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Abstract

National meteorological services (NMS) are limited by practical and financial
boundaries in the number of official meteorological measurements that it can
collect. This means that large regions are often unobserved. These gaps can be
filled by novel data sources, including measurements from personal weather
stations that are owned and operated by amateur citizen scientists, or opportu-
nistic sensing from devices that are not designed to measure meteorological
variables, like commercial microwave links (radio connections between mobile
phone towers). These types of data are known as “third-party data” (3PD) as
they are not owned or operated by NMS or research institutes (e.g., university,
government department). Demonstration of the quality and value of these
novel data sources is an active area of research. NMS, like the Royal
Netherlands Meteorological Institute (KNMI), are faced with some unique
challenges when it comes to transferring research to operations. KNMI is in
the early stages of developing an operational pipeline for 3PD. We outline
some use cases where we have demonstrated the quality of 3PD. We discuss
our experiences with some of these challenges that can occur when transfer-
ring between proof-of-concepts on 3PD developed in research settings into real
operational workflows providing valuable services. Hence, in this work we
introduce our third-party data life cycle, in which we provide an integral over-
view of this transitioning process considering business and social aspects, tech-
nical feasibility assessments, the importance of quality control, and aspects
related to data integration and alignment with the existing official data
sources. We also reflect on how these potential new applications could fit into
KNMIs long-term strategies and contribute to the high-resolution weather
forecast and early warning issuing. We hope that sharing these experiences
will provide some general guidelines to organizations in need of providing new
services stemming from 3PD and transform them into “daily business.”
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1 | INTRODUCTION

Meteorological observations are the cornerstone of many of
the core tasks carried out at national meteorological ser-
vices (NMS). The Royal Netherlands Meteorological Insti-
tute (KNMI) advises on, and warns society, about reducing
risks with atmospheric or seismic origins. Climate monitor-
ing and weather forecasting are two of KNMI's core tasks.
Observations are crucial for both these tasks. Observations
are important at several stages of the numerical weather
prediction (NWP) chain, including in data assimilation,
tuning physical parameterisations, statistical post-
processing of NWP forecasts and verification.

In the past, NMS, including KNMI, almost exclusively
used observations from official observing networks that
are maintained in-house so that their quality and adher-
ence to World Meteorological Organization (WMO) stan-
dards is ensured. This type of data is known as “first-
party data” (check Table 1 for definitions) and these net-
works form the backbone of the worldwide Global
Observing System as we know it today. Distances

TABLE 1 Terminology used throughout this article
Term Definition
NMS National Meteorological Service
PWS Personal Weather Stations, affordable

devices that citizens can install

CML Commercial Microwave Links, installed by
mobile network operators

First-party Observations from official observing

data networks from NMS
Second-party Observations from other government
data agencies or trusted partners
Third-party Observations from PWS, CML, smartphones,

data (3PD) crowdsourcing, or any other novel data
source
Opportunistic Obtaining information from devices that
sensing have not been acquired or designed to
measure large scale rainfall operationally,
but can be used as such
Crowdsourcing  Involves (internet) users to collect
observations and is one form of
opportunistic sensing
R20 Research to Operations
WOW-NL Weather Observations Website for the

Netherlands, accessible via https://wow.
knmi.nl/

between official stations can be large and many regions
are thus unobserved. To comply with WMO require-
ments, NMS measurement sites are typically exclusively
located in rural areas. This leads to significant atmo-
spheric observation data gaps at national and regional
scales. An increasing fraction of the global population
lives in cities (over 56% in 2020, chart from The World
Bank: https://data.worldbank.org/indicator/SP.URB.
TOTL.IN.ZS?end=2020&start=1960). Also, the interac-
tion between weather and urban features may exacerbate
hazardous circumstances for citizens (e.g., heavy rainfall
resulting in floods due to impervious surfaces and fast
response times (Berne et al., 2004) or urban land-use
leading to increased temperatures in the Urban Heat
Island effect (Deilami et al., 2018)). Therefore, more in
situ urban weather observations are desirable.

Data from other sources can potentially play an
important role in filling these gaps. Other sources of
meteorological observations can include data from net-
works maintained by other professional users, such as
other government departments or universities. Such data
is called “second-party data” and considered relatively
trustworthy for operational use. An example is a network
of road sensors, maintained by the Dutch agency respon-
sible for infrastructure (Rijkswaterstaat), that provides
observations of temperature and other variable observa-
tions to KNMI, who uses them to issue warnings for slip-
pery roads. All other sources of data are known as “third-
party data” (3PD). One example of 3PD that has success-
fully been implemented at KNMI, in the sense that it
feeds weather models, is Mode-S, where aircraft tran-
sponder data intended for air traffic control is used to
derive wind and temperature observations in the atmo-
sphere (see also section 2). Important to note is that the
future observing system envisaged by the World Meteoro-
logical Organization, WIGOS, will consist of tiered
observing networks providing integration of data with
different performance levels. This brings the benefits of
the reference quality provided by first party data, and the
advantages of increased capabilities in time and space
from second and third-party data (WMO, 2020), nicely
together. By providing metadata in line with WIGOS
standards, users can decide whether the observation data
can be considered fit-for-purpose for their application.

Weather often displays large variability in space and
time. This is especially true for rainfall and wind gusts.
For rainfall, the current accuracy by ground-based
weather radars, coverage by rain gauges, and accuracy
and spatiotemporal resolution of satellites are often not
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sufficient for many applications such as short-term
weather forecasting, flood prediction and water balance
monitoring. Extreme wind gusts are typically very small-
scale and so the measurements taken only at official
weather stations leave vast distances unobserved. Addi-
tional weather observations, in the form of 3PD, can
complement dedicated sensors to improve the quality,
spatial temporal resolution and coverage of quantitative
products. Examples of 3PD are “opportunistic sensors”
for rainfall, often not designed for (large-scale) rainfall
observation, such as satellite broadcast receivers (Mercier
et al., 2015), windshield wipers (Rabiei et al., 2013), com-
mercial microwave links (CML; Overeem et al., 2013a;
2013b), or crowdsourced personal weather stations (PWS;
de Vos et al., 2017). This matches the rise in demand for
environmental opportunistic sensing (Muller et al., 2015;
Zheng et al., 2018). Of these 3PD, CML and PWS are in
process to be evaluated for potential implementation.

PWS are a set of meteorological devices that typically
measure temperature, rain, pressure and wind and that can
be installed by amateur weather enthusiasts. PWS devices
range in quality and price but are generally affordable and
accessible to the general public. They are installed by the
station owners with little guidance, often in densely popu-
lated (urban) environments, and they rarely adhere to
WMO standards. Data from these devices can be uploaded
to any of the available websites that host PWS data, such as
the WOW network (https://wow.metoffice.gov.uk and
https://wow.knmi.nl) run by the UK MetOffice, or a com-
mercial network like those run by Netatmo (https://www.
weathermap.netatmo.com), Weather Underground (https://
www.wunderground.com/wundermap), or Weather Cloud
(https://weathercloud.net/en/about-us). The networks differ
in the ease to obtain data from the platform, and the num-
ber and types of devices in the network, for example, only
Netatmo devices can contribute to the Netatmo weather
map while the WOW network is heterogeneous. Crowd-
sourcing measurements from such platforms yield meteoro-
logical sensor observations far denser than most first- and
second-party networks can provide.

CML are close to the ground radio connections,
installed and maintained by mobile network operators
for the purpose of cellular telecommunication. Radio sig-
nals propagate from a transmitting antenna at one tele-
phone tower (base station) to a receiving antenna at
another telephone tower. These signals are attenuated by
raindrops along the link path. By comparing signal levels
to those from dry periods, the rain-induced attenuation
and, subsequently, the path-averaged rainfall intensity
between telephone towers can be retrieved (Upton
et al., 2005; Messer et al., 2006; Leijnse et al., 2007).
Exhaustive overviews on the history and physics of CML
rainfall retrieval are provided by Messer and Sendik

of Climatology

(2015), Uijlenhoet et al. (2018) and Chwala and Kunst-
mann (2019). A key advantage is the existing infrastruc-
ture of ~5 million links in global use (Ericsson, 2018).
These could potentially provide rainfall estimates,
although they have not been designed for this purpose.
Since approximately 2005, a growing community of
researchers has, in close collaboration with mobile net-
work operators, developed retrieval algorithms to obtain
rainfall estimates from CML data, which has resulted in
tens of peer-reviewed scientific publications, with large-
scale tests in Germany (e.g., Graf et al., 2020) and the
Netherlands (e.g., Overeem et al., 2016b). Several hurdles
have to be overcome before (merged) CML rainfall prod-
ucts can become operational, such as gaining access to
CML data (Overeem et al., 2021).

3PD provide a huge potential to increase the spatial
density of official NMS networks (examples of this can be
seen in Nipen et al., 2020, and in section 2), that have
gained a growing interest among the research community
in recent years. For example, Météo-France is working at
deriving road and pavement conditions from the real-
time data provided by cars (http://tesla.dmi.dk/crowd/
prs/EmilieMallet.pdf); the German MetOffice (i.e., DWD)
provides reporting capabilities via the WarnWetter app
(https://www.dwd.de/DE/leistungen/warnwetterapp/
warnwetterapp.html), so users can inform the NMS about
severe weather conditions that subsequently might be
used to optimize the prediction systems; NOAA acquires
rain, hail, and snow observations via the CoCoRaHS pro-
ject which is helpful to better understand local patterns
of precipitation (Reges et al., 2016).

Most studies aim to assess the value of 3PD to feed offi-
cial meteorological processes and services (Elmore
et al., 2014; Reges et al., 2016; Overeem et al., 2016b; de
Vos et al., 2019a; Mandement and Caumont, 2020; Graf
et al., 2021), but to date there are few operational imple-
mentations of 3PD at NMS. In this work, we use the experi-
ence we acquired with PWS and CML to discuss what
more is needed aside from “offline” academic research into
these techniques to integrate 3PD in operational use. We
also provide our vision as recommendations to NMS on
how the inclusion of 3PD might require rethinking some
well-established processes and services. Section 2 presents a
summary of the KNMI activities using 3PD and some dis-
cussion of the potential value of some select 3PD sources;
section 3 presents the 3PD life cycle, which describes the
process to take novel data sources from Research to Opera-
tions; section 4 describes the organizational challenges,
considering business and social aspects; and section 5 pro-
vides a high-level overview of the possible steps to utilize
3PD in a NMS organization using examples from the
KNMI, a mid-sized NMS, and also providing general rec-
ommendations to increase its usage and adoption.
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2 | SUMMARY OF THE RELATED
KNMI'S 3PD WORK

KNMI has a decade of experience working with various
types of 3PD. Many pilot studies have been conducted,
often with research partners from universities. Collabora-
tions with partners from universities, such as Wagenin-
gen University & Research and Utrecht University, are
key to the ability of an NMS to explore these novel data
sets. One early standout application of 3PD at KNMI is
the use of Mode-S, information from air traffic control
radar that follow all aircraft in airspace near airports,
used to derive temperature and wind observations in the
upper atmosphere (de Haan, 2011). These are now being
operationally assimilated into KNMI's high-resolution
numerical weather prediction model, Harmonie-Arome.
The operationalisation of this 3PD source was logical
given that the potential added value is high, as there are
few other upper air observations, and the amount of addi-
tional preprocessing is moderate (Figure 2). Other KNMI
(pilot) studies demonstrating the value of 3PD include
measuring air temperature from smartphone battery tem-
perature (Overeem et al, 2013a; 2013b; Droste
et al., 2017), and upper-air wind measurements from hot
air balloon data (de Bruijn et al., 2016). However, other
investigations into 3PD sources were not able to demon-
strate any potential added value. For example, a pilot
study was initiated to investigate the ability of public
transport data to improve the resolution of meteorologi-
cal observations within a city. The data was initially
assessed to have sufficient coverage and potential in fill-
ing a gap in urban monitoring. However, examination of
the data showed that the quality was too low to contrib-
ute in any meaningful way to KNMI operations, and so
the project was discontinued. Estimating road tempera-
tures from car data is another example of pilot study that
was eventually discontinued as the business case was not
sufficiently strong (this example is discussed in
section 3.1).

More recently the focus has shifted to data from PWS
(internal report: Koole, 2016; MSc thesis: Merkus, 2016;
de Vos et al., 2017; Chen et al, 2021a) and CML
(Overeem et al., 2011; de Vos et al., 2019b). Research into
these data sources have focused on the assessment of dif-
ferent statistical corrections (Cornes et al., 2020), develop-
ing novel quality controls (QCs; Cornes et al., 2020; de
Vos et al., 2019a; Chen et al., 2021a), adding functionali-
ties to existing QCs (MSc thesis: van Andel, 2021), or
exploring potential applications for QC'd (Garcia-Marti
et al., 2019; Dirksen et al., 2020; Garcia-Marti et al., 2021)
or raw/unadjusted 3PD. For example, the potential and
limitations of hydrometeorological monitoring using
unadjusted nontraditional and opportunistic sensors was

Alot of processing is
needed Precipitation:
CML

Wind and
Temperature:

Amount of pantats S
additional Wunderground
processing that
is required to
make the data

usable Rainfall:
Netatmo

Temperature:

Little processing is
smartphones

needed

Data that is harder or to obtain

——tp

. . More new information
Less new information

Value on top of KNMI network for
the Netherlands

FIGURE 1 3PD can add valuable information on top of the
official observing network, but it often requires preprocessing before it
can be used in any meaningful way. Here we give an indication of
where various 3PD sources lie on these two axes. It is noted that the
judgements on both the axes are valid only for the Netherlands. Other
regions, such as developing countries with different infrastructure
availability, will have different estimates of the added value. We
estimate the amount of additional preprocessing that is required
relative to official KNMI stations. This may include factors such as the
number of steps or the amount of computation time [Colour figure
can be viewed at wileyonlinelibrary.com]

demonstrated for two case studies in the Amsterdam
metropolitan area (de Vos et al., 2020a; 2020b). Several
variables from 3PD were evaluated against traditional
observations, including air temperature estimates from
both smartphone batteries and PWS, rainfall estimates
from CML and PWS, solar radiation from smartphones,
wind speed from PWS, air pressure from smartphones
and PWS, and humidity from PWS. This allowed for
detection of the passage of a front and quantifying the
urban heat island effect.

We focus for the remainder of the paper on examples
from PWS and CML as we have substantial recent experi-
ence with these novel data sources that have shown
potential for operational use. We make subjective esti-
mates of the potential added value and amount of prepro-
cessing required by some 3PD sources used at KNMI in
Figure 1 and discuss some examples below. These data
sources, like all 3PD, are sometimes easier or harder to
obtain (as noted by colours in Figure 1). For example, the
WOW-NL data is owned by KNMI and so there are no
additional costs associated with accessing this data,
which is in contrast to Netatmo data. Various 3PD
sources require varying degrees of preprocessing before
any meaningful information can be extracted (estimated
on the vertical axis of Figure 1), and they have varying
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potential return for a NMS (horizontal axis of Figure 1).
For example, PWS from the WOW or Wunderground net-
works contain devices from several manufacturers, which
each have their own set of biases. This data set generally
needs a more intensive quality control procedure than the
Netatmo dataset, which contains a single type of device.
Additionally, the investment in 3PD does not have the
same potential return for all variables. Variables that vary a
lot in space, like precipitation or wind, generally have more
potential value for KNMI than slowly varying variables,
assuming their quality can be assured. The value of 3PD is
related to the capacity of a variable to extend the range of
services provided by NMS.

These ideas are demonstrated nicely by the recent qual-
ity control (QC) of WOW wind speeds in the Netherlands
(Chen et al., 2021a; 2021b). There is a large potential for
added value for this variable, given the large distances
between official KNMI stations, but the strong influence of
the station placement requires a very strict QC process
(Chen et al., 2021a; 2021b). This leads to the placement of
wind speed from the WOW-NL network near the end of
both the horizontal and vertical axes in Figure 1. The
extreme wind event on the June 4, 2019 provides an exam-
ple of the added value of the WOW-NL wind speed obser-
vations. KNMI issued a Code Orange for thunderstorms
containing heavy wind gusts and hail. At 2110 UTC the
thunderstorm was moving across the northeast of the
Netherlands. There were no KNMI stations recording
strong wind speeds at 2110 UTC (top left in Figure 2); how-
ever, there were several WOW-NL stations that observed
strong wind speeds at the same time (bottom left Figure 2).
At 2120 UTC there are again several WOW-NL stations
that record strong wind speeds which complement the two
KNMI stations that measure strong wind speeds. This
clearly demonstrates the added value of increased spatial
density of wind speed measurements.

Estimation of rainfall from CML and PWS are other
examples of how considerations between effort and
added value must be balanced. In general, estimates of
rainfall from 3PD sources have moderate potential for
added value in the Netherlands given the existence of the
radar product, leading to their central placement on the
horizontal axis of Figure 2. KNMI has ample experience
with CML rainfall estimation in the Netherlands
(e.g., Overeem et al., 2011; 2016a; 2016b; de Vos
et al., 2019b). This type of data requires substantial pre-
processing (high placement on the vertical axis of
Figure 2) and the added value in the Netherlands is mod-
erate. However, it should be noted that added value in
the Netherlands is not the only priority for a global-
oriented organization like KNMI, as research into rainfall
estimation from CML is now focusing on low- to middle-
income countries in (sub)tropical regions (Rios Gaona

of Climatology

KNMI KNMI
2019-06-04 21:10:00 2019-06-04 21:20:00
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E 2019-06-04 21:10:00
ey
531
52 1
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Longitude
e (02 (4,6] (8,10] ® (12,14]
Wind speed (m-s~'):
e (24 6,8 ® (10,12
FIGURE 2 Wind speed observations on the June 4, 2019 from

the KNMI network (top) and the WOW-NL (check Table 1)
network after the quality control procedure (bottom). A Code
Orange was issued for thunderstorms with heavy wind gusts and
hail. Grey shading indicates where rainfall was observed by a
climatological KNMI gauge-adjusted radar product (https://
dataplatform.knmi.nl/dataset/rad-nl25-rac-mfbs-em-5min-2-0)
[Colour figure can be viewed at wileyonlinelibrary.com|

et al., 2018; Overeem et al., 2021) where the impact of
complementary rainfall information is often highest.
KNMI has been investigating the quality of Netatmo
PWS data for several years (e.g., de Vos et al., 2019a;
2020a; 2020b). The limited additional preprocessing
required for this case, the likely higher density compared
to CML, and the fact that PWS observe rainfall directly
(low placement on the y-axis in Figure 1) makes it a
strong candidate for operational use.

These examples show that the past decade has been
fruitful for KNMI when it comes to research exploring
the possibilities and potential added value of 3PD. How-
ever, the transfer of research to operations remains a
challenge. Decisions about priorities for operationalisa-
tion should be guided by both technical feasibility and
potential added value. In the following sections we share
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our experiences at carrying out this transition of
research-to-operations that hopefully will provide some
guidance to other organizations.

3 | THE THIRD-PARTY DATA LIFE
CYCLE: RESEARCH TO
OPERATIONS

Research to operations (R20) is the process of transfer-
ring research insights into online backbone services that
might be reused by the public or private organizations
across sectors (NRC, 2003). Large organizations such as
ECMWF (Buizza et al.,, 2017) or NOAA (Whitney and
Leshner, 2004) have defined strategies to facilitate this
process and to close the gap between research knowl-
edge and actionable applications. In the past decades,
several R20 processes in the climate and atmospheric
sciences domains have been deployed to transfer
research insights into the fields of weather forecasting,
(earth observation) data assimilation or postprocessing
(Brachet, 2004; Vannitsem et al., 2021). Nevertheless,
3PD applications are “new” in these well-established
domains and the road ahead for the R20 process is
unclear, and yet to be explored in collaboration with
partners (e.g., EUMETNET members) that are facing
similar challenges with these novel 3PD observations.
Recent research has shown potential from 3PD to
contribute to weather forecasting, concretely to numeri-
cal weather prediction (NWP; Hintz et al., 2019a; Nipen
et al., 2020), or data assimilation (DA; Hintz et al., 2019b;
Sgoff et al., 2022). Also, 3PD observations combined with
additional data sources can have a role in nowcasting
activities (Nuottokari et al., 2022) and the verification of
high-impact weather (Marsigli et al., 2020). Finally, the
high density of 3PD monitoring networks can be a pow-
erful ally at devising high-resolution climate services for

disaster risk reduction and issuing local early warnings
for severe weather conditions (Bielski et al., 2017; Meis-
sen and Fuchs-Kittowski, 2014).

The maturity of 3PD applications at KNMI is still in
an early stage. A 3PD life cycle has been defined that is
derived from the CRISP-DM model (Shearer, 2000) and
aligned with the R20 life cycle. Figure 3 shows the 3PD
life cycle that consists of five phases. The cycle starts with
the business context (definition of business case) and
gradually progresses towards the deployment phase by
assessing the value of 3PD and integrating the data with
existing data flows for application in newly developed
products or services that are subsequently evaluated for
deployment. The remainder of this section describes each
of these phases.

3.1 | Business context

A central element of the business context phase is moti-
vating with solid arguments how the incorporation of
3PD might add value to the current state-of-the-art,
either by creating new products or improving the exist-
ing ones. Therefore, the core activity in this first phase
of the 3PD life cycle consists in assessing the viability of
the initial business case in terms of data value, afford-
ability and technical feasibility. If 3PD collections are
sufficient in terms of quality and quantity, affordable to
obtain and feasible to handle by the NMS' technical
infrastructure (considering some adaptations might be
required), then the application can be deemed as a via-
ble business opportunity. The outcome of this evalua-
tion also depends on the business objectives of an
organization and their ability to invest in the application
of 3PD. The evaluation result is used to decide on the
continuation of the 3PD application (i.e., Go/No go;
Figure 3).

THIRD-PARTY DATA LIFE CYCLE

GO / NO GO

Business “
context

Technical feasibility
Quality control

FIGURE 3

Apply and

. Deployment

GO

evaluate

Data ingestion
Data alignment NO GO

Schema depicting the 3PD life cycle that is based on the CRISP-DM model (Shearer, 2000). Cycles typically start with a

business/research idea and gradually progresses towards its deployment through series of refinements and analyses [Colour figure can be

viewed at wileyonlinelibrary.com]|
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The definition of the business context including 3PD
is an iterative process. Thus, the evaluation of business
value and decision making might take place few to sev-
eral times. Each iteration provides more insight and
details on the business value, which will be as well a rele-
vant input before proceeding at developing the service to
operations. An illustrative example at KNMI might be
the evaluation of temperature measurements by cars. The
KNMI assessed whether it was possible to derive an indi-
cator for road surface temperature conditions as a proxy
to the slipperiness of the road network (e.g., below zero
degrees Celsius) (de Vries, 2017). During the initial evalu-
ation of the collection, the dataset was found valuable,
and the estimated costs and effort were found acceptable.
However, the quantity of car data was too limited
(e.g., insufficient spatiotemporal coverage) to be deemed
as a viable business opportunity. Therefore, the develop-
ment of this research line did not continue, and no fur-
ther steps were taken until a sufficiently large dataset
becomes available (de Vries, 2017). Similar results were
found in later research on car temperature sensor data in
Rennes, Paris, Barcelona and Dijon, where this data
source showed promising for determination of UHI
effects in cities, but observations were generally too
sparse on their own (Marqueés et al., 2022).

3.2 | Assessment of third-party data
collections

If the business case is evaluated positively and the 3PD
application is expected to provide valuable contribution
for the business, the next step is to assess the suitability
of the 3PD application for the intended task. This com-
prises two actions: first, evaluating the technical feasibil-
ity to collect and engineer the data (cost); second,
assessing the value of the observations on its quality
(value). Moreover, the available amount or quantity of
(high quality) data is verified to be sufficient for the busi-
ness case. The following subsections describe examples of
data assessments that has experienced with the applica-
tion of WOW-NL and Netatmo observations.

3.2.1 | Technical feasibility

Past experiences with different types of crowdsourced
projects have shown that citizens installing PWS at their
premises are highly engaged to share their weather obser-
vations. This often results in large 3PD collections
(i.e., big data) that are of potential value to advance
towards a higher-resolution weather forecast, but simul-
taneously poses challenges for the feasibility of
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engineering this “big data.” For example, the WOW net-
work for the region of the Netherlands and Belgium has
progressed in 6 years' time from 200 K observations per
month (January 2015) to nearly 6 M observations per
month (December 2020).

Engineering large 3PD collections requires informa-
tion about the technical capabilities to govern and man-
age the data, hence giving insights on the technical
feasibility. This information is not straightforward when
3PD usage is new for an organization, which can lead to
decision hurdles for the retrieval, storage and processing
of 3PD. For example, after working with WOW-NL and
Netatmo data, it seems sensible to align and aggregate
the 3PD observations before reaching the data storage
phase, since the spatial and temporal dimensions are
highly inconsistent. However, if this decision is taken, it
might affect the access to (very) fine resolution data.
Therefore, using the schema of the original data might be
the preferred option, but performance-wise, might be
rather challenging due to existing technical limitations.
Thus, a well-defined strategic plan for managing 3PD is
essential for an organization when 3PD usage is expected
to grow substantially.

Another important factor for the technical feasibility
is the availability of 3PD metadata. This concerns infor-
mation about the owner, spatial and temporal resolution
and extent, the data lineage, as well as any data con-
straints and quality information, which can be provided
as part of the 3PD delivery or obtained via data explora-
tion. A well-defined metadata policy based on interna-
tional standards (e.g., ISO-19115) is highly recommended
for 3PD discovery, interpretation, and interoperability.

3.2.2 | Quality control: Filters and
adjustments

Observations from PWS require strict quality controls,
mainly due to the station placement and the quality of
the device. Amateur citizen scientist place their PWS in
the best locations available to them, but unfortunately,
these locations rarely meet the criteria for spatial repre-
sentativeness as stated in the WMO (2018) recommenda-
tions for siting of surface weather stations. Taking WOW-
NL as an example, we compared the location of the sta-
tions with the land cover map of the Netherlands. In an
evaluation of 1,000+ PWS, it was found that 57% PWS
contributing observations during the period 2015-2020,
are placed in residential areas, 13% in urban grasslands
(e.g., close to recreational areas), and 9% are in agricul-
tural areas. Weather stations that are poorly placed are
susceptible to suffer from biases stemming from obstruc-
tions, or local radiative and cooling effects (Bell
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et al., 2015; Meier et al., 2017). Second, compared to the
official instruments, PWS tend to have a lower quality,
they are infrequently maintained or calibrated, and the
metadata can be inconsistent or incomplete. As a result
of the abovementioned potential sources of error, the
measurements produced by a PWS can have quality
issues, hence motivating the development of custom-
made QCs for 3PD. There is a growing body of literature
dedicating efforts to devise quality controls for 3PD. For a
broader description of the efforts carried out by KNMI in
the 3PD field we refer the reader to the section 2 of this
paper and references cited therein. However, it is out of
the scope of this section to describe in detail the all the
quality control procedures that have been developed at
KNM]I, but to distil from our experiences the stages that,
in our vision, a QC for 3PD could consider.

The goal of a QC procedure is to produce a set of
high-quality observations. The procedure to do this is
twofold. First, each observation must be quality checked
and labelled with a quality flag. Second, if necessary, an
adjustment factor must be applied to the measurement to
remove any remaining biases. In general, we recommend
dividing the QC in three stages: (a) intrastation
(or within-station) filters, (b) interstation (or between-sta-
tion) filters and (c) adjustments. The following list
describes in more detail each of the phases:

« Intrastation filters: These filters can be applied using
data of a single station. These filters do not necessarily
require additional datasets although often some clima-
tological information might be required. For example,
these filters can check whether a particular PWS pro-
vides an acceptable temporal coverage (e.g., reporting
observations at least 80% of the time); has complete
and consistent metadata (e.g., no duplicated coordi-
nates); requires uniformization of the temporal dimen-
sion (e.g., mapping observations to a rounded time
slot, averaging multiple measurements within time
slot); records values that are within a plausible clima-
tological range compared to other PWS or official sta-
tions; or contains unrealistic temporal variability
(Napoly et al., 2018; Fenner et al., 2021). Intrastation
filters that compare with climatologies from official
stations or check temporal variability have implica-
tions for the amount of working memory that must be
used as more data must be loaded for comparisons.

« Interstation filters: These filters exploit spatial correla-
tions and consider the observations provided by the
surrounding observations at a similar moment in time
to the target observation from a PWS. They can flag
unrealistic values (Chen et al., 2021a), detect faulty
zeroes, outliers or to classify wet and dry periods
(e.g., Overeem et al., 2011; de Vos et al., 2019a).

Surrounding stations can be selected by proximity
and/or statistical similarity. Once data of the surround-
ing stations are selected, it is possible to assess whether
the observation under inspection is acceptably similar
by computing statistical metrics (Lussana et al., 2010;
Béserud et al., 2020) or by estimating confidence inter-
vals from an assumed distribution (Chen et al., 2021a).

« Adjustments: These filters are often applied later in the
QC procedure after first ensuring the observations are
of an acceptable quality. Adjustments can be station-
specific or applied across a whole network. The use of
systematic (Droste et al., 2020; de Vos et al., 2019a; van
Andel, 2021) or station-specific methods (Chen
et al., 2021a) depends on the error characteristics of
the stations in the network. Furthermore, the adjust-
ments can include information from additional data
sources, such as the air temperature correction using
the atmospheric lapse rate from an elevation dataset
(Napoly et al., 2018) or solar radiation data (Cornes
et al., 2020).

A QC for a particular meteorological variable can
implement one or more of these phases and within each
of them, contain pieces of code with variable sophistica-
tion levels. This, in turn, might have an effect on the tem-
poral cost of computing the quality metrics that needs to
be considered during the process of R20. It is important
to note that the original QCs developed in “research
mode” might be subjected to modifications when they
enter a R20 workflow, so that they can be applied in a
near-real time set up. Some possible impediments to the
real-time operation of QC methods can include the time
taken to gather various datasets on top of the crowd-
sourced data, the time taken to select neighbouring sta-
tions for the interstation checks (although this need not
be calculated at every time step), and the collection of an
archive of data for the bias adjustment. As seen, compu-
tational costs are important and at each step in the chain
we should have a rough estimate on how temporally
expensive our QCs are, since this may imply potential
code efficiency improvements are needed, or that certain
types of (near) real-time apps can be successfully created
or not.

3.3 | Integration of third-party data

Once quality metrics have been obtained, the 3PD life
cycle progresses towards its integration with the official
products. At this point, it is necessary to discuss the crea-
tion of the necessary data flows, feeding different ser-
vices, and what are the key challenges to create datasets
comparable to the existing ones. The KNMI is currently
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establishing workflows to provide quality-controlled 3PD
observations. In parallel, researchers are discussing the
requirements to aggregate the continuous flow of obser-
vations to provide, for instance, high-resolution gridded
map products that enable the subsequent assessment of
the added value. The following subsections delve into
these considerations.

3.3.1 | Data ingestion cycles

Quality controls take 3PD collections to a data maturity
stage that might be comparable to the existing products
KNMI (and NMS) are already offering. Previously cited
literature examples illustrated that 3PD collections are
highly versatile, hence it is possible to use them into
well-consolidated workflows within weather forecasting
and numerical modelling. However, the high spatiotem-
poral resolution of the 3PD monitoring networks imply
that potentially more innovative research and develop-
ment lines lay ahead. It is at this point where R20 devel-
opments have a crucial role to approach 3PD into
operational use.

Currently R20 for 3PD can be considered a “bare
field” waiting for developments, thus it is important that
NMS decide what services they wish to provide and pro-
mote the creation of data ingestion cycles, providing
observations with variable quality levels and/or temporal
granularities, as follows:

» Real-time operation: Observations with little proces-
sing (or QC) and aggregation that are released in a
(near) real-time basis (e.g., 10 mins). These workflows
are envisioned for targeted groups of users
(e.g., decision makers, forecasters) to assess the sever-
ity of extreme weather and thus issuing events and
warning in (near) real-time. Hence, these observations
can be subjected to some science-based thresholds to
decide whether hazardous weather (e.g., very local
severe rainfall, advance of cold/warm fronts, sudden
air pressure drops, existing conditions for slippery
roads) conditions occurred and require an action of the
target user.

« Fast ingestion cycle: Provision of standardized observa-
tions and/or its aggregated product in the range of
1-2 hr. The standardization process requires filtering
the low-quality observations using QC methods that
can work in a fast regime, but also averaging the obser-
vations of clusters of stations once a spatial unit is
decided. These workflows could be used for applica-
tions at the urban scale (e.g., detecting strong local
wind conditions, mapping or monitoring urban heat
islands).

of Climatology

« Slow ingestion cycle: Provision of standardized
observations undergoing more refined QCs, often
including comparisons with reference data (e.g., radar,
official stations, model simulations) and bias correc-
tion processes. These observations might be more suit-
able for data assimilation, post-processing, NWP,
forecasting and verifications, or contributing to create
climate time-series, because the statistical corrections
ensure the highest quality possible of 3PD observa-
tions. These workflows might require longer proces-
sing times (e.g., 1-7 days).

3.3.2 | Data alignment

The data ingestion cycles defined in the previous sub
section are not designed in isolation. Regardless of the
ingestion speed, the integration of quality-controlled
observations in a final product requires discussion
(at least) on the following challenges:

« Temporal persistency and synchronicity: KNMI sta-
tions acquire measurements simultaneously, usually
every minute, and these are subsequently aggregated
into our products. 3PD monitoring networks often
have a high acquisition frequency, but there is limited
synchrony between various devices and networks. At
the time of designing R20 pipelines and the envisioned
applications, it is necessary to assess what is the most
suitable temporal unit (or units) for each weather vari-
able and aggregate the observations at a time interval.
In our experience with QCs, we are currently using 5-
and 10-min intervals for precipitation (van
Andel, 2021) and wind speed (Chen et al., 2021a),
respectively. In addition, given the volunteered nature
of PWS, it is important to investigate the temporal per-
sistency of the stations in the context of R20. Tempo-
ral persistency refers to stations consistently reporting
observations in most of the time slots during any given
period. Hence, PWS with a high temporal persistency
might be candidates to create 3PD climate time-series,
whereas low-persistent PWS might be better suited for
(near) real-time applications.

« Spatial representativity: KNMI stations are spaced in a
way that balances financial considerations with the
optimal coverage for large-scale phenomena at loca-
tions that meet prescribed measurement conditions
(WMO regulations). However, the spatial distribution
of 3PD stations tends to be biased towards urban and
peri-urban areas, so PWS might form clusters of sta-
tions, which in turn might have an impact at the time
of integrating 3PD with other sources. In addition, the
measurement conditions of 3PD can deviate
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substantially KNMI station conditions. Hence, when a
NMS tackles the spatial densification of the official net-
works with PWS, it is important to identify the most
suitable stations to include in the combined network
layout (Sosko and Dalyot, 2017). For example, weather
phenomena that tend to be more homogeneous in
space and time (e.g., temperature, air pressure), might
not require the inclusion of as many PWS stations to
get a better large-scale picture, in contrast to more vol-
atile and erratic phenomena (e.g., wind speed, precipi-
tation). However, the previous may not be applicable
to the urban environment, since human-made devel-
opments might substantially impact the measurements
collected by the stations. These differences between
the urban and national scale implies that it is impor-
tant to tackle the process of spatial densification with
care and keeping in mind the potential domains of the
envisioned applications. The density of the combined
networks will determine the possible range of applica-
tions to be deployed via the R20 pipelines.

« Concordance between 3PD networks: In the future, it
seems plausible that several weather monitoring net-
works might be deployed in the same area. Hence,
researchers might find out that some networks (or types
of sensors) are more suitable to monitor a concrete phe-
nomenon (e.g., urban heat islands) (de Vos et al., 2020a;
2020b). If this is the case, researchers might need to
investigate data fusion techniques that are able to com-
bine observations coming from different networks
(Lesiv et al., 2016). This step requires proper quality
control of 3PD as well as a profound knowledge of each
of the monitoring networks, so that researchers are
aware of the general errors or biases before attempting
a merging effort in a R20 pipeline.

Data ingestion processes should not be detached from
the NMS' data management practices and legal consider-
ations. It is necessary to consider national requirements
for data policy and identifying possible issues with data
ownership or stewardship. For example, when acquiring
weather observations from private partners (e.g., Netatmo,
Wunderground, car manufacturers) it must be clear what
can (e.g., research) and cannot (e.g., data redistribution)
be done with data. This could be established via bilateral
agreements with the private partners or under a European
legal framework.

3.4 | Apply and evaluate third party data
in applications

In this phase, a prototype of the final service is prepared,
including the data analysis that will be used in the

operational phase. Upon conclusion of this step, it is
necessary to evaluate whether the inclusion of 3PD added
actual value (e.g., improved accuracy and/or resolution,
enabling new functionalities) (GSM Association, 2021) to
the previous state-of-the-art (both from a business and
technology perspective), to check if novel observations
contribute to improved products for KNMI users. For
example, there is evidence that rainfall Netatmo data is
of interest for water boards; we know that the processing
of road traffic cameras for fog detection is useful for
Rijkswaterstaat (Dutch agency responsible for infrastruc-
ture), whereas temperature, rainfall and wind speeds
from 3PD monitoring networks is of interest to KNMI's
forecasters. At MetNo, the NMS in Norway, temperature
observations from 3PD are already integrated in the oper-
ational production of weather forecasts, using the QC
method TITAN (Béaserud et al., 2020). Crowdsourced data
is essential for the verification of high-resolution NWP
forecasts in urban areas. As seen, this type of verification
supports decision makers and helps forecasters, but the
evaluation of the existence of added value is not always
straightforward and requires extensive feedback and col-
laboration with users. Note that this phase is less mature
for KNMI because the organization has not yet reached a
point in time in which a substantial number of uses cases
with 3PD are used in daily operations. At best the quality
of estimates based on 3PD has been evaluated on a few
months or years of data. We perceive this as an essential
step towards an operational product, but the actual devel-
opment of a prototype and testing the 3PD-based esti-
mates by end users is generally still lacking.

3.5 | Deployment of third-party data
application

Reaching the deployment phase implies arriving to the
end of the 3PD life cycle. In this point, there is already
proof-of-value (either scientific and/or business-oriented)
that 3PD is contributing to extend a final NMS opera-
tional service or product. Hence, the proof-of-value can
proceed at being published for a wider audience. Ideally,
the process of deploying this final stage of R20 should be
carried out by multidisciplinary teams, in which scien-
tists, operational staff, and software developers come
together to ensure a smooth transition. For example, data
architects and cloud engineers can design the workflows
necessary to deploy the application in a cloud infrastruc-
ture, software developers can take care of the backend
processes and design the front-end user interface,
whereas scientists might need to adapt the analysis to
work in a real-time operational environment and make
sure the results are still consistent.
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Creating these new operational workflows requires
working in an organized manner, thus it could be help-
ful for the team members (especially for scientists) to
acquire experience about development paradigms
(e.g., AGILE) and methodologies (e.g., Kanban, Scrum),
to advance breaking down the analysis into implementa-
ble pieces. Throughout this process, it is important to
keep checking whether operational conditions are ful-
filled, such as having sufficient human or financial
resources. Failure to meet these conditions can delay
the deployment of the final services. It is worth to note
that the deployment of a new operational service with
3PD does not imply its immediate acceptance (nor
usage) within the user community. Thus, a good docu-
mentation and promotional activities (e.g., adding ser-
vice to a data discovery catalogue or spatial data
infrastructure) might help at encouraging users at using
these services. In this sense, it is important to verify that
the operational conditions of the novel 3PD operational
service (e.g., service levels, maintenance, contact points)
is in line with the NMS policies.

4 | ORGANIZATIONAL
CHALLENGES: SOCIAL AND
BUSINESS ASPECTS

Up to this point we have focused on the technical aspects
of the usage and incorporation of 3PD into operational
workflows. However, the application of 3PD is often a
strategic decision with business and social consequences.
This section identifies some key business and social
aspects for 3PD to be viable in operational weather
monitoring.

4.1 | Business aspects

KNMI is the NMS for the Netherlands and their business
concerns weather, climate, and seismology information
services for society. Hence, data collected by KNMI's
observational networks are used for these services for
which policies have been defined (e.g., data governance).
However, using 3PD in KNMI's (or NMS) business would
require revisiting these data governance policies. In
section 3.1 we discussed the business evaluation of 3PD
applications in terms of value, affordability, and feasibil-
ity. This section addresses more strategic business ques-
tions regarding 3PD usage or application.

One important question for NMS business is the
assurance of 3PD provision in case of operational deploy-
ment. This requires (contractual) arrangements with the
3PD provider. In van Poelgeest and de Vries (2021), the
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authors presented four types of arrangements for 3PD in
public services: Ruler (data must be provided as a result
of legislation); Buyer (data are purchased via tendering
and contractual arrangements); Facilitator (data are col-
lected by offering free services that ease the access, visu-
alization, management and control of data); and Dealer
(data are delivered as part of a collaboration agreement).
Buying 3PD from professional data providers is the most
common role for KNMI. However, since 2015, the KNMI
is also facilitating the access to WOW-NL. The adoption
of this new role required gaining experience about the
user engagement and how to attract and keep users on
board (see section 4.2). A question that remains from a
business strategy perspective is, what investment in user
engagement is required and acceptable? In our view, we
think the answer to this question is very specific to each
organization, but it is important to have this discussion.
Finally, deals or partnerships where data is exchanged as
part of a collaboration is the standard practice between
NMS across the world (WMO) and between government
agencies, but rather uncommon with commercial compa-
nies or NGOs. For 3PD we expect that partnerships will
become the preferred arrangement to ensure data
provision.

Besides updating the data governance policy for 3PD,
new business models might need to be developed. For
example, CML data could be of value for a wide array of
applications, from improving and localizing weather fore-
casting services, early warnings (e.g., landslides), crop
production monitoring, or agricultural weather micro-
insurance products. CML data has the potential for NMS
or private companies to accurately nowcast rainfall up to
a few hours in advance for regions where this is currently
not possible because of the absence of ground-based
weather radars. Utilization of CML data creates a new
range of applications with opportunities for multiple
partners (e.g., insurers, mobile network operations) at
valorising the link data (GSM Association, 2019; 2021;
MEMO, 2020). This CML example demonstrates that
3PD applications can offer new business opportunities
because they are of interest and value to external partners
and stakeholders (e.g., government agencies, private
companies, NGOs). As mentioned before, good contrac-
tual arrangements are of key importance here and the
role of these new business models needs to be evaluated
carefully.

Finally, setting up terms and conditions with 3PD
suppliers might be a challenging task, especially when
working with other (international) parties that might
have similar agreements. This implies that the overlap,
redundancy and legal issues between stakeholders and
3PD providers need to be thoroughly reviewed to avoid
further problems.
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4.2 | Social aspects

The inclusion of 3PD collections in consolidated opera-
tional meteorological workflows at NMS implies the
necessity of considering social aspects, often detached
from science, and establishes a dependency relationship
between the data-providing users and data-receiving
NMS. These social aspects can be grouped in three cate-
gories: (a) social engagement; (b) outreach; (c) striving-
for or resisting innovation.

Social engagement is aimed at promoting the long-
term commitment of the volunteers reporting observa-
tions. Researchers have come up with various methods to
do so, such as, forecasters from NMS have personal inter-
actions with amateur meteorologists (Longmore
et al., 2015), extract crowdsourced contributions from
social media for local severe weather (Clark et al., 2018),
or establish a network of trusted collaborators that
receive basic training in meteorology (Krennert
et al., 2018). In our experience at KNMI with 3PD pro-
jects, we have witnessed that third parties are motivated
to share their data in return for QC insights and feedback
on the state of their network quality (e.g., water authori-
ties). We also had past positive experiences at inviting
amateur weather enthusiasts to visit KNMI's premises
and attend talks about weather provided by our experts.

The outreach is the pursue of an NMS to reach an
increasing number of citizens, as a way of ensuring more
contributors in the future. Here we provide a couple of
approaches. First, NMS could provide software and tools
to report severe local conditions (e.g., hail size (Barras
et al, 2019) and wind damage (Karjalainen and
Jokinen, 2019)), which might be of interest for different
strategic sectors (e.g., loss insurance estimates, safe com-
munities). Second, NMS could organize educational cam-
paigns (e.g., primary and secondary school) (Brossard
et al., 2012) or promote community building. In the con-
text of WOW-NL, the KNMI has provide real-time acces-
sibility to the observations acquired by the network, but a
more direct contact with users is required to consolidate
the data provision.

The early adoption of innovations might be challeng-
ing for NMS, since operational tasks must continue
regardless of new developments. New ideas are typically
explored in research projects having a scientific outcome
(e.g., peer-reviewed publication, use case) providing
advice for operational use. Organizations like municipali-
ties, universities, or start-ups can have a more practical
approach to collect data. The SensHagen project in
Zwolle (https://senshagen-zwolle.opendata.arcgis.com/)
and the Urban AirQ in Amsterdam (http://making-sense.
eu/campaigns/urbanairq/) are examples of municipalities
willing to explore the possibilities of citizen science

monitoring. While the generated insights from scientific
publications and 3PD gathering in pilot studies is highly
useful, the actual operational implementation of 3PD
requires an additional step to innovate existing NMS pro-
cedures and products. Different than at these organiza-
tions, an NMS always needs to keep the operational
demands in mind. Hence, transitioning into 3PD innova-
tions can be extra challenging due to (a) push-back from
within NMS concerning what should be achieved with
3PD (e.g., climate scientists have different needs than risk
assessment advisors); or (b) scepticism and resistance to
change or expand well-consolidated workflows and infra-
structure. To combat these points, we recommend that
NMS invest in research showing the potential of 3PD
(possibly in collaboration with the abovementioned orga-
nizations) and developing prototypes and minimum via-
ble products showing the value of 3PD.

The actions described above are targeted to strength-
ening the bond with citizen data-providers. This might
not seem a core competence of NMS, but it is important
to note that NMS should not assume that 3PD observa-
tions are ensured in the long-term. Hence, once NMS
start using 3PD observations, a dependency relationship
is established. In this context, it seems important to con-
vert this dependency into a healthy bond between parties.
Devising plans ensuring the long-term engagement of
users (subsequently ensuring data provision) might
require the creation of a dedicated team of social scien-
tists and communication experts, that help at “taking the
pulse” of the data-reporting community. This team could
help at creating and managing classical engagement or
educational campaigns (Cappa et al., 2018), assess how
other novel engaging mechanisms such as gamification
techniques (e.g., acquisition of virtual rewards) could be
beneficial (Bowser et al., 2013), or identify strategic sec-
tors to create partnerships with user groups (e.g., local
associations).

5 | CONTEXTUALIZING 3PD IN
NMS AND RECOMMENDATIONS
TO INCREASE USAGE OF 3PD

The transition between proof-of-concept to proof-of-value
is not complete without assessing the impact of 3PD on
the current NMS policies and digital infrastructure. In
our view, this transition not only requires assessing how
these novel data collections can be incorporated into the
existing operational workflows in the organization, but
also into the organizations’ modus operandi when it
comes to policies and data management practices. In the
following subsections, we present the initial steps of this
assessment exercise, in which we discuss how 3PD could
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fit into the long-term strategies of the organization and
what are the key infrastructural aspects to consider for
incorporating 3PD into “daily business.” We conclude
with a couple of concrete recommendations to enhance
the use of 3PD by NMS.

5.1 | Incorporating 3PD within
organization's goals

A remarkable trait of 3PD monitoring networks is their
potential to feed most of the well-consolidated work-
flows in monitoring and forecasting, assuming proper
quality controls are in place. NMS often have long-term
strategies that are regularly updated or revisited to
ensure they are still in line with governmental and soci-
etal demands. In this sense, research to underpin the
value of 3PD observations for NMS products and ser-
vices would allow managers to make informed decisions
whether resources should be allocated to incorporate
3PD in operational products and in ongoing research to
improve these. Such a decision will usually comply with
the organization's strategy. To achieve inclusion of 3PD
observations may require adaptation of the NMS
strategy.

In case of KNMI, a highlight of their strategy is to
operate a multihazard Early Warning Center (EWC;
KNM]I, 2020), straddling on two fundamental pillars: the
Modernisation of the Observational Infrastructure, and a
robust digital infrastructure (I-strategie; KNMI, 2019). In
addition to the EWC developments, our Observations
Strategy (2015-2024) (KNMI, 2015) establishes as a mis-
sion to convert observations into innovative and high-
quality products and services.

In this context, 3PD observations are in a prominent
position to make contributions to these long-term strate-
gies at an administrative level. For instance, one of the
ambitions within the MWI programme is to merge offi-
cial data with other sources such as 3PD that can be used
in the QC processes to identify missing data or outliers.
In addition, there are ongoing efforts to investigate the
added value of 3PD networks (i.e., Dutch Water Boards,
Netatmo) for improving radar rain gauge products.
Within the I-strategie programme, a project has been ini-
tiated to offer data spaces to include observations from
various 3PD collections. This is intended to give structure
to these observations (e.g., spatiotemporal heterogeneity),
including the optimization of data access, and to provide
a facility that can handle large volumes of 3PD observa-
tions. This is also relevant to explore and learn the “ways
towards a new service,” so that not every new idea with
3PD leads to a different architecture (i.e., a standard
framework). Finally, within the EWC strategy there are

of Climatology

some research lines intended to illustrate the value of
3PD to expand the current operational services. For
example, there is an ongoing effort dedicated to combine
multifidelity data, in which official KNMI observations
are merged with WOW-NL observations and trusted
observations from another government agency. The den-
sity of the combined network opens the door to create
high-resolution temperature interpolations that might be
useful to issue warnings for ice formation over roads dur-
ing the winter season.

5.2 | Readiness of the organization's
digital infrastructure for 3PD

The incorporation of quality-controlled 3PD observa-
tions into NMS operational workflows requires a digital
infrastructure capable of handling sheer volumes of
observations (i.e., big data) in a controlled, structured
and scalable manner that enables processing and servic-
ing observations. The storage of 3PD observations is
often provided by dedicated data repositories, such as
data lakes or data spaces. These repositories should be
designed with flexibility in mind to allow handling the
high heterogeneity of 3PD monitoring networks. For
example, data stores can operate with a variable number
of sensors reporting observations at different times, and
software is able to aggregate data at different temporali-
ties and spatial units and prepare instances of 3PD col-
lections with different parametrizations.

The processing and analysis of 3PD requires a
quality-controlled data distribution platform that allows
merging these observations with other data streams.
More specifically, this data merging (or fusion) of 3PD
into fit-for-purpose operational workflows (e.g., high-
resolution wind speed or rainfall) can implement two
approaches: (a) merge 3PD with official data (Haese
et al., 2017); (b) merge distinct 3PD collections (Graf
et al., 2021). In both cases, the selected merging methods
need to consider the different nature of the data acquisi-
tion by the monitoring instruments (e.g., sampling strat-
egy, temporal resolution). For example, CML provide
path-averages (often assumed to be point measurements),
whereas PWS yield point measurements. In this context,
these processing requirements are best served by Cloud
Services, in which its access and analyses is enabled by
virtual (research) environments (e.g., European Weather
Cloud; Spinuso et al., 2016). Hence, the establishment
and management of these 3PD virtual environments and
repositories, require incorporating knowledge and exper-
tise on cloud technologies, which is often available by
collaborating with data engineers, data architects and
software developers in your organization.
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The fact that official and 3PD sources will coexist in
the same data space or data lake opens opportunities for
researchers to experiment and combine these data collec-
tions for new analyses. Virtual research environments
will provide the possibility of creating an experimental
“sandbox” or workbench where users can try different
analyses leading to new proof-of-concepts and ensuring
reproducibility or results (de Vos et al., 2020a; 2020b).
This recommendation is in line with the path taken by
other supranational organizations, such as the Coperni-
cus Climate Data Store (CDS), ECMWF, or Google Earth
Engine, which offer APIs and/or lightweight browser-
based interfaces for users to seamlessly interact with big
climate data stores.

At KNM]I, data architects and engineers are assessing
how to create a digital infrastructure that is capable of
handling 3PD collections that fulfils the strategic require-
ments of the EWC (e.g., near real-time capabilities, moni-
toring severe weather events). These developments are
currently ongoing and gradually maturing following a fit-
for-purpose strategy. The general premise is to pursue the
development of services using 3PD that provide added
value for the organization and that can be assigned
appropriate digital infrastructure resources to allow engi-
neering and processing in a controlled, structured and
scalable manner.

5.3 | Recommendations to valorize 3PD

1. Unifying data formats: Format heterogeneity associ-
ated to 3PD networks might hamper data exchange
between organizations in the future. Thus, larger
organizations such as WMO or EUMETNET could
issue commendations defining adequate data types
promoting a certain homogenization and structure of
the observations.

2. Sharing resources (e.g., via EUMETNET): Collaborate
on open-source QC software to accelerate the process
towards 3PD-based products; joint purchase of real-
time 24/7 3PD data on a European level with the sub-
sequent transfer to all NMS and, preferably,
universities.

3. Sharing results: Test different 3PD QC and retrieval
algorithms on large benchmark datasets in collabora-
tion with different institutes (e.g., COST action OPEN-
SENSE); knowledge exchange between NMS at using
3PD in operational products.

4. Joining efforts: Connect professional profiles within
an NMS (e.g., from researchers to forecasters) to iden-
tify high-value and original ideas using 3PD for novel
indicators of severe weather. Keep in mind that (local)
climate zones serviced by NMS can differ in a way

that affects the added value and/or required proces-
sing of 3PD (e.g., frequent occurrence of solid precipi-
tation, orography, etc.). In addition, the business
drivers might be different, depending on the services
or applications that a NMS provides and the position
of a weather service by law (e.g., inclusion of hydrol-
ogy, aviation, commercial activities)

5. Focused efforts: Identify the most promising 3PD
sources for a region given the gaps between require-
ments and the observing capability of official net-
works (such as the associated network density). For
instance, PWS are generally promising for high-
income countries. CML are often promising for low-
to middle-income countries in (sub)tropical climates
because real-time weather radar and (crowdsourced)
rain gauge data are often lacking. CML can still add
value in case of high network densities in a high-
income country such as Germany (Graf et al., 2020).
Subsequently, identify the level of suitability of 3PD
collections for different applications (e.g., 3PD might
not be appropriate to detect climate trends)

6. Combining datasets: Following the quality assurance
of a 3PD dataset, investigate how to merge these col-
lections with data from dedicated sensors
(or satellites), keeping in mind that 3PD availability
and usability may differ for regions around the globe.

6 | CONCLUSION

In this work we share our experiences resulting from a
decade of work with 3PD collections. We think this con-
tribution provides a panoramic view of the core elements
(e.g., technicalities, business aspects, policies) that NMS
might need to consider at incorporating 3PD collections
into daily operational services. Substantial research has
been carried out at KNMI on 3PD, but most of these
efforts have faced hurdles to transition between being a
“proof-of-concept” to becoming a “proof-of-value” that
can be used in operational services. Hence, in this work
we share our insights on how this transition could be
within NMS.

In our view, 3PD collections are here to stay and
expand well-consolidated workflows in meteorology and
climate sciences. Thus, we think NMS should be well-
prepared for these changes. Looking to the future, we
think 3PD has the potential of becoming a game-changer
when it comes to carrying out impact-based analysis and
issuing high-resolution warnings and events, particularly
in urban areas. Hence, we recommend that NMS
increases their efforts in the evaluation of how 3PD can
contribute to their operational services and, simulta-
neously, be ready for new big data engineering and data
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fusion challenges. We also recommend that NMS assess
how to start a process of institutionalizing 3PD so that it
becomes a standard component of our businesses.
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