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Abstract. Accurate and reliable long time series of precipitation data are essential for a variety of applications
and for accurate quantification of climate change.

Such time series should be as homogeneous as possible, but certain changes in measurement conditions cannot
be avoided. Parallel measurements are carried out at the German climate reference stations to analyse the effects
of changes in the measurement systems, e.g. changing one measuring instrument to another. The aim of these
parallel measurements is to identify measurement uncertainties and to analyse the comparability of the measure-
ment systems in order to investigate homogeneity. In this study, the influence of funnel heating on precipitation
measurement was analysed using the rain[e] device. General analyses show that the rain[e] sensor measures more
precipitation than the PLUVIO sensor, for liquid precipitation regardless of the amount of precipitation. But for
solid precipitation PLUVIO measures more. Differences in the equipment of the devices, such as heaters, could
cause the measurement differences.

An investigation during winter of 2023/2024 showed that changing the funnel heater temperature setting in
the rain[e] influences the amount of precipitation measured. A change in the funnel temperature by 2 °C changed

the amount of precipitation by approx. 1.5 %.

1 Introduction

Precipitation data homogenisation is a central process in cli-
mate research to ensure the accuracy and reliability of long-
term climate records, which can be affected by factors such
as changes in measuring instruments, station relocations or
urbanisation effects (Domonkos et al., 2012; Knerr et al.,
2019). By using homogenisation techniques, researchers can
adjust precipitation data to create consistent and reliable
long-term records for climate analysis and trend detection
(Della-Marta, 2006).

To overcome these challenges, researchers often compare
meteorological measurements from different sources to as-
sess their reliability and consistency. This type of comparison
is particularly important at climate reference stations, which
are established to provide high-quality, long-term measure-
ments of weather variables for monitoring and research pur-
poses. To this end, the German Weather Service has estab-
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lished parallel measurements at climate reference stations to
ensure accurate and precise measurements of meteorologi-
cal parameters (Hannak et al., 2020, 2019), such as precip-
itation. These comparisons involve the analysis of different
data sets from different measurement principles and instru-
ments, and could be complemented and compared with satel-
lite, reanalysis and model data. The aim is to ensure that
precipitation measurements remain consistent before and af-
ter the change in measurement technology. These locations
were selected as climate reference stations due to their long
and homogeneous measurement series without station relo-
cations, changes in the measurement environment and cover
different natural areas in Germany. Nevertheless, new mea-
suring instruments lead to changes in the measuring sensors
and measuring methods. In order to investigate and filter out
these differences without other influences that can lead to in-
homogeneities, comparisons with alternative measuring in-
struments (e.g. other measuring methods) are carried out in
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parallel at climate reference stations in addition to the oper-
ational measuring instruments. This helps to trace possible
inhomogeneities and breaks in the measurement time series
back to a change of instrument (Kaspar et al., 2016). This
article focuses in particular on the influence of funnel heat-
ing on precipitation measurement, which was not present in
earlier generations of precipitation gauges.

In a first experiment, the main aim was to investigate the
measurement differences between two precipitation instru-
ments from OTT and Lambrecht, which were operated paral-
lel at climate reference stations over a period of almost seven
years. This was done in the context of both instruments be-
ing used consecutively in the operational measurement net-
work of the German Weather Service. Potential measurement
differences can be used to examine time series for possible
breaks and inhomogeneities. In a second experiment and on
the basis of the results from the first experiment, three of the
rain[e] devices were operated with different device settings,
in which the funnel heater, responsible for melting solid pre-
cipitation, is operated at different temperatures. The aim here
is to find a temperature setting that can be used in the entire
operational measuring network of the German Weather Ser-
vice, as is currently the case. This type of comparison is par-
ticularly important for climate reference stations, which have
been set up to provide high-quality, long-term measurements
of weather variables for monitoring and research purposes.
The aim is to ensure that precipitation measurements remain
consistent before and after the change in measurement tech-
nology.

2 Data and Methods

2.1 Data

Ten climate reference stations have been established to iden-
tify differences between measurement systems and instru-
ments in different natural areas (Kaspar et al., 2016). A new
automatic precipitation sensor, the rain[e] from Lambrecht,
is in use in the DWD Measurement network since 2017. This
is equipped with a wind shield and allows a combined precip-
itation measurement based on the weighing principle and an
additional tipping bucket mechanism. Previously, Ott’s PLU-
VIO device was used, which works exclusively by the weigh-
ing principle and was operated without wind shield within
the network of the German Weather Service. Both devices
have a ring heater on the upper edge of the device to pre-
vent ice deposits. The rain[e] also has two additional heaters.
A drain heater to ensure self-draining and a funnel heater to
melt solid precipitation. The latter is set to a temperature of
5 °C in the entire measuring network of the German Weather
Service. This means that if the outside temperature is below
5 °C, this heater starts up. A schematic sketch of the structure
of the rain[e] can be found in Deutscher Wetterdienst (2025)
on page 19 and Fig. 8. The three heaters shown here include
the ring heater, funnel heater and drain heater. The change
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Figure 1. Map of the climate reference stations in Germany and the
respective equipment of the parallel precipitation gauges as well as
the test field in Oberschleiheim and the two short comparisons in
Oberstdorf and Garmisch-Partenkirchen (DEM using NASA JPL,

2013).

of sensors and the different equipment lead to uncertainties
in the measurement results. All stations are equipped with a
PLUVIO instrument without wind shield (see Fig. 1).

At the Gorlitz station a rain[e] without wind shield is mea-
sured in parallel, at all other stations a rain[e] with wind
shield. To investigate the influence of the wind shield on the
measurement, another rain[e] without wind shield was in-
stalled at the stations Frankfurt, Hohenpeiflenberg and Pots-
dam as well as at the experimental boundary layer mea-
surement site in Falkenberg, where additionally a PLUVIO
with wind shield is installed. The temporal resolution of the
rain[e] measurements has been available in 1 and 10 min val-
ues since the start of the parallel measurement operation. Be-
ginning with January 2020, the PLUVIO measurements were
also recorded 1min values; previously, only 10 min totals
were available. The 10 min values are used for the analyses,
so that a longer period can be considered. The wind speeds
at a height of about 10 m (using a Ultrasonic Anemometer
2D compact of Thies company at all stations) are also used
for further analyses, as well as the data from the distrometers
(using a Laser Precipitation Monitor of Thies company) to
obtain information on the form of precipitation (solid/liquid).
The measuring devices used were regularly maintained and
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Figure 2. Ratios of the defined precipitation events for all climate reference stations in the respective longest possible period. The ratio of
the precipitation of PLUVIO without wind shield to that of rain[e] with wind shield is shown.

calibrated as part of the operational network, as the rain[e]
with wind shield is also part of the operational measuring
network.

2.2 Definition of Precipitation Events

First, precipitation events are defined. Such an event exists if
the amount of precipitation is greater or equal than 0.25 mm
in a rolling 30 min interval (of 10 min values) and precipita-
tion is measured in at least two of the three 10 min intervals.
In addition, both precipitation gauges (PLUVIO and rain[e])
must monitor this precipitation. For this purpose, the data
series are synchronised (5 min offset of the PLUVIO mea-
surement). Ratios are calculated from the precipitation totals
determined for each event. The rain[e] measurement is de-
fined as the reference here. Both the mean wind speed of the
moving 30 min intervals (from 10 min values) and the precip-
itation form (solid or liquid) from the distrometer measure-
ments are used to further subdivide the precipitation events.

3 Results

General analyses have shown that the rain[e] device records
more precipitation than the PLUVIO device, regardless of
the amount of precipitation. For the evaluation, the ratios of
all precipitation events defined in the Sect. 2.2. were subdi-
vided according to the precipitation level of the rain[e] and
displayed as box plots. In each case, the rain[e] instrument
reading serves as the reference in the denominator.

Figure 2 shows the ratios of precipitation totals per event,
where a value less than 1 means that the rain[e] device mea-
sured more precipitation than the PLUVIO. The variability is
greatest for low rainfall totals, while the differences between
the devices level out for higher rainfall totals. Across all pre-
cipitation classes, the rain[e] tends to measure more precip-
itation than the PLUVIO. If the precipitation events are cat-
egorised according to the type of precipitation (solid/liquid),
the same picture emerges for liquid precipitation, with the

https://doi.org/10.5194/asr-22-97-2025

Quotient of PLUVIO / rain[e]
for different mean Temperatures
within 30-minutes Events

<+ o |
- n= 48688 101796
N

T "

=

s

e

>

D Q

=

o

k=

2

°

=

O o
2
© | Mean= 101 0.95
o 1 osd= 0.18 0.28

. 4
<=5°C >5°C

Figure 3. Boxplots for all climate reference stations and the subdi-
vision of precipitation events with regard to the form of precipita-
tion into solid and liquid precipitation. The ratio of the precipitation
of PLUVIO without wind shield to that of rain[e] with wind shield
is shown.

rain[e] measuring more precipitation than the PLUVIO (see
Fig. 3). However, for precipitation events with solid precip-
itation, it can be seen that the PLUVIO measures more pre-
cipitation than the rain[e] device. The differences in the pre-
cipitation sum between liquid and solid precipitation events
are on average 5 %.

It was not possible to homogenize the data on the basis
of the findings obtained here. The measured differences be-
tween the two devices PLUVIO and rain[e] were so small
and show measurement uncertainties which were not suffi-
cient for the reliable detection of significant breaks in the
data series. A previous study found that, precipitation gauges
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Figure 4. Cumulative precipitation totals for three rain[e] devices without wind shield in OberschleiBheim with the same device settings
for the period October and November 2023. The devices are labelled in the legend according to the target temperature which is set for the
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Figure 5. Cumulative precipitation totals for three rain[e] devices without wind shield in Oberschleiheim with different device settings for
the period 1 December 2023 to 8 March 2024. The devices are labelled in the legend according to the setting of the target temperature of the

funnel heater.

without wind protection might only record up to 50 % of the
actual amount of precipitation when it is solid precipitation
and the wind speed is above 5 ms~! (Kochendorfer et al.,
2017). This suggests that other properties may be responsi-
ble for the measurement differences. In this experiment, the
ratio of the precipitation sums of PLUVIO and rain[e] was
also examined as a function of precipitation type (solid/lig-
uid) and the average wind speed within the 30 min events
(not shown). It was found that with liquid precipitation there
was a slight dependence on wind speed; the rain[e] consis-
tently measured more precipitation, whereby the difference
became smaller with higher wind speeds. In the case of solid
precipitation, there was a clear increase in the measured pre-
cipitation of the PLUVIO device from a wind speed of over
10ms~!, even though it is not equipped with a wind shield.

A possible reason for these measurement differences could
be the different equipment of the two instruments, with sev-
eral built-in heaters in the rain[e] instrument. Both instru-
ments have a ring heater which prevents forming a snow cap.
The rain[e] also has a drain heater and a funnel heating.

The latter is set to a target temperature of 5 °C throughout
the DWD measuring network, i.e. if the outside temperature
falls below 5 °C, the heater switches on and ensures that the
precipitation does not freeze on the funnel and solid precip-
itation is melted. However, this can lead to an evaporation
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error. In order to investigate the exact effects of this possible
error in more detail, a comparative test was started in au-
tumn 2023 at the Oberschleiheim test site, in which three
rain[e] devices without wind shields were installed in paral-
lel over the winter of 2023/24 with different funnel tempera-
tures. In an initial parallel operation in the months of October
and November 2023, all devices were operated with exactly
the same settings (funnel temperature at 5 °C) in order to de-
termine and eliminate possible measurement differences be-
tween the devices. From 1 December 2023, the temperatures
were then set to 3, 5 (reference instrument) and 7 °C.

Figure 4 shows the cumulative precipitation totals for Oc-
tober and November 2023 for the three rain[e] devices with
the same device settings. The devices are named according
to the target temperature they will reach from 1 December
2023. It can be seen that the blue curve (3 °C rain[e]) records
1.95 % more precipitation than the other two devices (5 and
7 °C rain[e]). The difference between the latter two is only
0.21 %. According to the manufacturer, Lambrecht, all the
differences are within the tolerance of the measurement un-
certainty. However, to account for this error, the 3 °C rain[e]
measurements have been corrected accordingly. The differ-
ences between 5 °C rain[e] and 7 °C rain[e] are so small that
they are not corrected. After changing the target tempera-
ture of the funnel heater to 3 or 7 °C, precipitation events
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Table 1. Summarized results from the investigation into the influence of funnel heating on the rain[e] of Figs. 4 and 5.

October and November 2023

| December 2023 till 8 March 2024

Deviation in %

Total sum in [mm] ‘ Deviation in %

Total sum in [mm]

3°C rain[e] +1.95%
5°C rain[e] 0%
7 °C rain[e] —0.2%

205.77

201.41

+1.6% 477.07
201.83 0% 469.67
—1.4% 463.1

with solid precipitation occurred in the Munich area in early
December and early/mid-January. At the end of the paral-
lel test measurements on 8 March 2024, it can be seen that
the rain[e] with a target temperature of 3 °C measured the
most precipitation and the rain[e] with a target temperature
of 7 °C measured the least precipitation (see Fig. 5). The per-
centage differences compared to the reference device (5 °C
rain[e]) are 1.6 % more precipitation (3 °C rain[e]) and 1.4
% less precipitation (7 °C rain[e]). This experiment showed
that changing the target temperature of the funnel heater in
the rain[e] can lead to a change in the measured precipitation.
In this particular case, the amount of precipitation changed
by approximately 1.5 % when the hopper temperature was
changed by 2 °C. It can be assumed that these differences are
not due to measurement uncertainties, but represent a sys-
tematic error.

A study by Richter (1995) dealt with evaporation and wet-
ting errors with the Hellmann manual measuring device. If
the funnel is completely wetted, the error can amount to be-
tween 10 %—20 % of the measured quantity, which is particu-
larly large for short showers. Over the year, systematic errors
of around 3 %-5 % of the total amount of precipitation can
be measured.

Leeper and Kochendorfer (2015) also show in their study
that evaporation errors can occur in the collection container,
especially in the summer months with high temperatures and
solar radiation, which is attempted to be kept to a minimum
by using evaporative suppressant. Such an evaporation error
in the collection container does not play a role in the rain[e],
as the device is self-draining. However, this shows that the
evaporation error cannot be neglected at higher temperatures
(due to solar radiation or the use of a heater).

Differences were found which indicate a systematic error.
At this point, however, the data basis is still so small that a
reliable homogenization of the data with regard to the heating
setting can’t be made.

The results of Figs. 4 and 5 are also summarized in Table 1.

A further attempt to investigate the differences between
PLUVIO and rain[e] measurements on precipitation events
with solid precipitation took place between December 2021
and May 2023 with parallel measurements from both instru-
ments at the sites Oberstdorf and Garmisch-Partenkirchen.
Unfortunately, there were hardly any precipitation events
with solid precipitation in the two winters, so that no con-
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clusions could be drawn about measurement differences in
this weather situation.

The influence of a missing wind shield was not investi-
gated in this experiment.

4 Conclusions

A comparison of two rain gauges (OTT’s PLUVIO and Lam-
brecht’s rain[e]) showed that the rain[e] measures more pre-
cipitation over the year. If we look at certain weather condi-
tions, in this case the comparison of solid and liquid precipi-
tation measurements, we can see that the rain[e] now records
less precipitation.

One of the differences between the two devices is a funnel
heating that melts solid precipitation in the rain[e]. However,
this can also lead to an evaporation error if the heater is set
too high.

In this study, a comparison was made between two iden-
tical Lambrecht rain[e]s on a test field in southern Germany.
The aim of the study was to determine the influence of the
funnel heating on the precipitation measurement. Three in-
struments were set up for this purpose. In a first, short phase,
measurements were taken with the same settings in order to
filter out measurement differences between the instruments
and not to take them into account in the subsequent mea-
surements. In a second phase, the funnel heaters were set at
different temperatures (3, 5 and 7 °C). Over a period of 3
months from December 2023 to March 2024, it was shown
that there is a systematic error in some snow events, i.e. a
2°C change in the hopper heating leads to a change in pre-
cipitation of about 1.5 %. As the experiment only lasted one
winter, it will be repeated in future winters.

Increasing the precipitation sum of the rain[e] device by
changing the funnel heating would also change the ratio of
the measured precipitation sums of PLUVIO and rain[e] (see
Fig. 2). This change leads to a reduction in the mean value
of the ratio and, due to the assumed constant variance, to a
reduction in the standard deviation.

Code availability. The software code underlying this study con-
sists of R scripts for data preprocessing and the application of stan-
dard statistical methods to compare measurements. No novel algo-
rithms or proprietary software were developed. The code is not pub-
licly accessible, as its functionality is directly tied to comparative
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measurement data that are not publicly available. Publication of the
code without the corresponding data would not allow meaningful
reuse or replication. All statistical analyses were conducted using
established methods implemented in widely available software en-
vironments (in this case R). References to these environments and
packages are provided in the Methods section. No third-party or
externally deposited code was used beyond standard statistical li-
braries.

Data availability. The operational data used in this study are
publicly accessible through the Climate Data Center (CDC) of
Deutscher Wetterdienst. These data can be accessed via the CDC
data repository at https://opendata.dwd.de/climate_environment/
CDC/ (last access: 16 August 2024). The operationally used data
are the rain[e] measurements from Figs. 2 and 3 and the tempera-
ture data from Fig. 3. The comparative measurement data collected
within the framework of this project are not publicly available. Their
publication was not foreseen in the project design, and therefore no
repository deposition has been planned. Access to these data is re-
stricted to the project team.
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