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[1] A new instrument, a 1 X 3 tandem differential mobility
analyzer (1 x 3-TDMA), was deployed in June 2007 in the
Southern Great Plains, Oklahoma, USA to study the phase
of ambient particles. Its primary measurement, the
irreversibility of the hygroscopic growth factor, is
obtained by reversibly cycling relative humidity (RH) by
+8% and testing for irreversible changes in diameter. In 101
runs, efflorescence occurred 72% of the time for particles
sampled at ambient RH. Deliquescence occurred in 13% of
the runs. The more frequent occurrence of efflorescence
compared to deliquescence was explained at least in part by
the distribution of ambient RH, which had a median of 80%
and quartiles of 65% and 93% RH. The deliquescence and
efflorescence events were nearly exclusive from one another
and could be separated by Min[RH Ambient, Inlet RH] <40%
for deliquescence and Max[RH Ambient, Inlet RH]>50% for
efflorescence. In outlook, the data set from the 1 x 3-TDMA
regarding the phase and hence water content of ambient
particles can be used for validating regional chemical
transport models of particle phase. Citation: Martin, S. T.,
T. Rosenoern, Q. Chen, and D. R. Collins (2008), Phase changes
of ambient particles in the Southern Great Plains of Oklahoma,
Geophys. Res. Lett., 35, 122801, doi:10.1029/2008 GL035650.

1. Introduction

[2] Numerous studies have observed the deliquescence
and the crystallization of atmospheric particles. Using a
nephelometer, Rood et al. [1989] found that ambient aerosol
particles were metastable 50% of the time for ambient RH
of 45 to 75% in the Grand Canyon, Mojave Desert, and
Riverside, California. Using a hygroscopic-growth tandem
differential mobility analyzer (HTDMA), Pitchford and
McMurry [1994] observed deliquescence phase transitions
of ambient particles in the Grand Canyon. Additional
examples are reviewed in section VI (A) of Martin
[2000]. More recent observations include those of Day
and Malm [2001], Malm et al. [2003], Santarpia et al.
[2004], and Khlystov et al. [2005]. A purpose-designed
instrument to study the phase transitions of ambient par-
ticles, however, has not been deployed previously, and such
an instrument could be expected to provide more sensitivity,
new statistics, and further insights on this topic.
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[3] This paper describes the deployment in June 2007 of a
1 x 3 tandem differential mobility analyzer (1 x 3-TDMA)
in the Southern Great Plains, Oklahoma, USA. The primary
measurement is a test of the reversibility of the hygroscopic
growth factor of aerosol particles. The growth factor is the
ratio of a particle diameter measured at a high RH to a
reference diameter conditioned at a low RH [Biskos et al.,
2006]. Compared to a nephelometer or an HTDMA,
although the 1 x 3-TDMA does not provide information
on the magnitude of the growth factor, it provides increased
sensitivity to irreversible changes of this factor. Irreversible
changes are associated with phase changes. The greater
sensitivity is especially important for measurements at low
RH for which the diameter change between aqueous and
effloresced particles is small.

[4] The basic principles of phase transitions and their
effects on the reversibility of the growth factor can be
illustrated by a test aerosol of ammonium sulfate (AS)
particles. On the one hand, when going from low to high
RH, solid AS particles do not become aqueous (i.e.,
deliquesce) until 80% RH. On the other hand, when RH
is decreasing, aqueous AS particles do not crystallize by
homogeneous nucleation (i.e., effloresce) until 35% RH.
Due to this hysteresis, AS particles may, therefore, be either
aqueous or solid between 35 and 80% RH: the growth factor
is not a single-valued function of RH. For example, a cycle
from 77% to 85% to 77% converts solid AS particles to
aqueous, with a corresponding irreversibility of the growth
factor for the described cycle. The 1 x 3-TDMA takes
advantage of this effect to infer the initial physical state of
the particles (i.e., solid) prior to the RH cycle. Similarly, the
growth factor of aqueous AS particles is irreversible for a
cycle such as 40% to 32% to 40% RH.

[5s] In contrast to AS particles, atmospheric particles have
much more complicated chemical compositions [Seinfeld
and Pandis, 1998]. They are internal mixtures of sulfate,
nitrate, ammonium, other inorganic and organic ions, un-
dissociated organic molecules, and insoluble inclusions,
such as soot or mineral dust. Because particles crystallize
and deliquesce individually, the phase transition behavior of
real atmospheric aerosols is complex, and purpose-designed
instruments such as the 1 x 3-TDMA are needed for their
study. This paper introduces the results of the first field
measurements with this instrument.

2. Experimental

[6] The 1 x 3-TDMA is described by Rosenoern et al.
(The 1-by-3 Tandem Differential Mobility Analyzer for
measurement of the irreversibility of the hygroscopic
growth factor, submitted manuscript, 2008). In brief, after
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charging at the inlet, aerosol particles are equilibrated to a
setpoint RH,, (cf. Figure S1 of the auxiliary material)." A
first differential mobility analyzer DMA,,,,, selects the
fraction of the aerosol particles lying within a band of
electric mobility, equivalent to 150 nm for this study. The
aerosol flow is split into three parallel arms, including a
“reference” (denoted 0), a “deliquescence test” (denoted
+6), and an “efflorescence test” (denoted —9). In the +6 and
—06 arms, the aerosol particles are perturbed to RHy + ¢
before returning to the set RHy. In this study, we use 6 =
8%. The specific RH histories imposed are RHy — (RHg + 6)
— RHj (e.g., 72% — 80% — 72%) as a deliquescence
test, RHy — (RHy — 8) — RHy (e.g., 72% — 64% —
72%) as an efflorescence test, and RHy — RHy — RHj
(e.g., 72% — 72% — 72%) as the reference. Exiting the
RH tests, the three flows pass through separate DMAs,
labeled DMA,, DMA s, and DMA _;, which are tuned to
the same electric mobility as DMA,,,,,. Condensation
particle counters CPC,, CPC.s, and CPC_s measure the
concentration passing through each DMA. An irreversible
change in particle diameter in either test arm caused by the
RH cycle is detected as a reduction in the transmitted
concentration. The transmission ratios CPC.5:CPC, and
CPC_s:CPC, respectively define the deliquescence and
efflorescence tests. A phase transition abruptly changes
the transmission ratio as RHy is scanned. Accompanying
the phase change the diameter must change by a factor of
1.17 for the flow rates used to obtain complete separation of
solid particles (DMA) and aqueous particles (DMA .;); the
factor is 0.85 for complete separation of aqueous (DMA)
from solid particles (DMA _y).

[7] Measurements were conducted from June 4 to 16,
2007, in the Guest Trailer of the Central Facility at the DOE
Atmospheric Radiation Measurement (ARM) site in the
Southern Great Plains (SGP) [Sheridan et al., 2001]. The
site, located at N36° 37, W97° 30, 320 m asl outside of
Billings, Oklahoma (—5 hours UTC), is instrumented with
multiple trailers to provide a climatological record of light
scattering properties of aerosol particles, radiative balance,
and meteorological variables.

[8] The aerosol particles were introduced to the 1 x 3-TDMA
through a 10-m mast outfitted with a ” (OD) copper tube.
A PM-2.5 inlet (URG-2000-30ED, URG Corp., North
Carolina) with a design flow of 3 Lpm was used. It
consisted of a 180° loop at the top, an insect screen, and
a cyclone. The actual flow was 3.4 Lpm. The inlet was
connected to the 1 x 3-TDMA in the Guest Trailer through
a 3-m horizontal connection of 1 copper tubing. The trailer
was air-conditioned to 23°C, and the inlet temperature
inside the trailer was heated between 24.3 and 26.4°C.
The RH in the inlet varied from 32.5%, to 64.7%, to 79.1%
for the 10%, 50%, and 90% points of the cumulative
distribution function (CDF).

[v] The seven-day back-trajectories for the site were
analyzed [Schoeberl and Newman, 1995]. For June 4—6
(17:00 local) the local air mass arrived from the north out of
Canada, for June 7 from the west from the Pacific across
southern California, for June 8 and 9 from complex trajec-

'Auxiliary materials are available in the HTML. doi:10.1029/
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Figure 1. Observation of a deliquescence event. (a) Scan
of RHy and RH, s from 19:08 to 20:46 on 7 Jun 2007 using
RH.s = RHj + 8%. (b) Measurements of CPC, and CPC_.
(c) The transmission ratio CPC.5:CPC, for an upscan of
RH, 5. The ambient RH was 29% and the inlet RH was 35%.

tories from several directions including Canada and the
Pacific, for June 10, 11, and 12 from the south across
Texas, and for June 13, 14, and 15 from a stagnant air mass
generally from the south—southeast. The wind directions
measured on the site by the meteorological station were
consistent with the local directions indicated by the trajec-
tories. There was precipitation on the evening of June 10
and in the night and day on June 13 and 14. The median
daily temperature was 23.3°C, with diel swings of ca.
10°C. Excluding rainy days, the ambient RH had afternoon
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