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Abstract

Relative humidity (RH) influences the water content of aerosol particles and therefore
has an important impact on the particles’ ability to scatter visible light. The RH depen-
dence of the particle light scattering coefficient (σsp) is therefore an important measure
for climate forcing calculations. We built a humidification system for a nephelometer5

which allows the measurement of σsp at a defined RH in the range of 40–90%. This
RH conditioner consists of a humidifier followed by a dryer, which enables us to mea-
sure the hysteresis behavior of deliquescent aerosol particles.

In this paper we present the set-up of a new humidified nephelometer, a detailed
characterization with well defined laboratory generated aerosols, and a first application10

in the field by comparing our instrument to another humidified nephelometer.
Monodisperse ammonium sulfate and sodium chloride particles were measured at

four different dry particle sizes. Agreement between measurement and prediction
based on Mie theory was found for both σsp and f (RH)=σsp(RH)/σsp(dry) within the
range of uncertainty. The two humidified nephelometers measuring at a rural site in the15

Black Forest (Germany) often detected different f (RH), probably caused by the aerosol
hysteresis behavior: when the aerosol was metastable, therefore was scattering more
light, only one instrument detected the higher f (RH).

1 Introduction

Atmospheric aerosols influence the Earth’s radiation budget both directly and indirectly.20

The change in the Earth’s radiative balance due to aerosol light scattering and absorp-
tion is called the direct aerosol effect. The radiative forcing can be negative or posi-
tive, depending on the chemical and microphysical properties of the involved aerosols
and the Earth’s surface albedo. The current global anthropogenic impact of the di-
rect aerosol effect is estimated to be −0.5 (±0.4) Wm−2, compared to the total anthro-25

pogenic radiative forcing of +1.6 (+0.6 to +2.4) Wm−2 (IPCC, 2007). The total aerosol
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forcing uncertainty is substantially larger than that of greenhouse gases (+0.8/−1.5
vs. ±0.27 Wm−2) (Ramanathan et al., 2001; IPCC, 2007).

In this paper we will focus on the aerosol light scattering coefficient σsp and how it is
influenced by the relative humidity (RH) in the atmosphere. Wet aerosol particles are
larger than their dry equivalents, therefore they scatter more light, which has a direct5

influence on the radiative forcing (White and Roberts, 1977; Tang et al., 1981; Sloane,
1984). However, the water content of the air, expressed in RH, does not always deter-
mine alone if a chemically defined aerosol particle is liquid or solid. For deliquescent
aerosols, which can exist in two phases at the same RH, known as hysteresis (Orr Jr. et
al., 1958), the RH history determines the aggregate state. Pure deliquescent aerosols10

undergo a sudden phase transition from solid to liquid in response to increasing RH.
This phase transition occurs at a defined RH, called deliquescence relative humidity
(DRH). Once the RH is above the DRH and the particle is liquid, decreasing RH does
not make the particle recrystallize at the DRH. The particle solute concentration be-
comes supersaturated resulting in a metastable state until the RH decreases below a15

critical value at which recrystallization occurs. This RH is called efflorescence relative
humidity (ERH). Mixed deliquescent aerosols can exhibit one or more phase changes
as shown by Tang and Munkelwitz (1993). If the particles are not deliquescent but
hygroscopic they grow or shrink monotonically with increasing or decreasing RH.

Rood et al. (1989) found that metastable droplets existed more than 50% of the time20

in the atmosphere at three different locations in the USA. 5–15% of the total particle
scattering was attributed to metastable liquid water for RH values between 45 and 75%.

The scattering coefficient, σsp can be measured by sampling ambient air into an inte-
grating nephelometer. To ensure comparability between different GAW (Global Atmo-
sphere Watch) stations, the World Meteorological Organization (WMO) recommends25

to measure σsp at RH below 40% (WMO/GAW, 2003). Furthermore, WMO recom-
mends to measure σsp as a function of RH. This measurement is needed to model the
direct climate forcing by aerosol particles (Charlson et al., 1992; Schwartz, 1996) and
is an important input parameter for models (Boucher and Anderson, 1995; Pilinis et al.,
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1995; Nessler et al., 2005). The information about the aggregation state improves the
result of such model calculations.

Many ambient measurements of the light scattering enhancement factor
f (RH)=σsp(RH)/σsp(dry) were performed during the last 40 years (Covert et al., 1972;
Sheridan et al., 2001; Eldering et al., 2002; Kim et al., 2006; Haywood et al., 2008;5

Yan et al., 2009), but just a few included measurements on the metastability of aerosol
particles (Rood et al., 1987; Carrico et al., 2003; Wang et al., 2007).

Since data about the aggregate state (liquid or solid) of the aerosol is still scarce,
we built a humidification system for a nephelometer that allows for the measurement of
σsp at a defined humidity in the range of 40 to 90% RH. The system is able to measure10

the hygroscopic aerosol behavior and hysteresis effects and it can be continuously and
remotely operated with very little maintenance. This paper discusses the experimental
set-up of this instrument and a characterization with laboratory aerosols. In the second
part we present a comparison of our instrument with another humidified nephelometer,
which is, to our knowledge, the first direct comparison of two humidified nephelometers15

in the field.

2 Experimental methods

2.1 Set-up of the humidified nephelometer

We built a new humidification system for a three-wavelength (450, 550, 700 nm) to-
tal/ backscatter integrating nephelometer (TSI Inc., Model 3563). Figure 1 shows the20

instrumental set-up. First, the aerosol enters a humidifier, which consists of a Gore-

Texr tube (diameter=1 cm, length≈40 cm), which is surrounded by a thin water layer
in a heatable metal tube. Water temperature is controlled by a PID- (proportional-
integral-derivative) controller that uses the reading of an RH sensor (RH3) as input.
The humidifier is able to increase the RH to values of up to 95% at the applied flow25

rate of 16.6 liters per minute (lpm) (the maximum temperature of the aerosol at the
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exit of the humidifier is <32◦C to avoid volatilization losses). Next, the aerosol passes
through a dryer, whose efficiency is monitored by another RH sensor (RH4). The dryer
consists of a single Nafion tube (Perma Pure LLC) with an inner diameter of 1.7 cm and
a length of 1 m. The aerosol flows through the inner part of the tube and can be dried
by adjusting the flow and accordingly the pressure (200 mbar to ambient pressure) of5

an air stream around the Nafion tube (not shown in Fig. 1). At 16.6 lpm the dryer is
capable of reducing the RH from 85% to 55% at room temperature. Then, σsp of the
aerosol particles is measured by the nephelometer at a monitored temperature and RH
(temperature sensor T5, RH5 and dew point sensor DPS).

A mass flow controller (MFC) regulates the air flow through the nephelometer. When10

the aerosol is humidified, the inlet volumetric flow will change slightly (e.g. by about
−1.5% at 85% RH). To avoid RH dependent variations of the inlet flow rate, we pro-
grammed the set point of the mass flow controller such that the volumetric flow at the
inlet of the humidified nephelometer system is constant (16.6 lpm), independently of
how much water vapor is added and removed by the RH conditioning unit. We did15

not correct for changes in the aerosol concentration due to dilution (enrichment) ef-
fects by adding (removing) water vapor because this bias is small (<3% at T=20◦C and
1000 mbar).

Combined temperature and capacitive RH sensors (Rotronic HygroClipS, accuracy
±0.3◦C and ±1.5% RH, according to the manufacturer) are used throughout the sys-20

tem to measure air temperature and RH, respectively (see Fig. 1). We moved the
original RH and T sensor in the nephelometer (described by TSI as the sample RH) to
the nephelometer inlet and replaced it with a Rotronic HygroClipS which has a higher
accuracy than the original sensor (the original sensor overestimates RH by up to 15%
RH at high RH). However, the temperature measurement by the TSI sensor is neces-25

sary for the nephelometer calibration and was therefore kept in the system. In addition,
a dew point sensor (DPS) (Edge Tech, Model 2000 Dewprime DF, accuracy ±0.1◦C)
measures the dew point temperature in order to calculate (together with T5) the RH
inside the nephelometer accurately. Due to the relatively long response time of DPS
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(up to several minutes) these RH readings were only applicable during stationary RH
conditions. As an accurate RH measurement is crucial for such instruments, all RH
sensors are calibrated every two months in the RH range of 11 to 98% by measur-
ing RH over various saturated salt solutions (LiCl, NaCl, (NH4)2SO4, K2SO4). Within
four subsequent calibrations the slopes between expected and measured RH range5

between 0.956 and 1.019, with a R2>0.99.
In the unmodified nephelometer, the heat of the halogen lamp (75 W) causes a tem-

perature difference of about 4.5◦C between the inlet and the sensing volume of the
nephelometer (T5–T4) at 16.6 lpm. Consequentially, the RH in the sensing volume de-
creases from e.g. 90% RH to about 70% RH. In our set-up we reduced this temperature10

difference to less than 1◦C with the following modifications: An air-cooled infrared filter
(KPF65, Filtrop AG with >90% transmission for wavelengths between 420 and 760 nm)
was placed between the lamp and the sensing volume. On the outside of the sensing
volume cooling fins enlarge the surface, where four additional blowers surround the
nephelometer and adjust its temperature close to room temperature.15

Aerosol passing through the system encounters the highest RH just before the dryer
(RH3). RH is then lowered by the dryer, and lowered further in the nephelometer be-
cause of the ∼1◦C temperature increase. As a consequence, substances that may exist
in two phases deliquesce if their DRH is exceeded before the dryer. These particles will
remain liquid even if the RH is subsequently lowered on the way to the nephelometer.20

Since we refer to this lower RH in the nephelometer in all our figures, the deliques-
cence step change appears at a lower RH than the literature value. As an example for
this phenomenon, Fig. 2 shows a measured humidogram of f (RH) for sodium chloride,
where the x-axis represents the RH in the nephelometer and the color scale repre-
sents the RH at the most humid location (RH3). The literature value for DRH of sodium25

chloride is 75.3% RH (at 298 K) (Tang and Munkelwitz, 1993). The measured phase
transition occurs at RH(RH3)=75%, but appears at the lower sample RH of about 70%
in the nephelometer. Due to the limited drying capability of the dryer, the ERH could
not be determined during this experiment.
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We define two different operating conditions for the humidified nephelometer: hydra-
tion and dehydration. Hydration is when the dryer is turned off and the RH within the
instrument is monotonously rising to the entrance of the nephelometer (see Fig. A1a
in the Appendix). We define dehydration in a similar manner: at the exit of the hu-
midifier (at RH3) the aerosol particles are exposed to RH>80%. In the following, they5

encounter a lower RH in the dryer, which is now turned on (see Fig. A1b).
The residence time of the aerosol at high RH depends on the operating conditions.

During hydration the aerosol experiences ∼3 s at high RH before entering the neph-
elometer while during dehydration this time is shortened to ∼1 s.

2.2 Laboratory measurements of monodisperse inorganic aerosol particles10

Well defined aerosols, ammonium sulfate ((NH4)2SO4) and sodium chloride (NaCl),
were generated by nebulizing the corresponding aqueous salt solutions (concentra-
tion=10 g/l) with a nebulizer (model TSI 3076). The dried aerosol particles (RH<10%)
were fed to a DMA (differential mobility analyzer) for selection of a specified particle
electrical mobility (singly charged particles with diameter D=100 nm, 150 nm, 240 nm15

and 300 nm). The quasi monodisperse aerosol (0.3 lpm) exiting the DMA was mixed
with filtered room air (17.2 lpm), and the resulting air flow was split for a CPC (conden-
sation particle counter, TSI 3010, 0.9 lpm) and the humidified nephelometer (16.6 lpm).
Between every RH cycle of the humidified nephelometer an SMPS (scanning mobil-
ity particle sizer) measured the polydisperse dry number size distribution entering the20

DMA in the diameter size range of D=14 to 791 nm. With these data we calculated the
size distribution of the quasi monodisperse aerosol at the entrance of the nephelome-
ter, including the number of singly, doubly and triply charged particles. Even though
multiply charged particles are considerably less numerous than the singly charged
ones they can significantly contribute to light scattering due to their larger size. The25

percentage of doubly and triply charged particles in terms of numbers ranged from 9.5
to 24%, and from 1.5 to 6%, respectively.

During the time that a RH cycle took place, the number concentration of the quasi
2167
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monodisperse salts changed slightly (maximum 15%). Therefore σsp was normalized
by the measured total particle number concentration.

For comparison with theoretical σsp values a model based on Mie theory was used.
The particles were assumed to be spherical with a homogeneous composition. As-
suming spherical particles is justified for this application, since the influence of non-5

sphericity on σsp is less than ±5% for cubic salt particles smaller than 1µm (Chamail-
lard et al., 2006). The core Mie routine is based on the code of Bohren and Huffmann
(2004). As inputs for the prediction the dry DMA size distribution, the complex refractive
index and the RH in the nephelometer were used. The influence of the water uptake
on the particle diameter was calculated by using the hygroscopic growth factors from10

Topping et al. (2005). For the wet refractive index a volume weighting between the
refractive indices of water and the according salt was chosen.

Particle losses in the humidifier and dryer were determined with monodisperse
aerosol and accounted for in the prediction of σsp. At the standard flow of 16.6 lpm
the particle losses are 5, 3.5, 2.5 and 2.5% for D=100, 150, 240 and 300 nm, respec-15

tively.
For both the measured and the theoretical scattering coefficients σsp we calculated

the light scattering enhancement factor f (RH):

f (RH)=
σsp(RH)

σsp(RH=dry)
. (1)

The model output uncertainty of σsp and f (RH) was determined by recalculating σsp20

with errors added to each input parameter (RH (±2%), D (±2 nm), number concen-
tration N (±10%); the error of the complex refractive index was neglected). Resulting
typical errors of f (RH) are up to ±50% for the 100-nm size particles and ±20% for the
300-nm particles. The most dominant source of uncertainty for σsp is the number size
distribution of the quasi monodisperse aerosol, whereas for f (RH) the correct RH in the25

nephelometer is crucial.
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2.3 Field measurements

To compare our humidified nephelometer (PSI humidified nephelometer, Paul Scherrer
Institute) with the humidograph of DOE/ARM (US Department of Energy Atmospheric
Radiation Measurements), we operated the two instruments in parallel for about one
month (9 to 31 August 2007). The DOE/ARM humidograph consists of two integrating5

nephelometers (TSI Inc., model 3563) with a humidifier in between them (Carrico et
al., 1998). σsp is measured by the first nephelometer at low-RH conditions and by the
second at varying RH. No dryer is employed in this instrument (hydration mode only)
and the residence time of the aerosol at high RH before entering the nephelometer is
∼0.2 s. The thermal gradient across this nephelometer is minimal.10

This instrument was running at the DOE/ARM Mobile Facility (AMF) in the context of
the Convective and Orographically Induced Precipitation Study (COPS) field campaign
in Heselbach (Black Forest, Germany) from March to December 2007 (Wulfmeyer et
al., 2008).

During the comparison both systems got their samples from the 12-m high commu-15

nity inlet of the AMF. The DOE/ARM system sampled with 30 lpm volumetric flow rate
whereas the PSI humidified nephelometer ran at a flow rate of 16.6 lpm. Upstream
of the PSI humidified nephelometer the air stream passed through a PM10 impactor
(selecting particles with an upper size cut (50% removal efficiency) of an aerodynamic
diameter of less than 10µm) and for 10 days additionally through a PM1 cyclone. The20

tubes in front of the impactors were heated such that the RH of the air was below 35%
during the size cut, whereas the temperature never exceeded 34◦C to limit losses of
semi-volatile species (Bergin et al., 1997; ten Brink et al., 2000). The DOE/ARM in-
strument changed between PM10 and PM1 every half an hour. The inlet before the
DOE/ARM impactors was heated to achieve 40% RH. Additional heating in the refer-25

ence nephelometer and in a heated tube before the DOE/ARM humidifier brought the
sample RH of the reference nephelometer on average to 25.7% (standard deviation:
±4.5% RH) prior to humidification in the DOE/ARM system.
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Every hour the RH measurement cycle started with a zero measurement (particle
free air to correct for the scattering contribution from air molecules). Then the RH was
raised in both humidified instruments stepwise to 80–85% within 30 min, and was then
decreased back to RH values of about 40% during the second half an hour. The RH in
the PSI humidifier always stayed above 80% while the RH in the PSI nephelometer was5

decreased to 55% under these dehydration conditions. If the aerosol shows a hystere-
sis behavior both branches of the hysteresis curve can be measured with this set-up
provided that the aerosol had gone below the ERH point in the DOE/ARM reference
nephelometer.

To calculate the f (RH) the σsp from the reference nephelometer of DOE/ARM were10

taken. Because the DOE/ARM instrument changed between PM10 and PM1 every
half hour and the PSI instrument did not, a comparison between the two instruments
was only possible for half of the measured time. For comparing the two humidified
nephelometers at 80% RH values of f (RH) between 78 and 82% RH were taken.

3 Results and discussion15

In this section we first present the validation of the PSI humidified nephelometer with
a defined laboratory aerosol. Measurements are compared to model predictions. In
the second part we present field results where the new instrument (PSI humidified
nephelometer) is compared with the DOE/ARM humidified nephelometer. Even if the
nephelometer measures at three different wavelengths (λ=450, 550 and 700 nm) all20

results are shown at 550 nm wavelength. For the other wavelengths we obtained similar
results.
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3.1 Laboratory measurements

3.1.1 Measurements with ammonium sulfate

By using σsp at different RH values we calculated f (RH) with Eq. (1) for all humidities
and sizes. Figure 3 shows the obtained f (RH) versus the RH in the nephelometer for
the four measured quasi monodisperse sizes (with singly charged particles with diam-5

eters between 100 and 300 nm). Open diamonds represent f (RH) while the aerosol
was hydrated, whereas the closed diamonds show f (RH) during the dehydration stage
of the measurement cycle. The black error bars indicate the measurement uncertainty
of ±10% of σsp (Anderson et al., 1996). The grey line shows predicted values with
corresponding uncertainties.10

As explained above, the highest RH in the system is encountered upstream of the
dryer (at RH3 in Fig. 1). As a consequence, ammonium sulfate deliquesces if RH ex-
ceeds 79.9% RH (at 298 K (Tang and Munkelwitz, 1993)) at this point, even if the RH
further downstream in the nephelometer is lower. Therefore, in all the humidograms
in Fig. 3 the phase transition appears at the lower sample RH of ∼72% of the neph-15

elometer. Below 72% RH points on the upper branch of the hysteresis curve only occur
for dehydration conditions. The lowest RH reached while drying was ∼62% RH, there-
fore we could not detect the ERH. The measurements are compatible with the model
prediction within their rather large uncertainties.

For f (RH), a very good agreement with model predictions is found at all measured20

sizes. The f (RH) agrees much better with the model predictions than the σsp/N
(Fig. A2 in the Appendix) because systematic errors mainly in the number size dis-
tribution are compensated. f (RH) is largest for the 100-nm particles (4.5 at 80% RH)
and smallest for the largest selected particles (2.5 at 80% RH).
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3.1.2 Measurements with sodium cholride

Similar measurements with quasi monodisperse NaCl particles were performed. σsp/N
of NaCl at dry conditions is comparable to that of ammonium sulfate (see Figs. A2 and
A3 in the Appendix), but differs for aqueous particles of the two salts. The f (RH) of NaCl
is larger than of ammonium sulfate (Figs. A4 and 3). Due to a higher hygroscopicity the5

scattering of the 100-nm particles at 80% RH was enhanced by a factor of 15 compared
to 4.5 for ammonium sulfate. Predicted and measured f (RH) of NaCl agree within the
uncertainty for all selected sizes.

3.2 Field measurements

A field comparison between the PSI and the DOE/ARM humidified nephelometers was10

performed in the Black Forest (Germany) from 9 to 31 August 2007 (see Fig. A5).
DOE/ARM measured σsp in a reference (low RH) and humidified nephelometer as
described above. Both humidified nephelometers detected lower σsp than the refer-
ence nephelometer when they were measuring below 40% RH. This difference was
attributed to sampling losses and was empirically corrected by multiplying σsp of the15

humidified nephelometers by 1.058 (DOE/ARM, PM10), 1.066 (DOE/ARM, PM1) and
1.031 (PSI, both size cuts).

Figure 4 shows the f (RH) at 80% RH of both instruments, which includes all f (RH)
values at RH between 78 and 82%. In the beginning of the comparison (9–20 August),
the PSI humidified nephelometer measured σsp for the PM10 size range, and from20

21 to 29 August for PM1. On most days the f (RH) obtained by the PSI humidified
nephelometer was slightly higher than the one of DOE/ARM, which will be discussed
below. f (RH) values at 80% RH ranged from 1.2 to 1.8 (PSI) and 1.1 to 1.5 (DOE/ARM)
respectively.

The most likely explanation for the difference in the f (RH) of the two instruments is25

that they occasionally probe the two different branches of the hysteresis curve, since
the RH history in the two instruments is not the same. To illustrate this hypothesis,
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we plotted four example humidograms (with 3–4 RH cycles each) in Fig. 5, showing
σsp vs. the RH in the nephelometers. Humidograms A and B are from the time period
where the PSI humidified nephelometer measured PM10, whereas humidograms C
and D illustrate periods, when the size cut was PM1. The black curves display σsp of
the DOE/ARM humidified nephelometer and the colored curves show σsp of the PSI5

humidified nephelometer. The color of these curves represents the highest RH in the
PSI system (at RH3). The instruments agree within 15% for all RH in humidograms B
and C (see grey boxes in Fig. 4). No distinct deliquescence is observed. For these
selected time periods the f (RH=80%) of the two instruments also agree within 11%
(PM1) or 10% (PM10) (see Fig. 4). Humidograms A and D were measured when10

the f (RH=80%) of the two humidified nephelometers differed a lot (DOE/ARM: 1.25,
PSI: 1.6). During this time σsp showed a distinct hysteresis behavior, which is seen
by the PSI humidified nephelometer (see Fig. 5). The σsp values of the hydration
branches of the PSI humidified nephelometer in humidogram A agree within 10% with
the DOE/ARM σsp values up to about 65 to 70% RH in the nephelometers; those in15

humidogram D agree within 10% up to 50–55% RH. When the RH in the PSI humidified
nephelometer is 70%, the highest RH reached in its system is about 78–80% RH. With
increasing RH σsp in the PSI humidified nephelometer increases rapidly, most probably
because the DRH level was exceeded. At the same RH the DOE/ARM humidified
nephelometer measures much lower σsp since the aerosol particles did not experience20

the RH at which they would deliquesce. When we compare σsp of DOE/ARM at 80%
RH to σsp of PSI at 80% RH of the most humid location they agree within 7%. As long
as the highest RH in the PSI humidified nephelometer stays above 80%, the particles
are liquid and therefore scatter more light than they do at the same RH in the DOE/ARM
instrument.25

Other hypotheses for the observed differences are evaporation of semi-volatile sub-
stances in the tubes or in the humidifier, due to different residence times and temper-
atures; alternatively, aerosol particles in the DOE/ARM system might not experience
sufficient residence time to equilibrate in the elevated humidity. The latter artifact would
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not always be apparent because it is expected to be dependent on the particle chemi-
cal composition. It has been shown that some organic/inorganic aerosol mixtures show
mass transfer limitations of water and may require residence times of a few seconds
for equilibration at 85% RH (contrary to pure inorganic salts which equilibrate within
timescales of <1 s) (Sjogren et al., 2007; Duplissy et al., 2009). Measurements of the5

aerosol composition, including organic aerosol speciation, would be needed to evalu-
ate these hypotheses; unfortunately, such measurements were not available during the
comparison period.

4 Conclusions

We built a humidification system for a nephelometer that allows for the measurement of10

σsp at a defined humidity in the range of 40 to 90% RH. The system is able to measure
the hygroscopic aerosol behavior and hysteresis effects. Monodisperse ammonium
sulfate and sodium chloride particles were measured at four different dry particle sizes.
Agreement between measurement and prediction based on Mie theory was found for
both σsp and f (RH) within the range of uncertainty.15

The intercomparison between the two humidified nephelometers (PSI and
DOE/ARM) indicated that the DOE/ARM instrument measured predominately the
f (RH) that is representative of the lower hydration curve. The PSI humidified neph-
elometer measured the f (RH) of the hydration and dehydration branch of the hys-
teresis curve. When both instruments measured aerosol that exhibits no distinct del-20

iquescence they agreed well. Moreover the measurement of the dehydration branch
provides additional information which is important since aged atmospheric aerosols
are usually in this deliquesced phase (Weingartner et al., 2002). Carrico et al. (2003)
found that ambient aerosol was typically on the upper branch of the hysteresis curve for
marine and polluted air masses and on the lower branch for dust-dominated aerosols.25

Measurements of that type are needed at many different locations over the world in
order to reduce the large uncertainties in the radiative forcing due to the direct aerosol
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effect. In order to decide if the ambient aerosol is actually metastable, another neph-
elometer measuring at ambient conditions would be needed. Alternatively, this could
also be done in a single instrument, by heating and cooling the aerosol and then de-
tecting if there is a difference in the scattering before and after heating, as shown by
Larson et al. (1982) and Rood et al. (1987).5

Appendix A

Additional information

Figure A1a sketches the measured T and RH development for humidification only (hy-
dration mode) and Fig. A1b shows the progression of RH and T if the dryer is on10

(dehydration mode). Figure A2 shows the RH dependence of the measured scattering
coefficient normalized by the number concentration (σsp/N) for quasi monodisperse
ammonium sulfate particles (with singly charged diameters between 100 and 300 nm).
For perfectly monodisperse aerosols this value equals the scattering cross-section per
particle. Note that this value is strongly size dependent and therefore biased by the15

influence of the larger, multiply charged particles. This is taken into account in the Mie
calculation of the σsp/N values (grey lines). Open diamonds represent σsp/N while the
aerosol was hydrated, whereas the closed diamonds show σsp/N during the dehydra-
tion stage of the measurement cycle. The black error bars indicate the measurement
uncertainty of 10% of σsp. The grey line shows predicted values with corresponding20

uncertainties. The dry σsp varied within typical ambient values, i.e. from 2×10−6 m−1 of

the 100-nm particles to 4×10−5 m−1 of the 300-nm particles. The corresponding num-
ber concentrations were 1400 cm−3 and 350 cm−3, respectively. This resulted e.g. in
∼130 times higher σsp/N for the 300-nm particles compared to the 100-nm particles.
The highest RH in the system is encountered upstream of the dryer (at T3, RH3 in25

Fig. 1). As a consequence, ammonium sulfate deliquesces if RH exceeds 79.9% RH

2175

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/2/2161/2009/amtd-2-2161-2009-print.pdf
http://www.atmos-meas-tech-discuss.net/2/2161/2009/amtd-2-2161-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
2, 2161–2190, 2009

Measurement of RH
dependent light

scattering of aerosols

R. Fierz-Schmidhauser
et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

(at 298 K) at this point, even if the RH further downstream in the nephelometer is lower.
Therefore, in all the humidograms in Fig. A2 the phase transition appears at the lower
sample RH of about 72% of the nephelometer. Below 72% RH, points on the up-
per branch of the hysteresis curve only occur for dehydration conditions. The lowest
RH reached while drying was 62% RH, therefore we could not detect the ERH. The5

measurements are compatible with the model prediction within their rather large un-
certainties.

Figure A3 shows the measured and predicted scattering coefficient normalized by
the number concentration (σsp/N) for monodisperse sodium chloride particles with the
same dry diameter as for the ammonium sulfate measurement (Fig. A2 and Fig. 3). As10

explained above, the highest RH in the system is encountered upstream of the dryer
(at T3, RH3 in Fig. 1). As a consequence, sodium chloride deliquesces if 75.3% RH
(at 298 K), is exceeded at this point and not in the nephelometer. Therefore, in all the
humidograms in Figs. A3 and A4 the phase transition appears at the lower sample
RH of about 70% of the nephelometer. Figure A4 shows the corresponding f (RH)15

measurement for sodium chloride particles.
DOE/ARM measured absorption coefficients (σap) with a PSAP (particle soot ab-

sorption photometer) and light scattering coefficients (σsp) with a nephelometer. Fig-
ure A5 shows these values from 9 to 20 August for PM10 and from 21 to 29 August for
PM1, as also seen in Fig. 4. The PM1 scattering and absorption data exhibited a clear20

diurnal pattern, with highest values in the late morning and in the night. The increase in
the morning is probably due to higher particle concentrations from local emissions as
well as low vertical mixing, as the number concentration (not shown) exhibits the same
pattern. The following midday decrease is likely due to dilution through enhanced ver-
tical mixing. This vertical mixing (with aged air from the residual layer) is also reflected25

in an enhanced f (RH) (see Fig. 4), as particles with more secondary material are more
hygroscopic, grow more and consequently have a higher f (RH).
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Fig. 1. Set-up of the humidified nephelometer, with five temperature (T) and capacitive RH sensors, a
dew point sensor (DPS) and a mass flow controller (MFC).
figure

19

Fig. 1. Set-up of the humidified nephelometer, with five temperature (T ) and capacitive RH
sensors, a dew point sensor (DPS) and a mass flow controller (MFC).
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Fig. 2. f (RH) vs. RH of sodium chloride particles with a dry diameter of 100 nm, at λ = 550 nm. The
phase transition at deliquescence occurred at about RH = 75% at the most humid location in the system
(RH3), as shown with the color scale.

20

Fig. 2. f (RH) vs. RH of sodium chloride particles with a dry diameter of 100 nm, at λ=550 nm.
The phase transition at deliquescence occurred at about RH=75% at the most humid location
in the system (RH3), as shown with the color scale.
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Fig. 3. f (RH) vs. RH in the nephelometer of ammonium sulfate particles with a dry diameter of 100, 150,
240, and 300 nm. The grey line represents the predicted f (RH) with corresponding uncertainties. Black
open diamonds show the measured f (RH) of hydrating aerosols, while black closed diamonds represent
dehydrating aerosols. The phase transition at deliquescence occurred at RH = 79.9% at the most humid
location in the system (RH3).
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Fig. 3. f (RH) vs. RH in the nephelometer of ammonium sulfate particles with a dry diameter of
100, 150, 240, and 300 nm. The grey line represents the predicted f (RH) with corresponding
uncertainties. Black open diamonds show the measured f (RH) of hydrating aerosols, while
black closed diamonds represent dehydrating aerosols. The phase transition at deliquescence
occurred at RH=79.9% at the most humid location in the system (RH3).
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Fig. 4. PM10 and PM1 f (RH=80%) measured with the humidified nephelometer of DOE/ARM and PSI.
Time resolution is 1 minute. (A) to (D) indicate the periods when the humidograms presented in Fig. 5
were measured.
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Fig. 4. PM10 and PM1 f (RH=80%) measured with the humidified nephelometer of DOE/ARM
and PSI. Time resolution is 1 min. (A) to (D) indicate the periods when the humidograms
presented in Fig. 5 were measured.

2184

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/2/2161/2009/amtd-2-2161-2009-print.pdf
http://www.atmos-meas-tech-discuss.net/2/2161/2009/amtd-2-2161-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
2, 2161–2190, 2009

Measurement of RH
dependent light

scattering of aerosols

R. Fierz-Schmidhauser
et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Fig. 5. Humidograms of the scattering coefficient vs. RH in the nephelometer at four selected time
periods for PM10 (A and B) and PM1 (C and D). The black curves are measured by the DOE/ARM
humidified nephelometer. The colored curves show σsp from the PSI humidified nephelometer, where
the color represents the RH at the most humid location in its system (RH3). Hysteresis behavior is seen
in humidograms (A) and (D).
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Fig. 5. Humidograms of the scattering coefficient vs. RH in the nephelometer at four selected
time periods for PM10 (A and B) and PM1 (C and D). The black curves are measured by the
DOE/ARM humidified nephelometer. The colored curves show σsp from the PSI humidified
nephelometer, where the color represents the RH at the most humid location in its system
(RH3). Hysteresis behavior is seen in humidograms (A) and (D).
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Fig. 6. Example for the evolution of RH and T through the humidified nephelometer with dryer off (a)
and dryer on (b). X-axis refers to T and RH measurement points in Fig. 1.
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Fig. A1. Example for the evolution of RH and T through the humidified nephelometer with dryer
off (a) and dryer on (b). X-axis refers to T and RH measurement points in Fig. 1.
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Fig. 7. Scattering coefficient normalized by the number concentration vs. RH in the nephelometer of
quasi monodisperse ammonium sulfate particles with dry diameters between 100 and 300 nm. The grey
line represents the predicted values, with their corresponding uncertainties. The black open diamonds
show the measured σsp/N while hydrating, whereas the black closed diamonds illustrate the correspond-
ing dehydration values. The black error bars illustrate the measurement uncertainty of the nephelometer.
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Fig. A2. Scattering coefficient normalized by the number concentration vs. RH in the neph-
elometer of quasi monodisperse ammonium sulfate particles with dry diameters between 100
and 300 nm. The grey line represents the predicted values, with their corresponding uncertain-
ties. The black open diamonds show the measured σsp/N while hydrating, whereas the black
closed diamonds illustrate the corresponding dehydration values. The black error bars illustrate
the measurement uncertainty of the nephelometer.
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Fig. 8. Scattering coefficient normalized by the number concentration vs. RH in the nephelometer of
quasi monodisperse sodium chloride particles with diameters between 100 and 300 nm. The grey line
represents the predicted values, with their corresponding uncertainties. The black open diamonds show
the measured σsp/N while hydrating, whereas the black closed diamonds illustrate the corresponding
dehydration values. The black error bars illustrate the measurement uncertainty of the nephelometer.
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Fig. A3. Scattering coefficient normalized by the number concentration vs. RH in the neph-
elometer of quasi monodisperse sodium chloride particles with diameters between 100 and
300 nm. The grey line represents the predicted values, with their corresponding uncertain-
ties. The black open diamonds show the measured σsp/N while hydrating, whereas the black
closed diamonds illustrate the corresponding dehydration values. The black error bars illustrate
the measurement uncertainty of the nephelometer.
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Fig. 9. f (RH) vs. RH of sodium chloride particles with a diameter of 100, 150, 240, and 300 nm. The
grey line represents the predicted f (RH) with corresponding uncertainties. Black open diamonds show
the measured f (RH) of hydrating aerosols, while black closed diamonds represent dehydrating aerosols.
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Fig. A4. f (RH) vs. RH of sodium chloride particles with a diameter of 100, 150, 240, and
300 nm. The grey line represents the predicted f (RH) with corresponding uncertainties. Black
open diamonds show the measured f (RH) of hydrating aerosols, while black closed diamonds
represent dehydrating aerosols.
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Fig. 10. PM10 and PM1 scattering (σsp) and absorption coefficients (σap) measured by DOE/ARM
with a nephelometer and a PSAP (particle soot absorption photometer) at 550 nm wavelength. Time
resolution is 1 minute.
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Fig. A5. PM10 and PM1 scattering (σsp) and absorption coefficients (σap) measured by
DOE/ARM with a nephelometer and a PSAP (particle soot absorption photometer) at 550 nm
wavelength. Time resolution is 1 min.
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