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Abstract

Measurements of urban air temperatures (T;;) are vital to successful adaptation and mitigation policies to
increasing urban heat stress. However, in-situ measurements in cities are often scarce and costly, and therefore
low-cost approaches are increasingly used to study urban T,;.. This allows for inexpensive, yet still highly
spatially and temporally resolved observations of urban T,;. Despite their merits, a common issue of such
low-cost approaches is lacking data quality and potential measurement errors. In this case study, we compare
three low-cost measurement approaches regarding their ability to capture intra-urban variability of T, over a
period of 24 hours in Bern, Switzerland: a) A network of 79 low-cost measurement devices (LCD), b) bicycle
mounted mobile measurements (BCY), and c¢) 581 Netatmo citizen weather stations (CWS). As the BCY
sensor is actively ventilated, it is used as the reference for intercomparisons with LCD and CWS. Compared
to the BCY, the median difference of T, for LCD is found to be slightly negative over the entire study
period (—0.08 K) as well as during night-time (—0.10 K), and positive during daytime (0.05 K). As the LCD
are known to exhibit a positive bias during the daytime, the good agreement of BCY and LCD is speculated
to indicate a positive daytime bias in BCY as well. The CWS show a positive median difference of 0.67 K
over the entire study period, 0.98 K during night-time, and a negative difference of —0.23 K during daytime.
It is hypothesized that these biases result from incorrect siting of the CWS by their owners installing CWS to
close to buildings or walls. At night, these emit thermal radiation which could lead to the positive bias whilst
the negative bias during daytime might result from buildings shading the CWS. BCY and LCD both show a
distinct pattern of nocturnal intra-urban 7, variability, which is less pronounced in the CWS measurements.
Furthermore, the intercomparison of the three approaches across local climate zones reveals that CWS do
not well represent forested areas. Whilst the bias sources of the individual approaches require in-depth
investigation in future studies (e.g., external heat sources and measurement height for BCY, daytime short-
wave radiation errors for LCD, and nocturnal thermal heating by nearby buildings for CWS), we conclude
that combining the three measurement approaches can allow to reduce the shortcomings of each approach
regarding spatial and temporal resolution or correct biases inherent to one approach.
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1 Introduction

In the context of anthropogenic climate change, the
risk of more intense, longer, and more frequent heat-
waves is increasing (IPCC, 2021). In urban environ-
ments, this issue is further exacerbated by the urban
heat island (UHI) effect, which, especially at night, leads
to higher air temperatures (7,;;) in cities compared to
their rural surroundings (HowARrD, 1818; SUNDBORG,
1951; OkE, 1976; STEWART, 2011; OKE etal., 2017).
This may result in an increase of heat-related health
problems and mortality (ROBINE etal., 2008, VICEDO—
CABRERA etal., 2021), and in a larger energy demand
for cooling in summer (FRANK, 2005) in areas where
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summers are hot enough that air conditioning is needed.
Moreover, spatial patterns of intra-urban T, and UHI
intensity are subject to considerable variability (STEW-
ART, 2011). Detailed knowledge about urban T, vari-
ability is required to prevent negative impacts for vulner-
able people such as people with lower socio-economic
status (SErRA etal., 2019) or elderly people (GOSLING
etal., 2009). Against the background of increasing ur-
banization (UNITED NATIONS, 2019) and ongoing cli-
mate change (IPCC, 2021), a thorough understanding
of the characteristics and spatiotemporal variability of
urban T is therefore crucial for the development and
implementation of adaption policies seeking to decrease
heat-related risks in cities (IPCC, 2014; FOEN, 2018).
Numeric urban climate models can provide such in-
formation, but they depend on observational data for
evaluation and validation (SCHERER etal., 2019). Data
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from long-term observations (LTOs) are needed to eval-
uate general trends whilst intense observation periods
(IOPs) can provide very high-resolution data to assess
processes on the micro-scale, albeit for shorter periods.

However, meteorological measurement networks are
often limited to rural environments to prevent urbaniza-
tion effects in the data (WMO, 2006), and automated
weather stations (AWS) are often subject to high instru-
mentation and maintenance costs (GRIMMOND, 2006;
CHAPMAN etal., 2015). In sum, this results in a general
scarcity of high-resolution data on intra-urban variabil-
ity of T,y (MULLER etal., 2013), both of long-term ob-
servations and shorter-term but more intense observation
phases.

One approach to circumvent these difficulties are
mobile measurements with instrumentation mounted on
vehicles such as bicycles. Bicycle mounted measure-
ments (BCY) have proven to be a low-cost and reli-
able method to study the UHI (MELHUISH and PED-
DER, 1998; BRANDsMA and WOLTERS, 2012) and to as-
sess microclimatic variability in T due to changes
in land surface type (e.g., cooling by forests or water
surfaces; RAJKOvVICH and LARSEN, 2016). Bicycle tran-
sects can be particularly designed to the area of in-
terest without having to install fixed weather stations,
which provides flexibility regarding the study area. Due
to their flexibility BCY measurements are well suited
for /OPs (SCHERER et al., 2019). Nevertheless, the us-
ability of mobile measurement approaches may be re-
stricted due to small sample size per measurement loca-
tion, if not enough transects are carried out (RAJKOVICH
and LARSEN, 2016). Further limitations are uncertainty
from time variation at different measurement sites and
lack of spatial coverage due to only one transect being
carried out at a time (MELHUISH and PEDDER, 1998).
As a result, data from mobile measurements may be
difficult to correctly interpret (RAJKOVICH and LARSEN,
2016). One possibility to overcome these issues is the
combination of mobile measurements with data from
fixed measurement stations (OKE et al., 2017).

Recent advances in sensor technology and dimin-
ishing costs (CHAPMAN etal., 2015) increasingly allow
for the use of low-cost measurement devices (LCD)
to study urban T (GUBLER etal., 2021). Concern-
ing urban T, variability, a carefully deployed LCD
measurement network may yield high-resolution data
at low costs, whilst retaining the advantages of mean-
ingful site selection, correct installation, and complete
metadata (GUBLER et al., 2021). Furthermore, such data
could be used to complement other measurement ap-
proaches for urban T such as remote sensing (VOOGT
and OKE, 2003; WHITE-NEWSOME etal., 2013), to de-
velop and evaluate geostatistical models for UHI assess-
ments (BURGER et al., 2021), or to validate numerical ur-
ban climate model outputs (CHEN etal., 2012). Finally,
the combination of dedicated LCD networks with other
low-cost observation approaches, such as crowd sourced
data, could provide uniquely high observation density
in urban areas. This large data availability might enable
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the application of new modelling techniques such as ma-
chine learning to map urban T, (ZUMWALD etal., 2021)
and generally allow for urban heat assessment at an in-
creasingly small scale.

Besides these potentials, LCD measurements may be
subject to considerable biases affecting data quality. In-
tercomparisons between LCD and standard meteorologi-
cal measurement devices have shown varying biases de-
pending on the type of sensor and radiation shield and
depending on the selected observation period (NAKA-
MURA and MAHRT, 2005; GUBLER etal., 2021). To re-
duce costs, LCD are often placed in passively ventilated
radiation shields, leading to measurement biases during
daytime especially at low wind speeds and high solar
radiation. NAKAMURA and MAHRT (2005) found a mean
daytime radiative error of 0.39 °C when comparing LCD
measurements in passively ventilated multiplate radia-
tion shields to LCD in actively ventilated shields. Dur-
ing the night, the error was smaller and slightly nega-
tive (—0.002 °C). MAUDER et al. (2008) found mean dif-
ferences of 0.42 °C between LCD in actively and pas-
sively ventilated radiation shields. Besides measurement
biases, the maintenance effort of LCD measurement
networks may be considerable, and therefore sustain-
ing them over LTOs represents a substantial challenge
(CHAPMAN etal., 2015).

Crowd-sourced or citizen observation-based methods
could overcome this challenge by offering the possibil-
ity to monitor the urban atmosphere with very high ob-
servation density at marginal costs or maintenance ef-
forts (MULLER etal., 2015). Additionally, the coverage
of such data often concentrates in urban areas (MEIER
etal., 2017), which makes them ideal for urban heat
studies, and their global availability provides opportu-
nities for extending urban heat island studies to cities
lacking dedicated measurement networks. Despite the
considerable advantages of crowd-sourced approaches,
the quality of such data remains a concern (MULLER
etal., 2015; MEIER etal., 2017; NapoLy etal., 2018).
BELL etal. (2015) identified representativity errors as
a source of uncertainty in citizen weather station mea-
surements (CWS). Such errors can arise from improper
siting or inadequate radiation shielding (MEIER etal.,
2017; NapoLy etal., 2018; CorNEs et al., 2020), which
is further compounded by a lack of adequate metadata
needed for bias corrections (OKE etal., 2017; MEIER
etal., 2017). To this end, quality controls and correc-
tions for erroneous CWS data have been developed and
tested (MEIER etal., 2017; NAPOLY etal., 2018; CORNES
etal., 2020). Nonetheless, previous research shows that
T, measured by CWS often exhibits a strong positive
bias even after automated quality controls and bias cor-
rection when compared to official, automated weather
stations. For instance, NAPoOLY etal. (2018) found that
single CWS showed T, deviations of up to 4 K, whilst
using spatial averages of CWS reduced the annual av-
erage mean hourly deviation to 0.95+0.41 K. In ad-
dition, MEIER etal. (2017) report a positive deviation
of 1.5K between the spatial average of quality con-
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trolled CWS T, and that of reference stations during
the night (24:00) in July 2015. However, these studies
have focussed on CWS in large cities, such as Berlin,
Toulouse, or Paris, with relatively homogenous topog-
raphy and land use. Consequently, little evidence exists
about the extent to which measurements from CWS can
display intra-urban T, variability in smaller-sized cities
with heterogeneous topography and land use. If quality
issues were reduced, CWS data could provide valuable
high-resolution data as part of LTOs or IOPs.

The present case study aims to address limitations
arising from low-cost measurement approaches of intra-
urban T;, variability, by intercomparing the different ap-
proaches and investigating the different measurement bi-
ases inherent to each approach (BCY, LCD, and CWS).
To explore these biases, a statistical intercomparison of
the three approaches is carried out for different daytimes
and land use categories. Thereby, actively ventilated,
high-resolution BCY measurements are used to vali-
date measurements from a network of dedicated LCD
and from publicly available, quality controlled measure-
ments made by CWS.

Combining multiple low-cost approaches might not
only allow to investigate biases inherent to a single
approach, but also greatly increase overall observation
density. This increased observation density was visual-
ized by combining the three approaches on a map dis-
playing the average nocturnal urban 7T;;.

2 Data and methods
2.1 Study area

All measurements were conducted within and around
the city of Bern, Switzerland, (Fig. 1a) which is situated
at an average altitude of 550 m a.s.l. Several hills (up to
947 m a.s.1.) directly surrounding the city and the promi-
nent Aare River valley result in steep topographical gra-
dients. (Fig. 1b). Bern has a population of about 140’000
people and a municipality area of 52 km?, of which only
31.5 % are densely populated (HAFL, 2017). Summers
in Bern are characterized by relatively high levels of
precipitation (JJA monthly totals of about 110 mm) and
monthly mean temperatures of about 17 °C (METEO-
Swiss, 2020). The local climate of Bern is influenced by
complex interactions of the surrounding local hills with
meso-scale mountain and valley breezes. This causes
relatively low wind speeds in the city and nocturnal cold
air inflow from the mountains (MATHYS et al., 2019).

2.2 Study period

The bicycle transects were conducted between the
7 August 2018, 05:49 and the 8 August 2018, 09:57
(local summertime CEST, UTC+2). Therefore, only
LCD/CWS measurements made during this period are
used for the analyses. This continuous 1-day measure-
ment period was chosen to sample the whole diurnal cy-
cle of urban T, distribution and for personnel reasons,
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as a longer-term observation campaign sampling differ-
ent times of day was not feasible.

The meteorological situation during the study period
(Fig. 2) is derived from measurements at three AWS in
and outside Bern. The first AWS (Bern/Zollikofen, here-
after ZOLL; 46.990744° N / 7.464061°E) is a station
of the automatic monitoring network of the Swiss Fed-
eral Office of Meteorology and Climatology (METEO-
Swiss) installed at 2m above ground and lies within
open fields in a rural area. The second AWS (Wankdorf,
hereafter AFU; 46.96312° N / 7.46255° E) is operated
by the city’s administration for protection of the environ-
ment and air quality, is installed at 2.7 m above ground
and lies within an urban area, surrounded by a school
and a soccer stadium. The third AWS (Bollwerk, here-
after BOLL; 46.95096° N / 7.44045° E) is a rooftop sta-
tion (24.6 m above street level) run by the Federal Labo-
ratories for Materials Testing (EMPA) and lies within an
urban area close to the main train station. Data from the
AWS stations were obtained from the respective main-
taining organisation.

The study period marked the end of a 9-day heat-
wave (BURGER etal., 2021; Figs. 2a to 2d) and was not
typical for high-UHI situations. During the study pe-
riod Ty ranged from 17.9 °C to 31.7 °C at rural ZOLL,
with slightly higher maxima at the urban reference sta-
tions (max. 32.1°C; Fig. 2e). Wind speed peaked at
7ms~! around 22:00 on the 8 August (Fig. 2f), which
was likely due to nearby thunderstorms. Solar irradi-
ance was high throughout the day, with short drops due
to clouds (Fig. 2g) and small amounts of precipitation
(max. 1.5mmh™!) were measured at ZOLL in early
morning (Fig. 2h).

2.3 Measurements
2.3.1 Low-cost devices

To assess the summertime variability of intra-urban 7,
a measurement network consisting of 79 LCD was in-
stalled within the greater area of Bern (Figs. 1a and 1b)
between May and September 2018 (see GUBLER etal.,
2021 for a detailed description). A total of 73 LCD
were placed within the city, whereas 6 LCD were lo-
cated outside the city in rural environments. Locations
were selected to be within a homogeneous microclimate
(ca. 100 by 100 m) and representative of the local-scale
land cover (GUBLER et al., 2021). To circumvent vandal-
ism, the LCD were placed at heights between 2.67 to
3.2m above ground on free standing light posts, traffic
signs, and similar poles (Fig. 3a). This is higher than 2 m
standard height, but still within the acceptable range for
urban T, measurements (WMO, 2006). T, was mea-
sured at 10-minute (min) intervals. The temperature sen-
sors measure T,;,with an accuracy of +0.53 K between
0-50°C (Table 1), with an e-folding time (or time con-
stant) of 10 min needed to adjust to changes in surround-
ing Ty at airflow of 2ms™! (ONSET CoMPUTER COR-
PORATION, 2018). Although the sensors were placed in
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Figure 1: Overview over the study area showing the built-up city of Bern and its rural surroundings, overlaid with the measurement locations
of the three different measurement approaches. The BCY transects (red circles), the LCD stations (blue squares), the Netatmo CWS (orange
triangles), and the reference AWS (red diamonds) are shown. Background maps display (a) land use classes adapted from Urban Atlas
(EUrROPEAN ENVIRONMENTAL AGENCY (EEA), 2012) and (b) topography (swissALTI3D; FEDERAL OFFICE OF TOPOGRAPHY (SWISSTOPO),
2017). Coordinates reference the World Geodetic System 1984 (WGS84).

passively ventilated radiation shields (Fig. 3d), the LCD
measurements have been shown to be subject to radia-
tive biases during daytime due to insufficient ventilation
(GUBLER etal., 2021). To illustrate, mean hourly differ-
ences from 16 May to 15 September 2018 (123 days)

observed from parallel measurements between LCD and
the three available AWS reference sites (ZOLL, AFU,
BOLL) varied between 0.61 to 0.93 K (RMSE: 0.78
to 1.17 K) during daytime. Performance at night was
substantially better, however, with mean summertime
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Figure 2: Atmospheric conditions during the 9-day heatwave from 30th July to 7 August measured at three professional AWS with (a) air
temperature, (b) wind speed, (c) sunshine duration, and (d) precipitation. Dashed lines indicate the study period (7 August 2018, 05:49 to
8 August 2018, 09:57 CEST, UTC+2) with corresponding measurements of (e) air temperature, (f) wind speed, (g) sunshine duration, and

(h) precipitation at the three AWS.

biases of —0.12 to 0.23 K (RMSE: 0.19K to 0.34 K;
GUBLER etal., 2021). The LCD data used here were
quality controlled by GUBLER etal. (2021) for tempo-
ral consistency, errors from siting issues, physically im-
plausible values, and potentially biased measurements
during manual read out of the data, when the sensors
were removed from the radiation shields and possibly
exposed to short-wave radiation. Additionally, analysis
of the T, spread of each LCD showed that all data
points within the study period fall within the physically
plausible range defined as +3.5 standard deviation of the
entire LCD data throughout the study period (see ap-
pendix Figure S1).

2.3.2 Bicycle measurements

BCY measurements were conducted using a tempera-
ture sensor mounted to a bicycle at 0.8 m above ground
(Fig. 3b), which is lower than recommended for ur-
ban T,; measurements (WMO, 2006) and could thus

be prone to biases resulting from heat from vehicle
exhausts, near surface inversions, or thermal radiation
emitted from the surface. Studies investigating the ur-
ban T, gradient close to the surface (NAKAMURA and
OKE, 1988; JANSSON et al., 2007) show that the near sur-
face T, can be up to 0.5 K higher than T, at 2.5m in
built up areas. During the early afternoon hours these
differences are largest and even exceed 0.5 K. How-
ever, in less well mixed regimes, such as urban parks
after sunset, the near surface T, can be around 1K
lower than T, at 2.5m. T, was measured at 15 sec-
onds (sec) intervals and mean inter point distance be-
tween subsequent measurements was 63.3m. A 15sec
interval is lower frequency than in other similar stud-
ies, where a 1sec interval is commonly used (JANS-
SON etal., 2007; BRANDSMA and WOLTERS, 2012; RAJ-
KOVICH and LARSEN, 2016), but is sufficient to study the
T,ir variation in areas between the stationary measure-
ments. A GPS continuously recorded the location of the
bicycle. Three different approximately 2 hour long tran-
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Figure 3: Illustration of the measurement set up (top row) and the measurement devices (bottom row) for the LCD (a & d), the BCY (b & e),
and the CWS (¢ & f). Red ellipses highlight the location of the measurement device (Photo credits: M. BURGER (a), M. GUBLER (b),

E. LuNDSTAD (¢) and (f), P. DUuSCHLETTA (d), L. MEYER (¢)).

Table 1: Technical details of the low-cost measurement devices according to SENSIRION (2014a; 2014b), MEIER etal. (2017), BUcHAU

(2018), and ONSET COMPUTER CORPORATION (2018).

Network Sensor Type Ventilation Accuracy Resolution  e-folding time Manufacturer
(time constant)

Low-cost Hobo Pendant 8k  Passive +0.53 K 0.14K 10 min Onset Computer,
measurement (0-50°C) (airflow 2 ms™") Bourne MA, USA
device
Bicycle mounted ~ Sensirion SHT21  Active +0.3K 0.01K 5 to 30 sec SENSIRION AG,
sensor (25°C) Staefa ZH, Switzerland
Netatmo citizen Sensirion SHT20  None +0.3K 0.04K approx. 25 min SENSIRION AG,
weather stations (in unventilated (=40-65°C) Staefa ZH, Switzerland

aluminium

cylinder)

sects, covering a north-south cross section trough Bern,
the eastern part of the city, and the west of Bern, were
carried out repeatedly during the study period for a total
of 14 transects (Figs. 1a and 1b; appendix Figure S4). To
change drivers between transects, each transect started
and ended at the Institute of Geography of the University
of Bern (46.95283° N / 7.43540° E). Despite delay due
to traffic and navigation errors, the transects were mostly
initiated around the full hour. The temperature sensor
has an accuracy of +0.3 K, an e-folding time (time con-
stant) of 5 to 30sec (SENSIRION, 2014b; Table 1), and

was actively ventilated by a small computer fan (ventila-
tion speed 11520 RPM and airflow rate 6341 min~!; M1-
CRONEL, 2003) placed within the same type of radiation
shield as used for the LCD measurements (Fig. 3e). Due
to its active ventilation and subsequently presumed low
radiative error (NAKAMURA and MAHRT, 2005; MAUDER
etal., 2008), and high accuracy, resolution, and low sen-
sor e-folding time, the BCY was used as a moving refer-
ence station to intercompare with LCD/CWS. The bicy-
cle data were quality controlled as follows: Entries of 8
or more equal temperature values in a row were removed
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as these are highly unlikely without logger malfunction.
Any measurements made when the GPS had contact to 4
or less satellites were discarded, as their position is unre-
liable. Physically implausible measurements exceeding
+3.5 standard deviation of the entire data set were also
removed. Moreover, to minimize any biases from vehi-
cle exhausts when the bicycle was standing or moving
slowly in traffic, data points below 9 m spatial distance
to the previous datapoint, which corresponds to a veloc-
ity of 0.6ms~!, were removed. The quality control of
BCY removed 1488 measurement points (21.96 % of en-
tire data set), which were mostly due to low velocity of
the bicycle (flagged 1178 data points), logger malfunc-
tions leading to equal temperature values over multiple
timesteps (flagged 260 data points), or number of satel-
lites being 4 or less (flagged 302 data points). Note that
one data point can be flagged by multiple quality control
mechanisms.

2.3.3 Netatmo citizen weather stations

CWS from the Netatmo company are privately owned
weather stations used to monitor atmospheric condi-
tions outside and inside the owners’ houses and usually
consist of an outdoor and indoor module. The data set
used here consists of hourly T,;; measurements (instan-
taneous values) taken by the outdoor module (Figs. 3c
and 3f). There exist 581 Netatmo CWS within the study
area (Figs. la and 1b). A complete documentation of
data retrieval is provided by MEIER etal. (2017). Ne-
tatmo CWS do not measure at the same time, and there-
fore previous studies have assigned the measurements
to the closest full hour (NAPOLY etal., 2018). Since this
study focusses on relatively short time intervals, the
original timestamps were kept and not assigned to the
closest full hour. Therefore, every Netatmo station has
slightly different measurement times of +10 min around
the full hour. The T, sensor of CWS has an accuracy
of +0.3K (SENSIRION, 2014a; Table 1; MEIER etal.,
2017). BucHAu (2018) found an e-folding time of ap-
proximately 25 min for Netatmo CWS in climate cham-
ber experiments under calm conditions. A year-long
comparison at a field site in Berlin between a CWS and
an AWS revealed mean hourly differences within +0.5 K,
except for the morning hours from 07:00 to 12:00, where
the CWS exhibits a mean negative bias of up to —1.3 K.
However, the great uncertainty in the quality of Netatmo
data stems from the fact, that there is no guarantee that
the outdoor module has been set up correctly, and corre-
sponding metadata is often lacking (MEIER et al., 2017).
The raw data was quality controlled to level O1 fol-
lowing the procedure of NapoLyY et al. (2018). Thereby,
among other steps, stations with identical coordinates
are removed, a lapse rate approach is applied for alti-
tude correction, and statistical outliers from the hourly
air temperature distribution are detected. Finally, miss-
ing values for single timesteps are interpolated by aver-
aging the measurements taken before and after the miss-
ing values.
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2.4 Analysis

2.4.1 Spatiotemporal matching of measurements

The intercomparison between the mobile BCY measure-
ments and the fixed LCD/CWS measurements requires a
spatiotemporal matching of the different measurement
locations. Thereby, LCD/CWS measurements in prox-
imity to BCY measurements are aggregated and the
mean LCD/CWS Ty, is compared to the measurement
of the corresponding BCY. Two aspects of proximity
must hereby be considered: The spatial distance between
measurement locations should be small, so that T, dif-
ferences arising from different measurement locations
are minimized. Additionally, the temporal difference be-
tween the measurement times should be minimized, so
that differences due to the diurnal cycle of T, are re-
duced.

Regarding spatial matching, LCD/CWS measure-
ments were sought to be compared to BCY measure-
ments within the same spatial source area. This source
area can be defined as an ellipse around the mea-
surement, which changes shape depending on prevail-
ing wind direction, wind speed, and local land cover
(STEwART, 2011; OKE etal., 2017). One practical ap-
proach is to define circular radii or ellipses with the
long axis parallel to the wind direction (BRANDSMA and
WOLTERS, 2012; RAJKOVICH and LARSEN, 2016). In this
study, the source area is simply defined as a circular
area around the measurement location and thus assum-
ing horizontal spatial distance to be the main driver of
temperature differences at small scales, irrespective of
the land cover type. STEWART (2011) recommends that
no more than a few hundred meters be considered a
source area of a measurement. Therefore, LCD/CWS
and BCY measurements are only compared if they
were within a specific spatial distance, or radius, from
each other. Based on values chosen in previous studies,
various radii between 100 and 3000 m were selected.
The smaller radii (<1000 m) correspond to STEWART’S
(2011) recommendation and to radii chosen in previ-
ous studies using BCY measurements (BRANDSMA and
WOLTERS, 2012; RaJkovicH and LARSEN, 2016) and
LCD measurements (BURGER etal., 2021). Larger radii
(>1000 m) were used in studies which investigated CWS
measurements (NApoLy etal.,, 2018). Concretely, the
T, difference (AT) between each of the BCY mea-
surements and the LCD/CWS measurements was cal-
culated by the inverse distance weighted (/[DW) mean
of T, for all the LCD/CWS within the defined distance,
or radius, of corresponding BCY measurement. Hereby,
the following formula was used (applied for CWS,

hence AT cws,ipw-pcy):

AT cws,ipw-Bcy = —Tpey (2.1)

where n is the number of CWS within the defined dis-
tance of the BCY measurements, dcyws,; is the distance of
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a CWS measurement to the BCY measurement, Tcws,; 1S
T, measured by the corresponding CWS, and Tgcy
is the T,;; measured by the BCY sensor. The Netatmo
CWS have shown a positive bias at night (CHAPMAN
etal.,, 2017; MEIER etal., 2017). Therefore, the tem-
perature difference based on the minimum CWS Ty
(AT cws.miN-Bcy) Was also calculated:

- Tews,it — Tecy
(2.2)

AT cws min-pcy = min{Tcws 1, - .

where min{Tcws 1,..., Tcws.i} is the lowest measured
temperature of all CWS within the defined distance and
Tgcy is the T, measured by the BCY sensor.

In addition to the spatial distance criteria outlined
above, BCY and LCD/CWS measurement were also
temporally matched. Hereby, LCD/CWS measurements
which are within the spatial distance criterion of BCY
measurements, should still only be compared if the
difference in measurement times was within a certain
threshold. BCY measurements were made every 15 sec
and LCD measurements every 10 min and therefore dif-
ferences in measurement time range from 0 to 300 sec.
For LCD, 15, 60, and 300 sec were chosen as thresholds
to test. CWS measurements were made approximately
every hour and missing time steps occurred frequently.
Thus, differences in measurement time range from 0
to 134276 sec (37.3 hours). However, most differences
were within 3600 sec (1 hour) and the median of mea-
surement time difference was 986 sec. Therefore, 300,
600, 900, 1800, and 3600 sec were chosen as thresholds
to test. In some cases, a BCY measurement was taken ex-
actly in between two LCD/CWS measurement times. In
that case, the LCD/CWS measurement taken before the
BCY measurement was matched.

Several combinations of spatial and temporal differ-
ences were tested and compared by looking at the vari-
ance of theAT values (Var AT) between each LCD/CWS
and BCY, whereas low Var AT indicates better agree-
ment. This allowed to depict the “optimal” spatial dis-
tance and maximum time difference, or in other words,
the spatial and temporal source area, when comparing
BCY to LCD/CWS.

2.4.2 Intercomparison of temperature
measurements

The assumptions about low biases and high accuracy
of the BCY formulated in chapter 2.3.2 are checked by
comparing the BCY measurements with reference mea-
surements from the official AWS ZOLL and AFU. There-
fore, ATgcy-aws Was calculated according to Eq. 2.1 in
chapters 2.4.1 for radii of 200 m and 500 m, but with-
out the inverse distance weighting, as only one AWS was
located within the selected radii of BCY measurements.
To assess the ability of LCD/CWS to reproduce urban
T, variability as measured by BCY, AT cp/cws—pcy of
the entire period (7 August, 05:49 to 8 August, 09:57,
CEST), night-time (7 August, 22:00 to 8 August 06:00,
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CEST), and daytime (7 August, 10:00 to 18:00, CEST)
were analysed separately.

Given that the UHI is most pronounced at night
and that the LCD biases are markedly lower than dur-
ing the daytime (Gubler etal., 2021), further analyses
were carried out considering only night-time 7,;. To
evaluate measurement biases depending on different ur-
ban land surfaces, AT during night-time was studied
across different Local Climate Zones LCZs (STEWART
and OKE, 2012). Using a LCZ map of Bern, derived from
the World Urban Database WUDAPT (CHING etal.,
2018; Fig. 4) every BCY measurement, and thereby the
LCD/CWS observations compared to that BCY mea-
surement, was assigned to the corresponding LCZ. This
somewhat simplified approach ignores the effect of any
surrounding LCZs but is assumed to provide a sufficient
approximation.

2.4.3 Map of mean night-time temperatures

To visualize the increased observation density and the
spatial pattern of urban T, shown by each approach, a
map of mean night-time urban T,; was created. How-
ever, bicycle observations cannot directly display mean
nocturnal temperatures, as they are rarely made at the
same location more than once.

BCY measurements therefore provide information
on T, at the measured location for one point in time
but lack any information on the development of T,
over time (usually cooling during the night). To over-
come these temporal inconsistencies, we corrected the
BCY measurements based on cooling rates observed at
nearby fixed measurement stations, as recommended by
BraNDsMA and WOLTERS (2012) and STEWART (2011).
Here, the individual BCY observations were corrected
for nocturnal cooling using the difference between the
IDW mean T, at the time of the BCY measurement and
the /IDW mean nocturnal T,;; observed by LCD within
200 m (Eq. 2.3).

TpcyNiGuT: = TBCY: —

n 1 . no__ 1 7 T

i=1 drep.i TLCDJ,I lel dLCD,night,i TLCD’nlghtvl (2 3)
n 1 n 1 ’
i=1 drcpyi i=1 dLCD,night,i

where TBCY’NIGHT’, denotes the corrected mean noctur-
nal T, of a BCY observation made at time ¢, whilst
Tpcy, is the actual T, measured by BCY at time ¢. The
term inside the bracket corresponds to the correction for
nocturnal cooling by the difference between current 7y,
and mean night-time Ty at LCD within 200 m distance
from the BCY. It is divided into two terms: The left term
in the bracket denotes the /IDW mean T,;; measured by
LCD within 200 m of the BCY at time ¢, whilst the right
term is the IDW mean of mean night-time T,;; measured
by LCD within 200 m of the BCY. Variables within the
terms are defined as in Eq 2.1. To increase the sample
size, BCY measurement points located at a distance be-
tween 200 m and 500 m from an LCD were considered.
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Figure 4: The Local Climate Zones in Bern as derived from the World Urban Database (CHING et al., 2018).

These measurements were corrected for nocturnal cool-
ing by interpolating the IDW corrections from the closest
BCY measurement backwards and forwards in time to
which a correction was applied. The quality of this cor-
rection can be assessed in areas which were passed by
the BCY multiple times at different stages of the night
and were therefore corrected for nocturnal cooling mul-
tiple times separately. If the correction worked well, the
mean night-time BCY T should be similar in these
areas. BCY measurements not within 500 m of a LCD
were not used for the analysis and map of mean night-
time Ty

3 Results

3.1 Spatiotemporal matching of
measurements

Assessments of Var AT for different BCY source area
distances and maximal time difference between BCY
and LCD/CWS (Fig. 5) revealed that LCD generally have
much lower Var AT (0.619 K?) than CWS (1.849 K2 for
AT cws,pw-pcy and 2.555K? for ATcwsmiv—pcy) and
hence agree better with the BCY measurements.
Additionally, the criteria of time difference did
not change Var AT substantially (Fig. 5), especially

above source area radius of 1000 m (not shown). Within
1000 m, considering only LCD measurements made
within 15s of BCY, reduced VarATicpipw-pcy
by 0.100K?> compared to measurements made
within 300 sec. The largest difference is observed when
considering LCD measurements within 400 m of BCY,
where Var AT cp ipw-pcy 1s reduced by 0.336 K2 if only
measurements made within 15 sec are considered. For
CWS the difference between the highest (3600 sec; equal
to no time difference criteria) and the lowest (300 sec)
time difference is 0.066 K2 for Var AT cws ipw-pcy and
—-0.062K? for Var AT cws.min-cy, which means that
using only CWS observations made closer in time to the
BCY observations can increases Var AT.

Concerning spatial source area, Var ATy cp ipw-pcy 18
lowest at a source area of 200 m (0.503 K?) and increases
with source area radius, whilst Var AT cws ipw-pcy 1s
highest at 200 m (2.286 K?) and decreases with higher
radii. Var ATcws min-pcy does not change much rela-
tive to the radius and remains above 2 K2.

For further analyses, LCD values within 200 m dis-
tance and with 300 sec maximal time difference and
CWS values within 500 m distance and 3600 sec max-
imal time difference were used (Fig. 5). For LCD,
a source area of 200 m provides low Var AT (0.563 K?)
and enough observations within the radius (35.2 % of
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Figure 5: The variance of AT for different comparison methods for CWS (orange-brown lines; dotted lines is AT cwsmv-pcy, dashed lines
is AT cws ipw-gcy) and for LCD (blue lines) for distances from 100 m to 1000 m and for different time differences indicated by colour shades.
Vertical dashed red lines at 200 m and 500 m correspond to the “optimal” distances selected for further analyses for LCD/CWS, respectively.

BCY observations fall within 200 m of LCD, compared
to only 14.4 % for 100m). For CWS higher distances
would slightly decrease Var AT but also average out spa-
tial variability of T due to Bern’s relatively small spa-
tial extent and heterogeneous land use as well as topo-

graphy.

3.2 Intercomparison of temperature
measurements

The comparison between BCY and the AWS ZOLL
and AFU revealed mean positive deviations (warm bi-
ases) of the BCY. At ZOLL mean AT is 0.50K and
0.69K for BCY measurements within 200m (n = 32)
and 500m (n = 75) respectively. The increase of AT
at a radius of 500m can be explained by the larger
amount of BCY measurements made over built-up and
sealed surfaces compared to radius 200 m, where mainly
BCY measurements made over the open field sur-
rounding ZOLL are considered. The largest deviations,
between 1.70 and 1.91K, were recorded at midday
around 12:50 on the 7 August, otherwise deviations
never exceeded 0.86 K. AT at the urban station AFU was
0.41 K and 0.40 K for BCY measurements within 200 m
(n = 27) and 500m (n = 103) respectively. The largest
deviations (0.83 to 1.9 K) were recorded in the early af-
ternoon of the 7 August around 14:40 and to a lesser ex-
tent the morning around 06:43 of the 8 August), where
deviations between 0.31 and 0.81 K occurred. Excluding

daytime data (10:00 to 18:00), when largest deviations
occurred, reduces the mean A7 at ZOLL to 0.37 K and
0.50K for 200m (n = 29) and 500 m (n = 64) respec-
tively and to 0.26 K and 0.23 K for 200 m (n = 19) and
500m (n = 75) at AFU.

Concerning the differences between BCY and LCD/
CWS, the analysis of AT for the whole period, night-
time, and daytime (Fig. 6a) shows that the LCD agree
better with BCY than CWS. Over the entire study period
the median AT cp ipw-pcy is —0.08 K with values rang-
ing from —3.15K to 5.15K (Var AT 0.56 K?). During
night-time, the median AT is —0.10 K and the range is
strongly reduced to —2.16 K to 1.50 K (Var AT 0.20K?),
and during daytime LCD show a small positive differ-
ence (median AT cp ipw-pcy 0.05).

AT cws ipw-pcy is positive for the whole period (me-
dian 0.67 K) with a large range (-3.58K to 9.31K;
Var AT 1.68 K?). During night-time, AT cws ipw-Bcy 18
larger and positive (median 0.98 K) and the range is
smaller (Var AT 1.06 K?), whilst during daytime the me-
dian is —0.23 K.

AT cws min-pcy 1s negative (median —0.37K) for
the whole period, with a range of —4.53K to 7.35K
(Var AT 2.52K?). During night-time, the range is lower
(Var AT 1.27K?) and the median is 0.01K, indicat-
ing that using only the lowest CWS T, within the
source area reduces the positive bias observed in
the IDW values. However, large positive AT of up
to 5.28 K remain, and during daytime AT cwsmin-Bcy
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Figure 6: (a) Boxplots for AT between BCY and the following three approaches: inverse distance weighted mean temperature
of CWS (AT cws.ipw-scy), minimum filtered temperature of CWS (AT cwsaunv-scy), inverse distance weighted mean temperature of LCD
(AT Lcpipw-pey)- (b) AT of every BCY — LCD/CWS comparison over the whole period. Vertical dashed lines indicate night-time and vertical

dashed-dotted lines indicate daytime.

becomes strongly negative (median —1.56 K) showing
that using only the lowest CWS Ty value underesti-
mates T, measured by BCY. The timeseries of AT
(Fig. 6b) shows the low ATcpipw-pcy, especially
during night-time as well as the generally negative
ATCWS,MIN—BCY and ATCWS,IDW—BCY during daytime and
positive AT cws.ipw-pcy during night-time.

Evaluation of single large positive AT above 2.5K
for LCD (n 15) show that 10 such values occurred
when the BCY measured along the cool Aare River
and compared Ty to LCD within the warmer old town
and 5 occurred after the BCY exited a cool forest and
compared T, to an LCD within built-up residential
areas. Single large negative AT below —2K for LCD
(n = 9) occurred after the BCY left a densely built area
and entered a forest (n = 5), where an LCD displayed
much lower Ty, between BCY measurements made on
an open urban road and LCD within an avenue of trees
(n = 2), and between BCY entering an urban park and
the LCD within the park (n = 2). Evaluation of single
large positive AT above 5K for CWS (n = 19) shows
that 11 occurred when comparing BCY values along the
Aare to warmer urban CWS, whilst 8 come from BCY
measurements made on a main road between a forest
and industrial area compared to urban CWS. Single large
negative AT below -3 K for CWS (n = 4) are found
on a busy road over a city bridge (n 3) and in a
sub-urban area surrounded by open vegetation (n = 1),
both occurring in the afternoon (14:20 and 15:20 CEST
respectively).

Concerning AT by LCZs, LCD (Fig. 7a) showed low
and similar AT for all LCZs, with few individual larger
deviations. The mean of the median AT of all LCZs
is —0.071 K, whilst the variance of the median AT of all
LCZs is 0.033 K with a maximum positive AT of 1.50 K
in LCZ B (scattered trees) and a minimum negative AT

of —2.16 K in LCZ A (dense trees). Average sample size
by LCZ was 43 and largest (n = 215) in LCZ 5 (open
midrise), smallest (n = 2) in LCZ 10 (heavy industry),
and zero in LCZs 1 and C (compact high-rise and bush,
scrub). CWS (Fig. 7b) show positive biases for all LCZs
(mean of the median AT of all LCZs is 1.01 K) with the
exception of a negative bias (median AT is —0.60 K) for
LCZ 1 (compact high-rise, n = 2) and larger positive
biases for LCZs A (dense trees, n = 116) and C (bush,
scrub, n 2) with median AT of 2.12K and 2.38 K
respectively. The range of AT is greater than for LCD
with a variance of the median AT of all LCZs of 0.48 K
and a maximum positive AT of 5.28 K in LCZ 5 (open
midrise) and a minimum negative AT of —1.25K in
LCZ D (low plants). Except for LCZ C (bush, scrub,
n 2) and 1 (compact high-rise, n = 2), all LCZs
have single positive AT values exceeding 3 K. Average
sample size by LCZ was 110 and largest (n = 502) in
LCZ 5 (open midrise) and smallest in LCZ 10 (heavy
industry, n = 5), and LCZs 1 and C (compact high-rise,
n = 2; bush, scrub, n = 2).

3.3 Map of mean night-time temperatures

The map of mean night-time temperatures (Fig. 8a)
shows the large observation density achieved by com-
bining the three low-cost measurement approaches. The
average distance between observation points (nearest
neighbour) is 618 m for LCD only (n = 77), 198 m for
CWS only (n 521; out of the 581 CWS, 60 were
missing T, entries during night-time) and 195 m for
LCD and CWS combined (n 598), 37m for BCY
only (n 1329), and 72m for all three approaches
combined (n 1907). Generally, observation density
is high in built-up areas and lower in open or vege-
tated areas, and the addition of CWS and BCY to the
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Figure 7: AT by LCZ for (a) the LCD measurements and (b) the Netatmo CWS during night-time (22:00 to 06:00, CEST). The number n
at the bottom of each plot shows the number of measurements within a class.

Table 2: Distribution of nocturnal (22:00 to 06:00, CEST) T,;; from
the three measurement approaches.

Measurement 5% percentile 50" percentile 95" percentile
approach

BCY 21.0°C 22.6°C 23.7°C
LCD 21.1°C 22.7°C 23.7°C
CWS 22.2°C 23.7°C 25.7°C

dedicated LCD network further increases the observa-
tion density within built-up areas. The BCY measure-
ments often cover transitional areas between distinct sur-
face types, e.g., changes in Tair between urban areas and
forests, urban parks, or the Aare River. The CWS extend
the observed area into the sub-urban areas around Bern,
which are not covered by either LCD or BCY. The aver-
age lapse rate is —0.005 Km~! for BCY, —0.009 K m™!
for LCD, and —0.006 K m~! for CWS (appendix Fig-
ure S2). The distribution of nocturnal T; (Table 2) was
very similar for LCD and BCY, whilst CWS exhibited a
far larger range and higher median.

Concerning the spatial T distribution, the BCY and
LCD (Fig. 8c) clearly show the increased temperatures
in the city centre and densely built-up areas (T, be-
tween 22.5 and 24 °C), with a marked drop towards sub-
urban and rural areas (7 ; between 20 and 21.5 °C, with
a few cases reaching 22.5 °C).

This pattern is far less clear in the CWS (Fig. 8b).
Whilst the CWS display more stations with high T in
the urban centre, and lower T,;; with increasing distance
from the centre, there are still many CWS which mea-
sured high T outside of the urban areas. This leads
to a lessened T, contrast between urban and sub-urban
or rural areas in CWS: 61 CWS stations recorded values
above 25 °C, of which only 17 were within the old town
and city centre and 44 in the surrounding city, suburbs,
or even rural villages. 7 CWS, none of which were within

the city centre, recorded values above 27.5 °C. Further-
more, whilst LCD and especially BCY capture the cool-
ing effect of vegetated areas (Fig. 8c) or the Aare River,
the CWS for the most part fail to depict these cooler
areas.

Finally, areas which were visited by the BCY more
than once and were corrected for nocturnal cooling mul-
tiple times, show very similar mean night-time T, in
most cases differing only by 0.5 to 1K. Only on two
such occasions, does T, differ by more than 2 K, one of
which fell onto a border of a forest and urban area and
the other in a sub-urb (appendix, Figure S3).

4 Discussion

4.1 Definition of bicycle source area

T.i: differences between single BCY observations and
spatially aggregated LCD/CWS measurements within
various spatial and temporal distance of the BCY ob-
servations (Fig. 5) were evaluated. The analysis showed
that LCD measurements agree well with BCY mea-
surements within a radius of 200m (Var AT 0.56K?),
whilst CWS show larger differences (Var AT 1.68 K?)
and depend on aggregation within a larger area or radius
(500 m). These radii confirm the findings of BRANDSMA
and WOLTERS (2012), who used linear regression to pre-
dict urban air temperature as measured from a bicycle
using surface characteristics. They found that surface
characteristics within the local scale (radius < 400 m)
have a larger influence on air temperature than micro-
scale (radius < 50 m). However, in a city with hetero-
geneous topography and relatively small spatial scale as
Bern, the 500 m chosen for CWS might still violate the
criterion that “field sites be representative of local-scale
surroundings” (STEWART, 2011; p. 107).

The increase of Var AT in CWS observations made
closer in time to the BCY observations could be related
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Figure 8: (a): Map of mean night-time (22:00 to 06:00, CEST) temperatures from all three measurement approaches: LCD (squares), CWS

(triangles), and BCY (circles). (b): Same as (a) but with only the CWS.
on the Urban Atlas (EUROPEAN ENVIRONMENTAL AGENCY (EEA), 201

to the high e-folding time (approximately 25 min) of the
Netatmo CWS observed by BUcHAU (2018). This effect
is largest for BCY measurements made close in time to
the CWS measurement and could thereby cause larger
differences between BCY and CWS measurements. At
spatial distances below 200 m, where the source area is
often close to identical, the temporal distance does not
influence Var AT of LCD. However, as spatial distance

(c): Same as (a) but with only the LCD and BCY. Land surface based
2).

increases (200 m to 500 m) and source area of BCY and
LCD differ more, using only LCD measurements made
close in time to BCY reduces Var AT. Nonetheless, the
low differences in Var AT for different time distance
criteria shows that BCY (or other) T,; measurements
made at high temporal (sub minute) resolution can be
well compared to less highly resolved measurements up
to hourly measurement intervals.
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However, as the single high AT discovered between
BCY and LCD measuring different source areas (urban
park vs. urban area or Aare River vs. old town) highlight,
biases arise from the circular source area definition.
When not explicitly deployed to observe these transition
areas, where large T, gradients are expected, further
studies using BCY measurements could vary the BCY
source area depending on the homogeneity of surround-
ing LCZs or only compare BCY and stationary measure-
ments made within matching and homogeneous source
areas. Additionally, elliptical source areas with the long
axis parallel to the predominant synoptic wind condi-
tions measured at nearby professional weather might be
used (RAJKOVICH and LARSEN, 2016).

4.2 Analysis of AT and bias source evaluation
of low-cost approaches

The warm bias of the BCY compared the official refer-
ence stations ZOLL and AFU might be explained by
the relatively low sensor height of BCY of 0.8 m com-
pared to 2 m above ground for the reference stations, as
well as the difference in measured surface type, which
is sealed, dark asphalt roads for BCY and an open field
for ZOLL and a small urban park for AFU. Thereby,
heat from vehicle exhausts or thermal radiation from
the surface could cause a positive bias in the BCY mea-
surements (NAKAMURA and OKE, 1988; JANSSON et al.,
2007; OKE etal., 2017). Consequently, future BCY mea-
surements should measure T, at 2 m standard height.
These considerations raise the point, that any upcom-
ing claims on biases (both of LCD and CWS) must be
viewed cautiously, since the BCY measurement’s own
biases were only superficially explored and not fully
addressed here. To circumvent this issue, we recom-
mend that future studies using BCY measurements carry
out direct comparison measurements with reference data
from AWS over an extended period allowing to robustly
quantify the biases.

Comparison of AT (Fig. 6) across three com-
parison methods (ATrcp ipw-scy, AT cws.ipw-scy, and
AT cws.min-pcy) revealed good agreement between BCY
and LCD, with a median ATcp pw-pcy of —0.08 K.
This is lower than AT observed by GUBLER et al. (2021),
who carried out parallel measurements between the
same LCD network and professional AWS. They found
mean positive AT of 0.4 K and 0.56 K for the entire sum-
mer of 2018 (16 May to 15 September) and hourly av-
eraged AT between —0.6 K and 2.2 K during the 9-day
heatwave prior to the study period. This could be ex-
plained by the positive bias found in the BCY measure-
ments, thus reducing AT to LCD, which also exhibited a
positive bias (GUBLER et al., 2021).

The comparison between BCY and IDW CWS, how-
ever, revealed large AT for the whole study period (me-
dian AT cws.ipw-pcy 0.67 K) with an increased positive
bias during night-time (median 0.98 K) and small nega-
tive bias during daytime (—0.23 K). Similar biases were
also found by MEIER etal. (2017) and NAPOLY etal.
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(2018) and were hypothesized to stem from incorrect
siting of the CWS by their owners, potentially installing
the CWS to close to buildings or walls, which, especially
during the night, emit thermal radiation. Furthermore,
such proximity to walls or complete sheltering leads to
a lower sky-view factor of the CWS and thus reduced
longwave radiative cooling. Finally, heating of houses
or reduced air flow close to buildings could lead to less
cooling at night. The negative bias during daytime could
again be explained by proximity to buildings, leading
to shading of the CWS. The absence of a positive bias
during daytime further supports the findings of NAPOLY
etal. (2018) who suggested that the quality control they
applied to the CWS has for the most part removed CWS
data with shortwave radiation errors. Overall, assigning
and quantifying the biases observed in CWS is challeng-
ing due to the lack of documentation or metadata avail-
able for each station.

Compared to the IDW CWS values, using only the
minimum CWS T, within the BCY source area, reduced
the positive bias during the night-time (median 0.01 K)
but led to a strong negative bias (median —1.56 K) dur-
ing daytime. This indicates that applying simple min-
imum filtering techniques to CWS data might be used
to reduce the observed positive bias during night-time,
but this should be carefully evaluated in further inter-
comparisons between CWS and reliable weather sta-
tions. Nonetheless, averaging the values from multiple
CWS gave more robust results, agreeing well with previ-
ous studies (CHAPMAN etal., 2017; MEIER etal., 2017;
NaproLy etal., 2018).

The analysis of AT by LCZ (Fig. 7) highlights the
difficulties of CWS to represent T,; measured within
forests (LCZ A), where median AT was 2.12 K. More-
over, it shows a uniform positive bias across LCZs, again
indicating that CWS biases stem from microscale siting
issues common to the majority of CWS, independent of
surrounding local climate. However, the short study pe-
riod and small sample size make clear statements diffi-
cult. Overall, the observed nocturnal biases in the BCY
(between 0.24 K to 0.52 K, depending on the source area
size and reference AWS) and LCD (—0.10 K) measure-
ments are many times smaller than the variation in noc-
turnal T, they display (the difference between the 5th
and 95t percentile of Ty is 2.7 K for BCY and 2.6 K
for LCD; see Table 2; Fig. 8). This means that the ra-
tio of Ty signal to bias ranges from about 5:1 to 10:1
for BCY and is 1:26 for LCD, which still allows to dis-
play meaningful variation in T4, as shown in the map
of mean nocturnal air temperature (Fig. 8). This does
not hold true for the CWS (bias 0.98 K with 3.5 K range
between 5% and 95" percentile of T,;;) where the ratio
of air temperature signal to bias is around 1:3.5.

4.3 Potentials and limitations of the presented
low-cost approaches

One major limitation and caveat of this study (and a dif-
ficulty of bicycle measurements in general) is the limited
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temporal coverage and short study period (RAJKOVICH
and LARSEN, 2016). If bicycle observations are to be
incorporated into longer term studies, dedicated cam-
paigns are needed, such as carried out by BRANDSMA and
WOLTERS (2012) who completed 183 transects within a
3-year period. This would allow for a more robust statis-
tical analysis and allow to study differences between the
measurement approaches across varying weather condi-
tions, such as changes in windspeed or high solar irradi-
ation.

Keeping this in mind, the approaches presented in
this study complement each other well regarding spa-
tial coverage (Fig. 8). Whilst the LCD are set up in rep-
resentative areas or specific areas of interest, their lim-
ited number means that they cannot sample every neigh-
bourhood. CWS, however, cover all populated areas in-
cluding sub-urban neighbourhoods, whilst the BCY mea-
surements provide information on changes in T, whilst
moving between the stationary measurements.

Concerning the observed spatial distribution of mean
night-time temperatures, BCY and the LCD (Fig. 8c)
clearly show intra-urban variability of T, including
higher nocturnal 7, in densely built-up urban areas
and lower T, in rural or vegetated areas. Overall, the
spatial Ty distribution agrees with previous studies on
the urban T, of Bern (BURGER etal., 2021; GUBLER
etal., 2021).

The Netatmo CWS show the general pattern of in-
creased night-time 7, in urban areas with overall
lower T, away from the city centre, but single CWS
with high T,; diminish the pattern: Out of the 61 CWS
displaying unusually high T,;; of above 25 °C, 44 were
in sub-urban or rural areas. This further supports the ar-
gument made in Section 4.2, that CWS exhibit positive
biases from microscale siting issues during night-time.

The cities where T,;; from Netatmo CWS were stud-
ied (CHAPMAN et al., 2017, FENNER et al., 2017; NAPOLY
etal., 2018) are much larger and their land use and to-
pography is more homogeneous than in Bern (e.g., Lon-
don, Paris, Berlin). It seems that in small cities with a
complex topography and perhaps generally, further mea-
sures are needed to increase the usability of Netatmo
CWS. Future efforts could be directed towards develop-
ments of a quality control for single CWS with unrea-
sonably high nocturnal T,;.. A station-by-station assess-
ment of CWS based on reference stations might identify
and correct CWS with consistent large biases. Consid-
ering the low availability of professional AWS in urban
environments, dedicated LCD networks might provide
such reference data. Such a station-by-station correction
is difficult however, since CWS are often spread through-
out populated areas and can be at considerable distances
to and in very different climatic environments than sta-
tionary reference stations. The flexibility of BCY mea-
surements could bridge this gap, allowing repeated tran-
sects targeting specific single CWS or groups of CWS
where the BCY could serve as reference data.
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5 Conclusion

The goal of this work was to compare and show the
potential of three different low-cost approaches for
mapping the intra-urban variability of T,;: A dedi-
cated network of LCD, BCY measurements and Ne-
tatmo CWS. The actively ventilated BCY measurements
and the passively ventilated LCD were able to repro-
duce the general pattern of the night-time 7 distribu-
tion, with higher T, in densely built-up areas. Com-
pared to the BCY, the naturally ventilated LCD show a
slight positive bias during daytime (median AT 0.05 K,
Var AT 0.54K?), with better agreement during night-
time (median AT —0.10K, Var AT 0.20K?). The CWS
capture the general pattern of the nocturnal T differ-
ences between densely and less densely built-up areas,
but not in the same magnitude and clarity as BCY and
LCD, due to many high (>25 °C) mean night-time 7,
observations in sub-urban and rural areas. This points
to incorrect CWS set-up by the owners, highlighting the
need for more complete metadata. The intra-urban vari-
ability of T, is not well captured by CWS, especially
the LCZ A (forest) was not properly reproduced, which
is expected as CWS are usually not set up in forests by
their owners. Spatially averaged values of T; should be
used in favour of single CWS, although the heterogene-
ity of land use and topography as well as the smaller
spatial extent of Bern, makes averaging across large ar-
eas difficult. Further, quality control, stronger empha-
sis on metadata, or correction through reference stations
would increase the applicability of CWS T,;; measure-
ments. More studies on CWS observations of the urban
atmosphere in small cities with complex topography and
heterogeneous LCZ distribution are needed to fully de-
velop their potential. Generally, a more thorough under-
standing and definition of the source area of an urban
measurement is recommended for future work, perhaps
including land cover and wind speed and direction.

Overall, however, the presented combination of mul-
tiple low-cost approaches is regarded to wield large po-
tential due to the unprecedented spatial and temporal
resolution it offers at relatively low costs. This makes it
well suited for measurements of the urban atmosphere
in cities where professional AWS are not available at
a spatial density required for intra-urban heat assess-
ment. Furthermore, we showed that combining multi-
ple approaches allows to reduce the shortcomings of
each. BCY measurements, for example, allow to study
areas not covered by stationary measurements, whilst
the lower spatial and temporal coverage of BCY can be
bridged by long term LCD/CWS networks. The higher
biases observed in single CWS might be investigated or
corrected using nearby LCD or by BCY observations
specifically deployed for that purpose. Whilst further
methodological improvements to each individual low-
cost approach are promising, future urban climate stud-
ies within the low-cost paradigm should consider com-
bining low-cost approaches such as the ones presented
here.
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Data availability

The data sets used for the analyses can be accessed
and downloaded from: https://boris.unibe.ch/id/eprint/
157253.
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