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1
Abstract

Clouds and aerosols continue to contribute to the largest uncertainty to estimates and in-
terpretations of the Earth’s changing energy budget. By comparing relative humidity (RH)
and attenuated backscatter ratio (ATB) data and deriving scattering hygroscopic enhance-
ment factors at the Cabauw Experimental Site for Atmospheric Physics Research (CESAR),
an attempt is made to better understand the process of aerosol hygroscopic growth. This is
done by ground based ceilometer, hygrometer and SMPS technology gathering data during
the ACCEPT campaign in 2014, resulting in a high temporal resolution, continuous mea-
surements and the possibility to compare the data with ancillary information measured on
the same location. Some aerosol number concentration (ANC) data is also taken into account
as indication of the influence of ANC on ATB. For the three studied time intervals with a large
variation (>30%) in RH, a convincing relation between RH and ATB is found, which can be
linked to the Köhler curve when a direct relation between aerosol size and ATB is assumed.
For these three time intervals, scattering hygroscopic enhancement factors are derived with
similar 𝛾 values as reported in previous studies. Further research is required to analyze the
correlation between RH and ATB more and rule out other influences on ATB.
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2
Introduction

Clouds and aerosols continue to contribute to the largest uncertainty to estimates and inter-
pretations of the Earth’s changing energy budget [4]. The influence of a factor that can cause
climate change is therefore often evaluated in terms of its radiative forcing. In the Third
Assessment Report of the International Panel on Climate Change (IPCC), aerosol radiative
forcings are split into direct and indirect effects. Scattering and absorbing of radiation by
aerosols is called the direct effect, which leads to a cooling or warming effect respectively.
The indirect effect is the mechanism by which aerosols modify micro-physical cloud prop-
erties resulting in changes in the radiative properties, coverage and the lifetime of clouds
[14]. Aerosol act as tiny ’seeds’ on which water vapor condenses and cloud droplets are
formed. The aerosols that are involved in cloud formation are called cloud condensation nu-
clei (CCN). An increase in aerosol concentration can increase the number of available CCN
and thus cause a larger number of cloud droplets but with a smaller size. One of the effects
of this phenomenon is called the ’cloud albedo effect’ [13], as more droplets with a smaller
size increase the cloud albedo [23]. Another effect is the so-called ’cloud lifetime effect’ [13],
which includes micro-physical changes in the liquid water content, cloud height and lifetime
[14]. An increase in albedo generates a cooling effect on climate [6] and represents the major
source of uncertainty in assessing the global radiative forcing [4]. This high degree of un-
certainty can be reduced through a better understanding of hygroscopic growth of aerosols,
which is the capacity of aerosols to pick up water from the environment and increase in size.

The hygroscopicity of aerosols is determined by their chemical composition. Aerosols with
a higher hygroscopicity are more sensitive to changes in RH. Hygroscopic growth of aerosols
resulting from a rising RH then results in additional light being scattered, among other effects
[21].

Many studies have investigated the effect of hygroscopic growth with a changing RH [7,
11, 22, 28]. The main drawbacks of the previously used methods are the modification of
ambient conditions, a low temporal resolution, possible radiosonde drift and omitting coarse
mode aerosols, while they can have a significant effect on scattering enhancement factors
[27].

In this work, hygroscopic growth of aerosols is analyzed with RH and ATB data. An attempt
is made to find a relation between RH and ATB by comparing big variations (>30%) in RH with
the corresponding ATB data and by applying the scattering hygroscopic enhancement factor.
This scattering hygroscopic enhancement factor is one of the physical parameters commonly
applied to describe aerosol hygroscopicity [9]. The used data is collected at the Cabauw Ex-
perimental Site for Atmospheric Physics Research (CESAR), where a Vaisala LD40 Ceilometer
lidar system and a meteorological tower including hygrometer are present. Datasets acquired
specifically during the ACCEPT (Analysis of the Composition of mixed-phase Clouds with ex-
tended Polarization Techniques) campaign in October and November of 2014 are used. This
instrumental setup and data selection has the benefits of a high temporal resolution, can
measure continuously and has the possibility to compare the data with ancillary information
that is produced on the same location (like aerosol number concentration, aerosol chemical
composition or wind direction) [8].

The remainder of this thesis is organized as follows: chapter 3 describes the theoretical
background of the research question. In chapter 4, information is provided on the measure-
ment devices at the CESAR Observatory. Chapter 5 discusses the data selection and han-
dling. After the results of both the RH and ATB comparison and the scattering hygroscopic
enhancement factor in chapter 6, the paper finishes with conclusions and recommendations.
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3
Theoretical Background

3.1. Atmospheric aerosols
Aerosols are tiny particles and liquid droplets present in the air. Our atmosphere contains
significant concentrations of aerosol particles, sometimes as high as 10዁ − 10ዂ𝑐𝑚ዅኽ. The
diameters of these particles span over four orders of magnitude, from a few nanometers to
around 100𝜇𝑚. The number of aerosols in the atmosphere decreases rapidly with their size
[19], as can be seen in Figure 3.1 for a typical example of aerosol size information.

Figure 3.1: Aerosol number concentration normalized by the width of the size range against the logarithm of the diameter for a
typical example of aerosol size information [19].

Aerosols can be either primary or secondary, depending on whether they are emitted into
or are formed in the atmosphere [12]. The bulk of aerosols - about 90% by mass - have a
natural origin. The largest natural source of primary aerosols are salt particles, evaporat-
ing from the oceans. Other natural primary aerosols are dust blown from deserts, biological
aerosols (like seeds, pollen and spores) and volcanoes. The other 10% of aerosols have an an-
thropogenic source, including incinerators, agriculture, mining and transportation. Though
less abundant than natural forms, anthropogenic aerosols can dominate the air downwind
of urban and industrial areas [25].

Such a polluted situation can occur at CESAR for example when a high pressure system
over The Netherlands block incoming fronts, resulting in a stable and polluted atmosphere.
This meteorological situation has occurred in May 2008 and is studied by multiple research
groups [6, 10]. In another work, aerosol chemical composition was analyzed for a year (2007
- 2008) at five monitoring stations spread over The Netherlands. The main components of
aerosols in PM2.5 (particulates with an aerodynamic diameter smaller than 2.5 𝜇𝑚) were:
42-48% secondary inorganic aerosol (ammonic nitrate and ammonic sulphte), 22-37% car-
bonaceous substances, 8% marine salt and 5% mineral dust and metals. The coarse mode
had more marine salt and metal which resulted in a more balanced contribution of these four
sources [26]. Morgan et al. has also studied the aerosol chemical distribution at the CESAR
station in May 2008 and reported that aerosols were mainly comprised of ammonic nitrate
and organic matter [17]. In this paper, not much attention will be given to the chemical com-
position, as clouds are more sensitive to the size and number of aerosols particles present in
the atmosphere than to their chemical composition [2].
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4 3. Theoretical Background

As stated in the introduction, aerosols and clouds continue to contribute to the largest
uncertainty to estimates and interpretations of the Earth’s changing energy budget [4]. This
radiative balance controls the Earth’s surface temperature. The influence of a factor that
can cause climate change is therefore often evaluated in terms of its radiative forcing. In
the Third Assessment Report of the International Panel on Climate Change (IPCC), aerosol
radiative forcings are split into direct and indirect effects.

3.1.1. Aerosol-Solar Radiation Interactions: Direct Effect
Scattering and absorbing of radiation by aerosols is called the direct effect of aerosols, which
leads to a cooling or warming effect respectively. Different aerosols scatter or absorb radi-
ation to varying degrees, depending on their physical properties. In addition to scattering
or absorbing radiation, aerosols can alter the albedo of the planet, depending also on the
reflectivity of the land beneath the aerosols. Aerosols are not distributed evenly around the
planet, adding to the complexity of analyzing the overall effect of aerosols on the climate [25].

In the atmosphere, scattering can happen in two different ways, depending on the size of
the particle scattering the light. Raleigh scattering occurs when the particles are considerably
smaller than the wavelength of the light being scattered. This type of scattering is more
effective at short wavelengths, as it is strongly inversed wavelength dependent. Most aerosols
however are bigger than the wavelength of light resulting in Mie scattering. Mie scattering
produces a pattern like an antenna lobe, with a sharper and more intense forward lobe
for larger particles, as opposed to Rayleigh scattering that produces scattering more evenly
spread in all directions. Mie scattering is not strongly wavelength dependent and therefore
reflects all wavelengths more evenly, resulting in whiter light [19].

3.1.2. Aerosol-Solar Radiation Interactions: Indirect Effect
The indirect effect of aerosols is the mechanism by which aerosols modify micro-physical
cloud properties resulting in changes in the radiative properties, coverage and the lifetime
of clouds [14]. In Earth’s atmosphere, cloud droplet do not form by condensation of water
molecules in the absence of a foreign condensation nucleus. This would require the initial
formation of very small droplets with a very small radius of curvature. Fundamental ther-
modynamics shows that the equilibrium vapor pressure over such a strongly curved surface
is always much greater than that over a flat surface, as shown by the blue line in Figure 3.2
[20]. This is called the ’Kelvin effect’ and is the reason why most clouds owe their existence
to aerosols. These aerosols, cloud condensation nuclei (CCN), function as tiny ’seeds’ by pro-
viding a larger initial radius that preventing immediate evaporation of the water. CCN that
dissolve in water also profit from the ’Raoult effect’, namely the fact that solutions evaporate
water molecules at a slower rate than pure water does. The two opposing effects of curvature
and solute can be combined into one equation, namely the Köhler equation. The Köhler curve
for several chemicals is given in Figure 3.2 [20]. Plot b. highlights the two opposing effects of
evaporation and condensation. When the air has a known RH (e.g. 100.3%), two things can
happen. If 𝑅𝐻፝፫፨፩፥፞፭ > 𝑅𝐻ፚ።፫, the droplet evaporates until 𝑅𝐻ፚ።፫ is reached. This is from the
point the Köhler curve first hits 𝑅𝐻ፚ።፫ until the second time it hits 𝑅𝐻ፚ።፫. If 𝑅𝐻፝፫፨፩፥፞፭ < 𝑅𝐻ፚ።፫,
the droplet grows due to condensation. This can result in discontinued aerosol growth when
𝑅𝐻ፚ።፫ is first reached, or in extra droplet growth when the second 𝑅𝐻ፚ።፫ is passed. Activated
droplets such as these continue growing until they consume the excess humidity (driving
𝑅𝐻ፚ።፫ down towards 100%) [20].

As aerosols are mostly classified by size, the classification of CCN is given in Table 3.1
[20].

Classification Radius (𝜇𝑚)
Ultrafine aerosols 0.001 − 0.01
Fine aerosols 0.01 − 1
Coarse mode aerosols 1 − 10

Table 3.1: Classification of cloud condensation nuclei (CCN) aerosols by radius (᎙፦) [20].



3.2. Hygroscopicity 5

Figure 3.2: a. Köhler curve, showing equilibrium relative humidities over droplets of different radius with various solutes. T =
0∘C. Solute mass = ኻኺᎽᎳᎸ g. b. Blow-up of Figure a, highlighting the two opposing effects of evaporation and condensation [19].

An increase in aerosol concentration can increase the number of available CCN and thus
create a larger number of cloud droplets but with a smaller size. One of the effects of this
phenomenon is called the ’cloud albedo effect’ [13], as more droplets with a smaller size
increase the cloud albedo [23]. Another effect is the so-called ’cloud lifetime effect’ [13], which
includes micro-physical changes in the liquid water content, cloud height and lifetime [14].
An increase in albedo generates a cooling effect on climate [6] and represents the major source
of uncertainty in assessing the global radiative forcing [4]. This high degree of uncertainty
can be reduced through a better understanding of hygroscopic growth of aerosols.

3.2. Hygroscopicity
Hygroscopicity is the capacity of aerosol to pick up water from the environment and increase
in size. The hygroscopicity of aerosols is determined by their chemical composition. Most
inorganic aerosols are hygroscopic, sulfuric acid particles are always hydrated, but salts
exist as dry particles at sufficiently low RH and experience an abrupt uptake of water at
their specific RH of deliquescence (DRH). However, salt solutions (e.g. (𝑁𝐻ኾ)ኼ𝑆𝑂ኾ) generally
do not crystallize at DRH but remain supersaturated until a much lower RH. This difference
in deliquescence and crystallization point is called a hysteresis phenomenon and is shown
in Figure 3.3 [19].

Figure 3.3: Diameter change of (ፍፇᎶ)ᎴፒፎᎶ, ፍፇᎶፇፒፎᎶ, and ፇᎴፒፎᎶ particles as a function of relative humidity. ፃᑇᎲ is the
diameter of the particle at 0% RH [19].



6 3. Theoretical Background

Highly hygroscopic aerosols (f.e. 𝐻ኼ𝑆𝑂ኾ) do not exhibit this deliquescent behavior. The water
content associated with these chemicals changes smoothly as the RH increases or decreases,
shown in Figure 3.3 [19]. Hygroscopic aerosols can grow small droplets even at RH < 100%,
as they attract water vapor out of the air [20].

3.2.1. Measuring hygroscopicity
Hygroscopic growth of aerosols has been studied extensively, and physical laws have been
established empirically between relative humidity and aerosol optical parameters [7].
Atmospheric RH alters the optical and microphysical properties of atmospheric aerosols due
to aerosol hygroscopic growth. For example, the mass scattering efficiency (how efficient
aerosols can scatter light) of aerosol particles depends on the particle size and refractive
index. The refractive index is in turn determined by the chemical composition of the aerosol
[18]. On the other hand, the refractive index decreases with increasing RH. However, this
decrease is not large enough to counteract the increase in cross section. Thus, the size
dependence dominates, leading to an increase in scattering as RH increases, among other
effects [9, 21].
Hygroscopic growth can be measured in multiple ways. Two ways that are used in this
paper are elaborated upon in the following sections, namely by analyzing the lidar attenuated
backscatter ratio and by applying the scattering hygroscopic enhancement factor.

Lidar attenuated backscatter ratio
One of the scattering properties of aerosols that can be measured from the ground is the
attenuated backscatter ratio (ATB). ATB is the fraction of scattered intensity that is redirected
into the backward hemisphere of the scattering particle, which can be measured using lidar
techniques (more on the used equipment in chapter 3).
ATB is not only dependent on aerosol size, but also on chemical composition and aerosol
number concentration (ANC). In this paper, the chemical composition of the analyzed aerosols
is not taken into account but an estimation of the influence of ANC on ATB is made. By
comparing ATB data with RH, an attempt is made to better understand the process of aerosol
hygroscopic growth. This comparison is made for 8 time intervals in this paper, of which 3
time intervals that have a large drop or rise in RH (>30%) and 5 time intervals with a flat RH
(<10% drop or rise).

Scattering hygroscopic enhancement factor
Another way of describing hygroscopic growth is by determining the hygroscopic growth func-
tion 𝑓(𝑅𝐻) as defined in Equation 3.1,

𝑓(𝑅𝐻) = 1 − 𝑅𝐻
1 − 𝑅𝐻፝፫፲

ዅ᎐
(3.1)

with a reference value 𝑅𝐻, 𝑅𝐻፝፫፲ where no hygroscopic growth is expected and 𝛾, an empirical
fitting parameter. This hygroscopic growth function, also called the Hänel function, is one of
the physical parameters commonly applied to describe aerosol hygroscopicity [9].
To derive a value for the empirical fitting parameter 𝛾, the hygroscopic growth function for
the attenuated total backscatter coefficient 𝑓ᎏᑒᑥᑥ(𝑅𝐻) has to be plotted against RH and fitted
for Equation 3.1. 𝑓ᎏᑒᑥᑥ(𝑅𝐻) is defined as

𝑓ᎏᑒᑥᑥ(𝑅𝐻) =
𝛽ፚ፭፭(𝑅𝐻)
𝛽ፚ፭፭(𝑅𝐻፝፫፲)

(3.2)

with a reference value 𝑅𝐻, 𝑅𝐻፝፫፲ where no hygroscopic growth is expected and 𝛽ፚ፭፭ the at-
tenuated total backscatter coefficient.
In this paper, the hygroscopic backscattering enhancement factor is derived for the 3 selected
days with a largely varying RH (>30%).



4
Observations from CESAR Observatory

4.1. General description of the CESAR Observatory
All analyzed data was collected at the CESAR (Cabauw Experimental Site for Atmospheric
Physics Research) Observatory, located in the Netherlands (51.971∘ N, 4.927∘ E). The ob-
servatory is located 0.7 m below the mean sea level and is equipped with a large set of
instruments providing constant measurements for the study of the atmosphere. The site
is representative for North-West Europe and features continental and maritime conditions,
depending on the wind direction. The CESAR Observatory is run by the Royal Netherlands
Meteorological Institute (KNMI), De Bilt, The Netherlands [1, 3, 16].

4.2. Instrumentation
Many studies have investigated the effect of hygroscopic growth with a changing RH
[7, 11, 22, 28]. Some experimental studies were carried out using in-situ measurement
techniques or under controlled laboratory conditions that modify the ambient conditions of
the sample [11, 22]. Other studies use the synergy of lidars and radiosondes [7], which re-
sults in a low temporal resolution and possibly suffer from radiosonde drift [15]. Yet others
use Humidified Tandem Differential Mobility Ananlyzer (H-TDMA) size distribution data to
estimate the dependence of aerosol light-scattering properties with RH (the scattering en-
hancement factor) [28]. The main drawback of this method is that it does not include coarse
mode aerosols, while they can have a significant effect on scattering enhancement factors
[27].
In this work, hygroscopic growth of aerosols is analyzed by comparing RH and ATB data.
The RH is measured in the CESAR meteorological tower using a hygrometer at a height of
200 meter and with a time resolution of 10 minutes. The ATB data is provided by a Vaisala
LD-40 Ceilometer, a lidar (Light Detection and Ranging) based instrument. The ceilometer
operates at a wavelength of 855 nmwith a time resolution of 15 seconds and a spatial (vertical)
resolution of 7.5 meter [24]. Heights up to 1800meter are taken into account, measurements
at a height of 200 meter are compared with the RH data. Aerosol number concentration (ANC)
plots shown in this paper are constructed using data from the CESAR Scanning Mobility
Particle Sizer (SMPS), TSI Model 3034. The SMPS operates at a height of 60 meter and
has a time resolution of 1 hour. The SMPS data used refers to particles with diameters
between 9.37-516 nm. When available, aerosol optical depth (AOD) plots are retrieved from
the AERONET (Aerosol Robotic Network) website. These AODs are measured using a sun
photometer [5]. This instrumental setup has the benefits of a hight temporal resolution,
continuous measurements and the possibility to compare the data with ancillary information
produced on the same location [8].

4.3. ACCEPT campaign
The ACCEPT (Analysis of the Composition of mixed-phase clouds with Extended Polarization
Techniques) campaign was performed at the CESAR Observatory in 2014. This campaign ran
from the 6th of October to the 16th of November and was focused on mixed-phase clouds.
No data of the actual ACCEPT campaign was used but by using only data collected during
these 42 days, more and different data is available for future (follow-up) studies.
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5
Methodology

5.1. Data selection
In order to see a clear pattern between RH and ATB, 8 time intervals are selected from the
42 ACCEPT campaign days with a drop or rise of 30% or more in RH. These big drops and
rises are compared with the changes in ATB. From these 8 time intervals, 5 time intervals
are discarded because of saturated or very low ATB signals, which made the interpretation
of the results difficult.
In order to analyze the relation between the RH and the ATB, it is important to take into
account other factor that can influence ATB. First of all, a control group is composed by
scanning all 42 ACCEPT campaign days for periods of time with RH levels not changing more
than approximately 10%. The data of these so-called ’flat RH days’ are then compared with
the corresponding ATBs. From these 9 days, 4 are discarded because of saturated or low
backscatter signals, which again made the interpretation of the results difficult.
Since the ATB depends both on the size of the particles (due to water uptake) and the number
of particles (ANC), a constant ANC has to be ensured to support a relation between ATB and
RH. So in the second step of the analysis, data from the SMPS instruments were examined.
The data used from this SMPS has a diameter between 9.37-516 nm. As far as there were
data available for the selected days, aerosol optical depth (AOD) is used as another measure
of the amount of aerosols in the atmosphere. AOD plots are retrieved from the AERONET
(Aerosol Robotic Network) website and is measured using a sun photometer [5].

5.2. Data processing
As the ATBs were given every 15 seconds and sometimes returned very low values, all ATBs
are averaged over 5 as well as 10 minutes. This is done by computing the average for every
5 and 10 minute time interval of the ATB and time data. For the comparison of the ATB and
the RH data, the 5 minute averages are used. For the ATB versus RH graphs, 10 minute
averages are used, as RH is measured every 10 minutes.
Scattering hygroscopic enhancement factors are derived for the three time intervals with a
large variation in RH (>30%). All RH data >100% is discarded here in order fit a sensible
scattering hygroscopic enhancement factor. As all RH values lie above RH = 60%, the lowest
RH value per day is used as 𝑅𝐻፝፫፲. For these plots, also the 10 minute ATB averages are
used, as RH is measured every 10 minutes.
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6
Results and Discussion

6.1. Lidar attenuated backscatter ratio: Case studies with variable
RH

In order to see a clear pattern between RH and ATB, time intervals on 3 days with a drop or
rise of 30% or more in RH are selected, namely the 15th and 25th of October and the 10th
of November.
For every day, first ATB height profiles are given to show the overall atmospheric situation
that day. This is followed by a ATB and a RH plot at a height of 200 meter to analyze the
correlation. The ANC for aerosols with diameters between 9.37-516 nm for these days is then
provided. When available, aerosol optical depths (AOD) from the AERONET (Aerosol Robotic
Network) website are also mentioned as another indication of the influence of changing num-
bers of aerosols on ATBs. The relation between RH and ATB is shown in a concluding plot.
Lastly, the hygroscopic growth function is used to fit the scattering hygroscopic enhancement
factor.

6.1.1. 15th of October

Figure 6.1: ATB height profiles at the 15th of October in 2014.

A general overview of the ATBs during this day is given in Figure 6.1. The time interval
for which the RH drops >30% is indicated in the figure with a white rectangle. Signals after
19:00 can’t be used to draw any conclusions as the ATB is saturated.

9



10 6. Results and Discussion

In Figure 6.2 a. and b., the RH and ATB at 200 meter are compared. ANC for aerosols with
diameters between 9.37-516 nm are also provided to give an indication of the influence of
ANC on the ATB. The RH in the selected time interval drops from over 100% to around 70%.
The ATB also drops in this time interval. The biggest drop in ATB is observed during the first
two hours, while the RH drops fairly constant during this time interval.

Figure 6.2: RH and ATB at 200 meter and ANC (diameter = 9.37 - 516 nm) at 60 meter at the 15th of October in 2014.

The ATB doesn’t seem to be influenced by the ANC (Figure 6.2 c.) which is mostly rising
in this time interval, in contrast to the dropping ATB. AOD data from AERONET were only
available between 9:10 to 9:40 and 12:30 to 13:15, as shown in Figure 6.3. The displayed
values seem to be meandering around a fairly constant value of 0.2 between 9:10 and 13:15
for this day [5].
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Figure 6.3: Available AOD from AERONET website at the 15th of October in 2014 [5].

The correlation between RH and ATB for the selected time interval is shown in Figure 6.4.
The colors represent the passage of time, yellow being the beginning of the time interval and
blue the end. A clear correlation can be found as generally the ATB is higher with a higher
RH. The curve in Figure 6.4 seems to behave asymptotically towards RH = 100%. Other case
studies in this paper show similar behavior.

Figure 6.4: Correlation between RH and ATB at the 15th of October in 2014. The ATB data that is used to create this plot are
the 10 minute averages.
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In Figure 6.5, 𝑓ᎏᑒᑥᑥ(𝑅𝐻) is plotted for all RH values below 100% (blue dots) using Equation
3.1. The Hänel function fit is produced using all other data points within the selected time
interval using Equation 3.2, resulting in 𝛾 = 0.8081. For 𝑅𝐻፝፫፲, the lowest RH value for this
day is used.

Figure 6.5: ፟ᒇᑒᑥᑥ (ፑፇ) as function of relative humidity below 100% (blue dots) at 200 meter and its Hänel function fit (red line)
on the 15th of October 2014.

6.1.2. 25th of October

Figure 6.6: ATB height profiles at the 25th of October in 2014.

A general overview of the day is given in Figure 6.6. The time interval for which the RH drops
>30% is indicated in the figure with a white rectangle.
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In Figure 6.7, the RH and ATB at 200 meter are compared. ANCs for aerosols with diameters
between 9.37-516 nm are also provided to give an indication of the influence of ANC on the
ATB. The RH in the selected time interval drops from over 100% to around 70%. The ATB
also drops in this time interval. Like the previous day, the ATB mostly drops in the first hours
while the RH has its largest drop in the last few hours. The ATB is possibly influenced by
the ANC as this also drops in this time interval, however the small rise in ANC in the second
half of the interval is not seen in the ATB curve. AOD data from AERONET for this day is not
available [5].

Figure 6.7: RH and ATB at 200 meter and ANC (diameter = 9.37 - 516 nm) at 60 meter at the 25th of October in 2014.
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The correlation between RH and ATB for the selected time interval is shown in Figure 6.8.
The colors represent the passage of time, yellow being the beginning of the time interval and
blue the end. This curve shows the same correlation as the previous case as generally the
ATB is higher with a higher RH and as the curve also behaves asymptotically towards RH =
100%.

Figure 6.8: Correlation between RH and ATB at the 25th of October in 2014. The ATB data that is used to create this plot are
the 10 minute averages.

In Figure 6.9, 𝑓ᎏᑒᑥᑥ(𝑅𝐻) is plotted for all RH values below 100% (blue dots) using Equation
3.1. The Hänel function fit is produced using all other data points within the selected time
interval using Equation 3.2, resulting in 𝛾 = 0.9342. For 𝑅𝐻፝፫፲, the lowest RH value for this
day is used.

Figure 6.9: ፟ᒇᑒᑥᑥ (ፑፇ) as function of relative humidity below 100% (blue dots) at 200 meter and its Hänel function fit (red line)
on the 25th of October 2014.
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6.1.3. 10th of November

Figure 6.10: ATB height profiles at the 10th of November in 2014.

A general overview of the day is given in Figure 6.10. The time interval for which the RH
drops >30% is indicated in this figure with a white rectangle.
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In Figure 6.11, the RH and ATB at 200 meter are compared. The RH in the selected time
interval drops from over 100% to approximately 70%. The ATB also drops in this time interval,
with the biggest drop in the beginning, similar as in Figure 6.2. The ATB could be influenced
by the ANC as this also drops in this time interval.

Figure 6.11: RH and ATB at 200 meter and ANC (diameter = 9.37 - 516 nm) at 60 meter at the 10th of November in 2014.
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AOD data from AERONET shows a small drop (0.1) from approximately 8:30 to 10:30, followed
by a larger increase (0.15) from 10:30 to 13:00 for this day [5], as can be seen in Figure 6.12.
Until approximately 14:15, the AOD drops again a little. This AOD behavior isn’t really
observed in the ATB curve, except for the drop at the beginning. This again suggests that
the ATB drop is strongly related to the drop in RH.

Figure 6.12: Available AOD from AERONET website at the 10th of November in 2014 [5].

The correlation between RH and ATB is shown in Figure 6.13. The colors represent the
passage of time, yellow being the beginning of the time interval and blue the end. This curve
shows the same correlation as seen in previous cases as generally the ATB is higher with a
higher RH and as the curve also behaves asymptotically towards RH = 100%.

Figure 6.13: Correlation between RH and ATB at the 10th of November in 2014. The ATB data that is used to create this plot
are the 10 minute averages.
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In Figure 6.14, 𝑓ᎏᑒᑥᑥ(𝑅𝐻) is plotted for all RH values below 100% (blue dots) using Equation
3.1. The Hänel function fit is produced using all other data points within the selected time
interval using Equation 3.2, resulting in 𝛾 = 0.3621. For 𝑅𝐻፝፫፲, the lowest RH value for this
day is used.

Figure 6.14: ፟ᒇᑒᑥᑥ (ፑፇ) as function of relative humidity below 100% (blue dots) at 200 meter and its Hänel function fit (red line)
on the 10th of November 2014.
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6.2. Lidar attenuated backscatter ratio: Case studies with constant
RH

In order to examine if significant changes in the ATB signal are observed during periods with
constant RH, time intervals on 5 days with a flat RH are selected, namely the 13th, 25th and
30th of October and the 4th and 12th of November. These time intervals have a maximum
change in RH of approximately 10%. For every day, first an ATB height profiles plot is shown
to give a general impression of the atmospheric situation that day. This is followed by a
backscatter and a RH plot at a height of 200 meter to analyze the correlation. The ANC
for aerosols with diameters between 9.37-516 nm for these days is then provided to give an
indication of the influence of ANC on the ATB. When available, aerosol optical depths from
the AERONET website are also mentioned.

6.2.1. 13th of October

Figure 6.15: ATB height profiles at the 13th of October in 2014.

A general overview of the day is given in Figure 6.15. The time interval for which the RH
stays constant (<10% variation) is indicated in this figure with a white rectangle. Signals
between 6:00 and 8:00 can’t be used to draw any conclusions as the ATB is saturated.
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In Figure 6.16, the RH and ATB at 200meter are compared. ANCs for aerosols with diameters
between 9.37-516 nm are also provided to give an indication of the influence of ANC on the
ATB. The RH in the selected time interval stays between approximately 70% and 80%. The
ATB also stays fairly constant. Even though the ANC is mostly rising in this time interval,
the ATB is not influenced by this change. This suggest that the flat ATB may be attributed
to the fairly constant RH. There is no AOD data available from AERONET for this day [5].

Figure 6.16: RH and ATB at 200 meter and ANC (diameter = 9.37 - 516 nm) at 60 meter at the 13th of October in 2014.
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6.2.2. 25th of October

Figure 6.17: ATB height profiles at the 25th of October in 2014.

A general overview of the day is given in Figure 6.17. The time interval for which the RH
stays constant (<10% variation) is indicated in the figure by a white rectangle.
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In Figure 6.18, the RH and ATB at 200meter are compared. ANCs for aerosols with diameters
between 9.37-516 nm are also provided to give an indication of the influence of ANC on the
ATB. The RH in the selected time interval stays approximately between around 60% to around
70%. The ATB also stays quite constant. The ATB doesn’t seem to be influenced by the ANC
as none of the rises and drops in ANC are seen in the ATB curve. There is no AOD data
available from AERONET for this day [5].

Figure 6.18: RH and ATB at 200 meter and ANC (diameter = 9.37 - 516 nm) at 60 meter at the 25th of October in 2014.
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6.2.3. 30th of October

Figure 6.19: ATB height profiles at the 30th of October in 2014.

A general overview of the day is given in Figure 6.19. The time interval for which the RH
stays constant (<10% variation) is indicated in this figure with a white rectangle.
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In Figure 6.20, the RH and ATB at 200meter are compared. ANCs for aerosols with diameters
between 9.37-516 nm are also provided to give an indication of the influence of ANC on the
ATB. The RH in the selected time interval stays approximately between 90% and 95%. The
ATB also stays almost perfectly constant. The ATB doesn’t seem to be influenced by the ANC
as this is mostly rising in this time interval. There is no AOD data available from AERONET
for this day [5].

Figure 6.20: RH and ATB at 200 meter and ANC (diameter = 9.37 - 516 nm) at 60 meter at the 30th of October in 2014.
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6.2.4. 4th of November

Figure 6.21: ATB height profiles at the 4th of November in 2014.

A general overview of the day is given in Figure 6.21. The time interval for which the RH
stays constant (<10% variation) is indicated in the figure with a white rectangle. Signals
before 2:00 can’t be used to draw any conclusions as the ATB is mostly saturated.
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In Figure 6.22, the RH and ATB at 200meter are compared. ANCs for aerosols with diameters
between 9.37-516 nm are also provided to give an indication of the influence of ANC on the
ATB. The RH in the selected time interval stays approximately between 85% and 95%. The
ATB stays fairly constant. The ATB doesn’t seem to be influenced by the ANC as this slightly
rises until 18:00, after which it slightly drops again. This behavior is not seen in the ATB plot,
however the changes in ANC are very small. There is no AOD data from AERONET available
for this day [5].

Figure 6.22: RH and ATB at 200 meter and ANC (diameter = 9.37 - 516 nm) at 60 meter at the 4th of November in 2014.
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6.2.5. 12th of November

Figure 6.23: ATB height profiles at the 12th of November in 2014.

A general overview of the day is given in Figure 6.23. Almost the whole day was suitable for
the analysis, except the 7:30 - 12:30 interval as ATB signals are mostly saturated.
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In Figure 6.24, the RH and ATB at 200meter are compared. ANCs for aerosols with diameters
between 9.37-516 nm are also provided to give an indication of the influence of ANC on the
ATB. The RH in the selected time interval stays approximately between 80% and 90%. The
ATB stays fairly constant. The ATB doesn’t seem to be influenced by the ANC as the drops
and rises in aerosols aren’t shown in drops and rises in ATB. There is no AOD data from
AERONET available for this day [5].

Figure 6.24: RH and ATB at 200 meter and ANC (diameter = 9.37 - 516 nm) at 60 meter at the 12th of November in 2014.



7
Conclusion and Recommendations

By comparing relative humidity (RH) and attenuated backscatter ratio (ATB) data, an attempt
is made to better understand the process of aerosol hygroscopic growth. By using a ground
based ceilometer, hygrometer and Scanning Mobility Particle Sizer (SMPS) technology during
the ACCEPT campaign at Cabauw, a high temporal resolution, continuous measurements
and the possibility to compare the data with ancillary information produced on the same
location is obtained.
During the three time intervals with a rise or drop in RH >30% that are studied in this paper
(being the 15th and 25th of October and 10th of November 2014), a clear correlation is found
between RH and ATB values. The asymptotic behavior seems to resemble the Köhler curve
(Figure 3.2), when a direct relation between aerosol diameter and ATB is assumed. For the
five time intervals with constant RH (<10% variation) that are studied in this paper (namely
the 13th, 25th and 30th of October and the 4th and 12th of November 2014), no large changes
in ATB signal are observed. This also points towards a clear correlation between RH and ATB
values.
As the aerosol number concentration (ANC) could also influence ATB values, ANC values for
particles with diameters between 9.37-516 nm are taken into account. Although these small
particles are not expected to have a large influence on the ATB, these values are used as
indication of the influence ANC could have on ATB. For more data on ANC, aerosol optical
depth (AOD) values are take into account as well, consulted from the AERONET (aerosol
robotic network) website. Unfortunately, not all days had sufficient AOD data to draw addi-
tional conclusions. So far, no definite conclusions can be drawn on the influence of ANC on
ATB for these case days. The data that was available however didn’t point towards a strong
correlation between ANC and ATB for the analyzed time intervals.
The scattering hygroscopic enhancement factor derived for the three time intervals with a
rise or drop in RH >30% (being the 15th and 25th of October and 10th of November 2014).
These give similar 𝛾 values as reported in previous studies [7], namely 0.8081, 0.9342 and
0.3621 for the three respective time intervals. As all used RH values lie between 60% and
100% (after all RH > 100% values are removed), the lowest RH value per day is used as 𝑅𝐻፝፫፲.
The aerosols are not expected to be completely dry at RH values between 60% and 70% but
haven’t grown too much for an estimation of the scattering hygroscopic enhancement factor.

For further research, more representative ANC data is recommended to better understand
the relation between ANC and ATB. Also the use of chemical composition data of the aerosols
can give more clarity on the exact correlation between RH and ATB. For the derivation of
the scattering hygroscopic enhancement factor, it is advised to use case studies that have
a larger range in RH values, for example from 30% to 100%. This way, aerosols that are
completely dry can also be taken into account. As a correlation between RH and ATB is now
only demonstrated in three examples, it is also recommended to study a longer period of time
to collect more suitable data for further analysis.
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A
Supervisor Meetings

A.1. Overview of meetings with supervisors
14-09-2017 & 27-10-2017 Exploratory meetings with Herman Russchenberg
14-11-2017 & 16-11-2017 ACTRIS
20-11-2017 Kick-off meeting with Herman Russchenberg, Dimitra Ma-

mali and Stephanie Rusli
01-12-2017 Work plan meeting with Herman Russchenberg and Dimi-

tra Mamali
20-12-2017 Midterm meeting with Dimitra Mamali

A.2. Exploratory meetings with Herman Russchenberg
Before this meeting, I was not sure yet whether I wanted to do my bachelor thesis at Geo-
science & Remote Sensing. Herman’s thesis proposal was to study the influence of aerosols
on cloud properties. We mainly discussed the basics of aerosol-cloud interaction as I had no
prior knowledge on this subject. With a better view on the overall topic I left the meeting. A
few weeks later I decided to go with the topic and requested some general reading material on
aerosol-cloud interaction. Herman sent me two recent papers by Karolina Sarna and himself
on ground-based remote sensing for monitoring aerosol–cloud interactions.
The second exploratory meeting, Herman and I discussed the papers I had read and some
thoughts more specific research topics. He wasn’t available during the first week of quarter
2 as the ACTRIS conference was in Delft that week. Herman invited me to join two mornings
of ACTRIS to gain inspiration on a research topic.

A.3. ACTRIS
The first morning of ACTRIS I joined was about Aerosol Remote Sensing. I met my second
supervisor here, Dimitra Mamali. She provided me with some extra general reading material
on aerosol cloud interaction.
The second morning was on Clouds, Aerosol and Trace gases Remote Sensing. Herman
introduced me to Stephanie Rusli, she would be able to help me with my thesis as well.
During this science session, Martial Haeffelin presented his research on investigating aerosol
hygroscopic enhancement factors by combining automatic remote sensing instrumentation
and chemical characterization, which would be of great inspiration for my thesis topic.

A.4. Kick-off meeting with Herman Russchenberg, Dimitra Mamali
and Stephanie Rusli

During the kick-off meeting, we discussed Martials ACTRIS presentation and the topic of
relating relative humidity with the lidar backscatter ratio. Dimitra and Stephanie would help
me with acquiring and processing data. CESAR data could be used, additional information
could be found in the data from the ACCEPT campaign in 2014. We agreed that I would send
Herman a planning proposal in two days to define the subtopics I would be looking into and
to fit them in the eight weeks at hand.
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A.5. Work plan meeting with Herman Russchenberg and Dimitra
Mamali

During the work plan meeting, we discussed the planning I made and the upcoming midterm
presentation. Herman and Dimitra posed some difficult questions where I should have a
sharp answer to during the presentation. As I started one week later than other students,
we decided I would mostly present the importance of my research and the steps I was going
to take. We also discussed my progress so far, as I analyzed the relative humidity during the
42 days of the ACCEPT campaign and selected 8 days with a big (>30%) drop or rise within
one day. Herman warned me that I shouldn’t only look at those 8 days as I would steer to
much towards an answer, I should keep all options open and take all 42 days into account.

A.6. Midterm meeting with Dimitra Mamali
With both supervisors not being in the Netherlands during the midterm meeting week, I
had a skype meeting with only Dimitra to discuss my progress. After selecting the Relative
Humidity data with a big drop or rise, I look at the attenuated backscatter ratio of these 8
days. We planned to use CT75 ceilometer data but it turned out to be shut down in 2013
due to a strongly decreased sensitivity. Henk Klein Baltink, KNMI scientific staff working at
CESAR provided me with LD40 ceilometer data for 2014. The data was a bit blocky for low
backscatter values, so I averaged the backscatter in intervals of 5 and 10 minutes. During
the midterm meeting we compared the relative humidity plots and the (averaged) attenuated
backscatter ratio plots to see whether there was a relation. We decided that I should zoom
in more on the actual hours during the day where the RH drop or rise is to make a better
comparison.
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