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Abstract: Applications of weather radar data to complex orography are manifold, as are the problems.
The difficulties start with the choice of suitable locations for the radar sites and their construction,
which often involves long transport routes and harsh weather conditions. The next challenge is the
24/7 operation and maintenance of the remote, unmanned mountain stations, with high demands on
the availability and stability of the hardware. The data processing and product generation also require
solutions that have been specifically designed and optimised in a mountainous region. The reflection
and shielding of the beam by the mountains, in particular, pose great challenges. This review article
discusses the main problems and sources of error and presents solutions for the application of weather
radar technology in complex orography. The review is focused on operational radars and practical
applications, such as nowcasting and the automatic warning of thunderstorms, heavy rainfall, hail,
flash floods and debris flows. The presented material is based, to a great extent, on experience
collected by the authors in the Swiss Alps. The results show that, in spite of the major difficulties
that emerge in mountainous regions, weather radar data have an important value for many practical
quantitative applications.

Keywords: weather radar; mountains; complex orography; quantitative precipitation estimation
(QPE); thunderstorms; nowcasting; flash floods; warning

1. Introduction

Installing and operating a radar in a region surrounded by high mountains is a par-
ticularly difficult technological challenge. Harsh weather conditions, long access routes,
exposure to lightning and melting permafrost as well as the limited space on mountain
crests make the civil works, power supply, data transmission, building and radar mainte-
nance difficult. However, this is not all. Using radars for meteorological and hydrological
applications in a mountainous region poses many other challenges. The radar configura-
tions and algorithms developed for flat regions often fail to work properly over complex
orography for several reasons. Moreover, the requirements of the users of radar products
are also different.

Mountainous regions are sparsely populated and the operators of weather radar
networks often focus on the flat parts of the country, where most of the population and
industry are located. However, there are exceptions. In Europe, for instance, the Alpine
valleys are heavily developed and populated and there are many villages, agricultural
mountain farms, winter and summer sports resorts, hydroelectric power plants, regional
airports, flight routes, roads and railways. Switzerland started using radars to monitor the
weather in the late 1950s [1]. The first generation of weather radars were already sited at
the top of mountains and the shielding and reflection of the radar beams by terrain were
major issues right from the very beginning. The country had to find suitable solutions [2]
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and, in recent decades, has gained experience on how to cope with the challenges and
to quantitatively use radars over complex orography, see, for instance, [3,4]. In the years
2011-2016, the Swiss C-band Doppler radar network was upgraded under the umbrella of
the Rad4Alp project to dual polarisation and extended by the addition of two new radars
sited on mountain peaks in the central part of the Alpine range (Figure 1). The aims of
the extension were to improve coverage of the inner-Alpine regions, to have a substantial
overlapping for redundancy purposes and to extend the usage of radar in the Alps [1,5-7].
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Figure 1. Map of the operational Swiss radar network which consists of 5 radars: La Déle and Albis
(since 1959, 1st generation), Monte Lema (since 1993, 3rd generation), Pointe de la Plaine Morte
and Weissfluhgipfel (since 2014/2016, 4th generation). The heights of the radar sites and selected
mountain peaks are in metres above sea level.

In 2007, Austria took an important step to improve radar coverage in the Alps by
installing a dual-polarisation C-band radar with a receiver over elevation design on Valluga,
a mountain exposed to harsh weather, at a height of 2.8 km in the central Alps. The other
Austrian radars were upgraded to dual polarisation between 2011 and 2013 [8]. Austria
has played a pioneering role in the use of radar data for air traffic control in the European
Alps. Figure 2 illustrates how radar data are used as guidance to define re-routing and
holding loops when take-offs and landing at the Schwechat International Airport in Vienna
are suspended, due to the presence of severe thunderstorms.

The French weather service made a major effort to fill the gaps in radar coverage in
the French Alps as part of the RHYTMME project [9]. While Switzerland opted to use an
identical hardware design for all its radars, France took a different approach. To fill the gaps
in the Alps in the 2010-2013 period, four X-band radars, which are smaller and cheaper
than the C-band and S-band radars that have been in the flatter regions of France for many
years [10], were deployed [9,11]. The installation costs for small X-band radars are lower.
On the other hand, the overall development and operating costs may be higher when
different technologies are used in parallel, as each type of radar uses different algorithms
and requires different spare parts and different maintenance procedures. As a result of the
smaller size of an X-band radar, it is easier to find a location in a mountainous environment,
and France has long-standing experience in this field [12-14]. However, signal attenuation
and the transmission power limit the use of X-band technology to short ranges of a few
tens of kilometres. X-band systems are accompanied by the French C-band and S-band
radars for long-range surveillance.
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Re-routing

Figure 2. Re-routing and holding loops of air traffic during thunderstorms over the eastern Austrian
Alps on 17 July 2010, 20:15. The aircraft trajectories correspond to a 10-min period. Only reflectivity
values above 35 dBZ are shown; yellow corresponds to >40, red to >50 dBZ. Image courtesy of
R. Kaltenbock.

A number of radars in Italy are also located in complex orography, for instance [15],
and several studies have dealt with the challenges of using radars for precipitation mea-
surements over mountainous regions [16-22].

In 1954, the US Air Force installed the first operational radar designed for meteoro-
logical applications in the US, the CPS-9 X-band system, shortly followed by the WSR-57
S-band system of the national weather service, which was first deployed in 1959. Today’s
operational WSR-88D network was installed in the nineties [23,24] and upgraded to dual
polarisation in 2013 [25]. The driving force was protection against severe weather, such
as supercells, hail and tornadoes, which typically occur over the mostly flat regions of
the US. Radar applications in the mountainous regions were not the focus of the initial
design [26,27], but have been receiving increasing attention lately, see, for instance, [28-30].
The optimal choice of a radar site is intricate on the Pacific coast. It is necessary to place
a radar at low heights close to the coast to see the weather over the ocean and support
traffic at sea. However, this results in limited radar coverage over and behind the mountain
ranges along the coast due to blockage of the beam.

A similar situation can be found in South Korea and in Taiwan, which have steep
mountain ranges close to the coast, and therefore require solutions to deal with severe beam
shielding [31] and ground clutter [32,33]. Several studies have demonstrated the value of
polarimetric Doppler radar data for the monitoring of rainfall rates and wind fields over
the complex orography of Taiwan and South Korea [31,34-36].

As part of its new-generation weather radar network, the Chinese weather service
opted to use S-band radar technology in eastern China, which is mainly flat, and C-band
radars in the less populated and more mountainous western part of the country [37]. The
number of radars decreases as the altitude of the terrain increases, thus resulting in lower
radar coverage over the mountainous regions [37], an issue of ongoing research [38—40].
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Other countries, such as Australia, Canada, Japan and New Zealand [41], have dealt
with the problems of deploying and using radars in mountainous regions. Some countries
have just started recently, such as Nepal, which installed its first weather radar in 2019 [42].
Three inexpensive X-band radars have been installed in the high Andes of southern Ecuador,
to support local authorities in hazard prevention [43].

Many solutions have been proposed in the literature concerning the use of radars in
complex orography, but only a small percentage of them have actually been implemented and
used in an operational manner. The fact that the mountainous regions in many countries are
sparsely populated, and not the target area of highest priority for radar operators, discourages
the development of solutions for operational radar usage over mountains.

Complex orography is a challenge for radar applications, but it is also an opportunity.
When analysing radar measurements over the orography, patterns are found which, de-
pending on the atmospheric conditions, repeat themselves. This is due to the influence of
the terrain on precipitation mechanisms [44-46]. Studies on the precipitation maxima of
various time periods, the frequency of thunderstorms and hail, the convective storm paths
and the initiation and decay regions of precipitation as a function of the mesoscale flow,
all reveal patterns that are clearly related to the terrain [47-55]. This can be exploited, as
has been shown in the quantitative precipitation nowcasting context [56-59]. Mountain
echoes can also be used as a reference signal, for instance for hardware monitoring and the
correction of signal attenuation [14].

Outline

This paper presents a review of the challenges and possible solutions for radar appli-
cations in mountains. The focus is on operational radars and operational applications. The
material presented is related, to a great extent, to the decades of experience of the authors
in the usage of weather radars in the Swiss Alps. The paper starts from the practical needs
and the requirements of the users (Section 2). An overview of challenges and problems
pertaining to the operation and usage of radars in a mountainous environment is given in
Section 3. Section 4 presents a selection of proven solutions, performance indicators and
the current research frontiers. Concluding remarks can be found in Section 5.

2. Practical Applications, Needs and Requirements

The main interest in weather radars in mountainous regions is the real-time monitoring
and nowcasting of rainfall, snowfall, thunderstorms and hail. Weather radars are the prime
source of information used to issue warnings of severe thunderstorms, heavy rainfall, hail,
flash floods, landslides and debris flows, see, for instance, [60—62]. Radar measurements
are used for the initialisation of numerical weather prediction models [63], serve as input
for hydrological models [64-68] and are widely applied by the public and the private
sectors for a variety of applications in the agriculture, construction industry, transport and
insurance sectors, for hydroelectric power production and for recreational activities. On
rainy days, the radar animation in the MeteoSwiss app is viewed between 1 and 3 million
times a day, an impressive number, compared to the total of 8.5 million inhabitants of
Switzerland. Radar data also play an important role in research in mountain meteorology,
see, for instance, [45,46,69-77] and, thanks to the increasing length of data records, people
are starting to use radar data for climatological studies in mountainous regions [55,78-81].

The starting point of the design of a radar is the needs of practical applications. An-
other key aspect is the type of weather one wants to observe. Orography has a significant
effect on the intensity and spatial distribution of precipitation, via a variety of processes,
such as forced lifting, the channelling and blocking of moist upstream flows, or the radiative
heating of slopes and the resulting wind regimes at various scales. If the flow and atmo-
spheric conditions remain stationary, so do the precipitating cloud patterns. This can result,
for instance, in stratiform rainfall over several days, or in lines of intense convective storms,
which last several hours [51,82]. As a result of stationarity, both can lead to large rainfall
amounts on the ground and, consequently, to flooding, debris flows and landslides [83,84].
The atmospheric conditions on the border between a plain and a mountain range can
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favour the formation of severe thunderstorms and hail, as shown in [52,53]. Plains ensure
the supply of heat and moisture, and foothills act as a trigger for the initiation of cells.
Large spatial gradients in the precipitation amounts, which are related to the complex
interplay between the terrain and atmospheric processes, are typical of all these examples
mentioned above.

2.1. The Scales of Interest

The temporal and spatial scales of the phenomena at the centre of attention range from
a few minutes to several hours, and from a few kilometres to several tens of kilometres.
The variability of precipitation at larger scales is well captured by rain and river gauges
and by numerical weather prediction models. The principal task of a radar is to capture
the spatiotemporal variability of rainfall at small scales, that is, the peaks of precipitation,
hail cells and thunderstorms, which are not captured well by point measurements, and
to provide the basis for storm severity ranking and warning issuing. Precipitation also
exhibits high spatial variability in flat regions, but the regions of maximum rainfall over
complex orography are often stationary for a certain period of time, whereas precipitating
clouds usually move in flat regions. Because of stationarity, rainfall accumulations can reach
extreme values locally, which, in turn, can trigger flash floods, debris flows and landslides.
Moreover, a small shift in location over complex orography can make an important difference
for the hazards on the ground. A numerical weather prediction (NWP) model can often
correctly predict the presence of convective storms. However, it is practically impossible to
forecast a thunderstorm at the right location, time and intensity, due to the chaotic nature
of convection. An NWP model provides the information necessary to issue a pre-alert that
allows people in the affected region to prepare for an event. The level of precision in the
location, time and intensity typically required by a user before taking action is so high that
it can only be reached shortly before the event, when the presence of a storm is confirmed
by the radar. This is the essence of nowcasting, which is primarily based on the latest
observations and fast statistical processing. Nowcasting starts with a detailed description of
the present weather, such as the quantification of the severity of a thunderstorm, and makes
an assessment of the possible hazards. Lagrangian extrapolation of radar fields can help to
estimate the location of storms over the following few hours and build the basis necessary
to issue a warning. Figures 3 and 4 show the skill and predictable scale as a function of the
lead time of a state-of-the-art NWP model and a Lagrangian radar extrapolation nowcast
evaluated over the central European Alps against radar observations. The figures show
that, in the context of forecasting, a Lagrangian extrapolation of radar precipitation fields
provides unique information at a high spatial resolution for lead times of up to a few hours.
For a detailed discussion, the reader can refer to [85,86]. According to these results, the
crossover lead time, up to which the Lagrangian extrapolation of radar fields has a better
skill than NWP forecasts, lies between 2.5 and 3 hours. Interestingly, this result is similar to
that found a decade ago for the same study area, but with earlier versions of the models,
see [87]. More precisely, the crossover point depends on various factors, and in particular
on the type of precipitation and the spatial scale [59].
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Figure 3. The skill of ensemble forecasting in the nowcasting time frame of three different methods,
that is, a stochastic Lagrangian extrapolation of radar fields [88], a state-of-the-art numerical weather
prediction model in ensemble mode (COSMO-E), and a Bayesian blending of the previous two [85].
The analysis was conducted as a function of the spatial scale and for different rain rate thresholds by
pooling data of four events for a total of 48 hours of precipitation. The fraction skill score, FSS, for
precipitation >2 mm/h and a spatial scale of 32 km is shown here. This is the average of the four
events shown in Figure 12 in [85], © American Meteorological Society; used with permission.
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Figure 4. The predictable scale of Lagrangian radar extrapolation nowcasts (solid lines) and COSMO-
1 forecasts (dashed lines) as a function of the lead time. The COSMO-1 curves are shifted by 1.5 h to
account for the computational requirements of numerical simulations. The computation time may be
reduced in the future by increasing the update frequency of the NWP model. The evaluation spans
data from the whole of 2018 and over a 640 km x 710 km domain centred over the European Alps.
(a) The scale-aware normalised root-mean-square error, RMSE,;, for all analysed scales separately.
Considering an RMSE,; of 1 as the limit of predictability, it is possible to identify the predictable scale
for each lead time. This is shown in (b). Taken from [86].
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2.2. Operational Applications in the Swiss Alps

Radar data have been used operationally in the Swiss Alps for quantitative precipi-
tation estimation, which is commonly referred to as QPE [3,4,89-92], for the nowcasting
of precipitation [56,59,62,87], for the tracking, severity ranking and nowcasting of thun-
derstorms [70,93-96], for the hail monitoring and hail nowcasting [80,97,98], hydrometeor
classification [99,100], wind retrieval and mesocyclone detection [101-104], data assimila-
tion in numerical weather prediction [63,105] and climatological studies [52,53,55,79]. The
applications are continuously reviewed and expanded with new algorithms, see, for in-
stance, [88,97,106-108]. Radar products and warnings are sent to air traffic control, weather
forecasters, the authorities responsible for the intervention in the case of severe weather
and flooding, hydrologists [68,109], and to the private and public sectors. The forecaster on
duty provides 24/7 support to users for a correct interpretation of the meteorological data
and warnings.

The thunderstorm radar tracking algorithm (TRT) [94] automatically tracks thun-
derstorms and assesses their severity in real time, through a heuristic approach, using
volumetric radar data. The thunderstorms are extrapolated forward in time in the direction
of their recent movement on the basis of Lagrangian persistence rules, see Figure 5. The
uncertainty of the future cell position is estimated from the standard deviation of the
motion vectors of the latest three time steps [70]. Warnings have been issued for future
thunderstorm positions since 2005. A warning is issued if either the severity of the cell
(TRT) or the amount of rainfall (QPE) within the cell exceeds a predefined threshold [62].
These warnings have been provided automatically and operationally to the authorities via
dedicated platforms and to the public via the mobile application (app) of MeteoSwiss since
2020 [95]. The complete warning chain from the radar measurement up to the computation
of the warnings and their distribution is fully automatic, without any human intervention.
In 2021, a total of 906 of these thunderstorm flash warnings were issued throughout the
Swiss territory, which has a size of 41,000 km?2.

Customised solutions have been developed for particularly demanding applications.
The automatic heavy precipitation warning systems developed and configured for a variety
of locations and users represent prime examples. These include the operation of a trans-
Alpine gas pipeline that crosses a steep Alpine slope that is prone to debris flows, the
protection of major construction sites in a river tunnel in the city of Basel [7] and at the
railway station in Zurich, the protection of the railway service on a bridge that crosses a
catchment with frequent flash floods and debris flows in the Grison Alps (Figure 6) and
several other similar applications. Radar measurements are the prime source of information
in all these examples of customised nowcasting products. These customised systems often
act as prototypes, and the algorithms become part of the standard production for all users
in a later step.

Figure 7 shows an example of a recently developed dual-polarisation product to
identify hydrometeors. The two operational radars at Albis and Weissfluhgipfel observe
the same hail cell, but from different directions and at different distances. The figure shows
the different hydrometeor types along a vertical cross section, as identified by the two
radars using polarimetric information [99,100]. The presence of hail was confirmed through
the measurements of a network of automatic hail sensors on the ground deployed in the
hail-prone regions in Switzerland. One sensor of a pilot network that was in the centre of
the cell detected 425 hail stones in 6 min. The maximum diameter of 3.3 cm that hit the
sensor plate matched the maximum expected severe hail size of 4.5 cm estimated by the
MESHS radar product for the corresponding 1 km? pixel. Both radars provided sufficient
information to assess the severity of the thunderstorm thanks to the high vertical resolution
of the scan strategy, which is discussed later on in Section 4.6. This demonstrates that,
despite the shielding by terrain, one radar can act as backup, should the other be out of
operation. Similar plots for a different hail cell and a discussion on the different types of
hail data can be found in [75,98]. The hydrometeor product could trigger new applications
in the future, for instance in the automation of human observations (METAR, SYNOP).



Remote Sens. 2022, 14, 503

8 of 40

Figure 5. (a) Automatic tracking, extrapolation and (b) severity ranking of thunderstorms [94]. All
the thunderstorm cells (polygons) are shown in panel (a), whereas only cells above a certain severity
are marked in panel (b). The number in the cells indicates the maximum cell vertically integrated
liquid (VIL) water, which is one of the parameters used to compute cell severity. For this time step,
there is one cell just slightly above the severity threshold (white ellipse, VIL 12 kg/m?), one moderate
cell (green), one severe cell (yellow) and one very severe cell (red, VIL 51 kg/ m?). The uncertainty
of the cell position forecast is represented by the increasing size of the extrapolated ellipses. The
underlying colour in (a) and (b) shows the precipitation rate (QPE). The data refer to 20 June 2021,
1400 UTC. The geographic domain corresponds to that of Figure 1.
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Figure 6. Inauguration of a new railway bridge in the Grison Alps in eastern Switzerland in 2011. The
new bridge is three metres higher than the old one and was built to protect the rails from increasing
threats of flash floods and debris flows. A customised radar-based heavy precipitation warning
system was put into operation on 7 August 2017. One day later, the nowcasting system issued its
first warning, and a few minutes later the rails on the new bridge were flooded by a debris flow.
Photograph courtesy of the Rhaetian Railway.
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Figure 7. Hydrometeor types retrieved from polarimetric radar measurements in the original coordi-
nate system of the polar volume scan [99]. The figure shows a vertical cross section through a hail
cell on 27 May 2016. (a) The hail cell seen from the Albis radar at an azimuth angle of 57°. (b) View
from the Weissfluhgipfel radar at an azimuth angle of 316°. The dashed vertical line indicates the
intersection. For the positions of the two cross sections, see the thin dotted lines in Figure 1.

2.3. Radar System Requirements

The requirements for the design of a radar network in a mountainous region are derived
from the type of weather, the scales of interest and the applications described above:

1.  Resolution in time: A high temporal update rate, of the order of a few minutes,
is required to capture the rapid evolution of thunderstorms and hail cells, which
originate flash floods, debris flows and landslides in steep orography.

2. Timeliness: Fast data transmission and processing is critical in the context of air
traffic control and the issuing of warnings. The radar products have to be ready for
submission to the user within about 60 s after the end of a radar volume scan.

3. Resolution in space: A horizontal mesh size of the order of a kilometre is required to
capture rainfall peaks that trigger debris flows, to identify hail pixels inside thunder-
storms and to properly describe gradients in thunderstorms and rainfall fields. It is
beneficial to have information at scales smaller than 1 km for debris flow warnings
and accurate localisation of hail.
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10.

11.

12.

13.

14.

Dynamic range: A network of surveillance radars used for nowcasting has to detect
all the different types of precipitation, from weak drizzle to heavy rainfall and hail,
for all ranges. This translates into a dynamic range of >100 dB .

Sensitivity: Heavy precipitation and thunderstorms result in high reflectivity values.
Therefore, their detection does not put the sensitivity of a radar under pressure.
However, sensitivity is critical for other reasons. First, surveillance at long ranges,
to see the approaching weather for nowcasting purposes, requires high sensitivity.
Second, because of the shielding of the radar beam by the terrain, a substantial part
of the measurements in orographic regions are made at a high altitude, that is, in
snow, where echoes are weak. These measurements from aloft are then extrapolated
to the ground using various techniques. Third, in order to use the Sun for monitoring
purposes, the minimum detectable signal (MDS) has to be at least a couple of decibels
below the level of the Sun’s signal [110]. If the Sun is also to be used for the absolute
calibration of a dual-polarisation receiver, the MDS has to be about 8 dB below the
level of the quiet Sun [111]. Indicatively, a surveillance radar must be able to detect
echoes down to 10 dBZ at a distance of 200 km.

Stability: Users expect to obtain the same numbers and warning levels in comparable
situations. A high stability of the radar hardware is therefore important. One dB is
a number that is commonly cited for the stability of reflectivity, and 0.2 dB , which
represents an additional challenge, is mentioned for differential reflectivity.
Accuracy and resolution in intensity: Accuracy and resolution are obviously impor-
tant, but it is not possible to provide one number as a generic answer for reflectivity.
The same applies for differential reflectivity, radial wind, the specific differential
phase and other radar variables. The question has to be put in the context of a specific
application, taking into account all the different types of uncertainties involved in the
end-to-end chain and also considering the sensitivity of the application to errors. The
cost-loss ratio is one of many ways of doing this.

Information on uncertainties: In modern automatic quantitative applications, it is
common practice to take into account information about the uncertainty of the radar
product. This is a broad issue, and the requirement depends on the application. For
instance, radar rainfall maps and nowcasts need to come as ensembles for hydrological
runoff modelling in steep Alpine catchments, in order to deal appropriately with the
uncertainties and their space-time covariances in the hydrological model.

Vertical scanning: It is essential, for the severity ranking of thunderstorms and the
identification of hail, to scan from the ground up to the top of the troposphere with a
sufficiently high vertical resolution. Small increments of the elevation angle between
successive scans at the lowest sweeps help to improve quantitative precipitation
estimates over complex terrain.

Continuity: The user expects a certain degree of spatiotemporal continuity in radar
products. Sharp artificial discontinuities and artefacts irritate users and may lead to
errors in the algorithms that use radar data as input.

Availability: On the basis of the users’ requirements, radar operators typically aim at
an availability of radar data above 99%.

Traceability: It is important, in the context of warnings and air traffic control, to record
any changes in hardware, software and configuration, to document maintenance
work, to archive all calibration values and hardware status parameters and to use
calibrated maintenance tools.

Product redundancy: It is necessary to run different algorithms in parallel for the
same type of product to cope with the weaknesses of a single method and to have
redundancy when one of the algorithms is upgraded or does not perform well for
various reasons. Dual-polarisation QPE approaches, for instance, result in a higher ac-
curacy, but are more sensitive to small hardware instabilities than a single-polarisation
algorithm. It is therefore recommended to run both in parallel.

Innovation and verification: Both are essential to be able to satisfy the continuously
increasing demands of the users.
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The information given here corresponds to the situation in the European Alps but can
be different in other mountainous regions. The requirements are considered as guidelines
for the design, operation and innovation activities of a radar network.

3. Challenges

A large amount of literature is available on the challenges of radar measurement and
sources of error in general, see [112] for an overview. For the most part, these also apply to
mountainous regions. However, there are three categories of challenges that are specific to
the usage of radars in a mountainous region.

3.1. Planning and Installation

The first is related to planning and installation. The choice of a suitable site in itself is
often not trivial. The radar has to be high enough to limit shielding and have good visibility
over the area of interest, but as low as possible to observe the weather close to the terrain.
Long access routes to remote radar sites on mountains and harsh weather conditions pose
many engineering problems for the construction of buildings, the installation of the radar,
the protection of the infrastructure from hazards caused by lightning, icing, wind and snow
storms, and the provision of electricity and data lines. The time window that is suitable
for civil work in the summer is often short, and, in the absence of a road, people and the
necessary materials must be transported by cable and helicopter.

3.2. Maintenance and Operation

The second category of challenges specific to mountainous regions concerns operation
and maintenance. In most cases, radar sites on mountains are unmanned, and access is
not guaranteed all year round. Automatic monitoring and the remote control of both the
radar hardware and building technology are mandatory. The possibility of monitoring
several components of the transmitter, antenna system, receiver, heating, ventilation, door
lock status and house climate allows for the early detection of errors and appropriate
preparation measures prior to a maintenance trip to the site. It is good practice to have
maintenance tools, measurement equipment and a stock of spare parts on site.

3.3. Reflection and Shielding by the Terrain

Whereas the first two challenges are related to structural engineering and logistics, the
third one has to do with the interaction between the radar signal and the mountains. The
two most serious problems in this category are (i) the strong reflection (ground clutter) and
(ii) the shielding of the radar beam by mountains. Ground clutter is only an issue in a flat
region in the vicinity of the radar, up to a distance of about 10 to 20 km. Ground clutter can
also occur at longer ranges under certain atmospheric conditions due to abnormal refraction
of the beam towards the ground, which is called anomalous propagation, or anaprop.
However, ground clutter occurs practically at all times, all ranges and all azimuth angles in a
mountainous region, see Figure 8. It is sufficient that a part of the main lobe or any side lobe
of the antenna radiation pattern hits the ground somewhere, see, for instance, [113,114]. The
amplitude of the signals reflected by the ground is comparable with that of a thunderstorm,
and a patch of ground clutter can easily provoke an erroneous automatic thunderstorm, hail
or heavy rainfall warning. A rigorous cancellation of ground clutter is therefore essential.
The task is particularly difficult when mountain returns are embedded in echoes from
precipitation. Simulation studies have shown that dual-polarisation parameters are more
sensitive to sidelobe contamination than single-polarisation reflectivity measurements [115].
Applications that build on dual-polarisation measurements thus put higher demands on
clutter cancellation, and automatic data quality control in general.
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Figure 8. Nonmeteorological signals (clutter) in a Swiss radar composite map on a clear sky day with
the clutter cancellation switched off. The data refer to 13 September 2021, at 05:15 UTC. The dashed
rectangle corresponds to the domain shown in Figure 1. There are strong ground returns, >50 dBZ, in

practically all the regions in Switzerland, which demonstrates the importance of rigorous and reliable
clutter cancellation in the automatic warning context.

In Figure 8, it is possible to distinguish several different types of cluttered signals.
Ground returns are particularly strong and relatively constant in time where the main lobe
hits steep mountain slopes and crests, as can be seen from the many yellow-orange-to-red
spots within the Alps. The returns from hilly terrain are somewhat weaker and more
continuous in space, as pointed out by the violet-blue-to-green areas over France and Italy.
Several radial rays can be observed, two of which correspond to signals from the Sun,
which was located to the east at the time of this image, while the others refer to signals
from external emitters, such as RLAN links. The image also contains ground returns from
the side lobes, and possibly a small number of echoes from birds, insects and aeroplanes,
which are usually more variable in time but cannot be distinguished with the naked eye in
this image.

Another severe problem is shielding of the radar beam by mountains. If only a part
of the main lobe is shielded, which is referred to as partial shielding, echoes still arrive
from the weather behind the mountain as a result of the remaining part of the beam.
The loss of power can be corrected if a fairly good estimate of the degree of shielding
is available [3,4,116,117]. Some parameters, such as Doppler velocity and the specific
differential phase Kpp, a polarimetric moment, are immune to partial shielding (and also
to calibration errors and attenuation), see, for instance, [118]. This can be exploited for
rainfall estimation purposes [119-121]. If the beam is completely shielded, the ray behind
the mountain will be free of echoes, but the signals sampled by the receiver can be used to
study receiver noise and thermal emissions from the terrain, as well as from drops in the
atmosphere and water on the radome. The analysis of the signal emitted from water on the
radome and in the atmosphere may be used for attenuation correction purposes [122], a
concept that needs to be further developed before it can be used routinely in a mountainous
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region. Figure 9 shows, for illustration purposes, how the noise floor increases when a
heavy thunderstorm cell moves over the Albis radar site.
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Figure 9. Registration of the noise level in the Albis radar receiver on 28 June 2021. The emissions
from the wetted radome and the water in the atmosphere cause an increase in the noise level of more
than 1.5 dB at the moment a severe hail cell approaching from the south-west passes over the radar.
(a) Noise power as a function of time sampled at an elevation of 35° (red dots) and 40° (salmon dots).
The measurement of a simple rain detector with three intensity classes installed on the tower of the
radar is also indicated (blue). (b) The same noise power as in (a), here shown as a function of the
azimuth, between 13:30 and 16:30 UTC, when the cell approaches the radar (salmon and red dots),
and at 16:35 UTC (black), at the time the cell hits the radar. The grey ellipse indicates the mean and
standard deviation of the wind at the radar site. The antenna occasionally points in the direction of
the Sun and the Sun’s signal is superimposed onto the noise level (star), as automatically detected
by the online Sun monitoring system. The exact value of the Sun’s signal depends on the relative
position between the Sun and the centre of the beam, an aspect that is taken into account in the
automatic monitoring of the receiver. All the red, salmon and black dots and stars are averages over
10° in the azimuth.

If a beam is completely shielded, it is necessary to rely on the next higher beam to
obtain information about any precipitating clouds behind the obstacle. The lower beams in
mountainous regions are often shielded, and the radar can only “see” the precipitating cloud
starting at heights of some kilometres. Figure 10 shows the present situation in Switzerland
with its five operational radars. The intensity of radar echoes decreases rapidly with height,
due to phase changes and other microphysical processes, which is commonly referred to as
the vertical profile of reflectivity, or VPR in short. The further a measurement is from the
ground, the more it becomes difficult to derive useful meteorological parameters, such as
the rainfall rates on the ground, and the higher the risk of the radar completely missing
a precipitating cloud, which is referred to as overshooting. Overshooting is particularly
a problem in stratiform precipitation and generally in winter, when the concentration of
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scattering hydrometeors decreases rapidly with height. If clutter is adequately eliminated,
shielding, combined with VPR effects, are likely the dominant sources of uncertainty in
quantitative estimates of precipitation (QPE) in a mountainous region [2,4,89,116,123]. The
influence of clutter and VPR effects is less pronounced in a flat region, and other sources
of error, such as the space-time variability of the drop size distribution, move into the
focus of QPE processing, see, for instance, [124]. The impact of shielding is less critical for
nowcasting and the issuing of automatic warnings of thunderstorms because convective
storms can arrive well above the height of the lowest visible beam, even when data from
one radar are missing (see Figure 10b).

visible visible

visible

data used
up to
115km range

Height asl [km]

Territory [%] Territory [%] Territory [%]

Figure 10. Cumulated fraction of the Swiss territory (x-axis) that is visible to the radar network below
a certain height (y-axis). (a) Situation if data are available from 1 radar (Albis), 3 radars (Albis, Déle
and Lema) and all 5 radars (Albis, Dole, Lema, Plaine Morte and Weissfluhgipfel). The areas in blue
and green indicate the proportion of the atmosphere that is visible to the radar network, whereas
the area in white corresponds to the proportion that is not visible, either due to shielding or clutter
contamination. The calculations are based on echo and clutter statistics from 2020 referring to the
three-dimensional volume above the 41,000 km? Swiss territory. It should be noted that Albis is
the lowest radar in Switzerland and is located on a hill near Zurich. The Dole and Lema radars are
located on mountain tops at intermediate heights (1.6 km above sea level), whereas the Plaine Morte
and Weissfluhgipfel radars are situated on peaks close to 3 km above sea level in the inner part of the
Alps, see also Figure 1. (b) Situation when the lowest radar, Albis, is missing, for instance, due to
corrective maintenance. For QPE, the usefulness of measurements decreases with range because of
the broadening of the beam. At a 115 km range, a one-degree beam has a width of 2 km. (c) The same
as (a), but only using radar measurements up to a maximum range of 115 km.

3.4. Other Challenges

The variable of interest in the context of hydroelectric power production, water re-
source management and studies on the mass balance of glaciers in the Alps, is often the
snow water equivalent [125,126]. The conversion of radar signals from snowflakes and ice
crystals into values of the snow water equivalent on the ground is another major source of
uncertainty, thus adding to the complexity of radar usage over mountainous regions.

Moreover, there are other problems in mountains. It frequently occurs that a radar is
at the same height as the melting layer of a precipitation system. This obviously depends
on the climate and the height of the radar. In these cases, the radome, the protection sphere
around the antenna, will likely be wet and the radar beams at low elevation angles will
travel back and forth for many kilometres through melting snow. Both the water on the
radome [127-129] and the melting snow along the propagation path [12,13] can result in
significant attenuation of the radar signal.
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4. Solutions and Results

There is no perfect solution for the use of radars in complex orography. Many compro-
mises have to be made concerning the choice of the radar site, the design and configuration
of the hardware and the algorithms used for data processing and product generation. If an
idea is based on a scientific foundation, has been successfully implemented, has proven
to work 24/7 and satisfies the needs of the users, in terms of quality, availability and
timeliness, we can call it a “solution”. Ideally, its value is continuously quantified using
objective performance indicators, such as statistics of the timeliness, the availability of
radar data and accuracy, see Tables 1-3. This section presents certain selected examples of
solutions, some major performance indicators, the results of recent innovation projects and
new research paths. However, the presentation is not exhaustive. It is a selection of aspects
that are relevant in a mountainous region and which have a direct link to the practical
needs and requirements listed in Section 2.

4.1. Design Considerations

A number of important decisions have to be made at an early stage when the overall
design of a radar network over complex orography is necessary. A first important question
is related to network design. Do we opt for (i) a dense network of short-range X-band
radars deployed on both mountains and within the valleys, (ii) a limited number of long-
range C-band or S-band radars sited on mountain crests or (iii) a combination of the two?
After careful consideration of all the pros and cons, Switzerland decided to use long-range
volume-scanning C-band radars with identical hardware for all of their five sites. However,
in a country which has different types of terrain, different sizes, climate and needs, the
weather service may opt for another solution. The design of a network also depends on
the presence of other observational data, in particular rain and river gauges and satellite
imagery, and on the strategy of how these different sources of information will be combined
to fulfil the needs of the users.

Another important issue is the design of the data flow and processing stages. Because
of the increased bandwidyth, it is possible to transmit the radar measurements at an early
processing stage from the mountain site to the central computing and compositing server.
This allows new sophisticated multiradar approaches to be obtained, for instance, for clutter
cancellation and QPE. In the Swiss network, polarimetric moments in polar coordinates
are transmitted to the central server at a radial resolution of 83 m. QPE is performed at
the central server by combining, for each ground pixel, in a simultaneous manner, raw
polar data from all the radars and all the elevation sweeps that provide information on the
vertical column above that pixel and for that moment in time. The availability of valid radar
precipitation measurements in a vertical column varies considerably in space and time.
There are several reasons for this: shielding, ground clutter, variations in the refraction of
the radar beam, weather, microphysical processes and the vertical stratification of hydrom-
eteors and, obviously, interruptions of radar operation during preventive and corrective
maintenance activities. The more measurements are available in the vertical column above
a ground pixel, the higher the quality of the final product. For any given situation, the
Swiss QPE algorithms aim to make the best possible combination of all the measurements
from different radars and different elevation angles that are available for a given location by
assigning different weights to each measurement, depending on the height above sea level,
the level of shielding and the distance from the radar. This results in a dynamic and smooth
quality transition in space and time, which is a major improvement, compared to the design
of the QPE processing of the previous radar generation. The combination of measurements
from different elevation angles also compensates for temporal undersampling, which is a
major issue when data from only one elevation are considered.

The testing of new algorithms can easily be done offline with historical data sets.
However, when evaluating new radar products, together with forecasters and the users of
automatic heavy precipitation warnings, it is essential to be able to run new software in
real time on a test chain that is identical to the operational chain. There are four parallel
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real-time processing chains on the central radar server of the Swiss network, two for testing,
one for deployment and one for operational production. There is also a second digital signal
processing unit on one of the radar sites (Albis) that runs in parallel with the operational
one. It is used for testing purposes and as a spare part in the case of failure.

The spatial and temporal resolution of product generation is another important design
aspect. In the case of QPE, and most other radar products, the uncertainties are large and
it is recommended to integrate values over time and/or space to reduce the stochastic
errors. Nevertheless, it is good practice to generate the radar products with a sufficiently
high space-time resolution of the order of 1 km and a few minutes, and then to do the
integration later, depending on the specific setting of the application. The Cartesian
products in Switzerland are generated with a resolution of 1 km and updated every 2.5 min,
a reasonable choice, considering the requirements listed in Section 2.

4.2. Siting

The choice of a suitable site is obviously a critical step. Many studies have been
presented in the literature to simulate ground clutter and shielding of a radar using digital
terrain information and a beam propagation model, see, for instance, [19,113,114,116,130].
Siting in a mountainous region is always a compromise between a high site on a peak in
the centre of the mountain range with limited shielding and the possibility of long-range
surveillance (we call this type “peak”), a mountain site at an intermediate height on a crest
somewhat offset from the main mountain range with the highest peaks (“offside” type),
or a site lower down in a valley that allows the precipitating cloud to be observed at low
heights (“valley” type), see Figure 11. In addition, there is also the “plain” type, which
corresponds to a radar sited on a tower or a hill that is far away from the nearest mountain
range and can overlook a plain with few or no obstacles. This subdivision is oversimplified,
but it illustrates the main options for siting a radar to oversee precipitation over complex
orography. All four types have pros and cons, and none is ideal. A combination is likely to
give the best results.

Figure 11. Four different types of radar sites used to monitor precipitating clouds over complex
orography. The rays and the grey shading indicate the part of the atmosphere that can be seen by

the “plain”, “peak” and “offside” radars. The range of visibility of the “valley” type is limited to the
visible cone above that valley, which is not shown in the figure.

For the “peak” type, it is tempting to chose one of the highest peaks of the mountain
range. However, this is probably not the best option. Moving away from the ridge with the
highest peaks, it is often possible to find a considerably lower site with limited shielding,
better access, easier conditions for construction work and the possibility of seeing the
precipitating cloud at lower heights. The latter is an important aspect, as the number of
hydrometeors and the chances of obtaining a sufficient number of good measurements,
which would allow meteorological variables to be derived, decreases rapidly with height,
see Section 3. A radar of the “peak” type can not see down into narrow valleys, but it is the
only site in complex orography that allows precipitating clouds to be sampled close to the
terrain and with a narrow beam over a large area. The beams of the radars of the “offside”
and “plain” types over the mountain range are high above the terrain and broad, due to
the long distances. A site of the “valley” type can see falling hydrometeors down in the
valley, but its range is seriously limited by the surrounding slopes and crests.
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The Swiss radar sites on Monte Lema and La Dole belong to the “offside” type,
whereas the two Alpine sites on Plaine Morte and Weissfluhgipfel, which were added in
2014 and 2016, are of the “peak” type (Figure 1). Another example of the “peak” type is the
Austrian radar on the Valluga mountain. The site of the polarimetric Doppler X-band radar,
operated by the University of Grenoble, see, for instance, [131], is an important example of
the “valley” type with ideal visibility over the target area, that is the city of Grenoble. The
sites in deep Alpine valleys of the mobile polarimetric X-band radars operated by EPFL
and MeteoSwiss also belong to the “valley” type, see, for instance, [132]. The radars on
Albis near Zurich and Bric della Croce near Turin (Italy) are examples of the “plain” type.

Figure 12 illustrates the contribution of different types of sites to the observation of
precipitating clouds over and near a mountain range. It shows precipitation accumulated
over one year (2016) along a vertical north—south cross section that crosses the central
European Alps. However, there is no single ideal site. Only a combination of different
types of sites in complex orography will provide good data quality in all regions. Data
quality decreases as the range and level of shielding increase. Nevertheless, a radar far
away from a point of interest can still provide data of sufficient quality whenever the prime
radar for that location is out of service. This is part of a strategy to obtain high availability
of radar data in an operational setting.

4.3. Installation, Acceptance Testing and Lightning Protection

The installation work of the Swiss radars had to be supported, to a great extent, by heli-
copters. Before starting the challenging civil work to install a new radar on a remote mountain
peak, it is good practice to conduct detailed tests at the factory. Testing and fixing technical
problems is far easier in a factory than at 3000 m above sea level. The Swiss radars were
thoroughly tested on the roof of the supplier’s factory as part of the formal acceptance process
by analysing data injected by test equipment, reflections from a nearby tower, signals from
the Sun, and echoes from precipitation, while operating the radar in the foreseen operational
configuration. During the factory tests, which lasted several weeks, the hardware monitoring
parameters were recorded in real time and various aspects were analysed.

Another novel element for acceptance testing was a 6-month test period in operational
mode, which started upon completion of the site acceptance test at the end of commissioning.
The 6-month operational test was followed by a final 4-month test of the whole network.
Throughout the acceptance testing, the combination of different pieces of complementary
equipment and sources of information proved to be a good strategy. In addition to standard
tests, MeteoSwiss deployed an external receiver and an external transponder, and imple-
mented numerous experiments to gain as much information about technical and functional
performance of the radar as possible. The transponder can introduce a time delay, which
allows the signal to be moved to a silent gate, with no clutter contamination. It can also add
a shift to the Doppler frequency and change the polarisation, which are interesting options
to make independent measurements of the specifications of a new radar [133].

Protection from lightning is another aspect that needs to be carefully thought through
for radars on exposed mountain sites. A direct lightning strike can cause major damage
to the radome [134] and the antenna, the repair of which could take several months. The
damage caused by indirect lightning currents, which enter via the power or data line, is
generally less serious, but locating and fixing the damage can be lengthy and complicated.
Adequate protection from lightning is thus mandatory. On the other hand, it is desirable to
avoid, as much as possible, any interference of lightning protection rods around the radome
on the radar measurements. It has been shown that lightning poles can cause significant
interference, in particular for polarimetric moments. Two groups of rods have been used
to protect the Swiss radars from lightning, one is situated below the lowest point of the
antenna, and the other one is located in the upper part of the radome, see Figure 13. With
this design, the risk of interference is marginal and limited to the highest sweeps, which are
less critical for quantitative rainfall estimation. To date, no interference has been witnessed
in the measurements.
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Figure 12. Precipitation along a vertical north-south cross section through the Alps, as seen by the
five Swiss radars. Reflectivity measurements from each radar were converted into equivalent rainfall
rates using a fixed Z-R relation and then accumulated over the whole of 2016. All five panels use the
same colour scale. Ideally, all the radars would show the same picture, that is, have the same values
for all the locations on the cross section. However, this is not the case, because of severe shielding,
clutter cancellation and broadening of the beam with distance. The distance between the radar sites
and the nearest point on the cross section is indicated after the name of each radar. For the position of
the cross section, see the dashed line in Figure 1.
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Figure 13. Picture of the radar on Pointe de la Plaine Morte, 2937 m above sea level. The lightning
protection consists of two groups of lightning poles, one below the lowest point of the antenna, and
the other one on top of the radome. This design results in minimal interference of the lightning poles
on the radar beam and polarimetric measurements.

4.4. Radio Frequency and Polarimetry

The choice of the radar hardware and configuration is driven by the needs and require-
ments of the practical applications (Section 2). For a mountainous site of the “peak” or
“offside” type (Section 4.2 and Figures 11 and 13), limited space, difficult terrain for civil
work, harsh weather and the budget lead to an upper limit on the size of the building, the
radome and thus also of the antenna. For a given antenna size, shorter wavelengths result in a
higher antenna gain, a narrower beam, lower sidelobes and a more favourable ratio between
weather and mountain returns (clutter) [1,2]. Gain, beam width, sidelobes and the weather-
to-clutter ratio are all critical aspects for operational radars in complex orography. On the
other hand, the shorter wavelengths of X-band radars and, to a certain extent, also C-band
radars, suffer from signal attenuation as a result of water on the radome and of large rain
drops, melting snow and melting hail along the propagation path, whereas attenuation can
largely be neglected for S-band radars, except for hail. The choice of the wavelength should
be a compromise between the above counteracting arguments. Complex orography countries
often opt for C-band radars for volume-scanning surveillance [1,8,37] and X-band radars for
research and field campaigns [135], gap-filling [9,126,136] and urban hydrology [131].

X-band radars in complex terrain are sometimes promoted because of their low costs
and high spatial resolution. However, this is a little misleading. The low costs are mainly the
result of the small overall size of the X-band system, which has typical antenna diameters
of between 1 and 2.5 m. However, the resulting beam width of these antenna diameters
is comparable with or even broader than that of a C-band radar with a 4-m antenna. The
advantage in the spatial resolution that can be achieved with X-band wavelengths is lost if
a small antenna is used to limit the overall size and costs.

Many of the radar measurements in a mountainous region are made in solid precip-
itation and the applications of polarimetry, based on the axis ratio of drops, are limited
to the measurements that are made below the melting layer. Furthermore, polarimetric
moments are more sensitive to contamination from ground clutter from the main and
the side lobes [121] and, in the case of differential reflectivity Zpg, to calibration errors
and hardware instabilities in the transmission and reception paths. In spite of this, dual
polarisation produces a large benefit in complex orography as it offers a better distinction
between weather echoes and ground clutter (Section 4.10), and it can be used to obtain
information on the type and mixing of hydrometeors (Figure 7 and [99,100]), to diagnose
hardware anomalies, to correct signal attenuation and to improve quantitative estimates
of the precipitation rates (Section 4.10). Last but not least, the vertical channel (V) can be
used as a backup for single-polarisation algorithms whenever the horizontal channel (H)
suffers from instabilities. The extra costs of dual polarisation are modest and the gain in
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quality and quantity of information is large, but a robust solution for the calibration and
monitoring of both channels is critical [137].

4.5. Receiver over Elevation Design

Some countries opt for a design with the receiver mounted onto the back of the antenna,
that is, the so-called receiver over elevation design, or short ROEL [137,138]. Some examples of
this type are the Italian radar on Bric della Croce [15,139], a hill near Turin, and the operational
networks in Austria [8], Belgium, Germany [140] and Switzerland [1]. For a picture of the
receiver over elevation design, see [5]. A ROEL design offers several advantages:

¢ The reception path is short, which results in improved sensitivity;

*  On transmission, the same waveguide and the same rotary joint are used for both the
horizontal (H) and vertical (V) polarisations up to the power divider (magic-T) on the
back of the antenna, which results in higher accuracy for dual-polarisation moments;

®  The transmission and reception paths are symmetric for H and V polarisation;

*  There is no need for an expensive (and sometimes fragile) dual-channel rotary joint.

Measurements conducted during commissioning of the new radar at Albis [1] pointed
out that the sensitivity had improved by 9 dB, a number that was roughly confirmed by
means of Sun measurements. Part of the gain in sensitivity at Albis can be attributed to
switching to the ROEL design, while the rest can be attributed to the replacement of the
analog receiver with digital technology and moving the transmitter and receiver from the
cabin at the bottom of the tower to the top. Sensitivity is a critical aspect for radars in
complex orography, as stated in Section 2. In spite of obvious advantages, ROEL does
not seem to be the preferred option. The majority of national weather services prefer a
conventional design with the receiver next to the transmitter in the cabin. A possible reason
for this may be the need for a reliable broadband data line between the receiver on the
moving antenna and the cabin, which can be realised, for instance, with a fibre optic line in
the centre of the rotary joint [138]. Other reasons may be related to the need for a reliable
control of the climate in the receiver box and appropriate lightning protection in the radome.
Another frequently cited counterargument is that of the significant additional efforts that
are needed for maintenance work, but this has not been confirmed for the Swiss experience.
A ROEL design is difficult to realise for an S-band radar for technical reasons, because of
the large size of the waveguides. For more specifications on Swiss radar hardware, see
Table 9.1 on page 175 in [1].

4.6. Scanning the Atmosphere over Complex Orography

The quality of radar products in complex orography depends to a great extent on the
way the antenna scans the atmosphere, which is commonly referred to as the antenna scan
strategy. This is part of the radar configuration and determines:

¢ The total number of sweeps in a volume scan, which is important for a thunderstorm
severity estimation, hail identification, QPE, hydrometeor classification, mesocyclone
detection and wind retrieval;

*  The number of sweeps and angular overlappings at low heights close to the terrain, a
critical aspect for QPE processing;

*  The number of independent measurements per ray, which determines the precision of
an individual measurement;

¢ The maximum height up to which echoes are sampled, which is relevant for the
estimation of the echo top, VIL, the wind profile, thunderstorm severity and hail
identification;

¢ The conical volume above the radar, where no measurements are made (the so-called
cone of silence);

¢  The total time required to complete a volume scan, a critical parameter in the context
of air traffic control, nowcasting and issuing automatic warnings;
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*  The pulse repetition frequency, PRF, which determines, in opposite directions, the
maximum unambiguous range and the Nyquist interval. The latter has an impact on
wind retrieval and mesocyclone detection;

¢ The diversity in the Nyquist velocity between neighbouring sweeps, which helps in
de-aliasing;

*  The order of the sweeps: for instance, an interleaved approach reduces the effects of
temporal undersampling of rapidly evolving storms.

The scan strategy of the networks in the Austrian and Swiss Alps are both characterised
by a comparatively large number of sweeps (16 and 20, respectively), which are sampled
in an interleaved scheme, and completed in a short time (5 min), see Figure 14 and [1,8].
As a result of the high elevation angles, the cone of silence above the radar is relatively
small. These configurations were driven by the above considerations and the needs and
requirements discussed in Section 2. The interleaved scan leads to zigzag patterns in the
vertical cross section in rapidly evolving storms, see, for instance, the melting hail signature
in Figure 7. Zigzagging is an artefact that is caused by the rapid evolution of a storm
during the time the antenna takes to complete half of the volume scan. A zigzag pattern is
apparently a disadvantage, but in reality, it conveys more information about the evolving
storm than an identical scan without the interleaved scheme. Cartesian radar products
in Austria and Switzerland are generated every 2.5 min, combine the two most recent
half-volume scans, and hence take advantage of the interleaved approach.
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Figure 14. The Swiss volume scan consists of 20 elevation sweeps and is completed every 5 min. The
antenna scans the atmosphere up to a maximum range of 246 km and maximum height of 18 km.
The sequence follows an interleaved scheme with two half-volume scans (blue and yellow), which
allows products to be generated every 2.5 min.

Technically speaking, it is possible to adapt the antenna scan program in a dynamic
manner, depending on the type and location of the precipitating clouds. Dynamic scanning
allows an increased resolution to be obtained in space and time in a dynamically selected
target area, which has weather of particular interest. This may be an interesting option for
gap-filling or any research radar that is not strictly necessary for long-range surveillance,
see, for instance, [96], or for a network that was designed for dynamic scanning from the
start [141]. It is questionable whether the gain in resolution in some selected areas of a long-
range surveillance radar in a mountainous region, where precipitation is frequently present
in several different azimuth sectors, is worth the extra complication of the configuration,
antenna control, data processing and product generation. Moreover, there is the risk of
missing precipitation in some locations outside the area of the targeted scanning.
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4.7. Pulse Length

Another aspect of complex orography that merits consideration is the choice of the
pulse length. Although some sensitivity is lost with a short pulse, it has the great advantage
of keeping the area contaminated by clutter small and it is possible to obtain clutter-free
measurements of precipitating clouds just before and after the gates where the beam hits
the ground. This is illustrated by the reflectivity measurements, at an 83-m radial resolution,
obtained with a pulse length of 0.5 microseconds, shown in Figure 15.
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Figure 15. Reflectivity for horizontal polarisation in the Alps, where the main lobe of the beam
of the Plaine Morte radar hits steep mountain crests; see also the mountains in the background
of the photograph shown in Figure 13. The pulse length is 0.5 microseconds, which corresponds
to 75 m. Reflectivity is sampled at a radial resolution of 83 m. (a) Reflectivity of ground clutter
in a moment with clear sky conditions. (b) Reflectivity for a mixed situation with ground clutter
superimposed onto precipitation signals. (c) The same time as (b), but for clean reflectivity data
after clutter cancellation and radial integration for 500 m gates. The same colour scale is used for
reflectivity as in Figure 8. (d) Differential phase shift, a key variable in the clutter cancellation
algorithm (Section 4.10), for the same time as (b) and (c). The values range from 0 to 27t.
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Moreover, using short pulses, more independent samples can be obtained to reduce
stochastic errors from signal fluctuations. This improves the precision of polar radar
measurements. Furthermore, short pulses make it possible to reveal fine-scale signatures,
which may be of particular interest in the presence of severe convective storms. These may
allow a better assessment to be obtained of the hazards related to supercells, hail cores and
local rainfall extremes, a topic of ongoing research at MeteoSwiss and EPFL.

4.8. Calibration, Monitoring and Control

Automatic calibration, comprehensive monitoring and remote control are also im-
portant in flat countries, especially if the radar is used for air traffic control, automatic
warnings and other demanding applications. However, they are of even greater importance
in a mountainous region where there are remote unmanned sites, long access routes and
periods when no access is possible. The aim of these procedures is to automatically detect
instabilities, ageing components and the risks of failures at an early stage, and to have as
many data as possible available to diagnose the origin of a problem. The final goal is to
maximise stability and minimise the down time.

Absolute calibration strategies generally combine offline and online procedures. A
number of measurements are performed offline at the factory, during commissioning, and
are repeated on a regular basis during preventive maintenance operations. These include
measurements of the losses along the transmission and reception path, of the characteristics
of the transmitted signal (output power at the magnetron, frequency and pulse shape), and
of the system dynamics (in particular the minimum discernible signal, alignment of the
high-sensitivity and low-sensitivity channels). If changes in the transmitting or receiving
path occur, the signal losses need to be remeasured. Ideally, the antenna gain and radiation
pattern should also be measured under conditions after commissioning, with and without
the radome, but this is difficult, especially in mountainous sites, and is thus rarely done.

If no hardware changes occur, the losses in the receiving path should remain stable.
In reality, certain components, such as receiver protection devices (e.g., TR-limiters), can
degrade. Moreover, certain components are sensitive to temperature, and their perfor-
mances thus vary over time. It is therefore good practice to monitor the receiving path
online by means of an automatic scheme. In Switzerland, for instance, reception losses are
sampled using the signal of a noise source injected every 2.5 min in the H and V reception
channels, both before and after the TR-limiter [137]. Atmospheric background noise, which
is sensitive to degradations in the receiving path, is also monitored. Absolute calibration is
therefore achieved by automatically combining the offline and online measurements and
adapting the radar calibration constant of the H and V channel accordingly. This procedure
is repeated every 5 min and in this way compensates for temperature dependencies of the
receiving path.

The absolute and differential accuracy of the two polarisation channels can also be
monitored by means of Sun measurements, obtained online in operational mode, whenever
the antenna points in the direction of the Sun [142-144] and during dedicated manually
triggered Sun scans performed on demand [110,111]. The Sun’s signals detected by the
radar receiver are also used to monitor the pointing of the antenna. Another option to
monitor the stability of radar measurements is to analyse the signals scattered back by a
tower nearby, see, for instance, [145], or by mountains [12,13]. During the renewal of the
radar network in Switzerland [1], an external receiver and an external transponder were
deployed on a mountain in the vicinity of the radar being tested, which allowed, for instance,
the antenna gain, parts of the antenna radiation pattern (Figure 16), the shape of the pulse,
the precision of the scan strategy and depolarisation to be examined. At the moment of
writing (2021), the external receiver is still in use for monitoring purposes, 10 years after
the renewal of the Swiss radar network. A number of additional techniques are available
to monitor the stability and accuracy of dual-polarisation moments, see [106,146,147] and
references therein.
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Figure 16. The antenna radiation pattern of the Plaine Morte radar, measured under real conditions,
with the radome, at the site at 2937 m above sea level, after commissioning in 2014. The parabolic
antenna has a diameter of 4.2 m and a gain of 45 dB. The measurements were made by an external
receiver located on a nearby mountain.

Overall, the Swiss radar sites each send more than 370 monitoring parameters to the
central processing server for every elevation sweep, that is, every 10 to 20 s. These include
parameters of all the hardware components (antenna control unit, transmitter, receiver), the
temperature and humidity in various locations (outside, inside the radome, in the technical
room, inside the receiver box), and the building infrastructure (heating, ventilation, climate,
uninterrupted power supply, electric consumption, door lock). The strategy behind this
is to monitor a large number of parameters at a high temporal resolution, which are
automatically analysed for suspicious trends, discontinuities and other anomalies. All the
monitoring parameters are archived and can be accessed manually via an interactive online
platform that was designed for system diagnostics and troubleshooting, both remotely and
on site, by the maintenance personnel.

Figure 17 shows the degradation of an ageing TR-limiter. The red and green curves
show the signals detected by the receiver in silent gates when the noise source was injected
in front of the TR-limiter of the horizontal and vertical polarisation channels, respectively.
The temporal variation of the red and green curves exhibits the dependence of the receiver
channels on temperature. When calculating the difference between the two, a continuous
degradation of the horizontal channel was revealed, which, over the course of six months,
reached a value of minus 0.3 dB . This degradation is confirmed by the online samples
of Sun’s signals and is related to the ageing of a defective TR-limiter. Interestingly, this
degradation was not confirmed, to the same extent, by the measurements of repeated
manually triggered slow scans of the Sun performed offline at three different stages during
the same period (not shown in Figure 17). The manually triggered offline measurements of
the Sun revealed a degradation of only minus 0.05 dB, the reason for which was not clear.
This illustrates the importance of using different sources of information in parallel for one
and the same aspect being tested. A bias in the reflectivity measurements of the order of
0.3 dB is not critical for single-polarisation algorithms, but it can lead to significant errors
in products that rely on dual-polarisation data.
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Figure 17. Ageing TR-limiter on the Weissfluhgipfel radar, as revealed by the automatic noise
source measurements in the horizontal (red) and vertical (green) polarisations (y-axis to the left), the
difference between the two (blue), and samples of the Sun’s signal obtained online during normal
operation (black dots, y-axis on the right).

In another case, the combination of different information sources was the key to
locating the cause of an error. During the acceptance tests of the new dual-polarisation
radar on Lema, differential reflectivity Zpr was monitored by means of measurements
of the Sun, drizzle, an external transponder and an external receiver. The measurements
of the Zpg bias from the Sun (+0.8 + 0.1 dB ), drizzle (+0.8 4+ 0.2 dB ) and the external
transponder (+0.6 dB ) all revealed a bias with the same sign and of the same order of
magnitude. However, the test with the external receiver, which is the only one that does
not include the receiving path of the weather radar, revealed a small bias, in the opposite
direction, of —0.1 dB . These test results correctly pointed out an error in the receiving path,
and the issue was solved by replacing the Rx calibration unit of the Lema radar.

4.9. Availability and Timeliness

If the radar data are used for air traffic control, severe weather warnings or other safety-
related applications, timeliness and availability are crucial. With an appropriate design
and implementation of the data transmission and processing chain, the base products,
including radar QPE, are ready for submission to the user within about one minute after the
completion of a volume scan. The times are somewhat longer for enhanced products, such
as thunderstorm nowcasts and heavy precipitation warnings, which also include data from
other observation systems (a lightning detection network, rain gauges, satellites) and from
the numerical weather prediction model. Table 1 shows timeliness statistics, as retrieved
by the automatic real-time monitoring system, for different types of products of the Swiss
radar network. The base and enhanced products include both single-radar and composite
products of all the five radars.

The antenna takes about ten seconds less than the nominal time to complete a volume
scan. This time is enough to transmit and process all the base products, including radar
QPE, for 50 percent of the cases, see the 50th percentile in Table 1. For 90 percent of the
time, the base products are ready within 8 s (90th percentile), while for 99.95% of the time,
they are ready within 60 s (last column). The times could be further reduced, if necessary,
by means of parallel processing and a further optimisation of the processing chain. On a
few days, and for a limited duration, the data transmission and processing took more than
300 s. These delays are related to planned interruptions of the central processing computer
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for upgrades and security patches of server hardware, which are scheduled on days in
which there is no significant precipitation.

Table 1. Timeliness of products generated every 5 min by the Swiss radar network. Timeliness has
been monitored automatically since 2019. The statistics in this table refer to a period of 1000 days,
from January 2019 till September 2021. The numbers in seconds correspond to the average time
between the nominal completion time of a volume scan and the time when the product is ready for
submission to internal and external users.

Percentiles Within
50th 90th 99th 99.9th 60 s
Unit s s s s Y%
Base products (including radar QPE) 0 8 39 43 99.95
Thunderstorm nowcasting 5 16 45 82 99.87
Heavy precipitation warnings 5 16 46 82 99.87
All products 22 40 74 123 96.61

Satisfying the requirements of availability is an even more demanding task. Users
generally require radar information, such as QPE data and thunderstorm and heavy
precipitation warnings, in real time, for all the regions in the country for 97, 99 or even
>99% of the time. A single radar is not able to reach these numbers easily, and surely
not in the case of a radar on a remote mountain site where a single failure that requires
an intervention on site can easily last 2 or more days, because of long access routes. The
interruption may be further prolonged as a result of weather restrictions of the cable car
and difficult on-site working conditions. This should be added to the interruptions caused
by preventive maintenance, which is usually scheduled twice a year. Whenever possible,
preventive maintenance is performed under clear sky conditions, but this is not always
possible, due to the weather conditions and limited flexibility. The high demands on
availability can not be achieved by relying on a single radar. It is necessary to combine two
or, ideally, all of the following strategies:

¢ Maximising the availability of each single radar (this puts demands on: the hardware,
system design, monitoring capabilities, organisation of the spare parts, training and
operational organisation of the technicians and engineers, support contract with radar
manufacturer);

¢ Exploiting the redundancy of overlapping radars, in a network approach, by means of
intelligent multiradar compositing (this puts demands on the siting, maximum range,
scan strategy and multiradar data processing);

* Incorporating data from foreign radars in the product generation;

e Having an automatic switch to a fallback solution, which is based on data from
other observation systems or models (for instance, satellite and lightning data for
thunderstorm nowecasting);

¢ Training the users to be able to handle the situation, in the case of failures or interrup-
tions, with whatever data are available.

Table 2 shows the availability of the Swiss radar network, expressed as the time of
year in percentage. In particular, it shows: (A) the number of operational radars of the
network, (B) the time of year the central radar server generates products, (C) the time of
year the radar network delivers good quality quantitative information for all the pixels in
the country, (D) the time of year during which a maximum of one radar is missing in the
composite, and in (E), (F) and (G) the times of the year a single radar is in operation. (E)
shows the average uptime of the radars and takes into account all the different types of
interruption, that is, faults and preventive maintenance, whereas (F) shows the average
uptime, but only considering faults. The numbers in (F) were calculated manually and
are only available for the years 2015 and 2016. Preventive maintenance roughly amounts
to 1%, and it is easy to make an estimate for the other years in line (F) by adding 1% to
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the numbers in line E). (E) and (F) show the arithmetic means of all the radars, while, in
line (G), we pick the radar with the lowest uptime for each year. The numbers reported in
(G) are below the users’ requirement and illustrate the need to have overlapping radars in
a mountainous region. The numbers in (B) and (C) are the ones that are relevant from a
user’s perspective.

Table 2. Availability of the operational Swiss radar network, as automatically retrieved by the
monitoring system. See the text.

2014 2015 2016 2017 2018 2019 2020
(A) Number of radars 3/4 4 5 5 5 5 5

Central radar data processing server, time in % of year
(B) Productive time >99.99  >99.99  99.74%  >99.99  >9999  >99.99  >99.99
Radar network, time in % of year

(C) Nationwide 98.1 99.8 99.9 99.9 99.8 99.8 99.9
(D) Max 1 radar missing 99.8 99.5 99.5 99.8 99.8 99.9

Single radar, operation time in % of year

Average value of all the radars

(E) Preventive + faults 98.5 97.5 97.0 97.5 97.2 98.5
(F) Faults only 99.5 98.5

Radar with the poorest performance

(G) Preventive + faults 97.9 9.6 95.2 94.2 915b 95.7

2 Product generation was interrupted due to a telecommunication failure. 99.88% after automatic reprocessing at

the end of the failure. ® Defective slip ring, January 2018, Plaine Morte radar. Access to the site for repairs was
delayed by strong wind, snow and freezing temperatures in the mountain site at 2937 m above sea level.

4.10. Data Processing and Product Generation

As mentioned in Section 3, two aspects are related to data processing in a mountainous
region that require special attention, that is, the cancellation of mountain returns (ground
clutter) and the proper treatment of beam shielding, visibility and VPR issues. As a result,
the quality of radar measurements varies, to a great extent, in space and time, an aspect
that needs to be taken into account in the generation of products for the users.

If a clutter signal is superimposed onto the signals of hydrometeors, it is necessary to
subtract the former from the latter to obtain a clutter-free sample of the weather. This may
be done by applying advanced filter techniques to the frequency domain [148] or following
recent developments, preferably to the time domain [149,150], and this is commonly re-
stricted to those gates that had been identified as potentially being cluttered in a preceding
step using any robust clutter identification technique. Returns from mountains are often
strong, which limits the usefulness of this method in a mountainous region. An alternative
approach is to limit the spatial extent of clutter by using short pulses and to recover the
meteorological signal from nearby clutter-free signals, see [3] and Figure 15. A variety of
solutions have been proposed for the identification and cancellation of clutter signals, see,
for instance, the fuzzy logic approaches presented in [151,152], which make ample use of
the dual-polarisation capability of the French network. A multiparameter decision tree is
applied in Switzerland on individual 83-m gates, see Figures 15 and 18. The decision tree
algorithm is built on the experience of the third radar generation [3,153,154] and has been
refined with the deployment of the fourth generation of radars [1]. The approach makes use
of polarimetric information (see the tests marked in yellow in Figure 18) but the decision
tree was designed so that it would also work with single-polarisation. Cluttered gates will
reliably be cancelled by the nonpolarimetric tests, should the polarimetric moments suffer
from hardware instabilities, even though the number of erroneously cancelled weather
signals will be somewhat higher. The order of the tests plays a crucial role and offers extra
control over the performance of clutter cancellation, as each step involves taking a binary
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decision in a predefined sequence, which is an important difference between this and a
fuzzy logic approach. There are many parameters in the decision tree, the settings of which
are based on physical and statistical reasoning and careful fine-tuning over the years.
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Figure 18. In the Swiss radar network, clutter signals are cancelled at the radial resolution of 83-m
gates, using a multiparameter decision tree, which combines single- (light blue), Doppler (dark blue)
and dual-polarisation (yellow) information. The numbers at the exit of each test indicate the exit
statistics for 2020. It shows the minimum and maximum values for the five radars, with the initial
letter of the radar site in parenthesis. Considering all 5 radars, the algorithm has to make a decision
for 51 million gates every 5 min, that is, 170,000 gates every second. It should be noted that a few
strong clutter gates, erroneously classified as precipitation, may be enough to generate a false severe
weather warning.

A large amount of literature is available on the correction of partial shielding and VPR
effects, see [2,3,116,123,155,156] and references therein. Here, we limit the presentation to
performance statistics routinely generated for real-time QPE products over Switzerland
for hourly rainfall accumulations in the summer season. Table 3 shows the performance
of two operational real-time QPE products, that is, a product based only on radar data
(PRECIP) [4] and a product that combines PRECIP with rain gauge measurements using
a space-time cokriging with external drift technique (CPC) [90]. The year 2011 has been
excluded from these statistics, because of the installation of the first two radars of the
fourth-generation network. The numbers in Table 3 show that a substantial improvement
has been achieved over the years, which can be attributed to the deployment of two
additional radars within the inner-Alpine regions in 2014 and 2016, improvements in
the data quality control procedures and a number of innovations in the operational QPE
algorithms. The rapidly growing data archives open the way towards new solutions that
incorporate machine learning techniques, as demonstrated in Figure 19, which compares
PRECIP and CPC with the results of RainForest, a new radar QPE algorithm currently
being tested. RainForest was designed for use over complex orography and it makes use
of dual-polarisation measurements and a machine learning approach [108]. The version
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of the RainForest algorithm that was used to calculate the data of Figure 19 has been
optimised, simultaneously, for several different scores, including bias and scatter. If the
aim is to optimise only one parameter, for instance scatter, RainForest can achieve even
better scores. This demonstrates the great potential of machine learning approaches for
customised applications optimised for specific needs.

a b
PRECIP CPC e
. . (]
single-pol radar-raingauge ’ ‘/ -0
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C d @ o
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dual-pol single-pol

scatter dB
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Figure 19. Performance of different QPE algorithms, evaluated at the automatic rain gauge locations,
and expressed as the scatter in dB, a robust measure of the standard deviation [4,91]. The smaller
the scatter is, the better the QPE algorithm. (a) PRECIP is a QPE product that is based on single-
polarisation algorithms [4]. (b) CPC is based on geostatistical merging of PRECIP and rain gauge
data [90]; to determine the scatter for CPC, the tested rain gauge was left out of the geostatistical
merging (cross-validation). (c,d) RainForest is a recently developed QPE algorithm that uses machine
learning and incorporates dual-polarisation data. For a detailed description and discussion of
RainForest and the underlying data set, see [108]. (c) shows the performance of RainForest, including
dual-polarisation data, whereas (d) shows RainForest trained and tested on only single-polarisation
data. The geographic domain corresponds to that of Figure 1.

It should be pointed out that any attempt to verify a QPE product using rain gauge
measurements underrates the accuracy of radar products. First, rain gauge measurements
are subject to errors, especially in a mountainous region, where the instrument is exposed
to wind and a considerable part of precipitation falls as snow. Second, there is a substantial
difference in the catching surface of a rain gauge and the spatial resolution of a radar pixel
(representativeness error), see, for instance, [157]. Therefore, the differences between the
QPE and the reference rain gauge are partly due to instrumental errors of the gauge and
representativeness errors. This is less of a problem when the aim is to compare different
methods (Figure 19) or different versions of algorithms (Table 3) in relative terms. However,
caution is required when interpreting verification scores in absolute terms, for instance in
the context of hydrological applications.
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Table 3. Accuracy of real-time radar precipitation estimates for two operational products, a radar-only
QPE (PRECIP) [4] versus a radar rain gauge merging with a cokriging with external drift technique
(CPC) [90]. Accuracy is expressed as scatter in dB, see Figure 19, for hourly precipitation amounts
in the summer months JJA. The scatter has decreased over the years, which points to a continuous
improvement of the QPE algorithms. Automatic rain gauges of the whole of Switzerland are used for
the evaluation. The tested rain gauge was left out of the cokriging (cross-validation) for the radar rain
gauge combined QPE. The shown numbers are based on standardised procedures that are routinely
used for verification purposes; no manual data selection or tuning was performed.

1997 2005 2007 2009 2012 2014 2016 2018 2020
2006 2008 2010 2013 2015 2017 2019 2021

Number of radars 3 3 3 3 3 3/4 5 5 5
Scatter in dB, hourly precipitation, the whole of Switzerland

Radar-only 4.0 2.9 2.9 29 29 2.9 2.7 2.8 2.5

Radar rain gauge 25 2.3 2.4 2.2 2.1 1.9 1.9 1.7

Several other radar products, that have not been described in detail here, such as
echo tops, vertically integrated liquid water (VIL) and wind speed, direction and shear
estimated in the presence of radar echoes from precipitation, insects and Bragg scatter, are
also available, see, for instance, [112] for an overview. As for QPE, the data processing has
to be adapted to the particular situation over complex orography:.

4.11. Multisource Data Integration

One way of coping with the limitations of radar measurements over complex orogra-
phy is to combine them with data from other sources, such as rain gauge measurements,
satellite imagery, lightning data, ground observations of hail and NWP output.

An obvious approach, which has a long history, is the merging of radar QPE with
rainfall measurements from rain gauges, see, for instance, the evaluation of different
techniques presented in [158], the method proposed in [159] and references therein. This
approach can also be used, in principle, in mountainous regions. However, the merging of
radar and rain gauge data can only deliver good results if both data streams have passed a
rigorous automatic data quality control, which is a particularly demanding task for complex
orography. A space-time cokriging with external drift technique, specifically developed for
operational real-time radar rain gauge merging in mountainous Switzerland (CPC), was
presented in [90] and was mentioned in the previous section. The CPC algorithm published
in 2014 [90] has been extended to 5-min disaggregation [92] and many aspects have been
refined with a particular focus on robustness and a proper treatment of the gradients in
convective cells.

In addition to measurements from radar and rain gauges, it is also possible to add
snow measurements conducted on glaciers [125,160,161], or fields of precipitation retrieved
from satellite data, see, for instance, [162,163] for two studies over the European Alps.

In the cases mentioned before, independent estimates of the same variable, that
is, the precipitation rate at the ground, were combined in one value. The combination
of radar, satellite, lightning and NWP data in multisource thunderstorm tracking and
nowcasting systems represent a different case. These various sources provide different
but complementary information. When combined, they form a comprehensive picture of
thunderstorms and the related hazards. For examples of thunderstorm nowcasting systems,
developed for the use in complex orography, see [93,94,107,164].

A third type of real-time multisource data integration is the seamless blending [59,85,88]
of radar QPE, Lagrangian radar extrapolation nowcasts [87,165] and NWP forecasts, follow-
ing the pioneering work of [166,167]. These blending methods all involve radar nowcasts
being seamlessly blended with NWP forecasts, while taking into account the respective
skills of the two sources as a function of the lead time. The blended product starts from the
radar QPE at time zero. Over the first few hours, it gives large weights to the Lagrangian
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radar extrapolation nowcast, and then seamlessly blends with the NWP forecasts for longer
lead times. The blending also works in a probabilistic manner. Figure 3 shows the skill of
a probabilistic Lagrangian radar extrapolation nowcast, an NWP ensemble forecast and
a Bayesian blending of the two, averaged over four precipitation events in the central
European Alps. The blending can also take place in multiple stages of the processing, as is
the case of [59], where NWP forecasts of growth and decay over the orography were used
to locally modify precipitation rates inside a Lagrangian radar extrapolation.

Hail is another example for which multisource data integration can be used. Single-
polarisation techniques, used to estimate the probability and maximum expected size of
hail, combine three-dimensional radar reflectivity measurements with information on the
height of the zero-degree isotherm, which is commonly taken from NWP models. These
single-polarisation radar hail products have routinely been used for hail monitoring in
mountainous regions for many years, see, for instance, [52,54]. Dual-polarisation offers the
possibility of identifying hail and other types of hydrometeors [99], as well as the level of
mixing of different hydrometeor types [100], in the pulse volume of a radar measurement.
Since 2015, hail has also been monitored in Switzerland by means of a crowdsourcing
approach, based on a reporting function in the popular MeteoSwiss weather app. In the
hail season of 2021 alone, the app users submitted 100,000 reports of hail observed on the
ground in real time, an impressive number compared to the small size of the country, that
is, 41,000 km?. In addition, a network of 80 automatic hail sensors has been deployed
in the three hail hot spots, that is, in central Switzerland, southern Ticino and over the
Jura mountains. A drone, equipped with a high-resolution camera, has been used to take
pictures of hail stones on green areas, such as football fields, shortly after a hailstorm, as a
fourth option to obtain information on hail. Research on combining the different sources of
hail information is ongoing; for the first results, see [75,98].

4.12. Modelling and Propagation of Uncertainty and End-to-End Processing Chains

Various approaches have been presented in the literature to assess the space-time
error structure of radar measurements. Most of them refer to the uncertainty in radar QPE.
Two fundamentally different approaches can be used to assess QPE uncertainties. In the
first approach, the radar QPE is compared with a reference, typically measurements from
rain gauges; see, for instance, [168]. In the second approach, the uncertainty is estimated
using a model. The methods presented in [124,169], for instance, can be used to model the
uncertainty that results from VPR and space-time variations of the drop size distribution,
respectively. Not only is the amplitude of the uncertainties needed for most applications,
but also its correlation in space and time, that is, the full covariance matrix of radar errors.
The amplitude and the space-time correlation in a mountainous region exhibit a distinct
dependence on the location, which needs to be taken into account, see [170].

The uncertainties in radar QPE are large, especially for a mountainous region with
severe beam shielding and VPR issues. It has often been stated that the uncertainties in
rainfall measurements need to be below 10% for hydrological applications, a requirement
that is difficult to satisfy with a long-range surveillance radar sited on a mountain top (or
with rain gauges). It is therefore tempting to reject the use of radar QPE for hydrological
modelling and for the issuing of warnings of heavy precipitation, flash floods and debris
flows. From the authors” experience this is not a wise decision. First, some of the stochastic
uncertainties are averaged when the rainfall is integrated in the hydrological processes in
space and time, depending on the catchment and application. Second, other uncertainties
of similar magnitude are involved in the hydrological system and the decision process.
The decision makers are used to dealing with uncertainties. It is practically impossible
to predict a debris flow. However, a simple statistical model, based on real-time radar
data, and trained on a number of past events, will likely provide useful information to
those decision makers who are managing the risks in a catchment prone to debris flows.
In fact, thunderstorm, flash flood and debris flow warnings automatically generated from
radar measurements have turned out to be of high practical value, in spite of the large
uncertainties, as shown for the various applications in the Swiss Alps listed in Section 2.2.
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Ensemble approaches play a central role in the modelling of radar errors and in studies
of uncertainty propagation in hydrometeorological forecasting, see [171] for a review. There
have been two major related European initiatives, the COST-731 action, the aim of which
was to investigate the propagation of uncertainties in end-to-end hydrometeorological
forecast systems [67], and MAP D-PHASE, a WMO forecast demonstration project that
was held in the European Alps [70]. COST-731 and D-PHASE brought meteorologists,
hydrologists and end users together and were ideal test beds to quantify the role of un-
certainties in the context of real applications. The two initiatives triggered a number of
unique experiments that coupled ensembles of radar QPE, Lagrangian nowcasts and NWP
forecasts with hydrological models [66,68,109,170] and fostered the quantitative use of
radar measurements in complex orography, despite the often large uncertainties.

4.13. Specific Needs and Customised Applications

In Section 2.2, we briefly presented a number of customised radar nowcasting systems
that have been developed and configured to respond to the specific needs of users. However,
there is yet another example of a recently developed application that is worth mentioning,
related to hail and the specific needs of the building industry and insurance sector.

Both the northern and southern sides of the European Alps are areas with a com-
paratively high frequency of hail [52,53]. Two radar products are routinely generated
in Switzerland to describe hail, POH and MESHS. In addition, there is the polarimetric
hydrometeor classification, which has two hail classes (Figure 7). POH indicates the prob-
ability of hail, MESHS instead indicates the maximum expected diameter of hail stones
from severe hail. The two products have been available for 20 years and were used to build
the data base of a recently established set of climatological maps of hail in Switzerland
(www.hagelklima.ch, accessed on 14 December 2021). POH and MESHS both refer to a
reference area of one square kilometre. However, in the building industry and the insurance
sector, the area of interest often corresponds to the size of a single building.

It is important to know the size of the largest hail stone that hits a building. The
reference area is thus much smaller than a square kilometre, that is, around 100 m? for
a detached house or 250 m? for an office complex. A transformation had to be found to
estimate the largest hail size on a smaller reference area of the order of 100 or 250 square
metres, starting from the MESHS climatology. Strictly speaking, this is not possible, un-
less we know the exact size distribution of hail and how the hail stones are distributed
within the square kilometre of interest. For hail protection guidelines, it is possible to
make assumptions on the average shape of the size distributions and the average spatial
distribution within the square kilometre. These assumptions are then used to derive an
arithmetic rule to transform an MESHS value, representing 1 km?, into the size of the
largest expected hail stone over a smaller area of the order of a building. Figure 20 presents
such a transformation, LEHA, which was derived from hail size distributions observed in
Switzerland during Grossversuch IV [172] and tested for plausibility with measurements
from the recently deployed network of automatic hail sensors. LEHA involves a strong
simplification, considering how complex the distribution of hailstone sizes is in reality. It is
intended to give a rough estimate of hail diameters in areas of the size of a building for hail
protection purposes.
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Figure 20. LEHA is an arithmetic rule that is used to transform an MESHS hail diameter (x-axis),
referring to a 1 km? pixel, to a smaller reference area (y-axis), which is typically the size of a building.
The abbreviation LEHA stands for largest expected hail size on a reference area. For instance, a LEHA
value of about 3.5 centimeters is obtained for an MESHS value of 5.5 cm and a house roof with a size
of 100 m?.

5. Concluding Remarks

In complex orography scientists, engineers, technicians and the users of weather radars
are faced with several major problems. The solutions developed for flat regions do not
work, if not adapted to the particular situation, and the sources of errors are manifold. In
this paper, it has been shown how the problems can be addressed in an operational context.
The presented solutions and practical applications demonstrate the large potential and
practical value of weather radars in a mountainous region, in spite of the harsh conditions
and limitations.

Diversity has turned out to be beneficial, for several aspects. With a combination of
different types of radar sites (“plain”, “offside”, “peak” and “valley”), one has a better
chance of properly sampling precipitating clouds over the foreland, the foothills, the
upslope region and in the inner parts of a major mountain range. It is crucial to combine
different sources of information in parallel for hardware acceptance testing, monitoring
and calibration. For QPE, a weighted combination of all the measurements in the vertical
column above a ground pixel, which come from different elevation angles and radars,
results in more accurate estimates of ground-level precipitation rates than single-sweep
and single-radar approaches. It is recommended, for hydrological applications and the
issuing of automatic heavy rainfall warnings, to combine, in parallel, in the sense of an
ensemble, different types of QPE products (single polarisation, dual polarisation, radar rain
gauge merging). For automatic hail reports at an airport, it is recommended to combine
single-polarisation hail products, such as POH and MESHS, dual-polarisation hydrometeor
classification and, ideally, also ground measurements of hail.

Machine learning approaches have great potential to complement algorithms based on
physics, as demonstrated by many recent publications, see, for instance, [58,107,108,173]. The
use of artificial intelligence has been accelerated by the continuously increasing computer
powet, easy access to libraries with advanced algorithms, rapidly growing archives of high
quality data, and the ever-increasing demands of the users. An area with great potential for
development is that of customised machine learning solutions designed and trained for specific
applications. However, these data-centric approaches come with some drawbacks, which
need to be addressed in future research. Other innovation paths concern the integration of
crowdsourcing data, a first step of which was shown in [98], distributed adaptive sensing [141]
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and new radar technologies, such as phased-array antennas. It remains to be seen how these
can successfully be used in complex orography.
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Abbreviations

The following abbreviations are used in this manuscript:

anaprop Anomalous propagation

COSMO The NWP model of the Consortium for Small-scale Modeling
CPC Product identifier for radar rain gauge QPE

JJA June, July and August

Kpp Specific differential phase, a dual-polarisation parameter
LEHA Largest expected hail size on a reference area

MDS Minimum detectable signal

METAR Meteorological terminal air report

NWP Numerical weather prediction

MESHS Maximum expected severe hail size

POH Probability of hail

PRF Pulse repetition frequency

QPE Quantitative precipitation estimation

RLAN Radio local area network

ROEL Receiver mounted over elevation

Rx Receiver

SYNOP Surface synoptic observation
TR-limiter =~ Transmit-receive limiter (a device used to protect a receiver from a transmit signal)

TRT Thunderstorm radar tracking
VIL Vertically integrated liquid water
ZpR Differential reflectivity, a dual-polarisation parameter
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