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Abstract: Worldwide cities are facing increasing temperatures due to climate change and increasing
urban density. Green roofs are promoted as a climate adaptation measure to lower air temperatures
and improve comfort in urban areas, especially during intensive dry and warm spells. However,
there is much debate on the effectiveness of this measure, because of a lack of fundamental knowledge
about evaporation from different green roof systems. In this study, we investigate the water and
energy balance of different roof types on a rooftop in Amsterdam, the Netherlands. Based on
lysimeter measurements and modeling, we compared the water and energy balance of a conventional
green roof with blue-green roofs equipped with a novel storage and capillary irrigation system.
The roofs were covered either with Sedum or by grasses and herbs. Our measurements and modeling
showed that conventional green roof systems (i.e., a Sedum cover and a few centimeters of substrate)
have a low evaporation rate and due to a rapid decline in available moisture, a minor cooling effect.
Roofs equipped with a storage and capillary irrigation system showed a remarkably large evaporation
rate for Sedum species behaving as C3 plants during hot, dry periods. Covered with grasses and
herbs, the evaporation rate was even larger. Precipitation storage and capillary irrigation strongly
reduced the number of days with dry-out events. Implementing these systems therefore could lead
to better cooling efficiencies in cities.

Keywords: blue-green roofs; potential and actual evaporation; latent heat flux; sensible heat flux;
water availability; capillary irrigation; lysimeter; urban areas; Sedums

1. Introduction

Climate change and ongoing urbanization will result in both an increase of the urban heat island
(UHI) effect [1,2] and flooding [3]. The UHI effect is known as the phenomenon where the urban
temperature is higher than the surrounding rural environment, due to the modification of land surfaces
(i.e., application of energy absorbing surfaces such as asphalt and concrete on roofs and pavements,
and changes in reflection and absorption due to the geometry of buildup areas). These surfaces
generate an excess of heat due to a lack of evaporation. The extent of the temperature difference
between the surfaces varies in time and space as a result of meteorological and surface characteristics
of the urban area [1]. An increase in the UHI effect results in a higher ratio of mortality and/or illness,
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because of heat stress and higher energy demands for cooling [4–7]. Aerosol emissions play a role in
exacerbating or mitigating the UHI effects and related health impacts, e.g., recent substantial reductions
in aerosol concentrations in the southeast of the US resulted in increased surface temperatures [8].

Urban flooding is caused by a combination of heavy rainfall events, and the limited capacity of
sewer systems, resulting in nuisance and serious water pollution problems. The high stress on the
sewer system is caused by a decreasing area of permeable ground in cities, limiting the infiltration of
rainwater [3] in combination with more frequent heavy rainfall events [9–11] in some regions of the
world, such as the Netherlands.

There are several options to decrease the UHI effect and peak flows in sewer systems. One of
these options is to reserve more space for permeable green areas in a city. Permeable green areas
decrease storm runoff by intercepting, retaining, and evaporating rainwater [12,13]. Space on the
surface level however, is scarce in many cities. Given the large area of unused space at the rooftop level,
greening roofs might be a promising solution, presenting a relatively high potential for heat islands
and storm water runoff mitigation [14–17]. Alternatively, white and/or reflective roofs, often referred
to as ‘cool roofs’ may also provide efficient mitigation of atmospheric heating by increasing surface
albedo and decreasing net radiation [14,18]. Several studies compared the UHI mitigation potential
of green and cool roofs [2,18–20]. Overall, these studies concluded that cool roofs with an albedo
≥0.7 provide a greater benefit in terms of UHI mitigation than conventional extensive green roofs.
However, these studies also concluded that water availability plays an important role in the cooling
behavior of the vegetation on a green roof. Santamouris [2] argue that for very well irrigated vegetated
roofs, the UHI mitigation potential can become equal to that of cool roofs during peak temperature
periods. Accordingly, the effectiveness of green roofs is, besides local climatic conditions such as
solar radiation, wind and humidity [21], highly dependent on the water availability for evaporation.
We hypothesize that the storage of precipitation water and capillary irrigation with this water is
an effective measure to increase evaporation, and thus UHI mitigation potential. In line with [22],
we define the evaporation of a vegetated surface (E) as the sum of three fluxes: transpiration (Et), soil
evaporation (Es), and evaporation of intercepted water (Ei). Et and Es occur at a potential rate when the
availability of water is not limiting. Potential evaporation Ep reduces to the actual Ea when the water
availability is limiting. Increasing the evaporation (E) to its potential rate increases the latent heat flux
(LE) which results in a decrease of the sensible heat flux (H). However, many conventional green roofs
have shallow soils, limiting water retention and water availability for evaporation, and thus leading to
a minor cooling effect, especially during long dry spells.

The water storage required to meet the potential evaporation, and therefore to reach the most
optimal cooling effect, depends on the evaporation rate of the vegetation and local climatic conditions.
The measured data of actual evaporation (Ea) of the green roof vegetation is however, very scarce
and it is partly limited to greenhouse experiments and environmental chamber setups [23,24].
Coutts et al. [18] measured Ea using a portable closed-chamber, but only on four sunny days.
More elaborate measurements were performed by [25], who measured the actual evaporation
continuously over a one year period with a weighing lysimeter on an extensive green roof in New York.
Sims et al. [26] used weighing lysimeters to investigate the effect of different climatic conditions on
retention and evaporation. Also more elaborate are the dynamic chamber measurements of [27],
who measured Ea on two locations in New York. This study also provides an overview of the average
estimated Ep (five cases), and the measured and estimated Ea (10 cases) under temperate climate
conditions in the US, Europe, and New Zealand. In this overview, average Ea ranges between 0.9 and
3 mm/day depending on local conditions. Another overview is given by [28] for relatively cold and
wet regions in Northern Europe.

In this contribution, we investigate the effect of water availability on Ea and the distribution of
energy between the latent heat flux (LE) and the sensible heat flux (H) in a rooftop environment in
Amsterdam, the Netherlands. We compared the water and energy balance of conventional green roofs
and (blue-)green roofs equipped with a novel water storage and a passive capillary irrigation system.
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We measured Ea on-site using sensitive custom build weighing lysimeters integrated in the green
roof over one year. We used a hydrological model validated on the field data to assess the effects
of meteorological variations on Ea and the performance of the different roof systems. We provide
quantitative insights and practical modeling procedures to assess the success of different roof types in
evaporating and storing rainwater and potentially cooling the air.

2. Materials and Methods

2.1. General Setup

A field campaign started in April 2017 to measure the evaporation rate and energy fluxes of
three different plots (4.26 × 4.26 m) on a two-story, ca., 9 m high rooftop (Figure 1) in Amsterdam,
the Netherlands (52.37◦ latitude, 4.92◦ longitude). The climate of the research site is temperate
maritime, with an average precipitation of 852 mm/year and an average Makkink reference crop
evapotranspiration [29] of 593 mm/year (period 1988 until 2017, from the climate station Schiphol,
located 11 km from the research site). We designed one plot as a conventional extensive green roof, i.e.,
equipped with a 25 mm thick drainage mat and a 4 cm substrate layer. The other plots were equipped
with a Permavoid storage and capillary irrigation system [30] (Figure 2); one was covered with a 4 cm
thick substrate layer and the other with a 8 cm thick substrate layer. All three plots were raised by
17 cm compared to the surrounding roof to accommodate weighing lysimeters (Figure 3) and increase
structural strength of the roof to be able to accommodate the 8 cm substrate layer. The maximum
storage level in a Permavoid unit was 80 mm. However, based on a calculated maximum allowable
static load of 90 kg m−2, a storage level of only 30 mm could be allowed on this specific roof. When this
storage level was exceeded, water was discharged to the sewer system. Stored water was available for
passive irrigation via capillary cones, consisting of hydrophilic rockwool fiber. These cones were placed
inside tubes within the Permavoid units, and they supplied the root zone with water by capillary forces.
The substrate consisted of a mixture of shale, pumice, lava rock, crushed bricks, clay, and compost.
The substrate has a porosity of 64% and a bulk density of 970 kg m−3 [31].

The initial vegetation present on the green roof consisted of blankets with a mixture of sedum
species from the company Sempergreen, containing Sedum sexengulare, Sedum hispanicum, Sedum
floriferum, Sedum hybridum, Sedum kamschaticum, and different varieties of Sedum acre, Sedum album,
and Sedum spurium. After placement of the sedum mix blankets, 40 plant species native to Europe
(Table A1) were sown on the sedum carpet/substrate to increase the biodiversity and to give insight
in the change in plant species distribution over time. Initially, we manually irrigated the plots and
the surrounding roof to promote germination. Therefore, only field data from 25 May 2017 until
16 May 2018 was used in the final analysis to limit our analysis to periods without disturbances by
manual irrigation. For the plots with capillary irrigation, a herb and grass cover was developed
between 25 May and 1 August 2017.

We used our field data to parameterize the Penman–Monteith equation, to calculate Ep

and to perform hydrological model simulations of Ea based on the actual availability of water.
The Penman-Monteith equation is given by:

Ep =
∆(Rn − G) + ρacp(es − ea)/ra(

∆ + γ
(

1 + rs
ra

))
λρw

(1)

where Ep is the potential evaporation (mms−1), ∆ is the slope of saturation vapor pressure vs the
temperature curve (kPa·◦C−1), Rn is the net radiation (MJ m−2 d−1), G is the soil heat flux (MJ m−2 d−1),
ρa is the air density (kg m−3), cp is the specific heat of moist air (J·kg−1 ◦C−1), es is the saturation vapor
pressure of the air (kPa), ea is the actual vapour pressure of the air (kPa) (i.e., es − ea represents the
vapor pressure deficit of the air), ra is the aerodynamic resistance to turbulent heat and vapor transfer



Water 2018, 10, 1253 4 of 21

(s·m−1), rs is the surface resistance (s·m−1), γ is the psychrometric constant (kPa·◦C−1), λ is the latent
heat of vaporization (J·kg−1), and ρw is the density of liquid water (kg·m−3).

First, simulations of Ea with a hydrological model were validated against the field measurements
of Ea. Second, the validated model was used to simulate the long-term effects of different roof setups
on evaporation using climate data of the meteorological station “Schiphol”, located 11 km from the
experimental site. In this final analysis, six roof setups were simulated by combining two vegetation
covers and three types roof constructions: Sedum or grasses/herbs cover with a conventional buildup,
capillary irrigation with 30 mm of water storage (like in the experimental site), and capillary irrigation
with 80 mm of water storage (i.e., the maximum storage capacity of the Permavoid unit). Simulations
with a Sedum cover were performed with a substrate thickness of 4 cm, and the simulations with a
grass/herb cover with a substrate thickness of 8 cm.
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the Permavoid drainage and capillary irrigation system.

2.2. Hydrometeorological Measurements

Each of the three research plots was equipped with sensors to measure the actual evaporation
Ea, the net radiation Rn, the soil heat flux G, the soil moisture θ and the soil temperature Tsoil.
Other meteorological variables such as wind speed and wind direction, relative humidity RH, ambient
air temperature Ta, air pressure, and incoming shortwave radiation (Rs) were measured with an
all-in-one weather station (WS501-UMB, LUFFT) at 1.5 m above the surface, positioned close to the
capillary irrigated plot with 4 cm substrate (Figure 1). Precipitation (P) was measured with a rain
gauge (ARG100, Campbell Scientific Inc., Loughborough, United Kingdom) positioned between the
first two plots (Figure 1). Measurements were collected at 30 s intervals, aggregated to 5 min values,
and logged on a datalogger (CR1000, Campbell Scientific Inc.). The net radiation was measured with
net radiometers (NR-Lite2, Kipp & Zonen B.V., Delft, the Netherlands) installed at a height of 22 cm
above the vegetation surface, to limit the dominant field of view to the research plots. Self-calibrating
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heat flux plates (HFP01SC, Hukseflux B.V., Delft, the Netherlands) were installed at the bottom of
the substrate (i.e., at 4 or 8 cm depths) near the net radiometers. Besides each soil heat flux plate,
a soil moisture and soil temperature sensor (5TE, Meter group, München, Germany) was installed
at 3 cm depth. Procedures to calculate the soil heat flux G at the surface were followed according to
the Campbell Scientific Inc. (2014) HFP01SC instruction manual. For accuracy and precision of the
sensors, we refer to the individual manuals of the sensors, which are accessible on the web. Within each
research plot, a weighing lysimeter was installed, sunken into the raised green roof surface of the plots.
The lysimeters (Figure 3) consisted of a square stainless-steel bucket of 58 × 58 cm placed on a weighing
unit. The structure of the drainage layer, geotextiles, substrate, and vegetation inside the lysimeter
buckets was identical to that of the surrounding plots. In line with this, the drainage conditions and
water storage in the buckets was kept identical to that of the surrounding plots. We covered the rim of
the lysimeter, covering the gap between the lysimeter and the surrounding roof, with a thin layer of
cork to the limit reflection of sunlight and down welling longwave radiation onto the net radiometer.
The lysimeters were weighted with temperature compensated single point load cells (Utilcell 190i,
max 120 kg, Utilcell, Barcelona, Spain). To increase measurement precision, we installed digitizers
(Flintec LDU 68.1, Flintec, Hudson, NY, USA) to process and digitize the load cell signals without
interference by the datalogger. In this setup, a measurement resolution of 12 g was achieved, i.e.,
0.04 mm equivalent water depth, which is adequate for measuring Ea [32,33]. On 25 July, the lysimeter
with capillary irrigation and 4 cm substrate was disturbed in a burglary attempt. After this event,
the proper functioning of the load cell was validated and the lysimeter was back in operation on
2 August. The lysimeter data was processed with the AWAT filter [34]. Because of the limited amount
of space below the lysimeter, we were unable to easily measure the drainage from the lysimeter.
Therefore, evaporation could only be determined during days without drainage, i.e., at moments when
the lysimeter weight was lower than its maximum.
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Figure 3. Lysimeter design (left), and (right) a lysimeter embedded in the green roof surface shortly
after planting the sedum blankets. The drawing of the lysimeter shows the two roof designs: storage
and capillary irrigation (left of the diagonal dashed line) and a conventional build up (right of the
diagonal dashed line).

2.3. Parameterization of the Penman–Monteith Equation

To parameterize the Penman–Monteith equation, we needed procedures to calculate Rn, G, and ra,
and a value for rs for Sedum, and for a grass and herb cover. Models to estimate Rn especially have
trouble with deriving accurate numbers for the net longwave radiation [32,35]. Therefore, simple linear
regression models between incoming shortwave radiation and net radiation often perform better than
more complex models that derive subcomponents of the radiation balance explicitly [36]. We measured
Rn and G in the research plots, which allowed us to derive similar linear regression models. The three
different research plots appeared to differ marginally in Rn. We therefore used the average regression
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coefficients of the three plots for both vegetation covers Sedum and grasses/herbs (Figure A2). On daily
time steps, G was often negligible, i.e., near zero because the soil was warming during the day and
cooling during the night. G appeared to be less than 2.5% of the net radiation on daily time steps and
it was therefore neglected in the rest of the analysis (Figure A1).

The aerodynamic resistance under neutral stability conditions can be estimated by [37]:

ra =
ln
(

zm−d
zom

)
ln
(

zh−d
zoh

)
k2uz

(2)

where zm is the height of wind measurements (m), zh is the height of humidity measurements (m), d is
the zero plane displacement height (m), zom is the roughness length governing momentum transfer
(m), zoh is the roughness length governing transfer of heat and vapor (m), k is the von Karman’s
constant (0.41 (-)) and uz is the wind speed at height zm (ms−1). For grass, empirical equations were
developed to estimate d, zom, and zoh [38]:

d =
2
3

V (3)

zom = 0.123 V (4)

zoh = 0.1 zom (5)

where V is the vegetation height. We used the same empirical equations for Sedum and grass/herbs
with a vegetation height of 8 cm and 30 cm, respectively.

The surface resistance (rs) of Sedum was back-calculated by substituting the measured data for
Rn, G, and Ea from the conventional green roof research plot into Equation (1) under non-stressed
conditions (i.e., when Ep = Ea). In line with [32], non-stressed days were filtered out by selecting only
data from two consecutive days after at least 5 mm of rain. We selected the conventional green roof
research plot for this exercise because no grasses or herbs germinated, and the plot had a constant
Sedum cover during the entire experiment. We used a slightly different procedure to derive rs for
grasses/herbs. We used the Sedum rs resulting from above procedure and linearly decreased the Sedum
rs until 1 August 2017 (i.e., over 67 days) to the rs value of a full grass/herb cover, since a full grass/herb
cover developed during this time period and remained more or less constant afterwards. We calibrated
the rs of the full grass/herb cover by fitting the measured Ea on the modeled Ea (the model to estimate
Ea is explained in the next section). Calibration was performed manually by decreasing the grass/herb
rs in steps of 10 sm−1. We derived the final grass/herb rs only from the capillary irrigated research
plot with an 8 cm thick substrate layer. This because the other plot had excessively high evaporation
values at certain days (which would lead to an unrealistic rs value of 10 sm−1) which we suspect are
caused by an input of dry warm air from a building air vent next to the research plot.

Similar to rs, we linearly interpolated the vegetation height between 8 cm and 30 cm during the
development phase of the grasses and herbs.

2.4. Model Simulation of Ea

Actual evaporation was simulated with a so-called simple bucket model [39] (Figure 4). A bucket
model is a reservoir that fills by rain and empties by evaporation. If the bucket is almost empty,
limited evaporation occurs, i.e., with a lower rate than the potential rate (Ep), to mimic the closure of
leaf stomata and self-mulching effects on soil evaporation. The concept of a bucket model compares
well with the processes on a green roof, which only spills water if the system is entirely saturated.
The model has two parameters: the root constant (RC) and the permanent wilting point (PWP). PWP is
the maximum available water for plants, i.e., the total depth of the bucket relative to the top. RC is the
depth of the bucket (relative to the top) at which evaporation occurs at a potential rate. When RC is
reached, Ea reduces linearly until PWP is reached. The saturation of the bucket is defined by the soil
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moisture deficit (SMD, i.e., the water level in the bucket relative to the surface). When the bucket is
full (SWD = 0), excess water will drain (D) out of the system. Values for PWP depend on the properties
of the green roof setup and were directly derived from the lysimeter measurements, since during
the measurement campaign, the lysimeters were sporadically fully saturated and entirely empty (the
difference between both (expressed in mm) is the maximum available water PWP). PWP was set to
23, 60, and 65 mm for the conventional roof, the capillary irrigated roof with 4 cm substrate, and the
capillary irrigated roof with 8 cm substrate, respectively. RC was determined to be PWP minus 10 mm
(i.e., the last 10 mm of available water was hard to evaporate), which was visually determined form
the lysimeter measurements during a dry-out event.

The bucket model was used to simulate Ea of the measurement period and Ea of different roof
setups for a longer time series from 1988 until 2017, using climate data of climate station “Schiphol”
located 11 km from the research site (see general setup). Because the location of Schiphol is a rather
exposed flat area, the measured wind speed at Schiphol was twice as large as at the experimental
site during the one-year measurement period. To keep the 30-year model simulations comparable to
the measurement period, we corrected the wind speed by a factor of 2.017 (Figure A3) to represent
the conditions of the experimental roof (see Appendix C for details on the wind speed correction).
The mean difference (MD), the root mean squared error (RMSE), the Nash–Sutcliffe efficiency (NSE),
and the Pearson correlation coefficient (Pears. r) were determined to evaluate the Ea model performance
during the measurement period. For the different roof setups, we present the evaporation numbers,
roof runoff, and Bowen ratio’s β (the ratio between the sensible heat and latent heat) to characterize
the frequency and severity of dry-out events.
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3. Results

3.1. Measured vs. Modeled Evaporation

The three research plots showed distinct differences in Ea (Figure 5). The capillary-irrigated
plots show evaporation fluxes of ca. 3 mm/day on average during summer, with up to well over
4 mm/day especially in late spring 2018. The Ea of the conventional plot showed prolonged periods
with significant evaporation reduction during dry spells, especially during spring and early summer.

The back-calculated surface resistance was 170 sm−1 for Sedum and 60 sm−1 for the grass/herb
vegetation. The latter was close to the rs of the reference crop evapotranspiration of the FAO-56 [38]
for daily time steps, i.e., 70 sm−1. During periods with abundant water supply, the estimated Ep

was remarkably well in line with the measured Ea for the conventional plot and the 8 cm substrate
capillary-irrigated plot (Figure 5). We observed deviations for the 4 cm substrate capillary irrigated
plot, with Ea exceeding Ep during hot spells in August 2017 and June 2018. As mentioned earlier,
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we attribute these deviations to the effect of warm building air vented directly adjacent to this plot.
This warm air can be regarded as an additional energy source for evaporation, resulting in a process
similar to the so-called oasis effect. This effect also resembled in the model performance of the bucket
model to simulated Ea. The model performed exceptionally well for the plots further away from the
vent (MD close to zero, Nash-Sutcliffe efficiencies above 0.73 and Pearson’s r above 0.86), however the
plot closest to the vent has a MD of −0.28 mm, i.e., a systematical underestimation of Ea by the model
(Figure 6). Besides actual evaporation, the available water simulated by the bucket model compared
well with the measured available moisture in the lysimeters (Figure 7).
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Figure 7. Measured and modeled daily water availability during the measurement period.
Water availability was measured by subtracting the dead weight of the lysimeters from the total
weight of the lysimeters over time. The measured peak in available water on 10 December 2017 is
related to a heavy snowfall event that resulted in a strong increase of the lysimeter weight.

3.2. Long-Term Evaporation Fluxes From Six Different Roof Setups

Long term averaged simulated Ep was 401 mm/year for the Sedum vegetation, and 587 mm/year
for the grass/herb vegetation (Table 1). For conventional roof systems, Ea was on average 290 mm/year
and 412 mm/year for the Sedum and grass/herb vegetation cover, respectively, i.e., much lower
(111 mm/year and 173 mm/year) than the potential evaporation. Such a water shortage is severe
and in line with our observation that the Sedum on the conventional roof was colored red and
experienced severe water stress. By adding a Permavoid storage and capillary irrigation system
with a storage volume of 30 mm and 80 mm, the water shortage for Sedum was reduced to 51 mm/year
and 15 mm/year and for grass/herbs to 121 mm/year and 72 mm/year, respectively. The shortage for
grass/herbs remained large. Only a few years occurred without a water shortage for the grass/herb
cover and a storage of 80 mm (Figure 8f). For Sedum, the water shortage was almost absent for each
year using a water storage of 80 mm in the Permavoid storage unit (Figure 8c).

For the conventional roof system, water shortages already started in March and continued until
September under the Dutch climate (Figure 9a,d). Using capillary irrigation, the start of water shortages
were delayed by approximately one month (Figure 9b,e,f) or disappeared (Figure 9c). Given the water
shortages of ca. 20 mm already occurring in April, grass/herb vegetation would probably not survive
(and thus be not sustainable) under the conventional system (Figure 9d). Even combined with capillary
irrigation and a water storage of 30 mm, significant evaporation reduction occurred from May until
August (Figure 9e). Installing 80 mm of water storage limited the water shortages to predominantly
the summer months (Figure 9f). Nevertheless, shortages will still be significant during dry years.
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Table 1. Long-term annual mean cumulative evaporation.

Roof System Vegetation Water Storage
(mm)

Ep
(mm/year)

Ea
(mm/year)

Water Shortage
(mm)

Conventional Sedum - 401 290 111
Conventional Grass/herbs - 587 414 173

Capillary irrigation Sedum 30 401 350 51
Capillary irrigation Sedum 80 401 386 15
Capillary irrigation Grass/herbs 30 587 466 121
Capillary irrigation Grass/herbs 80 587 515 72
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3.3. Energy Considerations

The Bowen ratio β, i.e., the ratio between LE and H, yields a quick insight into the prevailing
microclimate on the different roofs. The annual mean Bowen ratios were below one for all investigated
systems (Table 2), which was in line with the local temperate humid climate conditions. The abundant
water supply at the capillary irrigated plots was reflected in very low mean βs. On hot summer
days, however, β became much higher. During hot summer days, βs of well over 10 occurred at all
modeled roof setups, indicating days with virtually no water available for evaporation, and high
H fluxes (Figure 10), i.e., extensive warming of the air. Conditions resembling semi-arid conditions
(2 < β ≤ 5) and arid conditions (5 < β ≤ 10) even occurred on a regular basis during spring and
summer. Nonetheless, there were distinct differences between the different roof setups. With over
10 days per month with β > 2 (total stacked column) and up to four days per month, with even β > 10,
the conventional system was the least effective for evaporative cooling. Storage of precipitation and
capillary irrigation reduced the number of days per month with water stress and high β. Furthermore,
storage of water limited water stress and high βs to predominantly June, July, and August, while
without storage, high βs also occurred in spring and early autumn. Storing to a maximum of 30 mm
already halved the number of days, with β > 2 for a Sedum-vegetated roof compared to the conventional
layout (Figure 10b). Increasing the storage level to 80 mm roughly halves the number of days with
β > 2 again and delays high β days till the end of summer (Figure 10c). Storing precipitation water has
less effect on the βs of the grass/herb vegetated systems (Figure 10e,f). Although the annual mean
LE is higher for the grass/herbs vegetation (Table 2), the number of days with low LE and thus lower
evaporative cooling is lower for the Sedum vegetation. The higher Ep of the grass/herbs vegetation
and consequently the earlier event of running dry for the precipitation storage form an explanation
for this.
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Table 2. Long-term annual mean latent heat flux (LE) fractions of Rn and Bowen ratio’s for six
system layouts.

Roof System Vegetation Water Storage
(mm)

Fraction LE of Rn
(-)

Bowen Ratio β
(-)

Conventional Sedum - 0.54 0.87
Conventional Grass/herbs - 0.65 0.55

Capillary irrigation Sedum 30 0.71 0.41
Capillary irrigation Sedum 80 0.76 0.31
Capillary irrigation Grass/herbs 30 0.86 0.16
Capillary irrigation Grass/herbs 80 0.95 0.05
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4. Discussion

In this study, the water availability and water demand is quantified for green roofs with
and without precipitation storage and the capillary irrigation. We present one year of detailed
measurements of actual evaporation and parameterized the Penman–Monteith equation with on-site
measurements. We used this dataset to parameterize and validate a simple bucket model to estimate
actual evaporation for a period of 30 years. The model performed well with mean deviations of
−0.04 mm/day, 0.28 mm/day, and 0.01 mm/day, respectively, for the conventional plot, the capillary
irrigated plot with 4 cm substrate, and the capillary irrigated plot with 8 cm substrate. This model
performance was very good, and comparable with, for instance [25], who used a variation of the



Water 2018, 10, 1253 13 of 21

Thornthwaite–Mather approximation to calculate Ea based on the substrate moisture content. In line
with [25], the Penman–Monteith based estimates of Ep using on-site and the regional datasets in
combination with a simple water availability model, resulted in a good prediction of Ea for different
green roof layouts in Amsterdam.

As hypothesized, the storage of precipitation and capillary irrigation proved to be an effective
measure for increasing evaporation. Installing a maximum 80 mm storage and capillary irrigation
system increased the mean annual Ea to 101 mm/year and 96 mm/year, respectively, compared to
a conventional grass/herbs and Sedum layout (Table 1). The mean annual water shortage reduced
to 72 and 15 mm, respectively, resulting in an almost potential evaporation of the Sedum vegetation.
Hydrological performance in the sense of evaporating precipitation water instead of discharging this
water to the sewer was thus greatly improved by the storage and capillary irrigation system.

The Sedum-covered plots at the beginning of the experiment had a remarkably large evaporation
rate. There is still some debate in the literature on the effectiveness of Sedum vegetation for evaporation
and consequent cooling. For instance, Solcerova et al. [20] state in their recent paper that Sedum species
do not transpire during daytime due to their crassulacean acid metabolism (CAM). Our detailed
5 min basis Ea measurements however, showed predominantly daytime evaporation for the Sedum
vegetation. This resulted in daily evaporation fluxes of up to 4 mm/day when the water availability
was not limiting. Our results fell within the range of several detailed studies on the evaporation
presented in [27,28]. Comparable daily Ea fluxes, of over 4 mm/day, were found by [27] for two sedum
dominated roofs in New York. Our results are supported by many ecological and plant physiological
studies, who point out the water status dependency of the metabolism of Sedum species [28,40–47].
For instance, in the majority of European species, CAM activity is water status-dependent [42]. Many of
the species in commercially available Sedum mix blankets and plugs, e.g., Sedum album, Sedum acre,
Sedum kamschaticum, exhibit C3-type photosynthesis when water is available, but they shift to CAM
mode when water becomes scarce.

Based on our results, in contrast to [20], we advocate the application of Sedum species as rooftop
vegetation when cooling is the main objective, and active irrigation is not favored. A well-watered
Sedum vegetation (i.e., not experiencing water stress) has a lower annual evaporation compared to
a grass/herbs vegetation, but day-to-day evaporation still remains substantial, up to 4 mm/day,

when water is available. Moreover, due to the higher water efficiency of Sedum vegetation, it takes
longer before the water runs out in the system and evaporation declines. Our results showed that
when storing up to 80 mm of water, Sedum vegetation is sustainable in the long term. Grass/herbs
vegetation wilts when water runs out, and it takes substantial time to recover. During this period,
evaporation and thus cooling is strongly reduced. Due to the CAM shift, Sedum species can survive
prolonged drought periods and recover quickly when water is available again. With on average
ca. 70 mm and in dry years over 150 mm of additional irrigation annually, grass/herbs vegetation
becomes sustainable under the Dutch current climate, assuming an 80 mm storage level and capillary
irrigation. Besides, the extra cooling capacity, such as vegetation, provides additional advantages
such as a higher potential for more natural vegetation sustaining native biodiversity. Irrigation might
become even more essential, as very recent high-resolution climate modeling suggests amplified the
drought conditions in central-western Europe during the future spring and summer [48]. The question
is, of course, where to obtain this irrigation water. The maximum allowable weight on existing roofs
is often limited, especially restricting the amount of water storage on the roofs of already existing
buildings [49]. Tap water is an easily available source and it can be directly supplied to the storage
units with an automated valve. Although using tap water might be a financially viable solution [50],
using this high quality water might not be a very sustainable solution, especially in prolonged dry
periods. On a neighborhood level, high-rise buildings might be fitted with a reflective white coating
or white gravel (so called ‘cool roofs’) [19], in combination with rainwater storage. This water could
then be used to irrigate the lower-lying roofs during periods with water demand. It might also be
beneficial, depending on the local geohydrological conditions, to store excess rainwater in subsurface
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aquifers during winter (in our case over 337–562 mm/year, depending on a grass/herbs or sedum
vegetation, when subtracting annual mean Ea (Table 1) from mean P), and to recover this water for
irrigation during summer. This might also reduce peak storm water discharges and provide water for
other functions. Given the positive experiences with aquifer storage and recovery for greenhouses [51],
such a solution might be feasible on a neighborhood level. Other options might be the treatment and
reuse of greywater, as proposed by [52], or a combination of the above options.

Presenting our results, we want to address the importance of local microclimatic conditions
such as wind speed and anthropogenic sources of energy when estimating the Ep and Ea of green
roofs. For instance, not correcting for wind speed differences between the local site and the regional
meteorological station (Schiphol) would lead to a 140 mm larger potential evaporation for the
grass/herbs vegetation. This implies that roofs exposed to wind will have larger water shortages than
what is presented in this paper and this will result in harsher environments for the grasses and herbs.
This is especially the case for tall vegetation with a low aerodynamic resistance, such as grasses and
herbs. The Ep of Sedum only marginally increased with 19 mm without correcting for wind. Moreover,
additional energy sources such as air vents and air conditioning units are common on roof tops. In our
case, a building air vent next to the 4 cm substrate capillary irrigated plot resulted in a measured Ea

exceeding the estimated Ep by several mm/day during hot days in August 2017 and June 2018.
Although Sedum is a good choice with respect to the survival of drought periods and evaporative

cooling, for reducing storm water runoff, a grass/herbs vegetation might be a better choice (Figure 11).
Plots with grass/herbs vegetation show an overall lower estimated discharge due to the higher
evaporation. During winter, the estimated storm water runoff of the different roof setups is comparable.
During spring and summer, estimated differences are clearly visible. The Monthly averaged estimated
runoff from a capillary-irrigated roof with 80 mm storage is only half that of a conventional roof with
Sedum vegetation (Figure 11a). With grass/herbs vegetation, this difference is even larger, resulting in
almost no estimated discharge in May and June, and less than one third of the estimated discharge in
July and August (Figure 11b).
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The question remains for whether green roofs cool the air. We found that evaporation and thus
LE is highly dependent on the configuration of the roof, and especially the ability to store and provide
water when needed. We observed higher maximum air temperatures at 21.5 cm above the substrate
level on hot summer days at the conventional roof compared to the irrigated plots. We however chose
not to use this data because these temperature differences are hard to interpret due to, for instance,
the advection of warmer or colder air from adjacent areas of the roof, the effects of ventilation systems,
and mixing of the air due to wind effects. Instead, we therefore decided to focus on the energy balance,
which provides less disputable information on the effects of the different green roof layouts on the
urban energy balance. We showed that the distribution of net incoming energy over latent energy
LE and sensible heat flux H is highly dependent on the water availability, which is in line with the
calculations of [19]. We calculated the number of days per month above certain Bowen ratios (β)
(Figure 10) to assess the occurrence and severity of dry-out events. A storage of 80 mm and capillary
irrigation limited the number of β > 2 days per month to one or two on average during summer for
a Sedum vegetation and up to four days for a grass/herbs vegetation. Without capillary irrigation,
the number of high β days was much higher with over eight days per month with β > 2 and over three
days per month with β > 10 during summer. Storage and capillary irrigation thus strongly reduces H.
Additional irrigation can reduce the sensible heat flux even further. To assess the potential of different
green roof designs effects on UHI, our findings need to be extrapolated to the city scale level with
regional climate models.

Our measurements, parameterizations, and simulations can help to improve the implementation
of water availability effects in these models under temperate conditions. Further research is needed to
assess the effect of water storage and capillary irrigation for green roof performance under different
climatic conditions. As pointed out by [21], solar radiation and relative humidity are the key
meteorological factors for the evaporative cooling potential of green roofs. For instance, in tropical
megacities (e.g., Bangkok, Singapore) evaporation is reduced due to very high RH, limiting the
evaporative cooling potential. Nonetheless, Jim et al. [21] still measured a significant cooling effect
on the air layer directly above the vegetation in humid sub-tropical Hong Kong. Blue-green roofs in
megacities with a hot-dry climate with high solar intensity (e.g., Cairo) however, might have a higher
cooling potential compared to our results when irrigation water is available. Morakinyo et al. [53]
compared the thermal performance of green roofs under four climatic conditions (temperate (Paris),
warm humid (Tokyo), hot humid (Hong Kong) and hot-dry (Cairo)) using ENVI-met model calculations
for virtual urban density scenarios. Their results indicate that the cooling potential of (intensive) green
roofs follows this order (from high to low potential): hot-dry, hot-humid, warm-humid, and temperate,
when water availability is not a constraining factor. Based on these results, we expect that blue-green
roofs with capillary irrigation have beneficial effects on the urban climate outside of temperate regions.

Amsterdam has about 12 km2 of unused flat roof tops, providing a vast area for greening the city,
storing excess precipitation, and reducing UHI. Our research provides valuable information on the
feasibility and effectiveness of different green roof designs, which might be implemented on these
currently unused rooftops. Depending on the building weight limitations, which need to be evaluated
in each case by a structural engineer, we advocate rooftop storage of precipitation water and the use
of this water for irrigation if possible. In our case, the maximum load was only 90 kgm−2, but with
some relatively simple structural changes, we could increase the maximum load to over 142 kgm−2

for the three raised research plots. Storing precipitation and capillary irrigation results in reduced H,
less discharge to the sewer system and more options for more diverse and natural vegetation.

5. Conclusions

• A combination of Penman–Monteith estimates of potential evaporation, and a simple bucket
model for evaporation reduction results in good estimates of actual evaporation of green roof
vegetations (i.e., NSE > 0.73, Pearson’s r > 0.86).



Water 2018, 10, 1253 16 of 21

• Storing precipitation water and passive capillary irrigation significantly increases the evaporation
and delays the evaporation reduction and decrease of latent heat flux during hot dry periods.

• Storing precipitation water and passive capillary irrigation decreases the number of days with
high Bowen ratios. Storage and capillary irrigation thus strongly reduces the sensible heat flux.

• Sedum had a remarkably large evaporation rate and showed predominantly daytime evaporation,
pointing at a shift from CAM to C3 when water is abundantly available.

• Although well-watered Sedum vegetation has a lower evaporation rate compared to grass/herbs
vegetation, day-to-day evaporation still remains substantial. Moreover, due to the higher water
efficiency of a Sedum vegetation, it takes longer before the water runs out in the system and
evaporative cooling declines.

• In the case of stormwater reduction and biodiversity as additional objectives, a grass/herb
vegetation might provide extra benefits due to the higher evaporation and the earlier emptying of
the system, and a more diverse native vegetation. However, under the Dutch climatic conditions,
additional irrigation is needed for the survival of such a vegetation during dry spells.

• To assess the potential effects on UHI, our findings need to be extrapolated to the city scale
and other climates with regional climate models. Our measurements, parameterizations,
and simulations can help to improve the implementation of water availability effects in
these models.
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Abbreviations

Notation Description
E Evaporation from a vegetated surface (mm/day)
Et Plant transpiration (mm/day)
Es Soil evaporation (mm/day)
Ei Evaporation of intercepted water (mm/day)
Ep Potential evaporation (mm/day)
Ea Actual evaporation (mm/day)
LE Latent heat flux (MJm−2/day)
H Sensible heat flux (MJm−2/day)
Rn Net radiation (MJm−2/day)
Rs Incoming shortwave radiation (MJm−2/day)
G Soil heat flux (MJm−2/day)
ρa Air density (kg m−3)
cp Specific heat of moist air (J·kg−1 ◦C−1)
es Saturation vapour pressure of the air (kPa)
ea Actual vapour pressure of the air (kPa)
ra Aerodynamic resistance to turbulent heat and vapour transfer (s·m−1)
rs Surface resistance (s·m−1)

www.projectsmartroof.nl
www.projectsmartroof.nl
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γ Psychrometric constant (kPa·◦C−1)
λ Latent heat of vaporization (J·kg−1)
ρw Density of liquid water (kg·m−3)
θ Soil moisture content (−)
Tsoil Soil temperature (◦C)
Ta Ambient air temperature (◦C)
P Precipitation (mmd−1)
RH Relative humidity (-)
zm Height of wind measurements (m)
zh Height of humidity measurements (m)
d Zero plane displacement height (m)
zom Roughness length governing momentum transfer (m)
zoh Roughness length governing transfer of heat and vapour (m)
k Von Karman’s constant (0.41 (-))
uz Wind speed at height zm (ms−1)
V Vegetation height (m)
β Bowen ratio (-)
RC Root Constant in simple bucket model (mm)
PWP Permanent Wilting Point in simple bucket model (mm)
D Drainage in simple bucket model (mm/day)

Appendix A. Linear Regressions between Rn and G, and between Rs and Rn
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Appendix B. List of Sown Plant Species

Table A1. Plant species sown on the roof.

Species Name Species Name (Continued)

Achillea millefolium Koeleria glauca
Allium schoenoprasum Linaria vulgaris

Anthoxanthum odoratum Linum usitatissimum
Armeria maritima Lotus corniculatus subsp. corniculatus
Bromus tectorum Melica ciliata

Campanula rotundifolia Origanum vulgare
Dianthus armeria Phleum boehmeri

Dianthus carthusianorum Plantago media
Dianthus deltoides Potentilla argentea
Dianthus superbus Prunella grandiflora

Erigeron acer Prunella vulgaris
Erodium cicutarium Rumex acetosella

Festuca ovina subsp. cinerea Satureja vulgaris
Festuca ovina subsp. ovina Sedum acre

Festuca rubra subsp. arenaria Sedum album
Galium verum Sedum rupestre

Geranium robertianum Sedum spurium
Helichrysum arenarium Silene vulgaris

Hieracium pilosella Thymus pulegioides
Jasione montana Trifolium arvense

Appendix C. Wind Speed Correction

To keep the 30 year model simulations comparable to the measurement period, we corrected the wind speed
of location Schiphol to represent the conditions of the experimental roof. First, the wind speed of both sites was
corrected to a 2 m height with a wind profile relationship proposed by [38]:

u2 = uz
4.87

ln(67.8z − 5.42)
(A1)

where u2 is the wind speed at 2 m height, uz is the measured wind speed, and z is the height of the windspeed
measurement (z = 10 for Schiphol, z = 1.5 for the green roof). Second, the wind speed correction factor for
keeping the 30 year model simulations comparable to the measurement period was derived by linear regression
(Figure A3). The wind speed at Schiphol was a factor that was 2.017 larger than on the green roof.Water 2018, 10, x FOR PEER REVIEW  19 of 21 
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