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ABSTRACT 
Three-dimensional atmospheric models have become important tools for accurate prediction of 
meteorological variables, which play a very crucial role in understanding in regional air quality. 
A sensitivity analysis has been performed over National Capital region (NCR) Delhi (India) 
using Weather Research and Forecasting model (version 3.2) for the surface air meteorological 
parameters for summer and winter season. Suite of sensitivity experiments were conducted with 
three different Planetary Boundary Layer (PBL) schemes and three Land Surface Models 
(LSM). The best combination of PBL and LSM suited for the region has been determined. 
Comparison between simulated and observed data was carried out through statistical measures. 
The combination of Pleim-Xiu LSM, Pleim surface layer scheme and Asymmetric Convective 
Model (ACM2) PBL scheme has been found to produce better estimates for temperature and 
relative humidity. Wind speed is observed best for Noah-Yonsei University (YSU) combination. 
In overall, the study shows that WRF model performs well for the national capital region. 

Key Words : WRF model, Parameterization schemes, Temperature, Wind speed, 
Forecasting model 

 
INTRODUCTION 

Delhi, the capital of India, is one of the most 
polluted urban mega cities in the world due to 
its unrestricted growth. Urban transport, 
manufacturing industries and thermal power 
plants are the major sources of anthropogenic 
pollution. Delhi located at 28.5°N latitude and 
77°E longitude and ~216 m above mean sea 
level, lies entirely on the Gangetic plains with 
the Thar Desert region in the East, Himalayas 
to the East and central hot plains in the East.1 
Delhi has semi-arid climate, with long 
summers (March to May), monsoon season 
(June to September), Post monsoon (October 
to November) and winters (December to 
February) with heavy fog. Delhi due to its flat 
terrain, the meteorology tends to have a higher 
impact on dispersing of the air pollutants. In 
the past, studies like air pollution assessment 
linked to meteorology,2 coupling between 
meteorological factors and ambient aerosol 

load4 have established that meteorological 
variables play crucial role in regional air 
quality. The importance of meteorological 
inputs on the regional air quality has been 
clearly stated4,5 and consequently, the need to 
have better insight on the sensitivity and 
performance of meteorological models.6,7 
To study the air quality of a region, air quality 
dispersion models are required, which require 
meteorological input at each grid point in the 
study domain. Such closely spaced 
observations are rarely available so 3-D 
atmospheric models are used. Three-
dimensional atmospheric models are important 
tools for understanding meteorological 
variables and their effects on the air quality on 
spatio-temporal scale. The importance of 
meteorological inputs in regional air quality 
modelling has been clearly stated 4,5,7 and 
consequently the need to have a better insight 
on the sensitivity and performance of 
meteorological models for the accurate 
representation of meteorological processes and *Author for correspondence 
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air quality. Accurately simulating the 
meteorological variables within the Planetary 
Boundary Layer (PBL) is of critical 
importance for correctly simulating the 
pollution events. 
The Planetary Boundary Layer (PBL), the 
lowest portion of atmosphere, is of prime 
importance to air quality. Several authors in 
the past have addressed the impact of PBL 
parameterizations on air quality modelling 
applications recently. Processes within the 
PBL control exchanges of momentum, water 
and trace substances between the Earth’s 
surface and the free troposphere and these 
processes are represented, often in 
parameterized form, in atmospheric models. 
The structure of the PBL can be complex and 
variable. In atmospheric models, PBL 
parameterization schemes play a very critical 
role in simulating the boundary layer.  
The Weather Research Forecasting (WRF) 
model, offers different physics options to be 
chosen according to the region, scale and 
application of interest. Different PBL schemes 
adopt different assumptions regarding the 
transport of mass, moisture and energy, which 
may lead to differences in the boundary layer 
and subsequently in the whole of the model 
domain. Numerous sensitivity studies have 
examined the sensitivity of WRF model 
predictions to PBL schemes5,6 in various parts 
of the world. However, in India, some 
sensitivity studies for WRF have been 
undertaken which mainly focused on the 
extreme events like thunderstorm, tropical 
cyclone and heavy precipitation. The local 
meteorological conditions over the Delhi 
region are usually influenced by the regional 
land surface and the flow fields over Northern 
India. Thus, it is necessary to use a model with 
advanced land surface, physics and dynamical 
schemes in the study of the PBL processes 
over the Northern Indian region.  

AIMS AND OBJECTIVES 
In this study WRF model, version 3.2, was 
used to simulate the meteorological conditions 
(surface meteorological variables) of the Delhi 
region in summer 2009 and winter 2009 and 
thus used for examining sensitivity of the WRF 
simulations to PBL schemes namely – the 
Yonsie University (YSU), the Mellor-Yamada-

Janjic (MYJ) and Asymmetric convective 
model (ACM2), in combination with LSM 
namely – Pleim, Noah and RUC schemes. 

MATERIAL AND METHODS 
WRF modeling system 
The Weather Research and Forecasting model 
(WRF) is developed for mesoscale modeling 
and is a supported community model, i.e. a 
free and shared resource with distributed 
development and centralized support.  Its 
development is led by NCAR, NOAA/ESRL 
and NOAA/NCEP/EMC with partnerships and 
collaborations with universities and other 
government agencies in the US and overseas. 
The Advanced Research WRF (ARW) 
dynamical core has an equation set which is 
fully compressible, Eulerian and non-
hydrostatic with a run-time hydrostatic option. 
The model uses terrain-following, hydrostatic-
pressure vertical coordinate with the top of the 
model being a constant pressure surface. The 
horizontal grid is the Arakawa-C grid. The 
model uses the third-order Runge-Kutta time 
integration scheme coupled with a split-
explicit 2nd – order time integration scheme for 
the acoustic and gravity wave modes and the 
spatial discretization employs 2nd to 6th order 
schemes. The model supports both idealized 
and real-data applications with various lateral 
boundary condition options. The model also 
supports one-way, two-way and moving nest 
options. In the present study, two –way nesting 
technique is used which involves feedback 
from the fine domain to the coarse domain and 
vice-versa. The use of nesting enables the 
simulation of feedbacks among various 
meteorological variables.7,8 

Model configuration 
There are various options for physical 
parameterizations in this model for (i) 
microphysics, (ii) Cumulus Parameterization 
(CP), (iii) Surface Layer (SL), (iv) Land 
Surface Model (LSM) and (v) planetary 
boundary layer (PBL). The present study 
mainly captures the surface layer, the land 
surface and PBL parameterizations. The 
surface layer schemes calculate friction 
velocities and exchange coefficients that 
enable to calculate surface heat and moisture 
fluxes  by  the land-surface models and surface  
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stress in the PBL scheme. The different PBL 
schemes adopt different assumptions regarding 
the transport of mass, moisture and energy, 
which may lead to differences in the boundary 
layer.6 The YSU boundary layer scheme is tied 

with MM5 surface layer similarity scheme 
while the other ACM2 is tied to Pleim–Xiu 
surface layer scheme. The model simulation 
experiments conducted in this study are 
discussed in Table 1. 

Table 1 : Model configuration used in WRF simulations 

Simulation expt Surface layer Land surface model Planetary boundary layer 
Sim1 MM5 Noah YSU 
Sim2 MM5 Pleim YSU 
Sim3 MM5 RUC(6) YSU 
Sim4 Pleim Pleim ACM2 
Sim5 Pleim RUC(6) ACM2 
Sim6 Eta Noah MYJ 
Sim7 Eta Pleim MYJ 
Sim8 Eta RUC(6) MYJ 

*Longwave Radiation scheme—RRTM Shortwave Radiation scheme—Dudhia Microphysics scheme—Lin Cumulus 
parameterizaion scheme— Kain-Fritsch. Acronyms : RRTM — Rapid Radiative Transfer Model YSU — Yonsei 
University MYJ — Mellor–Yamada–Janjic ACM2— Asymmetric Convective Model(version 2)NOAH — National 
Center for Environmental Prediction, Oregon State University, Air Force, National Weather Service's Hydrologic 
Research Lab RUC — Rapid Update Cycle LSM — land-surface model PBL — planetary boundary layer 

Microphysics includes explicitly resolved 
water vapor, cloud and precipitation processes. 
Cumulus parameterization schemes are 
responsible for the sub-grid-scale effects of 
convective and/or shallow clouds. The 
schemes are intended to represent vertical 
fluxes due to unresolved updrafts and 
downdrafts and compensating motion outside 
the clouds. The SL scheme calculates the 
friction velocities and exchange coefficients 
that enable the calculation of surface heat and 
moisture fluxes by the land-surface models and 
surface stress in the PBL scheme. The LSM 
scheme uses atmospheric information from the 
surface layer scheme, radiative forcing from 
the radiation scheme and precipitation forcing 
from the microphysics and convective 
schemes, together with internal information on 
the land’s state variables and land-surface 
properties, to provide heat and moisture fluxes 
over land points. These fluxes provide a lower 
boundary condition for the vertical transport 
done in the PBL schemes. The PBL schemes 
are responsible for vertical sub-grid-scale 
fluxes due to eddy transports. When a PBL 
scheme is activated, explicit vertical diffusion 
is de-activated with the assumption that the 
PBL scheme will handle this process. The 
most appropriate horizontal diffusion choices 
are   those  based  on horizontal deformation or  

constant Kh values where horizontal and 
vertical mixing is treated independently. The 
surface layer and land-surface schemes provide 
the surface fluxes. The PBL schemes 
determine the flux profiles within the well-
mixed boundary layer and the stable layer and 
thus provide atmospheric tendencies of 
temperature, moisture (including clouds) and 
horizontal momentum in the entire 
atmospheric column. 
Model domain and simulation period 
All the simulation experiments are conducted 
with the Advanced Research WRF (ARW-
WRF) Version 3.29-11 (http:// www.mmm. 
ucar.edu/wrf/users/). The parent domain 
(Domain 1(D1)) covers the Northern India, 
which includes the Western parts of the Thar 
Desert, the Himalayan region well with a 
spatial resolution of 18 km. The first nested 
domain (Domain 2(D2)) covers the northern 
region of India with resolution of 6 km. The 
second nested domain (Domain 3(D3)), under 
analysis has a domain resolution of 2 km, 
which covers Delhi (Fig. 1) and its 
surroundings. Seasonally, the year is divided 
into four main periods. Summers prevail in the 
months of March–June while the period of 
December–February constitutes the winter 
season. The maximum temperature ranges 
from 40 to 47oC in peak summer season and 
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the minimum temperature in winter season is 
in the range of 2–6oC in coldest period of Dec.-
Jan. For the present study, summer and winter 
conditions have been simulated for about 15 
days in each season. The period from 14 May 
2009 00:00 UTC to 31 May 2009 00:00 UTC 

was chosen for summer simulations while for 
the winter season the simulation period was 
from 19 December 2009 00:00 UTC to 3 
January 2010 00:00 UTC.  The simulated 
period represent the two contrasting seasons 
experienced by Delhi during any given year.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1. : Model domains considered in the present study 

Data and analysis 
Six-hourly NCEP–NCAR final analysis data 
(FNL) with 1 x 1 resolution are used in the 
model for initial and lateral boundary 
conditions. Topographical features (with a 
resolution of 30 ́́ ́) vegetation, soil (with a 
resolution of 30 ́ ́)́, soil temperature (with a 
resolution of 1), albedo and land use (with a 
resolution of 30 ́́ )́ are used from the U.S. 
Geological Survey (USGS) global data. The 
sources of these datasets are available for 
download from WRF model website 
(http://www.mmm.ucar.edu/wrf/users/downloa
ds.html). The output has been generated from 
the model at every 1 hour. The data used for 
validation of surface variables has been 
derived from http://www.wunderground.com/.  
In Delhi, spread over an area of 1, 484 km2, 
have two aeronautical weather stations of 
Indian Meteorological Department (IMD), 
which are part of WMO World Weather 
Information   Service.4  First is the aeronautical  

weather station located at Indira Gandhi 
International (IGI) Airport in Delhi (28.57 N, 
77.12 E) which will be referred to as IGI 
hereafter in this text. Within Delhi region, this 
is the only location for which data is available 
in public domain at an interval of 30-60 
minutes. The other weather station is at 
Safdarjung (SFD) Airport (28.58 N, 77.2 E) 
and surface data for this site is available at 3 
hour interval. This station will be referred to as  
SFD hereafter in this text. To keep the paper in 
sizeable format, only IGI results have been 
discussed in the paper. 

RESULTS AND DISCUSSION 
Temperature and relative humidity 
The simulated surface temperature and relative 
humidity is compared with those observed at IGI 
for winter and summer. (Table. 2 and Table. 3) 
Fig. 2 to Fig. 5 displays the diurnal variation of 
observed and simulated surface temperature and 
relative humidity at IGI, averaged over each hour  

Domain 1 

Domain 2 

Domain 3 
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for the study period of 14 days for summer and 
winter season. It has been observed that surface 
temperature is generally over predicted during 
daytime while it is under predicted during night 
time in summer. However, during winter, an over 
prediction in surface temperature is seen during 
daytime whereas not much variation is seen 
during night time as winter is usually associated 
with relatively low winds and stabile 
atmospheric condition as compared to summer.  
Thus, a warm bias shown by the model can be 
due to strong stability and low wind conditions.  
This under prediction during nighttime and over 
prediction in daytime is well supported by the 
study done by Hanna.5 The statistical analysis 
highlights the first two maximum values of 

correlation and their corresponding rmse. 
Simulation 4 (Sim4) a combination of Pleim 
surface layer, Pleim LSM and ACM2 PBL 
shows the best results corresponding to 
correlation for summer and winter for IGI. 
Statistical measures like root mean square 
(RMSE) and mean absolute error (MAE) further 
support the results. Sim7 produces better rmse 
and mae results compared to simulation 4 for 
both stations. It uses MYJ PBL scheme, which 
predicts higher moisture near the surface than the 
other YSU and ACM2 scheme. Thus, MYJ PBL 
scheme has weaker entrainment processes at the 
top of PBL due to weaker vertical mixing6,                           
thus  resulting in higher moisture near the surface       
than the other two PBL schemes.  

 

Fig. 2 : Diurnal variation of observed and simulated surface temperature at IGI in winter 

 

Fig 3. : Diurnal variation of observed and simulated surface temperature at IGI in summer 
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Fig 4. : Diurnal variation of average observed and simulated relative humidity at IGI in winter 

 

Fig 5. : Diurnal variation of average observed and simulated relative humidity at IGI in summer 

Table 2 : Statistical evaluation of winter simulation, IGI 

IGI Sim1 Sim2 Sim 3 Sim 4 Sim 5 Sim 6 Sim 7 Sim 8 
Temperature 

r(1) 0.918 0.914 0.899 0.923 0.917 0.916 0.913 0.886 
RMSE(0) 2.169 2.438 2.214 2.369 2.395 2.273 2.322 2.457 
MAE(0) 1.643 1.872 1.572 1.762 1.721 1.496 1.753 1.700 
FB(0) 0.002 -0.005 -0.001 0.005 0.001 0.001 -0.004 0.003 

Wind speed 
r(1) 0.677 0.660 0.680 0.671 0.569 0.584 0.635 0.574 
RMSE(0) 0.823 0.813 0.825 0.819 0.755 0.764 0.797 0.757 
MAE(0) 0.907 0.901 0.908 0.905 0.869 0.874 0.893 0.870 
FB(0) -0.168 -0.017 0.256 0.066 0.082 0.136 0.111 0.158 

     Relative humidity  

r(1) 0.732 0.800 0.625 0.787 0.578 0.747 0.802 0.585 
RMSE(0) 43.571 28.596 41.797 28.894 42.397 37.482 23.830 40.821 
MAE(0) 6.418 5.087 6.213 5.092 6.218 5.914 4.532 6.086 
FB(0) -0.696 -0.387 -0.638 -0.388 -0.639 -0.561 -0.294 -0.604 
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Table 3 : Statistical evaluation of summer simulation, IGI 

IGI Sim1 Sim2 Sim 3 Sim 4 Sim 5 Sim 6 Sim 7 Sim 8 
Temperature 

r(1) 0.797 0.819 0.783 0.824 0.808 0.808 0.786 0.816 
RMSE(0) 3.426 3.290 3.724 3.772 4.515 3.656 3.464 3.662 
MAE(0) 1.607 1.627 1.684 1.748 1.914 1.683 1.688 1.672 
FB(0) -0.005 -0.001 -0.005 -0.001 0.006   0.007 0.000 -0.005 

Wind speed 
r(1) 0.412 0.371 0.413 0.344 0.326 0.408 0.362 0.288 
RMSE(0) 2.107 2.638 2.368 2.632 2.468 3.527 2.959 3.728 
MAE(0) 1.290 1.455 1.395 1.478 1.443 1.708 1.536 1.754 
FB(0) 0.845 0.966 0.922 0.988 0.964 1.141 1.029 1.167 

Relative humidity 
r(1) 0.577 0.664 0.582 0.678 0.674 0.632 0.659 0.677 
RMSE(0) 23.029 16.872 21.374 17.567 21.004 20.271 15.859 18.209 
MAE(0) 4.477 3.733 4.204 3.855 4.284 4.120 3.542 3.896 
FB(0) 0.621 0.258 0.476 0.259 0.482 0.488 0.128 0.318 

* Value in bracket represents ideal value  

Also, the algorithms used in ACM2 allow 
smooth transition from eddy diffusion in stable 
conditions to the combined local and non-local 
transport in unstable conditions. This makes 
ACM2 combination with Pleim LSM (Sim4) 
best suited for relative humidity as this 
simulation gives best correlation for summer and 
winter seasons for both stations. This statement is 
supported by RMSE statistics too. 
Wind rose 
Wind direction is represented by wind rose 
diagram together with the wind speed. Since 
wind direction is an angular quantity, statistical 
analysis is not done for this quantity because the 
statistical measures are based on arithmetic 
difference between the observed and simulated 
quantities, which are not applicable for the vector 
parameters,      like    wind   direction.   An    over  

prediction in wind speed is seen in all the 
simulations of WRF model experiments. Such 
kind of studies has also been found in the 
literature of wind speed.  Wind speed is affected 
by local fluctuations especially in the highly 
unstable conditions as in summer.8 From the 
statistical measures, it can be concluded that 
combination of NOAH LSM and YSU PBL 
scheme with MM5 similarity surface layer 
scheme (Sim3) works best for the system. In 
some simulations, it also was found that Pleim 
LSM and ACM2 PBL combination also gives 
good correlation. (Fig. 6 and Fig. 7)YSU being a 
non–local scheme takes into account momentum 
and mass transfer from large scale whereas 
ACM2 being a combination of local and non-
local gives a little better results in winter at SFD 
which clearly shows the capturing of local effect. 

   

Observed Sim1 Sim2 
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Fig 6. : Wind roses of IGI station for winter season    

Fig 7. : Wind roses of IGI station for summer season 
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CONCLUSION 
As such no single combination emerges out to be 
the best for all the meteorological parameters. 
This study, however suggests the suitable 
combination of schemes for different 
meteorological variables for two contrasting 
seasons (i.e., winter and summer) in which air 
quality is most affected. It has been found that 
Pleim LSM and ACM2 PBL have been found 
best for temperature, relative humidity and PBL 
height whereas NOAH LSM with YSU PBL 
combination has been found best for wind speed 
and wind direction for the summer and winter 
season. The main conclusions of this study are 
following : 
1. For the study of meteorological variables, 8 

different combination of surface layer, LSM 
and PBL have been studied for summer and 
winter seasons over the megacity Delhi. 

2. PBL and LSM parameterization schemes 
have the most impact on the prediction of 
meteorological variables as the heat and 
moisture fluxes provided by the LSM act as 
lower boundary condition for the vertical 
transport done in the PBL schemes. 

3. Noah–YSU combination is best suited for 
wind speed and Pleim-ACM2 combination 
gives better estimations for temperature, 
relative humidity. YSU enhanced stable 
boundary layer diffusion algorithm included 
in WRF version 3.0 allows deeper mixing in 
windier conditions. 
On the whole, the present study concludes 
that the model performance is satisfactory 
over the study region Delhi. 
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