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Abstract—The land—sea breezes (LSBs) play an important role
in transporting air pollution from urban areas on the coast. In this
study, the Advanced Research WRF (ARW) mesoscale model is
used for predicting boundary layer features to understand the
transport of pollution in different seasons over the coastal region of
Chennai in Southern India. Sensitivity experiments are conducted
with two non-local [Yonsei University (YSU) and Asymmetric
Convective Model version 2 (ACM?2)] and three turbulence kinetic
energy (TKE) closure [Mellor-Yamada—Nakanishi and Niino
Level 2.5 (MYNN2) and Mellor—Yamada—Janjic (MYJ) and quasi-
normal scale elimination (QNSE)], planetary boundary layer (PBL)
parameterization schemes for simulating the thermodynamic
structure, and low-level atmospheric flow in different seasons.
Comparison of simulations with observations from a global posi-
tioning system (GPS) radiosonde, meteorological tower, automated
weather stations, and Doppler weather radar (DWR)-derived wind
data reveals that the characteristics of LSBs vary widely in dif-
ferent seasons and are more prominent during the pre-monsoon and
monsoon seasons (March—September) with large horizontal and
vertical extents compared to the post-monsoon and winter seasons.
The qualitative and quantitative results indicate that simulations
with ACM2 followed by MYNN2 and YSU produced various
features of the LSBs, boundary layer parameters and the thermo-
dynamical structure in better agreement with observations than
other tested physical parameterization schemes. Simulations
revealed seasonal variation of onset time, vertical extent of LSBs,
and mixed layer depth, which would influence the air pollution
dispersion in different seasons over the study region.
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Electronic supplementary material The online version of this
article (doi:10.1007/s00024-017-1662-3) contains supplementary
material, which is available to authorized users.

' Centre for Remote Imaging Sensing and Processing, Na-

tional University of Singapore, Singapore, Singapore.

2 Radiological Safety Division, Health, Safety and Environ-
ment Group, Indira Gandhi Centre for Atomic Research, Homi
Bhabha National Institute, Kalpakkam 603102, India. E-mail:
venkatasrinivasc @yahoo.com; cvsri@igcar.gov.in

3 Centre for Oceans, Rivers, Atmosphere and Land Sciences,
Indian Institute of Technology Kharagpur, Kharagpur 721302,
India.

1. Introduction

The meteorological conditions, convection, local
climate, and air quality in coastal areas are influenced
by the thermally driven land—sea-breeze (LSB)-type
mesoscale systems (Suresh 2007). The sea-breeze
circulations cause air pollution impacts in urban
coastal regions by transporting the air pollutants from
nearby emission sources (Bouchlaghem et al. 2007)
and marine pollutants to the inland areas (Reche et al.
2011). The LSBs are a thermally generated mesoscale
circulation due to land-sea differential heating and
associated low-level pressure gradient in the atmo-
sphere. These systems follow a clear diurnal cycle
and re-circulate the emissions from local sources to
the land areas. The LSBs are studied both observa-
tionally and numerically over various regions
including tropical Indian coasts (Lasry et al. 2005; Li
et al. 2013; Luhar and Hurley 2003; Mahrer and
Pielke 1977; Melas et al. 1995; Simpson et al. 2007;
Suresh 2007; Srinivas et al. 2007, 2015) to under-
stand their implications in air pollution transport and
local weather.

Regional meteorological factors such as low-level
atmospheric  circulation, atmospheric moisture,
atmospheric stability conditions, mixed layer heights,
mountain—valley flows and LSBs, etc., influence the
air pollution dispersion and air quality (Panda et al.
2009; Panda and Sharan 2012; Seaman 2000; Srini-
vas et al. 2007; Madala et al. 2015a, b). The sea
breeze in tropical coastal regions is particularly
interesting due to strong daytime heating and result-
ing intensive low-level circulations that influence air
pollution transport as well as local convection (Liu
and Chan 2002). The sea-breeze characteristics such
as timing, intensity, its dynamics, and horizontal
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extents may be influenced by the urban environments
near the coast due to heat island effects and interac-
tion of sea breeze front with urban features (Joseph
et al. 2008; Li et al. 2013; Yoshikado 1994; Ohashi
and Kida 2002).

Chennai city (13°04'N, 80°17'E) situated in the
southeast coast of India has plain topography (6 m
above mean sea level) and is the capital of Tamil-
nadu. The city frequently experiences sea-breeze
circulation due to intense heating and large land—sea
temperature gradients. The city has many pollutant
sources such as power plants, industries as well as
large mobile pollution and various anthropogenic
activities (Jayanthi and Krishnamoorthy 2006;
Srimuruganandam and Shiva Nagendra 2011; Thila-
garaj et al. 2014). Srinivas et al. (2006, 2007) using
MMS5 mesoscale model for a rural area Kalpakkam
south of Chennai on the southeast coast showed that
the characteristics of sea breeze and coastal boundary
layer vary in different seasons according to the pre-
vailing large-scale winds and surface fluxes.
Observational analysis on the sea-breeze events along
the east coast around Chennai (Simpson et al. 2007)
indicates sea-breeze circulation occurs for over
70-80% of time in the summer months and it is the
main mechanism responsible for most of the con-
vective rainfall during summer monsoon over this
region. Venkatesan et al. (2009) using a simple
mesoscale model showed that significant changes
occur in the surface meteorological variables and
low-level circulation over Chennai as a result of sea
breezes in the pre-monsoon period. Doppler weather
radar (DWR) observations over Chennai city indicate
that the frequency of sea breeze in Chennai is greater
during the southwest monsoon season (June—
September) and sea breeze extends in majority of the
cases up to 50-km inland with the mean depth of the
circulation varying between 300 and 1000 m (Suresh
2007). In addition, mini-SODAR observations at a
nearby station Kalpakkam indicate typical onshore
vertical winds of 2.0-2.5 ms~! (Prabha et al. 2002).
The above review shows that studies on sea breeze
over Chennai region are limited to summer season
and it is required to analyze the boundary layer wind
field in various seasons to understand the role of
synoptic flow on the sea-breeze characteristics for
impact on air pollution transport. Furthermore, the
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modeling studies on LSBs over Chennai city are
limited to few cases and do not offer comparison with
vertical observations such as DWR data, which is
advantageous in analyzing the sea breeze and asso-
ciated mesoscale flow systems (Ruscher et al. 1995)
for validation. In the present study, an attempt is
made to study the performance of ARW mesoscale
model to simulate the seasonal characteristics of
LSBs over the Chennai city and validate the features
with various surface and upper air observations
including DWR data. The characteristics of mesos-
cale wind field, coastal boundary layer in and around
Chennai in different seasons under various synoptic
flow are analyzed from model simulations. This paper
is organized as follows. In Sect. 2, we provide the
details of data used and methodology for numerical
simulations. Results of numerical experiments are
presented in Sect. 3 and Sect. 4 provides the main
conclusions of the study.

2. Data and Methodology

2.1. Data

In the present study, several sources of observa-
tions are used for model validation. They comprise
data from 50-m micrometeorological tower situated
at Sathyabama University, Chennai, 12 automated
weather stations (IIT, Chennai, MC ENG. Magaral,
Chennai, JEC Thiruninaravur, Chinna Semavaram
Ponneri, Ponneri thaluk office road, Vellammal, Red
Hills, Cholavaram, Tamapakkam, Koduvalli, Air
Force Station Tambaram and MSSRF Taramani,
Chennai) of Indian Space Research Organization,
DWR data on winds from Cyclone Detection Radar
(CDR) Station, India Meteorological Department
(IMD), Chennai, India, and one daily upper air
radiosonde observations of IMD, Chennai. The
measured parameters from the 50-m tower are air
temperature (AT) (°C), relative humidity (RH) (%),
wind speed (WS) (ms™ "), and wind direction (WD)
(°) at five different heights, 2, 8, 16, 32, and 50 m.
The data from automated weather station consist of
AT, RH, WS, and WD downloaded from Meteoro-
logical and Oceanographic Satellite Data Archival
Centre (MOSDAC) (http://www.mosdac.gov.in). The
horizontal winds at different heights derived from
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DWR, Chennai are used for comparison of simulated
winds.

2.2. Model Configuration and Experiment Design

The ARW (Version 3.2) 3D non-hydrostatic
mesoscale model is used in the present study. The
model consists of Eulerian mass solver with fully
compressible non-hydrostatic equations, terrain fol-
lowing vertical coordinate and staggered horizontal
grid with complete Coriolis and curvature terms
(Skamarock et al. 2008).

To study the role of synoptic flow in the
development of sea-breeze circulation, simulations
are performed for 8 days characterized with fair
weather in different seasons. The selected dates for
simulations are 21-29 January 2011 representing
winter season, 06—14 April 2011 representing pre-
monsoon season, 03-07 and 12-16 August 2011
representing monsoon season, and 07—15 November
2011 representing post-monsoon season as per avail-
ability of observations for model validation.

The ARW model is designed with 3 nested
domains with grid resolutions of 27, 9, and 3 km
and 51 unequally spaced vertical eta levels and the
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model top is fixed at 50 hPa. The outer domain (d01)
covers a larger region with 27-km resolution and
60 x 61 grids, second inner domain (d02) has 9-km
resolution with 100 x 100 grids, and innermost
domain (d03) has 3-km resolution with 121 x 121
grids (Fig. 1a). The second and third nests are two-
way interactive domains. The initial and boundary
conditions are derived from 6 hourly, 1° x 1° reso-
lution National Centres for Environmental Prediction
(NCEP) FNL data. The United States Geological
Survey (USGS) topography and vegetation data (25
categories) and Food and Agriculture Organization of
the United Nations (FAO) Soils data (17 categories)
with resolutions 5, 2 m, and 30 s (0.925 km) avail-
able as part of WRF data library are used to define the
lower boundary conditions. The spatial terrain eleva-
tion in the inner third domain is shown in Fig. 1b.
The model is initialized at 0000 UTC and integrated
for a period of 48 h in all the simulations starting on
21, 23, 25, and 27 January 2011 for winter season, 06,
08, 10, and 12 April 2011 for pre-monsoon season,
03, 05, 12, and 14 August 2011 for monsoon season,
and 07, 09, 11, and 13 November 2011 for post-
monsoon season. The first 6-h period is considered
for model-spin up for each simulation.
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Figure 1
Domains used in the ARW model



504 S. Madala et al.

2.3. Sensitivity Experiments

In numerical models, the planetary boundary layer
(PBL) and land-surface processes influence the
characteristics of LSBs by affecting the land-sea
temperatures and the surface fluxes (Hariprasad et al.
2014; Panda and Sharan 2012; Perez et al. 2006;
Prtenjak and Grisogono 2002; Srinivas et al. 2007,
DWR, Chennai are compared with model simula-
tions). Hence, in the present study, sensitivity
experiments are conducted with different PBL
physics, namely, two non-local schemes [Yonsei
University (YSU) and Asymmetric Convective
Model version 2 (ACM2)] and three local turbulence
kinetic energy (TKE) closure [Mellor—Yamada—
Nakanishi and Niino Level 2.5 (MYNN?2), Mellor—
Yamada—Janjic (MYJ), and quasi-normal scale elim-
ination (QNSE)]. In the local-closure schemes (MY,
MYNN?2, and QNSE), the turbulent fluxes are derived
from known quantities or their vertical derivatives at
the same grid point. In contrast, the non-local-closure
schemes (YSU and ACM2) relate the turbulence
fluxes to known quantities at any number of grid
points elsewhere in the vertical. The YSU and ACM2
use first-order closure following the gradient trans-
port K theory, where the second moments are
parameterized. In the higher order local diffusion
schemes (MYJ, MYNN?2, and QNSE), eddy diffusiv-
ity coefficients for momentum and heat are
parameterized through the predicted turbulence
kinetic energy (TKE) and a non-dimensional stability
function. In the non-local diffusion schemes (YSU
and ACM?2), a correction term called ‘counter
gradient flux’ to represent effects of large-scale
eddies is applied in the diffusion equations. The
empirical formulations of the PBL schemes are
described elsewhere (e.g., Skamarock et al. 2008;
Shin and Hong 2011; Xie et al. 2012; Madala et al.
2014; Hariprasad et al. 2014).

2.4. Model Validation and Statistical Evaluation

Simulated surface meteorological variables are
compared against observations of AT, RH at 2 m, and
WS, WD at 10 m above ground level (AGL)
measured at Sathyabama University tower and 12
automated weather stations. The vertical profiles of
wind, relative humidity, and potential temperature
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during the study period are validated with daily upper
air radiosonde observation of IMD, Chennai. The
model time-height section of horizontal wind and
vertical extent of sea breeze are compared with DWR
data at CDR station, IMD, Chennai. The model
variables are extracted from the nearest grid points to
observation locations used for comparisons. Results
are compared both qualitatively and quantitatively
following standard procedures. The quantitative per-
formance is assessed by computing error statistics
such as mean bias (MB), mean absolute error (MAE),
root mean square error (RMSE), and correlation
coefficient (CC) between model outputs and
observations.

3. Results and Discussion

The simulations of 8 days in each season are
analyzed. Typical results of temporal and spatial
variation in the flow field, vertical structure of the
horizontal circulation, boundary layer height and
diurnal variation in the surface meteorological
parameters as well as thermo-dynamical structure of
the lower atmosphere on few representative days are
discussed below. The results are shown mostly from
the simulation ACM2 for non-local PBL schemes
(YSU and ACM2) and MYNN2 for local diffusion
schemes (QNSE, MYJ, and MYNN2) due to small
differences in results among these classes of PBL
schemes.

3.1. Simulated Boundary Layer Flow Field
in Different Seasons

The flow field characteristics at Chennai are
diurnally and seasonally variable as evident from
the following discussion. The spatial wind field,
temperature as well as PBL height (PBLH) are
examined from the high-resolution inner most
domain (d03) to analyze the timing, horizontal, and
vertical extents of LSB circulations in and around
Chennai in different seasons. The simulation on
typical winter day 24 January 2011 indicated preva-
lence of land breeze in the morning at 0100 UTC
(0630 IST) and sea breeze in the afternoon at 0800
UTC (1330 IST), respectively (figures not shown).
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The background flow in the winter case (24 January
2011) is northerly. The simulation at 0800 UTC
(1330 IST) (in the afternoon) shows prevalence of sea
breeze all over the domain along with formation of a
shallow thermal internal boundary layer (TIBL) at the
coast (Gryning and Batchvarova 1990) in all the
simulations (figure not shown). The horizontal wind
observations from DWR, Chennai are compared with
model simulations shown in Figs. 2a, b and 7a, b,
respectively (0000-2330 UTC on 24 January 2011
for winter season, 0000-2330 UTC on 13 April 2011
for pre-monsoon season, 0000-2330 UTC on 13
August 2011 for monsoon season, and 0000-2330
UTC on 10 November 2011 for post-monsoon
season). The extent of the mesoscale circulations is
examined from the vertical section of DWR-derived

(a) 24 January 2011
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horizontal winds at different levels in the atmosphere
up to 2.4 km. For the winter case (24 January 2011),
it is seen that the winds above 1.5 km above ground
level (AGL) are easterly and the winds below 1.5 km
turn to be north-northeasterly representing boundary
layer shear. A small diurnal variation of winds is seen
in the lower 0-500-m layer. The flow in this layer is
seen to be northerly during stable morning hours,
north-northeasterly from 0100 to 0700 UTC
(0630-1230 IST) and then turn as strong northeast-
erly (~8 ms™') indicating sea-breeze regime until
1200 UTC (1730 IST). The flow in the 0-500-m layer
changes as east-northeasterly after 1200 UTC (1730
IST) and then finally changes as northerly by 1600
UTC (2130 IST) indicating the changeover as large-
scale winds. Thus, the DWR wind observations show
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Figure 2
Time-height section of horizontal wind estimated form DWR at CDR station, IMD, Chennai during a 0000-2330 UTC on 24 January 2011
for winter case and b 0000-2330 UTC on 13 April 2011 for pre-monsoon case
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Figure 3

Time-height section of simulated horizontal winds corresponding to CDR station, IMD, Chennai during 00002330 UTC on 24 January 2011
for winter case

the occurrence of sea breeze 0700-1200 UTC
(1230-1730 IST) as northeasterly winds during the
winter case. The time-height section of WRF simu-
lated winds for 24 January 2011 (winter season)
(Fig. 3) indicates that the wind shear in the lower 2.4-
km layer is well-represented in simulations with
different PBL physics cases. The mesoscale flow
extends vertically to 1.2 km in YSU and ACM2;
0.9 km in QNSE and MY]J, and 0.4 km in MYNN2
indicating simulation of deep cells of sea-breeze
circulations with non-local mixing schemes (YSU
and ACM?2) similar to Srinivas et al. (2015). The
diurnal flow variation in the lowest 500-m layer is
simulated in good agreement with DWR-observed
winds in all the five PBL physics.

Simulated flow field for a typical day 13 April
2011 in the pre-monsoon season (figure not shown)
indicated land breeze comprising calm westerly
winds in the southern and central parts and moderate
southwesterly flow in the northern parts in the
morning time (0100 UTC/0630 IST). All the simu-
lations show the development of southeasterly
mesoscale sea-breeze circulation at 0600 UTC
(1130 IST) (Fig. 4), indicating early onset of sea
breeze by ~1% h in summer compared to winter
case. The sea breeze covers entire domain by 0600
UTC (1130 IST) in YSU, MYNN?2, and ACM2, while

it is confined to ~20 km from the coast in QNSE and
MYJ. A few differences in simulated flow field in
different PBL cases are due to the variation in the
eddy diffusivities and the resulting differences in
winds. The winds are stronger in the simulations
YSU, QNSE, and MYNN2 compared to MYJ and
ACM?2. This suggests that the pollutant plumes would
be transported more rapidly leading to lesser pollu-
tant concentrations when meteorological fields are
used from simulations with YSU, QNSE, and
MYNN?2 as reported in recent studies (Madala et al.
2016). In all the simulations, calm winds are noticed
in the land areas before the sea breeze extends inland
(not shown). The calm winds lead to poor dispersion
of air pollutants and cause stagnation resulting in
high ground-level concentration of pollutants (Goyal
and Rama Krishna 2002; Sharan et al. 1995). The sea
breeze extended all over the domain by 0800 UTC
(1330 IST) in all simulations (figure not shown). In
the daytime at 0600 UTC (1130 IST), deep-mixed
layers (~1300 m) are simulated in all the PBL
schemes except QNSE which produced very deep
boundary layers (~ 1800 m) (Fig. 4). Along the coast
relatively shallow boundary layers (250-750 m)
indicating formation of TIBL simulated in all the
PBL schemes. The mixed layer over land region has
grown to 2000 m in all the PBL schemes except
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Figure 4
Simulated surface-level wind vectors, temperature, and planetary boundary layer (PBL) height for inner most domain (d03) on 13 April 2011
(pre-monsoon case) at 0600 UTC (sea-breeze onset) from simulations with different PBL schemes

QNSE, which produced a very deep-mixed layer
(2700 m). The time-height section of Doppler radar
wind observations on 13 April 2011 (Fig. 2b) shows
the large-scale easterly winds above 1.2-km AGL
throughout the day. In the lower 1-km region, the
winds exhibit significant shear as well as large diurnal
variability of flow in agreement with earlier studies at
the southeast coast (Srinivas et al. 2007). In the lower
500-m layer, the winds are westerly in the morning
until 0200 UTC (0730 IST), southwesterly until 0300
UTC (0830 IST), and southerly from 0330 UTC
(0900 IST). The winds become strong (~ 8 ms 1)
and turn as southeasterly from 0500 UTC (1030 IST)
to 1400 UTC (1930 IST) indicating the development
of sea-breeze circulation. Thereafter, the flow
changes as southerly until 2130 UTC (0400 IST)
and then from 2230 UTC (0500 IST) onwards as
westerly and northwesterly indicating land breeze.
The DWR wind observations show the mesoscale
circulations to extend up to 1000 m vertically in the
boundary layer, where pollution dispersion occurs.
The strength, inland, and vertical extents of such
mesoscale flows determine the air quality in the
coastal areas. The time-height section of model
simulated horizontal winds for 13 April 2011 (pre-
monsoon season) (Fig. 5) shows the northwest-
erly/southwesterly winds in the morning time and
development of mesoscale southeasterly sea breeze in

the daytime which is slightly different in different
PBL schemes. These local circulations cause impact
in the downwind areas in the northwestern, northern
and northeastern sectors by transporting effluent
releases from tall industrial stacks in summer
(Madala et al. 2016). The onset of sea breeze is little
early (i.e., from 0500 UTC/1030 IST) in ACM2,
YSU, and MYNN2 and delayed by 1 h in the cases
QNSE and MY]J. Furthermore, large shear in the
boundary layer winds is noticed in the simulations
with higher order turbulence closure physics QNSE,
MY]J, and MYNN?2 as compared to the non-local first-
order closures YSU and ACM2, indicating stronger
shear turbulence and hence larger dispersion in the
former (Madala et al. 2016).

The synoptic winds in the study domain on a
typical day 13 August 2011 in southwest monsoon
season are strong westerly/southwesterly. The south-
westerly winds offer strong opposing force to the
mesoscale sea-breeze winds and lead to either
suppression or late onset of sea breeze in this season
(Srinivas et al. 2005). However, the opposing synop-
tic winds produce intense sea-breeze fronts due to
strong convergence in the lower levels lading to
convection (Srinivas et al. 2006, 2007). The simu-
lated low-level flow field in the daytime at 1000 UTC
(1530 IST) indicates strong (~6 ms_l) westerly
winds over the land areas and the incidence of
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Figure 5

Time-height section of simulated horizontal wind corresponding to CDR station, IMD, Chennai during 0000-2330 UTC on 13 April 2011 for
pre-monsoon case

southeasterly onshore winds at the coast (not shown).
Simulated flow fields from experiments with different
PBL physics for afternoon on 13 August are shown in
Fig. 6. Onset of sea breeze is seen at 1000 UTC (1530
IST), indicating that a delay of about 4 h in sea-
breeze onset compared to summer season and the
inland extent of sea breeze are confined to a small
fetch (~ 20 km) across the coast (Fig. 6). A complete
development of sea breeze extending to about 50 km
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across the coast is noticed at 1300 UTC (1830 IST)
(figure not shown). The inland extent of sea breeze
differently simulated in different PBL physics. Both
non-local schemes (YSU and ACM?2) predicted the
sea breeze to prevail up to 35—45 km across the coast,
while the TKE closures (QNSE, MYNN2, and MYJ)
simulated the inland extent as 45-60 km. A shallow
boundary layer indicating formation of TIBL (Gryn-
ing and Batchvarova 1990) is seen near the coast.
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Figure 6
Simulated surface-level wind vectors, temperature and planetary boundary layer height for inner most domain (d3) at on 13 August 2011

(monsoon case) at 1000 UTC (sea-breeze onset) from simulations with different PBL schemes a MYNN2 and b ACM2
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Figure 7
Time-height section of horizontal wind estimated from DWR at CDR station, IMD, Chennai during a 0000-2330 UTC on 13 August 2011 for
monsoon case and b 0000-2330 UTC 10 November 2011 for post-monsoon case

While MYNN2, YSU, ACM2, and MY] predicted a
shallow TIBL (100-250 m), the QNSE predicted
relatively deep coastal boundary layer (~750 m) in
agreement with the results at Kalpakkam coast
(Hariprasad et al. 2014).

The time-height section of DWR-derived hori-
zontal winds on 13 August 2011 (monsoon season) at
Chennai shows northerly and northwesterly winds
above 2-km AGL (Fig. 7a). The winds in the lower
500-m layer are noted to be westerly from 0000 UTC
(0530 IST) to 1000 UTC (1530 IST). Subsequently,
southerly and southeasterly sea breeze prevailed until
1900 UTC (0030 IST). The vertical section of
simulated horizontal winds for 13 August 2011
(figure not shown) shows an early onset of sea breeze
confined to a very shallow layer of about 800 m in all

PBL schemes. There are some differences especially
in the layer above 600 m in which the observations
indicated northerly winds, while the model predicted
westerly component. Under these diurnally varying
flows, the pollutant plumes would be transported to
north, northeast, and eastern sectors in monsoon case
(Madala et al. 2016).

In the case of post-monsoon season (10 November
2011), the simulated morning time winds are noticed to
be northwesterly (figure not shown) in all the PBL
physics cases and associated with very shallow
stable boundary layers (~ 150 m). During daytime at
0500 UTC (1030 IST), the low-level winds turn to be
northerly in the eastern parts and north-northeasterly in
the western parts, and subsequently, the winds turn as
northeasterly in all the simulations (figure not shown).
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However, these northeasterly winds represent synoptic
scale flow in this post-monsoon season. These features
are well-supported by the DWR-derived horizontal
winds (Fig. 7b). The observed DWR winds are most of
the time northerly with small diurnal variation in flow
above 300-m AGL (Fig. 7b). In the lowest 300-m
layer, the winds are noted to be westerly/northwesterly
from 0000 UTC (0530 IST) to 0500 UTC (1030 IST).
Subsequently, the winds change as northerly until 1000
UTC (1530 IST) and then as north-northeasterly until
1200 UTC (1730 IST) indicating modest diurnal
variation of winds in the lower boundary layer during
the post-monsoon season. The above features agree
well with the DWR wind observations (Fig. 7). The
land-breeze regime is simulated as 8 h [from 1900
UTC (0030 IST) to 0300 UTC (0830 IST)] with YSU,
QNSE, MYNN2, and ACM2 and as 6 h [from 2300
UTC (0430 IST) to 0300 UTC (0830 IST)] with MYJ
scheme. This indicates that that the pollutant plumes in
Chennai would be transported to southwest sector in
the post-monsoon season as also recently reported by
Madala et al. (2016). Relatively stronger dispersion is
expected in the cases YSU and ACM?2 due to stronger
winds.

The characteristics of LSB circulations simulated
by ARW in different seasons with different PBL
schemes are presented in Table 1. Observations and
simulations both indicate (Table 1) longer duration of

Pure Appl. Geophys.

monsoon (~6h) and post-monsoon (~3h). In
winter, the sea breeze merges with the synoptic flow
and the exact duration is not well-defined. The sea
breeze prevails for ~5-6 h during monsoon depend-
ing on the large-scale flow, cloud cover, and the land-
surface heating (Srinivas et al. 2006). All the
simulations indicate an early onset of sea breeze in
pre-monsoon (0400 UTC/0930 IST) followed by
monsoon (0800 UTC/1330 IST). The sea breeze
extends vertically up to ~900 m in pre-monsoon,
~ 800 m in monsoon, and ~400 m in post-monsoon
season. The YSU, ACM2, and MYNN2 simulate
early onset, longer duration, and more intensity with
deeper sea-breeze cells in all the seasons, respec-
tively. These circulation features suggest widely
varying pollutant dispersion patterns in Chennai in
different seasons (Madala et al. 2016).

3.2. Flow Field Across the Coast

The vertical section of the circulation (U and
W wind vectors) and potential temperature in the
boundary layer along the Chennai city latitude (13°N)
and across land and sea from 79.8°E to 80.8°E at day
time 0700 UTC (1230 IST) is analyzed from the
high-resolution inner most domain (d03) on 13 April
2011 (Fig. 8) for pre-monsoon case, where the sea
breeze is developed more predominantly. Variations

sea breeze during pre-monsoon (~ 12 h) followed by in the wind field and potential temperature
Table 1
Results of simulation in different cases of PBL parameterisation schemes for all seasons

Season Parameter Observation  YSU QNSE MYNN2 MY] ACM2

Winter Sea-breeze onset (UTC) 0700 0600 0600 0600 0500 0600
Duration of sea breeze (UTC) 0700-1700 0600-1800  0600-1800  0600-1700  0500-1700  0600-1700
Vertical extent of sea breeze (m)  Not clear Not clear Not clear Not clear Not clear Not clear
Intensity of sea breeze (ms™h) 4 4.6 7.5 5.2 6.8 5

Pre-monsoon Sea-breeze onset (UTC) 0500 0500 0600 0500 0500 0400
Duration of sea breeze (UTC) 0500-1700 0500-1700  0600-1600  0500-1600  0500-1600  0400-1700
Vertical extent of sea breeze (m) 900 900 1000 800 800 800
Intensity of sea breeze (ms™ ') 4.2 5.0 6.2 5.0 6.0 5.0

Monsoon Sea-breeze onset (UTC) 1000 0900 0900 0900 0900 0900
Duration of sea breeze (UTC) 1000-1700 0900-1700  0900-1700  0900-1700  0700-1700  0700-1700
Vertical extent of sea breeze (m) 800 700 500 600 500 800
Intensity of sea breeze (ms™h) 5.5 3.8 5.8 3.8 5.5 3.9

Post-monsoon  Sea-breeze onset (UTC) 0800 0600 0700 0600 0700 0600
Duration of sea breeze (UTC) 0800-1200 0600-1200  0700-1400  0600-1400  0700-1400  0600-1400
Vertical extent of sea breeze (m) 400 500 500 600 600 600
Intensity of sea breeze (ms™h 34 3.5 5 3.9 5 4
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Figure 8
Vertical cross section of simulated wind vector (U and W components) and potential temperature from inner most domain (d03) at latitude
(13°N) across Chennai for five different PBL schemes at 0700 UTC on 13 April 2011 for pre-monsoon case; the W component has been
multiplied by a factor of 50; contour interval for potential temperature is 1 K

distribution are evident in all the simulations. The
potential ~ temperature  distribution  indicates
stable stratification from ~ 600-m level over the sea
area and ~ 1500 m over the land area indicating the
gradual decrease of boundary layer height near the
coast. A parabolic mixed layer with progressively
increasing height is noticed across the coast (Fig. 8).
The sharp variation of potential temperature at the
coast indicates formation of TIBL due to mixing of
cool and humid marine air mass with the warm and
dry continental air mass. The vertical extent of this
TIBL simulated as about 200-250 m in QNSE, MY]J,
YSU, and MYNN?2 and as about 400 m in ACM2.
The simulated circulation across the coast in all PBL
cases shows a low-level land ward flow below 800-m
height from the sea and a return flow from the land to
sea at about 1200-m height. The location of the return
flow is about 20 km from the coastline. The zone of
horizontal flow convergence called sea-breeze front
over land area is associated with vertical motion. The
sea-breeze front has relatively strong vertical veloc-
ities (0.2-0.4 ms_l) over the land areas (not shown)
in the simulations during the pre-monsoon case as
compared to winter case. The TKE-based turbulence
closures (QNSE, MYNN2, and MYJ) produced
stronger vertical winds (figure not shown). These

differences in boundary layer between winter and
pre-monsoon would have different consequences. In
winter due to stable stratification, the pollution
distribution would be confined to the lower 1.2 km
uniformly across the coast, as found in Madala et al.
(2016). However, in pre-monsoon, the pollution
concentrations due to sources along the coast would
be dispersing less near the coast due to shallow PBL,
which leads to fumigation conditions

3.3. Simulation of Surface Meteorological Variables

Here, the low-level WS (ms™ "), WD (°), AT (°C),
and RH (%) that influence the atmospheric dispersion
(Seaman 2000) are compared with the in situ obser-
vations at hourly intervals at the Sathyabama
university station, Chennai. The diurnal variation of
AT, RH, WS, and WD with different PBL schemes
over 2 days for each season along with the available
observations is presented in Figs. 9 and 10.

From the model simulations and observations, it is
seen that the air temperatures in Chennai city (Fig. 9)
show small diurnal range (4.0 °C) in winter case and
relatively, large diurnal range (~10 °C) in pre-
monsoon, monsoon, and post-monsoon cases thus
suggesting larger daytime heating and convective



512 S. Madala et al.

(a)_ YSU === QNSE === MYNN2 = ==MYJ === ACM2 @ OBS

Temperature ('C)

0 6 12 18 24 30 36 42 48
Time (UTC)

Pure Appl. Geophys.

110

110 -

13

1
¥
»
e
1
h

SOFgs S

\
i

Relative Humidity (%)

Time (UTC)

Figure 9
Comparison of model simulations of surface meteorological parameters a, ¢, e, g temperature (°C) and b, d, f, h relative humidity (%) over
Sathyabama University during 27-29 January 2011 for winter season (a, b), 06-08 April 2011 for pre-monsoon season (¢, d), 14—16 August
2011 for monsoon season (e, f) and 09-11 November 2011 for post-monsoon season (g, h)

mixing of air pollution in the latter cases. The lowest
air temperatures are found during January (winter
season) and the highest temperatures during August
(monsoon) which could be due to dry weather in
monsoon season over Chennai and continuation of
pre-monsoon time heating in this region (Rao 1976).
The tower situated in Sathyabama University site is
about 25 km away from the coast and experiences
pre-monsoon sea breeze in the daytime. It has been
found that both observed and model simulated air
temperatures during the pre-monsoon are moderate
because of development of mesoscale sea breezes,
which augment the PBL temperatures by advection of
cool and humid air mass from marine region. The
qualitative comparisons indicate that QNSE and MYJ
PBL schemes have warm bias in night temperatures,
while ACM2, MYNN2, and YSU produced good
comparisons. The simulations show that the diurnal
range in RH over Chennai is relatively high in post-
monsoon season and winter season relative to the pre-
monsoon season and monsoon season. A dry bias in

the RH is noted in the simulations with QNSE and
MYJ PBL schemes, whereas ACM2, MYNN?2, and
YSU showed close agreement with observations.
Overall, both air temperature and relative humidity
better simulated in ACM2, MYNN2, and YSU
compared to other PBL schemes.

It is noticed that in all the simulations, WS is
overestimated in most of the seasons and close
comparisons are obtained in post-monsoon season
(Fig. 10). The winds simulated with MYNN2, YSU,
and ACM2 are in better agreement with observations,
whereas QNSE and MY]J produced stronger winds.
All the PBL schemes simulated, the wind direction
well in most seasonal cases, though QNSE and MYJ
performed slightly better in winter season. Results
indicate that the pre-monsoon case has largest
duration (& 12 h) of sea breeze (Fig. 10d) followed
by monsoon (~6 h) (Fig. 10f) and post-monsoon
(~3 h) (Fig. 10f) cases. In the wintertime, the sea
breeze is not discernible from strong northeasterly
synoptic winds (Fig. 10b; Table 1).
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Figure 10
Comparison of model simulations of surface meteorological parameters a, ¢, e, g wind speed (msfl) and b, d, f, h wind direction (°) (%) over
Sathyabama University during 27-29 January 2011 for winter season (a, b), 06-08 April 2011 for pre-monsoon season (¢, d), 14—16 August
2011 for monsoon season (e, f), and 09—11 November 2011 for post-monsoon season (g, h)

3.4. Thermo-dynamical Structure of the PBL

The thermo-dynamical state of PBL plays an
important role in mixing and dispersion of air
pollutants by controlling the boundary layer stability.
While deep-mixed layers enhance the dispersion,
shallow mixed layers restrict the vertical diffusion of
pollutants thus promoting the chance of choking
(Cimorelli et al. 2004; Rahul et al. 2015). The
thermo-dynamical structure of the simulated PBL is
analyzed from vertical profiles of equivalent potential
temperature, RH, WS, and WD and compared with
radiosonde data. Profiles from simulations are inter-
compared at 0000 UTC (0530 IST) (along with
observations) and 0600 UTC (1130 IST) (without
observations) on 28 January 2011 (winter case)
(Fig. 11), 07 April 2011 (pre-monsoon case)
(Fig. 12), 15 August 2011 (monsoon case) (figure not
shown), and 10 November 2011 (post-monsoon case)
(figure not shown). The vertical variation of equiv-
alent potential temperature in the winter case

indicates inversion layers up to 300-m AGL, neutral
atmosphere up to 900-m AGL, and slight unsta-
ble layers up to 1500 m. All the PBL schemes
simulated these features. Especially, the surface
inversion layers are well-simulated by YSU, ACM2,
MYNN?2, and MYJ schemes (Fig. 11d). The vertical
variations are well-simulated with YSU, ACM2, and
QNSE for WS, YSU, QNSE, and MYNN?2 for WD,
and YSU, MYNN2, and ACM2 for RH. The
increasing WS, WD shear, and decreasing relative
humidity all indicate stable atmosphere in the winter
morning conditions and all five PBL schemes
performed well to reproduce these characteristics.
The daytime profiles at 0600 UTC (1130 IST) from
simulations show uniform WS with steady direction,
increasing humidity and uniform potential tempera-
ture up to a height of about 900 m indicating
formation of convective mixed boundary layer.
Similar vertical structure is simulated in pre-monsoon
case in the morning time (Fig. 12d) indicating
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inversion condition in the surface layer and stable at-
mospheric condition up to 1 km AGL, though with
slightly stronger winds compared to winter. These
stable morning conditions in both winter and pre-
monsoon cases would confine the pollutant plumes in
the lower regions and lead to poor air quality (Panda
et al. 2009). However, the daytime unstable mixed
layer extended up to 1.2 AGL in summer. Thus, the
vertical profiles in different seasons indicate that in
general, YSU, ACM2, and QNSE produce deep-
mixed layers and give strong diffusion, whereas MYJ
and MYNN?2 produce relatively shallow mixed layers
and produce less dispersion (Madala et al. 2016).
Thus, overall, the ARW model well-simulated the
PBL structure and its vertical variation reasonably
well in all seasons.

3.5. Error Statistics of Surface Meteorological
Variables

The error statistics (Table 2) for surface meteo-
rological variables (AT, RH, WS, U, and V winds)
indicate that YSU scheme followed by MYNN2 and
ACM?2 produces better simulations with least errors
and higher correlation for air temperature. For
relative humidity, QNSE scheme followed by MYJ
and ACM2 produced lesser errors and higher corre-
lation. For wind speed, the simulation with ACM2
scheme followed by MYNN2 and YSU produced
least errors and better correlations. Both U and
V  components better simulated with ACM?2
scheme followed by MYNN2 and YSU (Table 2)
indicating good simulation of wind direction
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compared to other PBL schemes. Thus, considering
different variables, the model PBL physics ACM2
followed by MYNN2 and YSU produced better
comparisons for the dynamical and thermo-dynami-
cal variables in the boundary layer indicating their
suitability for wind field simulations required in air
quality studies in this region.

4. Conclusions

The local meteorology plays a crucial role in air
pollution transport and dispersion in coastal cities. In
this work, the meteorological flows in the coastal
metropolitan city of Chennai, south India are simu-
lated using the ARW mesoscale model to examine

their characteristics over typical representative days
in different seasons and validated with observations.
Simulations revealed diurnal variation in the bound-
ary layer flows due to the occurrence of land—sea-
breeze circulations over Chennai in different seasons.
Results show that the characteristics of local flows
vary in different seasons due to variation in the
synoptic flow. Simulations revealed that the sea-
breeze circulation is pre-dominant during pre-mon-
soon season prevailing for nearly 12 h in the day and
less frequent (~ 6 h) in the monsoon and post-mon-
soon (~3h) seasons. This implies that the re-
circulation phenomena leading to local air pollution
episodes would be pre-dominant in the pre-monsoon
cases compared to the monsoon and post-monsoon
cases. Simulations revealed that the sea breeze, which
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Table 2

Error statistics for simulated air temperature, relative humidity,
wind speed, and vector winds

Parameter Errors YSU QNSE MYNN2 MYJ ACM2
Air MB —-0.62 —1.40 —-090 —1.35 —091
temperature MAE 140 1.77 150 1.68 1.52
(°C) RMSE 1.73 211 1.81 2.02 1.86
CcC 090 091 091 092 0.90

Relative MB —491 054 -5.04 0.86 —4.05
humidity MAE 9.57 898 897 8.80 891
(%) RMSE 1250 11.34 11.73 11.25 11.60
CcC 070 071 0.74 073  0.73

Wind speed MB 1.16 1.73 091 1.77  0.84
(ms™h MAE 141 1.89 127 192 1.18
RMSE 1.71 225 1.56 228 144

CcC 0.67 0.69 0.71 0.70  0.75

U wind (ms™") MB —0.01 —-0.37 —-0.15 —0.34 —-0.20
MAE 152 1.81 1.39 1.76  1.21
RMSE 202 227 181 222 159
CC 077 079 0.79 0.80 0.80
V wind (ms™') MB 028 022 021 034 026
MAE 148 1.84 140 1.89 144
RMSE 208 253 206 256 214
CcC 0.67 065 0.66 0.66  0.66

modifies the boundary layer near the coast, influences
the flow field over Chennai in pre-monsoon and
monsoon seasons. The TIBL height at the coast is
simulated as 200-250 m in different simulations
during pre-monsoon. The horizontal and vertical
extents of sea-breeze flow are about 60 km and
900 m, respectively, in pre-monsoon and monsoon
cases, which cover nearly 60% of the year. In the
winter season, the model simulations show that the
synoptic wind dominates the boundary layer flow and
sea breeze is not well-defined except for a small
change in the wind direction. The ARW model could
simulate the diurnal variation in various meteoro-
logical variables and the vertical boundary layer
structure in good agreement with observations.

The sensitivity experiments with five different
PBL physics schemes revealed that the ACM2 fol-
lowed by MYNN2 and YSU produced various
boundary layer meteorological variables in close
agreement with observations, although the winds are
little over-predicted with all the options corroborating
the previous studies at southeast coast (Hariprasad
et al. 2014). The differences in the simulated flow
field with different PBL parameterizations are due to
differences in eddy diffusivities, which are computed

Pure Appl. Geophys.

variously in different schemes. The better perfor-
mance of ACM2 and MYNN?2 over other schemes is
due to better representing the mixing under stable as
well as convective conditions. The DWR observa-
tions employed in the present study helped to
compare the simulated flow fields vertically and
temporally and thus provided a more robust valida-
tion. The model outputs with these PBL physics
options find application in understanding airflow
trajectories, source regions and to assess the air
quality due to various industrial and vehicular
pollutants.
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