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Highlights
. Data collection and processing approach for 1-minute rain values from weighing buckets.
. Noise isremoved fromthe record, without affecting event rainfall totals.

Introduction

Urban drainage modelling requires measurements of rainfall at small temporal scales (e.g. Berne etal.,
2004; Ochoa-Rodriguezetal., 2015). Rainfall gauges used for these measurements have typically been of
the tipping bucket type. Some challenges when using tipping bucket gaugesinthe field are that (1) the
funnel may get clogged, (2) there will be some losses between tips (i.e. unregistered rainfall), which
increase with higher rainfall intensities, and (3) that there is no way to check (without using an additional
rainfall collector) the total amount of precipitation overagiventime period. Forbest results tipping bucket
gaugestherefore require calibration to correct rainfall intensities and regular field visits to remedy clogging.
Eventhen clogging remains hard to predict and may resultin data unavailability.

Weighing bucket rain gauges provide an alternative with less-frequent maintenance requirements (Geonor
AS, 2015). These devices have alargeropening (typically 200cm?, thus avoiding clogging) that collects
precipitationinto an enclosed bucket. This bucketis continuously weighed to measure the accumulated
precipitation, and the accuracy of the sensorcan be checked by adding known weightsinto the bucket (e.g.
Broekhuizen, 2019; Duchon, 2008). Rainfall rates are obtained from the increase in accumulated
precipitation overa certain time interval. Forlarge time intervals (e.g. one hour) thisis relatively
straightforward, as many repeated measurements can be made at the end (e.g. duringthe last 5 minutes)
of each periodto reduce influencefrom measurement noise. However, for the small temporal scales
needed forurban hydrological applications (e.g. 1 minute), itis not as straightforward to process the signal
while distinguishing between noise of the measurement signaland actual rainfall. Therefore the goal of this
paperis to propose a practical procedure for obtaining 1-minuterainfall rates from aweighing bucket
precipitation sensor, wherenoise (Figure 1) isremoved and the rainfall totals are unaffected.
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Figure 1. Examples of noise foundin the raw sensordata: (a) random noise values with occasional spikes; (b) random noise during
rainfall; (c) diurnalpatterns and some evaporation (reduction of rainfalltotal) during dry periods, random noise is visible too.
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Methodology

Sensorinstallation and maintenance

A GeonorT200B weighing bucket (Bakkehgi et al., 1985; GeonorAS, 2015) installedin Luled, Sweden, was
used forthis study. A Campbell Scientific CR200 (until April 2018) and a Campbell Scientific CR1000 were
usedto logthe data. Apart from short visual inspections, maintenance was limited to emptying the gauge
twice a year (before and after winter). On these occasions the performance of the gauge foraccumulated
precipitation was found to be accurate within £1% (Broekhuizen, 2019). On both occasions, a layer of
mineral oil isadded to reduce evaporation, and before winter, antifreeze is added to melt snow. Since the
sensorisweight-based snowfallis measured too; however, ininthis paperthe focusis on rainfall since the
main challenge for snowfallwould be accounting forthe increased wind-related under catch.

Data collection and processing

The electronicsignal from the sensorhasa frequency (f) which increases from approx. 1050 Hz (empty
bucket) toapprox. 3000 Hz (full bucket), with amanufacturer calibrated formula to convert to accumulated
precipitation (P,). Special efforts were undertaken since 2016 to improve the data quality, so several
logging approaches were tested. The current procedure is as follows:

1. Every2 seconds, take a 1-second average of fand convertto P, using the manufacturer’s equation.
Keepthe 150 most recentreadings (i.e. 5min)in memory.

2. Attheendof eachminute, store the median of the last 5 readings of P, (i.e. median over 10s).

3. Foreachminute, calculate M,,, the median of P, for two time windows w; (length discussed below)
and w, (48 hours); and A,g, the increase of M,,, in a 3-hour window; all windows centred on that
minute.

4. Minuteswhere A4,,20.2 mm are considered as wet, other minutes asdry.

5. For wetminutesthe rainfall rate P=M.,,, for dry minutes P=0.

In step 3, the use of window w; (scale of minutesto afew hours) aimsto filter out small random noise, the
use of window w, (48 hr) aimsto filter outdiurnal variations; step 4aims to exclude any noise from dry
periods. The choice of w; is critical for the procedure, so multiple values were tested. The goal was to find a
balance between excluding measurement noise (e.g. negative values for P) while matching total rainfall
volume (i.e.theincrease in P,) overrainfall events or othertime periods.

Results and discussion

Steps 3 and 4 above proved well-able to distinguish between wet and dry periods, thereby ignoring the
noiseindry periods (see Figure 2), without also discarding small increases in wet periods that could be

actual rainfall. Thisinformation can also be used to identify rainfall events from the continuous record.
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Figure 2. Example of identification of dryand wet periods based onlong-term increase in accumulated predipitation. The noise that
is visiblein dry periods will be ignored.

To assess the accuracy of the proposed method for different values of w;, rainfall event volumes were
examined: the sum of the calculated 1-minute rates (2P) should match the increase in accumulated
precipitationinthe bucket (AP,), see Figure 3. Negative values of Pwere removed, since they should
logically not occurin rainfall records and could cause problems when used in e.g. modelinputs. Itisclear
that simply summingthe raw minute values (i.e. w; =1) would resultin overestimating the accumulated
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rainfall, since the negative values have to be removed from the 1-minute timeseries. If the value of w; is
too high (e.g. 12 h) the smoothing operation removes somerainfallaround the startand end of events,
resultingin an underestimation of event rainfall. Values for w; of 2 to 4 h gave good results for the current
dataset, with only small differences between P and AP,.
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Figure 3. Errors in event total rainfallfor different values of w1. AP4is the increase in accumulated precipitation during the event,
2Pis the sumof 1-minute rainfall ratescalculated for different values of wi. Notes: (1) errors for w; =1 min were cappedat 1.5
mm, butextendto > 10 mm; (2) logarithmic scale on the x-axis.

The ability to compare calculated 1-minute values with totals from the same instrumentis one of the key
benefits of weighing bucket rain gauges. Anotheris thatif failure of the measurement equipment causes
gaps intherecord, the rainis stillaccumulated in the gauge so some idea of rainfall during the period may
still be gained. Finally, calibration of the sensoritselfrequires only adding known weightsinto the bucket,
so asimplescaleisall the equipmentthatisrequired, andthe calibration can be carried outin the field.

Conclusions and future work
Weighing bucket rain gauges have some advantages overtipping bucket gauges (no clogging so fewersite
visits; no splashing ortippinglosses; rainfall isaccumulated allowing for checks), but require additional data
processingto obtainreliable one minute observations. This paper proposed a data processing method that:
e Removessignal noiseduringboth wetand dry periods;
e Doesnot cause errors intotal eventrainfall;
e Makes weighing-bucket rain gauges more applicableforthe shorttime steps neededin urban
hydrological applications.

Future work could consider using multiple sensorsinthe same gauge for more robust measurements
(Duchon, 2008). The running record of recentreadings (step 1in the procedure) canalso be used to obtain
e.g. 5-minute or 15-minute observations (with more repeat readings for higher precision) and check if the
obtained 1-minute observations are consistent with these. Finally, the proposed method may also be
applicable for converting accumulated runofffrome.g. pilot scale green roofs to time series of runoff rates.
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