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Evaporation freezing by contact nucleation inside-out
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[1] Ice formation in atmospheric clouds is crucial to our
understanding of precipitation and cloud radiative
properties. In recent work it was shown that heterogeneous
ice nucleation rates can be strongly enhanced by a form of
surface crystallization (Shaw et al., 2005). Here we present
new laboratory data and consider the implications for
contact nucleation and its relevance to ice nucleation in
atmospheric clouds. Our observations contradict three
leading hypotheses for contact nucleation and suggest,
instead, that the notion of contact nucleation should be
generalized to include surface crystallization from particles
contacting a supercooled drop from the inside out, as well
as from the outside in. Our findings lead to the hypothesis
that the freezing temperature of an evaporating drop will
suddenly become higher once the drop surface contacts an
immersed ice nucleus. This mechanism for evaporation
freezing is therefore a plausible explanation for the abundant
observations of high ice concentrations associated with
cloud dilution and droplet evaporation. Citation: Durant,
A. J., and R. A. Shaw (2005), Evaporation freezing by contact
nucleation inside-out, Geophys. Res. Lett., 32, 120814,
doi:10.1029/2005GL024175.

1. Introduction

[2] Much of the water found in atmospheric clouds exists
in a metastable, or supercooled state. Understanding how
ice forms in these clouds is a major challenge in cloud
physics [Beard, 1992; Vali, 1996; Pruppacher and Klett,
1997, sections 2.2 and 9.2; Lamb, 1999]. Freezing of pure
water drops occurs spontaneously if temperature is low
enough (homogeneous nucleation). However, ice formation
can be catalyzed by another substance (heterogeneous
nucleation) in a small fraction of the cloud droplets,
initiating freezing at higher temperatures. Contact nucle-
ation, an important but poorly understood heterogeneous
nucleation pathway, defines the freezing of a supercooled
cloud drop upon contact with an ice-forming nucleus (IN),
traditionally from the outside of the drop [Rogers and Yau,
1989, Figure 9.1; Pruppacher and Klett, 1997, p. 309]. This
“Trockenkern” (dry particle) effect was first observed over
50 years ago [Rau, 1950]: a supercooled water drop freezes
at a higher temperature if a dry particle makes contact with
the surface than if it is first immersed in the water drop and
then cooled. The phenomenon has been studied extensively
since, yet the mechanism for the unusual effectiveness of
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contact nucleation remains unknown [Pruppacher and
Klett, 1997, pp. 339-341].

[3] Furthermore, the relative role of contact nucleation in
ice formation in atmospheric clouds is not clear. For
example, observations are abundant of enhanced ice forma-
tion in regions where cloud droplets are evaporating in
cumuliform, stratiform, and wave clouds [Hobbs and
Rangno, 1985; Cooper, 1986; Beard, 1992; Rangno and
Hobbs, 1994; Cooper 1995; Field et al., 2001; Cotton
and Field, 2002; Ansmann et al., 2005; Baker and Lawson,
2005], and it has been speculated that contact nucleation
may be responsible for this “evaporation freezing.” The
results are difficult to interpret because of the turbulent
nature of some of these clouds, and the lack of understand-
ing of the detailed ice formation processes. Heretofore, no
ice nucleation mechanism has provided a satisfactory ex-
planation for what apparently is evaporation freezing
[Beard, 1992].

[4] Recently, we reported laboratory observations of
increased freezing temperature when an IN is near the
water-air interface compared to when it is in the bulk [Shaw
et al., 2005]. Through an analysis based on classical
nucleation theory it was determined that the increase in
freezing temperature was due to a decrease in the free
energy barrier for the formation of a critical IN and
enhanced mobility of water molecules near the air-water
interface. In this letter we describe additional experiments
and data interpretation to explore the implications of “sur-
face crystallization” for ice formation in atmospheric
clouds. Specifically, (1) we challenge the existing hypoth-
esized mechanisms for contact nucleation in light of the
laboratory observations; (2) we present laboratory evidence
for ice nucleation as a consequence of drop evaporation
(evaporation freezing); and (3) we hypothesize that this
more general picture of contact nucleation, based on our
observations of heterogeneous surface crystallization, can
result in evaporation freezing in atmospheric clouds.

2. Experimental Technique

[s] We have measured freezing temperatures under con-
trolled laboratory conditions to investigate the phenomena
of contact nucleation and evaporation freezing. Although
details of the experimental system have been presented
elsewhere [Shaw et al., 2005], we briefly describe the
method with attention given to aspects relevant to the data
presented here. The approach consists of cooling and
freezing a single drop containing the same IN, many, many
times to collect a statistical ensemble of freezing events. We
investigated water drops containing: (1) glass-rich volcanic
ash particles with a bulk trachyandesitic composition (400—
650 pm diameter): volcanic ash represents an episodic
component of the atmospheric IN load, and is broadly
representative of silicate materials; and (2) soda glass
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Figure 1. Example of sudden shifts in freezing tempera-
ture due to changes in the position of the IN within the
droplet. The first 30 freezing temperatures are sporadic due
to initial movement of the IN (see text for details). After
cooling cycle 30 the IN is inside the drop, away from the
surface. After cooling cycle 110 the IN moves and makes
contact with the surface of the drop.

microspheres (330 pm diameter). The nature of the setup
requires that the particles are much larger than typical IN
found in the atmosphere, but we have consistently observed
that the increase in freezing temperature due to surface
crystallization is independent of the size of the IN or of the
water droplet (within the investigated size ranges). To be
clear, the freezing temperature depends on IN characteristics
such as composition and surface area, but the difference in
freezing temperatures for immersion and contact modes is
roughly constant.

[6] The IN of interest is placed in a small drop (~3—
4 mm diameter) of ultra-pure water using a hypodermic
syringe needle. The drop is positioned over a platinum
resistance thermometer (PRT) covered with a thin
(~0.6 mm) microscope coverslip, which is silanized to
create a hydrophobic surface. The PRT rests on an isother-
mal copper stage in contact with a liquid-cooled heat sink,
with the temperature controlled by a thermoelectric (Peltier)
cooler/heater. Once the drop is in place, the position of the
IN can be manipulated so that it is either fully immersed
within the drop (immersion freezing), or in contact with the
surface (contact freezing). Temperature is decreased from
283 K to 248 K at a constant rate of 10 K min~!, and we
detect the sudden increase in temperature resulting from the
enthalpy of freezing when ice nucleation occurs. The entire
apparatus is housed in a chamber purged with filtered, dry
air (frost point <208 K). The position of the particle relative
to the drop and the freezing events are observed directly
using a microscope and digital camera. (A movie showing
an example of a single freezing event can be downloaded
from online supporting material' for this article.) The
system is fully automated so that we can measure hundreds
of freezing events involving a single IN. Because the same
IN is used repeatedly during the experiments, ambiguity due
to variations in composition, surface area, and morphology
are avoided.

[71 We investigated both immersion and contact ice
nucleation. In the case of contact nucleation, we carried

'Auxiliary material is available at ftp:/ftp.agu.org/apend/gl/
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out independent experiments with the IN at the outside and
inside surface of the drop. We also investigated variation in
freezing temperature for an evaporating drop containing a
single IN. In this scenario, the drop is exposed to the dry air
in the chamber such that it evaporates during the course of
several tens of cooling cycles (normally the drop is enclosed
by a small glass cover to minimize evaporation).

3. Results and Implications for Contact
Nucleation

[8] In our experiments the heterogeneous freezing mode
can be changed by moving the IN from the interior of the
drop to make contact with the surface, or visa versa. Figure 1
shows an example of variation in freezing temperature
observed during one experiment: surface-initiated freezing
occurred at a consistently higher temperature than volume-
initiated freezing, with a difference typically of ~4 K.
Fluctuating freezing temperatures in the initial ~30 experi-
ments reflects transition between the two heterogeneous
freezing modes. Observations revealed that bubbles of air
were exsolved after the initial freezing event and were
excluded from the drop in subsequent cooling cycles. The
presence and migration of air bubbles acts as a mechanism
to physically move the IN inside the drop and it also implies
many air-water interfaces are within the drop, resulting in
the initial sporadic freezing temperatures.

[9] The magnitude of the enhancement in freezing tem-
perature is very similar to that typically observed in contact
nucleation [Gokhale and Goold, 1968; Pitter and
Pruppacher, 1973; Fukuta, 1975]. We emphasize, however,
that the conditions here are distinctly different from those in
traditional observations of contact nucleation, where a dry
particle collides with a supercooled water drop. Instead, in
our experiments the nucleus is always in contact with the
water drop. The enhancement in freezing temperature is
observed regardless of whether the IN contacts the drop
surface from the outside, or from within the bulk liquid. To
distinguish from the traditional form of contact nucleation
we refer to the latter as contact nucleation inside-out.

[10] The enhancement in nucleation rate for contact
nucleation relative to that for immersion nucleation has
been hypothesized to occur in at least three ways [see
Pruppacher and Klett, 1997, pp. 339-341]. Briefly they
are: (1) partial solubility of the IN in water [Fletcher, 1970;
Guenadiev, 1970]; (2) incomplete adsorption upon initial
contact with water [Evans, 1970]; (3) mechanical distur-
bance of the water-air interface upon contact [Fukuta,
1975]. All of the proposed mechanisms are related in some
way to the transient nature of a contact between a dry IN
and a supercooled water drop. In our study, however, we
observe that in most instances the freezing temperature of
an IN is a statistically stationary random variable over
hundreds of cycles, with the mean depending solely on
the location of the nucleus relative to the water drop. There
is no transient contact event during the experiments and
normally no observable history in the freezing temperature.
Therefore, the first and second mechanisms are rejected
outright because the IN already immersed in the droplet.
Similarly, the third mechanism is unlikely because in our
experiments there is no rapid movement or collision of the
IN with a droplet (we cannot rule out, however, that small
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Figure 2. A schematic view of the standard view of
contact nucleation (A), and the generalized view of contact
nucleation (B), which includes contact nucleation ““inside-
out.”

vibrations from the cooling unit, or even motion due to
Brownian diffusion could cause sufficient relative motion
between the IN and the water drop, although this seems
implausible).

[11] We believe the observations presented here and by
Shaw et al. [2005] provide evidence that the notion of
contact nucleation should be generalized, as illustrated in
Figure 2. We argue that the traditional form of contact
nucleation is simply a manifestation of the enhanced nucle-
ation rates due to surface crystallization. The enhancements
appear to be related to variations in the thermodynamics and
kinetics of the air-water interface, as discussed elsewhere
[Shaw et al., 2005], but more work is needed to fully
understand the detailed physics of surface crystallization.

[12] An additional hypothesis for the enhancement of
contact nucleation relative to deposition nucleation applies
to ice embryos being created in the vapor [Cooper, 1974],
rather than in supercooled water as in our experiments. The
basis of this hypothesis, however, relies on differences in
the free energies of the air-water-IN system versus the
water-IN system and perhaps could be extended to immer-
sion vs. contact nucleation [e.g., Djikaev et al., 2002].

4. Ice Nucleation During Drop Evaporation

[13] We also carried out experiments to investigate the
possible role of contact nucleation from the inside-out on
the freezing temperature during drop evaporation. We
hypothesize that as a supercooled water drop evaporates,
its surface (the air-water interface) will eventually come into
contact with any immersed, insoluble IN, thereby increasing
the freezing temperature. Figure 3 shows data for an
evaporating drop containing soda glass microspheres (in
this instance several microspheres were used to increase the
total IN surface area, but the result is valid for single
particles as well). Initially, the IN remained fully immersed
in the drop, and freezing occurred through immersion
nucleation at ~252 K. As the drop evaporated and the
surface made full contact with the IN, freezing occurred at a
higher temperature of ~255 K. The gradual transition
between immersion and contact freezing temperatures is
likely related to the amount of IN surface in contact with the
air-water interface [Djikaev et al., 2002].

[14] These laboratory results can be compared with
observations of evaporation freezing in wave clouds, where
the evolution of cloud droplet and ice particle concentra-
tions are measured along approximately-Lagrangian trajec-
tories. In one common scenario, supercooled cloud droplets
form on the upwind side of the wave and a rapid onset of
cloud glaciation is observed in the downwind region where
cloud droplets are evaporating, at temperatures too high (T >
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—35°C) for homogeneous nucleation to dominate [Cooper,
1995; Field et al., 2001; Baker and Lawson, 2005]. No
known mechanism for ice nucleation has provided an
explanation for what apparently is evaporation freezing
[Beard, 1992]. For example, detailed modelling of micro-
physical processes could not reproduce measured character-
istics of one isolated wave cloud based on standard
heterogeneous nucleation mechanisms (i.e. contact, deposi-
tion, condensation, immersion) [Cotton and Field, 2002].
Cotton and Field [2002] concluded “the key. .. appears to
lie in most ice nucleation occurring very rapidly at a critical
time coincident with evaporation of the liquid droplets in
the downdraught of the lee wave.”

[15] The results illustrated by Figure 3 suggest a plausible
mechanism for the observations of sudden glaciation of
wave clouds in regions where cloud drops are evaporating.
In this case, some fraction of the droplets that form on the
leading edge of the cloud do so on insoluble aerosol
particles. Once entering the downdraft of the wave, the
droplets evaporate and eventually their freezing temper-
atures increase suddenly by ~3 to 4 K as the retreating
droplet surface makes contact with the insoluble particle.
We note that the total temperature variation in a wave cloud
is often within this range [Cotton and Field, 2002; Baker
and Lawson, 2005], so the shift due to contact nucleation
from the inside-out is significant in this context. Further-
more, to match observed ice concentrations in one wave
cloud only ~0.1% of the cloud droplets would need to
experience this form of freezing [Cooper, 1995].

[16] Given the unique symmetry of a wave cloud we must
consider why contact freezing does not occur on the upwind
side when supercooled drops are first activated on IN.
During a single drop’s trajectory through a wave cloud,
the IN, which is initially at the center of the drop, will
migrate away from the center by Brownian diffusion: using
Stokes-Einstein diffusion with an observed transit time of
t =~ 150 s at a temperature of 248 K [Cotton and Field,
2002, Figure 7], IN with radii of 100 nm and 1 pm will
diffuse inside a droplet over distances of approximately
10 pm and 3 pm, respectively. As a result, contact between
the air-water interface and an immersed IN will occur well
before complete drop evaporation, and therefore at a lower
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Figure 3. Example of a series of freezing events occurring
as a single drop evaporates. A shift in freezing mode
occurred after cooling cycle 15. The drop completely
evaporated by cooling cycle 36. The temperatures measured
after cycle 36 are the minimum temperature of each cooling
cycle (no freezing event).
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temperature. Clearly this line of reasoning must be chal-
lenged with further experiments; it is somewhat academic,
however, because in convective clouds the temperature at
drop activation will likely be different than that during drop
evaporation.

5. Conclusions

[17] Through simple experiments, we have observed that
the formation of ice within a liquid water drop by hetero-
geneous nucleation occurs at higher temperatures if the IN
is in contact with the surface of the drop, than if it is fully
immersed within the bulk of the drop (the underlying
thermodynamics and kinetics are discussed elsewhere
[Shaw et al., 2005]). The higher freezing temperatures occur
regardless of whether this contact is from the outside in, or
the inside out, and do not depend on any transient contact
between the IN and the water drop.

[18] This finding contradicts three traditional mechanisms
for contact nucleation based on transient effects. We are
thus brought to a more general picture of contact nucleation
as a manifestation of surface crystallization (see Figure 2).
The generalized view of contact nucleation leads naturally
to the hypothesis that evaporating droplets will eventually
favor contact freezing when the droplet surface reaches the
surface of an insoluble IN. Laboratory tests confirm that this
does occur, thereby providing a mechanism for evaporation
freezing. It is plausible, therefore, that sudden ice formation
in evaporating wave clouds is due to contact nucleation
from the inside out.

[19] Methods for testing this in future field experiments
are being developed. Its possible role in explaining high
rates of cloud glaciation in regions where clouds are mixing
will be more challenging to determine, but modern instru-
mentation and facilities offer new opportunities. If active in
these clouds, the mechanism has major implications for our
understanding of ice formation and its links to precipitation
formation and radiative properties of the atmosphere. We
further speculate that evaporation freezing would be espe-
cially sensitive to sources of large insoluble aerosols, such
as desert dust or volcanic ash, with the resulting possibilities
for interactions with other components of the Earth system
[Ansmann et al., 2005; DeMott et al., 2003; Rose et al.,
1995].

[20] Acknowledgments. We thank W. Cantrell, P. Field, D. Lamb,
Y. Mi, and A. Moyle for helpful discussions. O. Durant is thanked for help
producing the online supplemental movie. The research was supported by
NASA (NAG-10568) and NSF (ATM-9984294), and much of the writing
was completed while one of the authors (R.A.S.) was on a sabbatical leave
at the Institute for Tropospheric Research in Leipzig, Germany.

References

Ansmann, A., I. Mattis, D. Miiller, U. Wandinger, M. Radlach, and
D. Althausen (2005), Ice formation in Saharan dust over central Europe
observed with temperature/humidity/aerosol Raman lidar, J. Geophys.
Res., 110, D18S12, doi:10.1029/2004JD005000.

DURANT AND SHAW: CONTACT NUCLEATION INSIDE-OUT

L.20814

Baker, B. A., and R. P. Lawson (2005), In situ observations of microphy-
sical properties of wave, cirrus and anvil clouds. Part 1: Wave clouds,
J. Atmos. Sci., in press.

Beard, K. V. (1992), Ice initiation in warm-base convective clouds: An
assessment of microphysical mechanisms, Afmos. Res., 28, 125—152.
Cooper, W. A. (1974), A possible mechanism for contact nucleation,

J. Atmos. Sci., 31, 1832—-1837.

Cooper, W. A. (1986), Ice initiation in natural clouds, in Precipitation
Enhancement—A Scientific Challenge, edited by R. G. Braham Jr., Me-
teorol. Monogr., 443, 29-32.

Cooper, W. A. (1995), Ice formation in wave clouds: Observed enhance-
ment during evaporation, Proc. Conf. Cloud Physics, Am. Meteorol.
Soc., Dallas, Tex, p. 147—152.

Cotton, R. J., and P. R. Field (2002), Ice nucleation characteristics of an
isolated wave cloud, Q. J. R. Meteorol. Soc., 128, 2417—-2437.

DeMott, P. J., K. Sassen, M. R. Poellot, D. Baumgardner, D. C. Rogers,
S. D. Brooks, A. J. Prenni, and S. M. Kreidenweis (2003), African dust
aerosols as atmospheric ice nuclei, Geophys. Res. Lett., 30(14), 1732,
doi:10.1029/2003GL017410.

Djikaev, Y., A. Tabazadeh, P. Hamill, and H. Reiss (2002), Thermodynamic
conditions for the surface-stimulated crystallization of atmospheric
droplets, J. Phys. Chem., 106, 10,247—10,253.

Evans, L. F. (1970), The role of the adsorbed layer in ice nucleation,
Preprints Conf. Cloud Physics, Am. Meteorol. Soc., Fort Collins, CO,
p. 14.

Field, P. R, et al. (2001), Ice nucleation in orographic wave clouds: Mea-
surements made during INTACC, Q. J. R. Meteorol. Soc., 127, 1493 —
1512.

Fletcher, N. H. (1970), On contact nucleation, J. Atmos. Sci., 27, 1098—
1099.

Fukuta, N. (1975), A study of the mechanism of contact ice nucleation,
J. Atmos. Sci., 32, 1597—-1603.

Gokhale, N. R., and J. Goold Jr. (1968), Droplet freezing by surface nuclea-
tion, J. Appl. Meteorol., 7, 870—874.

Guenadiev, N. (1970), Sur le mécanisme de congélation des gouttes d’eau
sous I’influence d’un aerosol d’iodure d’argent, J. Rech. Atmos., 4, 81—
91.

Hobbs, P. V., and A. L. Rangno (1985), Ice particle concentrations in
clouds, J. Atmos. Sci., 42, 2523-2549.

Lamb, D. (1999), Atmospheric ice, in Encyclopedia of Applied Physics,
edited by G. L. Trigg, pp. 1-25, John Wiley, Hoboken, N. J.

Pitter, R. L., and H. R. Pruppacher (1973), A wind tunnel investigation of
freezing of small water drops falling at terminal velocity in air, Q. J. R.
Meteorol. Soc., 99, 540—550.

Pruppacher, H. R., and J. D. Klett (1997), Microphysics of Clouds and
Precipitation, 2nd ed., Atmospheric and Oceanographic Sciences Li-
brary, vol. 18, 954 pp., Springer, New York.

Rangno, A. L., and P. V. Hobbs (1994), Ice particle concentrations and
precipitation development in small continental cumuliform clouds,
0. J. R. Meteorol. Soc., 120, 573—601.

Rau, W. (1950), Uber die Wirkungsweise der Gefrierkerne im unterkiihlten
Wasser, Z. Naturforsch. A, 5, 667—675.

Rogers, R. R., and M. K. Yau (1989), A4 Short Course in Cloud Physics,
3rd ed., Elsevier, New York.

Rose, W. L, D. J. Delene, D. J. Schneider, G. J. S. Bluth, A. J. Krueger,
1. Sprod, C. McKee, H. L. Davies, and G. G. J. Ernst (1995), Ice in the
1994 Rabaul eruption cloud: Implications for volcano hazard and atmo-
spheric effects, Nature, 375, 477—-479.

Shaw, R. A., A. J. Durant, and Y. Mi (2005), Heterogeneous surface crystal-
lization observed in undercooled water, J. Phys. Chem. B, 109, 9865—
9868.

Vali, G. (1996), Ice nucleation—A review, in Nucleation and Atmospheric
Aerosols 1996, edited by M. Kulmala and P. E. Wagner, pp. 271-279,
Elsevier, New York.

A. J. Durant, Department of Geological Engineering and Sciences,
Michigan Technological University, 1400 Townsend Drive, Houghton, MI
49931, USA.

R. A. Shaw, Department of Physics, Michigan Technological University,
1400 Townsend Drive, Houghton, MI 49931, USA. (rashaw@mtu.edu)

4 of 4



