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APRESENTACAO

A obra “Ciéncias Exatas e da Terra e a Dimens&o Adquirida através da Evolugcao
Tecnologica vol. 2’ aborda uma publicacéo da Atena Editora, apresenta, em seus 28
capitulos, conhecimentos tecnologicos e aplicados as Ciéncias Exatas e da Terra.

Este volume dedicado a Ciéncia Exatas e da Terra traz uma variedade de artigos
que mostram a evolucédo tecnolégica que vem acontecendo nestas duas ciéncias, e
como isso tem impactado a varios setores produtivos e de pesquisas. Sdo abordados
temas relacionados com a producdo de conhecimento na area da matematica,
guimica do solo, computagao, geoprocessamento de dados, biodigestores, educacao
ambiental, manejo da agua, entre outros temas. Estas aplicagbes visam contribuir no
aumento do conhecimento gerado por instituicdes publicas e privadas no pais.

Aos autores dos diversos capitulos, pela dedicacao e esforcos sem limites, que
viabilizaram esta obra que retrata os recentes avancgos cientificos e tecnologicos nas
Ciéncias Exatas e da Terra, os agradecimentos dos Organizadores e da Atena Editora.

Por fim, esperamos que este livro possa colaborar e instigar mais estudantes
e pesquisadores na constante busca de novas tecnologias para a area da Fisica,
Matematica, e na Agronomia e, assim, contribuir na procura de novas pesquisas e
tecnologias que possam solucionar os problemas que enfrentamos no dia a dia.

Jorge Gonzélez Aguilera
Alan Mario Zuffo
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CAPITULO 9

DEVELOPMENT OF PROCEDURES FOR
CALIBRATION OF METEOROLOGICAL SENSORS.
CASE STUDY: CALIBRATION OF A TIPPING-BUCKET
RAIN GAUGE AND DATA-LOGGER SET

Marcio Anténio Aparecido Santana
Instituto Nacional de Pesquisas Espaciais -
INPE, Centro de Previsdo de Tempo e Estudos
Climéticos, Laboratério de Instrumentacao
Meteoroldgica, Metrologia Ambiental

Cachoeira Paulista — SP - Brasil

Patricia Lucia de Oliveira Guimaraes
Instituto Nacional de Pesquisas Espaciais -
INPE, Centro de Previsdao de Tempo e Estudos

Climéticos, Laboratério de Instrumentacao
Meteoroldgica, Metrologia Ambiental

Cachoeira Paulista — SP - Brasil

Luca Giovanni Lanza

Universita degli Studi di Genova - UNIGE,
Dipartimento di Ingegneria civile, chimica e
ambientale. WMO/CIMO Lead Centre “B. Castelli”
on Precipitation Intensity.

Genova, ltaly

ABSTRACT: The tipping-bucket rain gauge is
often calibrated as a stand-alone instrument.
However, the measurement accuracy depends
on the associated data-logger as well, especially
in case the rainfall intensity is derived from the
measurement. This paper reports the calibration
of a set comprising the tipping-bucket rain gauge
assembly and the associated data-logger. The
case study of a specific commercial rain gauge
is presented. We conclude that the response
time of the data-logger directly affects the
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measurement of rainfall intensity and that the
greatest contribution to the uncertainty budget
may arise from the accuracy of the clock of the
data-logger.

KEYWORDS: meteorological instrumentation,
rain gauge, calibration, rain intensity, data-
logger.

DESENVOLVIMENTO DE PROCEDIMENTOS
PARA CALIBRACAO DE SENSORES
METEOROLOGICOS. ESTUDO DE
CASO: CALIBRACAO DO CONJUNTO
PLUVIOMETRO DE BASCULA E SISTEMA
DE AQUISICAO DE DADOS

RESUMO: O pluvibmetro basculante ¢é
frequentemente calibrado como um instrumento
autébnomo. No entanto, a precisdo da medicéo
também depende do registrador de dados
(data-logger) associado, especialmente no caso
que a intensidade da chuva &€ uma derivada
da medigcdo. Este artigo relata a calibragdo de
um conjunto que compreende o conjunto de
pluvibmetro de béascula com o registrador de
dados associado. O estudo de caso de um
pluvibmetro comercial especifico é apresentado
neste trabalho. Concluimos que o tempo de
resposta do data-logger afeta diretamente a
medida da intensidade da chuva e que a maior
contribuicdo na andlise das incertezas pode
surgir da preciséo do reldgio do data logger.
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PALAVRAS-CHAVE: instrumentacdo meteorologica, pluvibmetro, calibracéo,
intensidade de chuva, data-logger.

11 INTRODUCTION

Precipitation measurements are very important to the Environmental Sciences. A
huge range of applications around the world bases on the observation and investigation
of typically measured characteristics of precipitation such as the rainfall amount, intensity
and duration, besides the frequency of intense rainfall events [Westra et al.,2014; Kidd
& Joe, 2007].

There are instruments that simply inform the status of the rain in that moment,
i.e. whether it rains or not, as well as there are those that show the distribution of
precipitated drop sizes. The most commonly employed instrument for the measurement
of rain amount and intensity is the tipping-bucket rain gauge (TBRG). The TBRG is a
device that can send a pulse as an output signal to each nominal amount of rainfall
collected in a pivoting two-compartment bucket [Liu et al., 2011; Petracca, 2011].

Most automatic rain gauges measure a small amount of rainfall over a relatively
short time interval, usually less than one minute. Users of rainfall measurements
typically require information of accumulated rainfall for longer time intervals, e.g. the
hourly, daily, monthly, and even annual total rain depth [Petracca, 2011; Sene, 2015].
Other very important information is the rainfall intensity that is obtained indirectly using
a rain gauge and a data acquisition and processing system.

Using a data acquisition system or a data-logger it is possible to record the instant
when the various pulses occur, and thus calculate the rainfall intensity (R/). Usually,
the mechanical device of a tipping-bucket rain gauge is calibrated as a stand-alone
instrument. This paper shows the calibration procedure of an instrumentation set
comprising a commercial tipping-bucket rain gauge and the associated data-logger,
thus making it possible to calculate the uncertainty of the R/ measurement.

2| METHOD

Figure 1 shows a classical TBRG. In general, a TBRG opens or closes a contact
through a reed-switch sensor, or similar, to each determined volume of precipitated rain,
generating a pulse if electrically powered [Santana et al., 2015]. In order to calculate
the accumulated rainfall or rainfall intensity, it is necessary to record the pulses and the
instants when they occur in a data acquisition system for suitable processing [Stagnaro
et al., 2016].
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Figure 1 - The TBRG and its measuring principle

Figure 2 shows the set under investigation here, comprising a commercial TBRG,
model HD2013, manufactured by Delta Ohm and a commercial data-logger, model
CR1000, manufactured by Campbell Scientific as used in a weather station. In the
case of TBRGs, at each pulse, the data-logger records the tip and time stamp, i.e. the
date and time that pulse occurred. A weather station can also use further sensors to
measure other relevant variables. In the case of a rainfall station, the recorded data
can be later transmitted using different devices and means of communication. The
measured data consist of time stamps of the time of tipping. Depending on the data-
logger, it is possible to correct the data and calculate the R, before the transmission.

Others sensors Comunication

l ll l l (message: time stamp, tip)

=1, Microcomputer
1 cellular
=1, satellite

= Ly radio

DATALOGGER 1, ethernet

Figure 2 - Schematics of a weather station with rainfall record.
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The calibration of a TBRG can be performed by the volumetric (input) or
gravimetric (output) methods shown in figure 3 [Santana et al., 2016] and an example
of the calibration results is reported in tables 1 and 2. Briefly, the calibration procedure
by the input method relies on the indirect comparison to working standards using
a peristaltic pump and a data acquisition system, while in the output method the
calibration procedure is based on the indirect comparison to the working standards,
using a balance and a data acquisition system. A series of fifteen measures are carried
out in the verification of the catchment area (here nominally equal to 400 cm?) and
five measurements for each calibration point, and the mean values are reported. The
expanded uncertainty of measurement (calibration uncertainty) reported equals the
combined standard uncertainty multiplied by the coverage factor “k” for a confidence
level of 95,45%, and was determined according to EURAMET cg-19 - Guidelines on
the determination of uncertainty in gravimetric volume calibration [EURAMET, 2011]
and EA-4/02 [European Co-operation for Acreditation, 1999] and ISO / GUM - Guide to
the Expression of Uncertainty in Measurement [JCGM, 2008].

Table 1 shows the results of the calibration for a given R/ using 100 tips (for R/
around 15 mm.h") and table 2 shows the R/ for a given number of tips, for example
50 tips. The calibration certificate also reported the environmental conditions (air
temperature, t, water temperature, {

’ Cair

air relative humidity, H_ and atmospheric

ter’

pressure, P), the diameter d of area of the collector and the measured mean resolution.
The measured quantity Q,, is expressed by equation (1), where W, is the measured

mass of water, & is the density of water and &_, is the density of air.

water

_ ; i -1
QM — WM'[EWEEET'(I:WIITET} Ealr(ta:rrPaHﬂ}l {1}

n(2)

ot

=

(

)

_ Gravimetric method
[output)

Volumetric method
[input)

Figure 3 - Calibration methods for a TBRG.
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The correction Cis given by (2), where Q, is the nominal quantity.

_ [Qn-Qul.100 0
T ) (2)

NomiQaI Measured . Expand_ed Coverage

Number of tips Quantity Quantity Correction Uncertainty tactor

Q, Q, C U K
[mm] [mm] [%] [%]

1 0,20 0,19 5,3 +4,0 2,00

2 0,40 0,39 2,6 +22 2,03

5 1,00 0,99 1,0 +1,5 2,23

10 2,00 2,00 0 +0,41 2,02

20 4,00 4,00 0 +1,0 2,52

50 10,00 9,96 0,40 +0,85 2,65

100 20,00 20,01 -0,01 +0,21 2,52

Table 1. Calibration of quantity for R/ = 12,6 to 13,6 mm/h (example)

In this paper, the calibration of the TBRG in conjunction with the data-logger
(figure 4B) was performed based on the calibration of the TBRG itself (figure 4(a)).
Figure 4(b) shows the RG calibration system obtaining the output signal of TBRG
(pulse) and data from the data-logger (tip and timestamp). The RG calibration system
consists of a rain simulator, a device for measuring the volume of simulated rainfall
and a data acquisition system (data-logger) as well as meters for air temperature,
water temperature, air relative humidity, atmospheric pressure and the diameter of
the collector. The calibration certificate of the set TBRG/data-logger must also present
the results and uncertainties for the rainfall intensity R/, including the corrections to
be applied, in compliance with the recommendations of the World Meteorological
Organization (WMQO) [WMO, 2014].

Calculated Nomin_al 'V'easufed : Expand_ed Coverage
R Quantity Quantity Correction  Uncertainty o
[mm/h] Q, Q, [%] U K
[mm] [mm] [%]

26 9,94 0,60 +1,1 2,65
52 10,05 -0,50 +0,72 2,65
72 10,00 9,97 0,30 +0,60 2,52
90 10,04 -0,40 +0,11 2,13

120 10,04 -0,40 +0,35 2,52

Measured resolution (average) = 0,20 [mm].

Table 2. Calibration of R/ versus 50 tips (example)
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31 RESULTS

For the calibration of the set comprising the TBRG and the data-logger, the Q,,
and R/ are estimated with their respective uncertainties. The average R/ in mm/h is
expressed by (3), where Q is the quantity measured in millimeters and t is the time
interval, in seconds.

RI

Q.t=1.3600 (3)

Calibration system
of rain gauge

| calibration system
of rain gauge

Figure 4 - Setups of calibration: (a) TBRG; (b) TBRG + Data-logger.
In equation (4), nis the number of tips and ¢ is the time interval between tips.

t=>t,.nt (4)

For the measured quantity Q used in (5), the uncertainty contributions depend on
the method used (volumetric or gravimetric) [Santana et al., 2016].

RI =%+5RIREP {5}

For the estimation of the measurement uncertainty of R/, the data-logger used as
a standard in the calibration system of the rain gauge must have been calibrated in time
and frequency in the pulse channel used for the TBRG signal input under calibration.
Indeed, physical and electrical factors affecting the crystal oscillator frequency may
influence the stability and accuracy of the data-logger [Zhou et al., 2008].

The measurement uncertainty of R/is obtained through equation (6), where u_, is
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the uncertainty of Q, u , is relative to the calibration certificate of frequency of the data-
logger, u_, is due to the specifications of the clock accuracy of the data-logger and u,,
is due to the repeatability of the t measurements. Equation (7) expresses the relative
uncertainty of RI.

1
werD = 2, (20 weo] * (o)
w(RD) = [S1_, e (x)? @)

Tables 3 and 4 show the results of calibration (example) where Q, is the nominal
quantity of rain, Rl is the nominal rain intensity, Q,, is the measured quantity of rainfall,
Rl is the measured rain intensity, C,,, and C,, are the corrections, U,,, and U, are
the expanded uncertainties and k is the coverage fator for a probability of coverage of

approximately 95,45%.
Al Q TBRG TBRG with data-logger
mmb]  mm] | Q. Coy  Uow B Rl C, U, .
[mm] [%] [%] [mm/h] [%] [%]

0,20 0,19 5,3 40 2,00 +47 2,00
0,40 0,39 2,6 £22 2,03 £33 2,00
1,00 0,99 1,0 +15 223 +28 2,00

13,00 2,00 | 2,00 0 +0,41 2,02 1299 0,08 =25 2,00
4,00 | 4,00 0 £10 252 £26 2,00
10,00 | 9,96 040 +0,85 2,65 £25 2,00
20,00 | 20,01 -0,01 0,21 252 +£25 2,00

Table 3 - Calibration of quantity for RIN == 13,00 mm.h"" (example)

TBRG TBRG with data-logger
Q, RI,
[mm] [mm/h] QM CQM UOM k RIM Cn/ URI k
[mm]  [%] [%] [mm/h] — [%] [%]

25,90 | 9,94 0,60 +1,1 2,65 | 25,75 0,58 +3,6 2,00
51,43 | 10,05 -0,50 +0,72 265 | 51,67 -0,46 0,79 2,00
10,00 72,00 | 9,97 030 0,60 252 | 71,81 0,26 +0,66 2,00
90,00 | 10,04 -0,40 0,11 2,13 | 90,34 -0,38 0,59 2,00
120,00 | 10,04 -040 =+0,35 2,52 | 120,49 -041 +0,82 2,00

Table 4 - Calibration of Rl versus 50 tips (example)

Measured resolution (average) = 0,20 [mm]
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41 CONCLUSION

The TBRG and data-logger can be calibrated together or separately. When
calibration is separately performed, the TBRG should be calibrated in a pluviometry
laboratory and the data-logger in a laboratory in the quantity called time and frequency.
In the case of set calibration, the calibration must be performed in a pluviometry
laboratory, where the rainfall measurand must be simulated and the results for the
rainwater amount and the interval of time between tips are indirectly compared to the
working standards with metrological traceability evidenced to the SI.

Based on the presented case study, we conclude that the response time of the
data-logger directly affects the measurement of rainfall intensity and the greatest
contribution of uncertainty may be due to the accuracy of the internal clock of the data-
logger. The results showed that the expanded uncertainties for the rainfall intensity R/
are increased from 0,06 to 2,5 % on the expanded uncertainties of amount of rain Q.

This work is the basis for the development of calibration procedures for TBRG and
data-logger sets to obtain the amount of rainfall, the calculation of the rainfall intensity
and the estimation of its uncertainties and to comply with WMO recommendations.
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