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The hygroscopic behavior of atmospheric aerosols complicates
modeling and measurements of aerosol properties adding signifi-
cant uncertainty to our best estimates of the direct effect aerosols
exert on the radiative balance of the atmosphere. Airborne mea-
surements of aerosol hygroscopicity are particularly challenging
but critically needed. This motivated the development of a new
system designed to measure the dependence of the aerosol light
scattering coefficient (σ sp) on relative humidity (RH), known as
f(RH), in real-time on an aerial platform.

The new instrument has several advantages over existing sys-
tems. It consists of three integrating nephelometers and humidity
conditioners for simultaneous measurement of the σ sp at three dif-
ferent RHs. The humidity is directly controlled in exchanger cells
without significant temperature disturbances and without parti-
cle dilution, heating, or loss of volatile compounds. The single-
wavelength nephelometers are illuminated by LED-based light
sources thereby minimizing heating of the sample stream. The
flexible design of the RH conditioners, consisting of a number of
specially designed exchanger cells (driers or humidifiers), enables
us to measure f(RH) under hydration or dehydration conditions
(always starting with the aerosol in a known state) with a simple
system reconfiguration. These exchanger cells have been charac-
terized for losses of particles using latex spheres and laboratory
generated ammonium sulfate aerosols. The performance of this in-
strument has been assessed aboard DOE’s G-1 research aircraft
during test flights over California, Oregon, and Washington.
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1. INTRODUCTION
The effects of atmospheric aerosols on the Earth’s radiation

budget have been studied, for almost four decades (Chylek and
Coakley 1974; Twomey 1974) and the state of our knowledge
has been documented by the IPCC in a series of Assessment Re-
ports (AR). AR4 was published in 2007 (IPCC: Climate Change
2007) and AR5 is expected to be published in 2013.

A major complication in modeling and measurements of
aerosols arises due to the hygroscopic behavior of the aerosols
which adds significant uncertainty to our best estimates of the
direct effect aerosols exert on the radiative balance of the atmo-
sphere (Intergovernmental Panel on Climate Change [IPCC]:
Climate Change 2007). The influence of the hygroscopicity
on radiative forcing is not limited to aerosol scattering, but
also includes changes in aerosol absorption and angular scat-
tering properties (Markowicz et al. 2003; Andrews et al. 2006;
Brem et al. 2012). In addition, aerosol hygroscopic properties
are key inputs to optical closure studies, necessary to bring
together various remote and in-situ measurements of physio-
chemical and/or optical properties of aerosols (Collins et al.
2000; Schmid et al. 2003, 2006). Such self-consistent data sets
form the basis to test and improve the representation of opti-
cal properties in climate models. It should also be noted that
aerosols, and their associated f(RH), affect visibility or visual
air quality, a problem recognized and addressed in the 1977
Clean Air Act and subsequent legislation. These resulted in
major efforts by the Interagency Monitoring of Protected Vi-
sual Environments (IMPROVE) program and extensive visibil-
ity related f(RH) studies are referenced in their program re-
ports (e.g., http://vista.cira.colostate.edu/improve/Default.htm
or Malm and Day 2001).

In general, the hygroscopic behavior of “simple” aerosols,
especially those composed of inorganic salts, is reasonably well
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202 M. S. PEKOUR ET AL.

understood (Tang 1997; Seinfeld and Pandis 2006). In con-
trast, atmospheric aerosols are complicated mixtures of various
(literally, hundreds) of components, organic/inorganic and sol-
uble/insolute compounds (Rudich et al. 2007). Modeling and
laboratory experiments inherently deal with a simplified subset
of naturally occurring aerosols and conditions, hence the need
for continued experimental field studies.

Aerosol water uptake and subsequent changes in aerosol
properties have been studied in three categories: (1) change
in size (Chan and Chan 2005), (2) light scattering enhancement
(Covert et al. 1972; Fierz-Schmidhauser et al. 2010), and (3)
change in physical and chemical properties, such as refractive
index (Wang and Rood 2008). The current state of f(RH) studies
pertaining to climate research is summarized nicely in Yan et al.
(2009).

There is some noteworthy confusion in terminology in the
current literature: the term “humidity (or hygroscopic) growth
function” has been applied to mean not only aerosol size change,
but also to scattering enhancement (Hegg et al. 2002; Sheridan
et al. 2002). We use the term “humidity growth function” to
describe aerosol size change only. Here, we present a new in-
strument for scattering enhancement studies, and we therefore
limit our discussion to only this topic.

The impact of humidity on aerosol light scattering has been
traditionally studied with the help of humidigraphs or humi-
dographs (Covert et al. 1972; Carrico et al. 2003; Hegg et al.
2008; Fierz-Schmidhauser et al. 2010) where one or several
nephelometers combined with a humidity conditioning sys-
tem measures the dependence of the aerosol scattering coef-
ficient σsp on relative humidity (RH). Several groups have ex-
tensively deployed humidigraphs on airborne platforms in nu-
merous field campaigns; two central groups are noted here: the
University of Washington (Hegg et al. 2008) and NOAA (Sheri-
dan et al. 2012). Airborne measurements are usually performed
with “fixed” humidity systems, where two or three nephelome-
ters measure aerosol scattering at fixed RH levels (Hegg et al.
2002). Another common type of humidigraph is the dual neph-
elometer scanning system, where one nephelometer samples at
a constant RH (usually below 40% or at ambient), while the
humidity level in the second nephelometer is scanned through
an expanded range, typically 40 to 85% (Andrews et al. 2006).
Scanning humidigraph systems are not practical for airborne
applications due to long scan times (normally tens of minutes),
however, they can be used for offline analysis of airborne col-
lected samples (Kotchenruther and Hobbs 1998).

For practical purposes, the dependence of aerosol light scat-
tering on RH is represented in the form of a humidity enhance-
ment function (or factor) f (RH) = σsp(RH)/σsp(RHdry), where
RHdry is some low value (usually 10–45%), where σsp(RHdry)
is representative of “dry” scattering (e.g., the World Meteo-
rological Organization recommends RH levels of 40% or be-
low, WMO/GAW 2003). Other common way to parameter-
ize the dependence of aerosol scattering on RH is through
an aerosol hygroscopic exponent γ , defined in semi-empirical

model σsp (RH) = σsp

(
RHdry

)
(1 − RH/100)−γ (Hegg et al.

1996; Kotchenruther and Hobbs 1998; following Kasten 1969).
At the moment, the hygroscopicity of aerosols can be mea-

sured only in situ and no remote, ground or space based, profil-
ing technique has been developed. Airborne measurements of
f(RH) are particularly challenging but critically needed as the
hygroscopicity of aerosols aloft can be quite different from the
hygroscopicity of aerosols measured at the surface. This moti-
vated the development of a new instrument designed to measure
f(RH) in real-time at a rapid rate (<10 s) on an aerial platform.
In this article, we present the design and results for such a new
humidigraph instrument developed for the DOE Atmospheric
Radiation Measurement (ARM) Aerial Facility (AAF).

2. INSTRUMENTATION AND SYSTEM DESIGN
The AAF humidigraph or f(RH) instrument consists of three

integrating nephelometers and three humidity conditioners with
multiple humidity exchange cells. The instrument can be ar-
ranged in three basic configurations, as presented in Figure 1:

a. Efflorescence (dehydration) experiment: the default config-
uration. The sample is humidified above the deliquescence
RH of most common atmospheric aerosol constituents, for
example, ammonium sulfate or sodium chloride (Cziczo et al.
1997) and then dried in two steps. After each humidity ex-
changer, a portion of the aerosol sample is diverted to a
designated nephelometer such that the instrument is measur-
ing aerosol scattering at three consecutively decreasing RH
levels. The scattering enhancement function can be assessed
from these coupled measurements as discussed below. The

FIG. 1. Schematic representation of three layouts of the f(RH) instrument: (a)
efflorescence experiment, standard configuration; (b) deliquescence experiment;
and (c) “parallel” configuration.
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A NEW AIRBORNE HUMIDIGRAPH SYSTEM 203

FIG. 2. Idealized evolution of sample humidity (RH and mixing ratio), temperature, and aerosol light scattering in the humidigraph instrument configured for
an efflorescence experiment. (a) Illustrates how a change in RH drives a change in scattering. (b) Represents the idealized evolution of sample temperature (T),
relative humidity (RH), mixing ratio (MR), and scattering (σsp) as the sample propagates through the humidigraph. The aerosol sample enters the f(RH) instrument
at some RH level (blue dot on (a) and “Ambient-Inlet” section on (b)), and upon passing though humidity exchangers, it is subjected to three humidity levels where
a part of the sample is diverted to a corresponding nephelometer for light scattering measurements (blue circles on (a) and blue ×’s on (b)). The red dotted line
on panel (a) depicts a model fit of f(RH). Note that the RH level at the humidigraph entry point may be quite different from ambient RH due to temperature and
pressure changes in the aircraft inlet and inlet lines.

evolution of the sample humidity and aerosol scattering as
the air sample propagates through the system is schematically
depicted in Figure 2.

b. Deliquescence (hydration) experiment. The sample is dried
below the efflorescence RH of most common atmospheric
aerosol constituents, and then it is humidified in two steps.
After each humidity exchanger, a portion of aerosol sample is
diverted to a nephelometer so that the instrument is measur-
ing aerosol scattering at three consecutively increasing RH
levels.

c. Parallel mode, with the sample split into three streams with
one passed through a humidifier to the “wet” nephelometer,
the second passed directly to the “ambient” nephelometer,
and the third passed through a drier to the “dry” nephelome-
ter. This is the simplest configuration and the format used in
several airborne instruments (Hegg et al. 2002). This config-
uration seems to be suitable for ground deployments, where
the temperature and RH of the sample can be, albeit with cer-
tain difficulty, preserved in the “ambient” branch; however,
it is not ideal for airborne deployments where the sample
conditions experience inevitable changes in the aircraft inlet
and inlet lines.

These three configurations cover three practical ways to mea-
sure the dependence of aerosol scattering on RH with a “fixed”
humidity system: the first two allow a means of measuring
aerosol optical properties independent of its ambient “wetness”
state; both bring the sample to a known the initial state (“wet”
or “dry”) and provide an approximation of f(RH) for the sam-
ple. The third configuration is designed to observe the results
on scattering if RH is changed (both increased and decreased)
and provide an f(RH) estimation for the sample in its initial
“ambient” state. A strength of this new instrument is that the
configuration can be selected based on the platform, scientific
needs, and anticipated local conditions.

Optical measurements, performed after each humidity con-
ditioner, provide a set of three scattering coefficients at three
different RHs. These scattering coefficients can be fit to a well-
known semi-empirical models with either two (Hegg et al. 1996)
or three parameters (Kotchenruther and Hobbs 1998):

σsp (RH) = A

(
1 + B ·

(
RH

100

)C
)

[1a]

σsp (RH) = k

(
1 −

(
RH

100

))−γ

[1b]

Both equations share a similar physical interpretation: the
first parameter, A or k, represents scattering at a dry condition.
When the fitting parameters (A, B, and C or k and γ ) are deter-
mined, f(RH) can be estimated from either equation. The advan-
tage of Equation (1b) is its simplicity: it is a single-value param-
eterization of hygroscopicity (γ ); however, at higher humidity it
leads to infinite scattering and has been found to perform poorly
in some conditions (Kotchenruther and Hobbs 1998).

Historically, when f(RH) was measured with just two single
RH (a “wet” and a “dry”) nephelometers, it was reported in the
form of a single-point approximation (or scattering factor) F =
σsp(RHwet)
σsp(RHdry) with the hidden assumption that σsp(RHdry) ≈ σsp(0).

It should be noted that different authors used various reference
RHs, ranging from 10 to 45% for the “dry” value, and 62 to 90%
for the “wet” value (Kotchenruther and Hobbs 1998; Sheridan
et al. 2002; Howell et al. 2006; Fierz-Schmidhauser et al. 2010),
which makes direct comparison of the results difficult and/or
confusing. The scattering factor F can also be assessed from the
two or three parameter fit (Equation (1)); here, we will base our
assessment of F on the most frequently used “dry” and “wet”
RH values of 40 and 85% respectively, and the three parameter
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204 M. S. PEKOUR ET AL.

model:

F = σsp (RH = 85%)

σsp (RH = 40%)
= 1 + B · 0.85C

1 + B · 0.4C
[2]

A humidigraph system based on measurements at three RH
values allows more relaxed requirements on RH. Exact RH
values are not crucial so long as they are reasonably stable and
separated far enough to provide a solid base for the parameter
fit (i.e., spaced to allow for interpretation of the idealized curve
in Figure 2a).

The AAF f(RH) instrument utilizes three 525-nm single-
wavelength integrating nephelometers (Aurora 100, Ecotech).
The nephelometers are operated at a flow rate of 5 lpm. In-cavity
pressure, temperature, and humidity sensors provide aerosol
state data. All three nephelometers are checked/calibrated with
“zero” air and a span gas (CO2 and/or SF6). The zero check is
performed at the start and end of each flight. The span checks
are run at least once a week depending on the performance of the
nephelometers and stability of the zero runs. Three point checks
(zero air, CO2 and SF6) are used to obtain the highest possible
precision and accuracy of the measurements. Based on the three
point calibration checks, a separate offset and factor corrections
are applied in each of these nephelometers. Note that the Aurora
nephelometers utilize a LED light source with improved angu-
lar intensity and integration characteristics (Müller et al. 2011).
LED-based light sources do not increase the sample temperature
and thus do not affect the RH of the sample air, which has been
a common problem in humidigraph systems using nephelome-
ters with incandescent light sources (Fierz-Schmidhauser et al.
2010).

A key element of the current f(RH) instrument is the set of hu-
midity exchanger cells. The cell design is based on Nafion mem-
brane technology (Perma Pure LLC). Nafion, a Teflon based
ionic polymer, is selectively and highly permeable to water.
Water transfer through the Nafion membrane occurs as absorp-
tion on the high humidity side, transport though ionic channels,
and evaporation on the low humidity side (details on Nafion can
be found elsewhere; Ye and LeVan 2003, Mauritz and Moore
2004).

All the humidity exchanger cells share the same design, they
are fully interchangeable, and can function in humidifier or
drier capacity. The sample aerosol is passed through a 1.5-cm
ID Nafion tube enclosed in an outer stainless steel jacket. In the
humidifier mode, the space inside the jacket is filled with pure
water. The water is circulated at a controlled flow rate by a small
pump between the cell and an overfill bottle to keep the water
temperature stable and counteract evaporative cooling that takes
place on the inner side of the Nafion tube. When the cell is used
in the drier mode a sheath flow of dry air passes through the
jacket in a direction counter to the sample flow. The water vapor
pressure difference across the Nafion walls drives water vapor
out of the sample into the sheath flow.

The humidity exchangers consist of two cells with a total of
96 cm of “exposed” Nafion tube which is sufficient to increase
the sample humidity from ∼0 to 85% for temperatures below
32◦C and a flow rate of 15 lpm (the maximum sample flow in the
instrument). In the dryer mode, the two-cell exchanger is capable
of lowering the humidity of the sample from 85 to ∼55% (or
from 60 to 30%). If required, the instrument can be equipped
with additional cells to enhance performance of a humidity
exchanger although this heretofore has not been necessary.

It is expected that some particle loss may occur in the ex-
changer cells via sedimentation and diffusion. The Nafion tube
inside a cell is prevented from collapsing by a rigid stainless
steel structure (a wire-mesh tube or a coil with supporting rods),
which along with a stainless steel outer jacket helps minimize
electrostatic deposition and particle loss on the dielectric
Nafion surface. We have estimated the effect of this loss on light
scattering in a series of experiments with monodisperse and
polydisperse distributions of laboratory aerosols (polystyrene
latex spheres and ammonium sulfate, respectively). The highest
loss rate after a humidity exchanger, ∼3%, was found for the
maximum sample flow of 15 lpm after the first exchanger in
deliquescence or efflorescence configuration. The loss rate after
subsequent exchangers was smaller due to lower flow rates (10
and 5 lmp), within the errors of the measurement, and thus was
not quantified further (see details in the online supplemental
information).

The humidity exchange cells and subsequent tubing provide
exposure time of 6–9 s which is sufficient for most aerosol
particles to achieve humidity equilibrium with surrounding air
(Chuang 2003; Chan and Chan 2005); additional exchangers or
line sections could be used to increase exposure time.

This new f(RH) instrument has two distinct features which
have not been commonly implemented in earlier designs: (1)
“pre-conditioning” of the sample to the highest or lowest hu-
midity level to ensure that the experiment is following a known
branch (deliquescence or efflorescence); and (2) direct control of
the RH via water vapor transfer to/from the sample, rather than
through sample temperature manipulation or dilution, which
helps to preserve volatile components. Losses of nitrates and
other volatiles due to sample heating may result in substantial
underestimation of the aerosol scattering, estimated as high as
20–40% (Dougle and ten Brink 1996; Bergin et al. 1997; ten
Brink et al. 2000).

3. OBSERVATIONS
Initial test flights with the new f(RH) instrument were per-

formed aboard the AAF G-1 research aircraft during August,
2011 in a diverse set of altitude and ambient conditions over
Washington, Oregon, and California.

As a limited illustration of instrument performance, we
present data obtained in two test fights, one over California
(San Francisco area) and the other in southern Washington
state. The G-1 research aircraft simultaneously carried a suite of
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A NEW AIRBORNE HUMIDIGRAPH SYSTEM 205

FIG. 3. MABL and CABL, San Francisco, CA, area. MABL fight leg (below 400-m ASL) is marked by the red rectangle; averaged scattering factor is F = 2.85
± 0.05. Blue rectangle marks descent through the CABL from 700-m ASL; F = 2.31 ± 0.11.

meteorological, radiation, and aerosol instrumentation, includ-
ing a passive cavity aerosol spectrometer probe (PCASP, Droplet
Measurement Technologies) used as ancillary data.

The f(RH) instrument was configured in the aforementioned
efflorescence mode shown in Figure 1a. The data were processed
in the following sequence:

• Introduce time shifts to compensate for the variable
residence time in the humidity exchanger cells and
lines and for delays with respect to the exterior probes.
To establish appropriate time shifts, we have chosen
several sections of time series that contain a charac-
teristic signature of an event (e.g., penetration of an
aerosol layer or a cloud, burst of turbulence, etc.). The
time shifts were defined by the maximum of the cross-
covariance function calculated for each nephelometer
and an exterior probe (e.g., PCASP).

• Average the data over a common time base (typically
1 min);

• Apply the most recent calibration corrections to the
scattering;

• Apply correction for nonideal angular illumination and
truncation in the nephelometers (so-called “truncation
correction”; Anderson and Ogren 1998 and Müller
et al. 2011);

• Adjust light scattering values for particle loss in the
humidity cells (described previously);

• Flag and remove cases where relation σsp (wet) ≥
σsp (middle) ≥ σsp (dry) did not hold and cases where
scattering was below a lower threshold (here the lower
threshold is set to 2 Mm−1);

• Fit data in semi-empirical model Equation (1b) to ob-
tain the γ parameter, and to Equation (1a) to obtain the
f(RH) function, and calculate the scattering factor F
according to Equation (2); currently, an uncertainty of

FIG. 4. Elevated aerosol layer over southern Washington state at an altitude of 2.6-km ASL (red rectangle); averaged scattering factor is F = 1.62 ± 0.13. The
blue rectangle marks descent through ABL from 1.9-km ASL; F = 2.09 ± 0.01.
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1-min values of F and γ parameters are estimated by
simple mean square root of relative errors of all values
involved (so called “variance addition rule”; NASA
handbook 2010).

Note that the truncation correction depends on the aerosol
size distribution, which depends on RH. As an approximation,
we used the aerosol size distribution measured by the PCASP to
obtain a volume mean diameter (VMD) which we assumed was
dry, since the PCASP probe was operated with the inlet heater
switched on, and this was extrapolated to estimate VMD at the
other RH levels used in the f(RH) instrument. The scattering
in general is proportional to VMD2, hence correction to VMD
should be proportional to the square root of the ratio of scattering
at two RH levels. The truncation correction coefficient is found
from the humidity corrected VMD using the empirical relation
for the Aurora nephelometers given by Müller et al. (2011). It
should also be noted that the truncation correction has only a
minor impact on f(RH) since f(RH) depends on a relative change
of scattering with humidity rather than on an absolute value of
σsp.

3.1. Observation in the Marine and Coastal
Atmospheric Boundary Layers

Figure 3 presents a time series of data collected in a test flight
in the Marine Atmospheric Boundary Layer (MABL) several
kilometers off the California coast and in the Coastal Atmo-
spheric Boundary Layer (CABL) about 30 km inland from the
shore in the San Francisco Bay area. The figure shows time
traces of the three σsp and RH values in the f(RH) instrument
along with ambient RH; vertical bars on σsp depict one standard
deviation of 1 min averaged values. The lower panel shows time
traces of F and γ parameters; the vertical bars on F present un-
certainty of 1-min estimates. The performance of the humidity
control deserves a comment: in spite of significant changes in
ambient temperature and RH, the RH variation in the nephelo-
menters is within 6%. A red rectangle marks the flight leg over
ocean below 400-m ASL, well within the MABL. For this leg,
the average γ parameter is 0.68 ± 0.02 and the scattering factor
is F = 2.85 ± 0.05, which is at the upper end of reported values
for aerosol scattering factors measured over ocean: 1.1 to 3.2
(Hegg et al. 1996; McInnes et al. 1998; Sheridan et al. 2002;
Carrico et al. 2003). A blue rectangle in Figure 3 marks the de-
scent though the CABL from its top around 700-m ASL. Values
of F = 2.31 ± 0.11 and γ = 0.57 ± 0.04 are higher than usually
reported for in-land sites, but agree well with F values reported
for polluted marine aerosol (Carrico et al. 2003). It should be
noted that the value of the scattering factor F strongly depends
on the reference RH used to calculate or measure it and on other
sampling parameters (e.g., size selection with an upstream im-
pactor), so a direct comparison of F values obtained under dif-
ferent conditions could be misleading. Statistics of 1-min data
is presented in the online supplemental information, Table S2.

3.2. Observations of an Elevated Aerosol Layer and in
the Continental Atmospheric Boundary Layer

An elevated aerosol layer was observed over the southern
part of Washington state at an altitude of 2.6-km ASL. Figure 4,
similar to Figure 3, presents time traces of the main parameters
of interest. The flight leg through the layer is marked with a
red rectangle in Figure 4. The layer had an apparent thickness
of about 250 m and a horizontal extent of more than 90 km.
The horizontal structure exhibited aerosol scattering varying
from single digits to well above 100 Mm−1 and then reducing to
values of several tens of Mm−1. The layer was also characterized
by an increase in RH from 15 to 65–95%, which may suggest
that the aerosol layer was a remnant from an evaporated cloud.
A relatively low scattering factor F = 1.62 ± 0.13 and a γ

parameter of 0.35 ± 0.06 were observed within the layer. These
values are smaller than the scattering factor F = 2.09 ± 0.1
and γ = 0.53 ± 0.03 measured on approach and landing in the
semi-arid location in southeast Washington. The blue rectangle
in Figure 4 marks the descent though the ABL from its top at
1.9-km ASL. Statistics of 1-min data is presented in the online
supplemental information, Table S2.

4. CONCLUSIONS
We present here a new airborne humidigraph instrument de-

signed for the DOE ARM AAF. This humidigraph continuously
measures aerosol light scattering in controlled humidity environ-
ments with three integrating nephelometers. Measurements of
the light scattering at the three distinct RH levels allows estima-
tion of the scattering enhancement function f(RH) and aerosol
light scattering at any RH. Humidity is directly controlled with
exchanger cells, without particle dilution, and without tempera-
ture disturbances or loss of volatile components. Residence time
of 6–9 s in the exchangers and following lines is sufficient for
most aerosols to attain an equilibrium state. Both efflorescence
and deliquescence experiments can be performed with a sim-
ple system reconfiguration. The first humidity exchanger cell
works as a “preconditioner” to ensure that the sample aerosol
is in a known state, high or low humidity, according to the cho-
sen scenario. Instrument tests performed in a series of flights
of the AAF G-1 research aircraft showed that the instrument
can sustain the required humidity levels under a diverse set of
conditions and altitudes. Data obtained in the test flights in ma-
rine, coastal, and continental ABL are consistent with literature
values.

Future work includes efforts to (1) increase the accuracy
of light scattering measurements for reliable determination of
f(RH) under the low aerosol loading typical of the free tro-
posphere or pristine locations; (2) implement a correction for
nonideal angular illumination and truncation in the nephelome-
ters that does not rely on other sensors data (e.g., aerosol size
distribution); and (3) improve humidification performance and
stability with active control of the water temperature and circu-
lation rate in the humidifier cells.
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