

Monsoon 2.48 3.32 2.50 7.60 2.48 -1.0 2.50 -3.50 

Post-monsoon 2.24 4.05 NA NA 2.24 -0.88 2.43 -1.31 

Winter 2.41 2.04 2.30 1.13 2.41 -0.52 2.30 -2.35 

 

*u

v  

Pre-monsoon 2.45 0.84 2.03 1.78 2.45 -0.58 2.03 -9.89 

Monsoon 2.12 3.87 2.20 7.65 2.12 -2.89 2.20 -5.95 

Post-monsoon 2.01 2.13 NA NA 2.01 -1.87 2.10 -4.26 

Winter 2.20 1.64 2.05 0.72 2.20 -0.97 2.05 -6.60 

 

*

w

u

  

Pre-monsoon 1.11 0.12 1.32 1.26 1.11 -1.73 1.32 -1.32 

Monsoon 1.12 0.81 1.38 1.41 1.12 -2.41 1.38 -1.05 

Post-monsoon 1.35 0.01 NA NA 1.35 -0.51 1.36 -0.78 

Winter 0.9 0.5 1.35 0.32 1.25 -0.60 1.35 -0.59 

 Stable Unstable Transition Daytime Stable Nighttime 

Unstable 

Season Low Moderate Low Moderate Low Moderate Low Moderate Low Moderate 

Pre-monsoon 660 114 232 568 103 64 20 11 144 22 

Monsoon 676 255 356 551 124 88 26 40 250 60 

Post-monsoon 860 4 400 361 172 8 124 14 156 1 

Winter 437 51 160 301 86 16 33 11 80 1 
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Table 3: Statistical analysis of wind-velocity fluctuation standard deviations for different seasons, calculated 807 

using Eq. (5) and empirical coefficients derived using data from Pre-monsoon season (Table 2) 808 

for moderate wind conditions. 809 

 810 

                    

 

 

 

 

 

 

Stable  

 

  

 

 

 

u  

Scheme FB NMSE r 

Pre-monsoon 0.044 0.088 0.810 

Monsoon -0.092 0.093 0.788 

Post-monsoon NA NA NA 

Winter 0.161 0.118 0.821 

 

v  

Pre-monsoon 0.047 0.092 0.824 

Monsoon -0.180 0.124 0.777 

Post-monsoon NA NA NA 

Winter 0.079 0.098 0.830 

 

w  

Pre-monsoon 0.026 0.026 0.952 

Monsoon -0.025 0.026 0.951 

Post-monsoon NA NA NA 

Winter 0.044 0.028 0.955 

 

 

 

 

 

Unstable  

 

  

 

u  

Pre-monsoon -0.012 0.032 0.784 

Monsoon -0.049 0.036 0.782 

Post-monsoon 0.053 0.043 0.767 

Winter 0.277 0.040 0.776 

 

v  

Pre-monsoon 0.033 0.037 0.798 

Monsoon 0.034 0.038 0.791 

Post-monsoon 0.122 0.057 0.783 

Winter 0.089 0.047 0.793 

 

w  

Pre-monsoon -0.053 0.015 0.942 

Monsoon -0.086 0.022 0.941 

Post-monsoon -0.060 0.018 0.940 

Winter -0.044 0.017 0.940 

 811 

 812 

 813 
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Table 4: Statistical analysis of wind-velocity fluctuation standard deviations for different seasons, calculated 814 

using Eq. (5) and empirical coefficients derived using data from Pre-monsoon season (Table 2) 815 

for low wind conditions. 816 

 817 

 818 

                    

 

 

 

 

 

 

Stable  

 

  

 

 

 

u  

Scheme FB NMSE r 

Pre-monsoon 0.065 0.130 0.765 

Monsoon -0.014 0.126 0.744 

Post-monsoon 0.052 0.139 0.734 

Winter 0.091 0.139 0.761 

 

v  

Pre-monsoon 0.052 0.151 0.735 

Monsoon -0.054 0.161 0.684 

Post-monsoon 0.097 0.174 0.712 

Winter 0.042 0.156 0.724 

 

w  

Pre-monsoon -0.010 0.163 0.791 

Monsoon -0.107 0.168 0.776 

Post-monsoon -0.185 0.199 0.793 

Winter -0.185 0.199 0.793 

 

 

 

 

 

Unstable  

 

  

 

u  

Pre-monsoon 0.0005 0.091 0.748 

Monsoon 0.025 0.094 0.748 

Post-monsoon 0.137 0.124 0.747 

Winter 0.099 0.112 0.741 

 

v  

Pre-monsoon 0.034 0.071 0.822 

Monsoon 0.053 0.080 0.823 

Post-monsoon 0.164 0.115 0.827 

Winter 0.141 0.100 0.826 

 

w  

Pre-monsoon 0.013 0.025 0.889 

Monsoon -0.040 0.025 0.889 

Post-monsoon -0.083 0.048 0.876 

Winter -0.093 0.048 0.878 

 819 

 820 


