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Abstract: Pavementvatering has been studied since the 1990’s and is currently considered a
promising tool for urban heat island reduction and climate change adaptation. Hopasgble
future water resource availability problems require that water consumption ibezegdt Although
pavement heat flux can be studied to improve pavement-watering methods (frequencyteand wa
consumption), these measurements are costly and require invasive construction wustallto
appropriate sensors in a dense urban environment. Therefore, we analyzed measurememeiof pav
surface temperatures in search of alternative information relevant too#listgvas found that high
frequency surface temperature measurements (more than every 5 minutes) maadrasedrcamera
can provide enough information to optimize the watering frequency. Furthermofee wvdter
retaining capacity of the studied pavement is known, optimization of total wambsumption is
possible on the sole basis of surface temperature measurements.

Keywords

Pavement-watering; evaporative cooling; pavement temperature; urban heat istaate change
adaptation

1. Introduction

Pavement-watering, is only a recent topic in French cities such as Paris and L{éh [1]
while it has been studied asnethod for cooling urban spaces in Japan since the'd[50
[11]. This technique is viewed as a means of reducing urban heat island (UHI) intensity, with
reported air temperature reductions ranging from 0.4°Crat[2} to 4°C at 0.9m [7]. In
France and especially Paris, the predicted increases in heat wave intensity and fregeency
to climate change [12] and the high sensitivity of dense cities to such episodes [13], [14] have
focused research efforts on the search for appropriate adaptation tools. In parallel to
techniques such as developing green spaces and improving urban energy efficiency
pavement-watering is seen as one of these potential tools.

As climate change is also expected to create modifications in regional rain patterns, water
use optimization of this technique is crucial. The City of Paris has taken an interest in
pavement-watering and numerical and experimental studies of the method have been
conducted over the last few years-[B]. Previous work by the authors based on these
experiments revealed that pavement heat flux and solar irradiance measurements could be
used to optimize a pavement-watering technique applied to an approximately N-S street with
an aspect ratio of one (H/W=1) [3]. It was found that the optimum watering method consisted
in watering the exact water-holding capacity of the pavement at the frequency whnehtpre
the surface from drying between watering cycles. In the case of the studied street
configuration and pavement materials, sprinkling 0.24-th80 (equivalent to I/m?) at a
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frequency of every 60 minutes during shading and every 30 minutes during insolation was
recommended.

Unfortunately, streets within the same city often have different configurations or use
different materials which prevent the generalization of conclusions drawn from a single site. It
is therefore recommended to study several characteristic streets before a city-widg strateg
can be developed. However, instaling a heat flux sensor in combination with solar
instruments over long periods of time is an expensive and invasive procedure and requires
close cooperation with the relevant city services to avoid acceptability issues. It is therefore
difficult to install large quantities of these sensors in a dense urban environment.

In order to overcome these issues, we propose to investigate the potential for pavement
surface temperature measurements to provide enough informtatiomprove or even
optimizea pavement-watering method.

2. Materialsand Methods

Temperatures at the street surface and at a depth of 5 cm were investigated on rue du
Louvre, near Les Halles in thé' and 2 Arrondissements in Paris, France over the summer
of 2013. Measurements were collected during the same experiment as that described by
Hendel et al. [3]. Watered and control weather station positions are illustrated in Figure 1.
Both watered and dry portions of the street are approximately 180 m long and 20 m wide. Rue
du Louvre has an aspect ratio approximately equal to one and hB&EaSNSW orientation.
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Figure 1 Map of the rue du Louvre site

All data is presented in local daylight savings time (UTC +2). Statistical analyses were
conducted using the R software environment, version 3.0.1.

2.1. Instruments

Surface temperature measurements were made by a Flir B400 thermal camera with a
spectral range of 7.5-13 um. The camera was placed on the roof terrace of 46, rue du Louvre.
The camera recorded false-color I.R. thermal and visible images simultaneously every hour
on non-watered days and every 10 or 15 minutes on watered days. These images were used to
estimate pavement surface temperature.

Apparent (measured) surface temperatures were corrected with the parameters indicated in
Table 1,as measured by a weather station installed in front of 46, rue du Louvre. The
instruments included and their characteristics are summarized in Table 2. The emissivity of
the studied surfaces was obtained by the reference black body method, using an adhesive with
a known emissivity of 0.95.
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Emissivity 0.97
Distance to target 20m

Reflected temperature ~ Mean radiant temperature (MRT) measured by weathgors

Relative humidity As measured at 1.5 m by weather station

Air temperature As measured at 1.5 m by weather station

Table 1 :Parameters used to correct apparent surface temperature

The weather station instruments within pedestrian reach were protected behind a
cylindrical white-painted steel cage. Black globe temperature, air temperature and wind speed
measurements from the weather station were used to estimate mean radiant temperature
(MRT) using the method described by Thorsson et al. [15]. MRT is used as the apparent
reflected temperature for I.R. camera measurement corrections. Errors introduced by the use
of 4-m rather than 1.5-m wind speed in the calculation of MRT are neglected, as well as the
influence of the steel cage.

Parameter Instrument Height Accuracy
Surface Flir infrared camera o
temperature (7.5—13 um) Surface  2°C
Relative humidity Capacitive hygrometer 15m 15%RH
Air temperature Pt100 1/3 DIN B 15m 0.1°C
Black globe Pt100 1/2 DIN A o
temperature ISO 7726 L5m  0.15°C
Wind speed 2D ultrasonic anemometer 4 m 2%

Table 2:Instrument type, measurement height and accuracy

The camera operated continuously from 8 am on Jlllyr&il 8 am on Septembef"6
Interruptions occurred between 7:20 pm on JiflyBtil 6 pm on July 1% and from 6 pm on
July 12" until 2:30 pm on July 1% These are due to failures of the camera’s time-lapse
computer.

Three street areagere surveyed for their surface temperature as can be found in Figure 2
pavement zone 1, located above the pavement sensor, pavement zone 2, located further
towards the street’s center and a sidewalk zone. All three had an emissivity of 0.97.

Figure 2:Surface temperature measurement zones
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2.2. Watering method

2.2.1. Weather conditions

Watering was started if certain weather conditions were met according to Meit€es
three-day forecast. These as well as those for heat-wave warnings are presented in Table 3.

Parameter Watering starts Heat-wave warning leve

Mean 3-day miniram

air temperatureBMlyin) >16°C >21°C

Mean 3-day maximum
air temperatureBMlyax)

wind speed < 10km/h -
Sky conditions Sunny (less than 2 oktas cloud co\ -

>25C >31°C

Table 3:Weather conditions for pavement-watering and heat-wave warnings

Cleaning trucks were used to sprinkle approximatetynievery hour from 6:30 am to
11:30 am and every 30 minutes from 2 pm until 6:30 pm on the sidewalk and pavement. This
amount of water is considered to be the maximum water-holding capacity of the road surface
in Paris by urban managers. Exact watering times were reported by truck operators, cross-
checked against visible images taken by the rooftop camera when available. Resulting
watering time precision is estimated to be no better than 5 minutes. A picture of pavement-
watering is presented in Figure 3.

Water used for this experiment was supplied by the city’s 1,600 km non-potable water
network, principally sourced from the Ourcq Canal. This water network is currently regarded
by urban managers as having high sustainability potential for urban uses that do not require
potable water such as green space irrigation [16].

3. Street Surface Temperatures

I.R. camera measurements from July 82" (watered), 28 and 2% (control) will now be
considered. As no surface temperature data was collected orf"JoyL 2", it is not possible
to compare wet pavement surface temperatures from Julyi® dry pavement surface
temperatures made a few days before or later in comparable weather conditions™ dsily 20
the closest control day with available data.
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Although sun trajectories can change very rapidly during certain periods of the year, these
changes are relatively small during the month of July. The daytime period on Sulg 20
approximately 25 minutes shorter than on Jdty\8hile solar zenith is reduced by less than
2°. For the purpose of this discussion, we consider these changes to be negligible.

3.1. Reaults

Figure 4 through Figure 7 present corrected apparent surface temperature measurements
for three different areas of the street: the (X) series represents pavement zone 1; the (+) series
represents pavement zone 2; (@ series represents the sidewalk. Some data points are
missing due to passing or parked vehicles over the measurement area. Vertical dot-dashed
lines indicate watering cycles for Julff &nd 22 It should be noted that afternoon watering
on July & occurred about every 45 minutes, while it was every 30 minutes on Jfily 22
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Figure 4 :Corrected Apparent Pavement

» Pavement 1
+ Pavement 2
Sidewalk

x
HEEE

LI L L L B O B B B B
00:00 0300 0600 0900 1200 1500 1800 21:.00 00:00

Time

Surface Temperature on July"20

55

50

45

40

Temperature (in °C)

35

25

20

== Watering cycle

x Pavement 1

+ Pavement2
Sidewalk

B R * Pavement 1
+ Pavement 2
Sidewalk

o
3 o 4

40 25

Temperature (in °C)
35

30

20
L

LI I I S B O B B B
00:00 0300 06:00 09:00 1200 1500 18:00 21:00 00:00

Time

Figure 5: Corrected Apparent Pavement
Surface Temperature on July*21

55

T === Watering cycle

x  Pavement 1

+  Pavement 2
Sidewalk

45

40

.
] o

1
-
r

Temperature (in °C)

35

30

25

20

+

£x
4.

et

gricuss
£

LE

g

L

0000 0300 0600 0900 1200 1500 1800 21:00 00:00 00:00 0300 06:00 0900 12:00 1500 1800 21:00 0000

Time Time

Figure 6: Corrected Apparent Pavement

Figure 7: Corrected Apparent Pavement
Surface Temperature on JuIS'7 8

Surface Temperature on JuIy”ﬁZ

On July 28" and 2% surface temperatures reach a low of 24°C between 6 am and 7 am
and a high of 50-54°C at 4 pm. All three surfaces follow a very similar trend, with nocturnal
temperatures being almost the same for each zone. Differences are more pronounced during
the day, particularly during insolation. During the day, pavement zone 1 is the warmest,
followed by pavement zone 2, while the sidewalk is the coldest.

On July 22 the daily low was also about 24°C, but this temperature was maintained from
7:30 am until 12 pm. A maximum temperature of about 47°C was reached just before
afternoon pavement-watering began. After watering begins, the temperature of all surfaces
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remains below 45°C. Similar temperatures and trends are observed in available data from July
8". Unlike on control days, the sidewalk is the warmest area once afternoon watering begins.

On both July 8 and 239 several temperature spikes are visible just before watering
cycles. For pavement zones 1 and 2, these are mainly found ori"uhjl& for the sidewalk
these can be found on both watered days. On JlJyaBnost all occur once afternoon
watering is underway. On July 2 when watering occurs more frequently, only one
pavement temperature spike is observed after pavement-watering resumes in the afternoon.
Spikes which are found before afternoon watering occur for the pavement zones only. The
amplitude of these local maxima is in the order of 5°C on JlfipBall three zones. On July
22" the amplitude of the sidewalk maxima is reduced to about 2-3°C.

Table 4 summarizes the average changes in surface temperatures between 6:30 am and 1
pm and between 3 pm and 6:30 pm on July® 2@vatered) compared to the average
observations from July 30and 2! (control).

Pavement 1 (x Pavement 2 (+ Sidewalk(o)
6:30 am-1 pm 1.6°C 0.73°C -1.1°C
3 pm-6:30 pm 13°C 11°C 6.2°C

Table 4 Average temperature reductions observed on JUlj(@&tered) compared to average
control day temperatures (July 2@nd 2

Temperature reductions are most important in the afternoon and most pronounced for
pavement zone 1 followed by pavement zone 2. The sidewalk has the lowest temperature
reductions of the three zones and even has higher surface temperatures in the morning of July
22" despite pavement-watering. This is interpreted as being caused by significantly higher
atmospheric temperatures as well as by higher surface temperatures before 6 am 6 July 22

3.2. Discussion

Surface temperatures were found to be lowered by pavement-watering by between 6° and
13°C. The daily minimum temperature was found to be unchanged despite warmer morning
temperatures and was maintained over several hours. The daily maximum temperature was
also several degrees lower on watered days. In addition, temperature spikes were observed on
watered days, both before and during afternoon pavement-watering, which were not present
on control days.

The local temperature spikes found on watered days, both before afternoon watering began
and in between cycles afterwards, allow us to make recommendations to improve the effect of
pavement-watering: afternoon watering should begin just before surface insolation to limit the
initial temperature increase, while a watering cycle period of 30 minutes for the pavement is
sufficient to erase spikes which occur during afternoon pavement-watering. However, 30
minutes remains too long for the sidewalk which requires higher frequency watering.

Indeed, the first spikes in surface temperatures are reached because the first afternoon
watering cycle occurs too late compared to the last morning watering cycle. With more than
two hours since the last watering cycle, the studied surface areas were dry when they became
exposed to direct sunlight. Had watering begun a few minutes before insolation, the surfaces
would have been wet when they became insolated. The water would thehnhitee the
initial temperature increase and lowdthe maximum surface temperature reached. This is
also the case of the sidewalk, even though no maxima are visible before afternoon watering
began. This is due to the fact that the sidewalk remained shaded until watering resumed.
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The spikes reached once afternoon watering is underway indicate an insufficient watering
frequency. They occur in between watering cycles, only if the surface has had enough time
dry out, as is confirmed by corresponding visible images. Increasing the watering frequency
should therefore erase these temperature spikes. This is confirmed when comparing pavement
temperatures from July™8and 22° when the watering cycles occurred every 45 and 30
minutes, respectively. While 45 minutes was too long, 30 minwasssufficient for the
pavement. Since spikes are still visible even with 30-minute watering for the sidewalk, a
shorter watering period is necessdris is due to the sidewalk’s surface texture which is
significantly smoother and therefore retains less water than the pavement.

Pavement temperature observasiane consistent with those made by Kinouchi & Kanda
[5], [6] and Yamagata et al. [8]. Differences in surface temperatures in zones 1 and @ may b
explained by differences in pavement materials and geometry (different surface slopes). In
addition, observations made on pavement zone 1 are quite similar to those made by Hendel et
al. on pavement heat flux [3].

4. Conclusion

The field study conducted on rue du Louvre in Paris over the summer of 2013 has allowed
us to explore the effects of pavement-watering on street surface temperaturesvelidey
found to be reduced by several degrees, both during and after watering.

Surface temperature measurements were found to provide useful information for
optimizing the watering method. Namely, it appears that for pavement surfaces in Paris in the
month of July, watering can be conducted every 30 minutes during insolation of the pavement
and every hour during pavement shading. However, 30 minutes is too long for the sidewalk
during insolation.

The pavement-watering frequency can therefore be optimized on the b#sie-tHfpse
infrared camera temperature surveys. A pyrometer, which measures spot surface temperatures
and is significantly cheaper, could also be used, but unlike I.R. cameras they do not allow the
simultaneous survey of different areas, however, given their lower cost, it may still be feasible
to install several in order to compensate for this. Installation of either instrument in the street
is simple and non-invasive compared to pavement sensors, provided that access to sufficient
electrical power is simple as well. Street lamps makefuitable candidate for the power
supply requirements, but many Parisian streets have street lamps mounted directly onto
building facades where adding additional weight is difficult. To ensure that no relevant data is
omitted, the measurement frequency should be every 5 minutes at least.

Finally, if this method is combined with an independent measurement of the water-holding
capacity of the pavement, the overall water consumption of the pavement-watering method
can be optimized.

Acknowledgements

The authors would like to thank Orange for allowing the use of their rooftop terrace
located at 46, rue du Louvre for instruments used during this experiment. They also
acknowledge the support of Météo-France and APUR as well as the Green Spaces and
Environment, Roads and Traffic and the Waste and Water Divisions of the City of Paris
during the preparation phase of this experiment.

Funding for this experiment was provided for by the Water and Sanitation Department of
the City of Paris.



227

228
229
230
231
232

233

234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275

Nomenclature

APUR Parisian urban planning agency

BMIyin Minimum biometeorological index, 3-day mean of daily low temperat@e,
BMIyax Maximum biometeorological index, 3-day mean of daily high temper&tGre,
MRT mean radiant temperatuf€&

UHI

urban heat island
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