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Why Does Large Relative Humidity with Respect to Ice Persist in Cirrus Ice Clouds?
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According to observations, a large relative humidity with respect to ice, RH; > 100%, often persists outside
and inside upper tropospheric cirrus ice clouds. The persistence of the large in-cloud RH; means that H,O is
slowly deposited onto cloud ice crystals. This unusual physical situation is similar to one in which a released
body would slowly fall owing to gravitation. Here we present a physical mechanism which can be responsible
for the persistence of large in-cloud RH;. We find that clear-sky RH; up to 176% can be built up prior to the
formation of ice cirrus by the homogeneous freezing of aqueous droplets containing H,SO4 and HNOj;. As
the droplets are cooled, a phase separation, which occurs during freezing, leads to the formation of a residual
solution coating around the ice crystals formed. The coating can serve as a shield, slowing the rate of ice
growth by ~10? in comparison with uncoated ice, and this can be a reason for the persistence of the large

in-cloud RH;.

1. Introduction

Upper tropospheric cirrus ice clouds are thought to limit the
accumulation of water vapor in the upper troposphere (UT),
because the growth and sedimentation of cirrus ice crystals
redistribute moisture to lower levels. However, observations
often reveal large and persistent moisture outside (in clear sky)
and inside ice cirrus clouds'~* formed near the tropopause region
in situ, i.e., not influenced by a deep convective water vapor
source.> In the UT, water vapor is the dominant greenhouse
gas. Therefore, it is important to know the nature of the
processes underlying accumulation and persistence of large
moisture in the UT. On the other hand, the knowledge of
the critical values of humidity, at which cirrus ice clouds start
developing, is important for the parametrization of cirrus and
climate models.> Cirrus ice clouds, being globally widespread,
are important climate regulators.

The UT moisture is equally expressed either as relative
humidity with respect to water, RH,,, or as relative humidity
with respect to ice, RH;.®> Since under atmospheric conditions
liquid water does not exist below the homogeneous freezing
temperature of T}, ~ 233 K,% the vapor pressure of liquid water
is extrapolated to low temperatures. In this paper, we will use
RH; because the observed UT moisture data are usually
expressed as RH;.!™ In the UT, the observed clear-sky and in-
cloud RH; often exceeds 100% and below ~195 K can reach
as large as 200%.' The buildup of large RH;, which is not
influenced by a deep convective water vapor source, suggests
that cirrus ice clouds are formed by homogeneous freezing of
aqueous aerosol droplets. In the UT, the precursors of cirrus
ice clouds can be pre-existing H,SO,/H,0 aerosol droplets.®’
The UT aerosol droplets can also contain HNOs.* In the UT,
H,SO4 and HNOj are of natural and anthropogenic origin:
descending stratospheric H,SO,/H,0 aerosol,'* volcanic erup-
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tions,'! burning of sulfur-containing fossil fuels,'? nitrogen-based
fertilizer, vegetation, oceanic sources,'*!* etc.

The buildup of the upper tropospheric RH; > 100% prior to
the onset of the formation of cirrus ice clouds has been studied
theoretically’>~!7 and experimentally.”'®!° The experimental
studies showed that before cirrus ice clouds start developing
the clear-sky RH; may reach up to ~170%.'"® The recent
generalizations of classical ice nucleation theory indicate that
RH; as large as 180—200% may be required for the initiation
of the homogeneous freezing of haze droplets with a diameter
of 0.05—5 um.> However, in this paper we will not consider
the mechanisms of the formation of large clear-sky RH;. A goal
of this paper is to present a physical mechanism which can be
responsible for the persistence of in-cloud RH; > 100%.

According to the calculations of some authors, numerous
cirrus ice crystals, which are formed by homogeneous freezing
of aqueous droplets, would rapidly consume water vapor and
lower the elevated in-cloud moisture to RH; ~ 100%.202!
However, there is evidence that the deposition of water vapor
on cirrus ice crystals is far from instantaneous.!”*> The deposi-
tion of water vapor is determined by the “phase relaxation time”
expressed as 7 = (4xDNjry)~!, where D is the H,O diffusion
coefficient, N; the ice crystal concentration, and r; the crystal
radius. T can vary from ~0.5 to 2 h.??2 Even after 1 h of
cirrus cloud development, RH; was calculated to remain at
105—110%2* or even larger than 130%.!7 To explain the large
in-cloud RH;, a hypothesis was made; it suggested that the
deposition coefficient of H,O for small ice crystals may be
<0.01,% which would prolong the in-cloud RH; near the critical
value for ice nucleation. Subsequent works disputed** and
confirmed® the hypothesis. However, the confirmation for the
small deposition coefficient was reported only for ice crystals
at ~223 K? whereas large RH; up to 200% is usually observed
below ~195 K.! Further, the International Cirrus Parcel Model
Comparison Project, CPMCP, considered the deposition coef-
ficients of H,O on the order of 0.1—1.%° In the simulation aimed
to explain in-cloud RH; ~ 180%, which was observed during

10.1021/jp9063609  © 2009 American Chemical Society
Published on Web 11/19/2009



14124 J. Phys. Chem. A, Vol. 113, No. 51, 2009

the CRYSTAL-FACE field campaign on July 13, 2002, over
Florida, the deposition coefficient was assumed to be smaller
than 0.03.!7 However, the reason for such a small deposition
coefficient was unclear. The proposed explanation for the in-
cloud RH; &~ 130% by the formation of a new class of HNOs-
containing ice particles, so-called A-ice,* was shown to violate
the second law of thermodynamics.?” There is also an opinion
that cubic ice may considerably contribute to the large RH;.28
The cubic form of ice is metastable with respect to the stable
hexagonal form of ice, which is usually formed under atmo-
spheric conditions. Some authors believe that the vapor pressure
of cubic ice is ~10% larger than that of hexagonal ice*® and
consequently may account for ~10% of the observed elevated
RH;. However, the most recent estimation of the enthalpy change
of the cubic-to-hexagonal ice transition suggests that the vapor
pressure difference between cubic and hexagonal ice may be
less than 1%.%

In this paper, we present the results of the study of the low-
temperature phase transitions of emulsified micrometer-scaled
H,S0O4/H,0 and H,SO,/HNO3/H,O droplets of sizes and com-
positions representative of the UT. Our experimental and
computational results demonstrate that other physical processes
can be responsible for the maintenance of in-cloud RH; > 100%.
These involve the effects of HT, SO42~, and NO; on homoge-
neous ice crystal nucleation and the formation of a residual
solution coating around the ice crystals in cirrus ice clouds
formed by the homogeneous freezing of aqueous aerosol
droplets.

2. Experimental Section

2.1. Materials and Methods. We studied micrometer-scaled
H,SO4/H,0 droplets with a composition of 5—30 wt % H,SO,
and H,SO4/HNO3/H,O droplets with a composition of 5—25
wt % H,SO, and 1—7 wt % HNO; by using differential scanning
calorimetry (DSC). The droplets were prepared by emulsifying
bulk solutions of the corresponding compositions. The bulk
solutions were prepared by mixing the calculated amount of
95—97 wt % H,SO4 and 65 wt % HNO; (Riedel-de Haén,
Germany) with the corresponding amount of ultrapure deionized
water. The accuracy of the method of solution preparation was
verified by the titration of H,SO4/H,0 and HNO3/H,O against
standard 2 N NaOH. The titration showed an accuracy of +0.1
wt %. The advantage of using emulsion and DSC techniques is
that they allow performing measurements in which three
parameters such as the size and composition of emulsified
droplets and the cooling rate are similar to those encountered
in the atmosphere.

2.2. Emulsification Procedure. The oil phase, which was
used for the preparation of emulsions, was prepared by using
halocarbon 0.8 oil (Halocarbon Producs Corp.) and lanolin
(Sigma-Aldrich). The halocarbon oil is a low molecular weight
polymer of chlorotrifluoroethylene (PCTFE) and is chemically
inert to practically all acids, alkalis, and oxidizing agents.
Lanolin is a natural organic substance which consists of
cholesterol, wool alcohols, and the esters derived from several
fatty acids. Lanolin is insoluble in water but makes an emulsion.

The solution-in-oil emulsions were prepared according to the
emulsion technique described elsewhere.* In short, the oil phase
was prepared by mixing 80 wt % halocarbon 0.8 oil and 20 wt
% lanolin. The solution/oil mixtures of 1/10 by volume were
shaken for 5—8 min with a high-speed shaker (Thermolyne
Maxi-Mix) at 1400—2000 rpm. The diameter of the droplets
was measured with an optical microscope. In the emulsions,
the diameter of the droplets was <5 um. The stability of the
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emulsions depends on the solution composition. Some emulsions
are stable for several days, others for more than several months.

2.3. DSC Measurements. We measured the emulsified
solutions using a Mettler Toledo DSC 822 calorimeter. The
device was well calibrated and reproduced the melting points
of indium (429.75 K), water (273.15 K), and heptane (~182
K) with an accuracy of +0.3 K. The measurements were
performed at a scanning rate of 3 K/min (180 K/h), which is
much larger than the atmospheric cooling rates of 2—80 K/h.?!
However, previous work showed that the reduction of the
cooling rate from 5 K/min (300 K/h) to 0.1 K/min (6 K/h) lowers
the freezing temperature of ice by less than 1—2 K.*° The recent
generalizations of classical nucleation theory also indicate that
the significant jump in the freezing temperature of ice occurs
when the fall of the cooling rate is several orders of magnitude.’
Therefore, the choice of a cooling rate of 3 K/min can be
considered as a reasonable approximation of the atmospheric
cooling rates for measuring the freezing temperature of aqueous
droplets relevant for the atmosphere. The mass of the emulsion
samples was between ~20 and 35 mg. The emulsion samples
were cold sealed in a standard Al crucible with a volume of 40
uL. Since the number of droplets in the DSC samples is ~>103,
the obtained results are of statistical significance.*® Numerous
repetitive measurements were made to verify the reproducibility
of the results.

Since the halocarbon 0.8 oil is chemically inert, there is no
reaction between the oil and solutions. The estimation of the
stability of lanolin showed that there was no appreciable reaction
between lanolin and concentrated H,SO,/H>O and HNOs/H,O
on the time scale of 2 days.*® Nevertheless, to prevent any
degradation of lanolin, all DSC measurements were performed
within less than 2 h from the moment of contact between the
solution and the oil phase.

3. Results and Discussion

3.1. Solution-Coated Ice Crystals. Recently we reported that
cold ice cirrus clouds formed by homogeneous freezing H,SO,/
H,O droplets can consist of mixed-phase particles: an ice core
+ a H,SO,/H,0 coating.® Figure 1 presents an example of DSC
thermograms which demonstrate that the freezing of H,SO,/
HNO3/H,0 droplets with an excess of H,SO, may also produce
mixed-phase particles. The H,SO,/HNO3/H,O droplets with an
excess of H,SO, are chosen because observations reveal a HNO5
mixing ratio of almost zero in ice cirrus over the western Indian
Ocean® to 1000 pptv in cirrus and contrails over southern
Florida.* The thermograms similar to those presented in Figure
1 are also obtained from H,SO4+H,O and H,SO4/HNOs/H,O
droplets in which [H,SO,] varies between 5 and 25 wt % and
[HNOs] is 1,2,3, 5, and 7 wt %. In Figure 1, the cooling and
warming thermograms contain two exothermic-freezing and two
endothermic-melting events, respectively. The warm exothermic
and endothermic events, which produce a single transition peak,
are due to the freezing out and melting of pure ice. The cold
exothermic and endothermic events, which produce double or/
and broad transition peaks, are due to the freezing and melting
of a residual solution®** which is formed by expelling H*, SO,>~,
and NOs™ ions from the ice lattice during the nucleation and
growth of ice. The order of the freezing events in H,SO,/H,0
and H,SO4HNO3/H,0, i.e., which solid is formed first on
cooling, is determined from the measurements in which the
cooling of droplets is terminated immediately after the first
freezing event. In this case, one obtains truncated thermograms
which contain only warm freezing and melting peaks. From the
fact that the temperature of the melting peak exactly matches
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Figure 1. Typical calorimetric thermograms which demonstrate a phase
separation into pure ice and a residual solution during the freezing of
H,SO/H,0 and H,SO4 HNOs/H,0O droplets (>10°). The upper red
cooling and warming thermograms are obtained from the emulsified
droplets with a composition of 17 wt % H,SO,. The lower black
thermograms are obtained from the emulsified droplets with a composi-
tion of 17 wt %/3 wt % H,SO4/HNO;. In both emulsion samples, the
warm exothermic/endothermic events are due to the freezing/melting
of pure ice. In the upper red cooling thermogram, the two vertical arrows
show the exothermal peaks of the formation of SAO and ice/SAT during
the freezing of a residual solution. On warming, the ice/SAT and SAO
melt at ~199.3 and ~200.3 K, respectively.* In the lower black cooling
thermogram, the two freezing peaks, which are formed during the
freezing of the residual solution, are overlapped (see the text). In the
warming black thermogram, the tilted arrow shows the endothermic
peak of the melting of SAO. The horizontal arrows show the direction
of the temperature change of 3 K/min. The mass of the emulsion
samples of binary and ternary solutions is 24.28 and 20.08 mg,
respectively. The scaled bars denote heat flow through the samples.

the melting point of ice in the H,SO4/H,O phase diagram,***
one can infer that the warm transition peaks are due to the
freezing and melting of pure ice. The remaining cold transition
peaks are due to the freezing and melting of the residual H,SO,/
H,O solution. In the truncated thermograms obtained from
H,SO/HNO;/H,0 droplets, the temperature of the warm melting
peak is slightly lower than the melting points of ice in the
H,SO4/H,0 phase diagram because of the presence of HNO;.30-%
The transition temperatures of H,SO,/HNOs/H,O droplets,
in which the amount of HNO; varies from 0 to 7 wt %, are
shown in Figure 2. It is seen that the lowering of the freezing
and melting temperatures of ice of H,SO,4/HNOs/H,O droplets
in comparison with that of H,SO4/H,O droplets increases with
increasing HNO;. It is also seen that although the freezing
temperature of the ternary H,SO,/HNO3/H,O residual solution
increases with increasing of HNO; (blue tilted squares), it
nevertheless always remains below the lowest atmospheric
temperature of ~185 K. The complete freezing of H,SO4/H,O
and H,SO4/HNOs/H,0O droplets occurs below 180 K (blue
squares). In the temperature regions between the two freezing
events and between the two melting events, the particles are in
the mixed-phase state: a pure ice core + a residual solution.
Figure 1 shows that the cold transition peaks are double or
broad, which indicates that two solids are formed during the
freezing of the residual solution. The double peaks are due to
the formation and melting of sulfuric acid octahydrate
(H,SO4+8H,0, SAO) and a eutectic mixture of ice/SAT (sulfuric
acid tetrahydrate, H,SO,*4H,0).% In the cooling thermogram
obtained from the 17 wt %/3 wt % H,SO4/HNO; droplets, the
freezing peaks of SAO and ice/SAT overlap and produce one
broad transition peak. The overlapping of the two freezing peaks
may be brought about by the presence of 3 wt % HNO;. The
comparison of the cold double melting peaks reveals that the
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Figure 2. Experimental temperatures of the phase transformations of
H,SO4/H,0 and H,SO4#/HNO3/H,0 droplets. Numbers depict the HNO;
concentration (wt %) in the H,SO,/HNO5/H,0O droplets. The dotted
line is the equilibrium phase diagram of H,SO,/H,0.3*% The blue circles
are the peak freezing temperatures, 7}, and the red circles the melting
temperatures, T, of pure ice. The blue plus signs are the peak freezing
temperatures of the residual solution®3? with a composition of ~38 wt
% H,S0,.% The blue tilted squares are the peak freezing temperatures
of residual H,SO4/HNO5/H,0. The warmer freezing temperature of the
residual solution corresponds to the larger amount of HNOs in the
droplets. The blue squares are the peak temperatures of the complete
freezing of the droplets, i.e., the temperatures at which the freezing
of the pure ice and the residual solution overlap. The red plus signs
are the eutectic melting points of the ice/hydrate mixture. For simplicity,
the separate freezing and melting points of SAO and the eutectic mixture
of ice/SAT* are not shown because they either are very close to each
other or may overlap (see Figure 1).

addition of HNOj; changes the ratio of the areas of the melting
peaks of SAO and ice/SAT. In the warming thermogram of
ternary 17 wt %/3 wt % H,SO,/HNO; droplets, the area of the
melting peak at ~199.3 K, which characterizes the melting of
ice/SAT,* becomes larger, whereas the area of the melting peak
at ~200.3 K, which characterizes the melting of SAO,*
becomes smaller in comparison with the area of the correspond-
ing peaks in the warming thermogram of 17 wt % H,SO4
droplets. The change of the ratio of the areas of the melting
peaks indicates the redistribution of the amount of ice/SAT and
SAO formed after the addition of HNOs. In the DSC method,
the area under the transition peak is proportional to the change
of enthalpy in the material undergoing the phase transition and,
consequently, proportional to the amount of the material
undergoing the phase transition. The change of the ratio of the
area of the melting peaks is also observed in the warming
thermograms obtained from the ternary droplets of other studied
compositions. However, the addition of 3 wt % HNO; to H,SO./
H,0 does not lead to the formation of the eutectic solid mixture
of ice/NAT (nitric acid trihydrate, HNO5+3H,0) which melts
at ~220 K.3%37 The eutectic melting point of ~220 K can be
determined from Figure 4 of ref 36. It can also be determined
if one plots the concentration of 17 wt %/3 wt % H,SO,/HNO;
in Figure 2 of ref 36 and uses the lever rule. The absence of
the melting peak at ~220 K indicates the absence of the eutectic
solid mixture of ice/NAT. More about the H,SO,/HNO5/H,O
system and thorough references can be found elsewhere.3%3637

3.2. Composition of the Residual H,SO4/H,O Solution. For
the calculation of the thickness of the solution coating around
cirrus ice crystals and the impact of the coating on the rate of
ice growth, one needs to know the composition of the coating
or residual solution. The estimation of the composition of the
residual solution is given below for H,SO4/H,O droplets. In a



14126 J. Phys. Chem. A, Vol. 113, No. 51, 2009

270k e
~ Gable et al. (1950)

K
]
(5]
Q.

230}--

Temperature,
M
(=]

190

170

5 10 15 20 25 30 35 40 45
H,S0,, wt %

Figure 3. Freezing of bulk and emulsified H,SO,/H,0. The bulk
solution at point 1 is first cooled to point 2, where pure ice crystals
begin to form. During further cooling, the ice crystals grow and the
concentration of the residual solution increases along the ice/liquid
equilibrium line until the eutectic concentration at point 3 is reached.
The cooling below point 3 results in the formation of a solid mixture
of pure ice and SAT. Points 4 and 5 denote the supercooling of the
bulk solution and the corresponding concentration of the residual
solution, respectively (see the text). The emulsified 17 wt % H,SO,
droplets are cooled to point 6, which is the peak temperature of
the freezing out of pure ice in Figure 1. Point 7 is the concentration of
the residual solution which corresponds to freezing point 6. Point 8
is the concentration of the residual solution which would be produced
by emulsified ~26 wt % H,SO, droplets which freeze at the lowest
atmospheric temperature of ~185 K. The circles are the temperatures
of the freezing out of pure ice from Figure 2. The arrows show the
direction of the cooling of bulk and emulsified H,SO4/H,O and the
increase of the concentration of the residual solution.

similar way the composition of the residual solution can be
estimated for H,SO4/HNO3/H,O droplets. Figure 3 presents a
partial phase diagram of H,SO,H,0,*% the experimental
freezing data of emulsified H,SO4/H,0O droplets from Figure 2,
and a scheme of the freezing of bulk and emulsified H,SO4/
H,0. As an example we will consider the solution with a
composition of 17 wt % H,SO,. According to the binary phase
diagram, when a large volume of solution at point 1 is first
cooled to point 2, pure ice crystals start forming. In the large
volume of liquid, the walls of a container and/or suspended
impurity particles can trigger heterogeneous freezing out of pure
ice at a temperature corresponding to point 2 on the ice/solution
equilibrium line. On further cooling, the ice crystals grow and
the concentration of the solution increases along the ice/solution
equilibrium line until the eutectic concentration of ~38 wt %
H,S0y, is reached at ~200 K33 (point 3 in Figure 3). Reducing
the volume of the solution and/or increasing its purity, the bulk
solution can be supercooled below the ice/solution equilibrium
line, for example, to point 4. At this temperature the freezing
out of pure ice leads to the formation of the residual solution
with a concentration corresponding to point 5. On further
cooling, the concentration of the residual solution increases
along the ice/solution equilibrium line to point 3. It should be
noticed that during the cooling of bulk seawater the concentra-
tion of the residual solution (which in the case of salt solutions
is called freeze-concentrated brine) also increases with decreas-
ing temperature.*®

In cooled emulsified H,SO4,/H,0 droplets, pure ice freezes
out along the freezing line of T;, which is depicted by circles
connected by a dashed line in Figure 3. According to Figure 3,
the concentration of the residual solution, which is formed after
the freezing out of pure ice in the emulsified droplets with
concentrations of 5—26 wt % H,SO4/H,0, is between ~33 and
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Figure 4. Clear-sky RH; which would exist in the UT immediately
prier to the formation of ice cirrus clouds by homogeneous freezing of
H,S04/H,0 and H,SO,/HNOs/H,O droplets. The calculation of RH;
has been performed using the measured freezing temperatures of ice,
T;, from Figure 2 and the thermodynamic model® of the system
H*—NH,t—S0,2"—NO;~—H,0. The largest value of RH; ~ 176% was
calculated using 7; and the composition shown by the arrow in Figure
2.

40 wt % H,SO,. In the droplets with a composition of 17 wt %
H,SO4, which freeze at 7; ~ 211 K (point 6), the concentration
of the residual solution is ~36.5 wt % H,SO, (point 7). In the
droplets with a concentration of ~21 wt % H,SO,, pure ice
freezes out at ~200 K, which leads to the formation of the
residual solution with a eutectic concentration of ~38 wt %
H,S0,.2** At the lowest atmospheric temperature of ~185 K,
the freezing out of pure ice in the droplets with a concentration
of ~26 wt % H,SO4 would produce the residual solution with
a concentration of ~40 wt % H,SO, (point 8), which is on the
extension of the ice/solution equilibrium line. In the temperature
region of the existence of cold cirrus ice clouds, T < ~210K,
the concentration of the residual solution would be ~37—40
wt % H,SO, (Figure 3). Because of the small variation of the
concentration, for the calculation of the initial thickness of the
H,SO4/H,0 coating around cirrus ice crystals, we will not use
the temperature dependence of the concentration of the residual
solution. As an initial concentration of the residual solution,
we will take the eutectic concentration of 38 wt % H,SO,.

3.3. Clear-Sky RH; Prior to the Formation of Cold Cirrus.
In the absence of any deep convective water vapor sources, the
temperature of the homogeneous freezing of UT aqueous aerosol
droplets will determine the highest clear-sky RH;. Assuming that
the UT aerosol droplets have a composition similar to that of the
laboratory droplets, we calculated the RH; which would exist
immediately prior to the formation of cirrus ice clouds. The
calculations were performed by using the measured freezing
temperatures of ice, 7, as collected in Figure 2, and the thermo-
dynamic model of the system H"—NH,*—S0,2"—NO; —H,0.%
The results of the calculations are shown in Figure 4. Also shown
are the RH; data which were calculated by using the freezing
temperatures of H,SO,/H,O droplets from ref 9 (black line). Our
values of RH; calculated for H,SO./H,O droplets are slightly larger
than those which were calculated by using the freezing data from
ref 9. The difference can be accounted for by the fact that, in our
measurements, the diameter of the H,SO,/H,O droplets is <5 um,
whereas in ref 9 it is between ~3.1 and ~12.6 um. The smaller
the size of the droplets, the colder the freezing temperature 7; and
consequently the larger the RH;. At the temperature of ~188 K
our calculated value of RH; is similar to that calculated by using
the freezing data from ref 9.

Figure 4 shows that the calculated values of the clear-sky
RH; increase with decreasing temperature both for H,SO4/H,0O
and for H,SO4/HNO3/H,O droplets and can reach ~176%.
Although the value of RH; &~ 176% is about 25% smaller than
the largest RH; recently observed below ~195 K,! it nevertheless
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Figure 5. Thickness of the coating with a composition of 38 wt %
H,SO, which would envelop spherical ice crystals after the freezing
of H,SO4/H,0 droplets. The thickness of the coating was calculated
for the droplets with a diameter of 0.2—2 um and a composition of
10—25 wt % H,SO,.

is ~10% larger than the RH; predicted by previous laboratory
work.? Our calculated values of RH; are also in good agreement
with recent calculations performed by using the formulas of
the generalizations of classical ice nucleation theory which
predict RH; > 170%.°

Normally, it is thought that cirrus ice clouds consist of pure
ice crystals. If this is the case, then the time needed to consume
elevated in-cloud moisture (RH; > 100%) due to the deposition
of H,0 on ice crystals would be ~1 min.?! Taking into account
the “phase relaxation time”, in-cloud RH; > 100% may persist
for about 2 h.?2 However, in situ observations often reveal
persistent in-cloud RH; > 100%.'™* The physical mechanism,
which can account for the persistence of in-cloud RH; > 100%,
is presented in the next section.

3.4. Impact of a Coating on the Rate of Ice Growth. The
calculations of the thickness of the coating around cirrus ice
crystals and the impact of the coating on the rate of ice growth,
and consequently on the rate of the consumption of moisture,
are given below for H,SO,H,0O droplets. The H,SO4+/H,O
system has been well studied, and its thermodynamic data are
well documented.**>#47 At first we calculate the thickness of
the coating which is formed immediately after the freezing out
of pure ice in H,SO,/H,O droplets. According to the discussion
in section 3.2, for the calculation of the initial thickness of the
residual solution, we will use the eutectic concentration of 38
wt % H,SO,. Figure 5 presents the calculated thickness for the
coating with a composition of 38 wt % H,SO,***> which would
envelop spherical ice crystals formed after the freezing of the
droplets with a diameter of 0.2—2 um and composition of
10—25 wt % H,SO,. The UT droplets can reach a diameter of
~2 um*!1% and Figure 2 demonstrates that the droplets with a
concentration of >~25 wt % H,SO, freeze below the lowest
atmospheric temperature of ~185 K. The assumption for the
spherical ice crystals is justified by two facts: (i) The observa-
tions show that small cirrus ice crystals are quasi-spherical.>>%
(ii) Slurry ice,*' which is formed during the cooling of
concentrated solutions, consists of small spherical ice crystals.
For the simplicity of the calculations, we assumed that the
surface of spherical ice crystals is smooth. Figure 5 shows that
the thickness of the initial coating may be between ~8 and 255
nm. We also calculate the thickness of the aged coating which
would envelop the ice crystals with a diameter of 10 yum. In
situ observations of cold cirrus showed that ice crystals are
smaller than ~10—12 um.** We assume that the composition
of the aged coating is the average of 38 wt % H,SO, and the
equilibrium concentration of freezing droplets. The calculations
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Figure 6. Vapor pressures of an aqueous droplet and coated and
uncoated ice crystals. As an example, the coated ice crystal is assumed
to be formed after the freezing out of ice in a 20 wt % H,SOj, droplet.
P,y is the environmental water vapor pressure, which (in this particular
case) is the same as the water pressure, Py, of a freezing 20 wt %
H,SO, droplet. P,y is the water pressure of the coating. P is similar
to the water pressure of the outer side of the coating of 20.5 wt %
H,SO,. P;. is the water pressure of a pure ice crystal. The arrows show
the concentrations of the inner and outer sides of the coating (see the
text for details).

show that if the ice crystals originate from the droplets with a
diameter of 0.8—2 xm and composition of 10—25 wt % H,SOy,
then the aged coating would be ~0.5—11 nm thick.

In the UT, the growth rate of coated ice crystals will differ
from that of uncoated ones since the coating can serve as a
“shield” reducing the flux of H,O molecules to the ice surface.
Figure 6 demonstrates a difference between the physical
mechanisms of the growth of coated and uncoated ice crystals.
The uncoated ice crystals experience rapid growth due to fast
deposition of HyO directly on the ice surface. In the case of
coated ice, HO molecules first condense on the coating, dilute
it, diffuse to the ice core, and only then become incorporated
into the ice lattice. The condensation—dilution process is due
to the fact that the water pressure of 38 wt % H,SO, is lower
than the environmental water pressure, which is similar to that
of the freezing H,SO4,/H,0O droplets. The diffusion of H,O
through the coating is due to the concentration gradient between
the inner and outer sides of the coating (Figure 6). The inner
side of the coating, which is in contact with an ice core, is in
equilibrium with the ice and therefore possesses a composition
of ~38 wt % H,SO,. The outer side of the coating, which is
exposed to the environmental gaseous phase, would rapidly
acquire the composition of the freezing droplets to equilibrate
with the environmental water vapor. We assume that one
monolayer of the outer side of the coating (~0.3 nm) will govern
the flux of the condensing H,O. We calculate the equilibration
time to be <0.0013 s (Figure 7a). This time is in good agreement
with the earlier calculation for the equilibration time of the
H,SO04/H,0 aerosol.*** Of course, speaking about one mono-
layer of the outer side of the coating, we assume that the
thickness of the coating is larger than several monolayers. If
the coating is less than one monolayer thick, which will happen
when an ice core grows to a sufficiently large diameter, then
the growth of ice will be governed by the direct deposition of
H,O onto the pure ice surface.

As the outer side of the coating has equilibrated with the
environment, the flux of condensing H,O is now reduced to
zero, since the amounts of the condensing and evaporating H,O
at equilibrium are equal. Due to the aforementioned concentra-
tion gradient, the surface H,O molecules diffuse to the ice core.
This diffusion of H,O increases the concentration of the outer
side of the coating—which in turn makes H,O condense to
restore the equilibrium. Since the water pressure of the coating
is much higher than that of the ice, the flux of H,O condensing
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Figure 7. Equilibration and diffusion times: (a) time needed for the
outer side of the coating to equilibrate from the initial concentration
of 38 wt % H,SO, to the concentration of H,SO,/H,O droplets for
which the freezing temperatures are shown in Figure 2, (b) time needed
for a HCI molecule to diffuse through the coating with a composition
of 38 wt % H,SO, and thickness of 8—255 nm (Figure 5). The
calculation of the diffusion times was performed for the two diffusion
coefficients D¢, and Dc, (see the text for details).

on the coating is much smaller than that which is deposited on
the pure ice surface. To calculate these fluxes, we used the
continuum regime of ice growth, since for the UT pressure of
100—200 mbar the mean free path of an air molecule is
~0.4—0.2 um, i.e., smaller than the diameter of young ice
crystals, which we assume to be 0.5—10 um. The flux of H,O
condensed onto the coating is proportional to Acoyr = Hepy —
oo, *® where ne,, is the number concentration of H,O in the
environmental vapor and .., is that of H,O above the coating.
The flux of H,O deposited on the pure ice is proportional to
Aice = Nepy — Nice, Where n;. is the number concentration of
H,0 above the ice. Number concentrations were calculated from
the formula p = nkT;, where T; is the freezing temperature of
ice from Figure 2, p is the corresponding water pressure, and k
is the Boltzmann constant. Since Aqpy < Aice and the inequality
increases with decreasing temperature, the flux of H,O con-
densed on the coating is much smaller than that which is
deposited on the pure ice surface.

3.5. Growth of a Coated Ice Crystal. From the discussion
above, the flux of H,O condensed on a coating depends on the
difference between the concentration of the outer side of the
coating and the equilibrium concentration of freezing droplets.
Figure 6, in which the water vapor pressures of a mother solution
droplet and coated and uncoated ice crystals are presented,
demonstrates why the flux of H,O condensed on the coating
depends on the concentration difference. As an example, the
water pressure of a coated ice crystal formed after the freezing
of a 20 wt % H,SO, droplet is considered. Before freezing, the
droplet is in equilibrium with the environmental water pressure,
i.e., Penv = poo. After freezing, the outer side of the coating
rapidly equilibrates to the equilibrium freezing concentration
of 20 wt % H,SO,. Due to the concentration gradient between
the inner and outer sides of the coating, the surface H,O
molecules start diffusing to the ice core. The outflow of H,O
from the surface layer will increase the concentration of the
outer side of the coating, for example, to 20.5 wt % H,SO,
(Figure 6). In this case the concentration difference of 0.5 wt
% H,SO, will govern the flux of H,O condensed on the coating
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Figure 8. Time (h) needed for a coated ice crystal to grow from a
diameter of 0.25 um to a diameter of 10 um. The symbols indicate the
difference between the concentration of the outer surface of the coating
and the equilibrium concentration of the freezing H,SO4/H,O droplets
(see the text for details).

5000

poise)
8
2

Viscosity (centi
1 8
8 3

-
=
o
(=]

s5 790 195 200 205 210 215 220
Temperature, K

Figure 9. Viscosity of 38 wt % H,SO, as a function of temperature.
The viscosity was calculated according to Williams and Long.*’

through the difference of Acoa[ = Neny — I’lz()A545’46 = Nyp — N5,
where 7.,y = 1o because peny = pao. This relation indicates that
the smaller the concentration difference, the smaller the flux of
H,0 condensed on the coating. Of course, in the UT, the
difference between the concentration of the outer side of the
coating and the equilibrium concentration may change due to
the change of temperature and environmental humidity, which
will change the flux of condensing H,O.

Assuming the accommodation coefficient of condensing H,O
molecules to be 1, we calculated the time needed for a coated
ice crystal to grow from a diameter of d; = 0.25 um to d;y =10
um at the UT pressure of 200 mbar. Since the exact concentra-
tion difference is not known, we perform sensitivity calculations
for the four different concentration differences; i.e., we assume
that the concentration of the outer side of the coating exceeds
the equilibrium concentration by 0.05, 0.1, 0.5, and 1 wt %
H,SO,. The results of the calculations presented in Figure 8
indicate that indeed the time of ice growth strongly depends on
the concentration difference. Insight into the concentration
difference can be obtained from a comparison of the equilibra-
tion time (Figure 7a) and the time needed for H,O to diffuse
through the coating (Figure 7b). We calculate the latter using
the available viscosity data of H,SO,/H,0.%" First, the viscosity
1 of 38 wt % H,SO, as a function of temperature was calculated.
The result of the calculation is presented in Figure 9. It is seen
that the viscosity of the 38 wt % H,SO, solution steeply
increases with decreasing temperature. Using the calculated
viscosity data, the diffusion coefficient of D(T) was then
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Figure 10. Two diffusion coefficients for HCI in 38 wt % H,SO,
solution as a function of temperature. The diffusion coefficients were
calculated using the Stokes—Einstein formula of D = C(T/5) for two
different constants, C; and C, (see the text for details).

calculated using the Stokes—Einstein relation of D = C(T/n)
for two different constants, C; = 1077 and C, = C,/5 [(cm?
cP)/(s K)], which are in fact for HCI in H,SO,.***" The actual
value of C for HO in H,SOy is not known. The results of the
calculation are shown in Figure 10. Using the two diffusion
coefficients, D¢,(T) and D¢,(T), we calculate the diffusion times
tp(T) and 1p(T) as a function of temperature. The results of
the calculation of #5,(7) and #p,(T) are presented in Figure 7b.
The comparison of parts a and b of Figure 7 shows that the
diffusion times are a factor of ~60 and ~300 larger than the
equilibration time. Since the diameter of the H,O molecule is
larger than that of HCI, the diffusion time of H,O through the
coating may be larger than that presented in Figure 7b. The
large diffusion time implies that the concentration of the outer
side of the coating may be only slightly larger than the
equilibrium concentration of the freezing droplets.

The concentration difference can also be estimated by the
comparison of the diffusion coefficients for H,O in the 38 wt
% H,>SO, solution and air. At 7= 188 K, the values of the two
diffusion coefficients of 38 wt % H,SO, are D¢, = 4.14 x 1071
m%s and D¢, = 8.30 x 107 m?s (see Figure 10). Here we
assumed that the diffusion coefficients of D¢, and D¢, for HCI
and H,O are similar (see the previous paragraph). At the UT
pressure of 200 mbar and 7 = 188 K, the diffusion coefficient
in air is much larger, Doy = 2.86 x 107> m?/s. The very large
difference between the diffusion coefficients of the solution and
air is accounted for by the different densities and the very large
viscosity of the 38 wt % H,SO, solution (Figure 9). Further,
the concentration of the outer side of the coating increases if
H,0 diffuses a distance of about one monolayer (~0.3 nm) deep
into the coating. For D¢, and D¢, the corresponding diffusion
times are fp,, = 1.08 x 1077 s and fp, = 542 x 1077 s,
respectively. One can compare these times with the time needed
for H,O in air to diffuse a larger distance, for example, a distance
equal to the mean free path, L, of an air molecule, to replace
the H,O diffused deep into the coating. At the UT pressure of
200 mbar and 7 = 188 K, Ly, = 1.83 x 1077 m and the
corresponding diffusion time 7, =5.83 x 107'%s. It is seen
that this time is much smaller than #5, and #p,. Thus, the very
large difference between the diffusion coefficients of D¢,, Dc,,
and Dyy and, consequently, the large difference between the
diffusion times in air and the coating indicate that the concentra-
tion of the outer side of the coating can be only slightly larger
that the equilibrium concentration of the freezing droplets.
Figure 8 shows that if the concentration difference is 0.05 wt
%, the growth of the coated ice crystal to diameter 10 4m would

J. Phys. Chem. A, Vol. 113, No. 51, 2009 14129

take several days at 188 K. For the sake of comparison, the
growth of the pure ice crystal to the same size would take ~1
min. This time is similar to that (~1 min) which is needed to
consume the ice supersaturation due to vapor deposition on pure
(uncoated) cirrus ice crystals.?! The slow growth rate of the
coated ice crystals slowly depletes the environmental water
vapor, which can be a reason for the persistence of large in-
cloud RH;.

In the Introduction, we mentioned work which aimed to
account for the large in-cloud RH; using a deposition coeffi-
cient?>?3% of H,O smaller than 0.01—0.03 in the model
simulations of cirrus ice clouds. However, the physical reason
for the small deposition coefficient was unclear. Our experiments
suggest that, after the homogeneous freezing of aqueous aerosol
droplets, the formed cirrus ice crystals will be enveloped by a
residual solution coating. Therefore, in the case of the coated
ice crystals one cannot speak about the deposition coefficient
of H,O. The existence of a solution coating, the concentration
on the outer side of which is close to the equilibrium concentra-
tion of freezing droplets, strongly reduces the flux of H,O
condensed on the coating in comparison with the flux of H,O
deposited onto pure ice crystals. In our calculations, we assume
the accommodation coefficient of condensing H,O to be 1.
However, the ratio of the fluxes of H,O onto the coating and
the pure ice surface is smaller than 0.01, i.e., similar to the small
deposition coefficient which was assumed in the model simula-
tion of cirrus ice clouds to account for the large in-cloud RH;.

4. Conclusions

In this paper, we present experimental and computational
results which demonstrate that H", SO,>~, and NO5 ™~ ions can
be responsible for the buildup of clear-sky RH; > 100% prior
to the formation of cirrus ice clouds by homogeneous freezing
of aqueous droplets containing H,SO, and HNO;. We also
present the physical mechanism which can account for the
observed persistent RH; > 100% in cirrus ice clouds. To this
end we use DSC for the study of the low-temperature phase
transitions of emulsified micrometer-scaled H,SO,/H,O and
H,SO4/HNO3/H,O droplets of sizes and compositions repre-
sentative of the UT. Using the measured freezing temperatures
of ice, T;, and the thermodynamic model of the system
H"—NH,"—S0,> —NO; —H,0,* we calculate that the clear-
sky RH; can reach 176% prior to the formation of ice cirrus by
homogeneous freezing of H,SO,/H,0 and H,SO,/HNOs/H,0O
droplets. Although the value of 176% is ~25% smaller than
the largest RH; ~ 200%, which has been recently observed
outside and inside the UT cirrus ice clouds,' it is nevertheless
~10% larger than RH; predicted by previous laboratory work.’?

Our DSC measurements of H,SO,/H,O and H,SO4/HNO»/
H,O droplets show that two endothermic-freezing and two
exothermic-melting events always appear during the cooling and
warming of the droplets at atmospheric temperature above ~185
K. The warm endothermic and exothermic events consist of one
transition and are due to the freezing and melting of pure ice.
The cold endothermic and exothermic events, which consist of
two transitions, are due to the freezing and melting of a residual
solution which is formed by expelling H*, SO,*>~, and NO;~
ions from the ice lattice. The two transitions are due to the
crystallization and melting of two solids: SAO and eutectic ice/
SAT.> Since the residual solution freezes below 185 K, the
measurements suggest that if cirrus ice clouds are formed by
the homogeneous freezing of aerosol droplets with a composition
similar to that of laboratory droplets, then they can be composed
of mixed-phase particles: a pure ice core + a residual solution
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coating. Using this result, we calculate the rate of the growth
of coated ice crystals and compare it with the growth rate of
uncoated ice. We find that the coating may serve as a shield,
slowing the rate of ice growth by ~10% in comparison with
uncoated ice, and this can be a reason for the persistence of
RH; > 100% in cirrus ice clouds.

The existence of the coating around cold cirrus ice crystals
may have several climatic implications: (i) The sedimentation
of the small coated ice crystals is slow, and therefore,
the dehydration of the UT is small. The slow growth rate of
the coated ice crystals and the small dehydration prolong the
lifetime of water vapor in the UT, which may contribute to the
greenhouse warming because water vapor is the dominant
greenhouse gas. (ii) The reduced dehydration of the UT may
have an impact on the stratospheric water budget*® and
consequently on the formation of polar stratospheric clouds
(PSCs) and polar ozone destruction. (iii) The coating may also
change the radiative properties of cold cirrus*’ and consequently
the radiative feedback mechanisms. Since the frequency of
occurrence of cold cirrus clouds is large and the clouds are
globally widespread,™ the combined effect of these factors on
the climate can be noticeable and, therefore, should be taken
into account in global climate models.
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