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The current study highlights the importance of a detailed repre-
sentation of urban processes in a numerical weather prediction
model and emphasizes the need for accurate urban morphol-
ogy data for improving the near-surface weather prediction over
Delhi, a tropical Indian city. The Met Office Reading Urban
Surface Exchange Scheme (MORUSES), a two-tile urban en-
ergy budget parameterization scheme, is introduced in a high
resolution (330 m) model of Delhi. A new empirical relation-
ship is established for the MORUSES scheme from the local
urban morphology of Delhi. The performance is evaluated using
both the newly developed empirical relationships (MORUSES-
IND) and the existing empirical relationships for the MORUSES
scheme (MORUSES-LON) against the default one-tile config-
uration (BEST-1t) for clear and foggy events and validations
are performed against ground observations. MORUSES-IND
exhibits a significant improvement in the diurnal evolution of the
wind speed in terms of amplitude and phase, compared to the

other two configurations. The screen temperature (Tscreen) Sim-
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ulations using MORUSES-IND reduce the warm bias, especially
during the evening and night hours. The root-mean-square error
of Tscreen is reduced up to 29 % using MORUSES-IND for both
synoptic conditions. The diurnal cycle of surface energy fluxes is
reproduced well using MORUSES-IND. The net longwave fluxes
are underestimated in the model and biases are more significant
during the foggy events partly due to the misrepresentation of fog.
An urban cool island (UCI) effect is observed in the early morn-
ing hours during the clear sky conditions but it is not evident on
foggy days. Compared to BEST-1t, MORUSES-IND represents
the impact of urbanization more realistically which is reflected in
the reduction of urban heat island and UCI in both synoptic con-
ditions. Future works would improve the coupling between the
urban surface energy budget and anthropogenic aerosols by in-
troducing the MORUSES-IND in a chemistry aerosol framework

model.

KEYWORDS
Urban parameterization, surface energy balance, MORUSES,
Urban heat island, Delhi model

1 | INTRODUCTION

The majority of the world’s population lives in cities and the urban population is expected to be around 66% by 2050. It is
predicted that the developing countries will contribute nearly 60% of the population to the urban areas in the coming decades
(United Nations, 2018). Hence, understanding the urban energy balance and exchanges in these regions is key to planning any
climate change mitigation strategies. As the urbanization increases, these cities become increasingly vulnerable to weather
extremes such as heat stress, drought and floods, attributed mostly to the modifications in surface-atmosphere energy exchanges
and wind stress (Roth et al., 2017; Sati and Mohan, 2021). The complex surface morphology in the urban locations such as the
built-up structures and materials used, reduced vegetation cover and enhanced anthropogenic emissions, modify the individual
components of the energy balance. The urban structures induce multiple reflections of the incoming solar radiation, increase the
trapping of the shortwave radiation and reduce the surface albedo (Oke, 1987). The high specific heat capacity of the concrete
buildings leads to enhanced absorption of the shortwave radiation during daytime, which then radiates the heat to the ambient air,
till late-night/early-morning hours, creating the distinct urban heat island (UHI) effect (Grimmond and Oke, 1999).

Also, urbanization plays an important role in the fog and smog events(Yan et al., 2020). Delhi, a fast growing city in India,
witnesses frequent fog and smog events during winter with fog occurrences reported for 60% of the winter days, of which
the dense fog cases account for nearly 16% (Ghude et al., 2017). The frequency of fog events have been increasing in Delhi
and norther India in general (Jenamani, 2007; Mohan and Payra, 2009; Jenamani, 2012; Syed et al., 2012; Ghude et al.,
2017). Gautam and Singh (2018) demonstrated a strong link between urban areas and observed holes in the fog layers. These

holes in the widespread fog appears to be linked with the UHI effect - the increased surface heating is known to cause fog
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dissipation (Duynkerke, 1991; Wersted et al., 2019). The simulations of fog in rural areas have been shown to be sensitive to the

parameterization of the land surface and soil properties (Steeneveld et al., 2015; Steeneveld and de Bode, 2018; Smith et al.,

2021). Furthermore, the surface heat fluxes are important driving factors for the fog dissipation (Wersted et al., 2019). High

®resolution modeling using enhanced orographic features together with detailed surface representation have shown improvements
Min the simulation of fog occurrences over Delhi (Jayakumar et al., 2018, 2019)

Hence, a realistic representation of the urban surface morphology effects on the heat, moisture, and momentum fluxes
as well as the partitioning of the sensible and latent heat fluxes, are critical to improving the skill of high-resolution urban

oy
l )weather forecasting models. Urban land surface models (ULSMs) are generally embedded within the atmospheric models for
% improved representation of near-surface temperature, humidity, precipitation, wind speed, radiation and energy fluxes at the urban

scales. Numerous ULSMs have been in use with varying degrees of complexity, to represent the urban land surface-atmosphere

interactions (Grimmond and et. al., 2010; Masson, 2000; Martilli et al., 2002; Best et al., 2006; Porson et al., 2010a). In the
ULSMs with a “tile” approach, the urban areas are treated separately with one or two tiles, with relatively simpler approaches
often having the one-tile pattern wherein the urban areas are represented as a flat horizontal surface with bulk thermal and
radiative characteristics representative of the impervious urbanized surfaces (Best et al., 2006). More complex models use a two
Utile approach wherein separate roof and street canyon tiles are used to represent the urban areas and the parameterization of
processes based on morphological features with a spatial variability (Masson, 2000; Martilli et al., 2002; Porson et al., 2010a).
he Met Office-Reading Urban Surface Exchange Scheme (MORUSES) is the urban-canopy model operationally run in the
| )regional UK Met Office Unified Model since 2016 (UKV NWP model, 1.5-km horizontal resolution over the UK). UKV-
MORUSES is based on urban morphology database in London. Previous studies over UK have demonstrated that MORUSES
mlroves surface energy fluxes and near-surface weather (Porson et al., 2010a,b; Bohnenstengel et al., 2011; Bohnenstengel and
endry, 2016; Hertwig et al., 2020). Simén-Moral et al. (2020) show that MORUSES coupled with the UK Met Office forecast
®m0del lead to good performance over Singapore, a tropical city. The implementation of MORUSES results in accurate surface
air temperature and wind speed over the urban regions from Seoul Kim et al. (2019). We present here the MORUSES scheme
Ointroduced within the high-resolution Delhi Model (DM) using Delhi based urban morphology data. DM is extensively used in
ON ational Centre for Medium Range Weather Forecasting (NCMRWEF) for research as well as operational forecasts (Jayakumar
et al., 2018, 2021).

The present study has the following objectives:

Evaluate MORUSES with detailed urban representation for Delhi domain against the default one tile scheme, in the

simulation of surface energy fluxes and near-surface weather fields.

Assess the effects of realistic urban morphology data in the simulation of urban processes; comparing a new empirical

relationship derived for Delhi with those derived originally from the data for London.

Study the diurnal evolution of UHI and urban cool island (UCI) characteristics in these new configurations.

The paper is organized as follows, section 2 describes the methodology and section 3 highlights the results, followed by

discussion and conclusions in section 4.

2 | METHODOLOGY

A brief description of the atmospheric model, urban parameterization and the numerical experiments are detailed in this section.

This article is protected by copyright. All rights reserved.
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2.1 | Model description

The model used for the study is the DM which is a nested limited area model configuration of the Met Office Unified Model
(UM). The UM configuration is based on the Regional Atmosphere and Land configuration (RAL1; Bush et al., 2020). Model

le

configuration and science details are already presented in Jayakumar et al. (2018). The Joint UK Land Environment Simulator

C

The configurations of JULES discussed in this paper consist of 9 or 10 tiles depending on the urban energy balance scheme. The

1

surface energy balance fluxes are determined separately for each tile by calculating the corresponding gradients between the
surface and the first atmospheric layer. Urban areas are represented in JULES either by a single urban tile (1T) scheme or using a
2-tile (2T) approach that splits the urban surface into a roof and a street canyon. For the 2T approach, JULES has two options: (i)
a simple 2T slab scheme (Best et al., 2006) and (ii) the MORUSES scheme (Porson et al., 2010a; Best et al., 2011; Best and
Grimmond, 2016).

Art

.2 | MORUSES in Delhi model with a new empirical relationship

ed

n urban canopy schemes, urban surfaces are simplified to a street canyon, where a road is bordered by two building walls.

t

In a similar way, MORUSES also assumes the urban areas are two-dimensional infinitely long street canyons consisting of a

et canyon tile made up of walls and a street, and a separate roof tile. It is designed to work with the urban morphology

P

nput parameters such as building geometry and material properties. Based on these parameters, MORUSES calculates the
roughness lengths for momentum and heat, effective albedo, which also accounts for solar zenith angle, effective emissivity and

heat capacity used in the surface energy balance as a function of the spatially varying street canyon geometry. The presence of a

calar fluxes in MORUSES are computed through a resistance network taking into account three different flow regimes in the

CCC

street canyons. (Harman et al., 2004; Porson et al., 2010a; Best et al., 2011; Bohnenstengel et al., 2011; Bohnenstengel and
Hendry, 2016; Simén-Moral et al., 2020). The road facet of the canyon is conductively coupled to the ground while the roof is
radiatively coupled. A detailed description of MORUSES is available in Porson et al. (2010a,b). MORUSES uses morphological

A

input data such as average building height (H), height to street canyon width ratio (%) and repeating ratio (%) to describe the
geometry of an urban area at each grid point, where W is the street-canyon width and R is the combined length of canyon and

roof. These parameters are calculated in the two-dimensional approximation as:

H TAf

w201 - Ap) M
w
= =14 @

where A and A, are frontal area index and planar area index respectively, and the factor 7 arises due to orientational averaging.

Ap is the fraction of the urban tile occupied by buildings and hence % is the fraction of non-building surface. Ar and A, are
defined as in (Grimmond and Oke, 1999):

A
Ap =2

= ar 3

This article is protected by copyright. All rights reserved.

JULES) is used to calculate the surface energy balance fluxes between the land surface and the lowest atmospheric level in DM.

Buildings are kept along identical roads where the length of the roads are assumed to be far greater than their width (Oke, 1988).

street canyon in MORUSES allows modelling of radiative fluxes more accurately with short and long wave radiative trapping.
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A

Ar =
= ar

“

where Ap, Ar and A7 are plan area of buildings, building frontal area facing the wind in a particular direction, and plan area

C

of total surface, respectively (Bohnenstengel et al., 2011; Bohnenstengel and Hendry, 2016; Simén-Moral et al., 2020). The

high-resolution urban morphological ancillaries required for the MORUSES scheme are not available for the whole study domain

]

over Delhi. Bohnenstengel et al. (2011) has derived empirical relationships to generate these input parameters over the whole

C

domain of London which are not covered by the urban morphology data. However, the relationship is derived based on London

{1

data and the usefulness of the relationship is not tested outside of London especially over tropics. In addition, the urban geometry
such as the building structures are different in Delhi region compared to London. Here, the urban areas lack a well defined

pattern having irregular building designs and orientations. Hence new empirical relationships based on the urban morphology

I

data of Delhi are derived as described in sections 2.2.1 and 2.2.2. These empirical relationships are further used to generate

urban morphology ancillaries needed for the MORUSES scheme.

A

nthropogenic heat flux is considered as an additional heat source term in MORUSES (Bohnenstengel et al., 2011). Anthro-
pogenic heat flux (QF) is estimated in MORUSES scheme using a top-down, energy-consumption inventory method, which
was derived based on socioeconomic statistics and energy consumption data for Delhi. The heat released due to electricity
‘consumption, vehicular emissions, fuel consumption in domestic sector and waste heat from power plants are taken into account.

Vehicular emissions have been found to be the sector with the largest contribution. The second highest emitting source is

ed

electricity consumption followed by domestic fuel consumption and waste heat from power plants (Bhati and Mohan, 2016). The

spatially varying field of daily total QF data for the year 2010 is used in the analysis. The QF values are allocated (Annual average

{

n Wm~2) to a spatial fishnet in ArcMap which is proportioned grid wise at 330 m resolution. QF is part of the MORUSES

eme and this local QF data is used in the numerical experiments with MORUSES. The maximum magnitude of annual

D

verage of grid mean QF data over the study domain is up to 15 Wm~2 . A diurnal profile is also determined and applied in the

C

MORUSES to obtain the diurnal cycle of QF. Since the primary sources are associated with vehicles, the diurnal factor exhibits a

imodal nature with peaking in the morning around 9 am Indian standard time (IST) and evening rush hours around 6 PM IST

¢

which is connected to the peak office hours.

C

2.2.1 | Retrieval of urban morphology data

A

Urban Morphology data of Delhi region (planar area index, building height and frontal area index) has been retrieved from Very
High Resolution (VHR) optical satellite stereo data of Pleiades 1A/1B (0.5 m resolution stereo) (Coeurdevey and Fernandez,
2012). The raw satellite stereo pairs have been pre-processed in Photogrammetric workstation and the accuracy of the model has
been improved by ingesting high quality ground control points obtained through Differential Global Positioning System (DGPS)
survey (Gupta et al., 2017). The intermediate outputs of Digital Surface Model (DSM), Digital Terrain Model (DTM), Normalised
Digital Surface Model (nDSM) and Ortho images have been further processed to obtain the detailed urban morphology data of
Delhi (Gupta, 2019). Detailed methodology steps for computation of urban morphology data from VHR optical stereo have
been copyrighted under Copyright (Amendment) Act, 2012 of Government of India (Gupta, 2022). Obtained building height
layer has been validated against ground observations of building heights and average RMS error found to be 0.3 m (Gupta
etal., 2017; Gupta, 2019). Validation of A, with ground observations shows accuracy of 85% which is in acceptable limits.
Ar is calculated by employing Urban Morphology Extractor (UME) tool developed at the Indian Institute of Remote Sensing,
Dehradun (Jhaldiyal et al., 2018) for prevailing wind direction in winter season namely west direction as the focus of the study
was fog prediction. Evaluation of frontal area index computed from UME shows an error of 3% when tested on a sample

building datasets (Jhaldiyal et al., 2018).

This article is protected by copyright. All rights reserved.
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6 ANUROSE ET AL.

2.2.2 | Empirical relationship of urban morphology data with urban fraction

v

mpirical fitting functions are derived for Ar, Ap and H using the correlation with urban fraction (fv) and local urban morphology

data by employing the method described by Bohnenstengel et al. (2011). Indian Space Research Organization (ISRO) high-

|

rban morphology data ( Ar, Ay and H) for Delhi are processed at 30 m resolution from VHR satellite data retrieved at 0.5 m

¢

resolution as described in section 2.2.1 and further up scaled to 330 m model resolution using grid average approach (Figure

rt1

1). Empirical relationships are established between fu and the input parameters A, A, and H as shown in Figure 2. The A, is

determined as:

< Ap = 0.6121Fu? +0.2179f u + 0.004 5)
The Af is defined as
‘U Ar = —4.7883fub + 14.447Fu° — 16.833fFu* +9.5361Fu> — 2.7637fu? + 0.4124f u + 0.0014 (6)
®| ) and finally the H is calculated as
H = —58.974Fu® +305.3Fu° — 449.15Fu* + 252.251Fu® — 42.235Fu? +0.2127Fu +1.5192 (7

P

he coefficient of determination (RZ) value of Ap, Ar and H with fu are 0.87, 0.46 and 0.40 respectively. UME does not count

C

the frontal area of buildings which fall in the shadow of the front building in that particular direction.

¢

igure 3 displays a comparison between the morphological parameters calculated based on the empirical equations derived for
ondon by Bohnenstengel et al. (2011) (hereafter referred as EMP-LON) and based on the newly derived relationships using
Indian data (hereafter referred as EMP-IND) as a function of urban fraction. Further details about EMP-IND and EMP-LON are

C

described together with a schematic (Figure A.3) in Appendix A. EMP-LON generates high values of A¢, A, and H for large

magnitudes of urban fractions, which represents taller buildings with narrow street canyons. Whereas lower values of A, Ap

A

and H are associated with low medium-rise buildings. In the case of EMP-IND, the magnitudes of A, are larger compared to
EMP-LON for high urban fraction while the A¢ values from EMP-IND are very low and vary less with urban fraction. The
morphological parameters from the Indian data indicate high density of urban built up with several small and medium rise
building types within the highly urbanized area. Though the A¢ values from the EMP-IND are very low, such small values are
reported over cities in U.S. and France (Burian et al., 2003; Sabatino et al., 2010). It should also be noted that the errors in the
calculation of may be caused by the irregular orientation, unsymmetrical built environment and wind direction.

Since Climate Change Initiative (CCI) land use land cover data (CCI, 2017) is currently used in DM for research and operational
purpose over Delhi, the numerical simulations are carried out using CCI LULC (Figure 4). Though very high-resolution
ISRO LULC data is used for the determination of empirical fit, such high-resolution data is yet to be used in the DM model.
However we have tested MORUSES with coarse resolution ISRO LULC data which also show performance similar to CCI
(not shown). Maximum magnitudes of A, for EMP-IND and EMP-LON using CCI LULC are 0.52 and 0.26 respectively,
while those of A¢ are 0.03 and 0.17 (See Appendix A for further details). This implies that the urban region in the study
domain in both EMP-LON and EMP-IND fall under real cities as mentioned in Grimmond and Oke (1999) while the flow
field will be in the wake or isolated regime. Simén-Moral et al. (2020) also reported A, up to 0.6 for two- to four-storey

buildings and shop houses over Singapore. All the simulations use same radiative and thermal properties across the model

This article is protected by copyright. All rights reserved.

resolution land-use land cover (LULC) data are used for deriving f u (https://www.isro.gov.in/earth-observation/land-use-cover).
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domain by assuming asphalt roads, brick walls and clay roofs as in Bohnenstengel et al. (2011). Majority of the roads in Delhi
are asphalt based and the buildings are mostly made of bricks. Since the observations of these parameters are not available

over Delhi, further research on the role of urban material properties on MORUSES is beyond the scope of current research.

C

Previous studies have reported the sensitivity of these parameters with MORUSES scheme (Wie et al., 2020; Hertwig et al., 2020).

1cl

{1

| Numerical experiments

Three numerical experiments with a horizontal resolution of 330 m are analyzed in this paper (see Table 1) and all of them
are carried out using DM with a one-way nesting approach. The outer 1.5 km model domain spans from 25.16°N to 32.15°N
in the meridional direction and from 73.61°E to 80.6°E in the zonal direction. The inner 330 m model domain extends from

28.2°N to 29.1°N in the meridional, and from 76.65°E to 77.55°E in the zonal direction, respectively (Figure 5). There are 80

Ar

vertical levels in the inner domain where the first vertical level is at 5 m and 38.5 km is taken as the top of the atmosphere. The
simulations use the same model configuration, initialization and physical parameterization except the urban scheme. The first

xperiment uses the default one tile urban parameterization scheme (Best et al., 2006) and is defined as BEST-1t. In the second

d

experiment, MORUSES-IND, the simulations are conducted using the two tile MORUSES scheme with empirical relation based
on Delhi morphology, while the third experiment, MORUSES-LON is based on MORUSES scheme with empirical relation
based on Bohnenstengel et al. (2011) (See equation 12, 13 and 14 and Figure A.3 in the Appendix A for further details.). All the

te

numerical simulations start at 0000 UTC using Global UM analysis fields and a forecast is made for 48 h time period. The global

provides the boundary conditions for the 1.5 km grid-length outer domain which provides the boundary conditions for the

P

330 m grid-length domain over Delhi (Figure 5).

C

02.4 | Synoptic situations and observational data

OLocal weather over the Indian subcontinent is mostly influenced by northeast (during December to March) and southwest (June to
September) monsoonal winds. During the winter season, the entire northern India region is often affected by western disturbances
(a series of alternate low- and high-pressure systems), which move from west to east, leading to frequent cold waves, haze and
fog which further lead to the accumulation of pollutants in the Delhi region (Dimri et al., 2015). The performance of MORUSES
is examined on the 9 clear and 11 fog days chosen from November to January between the years 2016 and 2020, representing the
winter season. Clear and calm conditions during winter period lead to strong coupling between the surface and atmosphere. The
days with visibility greater than 1 km for all the hours are selected for clear case. The days with visibility less than 1 km that
persist for more than 3 hours over a 24 hour period are identified for fog cases. Accordingly a total of 11 fog and 9 clear days are
selected for the study period. Further details of the case study is seen in Table 2. Surface meteorological observations available

from Metar observation data from Indira Gandhi International Airport, referred hereinafter as IGI (77.9 °E, 28.57 °N), New

Delhi (Figure 4) is used for verification of screen temperature at 1.5 m (Tscreen), wind speed at 10 m and relative humidity at 2m.

These are analyzed by extracting the corresponding simulation data chosen from the grid points closest to the automatic weather
station. Screen-level air temperature simulations are further verified over four different Automatic Weather Station sites over
Delhi (Figure 4). These observation sites and the variables are selected based on the data availability and quality checked during
the evaluation period. It is to be noted that the three urban sites JR (76.96 °E, 28.68 °N), SD (77.37 °E, 28.68 °N) and PA (77.27
°E, 28.6 8°N) have similar urban fractions of 0.76 in the model due to the homogeneous nature of CCI land surface data. The
nearest surroundings of JR is primarily rural, whereas the immediate neighborhoods of the other urban sites including IGI are

urbanized. The rural station MT (77.07 °E, 28.88 °N) is chosen in the northern surroundings of the urban area.

This article is protected by copyright. All rights reserved.
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Further, the individual components of the surface energy balance equations are examined as defined:

Q" +QF =QH+QLE+ QG + Qs ®)

C

Mwhere Q* is the sum of the incoming and outgoing radiation components

Q*=K|-KT+L|-L7T. ®

1C

Qu and Qg g are the sensible and latent heat flux respectively. Qg represents the ground heat flux and Qg defines the storage
term. Qf is the anthropogenic flux term. K is the shortwave radiation flux and L is the long wave radiation flux. The observation
data for the energy fluxes are obtained over IGI from the Winter Fog Experiment (WIFEX) and include the eddy covariance data
and the radiation components. WIFEX is an intensive ground-based measurement over Indo-Gangetic belt initiated by Ministry

of Earth Sciences (MoES), which provides an opportunity to evaluate MORUSES at sub-km resolution at IGI (Ghude et al.,

Art

2017). Eddy covariance data and radiations fluxes are not available on all the days as mentioned in Table 2 and also data gap is
xist during the observation hours in some of the days. Finally on an average four days data are used for the analysis of clear and

oggy conditions. Since it will be difficult to differentiate Qs and Qg separately, they are included as part of residual and are not

d

onsidered here. Model performance is evaluated using evaluation metrics including root mean square error (RMSE) and mean

C

bias defined as:

. . 2
Q RMSE = M (10)
N
C ) MeanBias = W (11

here M is model simulation, O is observation and N is the number of data points/hours.

¢

3 | RESULTS

3.1 | Performance of MORUSES scheme

Figure 6 shows the mean diurnal cycle of Tscreen, Wind speed the agreement between model and the observations. The times of
maxima and minima as well as the faster evening cooling rates are well reproduced in MORUSES-IND. However, there is still
a warm bias during the daytime peak hours that intensifies particularly on day2 up to 2 and 2.3 °C (~ 33 UTC) on clear and
fog cases respectively (Figure 6 a and b). Compared to BEST-1t, the RMSE of T een is reduced by 29% for the clear and fog
cases respectively using MORUSES-IND (Table 3). The present results are in good agreement with similar studies reported over
London (Bohnenstengel et al., 2011) and Singapore (Simén-Moral et al., 2020).

Wind speed plays an important role in the skin temperature and Ts¢reen coupling and thereby in the calculation of Tscreen. Figure
6 (c-d) display the temporal variations of mean wind speed for clear sky and fog cases respectively. The diurnal cycle of wind
speed observations demonstrate that larger wind speeds prevail during clear skies, while calm wind conditions predominate the
fog day. It is noteworthy that MORUSES-IND yields remarkable improvement in reproducing the diurnal pattern and magnitude
of wind speed except during the afternoon hours for both the clear and fog days. In contrast with BEST-1t, MORUSES-IND

causes an increase of mean wind speed up to 2.25 and 1.6 m s~ respectively on clear and fog days. RMSE of wind speed exhibits
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ANUROSE ET AL. 9

an improvement of ~ 15 and 17 % on clear and fog days using MORUSES-IND (Table 3). The performance of MORUSES-LON
show slight improvement in the magnitude especially in the evening and night hours on clear sky days though the pattern does
not deviate much from the 1 tile scheme. MORUSES-IND cools the Tscreen more accurately in the evening and at night and
®increases the magnitudes of wind speed which all exemplify the importance of the reduced urban characteristics, compared to

s MORUSES-LON over Delhi.

C )Figure 6 (e-f) shows the diurnal variation of 2-m relative humidity for clear and fog conditions. Overall, a good agreement is

found between the observed and predicted magnitudes of relative humidity for clear sky conditions compared to the foggy cases.

® ﬁAmong the numerical experiments, MORUSES-IND improves the magnitudes of relative humidity in the evening and night hours.

{

However there exist strong dry bias in the simulation of relative humidity from the three numerical experiments especially during
the foggy days. Relative humidity depends on the temperature, and the bias correlates well with the corresponding temperature
biases. The warmer and drier condition in the numerical simulations compared to the observation indicate a poor representation
of fog in the model which will be further discussed. A recent study by Bharali et al. (2019) have shown that aerosol boundary

layer interaction increase near-surface relative humidity by suppressing the vertical extent of the boundary layer and favoring the

Ar

accumulation of pollutants near the surface. In the present DM model, aerosol interaction is not included and the absence of
oper aerosol feed back in the model might be another cause of the dry bias and this aspect will be addressed in future.

igure 7 shows the mean diurnal cycle of Tscreen Observed and simulated for clear and fog cases respectively over other different

d

Jocations over Delhi. Here JR, SD and PA are the urban sites and MT is a rural site. Since the observations are not available on

C

all the evaluation days and missing data is present in a few days over some of the sites, ensemble mean of the simulations are

{

calculated only for the period where observations are available. All three simulations reproduce the overall diurnal pattern of

Tscreen reasonably good over all the locations. As expected, the peak values of Tscreen Observed over all the four locations

P

larger for the clear cases in comparison with the foggy events. Similar to IGI, a systematic warm bias is evident during

the evening and night hours over the urban locations - JR, SD and PA and the introduction of MORUSES-IND consistently

C

reduces the warm bias during the evening and night hours. Among the numerical experiments, MORUSES-LON increases the
arm bias in the night hours and the magnitudes deviates more away from the observations. Detailed statistics are presented in
Table 4. Compared to BEST-1t, MORUSES-IND reduces the RMSE of Tscreen Over these locations by 20-23% during the clear

¢

ases and upto 13% during the fog conditions. Though MORUSES-IND improves the magnitudes of near surface variables to a

C

reasonable level over the urban locations, RMSE and biases still exist over these sites which are partly due to the inaccuracy in

As expected, there is no difference among the urban schemes over the rural location MT. The bias in the Tscreen magnitudes over

A

MT during the day time is likely due to the misrepresentation of vegetation. Other factors such as soil conductivity, as seen in
Smith et al. (2021) may together with inherent uncertainties of the model, for example aerosols, also result in inaccuracies in the
simulations. Overall, the introduction of the MORUSES scheme with the Indian empirical relationships improves and reproduces
the urban characteristics such as the impact of buildings and canyons specific to Delhi as mentioned in section 2.2.2. The
improved urban characteristics result in a more realistic simulation of Tscreen, Wind speed and relative humidity. The changes in
the wind speed are most likely due to the improved roughness length for momentum using the MacDonald parametrisation in the
MORUSES scheme (Macdonald et al., 1998).

3.2 | Impact of MORUSES scheme on energy balance fluxes: Study of fog and clear day events

The influence of urban morphology on the surface energy fluxes and their role in the simulation of near-surface variables are
studied for clear and foggy days. Figure 8 and 9 illustrate the ensemble mean diurnal cycle of meteorological variables and
surface energy fluxes simulated and measured on the clear and fog days respectively at IGI. As mentioned in section 2.4, surface

energy fluxes for the fog and clear sky cases are obtained from the WIFEX measurements. The latent heat flux observations

This article is protected by copyright. All rights reserved.
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for the foggy conditions and the measurements of Tg;, for both conditions are not available during the study period. For the
surface energy balances, the evaluation focuses on the radiation terms Q*, net short wave radiation Qx(K | —K T), net long

wave radiation, Q; (L | =L T), Qy and Q. £.
®On the clear cases, modelled and observed Q* are in good agreement except in the evening and night hours. It is to be noted that
#the Qk and Q; are in opposite direction with positive and negative values respectively. Hence, the Q*, the net effect of Qg and
Q. shows less bias though Qk and Q; have large bias individually and also the Q* is dominated by the larger magnitude of Qx
during the day (Hertwig et al., 2020). Q* from the three experiments are similar except during the daytime peak hours where
b ﬁMORUSES produces a larger Q* compared to BEST-1t. Qg has a higher daytime peak in MORUSES than in the BEST-1t
simulations. This is partly a consequence of the lower albedo in the canyon component of MORUSES resulting in an increase in
the net short wave radiation (Bohnenstengel and Hendry, 2016). Q* has a negative bias during the sunset hours which arises
from the bias in the Q; . The simulations of Q; deviate away from the observations in terms of magnitude and phase. Though

the introduction of MORUSES-IND improves the magnitudes of Q; to some extent, there still exist significant bias. In order

Art

to understand the discrepancy, the components of Q;, L | and L T are further examined. The magnitude and phase of L T are
better predicted via MORUSES-IND in comparison with the observations indicating an improved skin temperature. Comparing
the schemes, the magnitudes of L T from MORUSES-IND are closer to the observations during the daytime while BEST-1t
overestimates. This decrease of L T during the day in MORUSES-IND is correlated with Ty, in turn indicating the storage of

more heat in the urban fabric. The bias in Q; mainly comes from the L | simulation where all three experiments underestimate

ed

the incoming long wave radiation. The underestimation of L | is reported in clear skies, including pre-fog conditions (Wild et al.,

2001; van der Velde et al., 2010; Steeneveld and de Bode, 2018). In the present study, the bias in L | is likely partially caused by

{

the representation of aerosol radiative effects. The UM uses a aerosol climatology from Bush et al. (2019). The aerosol optical

th has increased over northern India since 2000 (Babu et al., 2013) and thus this difference will be contributing to errors

P

n the radiation balance. A more complex aerosol parameterization scheme, such as that used in DM-Chem (Jayakumar et al.,

C

2021), has been shown to improve fog simulations. The daytime peak value of both Q; and Qy exhibit a phase delay of ~ 1

our in BEST-1t compared to MORUSES-IND caused by lower thermal inertia resulting from the inclusion of roof component

¢

of MORUSES. The different heat capacities for canyon and roof in MORUSES allow large differences in thermal inertia, thus

C

he roof responds more rapidly to the incoming solar radiation (Hertwig et al., 2020). The difference between the BEST-1t and
IMORUSES-IND schemes are seen most clearly in the simulated variables during the afternoon and evening hours. Modelled Qy
using MORUSES schemes agree better with the observations where the MORUSES-IND runs capture the phase of Qy better
than MORUSES-LON. In comparison with MORUSES-IND, MORUSES-LON produces relatively higher magnitudes of Qy,
Qp and Tk, during the night hours. High values of the H/W and W /R in MORUSES-LON (Figure A.2) result in a phase
delay and reduced diurnal variability compared to MORUSES-IND (Figure 8). The magnitudes of Q; g simulated from the three

A

experiments did not show a larger difference and they are strongly underestimated during the day. Since there is no availability of
water from rainfall during the study period, the model cannot simulate a flux of moisture due to evaporation from the urban tile
surface but only from either the vegetation or bare soil. So, the possible factors for the present bias are the urban vegetation or
the dry soil at IGI with less moisture availability leading to the partition of more Q and less Q; . This can be improved by
better representation of urban vegetation through improved LULC and by the inclusion of urban irrigation or any anthropogenic
moisture sources (Ao et al., 2018; Dou et al., 2019). Studies have reported that small fraction of vegetation in urban areas could
result into significant impact on the local surface energy balance (Best and Grimmond, 2016; Hertwig et al., 2021).

Compared to the clear condition, the impact of MORUSES-IND is more pronounced during the foggy events (Figure 9)
consistent with the verification analysis in section 3.1. The simulated variables exhibit a larger difference between BEST-1t
and MORUSES-IND over a longer duration (up to 20 hours) on the fog cases. One factor is the relatively low wind speeds on
the fog day which increases the local impact of the surface energy balance on near-surface variables compared to the windier

conditions seen on the clear days. MORUSES-IND captures the observations more accurately, especially during the evening
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and night hours when the urban impact intensifies over the domain. It also simulates the morning and evening transitions more

accurately compared to the other two configurations. Modelled Q* is under-estimated in all simulations during the night time.

Compared to the clear sky, the night time Q™ bias is larger in the foggy conditions. Further to that, Qx exhibit a clear positive
®bias during the daytime peak hours. Simulated Q; shows strong over estimation which arise from both L | and L 7. This is in
#contrast to the clear case where the biases are comparatively smaller and they are mainly from the L |. Along with the other
Opossible factors, the misrepresentation of the fog together with the absence of detailed aerosol chemistry make the bias of Q.
more intense on the foggy cases. Comparing the schemes, MORUSES-IND reduces the overestimation of L T to a reasonable

® ﬁlevel, but such impact is not visible for L |. The underestimation of L | is not unique to the UM for a WIFEX case with a similar
Qbias found in the Weather Forecasting and Research (WRF) model (Pithani et al., 2019). The impact of fog on L | is discussed
further in section 4. MORUSES-IND appears to capture the magnitudes of Qy more realistically during the sun rise hours. Tgxjp

displays more than 5°C difference between MORUSES-IND and BEST-1t during the daytime peak. Further analysis reveals

that the weak surface coupling during the daytime when Qy is large reduces the impact of Ty, in the diagnosis of Tscreen-

Ithough observations of latent heat flux for the foggy conditions were not available from WIFEX, comparison of the numerical

simulations showed little difference in Q; . In summary, the magnitudes of some surface fluxes such as net long wave radiation,

atent heat flux are under-estimated in all the simulations though MORUSES-IND leads to slight improvements. The net long

ave bias is more significant during the foggy conditions. The differences between the simulations seen at IGI are consistent

®With those seen over the whole urban area (for details see Appendix B).

H3.3 I

The urban heat and cool island characteristics

It is well-known that UHI effect manifests as the temperature rise in the built environment relative to the surrounding natural
®environment. Similarly, some cities in arid and semi-arid regions have been found to exhibit lower surface temperatures than
its surrounding rural areas which has been termed as the Urban Cool Island (UCI). The presence of UCI in cities has been
Oreported during certain times of the day or particular season (Rasul et al., 2015; Yang et al., 2017; Mohan et al., 2020). Here the
OUHI and UCI effects are examined using Tscreen. Figure 10 a and b illustrate mean diurnal cycle of ATscreen for clear and
fog cases respectively. Here ATgcreen is defined as the difference in Tgcreen between IGI, an urban site, and MT, a rural site.
If the magnitude of delta is positive/negative, it is termed as UHI/UCI. Since the ATg;, observation is not available, it is not
depicted. Here, UCI is observed on clear sky conditions during both day1 and day2. Neglecting the fluctuations in the night
time, the duration of UCI is around 3 hours between 3 to 6 UTC on both day1 and day2. The results are consistent with the
studies by Gupta et al. (2021) using Weather Research and Forecasting model simulations over Delhi region in summer and
winter season. Their studies also report UCI effect between 3 to 6 UTC and strong UHI effect during evening and nocturnal
hours. The maximum intensity of UCI observation in the present case is ~ 3 °C on the day1 and it is up to ~ 5 °C on the day2.
The DM also reproduced the UCI features on the clear conditions on both days where the intensity of UCI reaches up to ~ 5 and
3.9 °C respectively using BEST-1t and MORUSES-IND. Except the peak value of day2, BEST-1t overestimates the magnitudes
of UCI and the introduction of MORUSES-IND reproduces the magnitudes of UCI closer to the observations. Compared to
the observation, all three numerical experiments simulated the UCI for longer duration, ~ 6 hour. The peak magnitudes of
observed UHI ranges from 2-3 °C for clear sky conditions during dayl and day2. he magnitudes of UHI observation show large
fluctuations and the values are fluctuates around zero mainly during 15 to 27 hours. It may be noted that the mean variation of
Tscreen Obtained from the rural location MT also shows large variability (Figure 7g) during that time interval, which arises due
to missing data during some of the clear sky cases. Further examination is not possible due to the absence of continuous data at
other rural locations. MORUSES-IND reproduces UHI more closely to the observations while BEST-1t and MORUSES-LON
overestimates the magnitudes. There is no UCI observed on the foggy conditions and the UHI is persistent for majority of the

time with the magnitudes around ~ 2 °C having less diurnal variability compared to the clear sky cases. In contrast to this, the
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DM simulates diurnal variability, producing an UCI and strong UHI characteristics. Compared to BEST-1t and MORUSES-LON,
MORUSES-IND has a reduced diurnal variability. All three simulations of Ts¢reen for clear and fog cases display a clear UCI
during the daytime up to ~ 10 UTC. After this, the UHI forms over the location with a sudden sharp increase of 4-7 °C in
®ATsc,een. All three experiments simulate intense UHI in the evening and nocturnal hours, in contrast to a daytime UCI. The
#intensity of the simulated UHI is stronger than UCI in terms of magnitude and duration. The peak values of UHI is largest in
Othe BEST-1t and UHI undergoes a sharp decrease over night. Whereas UHI from both MORUSES-IND and MORUSES-LON
undergo gradual change.
ﬁfhe presence of UCl is attributed to the intense heat storage capacity and the reduced solar radiation gain of high density urban

qurfaces in the early morning hours (Yang et al., 2017). However during the foggy environment, the amount of solar radiation
Hgain may be lower and reflected radiation from the fog diminishes the radiative cooling both in urban and rural areas, thereby

limit the probability of UCI effect (Oke, 1987). On foggy conditions, Jayakumar et al. (2021) has reported a slight surface
<warming over Delhi in the early morning hours during the initiation phase of fog due to aerosol effect. The exact reason behind

the absence of UCI effect during the foggy events have to be explored further.

@4 | DISCUSSION AND CONCLUSION

®To mitigate the social and economic impacts of fog and other extreme weather event over Delhi, a realistic city scale weather
Hforecast is essential. Since city scale models have a high sensitivity to surface-atmospheric interaction, a detailed representation
f urban processes is vital for improving performance. In this study, a more detailed urban surface flux scheme is implemented in
gh-resolution regional model, the Delhi Model (Jayakumar et al., 2018), during winter season over Delhi. Three numerical
®experiments are carried out namely MORUSES-IND, MORUSES-LON and BEST-1t. Both MORUSES-IND and MORUSES-
LON use the more detailed two tile urban parameterization scheme MORUSES and the BEST-1t includes a simpler one tile
cheme. The urban morphology data, used in MORUSES is from a newly derived set of empirical relationships (EMP-IND)

for the study area in the MORUSES-IND whereas the empirical fit (EMP-LON) based on Bohnenstengel et al. (2011) is used
Oin the MORUSES-LON. The magnitudes of urban morphology index parameters, % and %, generated using EMP-IND are
lower compared to that of EMP-LON, which highlights the difference in the built environment between both cities. EMP-LON
indicates high rise buildings with narrow canyons over the city center. On the other hand, EMP-IND indicates small sized wide

spread buildings over the urban area which realistically represents the development pattern existing in study area. A spatially
varying locally derived Qf with diurnal cycle is also input to the model. An effort has been made to generate the ensemble of

simulation for robust results. The major outcomes of the study are highlighted below:

*  Wind speed simulated using MORUSES-IND shows an increase in magnitude ( 25%) compared to BEST-1t and exhibits
remarkable improvement in terms of magnitude and phase in day1 and day2 during clear and foggy events at IGI.

¢ MORUSES-IND reduces the warm bias present in the simulation of Tg¢reen using BEST-1t and reproduces the magnitudes
more realistically, particularly in the evening and nocturnal hours for both clear and foggy conditions.

¢ The RMSE of Tscreen simulated using MORUSES-IND are reduced by 30% and 27 % respectively for clear and fog cases
at IGI, compared to BEST-1t while RMSE of wind speed exhibits an improvement of 15 and 17 % on clear and fog days
using MORUSES-IND.

¢ Compared to the clear day, the impact of MORUSES-IND is more pronounced on the foggy day.

¢ BEST-1t delays the daytime peak of Q; and Q4 on the fog day, whilst the phase delay and the magnitudes are found to be
close to the observational values for MORUSES-IND.

¢ All three experiments show co-existence of UHI/UCI phenomena with strong UHI characteristics in the evening and night
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time while a weaker UCI effect on the morning hours between 3 to 9 UTC for the clear sky and foggy conditions. But the
UCI effect is observed only for the clear sky cases and the duration is around 3 hours.

In comparison with MORUSES-LON and BEST-1t, MORUSES-IND minimizes the intensity of both the UCI and UHI
effect for the clear sky and foggy conditions.

he large biases in the simulation of relative humidity especially during the foggy conditions and the underestimation of Qg

cle

in all the three configurations for the foggy conditions are some of the important issues reported in the current study. The

1

nclusion of hydrological processes such as urban irrigation or any anthropogenic moisture sources in MORUSES will provide

{

an opportunity to explore their impacts. Since the percentage of vegetation controls the partitioning of Q; g and Q, better
representation of subgrid scale urban vegetation variability through high resolution LULC is another potential area for the
improved model performance. Currently the empirical relationships are used for the generation of urban morphology which

are simple and easy to use. In future, ingestion of original urban morphology data in mosaic mode will be experimented for

Ar

improved results.
Another important aspect is the bias in the magnitudes of Q, particularly in L in all the three configurations which is partly due

o the underestimation of fog in the model. Early dissipation and daytime persistence of fog is a known issue in the UM (Smith

d

et al., 2021). Though accurate simulations of fog is a big challenge due to the complex feedback between different processes
such as boundary layer turbulence, cloud micro-physics and radiative cooling. In this regard, one of the powerful tool is to
| )drive the land surface model, JULES offline by observations, hence remove the feedback from the fog and other atmospheric

processes. This would pick apart the differences in performance, which is purely from the surface. Regarding fog representation,

C

an appropriate micro-physics scheme for the location is essential for capturing the optical depth, and associated increase in L |,
of fog (Miiller et al., 2010; Boutle et al., 2018; Poku et al., 2019; Duconggé et al., 2020). Boutle et al. (2018) found that a reduced
droplet number concentration near the surface produced fog which was physically more consistent with observations of fog
introduced by Boutle et al. (2018), reproduced the fog optical depth closer to the WIFEX observations but biases in L | remain.
OFurther research is needed to aid model development and improve fog simulations.

Another limitation of the current study is the lack of urban aerosol and associated processes within the boundary layer in the

c )in the UK. A small set of sensitivity experiments, removing the adjustment to the near-surface droplet number concentration,

model. During the winter period, polluted regions like Delhi accumulate large aerosol concentrations within the shallow boundary
layer, in turn intensifying fog development (Duynkerke, 1991). Poku et al. (2019) and Poku et al. (2021) have demonstrated
that the treatment of aerosol activation and aerosol-fog interactions are critical for accurate fog simulations. Recent work by
Jayakumar et al. (2021) have introduced DM with the reduced version of the UK Chemistry and Aerosol model (UKCA; Mulcahy
et al., 2020), called DM-Chem, which couples aerosols and clouds explicitly. Merging MORUSES to this configuration of the
model is planned in near future. This way a more realistic representation of the two way feedback between aerosol emissions and

urbanisation will be employed, which will ultimately aid the mitigation policies over tropical cities like Delhi.
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FIGURE 1 Urban morphology parameters (a) planar area index (b) building height and (c) frontal area index as a function of
urban fraction derived from ISRO high-resolution LULC data
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FIGURE 2 Empirical fit relationships (a) planar area index (b) building height and (c) frontal area index as a function of
urban fraction derived from ISRO high-resolution LULC data

A

1 | Appendix A

Figure A.1 shows urban morphology parameters, A¢, A, and H using CCI data for EMP-IND and EMP-LON. Associated
morphology index are plotted in Figure A.2. The mean building height, H values are low (4.24 m) in EMP-IND compared to
EMP-LON (7.61 m). Compared to EMP-LON, both % and % are smaller using EMP-IND, indicating that EMP-IND generates
wide spread relatively smaller size buildings (Figure A.2). For wide canyons (% <= %), the buildings are well spaced and they
act as isolated roughness elements.

MORUSES-IND and MORUSES-LON differ only in terms of empirical fit used for the derivation of urban morphology data
and Figure A.3 clearly describes the difference between the derivation of urban morphology data between the two experiments.
MORUSES scheme needs three input parameters, namely, A¢, A, and H. These parameters are retrieved from Very High
Resolution (VHR) optical satellite stereo data of Pleiades 1A/1B (0.5 m resolution stereo) over the urban areas of Delhi
where the data is present. Since these variables are not available over the entire urban area within the study domain of Delhi,

empirical relationships are derived using these retrieved parameters and the urban fraction by employing the method described
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CC

respectively

by Bohnenstengel et al. (2011). As described in equations 5, 6 and 7 , these newly derived empirical relationships are function

A

of urban fraction only and hence can be easily derived in a NWP model where urban fraction is an input parameter as part
of its surface definition. In MORUSES-IND experiment, A¢, A, and H are determined from the urban fraction based on CCI
LULC over the Delhi domain using these newly derived empirical fits (Equation 5,6 and 7 in section 2.2.2). In the case of
MORUSES-LON experiment, these urban parameters are determined with another empirical fit (See equations 12, 13 and 14),
which is also a function of urban fraction (Bohnenstengel et al., 2011). These empirical fits are used here because these are the
default empirical relationships in the MORUSES scheme and the only available empirical fit for the urban morphology data
using the similar approach. Though these empirical fits are derived based on London urban data, they provide an opportunity to

understand the difference in the urban morphology between different cities and their impact in the numerical simulations.
Ap = 22.88Fu® — 59.47Fu° + 57.75Fu* — 25.11Fu* + 4.33Fu? + 0.19fu +0.036 (12)
The A is defined as

Ar = 16.41Fu® — 41.86Fu° +40.39Fu* — 17.76fu> + 3.24Fu? + 0.06f u + 0.0271 13)
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i

IGURE 4 Urban fraction derived based on CCI for the model domain. Here JR, IGI, PA and SD represent the urban
observations sites, while MT corresponds to a rural observation location used in the present study for verification.

and the H is derived as

H = 167.409fu® — 337.853fu* + 247.813Fu® — 76.3678Fu? + 11.4832f u + 4.48226 (14

ccep

Appendix B

In order to understand the spatial impact of MORUSES-IND, the difference between MORUSES-IND and BEST-1t at 14 UTC
are examined on a typical clear day, 25/11/2016 (Figure A.4) and a typical fog day, 22/01/2016 (Figure A.5) respectively. An

A

extremely dense fog event occurred on 22nd to 23rd January 2016 which is characterized by very low visibility, less than
50 m, for almost 3-4 hours and very low wind speeds. An overview of the fog day is presented in Ghude et al. (2017). It
should be noted that the magnitudes of Q4 are negative at 14 UTC. Hence in comparison with BEST-1t, MORUSES-IND yield

more/less downward Qy depending upon whether § Qy is negative/positive. Spatial difference plot on the clear day shows

that MORUSES-IND reduces the magnitudes of all the variables over the urban area except wind speed and Qy (Figure A.4).

The positive magnitudes of Sws show the large magnitudes of wind speed using MORUSES-IND while the values of § Qy
demonstrate more downward sensible heat flux. §L T shows that MORUSES-IND has feedback on the rural area around the city
with increasing L T over the non urban area. Tscreen Simulation is up to ~ 2 °C cooler in MORUSES-IND (Figure A.4). 6 Tgkin
also exhibits a cooling tendency however the magnitudes are very small. This mainly results from the balance between more
outgoing net long wave radiation Q; and more incoming Q in MORUSES-IND. As we have seen in clear day, surface and
atmosphere coupling via skin and Tscreen is similar on the fog day where both 6 Tgcreen and 8Ty, are lower indicating the
MORUSES-IND simulations are colder at 14 UTC. However, on the fog day the difference between these variables is up to ~ 4
°C. Similarly, §L 7 is up to 20 W m~2 smaller in MORUSES-IND. MORUSES-IND produces relatively less outgoing net Q; at
14 UTC due to the reduction in both Q; components (Figure A.5). Depending upon the time chosen, the sign and the magnitudes

of the variables can vary, however the plots display the impact of MORUSES spatially over the urban area and the surroundings.
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FIGURE 5 Topography and the schematic of the DM nested configurations used in the numerical experiment. The zoomed
image shows the nested 1.5 km and 330 m model domains.

ted Article

t is not possible to state definitive conclusions after the analysis of a single time/case. Nevertheless, it can be pointed out that the
impact of MORUSES-IND is more or less uniform over the urban area as a result of the rather homogenous land surface data and

he effect is more pronounced on the fog day. The increased wind speed and the cooling of screen as well as skin temperatures

C

over the urban area again indicate that MORUSES-IND more accurately represents the impact of urbanization which appears

exaggerated in the BEST-1t.

Acc

This article is protected by copyright. All rights reserved.

SUORIPUCD pUe SWIB | 84} 88S *[2202Z/0T/ET] U0 Aiqi8UlUO A8|1M Yin'deesn® jequieww-<yieloqqius> Aq Zew' Ib/200T 0T/10p/woo Ae i Areaqjeul|uo Sl sdny woly papeojumod ‘ef *X0/8.yT

Aol A

38UBD17 SUOLILLOD AAIEaID 3|qedl|dde auy Aq pausenoh ale sajoiLe YO ‘8sn Jo Sa|ni 10} Akeig1]auljuQ A3|IA uo



ANUROSE ET AL.

TABLE 1

ted Article

Accep

Details of numerical experiments

Numerical experiments

BEST-1t

MORUSES-IND

MORUSES-LON

Clear sky days

2016-11-25

2016-11-26

2016-11-27

2016-11-28

2017-11-22

2017-11-23

2017-11-24

2020-11-18

2020-11-19

2016-01-21

2016-01-22

2016-02-08

2016-02-09

2016-12-04

2016-12-05

2016-12-06

2016-12-14

2016-12-15

2018-01-28

2018-01-29

Description

1 tile default scheme using CCI LULC

2 tile MORUSES scheme using CCI LULC &

urban data based on EMP-IND

2 tile MORUSES scheme using CCI LULC &
urban data based on EMP-LON

Fog days

TABLE 2 Summary of clear and fog events used in the current analysis with dates. Here minimum visibility and fog
duration is estimated based on the IGI station. The duration of fog is determined for the period where visibility is less than 1 km

minimum visibility (m)  fog Duration (hrs)

<= 100

<=100

<=100

<= 100

800

800

<=100

<=100

300

<=100

<=100
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FIGURE 6 Ensemble mean diurnal cycle of observed (black) a-b screen temperature Tscreen (°C), c-d wind speed (ms™")

and e-f relative humidity (%) are compared with the numerical simulations BEST-1t (magenta), MORUSES-IND (blue) and
MORUSES-LON (green) at IGI, an urban site. Left and right columns show clear and fog cases respectively.
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FIGURE 7 Ensemble mean diurnal cycle of observed screen temperature Tgcreen(°C) at JR (a-b) , SD (c-d) PA (e-f) and
MT (g-h) respectively are compared with the numerical simulations BEST-1t (magenta), MORUSES-IND (blue) and
MORUSES-LON (green). Left and right columns show clear and fog cases respectively. Here JR, SD and PA are urban locations
while MT is a rural site.
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FIGURE 8 Ensemble mean diurnal cycle of simulated (a) net radiation Q* Wm™2) (b) up welling long wave Ly Wm™2)
(c) net shortwave radiation Qx (Wm~2) (d) down welling long wave L 1 (Wm~2) (e) net long wave radiationQ, (W m~2) (f)
sensible heat flux Qg (Wm™2) (g) skin temperature Ty, (°C) and (h) latent heat flux Q. g (Wm™2) using BEST-1t (magenta),
MORUSES-IND (blue) and MORUSES-LON (green) are compared with the observations at IGI, an urban site for clear sky
conditions
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FIGURE 9 Same as Figure 8 but for foggy conditions at IGI, an urban site
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FIGURE 10 Ensemble mean diurnal cycle of observed (black) ATscreen (°C) are compared with the three numerical

simulations. Here A represents the difference between IGI, an urban site and MT a rural site. Left and right columns show clear

and fog cases respectively.
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at IGI.

Article

Variable Numerical experiments

Tscreen (°C) BEST-1t
MORUSES-IND
MORUSES-LON

ws (ms~") BEST-1t
MORUSES-IND
MORUSES-LON

relative humidity =~ BEST-1t

Accepted

(%) MORUSES-IND

MORUSES-LON

RMSE

Clear

1.92

1.36

2.11

1.14

0.97

1.0

11.8

13.7

This article is protected by copyright. All rights reserved.

Fog

2.75

1.95

2.93

1.36

1.3

23.25

21.3

25.1

Mean bias

Clear Fog
0.84 1.5
0.46 1.17
1.35 1.98
-0.65 -0.89
0.41 -0.09
-0.41 -0.74
-6.2 -16.6
-6.0 -16.2
-8.7 -18.94

ABLE 3 RMSE and mean bias of Tscreen (°C), wind speed ws (ms~") and relative humidity (%) for clear and foggy days
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Variable = Numerical experiments

JR BEST-1t

MORUSES-IND

MORUSES-LON

SD BEST-1t

MORUSES-IND

MORUSES-LON

PA BEST-1t

MORUSES-IND

MORUSES-LON

RMSE

Clear

3.19

2.47

33

29

23

2.7

3.6

29

3.6
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Fog

4.69

4.7

4.68

33

2.9

33

3.6

3.1

3.5

Mean bias

Clear

2.57

2.0

2.75

-0.13

0.02

0.35

1.3

1.6

1.6

Fog

2.4

2.4

2.6

1.25

1.5

1.2

1.9

1.9

ABLE 4 RMSE and mean bias of Tscreen for clear and foggy days over urban loactions JR, SD and PA respectively.
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FIGURE A.1

planar area index (A,

): EMP-IND

28.8°N
x

28.6°N

28.4°N

28.8°N

76.8°E T7°E 77.2°E 77.4°E

frontal area index (Af): EMP-IND

(c)
Ware 2

28.6°N

!

28.4°N

e

76.8°E 77°E 77.2°E 77.4°]

28.8°N

building height (H in m): EMP-IND
T =

-

28.6°N

28.4°N

using CCI land cover data.

This article is protected by copyright. All rights reserved.

1.00
0.75
0.60
0.50
0.40
0.20
0.10
0.03
0.01
0.00

0.20
0.15
0.08
0.07
0.06
0.05
0.04
0.02
0.01
0.01

10.00
9.00
8.00
7.00
6.00
5.00
4.00
3.00
1.00
0.50

planar area index (A,

):EMP-LON

29°N
7
28.8°N
i
28.6°N 3 —
i i3
= B
28.4°N _i - -.im.-:
76.8°E  77°E 7?.2°E 77.4°E
frontal area index (Af): EMP-LON
29°N b—' SSEE
(d) T 3
aN H - <1
/ % L_t: Ta-
U AR . b
28.8°N f=feoe et .
= L 3
: = S=.
<l I |
28.6°N e
- . 1
28.4°N T 1=
L I L L~
! / \ -
76.8°E 77°E 77.2°E 77.4°]

building height (H in m): EMP-LON

29°N

28.4°N

7

6.8°E 77°E

77.2°E

77.4°E

Planar area index (a-b), frontal area index (c-d) and building height (e-f) based on EMP-IND and EMP-LON

O//:Sdny) SUORIPUED pue SW | 38U} 88S *[2202Z/0T/ET] U0 Aidi8UIUO AB|1M Yin"deesn®@ jequuew-<yie|oqqius> Aq Zew' Ib/200T 0T/10p/woo-Ae |1 Aleaqjeul U0 SIewL//sdny woly papeojumod ‘ef *X0/8.4T

Aol A

38UBD17 SUOLILLOD AAIEaID 3|qedl|dde auy Aq pausenoh ale sajoiLe YO ‘8sn Jo Sa|ni 10} Akeig1]auljuQ A3|IA uo



ANUROSE ET AL.

w
S

) ﬁ
height to width ratio (H/W): EMP-IND height to width ratio (H/W): EMP-LON
1.000 T L.
200n 2l — &
@ o800 | (@ I e
Vs 2 | r
A ’ 0.660 N )
28.8°N 28.8°| -
0.500 A
. 0.400
28.6°N [ - 28.6°N
< ¢ 0.330
\\& e - -0.030 Lt
~ ) I\
| i 28.4°N DS l0.010 284"
76.8°E T7°E 77.2°E 77.4°E V-OOOO 76.8°E T7°E k‘77 2°E 77.4°E
Q —1.00 repeating ratio (W/R): EMP-LON
29°N 20°N
-0.90 (d)
e
O 080 el Y )
28.8°N 28.8°
5
0.70 3
0.60 >
28.6°N 28.6°N
> o ||,
5 T\
)]
284N 0.40  g4n A
0.30
76.8°E 77°E 77.2°E 77.4°E

FIGURE A.2 Height to width ratio (a-b) and repeating width ratio (c-d) based on EMP-IND and EMP-LON using CCI land
cover data.
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ﬁ
o
: EMP-IND
(Empirical fit as function of fu
'U based on local urban morphology ‘ Ap, M and H for
retrieved from VHR optical stereo MORUSES-IND
Q) satellite)
Urban fraction (fu) based on
CCILULC data for Delhi
O EMP-LON
c ’ (Empirical fit as function of fu 0. 3fand H for
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FIGURE A.3 A schematic representing the difference in the derivation of urban morphology data in MORUSES-IND and

MORUSES-LON experiments
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FIGURE A.4 Spatial plot of (a) § Tscreen (°C)(b) S L Wm=2)(c) & Tskin (°C) (d) & Ly (Wm~2) (e) 6 ws (ms~") and
) § Q Wm~2) at 14 UTC. Here & represents the difference between MORUSES-IND and BEST-1t for different parameters
on a clear day (25/11/2016).

This article is protected by copyright. All rights reserved.

SUORIPUCD pUe SWIB | 84} 88S *[2202Z/0T/ET] U0 Aiqi8UlUO A8|1M Yin'deesn® jequieww-<yieloqqius> Aq Zew' Ib/200T 0T/10p/woo Ae i Areaqjeul|uo Sl sdny woly papeojumod ‘ef *X0/8.yT

Aol A

38UBD17 SUOLILLOD AAIEaID 3|qedl|dde auy Aq pausenoh ale sajoiLe YO ‘8sn Jo Sa|ni 10} Akeig1]auljuQ A3|IA uo



ANUROSE ET AL.

6T screen(°C) 6L 1 (W m‘z)
29°N - J o 29N
(a) f; X e (b) >
L A

28.8°N 28.8°N
= v

28.6°N 28.6°N

28.4°N 28.4°N

29°N

28.8°N
3

28.6°N

28.4°N

76.8°E 77 76.8°E 77°E 77.2°E

Accepted Article

29°N 3
(E) o "A ST
N %
28.8°N}- At S
-
h
28.6°N —
28.4°N N
| X
A & 2 - =
4 = s 5 p— = .
76.8°E 77°E 77.2°E T7°E 77.2°E 71.4°E

-, P

S
o N

10.0
30.0

o o n
For ol o o o
T

FIGURE A.5 Same as figure A.4 but on a typical fog day (22/01/2016) at 14 UTC. Here & represents the difference
between MORUSES-IND and BEST-1t for different variables.
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