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Abstract

This paper provides unprecedented evidence for the importance of heterogeneous nu-
cleation, likely on solid particles of meteoritic origin, and of small-scale temperature
fluctuations, for the formation of ice particles in the Arctic stratosphere. During January
2010, ice PSCs (Polar Stratospheric Clouds) were shown by CALIPSO (Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations) to have occurred on a synoptic
scale (~ 1000 km dimension). CALIPSO observations also showed widespread PSCs
containing nitric acid trinydrate (NAT) particles in December 2009, prior to the occur-
rence of synoptic-scale regions of ice PSCs during mid-January 2010. We demonstrate
by means of detailed microphysical modeling along air parcel trajectories that the for-
mation of these PSCs is not readily reconciled with expectations from the conventional
understanding of PSC nucleation mechanisms. The measurements are at odds with
the previous laboratory-based understanding of PSC formation, which deemed direct
heterogeneous nucleation of NAT and ice on preexisting solid particles unlikely. While
a companion paper (Part1) addresses the heterogeneous nucleation of NAT during
December 2009, before the existence of ice PSCs, this paper shows that also the large-
scale occurrence of stratospheric ice in January 2010 cannot be explained merely by
homogeneous ice nucleation but requires the heterogeneous nucleation of ice, e.g. on
meteoritic dust or preexisting NAT particles. The required efficiency of the ice nuclei is
surprisingly high, namely comparable to that of known tropospheric ice nuclei such as
mineral dust particles. To gain model agreement with the ice number densities inferred
from observations, the presence of small-scale temperature fluctuations, with wave-
lengths unresolved by the numerical weather prediction models, is required. With the
derived rate parameterization for heterogeneous ice nucleation we are able to explain
and reproduce CALIPSO observations throughout the entire Arctic winter 2009/2010.
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1 Introduction

The crucial role of polar stratospheric clouds (PSCs) for ozone destruction was iden-
tified by Solomon et al. (1986) shortly after the discovery of the Antarctic ozone hole
(Farman et al., 1985). At that time, PSCs were thought to consist solely of ice, as other
types of PSC particles were still unknown, such as nitric acid trihydrate (NAT) crys-
tals or supercooled ternary solution (STS) droplets. However, little was known about
PSC formation conditions. Reports about colorful PSC observations above the Scan-
dinavian mountains go back to the late nineteenth century (Stanford and Davis, 1974;
Peter and Groof3, 2012). These so called mother-of-pearl clouds consist of water ice
and their existence requires temperatures low enough to nucleate ice particles despite
the extreme dry conditions in the stratosphere. Whereas stratospheric temperatures in
the Antarctic winter and spring regularly fall below the ice frost point (7;,.¢t), mean tem-
peratures within the Arctic vortex are warmer, owing to the larger land-ocean contrasts
in the Northern Hemisphere generating atmospheric waves, which weaken the Arctic
polar vortex. As a consequence, warm air masses from lower latitudes may mix into
the polar vortex and increase the synoptic-scale temperatures (Solomon, 2004). How-
ever, on local scales, mountain-induced gravity waves cause air parcels to rise with
accompanying high cooling rates reaching record low temperatures from time to time
(Dornbrack et al., 1999). This occasionally results in localized ice PSC formation above
the Arctic mountains with almost monodisperse particle distributions and, hence, their
spectacularly colorful appearance (Carslaw et al., 1998).

Since 2006, the spaceborne lidar CALIOP (Cloud-Aerosol Lidar with Orthogonal Po-
larization) aboard CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Ob-
servations) has provided a vortex wide view of PSC seasons and has contributed to our
understanding of cloud formation processes. The Arctic winter 2009/2010 was of par-
ticular interest because of an European Union project with a field campaign aiming at
a better understanding and the “Reconciliation of essential process parameters for an
enhanced predictability of Arctic stratospheric ozone loss and its climate interactions”
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(RECONCILE) (von Hobe et al., 2012). A major finding of Pitts et al. (2011) based
on the CALIOP measurements during the Arctic winter 2009/2010 is that widespread
PSCs containing NAT particles, albeit in low number densities, were frequently ob-
served in December 2009, some ten days before any ice could have been present in
the polar vortex due to the temperatures being well above the 7. This is in contra-
diction to our previous laboratory-based understanding of NAT formation, which (1) ex-
cluded the possibility of homogeneous NAT formation (Koop et al., 1995; Knopf et al.,
2002) and (2) found heterogeneous nucleation rates on meteoritic and other material
too slow to be an efficient mechanism (Biermann et al., 1996). The only well charac-
terized pathway to form NAT was downstream of ice clouds through heterogeneous
nucleation on ice particles (Luo et al., 2003). However, the new CALIOP observations
leave no doubt that there has to be an ice-independent NAT nucleation mechanism.
Therefore, the role of particles, possibly consisting of meteoritic material (Curtius et al.,
2005) and acting as NAT nuclei has to be reassessed. This question is addressed in
the companion paper by Hoyle et al. (2013), while we show here that there is also
evidence for heterogeneous ice nucleation, possibly on the same nuclei.

Dornbrack et al. (2012) analyzed the meteorological conditions during the Arctic win-
ter 2009/2010. Stratospheric minimum temperatures first fell below the existence tem-
perature of NAT (Tyar) in mid-December. A strong and cold vortex was persistent in
January with minimum temperatures below T;,.; for a week. Synoptic-scale ice clouds
were observed during this time period, which is a rare occurrence in the Arctic. Even
though 2009/2010 was an Arctic winter with unusually low minimum temperatures,
we show here that these temperatures are, in themselves, insufficient to explain the
CALIOP ice observations in terms of homogeneous nucleation. Rather, ice nucleates
homogeneously only when 7 < Tyt — 3K, which according to meteorological temper-
ature data was not reached on synoptic scales. Since heterogeneous nucleation of
NAT is necessary to explain the CALIOP observations in December (when tempera-
tures stayed more than 10K above T;,.; — 3 K), this suggests that a similar pathway for
ice formation might exist. For the troposphere, different laboratory as well as theoretical
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studies suggest that this process could be of importance for cirrus cloud formation (e.g.
Zuberi et al., 2002; DeMott et al., 2003; Karcher and Lohmann, 2003, and references
therein). However, little attention has been paid to the implications of heterogeneous
ice nucleation for PSC formation, although Bogdan et al. (2003) have shown that fumed
silica, possibly representative for meteoritic smoke particles, is suitable to induce het-
erogeneous freezing of ice under stratospheric conditions. In addition, the possibility
of heterogeneous nucleation of ice on preexisting NAT particles needs to be taken into
account.

The approach of this paper is as follows: CALIOP PSC observations from the
2009/2010 winter serve as endpoints of air parcel trajectories, which are based on
ERA-Interim reanalysis of the European Centre for Medium-range Weather Forecasts
(ECMWF). Microphysical box model runs including new heterogeneous nucleation
pathways for PSC formation were performed along these trajectories. We adopt the
functional dependence of nucleation on active sites as derived in previous work for
Arizona Test Dust (ATD), and show that the assumption of active sites is suitable to
describe the behavior of stratospheric ice nuclei. Through model comparisons with
CALIOP observational data, we constrain the various parameters controlling the het-
erogeneous nucleation rate. We then show that the heterogeneous pathway for ice
nucleation is in accordance with various time periods of the 2009/2010 Arctic winter
and with other Arctic winters. A mountain wave ice cloud has also been studied using
wind and temperature fields with different temporal and spatial resolutions. Details of
how the heterogeneous nucleation of ice on nanometer-sized particles is implemented
in our box model are explained in Sect. 2. Model results are shown in Sect. 3 including
a detailed discussion of the evaluation procedure. Conclusions are provided in Sect. 4.
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2 Observational data and model description
2.1 CALIPSO observations

Since April 2006, the CALIPSO satellite has provided a unique platform for near-
global cloud observations. With its extensive coverage in particular in the polar regions,
CALIOP is well suited for PSC studies. CALIPSO completes 14.5 orbits per day and
reaches latitudes up to 82° (Winker et al., 2007). Along orbit tracks, the CALIOP li-
dar performs backscatter measurements at 532 and 1064 nm and linear depolarization
measurements at 532 nm. PSCs are distinguished from the background aerosol as sta-
tistical outliers with significant enhancement in the backscatter ratio at 532 nm (Rs35)
or in the perpendicular backscatter coefficient (Gpe,). Composition classes are dis-
criminated according to Pitts et al. (2009, 2011). Six different composition classes are
distinguished from the measured lidar signal, covering supercooled ternary solutions
(STS), mixtures of liquids and NAT particles and ice PSCs. Liquid/NAT mixtures are
further separated according to varying NAT number densities inferred from optical cal-
culations. Mix1 is limited to NAT particles < 1073 cm'3, intermediate number densities
of NAT particles are classified as Mix2, high number density NAT clouds with number
densities > 0.1cm™2 are captured in the Mix2-enh class. In addition to synoptic-scale
ice clouds, wave ice with Rg3, > 50 are treated separately. We note that the “PSC mix-
ture classes” of Pitts and coworkers are very similar to the previously used “PSC types”
(e.g. Table 1 of Biele et al., 2001), but through their name make explicit that PSCs are
external particle mixtures.

We evaluate the model results by comparing with the spatial pattern of aerosol Rs35
(or the aerosol backscatter, Rs3, — 1, respectively) and B, and with the PSC clas-
sification of Pitts et al. (2011) as described above. To this end we demand that the
model agrees with the spatial patterns of the optical measurements of Ax3,, Bperp, @and
mixture classes along individual orbits, as well as with the 2-D scatter plots of aerosol
depolarization ratio (8,¢r0501) VErsus inverse backscatter ratio (1/Rs35). To our knowl-
edge this is a PSC modeling approach of hitherto unprecedented rigor. This approach
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is required to enable identification and quantification of the heterogeneous nucleation
pathway.

2.2 Trajectory calculations

Based on six-hourly wind and temperature fields from the ERA-Interim reanalysis pro-
duced by the ECMWF (Dee et al., 2011) with a horizontal resolution of 1° x 1°, we
calculated ten day backward trajectories using the trajectory module of the Chemical
Lagrangian Model of the Stratosphere (CLaMS) (McKenna et al., 2002). In the altitude
range of 18 to 26 km, we started backward trajectories every 25 km horizontally and ev-
ery 500 m vertically from CALIPSO orbits. With this mesh of trajectories we cover every
15th CALIOP data point within an orbit curtain, enabling us to reproduce whole orbit
scenes within a reasonable computing time. Box model runs were performed forward in
time, ending at the point of CALIOP observations. We initialized the model at temper-
atures above Tyar to start the calculations from the background aerosol and to avoid
the preexistence of PSC particles. The box model trajectory is driven by ERA-Interim
temperature and pressure data interpolated to time steps of 15min. Even though the
temporal resolution of the underlying meteorological data is on a six hourly basis, the
shorter trajectory time steps allow for a more accurate spatial representation of the
pathway (see Brabec et al., 2012, for a discussion of this point). Additionally, short-
range forecasts were conducted by the Integrated Forecast System of the ECMWF to
study the impact of higher temporal and spatial resolutions on the microphysical pro-
cesses. The forecasts were initialized every 6 h, had a lead time of 5h, and were run
for a period of 24 h. Here, the one hourly output is used for trajectory calculations of
a particular event of mountain wave induced PSCs above Greenland. To calculate Tyt
and T;,st @long the trajectories, we used H,O and HNO4 mixing ratios for the corre-
sponding days from the Aura Microwave Limb Sounder (MLS) (Waters et al., 2006).
Daily values were horizontally averaged over cloud free areas within the vortex and
vertically interpolated to starting pressures of the trajectories. In addition, Aura MLS
H,O and HNO3 mixing ratios served as starting values for the calculations and are
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transported along the trajectories of air parcels serving as input for PSC formation,
which enables a point-by-point comparison of model results and observations. How-
ever, particle sedimentation is ignored. To cope with this problem, we focused on orbits
where the backward trajectories had only short time periods below Tyar. Cases where
temperatures were either as cold as Ty at the beginning of the trajectory or stayed
below Tyar— 4K for longer than 80 h, were removed from our analysis and shaded in
the graphical representation of the results, see below.

This modeling approach fully relies on temperature information obtained from me-
teorological data sets. Furthermore, MLS measurements hold uncertainties in the gas
phase H,O and HNO4 mixing ratios, which affect the calculations of T and Tyar,
but to a lesser degree. Typical single-profile precisions are 4 to 15% for H,O (Read
et al., 2007; Lambert et al., 2007) and 0.7 ppbv for HNO3 (Santee et al., 2007). Micro-
physical studies of PSCs are highly temperature dependent and inaccuracies of a few
Kelvin, especially in situations close to T;, could change the interpretation of results
significantly (Manney et al., 2003). For this study, we compared temperatures from
ERA-Interim reanalysis with ECMWF operational analysis and the Goddard Earth Ob-
serving System Model, Version 5 (GEOS-5) analysis. We found that temperatures from
the ECMWEF operational analysis were consistently lower (on average by 1K) during
the entire winter than both other temperature data sets. A comparison of both ECMWF
data sets with unassimilated measured temperatures from 25 radiosondes, which we
launched from Ny-Alesund (Spitsbergen) and the Finnish Met Service launched from
Sodankyla (courtesy of Rigel Kivi), shows the same tendency. ECMWF operational
analysis temperatures are colder than temperatures measured above Ny-Alesund and
Sodankyla during January 2010. Therefore we decided to base our analysis on ERA-
Interim reanalysis data. Even though we are confident that we have chosen the best
meteorological data available for this study, temperature uncertainties exist and remain
difficult to quantify.
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2.3 Microphysical box model

The Lagrangian Zurich Optical and Microphysical box Model (ZOMM) is used to cal-
culate the formation of PSCs. The kinetics of uptake and release of nitric acid and
water in STS droplets is determined using vapor pressures from an ion interaction
model (Pitzer, 1991; Luo et al., 1995). As already mentioned, the model is initialized
at temperatures where background conditions can be assumed. The total number of
supercooled binary solution (SBS) droplets is assumed to be equal to 15¢cm™3. Half
of them are assumed to be pure SBS, log-normally distributed across 26 radii with
a mode radius of 70 nm and a standard deviation of 1.8, as is characteristic for winter
polar stratospheric background conditions (Dye et al., 1992). The other half is assumed
to contain a solid core of 20 nm of an insoluble material with an additional coating of
50 nm, motivated by observations of Curtius et al. (2005). Along the trajectories, allow-
ing for changing pressure and temperature, droplet radii grow and shrink in a full kinetic
treatment and without being restricted to the initial log-normal shape of the distribution
(Meilinger et al., 1995). Ice or NAT particle nucleation results in initiation of additional
size classes as soon as number densities exceed a critical value of 107 cm™2, Evap-
orated particles, e.g. after a temperature increase, can be relocated to their original
droplet radius. Homogeneous ice nucleation in STS droplets is calculated using rates
provided by Koop et al. (2000). Details of the new heterogeneous pathway of ice nu-
cleation are specified in Sect. 2.3.1. Section 2.3.2 deals with NAT nucleation within
ZOMM. The output includes among several other parameters size-resolved number
densities of STS, NAT and ice, which are used in Mie and T-Matrix scattering codes
(Mishchenko et al., 2010) to compute optical parameters for comparison with CALIOP
observations. Liu and Mishchenko (2001) recommended that ice crystals in PSCs be
modeled as prolate spheroids with aspect ratios £ 0.83 (diameter-to-length ratio). Our
calculations show a better agreement with CALIOP maximum values of 6,4, for pro-
late spheroids with aspect ratios of 0.9 (diameter-to-length ratio). This value has been
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chosen for both ice and NAT. The refractive index is 1.31 for ice and 1.48 for NAT. For
more details see the companion publication as well as the listed literature.

Figure 1 summarizes the homogeneous and heterogeneous pathways of PSC for-
mation, which are accounted for in this study. In previous modeling studies, ice was
only allowed to nucleate homogeneously within liquid STS particles at T < Tiost — 3K,
and only then NAT was allowed to form on the preexisting ice particles (dashed arrows).
Our companion paper (Hoyle et al., 2013) introduced heterogeneous NAT nucleation
on foreign nuclei, while within this publication we discuss the possibility of heteroge-
neous ice formation. These previously not quantified pathways have been implemented
into ZOMM and are indicated by solid arrows. In addition, we allow ice to nucleate het-
erogeneously on NAT particles, also marked by a solid arrow (see Fig. 1).

2.3.1 Heterogeneous ice nucleation

According to classical nucleation theory (Pruppacher and Klett, 1996), the heteroge-
neous rate coefficient J,; for ice nucleation with units of cm™2s™" is dependent on
temperature T and can be formulated as

kT exp [_ AFdifr(T)] 0 exp [_ AG(T)fhet]

Jot(T) = — "ttt )
het(T) h kT kT

(1)
where k is the Boltzmann and h the Planck constant. n is the number density of wa-
ter molecules at the interface between water and the ice nucleus (IN) and is set to
10" cm™2 (Marcolli et al., 2007). The diffusion activation energy AFy and the Gibbs
free energy AG are parameterized according to Zobrist et al. (2007) and references
therein.

The ice saturation ratio S enters into the calculation of AG and is defined for immer-
sion freezing as

_ pliq(T)
- pice(T).

S(T) (2)
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Vapor pressures of liquid water p;, and ice p;, are calculated following Murphy and
Koop (2005). The compatibility function f,,¢; discriminates homogeneous and heteroge-
neous nucleation. f,,; expresses a reduction of AG needed to form a critical ice embryo
and can be written as

Foet = %(2 +cos a)(1 - cos a)°. (3)

The contact angle a between the ice embryo and the IN can vary from 0° to 180°,
which for small contact angles results in nucleation starting as soon as the vapor is
saturated, whereas for large contact angles heterogeneous nucleation is not favored
and is comparable to homogeneous nucleation (Seinfeld and Pandis, 2006).

Subsequently, we will utilize a parameterization for ice nucleation on ATD performed
by Marcolli et al. (2007). They performed freezing experiments and observed hetero-
geneous nucleation over a broad temperature range. They concluded that the ability
to nucleate ice varies between different ATD particles and formulated an occurrence
probability (P,s) of so called active sites:

Pas(@) = Fyre x €XP (0, f10,0> . (4)
Active sites are surface inhomogeneities such as steps or cavities, or chemical or elec-
trical inhomogeneities, which are assumed to initiate ice nucleation (Pruppacher and
Klett, 1996). Following Marcolli et al. (2007), the mean area of an active site is set
to A, =10 nm?. Even though a single particle may carry several active sites, only the
best active site with the smallest contact angle a is of importance. The occurrence
probability of active sites decreases with decreasing a. The best fit for ATD in tropo-
spheric ice formation was achieved by assuming the nucleation to follow the singular
hypothesis with a, =46° and Fore = 107° for a step width of 1° (Marcolli et al., 2007).
Here, we implement the singular hypothesis of an active site distribution into ZOMM by
treating the prefactor £, and the most suitable (minimum) contact angle aj as free
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fitting parameters to adjust the formulation of P, to stratospheric conditions, fitted to
the CALIOP observations.

Our concept of heterogeneous nucleation cannot discriminate different kinds of dust
or other solid cores that might be immersed in the stratospheric background aerosol.
However, our choice of number densities and sizes are in general agreement with stud-
ies of meteoritic material, transported from the mesosphere down into the polar vortex.
With an average extraterrestrial mass influx of 20 to 100 tons per day (Cziczo et al.,
2001), which compares with 160 tons per day of sulfur influx (or 650 tons per day
of aqueous sulfuric acid) during volcanically quiescent times (SPARC, 2006), mete-
oritic material constitutes 3 to 15 wt% of the stratospheric aerosol. It is spread all over
the globe and funneled into the polar winter stratosphere of both hemispheres by the
Brewer—Dobson circulation. For our study, we assume a number density of 7.5 cm™3
of meteoritic particles uniformly distributed throughout the Arctic stratosphere, which
results in 50 % of the total background aerosol droplets carrying meteoritic particles.
These numbers are in agreement with Curtius et al. (2005) and supported by similar
measurements performed within RECONCILE (von Hobe et al., 2012). Stratospheric
H,SO,/H,0 particle concentrations range from 10 to 20 cm™, and a higher fraction
of nonvolatile compounds was measured inside (67 %) the vortex than outside (24 %),
supporting the funneling effect mentioned above. The foreign nuclei within ZOMM are
represented with a fixed radius of 20 nm following Hunten et al. (1980), who modelled
the recondensation of ablated meteoric material into nanometer-sized smoke particles.

Pitts et al. (2011) observed that the increase in synoptic-scale ice PSCs starting
on 15 January 2010 goes along with a decrease in high number density NAT mixtures.
During the first two weeks of January 2010, wave ice was the major source of observed
Mix2-enh. Decreasing number densities in the Mix2-enh class might be an indicator for
nucleation of synoptic-scale ice on these preexisting NAT particles. To substantiate
such a dependence, vortex wide calculations on longer time scales would be needed,
and mixing of air masses and a resolution high enough to represent mountain waves
would be additional requirements. Our approach is not capable for simulations lasting
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over more than a few days. Therefore, we consider heterogeneous nucleation of ice on
NAT only in a simplified way with a fixed a of 60°. By using a fixed contact angle, we as-
sume that all NAT particles have an equal efficiency to nucleate ice. This simplification
is in agreement with Luo et al. (2003), who made a similar assumption for the converse
nucleation of NAT on ice. Since CALIOP observed extensive fields of Mix2-enh only
directly after the occurrence of wave-induced ice clouds (Pitts et al., 2011), whereas
NAT number densities of Mix1 and Mix2 clouds are more than two orders of magnitude
lower than number densities of foreign nuclei, this simplification seems to be sufficient
as shown in Sect. 3. Changing «a in either direction does not significantly change mod-
eled ice number densities because the result is dominated by either homogeneously
nucleated ice (typically in mountain waves) or heterogeneous nucleation of ice on dust
particles (on the synoptic-scale).

2.3.2 Heterogeneous NAT nucleation

Our current understanding of PSC formation includes two mechanisms to nucleate
NAT. First, the nucleation scheme of NAT particles forming on solid inclusions such
as meteoritic dust, is described and discussed in detail in the companion paper by
Hoyle et al. (2013). We apply the newly developed NAT nucleation parameterization
as defined in the companion paper by using y' =650 K® in simulations without and
Yy =700 K2 in simulations with small-scale temperature fluctuations. Second, the orig-
inal approach, the formation of NAT on preexisting ice particles, follows Luo et al.
(2003). The parameterizations for the nucleation rate for NAT on ice is defined as fol-
lows:

B 273.15° % _ 2000K
T3 (In Syar(T))? T

Inar(T) = 6.24 x 10**cm=257" x (T/K) x exp (5)

The parameter y was constrained by Luo et al. (2003) to be y =328 K3. We discuss
the importance of changing this parameter in Sect. 3.
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2.4 Small-scale temperature fluctuations

Small-scale temperature fluctuations arise from gravity waves, which can be described
as an adiabatic displacement of an air parcel (Fritts and Alexander, 2003). Gary (2006)
found that fluctuation amplitudes have a strong latitudinal and seasonal dependence
and are largest during winter at high latitudes. A comparison between two different sets
of aircraft measurements at different flight levels (~ 11 and 18 km) showed that ampli-
tudes are larger in the stratosphere than in the troposphere. The underlying terrain,
e.g. mountains, has an additional influence (Carslaw et al., 1998). Besides topography,
convection and wind shear are further significant sources for gravity waves (Fritts and
Alexander, 2003). Several earlier studies investigated the effect of small-scale temper-
ature fluctuations and associated high cooling rates on PSC formation and properties
(e.g. Murphy and Gary, 1995; Meilinger et al., 1995; Bacmeister et al., 1999). The ef-
fect of different cooling rates on the number density of ice crystals in cirrus clouds was
demonstrated by Hoyle et al. (2005) and Karcher and Lohmann (2003). On synoptic
scales with cooling rates of less than one Kelvin per hour, ice number densities remain
low and particles can grow to large sizes. In contrast, high cooling rates of several
Kelvin per hour result in higher number densities and therefore the ice particles re-
main smaller. Here we make use of the vertical velocity and temperature time series
obtained from the SUCCESS (Subsonic Aircraft: Contrail and Cloud Effects Special
Study) data used by Hoyle et al. (2005) to conduct model runs with and without fluctua-
tions to investigate their importance for computed ice cloud properties. The magnitude
of the SUCCESS temperature fluctuations is in agreement with the findings by Gary
(2006). We prepared a pool of 100 different fluctuation time series with a temporal
resolution of 1 min, which we superimposed randomly onto the synoptic-scale trajecto-
ries. Only wavelengths < 100 km were considered, which are not resolved in the wind
fields used in our trajectory calculations. Mean temperature amplitudes were scaled
to £ 0.5K. A typical synoptic-scale trajectory with superimposed temperature fluctua-
tions is shown in Fig. 2a. The distribution of cooling rates taken from a representative
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number of trajectories with and without fluctuations is illustrated in Fig. 2b. Ice number
densities from ZOMM simulations carried out with either homogenous ice nucleation
only or homogeneous and heterogeneous ice nucleation in competition are presented
in Fig. 2c. Independent of the nucleation mechanism, ice number densities originat-
ing from ERA-Interim synoptic-scale cooling rates remain below ~ 0.1 cm™. Ice crystal
number densities increase with increasing cooling rates. At the same time, because
heterogeneous nucleation sets in at higher temperatures compared to homogeneous
nucleation, the maximum saturation reached is lower, and therefore the number of ice
crystals formed is also lower. In the homogeneous case, cooling rates > 10K h™' en-
able the entire background aerosol of 15 cm™ to freeze. In the case of heterogeneous
and homogeneous nucleation, cooling rates > 50 K h™" are needed to also activate the
remaining 7.5 cm™>, which have no solid inclusion, homogeneously.

Meilinger et al. (1995) demonstrated that the relaxation times for ice and NAT differ
greatly due to different partial pressures. While H,O reaches equilibrium on a timescale
of seconds, HNO; uptake into micron size particles takes hours. During the warming
phase of a temperature fluctuation, H,O may partition from a liquid droplet back into the
gas phase more quickly than HNOg, which causes an increase in the NAT saturation
ratio. Small-scale temperature fluctuations lead to an increase in the modelled area of
NAT PSCs, as well as an increase in the number densities of NAT particles within the
clouds. Hoyle et al. (2013) accounted for the effect of rapid cooling rates by providing
two different parameterizations for NAT nucleation, depending on weather or not small-
scale fluctuations are resolved by the trajectories.

2.5 CALIOP comparison

We estimated the uncertainty o with units of km~'sr™" in the CALIOP measurements

individually for the parallel and perpendicular backscatter coefficients G as follows:

(6)

,3 Ahorizontal Avertical .
8845

1 2.39 x 10-5km-1sr-1  1500km 5km
o(B) = 75 6 \/ x x

| Jadeq uoissnosig | Jaded uoissnoasi(

Jaded uoissnosiqg

il

Jaded uoissnosiqg

ACPD
13, 8831-8872, 2013

Heterogeneous ice
nhucleation

I. Engel et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/8831/2013/acpd-13-8831-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/8831/2013/acpd-13-8831-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

The uncertainty scales as the square root of the signal 8, inversely as the square root
of the horizontal averaging distance Ay ionta;» @Nd inversely as the square root of the
vertical averaging distance A, qpica- The observed signal-to-noise ratio (SNR = 8/0(0))
for molecular backscatter at an altitude of 30 km (8 = 2.39 x 107° km_1sr_1) averaged
over 1500 km horizontally and 5 km vertically is 75 (Hunt et al., 2009).

We apply the noise level of the satellite data to our model results by calculating ¢ for
the simulated parallel and perpendicular backscatter coefficients. Before adding the un-
certainty to each component, we scaled those values randomly under the assumption
of a normal distribution. The noise perturbed coefficients were used to further calcu-
late optical properties such as A5z, and §,¢,050) fOr @ comparison with CALIOP. Figure 3
gives an example for CALIPSO uncertainties in 8,¢.0s0) @nd 1/Rs53,. We classified the
model output according to Pitts et al. (2011) in the composition classes STS, Mix1,
Mix2, Mix2-enh, ice, and wave ice (separated by thin black lines). An altitude depen-
dent PSC detection threshold for As3, and B, Was applied (Pitts et al., 2009) to avoid
modeled areas with optical signatures smaller than the noise of the lidar measurement
being classified as PSCs.

3 Results and discussion

We use two CALIPSO orbit tracks on 18 January 2010 to constrain the fits and compare
later with other time periods in January 2010 and with other seasons. The geographical
location of the selected orbit tracks is shown in Fig. 4. Orbit 1 (2010-01-18T01-58-532)
is located upstream of the cold pool of the polar vortex. Temperatures along the as-
sociated backward trajectories are lowest at the CALIPSO orbit track. Synoptic-scale
areas of ice PSCs were observed during this time of the winter and Orbit1 was cho-
sen as being representative for this period. Orbit 2 (2010-01-18T21-45-302) is located
downstream of Orbit 1 at the eastern edge of the polar vortex. Trajectories ending at Or-
bit 2 experienced temperatures below ;¢ for an extended period of time. The freshly
formed ice cloud observed in Orbit 1 has altered while passing through the cold pool
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of the vortex. At Orbit 2, temperatures are increasing and partly already above T ..
Hence, along Orbit 2, CALIOP observes a mixed-phase PSC dominated by higher
number densities of NAT particles (Mix2-enh) formed on the preexisting ice.

We compare model runs with different nucleation mechanisms and temperature
treatments with CALIOP observations. Figures 5 and 6 summarize the results for
Orbit 1 and 2, respectively. The CALIOP measurements are shown in the first col-
umn, while the other columns show four different model runs: homogeneous (Col-
umn 2 and 4) and heterogeneous ice nucleation (Column 3 and 5) in combination
with synoptic-scale temperatures (Column 2 and 3) and with superimposed small-scale
fluctuations (Column 4 and 5). Heterogeneous nucleation of NAT is included in every
model run (Hoyle et al., 2013).

The assumption that ice PSCs formed only via homogeneous nucleation requires
temperatures T < Ty0st — 3K. The Arctic stratospheric winter 2009/2010 offered such
meteorological conditions but not to the same spatial extent as ice clouds observed by
CALIOP. CALIOP observations along Orbit 1 indicate large areas of ice PSCs, even
though temperatures along the backward trajectories remained 1.5 K above the thresh-
old for homogeneous ice nucleation before the point of observation. While the lacking
1.5K of additional cooling might be due to uncertainties in the underlying meteoro-
logical data, we will see below that homogeneous nucleation, in combination with the
ubiquitous temperature fluctuations, leads to ice particle number densities too high to
explain the observation. Consequently, model results based merely on classical ho-
mogeneous ice nucleation (Fig. 5, Column 2) fail to explain the observations. The pic-
ture changes by allowing ice to nucleate heterogeneously on foreign nuclei and NAT
particles (Fig. 5, Column 3). It increases the area of ice coverage by lowering the nu-
cleation barrier. However, calculated aerosol A5z, and B, values of the modeled ice
particles stay clearly below the maximum values observed (Fig. 5, Rows 2—4). The
2-D scatter plot in the bottom row of Fig. 5 illustrates the large discrepancy between
model calculations and observations in the ice particle class. Whereas CALIPSO ice
observations scatter over the entire range of depolarization, modeled ice particles have
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a maximum depolarization values of 0.24 (and this value already takes the instrumental
noise shown in Fig. 3 into account). Higher ice crystal number densities are required
to get a better agreement in the optical parameters (see also theoretical considera-
tions by Pitts et al., 2009). Higher cooling rates are needed, which can be achieved by
adding small-scale temperature fluctuations as described in Sect. 2.4. This approach
lowers the temperatures along the trajectories occasionally, which causes ice particles
to nucleate homogeneously. In the case where homogeneous nucleation is the only
pathway for ice formation, high levels of supersaturation build up along the trajectory
and clouds with optical parameters comparable to wave ice PSCs are generated by
the fluctuations on short time scales (Fig. 5, Column 4). Only the combination of het-
erogeneous nucleation, which takes place at lower supersaturation, and small-scale
temperature fluctuations leads to a satisfactory agreement between the model and the
CALIOP observations (Fig. 5, Column 5).

Figure 6 illustrates an identical set of model runs performed for Orbit2. The CALIOP
observations show predominantly high number density NAT clouds (Mix2, Mix2-enh)
with some incorporated ice particles. From our analysis, we conclude that the forma-
tion of high number density NAT clouds requires preexisting ice PSCs. The low number
density ice clouds formed in model runs without fluctuations do not result in cloud par-
ticles classified as Mix2-enh once temperatures increase. Therefore Mix2-enh requires
ice in sufficient number densities to serve as heterogeneous NAT nuclei, which follows
the traditional concept of ice-induced NAT formation (Peter and Groof3, 2012). Dense
NAT clouds were only observed within the polar vortex after the first mountain wave
ice PSCs formed at the east coast of Greenland (Pitts et al., 2011). The agreement in
the Mix2-enh class relies on a proper simulation of ice number densities upstream on
the trajectories. In our analysis this means that only the combination of high cooling
rates and heterogeneous ice nucleation allows the successful reproduction of the ob-
served large regions of high number density NAT clouds, Mix2-enh, in the 2-D scatter
plot (Fig. 6, Column 5).
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In addition to the four model treatments discussed so far, free model parameters
within the equations governing ice nucleation were also varied to test the model’'s sen-
sitivity and to support our parameterization. We extended the analysis to five days
within the period of synoptic-scale ice (16—20 January 2010). The first orbit of each
day corresponds to a situation dominated by synoptic-scale ice whereas in the second
orbit Mix2-enh prevails. The so called “standard” case in Table 1 is highlighted in bold
and comprises heterogeneous nucleation of ice on foreign nuclei and NAT as well as
superimposed small-scale temperature fluctuations. The standard case is equal to Col-
umn 5 in Fig. 5 and 6 and is our choice of the best set of fitting parameters. For this
sensitivity study, we either switched on and off the heterogeneous nucleation pathway
for ice, temperature fluctuations, or varied single parameters, which constrain our new
heterogeneous nucleation parameterization. The performance of the different model
runs at those selected orbits is judged by the root-mean-square error (RMSE):

1 n
RMSE = | — Z(M,- -C))>. (7)
/=

We distributed the domain defined by Mix2-enh, ice and wave ice in the 6,¢,050 VS.
1/Rs3, coordinate system into twelve boxes. Every composition class is divided into
three boxes stacked over each other to identify differences in 6,4,050- / defines a single
box with a total number of n =12 such boxes. The difference between the number
of hits produced by the model M and the number of measurements by CALIOP C is
calculated for each grid box /. The RMSE describes the mean difference of all boxes.
A large RMSE expresses a large difference between model results and measurements.
We limited this calculation to Mix2-enh, ice and wave ice since those classes are the
focus of this study. The relatively large number of STS particles would otherwise cover
the effect of changing ice parameters in the RMSE.

As already discussed, exclusive homogeneous nucleation of ice is not able to ex-
plain the observations. The largest errors in Table 1, not only on 18 January but in
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almost every other case looked at, are associated with runs excluding the possibility
of a heterogeneous ice formation pathway. The combination of temperature fluctua-
tions and homogeneous nucleation improves the model performance somewhat, but
not in a satisfactory manner, mainly because it cannot account for the large regions
with Mix2-enh and keeps overestimating the amount of STS. In cases with homoge-
neous ice nucleation only, temperature fluctuations lead to the nucleation of ice, but
with properties similar to wave ice. The amplitude of the temperature fluctuations is an-
other fitting parameter and we included simulations with peak to peak fluctuations half
and twice as large as in our standard case. Whereas too large temperature amplitudes
result in excess wave ice, amplitudes which remain too small underestimate ice num-
ber densities. Differences in the RMSE become smaller for changes of the individual
fitting parameter defined in Sect. 2.3. A decrease or increase of the minimum contact
angle (compare a in EQ. (4)) results in ice nucleation at higher or lower temperatures,
respectively. Both options have a mean RMSE larger than those for a, = 43°. Further-
more, we do not assume a change in the active site properties throughout the winter.
Possibly, vertical redistribution due to particle sedimentation could lower the availabil-
ity of good active sites, which would then favor changing @, to values larger than 43°.
The prefactor (A, in Eq. (4)) scales the number density of ice particles. Decreasing
(increasing) A, results in lower (higher) number densities of ice particles. While the
error calculation suggests a relatively weak dependence, plots provided in the Supple-
ment demonstrate this effect clearly. Orbit 16/1 is a good example to see how changing
Fore moves points within the 2-D scatter plot. As already mentioned in Sect. 2.3.1,
the fixed a for ice on NAT originates in the assumption that this parameter is quite
insensitive within this study and ice number densities are much more dependent on
heterogeneous nucleation on foreign nuclei and homogeneous nucleation rather than
on the nucleation on preexisting low number density NAT particles. The numbers in
Table 1 show no clear trend for changing a in either direction. A change of +20° would
be nearly as good as the standard case. The parameter y for NAT nucleation on ice
refers to Eq. (5). Whereas Luo et al. (2003) found 328 K® to be the best fit, we show
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that NAT might nucleate onto ice particles with a nucleation barrier half as large. The
value of y =164 K is defined by Luo et al. (2003) as the lower limit, which is still in
agreement with the analyzed observations from the winters 1995 and 1997. Whereas
Luo et al. (2003) were limited to four PSC lidar observations, our analysis is based on
multiple CALIPSO orbits throughout the 2009/2010 Arctic winter. Orbit 17/2, 18/2 and
19/2 clearly indicate that the original value of y =328 K® cannot reproduce Mix2-enh
observations by CALIPSO.

Overall, our parameterization gives consistently good results. In specific cases, dif-
ferent model parameters might yield better performance than our standard values and
it remains difficult to constrain single parameters against background of temperature
inaccuracies and unknown nuclei properties. Nevertheless, we clearly demonstrated
the necessity of heterogeneous ice nucleation on preexisting solid particles in combi-
nation with small-scale temperature fluctuations. The overall model performance and
its agreement with the CALIOP measurements in mid-January is summarized in Fig. 7.
Following Pitts et al. (2011), we created a 2-D histogram of more than 5000 micro-
physical model results performed with our standard set of parameters for the period
of widespread ice cloud observations and compared those to the associated CALIOP
measurements. Although the overall agreement is very good, the model produces more
points in the Mix2 class than CALIOP observes. This might be an artifact of missing
sedimentation in ZOMM.

We extended our analysis to the remaining time periods of the 2009/2010 Arctic win-
ter to cover, together with the companion paper by Hoyle et al. (2013), each of the
four periods defined by Pitts et al. (2011). In mid December, the vortex was located
over the Canadian sector of the Arctic and cooled gradually through mid-January 2010
(Dérnbrack et al., 2012). The stability of the vortex allowed air parcels to stay within the
cold pool of the vortex and led to long exposure times of temperatures below Tyar. Nu-
merous wave ice PSCs appeared over the east coast of Greenland at the beginning of
January 2010. Figure 8 compares CALIOP observations on the 4 January 2010 to our
model results. Focusing on the wave ice cloud above Greenland (seen in the upper left
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panel of CALIOP observations), cooling rates > 10 Kh~' at the onset of ice nucleation
are needed for freezing of the entire background aerosol population (Fueglistaler et al.,
2003). The ERA-Interim temperature analysis with a horizontal resolution of 1° x 1°
misses the wave activity over Greenland entirely and corresponding temperature con-
tour lines in the two upper left panels of Fig. 8 do not show any anomalies. Dornbrack
et al. (2012) based their analysis of stratospheric gravity waves on ECMWF operational
analysis with a 0.25° x 0.25° grid and derived a correlation between stratospheric tem-
perature anomalies and the magnitude of the horizontal divergence. This result moti-
vated us to redo our analysis with trajectories based on these higher resolution data
sets. If the horizontal resolution of the input temperature data is fine enough to cap-
ture mountain-induced gravity waves, ZOMM reproduces wave ice clouds satisfactorily
(Fig. 8, Column 3). Simultaneous to the occurrence of wave ice PSCs, a remarkable
increase in Mix2 and Mix2-enh NAT cloud occurrence was detected (Pitts et al., 2011).
From our study, we can conclude that ice is a prerequisite for the formation of high
number density NAT clouds, though synoptic-scale ice is sufficient to form Mix2-enh
and wave ice is not necessary. To model the dependency of NAT from wave ice, vor-
tex wide simulations including processes like mixing and sedimentation on the basis
of high resolution meteorological data would be necessary and will be considered in
future work.

The PSC season ended in late January 2009/2010, at which time the vortex was
dominated by STS clouds. The model is able to reproduce these liquid clouds as il-
lustrated in Fig. 9. Even though temperatures were still slightly below 7., our tem-
perature threshold for heterogeneous ice nucleation seems sufficient to prevent the
nucleation of ice. This goes along with the observations of essentially no ice PSCs and
less liquid/NAT mixtures than during the earlier period. Near the end of January, the
final break down of the vortex finished the PSC season of the winter 2009/2010.

Compared to previous and following winters, the 2009/2010 winter was unusually
cold from mid December until end of January. Within this particular winter, CALIPSO
observed more PSCs than in the three previous Arctic seasons combined. Moreover, it
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was one of only few Arctic winters with synoptic-scale temperatures below ;¢ and the
occurrence of ice PSC observations was exceptional in the CALIOP record (Pitts et al.,
2011). Looking at Arctic winters other than 2009/2010, the number of similar orbits
with ice observations not related to strong mountain wave activity is limited. We per-
formed simulations for selected CALIOP orbits from the Arctic winters 2007/2008 and
2010/2011 and Fig. 10 illustrates that the heterogeneous ice nucleation mechanisms
are required in other years as well. Attempted simulations performed for the Antarctic
reveal that sedimentation cannot be neglected, which we will investigate in future re-
search. Moreover, we will concentrate on the question if the Arctic winter 2009/2010
might have been exceptional with regard to the supply of heterogeneous nuclei.

4 Conclusions

Spaceborne lidar observations by CALIOP have been analyzed by extensive trajec-
tory and microphysical box model calculations to review PSC ice formation processes.
The Arctic winter 2009/2010 was the focus of the RECONCILE project and the mete-
orological situation of that winter enabled us to discover inconsistencies in our former
understanding of NAT and ice nucleation. Hoyle et al. (2013) showed that NAT parti-
cles observed in December 2009 can only be explained by heterogeneous nucleation
on preexisting solid particles. Although an ice independent mechanism of NAT nucle-
ation has been discussed earlier, its necessity has never been observed as clearly as
in this particular winter. Furthermore, synoptic-scale temperatures dropped below T
in January 2010 for several days. Despite those low temperatures, which are excep-
tional for the Arctic, the wide spread synoptic-scale ice clouds seen by CALIOP cannot
be explained solely by homogeneous ice nucleation. Rather a pathway of heteroge-
neous ice nucleation is required in our microphysical model to reconcile the results
with observations. The origin of the nuclei can possibly be explained by meteoritic dust
but this remains speculative as long as chemical analyses of the dust particles are
lacking. Equally important for the reconciliation of model results with observations is
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the influence of small-scale temperature fluctuations on cloud properties. Sufficiently
rapid cooling is required to obtain ice number densities with optical signatures as large
as those observed by CALIOP. Furthermore, we conclude that the formation of high
number density NAT clouds is related to preexisting ice particles. Spot tests show that
the proposed mechanisms are applicable throughout the whole winter. Whereas a me-
teorological dataset with a horizontal resolution of 1° x 1° is sufficient for simulations
of synoptic-scale ice, trajectories calculated from higher spatial resolutions are neces-
sary to reproduce wave ice. However, uncertainties in temperature fields and neglect of
sedimentation leave room for interpretation and further research is required with large-
scale models applying the nucleation parameterizations developed in the present work.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/8831/2013/
acpd-13-8831-2013-supplement.zip.
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Table 1. Root-mean-square errors (RMSE) of selected ZOMM simulations in comparison to
CALIPSO observations (Eq. 7, rounded to next integer). See text for a more detailed descrip-
tion. Calculations are performed with a horizontal resolution of 100 km. In each specific case,
only one parameter is changed with respect to the so-called standard case with the following
set of parameters: fluctuations: with; ice on foreign nuclei prefactor: £, =5 x 107" deg_1; ice
on foreign nuclei minimum contact angle: a, = 43°; ice on NAT contact angle: a = 60°; NAT on
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ice parameter: y = 164 K3. The mean X is shown for the parameterization of each specific case
averaged over all orbits.
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Fig. 1. PSC formation pathways implemented into ZOMM (Zurich Optical and Microphysical box
Model) with SBS = Supercooled Binary Solution (H,SO,/H,0), STS = Supercooled Ternary
Solution (HNO3;/H,S0O,/H,0), NAT = Nitric Acid Trihydrate (HNO3-3H,0), a =foreign nuclei,
e.g. meteoritic dust. Dashed arrows denote pathways included in previous schemes (e.g. fol-
lowing Lowe and MacKenzie, 2008; Peter, 1997). Solid arrows show the heterogeneous nu-
cleation pathways of NAT and ice on preexisting solid particles supported by the new field
observations. Thick arrows are discussed within this publication; thin solid arrow is discussed
in companion paper (Hoyle et al., 2013). Note that some arrows are unidirectional (i.e. the other
direction is thermodynamically not possible), while others are bidirectional.
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Fig. 2. (a) A typical synoptic-scale ERA-Interim trajectory (light blue), shown together with the
same trajectory, with temperature fluctuations superimposed (dark blue). (b) The occurrence
frequency of cooling rates on ERA-Interim synoptic-scale trajectories (light blue) and trajecto-
ries with superimposed temperature fluctuations (dark blue). (¢) Simulated ice number densi-
ties versus cooling rates with only homogeneous ice nucleation (dashed curve) and in addition
heterogeneous ice nucleation (solid curve).
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Fig. 3. Simulated model results for an exemplary CALIPSO orbit. Results are shown within the
2-D scatter plot of aerosol depolarization ratio (8,¢10s01) VErsus inverse Rss, (1/Rs50)- (@) Unper-
turbed model results. (b) Model results with applied CALIOP uncertainties (o). Uncertainties
in parallel and perpendicular backscatter are calculated using Eq. (6), propagated into 8,450
and 1/Rs3, and shown as red error bars.
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Fig. 5. Orbit 1 on 18 January 2010: CALIPSO orbit track 2010-01-18T01-58-53Z. CALIOP
measurements are shown in the first column, model results varying nucleation mechanism and
trajectory temperatures in the subsequent columns. White striped areas indicate trajectories
with temperatures below Ty — 4 K longer than 80 h or temperatures below Ty, at the trajec-
tory’s starting point resulting in an inaccurate initialization. Contour lines display ERA-Interim
temperatures relative 10 T, ;-
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Fig. 9. 24 January 2010: CALIPSO orbit track 2010-01-24T03-01-02Z. CALIOP measurements
are shown in the left column, model results in the right column. Contour lines display ERA-

Interim temperatures relative to T;.;.
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Fig. 10. 26 February 2011: CALIPSO orbit track 2011-02-26T23-09-10Z. CALIOP measure-
ments are shown in the left column, model results in the right column. White striped areas
indicate trajectories with temperatures below Ty, — 4 K longer than 80 h or temperatures below
Tnar at the trajectory’s starting point. Contour lines display ERA-Interim temperatures relative
to Tfl’OSt'
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