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Abstract. Urban areas are particularly affected by climate change. Excessive heat waves, droughts and extreme
precipitation events are the most detrimental meteorological events affecting cities and their population world-
wide. Adaptation and mitigation measures must be specific for the given climatic, socio-economic and cultural
conditions. To better understand differences in the natural and social environment and their effects upon cli-
mate adaptation strategies in humid and monsoon-driven climates, a densely distributed meteorological sensor
network was established in an urban high-density neighbourhood in Pune, India, in 2023 for continuous long-
term data collection (12 stations, 59 sensors) following the prototype network installed in the city of Cologne,
Germany, in 2021 (14 stations, 58 sensors). Climate change mitigation and adaptation requires activation and
participation of citizens. In order to connect the needs of research with citizen participation, it is essential (i) to
provide quality-controlled microclimatic measurements with high spatial and temporal resolution; (ii) to provide
a basis to analyse cause-and-effect relationships in a given urban microclimatic setting; (iii) to enable suitable
climate change adaptation measures to be identified and the participation potential of stakeholders to be assessed;
and (iv) to support the building of a community of learners, participants and activists towards becoming actively
involved in climate change adaptation in their own living environment. The transferability and expandability of
the approach requires that the measurement network must be affordable to facilitate citizen participation. Scien-
tists can use the measurement data for example to validate physically based microclimate models like ENVI-met
to simulate adaptation effects. The measurement locations of the standardized, low cost and expandable mea-
surement network in Pune cover the full range of surface characteristics from vegetated parks to street canyons
and from built-up inner courtyards to open areas, representing the heterogeneity of the microclimatic conditions
within that study area. The similarity of the sensor network in both cities allows for comparison of the function-
ality of the system under different environmental conditions and assessment of stakeholder and citizen activation
and participation in two different countries. Despite challenges arising from discontinuous power supply and
radio signal interruptions due to sensor wetness during the rainy season in Pune, the data quality shows that
the measurement setup is also suitable for tropical monsoon climates. Stakeholder participation was assessed by
statistical analyses of the usage statistics of the NETATMO app by the citizen scientists. Significant differences
in the number of app activities between Pune and Cologne were found. Despite differences in the form and inten-
sity of active participation, citizens in both cities show great interest in getting involved in climate research and
pathways for climate change adaptation, indicating the high potential of activating citizens in the transformative
process towards climate-sensitive urban development.
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1 Introduction

Due to climate change, many urban areas worldwide are in-
creasingly affected by extreme heat events. Indian cities face
a prolonged pre-monsoon season, with extreme heat leading
to significantly increasing health issues and mortality rates
in recent decades (Jha et al., 2022; Singh et al., 2021; Baner-
jee and Maharaj, 2020). The heat waves in India during May
and June 2022 and 2023 had strong impacts on the economy
and health of the affected population (Karrevula et al., 2023).
Heat events associated with extreme drought can cause con-
siderable health and economic consequences, and downscal-
ing methods of global circulation models show that the fre-
quency and the intensity of climatological and hydrological
extremes are expected to significantly increase in future (Ein-
griiber and Korres, 2022). To reduce heat stress and improve
thermal comfort in urban areas, current and future urban de-
velopment must address suitable adaptation measures, espe-
cially in rapidly growing and densely populated cities like
Pune, India (Khan et al., 2020). Successful and sustainable
heat mitigation requires knowledge of cause-and-effect re-
lationships in the context of climate change. Active citizen
participation is needed to realize the potential of these mea-
sures. The increasing abundance of low-cost weather stations
indicates the public interest in these topics. However, signif-
icant differences in the number of weather stations between
India and Germany can be found. In India, for example, cur-
rently fewer than 100 private DAVIS weather stations report
data, while more than 1500 were operated in Germany in
2023. While only 2 NETATMO weather stations were pro-
viding data in the city of Pune, India, at the beginning of
2023, ca. 900 stations were available in the city of Cologne,
Germany. To harness the potential of private weather stations
for urban climate research, the measurements must be com-
parable and quality-controlled (Fenner et al., 2021). To facil-
itate or strengthen citizen participation in local communities,
hands-on experience in the citizens’ own living environment
based on such measurements combined with a networking
approach is a promising pathway (Callaghan et al., 2019).
While quality-controlled and suitably distributed microcli-
matic measurements are essential for research, experience in
the citizens’ own living environment and evidence based on
data is essential for citizens to identify and understand a suit-
able course of action towards implementing adaptation mea-
sures (Phillips et al., 2019).

Measurement systems for urban climatology integrating
the scientific needs and the needs of citizen scientists are
very rare. Thus, there is a need to design and test a micro-
climate measurement system setup that addresses both the
scientific requirements and the needs of citizen science. Cat-
egories describing the scientific requirements include data
accuracy, comparability of measurements, temporal and spa-
tial resolution suitable to address the research questions, and
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completeness of the data set. Citizen science requirements
address categories such as costs and longevity of the instru-
ments, accessibility of own data and ease of use, relevance
for own decision-making, access to data of others, protection
of personal information, access to collaborative networks,
and feedback from scientists. Ideally, the sensor network ad-
dresses all these categories. Initial experience with the setup
of a research-grade and citizen science microclimatic mea-
surement network utilizing NETATMO low-cost sensors was
gathered by Eingriiber et al. (2023a) for urban climate studies
in Cologne, Germany. The measurements taken by this net-
work were used to identify the microclimatic properties of
different types of surfaces and to analyse the effects of tech-
nical and nature-based solutions like unsealed areas, facade
greening or street trees on thermal comfort in the study area
in Cologne (Eingriiber et al., 2024a, 2025, 2023c). Nufez-
Peir6 et al. (2023) have provided evidence for the high po-
tential of crowd-sourced data derived from systems such as
NETATMO due to the observed exponential increase in the
number of installed sensors worldwide in recent years.

The goal of this paper is (i) to inform about the setup,
characteristics, application and quality-control measures of
a low-cost urban climate network in Pune, India; (ii) to show
the scientific suitability of the system for identifying micro-
climatic variations within the study area for an excessive
heat period; and (iii) to assess indicators of citizen partici-
pation and activation. Thus, the first goal addresses techni-
cal issues regarding the suitability, measurement quality and
usability of a low-cost NETATMO system for urban micro-
climate studies in Pune. The second goal addresses the po-
tential of the system to measure microclimatic heterogeneity
caused by local climate factors, and the third goal addresses
a pertinent issue of human—environment interaction investi-
gating the potentials of activation and citizen participation
in their own living environment in response to the need for
climate change adaptation and mitigation. In this paper, we
present the setup of the research-grade citizen science mea-
surements network which was established in 2023, consisting
of 59 sensors measuring air temperature, relative humidity,
rainfall intensity, wind speed and wind direction, as well as
carbon dioxide concentrations, in a 16ha urban study area
in Pune, India. Based on first measurements, we show the
suitability of the approach for scientific purposes to identify
local microclimatic effects and analyse participation using
NETATMO app usage reports of the citizen scientists as an
indicator for their activities and interest in the measurements
and topic. Finally, we will show the potential for further sci-
entific applications and modelling approaches as well as for
further community building of citizen scientists and spin-off
effects.
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2 Methods

2.1 Objectives of the low-cost measurement system

To enable continuous long-term high-quality measurements
with real-time data transfer, NETATMO low-cost sensors
were selected. Already more than 2 million of these crowd-
sourced weather stations are operated by citizens worldwide,
with a fast-growing trend. For India, however, crowd-sourced
weather stations are still rare. For the entire agglomeration
area of Pune, only two NETATMO stations and one DAVIS
station were registered before 2023. Governmental stations
are similarly rare. To our knowledge, there is currently no
dense urban microclimate monitoring network operating in
India. For our research, we acquired 12 semi-professional
NETATMO base stations consisting of an indoor module,
which is connected via Wi-Fi, and up to four outdoor mod-
ules. Their indoor modules measure indoor temperature, rela-
tive humidity, air pressure and carbon dioxide concentration.
They serve mainly as gateway to the outdoor sensors com-
municating via radio signal. In our measurement system, we
regularly connected two outdoor modules to each of the 12
base stations measuring air temperature, relative air humid-
ity and carbon dioxide, yielding in total 24 regular outdoor
modules. Each of the 12 base stations was also equipped
with an ultrasonic anemometer measuring wind speed and
wind direction (12 in total), as well as one tipping-bucket
precipitation gauge measuring rainfall amount and intensity
(12 in total). The basic instrument setup for each of the 12
base stations along with the mounting system is shown in
Fig. 1. Two outdoor mounts are used for each base station to
attach one temperature—humidity—CO; sensor each as well
as either a wind speed-wind direction sensor or a precipita-
tion sensor. A standardized mounting system is required to
provide comparable measurement conditions of the outdoor
measurements. The mount places the sensors at a distance
of 50 cm from facades or vegetation. This distance was cho-
sen to scientifically use the sensor measurements for vali-
dation of physically based urban microclimate models like
ENVI-met which have a spatial resolution of 1 m, since a
distance of 50 cm corresponds to the centre of one 1 m? grid
cell in the model domain (Eingriiber et al., 2024b). At the
same time, citizen scientists are most interested in the mi-
croclimatic conditions in their living environment and the air
volume directly affecting them and their thermal comfort, for
example, on their balcony, in their front garden or in front of
their windows that they open for room ventilation. Thus, a
minimum distance of 50 cm of the sensors from facades en-
ables us to take into account personal needs of the citizen
scientists as well as scientific requirements for microclimate
analyses and model evaluation, while still enabling ventila-
tion of the sensors.

Our citizen science sensor network design has different
goals than the recommendations of the WMO guidance for
sensor positioning in urban environments aiming to iden-

https://doi.org/10.5194/jsss-14-13-2025

500mm B . Rain gauge (R)
< >
A
Al < Street
wall  E °\=
£ = Temp./Hum.
§ | g sensor
(A/Z)
v
Wind (w)
Y 500 mm B -. ind sensor
Indoor receiver
module (1) wall

A

300 mm

<
A
A < D
& Temp./Hum.
| sensor
(A12)
v

Figure 1. Measurement system: schematic representation of a NE-
TATMO weather station with an indoor receiver module (air pres-
sure, Wi-Fi gateway) and two outdoor mounting arms. Mounts at-
tach one temperature—humidity—CO; sensor within a radiation pro-
tection shield each and either an ultrasonic anemometer or a tipping-
bucket rainfall gauge.

tify the general urban canopy layer conditions of neighbour-
hoods, with suggested minimum distances of 1 m from ob-
stacles (WMO, 2023a, b). Our proposed design better suits
the purpose of citizen scientists’ requirements for monitor-
ing their own direct living environment as well as scientific
requirements for high-resolution urban microclimate model
validation. While our sensor network design is difficult to
use for more general urban canopy layer monitoring serving
larger populations, it can specifically serve citizen scientists
to identify small-scale microclimatic effects and impacts of
local climate change adaptation measures personally influ-
encing their heat exposure and thermal comfort and to inter-
compare conditions at very specific locations, which is not
possible with sensor networks according to the WMO stan-
dards. At the same time, our sensor network design can be
more suitable for scientists when validating urban microcli-
mate models like ENVI-met to check the model performance
for extreme conditions like critical sites close to obstacles to
evaluate if physical processes and energy fluxes like reflected
shortwave radiation, longwave radiation, and latent and sen-
sible heat flux are reproduced correctly in the model simu-
lations. If participating citizen scientists implement climate
change adaptation measures in their living environment due
to their observations, and scientists develop adaptation strate-
gies for urban planning based on modelling analyses, entire
neighbourhoods and larger populations can benefit from the
resulting heat mitigation effects. Thus, the presented citizen
science sensor network design in this paper can be an add-on
to more general sensor networks following the WMO guid-
ance.

The temperature and relative humidity sensors are quality-
checked and calibrated against a high-accuracy research-
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Figure 2. Urban study area in southern Pune, India: locations of the 12 installed NETATMO weather stations with their 59 sensor mod-
ules (A/Z represents the regular temperature-humidity modules, R represents the rainfall sensors, W represents the wind sensors, and I
represents the indoor temperature—humidity modules and Wi-Fi gateways), as well as locations of the two research-grade meteorological
reference stations (M). The red border represents the model domain to be used for micrometeorological model simulations with ENVI-met.
© OpenStreetMap contributors 2023. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

grade reference sensor (Rotronic and TFA high-accuracy ref-
erence sensors) under laboratory conditions using a three-
point calibration procedure (i) before installing the sensors in
the study area and (ii) after every 6 months of measurements.
The same quality assurance procedure was used in the study
area in Cologne (Eingriiber et al., 2022a). To ensure high-
quality measurements in the long term, recalibration proce-
dures of the sensors under laboratory conditions and rotations
are planned every 6 months. For precise measurements in
the field, the temperature—humidity sensors are shielded with
white radiation shields, allowing for air throughflow pro-
vided by the manufacturer TFA to minimize the radiation ef-
fects and protect the sensors against precipitation. Each basic
station setup (four outdoor sensors) could also be augmented
by up to two additional temperature—humidity—CO, sensors
(six outdoor sensors in total). As an additional point of refer-
ence for the quality-checked NETATMO sensors in the field,
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data from two research-grade meteorological stations of the
Indian Meteorological Service (IMS) and the System of Air
Quality and Weather Forecasting and Research (SAFAR sys-
tem) of the Indian Institute of Tropical Meteorology (II'TM)
in the study area are used. The locations of the NETATMO
modules and the meteorological stations are shown in Fig. 2.
The meteorological stations also provide valuable data on
various air-quality variables and additional meteorological
variables like incoming shortwave solar radiation, which is
not measured by the NETATMO sensors.

All NETATMO sensors are continuously measuring at a
5 min interval. Data are continuously transmitted in real time
if Wi-Fi access is given. If the system if offline, data are
stored by the NETATMO stations for up to 5d, and the
stored data are transmitted to the server once internet ac-
cess is provided again. The data can be accessed in real
time by the scientists as well as the citizen scientists using

https://doi.org/10.5194/jsss-14-13-2025
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the NETATMO browser-based web app or the mobile phone
app. These apps also provide simple statistics, line plots, and
user-defined smart-home functions and weather alarms, etc.
Thus, after standardized installation and calibration, the NE-
TATMO weather stations fulfil the scientific requirements re-
garding comparability, reproducibility and data quality for
urban climate research as well as the requirements of stake-
holder involvement and citizen science regarding actuality,
customized reporting and relevance to the own living envi-
ronment. This setup provides a bridge between expert uti-
lization and citizen science. In addition, the open data access
of the outdoor measurements allows the participants to com-
pare measurements of different locations around their home.
Their observations and this experience can help them to as-
sess cause-and-effect relationships of environmental condi-
tions (e.g. the effect of shading measures, green spaces) upon
air temperature in the own neighbourhood to facilitate active
participation in climate change adaptation.

2.2 Site selection criteria of the measurement network

The main reasons for choosing the study area in southern
Pune were a densely populated residential area with het-
erogeneous societal groups to facilitate citizen participation,
variation of different surface types driving variations in air
temperature in terms of radiation fluxes, latent heat fluxes
and ventilation, access to the community, access to key so-
cietal multiplies closeness such as schools, and proximity
to Bharati Vidyapeeth University (BVU) to facilitate syn-
ergies between research and education. The selected 16 ha
study area outlined in Fig. 2 reflects these different require-
ments. The study area is a mainly sealed, dense residential
district characterized by mostly regular building structures
along the main roads and irregularly arranged single build-
ings in the backyards. Partially unsealed areas can be found
in the north-western part of the study area where an urban
park with meadow is located, as well as in the eastern part
of the study area where a university campus with scattered
development of freestanding bigger institute buildings and
student hostels as well as lots of large trees is located.

A key concept for the selection of the individual station
sites within the study area is to enable paired comparisons of
measurements at different locations maximizing the impact
of one particular factor. To observe the full heterogeneity of
the microclimate within the urban study area and to capture
extreme conditions, contrasting locations have been prese-
lected. Therefore, the following requirements were sought
for the test area based on this logic of process drivers: natural
character (green spaces like urban parks as “natural” point of
reference or greened streets) versus dense development areas
without any vegetation (latent heat flux versus sensible heat
flux); open areas and street canyons versus inner courtyards
(open ventilation versus blocked ventilation); north exposure
versus south exposure (low radiative input versus high radia-
tive input); and access to schools, parishes and/or universities
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as societal multipliers. Thus, the microclimatic measurement
network was designed to continuously measure the local cli-
mate character of the streets, backyards and open areas; to
identify the variability of the local microclimate based on the
street, development and building type character, ventilation
through the open areas, and vegetation and greening; and to
facilitate citizen participation due to low-cost weather sen-
sors, allowing for a future extension of this network. At least
one NETATMO station was located in each described space
unit. For example, station PUOS represents the open unsealed
green park area with several sport fields in the north-west.
Station PUO6 and PUO7 represent a wider street with mainly
five-story buildings. While station PUQ7 is located close to
several trees, station PUO6 has no vegetation in close prox-
imity. Station PUO3 is a station in a narrow street canyon
with limited ventilation. Scattered development with plenty
of ventilation and open green areas can be found around sta-
tion PUOI within the BVU campus area in the east.

The exact positions of the installed sensors were classi-
fied into the following categories: (i) space unit character —
open space (O), street side (R) divided into fully ventilated
street (f) and street with restricted ventilation (r) and unven-
tilated inner courtyard or backstreet (B); (ii) character of the
mounting location — mounted at a facade or balcony (F) or
mounted away from facades like a site in an open space (e.g.
garden, parking lot, rooftop terrace) (A); (iii) nearby vegeta-
tion — vegetation within 10 m distance (V) and no vegetation
within 10 m distance (L); (iv) mounting height above ground
level (classes I — <3 m, class II — 3 to <6 m, class III - 6 to
<9m, class IV — 9 to <24 m); and (v) sun exposure of the
sensor when facade-mounted — north (N), west (W), south
(S) and east (E) orientation of the facade. The assignment of
each sensor to a category was done during an on-site visit in
March 2023 (see Table 1).

2.3 Integration of stakeholders in the sensor network
establishment

To analyse differences in participation of the stakeholders,
the weather stations are installed at private places as well
as in the schools Bharati Vidyapeeth English Medium High
School (station PUO2) and BVU Institute of Environment
Education and Research (station PUO1). Building a reliable
cooperative environment and acknowledging the different in-
terests of the participants are essential as the system utilizes
private resources in terms of power supply and connection to
the private Wi-Fi. Therefore, our citizen science approach is
based on addressing existing networks and local multipliers
(e.g. known individuals interested in local microclimatic re-
search, school directors, parishes or NGOs). A useful way to
address issues like microclimatic effects and climate change
adaptation is to use formal and informal networks within the
study area as reliable multipliers. Thus, the first step for es-
tablishing the network was to identify individuals and local
institutions with a high contact range and reputation in the
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Table 1. Classified categories of sensor locations for the outdoor 47 modules of the 12 NETATMO stations within the study area (A/Z
represents regular temperature—humidity modules, R represents rainfall sensors and W represents wind sensors). Classes: open space (O),
street side (R) divided into fully ventilated street (f) and street with restricted ventilation (r), and unventilated inner courtyard or backstreet
(B); mounted at a facade or balcony (F) and mounted away from facades (A); vegetation within 10 m distance (V), no vegetation within 10 m
distance (L); mounting height above ground level — <3 m (I), 3 to <6m (II), 6 to <9m (III) and 9 to <24 m (IV); sun exposure of the
sensor when facade-mounted — north (N), west (W), south (S) and east (E).

Sensor type and (i) Space unit  (ii) Mounting  (iii) Nearby (iii) Mounting  (iv) Sun exposure
station ID ventilation location vegetation height of the facade
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local communities or even a high number of members liv-
ing in that area, and inform them about the general project
goals. These can be either schools, universities or parishes
as multipliers, but also settled companies or well-connected
representatives. In a second step, these networks are used
to detect and reach individuals living within the study area
at suitable locations based on the above-mentioned criteria.
Reliable network representatives arrange the first contacts to
interested individuals and later also join the first meetings
of the scientists with the citizens in their homes. A possible
third step can be snowball effects if citizens already cooperat-
ing with us can initiate further contacts in their communities
by promoting the project with their friends, neighbours or rel-
atives close by who might be interested in their installed sen-
sors. Thus, we envision participation of additional citizens
based upon promotion of the project by the current partic-
ipants. Participation types can range from sharing data and
information to adding their own privately financed weather
station as long as this station adheres to the installation and
documentation standards.

J. Sens. Sens. Syst., 14, 13-26, 2025

In the specific case of the study area in Pune, India, local
communities were mainly contacted in February and March
2023, primarily based on private acquaintances of employ-
ees of the BVU, Pune. Staff members of BVIEER, which are
very well connected in the local communities of the study
area, provided the first point of contact and could directly
contact friends or relatives living nearby to explain the pur-
pose of the measurement sensors. Recommendations in their
social networks were also fundamental for reaching a wider
audience. Students and retired staff members from BVIEER
also had an important role as multipliers for providing con-
tacts and gaining trust from the local communities. Also,
other institutions like nearby institutes of BVU and the En-
glish Medium High School were involved. After contact was
made by the intermediaries, and the pertinent information re-
garding especially the scope of the project, the use of the
data and the opportunities for the participants was provided,
the interested citizens declared their willingness to set up the
NETATMO sensors. Scientists and translators made home
visits to show them the measuring devices, explain the re-
search project in an easy-to-understand way and show them

https://doi.org/10.5194/jsss-14-13-2025
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their options for using the data on their own in the app. In this
context, the optimal locations for the sensors on their hous-
es/properties were examined and selected in agreement with
the house owner. The NETATMO weather stations were fi-
nally installed by an expert scientist in their private spaces
(front gardens, building facades/balconies and courtyards) at
various heights above ground level. The sensors automati-
cally store and synchronize the measured data in real time
via the wireless internet connection of the citizens. All partic-
ipating citizen scientists were engaged free of charge. They
received an NETATMO account and data access in order to
monitor their measurements in real time with the appropriate
smartphone app. This app also provides background knowl-
edge and information on the measurements as well as easily
understandable data plots and statistics.

Overall, the network consists of 59 NETATMO sensors as-
signed to the 12 base stations, which were uniformly installed
in the study area in this way according to our defined quality
standards. The sensor locations cover all prior defined site
categories and place characters to monitor the microclimatic
differences within the urban study area (see Fig. 2). The mea-
surement network has been operational since March 2023.
While the initial setup was based upon research considera-
tions and the sensor systems are provided by the researchers
and funded through a DAAD grant, additional participants
are welcome and invited to add their private NETATMO sta-
tions to the network by following the defined measurement
standards. The establishment of the cooperative network and
the installation of the sensor systems will be followed up by
regular formal and informal meetings of the scientists with
the participants. The citizen participants represent a wide
range of societal groups from a lower education/income mi-
lieus to a higher education/income milieus. However, there is
a dominance of participants with close ties to academia (e.g.
school teachers and professors, university assistant employ-
ees, doctoral candidates, and students from BVU and other
universities). Further central actors are, for example, IT com-
pany employees, civil engineers, junior school pupils and re-
tired staff members. For many of these stakeholders, the en-
tire families ranging from small children to grandparents and
further degrees of relationship like their aunts and uncles are
included and involved in this citizen science project. In total,
at these 12 stations, 63 citizen scientists are currently directly
or indirectly participating, using the measurement data for
own observations and interacting in the cooperative network.

For all sensors in the study area, metadata on the exact lo-
cations and heights above ground level, distances to facades
and vegetation, ground surface properties and albedo, and fa-
cade properties and albedo are documented. Also, measure-
ment protocols are kept, for example, to document changes
in the conditions around the sensors, which are also based on
reports, photos, and exchange between the citizen scientists
and the research scientists.
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2.4 Analyses of measurement data and citizen activities

The measurements of the sensors are quality-flagged by the
scientists and statistically analysed. Based on descriptive sta-
tistical parameters and pairwise comparisons, air tempera-
ture, relative humidity, and wind speed and wind direction
differences between the measurement sites are identified.
The time series also allow different daily cycles of these vari-
ables between the sensors to be investigated and thus dif-
ferent patterns to be evaluated between the above-mentioned
site categories, which can directly be related to the appro-
priate process drivers and microclimate factors like effects
related to street orientation, street character, facade charac-
ter, or sun exposure of the building facades. Example time
series for two opposite sensor sites are plotted and discussed
for this paper.

To identify the interest of the stakeholders in the measure-
ments, we are using app usage reports as an indirect indicator.
The cumulative number of activities of the citizen scientists
like opening the NETATMO weather app for their station,
clicking on individual sensors and viewing current measure-
ments from the sensors, taking on-demand measurements,
viewing historical data by line plots, downloading data files,
creating weather alarms or notifications, or following nearby
stations in the study area is recorded and documented for the
weather stations PUO1 to PU12 based on the app reports for a
4-month period from March 2023 to June 2023. The level of
interaction of the science team with the citizens was nearly
the same in both study areas during that time period. In this
way, it is possible to absolutely and relatively quantify the
interest of the citizens in the measurement data over time.
The activities are analysed in this paper by descriptive sta-
tistical parameters. To detect differences between the interest
in this study area in comparison to Germany, the same activ-
ity quantifications and analyses are also performed for the 14
NETATMO stations with 58 sensors within the similar study
area in Cologne. This allows for a comparison of the activ-
ity magnitudes and pattern between the Indian and German
stakeholders in the two study areas.

3 Resulting microclimatic differences and
investigated activities of citizen scientists

Due to the quality control of the sensors and regular re-
calibration procedures in comparison to Rotronic and TFA
high-accuracy reference sensors, a very good mean RMSE
of 0.084 °C for air temperature and 1.40 % for relative air hu-
midity was found, even after 6 months of installation, show-
ing a high long-term consistency and stability of the mea-
surement system. As the RMSE values are on the same level
as for the sensors in Cologne, no significant differences in the
sensor accuracy were observed between India and Germany
(Eingriiber et al., 2022b). Thus, due to recalibrations every 6
months, the low-cost measurement network has a high pre-
cision comparable to research-grade systems. As all sensors
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are measuring on the same calibration basis and are refer-
enced to each other, significant differences between micro-
climatic conditions of the various measurement sites in the
study area can be identified, which can clearly be attributed
to local small-scale climate factors. Thus, the sensors proved
to reliably provide data with a high quality to observe micro-
climatic effects. This demonstrates that the network is suit-
able to monitor the heterogeneity of the urban microclimate
within this study area and discloses temperature variations
of several degrees over short distances like between street-
side and inner courtyard locations or between different space
units like unventilated street canyons, open areas or green in-
frastructures.

Time series of air temperature measurements of two sen-
sors at contrasting sites in terms of ventilation and green-
ery are presented and compared in Fig. 3 for an 11d pre-
monsoon hot season time period which represents a typical
heat wave dominated by different wind directions so that the
microclimatic differences between the sensors can be identi-
fied for different wind flow conditions. While the NETATMO
sensor Z5.1 of station PUOS is located directly close to an
open park area with meadow and several trees at 14 m height
above ground level and east-facing to a building facade, the
sensor Z10.1 of station PU10 is positioned within a narrow
courtyard without greenery and with very restricted ventila-
tion conditions at 4 m height above ground level and north-
facing to a building facade. Significant temperature differ-
ences can be identified as well as different daily course pat-
terns. While the park sensor is heating up much faster in
the mornings due to the sun orientation of the facade, higher
noon and afternoon air temperatures of up to 4-0.8 °C differ-
ence can be observed for the courtyard sensor. Furthermore,
for 7 of the 11 d, the highest daily maximum air temperatures
were identified for the courtyard sensor. In all nights, air tem-
peratures are constantly cooler at the park sensor. This signif-
icant cooling effect of the greened area averages —1.1 °C and
reaches up to —1.9°C. This example clearly demonstrates
that the measurement network enables a high spatial and
temporal resolving monitoring of microclimatic differences
in the study area and supports observing thermal effects of
climate change adaptation measures like nature-based solu-
tions.

In comparison to the similar German study area, we found
that data transfer rates in Pune are significantly lower. While
data gaps in time series in Cologne are very seldom (98 %
transmission), Indian time series are regularly interrupted
(46 % transmission). Gaps in Pune occur mainly due to recur-
ring (prolonged) power shortages and on the other hand due
to the fact that many Indian stakeholders do not have a per-
manent Wi-Fi router and perennially activate mobile hotspots
of their smartphones to synchronize the measurement data of
the weather station when on-site. As NETATMO weather sta-
tions can only save a limited number of measurement data for
a period of around 4 d, longer absence from home or obliv-
ion of hotspot activation can then sometimes lead to obvious
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data gaps in the time series. Current increasing trends of Wi-
Fi router installations in India make clear that this connec-
tion problem will decrease in future. Further factors that have
caused gaps in the time series were insect implantations in
sensors or connectivity problems during the Indian monsoon
season. The radio signal stability of the outdoor modules to
the indoor modules was temporarily interrupted during the
rainy season when sensor covers were fully wetted or water
was flowing into the sensor cover or when heavy monsoon
precipitation and high relative humidity reduced the overall
radio signal conductivity of the air. Nevertheless, a transmis-
sion rate of 46 % still implies that a measurement is taken
almost every 10 min on average for all 12 stations which rep-
resents an extensive high-resolution data set.

The fact that these measurement data are also intensively
used by the participating citizen scientists becomes particu-
larly clear from the app usage evaluations. In Table 2, the
cumulative number of activities of the citizen scientists at
the weather stations PUO1 to PU12 in the urban study area is
quantified based on the NETATMO weather app reports for a
4-month period from March to June 2023. Although there is
a high variability between the different stations in the num-
ber of activities like app openings, sensor clicks, individual
on-demand measurements, viewing historical data line plots,
downloading data CSV files, creating weather alarms or no-
tifications, or following other nearby stations of this mea-
surement network, a very high activity level could be found
in general, with 2381 app openings, 5612 sensor clicks and
1188 on-demand measurements. In a direct comparison be-
tween the German and Indian study areas, it becomes clear
that Indian citizen scientists are significantly more active
than the citizen scientists within the similar study area in
Cologne. The cumulative number of activities of the German
citizen scientists at the 13 NETATMO stations was detected
exactly in the same way using the app usage for the same 4-
month period from March 2023 to June 2023 (see Table 3).
While high numbers of 9866 app activities in total have been
detected in Pune, which corresponds to around 822.2 activ-
ities per base station on average, only 6563 app activities
in total and an arithmetic mean of 504.8 activities per sta-
tion were observed for Cologne. The relation of around 38 %
lower app activities in Cologne clearly shows that there is
an even higher interest of the involved Indian citizens in
the topic of climate change adaptation and heat mitigation
in their living environment. Although there are higher num-
bers of app openings, sensor clicks and followings in India,
some more advanced activities like viewing historical data
or creating individual notifications were conducted more fre-
quently by German stakeholders. Within the given short time
frame of about 1 year after installation of the sensor net-
work in Pune, no significant trend or relationship between
length of time and number of activities was found. Nonethe-
less, seasonal variability, fluctuations and pattern were ob-
served, showing a higher interest in the measurements dur-
ing the hot seasons. Overall, the high number of activities in
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Figure 3. Comparison of the measured air temperatures in Pune, India, at the NETATMO stations PUOS5 (sensor Z5.1: open park space, 14 m
height above ground level, east-facing, facade-mounted) and PU10 (sensor Z10.1: inner courtyard with restricted ventilation, 4 m height
above ground level, north-facing, facade-mounted) during a 11 d pre-monsoon season period.

Table 2. Cumulative number of activities of the citizen scientists at the 12 weather stations PUO1 to PU12 in the urban study area of Pune,
India, quantified by the NETATMO weather app usage reports for a 4-month period from March 2023 to June 2023.

Station App Sensor On-demand  Viewing Downloading Creating alarms/  Following  Activity
ID openings  clicks measurements historical data files notifications nearby sum
plots stations
PUO1 192 611 93 45 38 16 14 1009
PUO2 144 402 28 29 25 2 2 632
PUO3 348 597 84 27 22 5 1 1084
PU04 42 97 9 4 16 0 0 168
PUOS5 106 238 23 20 24 1 0 412
PUO6 50 94 7 0 16 0 0 167
PUO7 527 945 402 15 42 4 2 1937
PUOS 33 80 12 0 27 0 0 152
PU09 109 366 62 41 31 2 1 612
PUI0 495 1,117 311 58 43 12 1 2037
PU11 231 724 106 18 24 8 1 1112
PU12 104 341 51 13 29 4 2 544
Sum 2381 5612 1188 270 337 54 24 9866
Average 1984  467.7 99.0 22.5 28.1 4.5 2.0 822.2
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Table 3. Cumulative number of activities of the citizen scientists at the 13 weather stations in the urban study area of Cologne, Germany,
quantified by the NETATMO weather app usage reports for a 4-month period from March 2023 to June 2023.

Station App  Sensor On-demand  Viewing Downloading Creating alarms/  Following  Activity
ID openings  clicks measurements historical data files notifications nearby sum
plots stations
S1 112 502 34 24 17 8 12 709
S2 96 377 21 19 15 2 2 532
S3 78 259 33 22 8 6 4 410
S4 91 381 65 90 10 8 11 656
S5 33 74 8 1 0 1 0 117
S6 105 404 75 38 22 7 12 663
S7 48 173 26 84 24 4 3 362
S8 120 424 40 79 19 8 12 702
S9 61 295 27 32 13 6 9 443
S10 186 537 247 117 48 7 12 1154
S12 13 40 5 0 0 2 1 61
S13 47 183 31 23 11 5 2 302
S14 72 256 52 36 23 6 7 452
Sum 1062 3905 664 565 210 70 87 6563
Average 81.7 3004 51.1 435 16.2 5.4 6.7 504.8

Pune demonstrates that Indian citizen scientists are contin-
uously using the weather app and the measurement data for
own observations and comparisons.

This own perception of the microclimate conditions can be
a central basis for local communities and individuals to take
action and may increase the willingness to act and to imple-
ment climate change adaptation strategies in the future. This
may be either precautionary adaptation of personal behaviour
to reduce heat stress like warnings, the reduction of expo-
sure during the hottest periods, staying in shaded areas or
rooms, reducing metabolism, strategic room ventilation and
window openings, and drinking but also the personal direct
implementation of adaptation measures in their private en-
vironment ranging from nature-based solutions like facade
greening, roof greening, surface unsealing or trees to techni-
cal solutions like high albedo ground and building surfaces;
insulation and building materials with low heat storage ca-
pacity and thermal conductivity; photovoltaics (PV) for air
conditioning or water pumping for misting or wet roofs; or
awnings, shutters and sun sails as shading measures. An in-
direct adaptation pathway may also be an increase in the
willingness to pay for climate change adaptation measures
implemented by the city department in their nearby public
street canyons or urban squares like street trees or other green
and blue infrastructures in the form of a corresponding tax or
levy.

As a spin-off of the activation and participation approaches
using the citizen weather sensors, the engaged community of
the involved stakeholders in Pune also organizes itself and
exchanges thoughts and observations intensively with each
other. Their self-motivated organization shows high dynam-
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ics. For example, in a highly active messenger app group
(called “Sensor Community Pune”), 22 citizens are already
communicating regularly with each other about the measur-
ing network, the data, and their experiences and observations.
The scientists are also in intensive exchange with the citi-
zen scientists via social media as well as by organizing infor-
mation events together with the citizen scientists. Interested
and involved participants also meet regularly at BVIEER for
current updates on the research project as well as for pos-
ing questions on urban microclimate in general and getting
in touch with each other more intensively. Another way of
communication of scientists in Germany with the citizens in
Pune is remotely via video conference meetings like an infor-
mation presentation streamed for the pupils and teachers of
the cooperating English Medium High School in Pune in au-
tumn 2023, where we provided information about the sensors
and our current research activities in an easily understandable
language. Furthermore, at BVIEER, several urban microcli-
mate excursions for interested students have been conducted
and recorded in this study area. German students could also
participate in the excursion using augmented reality software
to interact with the Indian students and the stakeholders on-
site in Pune. The recorded resources are also used as part of
an international interdisciplinary teaching collaboration be-
tween the University of Cologne in Germany; IISc in Banga-
lore, India; and BVU in Pune, India, as part of the INGENIoS
project (“Indo-German Network Interaction of Scientists”).
The measurements of the sensor network are also used for
bachelor and master theses and university teaching classes on
urban climatology and microclimatological modelling as part
of the IDEaL teaching platform (“International Digital Edu-
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cation and Learning” platform) in which students from sev-
eral research institutions all over the world and from different
environmental study programmes like the IMES (“Interna-
tional Master of Environmental Sciences”) learn and work
together with the data from this study area.

4 Outlook

As a scientific outlook, this quality-controlled data set could
be used by researchers for advanced investigations to anal-
yse climate change adaptation potentials. Due to the fact that
our analyses showed the suitability of this measurement net-
work to identify the local microclimate character and dif-
ferences between the sites in this urban study area, the data
could serve as a reference for physically based microclimate
models for the simulation of effects of hypothetical climate
change adaptation measures and pathways (Dang and Pitts,
2020). Even if those measurements do not fulfil the scientific
requirements for meteorological forcing data to drive a mi-
croclimate model and do not record all relevant variables like
direct and diffuse solar radiation or cloud cover, the quality-
controlled NETATMO data could be used to drive and initial-
ize microclimate models in data-scarce regions where hardly
any other forcing data or remote sensing data are available
using a one-dimensional modelling approach for forced/-
closed lateral boundary conditions. Due to the densely dis-
tributed character of this sensor network and the arrangement
of the measurement sites according to different process driver
categories and conditions like various heights, this holistic
data set enables an intensive model calibration and output
validation of high-resolution 3D gridded microclimate mod-
els like ENVI-met (Eingriiber et al., 2023b). Therefore, the
marked study area within the red border of Fig. 1 will be rep-
resented as an ENVI-met model domain in further research,
and the measurements of the sensor network will be used
to evaluate how reliable and accurate the model can repro-
duce the actual measured time series of the different sen-
sors. The scientific benefit of the described sensor network
design for validation purposes of urban microclimate mod-
els like ENVI-met is only given if high-resolution input data
for model parameterizations are available. Spatial input data
sets, for example, on geometric structures of buildings and
surface properties like albedo are required at least on a 1 m
scale to represent the model physics and the relevant pro-
cesses at that microscale for a meaningful intercomparison of
the model outputs with the sensor measurements. With a val-
idated model, scenario analyses of various adaptation path-
ways and options like facade/roof greening or shading mea-
sures to assess their heat mitigation potentials can then be
performed at a spatial scale that is relevant to local decision-
makers. Modelling can for example show the potentials of
balancing technical solutions like solar-powered air condi-
tioning systems and nature-based solutions like green or blue
infrastructures in the urban design.
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From a citizen science perspective, a questionnaire sur-
vey is planned in ongoing research to identify the (change
in) willingness of citizens in Pune to act and pay for climate
change adaptation measures as a consequence of the partic-
ipation in our activities. After some years of measurements,
changes and trends in app activities can be investigated and
compared between the two study areas. Results can also be
compared to similar investigations in other cities of different
climate zones. As there is a fast-growing increase in installed
crowed-sourced sensors (mainly NETATMO) worldwide, the
presented approach of a quality-controlled, standardized and
documented sensor network can enable a future expansion
of this existing measurement network or further similar net-
works under scientific standards. In contrast to measurement
networks following the WMO guidance to represent the gen-
eral urban canopy layer conditions of urban neighbourhoods
and thus serving the needs of a collective of citizens, our pre-
sented standardized sensor network setup primarily and di-
rectly serves the needs of individual citizen scientists rather
than the collective as the measurements are only valid for
specific locations. If several individuals implement climate
change adaptation measures in their living environment and
even serve as incentives for imitators, thus starting snowball
effects, the heat mitigation potential of adaptation measures
implemented by many individuals can serve the collective of
entire neighbourhoods. In the same way, the collective can
benefit if scientists use the data for modelling analyses to
support decision-making in future urban planning. Thus, the
presented citizen science sensor network design in this paper
can be an add-on to more general sensor networks follow-
ing the WMO guidance. To expand such quality-controlled
networks beyond local networks of communities or to ini-
tiate new such sensor networks in other regions and coun-
tries worldwide going beyond the direct intervention and
resources of scientists, our defined quality-control require-
ments (like the standardized criteria of site selection, mount-
ing, installation, radiation protection, metadata documenta-
tion and long-term measurement condition control) can also
be implemented by interested citizen scientists themselves
without the direct contact to scientists. This could be realized
by providing these standards and criteria in a user-friendly
and freely available citizen science protocol for standard-
ized guidance and documentation. This protocolized guid-
ance could be implemented, for example, in a smartphone
app with corresponding instructions and metadata documen-
tation to be submitted and selected in a global database or
directly in integrated apps like the NETATMO weather app
or other frequently used citizen science apps.

As successful climate change adaptation requires exten-
sive further research as well as citizen activation using
knowledge acquisition and hands-on experience by their own
measurements and observations, this approach can support
in terms of both taking action as individuals and decision-
making as urban planners. Only the combination of empiri-
cism and science can facilitate compliance and action as a
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basis for the implementation of climate change adaptation
measures in the context of transformation and management
to design adapted and climate resilient cities, mitigate future
heat stress and improve thermal comfort in urban areas.

5 Conclusions

With regard to scarcity of urban climate data for microcli-
matological investigations in Indian cities which are increas-
ingly affected by climate change impacts like extreme heat
events, a densely distributed measurement network of 59
quality-controlled meteorological low-cost sensors was set
up in a 16 ha urban study area in Pune, India, in February
2023 for continuous long-term data collection with a very
high spatial and temporal resolution. A standardized mea-
surement system of NETATMO low-cost weather sensors
was chosen. As the measurement system is quality-controlled
and regularly recalibrated, showing a high consistency and
very low RMSE values compared to high-precision reference
sensors in the laboratory, and the sensors are mounted by
an expert, the system is suitable for scientific applications.
The measurement sites were selected according to scientific
process-based criteria to identify microclimatic different and
contrasting conditions within the urban study area. The setup
of the measurement network was realized in private spaces
using a citizen science approach to involve, engage and acti-
vate local communities.

This paper showed that significant microclimatic differ-
ences between the measurement sites can be identified with
this sensor network, which can be explained by different
site conditions and clearly be attributed to small-scale cli-
matological process drivers. Thus, the urban microclimate
of the study area can realistically be differentiated with the
developed measurement network, which is a proof of con-
cept demonstrating the suitability of this approach. Evalua-
tions of the NETATMO app usage reports showed that the
involved stakeholders are highly interested and active in us-
ing and monitoring the measurement data in their own living
environment. In total, 9866 app activities of the participat-
ing citizens were counted during a 4-month period, which
demonstrates that activating residents through their own con-
ducted measurements is a promising approach for participa-
tion in climate change adaptation. This enables them to iden-
tify environmental issues and adaptation potentials in their
own neighbourhoods and strengthens community building of
citizen scientists. In this way, the choice of these low-cost
sensors for citizen science applications can facilitate science-
based identification of the effects of suitable climate change
adaptation strategies and measures that may be implemented
by the citizens in future.

Overall, we can conclude that the quality-controlled, reg-
ularly recalibrated and standardized mounted measurement
system of the NETATMO low-cost sensors is well suited for
microclimatic modelling applications as well as citizen ac-
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tivation and participation. Due to trust-building social con-
tacts, networks and partners, a densely distributed monitor-
ing network of 59 sensors in total was successfully estab-
lished in our 16 ha urban study in Pune, India, based on previ-
ously defined scientific site categories with process drivers as
criteria to represent the heterogeneity of microclimatic con-
ditions within that area. This developed measurement net-
work allows significant differences to be identified in air tem-
perature, relative humidity, and wind speed and wind direc-
tion between the measurement sites with a high spatial and
temporal resolution in the long term. The citizen scientists
are highly interested and active in using the corresponding
weather app to monitor their local measurement data and
inform themselves about microclimatic effects, which re-
veals the high potential of citizen activation and participa-
tion in climate change adaptation. Furthermore, the devel-
oped sensor network enables a future expansion under sci-
entific standards, and this valuable long-term microclimatic
data set can be used by scientists for further research, for
example, as an input data for urban microclimate models or
as a reference for validating microclimate model simulation
outputs. However, the measurements of the described sensor
network design are only suitable for a causal validation of
urban microclimate models like ENVI-met if high-resolution
input data for model parameterizations (e.g. geometric struc-
tures of buildings and vegetation and surface properties like
albedo) are available to precisely represent the relevant phys-
ical processes at that microscale.

Technically, the low-cost sensor measurement system has
a good accuracy and usability but with lower data transmis-
sion rates/higher gaps in Pune, India, than in Cologne, Ger-
many. Scientifically, microclimatic effects and differences
can be identified with the setup measurement network in
Pune in the same way as in Cologne. Socially, these weather
stations facilitate and strengthen citizen activation and partic-
ipation and forms of (self-)organization but with higher inter-
est in Pune (indicated by app activities) than in Cologne and
also more self-activated community building in India in rela-
tion to individual interests and single participation of German
stakeholders without any kind of self-organization. Transfor-
matively, this approach has a high potential for establishing
science-based self-help measures for local communities con-
fronted by climate change impacts.
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