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Abstract We quantify the spatial and temporal aspects of the urban heat-island (UHI) effect
for Kanpur, a major city in the humid sub-tropical monsoon climate of the Gangetic basin.
Fixed station measurements are used to investigate the diurnality and inter-seasonality in the
urban—rural differences in surface temperature (A7) and air temperature (AT:) separately.
The extent of the spatial variations of the nighttime AT, and AT is investigated through
mobile campaigns and satellite remote sensing respectively. Nighttime AT; values dominate
during both the pre-monsoon (maximum of 3.6 °C) and the monsoon (maximum of 2.0
°C). However, the diurnality in ATj is different, with higher daytime values during the pre-
monsoon, but very little diurnality during the monsoon. The nighttime A7 value is mainly
associated with differences in the urban—rural incoming longwave radiative flux (r> = 0.33
during the pre-monsoon; 0.65 during the monsoon), which, in turn, causes a difference in the
outgoing longwave radiative flux. This difference may modulate the nighttime AT; value as
suggested by significant correlations (> = 0.68 for the pre-monsoon; 0.50 for the monsoon).
The magnitude of AT, may also be modulated by advection, as it is inversely related with
the urban wind speed. A combination of in situ, remotely sensed, and model simulation data
were used to show that the inter-seasonality in AT, and, to a lesser extent, in AT, may
be related to the change in the land use of the rural site between the pre-monsoon and the
monsoon periods. Results suggest that the degree of coupling of AT and AT, may be a
strong function of land use and land cover.
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1 Introduction

The urban heat-island (UHI) effect, the localized thermal anomaly over the urban areas
compared to nearby rural areas, is a well-known consequence of urbanization on local climate.
The phenomenon was first described by Howard (1833). Three main data collection methods
are typically used to establish the magnitude of the UHI: fixed stations, mobile observations
and remote sensing. While the difference in air temperature at canopy level (7;) between the
city and the region beyond its periphery is the traditional definition of the UHI (AT in this
study), satellite data have given rise to a new definition of UHI, i.e. the difference in surface
temperature (7) between the urban and the rural area, viz ATj.

The UHI has been described for a number of cities (Bornstein 1968; Goldreich 1992;
Tso 1996; Chang and Goh 1999; Tereshchenko and Filonov 2001; Velazquez-Lozada et al.
2006; Kolokotroni and Giridharan 2008; Huang et al. 2008). However, proper quantification
of the factors generating the UHI for a city has been difficult, owing to a large number
of competing influences to be considered (Oke 2006). Oke (1982) gave a comprehensive
overview of the possible explanations for the temperature anomaly, including the difference
in albedo between the urban and the rural areas, the higher heat capacity of the urban surfaces
and the difference in surface energy budget between the urban and the rural land surfaces,
among other things. The significance of urban morphology and background climate on heat-
island formation has been established by several empirical studies (Johnson 1985; Hogan
and Ferrick 1998; Klysik and Fortuniak 1999; Steinecke 1999; Morris et al. 2001; Unger
et al. 2001; Zhao et al. 2014). A recent study of AT values for 419 cities in the world found
significant differences in their diurnality and inter-seasonality for different latitudes (Peng
et al. 2011). This suggests that the factors influencing the heat-island in different climate
zones need to be investigated further before reaching strong, generalized conclusions.

India, specially the Gangetic basin, has undergone rapid urbanization in the last few
decades and currently accounts for approximately 10% of the global urban residents, second
only to China (United Nations. Department of Economic and Social Affairs. Population
Division 2014). Barring the last five years, studies on the UHI effect in the country have
been few and far between. Moreover, a majority of the studies have been constrained to
reporting the magnitude of the UHI with not much work done on understanding the influence
of various factors on the urban thermal anomaly. Kanpur city (26.5°N 80.3°E), with an area
of 605 km? and a population of 2.5 million people (United Nations Statistics Division 2013),
is a representative metropolitan region in the Gangetic basin. The city experiences a humid
monsoonal sub-tropical climate, with long and scorching pre-monsoons (March to June),
a prolonged rainy (monsoon) season (July to September) and short winters (December to
February) (Singh et al. 2004). Temperatures can fluctuate significantly from 0 °C during the
winters to 47 °C during the pre-monsoons (Indian Meteorological Department 2015). During
the last century, the city has developed rapidly with little planning, and represents a typical
case of extreme urbanization. Figure 1 shows the land use and land cover of Kanpur city. The
residential, commercial and industrial areas are centered around the city core. The western
side has several educational and research institutes, while the eastern edge is dominated by
agricultural fields. A detailed land-use classification of Kanpur city can also be found in
Behera et al. (2011).
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(a)

Fig. 1 Location of automatic weather stations and routes of mobile campaigns. a Map of Kanpur city with
relative position of observational sites and routes of mobile campaigns. b Rural site (JNV). ¢ Urban site (DBS)

The surface and canopy temperature (and thus, A7. and ATy), though coupled, are ana-
lyzed separately herein. This is primarily done since surface heating and canopy air heating
involve different mechanisms. Jin et al. (1997) analyzed differences in skin and air temper-
ature at various temporal and spatial scales, and found that air and skin temperatures show
significant differences during the diurnal cycle. This discrepancy has also been seen in other
studies (Sellers et al. 1990; Garratt 1995). For the UHI effect in particular, this can lead to
differences in the diurnality and inter-seasonality of A7. and AT (Jin and Shepherd 2005;
Jin 2012). The surface can be assumed to be a plane, with the surface energy balance given by

Ryee = H+ LE + G, (1)
where R, is the net radiative flux, H is the sensible heat flux, LE is the latent heat flux and

G is the soil heat flux.The latter term includes both a storage term, given by the energy stored
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in the soil between the surface and the depth at which the flux is measured, and a sink term,
given by the rate of energy transfer from the surface towards the deeper layers.
The net radiative flux is given by

Rper =S4+ L} — St — L1, @

where S| is the incoming shortwave radiative flux, L] is the incoming longwave radiative
flux, §1 is the outgoing shortwave radiative flux and L1 is the outgoing longwave radiative
flux. Itis evident that, theoretically, AT and AT, though highly correlated, should be affected
differently by the various meteorological factors. This possibility has been investigated in
the present study.

We have used in situ canopy and surface temperature measurements, as well as satellite
estimates of land-surface temperature, to obtain AT, and AT values over Kanpur, along
with their diurnality and inter-seasonality. All four components of the radiative budget have
been measured for both sites during the study period. These measurements have been used
to tease out the urban—rural differences in the radiative budget, especially its inter-seasonal
variation, and its relevance to the UHI over Kanpur. Finally, the factors moderating the inter-
seasonality of the UHI have been estimated using in situ measurements, the Global Land
Data Assimilation System (GLDAS) NOAH (NCEP-OSU-Air Force-Office of Hydrology)
land-surface model and satellite remote sensing. Details of the measurements are presented
in Sect. 2, and the diurnality and inter-seasonality of canopy and A7y are illustrated in Sect.
3. Associations between the measured urban—rural radiative imbalance and ATg and AT,
values are discussed in Sect. 4. The response of the UHI, especially its inter-seasonality, to
land use and land cover is described in Sect. 5.

2 Methodology
2.1 Study Area and Site Details

Two automatic weather stations (locations in Fig. 1), one in the urban core and the other
in a rural area, were used to measure air temperature, humidity, precipitation, wind speed,
wind direction, S|, L|, §1 and L1 from April to September 2014. The surface temperature
was derived from L4 assuming an emissivity of unity at both sites. The urban site lies on
the playground of the Dayanand Brajendra Swarup College, which is in a dense residential
section in the heart of the city. The rural site is situated 32 km away from the city centre
in the playground of a rural school, Jawahar Navodaya Vidyalaya, which is surrounded by
farmland.

2.2 Data Collection and Processing

A list of the sensors used at each automatic weather station is given in Table 1. Throughout the
study period, all the temperature and humidity sensors were calibrated monthly against two
Vaisala HMT330 temperature and humidity sensors. AT, values were determined from the
difference between the measured air temperature at the urban and the rural weather station at
each time interval. Similarly, A7 was determined from the urban—rural difference in the L1-
derived surface temperature. The diurnal variation of air temperature and surface temperature
at each site, as well as AT; and AT values were calculated for the pre-monsoon and the
monsoon seasons, where the pre-monsoon is considered from April to June and the monsoon
from July to September. The radiative flux data (and, hence, the surface temperature) were
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Table 1 List of parameters measured at each observation site

Parameter measured Sensor make Sensor height (m) Sensor accuracy
Air temperature iNGEN 1.5 +0.2°C
Relative humidity iNGEN 1.5 +.3%

Wind speed iNGEN 2 +0.5ms !
Wind direction iNGEN 2 +5°
Precipitation iNGEN 0.5 +3 to £5%
Radiation components Kipp and Zonen 2 NA

missing at the rural site in July 2014. No interpolation was performed for the temporal and
correlation analysis.

Mobile observations were carried out in the months of May (pre-monsoon), June (pre-
monsoon) and September (monsoon-cloudy). Two Vaisala HMT330s were mounted on two
vehicles at approximately 1.5 m from the ground and the vehicles driven at a constant speed
of 40 km h~!. Temperature, relative humidity and GPS data were measured at intervals of 90
s. The measurement campaigns were carried out at night, from 2200 to 0600 local time (LT),
as the change in temperature with time was minimum during this period compared to any
other 8 h interval during the day. The data were corrected to their values at midnight (0000
LT) using temperature trends from the fixed stations to account for the temporal temperature
variation during the campaigns. Midnight was chosen as the reference time since the temporal
analysis showed largest AT, values at around midnight (Fig. 2). For regions traversed within
the urban boundary, the urban station data were used for removing the temporal temperature
trend, while the rural station data were used for locations outside the city.

MODIS TERRA (MYDI11A2) 8-day nighttime land-surface temperature data (1 km x
1 km) from the same time period as the mobile campaigns were used to estimate the land-
surface temperature pattern. This dataset is based on the generalized split-window algorithm
(Wan 1999). The mobile measurements and satellite products give a complete spatial picture
of the nighttime air temperature and surface temperature values over greater Kanpur.

For the correlation study, the urban—rural differences in radiative flux components of
the surface energy balance [henceforth A(component)] were correlated with AT, and AT
values for both daytime and nighttime. Here, the A7 values used are the L1 -derived sur-
face temperature difference between the urban and the rural site. All correlations were
performed with 15-min data. Before correlation, outliers (limited by mean + 3 SD) were
removed.

MODIS TERRA (MOD13Q1) 16-day enhanced vegetation index (EVI) products (250 m
x 250 m) were used to investigate the variation in vegetation cover over the rural and the
urban stations. The mean of four grids, i.e., an area of 500 m x 500 m, surrounding each site
was used for this analysis. The enhanced vegetation index is a remotely-sensed, quantitative
indicator of the quantity of biomass on the Earth’s surface , and is based on the differential
absorption of longwave and shortwave radiation by a vegetative canopy (Huete et al. 1999).

Global Land Data Assimilation System (GLDAS) generated data were used to estimate
the latent heat flux (LE) over the urban and the rural sites. GLDAS is a terrestrial modeling
system that drives several uncoupled land-surface models (Rodell et al. 2004). In the present
study, GLDAS/NOAH version 2.7 model simulations were used. The model has been running
continuously at a temporal resolution of 3 h and a global, spatial resolution of 0.25° from the
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year 2000 to present and the dataset has been evaluated in previous studies (Mueller et al.
2011; Jiménez et al. 2011). In its current iteration, the NOAH land-surface model uses one
canopy layer and four soil layers (Mitchell 2001), with gravity drainage at the bottom of the
lowermost soil layer. The model utilizes a diurnally dependent potential temperature approach
(Mahrt and Ek 1984), a simple canopy model (Pan and Mahrt 1987), a multi-layered soil
model (Mahrt and Pan 1984), a bare soil evaporation scheme (Noilhan and Planton 1989), a
time integration scheme (Kalnay and Kanamitsu 1988), a refined snowmelt algorithm (Koren
et al. 1999), a surface runoff scheme (Schaake et al. 1996) and a thermal roughness length
(Chenetal. 1997). The surface energy balance used in the NOAH land-surface model is given
by Eq. 1. The bulk heat transfer equation is used to estimate H (Garratt 1993), G is estimated
using Fourier’s Law and LE is taken as the summation of direct soil evaporation (E ;,),
canopy evaporation (E.), transpiration (E;) and sublimation from any snowpack (Eg,ow),
all dependent on the Penman-derived potential evaporation formulation (£,) (Mahrt and Ek
1984). Further detailed information on the lineage and formulations of the model can be
found in Chen and Dudhia (2001). The GLDAS/NOAH model simulations used herein are
forced by a combination of re-analysis and observed datasets (Rui 2011).

3 UHI Quantification
3.1 Temporal Study

Figure 2 shows the composite, diurnal plots for air temperature at both the urban and the rural
sites for the pre-monsoon (a), and the monsoon (b). The same plot also shows the diurnal
variation of AT, along with one standard deviation (solid vertical lines). The vertical dash-
dot lines represent the mean sunrise and sunset times (to the nearest 15 min) for each season.
Kanpur city shows a clear diurnality in mean AT, with higher nighttime AT values for both
seasons (Fig. 2). The AT, values reach a maximum value at around midnight (local time),
with an average value of 3.6 & 1.1 °C for the pre-monsoon and 2 =+ 1 °C for the monsoon.
The high nighttime AT, value indicates that the source of this phenomenon is a difference
in nighttime urban-rural surface energy balance, and is explored further in Sect. 4. Figure
3 is similar to Fig. 2, but for surface temperature and A7;. The mean AT value shows no
consistent difference between the pre-monsoon and the monsoon periods. While the daytime
AT value is higher than nighttime A7 value for the pre-monsoon, there is very little diurnal
variation in A7 during the monsoon (Fig. 3). Inter-seasonal differences are also seen from
the temporal analysis.

The magnitude of AT, is higher during the pre-monsoon for both daytime and nighttime
(Fig. 2). A minimum mean value of 1.4+ 1.2 °C is seen for the pre-monsoon and 0.54+1.3°C
for the monsoon, while the peak values for the pre-monsoon and the monsoon are 8.8 and
6 °C, respectively. In other cities characterized by dry and wet periods, similar lower nocturnal
magnitudes of AT have been seen during the wet season (Kim and Baik 2005; Chow and
Roth 2006). Earlier studies on Delhi, also situated in the Gangetic basin, show high AT:
values (4-10.7 °C) during the pre-monsoon period (Mohan et al. 2013; Pandey et al. 2014).
On the other hand, a previous study on Guwahati has found a lower AT, magnitude of around
2.3 °C, though the inter-seasonality was similar to that seen in the present study (Borbora and
Das 2014). Unlike AT, AT has higher values during the monsoon (Fig. 3). The maximum
mean magnitude of ATy is 3.4 & 3.2 °C during the pre-monsoon and 5 &= 0.7 °C during the
monsoon.
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Fig. 2 Diurnal variation in the magnitude of AT. for a dry (pre-monsoon), and b wet (monsoon) seasons
based on diurnal, composite plots of observations. The vertical lines represent one standard deviation for AT
every 15 min. The dash-dot lines represent the mean sunrise and sunset times for the season

3.2 Spatial Study

The spatial interpolation for both the campaign data and the MODIS dataset was done using
residual Kriging using ArcMap 10.2.2. Residual Kriging is a stochastic spatial interpolation
technique where the best-fit function is modeled as the sum of the trend component and a
residual (Phillips et al. 1992). This was chosen over other spatial interpolation techniques
since it shows best results for urban heat islands (and temperature profiles in general) (Dyras
and Ustrnul 2007; Szymanowski and Kryza 2009). Complete satellite-derived surface tem-
perature estimates were unavailable during the cloudy period. The missing observations also
heavily bias the kriging process, as seen in Fig. 4f. The results of the mobile measurement
campaigns over greater Kanpur show significant AT, values surrounding the city core during
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Fig. 3 Diurnal variation in the magnitude of A7 for a dry (pre-monsoon), and b wet (monsoon) seasons
based on diurnal, composite plots of observations. The vertical lines represent one SD for AT every 15 min.
The dash-dot lines represent the mean sunrise and sunset times for the season

the pre-monsoon, with air temperature in the study area varying from 25 °C towards the edge
to 32°C in the city core (Fig. 4). The satellite-derived land-surface temperature shows that
AT values between the city and its periphery have a range similar to that of AT values
(Fig. 4) during this period.

Higher values are observed in the satellite observations compared to the values derived
from the fixed stations (Figs. 2, 3). The urban fabric is highly heterogeneous, with different
kinds of surface materials; from grassy urban parks, to concrete sidewalks and buildings, to
asphalt pavements. Since asphalt and concrete have a higher heat capacity than soil, and the
MODIS plots used had a resolution of 1 km x 1 km, the nighttime AT value averaged over
the heterogeneous urban surface is higher than the magnitude of A7 between two grassy
surfaces.
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Fig. 4 Spatial pattern of air temperature over Kanpur City based on measurement campaigns on a 23 May
2014, ¢ 6 June 2014 and, e 5 September 2014. Spatial characteristics of surface temperature are based on
MODIS TERRA 8-day nighttime LST for b 17-24 May 2014, d 2-9 June 2014 and, f 29 August-5 September
2014

The results from the second measurement campaign during the pre-monsoon show similar
gradient and magnitude of AT (Fig. 4). A third measurement campaign was performed
during a cloudy monsoon night. The monsoon measurement campaign shows lower AT.
values (2-3 °C; Fig. 4) when compared to the values obtained for the pre-monsoon, which
is most probably due to the presence of clouds in the monsoon (Morris et al. 2001). This
corroborates the inter-seasonality observed in the temporal variation of the magnitude of
AT..

In all cases, the lower temperatures are seen at the western and eastern parts, both of
which have very little industrial or commercial activities. The eastern edge, in particular,
shows much lower temperatures since it is dominated by agricultural fields (Fig. 1).
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4 Associations Between Urban—Rural Surface Energy Differences and the
Heat-Island Effect

For nighttime AT values, relatively high positive correlations are seen for A(L1) and A(L])
for both the pre-monsoon and the monsoon (Table 2). For daytime AT values, no significant
association is seen except with A(L1). For AT, high correlations are seen for both A(L)
and A(L?) during nighttime and as compared to daytime (Table 3) . Since correlation does
not necessarily imply causation, the variables showing higher correlation with the UHI are
further analyzed to find inter-dependency of variables.

4.1 The Surface Urban Heat-Island

Figure 5 shows the observed diurnal variation of the four components of the radiative balance
for the urban and the rural areas for both seasons, as well as the urban—rural differences in
each of those terms. The bounded lines represent one standard deviation from the mean of
each component for the entire season. Here, the downward direction is taken as positive for
calculating R, S| and L], while the upward direction is considered positive for estimating
S71 and L4. In the pre-monsoon, for the rural site, S| reaches a maximum mean value
of 750 + 203 W m~2 (mean =+ one standard deviation) at around 1130 LT, while St is
169 + 50 W m~2 at the same time; L, varies from a minimum of 411 & 24 W m~2 at 0600
LT to a maximum value of 484 £+ 29 W m~2 at 1345 LT: L7 is higher than L, and varies
from a minimum of 442 422 W m~2 at around 0600 LT to 558 +25 W m~2 at around 1545
LT. For the urban site, S|, reaches a maximum mean value of 751 + 190 W m~2 at around
1145 LT, while S1 is 129 4+ 34 W m~2 at the same time. L] varies from a minimum of

Table 2 Coefficient of determination between AT values and, urban—rural surface energy flux differences
with 15-min data

Urban-rural differences Season
in energy terms Pre-monsoon Monsoon

Day Night Day Night
Incoming shortwave 0.01 NA 0.02 NA
Incoming longwave 0.07 0.19 0.11 0.27
Outgoing shortwave 0.12 NA 0.07 NA
Outgoing longwave 0.06 0.68 0.27 0.50

Table 3 Coefficient of determination between AT values and, urban-rural surface energy flux differences
with 15-min data

Urban-rural differences Season
in energy terms Pre-monsoon Monsoon

Day Night Day Night
Incoming shortwave Negligible NA 0.06 NA
Incoming longwave 0.16 0.33 0.31 0.65
Outgoing shortwave 0.08 NA Negligible NA
Outgoing longwave 0.99 1 0.99 1
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Fig. 5 Comparison of diurnal variation in radiative flux components at the two sites using diurnal, com-
posite plots of observations. The upper and lower bounds represent one standard deviation of the data. a
Pre-monsoon—rural site. b Monsoon—tural site. ¢ Pre-monsoon—urban site. d Monsoon—urban site. e

Urban-rural differences in radiative flux components—pre-monsoon f Urban—rural differences in radiative
flux components—monsoon

405 + 48 W m~2 at 0545 to a maximum mean value of 489 + 42 W m~2 at 1245 LT; Lt
varies from 440 448 W m~?2 at around 0545 LT to 571 436 W m~2 at around 1300 LT. All
components of the radiative balance show relatively less variation at midday during the pre-
monsoon, compared to the monsoon period. This is possibly due to the clear-sky conditions
that prevail during this season.

Figure 6 shows the diurnal variation of the observed A(R).;) and AT values. The lower
albedo in the urban area (midday albedo of 0.17 at the urban site versus 0.24 at the rural
site; Fig. 5) increases the S| absorbed by the urban surface. The higher temperature of the
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Fig. 6 Observed diurnal variation of net radiative flux difference and AT values for a the pre-monsoon and,
b the monsoon

urban boundary-layer also increases L/ at the urban site (Wang et al. 2015). Together, this
may lead to an excess R, at the urban site (peak R,.; of 563 = 111 W m~—2 at 1230 LT
at the urban site versus 532 &+ 124 W m~2 at the same time at the rural site), increase the
surface temperature and control the trend of ATy during the daytime. This is particularly
apparent during the pre-monsoon season, as the daytime variation of ATy closely follows
A(Ry¢:) (upper panel of Fig. 6). In general, urban structures have a high thermal mass, both
due to their size and the high density materials used to construct them. This property allows
the urban canopy to absorb heat without any appreciable change in temperature. Thus, even
if the same amount of energy is incident on both an urban and a rural area, the change in
temperature of the urban canopy will be lower. Consequently, the temperature of an urban
area also decreases more slowly (Goward 1981). Thus, during nighttime, the rural site cools
more rapidly since the heat stored here is lower compared to the urban site. This, in addition to
the higher L |, may lead to the nighttime AT5. It should be noted that the heat capacity of the
urban canopy is less of an issue for the present study. The urban site’s footprint is small, and is
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only partially affected by the urban surface. Thus, the canopy heat storage at both sites can be
assumed to be roughly the same. However, the surrounding urban structures can increase the
boundary-layer temperature above the urban area (sometimes known as the boundary-layer
UHI). This higher temperature is coupled with the incoming longwave radiative flux, which
in turn, increases the urban surface temperature, which is also suggested by our correlation
study (Fig. 9). Overall, the diurnal trends show that the total energy released by the urban
site is higher during nighttime. This can be seen in the negative A(Ry.;) of approximately
10 W m~2 during the pre-monsoon nights (Fig. 6). There is no appreciable A(S|) during
the pre-monsoon (Fig. 5). However, the A(L1) peaks during midday, which is a direct
consequence of the peak ATy at this time (Fig. 6).

During the monsoon, for both the urban and the rural sites, the diurnal trend in S |, is broken
near midday, possibly due to interference by clouds (Fig. 5). For the rural area, maximum S,
and S1 of 7244247 and 150459 W m~2 respectively are seen at around 1145 LT (local time).
The longwave components show a trend similar to that of the pre-monsoon. L varies from a
mean minimum of 384 4= 27 W m~2 at 0530 LT to a maximum value of 438 & 13 W m~2 at
1230 LT, while L4 ranges from 405418 W m~2 at 0530 LT to 497 +£27 W m~2 at 1230 LT.
In the urban area, S| reaches a maximum mean value of 641 & 275 W m~2 at around 1130
LT, while S1 is 92 & 43 W m~? at the same time; L | varies from 422 & 16W m~2 at 0645
to a maximum mean value of 468 21 W m~2 at 1300 LT; L4 varies from 444 + 11 W m~2
at around 0400 LT to 518 & 38 W m~2 at around 1400 LT.

Unlike the pre-monsoon, during the monsoon, S is higher at the rural site (Fig. 5), maybe
because the urban area is a continuous source of high anthropogenic aerosol emissions. Thus,
aerosol buildup after rainfall events over the city is rapid compared to nearby rural regions.
Because of this reduced solar insolation at the urban site and the lower fraction of the S|
returned due to the low urban albedo, the urban—rural difference in R, is less pronounced
during this season (peak Rj.; of 497 £ 220 W m~2 at 1130 LT at the urban site versus
516 & 161 W m~2 at the same time at the rural site). This increased radiative forcing due
to high aerosol loading at urban sites has been seen in previous studies and may explain the
observed disparity in the A(R,.;) between the two seasons (Carrico et al. 2003). The higher
boundary-layer temperature in the urban areas may also lead to a high L |, while the high AT}
value during this season explains the significant A(L41) seen in Fig. 5. The diurnal trend in
AT does not explicitly follow the trend in A(R,,.;) during this season. This suggests that AT
is largely controlled by the amount of energy removed from the surface during this season.

The nighttime AT value shows significant correlations with A(L ) (r2 = 0.33 for the
pre-monsoon and r2 = 0.65 for the monsoon) and A(L?T) (r% =1 for the pre-monsoon and
the monsoon) (Table 3). For daytime, the correlation is high for A(L1) (r> = 0.99 for the
pre-monsoon and the monsoon) and lower for A(L ) (r2 = 0.16 for the pre-monsoon and
r2 = 0.31 for the monsoon). It should be noted that A(L1) cannot solely determine ATy
since L1 is the consequence of thermal emission from the heated surface. Since both A(L )
and A(L1) show positive correlations with ATy, the A(L1) dataset was divided into three
equal bins, representing 33 percentile each, and the correlation between corresponding ATy
and A (L) within each bin was reanalysed (Fig. 9). The analysis suggests that A(L ) may
strongly modulate ATy, especially during nighttime. During daytime, once the variability in
A(L?) is narrowed, the relationship between A (L) and AT almost disappears (not shown).

4.2 The Canopy Urban Heat-Island

As mentioned earlier, strong correlations (+2 = 0.68 for the pre-monsoon and 2 = 0.50 for
the monsoon) were seen between the nighttime AT, value and the magnitude of A(L1).
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33 percentile. The plots in the insets show AT values plotted against the incoming longwave radiative flux
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The correlations were weaker for A(LJ) (2 = 0.19 for the pre-monsoon and r? =0.27 for
the monsoon) (Table 2). The A(L ) dataset was divided into three bins, after sorting it in
descending order, and the corresponding nighttime AT, was correlated with A(L1) in each
bin. This was done to restrict the variability of A(L|) and make the association between the
nighttime AT and A(L1?) clearer. Fig. 7 shows this linear correlation and it is consistent for
all three bins for both seasons. The correlation is stronger during the pre-monsoon nights,
compared to the monsoon nights. The inverse analysis was also performed, by dividing the
A(L%) dataset into bins and correlating the nighttime AT values with the A(L]). Very
weak relations were found (inset of Fig. 7). This implies that the high correlation initially
seen between A(L ) and AT values (Table 2) may be due to the strong coupling between
L] and L4 in the nighttime energy budget.
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As discussed above, during nighttime, A(L1) exists due to the AT values established
during the day. Since solar radiative flux is zero and H is small, the main source of heat
into the canopy air at night is due to the upwards longwave flux. L values are higher at the
urban site because of the preexisting higher air temperature, both for the canopy layer and
the entire urban boundary layer. Moreover, high absorbing aerosol loading in the urban area
may also increase L, (Zhou and Savijérvi 2014).

Wind speed has an important influence on air temperature, with advection reducing
the build-up of heat and moderating temperature variances (Sodoudi et al. 2014). Urban
wind speed was taken as a proxy for the advection of heat within the city, and its cor-
relation with the urban—rural temperature difference was determined. For this analysis to
be robust, the data for both day and night were segregated into six wind-direction ranges
(0°-60°, 60°-120°, 120°- 180°, 180°-240°, 240°-300° and 300°-360°). In Fig. 8, the
association between bin-wise segregated urban wind speed and the value of AT, is shown
using box plots. N represents the number of data points, w is the mean , while oy is the
standard deviation in each bin. The correlation between AT. magnitude and urban wind
speed shows an inverse relation for all six cases (Fig. 8). This is expected since higher
urban advection removes the excess heat, thus bringing down the urban air temperature, and,
consequently, the AT, value. High wind speeds also seem to limit the highest and lowest
possible (negative) AT, value, while calm conditions show a higher variability in possi-
ble AT, values. This is evident from the AT, standard deviation (o) for the first and last
bins in each wind-direction range. It is interesting to note that A7, shows higher values
when the rural area is downwind of the city. This, at first glance, is counterintuitive, since
advection from the city to the rural area should reduce the AT, magnitude. However, the
rural site remains downwind of Kanpur city during the pre-monsoon and becomes upwind
during the monsoon. So, the high AT; values when the rural area is downwind of the city
indicates the precedence of the seasonal effect over the horizontal movement of the urban
heat.

4.3 Coupling of the Surface and the Canopy Heat-Islands

Previously, studies have shown associations between urban-rural longwave radiative flux
differences [mainly A(L|)] and both AT and AT values (Aida and Yaji 1979; Suckling
1981). Since direct L1 measurements are rare, especially for a set of nearby urban and rural
stations, the same analysis has been rare for A(L1). The cross-analysis herein shows that
though both A(L]) and A(L1) are associated with nighttime A7 and the nighttime AT
magnitude, A(L]) is associated with the magnitude of AT, while the re-radiated A(L1)
correlates well with the magnitude of AT, (Figs. 7 and 9). This relationship is very weak
during the day (Tables 2 and 3).

Though there are strong, statistical associations between the magnitude of A(L1) and
AT, values, the variability in the latter may not be directly caused by variability in the for-
mer. Release of the higher energy stored in the urban structures and the different cooling
rates of the urban and the rural areas may lead to the higher air temperature in the city,
which would increase the urban L. The higher incoming energy may further offset the
radiative losses at the urban site, thus sustaining the AT value. During the study period,
the 0.1-m volumetric soil moisture content of the soil at the urban site was 0.28 & 0.13.
In contrast, the rural site had a volumetric soil moisture content of 0.5 £ 0.08 at the
same depth, possibly due to the effect of irrigation water from the surrounding farmland.
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Fig. 8 Dependence of the A7 magnitude on urban wind speed; n represents the number of data points; | is
the mean, while o is the standard deviation in each bin. The range of wind speeds (in m s_l) for each bin
(given below the standard deviation for each bin) was chosen to give roughly equal bins. a Between 0° and
60°. b Between 60° and 120°. ¢ Between 120° and 180°. d Between 180° and 240°. e Between 240° and
300°. f Between 300° and 360°

The dry soil at the urban site further increases the urban-rural differences by lowering
the specific heat capacity of the urban surface, allowing the urban surface temperature
to rise higher, and eventually increasing the L7 from the urban surface. At nighttime,
the boundary layer is stable and shallower than it is during daytime, restricting vertical
mixing, and providing positive feedback to the AT, value during nighttime (Jin 2012).
During the day, other factors, such as convection and advection become more prominent.
This, along with a deep, unstable daytime boundary layer, may lead to faster removal
of excess urban heat from the canopy layer; thus, the low daytime magnitude of AT
(Fig. 2).
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S Rural Land-Cover Change and the Inter-Seasonality of the UHI

Figure 10 shows the variation of EVI (taken from MODIS MOD13Q1 products) and the
16-day running average of LE at 1430 LT (taken from daily 3-h GLDAS/NOAH simulations)
over the urban and the rural sites during the study period. The monthly mean of the measured
AT; values (along with one standard deviation) is also shown. The EVI data are for a grid
size of 500 m x 500m, while the LE data are for a grid size of 0.25° x 0.25° (approximately
25 km x 28 km). The EVI value over the urban site remains at around 0.15 from April to
July, rising to a peak value of 0.3 in September, during the monsoon season. In contrast,
the rural site shows a higher EVI value throughout the study period, as well as a higher
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Fig. 10 Seasonal variation of enhanced vegetation index (EVI) over the urban and the rural station, Latent
heat flux over the urban and the rural station and AT magnitude. EVI values represent the mean of four grid
cells of 250 m x 250 m surrounding the stations for each 16-day period. LE values are the 16-day running
averages from daily GLDAS/NOAH simulations. The AT values are the monthly means (£ one standard
deviation) from in situ observations

inter-seasonality of vegetation cover. It varies from 0.15 to 0.2 during the pre-monsoon and
reaches a peak value of almost 0.5 in September. The LE values for the rural and the urban
sites follow similar trends and have roughly similar magnitudes from April to the beginning
of August. LE varies from approximately 10 W m~2 in June to around 200 W m~? at the
beginning of August. There is a significant difference in LE between the urban and the rural
sites from August, with a maximum difference of approximately 80 W m~? at the beginning
of September. The rural site in the present study is surrounded by farmland, and during the
pre-monsoon, the site remains relatively barren, since the rabi crops are harvested between
March to April (Zhao and Siebert 2015). The decreasing trend in the rural EVI value seen in
early April is the consequence of the harvesting. The kharif cropping season in this region
begins in July to take advantage of the south-west monsoon. Moreover, there is wild, rapid
growth of flora in response to the monsoon rains. Thus, there is a stark difference between the
vegetation cover between the pre-monsoon and the monsoon for the rural site. While there is
an inter-seasonality in the vegetation cover of the urban site, it is moderated due to the lack
of irrigation patterns and externally provided irrigation water. The trend in LE is very similar
to the trend in EVI values at both the sites, with greater inter-seasonality of LE at the rural
site compared to the urban site. Studies have consistently shown that in the urban areas, heat
is primarily removed through sensible heat transfer during the day (Arnfield 2003). This is
primarily due to lack of pervious surfaces and more rapid surface water drainage in the urban
area (Grimmond and Oke 1991). Thus, there is limited potential for evapotranspiration at the
urban site (compared to the rural site) during the wet season.

The higher vegetation cover and the greater water availability due to rainfall and crop
irrigation during the monsoon leads to significant evaporation at the rural site (Fig. 10), and
the loss of energy from the surface may then lead to a large decrease in the rural surface
temperature, compared to the urban site, establishing a large magnitude of AT7g. Thus, we see
an increase in AT in Kanpur city with the increasing difference in LE (and EVI) between the
rural and the urban site. The mean AT value varies from 1.4 +2.2 °C in April (dry period) to
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Fig. 11 Air temperature response to outgoing longwave radiative flux for a the urban site and, b the rural site

3.7+£2°Cin September (wet period) (Fig. 10). Jin and Dickinson (2010) correlated nine years
of MODIS-derived monthly, daytime land-surface temperature and EVI data for the entire
globe and found a negative association between the two. It was suggested that this is due to
the higher evapotranspiration over heavily vegetated regions, and land-surface temperature.
A recent study around a large metropolis in Nigeria found higher AT values during the
wet season compared to the dry season, and attributed the increased AT magnitude to the
reduction in urban vegetation (Ayanlade 2016). Here, we suggest that the high LE in the
rural area during the monsoon may result in a cooler rural surface and result in a greater
surface temperature difference between the two locations. It is reasonable to assume that the
GLDAS/NOAH derived LE values are overestimated in the urban grid, which has an areal
extent of approximately 700 km?2, and is larger than the size of Kanpur city (roughly 400 km?).
This implies that the urban grid comprises a mix of the urban and surrounding rural areas,
while the rural grid consists of mostly agricultural and rural areas. While the low resolution
data used limit the present study, the results are very likely (Jin and Dickinson 2010).

Now AT and AT, values have the opposite inter-seasonality, may be due to the preva-
lence of clouds during the monsoon period, which have been linked to lower AT, values in
previous studies (Suckling 1981; Morris et al. 2001; Erell and Williamson 2007; Pandey et al.
2014). Since A(L1) shows a strong association with AT, at night, to further understand the
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inter-seasonality of the AT, values, the response of the canopy temperature to the (L1) was
investigated. A greater inter-seasonal variation is seen for the rural area (Fig. 11), and can also
be attributed to the seasonal land-cover changes in the rural area, due to cropping cycles and
unsupervised plant growth, while the urban site remains relatively steady. The range of the
values of (L+1) is similar in both the sites for the pre-monsoon (approximately 400 W m~2 to
600 W m_2). However, for the monsoon, the rural site shows much lower average values (as
low as 370 W m~2 versus over 400 W m 2 for the urban site). Since L1 is proportional to the
surface temperature, this supports the proposition that the high A7 values during the mon-
soon is primarily due to the much lower temperature of the rural surface, possibly due to the
higher loss of heat through evapotranspiration. The difference in response of the rural canopy
temperature to (L 1) may due to the effect of the rural canopy (and its higher inter-seasonality)
on the aerodynamic and thermal properties of the canopy air. This suggests that the inter-
seasonality in AT, is partly controlled by the seasonal land-cover changes of the rural area.

6 Conclusions

(1) Kanpur city shows a significant magnitude of AT, mainly at night, with values higher
during the pre-monsoon season (3.6 °C during the pre-monsoon versus 2 °C for the
monsoon). The value of AT, on the other hand, is greater during the monsoon (5 °C
during the monsoon versus 3.4 °C during the pre-monsoon). The spatial patterns of AT
and AT are similar, with the AT. magnitude lowest during the cloudy measurement
campaign.

(2) The value of ATy is associated with the magnitude of A (L) during nighttime, since the
surface cooling by longwave emission is greater for the urban area. Though exact attri-
bution is difficult, the greater stored energy in urban structures, the differential cooling
between the rural and the urban area, and a shallow, stable boundary layer may together
establish the magnitude of AT, at night.

(3) Weak associations are found between AT value and A(L) for daytime. The daytime
trend seen in AT during the pre-monsoon appears to be modulated by A(Ry;), which
may be due to the effect of the lower urban surface albedo. The A7, values at night
persist throughout the day, but may decrease due to advection, which is more prominent
during daytime.

(4) The inter-seasonality of ATy is primarily ascribed to the seasonal land-cover change of
the rural area. The high values during the monsoon are due to more rapid cooling of the
rural surface (compared to the urban area) due to higher latent heat flux for the rural site.
The effect of the rural inter-seasonality is also seen on the outgoing longwave radiative
flux, which is strongly associated with the canopy air temperature.
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