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S UMMARY IN E NGLISH
Since more than half of the world population already lives in cities, it is important to
understand the urban climate and its particularities. One of the typical aspects of urban
areas is that cities are generally warmer than their rural surrounding. This phenomenon
was first time described 200 years ago in the case of London and is commonly referred
to as the Urban Heat Island (UHI).
Urban heat island roots from a wide scale of factors typical for cities. Increased heat
storage caused by higher specific heat capacities of construction materials together with
darker color of urban surfaces, lack of vegetation and open water bodies, anthropogenic
heat added by industry, traffic or air-conditioning, or the specific geometry of the street
canyons are just few examples of how cities become warmer than rural areas. One of the
often suggested ways to mitigate UHI is increasing evaporation by reintroducing vegetation and open water back to urban areas.
One of the possible ways to decrease air temperature is to increase evaporation by
open water, such as ponds, channels, or fountains. Comparative studies have shown that
from all the urban land use types, open water is the most efficient in reducing UHI at a
local scale. This is because urban ponds and channels reduce the air temperature in two
ways: they store the heat and increase its own temperature, and they use the incoming
solar energy to evaporate the water.
The heat that an open water body accumulates during daytime is then released at
night. We have analyzed the magnitude of turbulent - latent and sensible - heat fluxes in
comparison to radiative and ground fluxes in order to further understand in what form
the heat leaves the water. A detailed vertical temperature profile was measured in an
urban pond in Delft (NL) using Distributed Temperature Sensing (DTS) method. This
method allows for high temporal and spatial resolution. In our case, we measured a 2 m
tall temperature profile with 2 mm vertical resolution. The results show that, from the
recorded total of 2.7 MJm−2 of heat released on average by the pond every summer night,
43 % of the thermal energy is emitted as longwave radiation, 39 % as latent energy, and
11 % as sensible heat. Sensible heat is the only flux that increases the air temperature.
An additional 0.1 - 0.3 MJm−2 is transferred into the bottom of the lake.
During the measurements done in Delft we have also observed a thin layer of surface water that is colder than the water beneath it. This phenomenon is known as the
skin effect and was previously described in oceanography and verified in lab measurements. Nonetheless, only a few measurements have been done on the skin effect in field
conditions, and therefore this phenomenon is relatively unknown. We have compared
the measurements obtained in Delft with measurements from two different fresh water
bodies, in Israel and in Ghana, and analyzed the magnitude of the temperature difference and the thickness of the skin layer. The results suggest that the skin effect of fresh
water bodies is predominantly a daytime phenomenon and only occurs during low to
zero wind speeds. The thickness of the skin effect was measured to be an order of magv
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nitude larger than the previously assumed maximum of 1 mm. Despite the testing of
several potential reasons, no solid explanation could be found for the observed depth of
the skin layer.
Air temperature is also cooled by evaporation from water intercepted on paved surfaces. Cooling efficiency of interception was investigated using a 17t h century Japanese
tradition, uchimizu, in which water is sprinkled around houses to cool the ground surface and the air and to settle the dust. Though the method is widely used and its benefits
are agreed on, the number of published studies that have quantified the cooling effects
of uchimizu are limited, and only report measurements of the surface temperature, or of
an air temperature at a single height, as a measure of the cooling effect. We have used
a dense three-dimensional DTS setup to measure air temperature with high spatial and
temporal resolution within one cubic meter of air above an urban surface. Six experiments were performed to systematically study the effects of (1) applied water amount,
(2) initial surface temperature, and (3) shading of the pavement on the cooling effect of
uchimizu. The measurements showed a decrease in air temperature up to 1.5 ◦ C at 2 m
height, and up to 6 ◦ C for near-ground temperature. The strongest cooling was measured
in the shade experiment. There was no clear difference in cooling effect for an amount of
water applied of 1 l/m2 and 2 l/m2 , but after application of a large amount of water (>5
l/m2 ), the strong near-ground cooling effect was approximately twice as high as when
only 1 mm of water was applied. The dense measurement grid used in this research also
enabled us to detect the rising turbulent eddies created by the heated surface.
Next to open water and wetted paved surfaces, evaporative cooling can also be provided via transpiration of vegetation. One of the repeatedly suggested measures to moderate the urban heat island are green roofs. We have investigated several extensive sedumcovered green roofs in Utrecht (NL) and their effect on air temperature right above the
roof surface. Temperature was measured 15 and 30 cm above the roof surface and also
in the substrate. We showed that under well-watered conditions, the air above the green
roof, compared to the white gravel roof, was colder at night and warmer during the day.
This suggests that, if well-watered, extensive sedum-covered green roofs might help decrease air temperatures at night, when the urban heat island is strongest, but possibly
contribute to high daytime temperatures. The average 24 hour effect of sedum-covered
green roof was a 0.2◦ C increase of air temperature 15 cm above the sedum surface. During a dry year the examined green roof exhibited behavior similar to conventional white
gravel roof and even exhibited slight cooling effect in late afternoon. Interestingly, the
pattern of soil temperature remained almost the same for both dry and well-prospering
green roofs, colder during the day and warmer at night.

S AMENVATTING IN HET
N EDERLANDS
Omdat al meer dan de helft van de wereldpopulatie in steden woont, is het belangrijk om
het klimaat in stedelijke omgevingen goed te begrijpen. Een van de typische aspecten
van verstedelijkte gebieden, is dat deze over het algemeen warmer zijn dan de landelijke
gebieden rondom steden. Dit fenomeen werd al 200 jaar geleden beschreven in Londen
en staat bekend als het Urban Heat Island (stedelijke hitte-eilandeffect).
Urban Heat Islands (UHI) worden veroorzaakt door een scala typische karakteristieken van steden. Veelgebruikte materialen in stedelijke gebieden hebben donkere kleuren en hogere specifieke warmtecapaciteiten en veroorzaken daardoor een verhoogde
warmteopslag. Ook zijn er in steden vaak minder planten en open water te vinden.
Daarnaast voegen menselijke warmtebronnen zoals industrie, verkeer, airconditioning
en geometrie van straten nog extra hitte toe aan de stad in vergelijking tot rurale gebieden. Een van de gesuggereerde manieren om UHI’s tegen te gaan is door de verdamping
te vergroten door middel van het herintroduceren van planten en open water in stedelijke gebieden.
Luchttemperatuur kan verlaagd worden door middel van hogere verdamping van
water uit vijvers, kanalen of fonteinen. Vergelijkende studies hebben al laten zien dat
open water het meest efficiënte manier is op UHI’s tegen te gaan op kleinere schaal.
Open water verlaagd luchttemperatuur op twee manieren: het kan zelf warmte opslaan
en ze onttrekken energie door water te laten verdampen.
De warmte die accumuleert in open water gedurende de dag wordt ’s nachts weer uitgestoten. In deze dissertatie zijn de groottes van turbulente (latente en voelbare) warmtefluxen in vergelijking tot de warmtestraling vanuit de bodem geanalyseerd om beter
te begrijpen hoe de warmte het open water verlaat. Hiervoor zijn temperatuurprofielen
van in totaal twee meter van de lucht boven een open waterlichaam in Delft (Nederland) met hoge ruimtelijke resolutie (2mm) gemeten. Hieruit is gebleken dat in totaal
2.7 MJ/m2 aan warmte wordt uitgestoten boven een vijver elke nacht tijdens de zomer,
waarvan 43% als warmtestraling, 39% als latente energie en 11% als voelbare energie. De
voelbare energie is de enige flux die de luchttemperatuur doet stijgen. Daarnaast is 0.1 –
0.3 MJ/m2 aan warmte overgegaan in de bodem van de vijver.
Tijdens de metingen in Delft is ook waargenomen dat een dunne laag van het wateroppervlak kouder is dan het water daaronder. Dit fenomeen staat bekend als het skineffect en is reeds beschreven in de oceanografie en bevestigd tijdens laboratoriumexperimenten. Echter, slechts weinig metingen van het skineffect zijn gedaan in het veld
en daardoor is er nog steeds veel onbekend over dit fenomeen. In dit proefschrift zijn
metingen van het skineffect vergeleken onder veldomstandigheden in Delft, Ghana en
Israël, met name de grootte van het verschil in temperatuur tussen de koude laag en
vii
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het onderliggende water en de dikte van deze koudere laag. De resultaten laten zien
dat het skineffect van zoetwaterlichamen voornamelijk tijdens de dag plaatsvindt en alleen tijdens momenten met weinig tot geen wind. De dikte van deze koude laag is een
ordegrootte groter dan de tot dusver aangenomen 1mm. Ondanks het testen van verschillende hypotheses is er nog geen eenduidige verklaring gevonden voor de dikte van
de koude laag.
Luchttemperatuur wordt ook gekoeld door water dat verdampt van verhard oppervlakte (interceptie) in de stad. De koelefficiëntie van interceptie is onderzocht door
middel van het gebruik van een 17e-eeuwse Japanse traditie uchimizu, waarbij water
rondom huizen wordt gesprenkeld om de bodem te koelen en om het stof in de lucht te
laten neerdalen. Alhoewel deze methode alom wordt gebruikt en men het eens is over
de voordelen zijn er weinig studies gepubliceerd die de koeling van uchimizu gekwantificeerd hebben. Daarnaast rapporteren de enige beschikbare studies alleen het effect op
de oppervlaktetemperatuur of op de luchttemperatuur op een enkele hoogte. Dit proefschrift presenteert data van een driedimensionale Distributed Temperature Sensing¬opstelling (DTS), waarbij luchttemperatuur met hoge ruimtelijke en temporele resolutie
binnen een kubieke meter boven een stedelijk verhard oppervlak gemeten is. Er zijn zes
experimenten uitgevoerd om systematisch te bestuderen wat de effecten zijn van (1) de
hoeveelheid besprenkeld water, (2) de aanvankelijke oppervlaktetemperatuur en (3) de
mate van schaduw op de koelende werking van uchizmizu. De metingen laten zien dat
de luchttemperatuur gekoeld kan worden met 1.5 graden op een hoogte van 2 meter, tot
6 graden dichtbij de grond. De sterkste koeling werd gemeten tijdens het experiment
met de meeste schaduw. Er was geen duidelijk verschil tussen het koeleffect bij een besprenkelde hoeveelheid van 1L/m2 en 2L/m2 , maar bij besprenkeling met een hoge hoeveelheid water (>5L/m2 ), de sterkte koeling dichtbij de bodem was ongeveer twee keer
zo hoog als bij besprenkeling met slechts 1 L/m2 . De gebruikte meetopstelling met hoge
dichtheid van kabels stelde ook in staat om opkomende turbulente wervels, gecreëerd
door het verhitte oppervlakte, te detecteren.
Behalve open water en bewaterde verharde oppervlaktes kan koeling middels verdamping ook vergroot worden door transpiratie van water door vegetatie. Een van de
veelvoorkomende suggesties om UHI’s tegen te gaan zijn groene daken. Dit proefschrift
heeft het effect van met sedum bedekte groene daken in Utrecht op de luchttemperatuur boven deze daken onderzocht. De luchttemperatuur is gemeten op 15 en 30 cm
boven het oppervlakte, alsmede in het substraat van het dak. Tijdens goed bewaterde
omstandigheden is de lucht boven het groene dak ’s nachts kouder en overdag warmer
vergeleken met een wit, met gravel bedekt, dak. Dit suggereert dat, indien goed bewaterd, daken die met sedumplanten bedekt zijn helpen om de luchttemperatuur ’s nachts,
wanneer het UHI het sterkste is, te koelen, maar mogelijk leiden tot een hogere luchttemperatuur overdag. Het middelde 24-uurseffect van sedumdaken was een verhoging
van de luchttemperatuur met 0.2 C op 15cm boven het dak. Tijdens een droog jaar gedraagt een sedumdak zich nagenoeg gelijk als een wit graveldak en laat zelfs een licht
koelend effect zien in de namiddag. De dynamiek van bodemtemperatuur op een groen
dak is nagenoeg hetzelfde tijdens droge en natte omstandigheden; kouder tijdens de dag
en warmer tijdens de nacht.
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I NTRODUCTION

1

2

1

1. I NTRODUCTION

During the last decades, solutions involving combinations of vegetation and water
became increasingly popular for rain water management in cities [Liao et al. (2017)].
Incorporating vegetated areas and water detention facilities for drainage and peak flow
reduction after strong rainfalls has several benefits compared to the traditional gray solutions, e.g. for improvement of storm water quality. These so called blue-green solutions – blue for water, green for vegetation – are easier to adapt for changing rain intensities, they are more aesthetically pleasing, and they provide additional ecosystem
services, such as habitats for various species of fish, birds, invertebrates, and also plants.
Additionally, many blue-green solutions have claimed effect on urban climate, reducing
extreme heat by up to several degrees. This thesis focuses on the cooling effect of urban
water and vegetation.
Generally, blue-green solutions are adaptation measures that incorporate water, vegetation, and combinations of the two. Examples include urban ponds, green roofs [Santamouris (2014); Berardi et al. (2014)], bioswales [Allen et al. (2015); Leroy et al. (2016)],
or rain gardens [Li et al. (2016); Tang et al. (2015)]. Utilizing blue green solutions not
only minimizes the water shortage for vegetation during heat stress, but also enhances
storage capacity and reduces peak flows during and after heavy rainfall events [Voskamp
and Van de Ven (2015)]. Anther advantage is that they can be specifically designed for
each location.
Extreme heat is a common problem in the urban environment. A problem that is intensified by a phenomenon called the Urban Heat Island (UHI) and by projected climate
change. Due to climate change, the average air temperature rises and the frequency
and intensity of heat waves is predicted to increase [Perkins et al. (2012)]. This will not
be without consequences, as several studies have shown that higher temperatures can
lower the quality of sleep, and increase the risk of respiratory illnesses and cardiovascular mortality [e.g. Changnon et al. (1996); Patz et al. (2005); Tan et al. (2007); Peng et al.
(2011)]. For example, at high temperatures (as defined by Baccini et al. (2008) for different climate zones) the mortality increases by 20 % to 35 % [Paravantis et al. (2017)].
Thermal comfort, or perceived temperature, refers to the way people experience
their environment. Many studies focused on thermal comfort of indoor environments
and the effect of, for example, air-conditioning, or presence of plants [e.g. Frontczak and
Wargocki (2011); Baird and Field (2013)]. Outdoor thermal comfort of urban areas is related to many different factors. Some of the most important and often studied factors
include air temperature, radiative temperature, relative humidity, wind speed, but also
age, gender, clothing, or general fitness [Djongyang et al. (2010); Rupp et al. (2015)].
Temperatures in cities are almost always higher than those in the surrounding rural
areas. This is a consequence of many factors, including the presence of high specific heat
capacity materials used for construction of buildings and roads, lower albedo of urban
surfaces, and heat added by human activities. This difference in temperature between
cities and rural areas was first time described almost 200 years ago in the case of London
[Howard (1820)], but was more intensively studied only during the last two decades.
The UHI is generally defined as the difference between temperature in the city and in
the rural (surrounding) area. This, however, leaves space for interpretation. The UHI can
be approached from different perspectives: (1) daytime vs nighttime UHI, (2) surface vs
urban canopy vs boundary layer UHI, (3) point measurements vs average values. Surface
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UHI is usually referred to, when large remote sensing datasets are used. This is particularly useful for studying differences between average UHI for different neighbourhoods
[Huang and Cadenasso (2016)], land uses [Jenerette et al. (2016)], or whole cities [Zhou
et al. (2014)]. Urban canopy UHI is usually associated with point measurements of air
temperature, or with case studies investigating the effect of a particular adaptation measure on the air temperature [e.g. van Hove et al. (2015)]. Boundary layer UHI is relatively
less common in literature, since it requires complex measurement techniques such as
meteorological towers, aircraft measurements, or lidar [Barlow (2014)]. In this thesis we
focus on the urban canopy UHI.
In recent years, much attention has been given to finding solutions to mitigate the urban canopy UHI. Many studies have focused on quantifying the cooling effects of certain
measures. Those measures can be, in general, divided into solutions that aim to reduce
the heating through structural and architectural changes, such as a higher albedo [Salamanca et al. (2012)] or a reduced sky view factor [Wang et al. (2011)], and those solutions
that aim at cooling through increased evaporation [Theeuwes et al. (2013)].
Blue-green solutions are part of the solutions that aim to decrease extreme temperature by increased evaporation [Rozos et al. (2013); Voskamp and Van de Ven (2015)].
Green roofs and green walls, vegetated swales, urban parks, water retentive paving materials, and open water bodies, have all been studied in order to quantify their cooling
performance. Nonetheless, majority of the published research results were case studies
only focusing on a performance of one particular blue-green solution at one particular
location.
This thesis focuses on quantifying the role water plays in the cooling effect of bluegreen solutions in urban environments. We performed several measurement campaigns
and analyzed the results in a way that is adaptable for and transferable to other cases. For
example: instead of asking “How does this green roof influence the air temperature?”, we
aim to answer a more basic question of “What is the influence of soil moisture on thermal
performance of a green roof?”.
The aim of this introduction is to elaborate on the role of water in the different components of natural cooling processes of urban areas. We focus on the relationship between water and energy, on how the energy balance of cities is shifted from latent heat
towards sensible heat, and ground flux, which are the components that cause increase
in air and surface temperature respectively. As evaporation and energy are inevitably
linked, we discuss the role water plays in the energy balance of urban area and the effectiveness of using blue-green elements as cooling solutions. Knowledge gaps will be
identified to create the basis for the leading research questions for this thesis and its
under-laying research.

1.1 E NERGY BALANCE
Within the surface energy balance, net radiation (R n [Wm−2 ]) can be expressed as sum of
incoming shortwave radiation (R S ) and incoming longwave radiation (R L ), minus energy
emitted:
R n = (1 − α)R S + (1 − ²)R L − ²σT 4

(1.1)
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Where α is albedo [-] of the surface, ² is emissivity [-], σ is Stefan Boltzmann constant
[Wm2 K−4 ], and T is temperature [K]. This balance can be also expressed as
R n = H + E +G

(1.2)

Where H [Wm−2 ] represents sensible heat flux, E [Wm−2 ] latent heat flux due to
evaporation of water, and G [Wm−2 ] ground flux. Sensible heat flux is what warms up the
air above a dry surface. For instantaneous values, Equation 1.1 represents the available
amount of energy at any given moment, while Equation 1.2 represents how the available
energy is portioned to different fluxes.
Cities generally transform the incoming solar radiation more into sensible heat than
into latent heat - their Bowen ratio (H /E ) is higher. Due to dryer conditions, the ability of
urban areas to convert radiation into latent heat is lower than that of rural areas. Consequently, the ground heat flux and the amount of energy released in the form of sensible
heat is magnified [Oke (1982)].
The latent heat flux - evaporation - is an important component of the energy balance. Globally, evaporation, including transpiration of plants, consumes almost 22 % of
available solar energy [Qiu et al. (2013)]. The average net incoming radiation on a partly
cloudy summer day in the Netherlands is between 200 and 300 Wm−2 , or about7 - 12
MJm−2 . Energy necessary to evaporate one liter of water equals 2260 kJ, which means
that to evaporate just 2 mm of water requires up to about half of the energy provided by
solar radiation per day. Consequently, this energy is no longer available for heating up
the air. Lack of water for evaporation is one of the drivers of differences in the energy
balance in urban areas compared to rural areas. A detailed water balance study of a 2
hectare, 47 % paved housing area and a 93 % paved, 0.76 ha parking lot in the city of
Lelystad (NL) over the period 1970 - 1984 showed an annual evaporation of 312 mm/y
(42 % of total precipitation) and 138 mm/yr (18 %) respectively [Van de Ven (1990)]. In
comparison Verhagen et al. (2014) reported an average actual evaporation of a deciduous forest located some 70 kilometers away from Lelystad equal to 609 mm/y and 681
mm/yr for a coniferous forest over 1951 - 2013. Elbers et al. (2010) reports an annual
actual evaporation of two grassland sites located in the center of Holland of 567 ± 89
mm/yr in 2006 (73 % of annual precipitation) and 548 ± 60 mm/yr in 2003/2004 (81 %).
Although no direct comparison can be made, it could be argued that the actual annual
evaporation of a "regular" housing area is some 200 - 250 mm less than the evaporation
of a "regular" rural area. For the paved parking lot this difference is in the order of 370 420 mm/yr.
We may hypothesize that this difference is created during warm and dry spring and
summer days, not throughout the wet, humid and colder fall and winter season. The
difference in actual evaporation between rural and urban environment will be the largest
on warm and dry days during the growing season, ranging from May - September. Under
the assumption that this period contains about 100 - 125 "summer" days per year the
difference in evaporation is at least about 1.5 - 2 mm/d for the housing area or about 3.5
- 4.5 MJm−2 day−1 . This is on average a quarter to one third of the daily net incoming
solar radiation. Similarly, for the parking lot these figures are 3 - 4 mm/d of reduced
evaporation or about half to equal to the average net solar radiation. No wonder that the
urban area runs hot on sunny days.
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1.2 M ITIGATING H EAT S TRESS
In particular since the beginning of this century, heat stress in urban areas has been
recognized as a serious problem, as shown above. Hence, urban planners, designers and
landscape architects, urban climate specialists, and hydrologists have been looking for
effective measures to mitigate heat stress and the UHI in particular.

1.2.1 L ATENT HEAT
Comparative studies have shown that open water is the most efficient of all the city land
use types in reducing UHI in its surrounding [Rinner and Hussain (2011); Olah (2012)],
although disputed by CPC-Consortium (2014). Another effective remedy is evaporation
of vegetation. From various different vegetated surfaces commonly found in cities, grass
showed the highest evaporation rate [Peters et al. (2011)]. However, trees have several
degrees higher cooling effect than grassy surfaces, which suggests that the contribution
of shading cannot be neglected either [Olah (2012)]. Other sources of evaporation in
the city are evaporation (drying) of intercepted water on vegetation, roofs, and paved
surfaces after rainfall or other wetting.
O PEN WATER BODIES
Open water evaporation from urban surface water bodies such as ponds, lakes, canals,
and rivers have a direct effect on the latent energy component of the energy balance.
Even presence of a swimming pool in a garden resulted in lower temperatures in the
area [Halper et al. (2012)]. Literature about cooling effect of ponds is however relatively
scarce, often just part of a larger assessment of the UHI and possibilities of its mitigation
[i.e. Kleerekoper et al. (2012); Taleghani (2017); Völker et al. (2013)]. Literature about
urban ponds and lakes mostly focuses on investigation of other functions, such as urban water storage [Furumai (2008)], flood protection [Meierdiercks et al. (2010)], water
treatment [Martin (1988)], decorative purposes[Nasar and Li (2004)], or even energy harvesting [Aparicio Medrano (2008); de Graaf et al. (2008)]. Storing water locally not only
can help reduce ambient temperature. It is also beneficial during extreme rainfall events
to avoid flooding, and during dry spells to lower the costs for irrigation, which would
normally be done with high-quality potable water [Coutts et al. (2012)]. There are also
several studies considering the temperature regime of the water body itself and its impact on water quality [Jacobs et al. (1997); Hester and Bauman (2013)].
Limiting factors to evaporative cooling caused by a water surface include humidity
and wind speed. If relative humidity reaches 100%, an equilibrium between evaporation
and condensation is established. This can happen in a thin layer above water during
calm summer days [Hisatake et al. (1993)] and significantly restrict evaporation. Therefore, a determining factor is wind speed, as this is a powerful engine behind convective
vapor transport from water into the higher atmosphere.
V EGETATION
Compared to the effect of urban surface water bodies, the effect of green areas on city
temperature is better researched. There is a relatively wide spectrum of articles addressing cooling by the different types of green spaces in urban area such as, green roofs [e.g.
Berardi et al. (2014); Peri et al. (2013)], grassy areas [Wu et al. (2014)], parks [Shishegar

1

6

1

1. I NTRODUCTION

(2014)], and trees [Taleghani (2017)]. Evaporation by the vegetation suggests to be of
great importance for cooling. The presence of vegetation indeed shows a negative correlation with temperature [Gabor and Jombach (2010)]. Bowler et al. (2010) summarized
articles that measured the effect of the aforementioned categories of urban green space
on air temperature. They concluded that incorporating green areas always lowers air
temperature at least at a local scale. However, the magnitude of the effect is hard to estimate, since it depends on many factors such as specific species, soil moisture availability, and local climate. Specific species are often generalized to categories such as ’grass’,
’coniferous trees’, or ’broad-leaf trees’, which makes it hard to investigate potentially relevant differences in cooling effect between plant species. However, the evaporation rates
of various species of trees and turf grasses in urban areas were quantified by several studies [e.g. Bush et al. (2008); Zhang et al. (2007)] and show that cold-season grasses have
the highest evaporation rate. Peters et al. (2011) measured the evaporation fluxes from
residential and recreational areas in a city and concluded that the relative contribution
of vegetation types to evaporation rate depends on the season. For example, broadleaf trees reach their maximal potential during late summer, but grass in spring and fall.
Grass is also the most common vegetation cover in urban areas, both irrigated and nonirrigated and therefore contributes the most to the evaporation component of the urban
water budget and hence to cooling.
Actual evaporation of vegetation depends on the availability of water in the root zone.
Depth of the root zone is species and soil type dependent. Trees tend to have a deeper
and wider root system than most grasses, thus can sustain evaporation better in periods of drought than grass. Limited soil moisture content during drought also influences
opening of the stomata in leaves and thus evaporation. Some plants - like Sedum - can
stop transpiring to save water and survive dry spells due to an adapted photosynthesis
mechanism. Data on soil conditions, groundwater depth, on the root zone depth, and
vegetation species are therefore important to estimate actual evaporation, and thus latent energy flux.
Green roofs can be considered a special case in urban greening for two reasons. First,
the effect of green roofs is not sensible at the street level as is the case for other urban greening. Second, sedum - which is a commonly used plant for extensive green
roofs - behaves differently than other types of plants, the metabolism of sedum is highly
resistant to drought and requires only minimum maintenance through irrigation [Nagase and Dunnett (2010); Kircher (2002); Monterusso et al. (2005)]. Drought resilience
is achieved by limiting the transpiration during daytime hours and postponing it until
night. Hence, sedum is expected to have a cooling effect on nighttime air temperatures,
but not during the day.
I NTERCEPTED WATER
Water from rainfall or sprinkler irrigation is intercepted by vegetation and on paved surfaces and roofs. Several techniques are available to mitigate heat this way. For example
in Japan, where water is sprinkled on the pavement. This tradition is called uchimizu
and is still used today as immediate cooling technique during hot summer days [Matsubara and Sawashima (1993)]. The effect of such a measure is local and time limited,
but it can temporarily decrease the local air temperature by several degrees [Slingerland
(2012)].
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Other methods utilizing intercepted water are blue roofs and water retentive pavements. They too can help reduce the sensible heat flux [Takebayashi and Moriyama
(2007)]. Utilizing intercepted water by harvesting in a retentive pavement can cool the
environment by 3 ◦ C at night and up to 8 ◦ C during day [Yamagata et al. (2008)]. Similar
principles hold for blue roofs, with the additional benefit of indoor cooling and reduction in air conditioning energy consumption [Pisello (2017)].
The cooling effect of evaporating intercepted water is temporal, for short periods
following rainfall, as the volume of water is limited; during longer dry spells this reservoir
is empty. Additionally, evaporation from bare soil and paved surfaces is at an absolute
minimum or non-existent during droughts, unless water is supplied from an external
source.

1.2.2 A LBEDO
Albedo ("whiteness") is the fraction of solar shortwave radiation reflected by the surface
of a material. The part of the radiation that is not reflected is adsorbed by the surface.
The albedo value determines how much incoming solar energy becomes available as
heat and is consequently extremely important for the thermal control of the urban environment. Simply painting all roofs with a reflecting color - cool roofs - can decrease the
overall UHI up to 33% [Oleson et al. (2010)]. Many urban surfaces, however, have a lower
albedo than natural surfaces and therefore produce more heat. Although expected otherwise, data on albedo of urban surface materials are limited. Table 1.1 contains albedo
values for urban surfaces retrieved from literature as well as values from own observations in Delft.
As can be seen in Table 1.1, the albedo of urban surfaces strongly depends on type
and state of the surface cover. Wet pavements tend to have a lower albedo than dry ones
- a phenomenon hardly ever mentioned in literature. Given the diversity of the surface
cover in urban areas, heat production can vary largely from place to place.
Albedo is also an important parameter influencing the amount of heat storage in
the surface water. Albedo of surface water is generally considered relatively low during
summer day (ca 6%) when the zenith angle is low. Field observations of a highly turbid
urban pond in Delft in the summer of 2014 showed values of approximately 3%. With
sun closer to the horizon albedo of water surface increases.

1.2.3 S HADING
High evaporative rates of grasses would suggest that grass has the strongest evaporative
cooling power. However, grassy surfaces show several degrees lower cooling effect than
trees 0.5 m above ground [Shashua-Bar et al. (2009)]. This addresses yet another important parameter, the role of shading. Especially in tropical climates, shading is one of the
leading factors in cooling effect of vegetation during daytime [Oke (1989)]. Shading certain areas reduces sky view factor, thereby lowering the peak in local air temperature at
street level [Hien and Jusuf (2010); Wang and Akbari (2016); Zölch et al. (2016)]. On the
other hand, just shading a certain area may have the opposite effect of what is expected,
i.e. increased ambient air temperature. According to a study comparing several identical courtyards with different amounts and types of vegetation cover, simply covering the
area to provide shade can increase the air temperature and also reduce the ventilation
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Table 1.1: Albedo values reported in literature [Psiloglou and Kambezidis (2009); Rutgers (1998)] and measured
in Delft [Romeijn (2014)]

Surface

Details

Albedo
Measured Delft
wet
dry
0.05 0.4
0.15-0.20
-

Literature
Soil
Forest
Water

dark and wet
light and dry
deciduous
small zenith
angle
large zenith
angle

Sand
Grass
Asphalt
Concrete
Brick
mixed
red
gray
Gravel
Paving
Natural
stones
Artificial
stones

smooth
coarse

0.03 - 0.10

0.05 - 0.07

-

0.10 - 1.00

0.80 - 1.00

-

0.15 - 0.45
0.16 - 0.26
0.05 - 0.20
0.10 - 0.35
0.20 - 0.40
-

0.22
0.17
0.07
0.19
0.06
0.07
0.13
0.30
0.12
0.09

0.22
0.18
0.07
0.23
0.07
0.07
0.15
0.28
0.15
0.11

-

0.35

0.51

-

0.15

0.16
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by wind by 50% [Shashua-Bar et al. (2009)]. The combination of higher temperature and
lower wind speed results in significantly lower thermal comfort than if the place would
be well ventilated.
Shading caused by vegetation has a different effect in different climates and even
in different positions with respect to buildings and other vegetation. While parks provide cooling during both night and day, trees planted along roads in between buildings
can prevent nighttime cooling due to reduced ventilation, leading to higher nighttime
temperatures than in streets without vegetation [Hien and Jusuf (2010)]. Shading provided by trees in between buildings reduces the outgoing long-wave radiation at night
and therefore prevents radiative cooling [Yamashita et al. (1986)]. A study by McPherson
et al. (1988) showed consequences of vegetative shading on use of heating and air conditioning. While west wall shading in a tropical city can lower electricity consumption
for air conditioning, the same positioning of trees in cold regions will prevent sun irradiation and increase the demand for heating. Correspondingly, wind speed reduction is
more welcome in cold regions than in tropical ones.

1.2.4 H EAT STORAGE IN SURFACE WATER
Measurements previously done by Slingerland (2012) in a stagnant urban canal in Rotterdam showed fluctuations of the top 0.20 m of water by more than two degrees during
the day (6am till 10pm). Since heating one liter of water by 1 K requires 4190 J of energy,
heating up one square meter of 20 cm layer of water (200 liters/m2 ) by two degrees requires 1676 kJ of energy. The recorded incoming solar radiation that day (28 July 2011)
was 12800 kJ/m2. This implies that over 13% of incoming solar energy was absorbed by
the top layer of the canal with total depth of 1,1 m [Slingerland (2012)]. Unfortunately, no
information was provided on the turbidity of this water, nor on the temperature increase
below this 0.20 m top layer.
Turbidity of the water plays a role when it comes to radiation absorption. The net
incoming solar radiation in turbid waters is converted to heat in the top layer. In contrast, radiation can penetrate deeper in cleaner waters and the incoming energy (heat)
is distributed more equally over the depth of the water column. So, in the case of turbid water the top layer becomes hotter than it would for clean water, likely leading to a
higher evaporation rate.
Surface water absorbs solar radiation very well and hence can effectively be used as a
solar heat collector, as demonstrated in Paleiskwartier in ’s-Hertogenbosch (The Netherlands) where an urban pond is used to feed the warm well of an Aquifer Thermal Energy
System for heating of surrounding apartment and office buildings [Aparicio Medrano
(2008)].
The ability of urban surface water bodies to store solar heat brings up the discussion
about when and how this heat is released. During winter periods open water surfaces
are the warmest areas in the city, and their warming effect is also visible at night, when
the water temperature is higher than the air temperature in the city area [Hathway and
Sharples (2012); Theeuwes et al. (2013); Steeneveld et al. (2014)]. This release of stored
heat can enhance the UHI-effect by increasing minimum temperatures during summer
nights [Albers et al. (2015); Jacobs et al. (1997)]. The same phenomenon is observed for
road pavements and buildings. However, due to their smaller heat capacity and high
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thermal conductance the effect on air temperature might be smaller than for urban surface water. The only way for buildings and pavements to cool at night is by long wave
radiation and sensible heat flux from solid material to air, while surface water bodies
continue to evaporate as well. Investigations on the ratio between cooling at night-time
by long wave radiation versus cooling by evaporation versus cooling by a sensible heat
flux were not found.

1.3 D ISCUSSION
The link between the availability of water and ambient temperature in urban areas is
recognized but not yet well understood. Several factors are subject of scientific debate.

V EGETATION
There are not many studies that in practice investigating the effect of a park beyond its
boundary to quantify their zone of thermal influence. Existing studies have often contradicting conclusions. Most conclusions are based on modelling results. Chen and Wong
(2006) showed that cooling effect of a park can extend to its surrounding and influence
nearby built up area, but the effect dissipates rapidly with distance. The cooling effect
disappears even faster when we consider the thermal comfort of inhabitants. By simply crossing the street when exiting a park perceived temperature (as defined by Höppe
(1999)) can rise by up to 15 K [Heusinkveld et al. (2011)].
A lack of measurements of physical causes of cooling effect can be seen for urban
vegetation. It is disputable if, for example, green roofs will still have a cooling effect,
when transpiration is restricted by water stress. Modelling studies have shown contradictory results. While some suggest that the cooling effect will disappear when the soil
moisture is limited [e.g. Suter et al. (2017)], other predict cooling also for low moisture
content [Li et al. (2014)].
O PEN WATER BODIES
The highest cooling effect of lakes can be also observed close to the shore and several
studies show that the effect mitigates after few tenths of meters [Xu et al. (2010)]. However, minor effects of a big enough lake can be expected even several kilometers far
[Theeuwes et al. (2013)]. Factors such as the size of the water body, its shape, location
in the city, and water temperature have an impact on the cooling effect of urban surface
water. When it comes to size, it seems that bigger areas of open water have stronger effects on the surroundings. However, the drop in temperature caused by presence of a
water body decreases with increased area [Sun et al. (2012)].
It has been proven that a water body not only evaporates, but also stores heat, but it
stays unclear what is the ratio of these processes both during the day and night. Research
on possible warming effect of water bodies on ambient air caused by releasing heat at
night is also very scarce [e.g. Theeuwes et al. (2013)]. The observed cooling of a surface
water body at night could also, at least partly, be the result of evaporation. The contributions of urban water bodies to the increased minimum temperatures during summer
nights is yet to be investigated.
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S IZE
Several smaller blue or green areas may be more beneficial than one large park or pond
due to its oasis effect [Armson et al. (2012)].There is a limiting factor to the size. It was
found that only parks bigger than 2 ha had continuous effect greater than 1.5 degrees
(Nagoya, Japan) [Cao et al. (2010)]. Two hectares is also the optimal size for ponds. Although small water bodies of several square meters showed influence on surrounding
temperature, optimal effect can be reached around 2 ha of size. Large lakes have only
slightly greater cooling effect [Xu et al. (2010)].
T HERMAL COMFORT
One can argue, that higher humidity caused by additional evaporation can lower the perceived cooling effect by decreasing the thermal comfort of inhabitants [Saneinejad et al.
(2014)]. Yet, Saaroni and Ziv (2003) concluded that, during most of the day, a lake does
not contribute to the air humidity more than a grassy area or park. Later in the afternoon, a lake seems to evaporate more than grassy surfaces but altogether significantly
less than during the hottest part of the day. This suggests that the effect of open water on
thermal comfort may not be noticeable. Presence of trees or grass does not seem to have
a strong influence on the air humidity either. A small increase of humidity was found
only up to half a meter above grassy surface, or high in the canopy of trees [ShashuaBar et al. (2009)]. This suggests that the actual drop of thermal comfort due to higher
humidity may be unnoticeable to inhabitants. Local humidity changes due to evaporation will depend on mixing processes in the lower atmosphere and thus on wind speed.
This relation with the canopy boundary layer and urban boundary layer has hardly been
investigated in urban areas.
B LUE - GREEN SOLUTIONS
Research has been done on the micro-climatological effects of vegetation and water bodies on urban areas, but the physical basis of these effects is hardly researched and largely
just assumed. Hence, unresolved remains how much influence blue-green solutions
have on ambient air temperatures in the urban environment.

1.4 R ESEARCH QUESTIONS
It can be argued that a substantial part of urban heat stress and the urban heat island
phenomenon is caused by a lack of water, resulting in a reduction of the latent energy
flux and an increase in the sensible heat flux. The total latent energy flux (total evaporative flux) from common urban areas is substantially smaller than from vegetated rural
areas. The city is unable to "sweat" properly which makes it run hotter. Boosting evaporation seems an effective strategy to reducing ambient air temperatures in an urban
environment in hot and dry periods. For a hot summer day an additional 2-3 mm/day of
evaporation in urban areas would bring the evaporative water consumption - hence the
latent energy flux - on the same level as in rural areas (for moderate sea climate as in the
Netherlands).
Literature analysis revealed the need for further understanding of the role water plays
in cooling of urban ares. The main research questions addressed in this thesis are as
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follows:
The cooling effect of urban surface water, in particular during night-time, is unclear.
There is a discussion in literature of the possible downsides of the large heat storage capacity of water bodies for nightly air temperatures. Investigating the radiative, sensible,
ground, and the latent heat flux from a surface water body around the clock could contribute to better understanding of how this body influences ambient air temperatures
during day and night. And, as nightly minimum air temperatures are extremely important for the size and consequences of the UHI, we have have concentrated on the nightly
energy fluxes.
• What is the effect of open water bodies on nighttime ambient air temperature
above water surface?
Effect of open water on daytime temperature has been often addressed in UHI mitigation research all over the world. It has also been postulated that the heat that
water stored during daytime is released at night and heats up the air. In Chapter
4, we investigate the ways heat leaves the water body during night, and discuss the
potential effect on air temperature.
Also, the effect of intercepted water on air temperature was hardly investigated in
previous research. Yet, providing an additional source of evaporation by sprinkling water
on urban roofs and paved surfaces might prove to be a simple, yet effective, way towards
mitigating UHI.
• What is the cooling effect of intercepted water on paved surfaces?
Rain water is intercepted by both vegetation and paved surfaces. Chapter 5 presents
the effect of evaporation of water from a wet paved surface in Dutch climate when
using an old Japanese water sprinkling technique.
Actual evaporation of urban vegetation is strongly related to the availability of water
in the root zone. We found no studies investigating this relation. Vegetation was irrigated
if serious water shortage could occur. In urban environments the relation between the
amount of water that was supplied, depth and size of the root zone, soil moisture content
of the root zone, the soil type in the root zone, the type (species) of vegetation, and actual
evaporation remains to be investigated.
Green roofs have been mainly installed for storm water management and for their
positive effect on indoor temperatures. However, they have been also promoted for their
possible role in mitigating the UHI. This has been mostly proven for irrigated intensive
green roofs and green gardens. The potential cooling effect of extensive green roofs was
studied to a lesser degree, and always under relatively well watered conditions.
• What is the influence of soil moisture on thermal performance of an extensive
green roof?
Several green roofs were investigated under different soil moisture conditions, including an extreme case of drought, in order to quantify the effect of water availability on outdoor air temperature. Results of this study are presented in Chapter
6.
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In the course of investigating these main research questions and their components,
two supplementary research issues arose. The cooling effect of urban surface and intercepted water was investigated with Distributed Temperature Sensing (DTS). This technique uses a glass fibre for detail and precise monitoring of temperature [Selker et al.
(2006)]. When using the DTS for daytime air temperature measurements we found a
distinct pattern caused by effect of solar radiation.
• What is the effect of solar radiation on temperature measurements using Distributed
Temperature Sensing?
Chapter 2 deals with the effect of solar radiation on the measurement set up used in
chapter four and five, and, consequently, with the effect of radiation on temperature
measurements using DTS.
And second, when measuring water temperature in order to assess the energy balance of urban pond, a cold layer of water at the surface of warmer water was frequently
observed. This temperature anomaly should be relatively unstable, yet it prevailed for
several hours on almost all measurement days.
• What is the diurnal evolution and the thickness of skin effect of fresh water bodies?
Chapter 3 introduces a typical temperature profile of air-water interface measured
during daytime. This profile usually includes a ca 1.5 ◦ C temperature drop near the
water surface, the skin effect. We provide a first analysis based on high-resolution
field measurements from three different measurement campaigns.

1

2
E FFECT OF RADIATION ON DTS
MEASUREMENTS

Parts of this chapter have been published in Geoscientific Instrumentation: Methods and Data Systems
(Hilgersom et al., 2016b)
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2. E FFECT OF RADIATION ON DTS MEASUREMENTS

2.1 I NTRODUCTION

2

Distributed Temperature Sensing (DTS) became increasingly popular in recent years.
Beside studies focusing on temperature measurements of water [Selker et al. (2006); Vogt
et al. (2010); Westhoff et al. (2007a); Vercauteren et al. (2011); Van Emmerik et al. (2013)]
or soil [Steele-Dunne et al. (2010); Jansen et al. (2011); Ciocca et al. (2012)], DTS has
been also used for monitoring of air temperature [Thomas et al. (2012); ?); De Jong et al.
(2015)].
DTS is based on Raman scattering of laser beam travelling through a fiber-optic cable. Decrease in wavelength of the back-scattered light is temperature sensitive and is
referred to as the anti-Stokes signal. Decrease in wavelength is relatively temperature
insensitive and is referred to as Stokes signal. Combination of the travelling time of the
signal up and down the cable and ratio of the Stokes and anti-Stokes signal is used to
determine the temperature along the cable.
Solar radiation heats up the fiber optic cable and the auxiliary construction, which
can lead to inaccuracies in DTS temperature measurements. The effect of solar radiation on the cable was already reported by De Jong et al. (2015). This chapter discusses
the air temperature measurements errors introduced by the tubular structure on which
the cable is mounted, based on measurement results. The datasets were acquired using
different types of auxiliary construction, which allowed an analysis of the influence of solar radiation for different constructions on DTS temperature measurements in relation
to the openness of the auxiliary construction and the amount of incoming radiation.

2.2 M ETHODS
Influence of the auxiliary construction on the temperature measurement is generally neglected. This assumption might not hold when the auxiliary construction used for fixing the cable has high thermal mass or different thermal properties than the measured
medium. In such cases, fast changes in temperature will not be correctly reported due to
the thermal inertia of the tube. This problem is for example apparent in measurements
of air temperature, where there is both rapid fluctuation and low heat content. When
measuring air temperature, one must also consider the effect of radiation on the probe
[e.g., Vercauteren et al. (2011); Oldroyd et al. (2013)]. Color of the cable coating and direct exposure to solar radiation can have influence on the temperature measurement up
to several degrees [De Jong et al. (2015)], and is also relevant underwater [Neilson et al.
(2010)].
For the assessment of the influence of the construction material on DTS temperature measurements, we compare three datasets acquired between 2011 and 2014. All
experiments used different auxiliary constructions on which the fiber optic cables were
mounted. The construction types varied between an almost imperforated transparent
PVC tube to an open hyperboloid PVC construction (Table 2.1).
I MPERFORATED PVC TUBE , D ELFT ( THE N ETHERLANDS )
From 25 to 30 June, 2012, the temperature profile in and above a ditch in Delft (51.996◦ N,
4.377◦ E) was measured using a Sensornet Oryx (Sensornet Ltd., Hertfordshire, UK), with
a 2 m intrinsic machine resolution and 1 min temporal resolution. The cable (AFL 1.6
mm simplex 50/125, white) was wrapped around a 1.8 m long transparent PVC tube with
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Table 2.1: Details of the data from three fieldwork experiments in small reservoirs used in this study: (a) Delft
(Netherlands) using an imperforated construction, (b) Delft (Netherlands) using a perforated construction,
and (c) Binaba (Ghana) using an open construction.

Site

Measurement period

Delft

5 - 30 June, 2012

Delft

9 July - 7 August, 2014

Binaba

23 - 27 October, 2011

(a)

Sensor
Sensornet
Oryx
Silixa
Ultima-S
Sensornet
Halo

Machine
resolution

Coil
resolution

Temporal
resolution

Construction
type

2m

0.02 m

1 min

Imperforated

0.3 m

0.004 m

5 min

Perforated

4m

0.008 m

1 min

Open

(b)

0.15 m

5 mm
spacing

1.8 m

2.0 m

0.3 m
1.8 m

5 mm
spacing

0.07 m

5 mm
spacing

(c)

0.11 m

0.8 m

Figure 2.1: Used measurement setups for the three experiments, (a) in Delft from 25 – 30 June, 2012, (b) in Delft
from 9 July – 7 August, 2014 and (c) 23 – 27 October, 2011.
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a diameter of 0.15 m, and a wall thickness of 5 mm. Small holes (5 mm diameter) were
made on four sides of the tube, every 30 cm in the vertical direction. The tube is considered as imperforated, as 99.9% of the cable was in contact with the tube. The cable was
wrapped around the tube with 5 mm spacing, resulting in a 0.01 m coil resolution, see
Figure 2.1a.
P ERFORATED PVC TUBE , D ELFT ( THE N ETHERLANDS )
From 9 July to 7 August, 2014, the temperature profile in a shallow urban pond in Delft
(52.007◦ N, 4.375◦ E) was measured using a Silixa Ultima-S (Silixa Ltd., Hertfordshire, UK),
with a 0.3 m intrinsic machine resolution and set to report with 5 min temporal resolution. The cable (AFL 1.6 mm simplex 50/125, white) was wrapped around a 2.0 m long
transparent PVC tube with a diameter of 0.11 m, and a wall thickness of 5 mm. The tube
was perforated with 2 cm diameter openings on four sides, every 7.5 cm in the vertical
direction (covering approximately 5% of the total area of the tube). From the total cable,
95.0% was in contact with the PVC tube. At heights where the perforations are centered,
77.1% of the cable was in contact with the PVC tube. The cable was wrapped around the
coil with 5 mm spacing, resulting in a 0.002 m vertical coil resolution, see Figure 2.1b.
O PEN CONSTRUCTION , B INABA (G HANA )
From 23 to 27 October, 2011, the temperature profile in the shallow Lake Binaba (10.781◦ N,
0.479◦ W) was measured using a Sensornet Halo (Sensornet Ltd., Hertfordshire, UK), with
a 4 m intrinsic machine resolution and set to 1 min temporal resolution. The cable
(AFL 1.6 mm simplex 50/125, white) was wrapped around a 1.8 m hyperboloid frame,
that consisted of six PVC tubes (25 mm diameter). In these tubes, grooves were made
to mount the cable easily with equal spacing. The open construction was designed to
minimize radiation absorption by the construction and allow water and air to flow freely
through the construction. For more details on the construction, see van Emmerik et al.
(2013). Because of the open construction, only 3.1% of the cable was in contact with
PVC. The cable was wrapped around the construction with 5 mm spacing, resulting in a
0.004 m coil resolution (Figure 2.1c).
The three data sets are compared for their air temperature profile measurements
above the water surface. The perforated setup was used to quantify the radiation effect
on the temperature measurements through the auxiliary construction. The temperature
profile was separated into (1) measurement points that were only in contact with the
tube (T t ube ) and (2) measurement points that were in contact with both air and the tube
(T ai r ). The spatially averaged difference between T ai r and T t ube was used as a measure
of radiation influence. Please note that since T ai r was still partially influenced by the
construction, the real deviation between temperature at the tube and in the air might be
underestimated.

2.3 R ESULTS
Figure 2.2 shows typical vertical profiles of air temperature at 12 P.M. during a clear day.
Figure 2.2a shows a relatively smooth profile for the imperforated PVC tube. For the
perforated profile (Figure 2.2b), one can see a clear pattern in the vertical profile. A drop
in temperature was observed about every 7 cm, corresponding with the locations of the
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(a) DTS on unperforated PVC tube
0.5

(b) DTS on perforated PVC tube

(c) DTS on open contruction

0.45

Height above water [m]
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0.25
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0.1
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Temperature [ °C]
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Figure 2.2: Typical air temperature profiles measured by DTS on (a) an imperforated PVC tube in Delft, (b) a
perforated PVC tube and (c) an open construction. All profiles were taken on a cloudless day at 12PM.

holes. This profile demonstrates the temperature difference between cable that is only in
contact with the tube, and cable that is in contact with both air and the tube. In the case
of the open construction, where only 3.1% of the cable was in contact with the PVC, the
temperature profile reflects mainly air temperature and direct radiation (Figure 2.2c).
Due to very high sampling resolution of measurements, and the high precision of the
temperature measurements (0.01 ◦ C) in Figure 2.2b, we can also observe the influence
of direct solar radiation exposure (the shaded versus the exposed side of the column) as
smaller (up to 0.2 ◦ C) fluctuations in temperature. A clear influence of incoming shortwave radiation on the temperature data is visible for our various measurement setups,
especially those with PVC tubes employed as the basis of construction. The profiles in
Figure 2.2a and 2.2c look similar at first. However, because of the differences in construction, the temperatures were influenced by different processes, of which the effect is
demonstrated in Figure 2.2b. The PVC tube influences the heat transfer processes from
air and radiation to the cable, which causes a deviation between the cable temperature
and actual air temperature.
The temperature measured by the cable that was placed over the perforations was up
to 0.5 ◦ C lower than the temperature measured by cable that was glued to the construction (Figure2.2b). Note that the machine resolution is 0.3 m, and the perforations are 0.02
m in diameter. The temperature that was assumed as air temperature is therefore still influenced by the tube, and hence the temperature difference between the cable in the air
and attached to the tube is underestimated. Similar patterns can be seen throughout the
whole measurement period. Our method to determine T ai r is a conservative estimation,
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and the real effect on the DTS temperature might be even higher.

0.5

∆ T [°C]

2

0

-0.5
07/10
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07/20

07/22

07/24
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07/30

08/01

08/03

08/05

Figure 2.3: Measured temperature differences between temperature measured over the holes and over PVC
(T ai r – T t ube ) during July and beginning of August 2014 including two cases of a morning dew on 18 and 26
July, 2014.

A relatively open construction (i.e., a low mass density) instead of a 5% perforated
tube significantly reduces the radiation effects (Figure 2.2c). In this case, it is important
to allow air/fluid circulation to prevent delayed temperature signals, which are likely to
cause delayed response, and thus hysteresis patterns.
Figure 2.4a shows the relation between solar radiation and difference in temperature
measured over the perforations and temperature measured on the tube. Different colors depict wind speed. For points with no (or very low) effect of wind (dark blue), we
observe a relation between temperature difference and radiation. The temperature difference is smaller during the night than it is during the day. Presence of wind makes the
influence of the tube on the DTS measurement less predictable. With winds higher than
0.5 m/s, the influence on temperature varies from 0 to 0.4 ◦ C without any relation to radiation. The only exception is night (radiation equals 0 Wm−2 ). At night, all temperature
differences scatter around zero and even reach slightly positive values (up to 0.1 ◦ C).
More complex patterns occur during morning and evening transitions, thus between
0 and 500 Wm−2 . During clear days, with almost no cloud cover, we observed hysteresis between morning and evening behavior of the temperature differences. Figure
2.4(b) shows the temperature differences on 14 and 18 July, 2014. For a sunny day (18
July, 2014), the temperature difference reaches relatively high values already early in
the morning, when radiation is still quite low (0.25 ◦ C difference by 50 Wm−2 ). In the
evening of the same day, T ai r and T t ube reach the same values already with radiation
values around 500 Wm−2 . Similar, but less pronounced, behavior can be observed also
for more cloudy days (14 July, 2014).

2.4 O UTLOOK
Earlier work that used PVC tubes for coil-wrapped DTS setups discussed the heating
effect of auxiliary constructions due to solar radiation [e.g.,Selker et al. (2006); Suárez
et al. (2011); Vercauteren et al. (2011); Van Emmerik et al. (2013)]. Although our findings show that solar radiation causes temperature deviations up to 0.5 ◦ C, transparent
or light colored PVC is still the best choice for minimizing the radiation effect. It is advisable to use a radiation model prior actual measurements to estimate possible effect
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Figure 2.4: (a) Relation between temperature differences (T ai r – T t ube ), solar radiation, and wind speed
(shown on color scale in m/s), (b) hysteresis in morning and evening transition in relation between temperature differences (T ai r – T t ube ) and solar radiation
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of radiation driven heating on temperature measurements. Similarly, discoloring of the
cables and construction by algae growth or environmental depositions likely increases
temperature errors. In outdoor applications it is advised to apply ecologically sound
anti-fouling paint to prevent discoloring of the cable.
One might also employ auxiliary construction design that shades the fiber wrapped
around it, such as included in the installation of Vercauteren et al. (2011). Making setups
like these from PVC tubes, however, is more complicated. The emerging 3D printing
technique may make such approaches more feasible.

2.5 C ONCLUSIONS
Our results show that using PVC auxiliary constructions can cause temperature measurement deviations up to 0.5 °C. This can be even higher for other set-ups and/or conditions.
Daily temperature deviations show a clear hysteresis pattern during clear days. The
slow warm-up of the PVC cools the cable in the morning, and the heat-retaining PVC
warms the cable in the afternoon.

3
T EMPERATURE PROFILE OF
AIR - WATER INTERFACE

Parts of this chapter were published in Water (Solcerova et al., 2018a).
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3.1 I NTRODUCTION

3

Estimations of the energy balance of lakes and reservoirs are important to determine
their heating and cooling processes, as the (thermo)dynamics of lakes and reservoirs and
their water balance are significantly influenced by the surface energy fluxes [HendersonSellers (1986); Tanny et al. (2008); Van Emmerik et al. (2013); Nordbo et al. (2011)]. Previous studies showed a clear temperature drop at the air–water interface [Van Emmerik
et al. (2013); Solcerova et al. (submitted.); Vercauteren et al. (2011); Selker et al. (2006)].
At first, we assumed that this was in fact the wet bulb temperature due to splashing of
water on the measurement setup. However, the lower temperatures are below the water
surface, which suggests the occurrence of a radiation and evaporation driven skin effect.
The skin effect refers to a thin, more or less stable layer of surface water that is colder
than the water beneath it due to radiative and latent energy loss that exceeds the replenishment of energy via shortwave absorption or thermal diffusion from the lower water.
As the energy transfer from water to atmosphere (evaporation, long-wave radiation, or
sensible heat) happens at the surface, a thin cold layer is created (the skin effect) [Minnett et al. (2011); Fairall et al. (1996)]. In natural lakes, the upwelling long-wave radiation
dominates long-wave energy transfer. This is due to the surface supplying all outgoing
long-wave energy, while incoming shortwave energy is absorbed through the first meters
of the water column. The thickness of the skin layer is hypothesised to be regulated by
conductive and diffusive heat processes [Saunders (1967)]. Detailed analysis about the
heat exchange and energy transfer over the water surface can be found in Edinger et al.
(1974).
Existence of a skin effect results from low turbulence close to the water surface compared to the layers below. In cases where density is inverted and far from interfaces in
water, heat is most rapidly transferred by turbulent mixing. Close to the surface, however, low Reynolds numbers suppress turbulence, and thus viscous forces and molecular
processes prevail. Thus, the heat from lower water layers is only transferred to the laminar top layer by molecular conduction, which is an order of magnitude less efficient than
turbulent mixing [Ward and Minnett (2002)].
A colder layer of water on the surface is a documented phenomenon in oceanography and most research about the skin effect of water bodies has been focused on oceans
[Minnett et al. (2011); Ridley et al. (1997); Kang et al. (2015)]. The greater of research focussed on skin effect in oceanography as compared to fresh water reservoirs is related to
the fact that the surface of oceans is particularly interesting from biological and chemical perspective. The top 0–1 mm of ocean surfaces contains a higher concentration of
bacteria and larvae, as well as having elevated concentrations of non-polar molecules
attracted to the air–water interface [Hardy (1982); Bidleman and Olney (1974)].
A few studies measured the skin effect in lakes as well [Woodcock and Stommel (1947);
Wilson et al. (2013)]. Available studies on the skin effect agree that the colder layer can
be present during both day and night, and that the temperature difference between the
skin and the temperature of underlying water (∆T w at er ) is highest during the daytime
[Schluessel et al. (1990); Wilson et al. (2013)]. However, to date, there have been few
analyses that have investigated under which conditions it occurs, and what affects the
skin effect magnitude. In this paper, we use novel measurements to also analyze and
discuss the timing of occurrence of the skin effect.

3.2. M ATERIALS AND M ETHODS
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Although the skin effect has been previously measured [e.g., Jessup and Branch (2008);
Schluessel et al. (1990); Kang et al. (2015); Ridley et al. (1997)], the measurements of the
skin effect thickness remain scarce. Previous work on the skin effect thickness suggested
that the effect is limited to about one millimeter. However, until now, no measurements
of skin effect of fresh water were done under field conditions. For example, Grassl (1976)
derived the thickness of the skin effect mathematically, Duan et al. (2008) used saturation vapour pressure measurements from funnel measurements, and Hisatake et al.
(1993) performed measurements under laboratory conditions by lowering a thermocouple into water and then retrieving it again. In laboratory conditions, one could never
reach the prevailing outgoing longwave radiation, as is typical for open sky. Our paper presents a first analysis based on high-resolution field measurements obtained from
three different measurement campaigns.
This chapter aims to quantify the skin effect of natural water bodies. We present
high-resolution temperature measurements of air–water interface from three different
locations using Distributed Temperature Sensing (DTS), and discuss potential explanations for the observed phenomena.

3.2 M ATERIALS AND M ETHODS
Goals of the methodology are to obtain high-resolution measurements of the skin effect
and link them to the development of the skin temperature. In this section, we first introduce the measurement technique and the way we defined the variables such as the skin
temperature and thickness; later, we describe the specifics of each measurement site.

3.2.1 H IGH -R ESOLUTION M EASUREMENTS
DTS was used to measure vertical temperature profiles at very high-resolution in three
different locations. DTS is a method that allows for high-resolution temperature measurements in air [?De Jong et al. (2015)], water [Van Emmerik et al. (2013); Westhoff et al.
(2007b); Sebok et al. (2013a)], and soil [Steele-Dunne et al. (2010); Bense et al. (2016a)].
The method is based on backscatter of light traveling through a fiber optic cable. The ratio between backscatter of various wavelengths is indicative of the temperature along
the cable. More details about the DTS method can be found in [Selker et al. (2006); Tyler
et al. (2009)].
The resolution of DTS can be increased by wrapping the fibre optic cable around an
auxiliary construction [Selker et al. (2006); Hilgersom et al. (2016a)]. In this research, we
are using two types of auxiliary constructions, both allowing for measuring the vertical
temperature with sub-centimeter resolution. However, attaching cables to a construction can introduce an error in observed air temperature values. The effect of the construction on the measurements can be found in Hilgersom et al. (2016b).
3.2.2 M EASURED AND C ALCULATED VARIABLES
Continuous measurements of air–water interface resulted in temperature profiles similar to the one seen in Figure 3.1a. We define the bulk water temperature (T w at er [◦ C])
as the average temperature over ∼0.10 m below the water surface, air temperature (T ai r
[◦ C]) as the average temperature over ∼0.10 m above the water surface, and the skin tem-
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perature as the measured minimum temperature (Tmi n [◦ C]).
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Figure 3.1: (a) schematization of temperatures used in Equations (1)–(4). T sur f was calculated from outgoing
longwave radiation measurements. T ai r , Tmi n , and T w at er are temperatures measured with the DTS setup;
thickness of the skin effect shown on temperature measurement in Delft 15 July 2014 at 3:00 p.m.

∆T w at er represents the difference between the bulk temperature of water (T w at er )
and the measured minimum temperature (Tmi n ). ∆T ai r represent the difference between the bulk temperature of air (T ai r ) and the measured minimum temperature (Tmi n ):
∆T ai r = T ai r − Tmi n ,

(3.1)

∆T w at er = T w at er − Tmi n .

(3.2)

We define the temperature drop as the smaller of the two thermal gradients found in
the water ∆T w at er and air ∆T ai r immediately above and below the air–water interface:
∆Td r op = mi n(∆T w at er , ∆T ai r ).

(3.3)

When there is no thermal skin layer (∆Td r op = 0), Tmi n is defined as equal to the
surface temperature.
A second important parameter measured at the water surface was the thickness of
the skin layer. The thickness was defined as the distance between the minimum measured temperature (Tmi n ) and the point where the local numerical derivative of the water
temperature changed from negative to positive values (Figure 3.1b); in other words, the
place where the water temperature does not increase any more compared to the above
laying measurement.

3.2.3 M EASUREMENT L OCATIONS AND M ONITORING E QUIPMENT
Three datasets were used in this research, one from an urban pond in Delft (The Netherlands), one from Lake Binaba in Ghana, and one from Lake Kinneret in Israel. All three
datasets included a high-resolution temperature profile of water–air interface. Data from
Delft and Israel also included meteorological observations. In the following, the measurements setups will be discussed briefly. More detailed descriptions can be found in
Hilgersom et al. (2016b) and Van Emmerik et al. (2013).

3.2. M ATERIALS AND M ETHODS

27

D ELFT P OND
Measurements took place from 12 July through 7 August 2014 in a shallow urban pond
at the Amalia van Solmslaan in Delft, the Netherlands (52.007◦ N, 4.375◦ E). The climate of Netherlands is moderate oceanic with summer starting in June and ending midSeptember. Average water depth in the pond is 0.7 m and the average area of water surface is 3627 m2 .
For DTS, a Silixa Ultima (Silixa Ltd., Hertfordshire, UK) with spatial resolution of 0.3
m was used. The sampling resolution in the glass fibre cable was set to 0.126 m (to satisfy the Nyquist criteria for spatial resolution) and the temporal resolution 5 min. Double ended calibration [Van De Giesen et al. (2012a)] was used including two calibration
baths, one with unheated water and one with water heated to ∼35 ◦ C. The temperatures
in the calibration baths were measured with two Pt100 temperature probes built into the
DTS.
A vertical temperature profile was measured at two locations in the northeast corner
of the pond. An optical cable (AFL 1.6 mm simplex 50/125, white) was wrapped around
a 200 cm long transparent PVC tube with 11 cm diameter resulting in ∼2 mm vertical
resolution of the temperature measurements (Figure 3.2a). To ensure ventilation, four
2 cm diameter holes were drilled into the tube every 6–8 cm. Each temperature profile
covered ∼20 cm of the mud on the bottom of the pond, 70 cm of water, and 110 cm of
air. The same type of optical cable was used for all three measurement locations.
More details about the setup used in Delft can be found in previous chapter; see
Figure 2.1b.
A. SETUP DELFT

1.1m

AIR

0.7m
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SOIL

B. SETUP KINNERET AND BINABA

0.3m
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HOT
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HOT
COLD
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Figure 3.2: DTS measurement setup used in (A) Delft, and (B) Kinneret and Binaba.

Air temperature, relative humidity, wind speed, wind direction, and precipitation
were measured using a standard HOBO weather station (Onset Computer CO., Bourne,
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MA, USA) in the middle of the pond. Additionally, incoming and outgoing short- and
long-wave radiation were measured using a CNR4 net radiometer (Kipp & Zonen, Delft,
The Netherlands).
The measurements in Delft also included longwave outgoing radiation, which allowed for calculation of the surface temperature (T sur f ) using the Stefan–Boltzmann
law:

3

4
Rl out = σ²T sur
f,

(3.4)

where Rlout is the measured outgoing longwave radiation [Wm−2 ], T is the surface temperature [K], ² = 0.98 [-] is the emissivity of water Wen-Yao et al. (1987) and σ = 5.67 ×
10−8 Wm−2 K−4 is the Stefan–Boltzmann constant.
A parameter influencing the calculated surface temperature is the emissivity of the
water. Emissivity decreases with higher sediment concentration in water; for highly turbid salty water, it can drop down to 0.95 [Wen-Yao et al. (1987)]. The turbidity of the
urban pond in Delft was not measured. Therefore, we performed a sensitivity analysis of
the surface temperature to emissivity. With decreasing emissivity values, the calculated
surface temperatures increased. As a consequence, the T sur f could change by up to 2.8
K depending on the chosen emissivity value. For this analysis, the value 0.98 was chosen
based on the fact that the measurements were taken in and above highly turbid fresh
water body, as suggested in the literature Wen-Yao et al. (1987).
L AKE B INABA
Measurements in Lake Binaba were taken between 24 and 28 October 2011. The climate
of northern Ghana (10.78◦ N, 0.48◦ W), where the lake is located, is tropical with a dry
and wet season. During the rainy season, April to September, the lake is fed by runoff
via natural streams. Lake Binaba is a small artificial lake with average depth 3 m and
lake surface 4.5 km2 . Water from the lake is used for small-scale irrigation and domestic
water use.
A four-meter resolution Halo DTS Sensor (Sensornet, Hertfordshire, UK) was used at
this site. The sampling resolution was 2.03 m and temporal averaging 2 min. Doubleended calibration was used including two calibration baths, one with unheated water
and one with water heated to ∼35 ◦ C. Two HOBO Tidbit Mini Underwater Temperature
Data loggers (Onset Computer CO.) with a logging interval of 1 min were used to measure
the temperature in the calibration baths.
Vertical temperature profiles were measured in the pond using an open construction. A fiber-optic cable was wrapped around a PVC hyperboloid frame (Figure 3.2b)
constructed from PVC pipes. Extra weight was added to the bottom of the frame to counteract the buoyancy caused by air trapped in the PVC pipes. The open construction of
the setup ensured low influence of direct solar radiation, and free flow of water and air
through the construction. The vertical resolution created by wrapping the wire around
the construction was ∼4 mm.
More details about the setup used in Ghana can be found in previous chapter; see
Figure 2.1c.
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L AKE K INNERET
Measurements in Lake Kinneret (32.78◦ N, 35.59◦ E) took place between 6 and 9 October
2011. Climate of northern Israel is warm Mediterranean with a colder rainy season between October and April. Lake Kinneret has an average lake surface of 166 km2 . During
the experiment, a northwesterly sea breeze formed each afternoon and usually peaked
at 3:00 p.m. local time with wind speed of ∼5–10 m/s. The wind was significantly lower
for the rest of the day: <2 m/s from 8:00 p.m. until 12:00 p.m. the following day.
An Oryx (Sensornet) with two-meter resolution was used to record the temperature
with spatial samples averaging 1.03 m and temporal averaging 1 min. Single ended calibration [Hausner et al. (2011)] was used including two calibration baths. Temperature in
the calibration baths, as well as the temperature measurement method, was the same as
for the measurements taken in Lake Binaba. Additionally, the setup used was the same
for both Binaba and Kinneret. However, a higher sampling resolution of the Oryx DTS
machine resulted in vertical resolution of ∼2 mm.
A meteorological station was placed in the middle of Lake Kinneret. Air temperature, relative humidity (both probe model 43372C, R.M. Young), wind speed and wind
direction (MA-05106 wind monitor, R.M. Young) were measured in 10 min intervals.

3.3 R ESULTS
3.3.1 S URFACE T EMPERATURE
Comparison of the calculated surface temperature (T sur f ) and two temperatures measured using DTS (T w at er and Tmi n ) can be seen in Figure 3.3a. At night, T sur f followed
the measured water temperature (T w at er ); however, during the day, T sur f reached on
average 0.6 K higher values than T w at er . Average temperature of T sur f and T w at er over
the whole measurement period was 23.3 ◦ C and 23.0 ◦ C, respectively. Average measured
Tmi n reached only 20.6 ◦ C. This might suggest that T w at er is a better approximation of
the surface temperature than Tmi n . However, Tmi n followed the variation of T sur f and
the amplitude of its diurnal change almost exactly, with an offset of 2.7 K. The minimum
temperature (Tmi n ) measured proved to be well correlated with the surface temperature
(T sur f ) calculated from outgoing longwave radiation measurements for the Delft location using Equation (4). The offset of 2.7 K is well in the accuracy range of the pyrgometer that recorded the outgoing longwave radiation used for the calculation of the surface
temperature. Figure 3.3b shows a scatter plot of the calculated surface temperature (yaxis) and Tmi n and T w at er . Correlation coefficients of T sur f and the two temperatures
measured using DTS were 0.86 for Tmi n and 0.68 for T w at er .
All measurements showed a temperature decrease close to the water surface during the day (Figure 3.4). In general, the temperature drop followed a diurnal pattern at
all three locations. Maximum values were reached between 12:00 p.m. and 4:00 p.m.
in Delft and between 11:00 a.m. and 2:00 p.m. in Kinneret. At the Binnaba location,
the maximum temperature differences occurred at a different time on each of the four
measurement days. At night, the anomaly disappeared.
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Figure 3.3: (a) temperature of water surface calculated from measured longwave radiation in Delft, and temperatures measured by DTS (see Figure 3.1) at the same location; (b) scatter plot of T w at er and Tmi n (x-axis)
and T sur f (y-axis).
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3.3.2 E NERGY B ALANCE OF WATER S URFACE
The observed total thickness of the colder layer of water was measured to be up to 3 cm
(Figure 3.5). Existence of a colder layer of water on top of warm water creates instability. The cold layer will periodically mix with the warmer water below through finger-like
structures Hilgersom et al. (2017).
4
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Figure 3.5: Thickness and size of the temperature drop at water surface measured in Delft.

The creation of a colder layer of water near the water surface can be approached
from the energy-balance point of view. If the average temperature drop (∆Td r op ) of the
top 3 cm is ∼1 K, and the heat capacity of water equals 4.2 kJ kg−1 K−1 , the energy deficit
compared to the water below is about 126 kJm−2 . The heat flux Q [Wm−2 ] between the
warm and cold water layer can be calculated using:
Q = −K w at er ∗ A ∗

dT
,
dz

(3.5)

where Kw at er = 0.58 Wm−1 K−1 is the thermal conductivity of water, A = 1 m2 is the unit
area, and ddTz [Km−1 ] is temperature gradient over depth. With a temperature gradient of
∼1 K over 3 cm, the flux is ∼20 Wm−2 .
The average net longwave radiation measured at the location in Delft during a day
was –50 Wm−2 , meaning there was a radiative flux from water to the air. If we assume
the water was cooled by the radiative flux only and the flux from water to the top layer
is 20 Wm−2 , the time to extract 126 kJ by a 30 Wm−2 flux is computed to be 70 min.
Indeed, the temperature difference of the top layer shows fluctuations in time. Local
minima in the temperature difference (∆Td r op ) occurred on average once every 25 to 95
min (Figure 3.6). The instantaneous differences in time periods are caused by turbulent
fluxes: evaporation and sensible heat, which were not investigated in this research.

3.4 D ISCUSSION
We have presented measurements of a localized, transient surface temperature drop
found at the air–water interface at different locations with three different climates. For
the Delft case, we have compared it to the surface temperature calculated from long
wave radiation observations. Our measurements suggest that this temperature anomaly
is the skin effect, as the minimum temperature occurs at the water–air interface.
A skin effect is not the only possible explanation for occurrence of a temperature
drop close to the water surface. Another possible explanation is a measurement artifact
caused by the splashing of water on our sensor systems. Small waves could continuously
wet the optical fiber of the measurement setup, which would consequently record temperature similar to wet bulb temperature. Waves on the water surface of lakes and ponds
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Figure 3.6: Time series of the temperature drop (∆Td r op ) on 12 July 2014 in Delft.

are generally created by wind. Figure 3.7 shows a daily occurrence of the temperature
drop, and its size (∆Td r op ), and the wind speed. Both data sets show that, with higher
wind speeds, the temperature difference decreased, or even disappeared totally.
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Figure 3.7: Size of the temperature drop (∆Td r op ) in relation to wind speed for measurements in (a) Delft, and
(b) Kinneret.

Figure 3.7 convincingly illustrates that the recorded minimum is not related to splashing water or wet bulb temperature. It is possible that, at some occasions, especially during moments with wind speeds above zero (e.g., Figure 3.7a in the evening of 14 July),
splashing of water is what is causing the temperature to appear colder close to water
surface. This also corresponds with the fact that the correlation of the minimum temperature measured by DTS in Delft (Tmi n ) with calculated water surface temperature
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(Tmi n ) was weaker at times with higher wind speeds.
Interestingly though, the calculated water surface temperature had an offset of 2.7 K
compared to the measured skin temperature. As mentioned before, this offset is within
the range of precision of the pyrgeometer used. Nonetheless, the proximity of the buildings surrounding the pond might have had an additional effect on the radiation measurements as well. During the daytime and especially early evening hours, the surface
temperature of the buildings was higher than the temperature of the pond. The additional longwave radiation from the walls of the buildings could have contributed to the
recorded longwave radiation of the pond.
However, it remains to be investigated how weather conditions and the physical properties of the water body influence the occurrence, size, and disappearance of the temperature drop. For example, although the temperature drop was predominantly measured
during daytime, occasionally it persisted over night. This situation was mostly visible
during very warm nights, when the air temperature stayed higher than the water temperature. This suggests that creation and existence of this temperature drop is dependent
on the differences between the water and air temperature. A similar conclusion can be
drawn by observing the temperature profile in Figure 3.4. The decrease in temperature
(∆Td r op ) appeared when the air temperature reduced the water temperature.
Another aspect that seems to play an important role is the wind. Our measurements
show that during periods with high wind speed, the skin effect disappeared. This might
seem contradictory to the assumption that evaporative cooling contributes to creation
of the skin effect, as wind would enhance evaporation. On the other hand, high wind
speed can disturb the surface layer and promote better mixing throughout the top few
centimeters of water.
There seem to be a difference in the thickness of the skin effect between the urban
pond in Delft (ca 1.5 cm) and the two bigger lakes. This could be caused by several factors, such as transparency of the water, depth, or possible wave formation on the bigger
lakes. These variables were not measured at either location. More research is needed to
investigate what drives the thickness of the skin effect.
DTS proved to be a suitable method for measuring the skin effect. Wrapping the
optical fiber in a more compact method and by increasing the diameter of the auxiliary
construction allowed for higher resolution. Another advantage of this method is the continuity of the measurements allowing for a fuller observation of temporal changes in the
skin effect and temperature gradient over the top layer of water. A simple energy balance
calculation showed that the measured timescale and magnitude of the energy exchange
is indeed comparable to the calculated values for the temperature gradient measured in
Delft.
When using fiber optic cable for near water surface measurements, one needs to be
aware of its tendency to absorb solar radiation, despite its white colour. This effect can be
partly visible in Figures 3.1a and 3.4c3, where the DTS is measuring higher temperature
just below the surface compared to the air temperature. The effect of radiation on DTS
measurements in air and water close to the water surface was described in Hilgersom
et al. (2016b) and Vercauteren et al. (2011), respectively. Nonetheless, even with this
effect, skin is still detected, but it may, on some occasions, appear thicker due to the way
the thickness is defined.
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Further research of the skin effect in fresh water is necessary in order to understand
how, and under what conditions, is the cold layer created, and when it mixes with the
underlying warmer water. It is possible that the auxiliary construction of the DTS setup
created a preferential flow during the moments when the cold layer mixed. This would
cause the measured cold layer to appear thicker than the actual skin layer. Nonetheless,
the thickness of the skin layer still needs to be investigated in more detail, as there are
only few references available [Duan et al. (2008); Hisatake et al. (1993)]. Additionally,
higher vertical resolution of the temperature measurements should be employed in future investigations. The 2 mm resolution, as used in this study, could not detect features
at the sub-millimeter scale, so we cannot directly relate our measurements to features
in the skin layer of less than 1 mm, as mentioned in Minnett et al. (2011); Fairall et al.
(1996); Wilson et al. (2013); Schluessel et al. (1990).

3.5 C ONCLUSIONS
Analysis of data collected from three different measurement locations confirmed that
the measured temperature drop could be attributed to the skin effect, rather than wet
bulb temperature due to splashing of water. For the first time, the skin effect was measured consistently under field conditions in fresh water bodies. Our data suggest that
the skin effect of fresh water bodies is predominantly a daytime phenomenon and only
occurs during low to zero wind speeds.
The high-resolution DTS measurements provided an important insight into the surface energy balance dynamics of water bodies by allowing observation of the temperature drop below the air–water interface during the three field studies.
Measurements presented in this study suggest that the thickness of the skin effect
is larger than the previously assumed 1 mm or less [Minnett et al. (2011); Wilson et al.
(2013); Hisatake et al. (1993)]. It was observed to be on the order of 3 cm in thickness.
This sheds a new light on the energy balance dynamics around the air–water interface of
water bodies. Specifically, our measurements suggest that inaccurate description of the
skin effect layer might result in errors in modelling water body energy and heat fluxes,
as they differ for the water body itself and for the skin layer.
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Parts of this chapter submitted to Frontiers: Hydrosphere journal (Solcerova et al., submitted.).
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4. N IGHTTIME COOLING OF AN URBAN POND

4.1 I NTRODUCTION
High air temperatures can have a negative effect on human health and well-being. Several studies have shown that higher temperatures can lower the quality of sleep, and
increase the risk of respiratory illnesses and cardiovascular mortality [e.g. Patz et al.
(2005); Tan et al. (2007)]. Impact of extreme heat on humans is especially visible in cities,
because urban areas generally experience higher temperatures than rural areas. Such
Urban Heat Islands (UHI) are mostly caused by different heat capacities and albedo of
urban surfaces, lower evaporation, anthropogenic heat production, and the specific geometry of street canyons [Oke et al. (1991); Lee (1993); Ryu and Baik (2012); Gago et al.
(2013)].

4

One of the possible ways to decrease air temperature in the urban environment is to
increase evaporation by open water, such as ponds, channels, or fountains. Comparative studies have shown that from all the urban land use types, open water is the most
efficient in reducing UHI at a local scale [e.g. Rinner and Hussain (2011); Olah (2012)].
Already a small pond can reduce temperature in its surroundings up to several degrees
[Halper et al. (2012)], especially in the morning, when the evaporative cooling effect is
the strongest [Hathway and Sharples (2012)]. Most pronounced influence of open water
on temperature was measured close to the shore [Xu et al. (2010)] and an effect of a big
enough lake can be observed even at several kilometers [Theeuwes et al. (2013)]. Several
studies agreed that proximity to open water dampens the diurnal temperature pattern
[e.g. CPC-Consortium (2014); Theeuwes et al. (2013); Steeneveld et al. (2014); Wang et al.
(2011)].
Strongest UHI is generally measured at night [Oke (1982)]. Although the absolute
temperatures are lower at night, the differences between urban and rural temperatures
are at its maximum. In contrast to their daytime cooling effect, urban water bodies might
contribute to higher air temperatures at night [Albers et al. (2015)]. Water has a high
thermal inertia, which causes water bodies to have relatively high temperature at the
end of a night compared to other urban land use types [Oswald et al. (2012); Yang and
Zhao (2015)]. Nonetheless, some studies concluded that water bodies provide cooling
effect also at night, although to a limited extent [Coutts et al. (2012); Syafii et al. (2016)].
The way urban water bodies influence air temperature at night has not been extensively studied so far and reported measurements show contradictory results. A comprehensive literature review by Manteghi et al. (2015) identified a lack of research about the
potential night-time heating effect of urban water bodies, and a need for understanding
the mechanisms.
This research aims to contribute to the understanding of thermal behavior of an urban pond during summer nights. This chapter provides an analysis of temperature measurements and meteorological data from an urban pond in Delft, The Netherlands. We
quantify the energy balance over the night, hence the magnitude of turbulent, sensible
and latent, heat fluxes in comparison to radiative and ground fluxes, and the total decrease in temperature of the water.
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4.2 M ETHODS
4.2.1 M EASUREMENT LOCATION
The measurements took place from 12 July till 7 August, 2014 in a shallow urban pond in
Delft, The Netherlands (52.007 ◦ N, 4.375 ◦ E). The climate of The Netherlands is a moderate oceanic climate with summer starting in June and ending mid-late September. We
chose a representative urban setting with an office building to the north and a residential building to the south. Several family houses with small gardens were located in the
north-western direction from the setup and to the east was a quiet street with four floor
residential buildings. The water was stagnant, except for rain conditions when the runoff
from the streets was redirected to the pond. Water depth was ± 70 cm, and the bed of
the pond was covered with a soft layer of decomposing leaves. The pond had grassy
embankments.
A vertical temperature profile was measured in the pond using Distributed Temperature Sensing (DTS). DTS is based on the backscatter of a laser beam traveling through a
fiber optic cable and can be used for high-resolution temperature measurements. More
information about this method can be found in Selker et al. (2006) and Tyler et al. (2009).
Two DTS setups were placed in the north-east corner of the pond, each in the form of
a 200 cm long transparent PVC tube with a diameter of 11 cm. To ensure ventilation,
four 2 cm diameter holes were drilled every 6 - 8 cm in the tube. An optical cable was
wrapped around the perforated tube with 0.50 cm spacing (see Figure 4.1). Temperature
was measured every 5 minutes using a Silixa Ultima (Silixa Ltd., Hertfordshire, UK) with
0.126 m sampling resolution. Resulting measured vertical resolution of the described
set-up was 0.18 cm. One column (right one in Figure 4.1a) was used for the analysis. The
other column was used to study potential spatial differences in the pond.
A fully equipped HOBO weather station (Onset Computer CO., Bourne, MA, USA)
was placed in between the two DTS columns. A full set of atmospheric variables was
monitored during the whole experiment including atmospheric pressure, air temperature, relative humidity, wind speed and wind direction, and precipitation. Additionally,
incoming and outgoing short- and long-wave radiation was measured using a CNR4 radiometer (Kipp & Zonen, The Netherlands).

4.2.2 A NALYSIS METHODOLOGY
The analysis focuses only on the night-time. Night-time was defined as the time when
incoming shortwave radiation equalled zero for all the days of the measurement period.
After adjusting for different sunset and sunrise times the night was defined as the period
between 23:00 and 5:00 CEST.
Conditions above an urban pond at night are predominantly unstable; the water is
warmer than the air. On top of that, during our experiment the wind speeds were very
low, up to 2.5 ms−1 . Due to these circumstances the standard calculation of sensible
and latent heat flux using bulk aerodynamic method [Hicks (1975)] was not possible.
The wide scale of measured meteorological variables and a detailed temperature profile allowed us to calculate the Bowen ratio (B [-], Bowen (1926); Barr et al. (1994)) and
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Figure 4.1: a)Positioning of measurements in an urban pond in Delft, and detailed scheme of the DTS measurement setup. b) View of the setup from the western shore of the pond. Water depth is about 0.7 m, the
columns reached about 0.2 cm into the mud and leaves layer at the bottom of the pond.

subsequently derive the turbulent fluxes.
B=

B=

H
E

C p (T w s − T a )
λ(q s − q z )

(4.1a)

(4.1b)

where H [Wm−2 ] is the sensible heat, E [Wm−2 ] is the latent heat, C p = 1006.43 J kg−1 K−1
is the specific heat of air, λ is the latent heat of evaporation of water [J kg−1 ], T a is air
temperature [C◦ ], T w s is water surface temperature [C◦ ], q s is saturated specific humidity
at water-surface temperature [kg kg−1 ], and q z is specific humidity [kg kg−1 ]. λ, q s , and
q z were calculated for each time step.
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λ = 2.501 ∗ 106 − 2361T a

(4.2)

0.6108e sat
qs =
P at m

(4.3)

0.6108e a
P at m

(4.4)

qz =

where e sat [kPa] is saturated vapour pressure, e a [kPa] actual vapour pressure, and P at m
[kPa] is atmospheric pressure. e sat and e a were calculated using Tetens equation.
Additionally, water surface temperature was calculated from measured outgoing longwave radiation using Stefan-Boltzmann law:
Rl out = σ²T w4 s

(4.5)

where Rl out is the measured outgoing longwave radiation [Wm−2 ], T the surface temperature [K], ² = 0.98 [-] the emissivity of water [Wen-Yao et al. (1987)], and σ = 5.67*10−8
Wm−2 K−4 the Stefan-Boltzmann constant. T w s was matched to the measured temperatures to precisely locate the water surface level for each time step.
The net radiation energy flux over night was calculated as the difference between
incoming and outgoing longwave radiation (R net = Rl i n - Rl out [Wm−2 ]). As Rl i n was
always smaller than Rl out above the pond at night, hence net radiation resulted in negative values. Shortwave radiation was considered, and confirmed by measurements, to
be zero at night.
For this analysis, we assume closure of the energy balance between the amount of
energy that was recorded as a temperature decrease over the whole water depth over
night-time (Q w at er ) and the outgoing radiative (R net ), turbulent (H and E ), and ground
(G) fluxes. The overview of the different fluxes can be found in Figure 4.2.
−Q w at er + R net − H − E −G = 0

(4.6)

Q l e f t = −Q w at er + R net −G = H + E

(4.7)

Q w at er = ∆TmC p

(4.8)

so we define Q l e f t as
for which
where m is the mass of water and ∆T = Tmor ni ng - Teveni ng . For shorter time periods (the
measurements were taken with 5 minute time steps) the assumption of closure over the
whole water depth becomes less reasonable. To establish hourly energy fluxes, we have
used the observed temperature change for each hour of the night to calculate Q w at er
and used this in calculation of the hourly turbulent heat fluxes.
The sensible and latent heat flux can be derived from the Bowen ratio as follows:
E=

H=

Ql e f t
1+B
Ql e f t
1 + B1

(4.9)

(4.10)
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Ground heat flux (G [Wm−2 ]) was calculated from the slope of the temperature gradient of the lowest 10 cm using
∆T
(4.11)
G ≈ K mud
∆z
where K mud = 2.2 Wm−1 K−1 is the thermal conductivity of wet soil (recomended estimate
for when detailed information about the soil is not available; Farouki (1981)], ∆z = 0.1 m,
and ∆T is a temperature difference [K].
Advection was considered irrelevant most of the time due to stagnant water conditions. Potential exceptions are two nights with heavy rainfall (07/20 and 07/28) when
there was an influx of cold water and a peak in water level.
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Figure 4.2: Schematic representation of all heat fluxes influencing the balance of an urban pond at night.
Q w at er represents the heat released by the pond over night as defined by integrating over the temperature
change between evening (Teveni ng ) and morning (Tmor ni ng ) temperature. We define upward turbulent fluxes
(E and H ) as positive and downward as negative. Ground flux (G) and the net radiation are defined as positive
in downward direction. This is consistent with the consensus of flux sign based on its direction.

4.3 R ESULTS AND D ISCUSSION
Figures 4.3a and 4.3b show the weather conditions at the measurement side. There is a
gap in the dataset on 07/25 because of power failure. During the measurement period
the conditions were mostly sunny with few cloudy days, and only two days with an overcast sky (07/21 and 08/06). Temperature varied between 15 and 34 ◦ C for daytime, and
15 and 27◦ C for night time (Figure 4.3b). Wind speed reached highest values at night,
while during the day, the conditions were often windless with average wind of 0.3 ms−1
(Figure 4.3a).
Figure 4.3c shows 5 minute temperature measurements taken by the DTS setup for
both water and air. Recorded profiles in both set-ups were very similar A diurnal pattern
is clearly visible for both air and water, although fluctuations in water temperature are
not as strong. Increase in water level is visible after the two heavy rainfall events on 07/20
and 07/28.
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Figure 4.3: Measured variables for the whole period. a) wind speed, b) air temperature and radiation, 2 m and
1.5 m above the water surface, respectively, c) water and air temperature measured by the setup.
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In order to derive the latent and sensible heat flux using equations 7 and 9, we needed
to first calculate the radiative flux (R net ), the ground flux (G), and the net change in heat
storage in the pond (Q w at er ). The resulting fluxes can be found in Figure 4.4a and 4.4b.
The results in Table 4.1 show than on average 43 % of the heat is lost through radiation
and 7 % is transferred downwards and stored in the muddy underlayer, leaving 50 % of
the energy available for turbulent fluxes (Q l e f t ).
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Figure 4.4: a) Fluxes at the water surface in Wm−2 at the night-time (23:00-05:00). E and H are positive in
upward direction (from water to air), while Rl net is positive in downward direction (from air to water) due to
different definition of turbulent and radiative fluxes. b) Ground flux from water to the bottom of the pond
(positive in downward direction). c) Sums of the different fluxes over each might in MJm−2 .

Second, the Bowen ratio was calculated (Figure 4.5). The nighttime values ranged
form -0.07 and 0.46 with average of 0.27. The calculated values of sensible heat flux were,
therefore, on average about four times smaller than latent heat flux, meaning that four
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Table 4.1: Ratios of different fluxes with Qw at er ( f l ux/Qw at er ) for each day of the measurement period.
13-jul
0,38
0,39
0,12
0,10

14-jul
0,34
0,42
0,13
0,10

15-jul
0,39
0,43
0,13
0,05

16-jul
0,45
0,39
0,12
0,04

17-jul
0,57
0,27
0,08
0,07

18-jul
0,66
0,20
0,04
0,10

19-jul
0,53
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0,12
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Figure 4.5: Bowen ration for the whole period. Black dots represent the nighttime values; blue are daytime
values.

times more heat was used for evaporation than was used for heating the air. The results
suggest that, on average, 39 % of the available energy was released by latent heat flux and
only 11 % in the form of sensible heat. Day-to-day ratio of the fluxes, however, varied.
Sensible heat varied between 1 % (07/19) and 20 % (07/22). Latent heat flux made up
between 20 % (07/18) and 69 % (07/20) of the total thermal energy emitted.
The ratio of the turbulent and the radiative fluxes is strongly dependent on the meteorological conditions and climate of the location. For arid areas, the evaporative cooling
can reach up to 57 % of the total net cooling [Ali (2007)]. Measured values of up to 69 %
of latent heat compared to other fluxes suggest that the warm dry air in the urban area
can create a night-time oasis effect above an urban pond.
As Q w at er resulted from integrating the temperature change over depth, temperature
changes in deeper layers (Figure 4.6 and 4.7a) of the pond provide an extra insight into
the mechanism of night-time cooling of this urban pond and are vital for understanding
the results presented in Figure 4.4. Both the instantaneous values of surface fluxes (Figure 4.4a), as well as the net temperature change overnight (Figure 4.4c), are dependent
on the weather conditions during the previous day.
The type of profile typical for nights following a relatively cloudy or cold day is shown
in Figure 4.7b. Water temperature change during these nights was gradual and equal for
the whole profile. Close to the bottom of the lake, where the muddy layer begins (ca 10
- 15 cm from the bottom), the temperature was more stable and did not change much
in the course of one night. The surface energy balance during such nights occasionally
resulted in negative latent and sensible heat flux values for the last hour of the night
(e.g. 07/29). This was caused by the assumption of energy balance closure on hourly
basis and the combination of only small decrease in water temperature (Q w at er ) and
longwave radiation being still relatively high.
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Figure 4.6: Instantaneous water temperature profiles at five different times each night of the measurement
period. The night of 07/12 - 07/13 is annotated as 07/13 etc.

Second type of net temperature change profile (Figure 4.7c) usually follows warm
days with a clear sky, for example 07/18 (Figure 4.3). High turbidity of the water in the
pond caused that only about half of the water profile experienced increase in temperature during the day (data not shown). This resulted in a high temperature difference
between the top layer (25.2 ◦ C) and the bottom layer (20.8 ◦ C) of the water at the beginning of the night. Energy for heating up the lower layers of water and the bed sediment
was extracted from the top layer of water leaving less energy available to be released to
the air. This situation is mainly visible during the first hour of the night, when the total
temperature change in the water profile (Q w at er ) is close to zero, while the net longwave
radiation is about -50 Wm−2 . As energy balance closure is assumed over each hour, the
surface fluxes distribution in Figure 4.4a shows a negative sensible and latent heat flux.
A similar, but more extreme, situation is visible also the following night (07/20).
The bottom 10 centimeters of the temperature profile represents the bed of the pond.
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Figure 4.7: a) Change in water temperature profile (Tmor ni ng - Teveni ng ) for each day of the measurement
period. Dashed line (red) shows location of the top well-mixed layer. Dotted line (blue) shows the depth at
which the water experienced increase in temperature over the night. Subplot b) shows examples of temperature profiles representing uniform change over the whole water depth with none or small increase of the bed
sediment temperature, and subplot c) shows examples of temperature profiles with net temperature increase
in the lower water levels. All profiles start at the bottom of the lake (h = 0) and end at the water level (h = 86
cm).

Figure 4.6 shows that the bottom of the pond had always the lowest temperature of the
whole profile. The lowest 10 cm of the profile always experienced a temperature gradient
from warmer layers above, to the cold bottom of the pond. Above the lowest 10 cm was
a transition layer of loose mud that functioned as a temperature buffer. This buffering is
clearly visible in temperature profiles from nights following cold cloudy days (especially
07/31, Figure 4.6). In the evening of those nights, the buffer layer had a temperature similar to the water, but did not cool at the same rate, staying relatively warm compared to
both the water and the bed. This difference in thermal behavior of this layer is probably caused by different composition of the mud with a high percentage of decomposing
organic matter.
Uncertainty in the ground flux calculation is introduced by the choice of thermal
conductivity of wet soil. 2.2 Wm−1 K−1 is a value commonly used, when soil analysis
is not possible [Farouki (1981)], however the values of thermal conductivity of wet soil
vary between 1.5 and 2.5 Wm−1 K−1 [Johansen (1977); Kersten (1949); Côté and Konrad
(2005)], or even up to 6 Wm−1 K−1 for saturated quartz sands [Zhang et al. (2015)]. Increasing the thermal conductivity of the mud to the highest value found in literature,
will increase the ground flux by approximately factor 3. However, ground flux is likely to
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stay the smallest of all components.
Situations when the calculated latent heat flux resulted in negative values very well
represent the weakness of using Bowen ratio and energy balance at an hourly basis to
calculate turbulent fluxes. Assuming that the heat (temperature) change over the whole
depth will be the same as the sum of the outgoing fluxes is valid when considering the
whole night period. On hourly basis, this method can lead to unreasonable results. Besides negative latent heat flux, the calculation can also result in extreme values. For example, at 03:05 on 07/20 the calculated latent heat flux peaked to a false 630 Wm−2 . This
sudden bias was caused by extreme temperature drop during that hour related to influx
of cold rain water. This is why this outlier was removed from the dataset used to calculate the average fluxes. A more detailed modelling of the energy fluxes in the water
would be required to get better estimates of the turbulent energy fluxes for these exceptional nights.
Despite the above described weaknesses, the energy balance method provides an
reasonable estimate for calculation of surface energy fluxes, certainly when integrated
over the whole night instead hourly energy balances. It does not require a complex
model that would calculate the fluxes under unstable atmospheric conditions. Nonetheless, due to its weaknesses, it is always necessary to take into account the whole picture.
Combination of Figure 4.4a and 4.4c with the profiles in Figures 4.6 and 4.7 provides a
comprehensive story about how heat leaves an urban pond at night. It is necessary to
take into account all the aspects that can influence the energy balance of the pond in
order to avoid misinterpretations of the data.

4.4 C ONCLUSION
This paper analyzed data from a measurement campaign in a shallow urban pond in
Delft, The Netherlands, in the summer of 2014 in order to assess the energy balance of
such an urban surface water during hot summer nights. Previous research has shown
that water bodies at night have the highest surface temperature of all the urban surfaces
[Yang and Zhao (2015); Syafii et al. (2016); Theeuwes et al. (2013)], and therefore it is
assumed that they act as a heating element of the city. The results of this study show
that, on an average hot summer night, radiative cooling (43 %) and latent heat flux (39
%) are the predominant ways the heat escapes the water body. Sensible heat flux, which
is the only one that increases the air temperature, made up to just around 11 % of all
the energy released by the pond at night. The remaining 7 % was drained into the bed
sediment.
Weather conditions the preceding day have a strong effect on the temperature distribution in the water column and on the cooling of the pond the night after. During
warm days with high incoming solar radiation (e.g. 07/17 - 07/19), the high turbidity
of the pond caused the upper layers of water to become much warmer than the water
temperature near the bed. At night, this warm top layer predominantly heated the underlying water and the effect on the air was therefore minimal. Cold cloudy days resulted
in smaller increases in water temperature and a more uniform temperature profile in the
evening.
Lowest 10 - 15 cm of the measured profile was in the mud on the bottom of the pond.
The deepest point measured in this campaign was the coldest point of the night-time
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profiles for all days and the lowest 10 cm of mud always experienced a temperature gradient suggesting a heat flux from water to the bed. This ground flux was estimated to
range between 0.10 MJm−2 and 0.32 MJm−2 per night but uncertainty in the thermal
conductivity of the bed sediment is large.
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Parts of this chapter have been published in Water (Solcerova et al., 2018b).
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5.1 I NTRODUCTION

5

It is well known fact that the air temperature decreases after summer rain. This is caused
by several things, one of which is evaporation of the intercepted water. The energy required to evaporate the water is portioned to the latent heat flux instead of the sensible
heat flux or the ground heat flux. With no moist available, the latent heat flux is zero. In
this case, all net incoming radiation is transformed into sensible heat or ground heat; the
high sensible heat flux yields a high air temperature and the ground heat flux retains the
heat until drained via an increased air temperature. When water is applied, for example
after a rain event, latent heat flux increases and sensible heat flux decreases, resulting in
a lower air temperature. Consequently, evaporation of water from paved surfaces tackles heat stress in two ways: (1) it decreases the mean-radiant temperature to which the
body is exposed by decreasing the surface temperature, and (2) it decreases the actual
air temperature by extracting part of the energy necessary for the water to evaporate.
In the past, the Japanese water throwing tradition known as uchimizu has been used
widely to cool urban surfaces and decrease air temperature around houses and in gardens. Uchimizu (combination of uchi for hit or throw, and mizu for water) is a tradition
that stems from the 17th century [Poblete et al. (2012)]. However, over the last 50 years,
this environmental control method lost popularity. This was mainly caused by a rapid
development in technology and by socio-economic change, causing citizens to feel that
traditional methods were too laborious or low class [Matsubara and Sawashima (1993)].
Nowadays, Japanese megacities such as Tokyo are aiming to revive the use of uchimizu
to cool the city, especially during hot summer months. Citizens practicing uchimizu in
Japanese urban areas were found to use less air-conditioning, which significantly decreased their domestic energy consumption [Matsubara and Sawashima (1993)]. Additionally, it was found that the level of outdoor comfort among citizens was higher in
areas that applied uchimizu [Nakayoshi et al. (2015)].
The revival of uchimizu is promoted by Japanese authorities as a "clever way to feel
cool" [Japan for Sustainability (2009); Japan Water Forum (2009)]. Also thanks to this initiative, research on this topic is becoming more frequent in Japan [Takahashi et al. (2010);
Yamagata et al. (2008); Himeno et al. (2010); Harrison (2014)]. However, pavementwatering as a method to cool the ambient temperature is also popular in France [Bouvier
et al. (2013); Maillard et al. (2014); Hendel et al. (2014, 2016)], and the principle is used
all over the world to cool the roofs of houses [Wanphen and Nagano (2009); Naticchia
et al. (2010); Meng and Hu (2005)], or for example the air temperature in railway stations
in Japan [Ishii et al. (2009)].
Despite the popularity of the method, the number of published studies that have
quantified the cooling effects of uchimizu is very limited. Most studies have only used
measurements of the surface temperature, or the air temperature at a single height, as
a measure of the cooling effect. Air temperature decreases between 1.5 and 2.3 ◦ C were
reported in these studies. Japanese studies report air temperature decreases of 1.5 - 3
◦
[Yamagata et al. (2008); Harrison (2014)] and French studies report 0.4 - 1.8 ◦ [Bouvier
et al. (2013); Hendel et al. (2016)].
Experimental work has been very important for the advancement of (urban) hydrology [van Emmerik et al. (in press)], as has also been demonstrated by previous experimental work on uchimizu. A few studies focused on measuring the vertical temper-
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ature profile. Himeno et al. (2010) measured air temperature at four heights (0.4, 0.9,
1.5, and 1.8 m), and found that the cooling effect decreases (from 4 ◦ C to 2 ◦ C) with
height. Slingerland (2012) measured a more detailed temperature profile in Rotterdam,
The Netherlands. They concluded that an air temperature profile between 0 and 2 m
above a wetted ground surface was consistently 1-2 ◦ C lower than above a dry ground.
These differences in observed air temperature profiles highlight the importance of studying reduction of air temperature decrease with increasing height above a wet surface.
High-resolution air temperature profile measurements are expected to give additional
insight in the above described cooling effects of uchimizu.
In this research, a three-dimensional setup was used to measure the air temperature
within one cubic meter of air right above a wet/dry ground surface with a high spatial
and temporal resolution. Several uchimizu experiments were performed under varying
initial conditions. Objective of this chapter is to study and understand the effects of
uchimizu under different conditions such as a varying initial ground surface temperature, shading of the pavement, and differences in the applied amount of water. Here,
we provide an estimate of the cooling potential of the uchimizu technique as well as an
explanation for the variability of its effectiveness under different initial conditions.

5.2 M ETHODS
5.2.1 F IELD SITE
This study presents and analyzes measurements of six experiments, with varying initial
air temperature, ground surface temperature, shading, and applied amount of water.
The uchimizu experiments were done on a paved street in an urbanized area at the Delft
University of Technology campus (51.998 ◦ N, 4.378◦ E), Delft, The Netherlands. All measurements were done on 24 August 2016 between 11:24 and 17:40 local time (LT = UTC
+ 2). 24 August was a sunny day with a clear sky all day long. The air temperature at
2 m varied between 27.4 and 33.0 ◦ C, relative humidity between 38.5 and 51.0 %, and
wind speed between 0.1 and 0.7 m/s. Global radiation was recorded at station Rotterdam of the Royal Netherlands Meteorological Institute (KNMI), about 5.9 km from the
measurement site.
Two uchimizu measurement locations were used during this experiment (Figure 5.1),
each 3 m x 3 m. The ground surface consisted of red bricks in a 45 ◦ herringbone block
pavement. The field site was surrounded by buildings on northern and eastern sides at
distances of 6 m and 15 m from Location A, and 5 m and 5 m from Location B. An open
field with trees was located in the southwest of the measurement locations. Location A
was shaded by trees approximately between 14:00 and 16:00 LT. Location B was in full
sunlight the whole day. In between location A and B was the reference location R. This
location was uninfluenced by wetting and stayed in the sun the whole day.
Wind speed, wind gust, relative humidity, and air temperature were measured 1.5
and 2.0 m above the ground surface using a HOBO weather station (Onset Computer
CO., Bourne, MA, USA), with a measurement interval of 1 min. Wet bulb temperature
TW was calculated from observed relative humidity and air temperature. This weather
station was moved together with the temperature monitoring setup from location A to
B and vice versa. Ground surface temperature before each uchimizu experiment was
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Location A
Location B
Trees
Brick surface
Building
Grass
Sidewalk

N
10 m
Figure 5.1: Sketched map of the field site in Delft, The Netherlands. Measurement locations are 3x3m, and are
not completely to scale on the map. Reference location (R) was a location uninfluenced by application of water
and remained in the sun the whole day.

5
measured using an infrared temperature sensor (Testo SE & Co., Lenzkirch, GR).

5.2.2 D ISTRIBUTED TEMPERATURE SENSING
To study changes in the temperature distribution near the paved surface during an uchimizu
experiment, this study used Distributed Temperature Sensing (DTS). DTS allows precise and fast temperature measurements along the length of a glass-fibre cable. This
technique has, for example, been used to measure high-resolution temperature in lakes
[Van Emmerik et al. (2013); Solcerova et al. (2018a)], soils [Steele-Dunne et al. (2010);
Bense et al. (2016b)], streams [Westhoff et al. (2007b)], groundwater [Sebok et al. (2013b)],
and atmosphere [Euser et al. (2014); De Jong et al. (2015)]. A more detailed description
of DTS can be found in [Selker et al. (2006)] and [Tyler et al. (2009)].
DTS allows temperature measurements with sub-centimeter vertical measurement
resolution by wrapping fiber-optic cables around a coil or other construction [Van Emmerik et al. (2013)]. However, as cables are often attached to the construction, this
can introduce a significant error in observed air temperature values [Hilgersom et al.
(2016b)]. The measurement setup used in this study [Hilgersom et al. (2016a)] reduced
this effect by spanning cables across the construction without a physical contact between the cable and the construction anywhere in the region of interest for the temperature measurements (Figure 5.2).
The temperature monitoring setup consisted of a cage construction with 80 vertical bars, spanning a space of 1 m3 (1 m x 1 m x 1 m). Two bend-proof white-colored
fibre-optic cables (AFL, part number SR0015161001) with lengths of 1143 and 1243 m
and diameter of 1.6 mm were spanned within the cage, resulting in more than 34,000
sampling points. The cables were unequally vertically spaced, with 3 mm spacing in the
lowest 120 mm of the setup, 15 mm spacing between 120 and 200 mm, 35 mm spacing between 200 and 500 mm, and 80 to 200 mm spacing in the upper 500 mm. The
cables were connected to the four channels of an Ultima-S DTS device (Silixa Ltd., Lon-
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Figure 5.2: Measurement setup, consisting of the cage construction (1m3 ) during the experiments.

don, UK) with a sampling resolution of 12.5 cm and a time interval of 1 minute with a
2 s integration time for each channel. More details about the used setup can be found
in [Hilgersom et al. (2016a)]. Double-ended calibration was used [Van De Giesen et al.
(2012b)] to achieve high precision monitoring results.

5.2.3 E XPERIMENTS
Six uchimizu experiments were done, with the aim of studying the influence of varying
initial ground surface temperatures, shading, and applied amount of water on the cooling effect. An overview of conducted experiments is presented in Table 5.1.
Table 5.1: Details of the six experiments, with starting time, location, sun or shaded, water applied, surface
temperature before water application Tg , and links to videos showing vertical evolution of temperature during
each experiment.

Exp. Time

Loc.

1
2
3
4
5
6

A
B
A
B
A
B

11:24
13:21
14:33
15:29
16:23
17:00

Sun/
Shade
sun
sun
shade
sun
sun
sun

Water
applied
1 mm
1 mm
1 mm
2 mm
2 mm
> 5 mm

T g [◦ C]

Link to video

37.5 ± 1.4
40.6 ± 1.1
36.9 ± 4.8
42.6 ± 1.3
47.7 ± 0.9
41.3 ± 1.9

https://youtu.be/SwwEf8-BNxw
https://youtu.be/9oVsFIpk5Yg
https://youtu.be/bI__iyApdKo
https://youtu.be/8WDEklxFj2U
https://youtu.be/5sS6C13elTY
https://youtu.be/k8ID4dLhDxY

Before each measurement, the temperature monitoring setup was placed at the reference location, and the ground surface temperature was measured at nine places within
the 9 m2 area of the experimental location (A or B). The values presented in Table 5.1 are
averages of these measurements and their standard deviation. As can be seen, a wide
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variety of initial temperatures is covered by the six experiments. Standard deviation of
the ground temperature before the third experiment is relatively high, because the surface was shaded by a tree, and therefore the ground temperature varied depending on
the instantaneous position of the shade patches.
Water was applied through pouring and evenly distributed over the whole 9 m2 of the
experimental location. This took on average 1.0 to 2.5 minutes. Immediately after application of water, the temperature monitoring setup was positioned in the middle of the
wet area to monitor the cooling effect of the evaporating water. To prevent water from
running off from this space, a 5 mm threshold was applied around the measurement
area. An experiment was ended only when the ground surface was dry again, based on
visual inspection. Each time a new uchimizu experiment started, the weather station
was repositioned to the location of this experiment.
To investigate the influence of water on the cooling rate and change in temperatures,
different depths of water were applied: 1 mm (9 liters), 2 mm (18 liters), and until the
whole area experienced continuous surface runoff (i.e., the amount of water was much
higher than the 5 mm threshold surrounding the experimental location). Three experiments were done on location A, and three experiments on location B (Figure 5.1 and
Table 5.1). One of the experiments on location A was done on a shaded surface, to study
the influence of shade. Before the beginning of this experiment, the setup was not placed
on the reference location R, but close to the measurement location, to ensure the measurements before and after uchimizu were both taken in the shade of the tree.

5.2.4 E NERGY BALANCE ANALYSIS
To understand the mechanism behind the varying initial conditions of the experiments,
simple heat transfer balance calculations were done. The intent of this analysis is not
to predict the precise magnitude of the decrease in air temperature, but to assess the
potential effect of initial ground surface temperature on the cooling effect uchimizu has
on air temperature.
The total energy (E t ot [kJ/kg]) available to cool the ground (EG ) and the air (E A ) was
calculated as the sum of energy necessary for increasing the water temperature to the
observed temperature of the ground before the start of the experiment (see Table 5.1 for
each experiment) and energy necessary to evaporate the water.
E t ot = EG + E A

(5.1a)

E t ot = m w at er ∗ C p w at er ∗ ∆T + m w at er ∗ L

(5.1b)

EG = m br i ck ∗ C p cl a y ∗ (T g − TW )

(5.1c)
−1 −1

where m w at er [kg] is the mass of applied water, C p w at er = 4.2 kJ kg K ) is specific heat
of water, ∆ T [K] is the temperature difference between the initial pavement temperature
and the tap water (15 ◦ C) used for the experiment, and L = 2257 kJ/kg is the latent heat
of evaporation. Furthermore, m br i ck [kg] is the mass of the brick pavement cooled by
the applied amount of water, C p cl a y = 1.381 kJ kg−1 K−1 , T g [K] is the measured ground
temperature, and TW [K] is the wet bulb temperature.
To simplify the calculation, we assumed that the clay bricks are cooled first because
of their order-of-magnitude higher thermal conductivity (kcl a y = 0.48 W m−1 K−1 ) com-
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pared to air (kai r = 0.03 W m−1 K−1 ). We also assumed that the bricks were cooled uniformly in both vertical and horizontal direction. Energy necessary to cool the brick pavement to wet bulb temperature (EG ) and the total energy (E t ot ) were, therefore, calculated
first and subtracted to find out how much was left to cool the air (E A ). When the energy
available for cooling the air was known, change in air temperature (∆ T ai r ) could be calculated using
∆T ai r =

E t ot − EG
m ai r ∗ C p ai r

(5.2)

The air temperature change was then divided by this "ventilation coefficient" (C v [-])
to simulate the exchange of the air in the measured area (A = 1 m2 ).
C v = U g ust ∗

EA
k ai r ∗ A ∗ ∆T ai r

(5.3)

Where U g ust [m/s] is measured gust speed.
All variables in equations 1 - 3 were known with exception of the mass of the clay
bricks necessary to calculate EG . Density (ρ) of clay is 1746 kg/m3 , so with known volume (V ) the mass can be calculated using m = V /ρ. However, to what depth the bricks
were cooled by the uchimizu experiment was not measured. Therefore, a range between
0.1 and 50 mm (thickness of the bricks) was prescribed and temperature changes were
calculated for each "heat infiltration depth" for the clay bricks, as well as for the air. Figure 5.3a) shows how much cooling reached the air (∆ T ai r ) after a given portion of the
brick was cooled down to wet bulb temperature by 1 mm of water.
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Figure 5.3: Analysis of influence of a) heat-infiltration depth, and b) wet bulb temperature (TW ) and ground
temperature before beginning of the experiment (T g ) on the cooling power of uchimizu (∆ T a ). Subplot a) uses
measured values of T g , TW , and gust speed at the beginning of each experiment, and 1 mm of water. Subplot
a1) shows the same analysis with actual amounts of water used in each experiment. Subplot b) has prescribed
gust speed of 2.41 m/s (average gust speed), 50 mm of heat infiltration depth, and applied amount of water of
1 mm. Red dots in subplot b) show the combination of T g and TW for each experiment.

Assuming that the ground was cooled to wet bulb temperature, the energy supplied
by the ground, and consequently the amount of energy that was needed to be supplied
by the air, was dependent on the difference between the wet bulb temperature and the
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temperature of the ground. The higher the difference T g -TW , the more energy was supplied by the ground and less cooling was left for the air. Figure 5.3b) shows the influence
of combination of various wet bulb temperatures (TW ) and ground surface temperatures
(T g ) on the air temperature change (∆ T ai r ) resulting from application of 1 mm of water,
and assuming the whole brick was cooled (50 mm). Red dots represent the measured
combination of T g and TW at the start of each of our experiment.
Although the energy balance calculation using 1 mm of water resulted in numbers
similar to those measured by previous studies [Kano et al. (2004); Harrison (2014); Yamagata et al. (2008); Slingerland (2012)], the calculated cooling effect for 2 mm and 5
mm of water was unrealistically strong (Figure 5.3a1)). When 2 mm of water was used,
the calculation predicted cooling between 11 and 32 ◦ C, and for 5 mm the difference
reached 66 to 80 ◦ C according to the used energy balance calculation. For three reasons
such a simplified energy balance approach is no longer applicable when more water is
applied: (1) No additional energy entered the system. In reality, energy was constantly
being added in the form of incoming solar radiation which resulted in increasing temperature. (2) All the energy was extracted from the 1 m2 of bricks and the 1 m3 of air
above. This assumption was partly addressed by introducing the ventilation coefficient
(Equation 3) which simulates the exchange of the 1 m3 of air used in the calculation.
(3) All the water evaporated. It is, however, realistic to assume that a certain amount of
water infiltrated and did not contribute to the cooling. Five, or even two, millimeters of
water on brick pavement by far exceeds the wetting loss of a brick pavement [Van de Ven
(1990)]. Hence, infiltration losses will occur. The only effect of this extra water is cooling
of the brick according to equation 1b.

5.2.5 O VERVIEW OF DATA ANALYSIS METHODS
Measurements taken during the six experiments on 24 August 2016 were analyzed from
several perspectives. To simplify the representation of the 3D results, averages of horizontal layers were used. First, the general horizontal profile is discussed. Vertical profiles
for the reference location and profiles after application of water were compared. Effect
of incoming solar radiation on the temperature measurements was quantified, as well as
the effect of the applied water on relative humidity of the air. Four aspects of the cooling properties of uchimizu were looked into with more detail: the effect of the amount
of water applied, the effect of shade, the effect of initial ground temperature, and the
general spatial variability in the 3D measurements.

5.3 R ESULTS
5.3.1 E NERGY BALANCE ANALYSIS
The energy balance analysis provided a simplified insight into some of the physical drivers
such as initial ground surface temperature effect on evaporative cooling. The calculations suggest that there might be no cooling effect for experiment 5 and strong cooling
after the third experiment. Experiments 1, 2, 4 and 6 are expected to have similar results
with cooling effect between 0 and 2 ◦ C. Slingerland (2012) showed that a high amount
of water might have a larger influence on the near ground temperatures than 1 mm of
water, which suggests that experiment 6 might result in different vertical cooling profile
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than the other experiments.

5.3.2 G ENERAL FINDINGS
Figure 5.4 presents recordings for the whole day, i.e. horizontal averages of temperature
measured by the setup for each 1-minute time step (Figure 5.4d and e) in relation with instantaneous weather conditions (Figure 5.4a,b and c). Solid vertical lines show the times
when water distribution was finished and the setup and meteorological station repositioned to a new location. This time is considered as the beginning of each new uchimizu
experiment. Dashed vertical lines in subplots 5.4d and 5.4e show the times when the
setup was repositioned from a measurement location to the uninfluenced reference location. Since the meteorological station was not repositioned to the reference location
and stayed at the original location until the beginning of a new experiment when it was
moved to a new location, the dashed lines are not present in subplots 5.4a and 5.4c. No
vertical lines can be found in subplot 5.4b, because the radiation measurements were
taken from the KNMI weather station in Rotterdam. Finally, in 5.4e red vertical lines depict times when the application of water began. Distributing the water equally over the
9 m2 location took around about 1 - 2 minutes.
Figure 5.4e shows average temperature profiles of several layers in the cube, with
focus on the lowest three layers (13, 16, and 19 mm above the ground). For more detail, please see the cross-sections of the measurement setup for each time step of each
event. Links to videos created from these cross-sections are provided in Table 5.1, and
can be also downloaded from https://doi.org/10.5281/zenodo.182395 Solcerova
et al. (2016).
Temperature measured from 200 mm up showed, in general, very small differences
among the layers. This suggests that the air above this level was already relatively well
mixed by turbulence. When the setup was positioned on the reference location the temperature decreased with height. The application of water took around one minute, and
the effect of uchimizu is immediately visible in the dataset from the moment the application of water started, as the reference location was in proximity of the measurement location and the cooling effect stretched beyond the boundary of the measurement location.
After re-positioning of the setup above the a wet surface, the vertical profile changed.
The cooling effect was strongest for the 13 mm layer, followed by 16 mm layer, followed
by above laying layers.
A pocket of warm air formed above the cold layer close to the ground almost immediately after application of water. Highest temperatures were measured between 30 and
80 mm (see videos from Table 5.1 for more detailed view). This pocket persisted until the
end of the experiment.
The measured effect of the added water on relative humidity (RH) was negligible.
The biggest increase in RH was measured 1.5 m above the ground right after the last
experiment (added water amount over 5 mm) and reached only 2.3%. Fluctuations of
several percentage points were also measured above the dry reference position.
5.3.3 E FFECT OF APPLIED WATER AMOUNT
To simplify the presentation of the data, we focus mostly on the seven chosen layers
in Figure 5.4e) and the temperature differences before and after uchimizu. Figure 5.5
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Figure 5.4: Measured a) wind speed, b) incoming radiation, and c) temperature and relative humidity 2 m
above the ground. Horizontal averages of temperatures in time for d) all the layers of the setup, and e) 9 chosen layers of the setup and 2 temperature sensors (T1500 and T2000 for 1.5 m and 2 m above the ground,
respectively). Vertical dashed lines show times when the setup was moved from its original location (A or B)
to the reference location (R). Red vertical lines (only in e)) show times when the wetting of the surface started.
Black vertical lines show the times when the setup was repositioned on the wet location. The weather station
was always repositioned directly from location A to B and vice versa at times indicated by the black vertical
lines.

presents the difference between horizontal profile measured at the reference location
before the uchimizu and the measurement location after uchimizu (T a f t er -Tbe f or e ). The
temperature difference profiles shown in the diagram are at times when the cooling effect of uchimizu reached its maximum.
The first three experiments were done with 1 mm of water. The third experiment was
conducted in the shade and, will be therefore discussed separately. The first experiment
took place in the morning, when initial ground temperature and global radiation were
relatively low, resulting in only very weak cooling (-0.7 ◦ C) close to the ground. The second experiment repeated the conditions of the first experiment, but now on location B,
and resulted in a stronger cooling effect, especially near the ground. Near-surface cooling reached -2.9 ◦ C, while higher layers of air experienced cooling of only about -0.3 ◦ C
on average. Measured ground surface temperature before the first and second exper-
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Figure 5.5: Temperature differences for average value of each layer before and after the uchimizu (T a f t er Tbe f or e ). Chosen times are different for each experiment and represent the maximum temperature drop,
i.e. difference between maximum temperature before the uchimizu and minimum temperature after: For E1)
T t +6 -T t +1 , E2) T t +3 -T t −2 , E3) T t +6 -T t −2 , E4) T t +8 -T t −2 , E5) T t +2 -T t −2 , E6) T t +7 -T t −3 , where t represents
the time of uchimizu and numbers minutes. Triangles on the top show temperature change measured by the
meteo-station 1.5 and 2 m above the ground.

iment were 37.5 ◦ C and 40.6 ◦ C, respectively. After the water application, the ground
surface temperature was not measured, however the air temperature measured by the
setup 13 mm above the ground reached after uchimizu were 30.2 ◦ C and 35.0 ◦ C for first
and second experiment, respectively.
Double the amount of water (2 mm) was used in the fourth and the fifth experiment.
The temperature difference profile of the fourth experiment was very similar to the profile described in the second experiment. However, the cooling effect was stronger. Eight
minutes after application of water, temperature close to the ground dropped 8 ◦ C compared to the situation before uchimizu. Higher up, the cooling reached -2.2 ◦ C on average. In contrast to that, the fifth experiment showed almost no cooling effect. Zero
cooling effect after the fifth experiment was predicted by the energy balance analysis
due to the high T g -TW difference.
Figure 5.5 also shows increase in near-surface temperature by 4 ◦ C for the fifth experiment, which was not expected. The measured increase in the near-surface temperature at the start of the fifth experiment might be explained by a large underestimation
of Tbe f or e . The initial ground temperature on location A at the start of experiment 5 was
47.7 ◦ C before the water was applied. Moreover, the setup was not located at the reference location for more than two minutes. This might not have been sufficient for the
setup to reach equilibrium. Spruit et al. (2016) showed that the response time of DTS to
shock changes in temperature can be up to 1 minute.
The fifth experiment cooled the pavement to approximately 38 ◦ C but did not result
in a colder layer of air close to the ground surface. As shown in Figure 5.4d, the lower
layers of air continue to be the warmest all the time during experiment 5, while the temperature profile inverts at least partly during all other experiments. A contributing factor
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for the creation of such a profile may have been the low wind speed during this experiment as it often dropped to 0 m/s (see Figure 5.4a).
During the sixth experiment, water was applied until continuous runoff from the area
appeared. Vertical distribution of temperature change during the last experiment differs
from the previous ones, especially in the lower layers. Temperature change of the lowest
layer was only a decrease of 3.4 ◦ C, which is 4.6 ◦ C weaker cooling than after the fourth
experiment. However, the rapid decrease in cooling effect on the following layers was
not present after this last experiment. For the first 100 mm the temperature change decreased only by ∼ 0.5 ◦ C. The uniform cooling typical for higher layers was reached only
after ∼ 400 mm. The wind speed during this experiment was again very low and might
have, similarly to the previous experiment, contributed to a different vertical temperature profile.

5.3.4 E FFECT OF SHADE

5

The third experiment was performed in the shade of a tree, and 1 mm of water was applied. Initial temperature of the pavement was only 36 ◦ C. Compared to other experiments, uchimizu performed in the shade showed the strongest cooling effect on air temperature. The strongest cooling was measured close to the ground with -6.5 ◦ C temperature drop within the first two minutes, and reached its maximum -8.3 ◦ C at 14:48. For
the third experiment, Figure 5.4e shows immediate response of all the measured layers
to uchimizu.
Based on the lower T s -TW difference, the energy balance analysis predicted this experiment to have the strongest cooling effect. This was mainly due to the lower T s compared to other experiments. In general, shade decreases the amount of shortwave radiation that reaches the ground, which consequently leads to lower ground temperature
compared to sun exposed location, but it also leads to lower amount of energy available
in the system.
The results suggest that shade might increase the air cooling effect of uchimizu. ShashuaBar et al. (2009) measured an amplified cooling effect in the shade of trees for grassy
areas. The study, however, also reported an increase in temperature if the shade was
provided by a mesh. Our experiment in combination with the energy balance of Equation 1 shows that indeed a better cooling performance is to be expected if the pavement
is shaded.

5.3.5 E FFECT OF INITIAL GROUND TEMPERATURE
The effect of initial ground temperature was predicted by the energy balance analysis to
play an important role in the cooling efficiency of uchimizu. The results show that, indeed, the experiment with the lowest ground temperature (experiment 3) resulted in the
highest cooling and vice versa. However, if the initial ground temperature was the only
driving force, the first experiment should have resulted in almost as strong a cooling effect as the third experiment. The initial ground temperatures of these two experiments
differ only by 0.6 ◦ C. Nonetheless, the results of the first experiment showed very weak
cooling effect, as predicted and visualized in Figure 5.3b, due to the low wet bulb temperature. Similarly, the fourth experiment was done on a relatively warm surface (T s =
42.6 ◦ C) and resulted, as expected, in strong cooling comparable to the experiment per-
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formed in the shade.

5.3.6 L OCAL VARIABILITY
Using the high-resolution temperature monitoring method above a wet surface during a hot summer day resulted in several interesting insights into the cooling effect of
uchimizu, such as a vertical profile of rising turbulent eddies. Figure 5.6 allows a more
detailed examination of the cooling effect of uchimizu for the fourth experiment (2 mm
of water applied over a sun exposed location) than the average-value profile shown in
Figure 5.5 (dark green line). Compared to the previous figures, Figure 5.6 shows the absolute instantaneous values of that particular cross-section, not the averages over the
whole layer (as in, for example, Figure 5.4d)).
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Figure 5.6: Vertical and horizontal profiles for the fourth experiment measured right before the uchimizu
(15:28), right after (15:29), and 9 minutes after (15:38). Subplots in column a) show vertical cross-sections
through the middle of the setup (x = 500 mm), and subplots in columns b), c), and d) show horizontal crosssections at height h = 13 mm, h = 100 mm, and h = 500 mm, respectively.

Figure 5.6a shows three vertical cross-sections through the middle of the setup (x =
500 mm) for the fourth experiment. The top left subplot depicts the situation just before
the water was applied, which means that the setup was at the reference location, and
the two subplots below show situation 1 and 9 minutes after the uchimizu. Especially
in the lowest 200 mm of air, where the measurement resolution was highest, creation of
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turbulence (eddies) can be observed. The spatial variability of the rising warm air was
very well revealed by the fine resolution of the setup.
Figures 5.6b-d show the horizontal spatial variability of the temperature distribution
before and after the fourth uchimizu experiment. The spatial variability originated primarily from the shape of the pavement. The herringbone pattern, with warm bricks and
colder interstices, was clearly visible in the data. This influence could even be seen 500
mm above the ground (Figure 5.6d). Detailed vertical and horizontal cross-sections of
the instantaneous temperature also provided an insight in the effect of insolation and
shading. Figure 5.6b, especially at the time = 15:29, suggests that the side of the setup
where x = 0 was more exposed to sun than the side where x = 1000. This localized temperature increase is however only visible for the lowest layers of the set up and might
partly be an artifact of unevenly heated pavement.

5.4 D ISCUSSION
5.4.1 D ISCUSSION OF ENERGY BALANCE ANALYSIS

5

Monitoring results of the six uchimizu experiments were analyzed from different perspectives. Using simplification of the system to a basic energy balance proved to be
helpful in understanding the sensitivity to different variables, such as the wet bulb temperature or the ground surface temperature. As shown by Figure 5.3b, the energy balance analysis predicted low-to-no cooling effects for the fifth experiment and strongest
cooling effect for the third experiment. This was indeed what the measurement results
showed. However, the energy balance analysis predicted more cooling when more water
was applied. This was not confirmed by the measurements. Most likely explanation for
this overestimation of the cooling effect for water amounts greater than 1 mm is infiltration of part the water. With recorded infiltration rates of at least 10 mm/hr for similar
brick pavements, a significant part of the applied water can infiltrate in the joints between the bricks [Van Dam and Van de Ven (1984)] and is no longer available for evaporative cooling.
In our energy balance model, the dynamic properties of the atmosphere were represented simplistically. To include the effect of air exchange by wind the ventilation coefficient was used to relate the amount of energy to cool the air E A with the air temperature
decrease ∆T ai r . Similarly, the decrease in turbulence due to the transition of the temperature of the bricks from being warmer than the air to being colder than the air, as
well as the effect of entrainment and vertical wind, was not taken into account in the
calculation. Instead, we continued to use the observed U g ust in Equation 3.
When it comes to the paving material, it was assumed that the whole brick had the
same temperature as the temperature measured on the surface and that the cooling was
homogeneous throughout the whole volume of the brick. In reality, it is likely that the
temperature of the brick gradually changed from the surface towards deeper layers, but
this difference was not monitored and not included in the energy balance approach.
Instead, the cooling could be seen more as a process starting on the surface, where the
water was applied, and proceeding deeper into the brick. This simplification introduced
in our energy balance analysis likely led to an overestimation of energy necessary to cool
the ground.
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The type of pavement seems to play an important role in the cooling effect of uchimizu.
The simple energy balance analysis revealed the importance of density and heat capacity
of the paving material. Equation 1c shows a direct proportionality between heat capacity and energy necessary to cool the pavement. The same equation then hints at inverse
proportionality between density and energy (m = V/ρ). Surface with higher density and
lower heat capacity, such as for example asphalt (ρ ≈ 2000 kg/m3 , Cp ≈ 0.95 kJ/(kg*K)),
might require less energy for cooling than clay bricks.

5.4.2 D ISCUSSION OF THE EXPERIMENTAL SETUP
The construction of the setup was specially designed to capture variation in temperature
with very fine spatial resolution. However, the dense cable spacing in the set-up and the
vertical bars of the walls of the cube may have led to undesired effects, such as reduced
ventilation inside and at the bottom of the construction. Although the ventilation was
not restricted totally, the chosen setup might to a certain extent limit the effective area of
cooling to that directly above the wetted ground surface. The influence of the grid is expected to be small, since the relative volume of the optical fibre over the complete setup
is only 0.4 %. In the bottom 10 cm, the percentage is a bit higher at 2 %. However, the
cable nets could induce small-scale convection cells by the physical tendency to diffuse
the temperature interface [Hilgersom et al. (2016a)].
Similarly, the grid of the "walls" of the cube provided shading for the area under and
behind the construction causing differences in influence of radiation along the vertical
axis of the setup. As can be seen by studying the films, this influence was relatively small.
Also in the recordings shown in Figure 5.6 Top view h = 13 mm, a colder strip due to the
shading is visible at x > 800 mm.
Effect of solar radiation on the temperature monitoring setup is visible from Figure 5.4e. As there was a very small vertical variation in the temperature measured by
the setup above ∼ 200 mm, the highest layer of the setup (yellow line in Figure 5.4e)
should have similar temperature to the air temperature measured at 1.5 m by the sensors with radiation shields (gray lines in Figure 5.4e). However, measurements taken by
the shielded sensors collected up to 2 ◦ C lower temperatures than the highest layers of
the setup. This difference disappeared when the setup was in the shade (14:33-15:23).
Differences between the measurements of the highest layer (859 mm) and the 1.5 m
temperature sensor (T859 -TT 1500 ) for each time step are shown in Figure 5.7. Effect of
radiation on the recorded temperatures was around 1 ◦ C on average when positioned in
the sun, and close to zero for measurements in shade (-0.02 ◦ C). Later in the afternoon
(after 16:20) the effect of direct insolation on the white fibre optic cable decreased again,
probably as a consequence of lower incoming solar radiation. This is in agreement with
research done by [Sigmund et al. (2016)]. They have found that the effect of radiation on
DTS can reach up to 2.8 ◦ C when the values of incoming shortwave radiation are high.
Although, [De Jong et al. (2015)] showed smaller effects of solar radiation - 0.4 ◦ C on average for 1.6 mm white cable, the same one as used in our uchimizu measurements, we
observe an effect of up to about 1.0 to 1.5 ◦ C.
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Figure 5.7: Difference between temperature measured by the setup at 859mm and reference temperature at
1500mm (T859 -TT 1500 ). Red and blue lines show average values for all time steps when the setup was positioned in sun and in shade, respectively.

5
5.4.3 D ISCUSSION OF THE MEASUREMENT RESULTS
The amount of water applied did not show a clear relation with the cooling effect. Applying 1 mm of water resulted in relatively weak cooling effect, with strongest cooling near
the ground. Strong cooling effect recorded after the fourth experiment, using 2 mm of
water, might suggest that double the amount of water leads to more cooling. However,
the following experiment with 2 mm of water resulted in almost no cooling and even an
increase in temperature near the ground. The last experiment, when the surface was
fully saturated by water, resulted in a slightly different profile than all previous experiments. It is possible that the amount of water influenced the thickness of the lower airlayer that was experiencing stronger cooling than the higher well-mixed air. The measured differences for small (1 - 2 mm) and large (>5 mm) amounts of water correspond
with the preliminary research done by Slingerland (2012).
Previous studies done by Kano et al. (2004); Harrison (2014); Yamagata et al. (2008) reported temperature decreases between 1.5 and 2.3 ◦ C measured at one point 2 m above
the ground, and a more detailed profile done by Himeno et al. (2010) showed a cooling effect decreasing from 4 ◦ C at 0.4 m above the ground to 2 ◦ C at 1.8 m above the
ground. Similar values were measured in our experiment, but with much higher resolution. While Himeno et al. (2010) measured the effect on four levels, the setup used in
this research consisted of 53 horizontal layers. Similarly, the dense measurement grid in
each of these layers allowed for detailed observation of spatial variability in temperature
caused by the unevenly heated pavement underneath.
Average values for each horizontal layer, Figure 5.5, showed a typical profile of strong
cooling close to the ground followed by constant cooling higher up. Air above 200 mm
experienced similar cooling for all measured horizontal layers. Nonetheless, even with
stronger cooling close to the ground, the lowest layer of air (under 200 mm in Figure 5.6
Side view) stayed warmer than the air above. The homogeneous temperature of air above
200 mm is inconsistent with the measurements of Himeno et al. (2010), which showed
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variations among the measured levels. This difference might have been caused by using
average values of a horizontal layer vs. using point measurements. Figure 5.6 Top view
shows variation of up to 1 ◦ C for the higher layers of air (100 and 500 mm), and up to 3
◦
C for the layer closest to the ground. For this reason, we recommend averaging several
measurement points at one level as a better estimation of the temperature change.
Uchimizu showed a promising potential for mitigating the UHI at a local scale by decreasing both air and ground temperature. Decreasing the ground temperature lowers
the mean radiant temperature (MRT) and consequently increases human comfort. Another factor influencing human comfort is relative humidity (RH). Higher RH has generally a negative impact on human comfort. The effect of uchimizu on RH was measured
to be negligible (2.3%) in the climate of The Netherlands, but implications of increasing
the RH should be considered for more humid climates. Human comfort is influenced by
a broad scale of factors and was not explicitly studied in this research.
The brick pavement showed a distinct change in colour the moment all water had
disappeared from the brick. This was the moment each experiment was stopped as further cooling was not expected. As visible from Figure 5.4e temperatures at h = 13 mm
were constant by the end of each experiment – and temperatures at h = 100 were already
running up. As expected, results suggested that at the end of each experiment the nearsurface temperature was still lower at the experimental location than at the reference
location. The conclusion that the cooling stops the moment the pavement is dry seems
to be valid. Although it is not the scope of the current paper, it would be interesting to
continue monitoring after the moment the pavement runs dry to proof this and to see
how quickly temperature starts to increase again.

5.4.4 O UTLOOK
Limitations and uncertainties described above showed the need for further research. It
was assumed that all the water evaporated. However, further research is needed to assess how much infiltrates and how much evaporates. Simultaneous measurements of a
profile of areas with and without uchimizu might provide more accurate quantification
of the cooling effect. Alternatively, application of uchimizu on a plot of artificial street
surface on a small scale can also provide an estimate of how much water infiltrates.
A second setup measuring simultaneously above a dry surface would also contribute
to another important aspect, the duration of the cooling effect. Information about the
time when the cooled surface and air warmed up again to a temperature of an uninfluenced area cannot be precisely derived from measurements of a single setup. However,
the results of this research suggest that the effect lasts longer than one hour. As visible from Figure 5.4e), the reference location was always warmer than the measurement
location, even after a long measuring period (e.g. 13:20-14:20).
More measurements are also necessary to fully understand the potential of shade
and initial ground temperature on uchimizu practices. Results of this study suggest that
shade might enhance the cooling effect of uchimizu. Similarly, lower ground temperature can be beneficial for cooling by uchimizu, since less energy is extracted from the
ground and more from the air. Such effect, however, is only confirmed for the warmest
and coldest initial ground temperature measured in our experiment.
This research specifically focused on the temperature change within the 1 m3 of air
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closest to the ground. Further research should extend to areas around and above this
1 m3 . Further research is also needed for deeper understanding of the effect of evaporation in general and uchimizu in particular on UHI at the city level. The temperature decreases measured in this research showed potential for local cooling. However, if
uchimizu should be used over a whole city, more research needs to be done to come to
a reliable estimate of the decrease of temperature and the amount of water that would
be necessary to achieve this decrease. This water demand is the reason why this topic is
also interesting from a water management point of view.

5.5 C ONCLUSION

5

This research focused on quantifying the cooling effect of the traditional Japanese water
throwing tradition of uchimizu on air temperature in an urban environment. The measurements show a decrease in air temperature up to 1.6 ◦ C at 2 m height, and up to 8 ◦ C
for near-ground temperature. Strongest cooling was measured for the experiment performed in the shade. Stronger cooling effects were also predicted for lower initial ground
temperatures, especially in combination with high wet bulb temperatures. Results of
the third and fifth experiment agree with this hypothesized effect of initial ground temperature, nonetheless the remaining experiments do not show this relationship. For an
applied amount of water of 1 mm and 2 mm, there is no clear difference in cooling effect.
We further conclude that use of high resolution temperature monitoring setups, such
as the one used in this research, can potentially lead to significant improvements in understanding of atmospheric processes at a micro-scale. Thanks to the dense measurement grid we are able to capture the vertical distribution of temperature over time in
high detail. The fine resolution is even able to capture the rising turbulent eddies created by the heated surface.
Overall, this study sheds a promising new light on a traditional cooling method. This
simple water throwing method has a potential to decrease temperatures in impervious
and paved parts of urban areas by using a limited amount of water. Besides its cooling
effect, uchimizu practice is also an opportunity to activate awareness among citizens,
and stimulate citizen participation in solving heat stress problems and cooling energy
saving. Uchimizu is a local technique with proven local effects. Application at city scale
as an UHI mitigation strategy is beyond the scope of this study but could provide interesting new insights on urban climate control and water resources management.
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Parts of this chapter have been published in Building and Environment [(Solcerova et al., 2017).
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6.1 I NTRODUCTION

6

Increasing the vegetated fraction in a city has shown to be an effective way to decrease
urban temperatures [Susca et al. (2011); Qiu et al. (2013)]. Green roofs are suggested as
one of the possible ways to achieve this [Santamouris (2014); Gaffin et al. (2006); Takebayashi and Moriyama (2007)]. Implementing green roofs is popular due to their versatile effects and functions, such as roof gardens [Wong et al. (2003)], isolation [Jaffal et al.
(2012)], or runoff peak delay [Stovin (2010)]. The thermal effects of green roofs on the urban environment are another widely used argument to promote their implementation
[Alexandri and Jones (2008)].
Literature focused on temperature measurements of green roofs generally covers two
topics: (1) Cooling effect of green roofs on indoor environment and its use as insulation
layer and (2) Effect on roof surface temperature. Many studies showed potential benefits of green roofs for the indoor environment of the building, such as energy savings
[Castleton et al. (2010)] or reduction of indoor temperatures by several degrees [Kumar
and Kaushik (2005)]. This is closely connected to green roofs’ ability to work as insulator
and temperature buffer and decrease high surface temperatures [Wong et al. (2007)],as
well as low winter temperatures [Teemusk and Mander (2010)].
When it comes to the effect of green roofs on outdoor temperature, most modelling
studies agree that green roofs have the potential to decrease UHI [Scherba et al. (2011);
Alexandri and Jones (2008); Virk et al. (2015)]. Those results are supported by several
measurement studies [Klein and Coffman (2015); Peng and Jim (2015); Heusinger and
Weber (2015); MacIvor et al. (2016)]. Additionally, Peng and Jim (2015) also showed a
slight warming effect of green roofs during winter months.
However, measurement studies focusing primarily on effects of green roofs on outdoor temperature are relatively scarce. Berardi et al. (2014) summarized the literature
about green roofs. From the large number of articles presented in that review, only three
dealt with outdoor air temperature measurements [Speak et al. (2013); Susca et al. (2011);
Lazzarin et al. (2005)]. Another highly cited review article [Oberndorfer et al. (2007)] discusses the ecosystem services of green roofs. From 61 references only one [Bass and
Baskaran (2003)] focused on urban heat island mitigation.
Some studies discuss possible negative effects of green roofs. Jim (2015) showed that
sedum covered green roofs might under tropical conditions increase the air-conditioning
energy consumption in apartments below. Contrary to that, MacIvor et al. (2016) promote sedum for its cooling properties as a good choice for temperate continental climates. Previous studies also suggested that green roofs need a certain level of maintenance, because vegetation damage can reduce the desired cooling effects [Speak et al.
(2013)], and the temperature of the bare substrate can easily run higher than surface
temperature of a bare roof [Wong et al. (2007)].
Research presented in this chapter is based on monitoring results from an extensive,
sedum-covered green roof in Utrecht and provides an analysis of these observations. We
aim to provide additional insight in thermal behavior of sedum-covered green roofs in a
temperate climate, and to contribute to understanding of the role of soil moisture in the
cooling effect of green roofs. We also aim to clarify how thermal behavior of a green roof
changes under extreme conditions, and compare the effects of a dry green roof to a well
prospering green roof, and white gravel roof.
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Table 6.1: Sensors’ specifications

Variable
Air temperature
Soil temperature
Soil moisture
Rainfall
Runoff
Wind speed
Solar radiation

Sensor manufacturer and type
EKOPOWER thermometer TS 21
EKOPOWER thermometer TS 21
EC H2 O EC-20
EKOPOWER rain collector 7852M
STS pressure transmitter ATM/N
EKOPOWER anemometer MAX40
EKOPOWER solar rad. sensor 6450

Accuracy
<0.1◦ C
<0.1◦ C
<0.04 m 3 m −3
<0.2 mm
<0.5%
<0.1 ms −1
< 3% (0◦ to ±70◦ zenith angle)
±10% (±85◦ zenith angle)

6.2 M ETHODS
6.2.1 M ONITORING SITE
The study site is located in Utrecht, The Netherlands (52◦ 50 N, 5◦ 70 E). The climate is a
moderate sea climate with summer starting in June and ending mid-late September.
We examined seven green roofs installed on a rooftop of a one-story school building
two of which were examined in depth (GR4 and GR7); they are considered, and proved
by comparison, to be representative of the other ones (Figure 6.1). Additionally, those
two roofs had preinstalled soil moisture sensors, and therefore provided more information for the analysis. All roofs were installed in 2010 and did not receive routine maintenance. All green roofs were 7 m long and 3.5 m wide, with exception of GR2 which had
dimensions 7 x 7.5 m. Part of the installation was also a conventional white gravel (WG)
roof which was used as a baseline for comparison (8.5 x 8 m).
The construction of each green roof was as follows. A membrane separated the rooftop
from the green roof, above which lied a drainage layer (ca. 2 cm) and a cloth layer (0.3
cm). On top was a substrate layer with vegetation. The combined depth of root zone and
substrate layer was approx. 3.5 cm. The vegetation on all the green roofs was a mixture
of six sedum species(S. floriferum "Weihenstephaner gold", S. album "Coral carpet", S.
reflexum, S. spurium "Fuldaglut", S. sexangulare, S. album superbum) and was considered stabilized. As visible from Figure 6.1a), the percentual representation of the sedum
species was different for each roof.
During the monitoring period (2010 - 2015), a small meteorological station was installed on the roof including an air temperature sensor 2m above rooftop level, solar
radiation, wind speed, and rainfall. Each roof had two additional temperature sensors
positioned 15 cm (T15) and 30 cm (T30) above the ground in the center of each green
roof, and one temperature sensor positioned 2 cm under the surface inside the substrate
layer or gravel layer (Ts). Runoff was measured from each roof separately [Stomph et al.
(2002)]. Soil moisture sensors were placed in GR4 and GR7 2.5 cm under the substrate
surface. All data were recorded at 5 minute intervals. The accuracy of the sensors, as well
as the manufacturer and sensor type, can be found in Table 6.1 Calibration of the sensors
was done before installation and the green roofs, as well as the devices, were regularly
checked.
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6
Figure 6.1: Green roofs in Utrecht on 03-09-2014. a) plant cover and positioning of GR4, GR7, and WG with
respect to each other, and position of temperature sensors b) white gravel roof with temperature sensors, and
c) layout of the fields on the roof.

6.2.2 I NFLUENCE OF SOIL MOISTURE
Influence of initial soil moisture on the thermal performance of green roofs was studied using the 2014 dataset. Two six-day periods in July were chosen for the analysis,
further referred to as "cloudy" and "clear sky". First period, 12-17 July was considered
as a cloudy period with average daytime solar radiation of 212.5 Wm −2 . 15 July was an
exception and was relatively sunny (average radiation 351.5Wm −2 ). Second period, 2227 July, was considered relatively sunny with average solar radiation of 328.8 Wm −2 . It
should be noted that the incoming long-wave radiation was not measured. The cloudy
and the clear sky periods were only based on the day time measurements of the short
wave radiation and therefore nights may or may not be cloudy.
Weather conditions during the examined periods is shown in Figure 6.2. A rainy week
before 12 July caused a relatively high soil moisture level (0.18 m 3 m −3 in GR7) at the
beginning of the examined period. Soil moisture then decreased continuously until it
reached zero value on 19 July. After a heavy rain on 21 July the soil moisture increased
again to 0.21 m 3 m −3 . The highest value of soil moisture measured in July reached 0.22
m 3 m −3 (GR7). Two short rain events (14 and 26 July) with precipitation around 0.2 mm
did not cause any change in soil moisture, probably because all the water was intercepted by the vegetation. Effects of the differences in soil moisture conditions on observed temperature are discussed in section 3.1.
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Figure 6.2: a)Air temperature 2 m above the roof and incoming shortwave radiation, and b) soil moisture and
rain during the study period.

6.2.3 P ROSPERING VS . DRY GREEN ROOF
In August 2012 several of the green roofs dried out. This was due to relatively dry and
warm spring and summer with higher than average temperatures. Already in the end of
April, temperature occasionally reached 30◦ C. In order to stimulate the growth, the roofs
were fertilized and irrigated in early autumn 2012. No additional plants were added, so
we can assume that the mixture of the sedum species was similar for both years (2012
and 2013). With the exception of this singular intervention, all green roofs were not fertilized or irrigated again during the study period. Figure 6.3 shows the difference in appearance between a dry and a well prospering green roof.
To evaluate the thermal behavior of a wilted and a dried out green roof, a comparison
was made between 15-31 August 2012 and 15-31 August 2013. Those two periods were
chosen because of their similar weather patterns. They were both relatively sunny/warm
months with small amounts of rainfall and few rainstorms. Average 2 m temperature was
1◦ C higher in 2012 than in 2013 (19.0 vs. 20.1◦ C). Correspondingly, the surface temperature of the gravel was also 1◦ C warmer in 2012. Soil moisture showed higher variability
during the dry year (values between 0 and 0.28 m 3 m −3 ) than during the well prospering
year (values between 0 and 0.18 m 3 m −3 ).
Although both selected seasons had similar weather patterns, a day-to-day variability was still visible. We dealt with this variability in weather conditions in three ways:
(1) we chose the same 15 days of the two years to minimize the influence of different
sunrise and sunset times. (2) we only looked at the differences between the green roof
and the white gravel roof temperature. No analysis was done with absolute values of the
temperature measurements. The assumption was that even though the instantaneous
temperature varied in time, the difference in the instantaneous temperature measured
above two spots, within proximity as not to experience different weather conditions, was
dependent on the differences in the local conditions, such as albedo, exposure to radiation, proximity to source of evaporation, etc. Lastly (3), we averaged the differences for
each hour of the day over the whole 15 day period for both 2012 and 2013. This way,
we were able to analyze the diurnal pattern with smaller influences of a day-to-day or
minute-to-minute variability.
The performance of a dry and a well prospering green roofs compared to a conven-

6

70

6. D O GREEN ROOFS COOL THE AIR ?

6

Figure 6.3: Well prospering (top) and dry (bottom) green roof.

tional white gravel roof was analyzed using data from the same two green roofs (GR4 and
GR7) used to analyze influence of soil moisture (sections 2.1 and 3.1).

6.3 R ESULTS
6.3.1 I NFLUENCE OF SOIL MOISTURE
In general, some similarities were found in the behavior of the soil and the air temperature in and above the green roofs and the white gravel roof independently on the initial
soil moisture. Clearly, all the day time temperatures were higher than the night time
temperatures. Further, all roofs indicated a vertical pattern of T s max >T 15max >T 30max
in terms of daily maximum temperature despite the difference in a soil moisture content.
Soil temperature of the white gravel roof was always the lowest measured temperature
at night and the highest during the day. Measured for T s and T 15 for white gravel and
GR4 are shown in Figure 6.4.
Despite the similarities, the studied green roofs showed differences in their thermal
performance depending on the soil moisture and the incoming solar radiation. Differ-
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Figure 6.4: Measured values of soil temperature (Ts) and temperature 15 cm above the roof (T15) for green roof
(GR4) and white gravel roof (WG) for the two examined periods. Maximum values of Ts_WG reached 56◦ C (17
July) and are not shown in the figure.

6
ences between green roofs and the white gravel roof (Td i f = TGR - TW G ) were calculated
for all the time steps between 00:00 and 06:00 for the night, and 7:30 and 21:30 for the
day. These differences were then summed up to one number that represents the cooling
power of the green roof during the whole day/night (Figure 6.5). If divided by the number of measurements (72 for night and 168 for day for the 5 min time-step) we would get
the mean cooling effect. Graphs showing mean values and standard deviations of the
differences can be found in the appendix (Figure IV).
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Figure 6.5: Influence of the initial soil moisture on the temperature change. Each point represents the sum of
the temperature differences (Td i f = TGR - TW G ) for the whole night/day with respect to initial soil moisture.
Please note, the vertical scale is different for each figure.).

Sum of the differences between soil temperature of the green roofs and the white
gravel roof is shown in Figure 6.5a) and b). To analyze the thermal behavior of the green
roof, the data points can be separated into periods with relatively high soil moisture
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(HSM), and with relatively low soil moisture (LSM), with a tipping point around 0.12
m 3 m −3 .
Differences in soil temperatures (T s d i f ) showed opposite behavior for the clear sky
and the cloudy scenarios. At night, low soil moisture showed to be beneficial under clear
sky conditions, while under cloudy conditions green roofs exhibited relatively high differences between green roofs and the white gravel. Interestingly, the same situation was
found for high soil moisture. Average soil moisture, with values around 0.12 m 3 m −3 ,
resulted in relatively low values of T s d i f under cloudy conditions and vice versa.
Differences in air temperatures 15 cm above the roof (T 15d i f , Figure 6.5c) and d))
were generally negative at night and positive during the day, unlike T s d i f . During clear
sky nights, T 15d i f mirrored the concave behavior of T s d i f for the same period. At 15 cm
above the ground, the green roofs showed strongest cooling for the medium levels of the
soil moisture. Both HSM and LSM, on the other hand, resulted in near zero cooling. High
soil moisture levels were similarly non-beneficial during cloudy nights. T 15d i f showed
average cooling lower than 0.2◦ C for all three HSM days. For cloudy conditions, the cooling effect for 15 cm measurements got stronger with dropping soil moisture. The lowest
soil moisture level analyzed during a cloudy night reached only 0.07 m 3 m −3 . Due to the
lack of lower soil moisture measurements we can not be sure that the overall dynamics
were not the same as for the clear sky, but then just shifted.
During a daytime, T 15d i f showed opposite behavior under cloudy and clear sky conditions. During sunny days, HSM resulted in larger positive differences between green
roof and white gravel than LSM. For cloudy days the differences reached only up to 0.7 ◦ C
on average. For LSM, the air above the green roofs was during cloudy days warmer than
above white gravel. On the other hand, T 15d i f showed values close to zero on sunny
days. Interestingly, the thermal behavior changed abruptly around the values of 0.12
m 3 m −3 for both cloudy and clear sky conditions, as if a wilting point was reached.
T 30d i f showed a similar pattern as T 30d i f , however, the sums reached ca. three
times lower values (results not shown). During a day, the sum of the differences stayed
positive for all examined days. At night, T 30d i f showed average values between -0.2 and
0.2◦ C with highest positive values during cloudy nights with LSM and strongest cooling
for average moisture and clear sky.
Net effect can be calculated by summing up the day time and night time temperature
differences. For T 15d i f the total sum reached values between 0 and 120 ◦ C/24hrs. This
shows that the net effect of this sedum covered green roof was warming the outdoor
environment. Net temperature of the soil was colder than of the white gravel, despite
higher temperatures at night.

6.3.2 P ROSPERING VS . DRY GREEN ROOF
Results from 2012 showed effects of the unmaintained green roof that, due to unfavorable weather conditions, wilted and died. We compared observed temperature differences (Td i f = TGR - TW G ) from August 2012 to August 2013. Figure 6.6 shows averages
of temperature difference between green roof and white gravel roof for each hour of the
day, starting with midnight, for the three measured levels. Extra figures containing median values and percentiles (Figure I and II), average absolute values (Figure III), and a
table with P-values of Kolmogorov–Smirnov test (Table I) can be found in the appendix.
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(c) and (f) for well prospering green roof (blue, Aug 2013) and dried out green roof (red, Aug 2012). Left column
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Figures 6.6a) and d) show the diurnal pattern 30 cm above dry (red) and well prospering (blue) green roofs. At this level above the roofs, there was hardly any temperature
difference between green roof and white gravel (Td i f ), especially for the dry green roofs.
At this level, well prospering GR4 still showed a slight warming effect during the day
with highest average value reaching 0.5 ◦ C in the morning. This morning peak was also
slightly visible in the data from the dry year. For the rest of the day and night, average
hourly value of Td i f at T 30 stayed under ±0.2◦ C.
The diurnal pattern of Td i f 15 cm above roof surface (Figure 6.6b) and e) differed between both years. While dry green roofs showed very small differences with white gravel
at night, well prospering green roofs showed temperatures lower than white gravel. This
cooling was mostly between 0◦ C and 0.5◦ C. During the day (8:00-19:00), Td i f of the well
prospering green roofs reached positive values, meaning the green roof was warmer than
the white gravel. Around 19:00, average Td i f dropped to 0◦ C and the cooling effect of
well prospering green roofs was again visible after sunset. A positive peak in Td i f during morning hours above dry green roof had an earlier onset, but also diminished faster.
Around noon, dry green roofs seemed to already have a similar temperature as the white
gravel and during the afternoon (14:00-17:00) dry green roofs were even slightly colder
than white gravel.
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Diurnal pattern of Td i f of the soil temperature (Figure 6.6c) and f ) was almost identical for the well prospering and the dry green roofs. Small differences were visible in
magnitude of the cooling and warming effect of the two scenarios and between the two
green roofs. During morning and early afternoon we observed an upward shift in values
of the well prospering green roof compared to the dry green roof. This shift was equalized around noon (12:00-14:00). During the afternoon and early evening (14:00-21:00),
the well prospering green roof was colder than the dry green roof (differences up to 1◦ C).
Although the nocturnal cooling effect of the green roof was reduced when the vegetation wilted, the dry layer of substrate with dead vegetation on top had a lower surface
temperature than the white gravel roof.

6.4 D ISCUSSION

6

The largest differences in temperature were measured in the soil between extensive sedumcovered green roofs and white gravel. This corresponds with previous research indicating that green roofs have a lower temperature than traditional white gravel roofs [Sonne
(2006); Wong et al. (2003); Alexandri and Jones (2007)]. However, surfaces of the green
roofs were not colder during the entire 24 hour period. At night they were generally
slightly warmer than the conventional roof. This also corresponds with previous research [Heusinger and Weber (2015); Coutts et al. (2013); Jelínková et al. (2015)]
Data from air temperature measurements suggest that sedum covered green roofs
may not always have the cooling effect on the urban environment during daytime, as
some modeling studies have predicted [Li et al. (2014)]. On the contrary, we measured
a warming effect of the green roof predominantly during the daytime in comparison
to the white gravel roof. The green roofs were especially warm during morning hours
when the soil was still warmer or had a similar temperature as the white gravel. With
the sun shining on the roof, a lower albedo of the green roofs, together with the special
metabolism of sedum, is likely to have caused the air above the green roofs to warm up
more than above the white gravel.
Sedum is a CAM (Crassulacean acid metabolism) genus and its species are often used
on green roofs in temperate climates, because of their high resistant to drought [Nagase
and Dunnett (2010); Kircher (2002); Monterusso et al. (2005)]. CAM plants transpire at
night, while during daytime are stomata of CAM plants closed to prevent water loss [Ranson and Thomas (1960)]. Thanks to this mechanism, CAM plants are relatively drought
resistant, but they do not transpire and consequently decrease the air temperature during daytime, but at night.
The cooling effect of green roofs on the surrounding environment is mostly evident
at night. Although the cooling reaches relatively low values (average 0.5◦ C), it has been
repeatedly measured for situations with optimal soil moisture conditions. The nocturnal
cooling effect is lost when the green roofs are dry (yr. 2012), because the plants can
no longer transpire. Under the conditions of our testing site, conditions limiting the
cooling effect are high soil moisture levels (above 0.12 m 3 m −3 ) combined with cloudy
sky. Presence of clouds at night generally increases the incoming long-wave radiation,
which decreases the radiative cooling.
The effect of a different initial soil moisture content is visible in both the air and the
soil temperature. The tipping point observed around 0.12 m 3 m −3 can be the result of
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the low moisture pressure in the substrate (pF < 4.2) or the result of plant physiological
properties of sedum. As the pF curve of the substrate is unknown, it was not possible to
establish why this tipping point occurs.
Higher air temperatures 15 cm above green roofs, compared to 15 cm above white
gravel, during the day time are probably caused by lower albedo values and different
roughness lengths. The sedum mixture growing on these roofs had mostly a reddish
color with bright yellow flowers (albedo 7%). Overall, the green roofs are significantly
darker than the predominantly white and gray stones of the gravel. The height of the
sedum plants is not uniform, with some of them reaching up to 8 cm during bloom. This
height could increase the roughness length of the green roof and hinder the ventilation
of the air layer closest to the surface.
Measurements 15 cm above the dry green roofs show some interesting results, i.a. in
the afternoon. We can only speculate, why is the air above the dry green roofs colder than
above the white gravel in the afternoon. This may have been caused partly by evaporation from the soil. After rainfall, part of the moisture is trapped in the substrate and the
drainage layer of the green roof, and evaporates later. For the rest of the day and night,
the air temperature above the dry green roof is very close to the temperature above the
white gravel. This means that the green roof not only looses its nocturnal cooling effect
when the vegetation is dry, but also has a slight heating effect during daytime. Decrease
in the nighttime cooling caused by the damaged vegetation was also described by Speak
et al. (2013) in Manchester, UK.
Measurements 30 cm above the roof surface show a similar pattern for all years and
roof types. It is postulated that at this height, the air layer is already relatively well mixed
and the measurements are influenced more by the air advected from the surroundings
than by the roof cover type. Although measurements at this height do not provide many
interesting insights into the variability of green roof behavior with respect to soil moisture, influence of the roof cover at this level is still evident as, for example, in the morning
peak in Td i f at T 30 described in section 3.2.
Similarities in Td i f 30 cm above roof top during both measured years, for the well
prospering and the dry green roof analysis, support our methodology regarding the variability in weather conditions. Assuming measurements 30 cm above the roof top are
mostly influenced by surrounding areas and general weather patterns, minimal differences between Td i f in 2012 and 2013 suggest that the influence of diurnal temperature
variability is small.
Several possible challenges need to be taken into account. Our analysis is based on
comparing different days and years. When we compare several days with different initial
soil moisture level, instantaneous weather conditions may still influence the result. Although the data are separated over two scenarios according to incoming radiation and
normalized for air temperature differences, wind speed and relative humidity might also
play a role in the thermal behavior of green roofs. Similarly, the results for dry vs. well
prospering green roofs can still be influenced by a different number of sun hours (116.6
for given period in 2012 and 107.3 in 2013 [KNMI (2016)]), different amount and distribution of precipitation, and slightly different sedum development and composition.
As mentioned in the Methods section, there are inter-field variations in vegetation
coverage. These differences in plant composition may affect soil temperature, surface
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temperature, and, consequently, air temperature above the green roof. Since there is
only one measurement location per green roof, the variations are not measured. However, the variability is partly represented in the differences between GR4 and GR7. It is
visible from Figures 6.5 and 6.6 that both roofs exhibit slightly different magnitudes in
terms of the cooling/warming effect. Nonetheless, the general pattern of the temperature differences, or their sums, stay the same for both examined green roofs. Similarly,
although data for GR2, GR3, GR5, GR6, and GR8 are not shown in this article, the general
pattern of diurnal behavior and temperature differences with white gravel were consistent for all the monitored roofs.
Further research is needed in order to fully understand the influence of spatial variability of vegetation. Several measurement points equally distributed over each green
roof can contribute to the understanding of the complex system of unmaintained sedumcovered green roofs. Additionally, the effect of surrounding areas on the measurements
should be studied more in depth. Although the measurement points were positioned
in the middle of the field in order to minimize the effect of surrounding areas, the results suggest that measurements 30 cm above the ground experience strong influence of
surrounding areas.

6.5 C ONCLUSION

6

We examined the influence of sedum-covered green roofs on the air temperature 15 and
30 cm above the green roofs. Two green roofs were compared with a conventional white
gravel roof under different soil moisture scenarios, and under extreme water stress. Our
results support other studies showing that, under normal conditions, the sedum-covered
green roof exhibits a slight warming effect on its surrounding during the day, and cools
down the immediate environment at night. The nighttime cooling effect was, however,
weaker than daytime warming, which resulted in a net warming effect of the green roof
on the surrounding environment over the whole 24 hour period.
Under the conditions of our site, the cooling effect of extensive green roofs on the
outdoor environment, as often claimed in landscaping literature, was not confirmed
for day time as compared to a white gravel roof, and was shown to be limited at night
time. This was most likely because of the predominantly CAM type plants growing on
the monitored green roofs. Consequently, CAM plants, more specifically sedum, might
not be the best choice for a green roof, when aiming to mitigate higher daytime air temperatures during a summer. Further research is needed in order to better understand the
influence of spatial variability of green roofs on air temperature.
Our research further suggests that availability of water in the substrate plays an important role in the cooling behavior of the vegetation. The effect of soil moisture showed
different patterns for cloudy and sunny days. These patterns need to be further verified
over longer periods and including more detailed analysis of meteorological variables.

7
C ONCLUSION AND
R ECOMMENDATIONS
A je to!
Ancient Czech proverb
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This thesis provides new insights into the role of water in the cooling effect of several blue-green climate adaptation facilities in urban area. An extensive literature review
revealed the need for deeper understanding of how several blue-green climate adaptations measures perform when it comes to cooling. We have tested the cooling performance of a sedum covered extensive green roof, an urban pond, and intercepted water
on paved surfaces. Additionally, we presented several ways of using Distributed Temperature Sensing for detailed temperature measurements in an urban environment, both in
water and in air.

7.1 U RBAN POND

7

Urban water is considered to be a heating element at night. We have investigated the
nighttime behaviour of an urban pond in Delft. Those measurements provided insight
into the ways an urban pond releases its stored energy at night. The daytime behaviour
of air-water interface showed an unexpected temperature anomaly, which was present
during almost all daytime measurement points.
A detailed DTS setup allowed for a 2 mm vertical resolution measurements of air and
water temperature in an urban pond in Delft. As expected, the water temperature was
gradually increasing during daytime, and part of the stored heat was then released during the following night. Our measurements show that the majority of the released heat
escapes in the form of longwave radiation and latent heat flux, hence does not influence the air temperature. On average, only about 11 % of the energy escaped in the form
of sensible heat. This is contrary to the generally accepted view that open water has a
strong heating effect on nighttime air temperatures in urban environment.
Weather conditions on the preceding day have a strong effect on cooling of different water depths the night after. While cold cloudy days are followed by homogeneous
cooling through the whole depth of the pond, after warm sunny days the heat is still being transferred from top layers to the deeper layers of water, resulting in net increase in
temperature close to the bottom of the pond. These results showed a need for further research on the effect of turbidity on the energy balance of an urban pond over its depth. It
is likely, that for less turbid ponds this distinction between cloudy-days and sunny-days
behaviour would be less apparent.
The muddy bed-layer of the pond exhibits slightly different behaviour. During the
monitoring period, the lowest 10 cm of mud always experienced a temperature gradient
from the warmer water above to the colder bottom. This ground flux of thermal energy
from water to the mud was estimated to range between 0.1 MJm−2 and 0.3 MJm−2 per
night but uncertainty in the thermal conductivity of the bed sediment is large.
Daytime measurements of air-water interface revealed an existence of a temperature drop in the water close to the water surface. This temperature anomaly is present
during most of the daytime and disappears at night. Similar behaviour was also measured in lake Kinneret (Israel) and lake Binaba (Ghana). Analysis of data collected from
all three locations confirmed that the measured temperature drop could be attributed
to a so-called skin effect. Our data suggest that the skin effect of fresh water bodies is
predominantly a daytime phenomenon and only occurs during low to zero wind speeds.
Our measurements show skin thicknesses up to 3 cm, which is considerably higher than
acclaimed maximum thickens of 1 mm previously found in literature.

7.2. I NTERCEPTED WATER
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Existence of a colder layer of water on top of warm water creates instability. Our
measurements, as well as calculation of energy balance of the cold layer, showed that
the layer will empty periodically every hour. Further research is needed in order to understand this temperature anomaly. As evaporation rate and other heat and radiative
fluxes are strongly dependent on surface temperature, understanding the processes that
happen around the air-water interface is crucial for proper estimation of these fluxes.
As the daytime air temperature measurements inevitably experienced effect of solar radiation, we used part of the data to quantify the effect solar radiation has on the
resulting measurements. Since the optical fibre was wrapped around a PVC tube, the
measurements were influenced not only by the radiation heating up the cable itself, but
also by the temperature of the construction. The effect of radiation on the cable itself
was previously found to be around 0.2 ◦ C [De Jong et al. (2015)]. Our results show that
using PVC auxiliary constructions can cause temperature measurement deviations up
to 0.5 ◦ C. This can be even higher for other set-ups and/or conditions. Interestingly, we
recorded a clear hysteresis pattern in the radiation effect on temperature measurements.
This is probably caused by slow warming-up of the PVC in the morning, which cools the
cable, and a heat-retention by the PVC in the afternoon, which slightly warms up the
cable during early evening hours.

7.2 I NTERCEPTED WATER
Second area of investigation was the cooling effect of intercepted water that is on paved
surface on air temperature. Wetting the streets and roofs is becoming a more and more
popular way of decreasing both indoor - in case of application on roof - and outdoor - in
case of application on streets - temperature. In Japan, the tradition of spreading water
around houses and temples in order to settle dust and decrease ambiant air temperature
is called uchimizu (= "throwing water").
The cooling effect of uchimizu was measured under the climatic conditions of Delft,
The Netherlands, during a hot summer day. A complex DTS setup was used also for our
uchimizu research. We employed a 1 m 3 (1 x 1 x 1 m) 3D monitoring set up of more than
34,000 temperature sampling points. The measurements show an immediate effect on
air temperature with cooling up to 1.6 ◦ C at 2 m height, and up to 8 ◦ C for near-ground
temperature. We showed that initial ground temperature in combination with wet bulb
temperature has an effect on the final cooling of air. The strongest cooling was measured
for the experiment with lowest initial surface temperature and a relatively high wet bulb
temperature. This measurement was performed in the shade of a tree. Increase in air
humidity might hinder the decrease of perceived temperature, however, for our case, the
peak increase in humidity was only around 2.5 %. Unfortunately, research and weather
conditions allowed for only one day of experimenting. More measurements are necessary to fully understand the relationship between cooling effect of intercepted water and
shade.
The uchimizu method offers a possibility of citizen participation in mitigation of extreme temperatures. This has two important advantages compared to more complex
UHI mitigation methods such as urban ponds, or parks: (1) It is relatively easy for everyone to practice this method and apply the cooling wherever and whenever needed. And
(2) the energy to evaporate the applied water is taken from both the ground and the air,
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resulting in decrease of both air and surface temperature. Lower surface temperature
leads to lower radiative temperature, hence leads to higher thermal comfort. Nonetheless, the area of effect of uchimizu and similar techniques on human comfort still needs
to be investigated in more depth.
Use of the 1 m3 DTS setup allowed for observation of creation and rise of small turbulent eddies in the lowest 1 m of atmospheric boundary layer right above the paved
surface. Such measurements, although beyond the scope of this thesis, open up possibilities for observation of the dynamics of small scale atmospheric processes.

7.3 G REEN ROOF
Green roofs are generally promoted as a way to manage rain water, but also for their positive effect on urban climate. Most popular and widely applied are sedum-covered extensive green roofs. We have investigated several extensive sedum-covered green roofs in
Utrecht, The Netherlands, and their thermal performance under different soil moisture
scenarios and under extreme water stress. Air temperature measurements were taken
15 and 30 cm above the roof, and also soil temperature was measured in the layer of
growing medium.

7

Contrary to the general believe, the net effect of a well-watered green roof, as compared to a traditional white gravel roof, was a slight increase in air temperature during
summer. When examining the diurnal cycle in the behaviour of the studied green roofs,
a distinct pattern was discovered. During daytime, green roofs exhibit a slight warming effect on their surrounding while at night the effect is opposite, and sedum-covered
green roofs provide some cooling. The recorded nighttime cooling effect is, however,
weaker than the daytime warming.
As expected, availability of water in the substrate plays an important role in the cooling behavior of the vegetation. The effect of a different initial soil moisture content is
visible in both the air and the soil temperature. This effect is different for sunny and
cloudy days, and might even be opposite depending on the weather. Under extreme
conditions, when the green roof is almost entirely wilted, the nighttime cooling stops
entirely and the green roof influences the air temperature in almost the same way as a
white gravel roof. Our results also suggest that there is a threshold value of soil moisture, around which the effect of green roof on air temperature undergoes a step change
from high to low cooling or other way round, depending on the weather conditions. For
the tested green roofs, this value was ∼ 0.12 m 3 m −3 . The existence of a threshold might
help with optimizing the soil moisture on green roofs to a value for which the nighttime
cooling effect is relatively strong and the daytime heating relatively low. Interestingly,
the ability of green roof to buffer soil temperature stays intact, even when the plants are
dead.
Results from our green roofs investigation suggest that temperature measured 0.3 m
above the green roof surface is already strongly influenced by the surroundings, hence
that the influence of the green roof on ambient air temperature in the surrounding is
very limited. The vertical profile of thermal effect of a green roof should be studied more
extensively with relation to wind speed and soil type and moisture content, actual evaporation, and vegetation type to quantify the cooling effect of other types of green roof.

7.4. F UTURE RESEARCH
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7.4 F UTURE RESEARCH
As is common in science, every answered question raises us several other issues. This
thesis addressed a few questions about how water is involved in urban cooling and only
addressed a few aspects influencing the cooling effect. Performance of many other bluegreen solutions still needs to be investigated. The cooling effect of urban vegetation on
street level needs to be investigated in a way that allows for extrapolation of results to
other locations. Performance of urban trees, green walls, and other types of vegetation
needs to be linked to measurable variables such as air temperature and humidity, exposure to solar radiation, wind speed, proximity to buildings, etc. When it comes to urban
pond, its daytime behaviour should be studied in more detail as well. The daytime cooling effect provided by urban pond is causes by two effects: evaporation and heat storage.
The ratio of those two effects is not well understood. For example, how is the heat absorption by (urban) surface water influenced by the turbidity and what is the effect on
daytime evaporation?

7.5 G ENERAL CONCLUSION
Results of this thesis show how important it is to properly understand the leading mechanisms behind cooling efficiency of water in climate adaptation solutions. Almost every
chapter (except Chapter 2) of this thesis demonstrates in some way that the general opinion about some blue-green solution is different from reality. An extensive green roof did
not significantly contribute to cooling of ambient temperature, and even had a slight
warming effect during daytime. Urban pond at night, indeed, radiated an extensive
amount of heat energy, but majority of this heat was released in the form of longwave
radiation and latent heat flux and did not influence air temperature. Water poured on
a hot pavement does not always decrease the air temperature, since the ground might
be so hot that all the necessary energy to evaporate the water is simply supplied by the
pavement.
It is an opinion of the author that understanding the processes driving the cooling effect of water in different adaptation solutions on urban environment is the way forward
in the field of urban climate. Nowadays, the scientific field of urban climate suffers from
everything-is-a-case-study bias. If measurements are done in Delft, The Netherlands, it
is extremely difficult to extrapolate the results to other places with other climates, but
even for different neighbourhoods of the same city. Urban climate is so vastly complex
that air temperature can change by several degrees within the same street. Understanding of what influences this temperature change (or any other variable), how the different
influencing factors are connected, and what can be neglected and what not, is the only
way to up-scale the knowledge from a case study to potential world-wide contribution.
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Figure I: Averages for each hour of a day for temperature difference (T_GR4 - T_WG) 30 cm above the roof
surface (a), 15 cm above the roof surface (b) and in the soil (c) for well prospering GR (blue boxes, 2013) and
dried out GR (red bars, 2012). On each box or bar, the central mark is the median, and the edges of the box or
the spread of the bar are the 25th and 75th percentiles. Whiskers represent extreme values excluding outliers.

A PPENDIX

101

Tdiff [oC]

0 1 2 3 4 5 6 7
2.5
2
1.5
1

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

a) 30 cm

0.5
0
-0.5
-1
-1.5

Tdiff [oC]

2.5

b) 15cm

2
1.5
1
0.5
0
-0.5

Tdiff [oC]

-1
-1.5
6
4
2
0
-2
-4
-6
-8
-10
-12

c) soil

Well prospering GR
Dry GR
0 1 2 3 4 5 6 7

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Hour of day

Figure II: Averages for each hour of a day for temperature difference (T_GR7 - T_WG) 30 cm above the roof
surface (a), 15 cm above the roof surface (b) and in the soil (c) for well prospering green roof (blue boxes, 2013)
and dried out green roof (red bars, 2012). On each box or bar, the central mark is the median, and the edges of
the box or the spread of the bar are the 25th and 75th percentiles. Whiskers represent extreme values excluding
outliers.
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Figure III: Averages for each hour of the day for all the measured temperatures for 30 cm above the roof surface
(a), 15 cm above the roof surface (b) and in the soil (c) for well prospering GR (circles, 2013) and dried out
GR (lines, 2012). Note that average 2 m temperature was 1◦ C higher in 2012 than in 2013 (19.0 vs. 20.1◦ C).
Correspondingly, the surface temperature of the gravel was also 1◦ C warmer in 2012. For this reason we only
include the temperature differences in the main text.
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Table I: P-values for Kolmogorov–Smirnov test comparing Td i f for well prospering GR with Td i f for dried GR
for each hour of a day, as shown in Figures 6, 7 and 8. Two data sets with P-value below 0.05 are generally
considered significantly independent. The lower the P-value the higher the statistical significance of rejecting
the hypothesis that both data sets (dry and well prospering year) are drawn from the same overall dataset.
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Figure IV: Influence of soil moisture on temperature change. Each point represent the mean temperature
difference (Td i f = TGR - TW G ) for the whole night/day with respect to initial soil moisture. Error bars show
the standard deviation. Note the different scales for soil temperatures and air temperatures.
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