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dDpto. F́ısica Aplicada, Universidad de Granada, Fuentenueva s/n, Granada, España;

ABSTRACT

Aerosol hygroscopicity is a property that reveals the ability of an aerosol particle to grow under increasing
values of relative humidity. The hygroscopic behavior has a significant effect on radiative properties of aerosols,
and therefore on cloud formation, aerosol-cloud interaction and, consequently, on the Earth’s climate. In this
work, a Raman LIDAR is used to determine the hygroscopic growth factor fβ(RH) under unperturbed, ambient
atmospheric conditions in a well-mixed boundary layer in São Paulo metropolitan city.

To this aim, the water vapor mixing ratio (required to derive the hygroscopic growth factor) was independently
obtained by radiosoundings and Raman LIDAR (after the corresponding calibration using radiosoundings), and
the hygroscopic growth factor was determined using both instruments.

There is a good agreement between the values obtained by the LIDAR and by the radiosoundings, although many
uncertainties still remain in the hygroscopic growth factor determination. It suggests that the Raman LIDAR
method can provide useful measurements of the dependence of aerosol optical properties on relative humidity
and under conditions closer to saturation.
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1. INTRODUCTION

The size increase of aerosol due the water uptake has important effects on direct radiation scattering (direct
effect), but it has also influences on indirect effects, related to the capacity of this aerosol population to act as
CCN (cloud condensation nucleai) - i.e. the ability of an aerosol particle to grow its liquid water content and form
cloud droplets.1 As the relative humidity (RH) of the environment increases, condensation of water vapor may
occur over aerosols, depending on their physical, chemical and thermodynamical properties. This phenomenon
leads to an increase of the particle size (hygroscopic growth) and consequently causes changes in the particle
refractive index and other particle optical properties.2 Therefore, significant variations in the backscattered
signal detected with a LIDAR are expected when changes in RH are observed. This is particularly true for high
RH values, where hygroscopic growth of aerosols is more pronounced.3

Numerous experimental studies of aerosol scattering and relative humidity have been performed in laboratory
using a well-known aerosol population in terms of chemical nature.4 In situ experiments using nephelometers
were also useful to study of this property.5,6

The remote sensing technique using LIDAR has several advantages over other methods on measuring hygroscopic
growth. Foremost, the fact that this remote sensing system is able to measure changes in backscattering under
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unperturbed atmospheric conditions, besides the fact that the range of measurements can be extended to very
close to saturation,7 as the traditional methods using nephelometers can not expose dry samples of particles to
a relative humidity over 85% (the region where particles experience their most noticeable growth). The main
disadvantage is that the aerosol population can not be controlled and specific atmospheric conditions must be
present, namely, when the atmosphere is well mixed and there is the same aerosol population at least in a
portion of the profile where a widely change in RH can be observed. These conditions ensure that any changes
in backscattering are due to water uptake by the particles.7

2. METHODOLOGY

2.1 Instrumentation

2.1.1 System Setup

The LIDAR system used in this study is called MSP-Lidar I (LIDAR do Munićıpio de São Paulo) and belongs to
the Latin America LIDAR Network (LALINET - http : //lalinet.org/). It is a multiwavelength Raman LIDAR
operated by the Lasers Environmental Applications Research Group at the Center for Lasers and Applications
(CLA), Nuclear and Energy Research Institute (IPEN) in São Paulo (−23◦ 56’ S, 46◦74’ W, 740 m above sea
level). It is a monoestatic coaxial system, pointed vertically to the zenith and using a commercialized Nd:YAG
laser by Quantel, model Brilliant B, with a fundamental wavelength of 1064 nm, and generating second and third
harmonics, 532 nm and 355 nm, respectively, at a repetition rate of 10 Hz. The output energy per pulse is 850
mJ for 1064 nm, 400 mJ for 532 nm and 230 mJ for 355 nm. The pulse duration is 6 ± 2 ns.

Figure 1: The MSP-LIDAR I

The laser beam has an average diameter of 9 mm and is directed to a beam expander (expands the three
wavelengths), which increases the beam diameter about 5 times, with a divergence of less than 0.1 mrad. The
expanded laser beam is then directed to the atmosphere through a second set of mirrors (periscope).

A 30 cm diameter telescope (Focal length of 1.5 m) is used to collect the backscattered laser light. The telescope’s
field of view (FOV) can be adjusted until a desirable value of 0.1 mrad is reached, using a small diaphragm. The
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system is currently used with a fixed FOV of 0.1 mrad, which permits a full overlap between the telescope FOV
and the laser beam at altitudes higher than 1000m m above the ground level. This FOV value, in accordance
with the detection electronics, permits the probing of the atmosphere up to the free troposphere.

The detection box collects the backscattered wavelengths and separates them into 6 different channels (the elastic
355 nm and the corresponding shifted Raman signals: nitrogen 387 nm, and water vapor, 408 nm; the elastic 532
nm and the corresponding shifted Raman signals: nitrogen 607 nm and water vapor 660 nm) using a combination
of high-pass and low-pass filters. Each separated beam is directed to narrowbands spectral interference filters
(532±1.0 nm FWHM, 355±1.0 nm FWMH, 387±0.25nm FWMH, 408±0.25 nm FWHM, 607±0.25 nm FWHM,
660±0.25 nm FWHM) and then directed to photomultipliers tubes (PMTs). R7400 photomultiplier tubes from
Hamamatsu are used for all channels, except for 607 and 660 nm, where R9880U-20 are used. The R9880U-20
has a better quantum efficiency (around 20%) at range 550 - 700 nm, improving the signal to noise ratio of the
weak Raman signal at theses wavelengths.

The PMT signals are digitized by a transient recorder TR 20-80/160 for 532 nm, TR 20-160 for 355, 387 and 408
nm, TR 20-40 for 607 and 660 nm, all supplied by LICEL. They are recorded in both analog and photoncounting
mode. Corrections of background noise and the dark current are applied before analysis.

In this work, we only use the 355 channel and corresponding Raman channels for water vapor and nitrogen. The
reason for this choice is that at this wavelength the atmospheric transmission is higher, improving the signal to
noise ratio for the Raman channels.8 Data were acquired during nighttime (from 21:00 UTC to 00:00 UTC) and
integrated every 5 minutes. The vertical spatial resolution is 15 meters.

Table 1: Sumarized Setup of the MSP-LIDAR I

Laser

Laser type Nd:YAG Laser (Brilliant B by Quantel)

Wavelengths 355, 532 nm

Pulse energy 230 mJ (355 nm), 400 mJ (532 nm)

Repetition rate 10 Hz

Pulse duration 6 ns

Receiver

Optical design 30-cm diameter Newtonian telescope

Focal length 1.5 m

Field of view 0.1 mrad

Transient recorder Licel TR20-80/ TR20-160/ TR20-40

Photoncounting count rate 250 MHz

2.1.2 Radiosoundings

To obtain information about the relative humidity, profile data from radiosounding were used. The soundings
(Vaisala RS-92) are launched twice a day, at 12:00 UTC and 00:00 UTC and are distant about 12km from the
place where the MSP-LIDAR I is located (Campo de Marte Airport, (−23◦ 30’ S, 46◦38’ W, 722 m above sea
level). From the radiosondings, profiles of temperature and pressure (used to derive RH from LIDAR) can be
obtained, and also water vapor mixing ratio profiles, used for calibration of the LIDAR. In this study, data
obtained by the 11 September 2012 00:00 UTC sonde were used. Data were available from the University of
Wyoming at weather.uwyo.edu/upperair/sounding.html.

2.2 Calibration

The methodology to obtain water vapor mixing ratio retrievals from the Raman LIDAR is described in Whiteman
at al (1992),8 Guerrero-Rascado et al. (2008)9 and Navas-Gusman et al. (2014).10 The determination of water
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vapor mixing ratio (WVMR) profiles is based on the ratio of the Raman signal obtained by water vapor channel
and nitrogen channel, applying corrections for atmospheric nitrogen percentage and for differential transmission
of the atmosphere in the two scattered wavelengths. As this is a ratio between the two channels (dimensionless),
it depends on calibration in order to have access to the real water vapor mixing ratio. Methods for independent
calibration using a light source of known spectral characteristics may be used,11,12 and radiosoundings are widely
used when available.13,14 For 10 September 2012, a WVMR profile obtained from the Campo de Marte Airport
00:00 UTC radiosounding were used for the LIDAR calibration, using an algorithm that compares the WVMR
values obtained by the LIDAR with the values obtained by the radiosounding and performs a iterative linear
regression.10 The calibration constant obtained for this particular day is 2.1±0.3 g/kg. At low altitudes, the
differences between the LIDAR and the sounding are more expressive, and this difference can arise from the
fact the compared profiles are 12 km distant from each other, and inside the the PBL differences can appear
in this spatial scales. As altitude increases, the atmosphere is more homogeneous (in horizontal distances),
so the agreement is better. Figure 2b shows the percentual deviation of the WVMR values obtained by both
instruments, and the mean percent deviation is 6.62%
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Figure 2: WVMR obtained by the LIDAR after calibration and comparison with the values obtained by the
radiosounding. The percentage difference shows that the major differences are in the region where next to the
ground and in higher altitudes, where Raman LIDAR signal has a low signal-to-noise ratio

2.3 Obtaining RH profiles using a combination of LIDAR and radiosounding

Computing RH by the combination of the LIDAR and the radiosounding increases the vertical resolution of RH
that, in turn, will allow to have more datapoints to perform the computation of hygroscopic growth factor. It
also increases the temporal resolution of data since the LIDAR technique allows continuous measurements in
time, while the radiosoundings are launched twice a day.The calculation of RH profiles using LIDAR WVMR
follows the formulation:10,15
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RH(z) =
E(z)

Ew(z)
(1)

where RH is the relative humidity, E(z) is the vapor pressure and Ew(z) is the saturation vapor pressure. The
vapor pressure is a function of pressure, according to the following equation:

E(z) =
P(z)WVMR(z)

0.622 +WVMR(z)
(2)

with P in [Pa] and WVMR in [kg/kg]. The saturation vapor pressure is a function of temperature. There are
many empirical formulations to derive saturation vapor pressure,16 and in this work we used the Hyland-Wexler
equation, with T in [K] and P in [Pa]:

logE(z) =
−0.58002206(104)

T
+ 0.13914993(101)−

0.48640239(10−1)

T
(3)

+
0.41764768(10−4)

T 2
−

0.14452093(10−7)

T 3
+ 0.65459673(101) log(T )

In equation 2 and equation 3 pressure and temperature are obtained from the radiosounding.

Figure 3 shows the comparison between the RH profiles obtained by LIDAR and radiosouding. In figure 3b
the percentage difference shows a good agreement between both instruments until 2000 m (mean percentage
difference 95%). Above this altitude, the differences are large (mean percentage difference 38.6%). This can be
explained by the low signal-to-noise ratio of the LIDAR signal at this high)

2.4 Conditions to study hygroscopicity

As described by Veselovskii et al (2009),7 the ideal condition to evaluate the hygroscopic growth of particles
is under a well-mixed atmosphere, with a constant water vapor mixing ratio and potential temperature, and
increasing values of RH with altitude. These conditions ensure that any changes in backscattering are due to
changes in the size because of water uptake by the particles, and not to changes in the aerosol population. For
10 September 2012, those conditions were verified using data from the radiosounding. Figure 4 shows that the
atmosphere presented a constant WVMR and increasing values of RH (from 30% to 70%) from the ground level
until approximately 2800m. The same conditions were verified with the LIDAR derived RH and WVMR (figure
5b and figure 5c). Figure 5a shows the vertical backscatter profile measured by the MSP-LIDAR I. It can be
seen an increase of the backscatter signal from 1440 to 2800 m.This increase is expected to be from the growth
of the aerosol particles by water uptake. It is observed a sharp increase with altitude in the aerosol backscatter
coefficient between 1800 and 2430 m, suggesting more intense hygroscopic growth of the aerosol particles.

2.5 The hygroscopic growth factor

The hygroscopic growth factor fβ(RH) ins defined in the following equation:

f(RH) =
β(RH)

β(RHref )
(4)

where all the values of backscatter above a certain height are compared with a reference one. The reference height
is chosen at the point with the lowest value of relative humidity in the height range where aerosol hygroscopic
growth is expected (i.e. where the backscatter increases with altitude). For 10 September 2012, the reference
point was 1560 m, where the relative humidity was equal to 48% (LIDAR) and 45% (sonde), and the cutting
edge point was 2400 m, where the RH was 64% both for LIDAR and sonde.
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Figure 3: Comparison between the calculated RH obtained by the LIDAR and the radiosounding

There is an empirical parameter that is an estimation of how fast the aerosol population can grow under increasing
RH values. This is called the g factor,5,6 and is related to the hygroscopicity of aerosol particles, being larger
for more hygroscopic particles.17,18 Following Hanel (1976),2 the hygroscopic growth of the aerosol particles can
be parametrized, using the equation:

β(RH)

β(RHref )
= (

1−RH

1−RHref

)−g (5)

2.6 Normalization

As the range in RH where the hygroscopic growth factor from LIDAR and radiosounding were determined is
small, a normalization of fβ(RH) using 40% as the reference relative humidity was performed, using equation
4, in order to compare the results to other in situ studies (that used 40% RH as the dry condition and 85% as
the maximum humidity). The value obtained for g without parametrization was used to obtain fβ(40%) and
the results of the previous adjustment were divided by this value. Then a new adjustment was performed and
fβ(85%) could be calculated. The results are presented in the next section.

3. RESULTS AND DISCUSSIONS

Even if the conditions for hygroscopic growth were present since the ground level, backscattering values started
to grow only above 1800 meters. This can be explained because at this point the RH started to be greater than
50% and from previous studies19 it is known that the growth of the particles is more pronounced in higher levels
of relative humidity, specially next to saturation. In this work, the interval of RH where the hygroscopic growth
factor could be evaluated is quite small, and it was not possible to verify the growth next to saturation. In this
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Figure 4: Vertical profile of the backscatter coefficient, RH andWVMR obtained using the sonde for 10 September
2012
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Figure 5: Vertical profile of the backscatter coefficient, RH and WVMR obtained using the LIDAR for 10
September 2012

range, the maximum enhancement was next to 1.2, but the theoretical curve suggests that with this value of g,
the enhancement would me more than 2 next to the saturation.

The following humidrograms show the hygroscopic curves for 10 September 2012 before and after normalization.
Using the normalized function, the fβ(85%) obtained with the LIDAR was 1.58 and the fβ(85%) obtained with
the sonde was 1.75

Those values are in agreement with other studies. Zieger at al (2013)20 found a range of fβ(85%) from 1.28 for
Saharan to 3.41 for Artic aerosols. For the g factor, Randriamiarisoa et al (2005)21 found values between 0.47
and 1.35 for urban aerosols over Paris (but using aerosol scattering coefficient instead of backscattering). Gasso
et al (2000)22 reported values between 0.27 and 0.6 for polluted and clean marine aerosols.

During the winter/dry season Metropolitan Area of São Paulo can experience episodes of strong stable layer
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Figure 6: g factor obtained before and after parametrization for LIDAR and sonde for 10 September 2012

between the boundary layer and the free troposphere.23 Other study indicates the presence of biomass burning
aerosol present at the Metropolitan area of São paulo during this period of September of 2012.24

The growth factor total uncertainty is very difficult to determine since it is highly dependent on the uncertainties
of the aerosol properties and the RH, on the range of RH considered as well as the hygroscopic growth of the
particle itself and therefore it is not well characterized yet. Adam et al., (2012) provided estimations based on
a sensitivity test and Mie calculations. According to their study, this uncertainty varies between 4% (for RH ≤

40%) and 38% (at RH ≥ 95%).25

4. CONCLUSION

This work shows that LIDAR system can be a useful tool for measurement of aerosol growth, particularly at
high RH levels. Even if there are many uncertainties in the determination of the g factor, and to the best of our
knowledge never in the literature a study was performed with enough cases to have statistics using the LIDAR,
this study shows an application of this technique. Also, other instruments could be applied in synergy with the
LIDAR system to help to help with the determination of optical parameters (such as sunphotometer) or chemical
composition.
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