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Abstract. A new Thermal Gradient ice nucleation Diffusion 1 Introduction
Chamber (TGDC) capable of investigating ice nucleation ef-

ficienqy of atmosphericall){ important aerosols, termgd IC((?A\erosols affect the climate system by changing cloud char-
$E0|$élDNé has bee(;\ designed, confstructed and \_/alldatg acteristics by acting as cloud condensation nuclei (CCN) and

N - can pro uceha range o supersatur;;gns W'tnce nuclei (IN) (Twomey, 1974; Baker, 1997; Pruppacher and
respect to ice (S over the temperature range to Klett, 1997). Lau and Wu (2003) found that more than 50%

—34C _for sufficiently I_ong time needed 1o observe the IC€ 6f the earth’s precipitation originates via the ice phase. Ice
nucleat.lon by the partlcleg. Thg nove.l aspect qf this NeWsormation in the atmosphere may result from both homo-
TGDC is that the chamber is run in static mode with aerosol eneous freezing of solution droplets formed from soluble

pa;ncl:les suzpprted on ?Tﬁﬂgn substLrate, L"Tﬁh can t;? FAISEECN at temperatures below38°C and heterogeneous freez-
and fowered In a controfled way throug e;38oflle ing of ice by insoluble or partially insoluble particles called

within dthe_ chzr_n_t;elr ’ ﬂn? nuc'ﬁat'f)rﬂ e¥eGnésCare d!rTCtl¥t0b'lN. Compared to homogeneous freezing, far lower &%
served using digrtal photography. The - CONSISIS OTIWO,, 5 ey temperatures are needed for heterogeneous freezing
ice coated plates to which a thermal gradient is applied to

) X of IN (Rogers and Yau, 1989). The heterogeneous freezing
phmdl:;.:l.e the ragge of i‘s The dles%n of thel TG.DC 9VES  mechanism can take place (Vali, 1985) via direct deposition
the ability to understand time-related ice nucleation eventin-;, , vapor to ice on a suitable nucleus (deposition nucle-
formation and to perform experiments at different tempera-
tures and S,~Scon_d|t|on§ f_or ditferent IN without changing water or haze droplets (contact, condensation, and immersion
the thermal gradient within the TGDC. The temperature andiCe nucleation)

SS conditions of the experimental system are validated by C ) ) S )
observing (NH)2S0O, deliquescence and the results are in Laboratory studle_s dealing with deposition ice nL_Jcle| have
good agreement with the literature data. First results are pre?€€n undertaken since the 1950s but there remains a short-
sented of the onset ice nucleation for mineral dust sample@d€ of information on IN active fraction as a function of time
from the Saharan Desert, including images of nucleation an@nd properties of IN acting as deposmon- ice nuclei in the
statistical distributions of onset ice nucleation; @S a func- atmosph(?re (Mason and Maybank, }958, Roberts and Hal.-
tion of temperature. This paper illustrates how useful this/€tt, 1967; Schaller and Fukuta, 1979; Archuleta et al., 2005;
new TGDC is for process level studies of ice nucleation and™Wohy and Poellot, 2005; Kanji and Abbatt, 20060Mer et

more experimental investigations are needed to better quarftl-» 2006; Bundke et al., 2008). In the laboratory, the num-
tify the role of ice formation in the atmosphere. ber of aerosols that activate as IN are measured by expos-

ing an aerosol sample to a known temperature and precisely
adjustable level of §SS Standard light scattering methods

Correspondence td3. Kulkarni are often used to detect the ice nucleation of the IN. In the
m (gourihar.kulkarni@pnl.gov) past, laboratory experiments were performed using various
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ation); and via freezing of previously condensed supercooled
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ENVIRONEMENTAL ROOM Table 1. Specifications of the TGDC.
1 Chamber dimensions: Top plate=220 mm (outer diameter)
Insulating box x19 mm (height)
Computer |« ) assembly Bottom plate=220 mm (outer diametet}6 mm (height)
7/’/ Optical port of top plate: Diameter 40 mndepth 15 mm
/\\wggﬁg; 2 Chamber weight: 9.75 kg
/ 3 Chamber Plate material: Stainless steel
/ , 4 Internal volume: 629 CC
E : Heating mat
)
PID JL Top Plate
Box N Bottom Plate This time-related heterogeneous ice nucleation information
[— rcrosol will help us in understanding microphysical properties of IN
Introduction and better quantifying the experimental ice nucleation rates.
However, we would also like to point out that the static dif-
fusion chamber described in this article does not allow sam-

pling the aerosols directly from the air.

Fig. 1. Schematic diagram of the TGDC experimental set-up. In the following sections the design and construction of the
instrument is outlined, including the different components in-
volved in the experimental set-up, experimental procedure

§1nd instrument performance. The instrument performance is
validated against literature data, and to demonstrate the ap-
plication of TGDC experiments first results are presented for

. ice nucleation onset characteristics of Saharan mineral dust
2006) controlled the amount of water vapor pumped into the "~ . : . :
. . articles. Suggestions for future development are outlined in
cell and the temperature inside the cell so that the desired S . .
he conclusion section.

value was achieved. Two other approaches are based on the

type of aerosol flow mode used: continuous (Rogers, 1988;

Salam et al., 2006; Stetzer et al., 2008) and static (Bailey2 Design of the experimental set-up

and Hallett 2002) thermal gradient diffusion chamber. Here

the desired SSprofile is achieved by maintaining two paral- The experimental objectives of this work were to measure

lel ice coated surfaces at different temperatures. The watethe ice nucleation efficiency in determining the onset relative

vapor diffusion occurs from warmer to colder ice coated sur-humidity of atmospherically important aerosols for ambient

face, and the maximum $®ccurs approximately midway temperature and $8onditions. Figure 1 shows a schematic

between the two surfaces because of the non-linear functiodiagram of the experimental set-up. This setup consist of

of water vapor pressure and temperature. the following major systems: (1) a main diffusion chamber,
In this paper we present a new concept for an ice nuclecalled as TGDC, where the aerosols are exposed to the de-

ation chamber, based on the standard thermal gradient diffuSired temperature and S§radients, (2) an optical micro-
sion chamber in which a static diffusion design is adopted.SCOP€ including an insulated housing to keep the microscope

Our new chamber allows different aerosol particles to be exWarm at all experimental conditions, and (3) the Environ-

posed to part or the full range of Sproduced in the cham- Mental Room (ER) which is a walk-in cold room used to
ber, with a time resolution sufficient for heterogeneous icel®Wer the temperature of the TGDC (the gradient in tem-

nucleation to occur, without varying the temperature gradi_perature is achieved by heating one of the plates relative to

ent between the two ice coated parallel plates. This reduce®iS ER temperature), where the ER has a working temper-
ature range from-60 to 50C. Other systems include the

the uncertainty in terms of temperature and &Bile repeat- - k R '
ing the experiments and assessing the spread of onset activBroportional integral derivative (PID) controller box, which

tion thresholds within each single sample of IN. The newly displays the real-time temperature and is also used to control

developed TGDC also allows experimentation with the samdn® heating rate of the heating mat, and the aerosol introduc-
aerosols at various S$or the required length of time. Itis 10N System used to expose aerosols to inside TGDC ther-

planned to make use of this feature in the future to investigatd"@dynamics conditions. The following sections describe the
the “memory effects” or “pre-activation” of atmospherically &XPerimental setup in detail.

relevant IN (Turnbull, 1950; Roberts and Hallett, 1967). An-

other unique feature of the TGDC is a continuous supply of

water vapor for long enough time for at least 10 min to de-

tect the ice nucleation events, see Sect. 3 for more detalils.

ice nucleation chamber designs, and temperature and S
conditions, to study the deposition ice nucleation of parti-
cles. For example, the flow cell design (Kanji and Abbatt,
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2.1 TGDC design and construction

I Microscope

The main section of the TGDC consists of two circular hori-  obiecive lens cover tube

zontal parallel stainless steel plates, with the assembly of the Heating mat

top and bottom plates separated by a 1 mm thick silicon gas- /////WWW// 20 eressure pos

ket of width 6mm. The vertical cross section of the TGDC is 7% 7 Dl

shown in Fig. 2 and the important dimensions are described §\\\;\<< e — \\\\\\\\\§

in Table 1. The top plate has an optical port at the cen- i\\\wf\k\\\\\\\\\\\\\\ AN

ter where a glass window of 2mm thick has been installed, - = Bottom plate

which allows illumination and observation of the sample by sample introduction

the microscope. The port also houses the microscope objec-

tive lens cover tube in which microscope objective lens slidesFig. 2. TGDC experimental geometry with provision for tempera-

up and down. The bottom plate holds the assembly for intro-{ure sensor (RTD) Ilocatilons and a heating.mzf\t. The objgctiyes lens

ducing the aerosol sample inside the TGDC. Both plates aré’f the mlcroscope is ralsegl and Ioweret_:l inside the objective lens

cooled using an air forced convection heat transfer mechalPVer tube. While performing the experiment the ice layer on the
top plate has been extended towards the center to reduce the inner

nism generated by the walk-in cold room (referred to as thediameter of the ice layer. Four ports of diameter 6 mm are drilled

EnVi,ronmemal Room — ER). For more details_ about the Op'diametrically opposite on the bottom plate at 90 degree away from
eration of the ER see Sect. 3. Both plates are ice coated froach other for use as pressure-control ports. Specifically, these ports

the inside and in the system their temperatures can be contan be used to produce pressure conditions below 1 atm inside the
trolled independently. Both plates also have four circumfer-chamber via pumping.

entially drilled ports which are used to insert resistance based
temperature detectors (RTD), and measure temperature dis-
tribution across the plates with an accuracy49.1°C. A relatively low thermal conductivityK) material in order to
heating mat associated with the top plate is used to raise itaaintain a uniform thermal distribution on each plate. The
temperature to the desired value relative to the bottom platematerials of choice used for construction of diffusion cham-
which is set by the ER. This temperature difference causesers are stainless steel, brass, aluminum or copper as shown
gradients in the diffusion of water vapor and heat to developwith relevant thermodynamic values in Table 2. From Table 2
between the plates. The exponential relationship betweeit can be seen that the stainless steel 304L grade material sat-
saturation water vapor pressure and temperature leads toisfied above chamber design criteria’s and was therefore used
SS between the two walls with a maximum close to the mid as a chamber material.
point of the chamber. Various TGDC concept design configurations were simu-
One of the benefits of the design of our chamber is that dated using commercially available computational fluid dy-
range of Sgcan be sampled without changing the tempera-namics (CFD) software FLUENT (FLUENT, 2004). This
tures of the plates. So, it was desirable to have plates withaided in determining the size of the ports (along with the
a large thermal capacity so as to maintain stable temperamicroscope requirements: working distance=33 mm and di-
tures, however, this is contrasted with the desire to be able tameter of the objective lens=34 mm), along with determining
lower the plate temperatures quickly between experimentsthe effects of each TGDC conceptual geometry on the tem-
In choosing the material for the TGDC, consideration wasperature and S$rofiles within the TGDC. The final TGDC
given to the size of the TGDC, the cooling mechanism, thegeometry that met the requirements is shown in Fig. 2. Fig-
range of humidity conditions, and the number of experimentsure 3 shows the temperature distribution across the vertical
desired. In the present system, the ER uses a forced coreross section. Initially both plates are kept-e80°C, and
vection type heat transfer mechanism for cooling the TGDC then the top plate is heated to raise its temperature@ C.
Due to low thermal conductivity of air, the chamber system A linear thermal gradient between the chamber plates can be
is designed to operate inside the ER had to have a large masgshserved except near the walls and at the center (the top half
to enable uniform heat distribution within the chamber so of the chamber below the microscope). The non-linearity in
that the system can maintain constant temperature for longhe thermal gradient in the later region is due to the small
periods of time. From the heat equation, Eq. (1), the heabptical port opening of the top plate. It was confirmed that
absorbed or losly is related to the mass of the system){  this non-linearity has no effect on experimental results in the
specific heat capacity(,) of the system and the temperature lower half of the chamber. See Sect. 4 for more details.
difference @T) between the system and its surroundings, as These CFD simulations are further extended to determine
(Incropera et al., 2007), the heat capacity of the heating mat used for warming the top
1) plate compared to bottom plate. The choice of the heating
mat capacity depends upon the desired rate (at I&é&spér
From Eg. (1), the choice of material for the chamber sys-minute) of warming the top plate, and the heating mat mate-
tem would need to have a large mass @hdvalue. Also a  rial upon the exposed temperature and humidity conditions.

Top plate

g=mxCpxdTl
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Table 2. Thermodynamic properties of different materials. Steel The microscope discussed above ha§ operating te”.‘pera'
has high Specific heat capacit§ {) and density with low thermal ture range of-5.0 to +60.0C. The experiments are carried

conductivity () making the material suitable for the chamber de- OUt at subzero temperatures reaching0°C of the ER. To
velopment. prevent the microscope from freezing, an insulation box was

designed to accommodate the microscope and maintain at
room temperatures. A 20 W heater was used with 12V fan to

Material Stainless steel  Aluminum  Copper
circulate the air inside the insulating box to obtain and main-
K (W_/ mK) 3 16 235 400 tain the uniform temperature distribution of°2D) A port was
De”j’;ﬁ(’ (Eg/ ) Zggo Sggz gg? installed on the side for wiring to connect to the computer
Cp I/KgK) outside the ER room. A small cylindrical port at the bottom
side of the box was installed with an objective lens cover tube
. -20.00 that allowed a thermal barrier between the insulated housing
-21.25 Heat Heat and the sub-zero temperatures of the TGDC and surrounding
-22.50 ER air.
-23.75
-25.00 2.3 Aerosol introduction system

26.25 Hn————— —] |

-27.50 —J The unique feature of the TGDC instrument is that aerosol
I 2222 particles are in a static TGDC environment and ice nucleation
' is directly observed within the chamber through the optical
Fig. 3. A steady state temperature distribution calculated using CFDPO. T0 lower the thermal instability and minimize the possi-
commercial software FLUENT along the vertical cross section of bility of convective currents inside the TGDC, the following
the TGDC. The conditions are initialized with both the plates main- approach is taken to introduce the aerosol samples. The par-
tained at bottom plate temperature-680.0°C. During the simu-  ticle samples to be investigated are deposited on the Teflon
lation heat flux is added to the top plate to raise its temperature tsubstrate by the method of dry deposition. We do not use
—20.0°C. any wet atomization process. Initially the particles are de-
posited on the substrate and using clean compressed air the

. . . particles are uniformly distributed across the substrate. The
A circular silicone rubber heating mat of 150 W (Hawco Ltd) Tef0n sypstrate surface is 100-300 micron thick and hygro-

was founq o satigfy the requirements. The heatin_g mat ha hobic, affixed to the top of the copper rod sample holder.
an adhesive backing apd can operate_ Up 10 a maximum temp; copper rod with the Teflon surface with the aerosols on
peratu_re of 18T, a.nd IS ’T‘O'S‘“re res!sta}nt. .They also heattop (sample holder) is manually inserted into the port in the
up rapidly and provide uniform heat distribution. lower plate directly below the optical port. The other end of

the sample holder is connected to a micrometer which is fas-
tened and affixed to the lower plate. When first inserted, the

The ice nucleation phenomenon of aerosol particles once ex2€r0s0l samples are just inside the lower plate at ice satura-
posed to the determined thermodynamic conditions (B8 tion conditions. The micrometer screw is manually operated
temperature) is observed in real-time using an optical micro-2"d €ach complete turn of the screw raises or lowers the rod
scope attached to a camera (WATLCL miniature 1/3" colour PY 0-5mm. A scale revolving with the screw is divided into
camera). The microscope requirements were stringent in that®_Parts and indicates, therefore, the fractions of a turn in
high resolution of particles was required at a long working Units of 0.01mm.  This way, aerosol samples are raised to
distance. The microscope has a resolution of 5 micrometerdifferent heights within the TGDC through the S$hd tem-

with a 10X OPTEM brightfield objective lens of working dis- Perature profile, while the temperature of the plates is held
tance of 33 mm. For illuminating the aerosol sample, the mi-fixed. In the vicinity of the aerosol introduction system in-

croscope uses cold light to minimize any temperature perturSide the TGDC, i.e. directly below the optical port through-

bations inside the chamber below the optical port window:f)Ut the chambgr, the temperature distribution is recorde_d us-
the optical fiber cable transfers the light from the source,i"d thermo resistor temperature sensors. The errors in the
powered by halogen lamp (150 W), with a heat reflecting fil- _temperature Q|strlbutlon opsgrved beforg and af'ger.lntrOQUc—
ter, to the microscope. The images captured by the camerd the sampling rod are within the experimental limit, which
are digitally transferred to a computer which is installed with CONfirms thermal stability inside the TGDC.

Euresys Picolo computer frame grabber capable of transfer-

ring full resolution color images up to 76&%76 pixels and

sequence of images up to the speed of 24 frequency per sec-

ond which is more than adequate for our nucleation experi-

ments.

2.2 Image acquisition
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3 Experimental methodology and performance charac-
teristics

The stages of the experiment can be conveniently described
by referring to the experimental temperature profiles as ag
function of time shown in Fig. 4. Before an experiment can

be performed the two plates of the TGDC are placed inside
the ER with inner surfaces facing upwards. A calculated vol-

ume of 250 CC of deionized water (18&®) is poured inside

the cavity of these plates to prepare the ice layer after they
are cooled. The thickness of ice layer produced dictates the
gap between the surfaces of the two ice layers once these two

Temperature

250

plates are assembled. For all the experiments a constant gap Time (min)
of 12 mm was maintained between the ice layers coated on
each plate. Fig. 4. The experimental temperature profiles of the experimental

Two RTD probes were inserted in the circumferential set-up during one typical ice nucleation experiment. The tempera-
ports, and the temperatures were displayed using a PID bof/res are indicated by BP — Bottom Plate, TP — Top Plate, FTP —
controller (CAL 3200) situated outside the ER. In addition F!Ying Temperature Probe, ER — Environment Room. The p1 to p6
to this, the ER has two temperature probes: one measurd§Present the periods which suitably divide the experimental tem-
the overall temperature of the ER including wall casing andperature profiles into various regimes described in Sect. 3.
other is a flying temperature probe (FTP) located inside the
ER which measures specifically the ambient air temperature.

Both temperatures are displayed on the built-in ER control ) .

board. The control board is used to set the target temperdyPical experiment the desired top and bottom plate temper-
ture and can be programmed for controlled heating - cooling®tures are-25.6 and-34.4C. Using these temperature val-
operations. The control board also records the humidity con/€S and Eg. (5) the maximum S8as calculated at midway
ditions in addition to temperature inside the ER. These initialPefween the plates, which was approximately 8%. Further
temperature conditions of the experiment are shown at thé!Sing EGs. 2-4, the percentage relative humidity with respect
start of period 1 in Fig. 4. The temperatuigdf and S$ [0 ice (RH) can be.calculgted as ratio ¢idx 100} to the
value at any desired height (d) inside the chamber are calcutesi(Td} at any desired height (d) inside the chamber.

lated using the following expressions, The experimental procedure employed is as follows. The
plant room generates the filtered cold air that is forced inside

R=d/h (2)  the ER. The currents of cold air cool the TGDC system by
a forced convection heat transfer mechanism. An interest-

Td = (AT.R) + Thot 3) ing feature of the top and bottom plate temperatures can be

seen after approximately 30 min. At approximateNC4or

eid = {es(Ttop) — es(ThoY}.R + esiTboh ) 4 few minutes the plate temperatures are unchanged. This

SS — (eid/esiTd)} — 1 5 may be due to fact that the density of water is high and heat
S = (eid/esiTd)} ®) transfer is via the conduction mechanism rather than advec-
where, tion (bulk motion of fluid due to buoyancy). The ER tem-

h = the height between the ice layers in mm, perature reaches30°C after approximately 50 min and sta-

bilizes. After 71 min from the start of the experiment the

AT = absolute difference between the top and bottom platedoP and bottom plate temperatures reachdg and—9°C
temperatures (Ttop — Thot), respectively, and the ER is switched off.

In period 2 the experimenter enters (entry is through dou-
esi(Ttop) = saturation vapour pressure over ice at top platéle doors, opening one then closing before opening the sec-
temperature, ond door) the ER to assemble the experimental set-up. When

the experimenter enters the ER, the room temperature air en-
esi(Tbot) = saturation vapour pressure over ice at bottonters inside the ER which is noted by observing the tempera-
plate temperature, ture profile of the FTP. The fixed sensors of the ER located
inside the ER wall casing respond slowly to this heat input.

esi(Td) = saturation vapour pressure over ice at Td temperaThe two plates are assembled along with the temperature sen-
ture. sors and the optical glass window. This assembly is raised
The saturation water vapor pressure over the ice is calcuand aligned below the microscope insulating box in such way
lated using expressions given by Flatau et al., 1992. In thighat the objective lens of the microscope fits inside the optical
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226 G. Kulkarni et al.: A new thermal gradient ice nucleation diffusion chamber

port of the top plate, as shown in Fig. 2. At the end of periodvertical and horizontal temperature profiles recorded agree
2 the experimental set-up is fully assembled and the ER isvith mathematically calculated profiles using Egs. (2) and
switched on and set te 50°C. (3).

Period 3 is the longest period; here the decrease in the tem- In addition to direct validation of temperature profiles with
perature values measured by the temperature sensors can tenperature sensors, the profiles were also validated by ob-
observed. The temperature of the plates decreases almost ligerving the deliquescence of (WHSO, at its eutectic point
early while the ER temperature decreases exponentially. Thef —19.35C (Braban et al., 2001; Cziczo and Abbatt, 1999).
ER is switched off when the bottom plate cools by’Ce-  This temperature value is both the eutectic point and anhy-
low the desired bottom plate temperature. This is performedirous deliquescence temperature at ice saturation vapor pres-
to so as to be at or close to the target ER temperature accounsure. The experiment is prepared such that both plates are
ing for the warming of the plates which occurs when the ER cooled to—25°C. By maintaining the plates at the same con-
doors and its two windows of 150 mm diameter are opened. stant temperature a homogeneous water vapor distribution in-

At the start of period 4 the PID controller is switched on side the chamber is obtained. Ammonium sulfate (AS) par-
to initiate warming of the top plate to a desired temperatureticles were deposited on the Teflon substrate of the sample
(—25.6°C in the present example). At the end of this period holder, and the other holder was positioned on the microme-
the top plate has reached the desired top plate temperatureter. Ammonium sulfate particles raised to the middle of the

The nucleation experiments are performed in period 5, degap between TGDC, where maximum;S#uld occur if a
scribed in Sect. 2.3, during which time the PID controller thermal gradient is applied. The TGDC system is warmed
maintains the target top-plate temperature. The temperaturat the rate of 0.28C per minute by operating the ER. The
of the top plate remains nearly constant while the bottomwarming of both plates, which are at constant temperature,
plate temperature increases by half a degree. With additiondhcreases the ice saturation vapor pressure inside the TGDC.
precautions, such as keeping the ER on and programming th@nce the TGDC reaches the eutectic point temperature the
PID controller, this rise in the temperature is restrained anddeliquescence phenomenon is observed. The experiment was
the linear thermal gradient inside the TGDC can be main-repeated eight times to determine the uncertainty. The deli-
tained for long enough time. This maximum time is related quescence was observed with one standard deviation of ap-
to the sublimation rate of the top plate ice layer. For experi-proximately 0.4C from the eutectic temperature. Similarly
ments carried out with large diffusion gradients (at very highthe sample holder is raised to different heights in the bottom
SS, e.g. more than 40%) with long periods of time (e.g. more half of gap between the plates and observed for the deliques-
than 60 min), it is possible that the height of the center planacence. We set the chamber conditions in such way that com-
lamina of maximum SSmight shift upwards. bination of top and bottom plate temperatures produces the

In period 6 the experimental set-up is prepared for the secdeliquescence relative humidity (DRH) temperature and rel-
ond nucleation experiment. The ER is switched on until theative humidity with respect to water (RH at desired height
bottom plate cools by 0.5 to G higher than the desired between the plates inside the chamber. To make it more clear
bottom plate temperature. The end of this period correspondé/€ elaborate this procedure here by using one example. The
to the start of period 4 and performing the experimental pro-top and bottom plate temperatures are established in such
cedure outlined, the experimental temperature conditions ar&ay that their average temperature-i22.0°C (observed at
ready for a second nucleation experiment. the mid plane) and produces 83% RHvhich is DRH of the

This procedure from period 4 to period 6 can be repeatecS at—22.0°C temperature. Initially the AS particles are de-
for performing a third, fourth and subsequent nucleation ex-Posited on the substrate, which is positioned at bottom plate
periments. To perform another experiment with different de-temperature where sub-DRH conditions exists. Slowly the
sired top and bottom plate temperatures the ER is switchegubstrate is raised inside the chamber, this exposes the par-

off at the respective temperatures as described in period 3. ticles to higher temperature and RHbut below DRH. We
found that once substrate reaches near the DRH point, which

is in this case is a mid point between two ice layers, phase
change is observed. By knowing the height of the substrate
4.1 Calibration of temperature in the TGDC from bottom ice layer, we calculated the temperature where
the phase change is observed. Please note that temperature
A uniform temperature distribution was observed at all thevaries linearly from bottom to top ice layer, therefore know-
locations inside the plates. RTD’s are also embedded insidéng the substrate height from the bottom ice layer one can cal-
the ice layer of two plates, and a uniform temperature distri-culate the corresponding temperature where phase change is
bution is observed. Simultaneous temperatures are measurethserved. Equations (2) and (3) described in Sect. 3 are used
of each plate and its ice layer. No temperature differencedo calculate the desired temperatures. Also the temperature
were observed at these two locations. A series of thermistorsalibration was performed with the melting point of ice. The
were used to measure the temperature field inside the TGD@&xperimental procedure is similar to as observing DRH at eu-
with a thermal gradient between the plates is applied. Theectic point of AS described above. Instead here we make use

4 Evaluation of experimental setup

Atmos. Meas. Tech., 2, 22229 2009 www.atmos-meas-tech.net/2/221/2009/
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of the ice crystals deposited on the substrate raised inside the 9
chamber. At the start of the experiment the temperatures of 88 |
both the plates are 10°C and both are warmed at the rate of 8 s s
0.25C/min to reach above’@. When substrate temperature O E - E e
reaches near to°C the ice is observed to start melting. All 82 E e . .
results found were very similar with one standard deviation £ &
of 0.4°C T 78 Present work

76 | ™ Kanjiand Abbatt, 2006
4.2 Calibration of the SS profile in the TGDC 2. CB)f:sac”he;a;ivzfgég

72 [ - -E-AM
Ammonium sulfate deliquescence properties can also be 70

used to validate the S®rofile in the TGDC now that the -8 -3 -0 -6 -2 -8 -4 -0 6 -2
temperature has been calibrated. The validation was carried Temperature (°C)

out at three different temperature valued4,9.35,-22.0 and

_280’C, and the experimenta”y observed DRH values areFig. 5. Comparison of DRH values determined in the present work
compared to the literature values of 82.2, 83 and 84%, RH and the best values from literature (Kanji and Abbatt, 2006; Braban
respectively (Kanji and Abbatt, 2006; Braban et al., 2001). In€t al., 2001; Onasch etal., 1999) forvanqus_tenjperatures. The error
Fig. 5 the determined DRH values are compared to the Iiterapars are d_ue to the_te_mpirature uncertainties in the top and bottom
ture including Extended Aerosol Inorganic Thermodynamicsplates’ which are within 2% of Ri
Model (E-AIM) (available athttp://www.aim.env.uea.ac.uk/

aim/aim.php 2008), and are in close agreement. The exper-

imental limitations prevented us from performing deliques-

cence experiments above the eutectic temperature becauB&fimental procedure, as described in Sect. 3. As mentioned,
ammonium sulfate deliquescence Rk less than the ice €& nucleation was observed optically and the images were
saturation vapor pressure. used in conjunction with the recorded profiles (temperature

and S$) to determine the onset nucleation; S$he micro-
4.3 Onset ice nucleation properties of Saharan mineral scope is focused over the particles deposited on the substrate,
dust and when the ice is formed (the dust particle’s reflectivity
changes and the ice embryo starts growing) the nucleation

The TGDC has been designed to study ice nucleation charevent is recorded. We had sufficiently large particles with

acteristics of aerosol particles. More specifically the procesdnedian diameter approximately equal to 10 to 15microns,
level studies which deals with the understanding of role ofWhich further helped us to observe the individual dust parti-

mineral surface or active sites, memory effects, surface elecles with available magnification and thus any ice formation.

mental composition on the ice nucleation. Use of larger size Figure 6 shows an example of images recorded for these
particles (with median diameter of 10—15 micron) helps usdust particles as a function of time recorded by the mi-
to perform these process level studies, and the current exeroscope in a typical single onset ice nucleation experi-
periment set up provides the opportunity to undertake thesenent. The dimensions of each image, also field of view, are
studies. Here one can observe the single dust particles fot25x94um. The procedure that is used for mineral dust is
sufficiently long time at various temperature and supersatuto raise the sample holder to pre-determined heights (temper-
ration conditions. In this section, we present first results forature and SS for a period of 60 s at each height. As soon as
this new chamber using Saharan mineral dust particles. Thaucleation is observed on any particle observed in the field
mineral dust particles were collected at the surface in associef view then onset temperature and; &8 recorded and that
ation with the African Monsoon Multidisciplinary Analyses experiment is terminated. A new dust sample is introduced
(AMMA) 2006 project. The dust samples used in this study and the experimental procedure is repeated. For Fig. 6a, the
were collected from Nigeria. Since these samples were colmineral dust particles are exposed to 3.2% 8 approxi-
lected at the surface, it is anticipated that only the smallemmately 60 s to observe any ice nucleation. No ice nucleation
sizes would have the potential to become airborne. Thereis observed in this period of time, therefore the particles are
fore, sifting of the sample was done using various size sievesaised (see Sect 2.3 for more details) to the next higher level
to obtain a mineral dust of 38m or smaller. The theoretical of 5.5% S$ to observe any ice nucleation. Approximately
limit of resolution of the optical system is 1.1 micron. Al- near 69s ice nucleation is observed, shown in panel (b) of
though this high resolution is achievable, but the experimen+ig. 6. To show further growth of the nucleated dust particle,
tal limitations to collect and deposit the dry particles on thethe S$is held constant after onset nucleation is observed at
substrate did not allowed us to experiment with these smalbnset S§ Figure 6¢c and d are shown only for illustration
particles. These mineral dust particles were deposited on themore specifically to show the growth of nucleated dust parti-
Teflon attached sample holder end during period 5 of the ex€le for two subsequent times circled in red.
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Fig. 7. Plot of onset SSas a function of temperature for a Saha-
ran mineral dust sample. The data points shown as square boxes
represent where the onset nucleation is observed in which the fre-
guency of onset nucleation event increases with increasing area of
the box. In each experiment new dust particles are tested for their
onsets, and the error limits represent uncertainty in the 8$lis-
tribution scatter in the data was not observed because experiments

glged with k:ed cc_>|or n pan?r?) IS nucleqted apé) rom(rjngtel;;] aiter were performed at fixed temperature and supersaturation values.
s, as shown in panéb). The images in pandt) and(d) show See Sect. 4.3 for more details.

the successive images of the same dust particles at constant onse
SS. The temperature in Fig. 6a is33.3°C and Fig. 6b—d are at
—32.7C.

(c) Time =78 seconds, SS;=5.5 % (d) Time =92 seconds, SS;=5.5 %

Fig. 6. Ice nucleation onset images of dust particles on the Teflon
substrate with the aerosol particle undergoing nucleation circled
The total magnification of these images is 938The patrticle cir-

duration of the experiment. This experimental setup allows
for stable and well defined conditions for studying nucleation
. ) . rocesses with relatively low uncertainty in temperature and
tained for the Saharan dust particles in the temperature ran S. In addition, the temperature and S8e well defined

varying from —17 to —33°C. The area of a d'ata pomt. for long enough time (period 5 in the Fig. 4) for at least
square box represents the frequency of observing onset IC2 min. The temperature and Sgrofiles developed inside
nucleation for a total of 45 experiments. The statistical

AN . ; the TGDC were validated by determining the deliquescence
distribution of nucleation illustrates a representation of the

ability of ¢ leation that exists within the mi | relative humidity of ammonium sulfate in addition to direct
variabiiity ot onset nucieation that exists within the minera temperature measurements and CFD simulations. The deli-
dust sample of 8 particles or less in a field of view. In prin-

. ! o . quescence results show that the experimental data agree well
ciple, we can analyse the nucleation of individual dust parti-

. . . . with the literature data within the error limits.
cles using this system. It is observed that the data points are

scattered and the highest frequency varies from 5 to 7% SS Experi_ments are_carried _OUt using TGDC? instr_ument to
which are in agreement with Kanji and Abbatt (2006). Theseperform ice nucleation studies of atmospherically important

results demonstrate the ability of dust particles to nucleate aferosols, here used are natural dust particles. The new TGDC
low SS compared to homogeneous freezing and over a wigdnstrument was used to study the onset nucleation of Saharan

range of heterogeneous ice nucleation temperature regime. m|_neral dust obtained in association with the AMMA project.
It is observed that the mineral dust particles nucleated ice

over a broad range of $8arying from as low as 3% to 10%
5 Conclusions over the temperature regime fronl7 to—33°C. This broad

distribution may be attributed to the variation of mineralogy
A new Thermal Gradient ice nucleation Diffusion Cham- and surface irregularities over the dust particle surface be-
ber for ice nucleation investigations has been designed, corntween different particles. In a follow-on paper, results will
structed, and validated. The principle of operation is similarbe shown illustrating the heterogeneous nucleation capabil-
to that outlined by Bailey and Hallett (2002), in that it em- ity of dust from various source regions and parameterizations
ploys a thermal gradient between two ice-coated horizontableveloped to be used in the cloud models. This new TGDC is
cylindrical plates to produce a gSpectrum between them. shown to be well suited to individual particle process studies.
The unique capability of this new TGDC is that it affords the Wide arrays of future works are possible with this instrument
opportunity to visually record nucleation events of individ- including addressing the aerosol memory effect of IN with
ual particles, whilst the plate temperatures are fixed for therelatively minor updates.

Figure 7 shows the onset ice nucleation; Sfata ob-
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