


VWC = 9.21 * 10753 — 4.8048 x 1073¢2 + 8.33394 * 10~2¢, — 0.1158539 (7.3)

For the S2 substrate, a calibration at a temperature of 5 °C was also carried out. It shows a
good correlation to the calibration at room temperature, and thus it indicates that the sensors
are able to make a reasonable adjustment to the temperature changes that occurs within a
season. While there is a slight variation, it’s still considered acceptable. By studying the
sensors while measuring dielectric permittivity in air and in water, under varying temperature
conditions, it further validates that the values the sensors provide does not need to be

corrected for varying temperatures.
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FIGURE 7.4 A COMPARISON OF THE SOIL SPECIFIC CALIBRATIONS
It is concluded that the sensors can adjust data according to the temperature. For different
substrates however, it is recommended that different equations are being implemented to
calculate the volumetric water content based on the dielectric permittivity. For these two
substrates, S2 is a more lightweight substrate with higher porosity, higher organic content and
a finer gradation than S2. A higher field capacity is thus to be expected, and so is a variation
in the calibration curves.
7.1.2 Field Specific Calibrations
Field specific calibration trials were conducted by copying the build-up of the field roof at
Risvollan, for four roof plots. Three equations have been developed, however with some
uncertainties that could not be eliminated due to lack of time and materials. The results will be
presented and discussed, but further work on the methodology of these calibrations is

recommended.
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TABLE 7.2 CHARACTERISTICS OF CALIBRATIONS FOR FIELD ROOFS WITHOUT SOIL SUBSTRATES

Calibration number 4 5
Material Felt Grodan
Volume 0.481 241

Mass of substrate - -
Dry bulk density - -
Stepwise addition of water 35 ml 100 ml

Room temperature 209°C 19.5°C

Roof plot 1 and 2 at Risvollan consists of respectively a felt mat and a grodan mat, as
described in chapter 6.4.1. Having carried out multiple experiments with grodan and specific
calibration for both roof plot 1 and 2, it is evident that the sensors may provide inadequate
data. This is the case for plot 1 especially, having only a felt mat beneath the sedum.

The lack of full contact between the sensor and the felt mat is considered a fundamental error
source, and the humidity values are too low. The diagram in figure 7.5 illustrates how the

volumetric water content varies through the experiment.
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FIGURE 7.5 SENSOR DEVELOPMENT THROUGH THE TRIAL CALIBRATION WITH FELT
What’s observed here is that the peaks, which occur when the sensors are mounted under the
sedum mat, barely gets any larger. Apparently the sensors are unable to register the actual
dielectric permittivity due to lack of contact. In an attempt account for this, more weight was
added on top of the sedum mats but without success. Furthermore, there are three completely
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different results for each of the sensors. Many attempts to adjust the sensors and account for
this were done during the experiment, however it proved to be difficult. Minor adjustments to
the mounting would affect the results, which can be considered random. The conclusion is
that for this laboratory setup, it is not possible to provide a useful equation for converting the

dielectric permittivity to volumetric water content.

In order to investigate whether or not it is of any use to monitor moisture at a field roof with
felt mat, data from Risvollan has been investigated. One sensor is mounted in the center of the
roof plot (“upper”) and one is mounted near the bottom (“under”). For a rain event that

occurred in August 2014, the sensors provided the following data:
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FIGURE 7.6 FIELD MEASUREMENTS FROM ROOF PLOT 1
As the green roof at Risvollan is sloped, water will drain towards the bottom. There is a
tendency of slightly higher water content near the bottom of the roof plots, although this may
vary. However for plot 1, with only the felt mat underneath the sedum, the upper sensor is
barely able to register any water at all, and it does not react to the precipitation. The bottom
sensor however shows a distinct variation in water content, and the curve correlates fairly well
with the other roof plots, although it’s slightly lower. Because of the low depth of the felt mat,
a higher VVol-% of water is to be expected. This, along with the lack of responsiveness for the
upper sensor indicates a need for a certain water amount for the sensors to be able to register
anything. It may also indicate a mounting sensitivity, as the upper sensor probably has a low
degree of contact with the sedum mat and roof membrane.Regarding grodan, the sensors may

not be able to register the actual water content. Especially for low amounts of water. Small
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variations in how the sensor is mounted also affects this. The influence volume of the sensors
seems to be smaller for this material, and considering how the water is gathering towards the
bottom, the sensors were mounted with the lower edge being 1 cm above the bottom of the

grodan mat. The following data was obtained:
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FIGURE 7.7 CALIBRATION CURVE FOR PLOT 2 WITH GRODAN
From the curve an equation for grodan is found:
VWC = 9.8 x107%3 — 0.0009462¢2 + 0.0339065, + 0.0611493 (7.4)

For low amounts of water, beneath 10 VVol-%, the sensors may not be able to register the
water content. However for longer durations and more water, experiments indicates a
gradually increasing accuracy. By implementing the new equation for volumetric water

content, specific for grodan, a good indication of water content is provided.

The mounting of the sensors on a green roof differs from what is described as ideal mounting.
The thin substrate may also influence results in terms of influence volume, horizontal
insertion of sensor and other possible error sources. So for the soil substrates, it is considered
important to at least investigate a specific roof build up despite having conducted soil specific
calibration. Calibration 1, 2 and 3 established that for converting dielectric permittivity into
volumetric water content, equations obtained from calibrating for the specific substrates

should be used. The next step has then been to attempt a field specific calibration.
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TABLE 7.3 SPECIFICATIONS FOR THE ROOF SPECIFIC CALIBRATION FOR PLOT 3 AND 4

Calibration number 6 7
Material S2 (plot 3) S1 (plot 4)
VVolume of substrate 241 241

Mass of substrate 2060 g 2640 ¢
Dry bulk density 0.86 kg/I 1.1 kg/l
Stepwise addition of water 100 ml 100 ml
Room temperature 23°C 22.9°C

As briefly mentioned in chapter 6.5, the specific roof samples does not contain underlying
layers that the field roof has. This was attempted for both of the substrates, but the results
were affected by leakage. However, through the experiment and further testing, it was
observed from the raw data that having a certain water content in the layers below the
substrate does not affect the registered dielectric permittivity of the soil. This is crucial for
being able to precisely monitor humidity conditions in green roofs. It also provided
background for the new approach to the field specific calibration, with no layers underneath

the substrate. For roof plot 3, the following results were achieved:
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FIGURE 7.8 FIELD SPECIFIC CALIBRATION FOR ROOF PLOT 3, WITH SUBSTRATE S2

This gave the following equation:

VWC = 2.37 x107°e2 — 1.7631 * 10732 + 0.0487282¢ — 0.0839618 (7.5)
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One of the parallels had to be removed. Two of the parallels however, responded very well
and within expectations when water was added. There is a minor deviance throughout the
experiment, increasingly as the water content. This is probably caused by slight variances in
the mountings. While there has been an effort to achieve an ideal mounting in the center of
the substrate sample, it may not be 100 % ideal in this case. As already discussed for the soil
specific calibration, small differences in the mounting affects the measurements. Small
differences in the grain size distribution in the two samples may also have affected the

measurements. Figure 7.9 is a comparison of the soil and roof specific calibration.
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FIGURE 7.9 SOIL SPECIFIC AND FIELD SPECIFIC CALIBRATIONS FOR SUBSTRATE S2 PLOTTED TOGETHER
For Calibration 7, only two sensors were put to use because it was only enough substrate for
two parallels. The two sensors had a similar development, however with one sensor providing

slightly higher values than the other one.
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Calibration 7

35%
y = 0.0000431x3 - 0.0009513x? + 0.0241605x - 0.0565994

30% R2=0.9329516 °®
T 25% ° .
> oo
= 15% -
g o’e
I 10%
e.®
5% ° Q
0% o
0 2 4 6 8 10 12 14 16 18
Dielectric permittivity €,
FIGURE 7.10 CALIBRATION CURVE FOR ROOF PLOT 4, WITH SUBSTRATE S1
VWC = 4.31 « 10_582 — 0.000951385 + 0.0241605¢, — 0.0565994 (7.6)

There is a remarkable difference in how the curve develops compared to the soil specific
calibration. The curve for field specific calibration develops rather slowly at first, due to
dielectric conductivity corresponding well to the added water. Both sensors were carefully
mounted in the center of the sample and mounting error is not likely. The sample volume was
equal and the surface was well leveled. The measurements were therefore considered to be

reliable. However, one has to question whether it is a representative curve.

For volumetric water contents above 20 %, the dielectric permittivity barely changes at all.
This could indicate that field capacity is close, even though it has been found to be close to 30
Vol-%. By taking samples from the field when it’s been relatively wet, then weighing and
drying it, a VWC between 20-25 % have been found. When studying field measurements, it’s
observed a maximum dielectric permittivity of around 15. At the same time, it’s rarely above
10. When calculating the water content using equation 7.6, it varies between 10 and 15 Vol-%
for the biggest storm events. Using the soil specific calibration gives values between 25 and
30 Vol-%.
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FIGURE 7.11 SOIL SPECIFIC AND FIELD SPECIFIC CALIBRATIONS FOR SUBSTRATE S1 PLOTTED TOGETHER
The difference between these two curves is rather interesting, as if they are from two different
materials. When comparing figure 7.9 and 7.11, it is present that for both substrate types the
curve from field specific calibration is lower than for the soil specific. The substrates are only
5 cm and this may affect the results. Furthermore, for the soil specific calibrations the soil has
been taken into a separate container and mixed each time water has been added. This has not
been the case for the field specific calibrations. Mixing the wet soil may help utilize the
capillary suction and increase water holding capacity. This in turn provides a relatively seen
larger pore volume and a higher volumetric water content for lower values of dielectric

permittivity.

Still, the S1 soil is more affected by this than the S2 soil. Possibly, due to horizontal insertion
of the sensors, there is a “water shadow” underneath that causes a drier area. At the same
time, a bigger portion of the added water will stay above the sensor and possibly affect the
readings. Perhaps the will be droplets of water touching the sensor as it lays horizontally
causes too high dielectric permittivity. Differences in porosity may have caused S1 to be more
affected by this than S2. Regardless, the results must be considered uncertain.

Due to uncertainties for the field specific calibrations for soil substrates, the soil specific
calibration will be used. For S1 this seems necessary in order to gain a realistic estimation of
the volumetric water content. It has been decided to do the same for S2, even if the curve
seems reasonable. Further work needs to be done for the field specific calibration. Even more

important is it to study the actual field VWC. By taking samples from the field roof, close to
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the sensors, and comparing the actual VWC to the measured, one will eventually validate the
correct equation for VWC. For now, equation 7.1 and 7.2 is considered to provide good

estimations.

7.2 Soil Moisture at the Risvollan Field Roof

Data from Risvollan, from August 2014 up until April 2016, has been collected and processed
using the software Microsoft Excel. Daily precipitation measurements throughout the periods
gives the following distribution:
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FIGURE 7.12 PRECIPITATION DISTRIBUTION FROM AUGUST 2014 UNTIL APRIL 2016
An objective for this thesis is to estimate the moisture content in different green roof
configurations, so the equations for volumetric water content will be applied to the data from
Risvollan. A selection of storm events will be investigated, and it is of interest to consider
some of the heavier events. Furthermore, evapotranspiration will be estimated. With this in
mind, the chosen events are from periods with temperate climate in order to have a reasonable
amount of evapotranspiration. A distribution of soil moisture throughout the whole period as
seen in figure 7.13 illustrates how water content of the roof plots vary over time.
Measurements from sensors mounted at the lower part of the roof plots (“under”) are chosen.
There are sensors mounted around the middle of the roof as well, and it was not a matter of
course what to use. Averaged measurements were considered used, however strange
measurements occasionally occurs from the upper sensors. For the most part the slope of the

moisture content development is equal, but it’s not always the case. For roof plot 3, the upper
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sensor mostly provides lower values than the sensors mounted in the lower part. For roof plot
4, it varies more what sensor provides the highest value. Roof plot 2 should be carefully
considered, as one of the sensors occasionally shows close to zero change in moisture content,

despite either rain or drought.
Roof plot 1 is not part of the comparison due to the uncertainties in the measurements.
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FIGURE 7.13 VOLUMETRIC WATER CONTENT MEASURED AT FIELD ROOF AT RISVOLLAN

Before actual evapotranspiration is calculated, the field capacity of the substrates must be
decided. It has not been within the capacity of this thesis to do a proper test for this, but based
on field measurements illustrated in figure 7.13 as well as laboratory observations, the

substrates has the following field capacities:

TABLE 7.4 FIELD CAPACITIES FOR GRODAN AND SUBSTRATE S1 AND S2

Substrate Field capacity [Vol-%]
Grodan (plot 2) 40
S2 (plot 3) 40

S1 (plot 4) 30

7.2.1 Substrate Moisture Behavior During Storm Events
Three events have been chosen in order to examine the soil moisture behavior at the green

roof at Risvollan, by applying equations for VWC to the field measurements of dielectric

permittivity.
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FIGURE 7.14 STORM EVENT IN AUGUST 2014 WITH DRY PERIODS BEFORE AND AFTER
Prior to this event, the roof plots have relatively similar water release. Plot 2 uses
measurements from the upper sensor. A huge difference between the upper and “under”
sensor were observed for this roof plot, and the upper one should provide a more realistic
view of the water content behavior. It is possible though that at the lower edge of the roof,
water does accumulate and when it reaches a certain water content the grodan retain less
water. For roof plot 3 the upper and under sensor shows equal water content and development,
while in plot 4 the upper sensor provides negative results. During June and July 2015, varying

weather conditions occurred, and gives results as seen in figure 7.15.
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FIGURE 7.15 STORM EVENT IN JUNE AND JULY 2015 AND DRY WEATHER PERIODS BEFORE AND AFTER
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From this event, the grodan seem to have a slower release of water compared to the soil
substrates. This actually supports findings in the project thesis written during the fall 2015.
Here, runoff were monitored and studied, and roof plot 2 had the lowest retention
performance overall. See appendix A.2 for a comparison of runoff from the roof plots. After
more than one week of dry weather a rather intense storm event took place towards the end of
August 2015:
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FIGURE 7.16 STORM EVENT IN AUGUST 2015 AND DRY WEATHER PERIODS BEFORE AND AFTER
For all three events, the whole antecedent dry weather period is included and illustrates how
the soil moisture decreases after the preceding storm event. Due to high temperatures and dry
weather, the soil substrates get very dry. Completely dry soil substrates during August 2015
according to the measurements, which is questionable. This is because at a certain depth the
substrates will have a wilting point, and beneath this the plants won’t be able to extract the
water (Hendriks, 2010). It is possible that with the length of these dry weather periods, that

the eventual residual water have drained into the drainage layer.

Interestingly, the grodan mat barely let go of water the first few days but then something
happens after August 19. The sedum layer is where most of the evapotranspiration will come
from the first few days, and apparently the sensor does not register this. Overall, the water

release from grodan can be considered slow compared to the soil substrates.

7.3 PET Distributions at the Risvollan Field Roof
Data from August 2014 until April 2016 has been available for most of the hydrological

parameters for this thesis, except for wind and global solar radiation whose has a slightly
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shorter set of data. Potential evapotranspiration for the green roof at Risvollan has been
calculated for the whole period of available data for the three different models. The 1985

Hargreaves model provides the following distribution:
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FIGURE 7.17 DAILY POTENTIAL EVAPOTRANSPIRATION CALCULATED WITH THE 1985 HARGREAVES MODEL
The total potential evapotranspiration is calculated to be 693 mm for the period 3™ of August
2014 until 13™ of April 2016. For 2015 the total evapotranspiration was 500 mm according to
this model. This result was achieved by using a moving 5 day average for the input data,
which studies have indicated will give a precise estimate, opposed to calculating daily

evapotranspiration (Hargreaves and Allen, 2003).

Penman-Monteith provides daily evapotranspiration from 24" of August 2014 until 20" of
January and gives a distribution as seen in figure 7.18. The time period is limited by wind
speed and global solar radiation, and there is some missing data for November 2014 and
March 2015 as can be seen from figure 7.18. Total potential evapotranspiration is 585 mm.
For 2015 the model estimates a PET of 479 mm, with some missing days in March. The curve
has a familiar shape to the one from 1985 Hargreaves, and it’s a very logical variation in
evapotranspiration regarding the seasonal variations. The highest degree of evapotranspiration
is observed during the months June, July and August. It’s lower during winter, however there

IS some evapotranspiration to be found.
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FIGURE 7.18 DAILY POTENTIAL EVAPOTRANSPIRATION CALCULATED WITH PENMAN-MONTEITH

The relatively large variation from day to day, and even more so day to night, is noteworthy.
This is mostly due to variations in solar radiation as well as the difference between the
maximum and minimum temperature. These two factors are closely related as solar energy

causes the temperature to increase.

By use of the Thornthwaite model, evapotranspiration on a monthly basis has been calculated.
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FIGURE 7.19 MONTHLY POTENTIAL EVAPOTRANSPIRATION CALCULATED WITH THORNTHWAITE
The total potential evapotranspiration is estimated to be 882 mm, while for 2015 it is 609 mm.

It generally gives higher values for evapotranspiration than the other two models, except
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during winter periods. For a monthly average below zero, the evapotranspiration is assumed
to be zero. This isn’t necessarily entirely correct and is a weakness of the model, especially
taking the Norwegian conditions into consideration. This is something to aware of for all three
PET models that have been used, and may contribute to some deviations from the actual
evapotranspiration. A table with monthly evapotranspiration is compiled.

TABLE 7.5 CALCULATED POTENTIAL EVAPOTRANSPIRATION EVERY MONTH (MM/MONTH) FROM AUGUST 2014 UNTIL
APRIL 2016

1985 Hargreaves Penman-Monteith  Thornthwaite

2014

August 76.00 (29 days) 14.74 (7 days) 116.99
September 46.11 32.88 71.74
October 17.30 25.06 38.39
November 3.79 5.78 (13 days) 12.41
December 1.07 17.88 0
2015

January 2.07 18.81 0
February 7.70 21.64 8.04
March 25.62 20.48 (18 days) 23.32
April 46.80 40.95 35.24
May 77.61 64.63 71.70
June 86.85 66.11 96.27
July 94.50 67.23 120.46
August 96.77 86.25 125.98
September 40.64 37.43 71.83
October 16.47 18.90 37.15
November 3.68 12.66 13.40
December 1.12 23.44 5.95
2016

January 1.67 9.77 (20 days) 0
February 6.84 - 0
March 22.72 - 16.59
April 17.96 (13 days) - 16.16 (15 days)
Sum 693 585 881.63
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All three models provides sensible values when summarized over a longer period, and it can
be argued that they provide a good annual estimate. However, they certainly do vary on a
monthly basis. Generally, Penman-Monteith generates higher PET values during wintertime
and lower during warmer periods, than the two other models. An important factor here is the
input data, as Penman-Monteith accounts for solar radiation measured at a hydrological
station close to the field roof. This varies from day to day and not necessarily corresponding
to the temperature. Even if temperatures are high, if the weather is cloudy the
evapotranspiration will be lower. And even if it’s cold, a blue sky and sunshine will provide
some evapotranspiration. At the same time, if the roof surface is frozen it will resist
evapotranspiration. Snow reflectance can also result in lower values. This means that
temperature input along with an estimate of the extraterrestrial radiation, may not be sufficient

for the conditions prevalent at the field roof, or Norwegian conditions in general.
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FIGURE 7.20 ACCUMULATED MONTHLY PET FOR ALL THREE MODELS PLOTTED TOGETHER
In Sheffield, UK, (Kasmin et al., 2010) found that Thornthwaite generally overestimated, and
this seem to be the case here as well. They suggested multiplying the results by a factor of
0.75. The results from Risvollan supports this suggestion, however using a factor specific for

each season might provide a better estimate.

By monitoring changes in soil moisture content continuously, one may be able say something
about the expected evapotranspiration. The change in soil moisture, when precipitation and
runoff is taken into account, can be considered to be caused by evapotranspiration. While PET

models might provide a good estimation of evapotranspiration in normal moisture condition,
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it will often be necessary to adjust the results by the use of a soil moisture extraction function
as the evaporation from the soil is water limited (Marasco et al., 2015). In the following
chapter, such a function is applied to the calculated PET in order to find the actual

evapotranspiration.

7.4 Actual Evapotranspiration
Having calculated the potential evapotranspiration for the site using three different models,

the actual evapotranspiration from each roof plot can now be calculated. By applying a SMEF
function specific for each roof plot, the intent is to gain a good indication of the

evapotranspiration from each of the roof plots.

The stored water in the substrate, ‘storage’ (S), is given by multiplying the depth (d) of the
substrate by the volumetric water content. It can by described by the following equation:

S=VWC*d (7.7)

The actual evapotranspiration is calculated on a daily basis, and theoretically it should be
equal to the daily change in soil moisture when there is no precipitation as stated in chapter 5.
So by subtracting the evapotranspiration at a day t, from the storage S from the day before (t-
1), you should achieve the same value for storage as from equation 7.7. First, the actual
evapotranspiration needs to be calculated:

_ SMT
AET = PET * () + K (7.8)
This equation is basically Eq. 5.2 multiplied by a coefficient K, that at present is unknown.
According to the theory, this is the value that will lessen the difference between Eq. 7.7 and
storage found by subtracting the AET as well as adding any eventual precipitation (P), which

is the following equation:
St = St—l - AETt + Ptl (79)

provided that the maximum storage is not reached. With no precipitation, the
evapotranspiration is what causes the change in storage, according to the above equation. The
water inflow from upper parts of the roof should equal water release to lower parts of the roof.
While this is a simplification of the actual situation, it will be the basis the following
comparison and development of provisional coefficients. Crop coefficients accounts for
differences between the actual vegetation and the reference grass crop used in the PET
models, but the actual properties of the vegetation layer will not be directly discussed here. It
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has instead been developed coefficients with the aim of calculating AETS that gives the same
moisture content as the sensors measure. The concept is to manipulate the calculated AET for
the three different models in order for all of them to have the same slope as the measured soil

moisture development.

Three seasons have been defined for Risvollan, based on average temperatures; Winter season
(W) with a monthly temperature below 0 °C, Cold season (C) with monthly temperature
between 0 °C and 11 °C, and Temperate season (T) with monthly temperature above 11 °C.
Single events from a temperate and cool season are picked and assessed. The background for
this is how the different PET models alternates when it comes to calculating the highest
values.

TABLE 7.6 SEASONAL DISTRIBUTION IN TRONDHEIM, BASED ON RISVOLLAN DATA FROM AUGUST 2014 TO APRIL
2016

Month Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
Season W W C C C C T T T C C W

The dry weather period prior to the event from August 2015 that was studied in chapter 7.2
will be assessed further. The roof consist of a sedum layer with its own substrate of 30 mm,
and storage is calculated by multiplying the measured VWC by the total storage depth,
including the sedum mat. By using PET models, this is how the storage will develop from the

beginning of the dry weather period:
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FIGURE 7.21 SOIL MOISTURE DEVELOPMENT BASED ON POTENTIAL EVAPOTRANSPIRATION
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As the season changes, the evapotranspiration varies. This affects the driving factors for
evapotranspiration and the input data in the AET models, and thus it might change the
relationship between the measured soil moisture and the modelled AET. Therefore, AET

during a colder climate also needs to be considered.

7.4.1 Crop Coefficients During Temperate Climate
These curves seen in figure 7.21 are rather steep, and have a linear development. As the soil

moisture deficit grows, it’s expected that the curves will have a gradually lower slope. But the
temperature and solar radiation will affect this as well. The following plot shows how the

temperature varies from day to day:
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FIGURE 7.22 TEMPERATURE DEVELOPMENT THROUGH THE DRY WEATHER PERIOD, AUGUST 2015
In the following, the measured soil moisture storage is plotted towards storage computed by
using actual evapotranspiration. The computed storage plots are then adjusted with a
coefficient to give the same storage by the 25" of August as the sensor measurements. It’s
important though to be aware that this is an exceptionally long and warm period of dry
weather, considering the location of the field roof. This event will illustrate very well how the
soil moisture can develop during dry weather, but yet another event from a temperate climate
will be studied in detail. Being slightly shorter and with somewhat lower temperatures, it’s

expected to provide more applicable coefficients.
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FIGURE 7.23 DIAGRAMS OF MEASURED AND MODELLED SOIL MOISTURE FOR PLOT 2 AT THE FIELD ROOF AT
RISVOLLAN, BEFORE (LEFT) AND AFTER ADJUSTMENT (RIGHT)

Following the curve of the sensor on the diagrams above, it is rather slack for the first few
days. It seem to be a low degree of water loss from the grodan layer due to evapotranspiration
in the beginning. From day 19 the slope increases and is fairly similar to the AET models.
Exactly why this drop occurs is unclear, but as mentioned in chapter 7 the sensors may not be
able to register all water in the material. Thus, if the sedum mat or even the upper edge of the
grodan release water, the sensor may not catch this depending on the mounting. Eventually,
there’s some sort of clogging near the bottom of the roof. Regardless, by taking this into
account an assumption that the water loss from August 19 and onwards is due to
evapotranspiration can be made. From this, a coefficient is made with the objective of having
a sensible estimation of the storage development. The coefficients have been created
assuming that the water loss from the grodan layer due to evapotranspiration starts from
August 19, and the storage on this date is made equal to the sensor measurement. The

coefficients can be seen in table 7.6.

For roof plot 3 and 4, with soil substrates, the situation is slightly different. The water storage
development has a higher slope from day one after the storm event than what is the case for
plot 2 with grodan, however the steepest slope comes after two days. Looking at figure 7.22,
this is logical and has to do with the meteorological conditions. The sensors are actually able
to include the sedum layer in the influence volume, which contributes to observed
evapotranspiration from day one after the storm event. During the laboratory experiments,
adding a thin layer of sedum did indeed affect the results as well. There was no water added to

the sedum mat however, and the change in dielectric permittivity was rather low.
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FIGURE 7.24 DIAGRAMS OF MEASURED AND MODELLED SOIL MOISTURE FOR PLOT 3 AT THE FIELD ROOF AT
RISVOLLAN, BEFORE (LEFT) AND AFTER ADJUSTMENT (RIGHT)

Gaining the same gradient on the slope for both modelled and measured moisture storage is
not achievable, so the goal of implementing coefficients were a relatively good estimation
overall. The models are clearly seem to be less sensitive to the environmental conditions than
what actual measurements are showing. By using Penman-Monteith, small variations are seen
from day to day, while for the other ones this does not occur. Less input data and averaged
values are the reasons for this. They do however provide a very good estimate compared to

Penman-Monteith. For plot 4 the same assumption is done as for plot 3, and the storage is
modelled from August 15.
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FIGURE 7.25 DIAGRAMS OF MEASURED AND MODELLED SOIL MOISTURE FOR PLOT 4 AT THE FIELD ROOF AT
RISVOLLAN, BEFORE (LEFT) AND AFTER ADJUSTMENT (RIGHT)

As for the roofs ability to regenerate and evapotranspire, the graphs for measured water
storage illustrates this very well. Especially plot 2 with grodan has a slow regeneration, and

the potential evapotranspiration is way too high, which has to be corrected in order to achieve
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a correct evapotranspiration. Roof plot 4 is the quickest, however it also contains less water
than both roof plot 2 and 3.

Less sensitivity to change in meteorological conditions by use of models than for measured
soil moisture from the sensor will cause some deviance regardless of the coefficient. There is
also a factor that has been neglected, that the water will drain towards lower parts of the roof
or into a rain gutter. Ideally, measurements of actual evapotranspiration by the use of for
instance a lysimeter should be used to validate the computed evapotranspiration. But with the

present assumptions, the following coefficients are worked out:

TABLE 7.7 TENTATIVE COEFFICIENTS FOR ADJUSTING AET, BASED ON A WARM AND LONG DRY WEATHER PERIOD

Plot 2 Plot 3 Plot 4
Penman-Monteith  1.25 1.40 1.30
1985 Hargreaves 1.20 1.60 1.50
Thornthwaite 0.80 1.00 1.30

By applying these coefficients, the models gives a very good estimation if the
evapotranspiration for this event. A more general application of these coefficients is still
uncertain. A dry weather period from September 2015 has also been assessed, with temperate

climate and more levelheaded temperatures.
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FIGURE 7.26 TEMPERATURE DEVELOPMENT THROUGH THE DRY WEATHER PERIOD, SEPTEMBER 2015
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Grodan is showing no release of water when studying measurements from the below sensor, it
actually increases. Therefore, measurements from the upper sensor has been used. The results

correlates very well and there is only need for minor adjustments.
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FIGURE 7.27 DIAGRAMS OF MEASURED AND MODELLED SOIL MOISTURE FOR PLOT 2 AT THE FIELD ROOF AT
RISVOLLAN, BEFORE (LEFT) AND AFTER ADJUSTMENT (RIGHT)

By applying the same coefficients as for the previous event, Hargreaves and Thornthwaite
provides a good estimate. However using Penman-Monteith the coefficient needs to be

lowered. It is likely due to the latter model being more sensitive to the weather conditions

than the other two models.
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FIGURE 7.28 DIAGRAMS OF MEASURED AND MODELLED SOIL MOISTURE FOR PLOT 3 AT THE FIELD ROOF AT
RISVOLLAN, BEFORE (LEFT) AND AFTER ADJUSTMENT (RIGHT)

For plot 3, only Thornthwaite keeps the same coefficient. Due to the intense water loss of the
August dry period, the modelled curves could not follow the curve of the measured soil

moisture. The coefficient were thus based from achieving an even deviance to through the
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period. For this dry weather period however, the modelled soil moisture and the measured do
have a fairly similar slope. A slight increase of the modelled curves, except for the one from

Thornthwaite, is needed in order to achieve approximately the same total moisture release as
the measurements show.
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FIGURE 7.29 DIAGRAMS OF MEASURED AND MODELLED SOIL MOISTURE FOR PLOT 4 AT THE FIELD ROOF AT
RISVOLLAN, BEFORE (LEFT) AND AFTER ADJUSTMENT (RIGHT)

The curves for plot 4 follows each other quite nicely. Penman-Monteith and Thornthwaite
overestimates slightly while Hargreaves underestimates the AET. The crop coefficients found

from this dry weather period also deviates from the previous ones.

TABLE 7.8 COEFFICIENTS FOR TEMPERATE CLIMATE EVAPOTRANSPIRATION

Plot 2 Plot 3 Plot 4
Penman-Monteith 0.90 1.10 0.95
1985 Hargreaves 1.2 1.30 1.20
Thornthwaite 0.8 1.00 0.85

Having compared modelled and measured evapotranspiration for two separate dry weather
periods in a temperate climate, the question remains what coefficients to use. These are only
two single events, and as they don’t completely correlate, the choice must be based on
assumptions. It does however certainly make it clear that the modelled AET needs to be

adjusted. It is made a decision to only take the September coefficients, and apply these to the
other months in the temperate season.
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7.4.2 Coefficients in a Cool Climate
Towards the end of April 2015 a dry weather period occurred. Temperature development can

be seen below in figure 7.30. They are lower than for the two previous dry weather periods
and thus the energy flux should be lower.
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FIGURE 7.30 TEMPERATURE DEVELOPMENT THROUGH THE DRY WEATHER PERIOD, APRIL 2015
Because the temperatures are lower here than for the previous two events, the
evapotranspiration will be lower. How this affects the ratio between the measured soil
moisture and the computed one through evapotranspiration models needs to be assessed.
While there preferably shouldn’t be difference, the comparison of the PET models indicates

that seasonal differences in how accurate the PET models are do occur.
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FIGURE 7.31 DIAGRAMS OF MEASURED AND MODELLED SOIL MOISTURE FOR PLOT 2 AT THE FIELD ROOF AT
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For plot 2 there is a good correlation between the curves. The coefficient for Penman-
Monteith remains equal to 0.9. Thornthwaite underestimates slightly, which is the opposite of
the situation for the temperate dry weather periods. Overall, there’s only need for small

adjustments of the models. This can be observed for plot 3 and 4:
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FIGURE 7.33 DIAGRAMS OF MEASURED AND MODELLED SOIL MOISTURE FOR PLOT 4 AT THE FIELD ROOF AT
RISVOLLAN, BEFORE (LEFT) AND AFTER ADJUSTMENT (RIGHT)

The calculations seem to fit well with the measurements at roof plot 3, especially 1985
Hargreaves and Penman-Monteith which just overestimates slightly. Thornthwaite
underestimates which isn’t unexpected for lower temperatures. For roof plot 4 however,

there’s more need for adjustments as the models underestimates the evapotranspiration.
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TABLE 7.9 COEFFICIENTS FOR COOL CLIMATE EVAPOTRANSPIRATION

Plot 2 Plot 3 Plot 4
Penman-Monteith 0.90 0.90 1.8
1985 Hargreaves 0.90 0.90 1.8
Thornthwaite 1.40 1.60 3.1

Coefficients that adjust the AET have now been worked out, having made a simple
assumption that the cool and temperate season must be separated, but aside from that single
events can represent each season. But having found the coefficients, it is clear that they do
vary quite a lot. They also differ from the so called crop coefficients found in the literature,
who for the most part are less than or close to one, see for instance (Marasco et al., 2015).
There can be various reasons for this. The use of the basic SMEF may not be sufficient. The
SMEF is largely responsible for the slope of the curves plotted above, and it can be seen in
figure 7.24 and 7.25 especially that the modelled AET cannot follow the curve of the
modelled evapotranspiration. The field capacity may also have affected the results, as it hasn’t
been found from standardized testing but from observation. One also has to question the
importance of a SMEF in the conditions that are present at Risvollan. It’s more important for
locations with dryer weather conditions, as the soil water then will be a more limiting factor

for evapotranspiration.

Also, a crop coefficient is supposed to account for differences in the reference crop and the
actual conditions. A crop coefficient higher than one indicates that the vegetation of the field
roof is more effective than the reference crop for the PET models. However, the way these
coefficients are found here, other factors may also influence this. The measured soil moisture
needs to be validated through testing of field samples, as there may be errors in the measured
data. Validation of the SMEF itself would be beneficial as well. It’s also assumed that the loss
of soil moisture is solely due to evapotranspiration which may not always be true. Between
the season, there can be some variance in these conditions and properties of vegetation and

this can in turn contribute to the seasonal variance of the coefficients found here.

7.4.3 Calculated AET and Seasonal Comparison
The evapotranspiration is an important parameter for quantifying the capacity of green roofs

and predicting their performance. It has been seen in various studies how both
evapotranspiration and retention capacity increases during summer (Stovin et al., 2012,

Villarreal and Bengtsson, 2005, Mentens et al., 2006), compared to other seasons. Having
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found the AET for the green roof at Risvollan, the effects of seasonal variations can be
evaluated. Four months from 2015 have been picked in order to assess summer and spring
conditions by calculating their average daily AET. For roof plot 2 the following values are

found:

TABLE 7.10 AVERAGE DAILY EVAPOTRANSPIRATION (MM/DAY) FOR ROOF PLOT 2, WITH GRODAN

Penman-Monteith 1985 Hargreaves Thornthwaite
April 2015 0.60 0.68 0.69
May 2015 0.76 0.94 1.16
August 2015 1.03 1.61 1.44
September 2015 0.57 0.86 1.02

A coefficient is included here. For April and May, the coefficients given in table 7.9 are used.
For September and August, coefficients from table 7.8 are used. This means that numbers
found for August 2015 are not being used, and thus the calculated evapotranspiration will be
less than what the sensor measurements indicated this month. Another remark to take into
consideration is the values from the Thornthwaite model. It has been given relatively large
coefficients, despite its tendency to overestimate, as noted in literature. As only monthly
values are calculated, it does not account for periods of less evapotranspiration. The curves
are fitted for dry weather periods only. Therefore, in order to use Thornthwaite to calculate
monthly evapotranspiration, a factor of 0.75 as seen in literature (Stovin et al., 2013) should
be used. This isn’t done here, but should be taken into consideration. The same situation is
observed for roof plot 3 and 4:

TABLE 7.11 AVERAGE DAILY EVAPOTRANSPIRATION (MM/DAY) FOR ROOF PLOT 3, WITH SUBSTRATE S2

Penman-Monteith 1985 Hargreaves Thornthwaite
April 2015 0.51 0.59 0.78
May 2015 0.62 0.77 1.27
August 2015 0.96 1.38 1.44
September 2015 0.74 0.99 1.36
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TABLE 7.12 AVERAGE DAILY EVAPOTRANSPIRATION (MM/DAY) FOR ROOF PLOT 4, WITH SUBSTRATE S1

Penman-Monteith 1985 Hargreaves Thornthwaite
April 2015 0.47 0.54 0.68
May 2015 0.48 0.64 1.01
August 2015 0.43 0.68 0.67
September 2015 0.37 0.54 0.69

Penman-Monteith generally calculates reasonable estimates for actual evapotranspiration. The
same can be said for Hargreaves, however the values are slightly higher than for Penman-
Monteith. It does not take into account variations in wind and solar radiation the same way
that Penman-Monteith does. Relative air humidity must also be mentioned, as this will be
lower during summer and also affects the evapotranspiration. Thornthwaite has even higher
estimates and should be adjusted by a factor of for instance 0.75. Overall, Penman-Monteith
and Hargreaves do seem to predict the best values for the climate conditions typical for
Trondheim and Norway, and are recommended for calculating AET here.

Plot 4 has the lowest degree of evapotranspiration overall. With the same weather conditions,
growing media thickness and vegetation, this can be put down to the properties of the

substrate and its water holding capacity. It has been found that substrate S1 has a lower water
holding capacity than grodan and S2, and thus a lower evapotranspiration is natural. Substrate

S2 as well as grodan performs well overall.

The tendency is higher evapotranspiration rates in summer conditions than during spring. This
is especially present when comparing April and August. Roof plot 4 does not show such
distinct variations in evapotranspiration, due to its relatively high rates in April. This is not
surprising when comparing this with the runoff from the roof plots, as seen in appendix A.2.
Roof plot 4 generally performs well compared to plot 2 and 3, especially when the climate is

cool.

More surprisingly, roof plot 2 has generally high values for evapotranspiration. It has been
found to have the least impressive performance of all the four roof plots overall. Compared to
roof plot 4 it holds a higher volumetric water content of water, which may contribute to a
higher evapotranspiration. The equation for volumetric water content for grodan also has
elements of uncertainties, which must be kept in mind along with uncertainties related to the

coefficients used for calculating AET.
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Overall, we three different models for calculating PET and we have soil moisture
measurements. All together, the actual evapotranspiration can be calculated. Many
assumptions have been made along the way, but the results should provide a very good
indication of the actual situation. The Penman-Monteith model is expected to provide the
most precise values. We can observe that the evapotranspiration rates generally are higher
during the summer than in the spring, which is supported by the findings in chapter 4.6.
However, there is still a relatively high degree of evapotranspiration during springtime and a
green roof can still be expected to be relatively effective in retaining water. A longer
antecedent dry weather period is needed in order to restore its capacity due to the lower

temperature and energy flux.
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8 Final Thoughts and Conclusions

Green roofs are convenient tools for managing stormwater in urban areas, first and foremost
as a part of a system, or a treatment train, of sustainable management practices. It requires no
extra space as it’s built on existing roof areas. It retains water and attenuates peak flows.
However, the effectiveness is still considered uncertain due to the many factors that influence
the performance. Substrate characteristics, roof geometry, vegetation and the age of the green
roof will affect its capacity to retain and detain water. The weather conditions also play an
important role, both during and in between events. It is therefore also important to consider

seasonal variances.

On an annual basis, an extensive green roof can be expected to hold back between 25 and 70
% of the precipitation it receives, depending on the location and the configuration of the roof.
Small storm events can be expected to be held back completely, while bigger storm events
generates runoff. Even so, the peak flow will be attenuated and also delayed, so the green

roofs serve an important function still.

There are three hydrological unit processes that provides the green roofs with the ability to
retain and detain water. These are peak flow attenuation, infiltration and evapotranspiration.
Infiltration and evapotranspiration are the processes that makes it possible for a green roof to
both store water in and underneath the soil, but also regenerate its capacity in between storm
events. For this thesis, evapotranspiration was chosen to be studied in depth, along with soil
moisture content as they are closely related. By gaining data on these hydrological
parameters, one is able to quantify the benefits of green roofs in a much better way.
Especially in a country such as Norway, gaining knowledge on how the performance is

affected by varying meteorological conditions is cardinal.

At a field roof in Risvollan, Trondheim, soil moisture sensors are installed and continuously
monitoring the soil moisture. However, they were not calibrated and doing so is an important
part of this work. Both soil specific and field specific calibrations were conducted for the soil
substrates. It is recommended that that equations for volumetric water content during soil
specific calibrations are used on field measurements. This is due to uncertainties regarding the
result obtained during the field specific calibration. This procedure was rather experimental,

and further investigation of this method must be conducted.
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The roof plot with nothing but a felt mat is considered to have inaccurate moisture data. By
studying the measured dielectric permittivity, it was found that it didn’t fully correspond to
the precipitation. Furthermore, the attempt of a field specific calibration for the soil substrates
was unsuccessful. Or rather, more testing should be conducted in order to achieve an accurate
procedure. For now, the results are considered to be too uncertain. For grodan however, a new
equation was developed. It took a series of trials to understand the behavior of the material,
but eventually a methodology took form. It is still somewhat uncertain, but through repeated

testing the results correlate relatively well.

Out of the three different evapotranspiration models that were utilized in this thesis, Penman-
Monteith generally performed best. But it also requires data input for solar energy and wind,
which aren’t measured at the field roof and is a uncertainty. Wind data have been gathered for
a few months, and based on that a relationship to wind measurements from an urban
hydrological station close by were made. From the same station, data for solar radiation has
been gathered as well. If this data is missing, one may want to consider using the 1985
Hargreaves model. For monthly values, the Thornthwaite model can be useful as well. Table
5.1 shows various other models that may be considered, and based on the reviewed literature,

the Priestley-Taylor model can also be recommended.

Having calculated AET, an average of approximately 0.6 mm a day can be expected during
spring conditions. An expected daily value during summer is 1 mm, although for roof plot 4
the AET were slightly lower. These numbers illustrates how the regeneration rate of a green
roof varies between the seasons. Summer conditions and a temperate climate involves higher
temperatures and more solar energy. The vegetation may also be in better condition and thus
result in more transpiration. Frequent rainfall with high temperatures in between also seem to
be conditions resulting in high evapotranspiration rates, and surface water, high moisture
availability and increased sedum production are contributing factors. Overall, both the
evapotranspiration rates and capacity for retention of stormwater increases during the summer
compared to the spring and fall. Still, a green roof can perform relatively well for most of the

year and an implementation of green roofs is a step towards a sustainable urban development.
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9 Recommendations for Further Work

Through this work, the importance of understanding evapotranspiration and soil moisture
behavior in green roofs has become clear. The findings here are a step towards this, but more
research should be conducted. Here are some suggestions for actions that can be done in order

to improve the findings in this thesis:

- Take a series of samples from the field roof after varies storm events. Find the actual
volumetric water content and compare this with the numbers given by the sensors.

- Conduct an analysis of mounting sensitivity for the sensors at the field roof. This has
been done to a certain degree, in the laboratory, but should also be done at the field
roof for a series of events.

- Further investigation of the field specific calibration. Investigate the importance of it
and establish a methodology.

- Implementation of a lysimeter at the green roof at Risvollan.

- A more in-depth assessment of the crop coefficient, possibly with the use of numerical

methods.
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Appendix
A.1 Product Specifications for Decagon 5TM

FIGURE 0.1 PRODUCT SPECIFICATIONS (DECAGON DEVICES INC, 2015)
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A.2 Precipitation Versus Runoff from the Risvollan Field Roof

Accumulated monthly precipitation together with the runoff from all four roof plots at the

green roof at Risvollan can be seen in the figure below:
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FIGURE 0.2 PRECIPITATION AND RUNOFF FROM THE GREEN ROOF AT RISVOLLAN
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