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Abstract This article addresses the effects of the air-sea drag coefficient on estimation of 
wind stress based on wind statistics. This is achieved by applying the same wind stress pa- 
rameterizations chosen by Wrobel-Niedzwiecka et al. (2019) together with mean wind speed 
statistics from three locations in the North Atlantic and one location in the Northern North 
Sea. The expected values and the variances of the wind stress are provided. This study is com- 
plementary to that of Wrobel-Niedzwiecka et al. (2019), also demonstrating different results 
depending on the drag coefficient formula used. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 
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. Introduction 

nowledge of the wind stress on the sea surface is impor- 
ant in order to understand the interaction between the at- 
osphere and the ocean as the air-sea interface represents 
heir coupling by exchanging heat and momentum. This con- 
ributes to air-sea mixing processes which occur across the 
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cean surface, and knowledge about these processes is cru- 
ial in climate and ocean studies. The wind shear stress 
nters in modelling and prediction of, for example, ocean 
urface waves, ocean currents and ocean circulations. The 
hysical processes in the air-sea mixed layer are usually 
onlinear depending on relevant air and sea parameters. 
ue to the lack of consistent theories on the exchange of 
he horizontal momentum between the air and the sea, pa- 
ameterizations in terms of bulk formulae are often used by 
esearchers when undertaking atmospheric and ocean stud- 
es. 

Wrobel-Niedzwiecka et al. (2019) (hereafter referred to 
s WN19) studied the effect of some commonly used bulk 
ormulae of the wind shear stress parameterized in terms 
f a drag coefficient and the mean wind speed (see Eq. (1) ).
hey evaluated the dependence of the average monthly and 
nnual wind stress values on the choice of drag coefficient 
sing actual wind fields representing global satellite data 
nces. Production and host- ing by Elsevier B.V. This is an open 
nses/by/4.0/ ). 
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rom the North Atlantic and the European Arctic. Differ- 
nces were obtained depending on the drag coefficient for- 
ula used. They used the formulae provided by Wu (1969 , 
982) , Garratt (1977) , Yelland and Taylor (1996) , Kalnay 
t al. (1996) , Large and Yeager (2004) , and Andreas et al. 
2012) (see WN19 for more details related to these refer- 
nces as well as a review of the relevant literature). 
The purpose of this article is to estimate the wind stress 

sing the same shear stress bulk formulae as in WN19 to- 
ether with mean wind speed statistics at four locations; 
hree in the North Atlantic (NA) and one in the Northern 
orth Sea (NNS). Thus, this study is complementary to that 
f WN19, also demonstrating different results depending on 
he drag coefficient formula used. WN19 found that the area 
verage annual mean values of wind stress were smallest us- 
ng the Andreas et al. (2012) formula and largest using the 
u (1969) formula which is different from the present re- 
ults, i.e. the mean wind stress is largest using the Andreas 
t al. (2012) formula and smallest using the Wu (1969) for- 
ula or the Large and Yeager (2004) formula. The reason for 
his difference is unclear but it is probably related partly to 
ow the wind data is used together with the drag coefficient 
ormulae and partly to the use of global and local wind data. 
owever, further studies are required to investigate this, 
hich is beyond the scope of this article. 
The article is organized as follows. This introduction is 

ollowed by providing the background of the wind stress bulk 
ormulae used. Then the statistical properties of the wind 
tress using mean wind speed statistics are derived. Finally, 
 summary and the main conclusions are given. 

. Background 

s referred to, WN19 made a review of some frequently 
sed bulk formulae for the wind shear stress on the sea 
urface. Due to the lack of consensus on which formulae 
s the most reliable and as no consistent theory on the ex- 
hange of horizontal momentum between the atmosphere 
nd the ocean exist in the literature these bulk formulae 
re adopted in the present study. For the sake of complete- 
ess the formulae are summarized here (see WN19 for more 
etails). 
The bulk formula for the wind shear stress on the sea 

urface is given as 

= ρC D U 

2 
10 (1) 

here ρ is the air density, C D is the sea surface drag coeffi- 
ient, and U 10 is the mean wind speed 10 m above the sea 
urface. The friction velocity u ∗ is defined as u 

2 
∗ = τ/ρ which 

ombined with Eq. (1) yields 

 

2 
∗ = 

τ

ρ
= C D U 

2 
10 (2) 

N19 considered the following parameterizations of C D 

here U 10 is in m s −1 (see WN19 and their Table 1 for more 
etails): 
Wu (1969) (W69) 

 D × 10 3 = 0 . 5 U 

0 . 5 
10 ; 1 ≤ U 10 ≤ 15 (3) 
W

547 
Garratt (1977) (G77) 

 D × 10 3 = 0 . 75 + 0 . 067 U 10 ; 4 ≤ U 10 ≤ 21 (4) 

Wu (1982) (W82) 

 D × 10 3 = 0 . 8 + 0 . 065 U 10 ; 1 ≤ U 10 (5) 

Yelland and Taylor (1996) (YT96) 

 D × 10 3 = 0 . 29 + 

3 . 1 
U 10 

+ 

7 . 7 
U 

2 
10 

; 3 ≤ U 10 ≤ 6 (6) 

 D × 10 3 = 0 . 60 + 0 . 070 U 10 ; 6 ≤ U 10 ≤ 26 (7) 

Kalnay et al. (1996) (K96) 

 D × 10 3 = 1 . 3 ; 0 ≤ U 10 (8) 

Large and Yeager (2004) (LY04) 

 D × 10 3 = 

2 . 7 
U 10 

+ 0 . 142 + 0 . 076 U 10 ; 0 ≤ U 10 (9) 

Andreas et al. (2012) (A12) 

 D × 10 3 = 0 . 0583 2 
(
1 − 0 . 243 

0 . 0583 
U 10 

)2 

; 0 ≤ U 10 (10) 

All these C D models are valid for neutral stability of the 
tmosphere. 
In summary, Eq. (2) using Eqs. (3) —(10) is provided in 

able 1 by defining u ≡ U 10 and T ≡ τ/ρ referred to as mod- 
ls 1—7. More specifically, Eq. (2) using Eq. (3) is referred to 
s model 1 and is represented as 

 (u ) × 10 3 = f u 

g (11) 

here the coefficients f, g are given in Table 1 . Further- 
ore, Eq. (2) using Eqs. (4) —(10) are referred to as models 
—7, respectively, and are represented as 

 (u ) × 10 3 = a + bu + c u 

2 + d u 

3 + e u 

4 (12)

here the coefficients a, b, c, d, e are given in Table 1 . 

. Estimating wind stress using wind statistics 

arametric models for the cumulative distribution function 
 cdf ) (or the probability density function ( pdf )) of u = U 10 

re provided in the literature, see for example a review by 
itner-Gregersen (2015) . In the present study results are ex- 
mplified using four cdfs of u ; one from Johannessen et al. 
2001) , two from Mao and Rychlik (2017) and one from Li et
l. (2015) . The first cdf of u is based on one-hourly values of
 from wind measurements covering the years 1973—1999 
rom the Northern North Sea (NNS) (see Johannessen et al. 
2001) for more details). The next two cdfs of u represent 
he wind speed at two locations along a ship route in the 
orth Atlantic (NA) with coordinates 20 o W 60 o N (South of 
celand) and coordinates 10 o W 40 o N (see also Figure 2 in 
N19) fitted to 10 years of wind speed data (see Mao and 
ychlik (2017) for more details). The last cdf of u repre- 
ents the wind speed obtained as best fit to hindcast wind 
ata from 2001—2010 at the Buoy Cabo Silleiro location 40 
m off the North-West Spanish coast (see Li et al. (2015) for 
ore details). All these cdfs are given by the two-parameter 

eibull model 
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Table 1 Wind stress formulae and coefficients according to Eq. (11) for model 1 and Eq. (12) for models 2—7. 

Model, Eq. number Authors a b c d e f g u 1 [ m s −1 ] u 2 [ m s −1 ] u 3 [ m s −1 ] 

1, Eq. (11) W69 - - - - - 0.5 2.5 1 - 15 
2, Eq. (12) G77 - - 0.75 0.067 - - - 4 - 21 
3, Eq. (12) W82 - - 0.8 0.065 - - - 1 - ∞ 

4, Eq. (12) YT96 7.7 3.1 0.29 - - - - 3 6 - 
- - 0.60 0.070 - - - - 6 26 

5, Eq. (12) K96 - - 1.3 - - - - 0 - ∞ 

6, Eq. (12) LY04 - 2.7 0.142 0.076 - - - 0 - ∞ 

7, Eq. (12) A12 - - 0.0034 -0.0283 0.059 - - 0 - ∞ 

Table 2 Wind stress results using wind statistics from NA ( 20 o W 60 o N) and NNS (the results for E[ T ] and E[ T ] ± 1 SD are 
multiplied by 10 3 ). 

Model 
number 

NA ( 20 o W 60 o N) NNS 

E[ T ] 
[ m 

2 s −2 ] 
R [ T ] E[ T ] − 1 SD 

[ m 

2 s −2 ] 
E[ T ] + 1 SD 

[ m 

2 s −2 ] 

T ( E[ U 10 ] ) 
E[ T ] E[ T ] 

[ m 

2 s −2 ] 
R [ T ] E[ T ] − 1 SD 

[ m 

2 s −2 ] 
E[ T ] + 1 SD 

[ m 

2 s −2 ] 

T ( E[ U 10 ] ) 
E[ T ] 

1 144 0.78 32 256 1.03 94 1.08 0 196 0.83 
2 191 0.88 23 359 0.70 147 1.07 0 304 0.48 
3 187 1.02 0 378 0.73 128 1.49 0 319 0.57 
4 179 0.999 0 358 0.68 135 1.29 0 309 0.47 
5 147 0.82 26 268 0.84 100 1.18 0 218 0.74 
6 155 1.04 0 316 0.71 105 1.54 0 267 0.58 
7 1213 1.72 0 3299 0.42 807 2.86 0 3115 0.22 

P
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n
a

 (u ) = 1 − exp 
[
−

(u 

θ

)β
]
; u ≥ 0 (13) 

ith the Weibull scale ( θ) and shape ( β) parameters as 
NNS ( Johannessen et al., 2001 ): 

= 8 . 426 m s −1 , β = 1 . 708 (14) 

NA (20 o W 60 o N) ( Mao and Rychlik, 2017 ): 

θ = 10 . 99 m s −1 , β = 2 . 46 (15) 

NA (10 o W 40 o N) ( Mao and Rychlik, 2017 ): 

θ = 7 . 11 m s −1 , β = 2 . 30 (16) 

NA (Buoy Cabo Silleiro) ( Li et al., 2015 ): 

θ = 7 . 866 m s −1 , β = 2 . 002 (17) 

According to the summary of the models in Table 1 they 
re generally valid within a finite interval of u and thus the 

pdf of u follows the truncated Weibull pdf: 

p t (u ) = 

1 
N 

p(u ) ; u 1 ≤ u ≤ u 3 (18) 

 = exp 
[
−( 

u 1 

θ
) 
β
]

− exp 
[
−( 

u 3 

θ
) 
β
]

(19) 

here 

p(u ) = 

dP (u ) 
du 

= 

β

θ
( 
u 

θ
) β−1 exp 

[
−( 

u 

θ
) 
β
]
; u 1 ≤ u ≤ u 3 (20) 

In the following the expected value, E[ T ] , and the vari- 
nce, Var[ T ] , of the wind shear stress T = τ/ρ are cal-
ulated based on the given formulae and coefficients in 
548 
able 1 , and the wind statistics from NNS and NA. For mod-
ls 1—3 and 5—7 E[ T ] and Var[ T ] are calculated from Eqs.
18) —(20) as ( Bury, 1975 , Ch. 2) 

 [ T (u ) ] = 

∫ u 3 

u 1 

T (u ) p t (u ) du (21) 

ar [ T (u ) ] = E 
[
T 2 (u ) 

] − ( E [ T (u ) ] ) 2 (22) 

 

[
T 2 (u ) 

] = 

∫ u 3 

u 1 

T 2 (u ) p t (u ) du (23) 

here u 1 and u 3 are given in Table 1 . For model 4 the corre-
ponding results are calculated as 

 [ T (u ) ] = 

∫ u 2 

u 1 

T 1 (u ) p t (u ) du + 

∫ u 3 

u 2 

T 2 (u ) p t (u ) du (24) 

 

[
T 2 (u ) 

] = 

∫ u 2 

u 1 

T 2 1 (u ) p t (u ) + 

∫ u 3 

u 2 

T 2 2 (u ) p t (u ) du (25) 

nd Var[ T (u ) ] as in Eq. (22) . Here u 1 ≤ T 1 ≤ u 2 and u 2 ≤
 2 ≤ u 3 are as given in Table 1 . One should notice that these 
esults can be calculated analytically using the results in 
ppendix A . 
The coefficient of variation is 

 [ T (u ) ] = 

(Var [ T (u ) ] ) 1 / 2 

E [ T (u ) ] 
(26) 

The results for NNS ( Eq. (14) ) and NA (20 o W 60 o N) ( Eq.
15) ) for models 1—7 are given in Table 2 . It should be
oted that these two locations are located near the study 
rea of WN19 (i.e. the North Atlantic and the European 
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Figure 1 E [ T ] , E [ T ] + 1 SD and E [ T ] − 1 SD where SD = (Var[ T ]) 1 / 2 at the NA (20 o W 60 o N) and NNS locations. 
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rctic, see Figure 2 in WN19). Results are provided for 
[ T ] , R [ T ] , E[ T ] plus and minus one standard deviation
 SD ), E[ T ] ± 1 SD , where SD = (Var[ T ]) 1 / 2 = E[ T ] × R [ T ] . It
hould be noted that the values of E[ T ] and E[ T ] ± 1 SD are
ultiplied by the factor 10 3 and all dimensions are in m 

2 s −2 . 
rom Table 2 it appears that the wind shear stress is larger 
t NA (20 o W 60 o N) than in NNS for all models with the largest
alue for model 7 and the smallest for model 1 at both loca- 
ions. At both locations it also appears that the wind shear 
tress is significantly larger for model 7 compared with the 
ther models. Moreover, the coefficients of variation R [ T ] 
or all the models are large; in the range 0 . 78 −1 . 72 for NA
549 
nd in the range 1 . 07 −2 . 86 for NNS, i.e. reflecting large
tandard deviations. 
The values of E[ T ] ± 1 SD are also depicted in Figure 1 .

t appears from Table 2 and Figure 1 that for models 1 −6
t both locations the values of E[ T ] are within the intervals
[ T ] − 1 SD and E[ T ] + 1 SD of the other models. Although
[ T ] for model 7 is significantly larger than those for the
ther models, there is overlap between the other models 
nd the interval E[ T ] − 1 SD for model 7. 
As referred to in the introduction, these results are dif- 

erent from those found by WN19, i.e. as they obtained the 
mallest wind stress using the Andreas et al. (2012) formula 
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Table 3 Wind stress results using wind statistics from NA ( 10 o W 40 o N) and NA (Buoy Cabo Silleiro) (the results for E[ T ] and 
E[ T ] ± 1 SD are multiplied by 10 3 ). 

Model 
number 

NA ( 10 o W 40 o N) NA (Buoy Cabo Silleiro) 

E[ T ] 
[ m 

2 s −2 ] 
R [ T ] E[ T ] − 1 SD 

[ m 

2 s −2 ] 
E[ T ] + 1 SD 

[ m 

2 s −2 ] 

T ( E[ U 10 ] ) 
E[ T ] E[ T ] 

[ m 

2 s −2 ] 
R [ T ] E[ T ] − 1 SD 

[ m 

2 s −2 ] 
E[ T ] + 1 SD 

[ m 

2 s −2 ] 

T ( E[ U 10 ] ) 
E[ T ] 

1 69 1.03 0 140 0.72 86 1.05 0 176 0.74 
2 81 0.85 12 150 0.58 113 0.997 0.3 226 0.52 
3 67 1.04 0 137 0.72 93 1.22 0 206 0.66 
4 70 0.89 8 132 0.59 97 1.10 0 204 0.55 
5 63 0.87 8 118 0.83 80 0.999 0.1 160 0.79 
6 56 0.99 0.6 111 0.75 77 1.21 0 170 0.66 
7 229 1.88 0 659 0.38 433 2.26 0 1412 0.30 
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nd the largest wind stress using the Wu (1969) formula. In 
rder to check these results the two cdfs in Eqs. (16) and 
17) are included representing wind conditions at locations 
arther south in the North Atlantic than the study area in 
N19. It should be noted that the scale parameter θ ( Eqs. 
16) and (17) ) is smaller than those in Eqs. (14) and (15) ,
hile the shape parameter β ( Eqs. (16) and (17) ) have val- 
es between those in Eqs. (14) and (15) , reflecting different 
eatures of the wind data. Thus, similar results to those in 
able 2 and Figure 1 are provided in Table 3 and Figure 2 for
odels 1—7 at these two NA locations ( Eqs. (16) and (17) ). 
From Table 3 it appears that the wind shear stress is 

arger at NA (Buoy Cabo Silleiro) than at NA (10 o W 40 o N) for
ll models with the largest value for model 7 and the small- 
st for model 6 at both locations, but the wind shear stress 
t these locations are smaller than those at the two other 
ocations (i.e. Table 2 and Figure 1 ). It is noticed that the 
mallest value was obtained for model 1 at the two other 
ocations, which is attributed to the different features of 
he cdfs of the wind speed. Moreover, it also appears that 
he wind shear stress is significantly larger for model 7 com- 
ared with the other models at both locations. The coef- 
cients of variation R [ T ] are large for all the models; in
he range 0 . 85 −1 . 88 at NA (10 o W 40 o N) and in the range
 . 997 −2 . 26 at NA (Buoy Cabo Silleiro). From Table 3 and
igure 2 it also appears that for models 1 −6 the values of 
[ T ] are within the intervals E[ T ] − 1 SD and E[ T ] + 1 SD of
he other models at both locations, while there is overlap 
etween the other models and the interval E[ T ] − 1 SD for 
odel 7. 
Thus, the overall results at these two locations exhibit 

he same main features as those obtained at NA (20 o W 60 o N) 
nd in NNS, i.e. the wind shear stress is largest using model 
 ( Andreas et al., 2012 ), while WN19 obtained the small- 
st shear stress using this model. The reason for this dif- 
erence is unclear, but it is likely that it is partly related 
o how the wind data is used together with the drag co- 
fficient, and partly to the use of global (WN19) and local 
present) wind data. However, more studies are required to 
nvestigate this issue, but this is beyond the scope of this 
rticle. 
An alternative to the stochastic method used here for 

stimating the wind shear stress is to use a deterministic 
ethod, which is to substitute u = E[ U 10 ] in Eqs. (11) and 
550 
12) for models 1—7, i.e. to calculate T ( E[ U 10 ] ) . Here E[ U 10 ]
s obtained using the cdf in Eq. (13) giving ( Bury, 1975 , 
h. 2) 

 [ U 10 ] = θ�

(
1 + 

1 
β

)
(27) 

here � is the gamma function. Then, this yields for NNS 
 Eq. (14) ) E[ U 10 ] = 7 . 52 m s −1 ; 
NA ( Eq. (15) ) E[ U 10 ] = 9 . 75 m s −1 ; NA ( Eq. (16) ) E[ U 10 ] =

 . 30 m s −1 ; NA ( Eq. (17) ) E[ U 10 ] = 6 . 97 m s −1 . By using this
ethod together with the results for E[ T ] in Tables 
 and 3 , the deterministic to stochastic method ratios 
 ( E[ U 10 ] ) /E[ T ] are provided in Table 2 for NNS and NA (20 o W
0 o N), and in Table 3 for NA (10 o W 40 o N) and NA (Buoy
abo Silleiro). At all locations the ratios are smaller than 
ne, except for model 1 at NA (20 o W 60 o N) where the ratio
s slightly larger than one. Overall, the stochastic method 
hould be used as the statistical features of the wind shear 
tress are taken into account consistently, which is not the 
ase for the deterministic method. 

. Summary and conclusions 

 summary and the main conclusion are as follows: 
The effect of the air-sea drag coefficient on estimating 

ind stress based on wind statistics are demonstrated. This 
as achieved applying the same seven wind stress bulk for- 
ulae chosen by Wrobel-Niedzwiecka et al. (2019) together 
ith mean wind speed statistics from three locations in NA 
nd one location in NNS. Results are given in terms of ex- 
ected values ( E [ T ]) and standard deviations ( SD ) of the
ind stress. 
The wind stress is larger at NA (20 o W 60 o N) than in NNS

or all formulae with the largest value resulting by using the 
ndreas et al. (2012) formula and the smallest by using the 
u (1969) formula at both these locations near the study 
rea of Wrobel-Niedzwiecka et al. (2019) . Two other data 
ets from locations farther south in NA are used to check 
he results, which confirms that the largest wind stress is 
btained using the Andreas et al. (2012) formula, while the 
mallest is obtained using the Large and Yeager (2004) for- 
ula. Moreover, at all locations the standard deviations of 
he wind stress are large; E[ T ] are within the intervals 
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Figure 2 E [ T ] , E [ T ] + 1 SD and E [ T ] − 1 SD where SD = (Var[ T ]) 1 / 2 at the NA (10 o W 40 o N) and NA (Buoy Cabo Silleiro) loca- 
tions. 
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(

[ T ] − 1 SD and E[ T ] + 1 SD using the other formulae, ex-
ept for the Andreas et al. (2012) formula for which there is 
verlap between the interval E[ T ] − 1 SD and the intervals 
f the other formulae. 
These results are different from those obtained by 

robel-Niedzwiecka et al. (2019) where the smallest wind 
tress resulted from using the Andreas et al. (2012) formula 
nd the largest wind stress by using the Wu (1969) formula. 
he difference is probably attributed to how the wind data 
s used in combination with the drag coefficient and to the 
se of global ( Wrobel-Niedzwiecka et al., 2019 ) and local 
present) wind data. However, this is not conclusive and 
eeds further investigations. 
551 
The present stochastic method should be used rather 
han the deterministic one since the statistical features of 
he wind stress are then taken into account in a consistent 
ay. 

ppendix A 

et p t (u ) denote the truncated pdf in Eqs. (18) —(20) . Then 
[ T ] and Var[ T ] in Eqs. (21) —(25) can be calculated analyt-
cally using the results provided in Abramowitz and Stegun 
1972 , Chs. 6.5 and 26.4). 
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For models 1 and 2 the calculations contain terms like: 

 [ u 

n ] = 

∫ u 3 

u 1 

u 

n p t (u ) du 

= 

1 
N 

θn 
{
�

[
1 + 

n 

β
, 

(u 1 

θ

)β
]

− �

[
1 + 

n 

β
, 

(u 3 

θ

)β
]}

(A1) 

here � is the gamma function, �(x, y) is the incomplete 
amma function, n is a real number (not necessarily an in- 
eger), �(x, 0) = �(x) and �(x, ∞ ) = 0 . 
For model 3 the calculations contain terms like (i.e. for 

 3 → ∞ in Eq. (A1) ): 

 [ u 

n ] = 

∫ ∞ 

u 1 

u 

n p t (u ) du = 

1 
N 

θn �

[
1 + 

n 

β
, 

(u 1 

θ

)β
]

(A2) 

or model 4 the calculations contain terms like: 

 [ u 

n ] = 

∫ u 2 

u 1 

u 

n p t (u ) du 

= 

1 
N 

θn 
{
�

[
1 + 

n 

β
, 

(u 1 

θ

)β
]

− �

[
1 + 

n 

β
, 
(u 2 

θ

)β
]}

(A3) 

 [ u 

n ] = 

∫ u 3 

u 2 

u 

n p t (u ) du 

= 

1 
N 

θn 
{
�

[
1 + 

n 

β
, 

(u 2 

θ

)β
]

− �

[
1 + 

n 

β
, 

(u 3 

θ

)β
]}

(A4) 

One should notice that in both Eqs. (A3) and (A4) , p t (u ) 
nd N are as given in Eqs. (18) and (19) , respectively. 
For models 5, 6 and 7 the calculations contain terms like 

i.e. using the Weibull pdf without truncation corresponding 
o u 1 = 0 , u 3 → ∞ in Eq. (A1) : 

 [ u 

n ] = 

∫ ∞ 

0 
u 

n p(u ) du = θn �

(
1 + 

n 

β

)
(A5) 
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