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ABSTRACT

Historically, the urban climate and its interaction with regional environment and larger-
scale meteorological phenomena have been studied by comparing weather stations in
urban and surrounding rural areas. Nevertheless, spatialized meteorological data are
now available with different spatial resolutions, temporal frequencies, and time depths.
Here with the Paris area as a case study, three products were selected for their
comparable spatial resolution of one kilometer, their daily frequency, and a minimum 15
year time period with substantial common overlap: the MODIS products for land
surface temperature (2000-2016), daily maps of minimum and maximum 2-m air
temperatures (2000-2017) based on a statistical method of spatialization, and the
COMEPHORE analysis for precipitation (1997-2012). Several spatialized indicators
were used to monitor the urban climate and its impact on local climate. The intensity
and spatial extent of both the surface urban heat island (SUHI) and the urban heat island
of urban canopy layer (UHI), as well as the effect of the city on precipitation, were
characterized. Based on these indicators, a climatological study was made for the Paris
urban area and its surroundings.

The comparison of (S)UHI climatologies showed that both phenomena (qualified by
their intensity and spatial extent) have comparable seasonalities and orders of
magnitude at night. The maximum intensity is reached in July, with more than 60% of
the city affected by high temperatures. However, the phenomena differ during the day:
the SUHI is mostly driven by the differences in surface properties between urban and
rural environments, whereas the UHI is more influenced by general wind circulation
and local atmospheric turbulence. Finally, the COMEPHORE analysis highlighted the
influence of the Paris urban area on rainfall. It is observed throughout the year with an
excess in daily precipitation of 29% downwind of the city, with some seasonal

variability showing a more pronounced effect in summer.
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1. INTRODUCTION

Cities represent between 0.5 and 3% of the world surfaces (Liu et al., 2014; Zhou et al.,
2015; 2018) but concentrate more than half of the population and are expected to grow
by 2.5 to 3 billion inhabitants by the mid century (UN, 2015).

Because of their physical properties, cities have an important effect on the atmosphere
(Oke, 1973; 1995; Kalnay & Cai, 2003) and the local climate extending beyond their
boundaries (Oke et al., 2017; Huff & Vogel, 1978; Shepherd, 2005), which is now well
documented (Arnfield, 2003; Souch & Grimmond, 2006; Grimmond, 2006; Oke et al.,
2017). The most studied phenomena are: the temperature difference between urban and
rural areas known as the Urban Heat Island (UHI, Oke, 1973; 1995), the modifications
of the energy balance (Oke, 1982; 1988), the changes in wind circulation and the
structure of the surface boundary layer (Oke, 1995), and the alteration of precipitation
rates (Shepherd, 2005).

Historically, urban climate studies were first made by comparing data from weather
stations in the urban environment to those in surrounding rural areas (Lowry, 1974;
1977; Mills, 2014). Today, thanks to the progress made on measurement tools, on data
processing and analysis, and on the understanding of the physical processes
(Grimmond, 2006), an increasing number of studies is heading towards spatialized data
(Tomlinson et al., 2001; Zhou et al., 2019). These datasets enable :

(1) A better monitoring and characterization of the urban signal and the real extent of its
impact on the local climate.

(2) A better understanding of local physical processes resulting from the modification of
the surfaces, and their interaction with larger scale phenomena (Roth et al., 1989; Weng,
2009).

(3) The creation of databases on time series now reaching climatological scale, i.e. a
period long enough to represent the average climate without the daily variability.
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(4) The definition of methodologies and indicators used for the study of extreme
weather impacts on one hand, or the assessment of urbanization effects on the other
hand (Schwartz et al., 2012; Ward et al., 2016).

(5) The evaluation of model performances (Hu et al., 2014) and the assimilation of
observational data in numerical weather prediction models.

The objective of this study is to build a spatialized and consistent database for the Paris
urban area and its region by mapping an ensemble of meteorological variables (i.e.
surface temperature, near-surface air temperature and precipitation rates). Thanks to a
suitable spatial resolution, a daily temporal frequency, and a sufficiently long temporal
depth, these data should allow a climatological monitoring of different aspects of the
urban climate in Paris and of its interaction with the regional climate and larger scale
meteorological phenomena. First, the different selected datasets of land surface
temperature (LST), 2-meters above ground air temperature (T2M), and precipitation are
presented in Section 2. The methodology developed to define and compute the different
climatological indicators is presented in Section 3. These indicators are then analyzed
and discussed in Section 4. Lastly, concluding remarks, limitations, and perspectives are

given in Section 5.

Here we focus on the city of Paris, located in the administrative region Tle-de-France, in
the north-center of France. The city is built on the Paris basin, a fairly flat area of plains
and hills surrounding the river Seine (Figure 1). As the capital of France, Paris is its
most populated city with around 2.2 million inhabitants in the municipality and up to 12
million in its urban area (INSEE, 2018). However its land use has remained quite stable
since the end of the 1990s.

Several studies of Paris' climatology were completed during the second part of the 20th
century: Maurain (1947), Pédelaborde (1957) commented by Blanchet (1961), Grisollet
(1958), Requillard (1961), De Félice & Schremmer (1964), Dettwiller (1970)
commented by Loup (1971), Bessemoullin (1981), Dettwiller & Changnon Jr (1976),
Calvet (1984), Escourrou (1984a; 1984b), Cantat (1985), Escourrou (1990; 1991),
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Choisnel & Vivier (1993), Thielen et al. (2000), Cantat (2004), and Coquillat et al.
(2013). They describe the Paris basin as an area at the boundary between continental
and strong oceanic influences with lower precipitation compared to the mean of the
country (between 500 and 800 mm against 900 mm; Canellas et al., 2014). Summers are
relatively hot (18.8) and winters mild (4.4 °C, average over the period 1981-2010 at the
Paris-Montsouris station, Figure 1). Some studies focused on the urbanization and found
different impacts such as a mean UHI of 3 °C over the period 1971-1980 with maxima
exceeding 10 °C (Cantat, 2004) or increased precipitation downwind of the city
(Escourrou, 1984).

2. DATA
2.1.Land surface temperature
As Tomlinson et al. (2011) pointed out in their review, the amount of remote sensed and
especially satellite derived data has seen a great increase in the past 20 years. The first
studies analyzing the effect of cities on LST go back to the 1970s (Rao, 1972; Matson et
al., 1978; Price 1979); some of them were reviewed by Gallo et al. (1995). This
temporal depth of LST products now enables the investigation of urban phenomena on a
climatological time scale. Nonetheless, the majority of studies has been made on short
time period (Zhou et al., 2019) either because of the number of cloud free images
(Streutker, 2002; 2003; Weng, 2003; Jin et al., 2005; Zhang & Wang, 2008; Schwartz et
al., 2012) or to analyze particular phenomena such as heat waves (Dousset et al., 2011;
Buscail et al., 2012; Tomlinson et al., 2012) or seasonal variation of the Surface Urban
Heat Island (SUHI) (Chen et al., 2006; Yuan & Bauer, 2007). Other studies took
advantage of the potentially high number of images to analyze continuous evolution on
multiple years (Jin, 2004; Zaitchik et al., 2014). Table 1 lists the main sensors carried by
satellites currently used for SUHI studies in chronological order with a focus on free
data and polar orbiting satellites (MSG-SEVIRI is shown as an example of

geostationary satellite).
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While Landsat “is the longest running uninterrupted Earth observation program”
(Wulder et al., 2016) and the most used data for SUHI studies (Zhou et al., 2019), the
Moderate Resolution Imaging Spectroradiometer (MODIS) could represent in theory
the biggest source of data by collecting two images per day on board the Terra and Aqua
satellites since 2000 and 2002, respectively. The MODIS products (Justice et al., 1998)
combine an acceptable spatial resolution of about 1 km (nadir) for urban climate studies,
a temporal resolution of two images per satellite per day, and a time depth of 18 years.
This makes it the best compromise between high spatial resolution sensors such as
Landsat's Enhanced Thematic Mapper (ETM+) which reaches a 60-m resolution at nadir
but provides only one image every 16 days, and high temporal resolution ones such as
Meteosat's Spinning Enhanced Visible and Infrared Imager (SEVIRI) which provides
images every 15 minutes with a lower spatial resolution of about 3 km at nadir.

In this study, the daily LST MODIS products MOD11A1 (Terra) and MYD11A1 (Aqua)
are used between 2000 and 2016. They are derived from measurements of the brightness
temperature at the top of the atmosphere using Thermal Infrared bands (10.78-11.28 pum
and 11.77-12.27 pm) with a generalized split window algorithm (Wan & Dozier, 1996).
These products have been tested by multiple studies (Wan, 2002; 2008; 2014; Wan et
al., 2004; Coll et al., 2005; 2009) indicating an accuracy better than 1 °C in most cases.
Version 005 of the MYD11A1 product has been evaluated over several areas worldwide
including Paris, France (Wan 2014). Results show a mean standard deviation of LST
errors of about 0.4 °C over urban areas and 0.6 °C over cropland for 23 cases. Here
version 006 (Wan et al., 2015) of both products is used which is described as “much
better than the previous C4.1 and C5 products” by Wan (2014). In addition to LST and
emissivity, both products provide, for each pixel, a quality control assessment, a
viewing time, and a viewing angle. For this study, the LST images are analyzed by
keeping the original projection system, i.e. MODIS Sinuoidal (SR-ORG:6842) with a
spatial resolution of 926 m. Note that pixels with an estimated error greater than 2 °C

are removed.
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2.1.1. MODIS’ potential for LST climatology
The periods investigated in this study start on February 24" 2000 for Terra and July 4%
2002 for Aqua and both end on December 31% 2016. A total of 6092 and 5285 images
from Terra and Aqua are available but many of them have some missing pixels. This is
mainly due to the LST retrieval method which requires cloudless conditions, but also to
the uncertainties associated with estimating the surface emissivity and the effects of
viewing angles. A careful selection of those images must be done with the dual
objective of being able to calculate good-quality SUHI indicators and to retain enough
images to analyze the SUHI phenomenon on a climatological time scale. Nevertheless,
it is important to emphasize that these LST products derived from clear-sky satellite
measurements are representative of some specific atmospheric situations. This can
induce a selection bias towards weather type prone to SUHIs and is a limitation of all
remote sensed studies. Concerning viewing angles, a sensitivity study (not presented
here) showed that they all could be retained because of their low impact on LST’s

climatologies.

The calculation of SUHI indicators imposes a selection based on the percentage of
missing pixels in urban and rural areas simultaneously. Pixels can be missing either
because of the presence of clouds, or because of their removal due to their estimated
error. A sensitivity study on the choice of urban and rural thresholds was done, by
comparing the number of remaining images and the corresponding mean SUHI
(computed following the method presented in Section 3.2), separately for winter and
summer, and for day and night. As an example, Table 2 presents the results for summer
daytime. The urban threshold appears to be relatively more constraining than the rural
one with a greater impact on the number of images remaining. Low thresholds retain
many images, but a number of them are significantly affected by clouds, which gives
much lower SUHI intensities on average than with higher thresholds. In this case, the
low number of pixels available for SUHI indicators calculation may lead to a

misquantification of the phenomenon, depending on the location of these pixels in urban
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and rural areas. Conversely, too strict thresholds return too few images that furthermore
correspond to very specific meteorological situations with stable atmosphere and no
clouds for which the SUHI is the strongest. Between these two extremes, the SUHI
intensity is quite steady with a slight trend towards higher intensity the stricter the urban
threshold is. Between the 40% and 60% thresholds, the differences in SUHI intensities
are on average less than 0.1 °C with a maximum of 0.3 °C for summer nights. An
intermediate threshold of 50% was finally chosen which makes it possible to retain
enough workable images for the calculation of climatological SUHI indicators
representative of each season (Table 3). Despite a ranging from 79% to 88%, between
1947 and 2583 images are kept over the entire time period covered, i.e. on average 20-
37 images per season per year. Wintertime conditions are the most restrictive because

they are generally more cloudy.

2.1.2. MODIS’ representativeness of the diurnal cycle

The Terra and Aqua satellites have a Sun-synchronous orbit and are assumed to cross
the equator respectively at 10:30, 22:30 and 13:30, 1:30. The passing time is provided
for both products for each pixel as local solar time. A specific and unique time is
associated with each image and converted to Coordinated Universal Time (UTC) by
subtracting the longitude of the study area's center divided by 15 (Williamson et al.,
2013). Overpass time is quite variable from one day to another but ranges between two
hours on average with mean values of 02:02 and 12:37 for Aqua and 11:06 and 21:44
for Terra.

The representativeness of the diurnal cycle by MODIS products is evaluated by
comparison with the LST product of SEVIRI carried on Meteosat Second Generation
satellites (MSG). MSG is a geostationary satellite allowing SEVIRI to scan half of the
earth continuously. This product, also based on a generalized split window algorithm
(Sobrino & Romaguera, 2004), has a spatial resolution of about 3 km at nadir and a

temporal resolution of 15 minutes. It has been evaluated (Freitas et al., 2010) and
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compared to others LST products by multiple studies (Trigo et al., 2008; Gao et al.,
2012; Qian et al., 2013; Duan & Li, 2015). To compare both datasets, the same selection
made on MODIS LST is applied on SEVIRI LST, and only the common dates are
retained. Duan & Li (2015) found that SEVIRI LST are on average warmer than
MODIS LST over natural areas especially during the day (2-4 °C against 1-2 °C during
the night). The findings obtained here over the Paris region for the 2006-2015 period are
quite consistent: SEVIRI is on average warmer than MODIS by 0.52 °C for Aqua and
1.98 °C for Terra during the night, and by 1.76 °C for Aqua and 1.56 °C for Terra during
the day (Figure 2). Differences in LST between the two products are probably related to
both the higher spatial resolution of MODIS compared to SEVIRI and the different
viewing angles. Nonetheless, SEVIRI data make it possible to retrieve the daily cycle of
LST and to determine the hour of minimum and maximum daily LST. It is shown that
MODIS overpass times capture these minimum and maximum daily LST well. Aqua
night is a bit early before the minimum but the difference is relatively small and Terra
and Aqua day encompass the end of the morning rise and the daily peak LST. In
conclusion, MODIS LST products are well adapted both in terms of temporal and
spatial resolution in order to study nighttime and daytime SUHIs, while providing time
series consistent enough for climatological analyses.

2.2.Air temperature
Several products of spatially interpolated near-surface air temperatures exist over the
world at a relative coarse resolution but few over France on a kilometer scale (Canellas
et al., 2014). Moreover, to our knowledge none of them take into account the urban
environment and its impact on temperature. In this study a new product developed at
Météo-France by Kounkoud-Arnaud & Brion (2018) is used. It takes into account both
the elevation and the urban cover fraction coming from the ECOCLIMAP land cover
database (Faroux et al., 2013) in order to spatially interpolate daily minimum and
maximum temperatures measured by 49 Météo-France stations (Givone, 1997). These

stations are grouped into three categories depending on their corresponding urban cover
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fraction (furn): 40 rural stations (furb < 0.3), 7 suburban stations (0.3 < fun < 0.6), and 2
urban stations (fub > 0.6). On a daily basis, a regression equation, with predictor
selection, is computed linking minimum temperature to elevation and urban cover
fraction, if possible. Point errors from this equation are then used for residual kriging.
The dataset is available for an 18-year period (2000-2017) at a spatial resolution of 1.25
km over the administrative region Tle-de-France, thus the studied area differs from the
MODIS one (Figure 1).

2.3.Precipitation

The product COMEPHORE (Tabary et al., 2012) is used to investigate the possible
effects of the city on precipitation. COMEPHORE is a 16-year database (1997-2012) of
Quantitative Precipitation Estimations (QPE) over France with a temporal resolution of
1 hour and a spatial resolution of 1 km. The reanalysis is based on the 24 radars of the
French network, giving pseudo-CAPPI (Constant Altitude Plan Position) images every 5
minutes with a resolution of 1 km over a 512 x 512 km area, and the hourly and daily
rain rate from the rain gauge network. This reanalysis and the underlying data are
detailed in Tabary (2007) and Tabary et al. (2012). For the present study, maps of daily
precipitation are produced on a 200 x 200 km grid centered on Paris from the sum of the
24 hourly QPE (Figure 1).

2.4.Ancillary data
2.4.1. Land cover
A knowledge of the land use and land cover is needed for the analysis of meteorological
data, and especially for the separation of Urban and Rural masks. It is made here using
the land cover classification from the global ECOCLIMAP-II database (Faroux et al.,
2013) based on both Corine Land Cover (CLC2000, EEA, 2005) and Global Land
Cover (GLC2000, Bartholome & Belward, 2005). The combination of CLC2000 and
GLC2000 maps the globe in 14 elementary classes that are in turn split into 273 more

detailed classes. The product is provided with a resolution of 1/120° (= 1 km) and
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associated geographical coordinates. It is here resampled to the grid of each dataset by
the nearest neighbor method. The main land covers found over the study area are
composed of different crops classes (79%), forest classes (11%), urban and built up
areas (5%), and shrub covers (5%). The three main urban classes are suburban, dense
urban, and industries and commercial areas. The methodology used to define the Urban
and Rural masks differs depending on the application. It is presented in Section 3.1.1 for

temperature and in Section 3.1.2 for precipitation.

2.4.2.  Wind data from weather stations
The day-by-day mean direction of the synoptic flow over the study area is needed in
order to analyze the city effect on precipitation (detailed in Section 4.2). Five stations
(Beauvais, Chartres, Evreux, Melun, and Rouen) of the Meétéo-France operational
network are used to cover the study domain (see Figures 1 and 3). The wind
components are computed independently by station from hourly data of wind direction

and wind speed, and then averaged on a daily time frame and on the five stations.

3. METHODOLOGY
3.1.Definition of Urban and Rural masks
As presented in Section 2.4.1, the ECOCLIMAP-I1I land cover classification includes
three main urban covers over the study domain that are merged into a single urban class.
The remaining classes including various types of natural covers are gathered into a

single class called rural class for simplicity.

3.1.1. Application to temperature analysis
The UHI is an effect strongly governed by local land surface properties. Consequently,
it can be calculated using Urban and Rural masks (defined according to land covers)
that delimit the area potentially contributing to urban effects and the reference non-
urban area, respectively. The study area covers a domain of 200 x 200 km which

includes different urbanized areas such as the city of Rouen (see Figure 1). In order to
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focus on the UHI effect of the Paris urban area with respect to the surrounding rural
zones, a smaller window containing Paris only is defined. This new area of 50 x 50 km
covers both inner Paris and the near suburbs. Urban pixels inside this window build the
Urban mask, while rural pixels outside build the Rural mask. Urban pixels outside the

window, as well as rural pixels inside, are not considered.

3.1.2. Application to precipitation analysis

For the analysis of urban effects on precipitation, the delimitation of contributory and
reference geographic areas is more tricky than for temperature. The synoptic flow
conditions and advection effects play a key role. Previous studies have shown that the
urban effect on precipitation is typically found downwind of cities (Shepherd, 2005). As
a consequence, here we compare the mean precipitation in downwind and upwind areas
of the city. These areas are defined as circular sectors with a radius of 100 km and an
aperture angle of 45° that are oriented according to the daily mean wind direction
presented in Section 2.4.2 (Figure 3).

The choice of the dimensions of the areas is based on three constraints. First as shown
by Huff & Vogel (1978) and Shepherd (2005), the urban effect can be observed up to 75
km after the city, so the area downwind must be long enough. Second, the width of the
area, i.e. the chord length of the sector, should be about as large as the size of the city to
capture all events that cross the city through either its center or through the outskirts.
Lastly, downwind and upwind areas must have equal surface area to have the same

weight in the precipitation analysis based on spatial means.

3.2.Urban heat island indicators
Schwartz et al. (2011; 2012) and Ward et al. (2016) reviewed different indicators for
both SUHIs and UHIs. Some of them have the benefit of not relying on any assumption
concerning the urban and rural areas, e.g. the magnitude (maximum - mean) (Rajasekar
& Weng, 2009; Schwartz et al., 2011; 2012) or the range (maximum - minimum)

(Schwartz et al., 2012), but they are too sensitive to the inherent variability of the
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temperature and do not provide much relevant information when used on large areas.
However, they could be interesting to investigate the heterogeneity of the temperature in
the urban area. Other indicators such as the gradient (linear regression between
temperature and distance from city center) (Schwartz et al., 2012) or the ones derived
from Gaussian fits (area, magnitude, center) (Streutker, 2002; 2003; Tran et al., 2006;
Schwartz et al., 2012) make significant assumptions regarding the shape of the city with
urban area spreading evenly in every directions from the center. Note that the Gaussian
fit has been tested here, and returns an extent and a center shifted away from Paris

center towards southeastern urbanized areas located on the banks of the river Seine.

For the present study, two indicators are selected, one representing the intensity and the
other the spatial extent of the (S)UHI. Given that the air temperature data used in this
study are spatially continuous, the indicators can be calculated the same way for UHI
and SUHI. The intensity (lun) is defined as the difference between temperature
averaged on all pixels of the Urban mask and temperature averaged on all pixels of the

Rural mask:

I UHI = Turb_ Trur (l)

Note that the general notation Iy corresponds to the intensity of the UHI in air
temperature when the indicator is computed using T2M or the intensity of the SUHI
when the indicator is computed using LST. Thus the temperature notation (T) used in
Eq. 1-3 refers to as T2M or LST.

The spatial extent of the (S)UHI is calculated two ways. The first indicator (SDEun; for
Standard Deviation Extent) is derived from the hot island area proposed by Zhang &
Wang (2008) which looks at the number of pixels with a temperature greater than a
threshold defined as the mean temperature of the studied area (T) plus a multiple of its

standard deviation (oT) On a given day. This indicator does not depend on land covers
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nor city shape, but only on the statistical distribution of temperatures. For the present
study, T and ot are computed from temperatures of all the pixels together in Urban and
Rural masks (Section 3.1). SDEun; is calculated as the proportion (in %) of urban pixels
(Purb) for which the temperature exceeds the given threshold in relation to the total
number of urban pixels, with k an integer value (positive or negative) which defines the

multiple of standard deviation:

P.[r=T+k
SDE, (k)=Z an[T> T or], 100 2
Zpurb

The second indicator (TEun for Temperature Extent) follows the same principle but by
applying a threshold in temperature degree (AT) and not on the basis of standard

deviation:

Z P, [T= T +AT]
X

Z I:)urb

TE,,, AT F 100 (3)

These two indicators are a way to define the area impacted by (S)UHIs. They range
between 0 and 100%, with 100% meaning an image where the whole city experiences

temperatures greater than the given threshold.

4. RESULTS AND DISCUSSION
4.1.Surface and air temperatures
The different UHI indicators are calculated for each day and each night of the complete
time series of T2M maps (no data missing). Night and day SUHI indicators can be
calculated only when MODIS images are available after selection. To compare SUHI
and UHI, and to evaluate the possible effect of data selection on climatological analysis,
the UHI indicators are studied using the complete dataset but also the subset

corresponding to the selected dates.
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Figure 4 shows the mean annual cycle of the three SUHI indicators along with the
summer (JJA) and winter (DJF) means over the period 2000-2016. A greater annual
variability is observed for Isuni during the day than at night (Figure 4.b). Daytime Isyni
varies between 0.92 °C in September and 6.92 °C in June i.e. an amplitude of 6 °C,
whereas nighttime Isuni varies between 1.51 °C in December and 3.43 °C in July. The
daytime Isuni Seasonality can be explained by the combination of different processes.
While the seasonal differences of daily urban LST are mainly governed by variations in
the incoming solar radiation (Eliasson, 1996), it is the seasonal cycle of soil moisture
that modulates the resulting cooling effect of vegetation on rural LST (Runnalls & Oke,
2000; Kalnay & Cai, 2003). This cooling effect is the lowest at the end of summer when
soils are dry (Zhou et al., 2016). Consequently, the peak in Isuni observed in June, when
the cooling effect is maximum due to vegetation evapotranspiration, is followed by a
rapid decrease (-5.26 °C) between June and August. On the other hand, because the
cooling effect is less pronounced at night, the difference between urban and rural LST
presents less seasonal variability, leading to more stable values of the Isuni. These
results are consistent with the findings from Zhou et al. (2013) that showed the same
seasonal pattern, but with lower Isun values (4 °C maximum in June). This gap may be
due to different definitions of Urban and especially Rural masks. In their study, the
Urban and Rural masks have the same surface area. Because the Rural mask they used
is smaller than the one defined here, they may not take into account some areas with
cooler LST, or they may over-represent warmer suburban areas. Note that for the
present study, the effect of the size of the domain was investigated by comparing the
indicators calculated on the entire area and on the reduced area covered by air
temperature data (Figure 1). Since no significant difference was found, we are confident

that we do not overestimate Isyni.

LST data show spatial variability over the study area that can fluctuate significantly by

day and night (oLsTpavALL = 2.18 °C and orsTNicHTALL = 1.20 °C), as well as by time of
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year (oLsTpAay,uA= 2.84 °C and oLstpay,pir = 1.16 °C). Since the SDE indicator is built
taking into account the temperature distribution, it is possible to compare SUHIs of
different times of the day and seasons and to identify significantly hotter areas on a
statistical basis.

SDEsuni follows the same seasonal pattern as Isuni with a greater variability during the
day than the night (Figure 4.c). The fraction of the city impacted by a temperature
excess of 1ot IS maximum in June (82% of the total area) and minimum in September
(19% only) at daytime. But on average over the year, the city is more consistently
impacted at night than during the day for every ot thresholds except the last (4o7).
Throughout the year, more than 60% of the city is impacted at night by what Zhou et al.
(2013) refer to a hot island i.e. a SDEsuni greater than lot. Nonetheless, the city’s
exposure to SUHIs decreases for higher thresholds. From the beginning of spring to the
end of summer, the urban area that is impacted remains quite constant, e.g. more than
half of the city experiences a SDEsuni of 2071, and a small part only a SDEsuni of 4071
corresponding to the dense city core.

TEsuni is based on fixed temperature thresholds ranging from 0.5 to 5 °C (Figure 4.d).
Since the spatial amplitude (maximum - minimum) of LST is greater during the day
than at night, a given threshold represents a greater proportion of the LST distribution at
night. Consequently it is more restrictive in identifying the impacted areas at night and
does not represent the same phenomenon. For example, the maximum impacted area by
the highest threshold (5 °C) reaches 66% during the day in June but only 14% at night
in July. The 66% represents a daily TEsuni extending from the city center to the inner
suburbs, while the nighttime TEsuni of 14% illustrates a more severe phenomenon
concentrated in the dense urban center. Contrary to the SDE indicator that suits the
comparison of day and night phenomena, since the TE indicator is computed on LST
values rather than a statistical measure of the whole image it appears more illustrative,
more easily understandable and thus better suited for impact studies and communication

towards public stakeholders.

This article is protected by copyright. All rights reserved.



Figure 5 shows the same indicators computed from the T2M dataset on the same dates
as the LST. It has been shown that LST and T2M are well correlated at higher scale
(Prihodko & Goward, 1997). However since LST are on average higher than T2M over
natural (Mildrexler et al., 2011) and urban areas (Nichol, 1996; Voogt & Oke, 2003),
Isuni IS expected to be on average greater than lun especially during the day. Unlike
Isuni, luni is systematically greater at night than during the day (Figure 5.b). The
maximum nighttime lyn is noted in July (2.45 °C) whereas the daytime lyni is
minimum (0.14 °C). During daytime, in cloudless conditions, the roughness of urban
canopy and the heat accumulated in urban materials through incoming solar radiation
generate dynamical- and thermal-induced turbulence. This leads to a more pronounced
mixing in the urban boundary layer (UBL), which prevents urban T2M from getting
warmer. Conversely, at night, by lack of both incoming solar radiation and turbulence,
the UBL can become stable enough to induce an inversion layer resulting in higher
T2M. The same seasonal variability is found for luni as for Isuni during the night with a
steady increase in spring and a maximum reached in the middle of summer. The
intensities are comparable to that of the SUHI although slightly weaker. On the other
hand, the seasonal dynamic of the daytime lun is completely different from that of
Isuni. It shows overall less variability throughout the year, with every season close to the
annual mean except the end of summer and the beginning of autumn. It appears that the
daily luni is less driven by incoming solar radiation than the Isyni and more related to
synoptic conditions. In the summer, the days are more subject to unstable atmosphere
and turbulent fluxes resulting in more homogenized air temperatures and therefore
lower UHI intensities. On the other hand, other seasons might be closer to neutral with
more wind and a greater cloud cover. Moreover, the winter maximum could be
explained by heat generated from anthropogenic fluxes. Dettwiller (1970) and Cantat
(2004) already noted that in temperate oceanic climate, winter is the least favorable
season for nighttime UHIs with stronger winds and less incoming solar radiation due to

both solar elevation and cloud cover.
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Both SDEun and TEuwni indicators calculated at nighttime evolve along the year
according to two distinct modes: strong values are observed from March to September
and lower ones from November to February (Figures 5.c and 5.d). This translates to a
more extended exposure of the city to UHIs in spring and summer than during the rest
of the year: more than 40% of the city experiences UHIs of at least 2 °C. Note that when
computed on every date and not only on the dates selected for the MODIS data analysis,
the different indicators show the overall same seasonal patterns with smoother evolution
from one month to another and on average slightly lower values (not shown). This can
be explained by the fact that the selected dates correspond to clear-sky nights and days
that are potential cases of high (S)UHIs.

4.2.Precipitation

To our knowledge, there are no recent studies focusing on the precipitation of Paris. De
Félice & Schremmer (1964) and later Moisselin et al. (2002) studied different long time
series of precipitation from the Paris Observatory station and the Paris-Montsouris
station, respectively, but did not find any significant trend, nor periodicity, due to the
inter-annual variability. Douvinet et al. (2009) investigated the relationship between
precipitation and flash floods on the Paris Basin but their area only intersects to the
north of the domain studied here. Coquillat et al. (2013) examined the spatial
distribution of lightning ground flashes around Paris and found higher activity over and
downwind of the city in the prevailing wind direction i.e. in the northwest. Canellas et
al. (2014) analyzed the climatology of precipitation over France with similar results as
previous findings for Paris. While previous studies were based on a limited number of
fixed stations, the COMEPHORE analysis (Section 2.3) enables a finer scale analysis of
the precipitation spatial distribution, and for a long period covering 1997-2012. They
first feed an analysis of the precipitation regional climatology, and then are used to
investigate the potential urban effects on precipitation.

4.2.1. Regional analysis
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Seasonal maps of mean daily precipitation rate are produced from the 16-year
COMEPHORE data (Figure 6). For the regional analysis, the study domain is divided
into nine sectors (Figure 3) with the same surface area: northwest (NW), north (N),
northeast (NE), west (W), center (C), east (E), southwest (SW), south (S), and southeast
(SE). The sector with the highest daily precipitation rate is NW (2.34 mm against 1.96
mm on average over the whole area) which seems consistent with the Douvinet et al.
(2009) findings. Conversely, the driest sectors are SW (1.77 mm) and W (1.76 mm).
This pattern appears for every season, but is accentuated in winter and autumn for NW
and in spring for SW and W. Overall, the northern part has slightly more rain (2.11 mm
on average for NW, N, NE) than the central and southern parts (1.89 mm for W, C, E
and 1.88 mm for SW, S, SE). If we ignore the NW, because of its predominance in every
season and for every wind direction, a stronger gradient appears from west to east with:
1.77 mm (W, SW), 1.9 mm (N, C, S) and 2.02 mm (NE, E, SE).

The spatial distribution of precipitation seems to be mainly driven by the synoptic wind
direction and the regional atmospheric circulation i.e. the rainiest days (> p75 = 2.98
mm) are associated with south-southwestern winds and the least rainy ones (< p25 =
1.22 x 10° mm) with north-northeastern winds. Other factors such as the hill effect
described by Huff & Vogel (1978), the proximity to the coast (Daniels et al., 2016), or
the urbanization, could explain the maximum precipitation rate observed over NW

sector which is both downwind of the city of Rouen and close to the sea.

4.2.2. Urban influence
The influence of urbanization on precipitation is now a well established phenomenon in
the literature as described by Sherpherd (2005) in his review. Some of the authors cited
earlier who described the climatology of Paris also noted the effect of the city on
precipitation. Using the meteorological network of the area, Escourrou (1990) and
Thielen et al. (2000) highlighted increased precipitation in the downwind part of the

city in summer and reduced precipitation in the close upwind area.
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To investigate the urban effects, the COMEPHORE data are here analyzed by
calculating for each day the daily precipitation rates in the upwind area (control area)
and the downwind area (contributory area) of the city. The methodology developed to
define these two areas depends on synoptic flow direction and is presented in Section
2.3. These daily precipitation rates are then averaged over the 1997-2012 time period
for upwind and downwind areas to provide yearly and monthly trends. Without sorting
on rainy or no rainy days, the daily precipitation is 2.15 mm downwind of the city
against 1.67 mm upwind, i.e. an increase of 29% (Figure 7). The same analysis is done
by selecting rainy days, i.e. for which at least one of both areas experiences daily
precipitation > 1 mm, that is 40% of the period (from 33% in September to 49% in
December). In this case, the mean daily precipitation is 3.99 and 5.14 mm for upwind
and downwind areas, respectively, i.e. still an increase of 29%. This result is comparable
to those of Shepherd et al. (2002) who found an increase of 28% in precipitation for
major American cities. Figure 7 also shows that this effect appears for multiple types of
precipitation events as illustrated by the different percentiles. For the more extreme
events (p90 tail; Figure 7) on average 5.4(9.2) mm are found upwind of the city and
7.13(11.19) mm downwind without(with) selection, i.e. an increase of 32(22)%.

A monthly variability in precipitation is observed that is more important for downwind
than upwind area. This means that the effect of the city on precipitation also varies with
time, but always goes in the sense of an increase in precipitation in the downwind area.
The urban effects are more marked between July and October with a maximum monthly
increase in precipitation rate of 40% in August. Conversely, they are lower between
March and June with a minimum monthly increase in precipitation rate of 12% in
March. To explain this variability, we investigated the possible effects of both wind
direction and wind speed but found no significant results. An apparent trend linking
wind speed and rain fall amount might be solely explained by the fact that higher speeds

are found with winds coming from the SW sector (where higher rain fall amounts are
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observed). In the same way, the highest urban effects observed with winds coming from
the NE sector might be explained by overall low precipitation in both areas.

The evolution of precipitation and associated urban effects over the long time period
covered by COMEPHORE data is also investigated. It rains around 608 mm per year
upwind of the city and 784 mm downwind. The three wettest years are 2001, 2000, and
1999 with respectively 849(1043) mm, 793(972) mm, and 770(900) mm
upwind(downwind) of the city. The three driest ones are 2011, 2005, and 2003 with
469(637) mm, 469(646) mm, and 482(650) mm for the upwind(downwind) area. The
same inter-annual variability is noted for both areas, but without any significant

temporal trend over the 16 years.

5. CONCLUSION

The climatologies of three urban phenomena i.e. surface and air Urban Heat Island and
enhancement of daily precipitation rates have been studied over the periods 2000-2017
and 1997-2012, respectively, on the city of Paris.

The potential of MODIS LST data has been investigated and deemed relevant for
climatological analysis with between 20 and 37 images per season per year on average
(Section 2.1.1). We found that SUHI intensities were greater during the day than at
night, with annual maximum intensity occurring in June (6.92 °C) where more than
60% of the city experiences an excess in LST greater than 5 °C compared to the
surrounding area (Section 4.1). Conversely, UHI intensities are highest at night with a
maximum of 2.45 °C reached in July. The SUHI and the UHI share the same nighttime
seasonality but differ during the day due to different driving processes. SUHIs appear
more driven by the differences in thermal properties between urban and rural
environments as well as the city's complex geometry, whereas UHIs seem to be more
influenced by general wind circulation and local turbulence.

A spatial gradient of precipitation rates over the Paris area from south-west to north-east

has been observed, using the continuous COMEPHORE product of daily rain rates
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(Section 4.2.1). These spatial variations can be attributed to the global synoptic
circulation and to the effect of the city which leads to an increase in precipitation
downwind regardless of the season or the wind direction. On average this increase is
29% (Section 4.2.2).

Our results are quite consistent with those found in the literature in terms of intensity of
the phenomena, seasonal variability, and the underlying physical processes. This
confirms that spatialized data are well adapted for the study of urban climate at a
kilometric scale. Nevertheless, some limitations remain that need to be taken into
account for future studies. The use of satellite imagery for retrieving and analyzing LST
involves inherent issues regarding emissivity estimation, viewing angle, and anisotropy
effects that need further research. As mentioned in Section 2.1.1, the selection of cloud
free remote sensed images induces a bias towards some specific atmospheric situations,
and is a limitation the climatological study of the SUHI for some weather types. On the
other hand, the satellite-based LST products are particularly suitable for monitoring and
studying heat waves.

Another issue, arising from the use of spatialized data for (S)UHI studies, is the
definition of urban and rural environments. We showed that this definition could have a
significant impact on the assessment of UHIs intensity. In this study we chose Urban
and Rural masks fixed in time based on the fact that the city of Paris has seen a
relatively small growth over the past decades. But this is not necessarily the case for all
cities, nor if longer time periods are considered; so the urban expansion needs to be
taken into account.

The databases that have been compiled and studied here constitute long series of
gridded data particularly interesting for the evaluation of meso-scale meteorological
models. In particular, they could be used to verify the capability of high-resolution

regional climate models to simulate local climate and urban effects.
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Figure 1. Map of the city of Paris and the areas studied for the Land Surface
Temperature (MODIS), Air Temperature, and Precipitation (COMEPHORE) analysis.

Figure 2: Comparison of urban LST distributions over 2006-2015 derived from MODIS
(Aqua and Terra) and from SEVIRI data. SEVIRI data are plotted as diurnal cycle. The
thick line is the mean, with the shaded area delimiting the 25th-75th percentiles data
range, and lower and upper dashed lines the 10th and 90th percentiles. MODIS Aqua
and Terra data are presented as boxplots, centered on the satellite mean passing time,
with boxes extending from 25th to 75th percentiles and whiskers indicating 10th and
90th percentiles. Numbers above the x-axis represent the amount of images used for
each hour. Both MODIS and SEVIRI data were selected following the method
presented in Section 2.1.1. All SEVIRI hours were used for each day with a MODIS
image available.

Figure 3: Map of the two circular sectors defined for precipitation analysis as upwind
(control) area and downwind (contributory) area and oriented along the mean wind
direction. The diamonds indicate the location of weather stations providing the long
time series of wind measurements.

Figure 4: Monthly evolution of the urban and rural LST and the different SUHI
indicators presented in Section 3.2 and calculated both for daytime (upper part) and
nighttime (lower part). Numbers on the first chart represent the number of images used
for each month.

Figure 5: Monthly evolution of the urban and rural LST and the different UHI indicators
presented in Section 3.2 and calculated only on the dates selected for MODIS data
analysis. Each chart presents the indicators calculated both for daytime (upper part) and
nighttime (lower part).

Figure 6: Seasonal maps of mean daily precipitation rate produced from the 1997-2012
COMEPHORE database. Values in bold represent the mean daily precipitation of the
season and each classes correspond to 1/2 ¢ of its distribution. Thin lines represent
French departments and the circle illustrates the urban extent.

Figure 7: Comparison of the monthly evolution of the daily precipitation rates recorded
during 1997-2012 time period over the upwind and downwind areas. The distributions
of precipitation rates are presented as boxplots with boxes representing the 25th, 50th,
and 75th percentiles, and whiskers the 10th and 90th percentiles. The crosses indicate
the means. The comparison is done without selection of days (left panel) and for the
rainy days only, i.e. when at least one of the two analysis areas experiences precipitation
rate =1 mm (right panel). The number of days involved each month is indicated at the
top of the charts.
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Table 1: List of potential sources of data on Land Surface Temperature from polar orbiting
satellites. p stands for “present” means that the satellite is still operational in 2019. MSG is shown

as an example of geostationary satellite. Products used for this study are highlighted in grey.
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Table 2: Mean Iyn for different thresholds of missing urban (Pmurb) and rural (Pmrur) pixels, for
summer daytime. Colors represent combination of thresholds where more than 300 (light grey) and

500 (dark grey) images remain.

Pmurb

0O 10 20 30 40 50 60 70 80 90 100
0 |3535 3535 353535353535 35
10 (3.9 4.1 42 42 42 42 42 42 42 42 42
20 |4.0 43 43 43 43 43 43 43 42 42 42
30 (4.0 44 44 44 44 44

40 |4.0 44 44
50 (4.0 44 44
60 (4.0 44 44
70 |4.0 4.4 44
80 (4.0 44 44
90 (4.0 44 44
10014.0 4.4 4.4

Pmrur
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Table 3: Number of MODIS images before selection (Ntot), after selection (Nsel), and the
corresponding selection percentage (Psel), for wintertime and summertime and separately for night

and day.

Day Night
Ntot Nsel Psel | Ntot Nsel Psel
DJF| 2754 327 12% |2754 589 21%
JJA| 2872 593 20% | 2872 419 14%

1cle
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range, and 1ower and upper dashed lines the 10th and
90thglercotiles. MODIS Aqua and Terra data are
pre boxplots, centered on the satellite mean
passitigtume, with boxes extending from 25th to 75th
perg@htileyand whiskers indicating 10th and 90th
per&entiles) Numbers above the x-axis represent the
amou images used for each hour. Both MODIS
igRepReird Sy seraiEbtiowRighteraetrsh

a
predente Section 2.1.1. All SEVIRI hours were
used for each day with a MODIS image available.
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Figgre 3y Map of the two circutats seetiets defined fospprigaipitatinn analysis as upwind (control) area and

downwisd (contributory) area and oriented along the mean wind direction. The diamonds indicate the
location qf weather stations providing the long time series of wind measurements.
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Figure 41 Monthly evolution ofithewiban,andiapsel doband the.ditferent SUHI indicators presented in
Section 3.2 and calculated both for daytime (upper part) and nighttime (lower part). Numbers on the

first chart represent the number of images used for each month.
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Figure 53 Monthly evolution ofythg durban apdeawialodydn:ang e ditfergnt UHI indicators presented in
Section 3.2 and calculated only on the dates selected for MODIS data analysis. Each chart presents the

indicators calculated both for daytime (upper part) and nighttime (lower part).
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Figure 6: Seasonal maps of mean daily
precipitation rate produced from the 1997-2012
COMEPHORE database. Values in bold
represent the mean daily precipitation of the
season and each classes correspond to 1/2 ¢ of
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departments and the circle illustrates the urban
extent.
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