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Abstract

Due to their importance for Earth’s climate, the formation of clouds is extensively studied, and
especially their formation inside the atmospheric boundary layer (ABL). Radiosonde is one of the
most used tools for atmospheric research and studying the ABL in particular, since it is a simple
and direct means of measuring a variety of variables. This, however, come at the account of the
data not being temporally or laterally focused. Remote sensing methods, such as the light detection
and ranging (LiDAR) technique, do not share the radiosonde shortcomings, but on the other hand,
produce data that is interpretable. Despite these limitations, using data from both types of systems
may provide additional insight. In this work, simultaneous measurements of radiosondes and
ceilometer data acquired during a week at the end of November are comparatively analyzed and
temporally adjusted. A transformation of the radiosonde’s temperature and humidity data into
simulated optical backscatter signal is implemented using a condensation model which includes
an initial rate limiting step which may be crucial in activating cloud condensation nuclei.
Comparing these transformed signals to the ceilometer’s measured signals allows studying
condensation processes and deducing the size of the smallest effective cloud condensation nucleus.

1 Introduction

Tropospheric clouds are of great importance for Earth’s climate. They laterally disperse moisture,
and alter the radiative forcing and thus change the planet’s heat balance.(Ahrens & Henson, 2019b;
Cess et al., 2001) Therefore, the formation of clouds is extensively studied, and especially their
formation inside the atmospheric boundary layer (ABL) since this layer is directly influenced by
the surface’s forcings which include evaporation and transpiration,(Koren et al., 2004; Paluch &
Lenschow, 1991; Zhong & Doran, 1997) and due to local pressure gradients that prevent matter
from ascending above them.(Stull, 1988a) Due to high activation energies for vapor condensation,
one of the most important factors influencing clouds formation is the availability of effective cloud
condensation nuclei (CCN), which play an essential role in reducing these phase transitions
energies.(Levi & Rosenfeld, 1996) These CCNs may be ice, salt, dust or pollutants for example,
and may vary between geographical locations and altitudes.(Andreae et al., 1986) Cloud formation
in Israel is heavily infuenced by its most important aerosol source - the large desert area that
extends from the Sahara to the southwest, through Sinai and the Negev to the south and the Arabian
desert to the east, which provide dust particles transported regularly by winds from as far as 2000
km.(Gagin, 1965; Ganor, 1975; Ganor & Foner, 1996; Ganor & Mamane, 1982; Levi & Rosenfeld,
1996; Levin etal., 1996; Rosenfeld & Farbstein, 1992; Yaalon & Ganor, 1973) These dust particles
are mainly composed of Illite and Kaolinite crystals that are poorly hygroscopic but may be coated
with solubale materials, depending on the trajectory of the dust.(Attwood & Greenslade, 2011;
Chester, 1990; Falkovich et al., 2001; Ganor, 1991; Ghadiri et al., 2015; Levin etal., 1990; Wurzler
et al., 2000) The availability and types of CCNs will influence the success in forming a cloud and
the resulting droplet size spectra. Several attempts have been made to analytically describe
measured particle size distributions with simple mathematical expressions.(Measures, 1992;
Takeuchi, 2005) One of these expressions is the log-normal distribution, in which the size
distribution is described by a normal distribution with the particle sizes inserted into the Gaussian
in a logarithmic scale. This distribution normalized to the total particle number, n;y¢q:, IS
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where r, is the particle radius, r; is the distribution median, and o is the distribution width.

The study of the ABL is one of the most studied fields in atmospheric research.(Jenkin &
Clemitshaw, 2000; Nolan et al., 2009; Quan et al., 2013) One of the most used tools in studying
the ABL is the radiosonde, which can locally measure many parameters. The common practice in
places that require atmospheric data for routine operation is to float radiosondes every couple of
hours, relying on that no sharp changes would occur between their flight times, and that the lateral
position of the radiosonde at a certain moment would fit the position to which the data is required.
These assumptions are not fulfilled in many cases where data that was required for one geographic
location at certain altitude and time was actually measured many kilometers away and hours
apart.(McGrath et al., 2006; Seidel et al., 2011) Due to these radiosonde measurements
shortcomings, additional measurement methods are used. These include local means such as masts
that can support a large variety of measurement devices at a specific location, and electromagnetic
or supersonic remote sensing methods that can provide a very specific type of data at multiple
locations in a very short time. Each of these methods, however, is also limited due to limited
measurement altitudes, non-continuous data(Brimmer et al., 2012), inability to change lateral
position(Stull, 1988b), or unwanted contributions from regions outside the region of
interest(Golbon-Haghighi et al., 2016; A. Rogers et al., 2007), which will determine the
measurement representativeness.(Banakh et al., 1995, 2010; Eckstein et al., 2017; Haszpra, 1999;
Henne et al., 2010; Kitchen, 1989; Nappo et al., 1982; Piersanti et al., 2015; Schwarz et al., 2017)

LiDAR (Light Detection and Ranging) is a remote sensing device based on electromagnetic
interaction with matter in the ultraviolet to infrared regions of the spectrum. Knowing the
scattering mechanism, analyzing the LiDAR’s signal allows retrieving properties of a scattering
medium. The LiDAR device contains a pulsed LASER that emits pulses that progress through
space while being absorbed or scattered in some probability by the local medium.(Weitkamp,
2005) Optical scattering from particles with typical size comparable to the wavelength (like some
aerosols in the ABL which are sized in the ~0.1 — 10 um range (Mahowald et al., 2014)) is
described by the Mie model.(Bohren & Huffman, 1983a) This model predicts the probability for
scattering the radiation at some angle relative to its original direction, which varies according to
the particle size to wavelength ratio, and the optical refractive index of the scattering medium.
Radiation scattered towards the LiDAR’s detector is absorbed, producing an electric signal that is
registered as a function of time (t) since the production of the LASER pulse. For back-scattered

radiation, the range is z = %ct, and this signal is (Mattis & Wagner, 2014)

P(2) = C 0(2)a(2)S~1(z)/z2e %) a(z')dz' (2)

where P(z) is the raw detector signal (from which the dark current and atmospheric background
signals are subtracted), 0(z) is the laser and detector fields of view overlap function, C is a variable
that incorporates various characteristic of the system such as the intensity and temporal-width of
the laser pulse, the area of the detector, and the quantum efficiency of the detector, S(z) is the
LiDAR ratio, and a(z) is the volume extinction coefficient. Cilometer is a LIDAR device for
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atmospheric uses. It is primarily used for determining the cloud base height, it’s thickness, and the
cloud cover for airports, but can also be used for measuring aerosol concentrations and visibility.

Each pulse of the ceilometer’s LASER provides a vertical two-way attenuated optical backscatter
P(z)z?

profile, B(z) = ——. (Vaisala, 2017b, 2017a)
Cc0(z)

All above mentioned measurement devices have their limitations, thus sometimes it is preferable
to use multiple devices simultaneously in order to verify results. However, when considering the
technical basis by which these devices perform, it may become apparent that using data from
multiple types of devices may provide additional insight. In this work we comparatively analyze
and temporally adjust data from simultaneous measurements of radiosondes and ceilometer
acquired during a week at the end of November. A transformation of the radiosonde’s temperature
and humidity data into simulated optical backscatter signal is proposed and implemented.
Comparing these transformed signals to the ceilometer’s measured signals allows studying
condensation processes and deducing the size of the smallest effective cloud condensation nucleus.

2 Measurements

Atmospheric data was collected by floating ten Meteomodem M10 radiosondes, over a week at
the end of November in the morning, noon, evening and night.(Arielly, 2020) The M10 device
simultaneously measured lateral location, altitude, horizontal and vertical velocities of the device,
Pressure, temperature, relative humidity, and the wind’s speed and direction, and transmitted them
by radio broadcast to the SR10 receiver device (maximum transmission distance about 350 km).
The M10 has a maximum reliable work height of about 30 km. The radiosondes’ flight data
including the radiosonde number, its flight time and maximum height arrival time are shown in
Table 1, and their trajectories including horizontal position and elevation (indicated by the color
of the trajectory) are shown in Figure 1 on top of satellite images. Measurements were also
acquired with Vaisala's CL51 ceilometer system at the same time as the radiosonde data
measurements.(Arielly, 2020) The ceilometer includes a LASER source that emits 910(10) nm
radiation in ~110 nsec pulses. This radiation is back-scattered by the medium in which it moves
and absorbed at the detector component which collects 1540 samples in units of
(10° - srad - km)~! at a rate of 15 MHz which amounts to a spatial resolution of 10 meters and
a maximum range of 15.4 km. The ceilometer produces radiation pulses at a 6500 Hz repetition
rate and sum the detector data at each range memory bin for 5 seconds to improve the signal to
noise ratio. This process is repeated every 36 seconds and produces a new measurement of two-
way attenuated optical backscatter profile.
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Figure 1. Flight paths of the radiosondes sketched over a space of geographical coordinates of
longitude and latitude with a satellite base image. The different trajectories are labeled by
numbers in accordance with Table 1. The color of the line describing a trajectory varies
according to the height of the radiosonde at the same location and is explained by the color
bars on the right sides of the sub-panels (in km). (a) The radiosondes’ full flight paths. The
radiosondes start by flying in different directions up to a height of ~10 km, after which they all
fly north-east. After reaching a maximum altitude of about 30 km, the radiosondes descend
until landing, where their path ends. (b) The radiosondes’ flight paths up to the ceilometer’s
maximum sensing altitude (~15 km). (c) The radiosondes’ flight paths bounded to the same
geographical area as the starting point.
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Table 1. Timings and paths of the radiosondes. 10 radiosondes were floated during a week at
various hours. The radiosondes reached a maximum height of about 30 km after about an hour
and a half, and then landed back in about 20 minutes (from the radiosondes that transmitted
until reaching back to the ground). Other than radiosonde number 6 which only reached heights
of less than 8 km, the rest of the radiosondes provided data on heights beyond 20 km. The
maximum flight distance from the initial point is 123 km

Radiosonde Floating time Time until Total Maximum
number maximum broadcast horizontal
height (hours) | time (hours) | distance (km)
0 26/11/2017 1 PM 1.71 1.97 102
1 26/11/2017 7 PM 1.27 1.27 71
2 27/11/2017 1 AM 1.12 1.45 92
3 27/11/2017 7 AM 1.52 1.53 94
4 27/11/2017 1 PM 1.45 1.45 96
5 29/11/2017 1 PM 1.49 1.57 123
6 29/11/2017 7 PM 0.44 0.44 15
7 30/11/2017 1 AM 1.57 1.68 100
8 30/11/2017 7 AM 1.53 1.86 94
9 30/11/2017 1 PM 1.57 1.6 71

3 Results and discussion

3.1 Radiosondes’ flight paths and measured profiles

Figure 1 shows the radiosondes’ flight paths. While at the beginning of their paths, the radiosondes
fly in different horizontal directions, after reaching a height of about 10 km, all the radiosondes
flew to the northeast. The radiosondes reached a maximum altitude of ~30 km, which is almost
twice the ceilometer’s maximum measurement height. However, the measurements are not well
localized and spread over horizontal distances of about 120 km. When limiting the results to the
ceilometer’s maximum altitude range of 15 km, the horizontal spread of the radiosondes flight
paths is reduced to about 80 km, and when limiting the radiosondes measurement to the same
geographical area as the starting point, a lowland area, then the radiosondes reach a maximum
height of about 6 km, and the horizontal spread is only about 13 km.

Figure 2 shows the temperature and humidity data measured by each of the radiosondes. Although
the data was measured at different times of day, similar features can be identified. The temperature
decreases with altitude to a minimum of —70(10) °C, located around an altitude of 16-17 km and
from there increases with altitude, and the humidity curves behave erratically up to a certain
altitude from which the humidity is stable and negligible.
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Figure 2. Temperature and humidity data measured by each of the radiosondes. The figure is
divided into ten panels, each showing data from a single radiosonde, numbered according to
the radiosondes numbers as in Table 1, and divided into two sub-panels for temperature and
humidity measurements.
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3.2 Time and height matching of the radiosonde and ceilometer measurements

The radiosonde gradually climbs the atmosphere, measuring a series of air parcels at different
times, altitudes, and geographical location due to the existence of a finite horizontal wind. It
reaches its maximum height after about an hour and a half, which is long enough for atmospheric
variables and its location to change considerably, making the measurement unrepresentative. This
is in contrast to the ceilometer’s measurement which is acquired almost instantly. Therefore, in
order to compare data from these two devices, an equivalent ceilometer optical backscatter profile
was constructed according to each radiosonde flight.

Since the radiosondes all started ascending from roughly the same location where the ceilometer
is and are affected from the same wind as the measured air, an air volume measured at a particular
geographical point by a radiosonde may have been measured by the ceilometer at a different time.
we may use the horizontal wind speed measurements and the ceilometer and radiosondes locations
in order to retrace the moments when these air parcels were above the ceilometer. The distance
between two locations on the earth’s surface is calculated by using the Haversine formula.(Sinnott,
1984) The ceilometer’s and radiosondes’ locations are defined in terms of geographical
coordinates as 7<% and #5°™4¢(z) respectively, along with the following auxiliary function
A7,

. i A_)
f(?sonde, FC@ll) = sin2 (T) + COS(FyCell) coS(FySOnde) sin? <%> (3)

where A¥(z) = 75°™4€(z) — 7¢¢i Therefor the lateral distance between these two locations is

~ f(?sonde(z),Fceil)
d(z) = 2R, tan ! \/1 — f(psonde (z), peeil) (4)
The travel time will therefore be
d(z)
At(z) = (5)
) =@

where Vy,-(2) is the horizontal wind velocity measured by the radiosonde at height z, and R, is
Earth’s mean radius. For each radiosonde measurement altitude, z,, the data for ranges between
B((zp—1 + 2,)/2) and B((z, + z,41)/2) from the ceilometer measurement temporally closest
to the moment where the air parcel was above it was concatenated to the data corresponding to
previous altitudes until the maximum jointly available height was reached.

Figure 3 shows the radiosondes’ temperature and humidity measurements and the temporally
matched ceilometer’s measurements (B). The measurements’ altitude range is the same as the
ceilometer’s maximum range, ~15 km, which means that the radiosonde data was collected across
~80 km of lateral distance which may complicates this comparison due to uneven conditions and
nonlinear trajectories. However, two considerations may resolve this complication: 1) While the
optical backscatter data shows very sharp and high peaks which probably originates from the
existence of clouds, its signal-to-noise ratio is quite low for heights above 3 km for many
backscatter profiles. 2) Beyond the general trends in temperature and humidity seen in Figure 2,
one can spot more subtle changes in temperature that in some panels manifest as local minimum
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and maximum values accompanied by sharp changes in humidity (marked by red arrows. In other
panels it is less obvious). These are identified as inversion layers and occur at heights up to ~3 km
as well. Considering the altitudes of these inversions reinforced by existing knowledge on the
structure of the ABL (Lee et al., 2019; Stull, 1988a) together with the altitude dependence of the
signal to noise ratio, it is apparent that the most meaningful altitude range for a comparative
analysis of data from radiosondes and ceilometer is below 3 km. This means that the flight paths
to be considered shouldn’t extend beyond those depicted in Figure 1 ¢, which are all contained
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Figure 3. Temperature and humidity data measured by each of the radiosondes vs. the
temporally matched ceilometer measurements. The altitude range is set according to the
ceilometer’s maximum range, ~15 km. The figure is divided into ten panels, each showing data
from a single radiosonde, numbered according to the radiosondes numbers as in Table 1, and
divided into three sub-panels for temperature, humidity and optical back-scatter
measurements.
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within the same geographical area as the starting point, a lowland area, with topographical
difference below 100 m.

3.3 Relating the ceilometer’s signal to the scatterers’ density

The ceilometer’s radiation backscattering measurements are described by the definition of B and
Eq. (2), where the volume extinction coefficient, a(z) = n;(z)g,, depends on the density of the
scatterers, ng, and the radiation scattering cross-section area ag;. Assuming spherical scatterers
with radius r4, o3 = QgmrZ is dependent on the geometrical cross section area and on the extinction
efficiency, Q,, which like n, is dependent on .

Figure 4 shows the dependencies of n; and Q, on r,;. Q, (solid line) is calculated from Mie theory
for 2 =910 nm and goes to zero for r; — 0, reaches a maximum value of 4 for r; = 4, and
converges to 2 for r; > A.(Bohren & Huffman, 1983b) Normalized n, (dashed line) is calculated
according to Eq. (1) with r; = 3.5 um and o; = 0.35 um which should fit the particle size
distribution in a cumulus cloud which is expected to be the main scatterer, due to the season, lack
of precipitations, visual observation, and altitude range.(Goldreich, 2003a, 2003b; “Israel
Meteorological Service,” n.d.; Measures, 1992; Takeuchi, 2005)

Since the cilometer’s wavelength is smaller than this cloud size distribution’s typical particle, and
under the approximation of mono-dispersity, the cross-section can be set as a constant, g, = 2m72.
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Figure 4. Normalized distribution of cloud droplet sizes, n(r;) /N, (dashed line) and
dependence of radiation extinction efficiency, Q,, at wavelength of 4 = 910 nm (continuous
line) in droplet size, r4. The droplet sizes are log-normal distributed, with the distribution’s
median at 3.5 pm and its width is 0.35 um.
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For the same reason, S(z) is also a constant (back-scattering from particles identical in size and
composition), and B(z) can be written as

B(z) = Any(z)e 201 ) na(z')dz' (6)

where A is a proportionality constant. Thus, with Eq. (6), it is possible by having a measure of B
to have a measure of ng, or more precisely for this work, quantify the mechanism that is
responsible for ng.

3.3.1 Formation of scatterers in the atmosphere

The ceilometer’s measurement is only sensitive to the existence of particles with diameters equal
or larger than the ceilometer’s wavelength, but the ability of these large particles to reach a certain
height decreases with height (Kleinman & Daum, 1991), so due to the absence of molecules other
than water that can undergo a phase transition in the discussed heights (Wallace & Hobbs, 200643,
2006b), the existence of these particles at these heights will result from water adsorption on smaller
particles and coalescence of water covered particles,(Jonas & Mason, 1974; Kovetz & Olund,
1969) forming a droplet population with n,; density. Since most aerosol particles in the atmosphere
over lIsrael originate from the nearby large desert area and, unless went several stages of
atmospheric processing, have poor water adsorption capabilities, (Attwood & Greenslade, 2011;
Chester, 1990; Cuadros et al., 2015; Falkovich et al., 2001; Ganor, 1975, 1991; Ganor & Foner,
1996; Ganor & Mamane, 1982; Levi & Rosenfeld, 1996; Levin et al., 1990; Wurzler et al., 2000)
for a process of water adsorption on these particles to still occur, the water molecules should form
a shell around a particle that will hold itself intact with the help of the water molecules’ strong
hydrogen bonds. This phenomenon is known as a hydrophobic force. It acts when introducing a
non-polar solute into water and is caused by the entropy loss minimization to the network of water
molecules.(Schauperl et al., 2016; Silverstein, 1998; Voet & Voet, 2011) The probability for this
process is dependent on the density of gaseous water molecules, n,,, which we calculate from the
partial pressure of the water vapor in the atmosphere, P,, and the temperature, T, by using the ideal
gas law

 kgT

Ny

(7)

where kg is the Boltzmann constant. The partial pressure of the water vapor in the atmosphere is
calculated with (Ahrens & Henson, 2019a)

where ¢ is the relative humidity measured by the radiosonde, and Py, is the water’s vapor
pressure calculated according to the Buck equation (Buck, 1981; Buck Research Instruments,

2012)
Pirom) = aesp (b~ 3) (7)) ©

where a = 6.1121 mbar, b = 18.678, ¢ = 257.14 °C, d = 234.5 °C, and T is in degrees
Celsius.

11
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Water molecules move through space and scatter off other particles as long as they continue failing
to adhere to these particles. As stated above, the water molecules will permanently adhere to a
particle if there are enough molecules to form a shell around it, but this has to occur faster than the
collision (reorganization) time of the water molecules, t., and if it succeeds the particle could grow
to a size measurable by the ceilometer by adsorbing more water vapor or coalescing with other
droplets. In a particle system subjected to certain pressure and temperature conditions, t. can be

calculated by again using the ideal gas law together with the known reIations%kBT = %mvz, v =
le/te, lco = 1/n, 0 = mr,}, where v is the particles’ velocity, n is the particles” density, m is the
particles’ mass, [, is the typical distance between the particles, o is the particles’ scattering cross
section area, and 7, is the particles radius, in order to obtain

. mkgT (10)
‘ 3p2 (nrpz)z

For water molecules (m = my,o = 18 amu, 2n, = 21y, = 2.74 A) at room temperature and
atmospheric pressure t, = 1 nsec.(D’Arrigo, 1978; Zhang & Xu, 1995)

At the dew temperature, T, there is an equilibrium between the gaseous and the liquid phase.
There will be enough thermal energy to transform from liquid (adsorbed) to gaseous phase only if
the excess energy above the thermal energy of the dew temperature is greater than the latent heat
energy per particle (the enthalpy), E.onq, Which is

Econa(T) = Ly (T)py /Ny (11)

where p,, is the molar mass of water, N, is the Avogadro number, and Ly, is the latent heat energy
of water, empirically determined as (R. R. Rogers & Yau, 1989)

Ly (T) = (2500.8 — 2.36T + 0.0016T% — 0.00006T3) J/g (12)

The dew temperature is calculated with the Magnus equation (Magnus, 1844) which describes the
relation between the temperature, the relative humidity, and the water vapor’s partial pressure, in
its reciprocal form

1, = Im ) 13)

b — Ym (T' d))

where ¥, (T, p) = ln(¢P,’_;20(T) /a), and all other constants are the same as in equation (9).

Therefore, considering the Boltzmann factor for this process, for T > Ty.,,, @ water molecule
condensation probability is

kB(Tdew_T)
Pcond =e Econa

(14)

Since the sizes of the CCNs are later estimated to be as small as 50 nm, Kohler theory is taken into
consideration,(Kohler, 1936; Seinfeld & Pandis, 2016a) but since the CCNs are assumed to be
non-soluble,(Attwood & Greenslade, 2011; Falkovich et al., 2001; Ganor, 1991) Only the
curvature is to have some effect due to surface tension (Berry, 1971). According to the Kelvin

12
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equation,(Seinfeld & Pandis, 2016b) the change to the condensation probability is thus estimated
tobe AP.ona/Peona < 0.007%.

As stated above, in order for the aerosol particles to act as efficient condensation nuclei, an initial
water molecules shell (consisting of n molecules) should be created around it in a time shorter than
t., a process whose probability is P.! .. Considering an abundant source of CCNs of finite sizes
(the smallest of which can be fully covered by N,,,; molecules), the total probability for this
process is (assuming kg|Tgew — T1/Econa < 1)

> —F kp(Tgew—T)
PT = Z PCTZ)nd = $3Nm01 Econd (15)
£ kB (Tdew - T)
N=Nmol
Therefore, the drop density is
ng = n,Pr (16)

3.3.2 Fitting the radiosonde data transformation to the ceilometer’s measurements

Using the above relations, the radiosondes measurements were transformed into simulated optical
back-scattered curves and fitted to the ceilometer’s measurement by adjusting N,,,;. Figure 5
shows a comparison of n,; calculated using Equation (16), B’ calculated using Equation (6), and B
measured by the ceilometer and temporally adjusted for the radiosonde measurements as explained
above. There seems to be a high visual correlation between B and B’, which is mostly well
confirmed by calculated correlation values, pj 5/, between the two (Table 2). This confirms the
physical basis for the model presented here. The model also allows us to estimate the minimum
condensation nuclei size of the droplets from N,,,,; by considering the effective coverage area of
“spherical” water molecules on spherical condensation nuclei

1/2

Nmolnrl-%20> Nmol
Towe = | —22) = |-—2%r (17)
e < 4‘7Tfpack 4‘fpack 20

where 7y, is the water molecule radius and f,4cx = 0.9069 is the molecules’ packing ratio on
top of the particle’s surface.(Conway & Sloane, 1999) Values for r,,,. from these comparisons are
shown in Table 2, and have a mean value of 27,,. = 46.7(18) nm. This size does indeed
correspond to the known minimum size of cloud condensation nuclei.(Mahowald et al., 2014)

Furthermore, although one would expect the ceilometer’s signal to always correspond to the water
droplet density, it often displays a strong signal where the density is relatively low, and a weak
signal where the density is high. This, of course, is due to the exponent term in Equation (2) which
more strongly attenuates the signal for greater distances.

While it seems that this model successfully describes most of the ceilometer’s measurements
features, some measurements contain a feature that is not described by the model, and therefore
their quality of fitting is lower (for example — panel 1 in Figure 5). This feature is pronounced in
measurements with relatively low signal to noise ratios and is located at heights of below 1 km.
The feature is shaped like an asymmetrical bell curve centered around 0.5 km, which can
correspond to finite wavelength-sized aerosol concentrations expected at low altitudes,(Kleinman

13
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Table 2. Correlation values, pg 5/, and condensation nuclei diameters, 27,,,., calculated for
each of the radiosondes. py 5+ values are usually high, except for measurements where the

signal to noise ratio is low, and their average value is 0.85(5). 27, Values are narrowly
distributed around an average value of 46.7(18) nm corresponding to the known minimum
size of cloud condensation nuclei.

Radiosonde P B’ 2uc
number
0 0.99 44.1
1 0.65 48.8
2 0.75 42.4
3 0.81 56.6
4 0.97 37.5
5 0.92 43.9
6 0.52 47.7
7 0.99 51.9
8 0.97 ol1.1
9 0.90 43.2

& Daum, 1991) together with non-constant LIDAR overlap function (Equation (2)). Another
explanation for these anomalies could be scattered LASER radiation contribution of second or
higher order that is becoming significant for sensing ranges that are equal or smaller than the
visibility distance or than the source-detector distance of the ceilometer.(Ding et al., 2010) The in-
depth study of these anomalies will be done in a future work.

4  Conclusions

In this work, a comparative analysis of ceilometer and radiosonde measurements was carried out
using a set of measurements from both systems collected simultaneously over a week at the end
of November. A method for temporarily adjusting the measurement systems data was applied by
weighting the instantaneous locations of the radiosondes and wind speeds at these locations.

A transformation has been proposed for turning the radiosonde signals into simulated optical back-
scatter signal that would best fit the ceilometer’s signal by linking the two signal types with the
density of optical scattering elements in the atmosphere. This transformation allowed examining
the condensation processes in the atmosphere that help to create these scatterers, and identify the
controlling factor in creating them and quantify it by fitting the transformed radiosonde data to the
ceilometer’s measurements. This provided a good match between the ceilometer’s signal and the
optical back-scatter simulated curves. In several measurements the heights of the sharp peaks in
the ceilometer’s signal do not correspond with the heights of the highest water droplet density, due
to finite drop density values that are amplified due to the exponent term in the LiDAR equation.
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Figure 5. Comparison between the calculated drop densities, n4, sSimulated ceilometer profiles,
B’, and measured ceilometer profiles, B. The altitude range was set to 3.4 km according to the
identified inversion altitudes and to the signal to noise ratio (see text). The figure is divided
into ten panels, each showing data corresponding to a single radiosonde, numbered according
to the radiosondes numbers as in Table 1, and divided into three sub-panels for n;, B’ and B.
There is usually a good fit between B’ and B, so that even small features are successfully
reproduced, such as secondary peaks near strong peaks in the signal. Correlation based fit
values are shown in Table 2. When the signal-to-noise ratio is low, there is a significant
contribution at low altitudes that is not reproduced by the model and has several explanations
(see text). In four measurements (40%) the sharp peaks’ altitudes in the ceilometer signal do
not correspond to the altitudes where the droplet density is highest, due to finite droplet density
values which are relatively amplified due to the exponent term in the LiDAR equation.
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