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Abstract. Heterogeneous ice nucleation on solid ammoniumcrease or decrease in the abundance of cirrus clouds formed
sulfate and glutaric acid particles was studied using opticain this region could significantly impact the amount of wa-
microscopy and Raman spectroscopy. Optical microscopyter vapor that is transported into the stratosphere. Changes
was used to detect selective nucleation events as water van stratospheric water vapor levels will affect stratospheric
por was slowly introduced into an environmental sample cell.chemistry and the formation of polar stratospheric clouds; in-
Particles that nucleated ice were dried via sublimation andlirectly affecting ozone loss rates as well (Jensen et al., 1996;
examined in detail using Raman spectroscopy. DepositionaGettelman et al., 2002). The formation of ice clouds and their
ice nucleation is highly selective and occurred preferentiallyproperties depend strongly on the nucleation mechanism by
on just a few ammonium sulfate and glutaric acid particleswhich they are formed. Although ice formation is a funda-
in each sample. For freezing temperatures between 214 Knental atmospheric process, the role of individual aerosol
and 235K an average ice saturation ratioSef 1.10+0.07 particles in ice nucleation remains uncertain. (Cantrell and
for solid ammonium sulfate was observed. Over the sameHeymsfield, 2005; IPCC, 2007)
temperature range, S values observed for ice nucleation on Ice nucleation has been shown to take place via homoge-
glutaric acid particles increased from 1.2 at 235K to 1.6 atneous or heterogeneous pathways, as reviewed by Cantrell
218 K. Experiments with externally mixed particles further and Heymsfield (2005). Homogeneous nucleation is ob-
show that ammonium sulfate is a more potent ice nucleuserved when aerosol freezing is initiated by an ice crys-
than glutaric acid. Our results suggest that heterogeneousl that forms within an aqueous aerosol particle. The ini-
nucleation on ammonium sulfate may be an important pathtial ice crystal catalyzes ice formation and the entire droplet
way for atmospheric ice nucleation and cirrus cloud forma-freezes. The role of sulfates in homogeneous ice nucleation
tion when solid ammonium sulfate aerosol particles are avail-has long been investigated due to their hygroscopic nature
able for ice formation. This pathway for ice formation may and ubiquity in the atmosphere. Ice nucleation in aqueous
be particularly significant near the tropical tropopause regionsulfate aerosol particles has been well characterized by nu-
where sulfates are abundant and other species known to b@erous different research groups (For examples see, Abbatt
good ice nuclei are depleted. et al. (2006), Mhler et al. (2003), Koop et al. (2000), Prenni
et al. (2001a) and embedded references). Homogeneous nu-
cleation occurs at temperatures near 235K at ice saturation
ratios (Sice = PH,0/V Pice) between 1.4 and 1.7.

Heterogeneous nucleation occurs when ice forms on a
Atmospheric ice formation is important due to its influ- Solid substance, such as an insoluble aerosol particle. For

ence on cloud origination, the global radiation budget, atmo-Many years, studies of heterogeneous ice nucleation were
spheric chemical reactions, and the global water cycle. Fofimited to aerosols with ice-like structures. New evidence
example, cirrus clouds near the tropical tropopause regulatéhOWS that other solids may also effectively nucleate ice (Ab-

the amount of water vapor that enters the stratosphere. An inPatt et al., 2006; Cantrell and Heymsfield, 2005; DeMott et
al., 1998; Shilling et al., 2006).

Several recent field and laboratory studies suggest that or-
Correspondence tayl. A. Tolbert ganic species tend to inhibit atmospheric ice formation. For
BY (margaret.tolbert@colorado.edu) examples see, Cziczo et al. (2004), DeMott et al. (2003a),

1 Introduction
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Mohler et al. (2008), Parsons et al. (2004), Prenni et DryNzl
al. (2001b) and Targino et al. (2006). Other studies have
shown that atmospheric species such as minerals, dust an
bacteria may encourage ice nucleation to occur at warmer
temperatures and lower ice saturation ratios than otherwise
observed (Archuleta et al., 2005; DeMott et al., 2003b; East-
wood et al.,, 2009; Kanji and Abbatt, 2006; Mangold et
al., 2005; Mohler et al., 2006; Twohy and Poellot, 2005;
Targino et al., 2006). Ice nucleation on particles that are com-
plex mixtures of different species likely depends on the rela- S
1 Umin

H,0 Vapor
Bubbler

tive surface area of aerosol available for nucleation as well as
the chemical properties of individual aerosol types (Abbatt et Controller
al., 2006; Kanji and Abbatt, 2006). Although evidence exists [w
that heterogeneous ice nucleation is important to cirrus cloud N—

formation, the mechanism and chemical processes by which

it occurs are not well understood and require more investiga-':ig' 1. Experimental setup used for investigating ice nucleation.

tion Particles impacted on a quartz disc are placed in the sample cell

In the present study we probe heterogeneous ice nuclep_)rior to experimentation. Humidified air is produced by running
P y P 9 dry N> gas through a glass frit. The humidified air enters the cell

a_t'on using Raman SpeCtro_SCOpy.m comblnatlop with an en'through the gas inlet and exits via the gas outlet. Cell temperature
vironmental cell and an optical microscope. This system al-ig monjtored with a platinum resistance sensor and regulated by a
lows us to examine ice formation on a particle-by-particle temperature controller that is attached to the sample cell. RH is
basis. Several experiments have previously been performegheasured by a hygrometer attached to the gas outlet of the sample
using either Raman spectroscopy or optical microscopy tcacell. The sample may be examined visually using the CCD camera
investigate ice nucleation on atmospheric particles. Mundthat is attached to the optical microscope. A Raman spectrum of the
and Zellner (2003) use Raman spectroscopy to investigatéample may also be obtained using a frequency doubled NdzYVO
homogeneous nucleation of optically levitated sulfuric acid DPSS laser operated at 532nm or externally stabilized diode laser
droplets. Koop et al. (1998) make use of optical microscopy©Perated at 780 nm.

to observe ice nucleation from sulfuric acid particles. Bua-
{f} iiirgr?gzlt.iézlo t?;g:;g\évttehf;rf?;?;a:aipsgzzzzgsgl;?Jr::éntzguIfgte and so_lid glu_taric acid particles independently. Criti-
investigate evaporation rates of surface-active organic com.—Cal Ice saturatlon.rat|o§ke) calculated at the onset of freez-
pounds. Chan et al. (2006) used Raman spectroscopy and ang for gach species are reported. In the secon(_ll type of eXper-
electro dynamic balance to investigate aerosol hygroscopic'—ment’ Ice was de_p03|t_|onally nucleated on solid ammonium
ity on solid ammonium sulfate particles containing glutaric _sulfate and glutaric acid particles that were externally mixed

acid coatings at room temperature. Kaniji et al. (2008) inves-" the same sample. For each experiment of this type, ice

. o ) : . .~ saturation ratios are reported and Raman spectroscopy was
tigated depositional nucleation on mineral dust using optical . : ) : .

4 ) i . used to determine the identity of the ice nucleus responsi-
microscopy for ice detection. Knopf and Koop (2006) inves- . )
. . . : . le for the onset of freezing. Aerosol size and number con-
tigated heterogeneous ice nucleation on single particles o . . :

4 : .__centrations were held approximately constant, allowing for a
mineral dust using confocal Raman spectroscopy and optical. : . .
microscopy. direct comparison of nucleation potential based on the chem-

In the present study, onset-freezing conditions for hetero—ICaI properties of the aerosol particles examined.

geneous ice nucleation on solid ammonium sulfate and glu-

taric acid particles are reported. Ammonium sulfate was cho- Experimental

sen due to its high concentration in the troposphere. Addi-

tionally, several recent studies (Abbatt et al., 2006; Eastwoo®.1 The Raman system and reaction cell

et al., 2009; Mangold et al., 2005; Shilling et al., 2006) have

demonstrated that ice nucleation on solid ammonium sulfatéd schematic of the experimental system used to probe ice nu-

may be an important pathway for atmospheric ice formation.cleation is shown in Fig. 1. The Raman system consists of a

Glutaric acid (HQC(CH;)3CO:H) was chosen as a repre- Nicolet Alimega XR Dispersive Raman spectrometer that has

sentative organic species because it is a partially soluble dibeen outfitted with a Linkam THMS600 environmental cell,

carboxylic acid and it is commonly found in the atmospherea Buck Research chilled-mirror hygrometer and a Linkam

as a component of secondary organic aerosol. automated temperature controller. The Raman spectrome-
Specifically, this study investigates onset-freezing condi-ter features an Olympus BX51 research-grade optical micro-

tions for depositional ice nucleation in two types of experi- scope with 10X, 20X and 50X magnification capabilities. In

ments. Ice formation was first observed on solid ammoniumaddition, the Almega spectrometer has two separate lasers

Temperature

Raman Microscope
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(532nm and 780 nm) that can be used to probe samples gsor sink existed in the cell, such as ice forming on the cold
small as 1 um in diameter. For each experiment performediquid N2 pipes, the vapor pressure at the cell outlet would
in this study the 532 nm laser was used to gather spectral inbe lower than at the gas inlet. During this insulation test,
formation. The vibrational spectra obtained are chemicallythe cell was cooled to 223 K and water vapor was added un-
specific and allow for molecular identification on a particle- til the vapor pressure was near ice saturation with respect to
by-particle basis. It is also possible to depth profile or mapthe temperature of the silver block. Under these conditions,
different regions of single micrometer-sized particles to as-ice formation would not occur on the silver block, but would
sess compositional variability. form on the much colder liquid nitrogen lines if they were not
A Linkam THMSG600 cell is mounted on an Almega Prior properly insulated. When the inlet and outlet vapor pressures
high precision motorized microscope stage that sits withinwere compared, there was only a 0.39% difference between
the microscope compartment. The cell has a working tem-the two vapor pressure measurements.
perature range from196° to 600°C, which spans the entire
atmospheric temperature range. Samples are placed on a sB-2 Temperature calibration
ver block that is cooled with a continuous flow of liquid N
Temperature control is achieved by two counter-heating el-<Calculations of RH andice rely on accurate measurements
ements. A platinum resistance sensor mounted within theof temperature. Therefore, a temperature calibration was per-
silver sample block monitors cell temperature accurately toformed to correct for differences between the temperature
+0.1°C. The flow rate of liquid N and cell temperature is measured by the platinum resistance sensor embedded in the
controlled automatically using the Linkam TMS94 temper- silver sample block and the temperature of aerosol particles
ature controller. Additionally, the cell has inlets for gases resting on top of the quartz sample substrate. Our calibra-
and evacuation that allow for strict control over the sampletion was performed by back-calculating temperature based
environment. The cell is operated in a continuous flow man-on the observed deliquescence point of NaCl particles in our
ner with a background of purified nitrogen gas that may becell. For each calibration point a new sample of dry atomized
humidified as desired. NaCl particles was placed in the cell and cooled bel\Z0
Humidified air is generated from bursting bubbles createdWater vapor was then introduced into the system slowly un-
by running purge gas through a glass frit. This wet air istil deliquescence was detected using the spectral change in
then mixed with dry purge gas in variable ratios to createthe Raman signature. Deliquescence was additionally con-
a humidified flow. Increasing or decreasing airflow through firmed visually using the optical microscope. The frost point
the glass frit controls relative humidity (RH); the flow of dry at which deliquescence occurred was recorded from the hy-
nitrogen remains constant. grometer and then used to obtain a vapor pressure. Mar-
The RH environment of the sample is monitored usingtin (2000) has shown that the deliguescence RH of NaCl is
a CR-1A chilled-mirror hygrometer (Buck Research Instru- 75% and does not vary with temperature. Therefore, using
ments, L.L.C.) attached to the gas outlet of the cell. The CR-the vapor pressure obtained experimentally and the known
1A hygrometer measures frost points as low-d20°C with deliquescence point, we were able to back-calculate the ac-
an accuracy of0.15°C. Frost point measurements from the tual temperature the particles were experiencing. We per-
hygrometer and sample temperature (from the platinum reformed this calibration at five different temperature settings.
sistor sensor) allow for real-time monitoring of RH during When the calculated temperature was plotted verses tem-
experimentation. A Gast Manufacturing diaphragm pumpperature controller setting, the data was well approximated
pulling at a rate of 1L/min is attached to the outlet of the (R%2=0.998) by a linear fit. A graph of the temperature cali-
hygrometer. The pump ensures the airflow through the celbration curve is shown in Fig. 2. This calibration shows the
will always be 1 L/min, regardless of any variability due to actual temperature a particle experiences is warmer than the
changing the flow rate through the water vapor bubbler. temperature controller setting by about@ This tempera-
Itis important to note that the liquidNsupply lines forthe  ture difference is largely due to the addition of room temper-
commercially available Linkam cryo-stage are located withinature dry ¥ to the cold cell during experimentation.
the sample compartment. If humidified air were introduced Calibration points using NaCl were not possible at tem-
into the cell without modification the liquid Ntubes would  peratures below-40°C because depositional ice nucleation
act as a water vapor sink. Thus, the authors have taken greatould occur prior to deliquescence and monopolize the water
care to adequately insulate the liquid Nhes, ensuring that  vapor supply. However, spectral changes in the ammonium
the silver sample block is the coldest point within the cell. sulfate spectrum were observed when particles were cooled
The supply lines have been carefully wrapped in several laybelow a calibrated temperature of 222.9 K. This matches the
ers of polystyrene foam and the entire area has been coverezkpected para- to ferroelectric phase transition temperature
in a thick coat of low vapor pressure putty to fill any small of ammonium sulfateq{ =223.1 K, Hung et al., 2002; Knopf
cracks in the insulation. To test this insulation system, vaporand Koop, 2006) thus confirming that our temperature cal-
pressure measurements at the inlet and outlet of the cell werbration could be extended to colder temperatures. Spec-
compared at a set temperature and RH level. If a water vatral changes at this transition are depicted in Fig. 3. Most

www.atmos-chem-phys.net/10/2307/2010/ Atmos. Chem. Phys., 10, 23072010
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. I . Fig. 3. Vibrational spectra of ammonium sulfate as a function
Fig. 2. Temperature calibration curve constructed by calculating of temperature using Raman spectroscopy. Characteristic vibra-

actual particle temperature from the observed deliquescence relative o
humidity of NaCl particles. tional bands for S@‘ and NH" are indicated at 974 cmt and

3143cntl, respectively. At colder temperatures Raman modes of-
ten sharpen and intensify. In addition to this intensification, distinct
changes are observed at the para- to ferroelectric transition temper-
notably, the ammonium peak between 2800-3300%che- ature (" =223.1K) for ammonium sulfate. One change observed
comes asymmetrica| due to the deve|0pment of a peak St this transition is indicated by line A, which highlights the ap-
3026 cnr! (Fig. 3, line A). This transition is additionally ~Pearance of a peak at 3026 Cin the NH, vibrational mode as
marked by the subtle appearance of a shoulder on the anfEmperature is decfelased' The sulfate peak (B) also shifts from
monium peak between 3000 cthand 3200 cml. The sul- 974 cm t_o 972_ cm _at the ferroelectric transition temperature. .

. o More detailed discussion of these spectral changes can be found in
fate peak (974 cmt, 298K) also sharpens, intensifies and Torrie et al. (1972)
shifts to 972 crm! at temperatures lower than 223.1 K. Inten- ' '
sification and sharpening of these spectral features continues
as temperatures are lowered past the ferroelectric transition
temperature. To provide the most accurate results possiblédbbatt (2006) find thasice required for ice nucleation is in-
the calibrated temperature was used for all calculations preversely related to the available aerosol surface area. Thus,

sented in this investigation. every effort has been made to ensure that particle size and
number concentration remains consistent on every sample.
2.3 Particle generation and sample preparation This sample preparation method results in approximately 10

particles in the 10X field of view at any time. Thus, when a
Aerosol particles were produced by delivering a 10 wt% so-single ice particle is detected, this corresponds to an optimal
lution of either ammonium sulfate or glutaric acid to an at- nucleation detection limit of approximately 0.1% of the par-
omizer (TSI 3076) at a rate of 2ml/min using a Harvard ticles in view.
apparatus syringe pump. Particles were impacted directly To create samples containing externally mixed ammonium
onto microscope grade quartz discs (1 mm thick) in a flowsulfate and glutaric acid particles, the sample preparation
of dry N2 at 1.5L/min. Prior to experimentation, the quartz process was slightly modified. First, a sample of pure glu-
discs were cleaned with methanol and then treated with comtaric acid particles was generated using the same conditions
mercially available Rain-X, a hydrophobic silanizing agent as described above. The sample containing only glutaric
(ethanol (1-10%), isopropanol (75-95%), polysiloxanes, andacid particles was then placed in the cell to dry in a flow
organosilanes) to minimize heterogeneous effects of the sulbef purified N> for 30 min at a dew point of around 213K
strate on ice nucleation. The quartz discs were exposed tand a temperature of 236 K. After the allotted drying time,
the particle flow for 3 seconds. Individual particle diame- ammonium sulfate particles were atomized onto the sam-
ters range from 0.5-10 um in diameter. The mean particleple containing the dry glutaric acid aerosol particles. This
sizes for ammonium sulfate, glutaric acid and mixed-sampleprocess yielded samples containing an external mixture of
particles are 2.1 ym, 2.4 um, and 2.1 um with standard deviammonium sulfate and glutaric acid particles. Each mixed
ations of 1.0 um, 1.7 um, and 1.5 um, respectively. Kanji andsample was screened using Raman spectroscopy prior to

Atmos. Chem. Phys., 10, 2302317, 2010 www.atmos-chem-phys.net/10/2307/2010/
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experimentation to ensure the presence of pure ammoniur@.5 Calculating critical ice saturation ratios

sulfate and pure glutaric acid particles. In some cases, inter-

nally mixed particles consisting of an ammonium sulfate coreCritical ice saturation ratio%ce) is a parameter widely used
and a small amount of glutaric acid were observed. The auin cloud microphysics and in atmospheric models. It is de-
thors speculate that these internally mixed particles resultedined as:

on occasion from the impact of an ammonium sulfate particle

with a glutaric acid particle during sample generation. Sice(T) = PHp0/ V Pice(T) @

2.4 Depositional ice nucleation experiments where Px,0 is the water partial pressure at the temperature
when ice formation is observed andPic(T) is the equi-
Once a sample had been placed in the cell, a typical deposlibrium vapor pressure of water over ice at the same tem-
tional ice experiment began by running Nas through the perature. Using the calibrated cell temperatWehice(T')
cell at 1 L/min (298 K) until the system dried and settled was calculated using equations from Marti and Mauersberger
to a baseline dew point between 223 K and 203 K. The cell(1993). P,0 was calculated from frost points measured us-
was then cooled to the temperature desired for the experiing the Buck Research chilled-mirror hygrometer. The hy-
ment (214-233K) and allowed to rest for several minutesgrometer outputs frost points which are converted to vapor
to ensure temperature stabilization. Water vapor was slowlypressures using formulations developed by Buck (1981). In
introduced into the system by systematically increasing theaddition to calibrations performed by the manufacturer, the
ratio of humidified air to N gas that entered the cell. Wa- hygrometer was found to accurately measure frost points
ter vapor was added in a stepwise fashion. Meanwhile, thevhen tested in our laboratory. During these tests, the hy-
particles were monitored visually at 10X magnification using grometer was attached to a flow tube apparatus containing
the video output from the CCD camera mounted on the specpure water ice. Frost point measurements were made at
trometer. The onset of ice nucleation was denoted by the firsthe flow tube outlet for 19 different experiments at temper-
ice particle that was observed. It was typically quite easy toatures between 221 K and 233K as dryfddwed at 4 L/min
identify particles on which nucleation occurred because theythrough the system. The vapor pressure over pure ice in the
quickly grew to large sizes compared to surrounding parti-flow tube apparatus was measured by the hygrometer and
cles that remained dry. The vapor pressure at the onset of iceompared to theoretical vapor pressure calculations made us-
nucleation was recorded and the nucleation event was dodhg formulations by Marti and Mauersberger (1993). On av-
umented with visual imagery. The 50X objective was thenerage, vapor pressure measurements from these experiments
used for closer inspection of the ice crystal and the particlewere within 0.93% of the theoretical predictions. In this
responsible for nucleation. The nucleation event was docustudy, Sice was calculated for the onset of freezing in each
mented at 50X magnification using both optical microscopyexperiment and reported as a function of freezing tempera-
and Raman spectroscopy. Next the supply of water vapor tdure.
the cell was cut off and the cell was slowly warmed. This
resulted in ice sublimation and exposed the ice nucleus for
further investigation. The final step in the experiment was toS Results
visually and spectroscoplcally examine the particle responsiz 4 Depositional ice nucleation on ammonium sulfate
ble for nucleation.

: . . articles
A single sample was generally used in several ice nucle- P

ation experiments. Between each experiment the sample Wagig,,5] imagery obtained during a representative ammonium
warmed to 298 K and dried to a baseline dew point betweeryitate experiment are shown in Fig. 4. The first image (A)

223 and 203K to ensure that preactivation (Knopf and Koop,s s solid ammonium sulfate particles (10X magnification)

2006; Wallace and Hobbs, 2006 embedded references) difls; after being placed in the sample compartment and before
not affect expe_znmental results. It is interesting to npte th‘?‘tany water vapor had been introduced into the system. During
the same particle was never observed to nucleate ice tWicgynerimentation a motorized stage was used to move around
when a sample was used in several consecutive experiments.q || region of the sample to look for ice. For the example
Identical experiments were performed on blank quartzeyneriment, the sample was cooled to 218.1 K and water va-

substrates to ensure that ice nucleation was not induced bpfor was slowly added to the system until ice nucleation was

imperfections in the substrate material. Ice nucleation onypcerved at a frost point of 218.5 K (B). The 50X microscope
blank quartz substrates occurredSat values between 1.6

objective was then used for closer inspection of the ice crys-
and 2.33 over the temperature range observed. tal. In this example, the ammonium sulfate ice nucleus can
be seen through the ice crystal. A Raman spectrum of the
ice crystal and optical image (C) were obtained at this mag-
nification level. Finally, humidified flow to the cell was cut
off and the ice sublimed revealing the particle responsible for

www.atmos-chem-phys.net/10/2307/2010/ Atmos. Chem. Phys., 10, 23072010
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Fig. 5. Panel(A) shows Raman spectra taken during a depositional
nucleation experiment on ammonium sulfate. Humidified air was
slowly introduced into the sample cell and ice formation was ob-
Fig. 4. Images recorded during a depositional ice nucleation experS€rved (panel A, top spectrum) at 218.1K. Peak a corresponds to
iment on ammonium sulfate. Imag&) (10X magnification) shows ~ thev(OH) band of water ice at 3132cm (Whalley, 1977) . Al-

a group of dry ammonium sulfate particles prior to experimenta—thou@h the water ice signal is strong, the sulfate vibrational sig-

tion. Image(B) (10X magnification) focuses on the ice crystal that Nature frlom the ammonium s_ulfate ice nu_cleus i§ clearly visible at
marked the onset of ice formation. Imag@@) was taken of the same 972 ¢nT - (marked as c). The ice was sublimed with dry &s and

ice crystal at 50X magnification for closer inspection. The particle & SPectrum (panel A, bottom) was taken of the dry ammonium sul-

in image(D) (50X magnification) is the ice nucleus remaining after fa_lte p_article responsible for nucleation. In this sqectrum thg NH
the ice has been sublimed. vibrational band between 2800 crh and 3300 cm® (peak b) is

apparent in addition to the strong sulfate band (peak c). In this ex-
ample spectral deformation of the NYHnode is observed because

. . . . the temperature was below the para-to ferroelectric phase transition
nucleation (D). In this case the particle revealed-fsum in emperature of ammonium sulfaté & 223.1K). Pane(B) shows

diameter. The frost.pomt. at which r.lucleatllon was observe pectra obtained during a glutaric acid ice nucleation experiment.
corresponds to a critical ice saturation ratio of 1.04 and RHThe characteristic vibrational modes used to identify glutaric acid
of 61.6%. are the strong C-H stretching bands indicated by d and e at fre-

Spectral data obtained during the same ice nucleation exquencies 2950 cm* and 2925 crd, respectively. During this ex-
periment are shown in Fig. 5, panel A. The top Ramanperiment the cell was held at a temperature of 229.8K and water
spectrum was obtained from the ice particle that formed awas slowly introduced into the system until ice formation was ob-
218.1K. The Raman signal for water ice at 3132¢nfpeak ~ Served (panel B, top spectrum). After ice nucleation, the water va-
a) dominates the spectrum but the sharp sulfate peak of anfor source was cut and the ice is sublimed to reyeal the pa_lrtlcle
monium sulfate is still clearly visible around 972 Cllr(peak benea_lth th_e ice. A spectrum of the_lce nucleus_, confirmed that it was
¢). Another spectrum was obtained by probing the ice nu-gIUtarIC acid (panel B, bo.tto.m)' Like ammonium SU|fate‘ th? Ra-

- . . .. man modes of glutaric acid in these spectra appear intensified and

cleus that remz_ilned after sublimation of the surrOL_m_dlng IC€sharpened due to cold temperatures.
A spectrum (Fig. 5, panel A, bottom) of the remaining par-
ticle confirms that it is pure ammonium sulfate. The strong
sharp sulfate peak at 972 c(peak c) and the N-H vibra-
tions between 2800-3300 cth(peak b) characterize the Ra- ature range. Ice saturation ratios on solid ammonium sulfate
man spectrum of solid ammonium sulfate. are distinctly lower than those expected for homogeneous

Twenty-four ammonium sulfate ice nucleation experi- nucleation as predicted by Koop et al. (2000). The deli-
ments were performed over a range of temperatures (214gquescence RH of ammonium sulfate is approximately 83%
233 K). Results obtained for ammonium sulfate are shownover this temperature range (extrapolated from Onasch et al.,
as open circles in Fig. 6. Over this temperature raifigg, 1999). Experimental values of RH, measured at the onset of
values for depositional nucleation on ammonium sulfate var-depositional ice formation on ammonium sulfate, range from
ied between 0.96 and 1.29. The average is 1.10 with a  61-78%. In every experiment, ice formation was observed at
standard deviation of 0.07. These results indicate that depohumidity levels below the deliguescence RH of ammonium
sitional ice nucleation on solid ammonium sulfate does notsulfate. During every experiment Raman spectroscopy was
have a significant temperature dependence over this tempealso used to probe ammonium sulfate particles that did not
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2.0+ _ the lowestSjce values observed at the warmest temperatures.
—— Expected Homogeneous Nucleation - . .
® Glutaric Acid Exps. (Lin. Fit ) The averagsice calculated for depositional ice nucleation on
© Ammonium Suffate Exps. (Lin. Fit === glutaric acid is 1.39 with a standard deviation of 0.16. The
° results for experiments on glutaric acid intersect the curve for
expected homogeneous nucleation (solid line, Fig. 6). How-
1.6 o ® ever, this curve does not apply until glutaric acid is in so-
- lution. Over this temperature range glutaric acid has a del-
iquescence RH that is around 100% (inferred from Parsons
@ et al., 2004). Values of RH calculated when ice formation
was first observed on glutaric acid range from 77-98%. As
with ammonium sulfate, for all experiments on glutaric acid
"""" 08@@®§o depositional nucleation was observed at lower levels of RH
1.0 © © than necessary for deliquescence to occur. Similarly, water
in the particles due to deliquescence was not detected in vi-
215 220 225 230 235 sual or spectral results. This suggests that homogeneous nu-
Freezing Temperature (K) cleation could not have occurred. However, at temperatures
colder than 225K (the intersection point with the homoge-
Fig. 6. Ice saturation ratios as a function of freezing temperatureneous freezing line), if the deliquescence RH of glutaric acid
for all depositional ice nucleation experiments performed on am-was exceeded, it is likely that the glutaric acid and water so-
monium sulfate and glutaric acid. Open circles represent ice nucletution would immediately freeze homogeneously. These re-
ation experiments on solid ammonium sulfate particles. Dark cir-gyts suggest that solid glutaric acid is not an efficient het-

cles show theSice values observed from ice nucleation on glutaric grogeneous ice nucleus and that its nucleation efficiency de-
acid particles. Dotted lines represent linear fits to the ammonium

clines with decreasing temperature.
sulfate and glutaric acid experimental results. The thick solid line g P
illustrates where homogeneous freezing is expected to take plac
based on the model developed by Koop et al. (2000).

1.8

1.2 o K : )

53 Mixed-sample experiments

Results obtained from the initial ammonium sulfate and glu-

nucleate ice. Water due to deliquescence was never observd@ric acid experiments indicated that ammonium sulfate was
on any particles. Therefore homogeneous nucleation could More efficient ice nucleus than glutaric acid, especially at

not have taken place. Visual and spectral observations add€0!der temperatures. In order to substantiate this hypothesis
tionally indicated that homogeneous nucleation did not oc-& third series of experiments were conducted using samples
CcUr. containing both ammonium sulfate and glutaric acid parti-

cles.
3.2 Depositional ice nucleation on glutaric acid particles For these experiments, samples containing external mix-
tures of ammonium sulfate and glutaric acid were prepared.
Spectral data obtained during a representative glutaric aci®Raman spectroscopy was used to determine the chemical
experiment are shown in Fig. 5, panel B. The top spectrumcomposition of the particle that initiated ice nucleation in
indicates the presence of ice (peak a, 3132bmalong with  each experiment. Although Raman spectroscopy was used
glutaric acid. The characteristic C-H stretching modes atfor definitive particle identification, ammonium sulfate and
2950cnT! and 2925cm? (peaks d and e) were used to glutaric acid particles are visually distinct as well. In the op-
identify glutaric acid. When the ice was sublimed, the parti- tical microscope, solid ammonium sulfate particles tend to
cle responsible for ice nucleation was revealed. A spectrumook darker in color and rougher in texture compared to glu-
(Fig. 5, panel B, bottom) of this particle confirms that it is taric acid particles. This distinction is evident in Fig. 7, a
glutaric acid. 50X optical image taken of particles from a mixed sample
Glutaric acid is a polymorphic substance, meaning that itprior to experimentation.
can exist in multiple crystalline states. Comparison of spec- Seventeen mixed-sample experiments were conducted at
tra presented in this study with those of Yeung et al. (2010)temperatures ranging from 214-224K. These experiments
suggest that the solid glutaric acid particles examined in thisvere performed in the colder half of the temperature range
study were present in the metastadiéorm. used for previous experimentation because this is where the
Nineteen ice nucleation experiments using glutaric acidlargest difference in supersaturation level required for the on-
were performed in this study. The ice saturation ratios ob-set of freezing was observed when comparing ammonium
served for each of these experiments are plotted alongsidsulfate and glutaric acid. Ice saturation ratios obtained at the
the ammonium sulfate results shown in Fig. 6. Depositionalonset of ice formation for the mixed-sample experiments are
ice nucleation on glutaric acid appears to depend on temperashown in Fig. 8 as gray circles. An average ice saturation
ture over this rangeSice values range from 1.20 to 1.73 with ratio of 1.13 with a standard deviation of 0.09 was obtained
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Fig. 7. Image recorded of ammonium sulfate and glutaric acid par-

ticles during a mixed-sample experiment. At 50X magnification the Fig. 8. Presents a summary of ice saturation ratios as a function of

dark ammonium sulfate particles are visibly distinct compared tofreezing temperature for all depositional ice nucleation experiments

the light gray glutaric acid particles. performed in this study. Black dots correspond to measurements
taken during experiments on glutaric acid particles. Open circles

. . ) . represent ice nucleation experiments on solid ammonium sulfate
for the mixed-sample experiments. Ice saturation ratios Calyaticles, Gray circles show ice saturation ratios observed during

culated for the mixed-sample experiments are similar to themixed-sample experiments. In all mixed-sample experiments the

results obtained for samples of pure ammonium sulfate.  onset of freezing was observed to occur on ammonium sulfate par-
Raman spectroscopy was used to establish the identity dicles.

the aerosol species responsible for the onset of ice nucleation

in each mixed-sample experiment. Significantly, in 100% of present work show rough surfaces that may be consistent
the experiments, the onset of ice formation was observed t@yith the ammonium sulfate microcrystals observed by Zu-

occur on ammonium sulfate particles (gray circles, Figure 8).perj et al. (2001) when they found low ice saturation ratios.
In four of these experiments ice formation occurred on am-

monium sulfate particles that also contained an unquantifi3.4 Comparison of results
ably small, yet detectable, amount of glutaric acid. Ice sat-
uration ratios calculated for cases when a detectable amour®ur Sice values for depositional ice nucleation on ammonium
of glutaric acid was present were not consistently high orsulfate are in agreement with other literature points available.
low compared to the ice saturation ratios for the other mixed-In a cloud chamber study of ammonium sulfate, Mangold et
sample experiments. Presumably in these cases the organit. (2005) observed onséi. values between 1.20 and 1.27
material is not present in great enough quantity to cover theduring several homogeneous ice nucleation experiments. In
ammonium sulfate active sites for nucleation. This suggestshis case FTIR spectroscopy indicated that a majority of the
that organic species present in small amounts may not afparticles were liquid in phase. However, the authors suggest
fect the ice nucleation properties of certain aerosol particlesthe presence of some effloresced ammonium sulfate particles
Further investigation is required to determine the thresholdmay have resulted in loweSice values than expected. In a
amount of organic material or coating thickness that may befollow-up experiment using crystalline ammonium sulfate,
required to alter the ice nucleation efficiency of ammoniumice formation on ammonium sulfate particles was detected at
sulfate particles. ice saturation ratios slightly above 1. Abbatt et al. (2006)
Itis possible that surface morphology differences betweerused a cloud chamber to depositionally nucleate ice onto
the ammonium sulfate particles and glutaric acid particlessolid ammonium sulfate particles. They observed ice forma-
(as evident in Fig. 7) may explain, in part, why ammonium tion at ice saturation ratios between 1.14 and 1.22 at 223 K.
sulfate is a more efficient IN than glutaric acid. Using this Abbatt et al. (2006) also observed efficient ice nucleation on
experimental technique we are not able to precisely quansolid ammonium sulfate particles for experiments performed
tify how small surfaces defects may influence our results.on a hydrophobic support. Abbatt et al. (2006) used these
However, work by Zuberi et al. (2001) suggests that het-studies to explain disparity in previous results for homoge-
erogeneous freezing temperatures in the immersion freezingeous ice nucleation of ammonium sulfate particles from IR
mode are strongly dependent on surface morphology, speciflow tubes by suggesting that some results were influenced
ically surface area and particle microstructure. Optical im-by heterogeneous nucleation on a subset of effloresced am-
ages of the solid ammonium sulfate particles used in themonium sulfate particles. Shilling et al. (2006) found that
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solid ammonium sulfate and maleic acid particles depositedthers. For example, Pruppacher and Klett (1997) suggest
on a gold plate efficiently nucleated ice &te values be- that active sites may catalyze ice formation through an in-

tween 1.04 and 1.42 over a temperatures ranging from 190 Krerse Kelvin effect. Because the number of active sites does
to 240 K. Our results are in good agreement with Shilling etnot necessarily scale with particle surface arear{ker and

al. (2006) in the overlapping temperature range. Eastwood.ohmann, 2003), nucleation may not always occur on the

et al. (2009) report aice value of 1.06 observed at 236 K largest particles first.

for depositional ice nucleation on kaolinite particles with a

thick coating of ammonium sulfate. Given these conditions,

the ammonium sulfate coating is presumably solid, and oud Atmospheric implications

observations correspond well with the results of their study.

Glutaric acid results imply that particles with a high con- This work indirectly implies that the deliquescence RH
centration of organic species may inhibit depositional ice for-(DRH) may be a useful way to predict whether a substance
mation. This observation is consistent with field measure-will form ice via homogeneous or heterogeneous nucle-
ments made by Cziczo et al. (2004) who used mass spedtion pathways. Materials with a low DRH (ex. perchlo-
trometry to infer that particles with high organic content were rate, DRH =45%) will deliquesce before supersaturations re-
less efficient ice nuclei than sulfates. Similarly, Parsons etquired for heterogeneous ice nucleation are reached (Gough
al. (2004) found that dicarboxylic acids were inefficient ice et al., 2010). Instead, this type of compound will deliquesce
nuclei. Our results are in agreement with Kanji et al. (2008)at low RH and then freeze homogeneously. Alternatively,
who conclude that although a wide range of materials carcompounds with high DRH values, like ammonium sulfate,
act as heterogeneous ice nuclei, hydrophobic surfaces willnay be more likely to nucleate ice heterogeneously at cold
require higher supersaturations for nucleation to occur depotemperatures because high supersaturations with respect to
sitionally. Another study by Nhler et al. (2008) finds that ice can be achieved before their DRH is reached. In this case,
SOA coatings lowered the high nucleation efficiency of Ari- heterogeneously nucleated ice grows quickly, and may mo-
zona Test Dust. nopolize local water vapor. Thus, homogeneous nucleation

In several mixed-sample ice nucleation experiments, themay be shut down or occur at higher RH values than other-
IN particle investigated consisted of an ammonium sulfatewise expected. Further experimentation is necessary in order
core that also contained a small amount of glutaric acid. Into substantiate this hypothesis.
these cases, the ice nucleation efficiency of the ammonium Our results suggest the onset of heterogeneous nucleation
sulfate particles was not altered. These results suggest thanay occur preferentially on ammonium sulfate over homoge-
inhibition of ice nucleation by organic species may occur neous nucleation at low temperatures in the atmosphere. This
only when organic coatings are thick enough to cover the acpathway for ice formation on ammonium sulfate may be par-
tive nucleation sites of the core particle. Cziczo et al. (2009)ticularly significant in the tropical tropopause region where
observed a similar effect when investigating the ice nucle-concentrations of aerosol generally considered to be efficient
ation properties of Arizona Test Dust with sulfuric acid and ice nuclei, such as mineral dust, are low and sulfates make up
ammonium sulfate coatings using the AIDA chamber. Anal- a large portion of the aerosol available for nucleation (Froyd
ysis of single particle ice residues by Cziczo et al. (2009)et al., 2009; Froyd et al., 2010). Recent aircraft measure-
suggested that the first particles to freeze were those that hanients have detected large ice crystald Q0 pm) present in
thin or incomplete coatings. cirrus clouds near the tropical tropopause. Simulations run

In all three types of experiments we observed ice nucle-by Jensen et al. (2008) suggest that these large ice particles
ation occurring preferentially on just a few particles per sam-may result from heterogeneous nucleation at low supersatu-
ple. The geometric size of the ice nucleating particles rangedations. They hypothesize that a few efficient heterogeneous
from 0.4um to 10pum, essentially spanning the entire sizece nuclei grow to large sizes prior to the onset of homoge-
range of particles on our samples. Thus a size dependence aous nucleation. Further work by Jensen et al. (2010) sug-
ice nucleation was not observed for this narrow particle sizegests that solid ammonium sulfate particles may be available
range. Further, average ice nucleus diameters measured ftor ice nucleation in this region. Our results for ammonium
ammonium sulfate, glutaric acid, and mixed-sample experi-sulfate support this mechanism for ice formation in the trop-
ments were not significantly different. It is also interesting to ical tropopause region.
note that when a sample was used for multiple experiments Particles in the tropical tropopause layer are also ex-
ice nucleation was never observed to occur on the same paposed to cold temperatures and have long residence times,
ticle twice. which allows for the accumulation of organic matter on par-

While our results show that chemical composition can in-ticles. PALMS measurements in the tropical tropopause
fluence ice nucleation, at this time it is not clear what is spe-layer suggest that the vast majority of sulfates particles also
cial about the nucleating particles when they all have thecontain organic species (Froyd et al., 2009). Additional
same nominal composition. It is possible that microscopicPALMS studies at lower altitudes suggest that aerosol par-
surface features make some particles better ice nuclei thaticles with high concentrations of organic species require
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higher supersaturations in order to nucleate ice (Cziczo et for cirrus formation, P. Natl. Acad. Sci. USA, 100(25), 14655—
al., 2004; DeMott et al., 2003a). Similarly, we observed het- 14660, 2003a.
erogeneous ice nucleation on glutaric acid at higher value®eMott, P. J., Sassen, K., Poellot, M. R., Baumgardner, D., Rogers,
of Sice than for pure ammonium sulfate. Further, when solid D- C., Brooks, S. D., Prenni, A. J., and Kreidenweis, S. M.:
ammonium sulfate and glutaric acid particles are present in African dust aerosols {:_13 atmospheric ice nuclei, Geophys. Res.
the same sample, we observed initial ice formation occurring Lett., 30(14), 1732, doi:10.1029/2003GL 017410, 2003b.
on ammonium sulfate particles with little or no organic sig- eMott, P. J., Rogers, D. C., Kre'den.we's' S M., Chen, ., Twohy,

. . .. C. H., Baumgardner, D., Heymsfield, A. J., and Chan, K. R.:
nature at ice saturation levels similar to those observed when

! : . - ~'' The role of heterogeneous freezing nucleation in upper tropo-
only pure ammonium sulfate is present. Continued investi-  gpneric clouds: Inferences from SUCCESS, Geophys. Res. Lett.,

gation is necessary to determine the amount of organic that 25 1387-1390, 1998.

is necessary to inhibit ice formation. Presumably, enoughEastwood, M. L., Cremel, S., Wheeler, M., Murray, B. J.,
organic material would be needed to cover the active nucle- Girard, E., and Bertram, A. K.: Effects of sulfuric acid
ation sites of the core particle. Current work is underway to and ammonium sulfate coatings on the ice nucleation proper-
extend this technique to investigate complex heterogeneous ties of kaolinite particles, Geophys. Res. Lett., 36, L02811,

aerosol particles and calculate nucleation rates. doi:10.1029/2008GL035997, 2009. _
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