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Research on the calibration method of precipitation
micro-physical characteristics sensor

SHU Xiaojian, GAO Taichang* , LIU Xichuan, HU Shuai
(College of Meteorology and Oceanography, PLA University of Science and Technology, Nanjing 211101, China)

Abstract:In order to diminish the effect of the ambient light and CCD pixel non-uniformity to the Precipitation Micro-physical
Characteristics Sensor, a modified calibration scheme was designed and calibration experiments in sunny, cloudy, night, different
location of sample space were carried out. Firstly, the characteristics of particle images which affected by ambient light and differ-
ent location of sample space were analyzed. Secondly, the relevance between particle image features and parameters of image pro-
cessing were discussed. Finally, the parameter setting scheme were determined, the radium of median filtering algorithm is 3 pix-
els, the defocusing radius of point spread function(PSF) is 7 pixels, the radium of erosion is 3 pixels, and the binary threshold
is obtained from the Area -thresh relationship. The results show that the new scheme could deal with the image calibration well,
the average errors of equivolumetric diameter was 0.041mm with standard deviation of 0.115mm, and the average errors of the
axis ratio was 0.011 with standard deviation of 0.085. The new scheme works well in the field observation too, the observed axis
ratio is consistent with the empirical relationship that proposed by Beard. The relative error of accumulation precipitation is -3.06%
after calibration, which is improved 1.94% lower than the initial one without calibration.
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1 Introduction drometer '* uses two scan cameras to obtain perpen-

Precipitation is one of the main processes of the dicular projections of a droplet falling through two

water cycle, which is the interaction result of many parallel sheets of white light, which perhaps is the

. . i m re raindr h n locity.
atmospheric factors, such as dynamics, thermal, best device to measure raindrop shape and velocity

vapour. The raindrop shape, size and fall velocity However, the 2DVD drop shape measurement can

. . . be affected by wind which makes the droplet exist
are important parameters in many environmental

moving in the horizontal direction. The Rain Imaging

fields '"' such as investigation on cloud/precipitation
6]

System '°' uses a charge-coupled device (CCD) im-

microphysical processes, microwave attenuation

processes, weather radar applications and weather
modification estimation. At present, the vibratory
and optical methods are primarily used in precipitati-
on microphysical characteristics measurement. For
instance, the Joss-Waldvogel '*' disdrometer infers
the size of each raindrop based on the measured im-
pact kinetic energy of raindrops, the OTT Parsivel
"3/ and Thies '*' distrometers measure the size of par-
ticles according to the light signal by extinction. But
the former cannot measure the velocity and shape of
raindrops, and the latter estimate the vertical size
and fall velocity based on the empirical assumption

of raindrop shape. The Two-Dimensional Video Dis-

age sensor to measure the raindrop shape, but it can-
not measure the fall velocity.

In order to improve the precipitation microphys-
ical characteristics measurement ability, the precipi-
tation research team of PLA University of Science
and Technology have designed Precipitation Micro-
physical Characteristics Sensor (PMCS) '™ in 2013.

%97 have been observed in

Several rainfall events
2013 and 2014, which evaluated the instrument’ s a-
bility of measuring the shape, size, orientation, and
fall velocity of naturally hydrometeors, and we dis-
covered that the instrument is still affected by the ex-
(1

. 0 . .
ternal environment "', Hence, a new calibration
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scheme should be carried out. For traditional calibra-
tion methods, the output diameter of rain drops is
determined by a fixed calibration relationship be-
tween the instrument output and the known diame-
ter, however the calibration relationship might be
changed by the external factors, such as the ambient

12 the diver-

light """, CCD pixel non-uniformity
gence of parallel light beam etc, which might lead to
notable errors in the size measurement of raindrops.
Therefore, it is necessary to design a new calibration
method to include different measurement circum-
stances.

In the following sections contain descriptions of
the PMCS instrument, the designed processing of
calibration scheme and field experiments. The last
part summarizes the features of calibration method

and the future work of PMCS.
2 The descriptions of PMCS

The PMCS is also known as planar array CCD
Drop Size Disdrometer, which consists of four u-
nits; optical unit, imaging unit, acquisition and con-
trol unit, and data processing unit, as shown in Fig.
1. The optical unit contains a concentration lens, ex-

panded beam lens, and a multi-mode fibre cluster,

Optical
unit

Fig. 1

diaphragm

which provide a parallel and stable light beam for
imaging unit. The imaging unit contains one CCD
monochrome image sensor and matching driving cir-
cuit, which precisely control the exposure for the hy-
drometeors within the sampling space. The acquisi-
tion and control unit contains a digital signal proces-
sor (DSP), reset circuit, storage chips, clock cir-
cuit, a complex programmable logic device
(CPLD ), and other support integrated circuits,
which achieve quickly acquiring, transmitting and
disposing the maximum imaging data in real time.
The data processing unit is composed of a PC termi-
nal with relevant utility software, which achieve
dealing the imaging data and extracting the precipita-
tion microphysical characteristics.

The PMCS utilize the parallel light beam as im-
aging background field. When a hydrometeor falling
through the sampling space, PMCS could expose
this particle twice in one frame image, through pre-
cisely controlling the optical and shutter. It can use
the images to extract the size and shape of hydrome-
teor and calculate the horizontal and vertical velocity
according to the particle exposure location in the im-
age and interval time, the detailed specifications of
the PMCS is shown in Table 1.

Panicles'\]{ Ot?ltiCal Lens
ilter

Sampling volume diaphragm
| Acquisition and control unit |
| Data processing unit |
(b)

(a) A photograph of the PMCS deployed in NUIST (b) The schematic of PMCS measure principle

Table 1 Specifications of the PMCS

Wavelength ; 460nm ( Center Wavelength)
Work voltage: 12V
Image resolution ; 640x480

Sampling volume ;250mm ( length ) X32mm ( width ) X24mm ( high)

Drop size range:0mm~ 7.1mm

Power consumption:<1W
Temporal resolution ; 1min
Sampling frequency : 50fps
Resolution:0.1mm

Velocity range:0m/s~ 12m/s




INSTRUMENTATION, Vol. 2, No. 3, September 2015

57

3 Calibration scheme
3.1 Calibration experiment

The main part of ambient light is the visible light
in the natural environment. The center wavelength of
PMCS is 460 nm. Therefore, the ambient light may
interfere the image and make the parallel light beam
of PMCS have divergence angle, which would cause
different shape of particles in the image under the dif-
ferent ambient light and location of the sampling
space. There are 0.5 mm, 0.8 mm, 1.0 mm, 1.2 mm,
1.5 mm, 2.0 mm, 2.38 mm, 2.5 mm, 3.0 mm, 3.5
mm, 4.0 mm, 4.76 mm, 5.0 mm calibration spheres
are used to carry out calibration experiments in sun-
ny, cloudy, night conditions. They are placed is in
the center location of sampling space and 5 complete
images per diameter are obtained. There are 1.0 mm,
2.0 mm, 3.0 mm, 4.0 mm calibration spheres are
used to carry out calibration experiments in D, DC,
C, LC, L locations of sampling space in cloudy con-
ditions and get 5 complete images per location. The

detailed locations are shown in Fig 2.

€D | B5tpetc tic+ 14 | e
camera source

Fig. 2 The different locations of sampling space

3.2 Calibration algorithm

The core of the PMCS is a planar CCD image
sensor, but the CCD has the characteristics of pixel
non-uniformity, voltage instability, light refraction,
reflection, scattering and absorption, which would
cause noise and defocusing blur in the image ( Fig.
3a). As shown in Fig.3, the image processing can
be divided into 5 steps as follows: in step 1, it ex-
tract valid particle according to the pixels 4-connect-
ed principle; in step2, a median filter algorithm is
used to remove the noise, in step 3 and 4, the point
spread function and erosion are applied to restore the
filtered images respectively; at last an appropriate

threshold is selected to obtain the binary images.

However, the influence of divergence angle and
ambient light to the original images is higher in the
field observation than in the laboratory. To address
this issue, we need to calibrate the instrument again
and optimize the image processing. Now, we assume
the radius of median filtering is r1, the radius of
point spread function (PSF) is 2, the radius of ero-
sion is 73, and the binary threshold is thresh which
can be defined as:

thresh = 1/1 .

Where the [ is the brightness of image and the
I,.. 1s the max value of /. In the meantime, the axis
ratio b/a and equivolumetric diameter D, are used to
quantify the shape of drops in the images. The axis
ratio and equivolumetric diameter of the calibration
sphere is 1 and D, respectively. Hence the object of
image processing can be defined as:

D,

D —
minlU = [a]1 —b/a+(1—a)‘eq ]
D()

Where U is the object value, a is weight factor,

a is the long axis, b is the short axis, D, =
(a2 - b) -

The image features '* represent the characteris-
tics of gray image. The signification and formula of
them are shown in Table 2, where the F(I) is image
gray level histogram. All of them are calculated by
the image gray level histogram. These image features
could be applied in the calibration scheme that based
on the relationship between image features and image
processing parameters.

Summarizing the above analysis, we can design
the calibration algorithm, as shown in Fig4. Firstly, the
calibration algorithm exacts the valid images from the
original images. Secondly, the image features are cal-
culated from valid images and the optimized parameters
of image processing are obtained from optimized pro-
cessing with enumeration method where all the range of
rl,r2, r3 are [3,5,7,9] pixels and the range of the
thresh is from 0.0001 to 1. Then, the relationship be-
tween optimized parameters and image features can be
determined. At last, the calibration scheme could be

checked by the other calibration images.
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Fig. 3 Flowchart of the PMCS image processing

Table 2 The signification and formula of image features

Image Features Notation Formula Signification
. ) ) eSS The probability density function of im-
Probability density function S S =F(D)/ Z F(I) )
=0 age gray level histogram.
. 255 The summation of image brightness val-
Total brightness value 1, 1, = z F(I) -1
1=0 ues.
) Ex The average values of image brightness
Mean brightness value My My = Zf(l) -1
=0 values.
o ) eSS , The standard deviation of image bright-
Standard deviation o, o, = Zf([) (I =py)
=0 ness values.
Fractional The fractional standard deviation of im-
. FSD FSD = o,/u, .
standard deviation age gray level histogram.
_ 255 The number of pixel which the bright-
Particle area Area Area =

ZF(])

ness value>0.
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Setting parameters
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Fig. 4 Flowchart of the calibration algorithm
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4 Calibration results

4.1 The influence of location and ambient light

on the images

There are 932 sample images had been obtained
in the location experiment, and 2116 sample images
had been obtained in the ambient light experiment.
We can use one half of them to analyze the calibra-
tion processing, and other half of them to check the
reliability of the images processing parameters after
calibration. The mean brightness value u, can reflect
the shadowing level by particles, and the particle ar-
ea Area can reflect the size of the shadowing area by
particles. Both of them can be used to analyze the in-
fluence of location and ambient light on the images.

The influence of location on the images are de-
picted in Fig.5. The calibration spheres with diame-
ters of Icm, 2cm, 3cm, and 4cm have similar char-
acteristics. For the same particle, the mean bright-
ness value u, decreases with the increasing distance
of particle to the Light source (Fig.5a-d). The main

reason for this is that the closer the particles to the
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Light source, the more ambient light would be inte-
grated into in the CCD sensor, especially at D and L
location. However, for the same particle, the parti-
cle area Area increases as the distance of particle to
the Light source increases ( Fig.5e-5h). The reason
for this maybe that the light of PMCS have diver-
gence. Moreover, u, and Area have negative correla-
tion with location for the same particle, that maybe
due to the influence by the light diffraction, refrac-
tion, reflection and so on.

The influence of ambient light on the images
are depicted in Fig.6. The mean brightness value u,
increases with the diameter no matter in the sunny,
cloudy and night conditions ( Fig.6a) , and the aver-
age i, of sunny is minimum among the three condi-
tions in every diameter. The particle area Area increa-
ses with diameters in all conditions too. But, there
are no significant diversities among the three condi-
tions. The reason for the phenomenon is that the am-
bient light could affect the fixed exposure brightness
but could not affect the shadow level in the CCD
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Fig. 5 The influence by the location for same particle
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Fig. 6 The influenceof the ambient light for

different particles in diameter

4.2 Determine the images processing parameters

To determine the image processing parameters,
1524 sample images had been addressed by the cali-
bration algorithm, the results are shown in the Table
3. There are 49.46% of images have selected 3 pixels

as radium for median filtering , and 89 . 5 1 % of all

3 4 5 6

images have chosen 3 pixels as radium for erosion.
As for the radium of PSF modeling, [3,5,7,9]
have been chosen with similar probability and the 7
pixels mode has highest probability 27.84%. In fact,
all the three image processings model can not com-
pletely diminish the blur in images. Therefore, selec-
ting an appropriate thresh for binarization is the key
process, which determine whether the real particle
could be obtained or not.

The thresh has strong negative correlation with
diameter D, mean brightness u, , standard deviation
o, and particle area Area, all of their correlation co-
efficients are above 0.8, as shown in the Table 4. In
the meantime, the strong correlation were also exis-
ted among the different image features. For exam-
ple, the correlation coefficient between u, and Area
is 0.9375, which due to that all of these image fea-
tures are calculated from image gray level histogram.
This phenomenon maybe imply that all of these im-
age features have similar characteristics, we can de-
bate the relationship between one of them with
thresh.

Table 3 Percentage of radium were selected for different image processing

Image processing Radius 3 5 7 9
Median filtering r, 49.46% 19.49% 14.88% 16.17%
PSF modeling r, 24.63% 21.09% 27.84% 26.45%
Erosion I, 89.51% 6.32% 2.36% 1.82%

Table 4 The correlation coefficient among different image features

D thresh 1, My o, FSD Area

D 1.0000 -0.8493 0.9090 0.9082 0.7879 -0.8772 0.9744
thresh -0.8493 1.0000 -0.6434 -0.8647 -0.8372 0.8090 -0.8807
I, 0.9090 -0.6434 1.0000 0.8362 0.7004 -0.7543 0.8863
My 0.9082 -0.8647 0.8362 1.0000 0.9592 -0.8067 0.9357
o, 0.7879 -0.8372 0.7004 0.9592 1.0000 -0.6410 0.8362
FSD -0.8772 0.8090 -0.7543 -0.8067 -0.6410 1.0000 -0.9115
Area 0.9744 -0.8807 0.8863 0.9357 0.8362 -0.9115 1.0000
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In general ,the Area can’ t be influenced by am-
bient light and it is sensitive to the variety of sam-
pling locations. Moreover, it has strongest correla-
tion with thresh, which correlation coefficient is -0.
8807. Hence, the Area could be used to establish
function relationship with thresh. The results are
shown in the Fig.7. The scatter points of Aree and
thresh have a negative exponent trend, the linear
least square fitting method could be used to retrieve
Area -thresh relationship, the result as shown in fol-
lowing formula which the RMSE is 0.0762 and the
R’ is 0.8988.

thresh = (0.0025Area + 0.04746) ™' + 0.2242

o e cloudy
0.9¢ & . sunny
0.8 : * night
different location
0.7
0.6
7
:E: 0.5
04 2o

03  RMSE=0.0762
02  R=0.8988
thresh=(0.0025 Area+0.4746)'+0.2242

6 6.5 7 75 8 8.5 9
In(Area)

Fig. 7 The relationship between thresh and Area

4.3 Validation of the calibration

In the new image processing scheme,the radius
of median filtering is set as 3 pixels, the radius of
PSF modeling is 7 pixels, the erosion is taken as 3
pixels, and the binary thresh is obtained from the
Area -thresh relationship according to the results of
our new calibration scheme. The rest of 1524 sam-
pling images were used to examine the validation of
the new scheme. Then the results of the new and tra-
ditional calibration methods are compared with each
other, as shown in Fig.8, in which the < & > repre-
sents the average errors and the o represents the
standard deviation. From Fig. 8a, both of the new

and traditional schemes could get equivolumetric di-

ameters which are accordance with real diameters.
Whereas,

scheme have less variation than traditional one in the

the equivolumetric diameters of new

same diameter range. The < ¢ > of new scheme’s
equivolumetric diameters is 0.041 mm and the o is
0.115 mm, but the < & > of traditional scheme’ s
equivolumetric diameters is 0.077 mm and the o is
0.17 mm. The result of the axis ratios are shown in
Fig 8b, in which the shadow region represents the
axis ratio measured range with a 0.17 mm quantiza-
tion size error. For example, a 0.5 mm ball can reg-
ister a diameter in the range 0.33 ~0.67 mm, hence
measured axis ratio may lie in the range 0.33/0.67 ~
0.67/0.33. From the Fig.8b, the spread around the
average axis ratios of the two scheme are within the
expected bounds. Moreover, the average axis ratios
of new scheme are more consistent with the real one.
The < & > of new scheme’ s axis ratio is 0.011 and
the o is 0.085. The < & > of traditional one is 0.019
and the o is 0.092. It can be seen that the new cali-
bration scheme have smaller average errors and
standard deviation in the measurement of eqivolu-
metric diameters and axis ratios than traditional
scheme, indicating that the Area -thresh relationship
can help to adjust the binary threshold and reduce the
influence to the image by external factors such as the
ambient light, CCD pixel non-uniformity and the di-
vergence of parallel light beam on the measurement
of paticles. Therefore, the new scheme could do bet-
ter than the traditional scheme in the calibration of
PMCS.

5 Field measurements

A PMCS was located at Nanjing, and a rainfall
on 17 June 2015 has been observed, in which
159882 images of raindrops were recorded. All of
these images were addressed by the new image pro-
cessing scheme, the PMCS after calibration perform-
ance well. The observed axis ratio was consistent
with the empirical relationship by Beard "', as
shown in Fig.9a. A comparison of drop size distribu-

tion (DSD) has been made among PMCS measure-
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ments before calibration, PMCS measurements after
calibration and OTT measurements, as shown in Fig.
9b. The DSD (D>0.625) observed by PMCS after
calibration is more consistent with OTT than before
calibration. The trend of Rain Accumulation ob-
served by PMCS and OTT were consistent with the
rain gauge (Fig.9c). And the Rain Accumulation

6
new scheme
5 traditional scheme
(a)

~

[\S)

Calibration Diameter [mm]
(98]

—

<e>=0.041mm,c=0.1 15mm,new scheme

<e>=0.077mm,c=0.170mm,traditional scheme

0 1 2 3 4 5
Real Diameter [mm]

Axis Ratio

calculated by the PMCS before calibration and after
calibration, OTT, rain gauge were 44.3652 mm,
45.2732 mm, 48.6135 mm, and 46.700 mm, re-
spectively. Choosing the rain gauge as a reference,
the relative error of PMCS after calibration is -3.06%

and before calibration is -5%.
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Fig. 8 The equivolumetric diameter and axis ratio for calibration sphere in different diameter
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(a) The axis ratio distribution were calculated by the new image processing scheme; (b)The average DSD

observed by PMCS before and after calibration and OTT (c¢)The Rain Accumulation observed by different kinds of instrument.
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6 Conclusions

In order to diminish the effect of the ambient
light and CCD pixel non-uniformity to the Precipita-
tion Micro-physical Characteristics Sensor. A modi-
fied calibration scheme was designed and calibration
experiments in sunny, cloudy, night, different loca-
tion of sample space were carried out. The conclu-
sion is shown as following;

1) The different locations of sample space can
affect both of the mean brightness and the particle
area. With the distance to the light source increas-
ing, the mean brightness decreases and the particle
area increases. The different ambient light can affect
the mean brightness of images but can’ t affect the
particle area of images. The binary thresh has strong
correlation with image features, especially the parti-
cle area which correlation coefficient is -0.8807.

2) The new image processing scheme could
deal with the image calibration well, the average er-
rors of equivolumetric diameter was 0.041 mm, the
standard deviation was 0.115 mm and the average er-
rors of the axis ratio was 0.011, the standard devia-
tion was 0.085.

3) In the field measurement, the new image
processing scheme performance well, too. The ob-
served axis ratio was consistent with the empirical re-
lationship by Beard. The DSD (D>0.625) which
observed by PMCS after calibration was more con-
sistent with OTT than before calibration. The relative
error of rain accumulation was -3.06% after calibra-

tion which had improved 1.94% to the initial one.
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