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Abstract

An adequate understanding of the turbulent structure of the atmosphere is required to model various
diffusion processes in the atmospheric surface layer (ASL). Typically, most human activities and
pollutant emissions occur in the ASL. This layer determines the horizontal and vertical transport of
heat, moisture, momentum, and pollutants by serving as a link between the atmosphere and the earth's
surface. Spectral analysis techniques are instrumental in understanding and parameterizing these

turbulent processes in the models.

In the thesis, the turbulent structure of the atmosphere is studied under low and moderate wind
conditions using spectral analysis techniques. The fast Fourier transform technique is applied by
decomposing the turbulent data into frequency components, and the relative contribution of eddies in
the low and high-frequency spectrum region is observed. The existing formulations in the literature
can capture the observed behavior of the spectrum in the high-frequency region for the horizontal (u
and v) and vertical wind (w). However, they cannot explain large oscillatory (meandering) behavior
in the low-frequency region of the spectrum of the horizontal wind components. The extent of
meandering occurring in the atmosphere is computed using the value of the significant negative lobe
observed in the Eulerian Auto-correlation function (EAF) function of u and v. Various EAF
formulations in the literature are tested. It is found that the computed peak of the negative lobe differs
from the observed peak both in terms of position and value. Thus, modified EAF formulations are
proposed, and they are seen to characterize the observed behavior of the negative lobe in a better way.
With the modified formulations, RMSE (root mean square error) between the observed and computed
peaks got reduced by 72—77% for the horizontal wind components (u and v) and temperature 6.

Further, a direct method for computing the meandering parameter from the observed values of the



negative lobe is proposed, which works well under different wind speeds and stability conditions with
an accuracy of 98%. Significant meandering is observed under low and moderate wind conditions for
all three sites—Ranchi, LASPEX, and CASES-99. However, meandering effects are seen to be
relatively more pronounced in the low wind than in the moderate wind. For the Ranchi dataset, around
89.46% of the low wind hours and 76.89% of the moderate wind hours lie in the significant
meandering range. For the LASPEX dataset, around 85.51% of the low wind hours and 73.20% of the
moderate wind hours lie in the significant meandering range. While for the CASES-99 dataset, around
97.96% of the low wind hours and 82.31% of the moderate wind hours lie in the significant
meandering range. To account for these meandering effects, the proposed parametrization for EAF is
utilized to compute the meandering parameters accurately for their further applications in spectrum
analysis. The modified spectrum formulations work well under low and moderate wind conditions.
Also, the non-dimensional frequency is found to be different under meandering and non-meandering
conditions. Its values lie in the range of 0.90-3.81 under meandering conditions, with a mean of
around 1.97. While under non-meandering conditions, these values lie in the range of 2.91-3.94, with
a mean of around 3.58. General characteristics are observed for the turbulent parameters computed
from spectra, such as eddy diffusivity (K), TKE dissipation rate (&), and normalized dissipation length
scale (I/2).

Further, they are parametrized in terms of friction velocity, and the proposed parametrizations
are seen to work well under different wind speeds and stability conditions. The maximum absolute
percentage error obtained in the prediction of K, ¢, and I/z is around 3.52%, 3.26%, and 3.73%,
respectively. The general parameterizations proposed for eddy diffusivity can be adopted to model the

dispersion characteristics over tropical regions.



The physical reasoning behind the wind's meandering and non-meandering behavior is also

studied by analyzing various turbulent parameters. It is found that the parameter o, /o, (ratio of
standard deviations of vertical and horizontal wind) helps in differentiating wind's meandering and
non-meandering behavior. The decrease in o, values due to the non-interaction of vertical eddies
with the ground, and the increase in o, values due to large-scale oscillations, are attributable to the
decrease in the ratio of o/, during meandering conditions. Further, parameterization between the

meandering and turbulent parameters is proposed, which can help in differentiating the meandering
and non-meandering behavior of wind.
In order to estimate the surface fluxes accurately, the observed functional behavior of the

stability-correction functions for wind speed (¢,,) and temperature (¢, ) are analyzed under stable
conditions for the Ranchi site. It is observed that the non-linear form with the optimized coefficients
can explain the observed behavior of ¢_ for the Indian region. However, a large scatter is observed
in the values of ¢, as compared to ¢, . Thus, the non-linear form of ¢, (in existing form) and ¢,

(with optimized coefficients) are recommended for the Indian region.
These proposed parametrizations in the thesis can be used for further applications in dispersion
modeling, spectral analysis, air pollution studies, and accurate computation of surface fluxes in the

Indian region.

Keywords: Autocorrelation coefficient « Low and moderate wind speed « Meandering « Stability

correction functions e Surface layer « Turbulent and spectral characteristics
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Fig. 1.1

Fig. 1.2

Fig. 1.3

Fig. 2.1

Fig. 2.2

Fig. 2.3

LIST OF FIGURES

Boundary Layer structure in the atmosphere (Stull, 1988).

Observed EAF time series curve R, (7)plotted versus time lag 7 (in seconds) for
the v component of wind for the Ranchi site. R ; denotes the observed significant

negative lobe.

EAF time series curve R (7) plotted versus time lag 7 (in seconds) for the v

component of wind for the Ranchi site. The black line denotes the observed EAF
behavior, while the red dashed line represents the computed EAF from (a) Taylor
(1921); (b) Philips and Panofsky (1982); (c) Frenkiel (1953) or Murgatroyd (1969);
(d) Moor et al. (2015). AR .. indicates the difference between the observed and

computed peak of the negative lobe of the EAF.

Diurnal variation of mean wind speed (1% row) and temperature (2" row) for Ranchi
(1% column), LASPEX (2" column), and CASES99 (3™ column).

Variation of R, () with 7 (s) for Ranchi 2009 Dataset (a—d), LASPEX (e-h), and
CASES-99 (i) is represented by the 1%t column, 2" column, and 3" column,
respectively. Graphs for each site are in sequence of stable low wind (SLW),
unstable low wind (ULW), stable, moderate wind (SMW), and unstable moderate
wind (UMW), respectively. Observed (Black line), Frenkiel's formula (yellow line),
Modified Frenkiel's formula (orange line), Moor's formula (Red line), and Modified
Moor's formula (blue line). The length of the double arrow in the inserted magnified
part (a, e, i) shows the value of significant negative lobe corresponding to observed,

Frenkiel's formula and Moor's formula, respectively.

Variation of computed |R;,| for v component of wind with that observed for low
wind Ranchi data (1% row), moderate wind Ranchi data (2" row), LASPEX (3"
row), and CASES-99 (4" row) by using Frenkiel's formula (1% column), modified
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Fig. 2.4

Fig. 2.5

Fig. 2.6

Fig. 2.7

Fig. 2.8

Fig. 2.9

Frenkiel's formula (2" column), Moor's Formula (3" column), and modified Moor's
Formula (4" column). A solid line represents one to one line, while the open circles
denote the value of computed |Ry,in|. Here observed |R;,| stands for the absolute
value of the significant negative lobe in an EAF curve derived from hourly

measured time series of v component.

Legend is the same as in Fig. 2.2, but for the u component of wind.

Legend is the same as in Fig. 2.3, but for the u component of wind.

Legend is the same as in Fig. 2.2, but for temperature 6.

Legend is the same as in Fig 2.3, but for temperature 6.

Variation of the computed value of meandering parameter my either with the
corresponding observed |Ry;,| for v.component or with the value of my based on
the proposed parameterization for Ranchi. (a) Ranchi data for the first six months
(January—June 2009). The computed value of my is obtained directly from the
measurements using the modified formula (Eqg. 2.1). (b) Ranchi data for last six
months (July—December 2009); (c) LASPEX; (d) CASES-99. In panels (b), (c), and
(d), the value of my parameterized is computed from the proposed relation between

my and observed |Ryin|.

Pie chart depicting frequency distribution of low and moderate wind data into
different classes of meandering for a) Ranchi data, (b) LASPEX data (c) CASES-
99 data. The pie chart numbers signify the cases in a particular frequency class. Low
wind (SLW and ULW) no meandering (purple), low wind (SLW and ULW)
beginning of meandering (golden brown), low wind (SLW and ULW) significant
meandering (yellow), moderate wind (SMW and UMW) no meandering (green),

moderate wind (SMW and UMW) beginning of meandering (red), moderate wind
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Fig. 3.1

Fig. 3.2

Fig. 3.3

Fig. 3.4

Fig. 3.5

Fig. 3.6

(SMW and UMW) significant meandering (blue), strong wind (SSW and USW) no

meandering (Silver).

Box plot representation of turbulent parameter o,/ o, showing the values of Min.,

first quartile (Q1), median, third quartile (Qs), Max., and interquartile range (IQR)
under meandering conditions corresponding to the wind speed range of 1-2 m s™.

IQR box area is shown in blue color for the meandering data.

Example of IQR gap > 0. Box plot representation of o, / o;, under meandering and

non-meandering conditions for the stable low wind (SLW) class. IQR box areas are
shown in blue and orange for the meandering and non-meandering data,

respectively.

Example of IQR gap < 0. Box plot representation of o, /u under meandering and

non-meandering conditions for the unstable low wind (ULW) class. IQR box areas
are shown in blue and orange for the meandering and non-meandering data,

respectively.

Box plot representation of turbulent parameter o, / o, under meandering and non-

meandering conditions for the SLW, ULW, SMW, and UMW classes. IQR box
areas are shown in blue and orange for the meandering and non-meandering data,

respectively.

Legend is the same as in Fig. 3.4, but for the wind speed ranges 0-1, 1-2, 2-4, and

4-6mst

Behaviour of turbulent parameter o, /o, with the absolute value of significant

negative lobe |R min| of the EAF (a—h) and the meandering parameter m (i—p). 1% row
(a—d) and 3" row (i—I) corresponds to the v component, while 2" row (e—h) and 4™

row (m-p) correspond to the u-component of wind. The 1% column, 2" column, 3
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Fig. 3.7

Fig. 3.8

Fig. 3.9

Fig. 3.10

Fig. 3.11

Fig. 4.1

column, and 4™ column represent SLW, ULW, SMW, and UMW classes,
respectively. Redline indicates the trendline behavior, while the trendline eq.

represents the best-fitted eg. to the observed behavior.

Behaviour of turbulent parameter o,/ o}, with the absolute value of significant

negative lobe |R min| of the EAF (a—e) for the v (1% row) and u component (2" row)
of wind. The 1% (a—b) column corresponds to the first half (January—June 2009) of
Ranchi data, while the 2" (c—d) and the 3 (e—f) columns correspond to the second
(July—December 2009) half of Ranchi data. The blue and orange circle represents

the observed and parametric behavior of the parameter o,/ o, , while the redline

indicates the trendline behavior.

Legend is the same as in Fig.3.4 but for the turbulent parameter u. /o, .

Legend is the same as in Fig. 3.8 but for wind speed ranges of 0-1, 1-2, 2-4, 4-6.
The value of the wind speed range is in m s™.

Box plot representation of turbulent parameter o, /u under meandering and non-

meandering conditions for the SLW, ULW, SMW, and UMW classes. IQR box
areas are shown in blue and orange for the meandering and non-meandering data,

respectively.

Legend is the same as in Fig. 3.10 but for wind speed ranges of 0-1, 1-2, 2-4, 4-6.
The value of the wind speed range is in m s™.

Spectrum normalized with variance plotted against non-dimensional frequency
(f/fo) for the w component of wind under (a) stable; and (b) unstable wind
conditions. The black dashed line corresponds to the observed behavior of the
spectrum, while the blue dashed line corresponds to that computed using Kaimal

and Finnigan’s (1994) formulation.
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Fig. 4.2

Fig. 4.3

Fig. 4.4

Fig. 4.5

Spectrum normalized with variance plotted against non-dimensional frequency
(f/fo) for the horizontal components of wind under stable and unstable wind
conditions. 1%tand 2" row correspond to stable (a, b) and unstable (c, d) wind,
respectively. At the same time, the 1% (a, ¢) and the 2" (b, d) columns correspond
to meandering and non-meandering conditions, respectively. Black and red dashed
lines represent the observed behavior of the spectrum of u and v components of
wind, respectively. In contrast, the blue dashed line corresponds to the spectrum

computed using Kaimal and Finnigan’s (1994) formulation.

Spectrum normalized with variance plotted against non-dimensional frequency f;
(fmax/fo) for u and v component of wind under low wind stable and unstable
conditions. 1% (a, b) and the 2" (c, d) rows correspond to u and v components of
wind, respectively. At the same time, the 1% (a, c¢) and the 2" (b, d) columns
correspond to stable and unstable wind conditions, respectively. The blue dashed
line corresponds to the observed behavior of the spectrum. In contrast, the black
and red dashed line corresponds to the spectrum computed using Frenkiel’s and

Modified Frenkiel’s formulation.

Spectrum normalized with variance plotted against non-dimensional frequency f1
(fmax/fo) for u and v component of wind under moderate wind stable and unstable
conditions. The 1% (a, b) and the 2" (c, d) rows correspond to the u and v
components of wind, respectively. At the same time, the 1% (a, ¢) and the 2" (b, d)
columns correspond to stable and unstable wind conditions, respectively. The blue
dashed line corresponds to the observed behavior of the spectrum. In contrast, the
black and red dashed line corresponds to the spectrum computed using Frenkiel’s

and Modified Frenkiel’s formulation.

Spectrum normalized with friction velocity plotted against frequency f (= nz /i) for

the w component of wind under (a) stable; and (b) unstable wind conditions.
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Fig. 4.6

Fig. 4.7

Fig. 5.1

Fig. 5.2

Fig. 5.3

Fig. 5.4

Spectrum normalized with friction velocity plotted against frequency f (= nz /G) for
u and v component of wind under (a) no-meandering; and (b) meandering wind

conditions.

Spectrum normalized with friction velocity plotted against frequency f (= nz /i) for

the horizontal components of wind under low wind stable and unstable conditions.

Behavior of eddy diffusivity (1% row), dissipation rate (2" row), and normalized
dissipation length scale (3" row) with friction velocity.1% row, 2" row, and 3™ row
correspond to the total wind (TW), low wind (LW), and moderate wind (MW),
respectively. Blue and red dots represent the computed and the bin averaged
behavior, respectively. The black dashed line indicates the trendline behavior, while
the trendline eq. represents the best-fitted eq. to the bin averaged behavior. Values

of K, &, and u, are in m? st, m? s and m s, respectively. 1/z is dimensionless.

Parameterization of eddy diffusivity in terms of friction velocity. Fig.(a) represents
data from January—June 2009, which is used for parameterizing K, while Fig. (b)
and (c) represent data from July—December 2009 on which the proposed
parameterization of K is tested. Blue and red dots represent the computed and the
bin averaged behavior, respectively. The black dashed line indicates the trendline
behavior, while the trendline eq. represents the best-fitted eq. to the bin averaged
behavior. The Yellow triangles in Fig.(b) show the behavior of the proposed

parameterization for the period of July-December 2009. Values of K,u. and uare

inm?s?, ms? and ms?, respectively.

Legend is the same as Fig. 5.2 but for TKE dissipation rate. Values of ¢ and u. are

in m? s and m s, respectively.

Legend is the same as Fig. 5.3 but for the normalized dissipation length scale.
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Fig. 6.1
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Fig. 6.3

Variation of flux Richardson number Ris with the stability parameter for (a) filtered
data and (b) whole data. The corresponding bin-averaged data are shown with red
triangles. The green line represents the theoretical Ri, =</ ¢, for linear similarity
function ¢, =1+ 4,.¢ (Businger et al., 1971). The dotted green line represents the
corresponding values in an extended range of ¢, beyond the range of applicability
of linear form, that is ¢ <1. The dark blue line shows the Ris obtained using the

functional form of ¢_suggested by Grachev et al. (2007a).

(a) Non-dimensional vertical gradients of mean wind speed ¢,, plotted versus the
Monin-Obukhov stability parameter ¢ for Ranchi (India) for the filtered data set.

(b) for the whole dataset. (c) As for (a), but for a combination of universal function

kz | oU L .
¢, and @, as [—Zja— =g @, , Which is not affected by the self-correlation.
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(a) Non-dimensional vertical gradients of mean temperature ¢, plotted versus the

Monin-Obukhov stability parameter for Ranchi (India) for the filtered data set. (b)

As for (a), but for whole data. (c) As for (a), but for a combination of universal

functions ¢, and ¢, as E? = ¢,¢,  Which is not affected by the self-correlation.
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