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Abstract
Turbulent data from three sites are utilized to analyze the characteristic features of theEulerian
autocorrelation function (EAF) of horizontal (longitudinal and lateral) wind components and
temperature under different regimes ofwind speed and near-surface atmospheric stability. It is
shown that classical formulations do not adequately describe the observedEAFbehaviour and
are unable to capture the peak of the significant negative observed lobe. These formulations
are modified by introducing a phase angle α to make them consistent with the observations.
The modified formulations are shown to better characterize the behaviour of the EAF curve
and its absolute value of significant negative lobe (|RMin |) for both low and moderate wind
conditions for all three datasets. Further, a new parametrization for themeandering parameter
m is proposed in terms of the observed value of |RMin | without using any formulations
for the EAF. It is found that the majority of low and moderate wind data belong to the
significant meandering range, although the extent of meandering is found to be relatively
more pronounced at low wind speeds as compared to moderate wind speeds. The occurrence
of meandering (low-frequency horizontal wind oscillations) is found to be independent of
stability, topography, and geographical location.

Keywords Autocorrelation coefficient · Low and moderate wind speed · Meandering ·
Stability

1 Introduction

Weak wind conditions occur in all parts of world but more predominantly in tropical regions.
Such conditions assume significance in the study of turbulence characteristics (Agarwal et al.
1995; Yadav et al. 1996). Turbulence may be idealized as consisting of a variety of different-
size swirls or eddies, where each eddy behaves in a well-ordered manner when displayed in
the form of a spectrum.
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The classical exponential function (Taylor 1921) used for the Eulerian autocorrelation
function (EAF) describes fully developed turbulence adequately. However, in weak wind,
very stable conditions when turbulence is weak and intermittent, the applicability of the
classical formulation is questionable. Anfossi et al. (2005) and Moor et al. (2015) have
observed significant oscillations in the low-frequency portion of the spectrum of horizontal
wind components at low wind speeds. Meandering is an inherent property of the atmosphere,
leading to large horizontal wind oscillations, showing a looping behaviour (Anfossi et al.
2005), and is characterized by the presence of large negative lobes in the observed EAF.
Anfossi et al. (2005) pointed out that the classical exponential function (Taylor 1921), which
adequately describes fully developed turbulence, fails to adequately describe the observed
meandering behaviour of the EAF. Various formulations have been proposed in the literature
(Frenkiel 1953; Murgatroyd 1969; Philips and Panofsky 1982; Moor et al. 2015) to represent
the observed behaviour of EAF under different wind and stability regimes. Anfossi et al.
(2005) proposed modified formulations for EAF utilizing the well-known Frenkiel’s form
for low wind speeds. Moor et al. (2015) suggested a new autocorrelation function to describe
the observed negative lobes in the meandering of the horizontal mean wind vector. In order
to evaluate the applicability of these formulations and possible modifications, the observed
features of the EAF must be analyzed using turbulence observations for a wider range of
wind speed and stability regimes.

The effect of wind meandering on pollutant dispersion is that as the wind speed decreases,
the hourly-averaged standard deviation of wind direction increases (Sagendorf and Dickson
1974; Sharan et al. 1995, 2003). As a consequence, at low wind speeds it is hard to define a
precise plume direction and observed ground-level concentrations may be distributed around
360° in both stable and unstable conditions (Sagendorf and Dickson 1974; Brusasca et al.
1992; Sharan et al. 1996; Anfossi et al. 2006). As a result, the pollution concentration near the
source can be overestimated (Sharan et al. 2003) in dispersion models because wind oscilla-
tions are not accounted for at low wind speeds. Thus, the meandering patterns characterized
by low-frequency motions can play a major role in the horizontal transport of pollutants.

Theobjective of this study is to analyze the observedbehaviour of theEAFusing turbulence
observations derived from three different sites within the framework of the formulations
proposed by Anfossi et al. (2005) and Moor et al. (2015). In addition, an attempt has been
made to parametrize the meandering parameter in terms of the magnitude of the observed
significant peak of the series of the EAF. Section 2 gives a brief description of experimental
datasets of various sites used in the present study. The next section provides the analysis.
Results and discussion are given in Sect. 4, and finally, conclusions are summarized in Sect. 5.

2 Description of Datasets

Data from three experimental programs are used in the analysis.

2.1 Ranchi Dataset

The first dataset is from a fast response sonic anemometer installed at 10-m
height at the Birla Institute of Technology Mesra, Ranchi (23.4128°N, 85.4408°E),
India, with an average elevation 609 m above sea level (http://odis.incois.gov.in/
index.php/project-datasets/ctcz-programme/data, Dwivedi et al. 2014). There are few
suburban buildings in the area between the east and the north-west. There are hostel buildings,
residential houses, and dense trees in the area between the south-east and the east (Tyagi et al.
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2012; Dwivedi et al. 2014). The building nearest to the tower is a school to the north-west,
with agricultural land in the area between the north-west and the west. The area between the
south-east and the west is relatively flat and free from any obstacle (Srivastava and Sharan
2015).

Measurements of three velocity components and temperature at a sampling rate of 10 Hz
for the period of one year from January to December 2009 are used in the current study. The
data are rotated using the double-rotation method (Wilczak et al. 2000). Data corresponding
to mean wind speed ū < 0.1 m s−1 are ignored, as the instrument may not be able to respond
accurately for such small values. After data quality checking, a total of 5898 hourly data
points are selected (Table 1) for further analysis. The diurnal variation of mean wind speed
and temperature for the year 2009 is shown in Fig. 1a, d. Here, the continuous curve represents
the average values, whereas the vertical error bars indicate deviations from the mean. The
average wind speed lies between 1.5 m s−1 and 2.9 m s−1, and the standard deviations of

Table 1 Quantitative description of data including number of hours in different wind regimes and stability

Site Wind

Low (u < 2 m s−1) Moderate (2 m s−1 ≤ u ≤ 6 m s−1) Strong (u >
6 m s−1)

Stable Unstable Stable Unstable Stable Unstable

Ranchi 2981 1704 541 1640 11 21

LASPEX 213 201 54 99 2 7

CASES-99 27 22 199 174 54 78

Fig. 1 Diurnal variation of meanwind speed (first row) and temperature (second row) for Ranchi (first column),
LASPEX (second column), and CASES99 (third column)
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wind speed are in the range of 1.0 m s−1 to 1.4 m s−1 (Fig. 1a). On the other hand, the average
temperature varies from 295 to 303 K with the standard deviations in the range of 6.2 K to
6.6 K (Fig. 1d).

2.2 Land Surface Processes Experiment Dataset

The second dataset is derived from the experiment conducted (Vernekar et al. 2003) from
January 1997 to February 1998 in the Sabarmati River basin of Gujarat, which is located in
the tropical semi-arid part of the western Indian region. This region is a part of the mainland
of Gujarat, India, extending from Runn of Kutch and the Aravalli hills in the north and
Damanganga in the south. The mainland is an almost flat plain with an elevation of 45.1 m
abovemean sea level. Towards thewest of thismainland is the peninsular region of Saurashtra,
and to the east are hilly tracts at altitudes of 300–600 m (Sheikh 1997; Pandey et al. 2001).
Turbulentmeasurements of velocity and temperature collected from a sonic anemometer with
a sampling rate of 10 Hz at 4-m level at Anand (22.35°N, 72.55°E) are used. The climate is
semi-arid, and the soil is loamy (Sheikh 1997; Pandey et al. 2001). For the year 1997, the
turbulent data were available for the months of February, April, May, June, July, August,
October, and December. However, for the year 1998, the data are only available for February.
The data are rotated using the double-rotation method (Wilczak et al. 2000). A total of 632
hourly data points are selected after carrying out the quality checks. The average wind speed
ranges between 1.5 m s−1 and 3.1 m s−1 (Fig. 1b), and its standard deviation is in the range
of 1.2 m s−1 to 1.6 m s−1. On the other hand, the average temperature lies between 298 and
308 K, and its standard deviation is in the range of 4.2 K to 4.7 K (Fig. 1e).

2.3 Cooperative Atmosphere-Surface Exchange Study-1999 Dataset

The third dataset chosen is derived from the CASES-99 (Cooperative Atmosphere-Surface
Exchange Study-1999) experiment (Poulos et al. 2002; http://www.eol.ucar.edu/projects/
cases99/), which was performed near Leon (37.38°N, 96.14°W) in south-eastern Kansas in
the USA during the month of October 1999. The terrain of the main experimental site was
relatively flat and homogeneouswithout any obstacles in the surrounding area. The turbulence
measurements were taken on a 60-m tower at 1.5 (0.5)-, 5-, 10-, 20-, 30-, 40-, 50-, and 55-
m levels by eight sonic anemometers (CSAT version 3, Campbell Scientific, USA) with a
sampling rate of 20 Hz. The turbulence measurements at the 10-m level are used, with data
rotated using the double-rotation method (Wilczak et al. 2000). After the quality checking of
the data, a total of 554 hourly data points are selected for the analysis (Table 1). The diurnal
behaviour of average wind speed and temperature for the period of 6 to 26 October 1999 is
shown in Fig. 1c, f. The average wind speed ranges between 4.1 m s−1 and 7.0 m s−1, and its
standard deviation lies in the range of 2.9 m s−1 to 3.4 m s−1 (Fig. 1c). On the other hand, the
average temperature lies between 284 and 294 K; its standard deviation lies between 4.4 K
and 5.8 K (Fig. 1f).
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3 Methodology

Datasets from these three sites have been used to study the characteristic features of the EAF.
The friction velocity u∗ is defined as

u∗ = [(u′w′)2 + (v′w′)2] 1
4 , (1)

in which u′, v′, and w′ are the fluctuations in longitudinal, lateral, and vertical velocity
components, respectively. The stability parameter ζ is calculated from the expression

ζ = z

L
= −kzg(w′θ ′

v)

θvu3∗
, (2)

where θ̄v is the mean virtual temperature in kelvin, g is the acceleration due to gravity, θ ′
v is

the fluctuation in the virtual temperature, k is the von Kármán constant, z is the measurement
height, and L is the Obukhov length. Based on the mean wind speed, the data are divided
into low (ū < 2 m s−1), moderate (2 m s−1 ≤ ū ≤ 6 m s−1), and strong wind (ū > 6 m s−1)
speeds, respectively. Further, the data are subdivided into stable and unstable conditions in
accordance with the sign of the stability parameter ζ as positive and negative, respectively.
A quantitative description of the data is given in Table 1. In the selected data, there are a
relatively small number of strong wind cases (less than 1.5%) from Ranchi and LASPEX
(Land Surface Processes Experiment), whereas there are about 24% of strong wind hours in
CASES-99. These hours corresponding to strong wind in the Ranchi and LASPEX datasets
are considered with those in moderate winds. On the other hand, strong wind hours are dealt
separately in CASES-99.

The EAF (Rx(τ )) is defined as

Rx (τ ) =

n−τ∑

i=1
(xi − x)(xi+τ − x)

n∑

i=1
(xi − x)2

, (3)

where n is the number of sampling points, τ is the time lag, and xi are the data points of the
series with x as its mean. Here x is a generic variable, which can be taken as u, v, w, and θ .

For characterizing the observed behaviour of the EAF of u, v, and θ , various mathematical
formulations have been used. Taylor (1921) suggested

Rx (τ ) = e
−τ
T , (4)

where T is the turbulent integral time scale. This formulation ofRx(τ ) exhibits a continuously
decreasing behaviour with τ and falls to zero for large values of τ . Frenkiel (1953) suggested

Rx (τ ) = e
− τ

(m2+1)T cos
mτ

(m2 + 1)T
, (5)

in which m is a non-dimensional quantity that controls the meandering oscillation frequency
(Oettl et al. 2005).

Murgatroyd (1969) expressed Eq. 5 in terms of p and q as

Rx (τ ) = e−pτ cos qτ, (6)

where

p = 1

(m2 + 1)T
, q = m

(m2 + 1)T
, (7)

in which m = q/p.
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Here the parameters q and p are described in terms of m and T, and their ratio is defined
as the loop or meandering parameter m (Anfossi et al. 2005; Mortarini et al. 2016a). The
parameter p is related to the turbulence time scale, whereas q is associated with the oscilla-
tion time scale. The value of m is crucial to the definition of meandering, because it provides
the relative importance of small-scale motions, represented by p, and large-scale motions,
represented by q (Mortarini et al. 2013). This implies that meandering is significant for small
values of q. We wish to point out thatm, p, and q correspond to a generic variable x. Accord-
ingly, in the subsequent text, “suffices u, v, and θ” will represent a quantity corresponding to
horizontal (longitudinal and lateral) wind components and temperature.

Philips and Panofsky (1982) proposed an expression for the EAF of the form

Rx (τ ) = 1

(1 + τ
T )2

. (8)

Moor et al. (2015) pointed out that Eq. 8 fails to describe the scalar dispersion in the
planetary boundary layer for the low wind conditions when negative lobes are observed in
the EAF of the horizontal wind components u and v. Accordingly, Eq. 8 has been modified
(Moor et al. 2015) as

Rx (τ ) = cos qτ

(1 + pτ)2
. (9)

Equations 6 and 9 are used to characterize the negative lobes observed in the EAF curve.
In fact, these equations are fitted to the EAF curve to obtain the parameters q and p. The ratio
of these two provides the value of m. The absolute value of the significant negative lobe or
peak is denoted as |RMin |, corresponding to the generic variable x. Henceforth, its value in
an EAF curve obtained from the hourly measured time series of the variable x is referred to as
the observed |RMin |. The peak value of the significant negative lobe in the curve represented
by Eqs. 6, 9, 10, and 12 with the fitted values of q and p represents the estimated value of
|RMin |. The extent of closeness of the estimated value of |RMin |with that observed indicates
how well these formulations (Eqs. 6 and 9) are able to characterize the observed behaviour.

A comparison of the magnitudes of observed and computed |RMin | reveals that the peaks
of the significant negative lobes computed from Eqs. 6 and 9 are not found to occur at the
point of observed peak (Fig. 2a–d) implying a phase shift between them. Also, the computed
values of |RMin | are underpredicted in most of the cases. As the computations of p, q, and
m are related to the calculation of |RMin |, an error in the computation of p, q, and m would
lead to an error in computed values of |RMin |. Thus, in this analysis, we propose modifying
the existing formulations (Eqs. 6 and 9) for incorporating this phase shift for the accurate
characterization of the significant negative lobe in the EAF.

The nature of the observed behaviour of the EAF with τ can be considered similar to that
observed in the under-damped vibration system where the amplitude of oscillations decays
with time (Kelly 2012). Based on the theory of the under-damped vibrational system, the
formulation (Eq. 5) for Rx(τ ) can be modified as

Rx (τ ) = e−pτ cos(qτ + α), (10)

where the angle α represents a phase difference between two oscillatory curves—one rep-
resented by Frenkiel’s formula (Eq. 5) and other by the EAF curve obtained from hourly
measured time series. It is assumed here that the angle α lies in the first quadrant.

The meandering period (T∗) is defined as

T∗ = 2π
q . (11)
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Fig. 2 Variation of Rv(τ )with τ(s) for Ranchi 2009 Dataset (a–d), LASPEX (e–h), and CASES-99 (i–l) repre-
sented by first column, second column, and third column, respectively. Graphs for each site are in sequence of
stable lowwind (SLW), unstable lowwind (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). Length of 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

With the similar analogy, Moor’s formula (Eq. 9) is modified as

Rx (τ ) = cos(qτ + α)

(1 + pτ)2
. (12)
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These modified formulations are now used to represent the observed behaviour of the
EAF in different regimes of mean wind speed and stability. For α = 0, Eqs. 10 and 12 are,
respectively, reduced to Eqs. 6 and 9. Values of p, q, and α are estimated by fitting Eq. 10 or
Eq. 12 to the EAF curve using the generalized reduced gradient nonlinear regression method
in Microsoft Excel.

4 Results and Discussion

4.1 Characteristics of Negative Lobes Observed fromDifferent Formulations

The EAF curve for horizontal wind components u and v and temperature θ shows an oscil-
latory behaviour with the presence of a significant negative lobe, and the amplitude of the
oscillations is found to decrease with the time lag τ . Though EAF curves are computed for
u, v, and θ , for the sake of brevity, it is shown in the diagram (Fig. 2) for the v component.
The corresponding diagrams for u and θ are given in the supplementary material. Four cases
such as (i) stable low wind (SLW; Fig. 2a, e, i), (ii) unstable low wind (ULW; Fig. 2b, f, j),
(iii) stable moderate wind (SMW; Fig. 2c, g, k), and (iv) unstable moderate wind (UMW;
Fig. 2d, h, l) conditions are considered to observe the variation of Rv(τ ) with τ . Estimated
values of p, q, and α are given in the supplementary material. The value of α appearing in the
table (Table-SM1) is reported in radians in accordance with its units in the cosine function in
Eqs. 10 and 12. The corresponding value of α in degrees can be obtained by multiplying with
a factor (180/π). Values of α in Fig. 2 are found to be in the range of 0.143–0.173 radians
(8.19–9.91°) with the modified formulations (Eqs. 10 and 12). With regard to wave motion, a
phase shift represents the amount awavehas shifted horizontally from the originalwave.Here,
there is a phase difference between two oscillatory curves—one represented by Frenkiel’s
formula (Eq. 5) and the other by the EAF curve obtained from hourly measured series of
horizontal wind components u, v, and temperature θ . The original wave (curve represented
by Eq. 5) is shifted by an angle to the second wave (represented by Eq. 10). This phase shift
is accounted for by the angle α in the modified formulation (Eq. 10), implying that the wave
represented by Eq. 5 has been shifted horizontally to the one described by Eq. 10.

The classical formulations (Eqs. 4 and 8) proposed by Taylor (1921) and Philips and
Panofsky (1982) exhibit a continuously decreasing exponential behaviour with τ without
the presence of any significant negative lobes. The amplitudes of significant negative lobe
obtained from Frenkiel’s formula (Eq. 5) and Moor’s formula (Eq. 9) are underpredicted in
the different cases of stability and wind regimes for all the datasets (Fig. 2a–l). The location
of the predicted peak in these formulations differs from that observed, implying a phase shift
between them (Fig. 2a–l). The inserted magnified diagram around the negative significant
lobe is drawn to show the peak and its location corresponding to the observed, Frenkiel’s
formula and Moor’s formula, respectively, for Ranchi (Fig. 2a), LASPEX (Fig. 2e), and
CASES-99 (Fig. 2i).

As the existing formulations are unable to predict the |RMin | values accurately, the mod-
ified formulations (Eqs. 10 and 12) proposed here by introducing the phase angle α are able
to characterize both amplitude and the location of the observed peak (Fig. 2a–l) in a better
way. These features are supported in all the four cases of different sites Ranchi (Fig. 2a–d),
LASPEX (Fig. 2e–h), and CASES-99 (Fig. 2i–l).

The size of an eddy can be associated with the extent of significant negative lobe on the
horizontal τ -axis, which is related to the meandering period T∗. From the computed value

123



Analysis of Observational Characteristic Features of the Eulerian… 539

of q, we have calculated T∗ (Eq. 11) for each of the EAF curves in Fig. 2. It is found that
for Ranchi data, the meandering period is 23 min for the SLW and 23.8 min for the SMW
conditions. The corresponding meandering period T∗ is 29.3 min and 32.2 min in unstable
low wind (ULW) and UMW conditions, respectively. Similarly, in LASPEX, the meandering
period T∗ is found to be 23.4min, 30.9min, 29.6min, and 32.2min in low andmoderate stable
and unstable conditions, respectively. Corresponding values of the period T∗ in SLW, SMW,
ULW, and UMW in CASES-99 are found to be 34.3 min, 31.3 min, 32.6 min, and 23.9 min,
respectively. In the data from Ranchi and LASPEX, the meandering period is found to be
more in unstable cases than that with stable conditions. On the other hand, in CASES-99 the
value of T∗ turns out to be smaller in unstable conditions than the stable stratification in both
low and moderate winds. It is hard to draw a conclusion here that the eddies are significantly
larger for unstable conditions.

We have also computed themeanmeandering period T∗ for the whole data classified under
low and moderate wind stable and unstable conditions for each site. It is observed that the
mean value of period T∗ is almost similar for unstable and stable conditions in both low and
moderate winds at each site. However, the mean value of T∗ is found to be lower in moderate
wind than that in low wind conditions.

Scatter diagrams between the magnitudes of observed and computed values of |RMin |
for the v-component are shown for the low (Fig. 3a–d) and moderate wind (Fig. 3e–h)
conditions for the whole Ranchi dataset considered here. The solid line represents a one-
to-one line between the computed and observed values of |RMin | showing ideal behaviour
between them, implying that the computed peak of the significant negative lobe of the EAF
matches with the observed peak, whereas open circles denote the computed values of |RMin |.
It is observed that in the majority of the cases, the computed peaks are under-/overpredicted
from Eqs. 5 and 9, while in the modified formulations, these are closer to those observed for
both low (Fig. 3b, d) and moderate wind conditions (Fig. 3f, h). The root-mean-square error
(r.m.s.e.) between observed and computed values of |RMin | is reduced from 0.071 to 0.016
in low wind and 0.044 to 0.01 in moderate wind conditions with the modified Frenkiel’s
formulation (Eq. 10). The corresponding r.m.s.e. reduces from 0.081 to 0.022 in low wind
and from 0.049 to 0.014 in moderate wind conditions with the modified Moor’s formula
(Table 2). The r.m.s.e. suggests a significant improvement of greater than 70%. A similar
inference is drawn from the datasets of LASPEX (Fig. 3i–l) and CASES-99 (Fig. 3m–p). The
r.m.s.e. reduces from 0.061 to 0.013 with LASPEX and from 0.058 to 0.013 with CASES-99
in case of modified Frenkiel formula, whereas a similar reduction in r.m.s.e. with modified
Moor’s formula is found for both LASPEX and CASES-99 (Table 2).

It may be noted that these features are inferred from the analysis of the EAF of the v
component of the velocity for different sites and wind conditions. A similar analysis has
been carried out for the u-component of the wind and temperature θ , and their diagrams are
given in the supplementary material. Similar to the v-component, it is found that (i) the peak
of the significant negative lobe computed from the existing formulations of EAF in u (Fig.
SM1) and θ (Fig. SM2) is always at some phase angle to the corresponding observed peak and
(ii) observed and computed peaks may not occur at the same point. By introducing a phase
angle, the computed peak becomes closer to that observed for both u (Figs. SM1 and SM3)
and θ (Figs. SM2 and SM4). The corresponding r.m.s.e. is reduced for u and θ from 0.074
and 0.078 to 0.017 and 0.018, respectively, with modified Frenkiel’s formulation (Eq. 10) in
low wind conditions at Ranchi. The r.m.s.e. values show an improvement by 77–79% in the
u-component, 77–78% in the v-component, and 77–79% in the temperature with themodified
Frenkiel’s formula (Eq. 10) in different wind regimes with all three datasets. In the modified
Moor method, the r.m.s.e.s are decreased by 72–74% in the u-component, 73–76% in the
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Fig. 3 Variation of computed |RMin | for v component of wind with that observed for low wind Ranchi data
(first row), moderate wind Ranchi data (second row), LASPEX (third row), and CASES-99 (fourth row) by
using Frenkiel’s formula (first column), modified Frenkiel’s formula (second column), Moor’s formula (third
column), and modified Moor’s Formula (fourth column). Solid line represents one-to-one line, while the open
circles denote the value of computed |RMin |. Here observed |RMin | stands for absolute value of the significant
negative lobe in an EAF curve derived from hourly measured time series of v component

v-component, and 71–76% in the temperature. Thus, the appreciable reduction in r.m.s.e.
(Table 2) shows a significant improvement with both the modified formulations in different
wind regimes and stability with all three datasets.

The mean and standard deviation of the phase angle α obtained for the v-component from
Eq. 10 and Eq. 12 under different conditions of wind speed and stability for the three sites
are given in Table 3. Mean values of α are similar to each other under stable and unstable
wind conditions. However, mean values of α under low wind conditions are found to be more
comparable to those under moderate wind conditions. Even mean values of α obtained with
Eq. 12 are almost similar to those from Eq. 10.

In general, for different datasets, the value of α for the v component in different wind
regimes and stability conditions is found to be small and lying in the range 6.3° to 10.3° with
both the modified formulations (Eqs. 10 and 12). On the other hand, corresponding values
of α are found between 6.1° and 10° for the u component and between 6.2° and 10.1° for the
temperature with different datasets. Thus, the modified formulation with the phase angle is
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Table 2 Root-mean-square error (r.m.s.e.) between computed and observed values of |RMin | for wind com-
ponents u, v, and temperature θ for various sites

Site Variable Root-mean-square error (r.m.s.e.)

Frenkiel’s
formula

Modified
Frenkiel’s
formula

Moor’s
formula

Modified
Moor’s
formula

Ranchi (Low
wind)

u 0.074 0.017 0.084 0.022

v 0.071 0.016 0.081 0.022

θ 0.078 0.018 0.090 0.024

Ranchi
(Moderate
wind)

u 0.043 0.009 0.048 0.013

v 0.044 0.010 0.049 0.014

θ 0.060 0.014 0.067 0.018

LASPEX u 0.059 0.013 0.066 0.017

v 0.061 0.013 0.070 0.017

θ 0.072 0.015 0.083 0.020

CASES-99 u 0.056 0.013 0.064 0.018

v 0.058 0.013 0.066 0.018

θ 0.056 0.012 0.063 0.018

able to characterize the observed nature of EAF under different conditions of stability, wind
speed, and geographical locations.

4.2 Parametrization of theMeandering Parameter

The meandering parameterm is expressed as the ratio of q and p appearing in Eqs. 10 and 12
for representing the EAF curve. The task here is to do a three-parameter (p, q, α) regression
fit of the proposed functional forms (Eqs. 10 and 12) to the EAF curve. Once p and q are
known, then m can be found out using Eq. 7. Notice that the parameter m estimated from p
and q for u, v, and θ , denoted as mu ,mv , and mθ , respectively, can vary for different values
of|RMin |. Thus, to obtain m, one is required to perform a regression fit with the EAF curve.
As the observed peak of the significant negative lobe |RMin | is known from the EAF curve,
it is desirable to evolve an empirical relationship between m and observed|RMin |.

As p and q can vary for different values of |RMin |,mwill also vary. Alternatively, empirical
relationships between p and |RMin | and q and |RMin | can be developed. However, in practical
applications, values of the meandering parameter are often required in spectrum analysis
(Mortarini and Anfossi 2015) and air pollution modelling studies (Anfossi et al. 2004).
Thus, we have chosen here to formulate an empirical relationship between m and |RMin |
to compute m, avoiding the regression fit, for a |RMin | deduced directly as the peak of the
significant negative lobe of the EAF curve derived from the observed hourly time series of v.
The computed values of |RMin | obtained from modified Frenkiel’s formulation (Eq. 10) are
relatively close (Table 2) to those observed in comparison with other formulations (Eqs. 6,
9, and 12) for v (Fig. 3b, f, j, n), u (Fig. SM3b, f, j, n), and θ (Fig. SM4b, f, j, n). Thus, the
parameterm deduced from the values of p and q obtained from Eq. 10 and the corresponding
observed |RMin | values are used for further analysis.
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Fig. 4 Variation of computed value ofmeandering parametermv eitherwith the corresponding observed |RMin |
for v component or with the value of mv based on the proposed parametrization for Ranchi. a Ranchi data
for first six months (January–June 2009). Computed value of mv is obtained directly from the measurements
using the modified formula (Eq. 10). b Ranchi data for last six months (July–December 2009); c LASPEX;
d CASES-99. In panels b, c, and d, value ofmv parametrized is computed from the proposed relation between
mv and observed |RMin |

For developing the relationship, data for the period from January to June 2009 from the
Ranchi site have been used. Themeandering parametermv is found to increase (Fig. 4a) expo-
nentially with the observed |RMin | and a parametric form for representing their relationship
is assumed of the form

mv = ced|RMin |, (13)

where c and d are the constants obtained using the generalized reduced gradient nonlinear
regression method in Microsoft Excel. In theory, a single set of c and d values can be
obtained in the entire range of observed |RMin |. However, in this case, the accuracy of the
proposed relationship reduces significantly for values of |RMin |< 0.1. To obtain an accurate
representation, the range of |RMin | is divided into six subintervals to estimate the constants
c and d appearing in Eq. 13 in each of the corresponding subintervals. Accordingly, these
are defined as

c =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

0.6205, when 0 < |RMin | ≤ 0.1
0.8198, when 0.1 < |RMin | ≤ 0.2
0.9597, when 0.2 < |RMin | ≤ 0.3
1.0286, when 0.3 < |RMin | ≤ 0.4
1.0205, when 0.4 < |RMin | ≤ 0.5
0.9070,when 0.5 < |RMin | < 0.6

, (14a)

d =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

6.9310, when 0 < |RMin | ≤ 0.1
3.9507, when 0.1 < |RMin | ≤ 0.2
3.1203, when 0.2 < |RMin | ≤ 0.3
2.9030, when 0.3 < |RMin | ≤ 0.4
2.9109, when 0.4 < |RMin | ≤ 0.5
3.1593, when 0.5 < |RMin | < 0.6

. (14b)

The parametrization (Eq. 13) is tested on the data for the remaining period of six months
(July–December 2009) from the Ranchi dataset. It is found that the value of mv calculated
from the proposed formulation (Eq. 13) is found to be close to that computed fromEq. 10. The
maximum absolute error in the meandering parameter is calculated by taking the difference
between the values computed from the proposed parametrization (Eq. 13) and those obtained
from the modified formulation (Eq. 10). The maximum absolute percentage error is deduced
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from the formula

MAPE = Max |mv(Eq.13)−mv(Eq.10)|
mv(Eq.10) × 100. (15)

For the period of July–December 2009, the maximum absolute percentage error with the
constants c and d (Eq. 14a and b) is found to be 1.93% for the v component of wind.

Now we examine the performance of the proposed parametrization (Eq. 13) if it is used
with the same coefficients c and d (Eq. 14a and b) for computing the parameters mu and
mθ from the values of observed |RMin | corresponding to u and θ . For this evaluation, the
u-component of the wind and temperature θ from the turbulence data at Ranchi for the period
of one year (January–December 2009) are used. As described earlier, values of mu and mθ

based on Eq. 10 are calculated for each hour corresponding to the values of observed |RMin |
for u and θ . These observed values of |RMin | are also used to compute values of mu and mθ

from the proposed parametrization (Eq. 13). The values computed from this parametrization
(Eq. 13) are found to be in good agreement with those obtained from the parameters p and q
calculated using Eq. 10 for u-component and θ . The maximum absolute percentage error in
using the proposed relation for u-component is found to be 1.8%. The corresponding error in
the case of θ is found to be 2.0%. Thus, the proposed relationship can be used for deducing
the values of meandering parameters by simply knowing the magnitude of the amplitude of
observed significant negative lobe in the EAF curve.

The performance of the proposed parametrization (Eq. 13) is also evaluated with the
observations from the LASPEX and CASES-99 experiments for the parameters mu , mv ,
and mθ . The maximum absolute percentage error in the computation of these parameters
is found to be 3.0% for LASPEX and 3.3% for CASES-99. In totality, the parametrization
(Eq. 13) proposed here is able to predict the meandering parameter reasonably accurately
for u, v, and θ directly by taking the corresponding observed absolute value of significant
negative lobe in the time series of turbulence data under different conditions of wind speed
and stability. As the proposed parametrization for the meandering parameter is dependent
only on the magnitude of the observed significant negative lobe and does not involve the
uncertainties associated with underlying computation, we expect that this will provide a
reasonable estimate for mu ,mv , and mθ under various conditions.

4.3 Frequency of Meandering

In the last section, a new parametrizationwas proposed for computing themeandering param-
eter from the observed value of significant negative lobe. As this parametrization is dependent
on the observed value of negative significant lobe and not on the computed one, it is expected
to be more reliable and accurate to show the extent of meandering in any particular hour of
the datasets. Values of the meandering parameters are often required in spectrum analysis
and air pollution modelling studies (Anfossi et al. 2004). Mortarini and Anfossi (2015) have
analysed the turbulence measurements taken at the Graz and Tisby Site and classified the
data into meandering and non-meandering cases depending on the values of both mu and
mv if these are larger or smaller than one. Recently, Mortarini et al. (2016b) classified the
meandering and non-meandering cases based on the values of parameters mu ,mv , and mθ

such that (i) there is no meandering when all mu ,mv , and mθ are less than 1; (ii) meandering
begins when at least one mu ,mv , or mθ is greater than 1; and (iii) there is significant mean-
dering when all mu ,mv , and mθ are greater than 1. We have adopted their proposition in the
present study to distinguish between meandering and non-meandering cases. Accordingly,
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Table 4 Low wind data classified into different classes of meandering (no meandering, beginning of meander-
ing, and significant meandering)

Site Total
No. of
low
wind
cases

No meandering cases Beginning of
meandering cases

Significant
meandering cases

No. of
Hours

% of total No. of
Hours

% of total No. of
Hours

% of total

Ranchi 4685 2 0.04 496 10.59 4191 89.46

LASPEX 414 1 0.24 59 14.25 354 85.51

CASES-99 49 0 0.00 1 2.00 48 97.96

Table 5 As Table 4 but for moderate wind

Site Total No. of
Moderate
wind cases

No meandering cases Beginning of
meandering cases

Significant
meandering cases

No. of
Hours

% of
total

No. of
Hours

% of
total

No. of
Hours

% of
total

Ranchi 2181 13 0.60 491 22.51 1677 76.89

LASPEX 153 0 0.00 41 26.80 112 73.20

CASES-99 373 17 4.56 49 13.14 307 82.31

the turbulence data have been classified into three groups based on the values of mu ,mv , and
mθ .

The quantitative distribution of the low and moderate wind data at various sites into three
different classes based upon the values of the parameters mu ,mv , and mθ is presented in
Tables 4 and 5, respectively. To reveal the extent of meandering in the whole dataset, pie
charts (Fig. 5a–c) are presented for different sites. From the pie chart (Fig. 5a) for the Ranchi
dataset, it is seen that most of the data lie in the significant meandering range for both low
andmoderate wind conditions. There are about 4685 number of lowwind cases in the Ranchi
dataset, out of which 4191 lie in the significant meandering range. Similarly, out of 2213
moderate wind cases, around 1677 lie in the significant meandering range. Thus, Table 4 and
Fig. 5a reveal that the majority of the low and moderate wind cases in Ranchi data fall in the
significant meandering class.

A similar trend is observed in the LASPEX and CASES-99 datasets as well. While for the
LASPEX dataset (Fig. 5b), 354 out of 414 low wind hours and 112 out of 153 moderate wind
hours fall in the significant meandering range. For the CASES-99 site (Fig. 5c), 48 out of
49 low wind cases and 307 out of 373 moderate wind cases lie in the significant meandering
range. In CASES-99, there are 23.8% cases corresponding to strong wind. However, all
the strong wind cases are found to fall in the non-meandering category (Fig. 5c) as the
values of observed |RMin | < 0.07 in the EAF curves and the meandering parameter m < 1
for horizontal wind components u and v and temperature θ . Each of the colours in Fig. 5
includes both stable and unstable cases. The CASES-99 data have a relatively low occurrence
of low wind significant meandering (Fig. 5).
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Fig. 5 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. Numbers on the pie chart signify the cases
lying 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 (SMW and UMW) significant meandering (blue), strong wind (SSW and
USW) no meandering (silver)

Themaximumnumber of cases is found to fall (Tables 4, 5) in the third category (significant
meandering) for all the datasets under different wind regimes, implying the occurrence of
significant meandering in both low and moderate wind conditions, although the extent of
meandering is relatively high in the low winds for the different datasets. This conclusion for
moderate wind differs from that reported byMortarini andAnfossi (2015) andMortarini et al.
(2016b). They noticed the occurrence of significant meandering in the cases corresponding
to low wind ( < 1.5 m s−1) conditions only and did not observe significant meandering in the
moderate wind ( > 1.5 m s−1) cases. Mortarini et al. (2016b) found that in moderate wind (
> 1.5 m s−1), the maximum number of cases falls in the first category corresponding to no
meandering. This may be due to the fact that Frenkiel’s formula (Eq. 5) used by Mortarini
and Anfossi (2015) and Mortarini et al. (2016b) underpredicts (Fig. 3a, e, i, m) the value
of significant negative lobe |RMin | in the EAF data resulting in the under-prediction of
parameters mu ,mv , and mθ .

We have also quantified the data in low and moderate winds for different sites based on
the absolute value of |RMin | in the EAF curves of u, v, and θ . It is observed that the value
of |RMin | equals 0.07, corresponding to mu = mv = mθ = 1. We have divided the low and
moderate wind data into different classes of meandering based on the values of |RMin | such
that (i) no meandering occurs when all of |RMin | values for u, v, and θ are less than 0.07; (ii)
meandering begins when at least one of |RMin | values for u, v, and θ are greater than 0.07;
and (iii) significant meandering occurs when all of |RMin | values for u, v, and temperature θ

are greater than 0.07.

5 Conclusions

The observed characteristics of EAF for horizontal wind components u, v, and temperature θ

are analysed for three different sites under different conditions of wind speed and stability. It
is found that the existing formulations (Eqs. 5 and 9) are unable to characterize the observed
features of the EAF. These formulations are unable to predict accurately the |RMin | values
for u, v, and θ . In addition, there is a difference between the observed and computed peaks of
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the EAF, indicating a phase shift between them. An attempt has been made to bridge the gap
between the observed and computed behaviour of EAFby incorporating a phase angleα in the
formulations. The modified formulations (Eqs. 10 and 12) with the inclusion of phase angle
are able to characterize the behaviour of the observed EAF curve relatively better. Further,
the observed |RMin | values for u, v, and θ can be predicted with relatively better accuracy.
The modified formulations lead to significant reduction in the r.m.s.e. between the observed
and computed values of |RMin | for u, v, and θ indicating that the modified formulations are
able to better predict the values of |RMin | compared to the existing formulations.

A parametrization for computing the meandering parameter m for u, v, and θ directly
from the observed values of |RMin | is made and tested on different datasets for different
wind speeds and stability. This parametrization is able to compute them values directly from
the observed values of |RMin | up to the accuracy of 98% for all the three sites without using
any existing formulation for it. So, the extent of meandering can be computed directly using
the observed |RMin | values for u, v, and θ .

The quantitative distribution of the data is assessed between meandering and non-
meandering cases using the computed values of meandering parameters mu ,mv , and mθ .
It is found that the majority of cases for all the three sites are found in the significant mean-
dering range indicating the presence of significant meandering in both low and moderate
wind conditions, although the extent of meandering is more significant in the low wind as
compared to moderate wind.

Thus, the study suggests that the significant negative lobes in the EAF curves of u, v, and
θ are observed in both low and moderate wind conditions of different datasets. A majority of
the low and moderate wind data lies in the significant meandering range for all the datasets.
Also, the significant negative lobe in the EAF curve of the vertical component of wind was
not observed in all the dataset, and thus, the occurrence of meandering effect is presumed in
the horizontal wind components.

In most of the studies, the mean wind speed of 2 m s−1 is used for separating the data
into low and moderate wind cases. We wish to point out that by considering a threshold
value of mean wind speed as 1.5 m s−1 for separating the low and moderate wind cases as
done by Anfossi et al. (2004), some of the low wind cases in the range of 1.5–2 m s−1 shift
into the class of moderate wind, further supporting the occurrence of significant meandering
in both low and moderate wind conditions. Although the extent of meandering is observed
to be relatively greater in low wind conditions as compared to that in moderate winds, the
meandering effect in moderate wind conditions cannot be ignored and should be taken in
account.

In the present study, data from three different sites are considered for the analysis. The
mean wind speed is appreciably larger at CASES-99 (Fig. 1) than that at the other two sites.
Besides, the anemometer used in LASPEX is at 4-m height, while in the other two they are
at 10 m. The number of cases in low, moderate, and strong wind conditions in LASPEX
(Table 1) could be different if the measurements were at 10-m height. Low-frequency flow
processes, such as meandering, may be influenced by surface heterogeneity (Mortarini et al.
2016b).

The observed significant negative lobe for convective conditions (especially in the unsta-
ble low-wind regime) may be associated with large-scale circulations embracing the entire
convective boundary layer rather thanmeanderingmotions. These random convective bound-
ary layer-scale coherent structures produce random gusts in the layer attached to the bottom
of the large eddies. The typical time scale of these large-scale eddies could be ~ Zi /w∗ ~
10–20 min (here Zi is the convective-boundary-layer height and w∗ is the Deardorff 1970
convective velocity scale), and its value lies between 10–20 min. However, the time scales
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associated with the observed significant negative lobe in Fig. 2 are found to be in range of
29–32.6 min in low wind and 24–32 min in moderate wind unstable conditions. In all the
three datasets, it is found that more than 93% of hours have a meandering period in the range
of 20–35 min. The meandering oscillations are usually associated with the stable boundary
layer. Analysis of the Deardorff’s time scale for the convective-boundary-layer cases as well
as the Brunt–Väisälä frequency for the stable-boundary-layer cases to better understand the
nature of negative lobe will be taken up with the availability of required data.

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1007/s10546-022-00715-8.
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