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Abstract 

Being able to measure rainfall is crucial in everyday life. The more rainfall 
measures are accurate, spatially distributed and detailed in time, the more forecast 
models - be they meteorological or hydrological - can be accurate. Safety on 
travel networks could be increased by informing users about the nearby roads’ 
conditions in real time. In the agricultural sector, being able to gain a detailed 
knowledge of rainfalls would allow for an optimal management of irrigation, 
nutrients and phytosanitary treatments. In the sport sector, a better measurement 
of rainfalls for outdoor events (e.g., motor, motorcycle or bike races) would 
increase athletes’ safety. 

Rain gauges are the most common and widely used tools for rainfall 
measurement. However, the existent monitoring networks still fail in providing 
accurate spatial representations of localized precipitation events due to the 
sparseness. This effect is magnified by the intrinsic nature of intense precipitation 
events, as they are naturally characterized by a great spatial and temporal 
variability. 

Potentially, coupling at-ground measures (i.e., coming from pluviometric and 
disdrometric networks) with remote measurement (e.g., radars or meteorological 
satellites) could allow to describe the rainfall phenomena in a more continuous 
and spatially detailed way. However, this kind of approach requires that at-ground 
measurements are used to calibrate the remote sensors relationships, which leads 
us back to the dearth of ground networks diffusion. Hence the need to increase the 



presence of ground measures, in order to gain a better description of the events, 
and to make a more productive use of the remote sensing technologies. 

The ambitious aim of the methodology developed in this thesis is to repurpose 
other sensors already available at ground (e.g., surveillance cameras, webcams, 
smartphones, cars, etc.) into new source of rain rate measures widely distributed 
over space and time. 

The technology, developed to function in daylight conditions, requires that the 
pictures collected during rainfall events are analyzed to identify and characterize 
each raindrop. The process leads to an instant measurement of the rain rate 
associated with the captured image. To improve the robustness of the 
measurement, we propose to elaborate a higher number of images within a 
predefined time span (i.e., 12 or more pictures per minute) and to provide an 
averaged measure over the observed time interval. 

A schematic summary of how the method works for each acquired image is 
represented hereinafter : 

1. background removal; 
2. identification of the rain drops; 
3. positioning of each drop in the control volume, by using the blur effect; 
4. estimation of drops’ diameters, under the hypothesis that each drop falls at 

its terminal velocity; 
5. rain rate estimation, as the sum of the contributions of each drop. 

Different techniques for background recognition, drops detection and selection 
and noise reduction were investigated. Each solution has been applied to the same 
images sample, in order to identify the combination producing accuracy in the 
rainfall estimate. The best performing procedure was then validated, by applying 
it to a wider sample of images. Such a sample was acquired by an experimental 
station installed on the roof of the Laboratory of Hydraulics of the Politecnico di 
Torino. The sample includes rainfall events which took place between May 15th, 
2016 and February 15th, 2017. Seasonal variability allowed to record events 
characterized by different intensity in varied light conditions. 

Moreover, the technology developed during this program of research was patented 
(2015) and represents the heart of WaterView, spinoff of the Politecnico di Torino 
founded in February 2015, which is currently in charge of the further development 
of this technology, its dissemination, and its commercial exploitation. 
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Chapter 1 

1 Introduction 

Since ancient times, precipitation measuring has always had a fundamental role in 
man life. In fact, levels of rivers, available water volumes, the flood discharge and 
lean, and the levels of natural reservoirs and groundwater depend on it.  

In addition to the just mentioned aspects, precipitation measurement allows a 
proper management by the Civil Defence for the prevention and protection from 
landslides and flash flooding. 

Furthermore, it is closely linked to agriculture because the weather conditions and 
the quality of soil determine the type of crop, treatments, time of sowing and 
harvesting. 

The most common measurement techniques (Strangeways, 2010, Sene, 2013) are 
to this day rain gauges, disdrometers, weather radars and satellites (the state of the 
art is briefly described in Chapter 2). These four instruments are complementary 
in many aspects; they provide information at different spatial and temporal scales; 
moreover, weather radar and satellite both need at ground measures from rain 
gauges and/or disdrometers. 

Unfortunately, the actual quality of the rain gauge networks is, on a global scale, 
totally unsuitable to intercept and describe rainfall events (Tapiador et al., 2010). 

To improve the spatial detail of at-ground precipitation patterns we propose a 
novel technique based on the quantitative detection of rain intensity from images, 
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i.e. from pictures taken in rainy conditions. The method, described in Chapter 3, is 
fully analytical and based on the fundamentals of camera optics. 

A pioneer example of camera-based disdrometer is represented by the Illinois 
State Water Survey raindrop camera (Jones and Dean, 1953; Jones, 1992) which 
directly measures the dimensions of falling precipitation particles. Another 
experiment which uses three adjacent nearly collinear Hasselblad cameras with 60 
mm film is the HYDROP experiment (Desaulniers-Soucy et al., 2001). This 
instrument simultaneously triggers the cameras to reconstruct the three-
dimensional raindrop positions and size distributions using stereo-photography. 
All these experiment rely on the use of ad-hoc apparatus while we propose to use 
commercial low-cost cameras or webcams to retrieve rain rate measures. 

The work presented in this thesis also tries to respond to one of the relevant 
research questions raised by the IAHS Scientific Decade 2013 – 2022 discussion 
forum (Montanari et al., 2013): “How can we initiate the development of new 
measurement techniques?” Few papers exist that share our objective of 
intensifying the spatial rain gauging density relying on unconventional monitoring 
methods. Cord and Aubert (2011) propose to exploit cars as moving rain gauges 
using wipers velocity as a proxy of rain intensity. Rabiei et al. (2013) present 
another interesting application towards the detection of rain through the use of in-
vehicle sensors. Their results show that a high number of (possibly inaccurate) 
measures provide more reliable areal rainfall estimations than a lower number of 
(presumably precise) measurements.  

We totally share this perspective and, to lower the costs of in-situ monitoring 
networks, we underline the necessity to resort to crowdsourcing (i.e. the practice 
of obtaining services by soliciting contributions from a large group of people). In 
this respect, the method we propose is prospectively applicable to crowdsourced 
pictures of rain (acquired with smartphone cameras and shared in real time) in an 
extensive way. Following the same trail - towards the collection of hydrologically 
relevant data from citizens - Overeem et al. (2013b) outline the possibility of 
crowdsourcing urban air temperatures from smartphone battery temperatures. 
Interesting perspectives are also provided by the use of digital cameras to retrieve 
snow cover characteristics (Paraika et al., 2012) and by the exploitation of cell 
phone signals to retrieve rainfall intensity (Messer et al., 2006; Leijnse et al., 
2007; Overeem et al., 2011 and 2013a). The potential of all these methods is yet 
to be completely deployed. The rapid technological advancements in smartphone 
features and the massive penetration of smartphone technologies (in developing 
countries as well) are expected to draw tremendous benefit on the possible 
developments. In fact, the evolution in mobile phone and smartphone camera 
features (in terms of sensor size, number of pixels, focal length etc.) from the year 
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Even considering negligible the turbulence effects (although this assumption is 
clearly not realistic), in windy condition there is another effect which contributes 
to amplify the measure inaccuracy. In these cases in fact the effective sampling 
area is represented by the projection of the catchment area un a plane orthogonal 
to the falling direction of rain (see Figure 1.1). 

There are also several studies (Habib et al., 2001) that have correlated the 
accuracy of rain gauges to time scale (time window used for integration), bucket 
size and sampling resolution (that is correlated with the acquisition frequency). 
These works has shown that increasing the time scale leads to a better 
performance of the rain gauge. As said, time scale is strongly related to the 
capability of the instrument to intercept a sufficient amount of raindrops to 
describe the event; Figure 1.2(a) shows that this effect is much more evident in 
case of less intense rain rates but also affects the heavy rain events. 

 
Figure 1.2 - Tipping-bucket error for two simulation: (a) 1 and 5 min time scales (5 s 

sampling resolution and bucket size of 0.254 mm); (b) 0.1 mm and 0.5 mm bucket sizes 
compared with 0.254 mm one; (c) 30 s and 60 s sampling resolutions (compared with 5 s 

resolution) (Habib et al., 2001) 

Similarly, as shown in Figure 1.2(b), a smaller bucket size (in the same conditions 
of time scale and sampling resolution) produces the improving of the intensity 
estimation, due to its higher sensitivity to rain changes. 
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The last parameter considered is the sampling resolution. In many of the 
operational networks, the gauges usually operate at a very coarse sampling 
resolution.  Sampling with higher rates would led to more expensive data 
acquisition systems and larger data storage requirements (Habib et al., 2001). 
Figure 1.2(c) shows the comparison between 5 s and 30 s of sampling resolution 
(c.1) and between 5 s and 60 s of sampling resolution (c.2). The errors in the rain 
intensity estimation increases for all the spanned intensities and, furthermore, the 
higher sampling resolutions give a less accurate description of the event. 

A further aspect which must be taken into account is the procedure used, to date, 
to calibrate and determine the class of each rain gauge. According to World 
Meteorological Organization (WMO) the calibration is made by introducing in the 
rain gauge a known amount of water and verifying the correspondence between 
the expected number of oscillations of the bucket, obtained dividing the input 
volume by the bucket size, and the total number of oscillations counted at the end 
of the test. The difference between these quantities determines the class of 
accuracy of the instrument (WMO, Annex 1.D of Chapter 1, Part I, 2008). This 
procedure is strongly in favour of the pluviometer since it eliminates the most 
relevant causes of inaccuracy , i.e. the small size of the catchment area and the 
turbulence effects. 

The problems described here do not affect only the rain gauges, but are also 
present for disdrometers (see Figure 1.3). These kind of instruments are 
characterized by an even smaller sampling area (sampling area<0.005 m2) and 
need very high time scales to describe a rain event (Upton et al., 2008). 

 
Figure 1.3 - Schematic of optical disdrometer (Kathiravelu et al., 2016) 

From a instrumental point of view, these are the main reasons which led us to seek 
a new method to measure rain rate, but the essential inspiration, as said, came 
from studies about computer vision. In these works the main goal was to remove, 
or at least reduce, the noise in videos and photos caused by the presence of rain 
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main purpose is the creation of a reference image (background) to detect moving 
objects (Friedman and Russel, 1997; Stauffer and Grimson, 1999; Zivkovic and 
van der Heijden, 2006; Alawi et al., 2013). In this thesis we tested different 
background subtraction methods which are described in Chapter 3 and Chapter 4. 
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Chapter 2 

2 State of the art 

In Chapter 1 the rain gauge has been introduced as the fundamental means for 
measuring at-ground precipitation. The total number of gauges across the Earth 
ranges from a few thousand, which are available in near real time, to an estimated 
hundreds of thousands if amateur gauges are included. If we take all the Global 
Precipitation Climatology Centre available gauges (67000 accordingly to 
Schneider et al., 2014) and represent for each of them a 5 km radius surrounding 
region, less than 1% of the Earth’s surface will be represented (Kidd et al., 2014). 
Note that a region of influence with a 5 km radius can be unrealistically large to 
describe the spatial variability of short-duration rainfall (Tapiador et al., 2010), 
while indeed the region of influence of rainfall increases for longer aggregation 
intervals (e.g., daily rainfall). Berne et al., 2004, report on the fact that 
“hydrological applications for urban catchments of the order of 1000 ha require 
a temporal resolution of about 5 min and a spatial resolution of about 3 km. For 
urban catchments of the order of 100 ha, it becomes a resolution of about 3 min 
and 2 km, that common operational networks or radars cannot provide”. In this 
respect, it is worth noting that investment in monitoring networks is generally 
decreasing, not only in the developing world, but also in developed countries 
(Harmanciogammalu et al., 2003; Lorentz and Kuntsmann, 2012). 

To bridge the gap between the discrete information provided by the rain gauge 
network and the real spatial dynamics related to the precipitation fronts, one 
possibility is coupling remote (e.g., satellite and radar) precipitation measures 
with gauge precipitation observations. Since the operation requires working at the 
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interface between very different families of data, referred to various control 
volumes, the combination of the various signals may turn out to be less effective 
and more complicated than one would expect, in particular when short-duration 
rainfall is considered (e.g., AghaKouchak et al., 2010; Brocca et al., 2014). 

2.1 RAIN GAUGE 

The rain gauge is the fundamental means for measuring at-ground precipitation. 
Besides being used for specific applications (e.g., agricultural) even at an amateur 
level, it is an important part of a weather typecasting. Different type of rain 
gauges exist and are here described. 

2.1.1 Manual rain gauge 

The manual rain gauges require the presence of an operator for recording the 
measurement. It is estimated (Sevruk & Klemm, 1989) that more than 50 different 
types of manual rain gauges are  currently in use. They generally are of cylindrical 
shape, with constant diameter, open at the top; the water is conveyed inside of an 
inner container, and it is manually measured with a graduated instrument. The 
operation is repeated at regular time intervals, typically daily. 

2.1.2 Pluviometer of intensities 

The pluviometer of intensities (or Jardi's pluviometer) is a tool that measures the 
average intensity of rainfall in a certain interval of time. 

It consists of a rotating drum that rotates at a constant speed, dragging a graduate 
sheet of cardboard, which has the time at the abscissa while the y axis indicates 
the height of rainfall in mm of rain (see Figure 2.1). This height is recorded with a 
pen that moves vertically, driven by a buoy, marking on the paper the rainfall over 
the time (the cardboard sheet is usually daily). 

While the rain falls the funnel collects the water into the container and raises the 
buoy; this mechanism makes the pen arm raising and marking the cardboard 
accordingly. If the rainfall is constant, the water level in the container remains the 
same and the pen draws a horizontal line, proportional to the actual rain rate. 
When the pen reaches the top edge of the recording paper, it means that the buoy 
is at its highest level leaving the tip of the conic needle in a position that uncovers 
the regulating hole and the instrument is recording the maximum intensity it is 
able to measure. If the rain suddenly decreases, emptying the container, a steep 
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slope line is recorded and if the rain stops it can reach the bottom of the 
cardboard. 

 
Figure 2.1 - Scheme of a pluviometer of intensities (A) and a possible trend of 

precipitation (B) (http://www.treccani.it/enciclopedia/pluviometria/) 

2.1.3 The tipping bucket rain gauge 

The tipping bucket rain gauge, Figure 2.2, consists of a funnel that collects the 
precipitation into a small bucket that can contain a calibrated amount of water 
(usually 0.1 mm or 0.2 mm). It is generally installed about 2 meters high above 
the ground to avoid any disturbances caused by the presence of nearby objects. 
Furthermore, for higher altitudes, the measure is undermined by the winds; the 
speed of the wind increases with altitude, and in windy conditions the water does 
not fall at right angles to the inlet surface. This is equivalent to using a smaller 
diameter mouth (see Figure 1.1), and leads to systematic underestimation. 

 
Figure 2.2 - Internal trays of a Davis tipping bucket rain gauge 
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Figure 2.3 - Scheme of a tipping bucket rain gauge 

2.1.4 Weighing precipitation gauge 

A weighing-type precipitation gauge consists of a storage bin, which is weighed 
to record the mass. Certain models measure the mass using a pen on a rotating 
drum (see Figure 2.4), or by using a vibrating wire attached to a data logger. The 
advantages of this type of gauge over tipping buckets are that it does not 
underestimate intense rain, and it can measure other forms of precipitation, 
including hail and snow. These gauges are, however, more expensive and require 
more maintenance than tipping bucket gauges. 



14 State of the Art 

 

 
Figure 2.4 - Semplified scheme of a weighging rain gauge 

As for tipping bucket gauges, the raindrops are collected by the funnel and 
conveyed to a storage bin. This bin is connected to the structure by means of a 
roller support that allows vertical movements and a spring which determines its 
displacements. While water level raises inside the bin, its weight increases leading 
to a lowering of the bin itself. This movement is automatically registered by a pen 
that marks on the graduate paper the rainfall over the time. Even though these 
kind of gauges are able to better describe rain events, their price and the required 
maintenance have restricted their spreading to research and monitoring centers. 

The weighing-type recording gauge may also contain a device to measure the 
quantity of chemicals contained in the location's atmosphere. This is extremely 
helpful for scientists studying the effects of greenhouse gases released into the 
atmosphere and their effects on the levels of the acid rain. Some Automated 
Surface Observing System (ASOS) units use an automated weighing gauge called 
the AWPAG (All Weather Precipitation Accumulation Gauge). 

2.2 DISDROMETER 

Disdrometers are instruments that can measure the diameter and speed of 
raindrops. They can be divided into two groups according to the physical principle 
they are based on: optical and impact-type disdrometers. 
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2.2.1 Optical disdrometer 

The PARSIVEL (PARticleSIzeVELocity) optical disdrometer uses a laser sensor 
to measure precipitation. The instrument is made up of a transmitter and a receiver 
placed opposite each other at a few tens of centimeters distance depending on the 
model. The transmitter unit generates a laser beam that is converted into electrical 
signal from the receiving unit (Figure 2.5) . The passage of a drop of water 
obscures a part of the laser beam causing a decrease in the energy read by the 
receiver dependent on the drop size. Analyzing the captured signal, depending on 
the difference between emitted energy and received energy, the instrument can 
define the diameter of the particle. 

In addition, by measuring the particle permanence time within the laser beam, it is 
possible to determine the rate of fall. 

 
Figure 2.5 - Parsivel disdrometer and schematic description of the effect of the passage of 

a raindrop 

This kind of instrument is able to detect 32 different diameter classes (0.05 mm to 
25 mm) and speed (0.062 m/s to 24.5 m/s). The main source of error in an optical 
disdrometer is caused by the non-perpendicularity of the raindrop to the laser 
beam due to the wind. When rain particles do not perpendicularly hit the laser 
beam, laboratory experiments have shown that the concentration of large 
diameters (D>3 mm) increases as the fall speed decreases. 

2.2.2 Impact-type disdrometer 

The impact-type disdrometer (Figure 2.6) is a tool that correlates the vertical 
moment of a drop of rain that hits the sample surface with its diameter. The 
function that binds these two sizes, reported in Equation [2.1] , is valid under the 
assumption that the drop impacts the sensor at its own drop speed. 
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2.3 WEATHER RADAR 

Weather radar, Figure 2.9, also called Weather Surveillance Radar (WSR) and 
Doppler Weather Radar, is a type of radar used to locate precipitation, calculate its 
motion, and estimate its type (rain, snow, hail etc.). Modern weather radars are 
mostly pulse-Doppler radars, capable of detecting the motion of rain droplets in 
addition to the intensity of the precipitation. Both types of data can be analyzed to 
determine the structure of storms and their potential to cause severe weather. 

A typical weather radar has three main components: 

1. the transmitter, which generates short pulses in the microwave frequency 
portion; 

2. the antenna, which focuses the transmitted energy into a narrow bean; 
3. the receiver, that collects the backscattered radiation from the targets that 

intercept the transmitted pulses (Battan, 1973). 

Weather radars send directional pulses of microwave radiation. The wavelengths 
of 1÷10 cm are approximately ten times the diameter of the droplets or ice 
particles of interest. This means that part of the energy of each pulse will bounce 
off these small particles, back in the direction of the radar station. Although with 
limitations due to the earth orography (as shown in Figure 2.8) and type of 
emitted radiation, a single radar can characterize regions of more than 250 km 
radius (Sene, 2013). 

 
Figure 2.8 - Example of orographic obstruction to weather radar beams 

Although the radar does not provide direct measures of rainfall fields, it is 
possible to estimate rainfall rates from the radar reflectivity measures, which are 
related to the presence of water. 
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(Smith and Krajewski, 1993; Lee and Zawadzki, 2005; Chapon et al., 2008). Even 
with measured drop size distributions, recorded over a physically homogeneous 
period, the instrumental noise related to small sampling effect and the 
observational noise, due to the drop sorting effect, can lead to Z-R relationships 
which are only true in a statistical sense (Lee and Zawadzki, 2005). 

2.4 WEATHER SATELLITES 

The artificial satellites which orbit around Earth have found wide applications in 
the field of meteorology. Through satellite images information about ground 
temperature, type, height and temperature of the clouds, humidity, reflectivity, 
land cover, clouds amount of water precipitation intensity is obtained. 

Information about precipitation is, in general, rarely used in regions that have a 
good coverage by the radar observations, which have the best space-time 
resolutions. 

The satellite measurement has, however, some limitations. In particular, input 
precipitation accuracy decreases in snow/ice-covered surface regions and at higher 
latitudes with especial climatology. 

 
Figure 2.10 - Diagram of the GPM Core Observatory (from 
https://pmm.nasa.gov/gpm/flight-project/core-observatory) 

Geostationary satellites, typically provide images every 15 to 30 minutes with a 
spatial resolution of 1 to 4 km (Sene, 2013). Due to the resolution, the information 
is qualitative and does not capture the variability of precipitation phenomena, nor 
spatial or temporal. Satellites in polar orbit, much closer to the Earth's surface 
(800÷1000 km compared with about 36000 km of geostationary satellites) and 
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moving relative to it, may provide better resolutions. The most relevant Satellite 
Missions have been designed and developed by NASA. 

The sensors measure reflected and emitted radiation from ground, atmosphere and 
clouds. Specifically, they affect the area of electromagnetic spectrum that goes 
from visible to microwaves (see Figure 2.11 and Figure 2.12). 

The measure of precipitation from space has been unclear for many years. The 
launch of the TRMM (Tropical Rainfall Measuring Mission) mission in 1997, 
now replaced by the GPM (Global Precipitation Measurement) mission in 2014 
(both under the aegis of NASA), changed the perspective. 

TRMM was designed to estimate, in the tropics and subtropics, heavy to moderate 
rain. GPM, instead, can measure every kind of precipitation, from light (less than 
0.2 mm/h) to heavy rain and even solid precipitation like snow, due to the large 
range of frequency. All new data are obtained using an international satellite 
constellation. These missions also introduced for the first time the cloud radar. 

Although TRMM has five instrument on board, the precision of the radar and the 
radiometer on GPM Core Satellite guarantee the best quality media that can be 
obtained from a measure from space. 

With this upgrade, NASA also increase the spatial coverage. TRMM can only 
measure in tropical and subtropical regions (between 35°N and 35°S). GPM data, 
instead, cover a region between 65°N and 65°N. With a specific algorithm we can 
extend data from 90°N to 90°S.  
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Figure 2.11 - Comparison between different levels of accuracy of NASA satellite 

measures and rain gauges measures (cyan line) on water surfaces 
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Figure 2.12 - Comparison between different levels of accuracy of NASA satellite 

measures and rain gauges measures (cyan line) on land surfaces 

Precipitation estimation products, usable for real time application, are now 
available on a global scale every 4-5 hours. As described for the weather radar, to 
determine quality measures, the satellite system need to be calibrated through at 
ground measures (i.e., from a network of rain gauges). After few months from the 
acquisition, Nasa gives free access for research purposes (the level 3 of the NASA 
GPM data, that is the most detailed and elaborated one, is actually posted after 3 
months from the acquisition). 

2.5 INSTANT RAIN RATE 

To improve the spatial detail of at-ground precipitation patterns a novel technique 
based on the quantitative detection of rain intensity from images, i.e. from 
pictures taken in rainy conditions (e.g., Figure 2.13), is here proposed. The 
estimated intensity and the relative uncertainty is obtained by analytical means 






























































































































































































