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Abstract Season- and stability-dependent turbulence in-

tensity (ru/u*, rv/u*, rw/u*) relationships are derived from

experimental turbulence measurements following surface

layer scaling and local stability at the tropical coastal site

Kalpakkam, India for atmospheric dispersion pa-

rameterization. Turbulence wind components (u0, v0, w0)
measured with fast response UltraSonic Anemometers

during an intense observation campaign for wind field

modeling called Round Robin Exercise are used to for-

mulate the flux–profile relationships using surface layer

similarity theory and Fast Fourier Transform technique.

The new relationships (modified Hanna scheme) are in-

corporated in a Lagrangian Particle Dispersion model

FLEXPART-WRF and tested by conducting simulations

for a field tracer dispersion experiment at Kalpakkam.

Plume dispersion analysis of a ground level hypothetical

release indicated that the new turbulent intensity formula-

tions provide slightly higher diffusivity across the plume

relative to the original Hanna scheme. The new formula-

tions for ru, rv, rw are found to give better agreement with

observed turbulent intensities during both stable and un-

stable conditions under various seasonal meteorological

conditions. The simulated concentrations using the two

methods are compared with those obtained from a classical

Gaussian model and the observed SF6 concentration. It has

been found that the new relationships provide com-

paratively higher diffusion across the plume relative to the

model default Hanna scheme and provide downwind con-

centration results in better agreement with observations.

1 Introduction

Accurate representation of turbulent transport phenomena

in atmospheric dispersion models is essential for better

simulation of air pollution dispersion. The physical pro-

cesses in atmospheric dispersion consist of transport and

turbulent diffusion and deposition of air pollutants. Many

scales of atmospheric motion such as micro, meso, and

large-scale flows influence the Air pollution dispersion

(Seaman 2000) and the characteristics of dispersion may

vary across the scales depending on flow irregularities and

mixing processes. Estimates from dispersion models

typically depend on the treatment of horizontal and vertical

turbulent diffusion and the meteorological data used in the

calculation. Various models from simple box to complex

fluid dynamics types based on different approaches such as

Gaussian, Lagrangian/Eulerian have been used (Holmes

and Morawska 2006) in the assessment of urban/industrial

environmental pollution assessment. Lagrangian stochastic

particle dispersion models (LPDM) are generally assumed

to be more appropriate for simulating the atmospheric

dispersion process as they track the particles moving by the

action of winds and turbulence. In Lagrangian models, the

displacement of fluid particles is treated by random mo-

tions (fluctuating velocities) and the particle evolution

follows a Markov process. In these models, a Langevin
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stochastic differential equation is used to describe the

evolution of the particles, wherein the particle velocities

are computed by the combination of a deterministic term

and a stochastic one (Zannetti 1990). The fluid particle

trajectory equation involves a transport term computed

with mean wind and a turbulent diffusion term computed

from velocity fluctuation. The turbulent velocity fluctuation

or variances are parameterized using different methods

(Wilson and Sawford 1996). The LPDMs use the time- and

space-varying mean meteorological outputs from me-

soscale atmospheric models to represent the inhomogeneity

in the flow field over complex terrain such as coastal, urban

and hilly regions. Due to the natural way of representation

of turbulent transport in LPDMS, they are highly preferred

to simulate the dispersion phenomena in special situations

such as presence of complex topographies, low wind ve-

locities and spatial and temporal variations of the me-

teorological fields (Carvalho et al. 2002). Various methods

have been proposed for treatment of turbulent diffusion of

pollutants in dispersion models based on availability of

crucial parameters such as vertical temperature/wind pro-

files, turbulent kinetic energy (TKE), and turbulent fluxes.

The efficiency of diffusion schemes depends on how well

they can capture the extremities in mixing leading to re-

alistic concentration estimates. The complex schemes in-

volve more details of input parameters. In the random-walk

dispersion model, SPEEDI turbulent diffusivity is esti-

mated using Pasquill–Gifford (PG) stability categories

(Imai et al. 1985). In the Lagrangian Puff model HYSPLIT

(Draxler 1992), several alternative methods of diffusion

estimation (Beljaars and Betts 1993; Deardorff 1973;

Holtslag and Boville 1993; Kantha and Clayson 2000;

Smagorinsky 1963; Troen and Mahrt 1986) are used. In the

AERMOD dispersion model, the diffusion is assumed to be

Gaussian/bi-Gaussian under stable/convective conditions

(Willis and Deardorff 1981). The concentration estimates

may vary according to the diffusion schemes which need

evaluation for their application at any given region or

location.

In many short-range diffusion schemes, the horizontal

and vertical velocity variances are computed from the

stability parameters calculated from flux–profile relation-

ships. Hanna (1982) developed a parameterization for wind

velocity fluctuations for application in dispersion models

using planetary boundary layer (PBL) similarity theory.

This parameterization was arrived based on analysis of

experimental field data sets (Hanna 1968, 1982; Kaimal

et al. 1976, 1982) and theoretical considerations (Irwin

1979; Panofsky et al. 1977). In Hanna’s scheme, the tur-

bulent wind fluctuations are parameterized in terms of PBL

height, Monin–Obukhov length, roughness length, con-

vective velocity scale, and friction velocity. Based on these

boundary layer scaling parameters, the earlier workers

developed some universal relationships for different sta-

bility conditions i.e., Unstable, Stable and Neutral condi-

tions. Stohl et al. (2005) incorporated the Hanna’s

parameterization in their FLEXPART LPDM. Hanna’s

scheme is a widely used parameterization in many dis-

persion models over a large number of terrain and topo-

graphic conditions and climate conditions. The empirical

relationships for turbulent intensities (ru/u*, rv/u* rw/u*)
are assumed valid without verification and adopted over

different regions and weather conditions for the study of

dispersion. Studies indicate the Hanna’s formulations may

not hold good universally (Moreira et al. 2011). Observa-

tional analysis would be required to verify the relations and

to propose new formulations for application under sea-

sonally varying atmospheric conditions. The present study

aims to develop site-specific and season-dependent rela-

tionships for wind velocity fluctuations i.e., turbulent in-

tensities (ru/u*, rv/u* rw/u*) based on normalized turbulent

wind fluctuations and stability parameter (z/L) and imple-

ment the relationships in FLEXPART-WRF dispersion

model by testing their performance against experimental

dispersion data sets for application at the coastal site

Kalpakkam.

2 Brief description of observation site
and meteorological measurements

The study location Kalpakkam (12�300N; 80�100E) is si-

tuated in the southern India. It is a coastal site located about

70 km south of Chennai metropolitan city. The observation

site has a plain terrain with elevation varying from 6 m

above mean sea level (AMSL) at the coast to 20 m AMSL

inland. The vegetation comprises mainly grass, dry and

irrigated crop lands. The soil texture varies from silt loam

at the coast to sandy clay loam inland. A multi-level 50-m

micrometeorological tower equipped with slow and fast

response sensors for measurement of wind, temperature

and humidity observations is located at Anupuram town-

ship situated about 6 km away from the coast in Kal-

pakkam. The tower is installed on a plain grass land with a

clear fetch of 300 m with no tall buildings and structures

around. The surface around the tower is covered with mud

and grass which grows up to a height of 20–50 cm during

northeast monsoon season. The meteorological tower is

equipped with slow response NRG-make sensors (cup

anemometers, wind wanes, temperature and humidity

sensors) to measure the wind speed, wind direction, tem-

perature and humidity at different arbitrary levels (2, 8, 16,

32, and 50 m) and a fast response UltraSonic Anemometer

at 10-m level to measure the turbulent fluxes. The Sonic

Anemometer measures the fluctuating wind components

along the three orthogonal co-ordinate directions N–S, E–
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W and the vertical based on the transit time of ultrasonic

acoustic signals. The fast response data acquired at 10 Hz

frequency are used in the development of turbulent inten-

sity relations in the present study. The winds at the ob-

servation site vary as southwesterly during southwest

monsoon (June–September), northeasterly in winter mon-

soon (October–November), westerly during winter (De-

cember–February) and southerly during summer (March–

May). The roughness parameter at the site varies as

10–15 cm due to all seasons with low wind conditions

except the southwest monsoon in which the roughness

parameter is about 7.5 cm due to strong winds.

3 Methodology

3.1 Description of dispersion model

In this study, the Lagrangian particle model FLEXPART-

WRF (Stohl et al. 2005) is used to simulate the dispersion

at the coastal site Kalpakkam. This model simulates the

mesoscale transport, diffusion, dry and wet deposition, and

radioactive decay of emissions released from point, line,

area or volume sources by computing trajectories of fluid

particles (Stohl et al. 2005). The model is widely used in

radiological plume dispersion analysis and impact studies

(Srinivas et al. 2012, 2014; among others). FLEXPART-

WRF uses the time-varying 3D meteorological fields

simulated by the mesoscale meteorological model WRF

(Doran et al. 2008; Fast and Easter 2006). FLEXPART

uses a zero acceleration scheme to compute the particle

trajectories, in which particle movements are dependent on

grid-scale winds and the turbulent fluctuations. The tra-

jectory equation is written as

X t þ Dtð Þ ¼ X tð Þ þ vðX; tÞDt ð1Þ

where ‘t’ is the time, ‘Dt’ the time increment, ‘X’ the po-

sition vector and ‘v’ is the wind velocity. The velocity ‘v’ is

taken to be the sum of grid-scale mean wind (v), turbulent

wind fluctuation (vt) and mesoscale wind fluctuation (vm) as

given in Zannetti (1992). The turbulent velocity vt is pa-

rameterized following Markov process using the Langevin

equation (Thomson 1987) as

dvti ¼ ai x; vt;t
� �

dt þ bij x; vt; tð ÞdWj ð2Þ

where ‘a’ is the drift term, ‘b’ is the diffusion term, which

are functions of position, turbulent velocity and time. dWj

are incremental components of a Wiener process with

mean zero and variance ‘dt’, which are uncorrelated with

other components and uncorrelated in time (Legg and

Raupach 1982). The Langevin equation for the vertical

wind component is given by

dw ¼ �w
dt

sLw
þ or2w

oz
dt þ r2w

q
oq
oz

dt þ 2

sLw

� �1=2

rwdW ð3Þ

where ‘w’ is the turbulent wind component, rw is the

standard deviation of the turbulent vertical wind compo-

nent, ‘sLw’ is the Lagrangian time scale for the vertical

velocity autocorrelation and ‘q’ is the density. The second

and third terms on right hand side of Eq. (3) are the drift

correction (McNider et al. 1998) and density correction

(Stohl and Thomson 1999), respectively. To solve the

above equation, data on rvti, and sLi are required at any

time and position of the particle trajectory. To represent the

transport in the boundary layer more accurately, the time

step in the FLEXPART is limited by the Lagrangian time

scale sL, which is implicitly estimated using the relation.

Dti ¼
1

ctl
min sLw ;

h

2w
;
0:5rw
orw=oz

� �
ð4Þ

Since the vertical wind component is the most important

one, only sLw is used for the determination of time step.

This computed Dti is used to solve the Langevin equations

for the horizontal turbulent wind components. The mini-

mum value of Dti used is one second. For solving the

Langevin equation for the vertical wind component, a

shorter time step Dtw = Dti/ifine is used. The Langevin

equation requires turbulence intensities (rvti) and La-

grangian time scale (sLi). Hanna (1982) proposed a scheme

for determination of rvti and sLi based on boundary layer

parameters mixed layer height (h), Monin–Obukhov length

(L), convective velocity scale (w*), roughness length (zo)

and friction velocity (u*). The Hanna parameterization is

presently used in FLEXPART for obtaining the wind

fluctuations. The relationships for Lagrangian time scales

(sLi) in terms of intensity of turbulence ri, given by Hanna

(1982) for various stability conditions are provided below.

Unstable conditions:

ru
u�

¼ rv
u�

¼ 12þ h

2 Lj j

� �1=3

ð5Þ

rw
u�

¼ 1:2w2
� 1� 0:9

z

h

� � z

h

� �2=3
þ 1:8� 1:4

z

h

� �
u2�

� 	1=2

ð6Þ

TLu ¼ TLv ¼ 0:15
h

ru
ð7Þ

TLw ¼ 0:1
z

rw 0:55� 0:38 z� z0ð Þ=L½ � ð8Þ

Neutral conditions:

ru
u�

¼ 2:0 exp �3fz=u�ð Þ ð9Þ
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rv
u�

¼ rw
u�

¼ 1:30 exp �2fz=u�ð Þ ð10Þ

TLu ¼ TLv ¼ TLw ¼ 0:5z=rw
1þ 15fz=u�

ð11Þ

Stable conditions:

ru
u�

¼ 2:0 1� z

L

� �
ð12Þ

rv
u�

¼ rw
u�

¼ 1:3 1� z

L

� �
ð13Þ

TLu ¼ 0:15
h

ru

z

h

� �0:5
ð14Þ

TLv ¼ 0:07
h

rv

z

h

� �0:5
ð15Þ

TLw ¼ 0:1
h

rw

z

h

� �0:5
ð16Þ

The boundary layer parameters (h, L, w*, zo, u*,) re-

quired in the above formulations are taken from the me-

soscale model WRF outputs for dispersion simulation.

3.2 Derivation of new relationships for turbulent

intensities

In the present work, new relations for turbulent intensities

(hereafter called modified Hanna relationships) are derived

from turbulence measurements following Monin–Obukhov

(M–O) similarity theory. The observational data generated

under Round Robin Exercise (RRE-2010) (Srinivas et al.

2011) project aiming to validate various models over

Kalpakkam in different spatial scales are used to develop

season-dependent relationships based on normalized tur-

bulent wind fluctuations (ri/u*; where i = u, v, w) and

stability parameter (z/L).

The analysis is done using the data measured by a fast

response Ultra Sonic Anemometer mounted at 10-m level

on the meteorological tower. The Sonic Anemometer is a

fast response sensor and records all the 3D wind com-

ponents and virtual temperature at 10 Hz and stores in a

campbell data logger. According to Monin–Obukhov

Similarity Theory (MOST) (Businger et al. 1971; Dyer

1974; Stull 1988), when the turbulent fluctuations are

normalized by surface layer scaling parameters (i.e., ri/
u*), we can obtain universal relationships with respect to

the non-dimensional stability parameter (z/L), where z is

the height of measurement and L is the Monin–Obukhov

length. Observation analysis following MOST provides

site-specific relationships. McBean (1971) found that

these relationships depend on the spatial and temporal

inhomogeneities of the atmospheric motions and they are

also dependent on the atmospheric stability. Many in-

vestigators suggest that, only modeling coefficients in

these relationships vary as per site topography and re-

gional atmospheric conditions. Singha and Sadr (2012)

reported that the modeling coefficients are function of

climatic conditions, geographical location of the measur-

ing site, dynamic and the thermal characteristics of the

atmosphere. So these relationships are site specific and

season dependent. Before performing the analysis, first

the data sets are subjected to extensive quality checks.

The technique proposed by Vickers and Mahrt (1996) is

adopted to remove spikes in the data. Using this method,

mean and standard deviation (SD) are computed for a

series of moving windows of length 5 min and the win-

dow moves one point at a time through the series. Any

data point that is more than 3.5 SD from the window

mean is considered as spike and is replaced with value

obtained by linear interpolation between data points. The

method proposed by Wilcjack et al. (2001) is used to

place the sonic coordinates in mean stream direction for

tilt correction and double rotation. Linear detrending is

used to separate the eddy fluxes from the slowly varying

atmospheric motions. Data sets are subjected to spectral

analysis and those falling in Kolmogorov -5/3 inertial

subrange are retained and the data sets that do not satisfy

the universal relationship are rejected.

Fast Fourier Transformation method is used to calculate

the energy spectrum of the 3D wind components. Fourier

transformation converts the time domain into frequency

domain (Kaimal et al. 1972). Eddy covariance method

separates the instantaneous signal into the mean and fluc-

tuating parts (Metzger and Holmes 2008; Vecenaj et al.

2011, 2012). Using Reynolds averaging method, we can

define the mean, variance, covariance and we can simplify

the equations of turbulent flow (Stull 1988). Based on the

assumption of spectral gap presented in horizontal wind

speed spectrum, we separated the instantaneous compo-

nents into mean and fluctuating parts. This spectral gap

separates the large-scale motions from the microscale ed-

dies. The present grid point models use spatial resolutions

in this spectral gap regions, implying that they can resolve

large-scale motions but sub-grid scale features have to be

parameterized. Using Reynolds averaging technique, non-

stationary atmospheric motions are transformed into sta-

tistically stationary time series (Karmen et al. 2012). Even

though turbulent motions are non-stationary, turbulent

flows are statistically stationary (Karmen et al. 2012). This

statistically stationary approach is achieved using the mean

removal or filter. Normally 10–60-min time period is taken

as the averaging time interval (Oncley et al. 1996). For the

present study, 30-min time period is taken as the averaging

period to compute the standard deviation of velocity

components.

From similarity theory, various scaling parameters can

be defined.
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Length scale L ¼ �u3�T

gkw
0
T

0
ð17Þ

Velocity scale u� ¼ u0w02 þ v0w02
� �1=4

ð18Þ

where the prime quantities represent the turbulent fluc-

tuations from the mean. Using these scaling parameters, the

dimensionless standard deviation of the wind components

(ru/u*, rv/u*, rw/u*) can be obtained. According to MOST,

normalized turbulent components of wind (ru/u*, rv/u* and
rw/u*) are universal functions of the stability parameter (z/

L) i.e.,

ri
u�

¼ Ai 1þ Bi

z

L










h iCi

ð19Þ

where i = u, v, w and Ai, Bi and Ci are the site-specific

modeling coefficients. Three stability categories were

identified based on the stability parameter z/L (Golder

1972) as given below

�0:09\ z=L\ 0:09 near neutral

z=L[ 0:09 stable

z=L\ � 0:09 unstable

In the near neutral range (-0.09\ z/L\ 0.09), the

turbulence is assumed to be isotropic and default Hanna

relations are assumed valid. Hence, the relationships are

developed for the stable and unstable categories alone

based on observation analysis in each season. For neutral

conditions, the default Hanna relations are followed. The

data are analyzed seasonally considering a total of 10 days

period in each season i.e., winter (1–10 January 2011),

summer (20–30 April 2011), southwest monsoon (1–15

September 2010) and post-monsoon (20–30 October 2010).

Though a window of 10-day period alone in each season is

considered for analysis, it is designed in such a way that it

falls in the middle of each season, represents major sea-

sonal features, covers fair weather conditions required for

the analysis as well as avoids gaps in observations. The

dispersion parameters in the dispersion model can be pa-

rameterized in terms of the derived turbulent intensities to

estimate the concentrations and for validation with the

observed concentrations.

3.3 Dispersion data

Measured concentrations from a field tracer dispersion

experiment are used to test the new relationships of tur-

bulent intensities in FLEXPART for the site region. The

tracer experiment at Kalpakkam was conducted on a plain

terrain under a southeasterly flow characterized with a

slightly unstable atmosphere on 12 April 2013 (Srinivas

et al. 2013) in a short range of 500 m. During the

experiment, SF6 gas was released at 1 m above ground

level (AGL) using a mass flow controller at a flow rate of 2

lpm (*0.22 g/s) from 8.30 to 9.00 IST.

3.4 Numerical simulations

The derived turbulent intensities are incorporated in the

Lagrangian Particle Dispersion model (LPDM) FLEX-

PART-WRF. Two cases of dispersion simulations are

conducted to test the new relationships. The first case

consists of four sets of simulations of hypothetical release

in four different seasonal conditions over the Kalpakkam

site. This helps to analyze the differences in the spatial

plume simulated up to few tens of kilometers with the two

relationships for turbulent intensities under various sea-

sonal conditions at the site. The second case consists of

simulation for a Tracer Release experiment at Kalpakkam.

In all the cases, the input meteorological fields are

simulated with Advanced Research Weather Research and

Forecast model (ARW).

The ARW model is configured with 4 nested domains

(Fig. 1) with resolutions of 27, 9, 3, 1 km and the inner

most nest covering the study domain with 190 9 190 grids.

A total of 50 vertical levels are used in all cases. The WRF

model was evaluated for the study region in the previous

studies (Hari prasad et al. 2014) for the simulation of near-

surface winds, temperature, humidity and planetary

boundary layer (PBL) structure with different PBL

schemes. It has been found that the model well simulated

various parameters with the Hong et al. (2006) Yonsei

University non-local scheme. Hence, in this study, the YSU

Fig. 1 Domains used in ARW model for Kalpakkam, India

Formulation of stability-dependent empirical relations for turbulent intensities 439

123



scheme is adopted. Second, an option in YSU PBL for

representing the topographic effects on surface winds

(Jimenez and Dudhia 2012) as a function of topographic

height and standard deviation of sub-grid scale orography

is used to obtain realistic simulation of near-surface me-

teorological variables. The other physics options used in

simulations are Kain–Fritsch for convection, RRTM for

longwave, Dudhia scheme for shortwave, Noah land sur-

face model, MM5 surface layer similarity theory. The

National Centre for Environmental Prediction (NCEP)

Global Forecast System (GFS) 50 km resolution meteoro-

logical analysis and 3 hourly forecasts are used for initial

and boundary conditions. For the first case, four simula-

tions are conducted with ARW and the model is initialized

at 00 UTC on 14 January, 12 April, 22 September and 2

October 2010 and integrated for 48 h in each case. For the

second case (Kalpakkam dispersion experiment), ARW is

initialized at 00 UTC on 12 April 2013 and integrated for

24 h.

In all dispersion simulations, the FLEXPART is con-

figured with 200 9 200 horizontal grids each of 100 m

resolution, 11 vertical levels from the surface up to 2000 m

height above ground level (AGL) with the lowest level

between 0 and 25 m AGL. A total of 300,000 pseudopar-

ticles were released in the simulation. In FLEXPART, a

constant time step can be defined in terms of synchro-

nization interval of all processes and this time step is

typically a few hundred seconds. The use of such fast time

step leads to low autocorrelations between turbulent ve-

locity fluctuations, under representation of turbulence in

the boundary layer and underestimation of surface con-

centrations. Hence, in the present work to ensure a more

realistic simulation of PBL transport and concentrations,

the time step is implicitly estimated using Eq. (4) with

controlling parameters ‘CTL’ (limiting factor of time step

for horizontal turbulent winds) and ‘ifine’ (limiting factor

of time step for vertical turbulent winds) defined as 5 and 4,

respectively. The minimum time step used in the model is

1 s. In all cases, simulations are conducted using default

Hanna diffusion scheme as well with modified Hanna pa-

rameterization scheme. Concentrations are sampled at ev-

ery 60 s and averaged over 1800 s and outputs are drawn at

every 3600 s. For the first case, four simulations covering

14–16 January 11 (winter), 12–14 April 11(summer),

22–24 September 10 (monsoon) and 2–4 October 10 (post-

monsoon) are conducted assuming a hypothetical ground

level continuous point source (SF6) of 1 g/s emission rate

located near the coast (12.5584�N, 80.1700�E). For this

case model, simulated turbulent intensities with default

Hanna parameterization and the new scheme are compared

with observed turbulent intensities derived from sonic

anemometer data at observation location Kalpakkam. For

the second case (SF6 tracer experiment at Kalpakkam),

simulation with FLEXPART is conducted for a 24-h period

on 12 April 2013 with a release of 0.22 g/s and the

simulated SF6 mixing rations obtained using default Hanna

and new relationships are compared against measured

mixing ratios.

4 Results

The results of stability-dependent turbulent intensity rela-

tions for various seasons derived using M–O theory are

presented in Sect. 4.1. Further, the results of dispersion

analysis from FLEXPART using the default Hanna scheme

and modified Hanna formulations are discussed in

Sect. 4.2. Subsequently measured air concentration data

obtained from dispersion experiment are used to test the

new turbulent intensity formulations along with statistical

analysis.

4.1 Turbulent intensity relationships

The variation of normalized intensity of turbulence (Di-

mensionless standard deviation of wind components) with

stability parameter (z/L) is shown in Figs. 2, 3, 4, and 5 for

different seasons. It is noted that the clustering of the data

points with stability factor (z/L) is unique in each case. This

shows the variation in turbulence characteristics in differ-

ent seasons. In this plot, continuous line represents the

mean of the scattered data. In all cases, the turbulence

intensity, in general, is noted to increase with z/L i.e., in-

crease in instability. Second, the increasing characteristic

of turbulence intensity is uniquely represented in each of

the momentum components (zonal, meridional and vertical

velocity distributions). The intensities are closely clustered

in January (winter), widely separated in summer (April)

and monsoon (September) and in post-monsoon (October).

The close scatter of turbulence intensities in winter could

be due to production of turbulence mainly by shear in both

day and night times and with similar order of turbulence.

The large scatter of turbulence intensities during summer

and monsoon seasons could be due to large convective

turbulence (buoyancy) in the daytime in comparison to

mechanical (shear) turbulence in the night time. In all the

seasons, the intensities are closely clustered during stable

conditions indicating relatively uniform intensity with

stable stratification. It is seen that the magnitudes of the

intensities are varying between different seasons. In

September (SW monsoon), the growth of (ru/u*) is more

relative to other months. This type of increasing normal-

ized turbulence intensity with instability is more evident in

September, October, April months. But in January, this

type of pattern is not seen due to relatively stable atmo-

spheric stratification. From these plots, we see that the
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variation of turbulence intensity with z/L changes from

season to season. Using trend lines, relationships of tur-

bulent intensity with stability are developed for different

seasons and presented in Table 1. We see that the func-

tional relationships of turbulence intensity with z/L widely

varied with respect to two broad stability types (stable,

unstable) as well as with respect to seasons.

4.2 Plume dispersion analysis in the four seasons

In an attempt to study the variation in the atmospheric

dispersion arising from the use of site-specific turbulent

intensity relationships, we examined the results of disper-

sion simulations made using default Hanna scheme and the

new formulations for few days in different seasons. The

meteorological condition at the site varied with seasons

with large-scale flow as northeasterly during winter,

westerly during summer, southwesterly during monsoon

and southerly during the post-monsoon. The land–sea

breeze is the predominant local-scale flow at the site. The

temporal plume trajectory varied on each day according to

the prevailing large-scale flow pattern and the diurnal local

circulations at the site in these seasons. The plume con-

centration distribution for a unit release of a tracer pollu-

tant (SF6) is presented from the simulations with the

default Hanna’s scheme and the newly arrived (modified)

Hanna scheme for the representative days of each season.

Simulated plume ground level (0–25 m AGL) concen-

tration distribution for the stable and unstable atmospheric

conditions is presented on 14 Jan 2011 in Fig. 6 for the

winter season. This shows the concentration per unit re-

lease (also called the dilution factor) at every point in the

Fig. 2 Variation of normalized

intensity of turbulence of zonal

(u), meridional (v) and vertical

(w) winds at Kalpakkam during

unstable and stable atmospheric

conditions in winter season. Left

panels (a, c, e) are for unstable

and right panels (b, d, f) are for
stable conditions. Top (a, b),
middle (c, d) and bottom (e,
f) panels are for normalized

standard deviations for u, v,

w components, respectively
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plume. For the winter flow condition, the simulated plume

is oriented to south–southwest in the morning stable at-

mosphere and to the southwest in the daytime unstable

atmosphere. While the plume trajectories are not different

in the two simulations, differences are noted in the con-

centration distribution especially during unstable condition.

In both the above conditions, relatively wider plume and

higher concentration are found along plume centerline with

modified Hanna scheme. The wider plume simulated in the

case of modified Hanna scheme is evident from relatively

larger cross-wind dispersion. To study this aspect, the

Gaussian concentration plots across the plume for the

downwind distances of 1, 3, 5, and 7 km from the source

are analyzed (not shown) for unstable condition as an ex-

ample. Here, the stabilities are determined from the non-

dimensional stability parameter (z/L) obtained from WRF

simulations as per Golder (1972) method. It has been found

that as the distance from the source increases, a clear dif-

ference in concentration between the two simulations is

apparent. The normal concentration distribution plots

indicate slightly larger standard deviation with modified

Hanna scheme after 3 km than the Hanna scheme indi-

cating relatively higher diffusion with modified Hanna

scheme.

The changes in diffusivities using the two formulations

for turbulent intensities are analyzed from the time varia-

tion in turbulent intensities in the zonal, meridional and

vertical directions (ru, rv, rw) from simulations with each

of the schemes (Hanna, modified Hanna) and comparison

with corresponding values derived from turbulence obser-

vations at observation location Kalpakkam (Fig. 7). The

observed turbulent intensities are derived from fluctuating

Fig. 3 Variation of normalized

intensity of turbulence of zonal

(u), meridional (v) and vertical

(w) winds at Kalpakkam during

unstable and stable atmospheric

conditions in summer season.

Left panels (a, c, e) are for

unstable and right panels (b, d,
f) are for stable conditions. Top

(a, b), middle (c, d) and bottom

(e, f) panels are for normalized

standard deviations for u, v,

w components, respectively
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wind components (u0, v0, w0) measured by a fast response

Sonic Anemometer at Kalpakkam station as mentioned in

Sect. 3.2. We find that there are large differences in the

simulated turbulent intensities (ru, rv, rw) from both the

simulations especially during daytime unstable conditions

(0400 UTC–1200 UTC) and the differences minimize in

the neutral/stable night conditions. During unstable day-

time condition, it is noted that modified Hanna scheme

provides a better comparison of turbulent intensities with

observed turbulent intensities compared to those obtained

with default Hanna scheme. During the stable condition,

both the schemes (Hanna, revised Hanna) yield similar and

lesser turbulent intensities than the observed values.

Similar results of relatively wider plume with modified

Hanna scheme compared to the default Hanna scheme

are noted in the summer, monsoon and post-monsoon

cases. The wider dispersion of the plume with modified

Hanna scheme is more pronounced in the unstable con-

dition in all these cases (not shown). Similar to the

winter case, the daily cycle of simulated turbulent in-

tensities in these cases indicated that the revised Hanna

scheme gives more closer turbulent intensities to the

observational estimates.

4.3 Comparison with measured concentration data

Hanna relationships for turbulent intensities are considered

as Universal relationships. The reliability of the new for-

mulations derived in the present study is tested using the

measured concentration data from a tracer dispersion

Fig. 4 Variation of normalized

intensity of turbulence of zonal

(u), meridional (v) and vertical

(w) winds at Kalpakkam during

unstable and stable atmospheric

conditions in monsoon season.

Left panels (a, c, e) are for

unstable and right panels (b, d,
f) are for stable conditions. Top

(a, b), middle (c, d) and bottom

(e, f) panels are for normalized

standard deviations for u, v,

w components, respectively
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experiment conducted at Kalpakkam coastal site on 12

April 2013. This experiment was conducted in a short

distance range with a ground level release of SF6 tracer gas

in permissible limited quantities (Srinivas et al. 2013).

Because of small quantities of release, the sampling of the

concentrations is confined to a short distance up to 500 m

from the release point to obtain detectable concentrations

using the Gas Chromatograph. The measured mixing ratios

of SF6 tracer at 16 receptor points distributed between 25

and 500 m distance range in four sectors (100, 200, 300,

and 400 m arcs) are used for the dispersion model com-

parison. To evaluate the dispersion model, statistical ana-

lysis is performed using error metrics of Correlation, root

mean square error (RMSE), Fractional Variance (FS) and

Fractional Bias (FB) as defined in Hanna (1989):

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i�1 ðCp � CoÞ2

N

 !vuut ð20Þ

FB ¼ ðCo � CpÞ=0:5 Co þ Cp

� �
ð21Þ

R ¼
Co � Co

� �
Cp � Cp

� �

rorp
ð22Þ

FS ¼ 2ðro � rpÞ= ro þ rp
� �

ð23Þ

where N is total no. of samples, Co is the observed con-

centration, Cp is the predicted concentration, ro, rp are the
standard deviations of observation and predicted concen-

tration, respectively, and the overbars represent the average

of the variables.

Fig. 5 Variation of normalized

intensity of turbulence of zonal

(u), meridional (v) and vertical

(w) winds at Kalpakkam during

unstable and stable atmospheric

conditions in post-monsoon

season. Left panels (a, c, e) are
for unstable and right panels (b,
d, f) are for stable conditions.

Top (a, b), middle (c, d) and
bottom (e, f) panels are for

normalized standard deviations

for u, v, w components,

respectively
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The scatter plot for model predicted concentrations

versus observed concentrations is presented in Fig. 8. It is

seen that the predicted concentrations using modified

Hanna scheme are in better agreement with the observed

concentrations with higher correlation and lesser standard

deviations as compared to the default Hanna scheme.

The concentration distribution at different arc distances

25, 50, 100, 200 m (Fig. 9) shows that the modified Hanna

turbulent intensity relationships provide lesser concentra-

tion (i.e., larger dispersion) than the default Hanna scheme.

The differences between the two schemes are noted to

gradually increase away from the source point. Intercom-

parison of measured and simulated SF6 mixing ratio shows

that at all distances along the plume centerline, the new

relationships provide lesser concentration indicating higher

diffusivity in comparison to the Hanna scheme. Across the

plume at all the distances, the new relationships (modified

Hanna scheme) provide lesser concentrations indicating

higher diffusivity relative to the model default Hanna

scheme. Modified Hanna scheme has given more

horizontal spread than the default Hanna scheme and it is

comparable to the observed cross-wind horizontal spread

with higher correlations, lesser fractional bias and lesser

rmse relative to Hanna scheme (Table 2).

The simulated plume centerline concentrations using

Hanna and modified Hanna schemes at different down-

wind distances (25, 50, 100, 200, 300, 400, 500, 600, 700,

800, 900 and 1000 m) are compared with measured

concentrations and estimated values using classical

Gaussian Plume dispersion model (GPM) and using same

release and meteorological data inputs (wind speed, sta-

bility) as in FLEXPART (Fig. 10). While simulated cen-

terline concentration with both Hanna and modified

Hanna schemes of FLEXPART shows reasonable

agreement with measured data, GPM indicates higher

concentrations up to a downwind distance of 250 m. Up

to 200 m distance, both Hanna and modified Hanna

scheme produced slightly higher concentrations relative to

measurements. Appreciable differences in concentrations

from Hanna and modified Hanna scheme are noticed

below 100 m (near source) and above 500 m (away from

source). The concentrations generated with modified

Hanna scheme follow closely those obtained from GPM

after 600 m distance.

5 Conclusions

Atmospheric turbulence data from a fast response Sonic

Anemometer are analyzed for four seasons at the tropical

coastal site Kalpakkam. Stability-dependent turbulent in-

tensity relationships are derived from the turbulence mea-

surements. The use of the new relationships for turbulent

intensity (modified Hanna scheme) indicated wide differ-

ences in the diffusion parameterization among the four

seasons. The semi-empirical formulations during summer

and monsoon seasons produced relatively large turbulent

intensities relative to the winter and post-monsoon condi-

tions. The new relationships for turbulent intensity are in-

corporated in FLEXPART- WRF dispersion model and are

tested for the four seasonal cases. An intercomparison of

simulated turbulent intensities ru, rv, rw with FLEXPART

with observed turbulence data (derived using Sonic

Anemometer data) indicated the new relationships called

the ‘modified Hanna’ provided better comparisons. It is

found that the default Hanna scheme provides lesser tur-

bulent intensities than observational estimates for all the

three components ru, rv, rw. The higher diffusion with new

Table 1 New relations between normalized intensity of turbulence to atmospheric stability in different seasons for Kalpakkam station

1–10 January 2011 21–30 April 2011 1–15 September 2010 20–30 October 2010

Unstable conditions

ru
u�

¼ 1:83 1� 4:98
z

L

� �1=3

rv
u�

¼ 1:92 1� 9:56
z

L

� �1=3

rw
u�

¼ 1:07 1� 1:21
z

L

� �1=3

ru
u�

¼ 1:77 1� 3:36
z

L

� �1=3

rv
u�

¼ 1:69 1� 3:91
z

L

� �1=3

rw
u�

¼ 1:16 1� 1:21
z

L

� �1=3

ru
u�

¼ 2:52 1� 2:02
z

L

� �1=3

rv
u�

¼ 1:92 1� 9:8
z

L

� �1=3

rw
u�

¼ 1:15 1� 3:55
z

L

� �1=3

ru
u�

¼ 1:72 1� 5:18
z

L

� �1=3

rv
u�

¼ 1:81 1� 1:6
z

L

� �1=3

rw
u�

¼ 1:1 1� 1:91
z

L

� �1=3

Stable conditions

ru
u�

¼ 2:01 1þ 1:21
z

L

� �1=3

rv
u�

¼ 1:51 1þ 0:65
z

L

� �1=3

rw
u�

¼ 1:17 1þ 0:65
z

L

� �1=3

ru
u�

¼ 2:11 1þ 0:31
z

L

� �1=3

rv
u�

¼ 1:74 1þ 1:81
z

L

� �1=3

rw
u�

¼ 1:3 1þ 1:01
z

L

� �1=3

ru
u�

¼ 2:24 1þ 6:98
z

L

� �1=3

rv
u�

¼ 2:105 1þ 8:6
z

L

� �1=3

rw
u�

¼ 1:37 1þ 1:04
z

L

� �1=3

ru
u�

¼ 1:86 1þ 3:18
z

L

� �1=3

rv
u�

¼ 1:57 1þ 4:4
z

L

� �1=3

rw
u�

¼ 1:1 1þ 1:11
z

L

� �1=3
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scheme is also noticed in the simulated plume concentra-

tion pattern of the four seasonal cases. To confirm the

above results, data obtained from a field tracer dispersion

experiment held on 12 April 2013 during a southeasterly

flow condition at the Kalpakkam coastal site are used for

comparisons. Simulations with the Hanna scheme and the

modified Hanna scheme and their comparisons with actual

concentrations obtained from the experiment clearly indi-

cated that the modified Hanna scheme gives lesser con-

centrations than the model default Hanna scheme.

Statistical analysis of the simulated concentrations with

observations clearly shows that the modified Hanna scheme

produces better comparisons with the observations in terms

of reduction in RMSE, Fractional Bias, Fractional Variance

Fig. 6 Simulated plume dilution factor (g/m3) for the winter case on

14 Jan 2011. The top panels (a, b) are for stable atmospheric

conditions and bottom panels (c, d) are for unstable conditions. Left

panels (a, c) are for model default Hanna’s diffusivities and right

panels (b, d) are for modified Hanna’s relationships
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and higher correlation. The study demonstrates that the

Hanna turbulent diffusion relations are not universal for all

the sites and for all the seasonal conditions and that it is

required to generate site- and season-specific, stability-

dependent turbulent intensity relations for diffusion pa-

rameterization and dispersion assessment. The above

Fig. 7 Comparison of model derived turbulent intensities with default Hanna and modified Hanna relations along with observational estimates

a ru, b rv, c rw for the winter case during 14–16 Jan 11 at Kalpakkam station

Fig. 8 FLEXPART predicted

versus observed SF6 mixing

ratio using Hanna and modified

Hanna diffusion relations for the

dispersion experiment on 12/04/

2013
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results clearly demonstrate that the derived turbulent in-

tensity relationships provide better agreement of concen-

trations with experimental data sets collected at the tropical

coastal site Kalpakkam in India in terms of better cross-

wind horizontal plume dispersion relative to the default

Hanna scheme. The new relationships find potential ap-

plication for assessing the industrial plume concentration

or radioactive dose estimates for environmental impact

under various prevailing weather conditions at the Kal-

pakkam site.
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