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2 Abstract

21 Recent advances in citizen weather station (CWS) networks, with data accessible via crowd-
2 sourcing, provide relevant climatic information to urban scientists and decision makers. In par-
23 ticular, CWS can provide long-term measurements of urban heat and valuable information on
2 spatio-temporal heterogeneity related to horizontal heat advection. In this study, we make the
25 first compilation of a quasi-climatologic dataset covering 6 years (2015-2020) of hourly near-surface
26 air temperature measurements obtained via 1560 suitable CWS in a domain covering south-east
27 England and Greater London. We investigated the spatio- temporal distribution of urban heat
28 and the influences of local environments on climate, captured by CWS through the scope of Local
29 Climate Zones (LCZ) — a land-use land-cover classification specifically designed for urban climate
30 studies. We further calculate, for the first time, the amount of advected heat captured by CWS
31 located in Greater London and the wider south east England region. We find that London is on
2 average warmer by ~1.0 °C to ~2.0 °C than the rest of south-east England. Characteristics of
33 the southern coastal climate are also captured in the analysis. We find that on average, urban
34 heat advection (UHA) contributes to 0.22 °C of the total urban heat in Greater London. Certain
35 areas, mostly in the centre of London are deprived of urban heat through advection since heat is
36 transferred more to downwind suburban areas. UHA can positively contribute to urban heat by
37 up to ~2.0 °C on average and negatively by down to ~-1.0 °C. Our results also show an impor-
38 tant degree of inter- and intra-LCZ variability in UHA, calling for more research in the future.
39 Nevertheless, we already find that UHA can impact green areas and reduce their cooling benefit.
40 Such outcomes show the added value of CWS for future urban design.
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1 Introduction

Recent studies have highlighted growing interest and opportunities for urban climate studies using
crowd-sourced urban meteorological data (Steeneveld et al., 2011; Wolters and Brandsma, 2012; Muller
et al., 2015; de Vos et al., 2020). Among a variety of crowd-sourcing devices, citizen weather stations
(CWS) — also sometimes referred to as personal weather stations — have been gaining popularity. Since
their evaluation against official automatic weather stations measurements (Bell et al., 2015), CWS were
sought to help measuring urban temperatures in large cities Meier et al. (2017); Chapman et al. (2017).
In fact, CWS increases the potential for improved geographical coverage of observations in cities, rather
than only relying on established official meteorological stations, which are often lacking in numbers
within cities and therefore in representation of urban climate features (Oke et al., 2004; Grimmond,
2006; Muller et al., 2013). Although CWS are subject to greater uncertainties, quality-checking pro-
cedures for air-temperature data exist either based on CWS biases against official automatic weather
stations located at a certain distance (Meier et al., 2017; Hammerberg et al., 2018) or on statistics
among CWS alone (Napoly et al., 2018; Fenner et al., 2021).

The potential applications of CWS are wide and continue to expand. For example, recent studies
have used CWS to improve our understanding of the impact of land-use and land-cover on urban
temperatures through the perspective of Local Climate Zones (LCZ; a land-use and land-cover classi-
fication specifically developed for urban climate studies (Stewart and Oke, 2012); Fenner et al. (2017);
Benjamin et al. (2021); Potgieter et al. (2021); Varentsov et al. (2021)). Others have used CWS to
validate urban climate simulations (Hammerberg et al., 2018), drive indoor-temperatures in urban
climate simulations Jin et al. (2021), and have used them to model air temperatures in European cities
using machine learning (Venter et al., 2020; Vulova et al., 2020; Venter et al., 2021; Zumwald et al.,
2021). Research using CWS has not been limited to urban temperature; some have used them to
monitor (urban) precipitation (de Vos et al., 2019, 2020) or wind speed (Droste et al., 2020) — allowing
for the development of an innovative quality-check for crowd-sourced wind data (Chen et al., 2021).

Nowadays, most research at the time of writing has focused on short time periods that do not extend
beyond a year and usually focus on summer periods only. This means that multiple years climatology
have not yet been performed. Nonetheless, Meier et al. (2017); Fenner et al. (2017) both studied the
whole year climatology in the city of Berlin using CWS and characterized some intra-urban variability
of urban temperatures among different LCZ. Additionally, Fenner, Daniel and Holtmann, Achim and
Meier, Fred and Langer, Ines and Scherer, Dieter (2019) used CWS to study the variability of urban
heat island intensities during heatwave events in the extended summer season (May to September)
of 2015 to 2018. They did not, however, look at the winter. Apart from Venter et al. (2021), who
studied urban heat islands among multiple European cities for one summer month in 2019, large-scale
analyses (e.g., regional, national or continental) have also not been extensively performed. As such,
most of the studies focus on single cities only. Lastly, while some studies have already investigated
the weather-dependent variability of the urban heat islands using CWS (e.g., Chapman et al. (2017)),
none have yet studied how certain prevailing winds may cause horizontal urban heat advection (UHA)
and the sensitivity of CWS to this advected heat.

In fact, previous studies show that UHA impacts the spatial distribution of urban heat (Heaviside
et al., 2015; Bassett et al., 2016). UHA can be considered as the heat resulting from the windborne
transport of energy among the urban environment (Oke et al., 2017). It is often neglected because
modelling and observational studies of urban heat tend to assume that horizontal diffusion is similar
across the urban landscape and that major heat production comes from differences in surface energy
balance related to land-use land-cover. Nevertheless, a modelling study of the August 2003 heatwave
in the city of Birmingham, England, Heaviside et al. (2015) showed that UHA can reach up to 2.5 C,
particularly under north-westerly and south-easterly wind conditions. Using a dense network of pro-
fessional weather stations in the same city, Bassett et al. (2016) showed a mean UHA over a 20-months
period (January 2013 to September 2014) of 1.2 C, and argued that it could be higher under certain
specific conditions as shown in Heaviside et al. (2015). This demonstrates that UHA can have a signifi-
cant impact on urban temperatures, and needs to be properly understood to develop future urban heat
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Figure 1: Map of Local Climate Zones (LCZ) in the larger domain of study (Domain 1). The smaller
domain (Domain 2) is shown in purple with dashed lines representing the separation between four
geographical quadrants for the UHA analysis Grey dots represent the location of quality-checked
Netatmo Citizen Weather Stations (CWS) available within the time period from year 2015 to 2020.
The Heathrow Airport MetOffice automatic weather station location is shown in fuchsia. LCZ source:
Demuzere et al. (2019)

adaptation and mitigation strategies in cities. In London, England, CWS density has continuously
been growing over recent years and temperatures have not changed over recent decades (1950—2019;
Bassett et al. (2021)). This makes it a suitable place to study urban heat heterogeneities and hor-
izontal advection. This study thus tries to demonstrate how CWS can help urban heat advection
studies, by capturing complex dynamical and physical processes in urban environments. This could
further help improve future urban planning and design. Therefore, in this study we: (i) build a 6-year
quasi-climatology of near-surface air temperature, from 2015 to 2020, by acquiring, quality-checking
and filtering all CWS present in a large domain covering southeast England and the Greater London
area; (ii) use this quasi-climatology to look at the seasonal heterogeneity of urban heat in the domain
and relate it to the locations of the CWS and the underlying LCZ land-use/land-cover; in order to
(iii) define an appropriate domain to study and quantify the amount of UHA measured by CWS in
each LCZ over the Greater London area in different seasons, and depending on prevailing wind speed
and direction. This study is the first study to investigate UHA and urban heat heterogeneities among
different LCZ using CWS in Greater London.

2 Methodology
2.1 Study Area and Period

Our study is focused on a large domain covering southeast England (see Figure 1), which includes the
Greater London Authority administrative area and its surrounding urban areas. This large domain is
host to 24 million inhabitants out of which 4 million are aged above 65 years old (for National Statistics,
2021). In the smaller domain, there are 13 million inhabitants and 1.7 million are older than 65 years
old. This makes it a relevant case-study for urban temperature monitoring. We define our 6-year study
period from 2015 to 2020.
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We use two domains to perform two types of analyses at varying spatial and temporal scales
(Figure 1). First, an extended domain (Domain 1) covering the Greater London area and the secondary
urban nuclei in all directions — extending from 1.9 W to 1.3 E and 50.5 N to 52.4 N —is used for
the data collection and for studying the regional climate to define a second domain used to study the
UHA. This analysis is provided in Supplementary Information 5.4. Domain 2 is centered on 0.12 W
and 51.5 N, close to Trafalgar Square, and extends by 0.6 in west and east directions and by 0.5 in
north and south directions (Figure 1). An in-depth study on the influence and seasonality of prevailing
winds on UHA is performed within Domain 2. To study hourly UHA, the domain is divided in four
quadrants — North-East (NE), North-West (NW), South-West (SW), and South-East (NE) (see Section
2.3 for the definition) — following Heaviside et al. (2015) and Bassett et al. (2016). All the study is
performed using a clipped part of the European Local Climate Zones (LCZ) map by Demuzere et al.
(2019) (see Supplementary Information 5.1 for more information on LCZ).

2.2 Data Collection, Filtering and Normalization

In this study, two types of weather stations are used: Netatmo CWS, used for acquiring crowd-sourced
measurement of hourly near-surface air temperature, and the Heathrow official MIDAS monitoring
station from the United Kingdom Met Office (Office, 2020), used for hourly observations of wind speed
and direction (justifications for chosing the latter station are given below).

2.2.1 Air Temperature Measurements: Netatmo Citizen Weather Stations

Netatmo CWS consist of two cylindrical modules shaded and protected by a cylindrical aluminium
shell. Both modules, consisting of an outdoor and an indoor module, measure air temperature and
relative humidity. The indoor module additionally measures CO; concentrations, air pressure and noise
levels (Meier et al., 2017). We collected hourly data from all Netatmo stations within Domain 1 for the
whole 6-year period by using the Getpublicdata and Getmeasure functions of the Netatmo company’s
(https://netatmo.com) API (https://dev.netatmo.com/). We quality-checked the measurements using
CrowdQC v1.2.0 R package developed by Grassmann et al. (2018) and used in Napoly et al. (2018). We
kept only CWS measurements passing the M4 quality-check level and where at least 80 % of a year of
the whole 6-year period was available, following Fenner, Daniel and Holtmann, Achim and Meier, Fred
and Langer, Ines and Scherer, Dieter (2019). This resulted in a reduction of the CWS sample from
1783 potential ones to 884 in the Domain 1. 423 are located in the Domain2. More information on the
quality-checking and the distribution of CWS among the domains and LCZs is given in Supplementary
Section 5.3, Figures S2 to S3 and Tables S1 to S3. Besides, we normalize the temperature observations
by height, following Potgieter et al. (2021), to get rid of the vertical thermal gradient. 0.0065 C
are hence summed to the observed temperatures per meter anomaly to the average height across the
domain. The averaged elevation of each CWS obtained from the Shuttle Radar Topography Mission
(SRTM) elevation product at 30 m horizontal resolution is 62.3 m.

2.2.2 Wind speed and direction: MIDAS Automatic Weather Stations

We gathered measurements of wind speed and direction from the Heathrow Airport official Met Office
automatic weather station (Office, 2020) to define hourly prevailing winds over the Greater London
area. This station follows the World Meteorological Organization standards and offers measurements
of averaged wind speed and direction at hourly time steps at 10 m above ground level (Sunter, 2021).
Other stations in the Greater London area also capture wind data (eg. Kew Gardens or Northolt). We
chose, however, to only use the Heathrow station for defining prevailing winds. In fact, the Heathrow
station is located at a similar latitude to the center of the Greater London area and is sufficiently close
to the urban area to be considered representative of winds affecting the Greater London area. It is also
one of the only stations in the Greater London area that cover the whole period of interest. We hence
acquired the wind data for the same 6-year period as the Netatmo data (2015 to 2020). We converted
the wind speeds measurements from knots to meters per second by considering: 1 kt = 0.5144 m s 1.
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2.3 Wind regimes de nition

To study the impact of wind direction and speed on the seasonal intra-urban heterogeneity of air
temperature we classify wind speed into four easily understood categories with bins of 3 m s *, namely:
Calm or Light Breeze with positive wind speed below 3 ms *; Gentle to Moderate Breeze with wind
speed from 3ms ! to6 ms '; Moderate to Fresh Breeze, from 6 ms ! to9ms !; and Strong Breeze
with wind speed above 9 m's 1. We chose the upper threshold of 9 ms ! and above since less than
0.5 % of the winds within our 6-year period are at speeds higher than 12 m's ! (Figure 2) and because
it is close to the 95" percentile. Over the six years, the median speed is 3.60 m s , the average speed
is 42 ms ! and the maximum observed hourly wind speed is 18.5 m's 1. 31.6 % of the available
hourly wind measurements are considered as Calm or Light Breeze, 48.59 % as Gentle to Moderate
Breeze, 16.19 % as Moderate to Fresh Breeze and 3.63 % as Strong Breeze. In general, the winds
follow a log-normal distribution and our simplified classes therefore cover meaningful probabilistic
distributions with the first two covering common events, whilst the second two focus on more extreme
situations with different occurrence probabilities.

2.4 Measuring urban temperatures and urban heat advection

Since the majority of the CWS are located within urban built environments (Table S2), and since we
cannot ascertain that CWS located in natural LCZs are not influenced by urban heat, we decided to
focus on air temperature and daily temperature ranges instead of quantifying the urban heat island
intensity. This idea follows the recommendations provided by Stewart (2011) and Stewart and Oke
(2012), who argue that urban climate studies should focus more on the quantification of urban heat
than on the urban heat island intensity (also see Martilli et al. (2020)).

To study the effect of wind speed and direction on the inter- and intra-LCZ heat heterogeneity,
hourly values are used to avoid compensating effects that may occur, for example if the wind direction
changes significantly within a 24 hour period. We define UHA as the air temperature anomaly measured
by the CWS between an upwind and a downwind quadrant that is not related to the land-use land-cover
and environmental differences between the two quadrants (see Equation 1). Our Domain 2 quadrants
are defined by angles of 90 increasing clockwise. Hence, for example, the North-Eastern and the
South-Western quadrants are considered upwind and downwind, respectively, when winds are blowing
from angles comprised between 0 and 90 . We do not include hours when wind direction recently
changed by filtering out hours when the wind direction is not blowing from the same quadrant for at
least three hours — the first two hours are hence excluded. This threshold is subjectively fixed based
on the distance from the center of each quadrant to the center of Domain 2 and the median wind speed
over the 6 years. We also filter out hours with wind speed equal to 0 to avoid accounting for hours
when no urban heat is advected. This reduced the amount of potential studied hours by 30 % without
importantly affecting the probabilistic distribution of wind regimes (see Supplementary Section 5.3).

Once this filtering is done, we test the statistical significance of measured UHA by CWS in two
steps: first, we test how averaged winds generally affect each quadrant by testing with a one-tailed
t-test of paired samples whether the averaged air temperature in these quadrants is significantly lower
when located upwind than downwind — we call this difference AT; second, we test how prevailing winds
are responsible for heat advection in the urban area by testing with a one-tailed t-test of paired sam-
ples whether the same quadrant when located upwind or downwind significantly loses or gains heat,
respectively, in comparison to the opposite quadrant — we call this AUHA (Equation 2). To measure
UHA (and hence AUHA) we consider the strategies adopted by Heaviside et al. (2015) and Bassett
et al. (2016) to measure the hourly advected heat under different wind regimes. Our method diverges
from theirs as Heaviside et al. (2015) used a non-urban and an urban climate simulation to quantify
the expected averaged urban heat in each quadrant, and Bassett et al. (2016) normalized the observed
averaged urban heat of each quadrant by their urban fraction. Here, we assume that similar LCZs are
expected to have a similar impact on the local urban heat anomaly. To quantify the two-dimensional
advected heat at each CWS location per LCZ (UHA i aw ), we thus subtract the averaged temper-
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