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At present, the methods and instruments for measuring the precipitation on land may not effectively work in the offshore corrosion
environment which is characterized by salt and humid. The research look at investigating the reliable and precision approach of
measuring rainfall and a capacitive rain gauge for the marine environment is developed. Firstly, according to the working
principle and performance requirements of the capacitive rain gauge, the modular mechanical structure and capacitance voltage
conversion circuit of the rain gauge are designed, and the calibration and stability experiments of the prototype are tested to
evaluate the measurement error and exam the accuracy of the rain gauge measurement results changing over time. Then,
environmental adaptability experiment is carried out on the capacitive rain gauge to explore its performance in the environment
of temperature and humidity changes as well as salt spray. Finally, the feasibility of the rain gauge used in the marine
environment is verified by the sea test of the prototype. The measurement error of the developed capacitive rain gauge is less
than 1mm, which provides a realization method for the measurement of precipitation in the marine environment.

1. Introduction

The measurement for oceanic precipitation is one of the
basic elements of marine meteorological observation,
which is significant to the study of marine weather and
climate change, water, and energy cycle system as well as
numerical weather forecast [1–3]. Rainfall measurement
can be obtained directly by rain gauge [4, 5] and can also
be indirectly estimated by weather radar [6] and retrieved
by satellite remote sensing [7] and microwave link attenu-
ation [8, 9]. Compared with radar estimation, satellite
remote sensing, and microwave link attenuation retrieval
of rainfall, the accuracy of rainfall measured by rain gauge
is the highest and is usually used as a comparison bench-
mark for evaluating other precipitation measurement
methods [10–12]. However, the rain gauge is a single
point precipitation measurement tool and unable to obtain
the precipitation in a large area. To solve this problem, the
rainfall station network is designed for measuring regional
precipitation, and this network has been widely used on
land [13, 14].

The main methods of measuring precipitation by rain
gauge mainly include water-holding method [15], optical
method [16], acoustic method [17], and piezoelectric effect
method [18]. The water-holding method obtains rainfall by
measuring the change of water weight or volume in the con-
tainer, optical method adopts the principle of diffuse reflec-
tion caused by raindrop passing through laser or infrared
light to predict rainfall, acoustic method uses acoustic reflec-
tion to measure precipitation, and the rain gauge applying
piezoelectricity effect estimates raindrop spectrum and pre-
cipitation through perception raindrop momentum chang-
ing. Among these methods, the optical method, acoustic
method, and piezoelectric effect method apply optics lens,
acoustic probe, and piezoelectric patches as perception ele-
ments, respectively, and these sensing parts or elements are
susceptible to the surrounding environment such as noise,
dust, and corrosive; so, these methods are easy to cause mea-
surement error and rarely used in rough environmental con-
ditions [19, 20]. The rain gauge adopting the water-holding
method has few environment sensitive parts comparing with
other types of rain gauge; so, it has advantages in high
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accuracy and adaptability and is widely used for measuring
rainfall.

There are mainly three kinds of rain gauges for measur-
ing precipitation by the water-holding method: tipping
bucket type [21], siphon type [22], and weighting type [23].
The performance of these rain gauges varies according to
the measure principle, and there exists certain deficiencies
among these rain gauges when they are used in different con-
ditions. For example, the tipping bucket rain gauge is easy to
be affected by rain intensity, and its measurement error
increases with rain intensity increasing [24]. When the rain
intensity is small, a measure error will happen for siphon rain
gauge [25]. In the case of heavy rainfall, the weighting rain
gauge is prone to miss precipitation data; so, the stability of
measurement results is insufficient [26]. In addition, the tip-
ping bucket rain gauge and siphon rain gauge have mechan-
ical transmission parts, which are difficult to work stably and
reliably in the marine environment with the characteristic of
humidity and salt spray, and for this reason, the rain gauges
need to be regularly maintained. However, the maintenance
for the rain gauge used in severe or unattended environment
is difficult. Hence, the measure accuracy and operation reli-
ability in various environment are needed to give serious
consideration when a rainfall measuring apparatus is
developed.

It has been utilized in rain gauge to compose network on
land to measure rainfall in large area; however, the rainfall
monitoring about a large area at sea using rain gauge is not
implemented. So far, the use of rain gauge to measure precip-
itation at sea mainly relies on ship [19, 27] and ocean buoy
[28, 29]. However, the ship route selection, ship movement,
and ship superstructure all affect the rainfall measurement
area and results [19, 27]. The density of the buoy in the sea
is still low, and the spatial distribution is uneven, which can-
not meet the needs of large-scale regional rainfall monitor-
ing. With the exploitation of marine resources and
development of ocean observation technology, more and
more drilling platforms, wind and ocean energy power gen-

eration devices, and ocean observation equipment will be
deployed near-globe seas, and these ocean platforms will
become the ideal platform to carry rain gauge; so, it can be
predicted that an increasing number of rain gauge will be
installed on ocean platforms to carry out large-scale marine
precipitation measurement in the future. Although some
technologies based on the methods mentioned above for
measuring rainfall at sea have been carried out, and the mea-
surement accuracy is similar to that of used on land, the
weatherability, environment adaptability, and data integrity
still need to be further verified or perfected [18, 19]. There-
fore, it is necessary to pay close attention to study the feasibil-
ity method for measuring precipitation and elaborate a rain
gauge that works precisely and reliably in the marine corro-
sive environment for a long-term application.

From the point of technical feasibility and working reli-
ability, a type of capacitive rain gauge that is able to adapt
to the marine environment was developed in this paper.
The modular mechanical structure, circuit design, laboratory
performance trial, and offshore test of the rain gauge were
systematically studied, which provided an effective and feasi-
ble technical method and selection scheme for obtaining the
marine precipitation.

2. Materials and Methods

This part first introduces the working principle of the capac-
itive rain gauge, then describes the hardware composition of
the developed capacitive rain gauge, and finally shows the
performance test method of the rain gauge.

2.1. Working Principle. The rainfall measure method of the
gauge presented in this paper is based on the principle of
capacitive sensor for liquid level measurement [30]. The
schematic diagram of the capacitive rain gauge is shown in
Figure 1(a). The electrode rod, electrode tube, and the air
and the water between the electrode rod and electrode tube
constitute a cylindrical capacitor, and the axe of the water
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Figure 1: Schematic diagram (a) and structure diagram (b) of the capacitive rain gauge with (i) water inlet support, (ii) electrode rod, (iii)
drainage pipe, (iv) water container, (v) water inlet pipe, (vi) electrode pipe, (vii) shell, and (viii) vent pipe.
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container, electrode tube, and electrode rod is colinear. When
rain falls, the precipitation enters into the water container
through the water inlet pipe and as a result, the water level
in the electrode tube will change, which will cause the change
of capacitance value. The precipitation can be measured by
measuring the changed capacitance value.

The whole cylinder capacitor can be regarded as the
capacitor c1 (F) with water as its dielectric and the capacitor
c2 (F) with air as its dielectric in parallel. The inner circle
radius of the electrode tube is r1 (mm), the radius of the elec-
trode rod is r0 (mm), the height of water container is L (mm),
and the height of the internal water level is l (mm). The
dielectric constants of vacuum, water, and air are ε0, ε1, and
ε2, respectively. The theoretical values of c1 and c2 are

c1 =
2πε0ε1l
ln r1/r0ð Þ , c2 =

2πε0ε2 L − lð Þ
ln r1/r0ð Þ : ð1Þ

The capacitance c (F) of the whole cylinder capacitor can
be expressed as

c = c1 + c2 =
2πε0ε2L
ln r1/r0ð Þ + 2πε0 ε1 − ε2ð Þ

ln r1/r0ð Þ l: ð2Þ

According to Equation (2), the capacitance c is a linear
function of the water level height l, and there is a one-to-
one match between the capacitance value and water level
height. When the water level rises to the top of U-shaped
drainage pipe, the precipitation value is the maximum, and
the siphon phenomenon will occur at this time. As a result,

the precipitation in the water container is discharged by the
drainage pipe, the measured value of rainfall returns to zero,
and the measurement of precipitation starts again for next
cycle.

2.2. Hardware System Design

2.2.1. Mechanical Structure Design. The capacitive rain gauge
is composed of mechanical part and circuit part. As shown in
Figure 1(b), the modular mechanical part is mainly com-
posed of outside shell and internal structure. The internal
structure is the core part of the rain gauge and mainly
includes water inlet support, water container, drainage pipe,
electrode rod, electrode tube, and circuit. The shell, on one
hand, is used to protect and seal the internal parts, and on
the other hand, it is used to accommodate precipitation and
to provide a mounting location with offshore platform. The
circuit elements are installed in the water inlet support of
the internal structure.

The maximum volume of the water container V (ml), the
maximum precipitationH (mm) in one measuring cycle, and
the effective cross-sectional area S (mm2) of the water con-
tainer are all set values according to the designed require-
ments. The diameter of shell upper end D (mm) and the
height of water container L (mm) can be expressed as follows:

D = 2
ffiffiffi

π
p

ffiffiffiffi

V
H

r

, L = V
S
= πD2

4S H: ð3Þ

Equation (3) can also be used to characterize the relation-
ship between the water level changing Δl (mm) and

Power in

C33

R18 8

8

8

5

6
6

4
7

R19
VA C41

U10A
7556

C42

R26

13

12

8

9

5

D3

C36

C37

C35
R20R21

GND

GND

GND

GND GND

GND

GND

G
N

D
RS

T

TRIG

THR

DIS
Out

GND

U7
LM4041

U8A
LM2904

U10B
7556

4093B

4093B
4093B

4093B

TRIG

DIS

RS
T V

Out
THR

4093B

U6C
10

U6D U6B
4

1

1

6

53

U6E

11 2 U6A

C47 R27

R28

R30

2 3

R29

R31
R32

VA–

C48

R33

O
ut

pu
t

GND

C44

147

R23

R22

VA

VA

VA

C40144

3

3

1

1

2

2

2 5
VA– VA

R25

R24 13

12

10
C46

7
P–

2

1 P+P2

C38

C39

C45

U9
7660

4

9

C34
C43GND

GND

GND

U8B
LM2904

GND

Figure 2: Circuit design of the capacitive rain gauge.
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precipitation h (mm) over a period of time:

Δl = πD2

4S h: ð4Þ

Compared with the existing tipping bucket rain gauge
and siphon rain gauge, the proposed capacitive rain gauge
has no mechanical transmission parts, which can effec-
tively improve the reliability of the system in the oceanic
environment. In addition, all parts of the rain gauge are
made of ant-corrosion and weather resistance materials
considering the corrosive environment of high salt and
humidity on the sea: except for the electrode rod, electrode
tube, and fastening connector which are made of stainless
steel, and the other parts are made of polycarbonate or
polymethyl methacrylate. The circuit components and wir-
ing points are treated with moisture proof, salt fog proof,
and mould proof technology.

2.2.2. Circuit Design. In order to achieve high-precision mea-
surement, the circuit of the rain gauge is meticulously
designed. The circuit diagram of the system is shown in
Figure 2. Because there is a one-to-one correspondence
between capacitance and precipitation, the capacitance is
output in the form of voltage. It is the key of circuit design
to accurately measure the capacitance value of the capacitor
composed of electrode tube, electrode rod, and dielectric
between them and convert the capacitance value into the
voltage value. The circuit system is mainly composed of ref-
erence oscillation circuit, oscillation modulation circuit,
phase discrimination shaping circuit, and integral amplifier
circuit. The reference oscillation circuit and the oscillation
modulation circuit preprocess the input capacitance data
and modulate pulse width, respectively, and then generate
rectangular pulse through the phase discrimination and
shaping circuit. Finally, the corresponding voltage signal is
obtained through the integral amplifier circuit.

According to Equations (2) and (4), the relationship
between capacitance change Δc (F) and precipitation h
(mm) for a precipitation process can be obtained:

Δc = 2πε0ε2L
ln r1/r0ð Þ + π2ε0 ε1 − ε2ð ÞD2

2 ln r1/r0ð ÞS h: ð5Þ

The relationship between output voltage u (V) and
capacitance c (F) according to circuit analyses can be
expressed as follows:

u = Ac + B, ð6Þ

where A (V/F) and B (V) are constants related to circuit
parameters.

According to Equations (5) and (6), the relationship
between output voltage u and capacitance c is linear. The pre-
cipitation in a certain period can be obtained by calculating
the change value of output voltage. The input voltage of the
system is 12V, and the output voltage is 0–5V, correspond-
ing to 0–50ml precipitation.

2.3. Experiments

2.3.1. Calibration Experiment. In order to determine the rela-
tionship between the precipitation and the output voltage
value of the capacitive rain gauge and even evaluate the mea-
surement error and test the accuracy of the measurement
results, the developed rain gauge was calibrated. The calibra-
tion experiment of rain gauge is shown in Figure 3, and it can
be seen that the rain gauge calibration system is composed of
two parts: test case and console. The test case is used to place
the rain gauge and add water to the rain gauge. The console is
used to precisely control the amount of water added and pro-
cess the output voltage value.

The calibration method is as follows: the test case injects
ration water into the rain gauge from 0ml to the maximum
value of 500ml by 50ml interval, which corresponds the pre-
cipitation increasing correspondingly from 0mm to 50mm
by 5mm interval, and the interval time of adjacent water
injection is 3 minutes. At the same time, the output voltage
is collected by data collector of console. Once the water
capacity reaches 500ml, siphon will occur, and the water
injection and measurement process will be repeated after
emptying. The process of water injection and measurement
is carried out for three times, and for the same volume injec-
tion, the average value of the three output voltage values is
taken as the measurement voltage.

2.3.2. Stability Experiment. In order to test the stability of
measurement results of the developed capacitive rain gauge
over time, the stability experiment was carried out using the
same experiment system shown in Figure 3. The test method
is as follows: the water in the rain gauge is drained and injects
50ml, 150ml, 250ml, 350ml, and 450ml water orderly into
the rain gauge every 5 days to simulate the precipitation of
0mm, 5mm, 15mm, 25mm, 35mm, and 45mm. For each
water injection point, the output voltage is collected at a sam-
pling interval of 10 minutes for 5 days, and the change of
voltage data during the period is recorded.

2.3.3. Environmental Adaptability Experiment. The devel-
oped capacitive rain gauge is mainly used in the marine envi-
ronment. In order to investigate the possible issues of the
prototype and test the adaptability and reliability of the rain

Test case Console

Rain gauge

Figure 3: Calibration test and stability experiment of the rain gauge.
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gauge in the marine environment, the environmental adapt-
ability experiment of the rain gauge is carried out. Environ-
mental adaptability experiment for oceanic rain gauge
includes temperature test and salt spray test. During the tem-

perature test, the working capacitive rain gauge is placed in a
constant temperature and humidity box. The humidity is set
to 95% RH, and the temperature varies from −10°C to 50°C
by 10°C interval. The temperature test for each temperature
point lasts 72 hours. During the salt spray test, the cleaned
capacitive rain gauge is put into the salt spray box, and 5%
sodium chloride solution (pH value between 6.5 and 7.2) is
atomized by ultrasonic cavitation to simulate the salt spray
corrosion environment. The salt spray experiment lasts for
48 hours. After the test, the salt deposits on the surface of
the shell are washed with flowing water, and the rain gauge
is placed in the indoor environment for 1-2 hours to observe
its appearance structure.

2.3.4. Offshore Experiment. In order to exam the performance
of the developed capacitive rain gauge in the marine environ-
ment, the developed rain gauge is installed on the marine
monitoring buoy which is 1.8 kilometers out of the land in
Weihai on the coast of the Yellow Sea for offshore experiment
as shown in Figure 4. The power supply of the rain gauge is
provided by solar battery on the buoy, and the output voltage
data is processed by the buoy control system and then trans-
mitted back to land by the communication system in real
time.

3. Results and Discussion

The designed capacitive rain gauge is mainly used in the
marine environment, which requires high reliability and
measurement accuracy. The specific performance require-
ments are as follows: precipitation measurement range is 0–
50mm, and measurement accuracy is 1mm.

According to the calibration method mentioned above,
the calibration is carried out, and the calibration data are
shown in Table 1. It can be seen from Table 1 that when
the water volume increases from 0ml to 500ml by 50ml
interval, the measurement error of each calibration point is
within ±1mm, and the maximum measurement error and
maximum uncertainty are 0.71mm and 0.003mm, respec-
tively, which meet the designed requirements of the capaci-
tive rain gauge. However, the calibration results about the

Rain gauge
Ocean buoy

Figure 4: Offshore experiment of the rain gauge.

Table 1: Calibration data of rain gauge.

Measuring
point [ml]

Nominal
voltage
[V]

Measuring
voltage [V]

Precipitation
error [mm]

Uncertainty
[mm]

0 0 0.008 0.08 0.001

50 0.5 0.551 0.51 0.001

100 1.0 1.071 0.71 0.001

150 1.5 1.532 0.32 0.001

200 2.0 2.010 0.10 0.002

250 2.5 2.501 0.01 0.002

300 3.0 2.980 -0.20 0.002

350 3.5 3.480 -0.20 0.003

400 4.0 4.001 0.01 0.003

450 4.5 4.510 0.10 0.003

500 5.0 4.990 0.10 0.003
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Figure 5: Calibration curve of output voltage with precipitation.
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rain gauge are confined only to the date of test points showed
in Table 1. In order to obtain the relationship between the
measuring voltage and the precipitation for any point within
the range, the least square method is used to fit the measured
values in Table 1 to obtain the calibration curve, and the cal-
ibration curve is shown in Figure 5.

The expression of the calibration curve is

u = 0:0989h + 0:0394: ð7Þ

According to Figure 5 and Equation (7), the relationship
between output voltage u and precipitation h is linear, which
verifies the correctness of theoretical analysis of Equations
(5) and (6) about circuit design. Equation (7) is the basis
for setting the output voltage of the designed rain gauge.

In the stability experiment, the output voltage curves of
each measuring point over time are shown in Figure 6. It
can be seen from Figure 6 that the output voltage of each
measured point fluctuates around the nominal value during
the test process, and there is no gradual increase or decrease
trend, indicating that the rain gauge measurement result is
stable and reliable.

The maximum deviation voltage of each measuring point
and the corresponding precipitation error during the stability
trial are shown in Table 2. It can be seen from Table 2 that the
maximum measurement error of precipitation is less than
1mm. When the precipitation is 50mm, the maximum error
of the measured value is 0.67mm. The stability experiment
results show that the rain gauge meets the requirements of
stability and measurement accuracy.

In the process of environmental adaptability experiment,
the output voltage of rain gauge has no change, which shows
that the rain gauge has good adaptability and reliability under
different temperature and humidity environments. After the
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Figure 6: Voltage of measured point over time in the stability test with precipitation (a) 0mm, (b) 5mm, (c) 15mm, (d) 25mm, (e) 35mm,
and (f) 45mm.

Table 2: The maximum voltage deviation and precipitation error of
stability experiment.

Measuring
point [ml]

Nominal
voltage [V]

Maximum
deviation voltage

[V]

Maximum error of
precipitation [mm]

0 0 0.008 0.08

50 0.5 0.567 0.67

150 1.5 1.552 0.52

250 2.5 2.541 0.41

350 3.5 3.476 -0.24

450 4.5 4.543 0.43
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salt spray experiment, there is no pitting corrosion and crack
on the surface of rain gauge, which indicates that the rain
gauge is able to resist salt spray corrosion.

The rain gauge was installed on the buoy platform for sea
trial in May 2019. The daily measured offshore precipitation
data from June 1st, 2019 to June 30, 2019, is shown in
Figure 7. The coast precipitation in the same period is also
given in Figure 7 to compare with the offshore precipitation
to verify the measurement performance of the developed
capacitive rain gauge in the marine environment. It can be
seen from Figure 7 that the difference between the offshore
precipitation and the coast precipitation offered by local
meteorological observation is small, and the maximum dif-
ference is 0.8mm. The results show that the capacitive rain
gauge can accurately measure the offshore precipitation.

4. Conclusions

A capacitive rain gauge is developed in this paper, which has
been tested in laboratory and marine environment, and the
performance of the rain gauge has met the design require-
ments. The following conclusions can be obtained: the hard-
ware system in the mechanical structure and circuit board
design of the rain gauge adopts anticorrosive material and
technology, which exhibits good environmental adaptability
in different temperature and humidity environments as well
as salt fog environment. The relationship between the output
voltage and precipitation is linear in theory and is proved by
calibration and stability experiment. It also shows in the cal-
ibration test that the precipitation measurement accuracy of
the rain gauge is less than 1mm, which achieves the design
requirement. Based on the marine monitoring buoy, the
capacitive rain gauge was tested in the marine environment.
The rain gauge can measure the offshore precipitation with
high accuracy and reliability comparing with the precipita-

tion data observed on the coast. The developed capacitive
rain gauge has obtained the calibration certificate and has
valuable in onshore and offshore application.
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