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ABSTRACT

Crowdsourcing and citizen science data have gained insight in the urban heat island effect and intra-urban heat
patterns in many cities. However, while the urban energy balance is key in understanding the urban climate,
professional urban surface flux measurements are relatively scarce. Here we develop a method to estimate
urban fluxes of sensible heat, latent heat and momentum using solely crowdsourced temperature, humidity
and wind speed observations in the urban canopy through Netatmo amateur weather stations. Also, the spatial
variance of temperatures recorded in a network of Netatmo stations (varT) appears to be a good predictor for
the incoming solar radiation. The proposed flux method is evaluated against eddy covariance flux estimates
in Amsterdam (The Netherlands), and appears to have a median absolute error of 46.3 Wm™ and 22.8 Wm™
for sensible and latent heat flux respectively. When applying varT these values drop to 30.5 and 17.5 Wm™
respectively. These scores compare well with schemes driven by professional observations. Hence, we offer a
meaningful flux scheme that runs purely on free observations.

1. Introduction

Urban areas are rapidly expanding and 68% of the world population
is expected to reside in cities in 2050 [1]. Simultaneously, climate
change increases the human heat load, especially in cities, which are
disproportionately affected by the urban heat island (UHI) effects [2].
Consequently, urban areas are expected to see a rise in the detrimental
health effects associated with heat stress [3-5].

Despite the urban heat stress, the prevalence of high-quality urban
meteorological observations does not suffice to fully understand the
highly variable temperatures in urban areas [6]. Advanced understand-
ing of urban climates requires extensive urban meteorological measure-
ment networks [7,8]. However, most observations serve synoptic-scale
meteorology and omit relatively small-scale city effects [9]. Under-
representation in urban areas is due to extensive siting requirements
for observations, vandalism risk, and the avoidance of cities by profes-
sional networks because more homogeneous surfaces are required for
standardised observations [6,10].

Turbulent heat fluxes govern the urban surface energy balance and
surface temperature [11]. Previous studies explored the urban energy
balance to understand the drivers behind the UHI in selected cities
that were diverse in size, culture, economic status and climate [12,
13]. However, generalising flux models remains challenging since it
requires flux observations of latent heat (Q,) and sensible heat (Q,).

* Corresponding author.
E-mail address: gert-jan.steeneveld@wur.nl (G.J. Steeneveld).

https://doi.org/10.1016/j.cacint.2025.100201

The spatial density of flux observations is even lower than for routine
weather data, because of their relatively high costs and demanding
siting requirements.

The high population density in cities provides plenty of opportunity
for acquiring citizen data [14]. For example, Netatmo maintains a
worldwide and spatially dense weather station network of basic at-
home atmospheric sensors. Its data has widely enhanced meteorological
analyses by increasing the spatial density of observations [e.g. 15] for
temperature [e.g. 16-18] for wind [e.g. 19,20], and precipitation [21-
24]. Crowdsourced observations from sources other than Netatmo have
also been insightful for urban climates studies [e.g. 25-29]. These types
of citizen data can provide valuable information on temperature, wind,
humidity, and precipitation, but crowdsourced weather observations
typically do not involve surface energy fluxes.

Holtslag and Van Ulden [30] and De Rooy and Holtslag [31] de-
veloped a scheme to estimate the surface energy fluxes over grassland
from standard screen-level weather data. Although earlier studies have
estimated urban surface fluxes from professional routine weather obser-
vations [32,33], none have done this from crowdsourced observations
in urban canopies alone. This study extends their methods to estimate
neighbourhood-scale urban turbulent heat fluxes, using only crowd-
sourced Netatmo observations in the urban canopy, supplemented with
professional radiation observations.
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Fig. 1. Local Climate Zome Map of Amsterdam (source: https://lcz-generator.rub.de/), indicating 81 Netatmo stations that provided data in the study period. The study area has
a radius of 5 km (yellow circle) around the flux tower (indicated by FT). Background data from GoogleEarth [34]. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Moreover, we develop a novel method to estimate incoming short-
wave radiation (K') from the spatial variability of the basic Netatmo
temperature observations alone, effectively allowing the proposed flux
model to be applied to any urban area with sufficient Netatmo sta-
tions, independent of the availability of professional solar radiation
observations.

The K' estimation builds on the effect that the spatial tempera-
ture variance within a Netatmo network increases when the K! in-
creases [35]. The underlying idea is that always some stations are
non-ideally placed and can be directly exposed to sunlight, and their
temperature recordings will deviate positively from other stations [36].
This increases the instantaneous spatial temperature variance in the
Netatmo network. As Netatmo is a crowdsourced dataset, we may
reasonably assume a substantial share of the stations is exposed to
direct solar radiation [16]. Previous work on the radiation bias in Ne-
tatmo temperature readings has predominantly been focused on remov-
ing stations affected by radiation errors [16,37]. However, if enough
radiation-biased stations are present in an area, they can provide useful
information on K*.

Below, Section 2 presents the data acquisition and quality assess-
ment procedures, the urban flux model, and the K! estimation method
from Netatmo data. Section 3 presents the model results using profes-
sionally observed radiation data, and offers proof-of-concept of the K*
estimation method. Subsequently, the K' estimation is implemented
into the model. Sections 4 and 5 contain the Discussion and Conclu-
sions.

2. Methods
2.1. Site description

Amsterdam is the Dutch capital, located between the North Sea and
the Marker Lake, and at 2 m below sea level. The Netherlands has a
temperate oceanic Cfb climate with a annual mean 2-m air temperature
of 10.5 °C, a annual mean precipitation of 851 mm, and prevailing
southwesterly winds. The study period contains January 1st-August
31st 2022. With an average temperature of 12.3 °C during the study

period, it was 0.9 °C warmer than normal. The study period had 1729
sun hours (27% above normal), and 392 mm precipitation (110 mm
below normal).

The city centre is characterised by three-storey buildings, canals
and narrow streets, and is surrounded by residential areas with three-
and four-storey houses [38]. We use eddy covariance (EC) flux tower
observations taken on a rooftop (40 m above ground) at 52.366548°N,
4.893020°F, in the historic city centre (instrument details below). The
EC tower is part of the Amsterdam Atmospheric Monitoring Supersite
(AAMS, [39]). Netatmo data are collected in an area of 5 km around the
EC tower (Fig. 1). Also, we use automated weather station data from
Amsterdam Airport (WMO code 06240; at 52.31541°N, 4.790223°E) at
9.2 km southwest of the flux tower.

2.2. Instrumentation and data

We employ a CSAT3 (Campbell Scientific) sonic anemometer. The
data from this instrument were processed with a 30 min averaging
interval with the EddyPro Software, and are labelled with a quality
indicator 0, 1 or 2, indicating high, intermediate or poor quality,
respectively [40]. The dataset contains sensible and latent heatflux and
friction velocity, and is available from [41], who have gap-filled and
harmonised 20 different urban flux observation datasets. We refer to
their work for the details on the processing of the flux data.

2.3. Acquisition of Netatmo data

Netatmo offers an extensive worldwide at-home observation net-
work, in which users can voluntarily opt-in to share their data on
the Netatmo online platform. A Netatmo setup consists of an out-
door temperature and humidity module, and indoor air quality, atmo-
spheric pressure and noise modules. We also use setups containing the
anemometer extension.

The Netatmo system contains a Sensirion SHT20 sensor chip (Sen-
sirion AG, Stéfa, Switzerland) for temperature readings [15]. The alu-
minjum casing is passively ventilated, making it prone to radiation
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Table 1
Data quality levels of Netatmo data in Amsterdam. Indicated are the remaining
percentages of the original possible data locations.

Level Description (N = 95)

A0 Temperature data with correct timestamp 100%

Al Stations with unique coordinates 85.3% (N =81)
A2 80% hourly data per day 83.5%

A3 80% daily data per month 75.7%

B Indoor station filter 71.2%

bias [42]. Temperature is recorded every 6 s and is aggregated in steps
of 5 min in a range of —40 °C to 65 °C, with an accuracy of 0.3 K.
The wind module is a cylindrical sonic anemometer with 4 ultrasonic
transducers, with a range of 0-45 ms~! with an accuracy of 0.5 ms~1.

The Netatmo network has high spatial coverage in cities, where
traditional measurement stations are underrepresented [29]. The sta-
tion density was about 0.85 km~2 in Amsterdam in 2019 [37]. A
disadvantage of the Netatmo network is that the sensors are managed
by volunteers, which raises questions about siting quality. The rela-
tively large share of erroneous observations requires thorough quality
assessment and quality control before the results are trustworthy. Such
procedures have been established by Meier et al. [16] and Fenner et al.
[371, making Netatmo data suitable for our research.

We used the Getstationdata API provided by Netatmo to download
all historical and current Netatmo stations in Amsterdam. The data was
stored for each Netatmo station individually. Since the stations do not
record synchronously, the data was in random intervals of about 5 min.
Since we are interested in the local scale fluxes, the data was resampled
to fixed 30 min time steps, averaging all observations 30 min before the
time step (see e.g. [43]). A 30 min resolution was also selected to match
the time interval of radiation data in Amsterdam. The procedure was
similar to [37].

These records were subjected to quality checks Al, A2, A3 and B
in [16]. After these quality checks, the number of available stations
with sufficient data quality varied between 52 and 63 stations through-
out the study period. Table 1 summarises the quality checks and their
implication for data availability.

Quality check A1 ensures that all location metadata is unambiguous.
Stations for which the latitude and longitude are exactly equal, are
both removed from the dataset. This step removed 15% of the data
from the dataset, which is relatively high. Nevertheless, we stick to
this approach since the final amount of available data points exceeds
the minimum required of about 36 stations (see Discussion section).
Quality check A2 removes, for each station individually, all days for
which there is less than 80% of the raw data available, for 24 h of
5 min intervals (maximum 288 recordings) the required number of half-
hour measurements is 230. This ensures the intra-daily quality of the
temperature data. Quality check A3 removes in a similar fashion each
month that produced less than 80% correct daily data.

In quality level B a minimum temperature that deviates too much
from the mean is suspected of being placed inside, and thus does not
provide useful meteorological information. When in a given month,
the average daily minimum temperature for a station differed over 1.5
standard deviations from the mean of all stations, the station’s data for
that month was removed from the dataset.

From the Netatmo wind data, only the wind speed observation was
used at times with valid temperature readings. In the study period, 19
out of the 81 stations with unique coordinates included wind modules.
The wind direction of the Netatmo data is prone to the effects of
the local morphology of the placement of the module [19], so it is
disregarded. Moreover, the directional component is not required for
the numerical modelling framework proposed in this research.
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2.4. Estimation of K' from Netatmo observations

Netatmo half-hourly data with level B within 5 km from the flux
tower site were used to estimate the variance in temperature obser-
vations (varT in K?). Subsequently, varT was related with the blocked
fraction of the global radiation at the location of the flux tower (f, clc),
i.e. the fraction of the clear-sky incoming shortwave radiation (K},)
that does not reach the surface. As clouds have a reflective and scat-
tering effect on global radiation, the f', is closely related to cloud
cover. Note that there is not a 1:1 correlation, as the effect of clouds
on K' is complex and non-linear [44]. Egs. (1a) and (1b) summarise
the relations.

Kl =K' «1-f! ) (1a)

toa clear
K'=kK} «(1-fh) (1b)

1

o Shortwave downwelling radiation at the top of the

atmosphere (Wm~2)

surface shortwave downwelling radiation in completely
cloudfree conditions (Wm~2)

K' actual incoming shortwave radiation at the surface (Wm~2)

f jlm fraction loss of K} in clear conditions (~ 0.2)

fL fraction loss of K! because of cloud cover

K,lo . was parameterised for each 30 min time step, depending on the

day-of-year and coordinates using R-package solaR [45]. Then f cl,m
was used, which is defined as the fraction of the K ILM that is reflected
and scattered by the atmosphere. We used fcllm = 0.2, which is equal
to the value as used by De Rooy and Holtslag [31].

The relation between incoming solar radiation and varT was in-
vestigated using least-squares regression on dimensionless regression
parameters y and 6 of Eq. (2). The regression uses a log-transformed
varT data, since the preliminary results indicated that the relation is

non-linear in varT:

fY =y + §In(varT) 2

cc
VarT of all temperature stations in a 5 km radius around the
Amsterdam urban flux tower for the period March 1 to August 31 of
2020 (8832 entries) were related to the fclc, and the outcome will be
discussed in more detail in Section 3.

2.5. Model formulation

The surface radiation and energy budget form the basis of the flux
model [30]. When available, professional K' observations can directly
feed into the model. Without professional data, K' can be estimated
from varT (Section 2.4).

O, =K'+L'-kKk'-L" (3a)
L' = ey,0T3 +¢,CC (3b)
K" =aK? (30)
L= esurfGT;er + (1 - esurf) Lt (Bd

0, Net radiation (Wm™2)

c Stefan-Boltzmann constant (5.67-10"% Wm—2K~!)

¢ Empirical parameter of 60 Wm~2 [30]

cC Cloud cover (related to fclc)

a Surface albedo (0.15 based on AAMS observations)

Tair Air temperature (K)

Tourf Surface temperature (K)

€ Emissivity of the air and the surface (1.0)

air> €surf
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Table 2
Land surface types and cover fractions (f;) in a 5 km radius around the flux tower
station, and used in the OHM based on their sources.

fi a; (=) a, (h) ay (Wm™2) Source
Buildings 0.45 0.48 0.34 -33.9 Yap [46]
Water 0.15 0.50 0.21 -39.1 South et al. [47]
Vegetation 0.15 0.22 0.33 -19.9 Doll et al. [48]
Canyons 0.05 0.68 0.30 —-42.4 Narita [49]
Pavement 0.20 0.68 0.30 -42.4 Narita [49]

The available energy (Q,) follows from Eq. (4a), while the storage
heat flux is estimated through Eq. (4b), originating from the Objective
Hysteresis Model [50]. This model estimates the heat storage in the
urban fabric of different land use areas and their fraction. In the OHM,
coefficients a;, a, and a; are weighted by their land cover fraction f;
in the footprint (Table 2).

Qa = Q* - Qs (43)

n a .
Q= ; <fialiQ* + fi”Zi% + fia3i> (4b)

The Q, is then partitioned into Q, and Q, with the [51] concept.
The necessary slope of the saturated vapour pressure curve (s) and
the psychrometer constant (y) are computed with Eq. (5¢) [52] and
(5d) [53].

p— S —

QE—aS_H, (0,-0,)+b (5a)
_U=astry o _o) -

O, = St7 (0.-0,)—b (5b)

5= 0.2(0.00738(Tair —273.15) + 0.8072)7 —0.000116 (5¢)
C

= _p
r=7 (5d)

a  Empirical parameter(determined with Eq.(6))

b  Empirical parameter with value 3 see [54]

s Slope of the saturated vapour pressure curve (kPa K~!)
y  Psychrometric constant (kPa K~!)

¢, Specific heat capacity for dry air (J kg~! K1)

L  Obukhov length (m)

The model as a whole is sensitive to parameter values of a. To
make the model adaptable for use in different cities, a depends on the
surface cover types (Table 2) within the footprint of the flux tower,
based on [33]:

a=03f,+ [ + 12/, +05f, +05f, 6)

with the surface cover fraction of buildings (f;), water (f,,), vegetation
(f,), urban canyons (f,.) and pavement (f, p). Because Ty, (Eq. (8a)) is
dependent on the temperature scale (7)) and the Obukhov length (L),
which in turn depends on Q,, and u,,, Ty, is solved iteratively with start
values of L=10% m, §=0.3 (see next section) and T,=0 K.

Each iteration starts with estimating u, with Eq. (7a), which requires
wind speed (u;,) at mean building height (z,) (Eq. (7b)). The necessary
length scale /,, and L, are calculated with Egs. (7c) and (7d). Estimating
L, requires the plan area index (/11,) and frontal area index (4 f), which

are set to 0.4 and 0.16 respectively for Amsterdam [55].

u, = Puy, (7a)

h—
uy, = u/ exp (ﬂ) (7b)

m
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I, =26°L, (7c)
1-4,2z
L=—2 “En 7d)
A ¢y
u, Friction velocity (ms~!)

up,u  Wind speed at mean building height z,
and observation height 4 (ms™')

h Observation height from
the surface (mean of Netatmo stations) (m)

Zp Mean building height from the surface (m)
B Harman-Finnigan parameter [56]

Iy Mixing length (m)

Canopy penetration depth (m)

Ap, Ay Plan area index and frontal area index

¢y Drag coefficient, fixed value of 1.2 [57]

Then, with a vertical profile based on [56], a new Ty is computed
in Eq. (8a). Canopy height temperature (7},) is found with Eq. (8b).
Both formulas require the Prandtl number (Pr) and parameter f to
determine the within-canopy profile, which are computed with Egs.
(8c) and (8d) respectively.

g4 B ) Pr
Tsut =Ty + Bf T, exp <ﬂf I ) Bf T, (8a)
_ _ Pr h—z, Pr
Ty, = Tir ET* exp <ﬂf I ) + HT* (8b)
Pr=0.5+0.3tanh <2%> (8¢c)
f=05V1+4StPr—05 (8d)

T, Air temperature at mean building height (K)
Pr  Prandtl number

f  Parameter of the within-canopy T profile

St Stanton number, with a fixed value 0.1

Finally, new estimations are made for L, § and T, with Egs. 9a-c for
the next iteration. If the new L differs less than 1% from the previous
value, the iteration is stopped.

3
pcp“*Tair
L=-—t+3 9
<20, (9a)
B
b= —T0i~ (9b)
ou (5
T, = _& (90)
Pyl

Air density, fixed value of 1.22 kg m~3
K Von Karman constant, fixed value of 0.4
g Gravitational acceleration (9.81 ms~2)
pn P in neutral conditions, fixed value of 0.4
¢,, Monin-Obukhov similarity theory stability

function for momentum [56]

3. Results

We first present the model results when forced with professional
radiation data from Amsterdam airport, and Netatmo data for 7" and
u. The second section presents the results when K' is estimated from
Netatmo data.
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Fig. 2. Observed vs modelled 0, (), 0, (I and u, (III) for January 2022 to August 2022 with measured K* (Amsterdam Airport) and input data from the Netatmo PWSs. For

(a), all data points are used. For (b), only points with P = 0. For (c), only hours with

K

pot

> 120 Wm~2 (daytime hours). The dashed line indicate the 1:1 relation.

3.1. Model results

First, three experiments are performed in which, Netatmo observa-
tions (T and u) are supplemented by professionally measured radiation
observations (K and N) from Amsterdam airport. The first experiment
includes all data points in the dataset that passed quality control (Fig.
2(a)). The second experiment includes only hours without precipitation
(Fig. 2(b)). The third experiment includes only time slots with Klfm >
120 Wm™2, which are daytime hours only Fig. 2(c).

Fig. 2(a) shows the observed versus the modelled Q,, O, and u,
for the run without data restrictions. The model is able to simulate Q,,
considering the 2 of 0.80. Nonetheless, the normalised RMSE (nRMSE)
of 0.53 reveals that the RMSE of 44.0 Wm~2 is relatively high, with
respect to the mean flux. Fig. 2(a)-II shows the estimated Q, differs
from the observed Q,, given the r? of 0.15, RMSE of 48.6 Wm™2
and nRMSE of 1.29. The modelled u, is in good agreement with the
observations (Fig. 2(a)-III). r2 amounts to 0.75, and the RMSE of 0.27
ms~! is smaller than half of the mean of u,, indicated by the nRMSE of
0.47.

When excluding hours with precipitation (Fig. 2(b)), we find a
higher > and lower RMSE and nRMSE for Q,, and 0,. Also for u,, the
r? improved, whereas the RMSE and nRMSE remained approximately
the same. The improvement for Q, (Fig. 2(b)-II) in this run is likely due
to the dry conditions that are represented better by the fixed Priestley
and Taylor [51] parameters a and b than wet conditions. Nevertheless,
the model is still not able to simulate Q, sufficiently and therefore, the
fixed moisture availability by means of a and b can only partly explain
the poor model performance for Q,. Another explanation might be that
moisture release, for example from vehicle exhausts, air conditioning
outlets and chimneys (mainly in winter), has a relatively large effect
on Q, due to the small magnitude of this flux, which is not simulated
in the model.

When we focus our analysis on daytime hours only (Fig. 2(c)),
2 shows lower values for all fluxes, however, a comparison between
daytime and nighttime reveals that the model performs better during
the day (not shown). Once more, the improvement for the nRMSEs is
remarkable, as the nRMSE equals 0.31 for Q,, 0.80 for Q, and 0.39
for u,, even though the RMSEs have not changed much. Again, this
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Fig. 3. varT of all temperature stations in a 5 km radius around the flux tower plotted against the f}. The blue line indicates a logarithmic least-squares fit regression (Eq. (2)
and Table 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

can be explained by the inability of the model to simulate the complex
nocturnal situation.

3.2. K' estimation from Netatmo data

Here we introduce a new opportunistic sensing method to ex-
tract global radiation from Netatmo temperature sensors. The model
is tested for proof-of-concept first, and subsequently the new method is
implemented in the flux estimation model.

A three-day period in June 2022 was selected for the first analysis,
because of the mix of cloudy and cloudless days. The first day (June
227d) was completely sunny and dry at Amsterdam airport (Fig. 4),
with a mean maximum temperature of about 25 °C for all Netatmo
stations. There was a northeasterly mean 10-m wind speed of 2.8
ms~!. Because of the sunny conditions, some stations showed large
temperature deviations from the average in the network on this day
and were assumed to be radiation-biased on this day.

June 23rd was mostly sunny with a T, of approximately 30 °C
and a northeasterly mean wind speed of 3.3 ms~!. Some clouds formed
later in the day, lowering the varT. June 24™ was a partially cloudy
day, with a T,,,, of 24 °C and a southwesterly mean wind speed of 3.5
ms~1.

In general, the varT follows a pattern similar to that of daily
sunshine duration, but also a sub-daily relation is distinguished. June
23 and June 24 were cloudy for a fraction of the day. In these cases,
the varT follows a pattern that resembles the diurnal pattern of the sun-
shine duration. In other words, the varT follows the sunshine duration
also when a fraction of the day is cloudy. This suggests that the VarT
approach can also provide intra-daily data on K*'.

We find a distinct relation between sunshine duration and varT in
the Netatmo dataset. Fig. 5 shows that for hours with a longer sunshine
duration, the varT is higher than for hours with a short sunshine
duration, signalling a positive relation between cloud cover and varT.
The regression analysis of this relationship is presented in Fig. 3 and
Table 3.

To assess whether the novel approach of estimating K was useful
for urban heat modelling, the approach was compared with the model
results where observed radiation was used as driver. The first step was
to replace the observations with varT data. The resulting model outputs
of 0, and Q,, were compared between the two approaches. Fig. 6 is an
illustrative example, whereas Table 4 and Fig. 5 depict the results for
the entire dataset.

Table 3

Overview of regression model properties in Eq. (2) for “all” and “dry” (hours without
rain at Amsterdam Airport) conditions. The sections contain the complete model
overview, the regression coefficients and the 95% confidence intervals, and the median
absolute error (MedAE) respectively. For the latter, a subset of N, randomly selected
data (50%) points is used to create regression coefficients and MedAE in Wm™2 is
calculated from the remaining data and Eq. (1b).

Complete model Regression coefficients MedAE
4 6
N df. RMSE R: g est 95% est. 95% Ny, Wm™2
all 3684 3682 0.219 0.502 0.677 +0.011 -0.257 +0.009 1892 55.1
dry 3119 3117 0.200 0.515 0.634 +0.012 -0.248 +0.009 1616 47.1

The varT model shows similar results to the model fed with pro-
fessionally observed radiation data (referred to as “Meteo model”).
For some days, the varT model even outperforms the meteo model,
e.g. on June 1%t and 2", On these days, the varT model more ac-
curately recognises the cloudy conditions and adjusts the heat fluxes
accordingly.

The predicted time series are significantly correlated to the observed
time series in all cases (Table 4). Also when Q, and Q,, are summed
to find the total available energy (Q,), the relation is significant.
The median absolute error (MedAE) values show that the varT model
outperforms the Meteo model for all three fluxes, showing on 35%
decrease in the MedAE averaged over all three flux types.

Results for the normalised MedAE (Table 4), indicate that both
models predict O, more accurately than Q,, because the MedAE value
is lower in both the Meteo and the varT model. Also, the Q, is more
accurately estimated than the individual fluxes, signalling that the
partitioning of O, and Q,, is challenging for the model.

4. Discussion

Here we compare our model scores with reported model scores
in the literature. Hanna and Chang [32] evaluated the daytime Q,
estimates of the Hybrid Plume Dispersion Model using observations
in Saint Louis (Missouri, USA) and Indianapolis (Indiana, USA). They
found a RMSE of 20-50 Wm~2 and an nRMSE of 0.20-0.50. Hence
our results for the daytime period (K' > 120 Wm~2) are in line with
their results (Table 5). Grimmond and Oke [33] evaluated the LUMPS
model for North-American cities, and found a RMSE of 42 Wm~2 and 27
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Fig. 4. Illustration of the relation between observed hourly sun duration (grey) and varT (blue) for 22-25 June 2022. Black lines correspond to the four Netatmo stations that
observed the highest maximum temperature on June 22", and are suspected radiation-biased stations. The green line indicates the mean temperature of all Netatmo stations in
the network. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Boxplots of observed varT of all Netatmo stations in a 10 km radius around the Amsterdam airport weather station (N = 136) versus the sunshine duration as a fraction
of the total possible duration. The horizontal axis shows discrete sunshine duration values, ranging from 0 (completely overcast in the previous hour) to 1 (completely sunny)
observed at Amsterdam airport. The period is March 1% to August 315 2022 and one value is plotted per daytime hour (2832 entries).

Table 4

Overview of Pearson’s product-moment correlation of Q,, Q, and Q, in Amsterdam.
The time frame is March 1 to August 31 of 2020, and one entry is presented per half
hour for non-rainy hours with observations of the relevant heat flux. Q, was only used
when both Q, and Q, were available. Column MedAE shows the median absolute error
for each flux (absolute and normalised (norm.)).

Pearson’s product-moment correlation MedAE

N df. r t

0, 2664 2662 0.465 27.1
Meteo model Q, 3899 3897 0.783 78.7
Q, 2222 2220 0.873 843

0, 2666 2664 0.473 27.7
varT model Q, 3901 3899 0.749 70.6
0, 2223 2221 0.843 74.0

p-value Wm~2 norm.

<0.0001 22.8 0.629
<0.0001 46.3 0.461
<0.0001 55.4  0.449

<0.0001 17.5 0.500
<0.0001 30.5 0.304
<0.0001 33.2 0.269

Wm~2 for QO , and Q, respectively. Hence our model (Fig. 2(a)) performs
slightly better for Q,,, while for O, LUMPS performs best. Nevertheless,

note the described errors for LUMPS are a summary for twelve datasets,

collected in seven cities with surface characteristics and climates that
differ from Amsterdam. Concerning the model score for u,, we compare
with results from Roulet et al. [58] for four consecutive summer days in
Basel (Switzerland), using the [59] scheme. Their RMSE of 0.09 ms™1,
is close to our RMSE of 0.11 ms~!.

Despite the potential of crowdsourcing data [60], they have not
been used so far as input for flux estimation models. Quality assess-
ments of Netatmo setups found that temperature difference are within
£0.5 K for the afternoon, evening and night, whereas in the morning
the Netatmo sensors underestimated 7,;. by 0.5-1.3 K [16]. Contrar-
ily, Chapman et al. [6] found a warm bias of 0.73 K on neighbourhood-
scale in London (U.K.). Fenner et al. [61] found generally higher mean
temperatures measured by the Netatmo PWSs than by the professional
stations in Berlin (Germany). A sensitivity test on the average temper-
ature effect revealed that a bias +0.5 and —1 K result in a mean Qy
difference of 0.15 Wm~2 and 0.17 Wm~2 respectively. For Q. the range
is between 1 Wm~2 and no substantial impact is seen for u,.

In our approach, the best K' estimation is achieved when modelling
the fraction of K*! that is blocked by cloud cover. This method accounts
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Fig. 6. Time series of urban heat fluxes Q, and Q, in the first week of June 2020. Meteo model was fed with radiation data from the Amsterdam airport professional weather
station, VarT model with radiation data generated from Netatmo stations. Green line indicates model results produced by the meteo model. Observations of both fluxes are indicated

with markers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

for the daily and yearly fluctuations in K, depending on site location
and is thus transferable to other cities. This suggests varT of urban
Netatmo datasets can be used to model K' with substantial accuracy.

A certain level of accuracy of the varT approach was shown at
a sample size of 81 Netatmo stations. This implies that the dataset
showed enough variability in stations when N was its lowest value
of 95. In this study, we visually classified 11 stations as radiation-
biased stations. This is in line with previous studies using systematic
approaches for filtering by Meier et al. [16] and Fenner et al. [37],
where approximately 10% of Netatmo observations were discarded for
radiation biases. Here we estimate that N > 40 (~ 1km™2) is sufficient
for K! estimations, which seems an acceptable rule-of-thumb for future
analyses. Increasing the sample size beyond 40 does not yield higher

accuracy K' estimations, but it does benefit the certainty of the model
as a larger sample size increases the likelihood that sufficient radiation-
biased stations are present. Further testing on the need of data density
and composition over the city is recommended on larger cities than
Amsterdam.

When applying the regression parameters of Amsterdam to datasets
in Tokyo and Vienna, similar results were acquired for the two cities, in-
dicating that this relation is more widely applicable, which strengthens
the confidence in our approach. The regression analyses for Tokyo and
Vienna showed similar results for parameters y and § as in Amsterdam.
We therefore recommend y = 0.70 and § = —0.25 for subsequent
analyses in other cities.
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Table 5

Overview error statistics.
Experiment flux r? RMSE nRMSE bias MAE MedAE mean,, mean,,, .,
All data Qy (Wm~™2) 0.80 44.0 0.53 -0.4 29.4 19.2 82.7 82.3
No precip Qy (Wm2) 0.84 38.8 0.44 -2.7 27.6 18.6 89.1 86.4
Daytime only Q,; (Wm™) 0.65 50.8 0.31 -2.3 38,5 30.6 163.1 160.8
All data Qp (Wm~2) 0.15 48.6 1.30 -13.7 27.1 15.2 37.5 23.8
No precip Qp (Wm™2) 0.28 34.6 0.94 -12.8 221 14.3 37.0 24.5
Daytime only Q,; (Wm~2) 0.06 46.7 0.80 -13.6 29.9 19.3 58.1 44.6
All data u, (ms1) 0.75 0.27 0.47 0.19 0.21 0.16 0.59 0.77
No precip u, (ms™1) 0.76 0.25 0.45 0.18 0.19 0.16 0.55 0.73
Daytime only u, (ms™1) 0.66 0.25 0.39 0.16 0.19 0.15 0.63 0.80

Besides direct radiation, varT can also arise from precipitation,
leading to discrepancies in the varT approach proposed here. In our
dataset rainy hours show a higher varT, while a relatively low varT is
expected in overcast scenarios. Precipitation has a cooling effect [62],
and spatial variance in T,, can also appear when there is spatial
variation in precipitation (e.g. rain showers). This may create spatial
differences in evapotranspiration, and thus in temperature. In those
cases, varT does not only indicate K' and is thus not of use to the
model. For future analyses, rainy hours should be excluded from the
varT approach. These results are contradicted by Potgieter et al. [63],
who observed a smaller variance in Netatmo datasets on days with pre-
cipitation, presumably caused by thick cloud cover on rainy days. More
evaluations are needed to understand the relation between rainfall and
temperature observations of the Netatmo network.

Moreover, Venter et al. [35] used Netatmo data as spatial inputs
to model the micro-meteorology of Oslo (Norway), and noted as well
that varT increases with increasing global radiation, but they attribute
this increase to an increase in hyperlocal variability on hot, calm days.
On the other hand Meyer et al. [42] has attributed increased varT to
the passively ventilated aluminium casing of the Netatmo sensor. In
addition, Netatmo sensor can be affected by longwave radiation emitted
from nearby warm walls that are exposed to the solar radiation as
well. More arguments were provided to assume siting differences to
be the most likely cause, as the temperature deviations are too large
to represent an actual spatial variance within the relatively small study
area. If it is assumed that differences can be attributed solely to the
direct sun exposure of erroneously placed temperature sensors, the
varT-K'! relation seems reasonable.

Overall, the varT approach has been shown to be able to model K*
using only Netatmo data and coordinates. This is a major improvement
from previous versions of the model, which always required additional
radiation observations. This implies that an indication of K' can be
generated from Netatmo data alone, which is suitable for urban heat
flux modelling.

In addition, we note that the varT model overall generates smoother
outputs than the meteo model for both the sensible heat flux (Fig. 6(a))
and the latent heat flux (Fig. 6(b)). This is caused by a certain inertia
that is present in the varT, being dependent on a larger area, whereas
meteorological observations are indicative of a single location. This is
a beneficial behaviour for the flux model, since the model is built to
represent the fluxes on a neighbourhood scale, which should not be
reliant on quickly shifting point observations.

Our study is limited in that the prevailing large-scale wind direction
is not taken into account, although this may affect the footprint area of
the turbulent flux. On microscale and local scale, wind characteristics
are highly variable due to aerodynamic and thermal effects [64].
For example, buildings and other roughness elements of variable size
distort the air flow and differences in thermal properties between
surface cover types or fabric may lead to (intra-urban) advection when
temperature differences become large enough. Thus, because of the
heterogeneity of the urban surface, differences in wind behaviour can
be observed between source areas. The wind characteristics for the
flux site for May 2018 to August 2022, we find the most frequently
occurring direction was south (19%), closely followed by southwest
(18%), which is the prevailing wind direction in the Netherlands.

Here we report on model experiments in which the observed wind
direction at the AAMS flux tower is used to determine the wind sector
(8 wind sectors of 45°) that acts as the source area of the flux estimates.
Only Netatmo stations present in the wind sector were used for flux
estimates. In our metrics only the time steps where flux output of both
the wind sector experiments and reference experiments are available
are included. Note that in some wind sectors only 1 or 2 wind sensors
were available. We find that the Qj estimate of are slightly better
when wind direction is taken into account. In general, the over- and
underestimations are weaker, particularly when the flux is larger (>
100 Wm™2). 12 is somewhat higher for the wind sector run (+* = 0.85)
than for the reference run (> = 0.84). Also the RMSE and nRMSE
indicate model when wind direction is considered, since they are 2.0
Wm~2 and 0.02 smaller than for the reference experiment. Contrarily,
Qp estimates do not improve when the wind sector experiment com-
pared to the reference experiment. Most remarkable, however, is the
model performance for u, when wind direction is taken into account.
The wind sector estimates of u, do not match the observations well (-
= 0.24). The RMSE amounts to 0.34 ms~!, which is three quarters of
the mean observed flux, and more than three times the RMSE as found
for the reference experiment. Hence, taking into account wind direction
limits the number of wind sensors in the footprint and generated has
mixed results, and therefore was not explored further here.

This paper represents a proof-of-principle for modelling urban heat
fluxes from crowdsourced data alone. As there is a high data availability
of Netatmo sensors worldwide [15,65-67], there is a great potential to
apply the model scheme to different urban areas. This means that first
order estimates of the urban heat fluxes can be estimated relatively
easily for a variety of cities, without the direct need for professional
local observations. At the same time, Fig. 2(a) also indicates there is
room for improvement by reducing bias and scatter further. Herein
a wider availability of multiple flux stations across the city might be
beneficial to evaluate how much spatial flux variation can be expected.

5. Conclusion

This paper presents a novel method to estimate urban turbulent
fluxes only from crowdsourced in situ observations (Netatmo weather
stations) in the urban canyon. The approach is evaluated in the Ams-
terdam Atmospheric Monitoring Supersite in The Netherlands. First we
extend the flux estimation scheme by Holtslag and Van Ulden [30] by
implementing the Objective Hysteresis Model [50] to account for the
storage heat flux in the urban environment. Second we account for the
roughness sublayer effects using a wind speed and temperature pro-
file parameterisation within the canyon [56,68]. The scheme requires
incoming solar radiation (K'), air temperature (T,;), wind speed (u),
relative humidity (RH), air pressure (p) and cloud cover (N) as input,
and information about urban surface properties and morphology.

Moreover, we substituted professionally observed K' with crowd-
sourced K' estimates. We show that the local K can be estimated
from the spatial variance in crowdsourced temperature observations
triggered by directly irradiated Netatmo sensors. A straightforward
regression of the logarithm of the spatial temperature variance was
shown to successfully estimate K'. This relation applies to Amsterdam,
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but model regression parameters could be successfully transferred to
Tokyo and Vienna, indicating that the approach has a potential for a
wider applicability.

Overall, we show the potential of estimating turbulent fluxes and
K' using only crowdsourced observations, which can serve cities where
professional observations are lacking, but that do contain ~ 40 or more
Netatmo stations. Urban heat flux models fed with these data can offer
relatively rapid insights into the mechanics of heat fluxes in cities.
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