Dear editor,

Thank you for editing our manuscript. The first part of this document includes the
point-by-point response to the reviews (R1, R2). Comments of the referees are
marked as e.g. << R1 C1: “referees’ comment”>> followed by the answer from the
authors, which includes the changes made in the manuscript to fulfill the referees’
suggestions.

The section of responses to the referees is followed by a marked-up version of
the manuscript.

Best regards,
Schaffitel et al.



Response to the comments of referee#1 (Heye Bogena) on the manuscript “A
distributed soil moisture, temperature and infiltrometer dataset for permeable
pavements and green spaces”

We thank Heye Bogena for reviewing our manuscript, for his positive overall
evaluation and for his helpful suggestions for improving the manuscript. In the
following, we answer the comments in a point-by-point reply.

R1 C1: Some of the sensors were installed within an excavated hole, which then was
refilled successively with bedding material. What kind of material did you use? If it is
different from the site material in terms of soil hydraulic properties this could have led
to biased measurements.

Thank you for this comment. To clarify this point we added the following
sentences to the manuscript: “...soil hydraulic properties between the refilling
and the original soil material should be comparable within the bedding layer.
Soils found within the underlying layers were characterized by a strong
variability and the hydraulic properties of the refilling should lie within the
variability occurring within those layers.”

R1 C2: You applied the CRIM model by also considering the temperature
dependency of permittivity. The same procedure was applied to the SMT100 sensor
by Bogena et al. (2017) and they found that the derived soil moisture from the
permittivity measured by the SMT100 did not show temperature effects. This
indicated that the temperature effect was only due to the temperature dependence
the permittivity and that the sensor electronics were not affected by temperature.
Please discuss reasons for the remaining diurnal soil water content oscillations

Indeed, this is a very interesting issue. To discuss this point, we added the
following paragraph to the manuscript: “After applying the CRIM model,
temperature effects were still present in the étime series. They manifest in form
of diurnal soil moisture oscillations, which are characterized by increasing & with
rising Tsoil. Their occurrence contrasts the findings of Bogena et al. (2017), who
showed that & derived by the CRIM model was free from temperature effects. A
possible explanation for the different findings may be given by the effect of
bound water, which gets partially released with increasing Tsoil (Or and Wraith,
1999). While the effect of bound water may be negligible at high 6, it might play
an important role at low 6. In contrast to the study of Bogena et al. (2017), 6
measured within this study reaches much lower values. In our dataset,
temperature effects are most pronounced during those periods with low &, which
supports the assumption that the observed temperature effects are caused by
bound water.”



R1 C3: You removed data from frozen soils with the argument that freezing hinders
vertical water movement within the profile. However the main reason should be that
the dielectric properties of frozen water are different from the liquid water for which
reason soil water content measurements with electromagnetic sensor of frozen soils
are not reliable.

Thank you for this remark, which we took into account as follows: “Since
dielectric properties of frozen and liquid water differ from that of liquid water,
times with frozen soils were removed from the &time series (but not from the &
time series)... However, users interested in 6 during those times may use an
adapted version of the CRIM model, which enables to consider the dielectric
properties of frozen water (examples for such an adapted version of the CRIM
model are used e.g. by Demand et al. (2019) and by Roth and Boike (2001)).

R1 C4: Some remarks on the transferability of the data to other urban areas would be
helpful for potential users of the data

We agree that such information will improve the manuscript. We therefore
added the following paragraph to the manuscript: “The presented dataset poses
a valuable source of information for the urban environment. However, the
pronounced heterogeneity in urban surface coverage and in urban soil
composition aggravates the transferability of the dataset to other urban sites.
However, since soil layers underneath PPs consist of technical substrates with
defined hydrological properties, soil moisture patterns underneath PPs should
be similar. Hence, the observed patterns should be transferable to other urban
sites. This is also the case for the parameters derived from soil moisture
measurements (6 and é&c). In contrast, various authors highlighted the
variability of the infiltration capacity of PPs, which decisively depends on the
state of joint clogging (e.g. lligen (2009)). Therefore, the transferability of the
infiltrometer data is limited. “



Response to the comments of referee#2 (anonymous) on the manuscript “A
distributed soil moisture, temperature and infiltrometer dataset for permeable
pavements and green spaces”

We thank referee#2 for the valuable comments that will help us in improving the
guality and readably of the manuscript. We are deeply grateful for that. We assigned
the comments into the three categories text errors, provided data and data
uncertainty.

Text errors

R2 C1: The specific language seems quite awkward and potentially distracting in
places. | itemize some of those errors below but | have no doubt that | missed many
of them. These arise at least in part from German-to-English mis-translations. The
journal / publisher will pick up some of these errors at the proof-reading step but |
think that responsibility for these corrections lies with authors, not the journal. |
strongly recommend that the authors engage a scientific technical editor to read and
revise this text.

We revised the whole manuscript to improve its readability.

P2, L9: “alternated” should be altered

Corrected

P6, L7: “Thereby”

Changed into this

@

P7, L2: “see chapter data availability”, ‘chapter’ as used here refers to a book or
thesis, not to this paper

According to the author guidelines of ESSD, the abbreviation Sect. is used
throughout the manuscript instead of “chapter”

P11, L20: flashy?

Explanation added in the manuscript (fast rise and recession of soil moisture)



Provided data

R2 C2: Page 7 line 14: Authors mention evapotranspiration here (and provide two
data files, one daily and one hourly) but then make no further mention or use of them
or the data. Again, a residual remaining from a separate publication or thesis?

We added the following explanations for providing reference crop evaporation
(eto) with different temporal resolutions in the manuscript:

“Reference crop evapotranspiration (eto) is a key variable for most hydrological
studies and was calculated for the WBI climate station by using the Pennman-
Monteith equation and the parametrization recommended by Allen et al. (1998).
The time step recommended for the calculation of etg is one day (Allen et al.,
1998). Since a high temporal resolution might be desirable for further users, we
decided to provide eto also with an hourly temporal resolution”.

R2 C3: One often finds in this text file as well as in several others, very strange
formatting errors, e.g air temperatures of 4.0489999999999995 or, in the metaPlot.txt
file, GPS values of 7.8509169190999994.

Note errors in metaPlots.txt file: latitude and longitude apparently erroneously
reversed for stations G and H

Thank you for pointing out these formatting errors, which we have corrected in
the data files. Now, the plot coordinates are provided with 6 decimal digits, while
e.g. air temperature is provided with a precision of 2 digits.



Uncertainties

R2 C4: ESSD, according to it guidelines (https://www.earth-syst-sci-
data.net/10/2275/2018/) requires explicit detailed description of uncertainty factors
plus careful validation. | understand that, due to the unique nature and scale of these
urban measurements, validation may prove difficult. However, the manuscript as
presented remains woefully deficient on uncertainties.

The authors seem to assign uncertainty solely to sensor performance. For example,
at page 10 lines 10 to 12, the authors merely recite manufacturer’s performance data.
But in fact they have a whole cascade of uncertainties among which manufacturer
sensor performance may prove small.

A rigorous uncertainty analysis necessitates careful accounting of the full range of
uncertainty factors. | do not contend that users should consider any of these data as
‘wrong’ but neither should we consider them - as these authors apparently do - as
absolute. Soil moisture, soil temperature, saturated water content, etc. all have
associated uncertainties. Readers need to know those uncertainties, need to know
that the data providers recognize those uncertainties, and need to know - as we
currently can not - how large an impact those uncertainties might or might not have
on the validity of these data.

The authors hope to see these data useful in the context of model calibration or
validation, but most models require quantified uncertainty ranges.

Preliminary notes:

Indeed, there are different sources of uncertainties affecting the measurements
and the parameters presented within this manuscript. We are grateful for the
comments of reviewer#2 highlighting these uncertainties. Since the data
originate from point measurements, we focus on the uncertainties of the
measured and derived quantities, while problems of scale and time are not
discussed.

R2 C5: The climate source data (from WBI) must have substantial uncertainties. At a
quick glance one sees many RH values near or at 100%, values in the highly-
uncertain range for most humidity sensors.

There are four different climate stations available for the study area, which are
all operated by different institutions. In the manuscript, we provide a link to the
data of each station. The focus of the manuscript is on soil moisture, soil
temperature and infiltrometer data. Hence, we think that a comprehensive
discussion of climate data uncertainty is beyond the scope of this manuscript.
However, we included the following remarks in the manuscript:

“Data of the individual climate stations differ in resolution, documentation,
provided variables and vicinity to soil moisture clusters. Therefore, data users
should select the climate data in dependence of their specific purpose... Since
the DWD climate station is operated according to the guidelines of the World
Meteorological Organization, the available documentation is best for this station
and the measured climate variables should be unbiased by urban effects... In



order to facilitate the use of high resolution climate data for the WBI climate
station and to ensure its long-term availability, we asked for the permission to
include this data in our data repository.”

Note that the link to DWD data has changed and was updated in the
manuscript. Furthermore, the station-ID was added.

R2 C6: Need to add variability in specific locations and PP types

Indeed, this variability may be important for interpreting the data. We provide
this information by:

Adding images of the PP surfaces to the data repository which show the
variability of the PP surface. These images cover an area of 1 m? and consist of
digitized paving stones (black) and joints (white).We added the following remark
to the manuscript: “These digitized images capture the small scale variability of
the PP surfaces and are included within the data repository.”

Adding a file metaClusters.txt to the data repository. For each cluster, this file
contains a column with the fraction of different urban structures (buildings,
asphalt, PPs and green spaces) within a 5 m and 10 m radius around the
clusters. This data was obtained by means of a GIS analysis and captures the
variability in urban structures in the surrounding of each cluster. In the
manuscript, we added the following remark: “...we analyzed the fraction of
different urban structures within a 5 m and 10 m radius around each cluster by
means of a GIS analysis. The results of this analysis are shown in Appendix A
(Table 5) and are further included within the data repository (file
metaClusters.txt).”

R2 C7: Need to add uncertainties in the infiltration measurements

For the infiltration data, uncertainties comprise the measurement accuracy
(approx. 0.5 mm for the visual observations) and the parameter uncertainties of
the fitted Philip infiltration model. For the measurement accuracy, we added the
following remark in the manuscript: “The reading accuracy of the visual
observations is approx. 0.5 mm. However, measurement errors should mainly
cancel out over the infiltration course, since a cumulative quantity was
measured.”

Uncertainties in the parameters of the fitted Philip model are found in table 3 of
the manuscript and in the file metaPlots.txt. For sake of the clarity, we decided
to not include uncertainty bands in Figure 11.



R2 C8: Need to add uncertainties in the CRIM equation

We added the uncertainty arising from the CRIM equation by including the
following sentence in the manuscript: “The effect of measurement errors
(dielectric permittivity and temperature) and parameter uncertainties (porosity,
permittivity of the gaseous and solid phase) on # calculated by the CRIM
equation was quantified by Roth et al. (1990) to not exceed 1.3 vol.%.”

R2 C9: Figures 6 through 9, which ought to help us understand the value of the data,
have no indications of uncertainty.

Uncertainty is estimated to account £0.4°C for soil temperature (based on
specifications of the manufacturer) and £1.3 vol.% for soil moisture calculated
by the CRIM model (see R2, C8). Those uncertainties are included in the
manuscript. Furthermore, we added comment line in each of the corresponding
data files, which indicates the uncertainty.

Adding those uncertainties in Fig.6-9, would lead to a reduced readability of
those Figures, while the gain in information is marginally. For sake of clarity, we
therefore decided to not include uncertainty bands in Fig.6-9

R2 C10: Files of permititivity, soil moisture, soil temperature, etc., have no indications
of uncertainty.

We added the uncertainty of each measured/derived variable in the comment
line of the corresponding data file. For soil moisture, the uncertainty is given by
the uncertainty of the CRIM model (see R2 C8), while for temperature
measurements, the uncertainty is specified by the manufacturer to range
between 0.2°C and 0.4°C. For the uncertainty in permittivity, we used the
results of Bogena et al. (2017) and added the following sentence to the
manuscript: “...the error of the permittivity measurement is estimated from the
results of Bogena et al. (2017) who tested 701 SMT100 sensors in reference
liquids with known dielectric properties. Their results indicate that the error of
the permittivity measurement is below 1.5.”

R2 C11: Several times the authors mention “means” of all locations or all depths, but
we never read nor see anything about standard deviations, standard errors, etc.

Thank you for this comment. Figures 6-8 show mean values of soil moisture
and soil temperature for different plot categories and depths. Including the
standard deviation in these Figures would be confusing. In the Appendix (Table
6 & 7, we added tables which show the mean standard deviation between all
sensors within each category.

Furthermore, we added the standard deviation for the median of the derived
hydrologic parameters in Table 3.



R2 C12: At the top of page 19 (lines 2 thru 4), the authors write “The plots E1 and E2
are equal in terms of joint properties and proportions, which leads to the assumption
that infiltration measured at E1 might be applied as representative for E2.” |
appreciate that the authors used the cautionary word ‘might’ but this reader find no
basis elsewhere in the text, particularly assurances on uncertainties, that would allow
me to accept similarity of E1 and E2.

We thank reviewer#2 for scrutinizing the assumed similarity in the infiltration
patterns between plots E1/E2 and plots F1/F2. Due to the fact, that these plots
were constructed during the same field campaigns (same age, similar soill
material used for base and bedding layers), have the same proportion of joints
and are exposed to similar microclimatological conditions, we think that this
assumption is reasonable. However, since infiltration patterns may vary on
small spatial scales, we removed this assumption in the text and further
removed the infiltration parameters (A, S and icap) for the Plots E2 and F2 in
table 3 and in the file metaPlots.txt.

R2 C13: A large uncertainty factor, at least for this user/reviewer, relates to solar
exposure. How much direct solar radiation or shading by buildings or vegetation
occurred at any site? For these latitudes, shade can influence soil temperatures by
10°C or more, e.g. 50% or more of total diurnal ranges described here. Intensity of
shade, diurnal pattern of shade, seasonal pattern of shade - we get none of this
information and - apparently - no hints about how we might retrieve such data.
Clearly the authors know more about solar radiation and local exposure factors than
any users will ever know, but we get nothing?

On page 17 line 12 one reads about station D as located “an east-west orientated
urban canyon within the city center.” Using lat lon coordinates from metaPlots.txt file
to locate the stations in Google Earth, and then applying the GE ‘street view’
function, | confirm the narrow streets and tallish buildings around station D, but | also
find more dispersed but taller (5 or 6 stories?) buildings around station H, albeit with
different E-W N-S orientations. From those two explorations (which | might have done
wrongly, see note about lat lon below), this reader remains just as concerned and
perhaps more concerned about insolation and shading effects. Authors must have
recognized insolation effects, must have assessed and selected locations with solar
exposure in mind, but they have shared none of that information with readers? They
offer readers neither tools nor information needed to assess such a large uncertainty
factor?

Indeed shading and insolation have a decisive effect on ground surface and
subsurface temperatures. Since shading and insolation is variable over time,
the effect cannot be quantified by a single number. To enable for a time-
dependent quantification of the effect, we included hemispherical photos of
each cluster in the data repository. From these images, the sun path, but also
the mean radiant temperature can be calculated by using a suited model. One
example for such a model is ‘RayMan’ (Matzarakis et al., 2007). In the
manuscript, we added the following remark:



“Hemispherical photos were taken at each cluster and are included within the
data repository. Using those photos allows to calculate the sun path for each
day of the year (see Figure 9 for an example) and therefore enables for a time-
dependent quantification of potential shading and insolation. To calculate the
sun path, we used the software package RayMan (Matzarakis et al., 2007).”

Furthermore, we newly added Figure 9 to the manuscript, which exemplarily
shows the sun path at cluster A and cluster D during summer solstice.

R2 C14: Page 11 lines 6 thru 12: Here the authors describe uncertainties related to
freezing conditions and possible salt applied as anti-freeze, e.g. reasons for not using
winter-time data, but we never find any cautions about uses of the data they do
provide!

The soil moisture dataset does not contain data for freezing conditions.
However, the permittivity dataset contains data for these periods. In the
manuscript, we emphasized that a suited model is required when deriving soill
moisture from permittivity during those periods (see answer to R1 C3).

The other point concerns the usage of salt as an anti-freeze, which affects
electromagnetic soil moisture measurements. We added the following remark to
the manuscript: “Hence, care should be taken when analyzing winter data of 6.”

R2 C15: P11, L25-26: Characterization as vegetated, restricted or free. But,
according to Table 2, they only analyzed 3 vegetated sites and 4 restricted drainage
sites. Given many other sources of spatial variability and uncertainty, can the authors
provide any quantitative basis that we should accept these categorizations?

Indeed, there is only a small number of plots for the categories “vegetated” and
“PPs with restricted drainage”. The small number of vegetated sites is due to
the fact that only four of the clusters were in the close vicinity of urban green
spaces.

The quantification into the categories free drainage and restricted drainage is
based on a combination between a visual classification and an analysis of the
empirical frequency distribution of soil moisture records during rain events. As
illustrated in Fig. 7 the mode of these frequency distributions can be used as a
guantitative measure for this classification. To clarify this, we added the
following paragraph to the manuscript: “...we analyzed the empirical frequency
distribution of #recorded during rain events and calculated the mode of this
distribution (see Fig.7 for an example), which can serve as a measure for the
classification. However, using the mode as a single threshold would neglect the
effect of soil properties on the frequency distribution of soil moisture. Therefore,
we further incorporated a visual analysis of the recorded &-time series to
classify the drainage behavior of the PPs.”
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Abstract. Knowledge on water and energy fluxes is a key for urban planning and design. Nevertheless, hydrological data for
urban environments is sparse and as a result, many processes are still poorly understood and thus inadequately represented
within models. We contribute to reduce this shortcoming by providing a dataset, which includes time series of soil moisture
and soil temperature measured underneath 18 different permeable pavements (PPs) and 4 urban greenspaces located within
the city of Freiburg (Germany). Time series were recorded with a high temporal resolution of 10 min with a total of 65
individual soil moisture sensors and cover a measuring period of 2 entire years (Nov. 2016 — Oct. 2018). The recorded time

series contain valuable information on the soil hydrological behavior of PPs and demonstrate the effect of surface propertiﬁs
and surrounding urban structures on soil temperatures. In addition, we performed double-ring infiltration experiments, which
in combination with the soil moisture measurements yielded soil hydrological parameters for the PPs including porosity,
field capacity and infiltration capacity. We present this unique dataset, which is a valuable source of information for studying
urban water and energy cycles. We encourage its usage in various ways e.g. for model calibration and validation purposes, to
study thermal regimes of cities and to derive urban water and energy fluxes. The dataset is freely available at the FreiDok

plus data repository at https:/freidok.uni-freiburg.de/data/151573 httpsHreidok-uni-freiburg-de/data/t49321—an
https://doi.org/10.6094/UNIFR/249321151573 (Schaffitel et al., 2019)
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1 Introduction

Knowledge of urban water and energy fluxes is a key for urban planning and design. Although, there are various urban
hydrological (see Elliott and Trowsdale, 2007 for a review on urban hydrological and drainage models) and energy balance
models (see Grimmond et al., 2010 for an overview), there is only limited data available for validating and calibrating
thoseese models (Litvak et al., 2017; Salvadore et al., 2015; Schirmer et al., 2013). As a result, many processes remain
unclear and are poorly represented within models (Salvadore et al., 2015). To overcome this shortcoming, Vereecken et al.

(2015) emphasize the possibilities of new measurement technologies.

Urbanization leads to profound changes of water and energy cycles (Oke, 1988; Shuster et al., 2005). Impacts of alterrated
energy fluxes include the formation urban heat islands (UHIs) in the atmosphere, but also in the subsurface of cities (Oke et
al., 2017). Impacts on the water balance include increased surface runoff volumes (Fletcher et al., 2013; Shuster et al., 2005)
at the expense of soil infiltration (Cristiano et al., 2017; Salvadore et al., 2015; Schirmer et al., 2013) and evapotranspiration
(Fletcher et al., 2013; Grimmond and Oke, 1991). One possibility to mitigate the hydrological impacts of urbanization is to
replace impermeable surface covers with permeable pavements (PPs). Although, their usage is restricted mainly to parking
spaces, pedestrian roads and roads with low traffic volumes, PPs can cover great parts of cities (Winston et al., 2016).
Positive effects include the reduction of surface runoff volumes, reduction in peak flows as well as increases in evaporation
and groundwater recharge rates (Andersen et al., 1999; Fassman and Blackbourn, 2010; Park et al., 2014; Scholz and
Grabowiecki, 2007; Timm et al., 2018).

Soil moisture (6) is of major importance for understanding water and energy fluxes in terrestrial systems (Eagleson, 1978;
Lahoz and De Lannoy, 2014; Trenberth and Asrar, 2014). One example is the partitioning of rainfall into surface runoff and
infiltration, which depends decisively on the state of the soil storage (Brocca et al., 2008). Although, this partitioning is of
special interest for urban stormwater management, the effect of @ on the hydrologic performance of PPs is still under debate
and-differentresults-exist-in-tterature. While some authors reported antecedent moisture conditions to effect the hydrologic
performance of PPs (Brown and Borst, 2015; Fassman and Blackbourn, 2010), other authors-erty found a limited effect of

antecedent moisture conditions on the hydrologic performance of PPs (Guo et al., 2018). We anticipate that this debate will

benefit from eentinuous-continuous soil moisture &-measurements below PPs. So far, such measurements were used to

analyze the applicability of time-domain reflectometry in coarse structured soils (Ekblad and Isacsson, 2007; Stander et al.,
2013), to derive water fluxes (Ragab et al., 2003), for calibration of plot scale soil hydrologic models (Kodesova et al., 2014;
Turco et al., 2017) and to study clogging dynamics of PPs (Razzaghmanesh and Borst, 2018). As far as known to the
authors, a comprehensive analysis of 6-dynamics beneath PPs did not take place so far. In contrast to é-meastrements;

infiltration-experiments-have-beenperformed-by-variousautherssoil moisture measurements, various authors have performed

infiltration experiments— which Fhey-were used e.g. to derive the infiltration capacity of PPs (lllgen, 2009), for studying
2
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clogging dynamics (Borgwardt, 2006; Lucke and Beecham, 2011) and_to analyze the effect of road maintenance or
infiltration rates (Winston et al., 2016).

Soil temperature (Tsil) contains important information on surface and subsurface thermal regimes.

ofAnalyzing them is of particular #mpertaneeinterest, as subsurface temperatures effect the groundwater quality and the gas
exchange of soils (Oke et al., 2017), but also have implications for the use of geothermal energy (Zhu et al., 2010).
Furthermore, Tsii can be used to derive the ground heat flux (GHF) (Kimball et al., 1976). Thereby, the GHF of urban areas
is of special interest, as it is the main driver for the formation of subsurface UHIs (Menberg et al., 2013) and fundamental for
closing the urban energy balance (Grimmond and Oke, 1991; Roberts et al., 2006). Nevertheless, values for the urban GHF
are sparse and calculations often depend on parameter assumptions leading to high uncertainties. We are convinced that Tsei—
observations will improve the prediction of the urban energy balance and may reveal new findings on the formation anP

magnitude of subsurface UHIs.

According to Salvadore et al. (2015), there is a special need for measurements within urban soils. As far as we know, there is
neither @ nor Ts data freely available for urban environments. Here we provide a unique dataset comprising of & and Tsoil
measured below PPs and green spaces located within an urban environment. Furthermore, we performed infiltration
experiments which together with the é-time series were used to derive soil hydrological parameters for PPs. As porous
surface covers (porous asphalt, porous concrete and porous paving stones) play a minor role within the study area, they are
not part of dataset. Instead, data for PPs is limited to surface covers consisting of impermeable pavers separated by
permeable joints (e.g. interlocking concrete pavers, cobblestones, grass pavers). We are convinced that the provided dataset
is of great value for studying urban water and energy fluxes and encourage its usage within the fields of urban hydrology and

urban climatology.
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2. Study area
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Figure 1: Location of the soil moisture clusters and the climate stations within the city of Freiburg. Colors indicate the degree of
surface sealing (LUBW, 2012). Geodata of Germany in the upper right box originates from the Federal Agency for Cartography
and Geodesy of Germany, while geodata of Freiburg was provided by the city of Freiburg.

Soil moisture measurements were carried out in the city of Freiburg i. Br., which lies in the southwest of Germany (Figure
1Figure-1). Natural soils found within the district of Freiburg are dominated by Cambisols and Luvisols at surrounding
hillsides, whereas Fluvisols and Gleysols prevail within the valleys (soil map 1:50.000 federal state authority for Geology
and Natural Resources of Baden-Wirttemberg). Urbanization impacts natural soils and strongly alters their properties
(Wessolek, 2008). Therefore, large parts of natural soils within cities were—have been transformed into Technosols and
Anthrosols (Kode$ova et al., 2014). The study area is located in a temperate climate with a mean annual precipitation (P) of
894 mm and an annual mean air temperature of 11.5°C (evaluated for the period 1996-2015 for the climate station of the

German Weather Service (DWD)). Rainfall is seasonally uneven distributed with more rainfall occurring during summer due
4



to convective storms. The two hydrological years studied (Nov. 2016 — Oct. 2018) were characterized by around

200 mm/year less P compared to the long-term average (Figure 2Figure-2). |
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5 Figure 2: Monthly precipitation sum and mean air temperature recoded at the climate station DWD within the study period
compared to long-term mean values. The light grey background indicates the winter half year.



3. Material and methods
3.1 Permeable pavements

According to German regulations, PPs must be designed to fully infiltrate a 10-minute lasting rainfall with a return period of

5 years. To ensure this, the surface must show an infiltration capacity of at least 97.2 mm/h (Borgwardt, 2001). Furthermore,

5 the saturated hydraulic conductivity of underlying soils should exceed 19.4 mm/h. In case of lower permeability, the

installation of underdrains is required. Figure 3Figure-3 shows the typical layers of a permeable pavement which is built in

accordance to national regulations (Borgwardt, 2001; FGSV, 2012). Fhereby—theThis structure may be adapted locally,

depending e.g. on constructional requirements and on the permeability of underlying soils. Paving stones, bedding, base and

subbase layers consist of technical substrates which are installed during construction works. Their main function is to absorb

| 10 and distribute pressures equally and to drain infiltrating water rapidly and-thuswith the goal to ensure the bearing capacity

and the frost-resistance of the pavement layer. In most cases, the subbase layer lies directly above heavily compacted natural

soils. Only in special cases, a subgrade is needed below the subbase layer (Borgwardt, 2001). PPs and their underlying layers
belong to the soil class of Technosols.

Pavement layer (8-12 cm)

Bedding layer (5 cm)

Base layer (20 cm)

Subbase layer (35 cm)

Planum
Underdrain if k; < 19.4 mm/h

Figure 3: Layers of a typical permeable pavement build in accordance to national regulations.
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3.2 Climate data

There are four different cClimate stations (Figure 1) available within the study area

the-stations-depicted-in-Figure-1 (see Sect.chapter data availability for URLs_of the individual climate stations).

individual climate stations differ in resolution, documentation, provided variables and vicinity to soil moisture clusters.

Data of thj

Therefore, data users should select the climate data in dependence of their specific purpose. Over Ferthe study period, onl
Since the DWD climal

the time series recerded-at-the stationsof the DWD and WABI climate stations are free from data gaps.

station is operated according to the guidelines of the World Meteorological Organization, the available documentation is begt

for this station and the measured climate variables should be unbiased by urban effects.

remaining three climate stations are located in close vicinity to urban structures and therefore are affected by the@

by-the urban climate;—as-theyarelocated-in-thevicinity-of urban-struetures. We expect Fthe climatic input of the so|l

moisture measurements to beis assumed-to-be-best represented by the WBI climate station, as it is the only urban climate

station thatthat is free from data gaps. This climate station is operated by the State Viniculture Institute Freiburg. Online

available data is limited to an hourly temporal resolution, while data with a 10 min temporal resolution was provided upop

request by the Center for Agricultural Technology Augustenberg (belonging to the Ministry of the Environment, Rurdl
Affairs and Consumer Protection of the state Baden-Wiirttemberg). W

to facilitate the use of high-resolution climate data for the WBI climate station and to ensure its long-term availability, we
Fhe-State-Vinieulturetnstitute Freiburg-operates-the- WEH

asked for the permission to include this data in our data repository.
Hnate on-and-d With empo esolution—o O-min—w

srovided-upon—red b ha Cantar for A

as rainy periods exceeding a minimum of 0.5 mm and separation took place when no rainfall was recorded for at least 2 h. In

order to account for the spatial variability of urban rainfall (Cristiano et al., 2017) the event separation was based on the P
data recorded at both gap-free climate stations (DWD and WBI). In this way, a-tetal-6f-302302 individual events were
separated for-for the study period (Nov. 2016 until Oct. 2018). Baily-sum-efrReference crop evapotranspiration (eto)_is a kely
variable for most hydrological studies and was calculated for the WBI climate station by using the Pennman-Monteith

equation and the parametrization recemmended—provided by Allen et al. (1998)._The time step recommended for th
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calculation of ety is one day (Allen et al., 1998). Since a high temporal resolution might be desirable for further data users,

we decided to provide ety also with an hourly temporal resolution.

3.3 Measurement network

The soil measurement locations (hereinafter called plots) are organized in clusters with each cluster comprising several
different surfaces (see Figure 1Figure-1 for the location of the clusters). Hemispherical photos were taken at each cluster and

are included within the data repository. Using those photos allows to calculate the sun path for each day of the year (see

Figure 9 for an example) and therefore enables for a time-dependent guantification of potential shading and insolation. To
calculate the sun path, we used the software package RayMan (Matzarakis et al., 2007). Furthermore, we analyzed the

fraction of different urban structures within a 5 m and 10 m radius around each cluster by means of a GIS analysis. The

results of this analysis are shown in Appendix A (Table 5) and are further included within the data repository (file
metaClusters.txt). All studied PPs are located on either parking lots, pedestrian roads or residential roads with low traffic
volumes. On each plot, infiltration experiments were performed and soil moisture sensors (SMT100, Truebner GmbH,

Mannheim, Germany) were installed in 2-4 depths below the ground surface. Installation of the SMT100 sensors took place
during two field campaigns in March and June 2016. For the installation, the existing pavement was removed and sensors
were inserted into the undisturbed profile wall under undisturbed pavements. In order to avoid water ponding on the sensors
and to minimize the disturbance of vertical vapor fluxes, they were installed horizontally with the narrow side in vertical
direction. Afterwards, the plots were refilled with the original base and bedding material. Finally, municipal construction
workers restored the paving layer professionally. Due to the high compaction of soils and the presence of coarse aggregates
thet installation of the SMT100 sensors was-often was challenging-due-te-the-high-compaction-of sells-and-the-presenee-of
coarse-aggregates. Therefore, we decided for some plots to insert sensors not into the profile wall but instead install them
within the excavated hole, which afterwardsthen was refilled successively with bedding material_(material used for the

construction of the bedding layer). Therefore, soil hydraulic properties between the refilling and the original soil material

should be comparable within the bedding layer. Soils found within the underlying layers were characterized by a strong

heterogeneity and the hydraulic properties of the refilling should lie within the variability occurring within those layers. Each

cluster was equipped with an individual data logger accommodated in a small manhole. Variables measured by the SMT100
include the apparent dielectric permittivity (&) and the soil temperature (Tsi) and were recorded by the data logger with a
time interval of 10 min. Figure 4Figure-4 shows the installation of the soil moisture sensors at the plots of cluster D as well

as the small manhole used for accommodating the logger.
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Figure 4: Installation of the soil moisture sensors at the plots of cluster D and the small manhole used for accommodating the
data logger.

During the installation, soil samples were taken and the characteristics of the joints were analyzed. Recorded joint
characteristics include joint material, joint condition, mean joint depth and joint vegetal cover. The mean joint depth was
calculated from 10 individual measurements performed with a high precession slide gauge with a resolution of 0.1 mm. Joint
conditions were classified into 4 categories ranging from 0 (very good condition) to 3 (very bad condition). This was
achieved by a combination of visual categorization and finger testing of the joint material (not performed at PPs with mortar
filled joints). Thereby, higher amount of fines were attributed to higher clogging and consequently to worse joint condition.
Similarly, joint vegetal cover (consisting of tread-resistant plant communities and mosses) was classified visually into 4
categories ranging from 0 (no vegetation) to 3 (fully covered by vegetation). Finally, image analysis tools were used to
determine the proportion of joints and the-sealing degree_of surface sealing. For this purpose, a 1 m x 1 m frame wz{s
mounted on the surfaces and pictures were taken. The images were fist corrected for geometric distortion by using an
adapted version of the algorithm described in Weiler and Fliihler (2004). Afterwards, paving stones were digitized manuall

and their areal proportion was calculated. These digitized images capture the small-scale variability of the PP surfaces an|

are included within the data repository. Table 1Fable-1 shows the plots of the measurement network and their characteristics.




Table 1: Characteristics of the plots

Name B2 C1 c2 C3 F2 G1 G2 H3 H4
Cluster A A A A B B [} C [} D D D E E F F G G H H H H
Surface type1 lawn ccp GP CCP NP lawn DCP DCP bushes NP NP NP NP NP NP NP DCP CCP DCP CccpP CCP lawn
Sealing degree [%]2 0 93 54 92 83 0 89 73 0 80 81 86 76 75 76 78 86 97 85 94 92 0
Build [year] - 1999 1999 1999 2011 - 2004 2004 - 1998 1998 1998 1999 1999 2014 2014 1987 1987 1985 1985 1985 -
Height paving layer [cm] - 8 10 8 8 - 8 10 - 10 8 12 10 10 10 10 10 10 10 10 10 -
Joint condition [cat.] - 3 2 3 0 - 1 1 - 1 1 1 2 2 0 0 3 3 2 2 2 -
vegetated gravel- gravel-  gravel- gravel-  gravel-
Joint material - sand gravel- sand - mortar mortar ~ mortar ~ mortar ~ mortar sand sand sand sand sand -
sand sand sand sand sand sand
Joint vegetal cover [cat.] - 2 3 3 0 - 2 3 0 0 0 3 2 1 0 2 0 2 2 2 -
Mean joint depth [mm] - 2 9 2 11 - 2 14 - 10 12 24 10 11 4 3 4 5 5 3 6 -
Installation methods profie  profile  profie profile g0y profile gy g profie profile profile profile gy feq  filed  filed  filed  filed  filed  filed  filed  PrOfle
wall wall wall wall wall wall wall wall wall wall
Subsurfaces
. Paving stones 7
o s 12 14 12 13 1 13 10 12 12 12 10 10 10 10 12 12 12 phS
16 16 16 16 18

W o 20 23 20 20 20 20 21 19 20 20 20 20 20 20 20 20

Sa 26
o N 28 a7 30 28 28 28 30 30 30 30 30 30 29 30

Gravel 34 34

36

Wortar 4 38

- [SS: ms\um probe

1: Abbreviations of surface types follow the classification of Timm et al. (2018) with CCP: classical concrete paving stones; DCP: designed concrete paving stones; GP: grass pavers; NP: natural paving stones.
2: The sealing degree equals 100% minus the joint proportion [%)].
3: Sensors were installed with 2 different methods. Either they were installed in the undisturbed profile wall (profile wall) or in the excavated hole which then was filled from the top (filled)

4: The profiles show the 2 soil components with the biggest share. Minor components are not visualized. All profiles are presented to a uniform depth of 45 cm, although not all plots were excavated till this depth. In this case, the lowest
layer encountered was extrapolated until the depth of 45 cm for illustration purposes. In case of installation method “filled”, the depicted soil layers show the encountered soil material during excavation instead of the bedding material
used for refilling.
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3.4 Soil moisture and temperature measurements

Soil moisture and Tsi-measurements were carried out in 10 min intervals by the SMT100 sensors, which belong to the
family of time domain transmission sensors (Qu et al., 2013). The SMT100 sensor operates by inducing a steep pulse to a
closed transmission line of known length (Bogena et al., 2017). Thereby, the travel time of the pulse along the transmission
line depends on the dielectric properties of the surrounding soil and forms the basis for water content measurements (Topp et
al., 1980). Instead of measuring the travel time directly, the SMT100 measures an oscillation frequency, which is directly
related to travel time (Qu et al., 2013). According to Bogena et al. (2017) it accounts around 150 MHz in water and 300 Hz
in air. The sensor internally transforms the measured oscillation frequency into the dielectric permittivity () (Bogena et al.,

2017). Thereby, the error of the permittivity measurement is estimated from the results of Bogena et al. (2017) who testefl

701 SMT100 sensors in reference liquids with known dielectric properties. Their results indicate that the error of the
permittivity measurement is below 1.5. Afterwards, and-afterwards-applies-the Topp equation (Topp et al., 1980)_is applie

to derive the volumetric water content (6). According to the manufacturer, the resolution of the SMT100 is at least 0.1 vol.%
for &and 0.01°C for Tsi. The accuracy in determining absolute values is 3 vol.% for @ (without soil specific calibration of
the sensors) and between 0.2°C and 0.4°C for Ts;. Variables measured by the SMT100 represent average values over the
entire sensor length of 10 cm. Measurements below PPs should therefore integrate substrates lying below joints as well as

substrates lying below paving stones.

Temperature affects electromagnetic soil moisture measurements in various ways (Kapilaratne and Lu, 2017; Qu et al., 2013;
Wraith and Or, 1999). Thereby, we observed strong temperature oscillations beneath the PPs with amplitudes reaching
20°C/day and extreme values ranging between -6°C and 47°C. These strong thermal variations affected the soil moisture
measurements notably and called for a temperature correction of 6. We therefore applied 3 different correction methods

which are described in detail in the following.

First, we used the Complex Refraction Index Model (CRIM) model of Roth et al. (1990) (eqg. 1) to consider the temperature-
dependency of liquid water permittivity (&) (eq. 2) (Handbook of Physics and Chemistry, 1986 as cited by Roth et al.,
1990)._The effect of measurement errors (dielectric permittivity and temperature) and parameter uncertainties (porosity,

permittivity of the gaseous and solid phase) on & calculated by the CRIM equation was quantified by Roth et al. (1990) tp

not exceed 1.3 vol.%.

el —ef—d(eg—¢f)

ey—eq

6= (eq. 1)
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€w(Ty) = 78.54 [1 — 4.579 * 1073 (Typy — 25) + 1.19 % 1075 (T, — 25) — 2.8+ 10~8(T, — 25)3]  (eq. 2)

Parameter values for eqg. 1 were taken from Roth et al. (1990) with a geometry factor () of 0.46 and a temperature
independent permittivity of the gaseous (&,) and the solid phase (&) of 1.0 and 3.9 respectively. The porosity (¢) is derived in
ehapter-Sect. 5 to account 0.37 (median of all plots). In eq. 2, we used Tsil as a proxy for the water temperature (Tw).

Afterwards, the calculated 6-values were aggregated to hourly values and the data-driven temperature correction method of
Kapilaratne and Lu (2017) was applied. Although, this reduced temperature-induced £-oscillations noticeably, they were still
present during periods with low saturation. Therefore, we used linear interpolation between daily minima for further
correcting 6. Thise linear interpolation was applied only for dry periods and thereby started 24 h after the ending of

antecedent rain events.

For users who want to apply a different temperature correction scheme, the original & data is included within the dataset.

Since dielectric properties of frozen and liquid water differ from that of liquid water, Furthermore—times with frozen soils

were removed from the &-time series (but not from the & time series). This was achieved by removing all times during

which Tgi-values were below 0.5°C at any point in the profile or frozen joints were observed visually.siree- However, users

properties of frozen water (examples for such an adapted version of the CRIM model are used e.g. by {Demand et al. ;-(2019)

and by (Roth and Boike_( 2001)). freezing hinders vertical water moverment within the profile. We therefore removed-time

source of error in @ may arise from salt spreading during winter road maintenance. This potentially leads to seasonal changes

of soil salinity which in turn effects & (Ekblad and Isacsson, 2007). As electrical conductivity is not measured by the

SMT100 sensor, it was neither possible to quantify the impact, nor to correct for._Hence, care should be taken when

analyzing winter data of 6.

Values reported in literature for the saturated water content (&) of base and bedding layers of PPs range between 20-45 vol.%

(Brunetti et al., 2016; lligen et al., 2007; Kodesova et al., 2014), As it is one of the main functions of PPs to drain infiltrating

water rapidly to the subsurface, we expect &1to recede fast after ending infiltration and to hardly ever reach é. In contrast, at
PPs with low permeability of underlying soils and missing or malfunctioning underdrains, we expect recorded G-values to
reach 6 and afterwards to recede slowly. Based on this, we classified the drainage behavior ebserved-atof the PPs into the

categories “free drainage” and “restricted drainage”. Therefore, we analyzed the empirical frequency distribution of ,6

recorded during rain events and calculated the mode of this distribution (see Figure 7 for an example), which can serve as a

12
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measure for the classification. However, using the mode as a single threshold would neglect the effect of soil properties oh

the frequency distribution of soil moisture. Therefore, we further incorporated a visual analysis of the recorded é-time serigs

to classify the drainage behavior of the PPsFhi
y yZi i g y y - -In case time series were characterize
by a fast rise and recession of soil moisture efflashy-behavier(flashy behavior), a low mode occurred and-and-tew-freguenc]
of-high-6-values; the drainage behavior was classified as “free drainage”;-while-. In contrast, it-was-elassified-as—restrictef
drainage™a high mode was calculated for time series whereif- @ reached @ frequently during -vatues-recorded-during-rainfall
were-frequently-in-the-range-of-6.-values-repoerted-in-titerature. Those time series were classified as “restricted drainage”.

<X T 4r

To analyze the hydrologic behavior of different urban surface covers, we compared the @-dynamics recoded at different plot
categories. Therefore, we calculated a mean é-time series for the categories “vegetated”, “PPs with free drainage” and “PPs
with restricted drainage”. Thereby, times with data-gaps at any of the sensors were excluded, as gaps cause jumps in the
calculated mean. Furthermore, the plots of cluster C are not included in the comparison, as the measurements at this cluster

ended in Jan 2018 due to construction works.

3.5 Infiltration experiments

Infiltration experiments under falling head conditions were performed in spring 2016 on the plots. Therefore, we used
double-ring infiltrometers with diameters of 320 mm and 556 mm of the inner and the outer ring, respectively. Bentonite was
used to form a tight seal between the pavement layer and the infiltrometer. Figure SFigure-5 shows the performance of thF
infiltration experiments at the plots of cluster D.

13
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Figure 5: Infiltration experiments at the plots of cluster D

Ponding depth was around 12.5 cm at the beginning of the experiments and water tables were recorded visually with a
temporal resolution of 1 min. The reading accuracy of the visual observations is approx. 0.5 mm. However, measurement

errors should mainly cancel out over the infiltration course, since a cumulative quantity was measured. eentintoushy-during
the—experiment-using-pressure-sensers—and-visual-observations—Refilling occurred when water tables fall below 0.5 cm.
Experiments were performed over 45 min except on plots with high infiltration rates, since for most of the plots,as the water
supply was limited to 200 L-at-mest—ef-the—plots. As expected, infiltration rates were higher at the beginning of the
experiment (initial infiltration rates) and decreased over time until they reached a constant rate (final infiltration rate). The

main cause for this decline is the decrease of matrix suction gradients with the proceeding of the infiltration front (Hillel,
1998).
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3.6 Derivation of soil hydrological parameters

Depending on the drainage behavior, the-6-s0il moisture measurements were used to either derive 6 (for PPs with restricteF
drainage) or to derive @ (for PPs with free drainage). For PPs with free drainage, we used the median of all &-values
recorded in the period 48-72 h after rain events to estimate &c. To ensure that soils were initially wetted above &, only
events with a precipitation sum of at least 10 mm were considered for assessing &c.. At PPs with restricted drainage,
saturation was reached frequently during rainfall. We used the 0.99 quantile of & measured during rain events to assess 6 of
these plots, which is assumed to equal ¢. As 6 calculated with the CRIM model (eq. 1) depends on ¢, we used 6 calculated

with the g-independent Topp equation (Topp et al., 1980) to derive 6.

The Philip infiltration model (Philip, 1957) (eq. 3) was used to describe the cumulative infiltration (I) measured during the

infiltration experiments.

1
I=Stz+ At (eq. 3)

where S is the sorptivity, t is time and A is a parameter representing the theoretical minimum of the infiltration rate
(approached asymptotically for large values of t), which is defined as endinfiltration rate. The two model parameters S and /-T
as well as their confidence intervals were determined inversely, by fitting the model to the observed | using the least-square
optimization algorithm implemented in the Python module SciPy (function optimize.curve_fit). After determining the
parameters, we used the fitted Philip model to calculate the mean infiltration rate over a period of 5 h, which we defined as
infiltration capacity (icap). The duration of 5 h represents the median duration of the 302 separated rainfall events within the
study period. In addition, we assessed the initial infiltration rate (isart) by calculating the mean infiltration rate over the first
10 min of infiltration. By calculating icap and iswart With parameter values located at the boundary of their confidence intervals,
we determined the uncertainties of icap and istart. Finally, the depression storage of joints (Sjuints) Was assessed by multiplying
the mean joint depth by the joint proportion (Table 1Table-1).
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4. Data
4.1 Soil moisture

Atfter applying the CRIM model, temperature effects were still present in the &-time series. They manifest in form of diurnal
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soil moisture oscillations, which are characterized by increasing 0 with rising Tsii. Their occurrence contrasts the findings of

Bogena et al. (2017), who showed that @ derived by the CRIM model was free from temperature effects. A possible

explanation for the different findings may be given by the effect of bound water, which gets partially released with

increasing Tsoii (Or and Wraith, 1999). While the effect of bound water may be negligible at high 6, it might play an ’

important role at low 6. In contrast to the study of Bogena et al. (2017), & measured within this study reaches much lower

values. In our dataset, temperature effects are most pronounced during those periods with low 0, which supports the
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assumption that the observed temperature effects are caused by bound water. However, we used two additional methods to
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correct for temperature effects, which together turned out to be effective in removing the diurnal soil moisture oscillations.

Most of the studied PPs indicate free drainage, as @ recedes fast after the end of a precipitation event. In contrast, 6 of the 18
studied PPs (plots of cluster H, B and C) revealed restricted drainage, as € often reached a plateau during rainfall which
persisted even after the end of a precipitation event. At the plots of cluster H restricted drainage was apparent at all sensors,
while it was mainly limited to lower layers at the plots of clusters B and C. Figure 6Figure-6 shows the depth-dependent
comparison between @ measured at vegetated plots, PPs with free drainage and PPs with restricted drainage, while Table

2Fable-2 gives an overview on the number of sensors included within each category. The mean and the standard deviation of

all sensors within a category is shown in Appendix A (Table 6).
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Figure 6: Mean @ measured underneathef-the vegetated surfaces (top), PPs with free drainage (middle) and PPs with restricteb
drainage (bottom). The grey background indicates the winter half year.

Table 2: Number of sensors included within each category Figure 6Figure6
| Depth below ground surface
<15cm 15-25cm >25¢cm
Vegetated 3 3 3
PPs with free drainage 13 11 10
PPs with restricted drainage 4 4 5

Soil moisture Recorded €-time series_recorded underneath-ef PPs differ substantially from those recorded underneath gf
vegetated surfaces. At the vegetated plots, receded-6-valuesshow-a seasonal pattern is apparent, which comprises with-a wat
state eeewrring-during the winter half year. During the wet state, € is similar in all depths while_during summer, the uppgr
layers dry out faster and stronger-during-surmmer. A further depth-dependency is apparent, as the dampening and delay of trl

&-rise increases with depth. In contrast, the category “PPs with free drainage” show hardly any seasonal and depth-depender

=

differences. Rise and recession of & occurs very fast and reveals a high “flashiness” of the soil water storage.
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eentrast;Finally, PPs with restricted drainage show depth-dependent differences, as plateaus in @ are more persistent and

appear more frequent at greater depths. Furthermore, a wet state can be identified, as & recedes seldom in winter.

One of the main functions of PPs is to drain infiltrating water rapidly to the subsurface and hence to avoid temporary
saturation. The flashiness of the soil water storage observed at PPs with free drainage indicates that these plots fulfil this
function. In contrast, the plateaus apparent in Orecorded at PPs with restricted drainage indicate that soils were often
saturated. Possible effects are the formation of saturation overland flow as well as impacts on the bearing capacity and the
frost-resistance. This shows the relevancy of the-a high permeability of underlying soils, which-and is in contrast to the
findings of numerical studies which reported airg limited influence of deeper soil layers on the hydrologic performance of

PPs (Brunetti et al., 2016; lllgen et al., 2007). The difference between plots with free drainage and plots with restricted

drainage gets further apparent whenregardingin the empirical frequency distribution of é-values recorded during rain events
(Figure 7Figure-7).

0.30
----- Free drain. >25 cm —— Restr. drain. >25 cm
Free drain. 15-25cm  —— Restr. drain. 15-25 cm
0.25 4 Free drain. <15 cm Restr. drain. <15 cm
0 mode
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Figure 7: Density distribution of @values measured at PPs during rain events depending on drainage behavior and sensor depth.
Depicted densities are mean values of all sensors within each category.

During rain events, @-values are much lower on PPs with free drainage and values above 25 vol.% are hardly ever reached.

In contrast, 6-values measured on PPs with restricted drainage are frequently above 25 vol.% during rain events. As bedding
18



and base layers are technical substrates with defined hydrologic properties, the porosities of all PPs should be similar. The
frequency distribution recorded at PPs with free drainage indicates that these plots hardly ever reached saturation withi
during the study period. Therefore, infiltration excess overland flow is the only process leading to surface runoff on PPs wit

free drainage.
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4.2 Soil temperatures (Tsoit)

The recorded Tsoi-values show periodic variations at the diurnal and at the annual scale. Figure 8Figure-8 shows the mean of
the measured Tsoi-values for-in different depths for PPs and vegetated surfaces, while Table 7 of Appendix A shows the

mean and the standard deviation of all sensors within each category.-
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Figure 8: Mean soil temperatures measured in different depths for vegetated (top) and paved surfaces (bottom). The grey
background indicates the winter half year.

Both diurnal and annual amplitudes are more pronounced on PPs than on vegetated plots. Differences are mostly pronounced
during the summer half year, when PPs undergo a much stronger diurnal heating. This is also reflected in the recorded
maxima Ts-values, which are—account 37°C on vegetated and 47°C on PPs. The heterogeneity of the urban
strueturesenvironment causes a high spatial variability inef the the-climatic input and therefore is-a-majorinflueneestrongly
effects en-Tgi-vatues. Of all clusters, hHighest Tsoi-values were—+eeerdedoccurred at cluster D, which is located close to a

south-orientated facade of an east-west orientated urban canyon within the city center. In contrast, maxima soil Tsi-values
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recorded at the shaded Cluster A were around 17°C lower. Figure 9 exemplarily shows the sun path during summer solsticg

for cluster A and for cluster D. During this day, cluster D potentially receives irradiation from around 07:00-18:00 o’clock,

while cluster A receives markedly less irradiation.

Figure 9: Sun path at cluster A and cluster D during summer solstice, calculated from hemispherical photos by using RayMah
(Matzarakis et al., 2007). The points indicate the position of the sun at the full hour (numbers), while the red line indicates the sup
path over the day.

Another characteristic of cluster A is the similarity ef-between Tsj-values measured at thebetween vegetated and at the
paved plots._In contrast, -pronounced differences between vegetated and paved plots occurred at cluster HGlusterH, —is
located-in-a—residential-area—andwhich is only partially shaded by surrounding objects. Figure 10 exemplarily shows the
diurnal course of temperature depth-profiles measured at the vegetated and at a paved plot of cluster H on August 6", 2018.

During this day, the diurnal Tsii-amplitude is strongest at the uppermost sensors and is dampened with depth. Compared tp

the vegetated plot, the diurnal amplitude in 30 cm depth, is more pronounced on the paved plot. This indicates that

=

temperature oscillations penetrate to greater depths, which is expected to be mainly caused by the occurrence of highg

surface temperatures on the paved plot. The measured temperature-depth profiles offer the opportunity to derive ground

surface temperatures, the penetration depth of periodic temperature variations and can further be used to calculate the ground

heat flux.
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4.3 Infiltration experiments

. . Figure 11Figure-10 shows the data_recorded during the-ef-the infiltratio|

experiments together with the fitted Philip infiltration model (eq. 3).
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10 Figure 1110: Measured infiltration and simulation with the Philip infiltration model.
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5. Derived soil hydrological parameters_and transferability of the data

The measurements were used to derive soil hydrological parameters of the PPs. Depending on the drainage behavior of the

PPs, the_soil moisture -8-measurements were either used to derive . or &. Data of the infiltration experiments was used to

derive the parameters S and A of the Philip infiltration model, which in turn were used to derive icap and iswart. The depression

storage of joints (Sjeints) Was assessed from the mean joint depth and the joint proportion. Table 3Fable-3 shows the derived

hydrological parameters for the PPs.

Table 3: Derived hydrologic parameters for the PPs. The parameters 6. and & are shown for three different depth ranges, while

the remaining parameters are provided independent of depth. The A- parameter is considered as endinfiltration rate.

G (43 S A icap istart Sjoints
[vol.%] [vol.%] [mm/min2]  [mm/min] [mm/h] [mm/h] [mm]
<15cm 15-25cm  >25cm  15-25cm <15cm  >25cm

A2 9.91 1811 29.47 039+002 001+0.00  1.79%0.36 7.86+0.75 0.14
A3 11.88 14.94 4234042 159+008 109.92+627 17557 +12.80 5.04
A4 1464 1094 1231 0294004 003+001  273%057 7.27+1.18 0.16
B1 - 3672 3676 3937 47.04+133 985026  754.25+20 1483.86 + 41 1.87
c1 - 3853 3651 402 17.60£040 134+008 14119621  41410+12.42 0.22
c2 - 3602 3835 3681 66.55+5.65 1505+237 1133.29%166  2165.48 + 250 3.78
D1 102 157 0794003 017+001 1289+ 0.47 2513+ 0.98 2
D2 14.54 137 0.00£0.06 039+001 23.29+0.88 23.29+1.84 2.28
D3 1494  16.28 191+017 025%003 21.37+2.48 50.99 +5.16 3.36
El 1258 1063  11.88 17.04+045 097+008 117.14+641  381.39+13.34 2.4
E2 1815 1155 9.18 2.75
F1 11.33 7.11 119 546 +0.11 0.92+0.02 73.85+1.57 158.50 + 3.26 0.96
F2 11.62 8.95 10.7 0.66
GlL 117 13.9 14.19 041+005 012+001  890+0.73 1521+ 1.52 0.56
G2 10.94 10.62 15.43 0.11+0.02 0.00+0.00 0.37 £ 0.36 2.02+0.74 0.15
H1 - 3646  36.22 373  077£014 000+003  2.65%2.00 1453+ 4.20 0.75
H2 - 36.04 36.6 3594  000£007 002+001  0.93+1.00 0.93 +2.09 0.18
H3 - 36.34 3625  36.01
Median | 1179 1155 1231 36.4 3656  37.06 078+009 021+002 17.13+1.28 24.21+2.68 0.96
% 241 .34 .98 .94 .01 78 9.88 37 29.53 .49 41

The calculated @c-values range between 7 vol.% and 29 vol.%, with values above 20 vol.% erby-occurring only at plot A2 in

40 cm depths. The median of the calculated Gc-values is similar within all depth ranges and the median of all sensors

accounts 11.892 vol.% with a standard deviation of 3.89 vol.%. The median of the obtained &-values accounts 36.46 vol.%
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for sensors located in bedding layer and 36.597 vol.% for sensors located in the base layers, while the standard deviatio|

accounts 0.92 vol.% and 1.38 vol.%, respectively. Obtained é&-values are within the range reported in literature. Illge|
(2009) obtained é-values of 45% (base layer) and 37% (bedding layer) by calibration of the HYDRUS-2D model with
lysimeter data. Similarly, Brunetti et al. (2016) used a particle swarm optimization algorithm to calibrate HYDRUS-1D.

They obtained é-values of 30% and 20% for the bedding and the base layer respectively (single porosity model). Multistep
outflow experiments were performed by Kode3ova et al. (2014) leading to é-values of 42% and 43% for the bedding and
base layer respectively. As bedding and base layers are technical substrates introduced during the construction of PPs, we

assume the derived values for & and 6 to be representative also for other PPs.

Values obtained for icp range between 0.37 mm/h and 1133 mm/h. According to national regulations, PPs must show a
minimum icp of 97.2 mm/h (Borgwardt, 2001). The derived icp-values show that only 5 of the 15 tested PPs satisfy this
requirement. Values below 2 mm/h were obtained for the plots A2, G2 and H2, which are characterized by a low proportio
of joints and a bad joint condition. Various authors showed that main c€logging was-shewn-to-takes place matrhy-within th
first years after the installation of PPs (Boogaard et al., 2014; Borgwardt, 2006; Lucke and Beecham, 2011). As the age of all

plots (except the plots of cluster F) lie between 14-20 years, all plots are expected to be affected by clogging. Fassman and
Blackbourn (2010) highlight the role of adjacent land use on clogging. AH-The 3 -plots with lowest icap are located in close
vicinity to urban greenspaces and trees—Fhis, which might explain the low icap-values ebserved-at-these—of those plots.

Infiltration characteristics of the 2 PPs with mortar filled joints (E1 and F1) are similar, despite the differences in their age

(]

and joint condition. While-theThe mortar filled joints of plot E1 were classified as “bad”, while for plot F1, they wel

classified as “very good”-en-plotF1. NeverthelessDespite the worse joint condition, plot E1 showed a higher icap than plot FL.

Since the bad the-bad-joint_condition eendition-of plot E1 is-eaused-comes along withby- broken and crumbly joint mortaLL

the occurrence of -cracks may compensate the clogging of the mortar matrix whieh-and therefore may explain the high j
measuredonplotEleHeapi his-plot-compared-to-plo - herefore-seems-that-the-aging-of-thejoint-mortar-ofplo
. . inaof »

The presented dataset poses a valuable source of information for the urban environment. However, the pronouncefl

heterogeneity in urban surface coverage and in urban soil composition aggravates the transferability of the dataset to othg

=

urban sites. However, since soil layers underneath PPs consist of technical substrates with defined hydrological propertieg,

the soil moisture patterns underneath PPs should be similar. Hence, the observed patterns should be transferable to othgr

urban sites. This is also the case for the parameters derived from soil moisture measurements (& and é). In contrast, various

authors highlighted the variability of the infiltration capacity of PPs, which decisively depends on the state of joint clogginfy

(e.g. lllgen (2009)). Therefore, the transferability of the infiltrometer data is limited.
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6. Data availability

The dataset is available at the FreiDok plus data repository at https://freidok.uni-freiburg.de/data/1515734932% and
https://doi.org/10.6094/UNIFR/151573 https:Hdot-orgit0-6094/UNHFR/149321—(Schaffitel et al., 2019)- and contains time
series of 6, Tsil, & and climate data measured at the WBI station. Furthermore, it comprises time series of eto €(calculated for
the WBI climate station) and the-separation-of-wet-dry-eyelesevent classification-is-tretuded. Fhe-Soil moisture -G-time series
were obtained by applying the temperature correction procedures described in Sect. 3.4. and are available with-is-previded
with- an hourly temporal reselution-resolutionand-ineludes-the. -temperature-correctionprocedures-deseribed-in-chapter3-4-
For users who need 6 with a higher temporal resolution, or want to apply different temperature correction schemes-than

deseribed-in-chapter-3-4,-, & is provided with a 10 min temporal resolution. Soil temperature is also provided with a temporal
resolution of 10 min—Fhe, while the event classification is previded-available with hourly resolution.; Time series of while
eto exist with two different temporal resolutions (is-previded-with-beth—daily and an_hourly)-reselution. Furthermore, the

original data of the infiltration experiments is provided. Cluster, sensor and plot specific meta-information is supplied in

three separate files. All hydrologic parameters derived within this study are included in these files. Furthermore, the data

repository contains hemispherical photos of each cluster and binary images of all PPs. A readme file contains information on

the organization of all folders and files. Online sources for the data of the climate stations depicted in Figure 1Figure-1 are

listed in Table 4Table4 -(Note that for the DWD climate station, metadata is only provided when selecting hourly resolution

Table 4: Sources of climate data for the study area

Station | Temporal resolution Source
DWD 10-min-(free-download);up to -1 min (fee- https://opendata.dwd.de/climate_environment/CDC/observations_germany/climate/ (Station-ID:
basedfree download) 01443)ftp://ftp-cde.dwd.de/pub/CDC/lob NS g yick
) . http://www. wetter-
Wel Lh (free download) ; 10 min (on request) bw.de/Internet/AM/NotesBwAM.nsf/bwweb/fa31cce8b142f059¢1257ca7003c9ed1?0OpenDocument
Vaub 10 min (free download); 1 min (on request) Link “Vauban Meteo Station”on http:/hydro.uni-freiburg.de/strt-en?set_language=en
Uni 1 min (free download) https://weather.uni-freiburg.de/
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7. Summary and conclusions

We provide a unique dataset of soil moisture and soil temperatures measured within an urban environment. So far, only few
studies conducted measurements within urban soils and there is a need for more observations (Salvadore et al., 2015). The
analysis of the soil moisture contents revealed important information on the behavior of permeable pavements within the
urban environment. Recorded soil moisture contents revealed restricted drainage to occur on 6 of the studied 18 permeable
pavements, leading to temporary saturation in the subsurface of this plots. The observed water saturation potentially affecis
the bearing capacity and the frost-resistance of the pavements, but may also lead to the formation of saturation overlan|

flow. This contradicts the results of previous simulation studies which revealed Httle-a limited impertance—effect :
perrmeabitity-of lewer-underlying soil layers_on the hydrologic performance of PPs (Brunetti et al., 2016; lllgen et al., 2007).

lead-te-the-formation-ef-saturation-overland-flew—We used the times with saturation to derive the saturated water content anfl
the porosity of these plots. The median of the derived saturated water contents accounts 37 vol.%. The remaining 12
permeable pavements revealed free drainage and showed fast soil moisture recession after rainfall events. This flashiness
causes that saturation is hardly ever reached and that neither pronounced seasonal nor depth-dependent differences appear in
soil water contents. The infiltration capacity of these pavements is restricted only by the-properties-ef-theirjoint Qropertie%s
and surface runoff generation is limited to infiltration excess overland flow. Measured soil moisture contents were used to
derive the field capacity of base and bedding layers. The median of the obtained field capacities accounts 12 vol.% and is
similar fer-alwithin depths. SinceAs base and bedding layers are technical substrates with defined hydrological propertie%,
the derived saturated water contents and field capacities should be representative for other permeable pavements. In addition
to soil moisture and temperature measurements, infiltration experiments were performed on 15 of the permeable paved plots
and used to derive their infiltration capacity. The results showed that only 5 of the studied permeable pavements fulfilled
national regulations. Lowest infiltration capacities were obtained for pavements with small proportions of joints and high
degree of surface clogging. The methods used to derive soil hydrological parameters proved their ability, as all parameters
lie within the range reported in literature.

Recorded soil temperatures revealed greater—that temperature variations underneath permeable pavements_are mo

pronounced than underneath-cempared-to vegetated surfaces. Thereby, differences are most pronounced during the summef,

when pavements undergo a stronger heating during daytime. Our measurements further indicate that the penetration depth of
temperature variations is higher on paved plots compared to vegetated plots. Besides the surface type, the surrounding urban
fabrie-isstructures are a main control of soil temperatures. While soil temperatures reached 47°C on a paved plot exposed tF
direct solar irradiation, recorded maximum temperatures were 17°C lower at a shaded pavement. Furthermore, surface
shading reduces the temperature difference between vegetated and paved plots. While the temperature—difference 15
pronounced at clusters exposed to direct solar irradiation, it is marginal at shaded clusters.
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The provided dataset and the parameters derived within this study are valuable for various purposes. One possible

application is the usage for calibration and validation of urban hydrological and climatological models. Further applications

include the derivation of water and energy fluxes. Hence, the dataset enables to study the role of permeable pavements

within urban storm water management practices. Furthermore, we encourage its usage to analyze the ground heat flux of

urban areas. This might be of special interest for studying the urban energy balance but also for analyzing urban subsurface

heat islands. Usage of the data is not only limited to the fields of urban hydrology and climatology, but also may be of

interest for urban planning and geoengineering. Against this background, we are convinced that the provided dataset is of

great value for various disciplines and scientific issues.

Appendix A

Table 5: Fraction [%)] of different urban structures in the surrounding of each cluster

5 m radius 10 m radius
Buildings PPs Asphalt Green spaces Buildings PPs Asphalt Green spaces
A 7 56 o} 36 11 46 o} 43
B 0 66 0 34 12 58 9 21
c 0 58 0 42 5 40 0 55
D 34 66 0 o} 42 58 0 0
E 19 51 30 0 31 44 25 0
E 11 63 25 0 26 50 24 0
G 0 56 44 o} 0 42 41 17
H 1 72 0 27 23 56 0 20

Table 6: Mean soil moisture [vol.%] measured at different plot categories and depths together with the mean standard deviation of

each group
Depth below ground surface
<i5cm 15-25 cm >25 cm
Vegetated 21.94+4.95 22.04+9.21 24.06 +4.29
PPs with free drainage 12.67 +3.04 11.93£32 12.85+5.72
PPs with restricted drainage 16.16 + 2.64 19.2+3.76 23.36 +4.04

-

Table 7: Mean soil temperature [°C] measured at different plot categories and depths together with the mean standard deviation

of each group

Depth below ground surface
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| <i5cm 15-25cm >25¢cm

Vegetated 12.82+1.08 12.92 +0.99 13.04+1.01
PPs 14.66 +1.44 14.69+1.29 14.44+1.26
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