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Abstract Coupling of urban land use land cover (LULC) and aerosol loading on rainfall around cities in the
Gangetic Basin (GB) is examined here. Long-term observations illustrate more rainfall at urban core and
climatological downwind regions compared to the upwind regions of Kanpur, a metropolitan area located
in central GB. In addition, analysis of a 15 day cloud resolving simulation using the Weather Research
and Forecasting model also illustrated similar rainfall pattern around other major cities in the GB.
Interestingly, the enhancement of downwind rainfall was greater than that over urban regions, and it
was positively associated with both the urban area of the city and ambient aerosol loading during the
propagating storm. Further, to gain a process-level understanding, a typical storm that propagated
northwestward across Kanpur was simulated using Weather Research and Forecasting under three
different scenarios. Case 1 has realistic LULC representation of Kanpur, while the grids representing the
Kanpur urban region were replaced by cropland LULC pattern in Case 2. Comparison illustrated that
urban heat island effect caused convergence of winds and moisture in the lower troposphere, which
enhances convection over urban region and induced more rainfall over the urban core compared to
upwind regions. Case 3 is similar to Case 1 but lower aerosol concentration (by a factor of 100) over the
storm region. Analysis shows that aerosol-induced microphysical changes delay the initiation of warm rain
(over the upwind region) but enhance ice phase particle formation in latter stages (over the urban and
downwind regions) resulting in increase in downwind rainfall.

1. Introduction

Land use and land cover (LULC) changes from a rural to an urban land cover can perturb the surface
energy fluxes, micrometeorology, convection initiation, cloud dynamics, and surface rainfall (Lowry, 1977;
Pielke et al., 2011; Pielke, 2001; Shepherd, 2005). Urbanization-induced changes in surface properties
increase surface and near-surface temperature (commonly known as urban heat island effect; UHI, e.g.,
X. Yang et al., 2017) but reduce moisture availability (Clark et al., 1985; Oke, 2002). UHI effect can destabilize
the planetary boundary layer (PBL) and trigger convection by creation of a convergence zone (Bornstein &
Lin, 2000; Hand & Shepherd, 2009; Huff & Changnon Jr, 1972; Jauregui & Romales, 1996; Molders & Olson,
2004; Shepherd et al.,, 2002; B. Yang et al.,, 2012) that modifies rainfall around cities. However, in propagat-
ing storms, the maximum changes in precipitation may occur downwind rather than at the city, and they
can vary with different geographical and meteorological backgrounds. In some cases of propagating
storms, the spatial heterogeneity in LULC at the juxtaposition of rural lands and urban lands can create
a significant contrast in land-atmosphere interactions, bifurcate rainfall systems, delay storm propagation,
and reduce urban rainfall (Changnon Jr et al, 1976; Diem & Brown, 2003; Guo et al., 2006; Niyogi et al.,,
2011). Additionally, lower moisture availability, deeper PBL, and changes in surface hydrology can reduce
convective available potential energy (CAPE) and thereby rainfall in urban region (Kaufmann et al., 2007;
Zhang et al., 2009). Lastly, the sign of urban effect on rainfall may vary with rain rates (W. Li et al., 2011),
synoptic conditions (Yan et al., 2016), and the size and canopy architecture of a city (Schmid & Niyogi,
2013). Overall, urbanization can have a significant effect on regional water availability as well as can cause
flash flood hazards (L. Yang et al., 2015), but our understanding of the net association between a city and
the occurrence of rainfall around it from propagating storms is still uncertain.
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Concurrently, urban locations are associated with increased population and emission of anthropogenic aero-
sols, which interact with clouds and radiation and influence regional rainfall (Collier, 2006; Orville et al., 2001;
Rosenfeld & Woodley, 2003; Zhong et al,, 2015, 2017). While some studies showed that increase in aerosol
number concentration can cause a decrease in precipitation amounts (Teller & Levin, 2006), other studies
indicated more precipitation induced by aerosols because of feedbacks from changes in cloud microphysics
and storm dynamics (Khain & Lynn, 2009; Koren et al., 2012; Rosenfeld et al., 2008; Van den Heever et al.,
2006). Summarizing a large number of studies, aerosols induced impact on surface rainfall can either be posi-
tive or negative (even by more than 100%), depending on environmental conditions, wind shear, aerosols,
and cloud types (Fan et al., 2009; Khain et al., 2008; Levin & Cotton, 2008; Z. Li et al., 2016; Qian et al., 2009;
Tao et al,, 2012). In contrast, using a long-term simulation, Seifert et al. (2012) reported that clouds may them-
selves act as natural buffers in large-scale cloud systems, resulting in insignificant aerosol-induced changes in
overall surface precipitation. Recent studies have focused on the combined effect of aerosols and urban LULC
changes on rainfall, but the net impact and the underlying mechanisms are still unclear (Givati & Rosenfeld,
2004; Jin & Shepherd, 2005; Ntelekos et al., 2008; Rosenfeld, 2000; Van den Heever et al., 2006). Molders and
Olson (2004) showed modification of the cloud microphysical paths under combined aerosol and UHI effect
(see also Van den Heever et al., 2006, and Ntelekos et al., 2008). Therefore, urbanization may also influence
precipitation through associated enhancement in aerosol concentration (Zhong et al., 2017). Also, variation
in the sign of urban effect on rainfall (in previous studies as discussed above) may be linked to the back-
ground aerosol loading over a city during different storms, suggesting that UHI-rainfall relationship may
change regionally, both, qualitatively and quantitatively.

The Gangetic Basin (GB) in North India is the most populated river basin in the world and is home to ~700
million people whose livelihood is directly or indirectly linked to the summer monsoonal rainfall. Indian sum-
mer monsoon is characterized by mesoscale convective cloud systems which feature mostly mixed phase
clouds. Also, the frequency of occurrence of cumulonimbus towers is very high over the GB (Bhat & Kumar,
2015). Generally, rainfall over a city in the GB occurs from propagating storms associated with mesoscale
convective systems. These mesoscale systems are typically associated with Indian monsoon lows, which
are characterized by cyclonic wind circulation over the Indian landmass and northwest propagation of the
relative vorticity of the rain storms after initiation (Boos et al., 2015). Figure 1b marked the locations of many
big Indian cities. Rapid industrialization, an emerging economy, and population growth in the last two dec-
ades have resulted in high growth rate of urbanization as well as pollution in India, mainly in the GB (Bhagat,
2011; Dey & Di Girolamo, 2011). A recent observational study by Mitra et al. (2012) showed that urbanization
in the last 50 years has led to a tenfold increase in rainfall over Kolkata, a large metropolitan located in the
eastern GB. In addition, Kishtawal et al. (2010) and Singh et al. (2016) reported the observational signatures
of urban-induced rainfall anomaly during the Indian summer monsoon. Using numerical simulations, Lei
et al. (2008) showed that localized convection and heavy rainfall over Mumbai, a large metropolitan in
western India, may be due to convergence associated with urban circulation. Similar positive associations
between urban land use and rainfall have also been reported over Chennai (Simpson et al, 2008).
Although a distinct positive effect of urban LULC is emerging from these studies over India, our understand-
ing of the rainfall spatial distribution around Indian cities during propagating mesoscale storms and the
physical mechanism, especially over the heavily polluted GB, is still unknown.

On the contrary, Shastri et al. (2015) showed that the UHI effect on rainfall over the GB is negligible compared
to the influence of prevalent synoptic scale forcing during summer monsoon. Moreover, the impact of urban
aerosols was not considered in the above studies. Recent studies have illustrated that the microphysical
impacts of aerosols acting as cloud condensation nuclei (CCN) are significant during the Indian summer mon-
soon due to a close coupling between cloud dynamics and cloud microphysics. For example, more cloud
water can be transported upward due to CCN-induced initial suppression of warm rainfall and increase the
freezing of cloud drops to ice phase. The increased releases of latent heat in a polluted environment invigo-
rate the cloud systems to generate more ice hydrometeors and eventually more rain but at a later stage and
probably at a downwind location compared to clean conditions (Hazra et al.,, 2017, 2013; Prabha et al., 2012;
Sarangi et al,, 2015, 2017). Recent years have witnessed devastating flash floods over various major cities
of North India during the monsoon season, causing loss of properties and human life (Gupta & Nair, 2011;
http://www.independent.co.uk/news/world/asia/india-floodsbangladesh-nepal-deaths-millions-home-
less-latest-news-updates-a7919006.html). Thus, a better understanding of the effect of urbanization and
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Figure 1. Panel a illustrates an overview map of the nested domains used in all the Weather Research and Forecasting simulations from 5 to 20 August 2011. Shade
represents the terrain height. Panels b and cillustrate the mean cloud condensation nuclei (CCN) number concentration simulated and the static LULC represen-
tation within Domain 3 of WRF simulations, respectively. The red spots indicate urban grids amidst croplands (green). Panel d shows corresponding mean composite
of version 4 cloud-free composites of DMSP-OLS observed nightlight intensity data over Domain 3. Darker light intensity represent more urbanized surface. The
data are available at https://ngdc.noaa.gov/eog/dmsp/downloadV4composites.html.

aerosol loading on the magnitude and spatial distribution of summer monsoon rainfall is essential for
improving short-term rainfall prediction, water management, and disaster mitigation policies.

In this context, the main objective of this study is to examine the variation in total rainfall over urban regions
compared to the nearby rural regions in the GB. Specifically, we investigate whether there is a distinct urban
effect on rainfall over the downwind region compared to the upwind region during typical propagating
storms across the cities in GB. A recent study over Kanpur, a typical metropolitan located in central GB, used
automatic weather station (AWS) network around Kanpur to show very high UHI values, both at surface and
at canopy level during the monsoon season (Chakraborty et al., 2016). We use ground-based rainfall measure-
ments from the same network and long-term satellite observations to illustrate an urban signature on rainfall
over the greater Kanpur region. The second objective of our study is to examine whether the urban-rainfall
associations observed over this representative GB city are also present over different cities located in GB
and are consistent for different storm events. An additional question is whether the urban-rainfall relation-
ship over other North Indian cities (with lower ambient pollution) located outside of the GB is different from
or similar to that observed over Kanpur. The lack of high-density rain gauge networks within and around
cities in North India limits the scope of an observational analysis of these objectives. So we perform a
high-resolution simulation of a typical heavy rainfall period from 5 to 20 August 2011 using the Weather
Research and Forecasting (WRF) model with the Thompson aerosol-aware microphysics to address our sec-
ond and third objectives. The simulated rainfall period was associated with mesoscale systems over northern
India and contributed to about half of the annual rainfall over this region within a short span of 15 days.
Hourly output of simulated rainfall at 3 km spatial resolution provided many samples of propagating
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storms across prominent big cities of GB and North India. Details of the data set used, the model setup, model
evaluation, and numerical experiments are described in section 2 followed by results and discussions in
section 3. The work is summarized in section 4.

2. Data Set and Model Details

2.1. Observations of Rainfall Around Greater Kanpur

Four years (2013-2016) of high-resolution (half-hourly) in situ rainfall measurements are available from a net-
work of three AWSs over the greater Kanpur (shown in Figure 5a). One of the three stations is located at the
high-intensity urban center of Kanpur city, while the other two are located at a low-intensity urban site in the
northern part of Kanpur city and at a rural site ~10 km south of Kanpur city, respectively. Frequency-intensity
comparison of rainfall measured at these sites is performed to establish the difference in frequency and mag-
nitude of rainfall among the urban and rural sites within the network at various time scales. Only measure-
ments between June and September for days when all three sites were operational are included in this
analysis. However, this analysis only provides us with comparison between rural regions to the south of
Kanpur and the urban regions in Kanpur city.

Further, attenuation-corrected radar reflectivity factor (Z,) observations from the precipitation radar on board
the Tropical Rainfall Measuring Mission (TRMM-PR 2A25, version-7) satellite are used to gain a better overview
of the spatial distribution of rainfall over the greater Kanpur region (Iguchi et al., 2000). TRMM is a non-Sun
synchronous satellite containing 49 beams, each separated by 0.71° to provide a total swath width of
247 km. It samples the area between 38°S and 38°N several times a day (Kummerow et al.,, 1998, 2000).
TRMM-PR works in the Ku band (13.8 GHz) and has a wavelength of 2.2 cm. Horizontal and vertical resolutions
of TRMM-PR are 4.3 km (5 km since August 2001) and 0.25 km, respectively. The TRMM-PR provides a Z, at 80
vertical levels in dBZ units (dBZ = 10 X logo Z), where Z is expressed in mm®m?. The high spatial resolution
is important for determining the climatology and spatial variations of rainfall over the small area.
Measurements during the Indian monsoon period, that is, June through September, between 1998 and
2015 are used. We regridded the raw Z, values into rectangular latitude-longitude grids of 0.05° x 0.05°. In
this study, we use Z, values > 30 dBZ measured at 2 km altitude in each grid box and the climatological
mean is calculated to indicate the spatial distribution of rainfall under rainfall events around the greater
Kanpur. Lower Z, values from TRMM-PR has high uncertainty (W. Li & Schumacher, 2011). Moreover, Z,
values <30 dBZ at 2 km altitude correspond to rain rate of <1 mm/h and may be associated with no surface
rainfall (Ulbrich & Atlas, 1998).

2.2. WRF Simulation Setup, Evaluation, and Methodology Used for Analysis

Chang et al. (2009) showed that WRF has good ability in simulating the Indian monsoon depressions. The WRF
Model, version 3.6.1, is configured to simulate the regional weather prevalent over India using three nested
domains (Figure 1a) during 4-20 August 2011. The outermost domain has a resolution of 27 km and comprises
the Southeast Asian region. The innermost domain has a resolution of 3 km, centering over the GB. The inter-
mediate resolution domain (9 km resolution) bridges the resolution difference between the outermost and
innermost domains. There are 34 layers between the surface and 50 hPa. The initial and lateral boundary con-
ditions for the meteorological fields are obtained from the NCEP FNL (Final) Operational Global Analysis data
available at a resolution of 1° x 1° for every 6 h. A spin-up time of 1 day is used.

The vertical subgrid scale fluxes due to eddy transport in the PBL are parametrized by the Mellor-Yamada-
Janjic boundary layer scheme (Janjic, 2002). The Noah land surface model is used to represent land surface
processes and the surface energy balance (F. Chen & Dudhia, 2001). The Grell-Freitas cumulus scheme
(Grell & Freitas, 2014) is used in the outer and middle domains but the innermost domain explicitly resolves
convection at 3 km resolution. The updated two-moment Thompson bulk microphysics scheme is used,
which considers five separate species: cloud water, cloud ice, rain, snow, and a hybrid graupel with hail cate-
gory (Thompson et al.,, 2008). It also incorporates the activation of water friendly aerosols (proxy for CCN) and
ice nuclei (IN), so it explicitly predicts the droplet number concentration of cloud water as well as the number
concentrations of CCN and IN. A fraction of the CCN concentration is activated into cloud droplets using a
lookup table that determines the fraction as a function of the model-predicted temperature, vertical velocity,
CCN concentration, and hygroscopicity parameter and aerosol mean radius (0.04 mm). Upon nucleation, the
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participating aerosols are removed from the population, though they can be returned to CCN on evaporation
of cloud or rain drops. Wet scavenging is also considered in these simulations. The number of IN particles
that nucleate into ice crystals is determined following DeMott et al. (2010) for cases above water satura-
tion to account for condensation and immersion freezing and by following Phillips et al. (2008) in cases
that are unsaturated with respect to water saturated to account for deposition nucleation. In addition,
the freezing of deliquesced aerosols using the hygroscopic CCN concentration is determined from Koop
et al. (2000). Further detailed descriptions of the numerous process rate terms for cloud species, droplet
number concentration, CCN, and IN can be found in Thompson et al. (2004, 2008) and Thompson and
Eidhammer (2014).

Horizontal and vertical advection of winds, temperature, water vapor, cloud particles, trace gases, IN, and CCN
particles are determined using a positive definite, monotonic scheme (H. Wang et al., 2009). CCN and IN num-
ber concentrations are mixed consistently with heat, moisture, and momentum fluxes produced by the
boundary layer parametrization. The CCN aerosol category is designed as a combination of sulfates, sea salts,
and organic matter, while the IN aerosol category mainly resembles dust concentration. Multiyear (2001-
2007) global model simulations (Colarco et al., 2010) are performed with prescribed aerosols emitted by
natural and anthropogenic sources. Multiple size bins for multiple species of aerosols are simulated by the
Goddard Chemistry Aerosol Radiation and Transport model (Ginoux et al., 2001) and used to obtain the mass
mixing ratios of sulfates, sea salts, dust, and organic carbon at a 0.58° longitude by 1.25° latitude grid spacing.
While the mean dust mass with diameter larger than 0.5 mm is considered IN concentration, a combination of
all other species except for black carbon is used as a proxy for the CCN concentration. A method described in
Chin et al. (2002) is used to convert the input mass mixing ratio data to number concentrations by assuming
lognormal distributions with characteristic diameters and geometric standard deviations. Further details
about the global climatology of the aerosol species and the CCN input data are given in Thompson and
Eidhammer (2014).

The spatial distribution of mean-simulated CCN values (5-20 August 2011) prevalent at 850 hPa over Domain
3 is shown in Figure 1b. The simulated CCN concentration is >2,500 particles per cm? over the entire GB. In
addition, most of the CCN burden is concentrated within the boundary layer (not shown). It can also be seen
that the CCN concentration near the west coast is 2-3 times lower than the GB. Recent surface and aircraft
measurements reported similar high CCN concentration (2,000-6,000/cm?) within the boundary layer during
monsoon season over the GB (Bhattu & Tripathi, 2015; Dumka et al., 2015; Roy et al., 2017; Sarangi et al., 2015;
Srivastava et al., 2013). Moreover, satellite observations and global modeling studies indicated similar spatial
differences in aerosol loading over North India during monsoon season (Misra et al., 2016, and references
therein). Thus, this methodology of prescribing CCN emission fluxes as surface source in each grid box and
allowing them to physically move around with the meteorological forcing is able to mimic reasonably well
the spatial and vertical distribution of CCN over North India. The simulated CCN concentration is used to pre-
dict cloud water droplet concentration spectrum in the microphysical module. Further, interactions between
clouds and radiation are implemented by linking the predicted cloud water with a constant effective radius
from the microphysics scheme with the rapid radiative transfer model for general circulation model radiation
scheme (Mlawer et al., 1997).

The 30 min Moderate-Resolution Imaging Spectroradiometer (MODIS) data set provides static geographical
fields, such as terrain height, soil properties, vegetation fraction, land use, and albedo, which are interpo-
lated to the domain grids by using the WRF preprocessing system. The LULC of any grid in the model setup
is the most dominant LULC type in that area as documented in the MODIS data set. As the model resolu-
tion increases, more accurate LULC representation is used in the model. Figure 1c illustrates the LULC
defined in each grid of Domain 3 from our simulation. The version 4 cloud-free composites of DMSP-
OLS observed nightlight intensity data are also plotted for Domain 3 during August 2011 in Figure 1d to
visualize the urbanization scenario. The nightlight data are available at 30 arc sec resolution from https://
ngdc.noaa.gov/eog/dmsp/downloadV4composites.html. The high-density urban cities and conglomerates
in the GB are evident from the nighttime intensity data set. The entire stretch of the Indo-Gangetic
Plains (north part of the GB) from the Himalayan foothills above Delhi to Kolkata near Bay of Bengal is
covered by sprawling urban cities. Comparison between Figures 1c and 1d illustrates that Domain 3 with
spatial resolution of 3 km is able to well represent the heterogeneity in regional LULC, especially the urban
cities over the GB in our model simulations.
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2.3. Model Evaluation: Wind Circulation, Rainfall, and Near-Surface Temperature

Using the Domain 2 results, Figure 2 compares the WRF-simulated mean midday wind circulation pattern
(5-20 August 2011) with the corresponding wind data from ERA-Interim reanalysis data at 850 hPa.
Cyclonic wind circulation is observed over northern India during this period. Over South India the winds blew
from Arabian Sea in the west toward Bay of Bengal in the east. The ERA observed wind circulation patterns,
their centers, and overall wind speeds are well captured by the model. This wind pattern is consistent with
the active phase of Indian monsoon system, which are associated with low-level moisture influx, synoptic
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Figure 3. Spatial distribution of accumulated rainfall from (a) Weather Research and Forecasting (WRF)-Domain 3 simulation and (b) Tropical Rainfall Measuring
Mission (TRMM)-gridded data set between 5 and 20 August 2011. The colored circles in Panel a are accumulated rainfall observed at in situ measurement sites
maintained by Indian Space Research Organization and Global Historical Climatology Network. Panel c compares the time series of cumulative domain total
rainfall simulated within Domain 3 of WRF (yellow) with corresponding TRMM measurements (blue) between 5 and 20 August 2011 (Julian day 218-232). Comparison
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scale mesoscale cloud systems, and heavy rainfall over central and North India (Krishnamurti & Bhalme, 1976;
Sikka, 1977). However, on an average, lower wind speeds are simulated over Indo-Gangetic plains and near
the Himalayan foothills compared to reanalysis. These differences may contribute to the biases in simulated
rainfall near Himalayan foothills (discussed below).

Figures 3a and 3b compare the spatial distributions of accumulated rainfall amount simulated by WRF and
observed by TRMM satellite during 5-20 August 2011 in Domain 3. In general, the GB region received more
rainfall (~150 mm in most of the grids) compared to the western part of North India (Figure 3b). Previous
studies have reported that during the prevalence of cyclonic wind motion over India, the southeastern
regions receive comparatively more rainfall (Krishnamurti & Bhalme, 1976; Sikka, 1977). Comparison with
the corresponding WRF-simulated total rainfall distribution illustrates that the model is also able to reproduce
the spatial distribution of rainfall over this region reasonably well, but the model values are lower compared
to observed values in the middle GB region (Figures 3a and 3b) during this period.

Further, to check if the temporal variation in mesoscale meteorology is well captured by our simulations, we
compared the cumulative rainfall amount over Domain 3 with TRMM observations (Figure 3c). The temporal
pattern of rainfall occurrence from TRMM and WRF matches well over Domain 3. Cumulative rainfall initially
increased steadily between 5 and 10 August 2011. This is followed by steep increase in rainfall from 11 to 15
August 2011. Thereafter, again the increase is gradual till 20 August 2011. The domain total daily rainfall
amount from TRMM estimates is also higher compared to the corresponding simulated values in most days.
It should be noted that TRMM retrievals are over a coarser grid and are calculated by assuming the same rain
rate over an interval of 3 h, so the TRMM estimates might also have inherent uncertainties.

As an additional check, we used ground-based in situ measurements within Domain 3 to evaluate our model-
simulated rainfall amount. Most of the rain gauge station data used in our evaluation are part of the AWS net-
work maintained by Indian Space Research Organization, and the data are available at http://www.mosdac.
gov.in/. We also used measurements from stations that are part of the Global Historical Climatology
Network (GHCN) and are located within Domain 3. The GHCN-daily data are available at https://www.ncdc.
noaa.gov/. The accumulated rainfall during 5-20 August 2011 is calculated from measurements at each sta-
tion and plotted as scatter points corresponding to its location on the latitude-longitude axes in Figure 3a. In
total data from 192 sites (all sites where data are available from both Indian Space Research Organization and
GHCN networks within our study region and period) are used. The scatter points are colored with the same
scale used to represent accumulated WRF rainfall in Figure 3a. Comparison of the scatter points against the
background contour shows that WRF was able to reasonably simulate the heterogeneity in spatial pattern of
accumulated rainfall at local scales. For example, spatial variations seen in accumulated rainfall from the site
measurements near the Himalayan foothills (increase as we move northeastward from 30°N;74°E toward
32°N;80°E), in the GB (increase as we move northeastward from 20°N;83°E toward 24°N;88°E.), central India
(first increase and then decrease as we move northeastward from 21°N;79°E toward 23°N;83°E), and the
western part of North India (increases as we move northwestward from 21°N;73°E toward 24°N;72°E) are well
captured by our convection permitting WRF simulation. However, similar to the TRMM comparison, negative
biases are present in the simulated magnitudes compared to in situ observations especially over the northern
parts of the GB region near the Himalayan foothills. This may be partly related to the observed biases in simu-
lated wind circulation (Figure 2). Further, good correlation (correlation coefficient = 0.6 at 95% confidence
interval) between the in situ measured accumulated rainfall values and simulated accumulated rainfall over
corresponding WRF grid in Domain 3 is seen (Figure 3d). However, the good correlation was mostly due to
the stations over the plain regions of North India. We found that correlation coefficient of the association
(similar to Figure 3d) is lower (<0.3) for the stations in Himalayan foothills. In addition, similar evaluation of
simulated rainfall at daily and subdaily scale shows that the model was not able to accurately simulate the
exact time and location of rainfall event (generally, the correlation coefficient was <0.2 over most of the sta-
tions in Himalayan foothills) even at 3 km resolution. Figure 3e illustrates the comparison between temporal
mean 2 m temperatures observed at these AWS stations and Domain 3 simulated 2 m temperature values
during our study period. The sample points lie very close to the 1:1 line indicating good skills of WRF (correla-
tion coefficient = 0.9 at 95% confidence interval) to simulate the near-surface temperature. However, for sta-
tions with higher background temperature values (mainly north of the GB in our case), we found that the
simulated values were slightly higher than observed values, largely due to negative biases in accumulated
rainfall as seen in Figure 3d.
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The resolution difference in the observations (~25 km and point mea-
surement) and model simulation (3 km) might be the reason behind
the bias in rainfall magnitude and mean temperature. Besides, these

—- biases may also be attributed to the coarse data input and uncertainties

associated with the physical parametrizations of temperature, pressure,

Upwind

Downwind winds, and moisture during our simulation period. As the model was not

~ nudged with data assimilation, the error propagation in prognostic vari-
: - ables may increase with time and space, which can also contribute to
: s : the biases seen in our simulations. Moreover, satellite retrievals over
! i mountainous regions have high uncertainty which can also limit the

accurate representation of rainfall in observations. Nevertheless, these

Figure 4. Schematic drawn for ease of visualizing the upwind, downwind, simulations are able to well capture the spatial and daily variations in

and urban region during the propagating storm events. In case the direc-
tion of storm propagation is west to east over a typical city (center gray-
shaded box) in North India (as shown by black arrow), the upwind box is

mesoscale meteorology as well as the LULC heterogeneity, and the
3-D distribution of CCN concentration over the plain regions of

considered as an area equal to the urban region but located to the west of Northern India. This provides confidence that our configuration can be
the gray box. Similarly, the downwind box is considered as an area equal to used for qualitative study of aerosol-urban-rainfall association at high
the urban region but to the east of the gray box. In our analysis, we have resolution at a much lower computational cost than using the compre-

considered eight such major directions of storm propagation corresponding

hensive WRF-Chem model.

to the storm entering the urban region from the eight quadrants of a circle.
However, the storms may follow three pathways of exit as shown here by

arrows. In such cases the downwind region is considered as the region

shown in red boxes.

2.4. Storm Events and Metrics Used for Analysis Over Various Cities

As mentioned earlier, the cities in Domain 3 experienced many mesos-

cale propagating (and raining) storms during our study period in the
simulation. In general, these storms crossed a typical city within 2-4 h depending on the propagation
speed and area of urban core of that city. First, hourly simulated rainfall data are used to identify and seg-
regate the 2-3 h duration storm propagating events over major urban agglomerates (having more than
five consecutive grids of urban LULC) in Domain 3. Analysis is performed over the cities in which more
than 15 such propagating storm events were found. These cities include Delhi, Agra, Kanpur, Durgapur-
Asansol agglomerate, and Kolkata located in the GB region. We have also performed analysis over Daman,
Surat, Ahmedabad, Nagpur, Indore, and Varodara located in the western part of North India to compare
and contrast between cities located within and outside the heavily polluted GB region. The locations of these
cities are shown in Figure 1c.

While crossing the cities the storms produced nonuniform rainfall at the downwind, urban, and upwind
regions of a city. We compare the rainfall over the urban core (as well as at the downwind region) of a city
to its upwind region. Eighteen propagating storms were simulated over Kanpur. For each of storm event,
we consider three equal-area boxes (equal to the area of the urban core of Kanpur) along the direction of
the propagation of the storm across the city as shown in Figure 4. The total rainfall occurring within the
box enclosing the urban core of a city during a propagating storm event is considered as urban rainfall.
Similarly, the total rainfall occurring within the downwind box during the last hour of the storm event and
the same over the upwind box during the first hour of the propagating storm event are referred as downwind
rainfall and upwind rainfall, respectively, for that event. For storm events lasting for 2 h, the total rainfall over
the urban box during both hours is considered, while urban rainfall occurring during the middle hour is only
considered in case of a 3 h event. Similarly, urban, downwind, and upwind rainfall amounts for all the 18
storm events are calculated over Kanpur. Further, rainfall enhancement in urban region (EnhRaingpan, calcu-
lated as the difference between urban rainfall and upwind rainfall divided by the upwind rainfall) and down-
wind region (EnhRaingownwing, calculated as the difference between downwind and upwind rainfall divided
by the upwind rainfall) with respect to the upwind region for each of the 18 storm events is calculated over
Kanpur. It should be noted that the direction of storm propagation varied a lot among different cities as well
as among different storms over the same city. For ease of calculation, we consider eight major directions of
propagation (corresponding to storm entering from eight half-quarters of a circle). In addition, we consider
that a storm entering an urban location from one of these eight directions can exit in three possible ways
(Figure 4). Thus, the analysis accounts for 24 different possible storm propagation directions.

Mean CCN values near cloud base (900 hPa) within the urban box during the first hour of a particular storm is
also recorded as the aerosol loading condition corresponding to that particular storm event. Later, the 18
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Table 1

Details About the Land Use Land Cover Type Used and CCN Concentration
Prescribed Over the Greater Kanpur Region for the Three Sensitivity

storm events are segregated into three equal bins resembling low (5-35
percentile of mean CCN values), middle (35-65 percentile of mean CCN
values), and high (65-95 percentile of mean CCN values) CCN scenarios.

Experiments

The same methodology was used to create a CCNwise-sorted data set of
Experiment LULC CCN . . .

EnhRaingownwing @and EnhRainy,an from propagating storms over each
CNTEX URBAN over Kanpur city Prescribed climatology of the remaining 10 identified cities. We ignore storms that partially
NOURBEX Cropland over Kanpur city Same as CNTEX crossed the urban regions, that is, storms that entered and exited
lowCCNEX Same as CNTEX Prescribed climatology

through the adjacent sides of the urban box. Also, we only consider
storms that produced rainfall over all the three regions of a city, that

in CNTEX/100

Note. LULC = land use land cover; CCN = cloud condensation nuclei;

CNTEX = control experiment.

is, urban core, upwind, and downwind regions. These constrains are
applied to ensure urban signature on rainfall distribution in our analysis.

2.5. Numerical Experiments Focused on a Case Study Over Kanpur

In this study, three additional 1 day simulations (5 August 2011) were performed (Table 1) to examine the
relative role of LULC and CCN concentration on EnhRaingownwing and EnhRaingpa, during a typical 3-hourly
storm propagation event on 5 August 2011 over the greater Kanpur region. The storm propagated across the
urban region of Kanpur in the northwest direction. In the control experiment (CNTEX), the domain structure
and model configuration is kept similar to our default 15 day simulation with prescribed CCN climatology
(Figure 1b) and default LULC pattern as obtained from MODIS data set. The Kanpur urban region is defined
between 80.2°E-80.45°E and 26.4°N-26.55°E and surrounded by croplands on all sides. First, the spatiotem-
poral characteristics of the storm propagation and rainfall distribution around the urban region are studied.
Further, for the second simulation (NOURBEX), the grids representing Kanpur city in the model (red color
grids in Figure 1c) are replaced with cropland LULC to remove the effect of urban city on the simulated heavy
rainfall event. As all the other factors remain the same, comparison of NOURBEX with CNTEX will illustrate the
physical forcing (if any) of urban LULC on the rainfall distribution over the city center and downwind regions.
Similarly, keeping all other things the same, the default CCN concentration over the greater Kanpur (grids
within the area bounded by 80°E-80.7°E and 20.2°N-20.7°N in all the three domains) is reduced by a factor
of 100 to resemble very clean conditions (~100 #/cm?) in the third simulation (lowCCNEX). The role of CCN
particles on the spatial distribution of rainfall will be investigated by comparing CNTEX and lowCCNEX runs.
We used NCEP-FNL data available at a resolution of 1° x 1° for every 6 h to initialize all the experiments.

3. Results and Discussion

3.1. Observational Climatology Over Kanpur

Rainfall measurements from in situ rain gauges located at three different sites within the greater Kanpur
including one at the city center (DBS), one at a rural site south of Kanpur city (JNV), and one at a semiurban
location (IITK) north of Kanpur city are compared in Figure 5a. Computed hourly rain rate at each site is
segregated into four intensity bins; 0.1-0.4 mm/h, 0.4-1 mm/h, 1-4 mm/h, and >4 mm/h, and the frequency
distribution for each site is plotted (Figure 5b). These four bins represent <40, 40-70, 70-95, and >95 percen-
tiles of the measured rainfall samples at IITK site, respectively. The lowest bin denotes drizzle conditions, and
the highest bin represents extreme rainfall events. The number of rain events in the higher rainfall bins
(>1 mm) at DBS station is more than 2 times of that over the JNV station. In contrast, the enhancement of
rain events in the lower rainfall bins (<0.4 mm) at DBS station over JNV station is ~50%. Thus, the differences
in rainfall between urban and rural site is mainly contributed from the heavy rainfall events.

The diurnal variation in frequency of hourly rainfall events is also compared at the three sites (Figure 5c). Most
of the rainfall events over DBS occur between 1600 and 2000 LT, while the maximum rainfall occurrence over
the JNV site is in the afternoon between 1400 and1700 LT. Like DBS, most of the rainfall in lITK also occurs
during late evening between 1700 and 2000 LT. As UHI effect at Kanpur is stronger in late evening
(Chakraborty et al.,, 2016) and can cause enhanced convection, the temporal differences in the fraction of
rainfall occurrence between urban and rural sites indicate that UHI-induced convection effect might play a
role in the spatial distribution of rainfall over the greater Kanpur. Comparison of bimonthly total rainfall over
each site illustrates that the total rainfall over DBS is higher by ~50 mm in peak summer monsoon period
(July—August) than IITK, followed by that at JNV (not shown). This is mainly because the frequency of rainfall
events at DBS is higher for all the four intensity bins. Thus, in a climatological sense, this analysis illustrates
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Figure 5. (a) The location of three automatic weather station stations in greater Kanpur. (b) Frequency of rainfall events in
different rainfall intensity bins at the three sites. (c) Diurnal distribution of hourly rainfall occurrence frequency at the three
sites. (d) Climatological mean spatial distribution of Tropical Rainfall Measuring Mission (TRMM)-PR observed radar
reflectivity values at 2 km probable rainfall events (reflectivity >30 dBZ) over Greater Kanpur region.

that urban regions of the greater Kanpur receive more rainfall compared to nearby rural regions upwind of
Kanpur. Previous studies have also reported changes in frequency, intensity, and duration of rainfall over
cities in urban core (Bornstein & Lin, 2000; Changnon Jr et al., 1976, 1971; T.-C. Chen et al,, 2007; Dou et al.,
2015; Jauregui & Romales, 1996; Lei et al., 2008; Molders & Olson, 2004; Stout, 1969; J. Wang et al., 2012).

However, many studies also emphasized enhancement in downwind rainfall due to urban effect (Diem, 2008;
Diem & Brown, 2003; Guo et al,, 2006; Hand & Shepherd, 2009; Holt et al., 2006; Mote et al., 2007; Shem &
Shepherd, 2009; Zhang et al., 2009, 2014). Huff and Changnon Jr (1972) identified increase in summer con-
vective precipitation on the downwind side of urban regions using long-term data from St. Louis, Missouri,
and other U.S. urban areas. But we did not find higher rainfall over the downwind site (IITK) of Kanpur com-
pared to the urban site (DBS). This observation does not necessarily mean that rainfall over downwind region
is lower than that at Kanpur core region, mainly because IITK might not be a representative downwind site of
peak urban-induced rainfall modification. Recent studies have illustrated that the urban-induced effect on
rainfall are manifested 30-80 km downwind of the cities in Unites States and India (Niyogi et al., 2017;
Kishtawal et al., 2010). Therefore, we also have also used the TRMM-PR data set to create climatological mean
spatial distribution of rainfall events around the greater Kanpur and check for modification in downwind rain-
fall. We used monsoon period for our data analysis during which the climatological wind direction at 850 hPa
in reanalysis data sets is from southeast to northwest (not shown). Moreover, most of the (about 50-60%)
summer monsoonal rainfall over northern India occurs under cyclonic monsoon depressions (Yoon &
Chen, 2005), which generally form in the Bay of Bengal and propagate across the Indian landmass in a west-
ward or northwestward direction (Krishnamurti & Bhalme, 1976; Riehl, 1971; Sikka, 1977). Thus, the northern
and southern regions of Kanpur are usually downwind and upwind of Kanpur, respectively, during monsoo-
nal rainfall events. The Z, climatology clearly shows higher radar reflectivity (thus higher surface rainfall
values) over the rural regions to the north of Kanpur city compared to the city core and southern rural regions
(shown in Figure 5d), indicating that rainfall over downwind regions increases (even more than the urban
regions) during high rainfall cases. Note that TRMM measurements are of coarse temporal resolution and
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Figure 6. Top row shows boxplot distribution of Weather Research and Forecasting-simulated EnhRaingownwind during
propagating storms over different cities in (a) Gangetic Basin (warm color shades) and (b) non-Gangetic Basin region
(cold color shades) of North India under low (5-35 percentile), middle (35-65 percentile), and high (65-95 percentile) cloud
condensation nuclei (CCN) loading scenario. The location of the cities discussed here is marked in Figure 1c. The number
(mentioned in brackets) after each city name in the legend is the number of simulated storms events over that city. The
CCN concentration shown by different text colors in the legend denotes the simulated CCN range over cities in the
corresponding group. Bottom row shows similar distribution for WRF-simulated EnhRainypan over cities in (c) Gangetic
Basin and (d) non-Gangetic Basin region of North India. Please see methodology section for details on computation of
EnhRaingownwind and EnhRainypan. The cities within each CCN bin are arranged in ascending order of the magnitude of
their longitudinal (east-west) extend; that is, within each CCN bin, darker shade means longer east-west span of cities.

may not have captured the rainfall distribution during all propagating storms across Kanpur. However, use
of 17 years of 3-hourly data set should present an accurate representation of the spatial pattern in rainfall
over the region. Similar results were also found by Shepherd et al. (2002) around Atlanta, Georgia, using
TRMM satellite-borne radar observations. Hence, both observations and simulations indicate the presence
of local-scale urban-induced changes in rainfall distribution over the Greater Kanpur. However, it is not
clear if the urban-rainfall association observed over Kanpur is a common phenomenon over the entire
region. We next examine various simulated storm cases over 11 major cities in North India to answer the
above question.

3.2. Relative Influence of LULC and CCN Concentration Over Rainfall

The variation in values of the WRF-simulated EnhRaingownwing and EnhRainypan in the low, middle, and high
CCN loading bins over different cities in Domain 3 (including Kanpur) is illustrated in Figure 6. The warm color
shades (yellow and red) are used to mark the cities present within the GB region, while the cold color shades
(green and blue) represent cities outside the GB region. This distinction is maintained here because the GB-
based cities are more highly polluted (~2,000-8,000 #/cm? near cloud base) than the non-GB cities. Further,
the green colored cities are relatively more polluted (~200-700 #/cm? near cloud base) than the blue colored
cities (~100-300 #/cm? near cloud base). At the same time, the cities are also arranged from left to right
within each CCN bin in an ascending order of their longitudinal extent (east-west span). This is done to visua-
lize the effect of increasing urban area on EnhRaingownwing @and EnhRaing,pan Within the narrow variability in
CCN values. Here we used the longitudinal extent of an urban region as a proxy of the cross section of urba-
nized area encountered by a propagating storm because broadly we found that most of the simulated storms
moved in the south-north direction (southeast to northwest and from southwest to northeast) in Domain 3
during our study period. Using the total area of urban cities does not introduce much variation to our analysis.
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It is instantly clear that the EnhRaingownwing @and EnhRaingpan values are largely positive (except in the low
CCN bin) over all the cities located in the GB region (Figures 6a and 6c) suggesting enhancement in down-
wind and urban rainfall during storm propagation. But in most of the cities, the enhancement over downwind
region is greater compared to that over urban region (EnhRaingownwing > EnhRainympan)- Interestingly, this
phenomenon is also simulated in cities outside the GB region (Figures 6b and 6d).

Further, within each CCN bin, rainfall enhancement over downwind regions (EnhRaingownwing) increases
as we move from left to right indicating a clear influence of urban LULC on EnhRaingownwing and
EnhRainynan from propagating storms over northern India. For instance, EnhRaingownwing Values are highest
for Delhi (biggest among the analyzed cities in the GB) in each CCN bin (Figure 6a). Moreover, the distribution
of EnhRain,»an over Delhi also (Figure 6¢) comprises greater values among the GB cities under similar CCN
loading. Similar trend is also seen over Ahmedabad (Figures 6b and 6d; biggest among the green shaded
cities) and Daman (Figures 6b and 6d; biggest among the blue shaded cities in non-GB region).

A comparison across CCN bins illustrates an increase in EnhRaingownwing With increases in CCN loading for all
the GB and non-GB cities (Figures 6a and 6b). Specifically, the distribution of EnhRaingownwing is shifted
toward higher values by a factor of 0.5-2 with an increase in CCN from low to high scenarios for both GB cities
(Figure 6a) and non-GB cities (Figure 6b). However, the shift of EnhRaingownwing @cross the CCN bins toward
higher values in distribution is greater for the cities located in the GB compared to those located in the non-
GB region. An increase in EnhRain»an With increases in CCN loading is also evident for GB and non-GB cities
(Figures 6¢ and 6d), but the magnitude of shift of EnhRainpa, is smaller than that of EnhRaingownwing Over all
the analyzed cities irrespective of their locations in Domain 3. This suggests that EnhRaingownwing is more clo-
sely associated with the CCN loading than the increase in EnhRaingpa, With CCN during storm passage over
the cities.

In addition, the increase in EnhRaingownwing Values with increases in CCN loading is relatively larger (~2 times)
over bigger cities (like Delhi and Kolkata) compared to that over smaller cities (Kanpur and Agra) in the GB
region. Similar trends in EnhRaingownwing are also observed for bigger non-GB cities (Daman and Surat) verses
Indore (relatively smaller urban area). However, the change in EnhRainpa, with increase in CCN loading is
negligible over big cities like Surat, Daman, and Delhi, suggesting saturation of CCN effect on EnhRaingpan
over big cities located in both GB and non-GB regions. On the other extreme, the mean value of
EnhRaingownwing is negative and lower than that of EnhRain,pan in the low CCN bin for cities having relatively
small longitudinal extent (like Agra and Indore). These points together indicate an increase in downwind shift
in rainfall occurrence with increase in both urban area and ambient CCN loading during propagating storms.

Thus, occurrence of higher amount of rainfall over urban and downwind region compared to upwind region
is prevalent over many cities in North India irrespective of their locations. This phenomenon is in agreement
with our observational analysis over Kanpur. Moreover, the relative influence of both the extent of urban
region traversed as well as the ambient CCN loading on the distribution of rainfall from a propagating storm
over urban and downwind region of the city is evident. Next, to gain a process level understanding of this
phenomenon, we compare and discuss the results from our CCN and LULC 1 day numerical experiments.

3.3. Numerical Case Study: Simulation of a Typical Heavy Rainfall Event

Here we discuss the Domain 3 simulated weather over the greater Kanpur region (80°E-80.7°E and 26.2°N-
26.7°N) between 1030 and 1330 LT, 5 August 2011. The hourly storm propagation is shown in Figure 7.
The grids between 80.2°E-80.45°E and 26.4°N-26.55°N represent the urban Kanpur region (see Figure 7c).
During 1030-1130 LT, rainfall occurred over many grids within the greater Kanpur region but the maxima
are located near the south of the Kanpur urban region (Figure 7a). In the following hour, the location of
the rainfall maxima is shifted northwestward to the urban center. Also, the regions to the north of Kanpur city
received heavy rainfall during 1130-1230 LT (Figure 7b). The northwest storm propagation continued in
1230-1330 LT and the storm passed the city of Kanpur (Figure 7c).

In accordance with our previous methodology (Figure 4) two regions equal in area to the urban region, one
each to the upwind and downwind of the urban region (bounded black boxes in Figure 7), are identified
along the line of storm propagation across the city. The surface rainfall accumulated within these regions
is averaged along the longitude and plotted on the rainfall-latitude plot for each hour separately and also
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Figure 7. Spatial distribution of accumulated rainfall simulated over greater Kanpur region during (a) 10301130 LT,

(b) 1130-1230 LT, and (c) 1230-1330 LT period. Three equal-area regions one each at the south, urban city center, and
north of Kanpur city parallel to the line of storm propagation are shown in black boxes. (d) The surface rainfall longitudinally
averaged over the grids present within the three bounded boxes plotted on a latitude-magnitude axis.

for the total rainfall during the 3 h combined (Figure 7d). The peak of rainfall (~20 mm) during the first hour
coincided with the juxtaposition of the rural and urban regions at the upwind of the city, while the peak
rainfall during the second and third hours occurred over the city center (~40 mm) and over the rural area
~10 km downwind of the city (~15 mm), respectively. Another interesting observation is that the rainfall
amount increased linearly as the storm approached the city from the south, indicating the influence of the
rural-urban juxtaposition on rainfall. Although, a spike in rainfall amount ~10 km downwind of the city is
found, the spatial distribution of total rainfall during this event (1030-1330 LT) illustrates that the urban
Kanpur region received almost double the amount of rainfall received by the adjoining rural areas. This is
in agreement with our climatological spatial distribution of rainfall observed by TRMM-PR data and in situ
measurements and thus can be considered as a typical rainfall event over this region.

3.3.1. CNTEX Versus NOURBEX

Replacing the urban LULC with cropland LULC in the NOURBEX simulations caused significant reduction in
the accumulated surface rainfall (1030-1330 LT) over the Kanpur city compared to the CNTEX simulation
(Figures 8a and 8b). Maximum reduction in rainfall is ~40 mm at city center. The total rainfall over the down-
wind box is also reduced, but there is negligible change in the surface rainfall over the upwind box. The
spatial distribution illustrates that comparatively more rainfall occurred at the west side of the downwind
region in the NOURBEX simulation (Figure 8b).

To understand the physical mechanism of the simulated differences in rainfall spatial distribution due only to
a change in LULC type from urban to cropland over the central Kanpur region, the difference (CNTEX-
NOURBEX) in surface temperature at 2 m and the surface energy fluxes during 0930-1030 LT is investigated.
Figure 8cillustrates that the surface temperature at the center of Kanpur is reduced by a change in LULC from
urban to cropland by ~0.3-0.5°C. A change in LULC type also affected the partitioning of available net radia-
tion at the surface. Figures 8d-8f illustrate that the ground heat fluxes and sensible heat fluxes (SHF) are
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Figure 8. Spatial distribution of accumulated rainfall (1030-1330 LT) over greater Kanpur region during (a) CNTEX and (b) NOURBEX. The spatial distribution of
differences (CNTEX-NOURBEX) in (c) temperature at 2 m and wind circulation at 950 hPa, (d) ground heat fluxes, (e) sensible heat fluxes, and (f) latent heat fluxes.
The direction storm propagation is shown by the black arrow in Panel a. Three equal-area regions one each at the upwind, urban city center, and downwind of
Kanpur city parallel to the line of storm propagation are shown in black boxes.

higher, but the latent heat fluxes (LHFs) are lower at the center of Kanpur region in the CNTEX simulations
(urban LULC) compared to NOURBEX (natural LULC). Higher ground heat flux under urbanization causes
more storage of available energy at the surface and increases the soil temperature. At the same time
reduction in vegetation and availability of natural surface under urbanization causes reduction in
evapotranspiration and reduces the LHF. This increases the soil-air temperature gradient, which, coupled
with reduction in evapotranspiration, results in favorable dissipation of available energy via SHF, thereby
enhancing the SHF under urbanization. The increase in SHF affects the near-surface layer and increases its
temperature under urbanization, which causes UHI effect.

A similar anomaly (CNTEX-NOURBEX) in horizontal wind circulation at 950 hPa shows that under urban LULC
the winds converge toward the urban core of Kanpur city (Figure 8c). Cross-sectional view of the differences
in water vapor mixing ratio, vertical velocity, and cloud droplet water content profiles longitudinally averaged
over all the latitude grids within the three boxes is plotted in Figure 9. Below 700 hPa altitude, higher moisture
content (0.1 g/m?) and higher temperature (not shown) are simulated over the city box in CNTEX. For CNTEX,
the vertical velocity (W) is comparatively higher mainly above 800 hPa. Higher liquid water content in cloud
droplets (maximum = 0.6 g/m3 at ~800 hPa) is also simulated in the CNTEX runs. However, no significant
change in ice hydrometeor content is observed from the change in the LULC type.

The following chain of feedbacks can explain these simulated differences between CNTEX and NOURBEX. The
additional temperature available in near-surface atmospheric layers in CNTEX causes a low-pressure zone
(not shown) that induces convergence of horizontal winds toward the city center. The higher prescribed sur-
face roughness for the urban LULC also contributes to creation of this convergence zone. Enhanced influx of
winds in CNTEX from all sides increases the moisture availability by overcompensating for the reduction in
LHF. This convergence also induces enhanced updrafts which generate more cloud droplets and water mass
content near cloud base and eventually occurrence of more rainfall over the Kanpur region and its downwind
region (i.e., the northern box). Similar urban-land-convection-rainfall interactions are also seen over various
other cities in previous modeling studies (Bornstein & Lin, 2000; Hand & Shepherd, 2009; Molders & Olson,
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A 300 5 2004; Shepherd et al,, 2002). A lack of urban LULC resulted in lower
convergence, reduced convection, and hence lower generation of
400 4 cloud liquid and ice phase mass concentration over central Kanpur
§ 500 region, which resulted in downpour of higher amount of rainfall at a
% 3 '\g later stage when the storm propagated farther downwind of Kanpur.
; 600 ) % Thus, urban LULC can cause physical feedback to stimulate local cloud
g 700 growth over cities and generate more rainfall from propagating storms.

800 1 3.4. CNTEX Versus lowCCNEX
_— 5 The spatial distributions of accumulated surface rainfall (1030-1330 LT)
26.3 26.4 26.5 26.6 26.7 from the CNTEX and lowCCNEX runs are illustrated in Figures 10a and
B 300 2 10b, respectively. For quantitative analysis, the fractional change in rain-
P DownWind fall (CNTEX-lowCCNEX)/lowCCNEX with increase in CCN is averaged
. 1.5 within the representative boxes along the longitude and plotted on a
§ 500 — latitude-rainfall plot (Figure 10c). The vertical lines in Figure 10c illustrate
© 600 , © the boundaries of the Kanpur urban box. For lowCCNEX, the storm is
2 §] also centered over the upwind box during the first hour of our study
g 700 and subsequently propagated toward the Kanpur urban center and
800 e downwind box in the second and third hour of our study (similar to as

. seen in Figure 7d), respectively.
900 "26.3 26.4 26.5 26.6 26.7 ? Comparison of CNTEX and lowCCNEX clearly illustrates that under the
C 558 3 high CCN scenario the accumulated surface rainfall amount (1030-
' DownWwind 1330 LT) is comparatively lower over many grids within the upwind
400 ! box and over some grids within the urban box (Figures 10a and 10b).
§ 500 1 1'5(0,\ However, the accumulated rainfall amount is significantly higher
< ‘ £ over the downwind box under high CCN scenario. Quantitatively,
§ 600 1 % Figure 10c shows that rainfall decreased by ~40% in the upwind box
§ 700 - but increased by 10% and ~60% over the Kanpur urban box and the
0.5 downwind box, respectively, with increases in CCN. This indicates that
800 while more rainfall occurred during the 1030-1130 LT period in
900 ‘26_3 . = e, =2 - o lowCCNEX, mos.t of the downpour from the storm occurred during
Latitude (° N) 1130-1330 LT in the CNTEX run. Moreover, the total accumulated
rainfall over our study regions is higher in CNTEX compared to
Figure 9. Latitude-altitude plot of differences (CNTEX-NOURBEX) in (a) verti- lowCCNEX run. This analysis indicates that the simulated differences
cal velocity (W), (b) water vapor mixing ratio (Q,), and (c) cloud water content in spatial distribution of rainfall between CNTEX and lowCCNEX are
(CWQ) profiles longitudinally averaged over the grids present within the mainly due to CCN-induced temporal changes in rainfall occurrence

three bounded boxes during 1130 LT.

during the storm propagation.

To better understand the spatiotemporal changes in rainfall, analysis of

the spatiotemporal differences in cloud microphysical properties and
vertical velocity (W; m/s) is performed. Figures 11a and 11b illustrate that the time- and longitude-averaged
columnar sum of effective radius (Re) of cloud droplets is lower (by ~20-40%), but the number of cloud dro-
plets is higher (by 2-4 times) under high CCN simulation except for a few grids in the downwind box. This is in
accordance to the first aerosol indirect effect (Twomey, 1977). Further, time- and longitude-averaged colum-
nar sum of liquid-phase mass concentration (i.e., a combination of cloud water content (CWC) and rainwater
content (RWC)) and ice phase mass concentration (snow water content (SWC) + ice water content
(IWC) + graupel water content (GWCQ)) is analyzed. Figures 11c and 11d show spatiotemporal changes similar
to the differences found in rainfall (Figure 10c). The liquid and ice mass generated in clouds during the 1030-
1130 LT period (initial part of the storm) is higher in lowCCNEX and the same is higher during 1130-1330 LT
(later part of storm) in the CNTEX run. CWC + RWC increased by ~100% and IWC + SWC + GWC increased by
~50% over the region downwind of Kanpur during CNTEX compared to lowCCNEX.

A cross-sectional latitude-altitude view of mean differences in CWC, IWC + GWC + SWC, RWC, and W at each
vertical layer during 1230-1330 LT is also plotted in Figures 12a-12d, respectively. Figure 12a illustrates that
enhancement in cloud droplets is mainly located in the higher altitudes (above freezing level, i.e., ~500 hPa)
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Figure 10. Spatial distribution of accumulated rainfall (1030-1330 LT) over greater Kanpur region during (a) control
experiment (CNTEX) and (b) lowCCNEX. (c) The fractional change in rainfall with increase in CCN (CNTEX-lowCCNEX)/
lowCCNEX is longitudinally averaged over all the latitude grids within the three boxes from 1030 to 1330 LT and plotted on
a latitude-rainfall axis. Kanpur urban region lies within the vertical lines.

in the downwind box. Simultaneously, the mass of ice phase hydrometeors are also significantly enhanced at
higher altitudes in the CNTEX run compared to the lowCCNEX run (Figure 12b). We found that increase in
graupel particles is highest among the ice phase species. The enhanced cloud and ice phase
hydrometeors are also associated with increase in RWC (Figure 12¢) in the downwind region resulting in
the increase in rainfall at surface. Considerable increase in vertical velocity (W) is also found above the
freezing level over the downwind box between CNTEX and lowCCNEX (Figure 12d). The increase in updraft
values is most probably associated with formation of higher amount of graupel hydrometeors due to
rimming process between ice/snow particles and supercooled cloud droplets (Sarangi et al., 2015). These
results are consistent with the CCN-induced cloud invigoration theory. Note that we found no significant
differences in the temporal evolution of W during 1030-1230 LT with updraft being relatively very strong
over the urban box (not shown). Moreover, it can be seen that during lowCCNEX, W was maximized over
the urban box but for CNTEX the same was maximized over the downwind box after the storm crossed
the urban Kanpur region.

The following feedback mechanisms can explain the above CCN-associated differences. Increase in CCN con-
centration is associated with formation of more cloud droplets with smaller effective radius, which leads to
less efficient collision-coalescence process and delays raindrop formation (Rosenfeld, 1999; Squires, 1958).
Concurrently, more condensation and smaller droplets also result in lower effective terminal velocity and
higher cloud droplet mobility upward (Heiblum et al.,, 2016; Koren et al., 2015). In CNTEX, the CCN-induced
enhanced buoyancy would push the smaller condensates above the freezing level (Andreae et al., 2004;
Lensky & Rosenfeld, 2006) which, in turn, would enhance the presence of water mass as supercooled liquid
above the freezing level. This process, in principle, releases more latent heat of freezing at higher altitudes
and further invigorates the cloud system (Altaratz et al.,, 2014; Tao et al., 2012). Invigoration leads to further
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Figure 11. The fractional change (CNTEX-lowCCNEX)/lowCCNEX with increase in cloud condensation nuclei (CCN) in time-
and longitude-averaged columnar sum of (a) Effective Radius (Re), (b) Cloud droplet number concentration (N), (c) total
mass of Liquid drops (CWG; cloud water content) + (RWG; rainwater content), and (d) total mass of ice phase hydrometeors
(ice water content + snow water content and graupel water content; IWC + SWC + GWC) longitudinally accumulated
over all the grids within the three boxes shown in Figure 10 from 1030 to 1330 LT. The fractional changes are plotted on ay

axis. Kanpur urban region lies within the vertical hashed lines.
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Figure 12. (a) Latitude-altitude plot of differences (CNTEX-lowCCN) in (a) cloud water content (CWC), (b) graupel water con-
tent (GWGC; g/m3) + snow water content (SWC; g/m3) + ice water content (IWC; g/m3), (c) rainwater content (RWGC; g/m3),
and (d) vertical velocity (W; in units of m/s) longitudinally averaged over the grids present within the three bounded

boxes during 1230-1330 LT.
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Figure 13. Schematic illustrations of the rainfall-cloud condensation nuclei (CCN)-urban land use land cover coupling and
underlying processes found over (a) rural regions, (b) clean (low CCN) urban regions, (c) polluted urban regions, and
(d) heavily polluted big urban centers in northern India.

enhancement in formation of ice phase hydrometeors at higher altitudes by freezing of small droplets
(Altaratz et al., 2014) and increased ice-water accretion process (llotoviz et al, 2016; Sarangi et al., 2015),
which eventually results in higher rain rate and surface rainfall (Andreae et al., 2004; Koren et al., 2005,
2012; Rosenfeld et al., 2008). Thus, on a temporal scale the feedbacks associated with CCN-induced cloud
invigoration can be segregated into three stages. First, warm rainfall occurrence decreases under higher
CCN concentration, followed by increase in water mass above freezing level and enhancement in mass
concentration of ice phase hydrometers along with rainfall initiation in the next stage. Finally, the
invigorated cloud system results in enhanced hydrometeor formation, which falls toward the surface,
resulting in an increase in surface rainfall. Hence, rainfall increased in CNTEX after the storm crossed the
Kanpur city as the enhanced number of hydrometeors eventually fall under gravity to the surface.

A combined view of these simulations illustrates that increase in frequency and magnitude of rainfall over the
Kanpur urban core is mainly due to the urban land surface properties and associated changes in updraft
values. However, increase in rainfall over downwind region of Kanpur during high-intensity rain cases is a
combined result of urban LULC-induced high convective-convergence zone and CCN-induced changes in
cloud microphysics. The high-intensity rainfall over this region occurs under propagating storms from south-
east to northwest associated with organized mesoscale monsoon depressions. This cloud invigoration
mechanism can also explain the variations in CCN-urban-rainfall associations between different cities as
noted in the above section. With increase in urban area, not only the CCN surface emission increase but also
the associated convective-convergence zone expands, resulting in more instability and updrafts. Therefore,
the clouds associated with storms propagating across bigger cities are likely to get more invigorated with
increase in CCN compared to that over relatively smaller cities. Enhancement in cloud invigoration will lead
to greater spatiotemporal shift of rainfall occurrence toward downwind regions. Similar results are also
reported in Schmid and Niyogi (2017) using idealized simulations. They showed that aerosol-induced micro-
physical modifications initiate over urban city and persist downwind causing downwind shift of rainfall with
increase in aerosols. Thus, with increase in CCN loading over bigger cities higher EnhRaingownwing Values were
obtained, but EnhRainpan values remain the same or even decrease. To summarize, Figure 13 summarizes
the effect of CCN and urban LULC on rainfall distribution under different possible scenarios using simple
schematic diagrams. Logically, the presence of very high instability within the city and weak horizontal winds
may result in intense, sudden, heavy downpour at the downwind part of the city and cause flash flooding.
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4. Summary

The primary objective of this study is to investigate and understand the spatial distribution of rainfall around
metropolitan cities located in central GB. We have used the greater Kanpur as a typical example mainly due to
availability of in situ data from three AWS stations in and around Kanpur. Frequency-intensity analysis using
4 years (2013-2016) of data between June and September illustrates that the amount of surface rainfall
received at the urban sites of Kanpur is significantly higher than regions located to the south of the city at
hourly, daily, and bimonthly temporal resolutions. The frequency of rainfall occurrence in late evening is high
over urban sites but not over the rural site. TRMM-PR observations at fine spatial resolution (5 km x 5 km)
from 1998 to 2015 illustrate that downwind regions of greater Kanpur are prone to receive heavier rainfall
compared to urban regions. Therefore, observational analysis clearly indicates the presence of urban signa-
ture on rainfall spatial distribution over the Greater Kanpur.

We used a high-resolution WRF simulation coupled with the Thompson aerosol-aware microphysics from 5 to
20 August 2011 (output at hourly frequency) to study rainfall enhancement over downwind and urban
regions relative to the rainfall occurring in upwind regions during storm propagation across various cities
in North India. Analysis of this data set supported that downwind enhancement of rainfall is a prevalent phe-
nomenon not only over Kanpur but also over many other cities in North India irrespective of their location
within or outside the GB region. Specifically, increase in urbanized area encountered by a storm and increase
in ambient CCN concentration during the storm is associated with the amount of urban and downwind
enhancement in rainfall.

Further, a representative heavy rainfall event that occurred on 5 August 2011 due to a northwestward propa-
gating storm over the greater Kanpur is studied using three 1 day WRF simulations (as described in Table 1).
First, the event is simulated with default configuration, but in the second experiment the grids representing
urban LULC of Kanpur city in all the domains are replaced with cropland LULC. In the third experiment the
default CCN concentration is reduced by a factor of 100 (only over the Greater Kanpur region) in all the
domains to represent a clean scenario. The presence of urban LULC over Kanpur center increased the ground
heat storage and SHF. This change in surface energy balance resulted in higher temperature in near-surface
layer over urban regions. Increase in temperature led to formation of a low-pressure region and thereby con-
vergence of winds at lower tropospheric heights over the city. This convergence resulted in enhanced
updrafts and increase in cloud water mass concentration, which eventually led to an increase in surface rain-
fall over the urban region.

Comparison between high CCN and low CCN scenario simulations illustrated that aerosol microphysical
effect can invigorate the clouds and perturb the spatiotemporal distribution of rainfall from the propagat-
ing storm. Increase in CCN concentration resulted in suppression of rainfall over the rural regions south of
Kanpur and transport of more water mass above the freezing level. This caused cloud invigoration and
formation of more ice phase hydrometeors which eventually increased the surface rainfall over the rural
regions to the north of Kanpur. This explained the observation that the rural regions to the north (clima-
tological upwind in monsoon) of the city received higher amount of rainfall than the regions lying south
(climatological upwind in monsoon) of the city. Accordingly, enhancement in cloud invigoration over big-
ger cities compared to smaller cities (and thereby greater shift in rainfall occurrence toward the downwind
regions even under similar CCN loading) will be expected as convection convergence increases with the
urbanized area encountering propagating storms, as also seen in our analysis of simulated storms over
various cities in North India.

This study puts forward robust evidence that the spatial distribution of rainfall over metropolitan cities in
the North India can be resultant of a synergy of couplings between urban LULC and CCN-induced cloud
invigoration effect. However, it should be noted that we have focused mainly on the qualitative associa-
tions rather than the quantitative estimates of the findings in this modeling work. Therefore, this study
also put forward the necessity of more numerical and observational studies in future to illustrate robust-
ness and gain quantitative understanding of this phenomenon (downwind shift of rainfall) over cities in
India. Besides, in this study the direct effect of aerosols is not considered, which can affect the atmo-
spheric thermodynamics and thereby cloud formation. Further, variations in the UHI-CCN-rainfall associa-
tion due to their impact on storm morphology and intensity are also an interesting aspect to look into
in future studies.
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