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RESUMEN

Las circulaciones atmosféricas de mesoescala desempeñan un papel importante en el transporte de la 
contaminación del aire y en cuestiones relacionadas con la calidad del aire a nivel local. La estructura 

desempeñan un papel importante en la dispersión de contaminantes en la atmósfera. Por lo tanto, se simu-
laron los parámetros de la PBL sobre Naigpur, India, utilizando el modelo de mesoescala ARW v. 3.6.1. 
Las simulaciones de alta resolución se llevaron a cabo por medio de dominios anidados con resolución 
horizontal de 27, 9 y 3 km, y 27 niveles verticales obtenidos mediante la utilización de los campos meteo-

la evolución de los parámetros de la PBL y la estructura termodinámica durante el periodo de estudio, se 
eligieron ocho días de invierno y verano (enero y abril) con buen tiempo y ausencia de actividad sinóptica 

la difusión turbulenta del cierre de energía cinética (TKE, por sus siglas en inglés) no locales (Yonsei 
University [YSU] y el Modelo Convectivo Asimétrico v. 2 [ACM2, por sus siglas en inglés]) y tres locales 
(Mellor-Yamada-Nakanishi and Niino Level 2.5 PBL [MYNN2], Mellor-Yamada-Janjic [MYJ] y elimina-
ción de escala casi normal [QNSE, por sus siglas en inglés]). La validación de los parámetros simulados 
mediante el modelo con los datos in situ disponibles reveló que el esquema PBL no local YSU seguido 

termodinámica de la atmósfera. Los resultados del estudio sugieren que los esquemas PBL, en especial 
YSU y MYNN2, tuvieron un mejor desempeño para representar los parámetros de la capa limítrofe y son 
útiles en estudios de dispersión de contaminantes atmosféricos.

ABSTRACT

Mesoscale atmospheric circulations play an important role in the transport of air pollution and local air quality 
-

portant role in air pollution dispersion. Hence, the PBL parameters over Nagpur, India are simulated using the 
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CTY"x0"50803"oguquecng"oqfgn0"Jkij/tguqnwvkqp"ukowncvkqpu"ctg"eqpfwevgf"ykvj"vtkrng"pguvgf"fqockpu"jcxkpi"
c"jqtk¦qpvcn"tguqnwvkqp"qh"49.";"cpf"5"mo."cu"ygnn"cu"49"xgtvkecn"ngxgnu"d{"wukpi"vjg"3"× 1º NCEP Final Analysis 
ogvgqtqnqikecn"Ýgnfu"hqt"kpkvkcn"cpf"dqwpfct{"eqpfkvkqpu0"Gkijv"hckt/ygcvjgt"fc{u"kp"ykpvgt"cpf"uwoogt"*Lcpw-
ct{"cpf"Crtkn"422;+"ykvj"pq"ukipkÝecpv"u{pqrvke"cevkxkv{"ygtg"ejqugp"hqt"vjg"uvwf{0"Ugpukvkxkv{"gzrgtkogpvu"qh"
vjg"CTY"oqfgn"ygtg"eqpfwevgf"ykvj"vyq"pqp/nqecn"*[qpugk"Wpkxgtukv{"][UW_."cpf"Cu{oogvtke"Eqpxgevkxg"
Model v. 2 [ACM2]) and three local turbulence kinetic energy (TKE) closure (Mellor-Yamada Nakanishi and 
Pkkpq"Ngxgn"407"RDN"]O[PP4_."Ognnqt/[cocfc/Lcplke"]O[L_."cpf"swcuk/pqtocn"uecng"gnkokpcvkqp"]SPUG_+"
turbulence diffusion parameterizations, to study the evolution of PBL parameters and the thermodynamical 
uvtwevwtg"fwtkpi"vjg"uvwf{"rgtkqf0"Chvgt"xcnkfcvkqp"qh"vjg"ukowncvgf"rctcogvgtu"ykvj"vjg"cxckncdng"kp"ukvw"fcvc."
kv"ycu"tgxgcngf"vjcv"vjg"pqp/nqecn"RDN"uejgog"[UW."hqnnqygf"d{"nqecn"uejgog"O[PP4."eqwnf"dg"cdng"vq"
capture the characteristic variations of surface meteorological variables and the thermodynamical structure of 
the atmosphere. The present results suggest that PBL schemes, namely YSU and MYNN2, performed better in 
representing the boundary-layer parameters and are useful for air pollution dispersion studies.

Mg{yqtfu< Planetary boundary layer, WRF, mesoscale, thermodynamical structure.

1. Introduction

Vjg"rncpgvct{"dqwpfct{"nc{gt"*RDN+"ku"vjg"nqyguv"3/5"mo 

tgikqp" qh" vjg" cvoqurjgtg"ykvjkp" vjg" vtqrqurjgtg."
ejctcevgtk¦gf"d{"htkevkqp"cpf"vwtdwngpv"okzkpi"*Uvwnn."
1988; Garratt, 1994). The boundary-layer processes 

ctg"gurgekcnn{"kpÞwgpvkcn"kp"vjg"gxqnwvkqp"qh"vjg"nqygt"
cvoqurjgtke"Þqy"Ýgnf"cpf"qvjgt" uvcvg"rctcogvgtu0"
The PBL plays an important role in the transportation 

of energy (including momentum, heat and moisture) 

into the upper layers of the atmosphere and acts as a 

hggfdcem"ogejcpkuo"kp"ykpf"ektewncvkqp0"Vjg"fgrvj"
and structure of the atmospheric boundary layer are 

determined by the physical and thermal properties 

qh"vjg"wpfgtn{kpi"uwthceg"cnqpi"ykvj"vjg"f{pcokeu"
cpf"vjgtoqf{pcokeu"qh"vjg"nqygt"cvoqurjgtg0"Vjg"
vjgtoqf{pcokecn"uvcvg"qh"vjg"RDN"rnc{u"c"ukipkÝecpv"
tqng"kp"okzkpi"cpf"fkurgtukqp"qh"ckt"rqnnwvcpvu0

In particular, the PBL turbulence diffusion plays 

cp" korqtvcpv" tqng" kp" vjg" gxqnwvkqp"qh" nqygt" cvoq-

urjgtke" rjgpqogpc."yjkej" kp" vwtp" fgvgtokpgu" ckt"
pollution dispersion and its transport. PBL parame-

terization schemes are essential for better simulations 

qh"ckt"swcnkv{."ykpf"eqorqpgpvu"cpf"vwtdwngpeg"kp"vjg"
nqygt"rctv"qh"vjg"cvoqurjgtg"*g0i0."Uvggpgxgnf"et al., 

2008; Storm et al., 2009; Hu et al., 2012; García-Diez 

et al., 2013). The literature indicates that initial as 

ygnn"cu"dqwpfct{"eqpfkvkqpu."tguqnwvkqp."cpf"rj{ukecn"
process parameterizations play an important role in 

better simulations of atmospheric dynamics (Mc-

Queen et al., 1995; Pielke and Uliasz, 1998; Warner 

et al., 2002; Jiménez et al., 2006).

Vjqwij"pwogtkecn"oqfgnu" kpeqtrqtcvg"ygnn/fg-
veloped physics such as surface heat, moisture bud-

gets, canopy effects, and boundary-layer turbulent 

fkhhwukqp"vq"tguqnxg"vjg"Þqy."tgrtgugpvcvkqp"qh"vjgug"
rtqeguugu"cv"vjg"oqfgn"itkf"tguqnwvkqp"ku"uwdlgev"vq"
several input data. The thermo-dynamical state of the 

RDN"rnc{u"korqtvcpv"tqng"kp"okzkpi"cpf"fkurgtukqp"
of air pollutants.

Mesoscale models include complete physics for 

convection, boundary-layer turbulence, radiation and 

ncpf/uwthceg"rtqeguugu"yjkej"rnc{"cp"korqtvcpv"tqng"kp"
ukowncvkqpu"qh"xctkqwu"gzvtgog"gxgpvu"kp"igpgtcn"cpf"
gurgekcnn{"kp"ygcvjgt"hqtgecuvkpi0"Vjg"RDN"vwtdwngpeg"
diffusion in particular plays an important role in the 

gxqnwvkqp"qh"nqygt"cvoqurjgtke"rjgpqogpc"uwej"cu"
convective thunderstorm development, pollution diffu-

sion and transport. PBL parameterization schemes are 

korqtvcpv"hqt"ceewtcvg"ukowncvkqpu"qh"vwtdwngpeg."ykpf"
cpf"ckt"swcnkv{"kp"vjg"nqygt"cvoqurjgtg0"Uqog"uvwfkgu"
ygtg"tgrqtvgf"kp"nkvgtcvwtg"tgictfkpi"vjg"ugpukvkxkv{"qh"
the PBL schemes of mesoscale models (e.g., Srinivas et 

al., 2007; Li and Pu, 2008; Storm et al., 2009; Miao et 

al., 2009; Hu et al., 2010, 2012, 2013; López-Espinoza 

and Zavala-Hidalgo, 2012; García-Diez et al., 2013; 

Srikanth et al., 2014).

Several recent studies emphasized the role of 

PBL parameterization in atmospheric simulations 

ykvj mesoscale models (e.g., Hu et al., 2010; Gil-

liam and Pleim, 2010; Shin and Hong, 2011; Floors 

et al., 2013; Yang et al., 2013). Papanatasiou et 

al. (2010) have used the Weather Research and 

Forecasting (WRF) modeling system to study the 

ykpf" Ýgnf" qxgt" vjg" gcuv" eqcuv" qh" egpvtcn"Itggeg"
under summer conditions. Over tropical Indian 

tgikqpu."tgncvkxgn{"hgy"uvwfkgu"ctg"cxckncdng"qp"vjg"
performance of PBL schemes in mesoscale models 

*g0i0." Ucplc{." 422:=" Utkpkxcu et al., 2014, 2015). 
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Kp"c" ugpukvkxkv{"gzrgtkogpv"qh" vjg"YTH"oqfgn" hqt 
thunderstorm predictions, Srikanth et al. (2014) 

pqvkegf"vjcv"vjg"Ognnqt/[cocfc/Lcplke"*O[L+"nqecn"
diffusion PBL scheme produced better results over 

the tropical hilly station Gadanki. Air quality assess-

ment requires accurate predictions of boundary-layer 

vgorgtcvwtg."jwokfkv{."ykpfu"cpf"okzgf/nc{gt"fgrvj0"
The YSU, a non-local diffusion scheme and the 

O[PP4." c" nqecn" fkhhwukqp" uejgog" ecrvwtgf"ygnn"
the PBL structures over the tropical coastal station 

Mcnrcmmco"fwtkpi"hckt"ygcvjgt"eqpfkvkqpu"*Jctkr-

rasad et al., 2014). Srikanth et al. (2015) studied the 

sensitivity of different PBL schemes available in the 

Advanced Research WRF (ARW) mesoscale model 

kp"ukowncvkpi"vjg"RDN"Þqy/Ýgnf"cpf"qvjgt"rctco-

eters over Ranchi during different seasons. After 

xcnkfcvkpi"ykvj"cxckncdng"kp"ukvw"ogcuwtgogpvu."vjgkt"
uvwf{"tgrqtvgf"vjcv"vjg"CEO4"hqnnqygf"d{"O[PP4"
and YSU PBL turbulent diffusion parameterizations 

jcu"ujqyp"dgvvgt"rgthqtocpeg"kp"ukowncvkpi"uwthceg"
meteorological variables. Boadh et al. (2015) have 

gzrnqtgf" vjg" ugpukvkxkv{" qh" vjg"CTY"model over 

Visakhapatnam and concluded that the non-local 

uejgogu"[UW" hqnnqygf"d{"CEO4"dgvvgt" ukowncvg"
uwthceg"ogvgqtqnqikecn"xctkcdngu"cu"ygnn"cu"vjg"vjgt-
modynamical structure of the atmosphere.

Kp"vjku"uvwf{"vjg"Þqy/Ýgnf"cpf"cvoqurjgtke"rc-

rameters over the Nagpur region are simulated using 

ARW v3.6.1 mesoscale model to evaluate its perfor-

ocpeg"hqt"nqygt"cvoqurjgtke"ogvgqtqnqikecn"Ýgnfu"
d{"eqpfwevkpi"ugpukvkxkv{"gzrgtkogpvu"ykvj"xctkqwu"
conceptually different PBL schemes.

2. Study region

Nagpur (21.15º N, 79.09º E) is the largest city in 

central India and the second capital of the state of Ma-

jctcujvtc0"Kv"ku"c"hcuv"itqykpi"ogvtqrqnku."ku"vjg"vjktf"
most populous city in Maharashtra after Mumbai and 

Pune, and the center for urbanization, development, 

kpfwuvtkcnk¦cvkqp"cpf"eqoogtekcn"cevkxkv{0"Jqygxgt."
the efforts to enhance the green cover of the city, 

yjkej"jcu" c" uetwddkpi" ghhgev" qp" ckt" rqnnwvcpvu" ctg"
uecteg0"Pcirwt"jcu"c" vtqrkecn"ygv"cpf"ft{"enkocvg"
*ceeqtfkpi" vq" vjg"Mqrrgp" enkocvg" encuukÝecvkqp+"
ykvj"ft{"eqpfkvkqpu"rtgxcknkpi"hqt"oquv"qh"vjg"{gct0"
Kv" ku"ukvwcvgf"534064"ocun0"Uwoogtu"ctg"gzvtgogn{"
jqv."ncuvkpi"htqo"Octej"vq"Lwpg."ykvj"Oc{"dgkpi"vjg"
jqvvguv"oqpvj0"Fwtkpi"vjg"ykpvgt"rgtkqf"*Pqxgodgt"
vq"Lcpwct{+."vgorgtcvwtgu"ecp"ftqr"dgnqy"32"³E"qxgt"

the region. The highest recorded temperature in the 

ekv{"ycu"690;"³E"qp"Oc{"44."4235."yjkng"vjg"nqyguv"
ycu"50;"³E0

3. Data and methodology

3.1 Data and study period

We have used the 1"'"3³"Ýpcn"cpcn{uku"*HPN+"fcvc"
from the National Centre for Environmental Predic-

tion (NCEP) in the present study. For validating the 

ARW model simulations, available meteorological 

qdugtxcvkqpu"uwej"cu"ykpf"urggf"cpf"ykpf"fktgevkqp"
at 10 m height, temperature and relative humidity at 

2 m height, obtained from the India Meteorological 

Department (IMD) for Nagpur airport are used. Avail-

able upper air radiosonde observations consisting of 

¦qpcn"ykpf"*ou–1+."ogtkfkqpcn"ykpf"*ou–1), relative 

humidity (%) and equivalent potential temperature 

(K), obtained from the Department of Atmospheric 

Uekgpeg."Wpkxgtukv{" qh"Y{qokpi" *jvvr<11ygcvjgt0
w{yq0gfw1wrrgtckt1uqwpfkpi0jvon+." ctg" wugf" hqt"
validation of the vertical structure of the atmosphere 

over Nagpur. Quality control of these data has been 

conducted as part of the Severe Thunderstorm Obser-

vations and Regional Modeling (STORM) program, 

cpf"swcnkv{"ejgemu"ygtg"eqpfwevgf"ykvj"FkikEQTC"
radiosondes and found reasonably good (Tyagi et 

al., 2013). Additionally, it is noticed from literature 

(Boadh et al., 2015; Srikanth et al., 2015) and many 

researchers have used these radiosonde data sets, 

yjkej"gpuwtgu"vjg"iqqf"swcnkv{"qh"fcvc"cpf"cnnqyu"wu"
to use it for validation in the present study. Atrri and 

V{cik"*4232+"uwiiguv."ceeqtfkpi"vq"vjg"KOF."encuukÝ-

ecvkqp"qh"vjg"fkhhgtgpv"ugcuqpu"cu"ykpvgt"*Fgegodgt."
January and February), summer or pre-monsoon 

(March, April and May), monsoon (June, July, August 

and September) and post-monsoon (October, Novem-

ber). In the present study, to test the model sensitivity 

qh"Ýxg"RDN"rctcogvgtk¦cvkqp"uejgogu."vyq"eqpvtcuv-
kpi"oqpvju"*Lcpwct{."tgrtgugpvkpi"vjg"ykpvgt"ugcuqp."
and April, representing the summer season) are con-

sidered. For each month, simulations are conducted 

for gkijv"hckt"ygcvjgt"fc{u"fwtkpi"yjkej"pq"ukipkh-
kecpv"u{pqrvke"cevkxkvkgu"qeewttgf0"Vjgug"fc{u"ygtg"
chosen in order to conduct the performance of the 

RDN"rctcogvgtk¦cvkqpu"ykvjqwv"cp{"kpÞwgpeg"qh"gz-

vgtpcn"ygcvjgt"gxgpv"kpÞwgpegu0"Ceeqtfkpin{."kp"vjg"
present study the selected dates for simulations of 

vjg"YTH"oqfgn"ygtg"kpvgitcvgf"hqt"c"rgtkqf"qh 48 h, 

starting from of 00:00 UTC on January 8-15, 2009 
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hqt"ykpvgt."cpf"22<22"WVE"qp"Crtkn"2:/37."422;"hqt"
the summer month, as initial conditions.

3.2 Model description – mesoscale model

Vq"ukowncvg"vjg"nqecn"uecng"Þqy"cpf"RDN"ejctcevgt-
istics over the Nagpur region, the ARW v. 3.6.1, 3-D 

non-hydrostatic atmospheric mesoscale model is used 

in the present study. The model consists of an Eulerian 

ocuu"uqnxgt"ykvj"hwnn{"eqortguukdng"pqp/j{ftquvcvke"
gswcvkqpu."vgttckp"hqnnqykpi"xgtvkecn"eqqtfkpcvg."cpf"
uvciigtgf"jqtk¦qpvcn"itkf"ykvj"eqorngvg"Eqtkqnku"cpf"
curvature terms. The prognostic variables include 

vjtgg/fkogpukqpcn"ykpf." rgtvwtdcvkqp"swcpvkvkgu" qh"
pressure, geopotential, turbulent kinetic energy surface 

rtguuwtg." rqvgpvkcn" vgorgtcvwtg" cpf" uecnctu" *ycvgt"
xcrqt"okzkpi"tcvkq."enqwf"ycvgt."gve0+0"C"fgvckngf"fg-
scription of the model physics, equations and dynamics 

is available in Skamarock et al. (2008).

505"Oqfgn"eqpÝiwtcvkqp"cpf"kpkvkcnk¦cvkqp
Horizontal and vertical resolution are factors im-

plied in modeling small-scale atmospheric phe-

nomena. Though high resolution results in more 

precise, better-resolved, small-scale processes, it 

increases the numerical costs of the model (Mass 

et al., 2002; Gego et al., 2005; Chou, 2011). For 

vjku" rwtrqug" vjg"YTH"oqfgn" ku" fgukipgf"ykvj"
three nested grids (27, 9 and 3 km) (Fig. 1) and 

27 unequally spaced vertical sigma. The outer 

fqockp"*f23+"eqxgtu"c"nctigt"tgikqp"ykvj"c"49"mo"
resolution and 60 × 60 grids. The second inner 

fqockp" *f24+"jcu"c";"mo"tguqnwvkqp"ykvj";3"'";3"
grids, and the innermost domain (d03) has a 3 km 

tguqnwvkqp"ykvj" 334"'" 334" itkfu0"Vjg" ugeqpf" cpf"
vjktf" pguvu" ctg" vyq/yc{" kpvgtcevkxg" fqockpu0"Vjg"
oqfgn"ku"twp"wukpi"3"'"3³"ukz/jqwtn{"fcvc"htqo"vjg"
NCEP FNL for the initial and boundary conditions. 

The model physics options used are the Kain-Fritsch 

scheme (Kain, 2004) for convective parameteriza-

Vcdng"K0"Qxgtxkgy"qh"vjg"YTH"oqfgn

Dynamics Non-hydrostatic

Data NCEP FNL
Interval 6 h
Grid size Domain 1: (60 × 60) × 27, domain 2: (91 × 91) × 27, domain 3: (112 × 112) × 27
Resolution Domain 1: 27 × 27 km, domain 2: 9 × 9 km, domain 3: 3 × 3 km
Covered area 13.8-27.4º N, 71.9-86.2º E
Ocr"rtqlgevkqp Mercator
Horizontal grid system Ctcmcyc/E"itkf
Integration time step 90 s
Vertical coordinates Vgttckp/hqnnqykpi"j{ftquvcvke"rtguuwtg"xgtvkecn"eqqtfkpcvg"ykvj"49"xgtvkecn"ngxgnu
Time integration scheme 3rd order Runga-Kutta scheme
Spatial differencing scheme 6th order center differencing
PBL scheme 1) YSU, 2) MYNN2, 3) MYJ, 4) QNSE, 5) ACM2
Surface layer parameterization Noah land surface scheme
Microphysics Eta microphysics
Ujqtv"ycxg"tcfkcvkqp Dudhia scheme
Nqpi"ycxg"tcfkcvkqp RRTM scheme
Cumulus parameterization Kain-Fritsch scheme

Nagpur
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14
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Fig. 1. Domains used in the ARW model.
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tion, WRF single moment class 6 (WSM6) (Hong  

et al., 2006) for cloud microphysics, the NOAH 

land surface model (Chen and Dudhia, 2001) for 

surface physics, the Rapid Radiative Transfer Model 

*Oncygt"et al., 1997)"hqt"nqpi/ycxg"tcfkcvkqp"rtqeguu-
gu."cpf"vjg"Fwfjkc"uejgog"hqt"ujqtv"ycxg"tcfkcvkqp 

(Dudhia, 1989)."Vjg"oqfgnkpi"fqockpu"cpf"eqpÝi-

uration are presented in Table I.

3.4 PBL sensitivity experiments

Vjg"RDN"rctcogvgtk¦cvkqpu"cpf"ncpf"uwthceg"kpÞw-

gpeg"vjg"ukowncvkqp"qh"vwtdwngpeg."ykpfu."cpf"qvjgt"
uvcvg"xctkcdngu"kp"vjg"nqygt"cvoqurjgtg0"Kp"vjg"rtgugpv"
uvwf{."vq"vguv"vjg"oqfgn"ugpukvkxkv{"Ýxg"RDN"rctcog-

vgtk¦cvkqpu"uejgogu."pcogn{"vyq"pqp/nqecn"uejgogu"
(Yonsei University [YSU] [Hong et al., 2006], and 

Asymmetric Convective Model v. 2 [ACM2] [Pleim, 

2007]), and three local turbulence kinetic energy 

(TKE) closure (Mellor-Yamada Nakanishi and Nii-

no Level 2.5 PBL [MYNN2] [Nakanishi and Niino, 

2004],"Ognnqt/[cocfc/Lcplke"]O[L_"]Lcplke."4224_."
and quasi-normal scale elimination [QNSE] [Suko-

riansky et al., 2005]) are selected. Several recent 

studies emphasize the role of PBL parameterization in 

cvoqurjgtke"Þqy/Ýgnf"ukowncvkqpu"*g0i0."Umcoctqem"
et al., 2008; Shin and Hong, 2011; Xie et al., 2012; 

Floors et al., 2013; Srikanth et al., 2014; Hariprasad 

et al., 2014; Kleczek et al., 2014, Boadh et al., 2015; 

Srikanth et al., 2015).

3.5 Model validation and statistical evaluation

The model-generated surface meteorological vari-

ables such as air temperature (AT), relative humidity 

(RH) at 2"o."ykpf"urggf (WS),"ykpf"fktgevkqp"*YF+"
10"o"cdqxg"vjg"itqwpf"ngxgn."cpf"xgtvkecn"rtqÝngu"qh"
¦qpcn"ykpf."ogtkfkqpcn"ykpf."tgncvkxg"jwokfkv{"cpf"

Fig. 2. Validation of model simulation of air temperature (AT) (°C)"ykvj"qdugtxcvkqpu"fwtkpi"vjg"uvwf{"rgtkqf"
(January 2009) over Nagpur. 
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equivalent potential temperature during the study 

rgtkqf"*tgrtgugpvcvkxg"fc{u"qh"vjg"uwoogt"cpf"ykp-

vgt"ugcuqpu+"ctg"xcnkfcvgf"ykvj"vjg"cxckncdng"uwthceg"
ogvgqtqnqikecn"qdugtxcvkqpu"cu"ygnn"cu" tcfkquqpfg"
observations. Results are compared qualitatively 

and quantitatively for both surface meteorological 

xctkcdngu"cu"ygnn"cu"vjg"vjgtoqf{pcokecn"uvtwevwtg"qh"
the atmosphere. Quantitative comparisons are based 

on error statistics mean bias (MB), mean absolute 

error (MAE), root mean square error (RMSE) and 

eqttgncvkqp"eqghÝekgpv"*EE+"*Yknmu."4233+0

4. Results and discussion

4.1 Surface meteorological parameters

In this section an intercomparison of performance of 

various PBL parameterization schemes in simulating 

the diurnal variation of surface meteorological vari-

ables such as AT (ºC), RH (%), WS (ms–1) and WD (º), 

cnqpi"ykvj"kp"ukvw"qdugtxcvkqpu"cv"jqwtn{"kpvgtxcnu"cv"
the Nagpur station, is presented.

4.1.1 Air temperature

The diurnal variation of air temperature (AT) in Jan-

wct{"422;"ku"ujqyp"kp"Hki0"40"Vjg"oqfgn"ycu"cdng"vq"
capture a similar trend of evolution for the diurnal 

variation as seen in the observations. During night-

time, a slight cold mean bias (i.e., observation-model 

< 0) is noted in January 2009. The MYJ, MYNN2 and 

[UW"ctg"enqugt"vq"vjg"qdugtxcvkqpu"kp"eqorctkuqp"ykvj"
the rest of the schemes. Based on the analysis, more 

eqnf"dkcu"jcu"dggp"pqvkegf"ykvj"vjg"ukowncvkqpu"wukpi"
vjg"SPUG"uejgog"vjcp"ykvj"vjg"qvjgt"uejgogu"fwtkpi"
nighttime. During daytime, all PBL schemes are 

kp"iqqf"citggogpv"ykvj"vjg"qdugtxcvkqp0"Vjg"fkwtpcn"
variation of AT in April 2009 has been depicted in 

Fig. 3, and it can be noticed that all PBL schemes 

Fig. 3. Validation of model simulation for air temperature (AT) (°C)"ykvj"qdugtxcvkqpu"fwtkpi"vjg"uvwf{"rgtkqf""
(April 2009) over Nagpur.
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gzjkdkvu"eqnf"ogcp"dkcu0"Kp"igpgtcn"eqorctkuqp."qpg"
can see that, YSU, MYJ and MYNN2 schemes are in 

iqqf"citggogpv"ykvj"vjg"qdugtxcvkqpu"kp"eqorctkuqp"
ykvj"vjg"qvjgt"uejgog0"Qxgtcnn."SPUG"ukowncvkqpu"
qh"CV"jcxg"ujqyp"oqtg"eqnf"dkcu"fwtkpi"pkijvvkog"
dqvj"fwtkpi"Lcpwct{"cpf"Crtkn."yjgtgcu"cnn"vjg"RDN"
uejgogu"ctg"kp"citggogpv"ykvj"vjg"qdugtxcvkqpu0"Uko-

ilar results are reported by García-Diez et al. (2013) 

over Europe and Srikanth et al. (2015) over Ranchi. 

Qp"enqug" gzcokpcvkqp." kv" ku" pqvkegf" vjcv" pqp/nqecn"
scheme YSU and local schemes MYNN2 and MYJ 

ukowncvg"CV"tgcuqpcdn{"ygnn0

4.1.2 Relative humidity (RH)

The diurnal variation of relative humidity (RH) du-

tkpi"Lcpwct{"cpf"Crtkn"422;"ku"ujqyp"kp"Hkiu0"6"cpf"7. 
respectively, over Nagpur. RH is overestimated by 

oquv"qh"vjg"uejgogu."dwv"vjg{"ygtg"cdng"vq"ecrvwtg"

vjg"ukoknct"vtgpf"qh"fkwtpcn"xctkcvkqp."cu"ujqyp"kp"vjg"
observations during both months. It is clearly seen 

kp"Hki0"7"vjcv"TJ"ku"nqygt"kp"Crtkn"dgecwug"Pcirwt"
is hot and dry during summer.

In general, YSU, ACM2 and MYJ schemes better 

simulated the RH and captured the diurnal variation 

tgcuqpcdn{"ygnn" cu" eqorctgf" vq" qvjgt" uejgogu0 
In January and April, the local scheme QNSE sim-

ulated a higher magnitude of RH compared to other 

schemes. The overestimation of RH by QNSE may 

be attributed to cold bias. Similar type of the varia-

tions has been reported by Srikanth et al. (2015) over 

Ranchi and Hariprasad et al. (2014) over Kalpakkam.

4.1.3 Wind speed and direction

Eqorctkuqpu"qh"ykpf"urggf"*YU+"cpf"fktgevkqp"*YF+"
ctg"ocfg"vjtqwij"lqkpv"htgswgpe{"fkuvtkdwvkqp"rnqvu"cpf"
jgpeghqtvj"tghgttgf"vq"cu"ykpf"tqugu0"Vjg"ykpf"tqugu"

Fig. 4. Validation of model simulations for relative humidity (%) ykvj"qdugtxcvkqpu"fwtkpi"vjg"uvwf{"rgtkqf"
(January 2009) over Nagpur.
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of model-generated WS"cpf"YF"ctg"eqorctgf"ykvj"
observations for all study days during both January 

and April 2009."Kp"vjg"rtgugpv"uvwf{."ykpf"tqugu"ctg"
prepared together for the eight chosen days during Jan-

wct{"cpf"Crtkn="vjg{"ctg"eqorctgf"ykvj"qdugtxcvkqpu"
in Figs. 6 and 7, respectively.

Qdugtxgf"ykpf"tqugu"fwtkpi"Lcpwct{ 2009 (Fig. 6f) 

tgxgcn"vjcv"ykpfu"dnqy"oquvn{"htqo"vjg"gcuv."pqtvjgcuv"
and southeast. MYNN2 (Fig. 6b) and YSU (Fig. 6a) 

ujqy"ukoknct"rcvvgtpu"dwv"ykvj"uocnngt"ocipkvwfgu0"
Tgictfkpi"ykpf"fktgevkqp."O[PP4."[UW."cpf"CEO4"
*Hki0"8g+"rtqfwegf"uocnngt"ocipkvwfgu"dwv"ygtg"cdng"
vq"ecrvwtg"vjg"gcuvgtn{"cpf"pqtvjgcuvgtn{"ykpfu0

In January, MYJ and QNSE produced high 

ykpf" urggfu (4-6 ms–1) compared to other PBL 

schemes (YSU, MYNN2 and ACM2) in the east 

cpf" gcuv/uqwvjgcuv" fktgevkqpu0"Vjg"ykpf" tqugu" hqt"
April (Fig. 7)"ujqy"uvtqpi"ykpf"urggfu (6-8 ms–1) 

htqo"pqtvj"cpf"pqtvj/pqtvjgcuv"ykpfu"cpf"oqfgtcvg"
pqtvj/pqtvjyguv"ykpfu" ukowncvgf" d{" vjg"CEO4."
QNSE and MYJ schemes (Fig. 7e, d, c). Winds from 

pqtvj"cpf"pqtvj/pqtvjyguv"fktgevkqpu"ukowncvgf"d{"vjg"
YSU and MYNN2 schemes (Fig. 7a, b, respective-

n{+"ykvj"oqfgtcvg"ykpf"urggfu (4-6 ms–1+"hqnnqygf"
unkijvn{" ukoknct" rcvvgtpu" qh" qdugtxcvkqp." dwv"ykvj"
different magnitude.

Qxgtguvkocvkqp"qh"ykpfu"uggou"vq"dg"c"eqooqp"
gzrgtkgpeg"ykvj" vjg"YTH"oqfgn."yjkej"ycu"cnuq"
tgrqtvgf"d{"gctnkgt"yqtmu"*g0i0."Utkmcpvj et al., 2013; 

Zhang et al., 2013; Hariprasad et al., 2014; Srikanth 

et al., 2015). In general, during both January and 

Crtkn."oqfgn"ukowncvgf"ykpfu"d{"vjg"pqp/nqecn"[UW"
and ACM2 schemes, and the local MYNN2 scheme 

ygtg"dgvvgt"cdng"vq"ecrvwtg"nqy"ykpf"eqpfkvkqpu"cu"
compared to MYJ and QNSE, as can be seen in the 

qdugtxcvkqpu0"Vjg"qxgtguvkocvkqp"qh"ykpfu"d{"vjg"

Hki0"70"Xcnkfcvkqp"qh"oqfgn"ukowncvkqpu"hqt"tgncvkxg"jwokfkv{"*'+"ykvj"qdugtxcvkqpu"fwtkpi"vjg"uvwf{"rgtkqf"
(April 2009) over Nagpur.
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WRF may be attributed to the non-accurate prescrip-

tion of surface roughness and induced turbulence 

intensity in the atmospheric surface layer.

Hariprasad et al." *4236+"jcxg" ujqyp" vjcv"[UW"
and MYNN2 produce better PBL structures over 

the tropical coastal station Kalpakkam during fair 

ygcvjgt"eqpfkvkqpu0"Utkmcpvj et al. (2015) have also 

ujqyp"vjcv"[UW."O[PP4"cpf"CEO4"rtqfweg"dgvvgt"

PBL structures over Ranchi. In general, our results 

uwrrqtv" cpf" eqpÝto" vjcv" vjg"[UW."O[PP4" cpf"
MYJ schemes produce better PBL structures over the 

Pcirwt"tgikqp0"Dcugf"qp"swcnkvcvkxg"eqorctkuqpu."yg"
pqvkegf" vjcv"[UW" hqnnqygf"d{"O[PP4"ukowncvgf"
most surface meteorological parameters reasonably 

ygnn"kp"dqvj"Lcpwct{"cpf"Crtkn"cu"eqorctgf"vq"vjg"
other tested PBL schemes.
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4.2 Thermodynamical structure of the atmosphere

Kp" vjku" ugevkqp"yg" fkuewuu" vjg" xgtvkecn" rtqÝngu" qh"
¦qpcn"ykpfu"*ou–1+."ogtkfkqpcn"ykpf"*ou–1), relative 

humidity (%) and equivalent potential temperature 

(K) derived from simulations using different PBL 

uejgogu"cnqpi"ykvj"cxckncdng" tcfkquqpfg"qdugtxc-

tions. In Figure 8, the purpose of using しe instead 

of potential temperature (し) is that the former is a 

conserved variable and better represents convective 

instability (Tyagi et al., 2013). Radiosonde obser-

xcvkqpu"fcvc"ygtg"qdvckpgf"htqo"vjg"Fgrctvogpv"qh"
Atmospheric Science, University of Wyoming. Since 

these radiosonde observations are only available at 

00:00 UTC (05:30 LT), model simulations are only 

validated during this time. This is one of the limita-

tions of the present study.
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Hqt"vjg"ucmg"qh"eqpvkpwkv{."yg"ujqy"vjg"tguwnvu"hqt"
vyq"fc{u (January 10 and 13, 2009)"hqt"vjg"ykpvgt"
oqpvj"*Hki0":+"cpf"vyq"fc{u"*Crtkn"33"cpf"35."422;+"
for the summer month (Fig. 9). Model simulated 

rtqÝngu" hqt" ¦qpcn"ykpf" *ou–1) (a, e), meridional 

ykpf" *ou–1) (b, f), relative humidity (%) (c, g), 

and equivalent potential temperature しe (K) (d, h), 

cu"ygnn"cu"rctcogvgtu"fgtkxgf"htqo"tcfkquqpfg"qdugt-
vations over Nagpur at 05:30 LT on January 10 and 

13, 2009, and April 11"cpf"35."422;."ctg"ujqyp"kp"
Figures 8 and 9, respectively. In general, and mostly 

hqt"vjg"ykpvgt"oqpvj."ykpfu"kp"vjg"nqygt"cvoqurjgtg"
wr"vq"422"o"*yjkej"ecp"dg"uggp"kp"vjg"qdugtxgf"rtq-

Ýngu"qh"¦qpcn"cpf"ogtkfkqpcn"ykpfu"kp"Hki0":c."d."g."h+."
dnqy"kp"vjg"pqtvjgcuv"fktgevkqp0"Vjg"ejcpig"qh"ykpf"
direction to the southeast in the 200-1500 m layer, and 

uwdugswgpvn{"vq"vjg"uqwvjyguv"kp"vjg"3722/4422"o 

nc{gt"cpf"vq"vjg"pqtvjyguv"cdqxg"vjku"jgkijv."ecp"dg"
noticed in the radiosonde observations.

Hqt" uwoogt."ykpfu" kp" vjg" nqygt" cvoqurjgtg"
are mostly northerly, and up to 600 m they are 

pqtvjgcuvgtn{="cdqxg"vjcv."oquv"ykpfu"ctg"hqwpf"vq"
dg"yguvgtn{"cpf"pqtvjyguvgtn{."yjkej"ecp"dg"pqvkegf"
in the radiosonde observations (Fig. 9a, b, e, f). All 

the PBL schemes reasonably simulated vertical vari-

cvkqpu"qh"ykpf"urggf"cpf"fktgevkqp"hqt"dqvj"ugcuqpu0"
Hqt"ykpvgt."TJ"kp"vjg"nqygt"cvoqurjgtg"wr"vq"5222"o 

ycu"ctqwpf"72/:2'"*Hki0":e."i+."cpf"hqt"uwoogt"c"
uocnngt"ocipkvwfg"qh"TJ"ctqwpf"37/52'"ycu"pqvkegf"
in observations (Fig. 9c, g). RH variation for January 

cpf"Crtkn"ycu"ygnn"ukowncvgf"kp"cnn"vjg"RDN"uejgogu0"
Gswkxcngpv"rqvgpvkcn"vgorgtcvwtg"kp"oqtpkpi"rtqÝngu"

Hki0":0"Xcnkfcvkqp"qh"oqfgn"ukowncvgf"xgtvkecn"vjgtocn"uvtwevwtg"rtqÝngu"qh"*c."g+"¦qpcn"ykpf"*ou–1); (b, f) meridional 

ykpf"*ou–1); (c, g) relative humidity (%); and (d, h) equivalent potential temperature (しe+"*M+"ykvj"tcfkquqpfg"qdugt-
xcvkqpu"cv"27<52"NV"qxgt"Pcirwt"qp"Lcpwct{32"cpf"35."422;"*ykpvgt+."tgurgevkxgn{0"*Qdugtxcvkqpu"ctg"ikxgp"kp"ektengu0+
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igpgtcnn{"ujqyu"uvcdng"eqpfkvkqpu"ykvj"uvcdng"nc{gtu"
\722"o"fwtkpi"vjg"ykpvgt"oqpvj"cpf"\522"o"qxgt"
the summer month. The observed vertical varia-

vkqp" qh" gswkxcngpv" rqvgpvkcn" vgorgtcvwtg"ycu"ygnn"
ecrvwtgf"d{"cnn"RDN"uejgogu"gzegrv" hqt"c"uocnngt"
ocipkvwfg"*ctqwpf"4/5"M+"hqt"vjg"nqygt"cvoqurjgtg"
wr"vq"722"o"qxgt"vjg"ykpvgt"oqpvj"*Hki0":f."j+"cpf"c"
higher magnitude around 2 K for the summer month 

(Fig. 9d, 9h).

Vjg"cpcn{uku"qh"xgtvkecn"rtqÝngu"qh"vjg"cdqxg"rc-

rameters reveals a clear-cut variation both in January 

cpf"Crtkn0"Vjgug"ejctcevgtkuvkeu"ctg"ygnn"ukowncvgf"
d{"cnn"RDN"uejgogu." vjqwij"ykvj"hgy"fkhhgtgpegu0"
Based on the results it can be observed that qualita-

vkxgn{"vjg"[UW"hqnnqygf"d{"vjg"O[PP4"uejgog"jcu 
reasonably simulated the PBL vertical thermodynam-

ical structure of the atmosphere as compared to other 

PBL schemes over the Nagpur region.

4.3 Statistical analysis of surface meteorological 

variables and the thermodynamical structure of the 

atmosphere

A statistical analysis based on MB, MAE, RMSE and 

EE"dgvyggp"ukowncvgf"cpf"qdugtxgf"uwthceg"ogvgq-

tqnqikecn"xctkcdngu"uwej"cu"CV."TJ."YU"cpf"YF"ykvj"
Ýxg"RDN"uejgogu"hqt"vjg"ukowncvkqp"rgtkqf"*gkijv"fc{u"
in January 2009 and 8 days in April 2009) are given 

in Table II. Since the direct comparison of simulated 

cpf"qdugtxgf"ykpf"fktgevkqpu"ecp"ngcf"vq"nctig"gttqtu"
yjgpgxgt"ykpf"Þwevwcvkqpu" qeewt" ctqwpf"2³1582³."
ykpf"fktgevkqp"gttqtu"ctg"cuuguugf"d{"eqorctkpi"vjg"
xgevqt"ykpfu"*u, v) (Srikanth et al., 2015). It has been 

Hki0";0"Xcnkfcvkqp"qh"oqfgn"ukowncvgf"xgtvkecn"vjgtocn"uvtwevwtg"rtqÝngu"qh"*c."g+"¦qpcn"ykpf"*ou–1); (b, f) meridional 

ykpf"*ou–1); (c, g) relative humidity (%); and (d, h) equivalent potential temperature (しe+"*M+"ykvj"tcfkquqpfg"qdugt-
vations at 05:30 LT over Nagpur on April 11 and 13, 2009 (summer), respectively. (Observations are given in circles.)
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found that all the PBL schemes simulated a cold bias 

kp" vgorgtcvwtg"ykvj"[UW"cpf"O[L." ikxkpi" nguugt"
errors and higher correlations compared to other PBL 

schemes. For RH, all PBL schemes produced a humid 

bias. The relatively lesser errors and good correlations 

qdvckpgf"ykvj"[UW"cpf"CEO4"kpfkecvg"vjgug"uejgogu"
simulate the RH better than other PBL schemes. The 

gttqt"uvcvkuvkeu"hqt"ykpfu"ujqy"vjcv"c"unkijv"qxgtguvkoc-
tion of their strength is noticed in the MYJ, QNSE, and 

[UW"uejgogu0"Jqygxgt."vjg"uocnngt"TOUG"cpf"jkijgt"
correlations obtained from YSU, ACM2 and MYNN2 

kpfkecvg" vjgug" uejgogu"jcxg" ukowncvgf"ykpf" urggf"
tgcuqpcdn{"ygnn0"Cnvjqwij"oquv"uejgogu"cfgswcvgn{"
ukowncvgf"ykpf"fktgevkqp."vjg"jkijgt"eqttgncvkqpu"cpf"
nguugt"gttqtu"qdvckpgf"ykvj"[UW."O[PP4"cpf"CEO4"
eqpÝto"vjcv"vjgug"uejgogu"ukowncvgf"dgvvgt"vjg"ykpf"
fktgevkqp"vjcp"vjg"qvjgt"vyq"uejgogu0

Overall, for various surface meteorological vari-

ables, the YSU and MYNN2 schemes produced lesser 

gttqtu"cpf"ygtg"kp"dgvvgt"citggogpv"ykvj"qdugtxcvkqpu"
ykvjkp" vjg" uvwf{" tgikqp0"C" uvcvkuvkecn" cpcn{uku" qh"
OD."OCG."TOUG"cpf"EE"dgvyggp"ukowncvgf"cpf"
qdugtxgf"xgtvkecn" rtqÝngu"qh" ¦qpcn" cpf"ogtkfkqpcn"

ykpf"eqorqpgpvu."tgncvkxg"jwokfkv{"cpf"gswkxcngpv"
rqvgpvkcn"vgorgtcvwtg"wukpi"Ýxg"RDN"uejgogu"cnqpi"
ykvj"cxckncdng"qdugtxcvkqpu."ctg"ikxgp"kp"Vcdng"KKK0"
Ogcp"uvcvkuvkeu"ujqy"vjcv"cnn"RDN"uejgogu"rtqfweg"c"
cold bias in RH and a cold mean bias (i.e., model-ob-

servation < 0) in equivalent potential temperature.

Overall, regarding surface meteorological vari-

cdngu" cu"ygnn" cu" vjg" vjgtoqf{pcokecn" uvtwevwtg"qh"
the atmosphere, the YSU and MYNN2 schemes 

rtqfwegf"nguugt"gttqtu"cpf"ygtg"kp"dgvvgt"citggogpv"
ykvj"qdugtxcvkqpu"ykvjkp"vjg"uvwf{"tgikqp"eqorctgf"
to other PBL schemes.

606"Ugpukdng"jgcv"Þwz."ncvgpv"jgcv"Þwz"cpf"oqogp-

vwo"Þwz
Uwthceg"Þwzgu"uwej"cu"ugpukdng"jgcv"*QH), latent heat 

(QG+"cpf"oqogpvwo"Þwz"*OH+"vtcpurqtvgf"htqo"vjg"
atmospheric surface layer to the atmosphere above 

rnc{"c"xkvcn"tqng"kp"fgÝpkpi"vjg"xgtvkecn"rtqÝngu"qh"
vgorgtcvwtg."jwokfkv{"cpf"ykpf"eqorqpgpvu"kp"vjg"
atmospheric boundary layer. In the present study, 

vjg" fkwtpcn" xctkcvkqp" qh" vjgug" hnwzgu" ukowncvgf"
ykvj"fkhhgtgpv"RDN"uejgogu"qh"vjg"YTH"oqfgn"ctg 

Table II. Statistical analysis of air temperature (ºC), surface relative humidity (%)," uwthceg"ykpf"
speed (ms–1+."¦qpcn"ykpf"*ou–1+"cpf"ogtkfkqpcn"ykpf"*ou–1+"ykvj"fkhhgtgpv"RDN"uejgogu"qxgt"Pcirwt0

Parameter Errors YSU MYNN2 MYJ QNSE ACM2

Air temperature (ºC) MB

MAE

RMSE

CC 

–1.04

1.56

1.93

0.97 

–1.68

2.05

2.40

0.97

–1.03

1.70

2.13

0.97 

–2.23

2.52

3.05

0.96 

–1.60

2.03

2.41

0.97

Relative humidity (%) MB

MAE

RMSE

CC 

4.66

9.72

12.41

0.88 

5.13

10.19

13.00

0.87

5.75

10.14

12.95

0.88 

9.25

12.26

15.61

0.88 

5.43

9.79

12.54

0.89

Wind speed (ms–1) MB

MAE

RMSE

CC 

0.33

0.78

1.04

0.53 

–0.06

0.90

1.18

0.50

0.48

0.99

1.27

0.44 

0.39

0.98

1.27

0.33 

–0.09

0.84

1.09

0.50

¥qpcn"ykpf"*ou–1) MB

MAE

RMSE

CC 

–0.02

0.84

1.15

0.71 

0.23

0.95

1.23

0.64

0.17

1.11

1.43

0.63 

0.42

1.29

1.63

0.56 

0.32

1.03

1.30

0.63

Ogtkfkqpcn"ykpf"*ou–1) MB

MAE

RMSE

CC

–0.35

0.97

1.39

0.70

–0.44

0.92

1.29

0.68

–0.60

1.20

1.57

0.65

–0.49

1.25

1.63

0.57

–0.45

0.98

1.39

0.67
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presented in Figures 10 and 11, for January 10 and 

13, 2009, and April 11 and 13, 2009, respectively.

Though all the PBL schemes simulated nearly 

similar values of nighttime QH."ukipkÝecpv"fkhhgtgpegu"
ctg"hqwpf"kp"fc{vkog"Þwzgu."gurgekcnn{"kp"chvgtpqqp"
hours (Fig. 10a, b and Fig. 11a, b) during both January 

cpf"Crtkn0"Vjg"fckn{"e{eng"ujqyu"kp"igpgtcn"jkijgt"
Þwzgu"kp"oqfgn"ukowncvgf"QH"ykvj"SPUG"cpf"O[L."
eqorctgf"vq"qvjgt"uejgogu0"Jkijgt"jgcv"Þwz"yqwnf"
ngcf"vq"c"uvtqpin{"eqpxgevkxg"cvoqurjgtg"cpf"itqyvj"
of deep daytime PBLs (Srikanth et al., 2015). It is 

also noticed that QH magnitudes are higher during 

April than in January.

Vjg"fkwtpcn"xctkcvkqp"qh"ncvgpv"jgcv"Þwz"*QG) is 

ujqyp"kp"Hkiwtg"32e."f."cpf"Hkiwtg"33e."f+"fwtkpi"
January and April. As seen in the QH diurnal variation, 

a similar trend is noticed in QG. In general, QNSE, 

MYJ simulated higher magnitudes of QG compared 

to the other schemes.

C" jkijgt"oqogpvwo" hnwz" *OH+"ycu" pqvkegf"
fwtkpi"Crtkn"eqorctgf"vq"vjcv"qh"Lcpwct{"cu"ujqyp"kp 

Hki0"32g."h."cpf"Hki0"33g."h+0"Cu"ykvj"QH and QG, the 

YTH"oqfgn"ykvj"SPUG"cpf"O[L"ukowncvgf"c"jkijgt"
MF during April. From the analysis, it is noticed that 

RDN"uejgogu"fkhhgt"kp"vjg"ukowncvkqp"qh"vjgug"Þwz-

es during both January and April. From these case 

uvwfkgu."kv"ycu"qdugtxgf"vjcv"[UW"cpf"O[PP4"uko-

wncvgf"uocnngt"ocipkvwfgu"qh"vjgug"Þwzgu"eqorctgf"
to QNSE, MYJ and ACM2.

4.5 PBL height, convective velocity scale and venti-

ncvkqp"eqghÝekgpv
Jgtg"yg"fkuewuu"vjg"RDN"jgkijv"*RDNJ+"*cnuq"ecnngf"
okzgf"nc{gt"jgkijv+."yjkej"cvvckpu"ukipkÝecpeg"kp"
air quality dispersion assessment, the convective 

velocity scale (W*+."cnuq"ecnngf"okzkpi"uecnkpi"rc-

tcogvgt."cpf"vjg"xgpvkncvkqp"eqghÝekgpv"*XE+0"Vjg"
XE"ku"vjg"rtqfwev"qh"vjg"cxgtcig"ykpf"urggf"cpf"
okzkpi"nc{gt"jgkijv."yjkej"ogcpu"vjcv"XE"ujqyu"vjg"
capacity of the atmosphere to disperse and reduce 

the pollutants over a region. VC is used as a direct 

measure to differentiate the degree of transport/

Table III."Uvcvkuvkecn"cpcn{uku"qh"¦qpcn"ykpf"*ou–1+ . "ogtkfkqpcn"ykpf"*ou–1) , relative humidity (%), 

cpf"gswkxcngpv"rqvgpvkcn"vgorgtcvwtg"*M+"ykvj"fkhhgtgpv"RDN"uejgogu"qxgt"Pcirwt0

Parameter Errors YSU QNSE MYNN2 MYJ ACM2

¥qpcn"ykpf"*ou–1) MB –0.59 –0.65 –0.13 –0.34 –0.38

MAE 2.65 2.78 2.52 2.77 2.71

RMSE 3.28 3.44 3.18 3.36 3.37

CC 0.54 0.51 0.55 0.52 0.52

Ogtkfkqpcn"ykpf"*ou–1) MB 0.18 0.63 0.47 0.57 0.63

MAE 2.79 2.97 2.65 2.69 2.70

RMSE 3.68 3.89 3.54 3.57 3.60

CC 0.55 0.55 0.56 0.55 0.59

Relative humidity (%) MB –9.17 –7.74 –9.11 –8.40 –8.85

MAE 11.17 10.20 11.13 10.67 11.15

RMSE 14.63 13.38 14.65 13.95 14.55

CC 0.87 0.88 0.87 0.88 0.87

Equivalent potential 

temperature (K)

MB –2.23 –2.57 –2.64 –2.37 –2.39

MAE 4.46 4.80 4.64 4.60 4.60

RMSE 5.75 6.34 6.01 5.93 5.99

CC 0.36 0.31 0.37 0.37 0.34
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Hki0"320"*c."d+"Oqfgn"ukowncvgf"ugpukdng"jgcv"Þwz"*Yo–2+="*e."f+"Ncvgpv"jgcv"Þwz"*Yo–2); and (e, f) Momentum 

Þwz"*Po–2), on January 10 and 13, 2009, respectively, over Nagpur.
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fkurgtukqp"qh"rqnnwvcpvu"vcmkpi"rnceg"ykvjkp"vjg"eqp-

xgevkxg"dqwpfct{"nc{gt0"Kv"tgÞgevu"vjg"vtcpurqtv"tcvg"
qh"rqrwncvkqpu"kp"vjg"okzkpi"nc{gt0"Jkijgt"xcnwgu 
of  VC indicate effective dispersion. The calculation of 

VC is given by

V = Xi Yi

yjgtg"Xi" ku" vjg" cvoqurjgtke"okzkpi" nc{gt" jgkijv"
above the ground (m), and Yi" ku" vjg"ykpf" urggf"
near the ground (ms–1+0"Xkuycpcjfco"et al. (1993, 

1995, 1997) reported the climatological atmospheric 

dilution indices, the dispersive capacity of the at-

mosphere, and the utility of surface meteorological 

variables in atmospheric dispersion studies over 

Indian cities.

PBLH predictions are important for the estima-

vkqp"qh"ogcp"swcpvkvkgu"*vgorgtcvwtg."ykpf."gve0+"kp"
meteorological models, and are also important for 

air pollutant dispersion modeling (Carruthers et al., 

1994; Cimorelli et al., 2005; Steeneveld et al., 2008; 

García Diez et al., 2013; Boadh et al., 2015). It rep-

tgugpvu"vjg"ghhgevkxg"tgikqp"qh"vwtdwngpv"okzkpi"hqt"
heat, moisture and pollutants. Errors in simulating 

vjg"okzgf/nc{gt" fgrvj"yqwnf" chhgev" vjg"okzkpi"qh"
rqnnwvcpvu0"Fggr"okzgf"nc{gtu"gpjcpeg"vjg"fkurgtukqp"
yjkng"ujcnnqy"nc{gtu"tguvtkev"vjg"xgtvkecn"fkhhwukqp"qh"
pollutants. The employed PBL schemes in the present 

study estimate the PBLH differently. Hence, in our 

uvwf{"yg"wugf"vjg"oqfgn"fgtkxgf"xgtvkecn"rtqÝngu"qh"
ykpf"eqorqpgpvu"cpf"vgorgtcvwtg."cpf"yg"guvkocvgf"
the PBLH based on the approach suggested by Voge-

lezang and Holtslag (1996). We computed the PBLH 

ykvj"cnn"Ýxg"uejgogu"hqt"uvcdng."wpuvcdng"cpf"pgwvtcn"
eqpfkvkqpu0"Ukowncvkqpu"ygtg"ocfg"hqt"RDNJ."W* 

and VC for all eight days both in January and April. 

Hqt"vjg"ucmg"qh"eqpvkpwkv{"yg"ujqy"vjg"cpcn{uku"hqt"
January 10 and 13, 2009, and April 11 and 13, 2009 

in Figures 12 and 13, respectively.

The diurnal variation of PBLH obtained using 

various PBL schemes over Nagpur on January 10 

cpf"35."422;"ku"ujqyp"kp"Hki0"34c."d"tgurgevkxgn{."
and during summer on April 11 and 13, 2009 in 

Fig. 13a, b. We could not make direct comparisons 

of the simulated PBLH against observations, since 

observed PBLH measurements are not available. 

Jqygxgt." cp" kpvgteqorctkuqp" qh" xcnwgu" htqo"fkh-
hgtgpv"pwogtkecn"gzrgtkogpvu"rtqxkfgu" vjg"tgncvkxg"
performance of different PBL schemes.

The PBL schemes YSU and MYNN2 produce 

ujcnnqy"dqwpfct{"nc{gtu"kp"Lcpwct{"cpf"Crtkn."yjkng"
ACM2 and MYJ produce moderate deep boundary 

layers in both months. In general, it is noticed that 

[UW" cpf"O[PP4" ukowncvgf" tgncvkxgn{" ujcnnqy"
boundary layers (PBLH ~1600 ± 300 m); ACM2 and 

MYJ produced moderate boundary layers (PBLH 

~2300 ± 300 m), and QNSE produced deeper layers 

(PBLH ~2900 ± 200 m) during January. For April, 

[UW"cpf"O[PP4"cnuq"ukowncvgf"tgncvkxgn{"ujcnnqy"
boundary layers (PBLH ~2300 ± 200 m), ACM2 

and MYJ moderate boundary layers (PBLH ~2700 

± 400 m) and QNSE deeper layers (PBLH ~4500 ± 

250 m). The diurnal cycle of simulated PBL heights 

indicates the QNSE produces relatively deep bound-

ary layers in both January and April. QNSE yielded 

fggr"dqwpfct{" nc{gtu" dgecwug" kv" rtqfwegf" ukipkÝ-

ecpvn{"jkij"ugpukdng"jgcv"Þwz"eqorctgf"vq"qvjgt"RDN"
schemes. Kompalli et. al. (2014) found the deeper 

okzkpi"jgkijv"fwtkpi"uwoogt"*\5236"ł"33:9"o+"cpf"
vjg"ujcnnqygt"okzkpi"jgkijv"fwtkpi"ykpvgt" *\36::"
ł"928"o+"qxgt"Pcirwt0"Fggr"dqwpfct{"nc{gtu"ykvj"
SPUG."CEO4"ygtg" cnuq" tgrqtvgf" d{"Jctkrtcucuf"
et al. (2014) at a tropical coastal site (Kalpakkam); 

Shin and Hong (2011) at mid-latitudes, and Srikanth 

et al. (2015) over Ranchi."Vjg"okzkpi"gzvtgogu"ykvj"
the QNSE and ACM2 schemes found in our study 

support the results of earlier simulation studies.

Vjg"eqpxgevkxg"xgnqekv{"uecng"ku"cnuq"ecnngf"okzkpi"
scaling parameter. Venkatram (1978) compared his 

theory to estimate different W* values at different 

RDNJu"ykvj"dqwpfct{"nc{gt"fcvc"qdvckpgf"fwtkpi"vjg 
1973"Okppguqvc"gzrgtkogpv"*Mckocn et al., 1976). The 

diurnal variation of W* during daytime convection 

(W* > 0) obtained using various PBL schemes on 

January 10 and 13, 2009"ku"ujqyp"kp"Hki0"34e."f."tg-
urgevkxgn{."yjkng"hqt"Crtkn"33"cpf"35."422;"kv"ku"ujqyp"
kp"Hki0"35e."f0" Kp" Lcpwct{." cnn"RDN"uejgogu"gzegrv"
QNSE simulated smaller magnitudes of W*, as seen 

in Fig. 12c, d. It can be noticed that QNSE simulated 

higher values (~2.5 ms–1+."yjgtgcu"xcnwgu"ukowncvgf"d{"
O[PP4"ygtg"uocnngt"*\309"ou–1), and simulations by 

qvjgt"uejgogu"ygtg"ykvjkp"vjku"tcpig"qh"ocipkvwfg0"W* 

ku"jkijgt"kp"Crtkn."cu"ujqyp"kp"Hki0"35e."5f"cu"eqorctgf"
to January. Among the PBL schemes, QNSE simulated 

higher values (~3.9 ms–1), and MYNN2 smaller values 

(~2.7 ms–1). The higher W* during April is attributed 

vq"c"oqtg"eqpxgevkxg"wrnkhv"fwg"vq"ugpukdng"jgcv"Þwz"
compared to that of January over the study region.
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Fig. 12. (a, b) Model simulated PBLH (m); (c, d) W* (ms–1); (e, f) VC (m2 s–1) for January 10 and 13, 2009, 

respectively, over Nagpur.
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Fig. 13. (a, b) Model simulated PBLH (m); (c, d) W* (ms–1), and (e, f) VC (m2 s–1), on April 11 and 13, 2009, 

respectively, over Nagpur.
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The variation in VC during daytime and nighttime 

on January 10 and 13, and April 11 and 13, 2009 is 

ujqyp"kp"Hkiwtgu"34g."h."cpf"35g."h."tgurgevkxgn{0"Vjg"
XE"vgpfgf"vq"dg"jkijgt"cpf"ukipkÝecpvn{"xctkgf"fwtkpi"
fc{vkog."yjkng" kv"ycu"tgncvkxgn{" nqygt"cpf"eqpuvcpv"
fwtkpi"pkijvvkog"kp"dqvj"oqpvju0"Ukoknct"tguwnvu"ygtg"
tgrqtvgf"d{"Iq{cn"cpf"Ejcncrcvk"*4229+"hqt"Mqejk."yjq"
uvcvgf"vjcv"XE"ycu"jkijgt"fwtkpi"vjg"chvgtpqqp"yjkng"
kv"ycu"nqygt"fwtkpi"vjg"gxgpkpi"cpf"oqtpkpi"kp"cnn"
seasons. QNSE produces a higher VC (~8 × 103 m2 s–1 

fwtkpi"ykpvgt"cpf"\3;7"'"323 m2 s–1 in the summer), 

yjkng"O[PP4"cpf"O[L"rtqfweg"c"nqygt"XE"*\4 × 

103 m2 s–1 in January and ~8.5 × 103 m2 s–1  in April, 

respectively) compared to other schemes.

Kompalli et. al. (2014) estimated the VC and 

found its minimum mean value (~5.7 × 103 ± 0.4 × 

103 m2 s–1+"kp"Lcpwct{"cpf"kvu"oczkowo"*\370382 × 

103 m2 s–1+"kp"Crtkn"42340"Yg"hqwpf"tguwnvu"ykvjkp"vjg"
range for VC in January 2009 on different days: ~5 × 

103 ± 0.5 × 103 m2 s–1="jqygxgt."kp"Crtkn"kv"ycu"wpfgt-
estimated: ~8 × 103 ± 0.4 × 103 m2 s–10"Kv"ycu"hqwpf"vjcv"
XE"ycu"gzvgpukxgn{"xctkcdng"cpf"jkij"fwtkpi"fc{vkog. 
yjkng"kv"ycu"swkvg"kpxctkcdng"cpf"nqy"fwtkpi"pkijv-
vkog."ujqykpi"c"jkijgt"fkurgtukqp"ecrcekv{"qh"vjg"RDN"
fwtkpi"fc{vkog"cpf"nqygt"fwtkpi"pkijvvkog0

5. Summary and conclusions

The main aim of the present study is to evaluate the 

performance of various PBL schemes of the WRF-

ARW model in simulating the characteristics of me-

soscale meteorological parameters over Nagpur for 

the application of air pollution dispersion studies. 

Vjg"oqfgn"ku"kpvgitcvgf"ykvj"jkij"tguqnwvkqp"*5"mo+"
vq"ecrvwtg"vjg"dqwpfct{"nc{gt"Þqy"rctcogvgtu"qxgt"
fkhhgtgpv"vqrqitcrjkecn"Þwevwcvkqpu"qxgt"vjg"uvwf{"
tgikqp0"Ukowncvkqpu"ygtg"rgthqtogf"hqt"ykpvgt"cpf"
summer in order to study the application of simulat-

ed meteorology in air quality assessment. Sensitivity 

gzrgtkogpvu"ygtg"eqpfwevgf"wukpi" vyq"pqp/nqecn"
(YSU, ACM2) and three local (MYNN2, MYJ, 

QNSE) turbulence kinetic energy (TKE) closure 

PBL turbulent diffusion parameterization schemes. 

The simulated thermodynamical structure of the 

atmosphere and surface meteorological variables 

ygtg"xcnkfcvgf"ykvj"cxckncdng"qdugtxcvkqpu"qxgt"vjg"
study region. Results indicate that the model could 

ecrvwtg"vjg"nqecn"uecng"Þqy"Ýgnf"cpf"ukvg/urgekÝe"
meteorological variables at Nagpur. Simulations 

ujqy"ykfgn{" xct{kpi" Þqyu."okzgf" nc{gt" jgkijv."

and air temperature both in January and April that 

yqwnf"korcev"vjg"rnwog"vtclgevqt{"htqo"rqnnwvcpv"
sources around the Nagpur region. The analysis of 

fkhhgtgpv"ogvgqtqnqikecn"xctkcdngu"ujqyu"vjcv"vjgug"
are sensitive to the PBL parameterization employed 

in the model. In general, it has been found that 

for most variables, non-local scheme YSU and 

vjg"ngxgn"407"VMG"uejgog"O[PP4"ygtg"kp"dgvvgt"
citggogpv"ykvj"qdugtxcvkqpu."dqvj"swcnkvcvkxgn{"cpf"
quantitatively. The model simulated deep to very 

fggr"dqwpfct{"nc{gtu"fwtkpi"uwoogt"cpf"ujcnnqy"
nc{gtu"fwtkpi"ykpvgt0"Coqpi"vjg"fkhhgtgpv"RDN"rc-

tcogvgtk¦cvkqp"uejgogu."SPUG"hqnnqygf"d{"CEO4"
and MYJ simulated relatively deep boundary layers, 

cpf"O[PP4"cpf"[UW"ukowncvgf"tgncvkxgn{"ujcnnqy"
layers in both months (January and April). The VC 

simulated by QNSE compared to other schemes in 

both months (January and April). In January, VC 

xcnwgu"ukowncvgf"d{"cnn"RDN"uejgogu"ygtg"owej"
nqygt" vjcp" qdugtxcvkqpu."yjkej"ogcpu" rqnnwvkqp"
values may be very high in Nagpur during January. 

C"nqygt"XE"ycu"ukowncvgf"ykvj"[UW"hqnnqygf"d{"
MYNN2 during the study periods. A statistical 

analysis based on MB, MAE, RMSE and CC re-

vealed that YSU and MYNN2 scheme produced 

uocnngt" gttqtu" cpf"ygtg" kp"dgvvgt" citggogpv"ykvj"
observations regarding surface meteorological 

variables and the thermodynamical structure of 

the atmosphere over the study region, compared to 

other PBL schemes. Within its limitations, the study 

cfxqecvgu" vjcv" pqp/nqecn" uejgog"[UW" hqnnqygf"
by local TKE scheme MYNN2 are suitable for air 

pollution dispersion modeling studies over Nagpur.
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