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Abstract. The Continuous-Flow Streamwise Thermal-Gradient Cloud
Condensation Nuclei Counter is a commercially-available instrument that
is widely used for laboratory and field measurements of cloud condensation
nuclei (CCN). Typically, the instrument is operated at a constant flow
rate, and supersaturation is adjusted by changing the column streamwise
temperature difference, which is slow and may introduce particle volatilization
biases. We present a new mode of operation, termed “Scanning Flow CCN
Analysis” (SFCA), in which the flow rate in the growth chamber is changed
over time, while maintaining a constant temperature gradient. This causes
supersaturation to continuously change, allowing the rapid and continuous
measurement of supersaturation spectra over timescales relevant for airborne
measurements (∼10-60 seconds and potentially even less) without being
affected from shifts in activation kinetics and aerosol composition. SFCA
has been evaluated with both calibration and ambient aerosol with excellent
results.

1. Introduction

Atmospheric aerosols, through their ability to act as
cloud condensation nuclei (CCN), exert a significant
influence on the Earth’s climate and hydrological cy-
cle (e.g., Lohmann and Feichter [2005]; Ramanathan

et al. [2001]). The ability of aerosol to behave as
CCN depends on the ambient water vapor supersat-
uration as well as aerosol size and chemical compo-
sition. While thermodynamic theory [Köhler , 1936]
has been shown to accurately predict these dependen-
cies (e.g., Kanakidou et al. [2005]; McFiggans et al.

[2006]), ambient aerosols are chemically complex and
highly variable. Given this, and the important role
of aerosol-cloud interactions on anthropogenic climate
change (e.g., Twomey [1977]; Albrecht [1989]; IPCC

[2007]; IAPSAG [2007]), extensive and long-term mea-
surements of CCN are required to constrain regional
and global climate models.

A number of instruments have been developed in
recent decades to measure the concentration of CCN

as a function of water vapor supersaturation. All are
based on the principle of exposing the aerosol to a
specified supersaturation and counting the number of
particles that “activate” to form cloud droplets. In-
struments are classified as either “CCN counters” or
“CCN spectrometers”, with the former typically oper-
ating at a single (or a few) discrete supersaturation(s)
and the latter concurrently measuring CCN concentra-
tions over the range of atmospherically-relevant super-
saturations (i.e., a CCN spectrum). Since the original
parallel-plate static diffusion CCN counter was intro-
duced by Twomey [1963], CCN counter designs have
evolved by developing new methods for droplet detec-
tion [Lala and Jiusto, 1977], continuous-flow sampling
[Sinnarwalla and Alofs, 1973], and cylindrical geome-
try designs [Roberts and Nenes , 2005; Chuang et al.,
2000; Leaitch and Megaw , 1982; Hoppel et al., 1979].
Another class of counters includes the CCN Remover
[Ji et al., 1998] and the Differential Activation Separa-
tor (DAS) [Osborn et al., 2008], which use gravitational
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settling of activated droplets to differentiate CCN from
interstitial aerosol. Fukuta and Saxena [1979] developed
a spectrometer based on the continuous-flow, parallel-
plate diffusion concept, but with a temperature differ-
ence (and supersaturation) that varies for each stream-
line. By sampling aerosol across streamlines, a CCN
supersaturation spectrum (0.1-0.9%) could be obtained
in 10-15 seconds [Zhang et al., 2008; Fukuta and Saxena,
1979]. Spectra obtained with this instrument are inher-
ently limited to supersaturations above 0.1%, mostly
because of the time required for droplets to grow to
detectable sizes [Nenes et al., 2001a]. To address this,
VanReken et al. [2004] proposed a trapezoidal geome-
try to increase the aerosol residence time at the lower-
supersaturation streamlines; although promising, the
design has not been realized to date. Hudson [1989]
(and later Chuang et al. [2000]) designed a continuous-
flow CCN spectrometer where the sample aerosol en-
counters a continuously increasing supersaturation as it
moves through the flow chamber. The CCN spectrum
is then inferred from the outlet droplet size distribution
using critical supersaturation - droplet size relationships
obtained from activation of calibration aerosol. Accu-
rate inversion requires that the water uptake coefficient
and Köhler curves are identical for ambient and cali-
bration aerosol with the same critical supersaturation –
a criterion that may not always be fully satisfied if or-
ganic species are present in the CCN [e.g., Shantz et al.,
2003; Asa-Awuku et al., 2009; Ruehl et al., 2008].

The continuous flow streamwise thermal gradient
CCN counter (CFSTGC) of Roberts and Nenes [2005],
which has been commercialized by Droplet Measure-
ment Technologies [Lance et al., 2006; Rose et al., 2008],
has proven to be reliable, robust, and relatively sim-
ple to operate for ground-based and airborne measure-
ments [e.g., Lance et al., 2009; Cubison et al., 2008;
Moore et al., 2008; Sorooshian et al., 2008; Wang et al.,
2008; Asa-Awuku et al., 2008, 2007; Medina et al.,
2007; Padró et al., 2007, and others]. The supersat-
uration profile in the CFSTGC depends on pressure,
flow rate, the streamwise temperature gradient, and to a
lesser extent, the inlet temperature [Roberts and Nenes ,
2005]. Typically, the streamwise temperature difference
is varied in a stepping manner, while maintaining con-
stant flow rate and pressure, to effect a supersatura-
tion change [e.g., Cubison et al., 2008; Rose et al., 2008;
Sorooshian et al., 2008; Wang et al., 2008; Medina et al.,
2007, and others]. While this is a well-established and
robust mode of operation, some limitations exist. First,
instrument temperature stabilization is slow (on the or-
der of 20-40 seconds for the column temperatures and

sometimes as much as 3 minutes for the OPC tempera-
ture to stabilize); data collected during these transient
periods are often discarded, which may be problematic
for airborne measurements in highly heterogeneous en-
vironments. Consequently, the CFSTGC is generally
limited to only a single (or a few) supersaturations dur-
ing measurements. In addition, recent work by Asa-

Awuku et al. [2009] has shown that organic-rich aerosol
may partially volatilize in the instrument, which affects
the observed CCN activity. For this reason, CCN ac-
tivity measurements should be carried out as close to
ambient temperatures as possible, which is not always
feasible using the “conventional” method of tempera-
ture stepping.

To date, there is no technique that combines the sim-
plicity and robustness of a CCN counter (such as the
CFSTGC) with the dynamical range and temporal res-
olution of a CCN spectrometer. This study presents a
new methodology for operating the CFSTGC, termed
Scanning Flow CCN Analysis (SFCA), which largely
addresses this need. SFCA entails scanning the instru-
ment flow rate over a short period of time, while main-
taining a constant temperature difference. This allows
the measurement of CCN spectra during a flow cycle,
using the well-established and robust hardware of the
CFSTGC. An added advantage of SFCA is that CCN
measurements are carried out at a constant column tem-
perature difference (which can be only a few degrees
above ambient), therefore minimizing biases from par-
tial volatilization of aerosol in the instrument. In sub-
sequent sections, we present the theory of SFCA and
experimentally demonstrate the power of the method
for laboratory-generated calibration aerosol and ambi-
ent aerosol sampled in Atlanta, GA.

2. Instrument Description

The CCN counter used to develop and demonstrate
SFCA was a Droplet Measurement Technologies CF-
STGC (CCN-100, DMT). The CFSTGC consists of a
cylindrical metal tube (0.5 m in length with a 23 mm
inner diameter and 10 mm wall thickness) with a wet-
ted inner wall on which a linear temperature gradient is
applied in the streamwise direction. The temperature
gradient is controlled using three thermoelectric coolers
(TECs) located on the outer wall of the flow chamber
(Figure 1), and water flows continuously through a 2.5-
mm-thick, porous, ceramic bisque that lines the inside
of the cylinder. Heat and water vapor diffuse toward the
centerline of the flow chamber. Since moist air is largely
composed of N2 and O2, which are heavier molecules
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Figure 1. Schematic of the setup used for the Scanning
Flow CCN Analysis (SFCA).

than H2O, the latter has a higher molecular velocity,
hence diffuses more quickly than heat (which is trans-
ferred primary via collisions between slower N2, O2).
Under developed flow conditions, a quasi-parabolic wa-
ter vapor supersaturation is generated across the cross-
section of the tube, which is maximum at the center-
line [Roberts and Nenes , 2005]. The aerosol sample en-
ters the top of the column at the centerline and is sur-
rounded by a blanket of humidified, aerosol-free sheath
air. If the supersaturation in the instrument exceeds
the critical supersaturation (sc) of the aerosol, the par-
ticles activate and form droplets, which are counted
and sized by an optical particle counter (OPC) using
a 50 mW, 658-nm-wavelength laser diode light source.
The droplet size distribution information obtained in
the OPC also allows using the CFSTGC to study CCN
activation kinetics.

3. Description of SFCA

3.1. Method

SFCA entails varying the flow rate through the col-
umn in a controlled manner, while maintaining a con-
stant streamwise temperature difference, ∆T , and pres-
sure, P . In this work, the flow rate in the chamber is
increased linearly between a minimum flow rate (Qmin)
and a maximum flow rate (Qmax) over a specified “ramp
time” (tup). The flow is maintained at Qmax for a time
period, tpeak, and is then linearly decreased to Qmin

over another ramp time, tdown. Finally, the flow rate is
held constant at Qmin for a period, tbase, and the scan
cycle is repeated. Droplet concentrations and size dis-
tributions at the OPC are continuously measured dur-
ing this scan cycle with 1-second resolution.

A critical step for the success of SFCA is relating in-
stantaneous CCN concentrations measured in the OPC
to a specific level of supersaturation, so that a spec-
trum can be obtained over a scan cycle. This requires
an understanding of the dynamics of CCN activation in
the instrument. For this, two characteristic timescales
are introduced: i) τQ, the characteristic timescale of
flow change (tup or tdown) and ii) τr, the diffusivity

timescale in the radial direction (R2

Γ , where R is the
flow tube inner radius and Γ is a characteristic diffu-
sivity for momentum, heat, and water vapor). Since
the dimensionless Schmidt Number (Sc) is less than the
Prandtl Number (Pr), which are both less than unity,
diffusion of momentum is the slowest of all transport
processes in the radial direction. Hence, Γ = µ

ρ , where
µ and ρ are the air viscosity and density, respectively,
and τr ∼ 10 s at 298 K, and 1013 mbar. If τQ ≫ τr,
then the instantaneous velocity, water vapor, and tem-
perature distributions will approach their steady-state
profiles, and particles exiting the flow column at each
point in time will be exposed to this quasi-steady-state
supersaturation, ssteady, and activate. Since ssteady de-
pends linearly on flow rate [Roberts and Nenes , 2005],
supersaturation will vary linearly with time. Under
these conditions, SFCA will provide CCN spectra with
minimal data processing as concentrations will corre-
spond to the instantaneous supersaturation in the in-
strument (assuming that the OPC integration time,
τOPC , is much less than τQ). When τQ ≤ τr, the
flow rate varies too quickly with respect to the radial
transport timescale, and the velocity, temperature and
water concentrations deviate substantially from steady-
state values. Supersaturation still develops, but it is
a nonlinear function of time (flow rate) and the con-
trol parameters (scan time, temperature). Quantify-
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ing the departure from steady-state behavior, as well as
other instrument response characteristics (e.g., the size
to which activated droplets grow, which is key for de-
termining droplet growth detection limitations) requires
the application of a comprehensive computational fluid
dynamics model of SFCA.

In subsequent sections, the numerical model and sim-
ulation characteristics are briefly presented, together
with an analysis of simulations using the geometric
characteristics and operation limitations of the CF-
STGC. The objectives of the analysis are to i) deter-
mine the combination of control parameters for which
steady-state approximation of supersaturation applies,
ii) ensure that sufficient size separation exists between
activated droplets and interstitial aerosol, and iii) verify
that activated droplets are in the detectable size range
of the OPC.

3.2. Instrument and Droplet Growth Models

The CFSTGC instrument and droplet growth mod-
els [Roberts and Nenes , 2005; Lance et al., 2006] were
used to simulate the response of the instrument as a
function of the scanning flow cycle parameters. The
instrument model numerically solves the Navier-Stokes
equations and the conservation equations for heat and
water vapor to produce the transient velocity, pressure,
water vapor supersaturation, and temperature fields in
the instrument. The model has been shown to success-
fully simulate instrument behavior over a wide range
of operating conditions [Lance et al., 2006; Rose et al.,
2008].

Extension of the instrument model to simulate SFCA
is fairly straightforward. Operational parameters used
in the model are the total flow rate (Q), scanning char-
acteristics (tup, tpeak, tdown, tbase), inlet pressure (P )
and temperature (Tinlet), and the inner wall temper-
ature difference between the entrance and exit of the
flow chamber (∆Tinner). Non-steady state forms of the
conservation equations are used, where the axial veloc-
ity boundary condition at the inlet of the flow chamber
is assumed to be uniform in the radial direction and
to vary with time in a manner proportional to Q; all
other boundary conditions are the same as those used
in steady-state operation of the model [Lance et al.,
2006]. Heat and mass balances in the wetted walls,
as well as slight nonlinearities in the temperature pro-
file (from thermal resistances) are not accounted in the
analysis.

3.3. Supersaturation Profiles

Figure 2 shows the simulated maximum centerline
supersaturation, smax, in the instrument as a function
of Q, ∆Tinner, and flow ramp time (tup = tdown). The
simulated supersaturation curves for different ∆Tinner

collapse neatly on top of each other, indicating that,
while ∆Tinner determines the magnitude of the maxi-
mum supersaturation, it does not affect the shape of the
response curve. For slow scans (i.e., τQ ≫ τr ∼ 10 s),
supersaturation approaches its steady-state linear de-
pendence on flow rate, while at shorter scan times (i.e.,
τQ ≤ τr ∼ 10 s) a transient hysteresis develops between
the upscan and downscan curves. From Figure 2, the
linear profile regions appear to be complementary (i.e.,
the upscan provides good supersaturation resolution at
higher Q and vice versa for low Q during the downscan).

The quasi-steady-state behavior is not reflected only
in the value of smax but also in the overall profile of s
in the flow chamber. This is shown in Figure 3, which
presents selected instantaneous centerline supersatura-
tion profiles over the course of a 60-second flow scan
for ∆Tinner = 10 K. Upscan profiles are represented by
solid traces, and downscan profiles are given by dashed
traces. The vertical lines in Figure 3 denote the steady-
state supersaturation entrance length xs [Lance et al.,
2006],

xs = 0.05ReDD +
D2

4αT
U (1)

where ReD = ρUD
µ is the Reynolds number based on

the chamber inner diameter, D, and the instantaneous
average air velocity, U , and αT is the thermal diffusivity
of air. The good agreement between xs and the entry
lengths for the transient profiles suggests that the max-
imum supersaturation and droplet growth kinetics are
closely related to the instantaneous flow rate.

The instrument supersaturation also depends on pres-
sure [Roberts and Nenes , 2005], and simulations were
conducted to evaluate this dependence. Figure 4 shows
the simulated maximum centerline supersaturation dur-
ing a flow cycle for a range of ramp times and pressures.
Changing the pressure affects both the magnitude and
the dynamic behavior of the supersaturation profile, be-
cause τr, through changes in Γ, scales inversely with
pressure (e.g., τr ∼ 4, 6, 8 s at 400, 600, 800 mb, re-
spectively). The decrease in τr at lower pressures allows
the supersaturation profile to develop more quickly so
that the steady-state behavior is even a better approx-
imation than at higher pressures. Hence, SFCA can
be operated over a climatically-relevant range of super-
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saturations and pressures, which ensures that it can be
successfully used in aircraft observations of CCN. In
fact, the simulation indicates that the decrease in τr at
low pressures allows a quasi-steady s profile to develop
even at 5 s ramp times (Figure 4).

3.4. Droplet Activation and Size

An important issue with any CCN measurement is
whether particles are allowed enough time to activate
into cloud droplets and grow to detectable size. Simu-
lations were carried out to assess whether SFCA satis-
fies this requirement. Figure 5 presents a characteristic
example and shows how the droplet diameter at the
exit of the instrument changes during a flow scan cycle.
The simulations shown are for 50-nm ammonium sul-
fate aerosol, a ramp time of 60 s, and a wide range of
values for the effective water uptake coefficient (γ). The
effective water uptake coefficient accounts for the trans-
fer of gaseous water vapor across the interfacial surface
to the droplet bulk, which affects the mass transfer rate
of water vapor onto growing droplets. Reported values
of γ for water range from 0.01 to 1 [e.g., Asa-Awuku

et al., 2009; Fountoukis et al., 2007; Davis, 2006; Li

et al., 2001]. Lower values of γ may be associated with
the presence of hydrophobic, film-forming organics that
hinder water uptake [e.g., Bigg et al., 1969; Bigg , 1986;
Rubel and Gentry , 1984; Asa-Awuku et al., 2009].

The common feature of all of the predicted growth
curves of Figure 5 is a dramatic shift in droplet size in
the OPC when the instantaneous flow rate exceeds the
critical flow rate corresponding to the particles’ criti-
cal supersaturation (Q > Qc). This point reflects the
process of CCN activation in the CFSTGC. Overall, ac-
tivated droplet sizes are relatively constant, despite the
supersaturation variations experienced during the flow
scan. Some variations, however, are seen in droplet size
between Qc and Qmax (at 50-70 s). When the downscan
commences (∼80 s), the droplet size exhibits similar
variability to the upscan (in reverse), but with droplet
size peaking at relatively larger values. This is because
supersaturation, for the same instantaneous Q, tends
to be higher during the downscan than in the upscan
(Figures 2-4) and drives growth to larger sizes. Nev-
ertheless, these variations are relatively small, all to
within 0.5 µm of the average activated diameter size
during the upscan (or downscan) phase. Simulations
show that γ strongly affects the outlet droplet size (par-
ticularly for γ <0.1), but that the droplet sizes are still
above the lower detection limit (1 µm) of the OPC (Fig-
ure 5; Lance et al. [2006]). This ensures that the hard-
ware currently available in the Droplet Measurement
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Technologies CCN counter (which is a commercially-
available CFSTGC) can be readily used for application
of SFCA to measurements of ambient aerosol.

A simple analysis of CCN growth can be used to
rationalize CCN activation droplet growth kinetics in
SFCA. As particles move through the flow chamber,
condensation and evaporation of water affect their size
and is described by Maxwellian diffusional growth [e.g.,
Seinfeld and Pandis, 2006; Nenes and Seinfeld , 2003]:

Dp
dDp

dt
= G (s − seq) (2)

where Dp is the wet size of the droplet, G is a growth
parameter that depends weakly on particle size and the
water vapor mass transfer coefficient [Nenes and Se-

infeld , 2003; Seinfeld and Pandis, 2006], s is the local
water vapor supersaturation, and, seq is the equilibrium
water vapor supersaturation of the particle. Integration
of Equation 2 provides the droplet size at the exit of the
flow chamber, but requires knowledge of the supersat-
uration trajectory during the droplet’s transit in the
instrument; this is presented below.

As a particle traverses the instrument during a flow
upscan (which, by neglecting diffusional and inertial ef-
fects, can be assumed to move along the centerline with
twice the average air velocity), its displacement from
the chamber inlet, x, is determined by its instantaneous
velocity:

dx

dt
=

2

πR2
(Qmin + βt) (3)

where β=(Qmax − Qmin) /tramp. Assuming that x=0
at t=0, Equation 3 can be integrated to relate x and t,

t =
−Qmin +

√

Q2
min + βπR2x

β
(4)

Substituting Equation 4 into Equation 3 for t yields

dx

dt
=

2

πR2

√

Q2
min + βπR2x (5)

which is the instantaneous velocity as a function of loca-
tion for particles introduced into the instrument at the
beginning of a flow cycle. Equation 5 can be combined
with Equation 2, using the chain rule, to represent the
droplet growth rate as a function of axial distance from
the inlet

Dp
dDp

dx
=

(

Dp
dDp

dt

) (

dt

dx

)

=
πR2G (s − seq)

2
√

Q2
min + βπR2x

(6)
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Assuming that G is constant over the size range of in-
terest and that seq=0 after droplet activation [Nenes

and Seinfeld , 2003], Equation 6 can be integrated from
the point of CCN activation, xa, to the end of the flow
tube (x=L),

D2
p(L) − D2

p(xa) = πR2G

∫ L

xa

sdx
√

Q2
min + βπR2x

(7)

Since s scales linearly with flow rate for quasi-steady-
state conditions (i.e., τQ ≫ τr),

ds

dt
= α

dQ

dt
(8)

where α is the proportionality constant that relates in-
stantaneous instrument s and Q [Roberts and Nenes ,
2005]. Since s=0 at Q=0, one obtains for the supersat-
uration at any instant during the upscan:

s = α (Qmin + βt) (9)

Substitution of t in Equation 9 with Equation 4 provides
the supersaturation as a function of location (temporar-
ily neglecting the effects of the supersaturation entry
length, xs, which are accounted for later on),

s = α
√

Q2
min + βπR2x (10)

s in Equation 7 can be substitited with Equation 10 and
integrated to provide the droplet size at the exit of the
growth chamber,

D2
p(L) = D2

p(xa) + πR2Gα (L − xa) (11)

For most CCN, growth to the critical wet diameter,
Dc, occurs rapidly when exposed to the critical super-
saturation sc (i.e., Dp(xa)∼Dc) [Nenes et al., 2001b].
Consequently, Equation 11 becomes

Dp(L) =
√

D2
c + πR2Gα (L − xa) (12)

From Köhler theory, Dc = 2A
3sc

, where A = 4σw(T )Mw

ρwR̄T
,

σw (T ) is the temperature-dependent surface tension of
water, Mw and ρw are the molar mass and density of
water, R̄ is the universal gas constant, and T is absolute
temperature.

Equation 12 is able to explain the observed growth
kinetic behavior shown in Figure 5. The first term un-
der the square root represents the initial droplet size at
activation, while the second term represents the subse-
quent condensational growth after activation. Initially,

the instrument supersaturation is less than sc and par-
ticles do not activate until Q = Qc (i.e., s = sc). Then,
particles close to the exit of the flow chamber activate,
but do not grow to their largest possible size because
the particle is already downstream of the point at which
s becomes fully-developed (i.e., the supersaturation en-
try length, xs), and xa > xs. As time passes, parti-
cles initially residing farthest away from the exit reach
the OPC; the size of the droplets at the exit thus in-
creases until xa ∼ xs, where the second term of Equa-
tion 12 reaches a maximum. As the flow rate further
increases, xa and xs remain equal, approach L, and the
exit droplet size decreases. During the downscan, the
decrease in flow rate increases the droplet residence time
in the flow tube after activation, and the exit droplet
size increases (as described by the second term of Equa-
tion 12) until Q ≤ Qc where droplets cease to activate.

Equation 12 is valid only if the CCN, once exposed
to a supersaturation exceeding sc, remain in the devel-
oped flow region (i.e., xs does not exceed xa after the
particle has activated). Otherwise, the particle will be
outside the fully-developed region and the particle may
experience deactivation if supersaturation falls below
sc. This undesirable situation could be avoided if the
particle velocity is larger than the migration rate of xs,
i.e., if dxs

dt < dx
dt ∼ 2U , which after substitution yields:

β

2Q

(

0.05ρD2

µ
+

D2

4αT

)

< 1 (13)

Since the left hand side of Equation 13 scales with τr/τQ

and τQ ≫ τr, Equation 13 is always satisfied for a
slowly varying field (e.g., τQ > 18 s at T=298.15 K and
P=1013 mb). Hence, pseudo-steady state operation of
SFCA ensures that the CCN, once exposed to s > sc,
will continue to grow as they flow through the instru-
ment. Since the flow field is decelerating during the
downscan (β < 0), Equation 13 is satisfied regardless of
ramp speed. As τQ approaches τr, Equation 13 is not
satisfied for a fraction of the upscan (e.g., Q < 365 cm3

min−1 for tup = tdown=10 s and Q < 245 cm3 min−1 for
tup = tdown=15 s), which is seen in the numerical sim-
ulations (Figure 2) and confirmed by the experimental
10-second SFCA data (Section 4).

4. Evaluation of SFCA

4.1. Laboratory Aerosol

Figure 1 shows the experimental setup for evaluating
SFCA. Calibration aerosol is generated from an aqueous
salt solution using an atomizer. The aerosol are subse-
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quently dried in a silica gel diffusion dryer (residence
time ∼ 5 s, RH < 20%) and charge-neutralized by a
Kr-85 ionizer (3077A, TSI) before entering the differen-
tial mobility analyzer (DMA 3080, TSI). The sheath-to-
aerosol ratio in the DMA is maintained at 10:1 with an
aerosol flow of 1 lpm, controlled with a mass flow con-
troller (FC260, Tylan). The classified aerosol stream
is combined with filtered dilution air before being in-
troduced into the condensation particle counter (CPC
3022A, TSI) and the CFSTGC. As the flow rate in the
CFSTGC increases during a flow scan, additional fil-
tered dilution air is added to the monodisperse stream,
proportionately decreasing the total aerosol concentra-
tion; conversely, as the flow rate is decreased, the total
aerosol concentration increases (this can be observed in
the CCN and condensation nuclei (CN) number concen-
trations in Figure 6). This “dilution effect” was used
to synchronize the CCN and CN timeseries during the
inversion.

The pressure in the flow chamber was also varied
using a Droplet Measurement Technologies’ pressure-
control box (PCB), developed to maintain constant in-
strument pressure during aircraft operation. In this
study, a 300 µm orifice, operated sub-critically, was
placed upstream of the CFSTGC inlet and the flow was
split between the instrument and the PCB (as shown in
Figure 1). By maintaining a constant flow rate through
the orifice, a stable pressure in the flow chamber is
achieved.

Examples of CCN and CN concentration timeseries
obtained for classified ammonium sulfate aerosol are
shown in Figure 6 (tup = tdown = 10 s). CCN activation
is characterized by the CCN to CN ratio (activated ra-
tio), Ra, which is a function of instantaneous flow rate
(or time). Ra data were fit to the sigmoidal equation:

Ra ≡
CCN

CN
= a0 +

a1 − a0

1 + (Q/Q50)
−a2

(14)

where a0, a1, a2, and Q50 are constants which describe
the minimum, maximum, slope, and inflection point of
the sigmoid, respectively, and Q is the instantaneous
volumetric flow rate. This procedure was applied to Ra

data for classified ammonium sulfate and sodium chlo-
ride calibration aerosol to determine Q50 as a function
of dry particle mobility diameter over a range of tup,
tdown, and nominal temperature difference (∆Tnom).
The contribution of doubly-charged particles and the
DMA transfer function width were neglected, as this
introduces negligible uncertainty in the determination
of Q50 for the size range and the sheath-to-aerosol ratios
examined.
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Figure 6. Exemplary 10-second flow scan for
laboratory-generated, 30-nm ammonium sulfate aerosol
at P ∼ 990 mb and △Tnom = 14 K.

Exemplary sigmoidal activation curves are shown in
Figure 7. Ideally, a0 is 0 and a1 is expected to be unity;
however, values for a1 obtained from inorganic calibra-
tion aerosol are typically in the range of 0.9-1.0 and as
low as 0.6 for the smallest ∆Tnom, which are in agree-
ment with instrument behavior at steady-state condi-
tions. Consequently, Ra values were scaled by 1/a1,
similar to the procedure of Rose et al. [2008].

A parameter, termed the “critical flow rate”, Q50, is
introduced and corresponds to the instantaneous flow
rate that produces a level of supersaturation required to
activate the monodisperse calibration aerosol. In other
words, Q50 corresponds to the critical supersaturation,
sc, of the particle. Köhler Theory can then be applied to
compute sc from knowledge of the particle dry diameter,
ds, and chemical composition:

sc =

(

4A3

27B

)1/2

(15)

where B =
φsνsρsd3

s

ρwMw

and φs, νs, and ρs are the osmotic
coefficient, stoichiometric van’t Hoff factor, and density
of the solute, respectively. The osmotic coefficient ac-
counts for incomplete solute dissociation and was calcu-
lated for (NH4)2SO4 and NaCl using the ion-interaction
approach of Pitzer and Mayorga [1973] with parameters
taken from Clegg and Brimblecombe [1988]. Finally, a
dynamic shape factor of 1.08 was applied to account for
the non-sphericity of NaCl [Kämer et al., 2000]. The
simplifying assumptions in applying this form of the
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Figure 7. Sigmoidal activation curves for laboratory-
generated ammonium sulfate aerosol at tup = tdown =
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10 K.

Köhler equation to determine sc of size-resolved cali-
bration aerosol have been critically assessed by Rose

et al. [2008]; based on this analysis, we estimate the cu-
mulative relative uncertainty in sc to be less than 2%.

Determination of Q50 and sc over a wide range of
conditions allows a comprehensive characterization of
the relationship between instantaneous flow rate and
instrument supersaturation. Calibration curves are
shown in Figure 8 for a 60-second scan at ∆Tnom =
10 K, and, in Figure 9 for 10-second scans at multi-
ple values of ∆Tnom. The longer, 60-second scan cal-
ibration shown in Figure 8 agrees well with the trend
predicted from the instrument model (although the hys-
tersis is more pronounced than the model predictions,
which is likely due to thermal wall effects not consid-
ered in the simulations). Data obtained from 10-second
scans are also in good qualitative agreement with simu-
lations (Figures 2 and 9), in that the upscan and down-
scan supersaturation curves appear to follow the same
trend with flow rate; however, when the upscan curves
are aligned by adjusting the ordinate scaling, the down-
scan curves do not collapse on top of each other (Fig-
ure 9). This may result from wall thermal effects, but
more likely can be attributed to droplet inertial effects
causing the droplets to lag slightly behind the rapidly
accelerating and decelerating flow. Indeed, this effect
is more pronounced at higher ∆T (Figure 9), where
the droplets are larger. Activation curves for the 60 s
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ulation was conducted assuming a thermal efficiency of
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scans (Figure 8) are notably steeper and shifted com-
pared to the 10 s scans (Figure 9). The difference can
be attributed to the aforementioned droplet intertial
effects (which accounts for the observed shift) and the
OPC integration time, which, as τQ becomes compara-
ble to τOPC , integrates droplets from multiple super-
saturations simultaneously, causing a broadening in the
activation ratio. The current OPC acquisition software
uses a 1 Hz integration time, so a large supersatura-
tion dynamic range is sampled every second during 10
s scans. Either a data inversion and/or shorter OPC
integration time could rectify both effects and will be
the subject of a future study.

Calibration curves at reduced pressures, typical of
those used during aircraft studies, are shown in Fig-
ure 10 for a 10-second ramp time and a constant
∆Tnom = 10 K. As the operating pressure is reduced,
the supersaturation also decreases consistent with steady-
state operation. Furthermore, the shape of the re-
sponse curve during the flow upscan and downscan also
changes; the calibration curves move closer together and
upscan-downscan segments tend to be parallel, which is
consistent with the instrument model simulations.

An example of the stability of SFCA is presented in
Figure 11 which shows the activation of 50-nm ammo-
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nium sulfate aerosol measured continuously over a 12-
hour period using both 20-second and 60-second ramp
times. The experiment was conducted in a laboratory
maintained at nearly constant pressure (P∼990 mb)
and temperature varied between 23◦C and 27◦C. Fig-
ure 11 suggests that the activation spectrum remains
fairly constant with time and no systematic drift is ap-
parent. Some outlying scans are present, particularly
for the shorter scan time, and these are related to occa-
sional shifts in column temperature caused by changes
in the inlet air temperature (which could be accounted
for in an advanced inversion). Activation curves ob-
tained from (NH4)2SO4 and NaCl aerosol remained con-
stant over several weeks (Figure 8-10), which ensures
that SFCA is a stable mode of operation in the CF-
STGC for both fast and slow scan times.

4.2. Ambient Aerosol

CCN spectra of ambient aerosol in Atlanta, GA, were
measured using SFCA during the period of November
to December 2008. Sampling was conducted on the
Georgia Tech rooftop measurement platform in Mid-
town Atlanta (33◦46’ 44.75”N; 84◦23’ 45.15”W; ∼30-
40 m elevation). The aerosol sampled at this location
is expected to be representative of an urban environ-
ment with strong biogenic influences. The inlet stream
was split between one CFSTGC operating in SFCA
mode, another CFSTGC operating in “conventional”
(stepping-∆T and constant-Q) mode, and a CPC mea-
suring CN concentrations. Activation experiments us-
ing calibration aerosol with both instruments operat-
ing in stepping-∆T -mode suggested a 6% deviation be-
tween the CCN concentrations measured by both in-
struments, and this difference was accounted for in the
instrument intercomparison. Timeseries Ra data are
shown for both instruments in Figure 12; SFCA was
carried out using two different scan times (60, 10s) and
two different values of ∆Tnom. Both instruments are
in excellent qualitative agreement with identical peaks
and troughs in the Ra timeseries throughout the weeks
of operation.

A direct quantitative comparison of the SFCA time-
series to the stepping-∆T-mode timeseries is shown in
Figure 13. Data from both instruments were aver-
aged over each stepping-∆T-mode time period. Both
the ambient SFCA and ambient stepping-∆T-mode
data shown in Figure 13 are in excellent agreement
(R2=0.985, 0.977 for the 60 and 10 s scans, respec-
tively). 10 s scans tend to exhibit somewhat larger
scatter (inset of Figure 13b) than for 60 s scans (inset
of Figure 13a); the symmetric nature of the scatter and

its relation to scantime suggests that it is broadening
from the OPC integration time, which can be addressed
either during the inversion process or through decreas-
ing the OPC integration time. Nevertheless, Figure 13
conclusively shows that SFCA compares well with the
well-established and robust technique of varying the in-
strument temperature difference, but with much better
temporal and supersaturation resolution.
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Figure 14. Exemplary SFCA timeseries showing am-
bient CCN concentrations and measured droplet sizes
over time. The black traces denote the average droplet
diameter (±0.5 µm) of ammonium sulfate calibration
aerosol as a function of upscan supersaturation.

In addition to CCN activation, SFCA provides high-
resolution droplet growth information. The average
droplet size measured at the OPC can be compared
against that of ammonium sulfate calibration aerosol
at the same flow rate (superaturation) to evince any
kinetic limitation on droplet growth from the presence
of organic compounds. An example is shown in Figure
14 for successive 60-second scans of ambient Atlanta
aerosol taken on 09 November 2008. The droplet size
distribution trends with expectations – the initial in-
crease in droplet size caused by increasing supersatura-
tion is followed by a decrease in droplet size where the
decreasing residence time at the higher flow rates allows
less time for droplet growth. The black curves represent
the maximum droplet size obtained for (NH4)2SO4 cal-
ibration aerosol with sc equal to instrument s; the am-
bient aerosol grow to sizes roughly consistent with (or
even slightly larger than) the inorganic salt (±0.5µm).
Thus, the ambient aerosol displays the same (fast) acti-
vation kinetics as calibration aerosol. If slow activation
kinetics are observed, then the instrument and droplet
growth models could be used to parameterize the de-
layed droplet growth in terms of changes in γ [e.g., Asa-
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Figure 12. Continuous measurements of Ra for Atlanta aerosol using both SFCA and stepping-∆T methods. Data
shown for (top) ∆Tnom = 10 K, tup = tdown = 60 s, tpeak = tbase = 20 s; (middle) ∆Tnom = 6 K, tup = tdown = 10
s, tpeak = tbase = 10 s; and (bottom) ∆Tnom = 10 K, tup = tdown = 10 s, tpeak = tbase = 10 s.
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Figure 13. Comparison plots of A) 60-second-scan and B) 10-second-scan SFCA spectra to the stepping-∆T mode
spectra for November 7-14, 2008 and December 8-15, 2008.

Awuku et al., 2009; Ruehl et al., 2008].

5. Summary and Conclusions

Scanning Flow CCN Analysis (SFCA) is a new method
that allows rapid, high-resolution measurements of CCN
spectra using the CFSTGC design of Roberts and Nenes

[2005]. SFCA is based on varying the instrument
flow rate while keeping the instrument pressure and
streamwise temperature difference constant. Varying
the flow in the growth chamber at a sufficiently slow rate
(but still adequate for airborne CCN measurements) al-
lows for instrument operation at “pseudo-steady” state,
where droplets grow to detectable sizes, and, instanta-
neous supersaturation linearly correlates with flow rate
and greatly facilitates inversion of the CCN timeseries
to a CCN spectrum.

Activation of laboratory-generated inorganic calibra-
tion aerosol and ambient aerosol are shown to be in ex-
cellent agreement with the instrument simulations and
conventional operation of the CCN counter. SFCA can
be employed on existing Droplet Measurement Tech-
nologies CFSTGC instruments with a software upgrade.
Current hardware allows CCN activity and droplet size
spectra to be obtained in as little as 10 seconds with
very stable performance, which is adequate for airborne
measurements and vastly superior to the 3600-seconds
required by the conventional “stepping-∆T” mode. If
operated at lower pressures, even faster scans can be
obtained, but would require a transfer function decon-
volution to correct for droplet inertial effects and OPC
integration time. SFCA is a technique that combines
the simplicity and robustness of the CFSTGC with the

dynamic range and resolution of a CCN spectrometer.
For a wide range of operation conditions, SFCA pro-
vides spectra unbiased by shifts in activation kinetics
and aerosol composition.
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Nomenclature

Symbol Units Description

α s cm−3 Proportionality constant between s and Q

αT m2 s−1 Thermal diffusivity of air

a0 Fitting parameter denoting sigmoid minimum

a1 Fitting parameter denoting sigmoid maximum

a2 Fitting parameter denoting sigmoid slope

A m Kelvin parameter in Köhler Theory

β cm3 s−2 Rate of change of Q

B m3 Raoult parameter in Köhler Theory

CCN cm−3 Cloud condensation nuclei concentration

CN cm−3 Condensation nuclei concentration

D m Flow tube inner diameter

Dc m Critical wet droplet diameter

Dp m Wet droplet diameter

γ Effective water uptake coefficient

Γ m2 s−1 Characteristic diffusivity

G m2 s−1 Growth parameter

L m Length of flow chamber

µ kg m−1 s−1 Air viscosity

Mw kg mol−1 Molar mass of water
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Nomenclature

Symbol Units Description

νs Stoichiometric van’t Hoff factor

φs Osmotic coefficient

P mbar Pressure

Q cm3 min−1 Instantaneous flow rate

Q50 cm3 min−1 Fitting parameter denoting sigmoid inflection point

Qc cm3 min−1 Instantaneous flow rate corresponding to sc

Qmin cm3 min−1 Minimum flow rate in scan

Qmax cm3 min−1 Maximum flow rate in scan

ρ kg m3 Air density

ρw kg m3 Density of liquid water

ρs kg m3 Dry density of solute in particle

R m Flow tube inner radius

Ra Activated ratio (=CCN/CN)

R̄ J mol−1 K−1 Universal gas constant

ReD Reynolds Number based on flow tube inner diameter

σw(T ) N m−1 Temperature-dependent surface tension of water

s Instantaneous supersaturation

sc Critical supersaturation

seq Equilibrium supersaturation of a particle
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Nomenclature

Symbol Units Description

ssteady Quasi-steady-state supersaturation

τr s Radial diffusion timescale

τQ s Flow change timescale

τOPC s OPC integration time

t s Time

tbase s Duration of flow at Qmin between flow ramps

tdown s Downscan ramp time

tpeak s Duration of flow at Qmax between flow ramps

tup s Upscan ramp time

T K Absolute temperature

∆T K Streamwise temperature difference

∆Tinner K Inner-wall streamwise temperature difference

∆Tnom K Nominal (outer-wall) streamwise temperature difference

Tinlet K Temperature at column inlet

U m s−1 Instantaneous average air velocity

x m Particle axial displacement

xs m Steady-state supersaturation entry length

xa m Particle displacement at activation




