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ABSTRACT
Owing to the potential of cirrus clouds to vertically redistribute HNO 3 in the upper troposphere, the uptake of HNO 3 in
ice particles is at the focus of recent research. Here, we investigate whether HNO 3 residing in freezing aerosol particles
could be a relevant source of HNO 3 in ice clouds. To this end, model studies on the sensitivity of the uptake of HNO 3
in aerosol particles to temperature, relative humidity with respect to ice (RH ice ), particle composition and amount of
available HNO 3 were performed. Combining the model results with the history of RH ice during cirrus formation and
comparison with ﬁeld measurements indicates that at temperatures <200 K a considerable part of the HNO 3 in ice may
originate from freezing particles containing HNO 3 .

1. Introduction
The role of cirrus clouds in the chemistry of upper tropospheric
ozone is presently unclear and is an area of active research. One
possible mechanism important for atmospheric chemistry and
trace gas distribution is the denitriﬁcation of the tropopause region by sedimenting cirrus ice particles (Lawrence and Crutzen,
1998). However, up to now the question of the partitioning of
nitric acid (HNO 3 ) in cirrus clouds has not been satisfactorily
answered.
Cirrus ice particles nucleate homogeneously at ice saturations of about 140–170% in the temperature range of about 190–
230 K (e.g. Koop et al., 2000; Möhler et al., 2003). Heterogeneous ice nucleation takes place at lower supersaturations (about
110–160%, Kärcher and Lohmann, 2003; Mangold et al., 2005;
Möhler et al., 2005). Only the fraction of the aerosol particle
population suitable for ice formation is activated, whilst the remaining part of the aerosol population, the interstitial aerosol
particles, adjust to a certain size depending on the ambient relative humidity with respect to ice (RH ice ) and coexist with the ice
crystals. RH ice decreases after ice nucleation, but in many cases
ranges inside the cirrus above the saturation value between 100%
and 180% (Ovarlez et al., 2002; Spichtinger et al., 2003; Gao
et al., 2004). When the temperature increases and the ice cloud
evaporates, RH ice drops below 100% and the aerosol particles
equilibrate again to the new relative humidity.
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During the formation phase of a cirrus cloud, the highly watersoluble HNO 3 is partitioned along with H 2 O among the aerosol
ptcl
gas
particles (HNO3 ) and gas phase (HNO3 ), and, in the course
of cloud lifetime, additionally among the ice particles (HNOice
3 ).
Parameters controlling HNO 3 uptake by aerosol particles are particle composition, RH ice , available HNO 3 as well as temperature
and pressure. Likewise, adsorption of HNO 3 on ice particles is
controlled by the available HNO 3 , temperature, pressure as well
as the ice surface area and morphology.
A series of ﬁeld and model studies were performed recently
on HNO 3 uptake on ice (Weinheimer et al., 1998; Meilinger
et al., 1999; Tabazadeh et al., 1999; Hudson et al., 2002; Hynes
et al., 2002; Meier and Hendricks, 2002; Kärcher, 2003; Kondo
et al., 2003; Krämer et al., 2003; Popp et al., 2004; Ziereis et al.,
2004). HNO 3 uptake in upper tropospheric particles has attracted
less attention, though it is known that cold sulphuric acid particles take up HNO 3 even at stratospheric H 2 O concentrations
(Peter, 1997). Under cirrus conditions, Meilinger et al. (1999)
and Krämer et al. (2003) show for some ﬁeld experiments by
means of a thermodynamic equilibrium model that a substantial
part of the HNO 3 can be taken up by interstitial particles, especially at temperatures <200 K. More recently, Irie et al. (2004)
measured the uptake of HNO 3 in upper tropospheric aerosol,
while, also based on ﬁeld measurements and using an equilibrium model, Romakkaniemi et al. (2004) show that the uptake of HNO 3 in aerosol particles depends on particle chemistry
and RH ice .
Here, we perform model sensitivity studies on HNO 3 uptake in upper tropospheric aerosol particles by using both a
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Fig. 1. Equilibrium nitric acid in aerosol particles versus temperature for different HNO 3,init and for two types of particles (left: ternary solutions
H 2 O–H 2 SO 4 –HNO 3 ; right: quaternary solutions NH 3 –H 2 O–H 2 SO 4 –HNO 3 ); model calculations are performed using the thermodynamic
equilibrium model AIM; initialization of sensitivity studies (lines), mainly based on measurements during POLSTAR 1998 (for details see Krämer
et al., 2003): 1 HNO 3,init = 0.05—0.26—1.7 ppbv, H 2 SO 4,init = 0.55 ppbv, NH 3,init = 0.7 ppbv, p = 178hPa, RH ice = 100%; model calculations for
: POLSTAR and : SUCCESS ﬁeld data, ×: model study by Meier and Hendricks (2002) (data for ternary solutions from Krämer et al., 2003);
+: atmospheric observations (Irie et al., 2004); for details see text.

thermodynamic equilibrium model and a detailed kinetic model.
We discuss the dependence of HNO 3 uptake on temperature,
particle composition (ternary HNO 3 –H 2 SO 4 –H 2 O/quaternary
NH 3 –HNO 3 –H 2 SO 4 –H 2 O solutions), the initial amount of
HNO 3 and on the ambient relative humidity in thermodynamic
equilibrium and, moreover, the relaxation times to reach equilibrium. By taking into account the history of RH ice during cirrus
formation, we further discuss the relevance of HNO 3 uptake in
aerosol particles for HNO 3 partitioning in cirrus clouds and estimate whether HNO 3 from freezing aerosol particles can be a
relevant source of HNO 3 in ice clouds.

2. Methods
Sensitivity studies on HNO 3 uptake in aerosol particles were
performed for upper tropospheric ranges of temperature, HNO 3
and RH ice during cirrus formation for two particle types, namely
ternary (HNO 3 –H 2 SO 4 –H 2 O) and quaternary (NH 3 –HNO 3 –
H 2 SO 4 –H 2 O) solution particles. Although the particle composition in the upper troposphere is not well known, most likely
particulate H 2 SO 4 , HNO 3 and possibly NH 3 will be present
at this altitude (for measurements of UT particle composition e.g. Chen et al., 2000; Irie et al., 2004, and references
herein). The particulate H 2 SO 4 and NH 3 determine, together
with H 2 O, the amount of HNO 3 inside the ternary/quaternary solution droplets (Kärcher and Solomon, 1999; Lin and Tabazadeh,
2001). Organic and insoluble material present in particles are
assumed not to inﬂuence the HNO 3 uptake into the liquid.
For the model calculations, we used the interactive thermodynamic equilibrium Aerosol Inorganic Model, AIM (Clegg et al.,
1998, http://www.hpc1.uea.ac.uk/∼e770/aim.html; 1K temperature step). The initialization of the models calculations is mainly
based on ﬁeld measurements (see caption of Fig. 1) and are de-

scribed in detail by Krämer et al. (2003). The results are presented
in Section 3.1.
The relaxation times necessary to reach thermodynamic equilibrium are estimated by applying a detailed kinetic model for
HNO 3 uptake in ternary solution particles. The kinetic model
(Bunz et al., 2003) is based on equations describing the growth
kinetics of particles as a function of the saturation levels of
condensing/evaporating trace gases. It calculates the growth of
H 2 SO 4 particles with time due to uptake of H 2 O and HNO 3
(+ HCl and HBr). The vapour pressures of the traces gases as
a function of particle composition and temperature were determined using the parameterization of Luo et al. (1995). Particle
composition, vapour and partial pressures of the condensing trace
gases are updated at each time step in the model calculations by
taking into account the mass balance of the whole system, that
is, the particles as well as gas phase. Like the vapour and partial
pressures, the relaxation time to reach particle equilibrium composition and size depends strongly on temperature. Relaxation
times for particle HNO 3 reaching 50%, 90% and 99% of the equilibrium values are determined, for the same initial conditions as
the equilibrium calculations, at RH ice = 100, 130 and 160% and
T = 190 and 230K, respectively. The results are presented in
Section 3.2.1.
With the ﬁndings of the sensitivity studies, we ﬁnally discuss the history of HNO 3 partitioning between aerosol and ice
particles during cirrus formation (see Section 3.2).

3. Results and discussion
3.1. Nitric acid uptake by upper tropospheric
aerosol particles
3.1.1. Dependence of particle HNO 3 on temperature and
HNOinit
3 : Equilibrium values of nitric acid in upper tropospheric
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Fig. 2. Same as Fig. 1 but for RH ice = 100% (–––), 130% (. . ...) and 160% (– – –) at middle HNO 3,init (0.26 ppbv). The small tables show
relaxation times of HNO 3 for ternary solution particles calculated by means of a detailed kinetic model for particle HNO 3 that reach 50%, 90% and
99% of the equilibrium value.

ternary and quaternary aerosol particles at RH ice = 100% are
shown in Fig. 1 for varying initial HNO 3 in the temperature
range of upper tropospheric cirrus clouds.1
In the presence of ternary solution particles the HNO 3 uptake is, as expected, strongly dependent on temperature (Fig. 1,
left panel). At temperatures <200 K, up to 90% of the HNO 3
was scavenged by the ternary solutions, depending on the initial
amount of HNO 3 .
The uptake of HNO 3 is likewise dependent on temperature if
the particles are quaternary solutions (Fig. 1, right panel), but
more HNO 3 resides in the particles over the whole temperature
range. This is because the additional amount of ammonia causes
a stronger uptake of HNO 3 by neutralizing the sulfuric acid. For
the sensitivity studies presented here, a large amount of NH 3
(0.7 ppbv) is assumed. For smaller NH 3 mixing ratios, the HNO 3
residing in the particles will be lower.
Altogether, the temperature dependence of equilibrium HNO 3
uptake in aerosol dominates the inﬂuence on the initial HNO 3
amount for both types of particles. These results are consistent with simulations of equilibrium HNO 3 uptake in quaternary
aerosol at ﬁxed H 2 O mixing ratios (here: ﬁxed RH ice = 100%)
performed by Lin and Tabazadeh (2001). For comparison with
the sensitivity studies, equilibrium HNO 3 uptake of the two particle types was determined for the conditions of several ﬁeld
studies and a model study (Fig. 1, , , ×). Almost all the data
are in the range of HNO 3 uptake determined by the sensitivity studies. The very recent ﬁrst direct measurements of particle
HNO 3 in the upper troposphere, reported by Irie et al. (2004)
(Fig. 1, left panel, +), are in this range as well, suggesting that
in this case the particles were ternary solutions.

1 Brief comment to initialization: HNO is measured during Polstar and
3
represents well the UT HNO 3 range (0.05–1.7 ppbv); H 2 SO 4 is calculated in consistency with the aerosol volume measured during Polstar
(0.55 ppbv); NH 3 is an estimate of the UT upper limit (0.7 ppbv).
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3.1.2. Dependence of particle HNO 3 on RH ice : Equilibrium uptake of nitric acid in upper tropospheric ternary and quaternary
aerosol particles is shown in Fig. 2 for the middle value of initial
HNO 3 and the same temperature range as in Fig. 1, but for RH ice
varying between saturation and the typical freezing thresholds of
heterogeneous (130%) and homogeneous (160%) ice nucleation
(note that the timescales of supersaturation during cirrus formation in the atmosphere may be shorter than the time to reach
equilibrium; see also Table 1 and Section 3.2.1).
From Fig. 2 it becomes obvious that for both ternary (black
lines) and quaternary solution aerosol (red lines) the HNO 3 uptake strongly depends on RH ice . The higher RH ice , the more
HNO 3 is taken up by the particles even at higher temperatures.
At RH ice = 160%, all HNO 3 would be taken up in the aerosol
independently of temperature (note here that in the upper troposphere very high RH ice > ≈150% only occur at temperatures of 190-210 K). These ﬁndings are in good agreement with
the study by Romakkaniemi et al. (2004) at T = 206K (based
on POLSTAR 1997 ﬁeld measurements), who report that uptake of HNO 3 starts at RH ice ≈ 90% [80%] for ternary solution
[letovicite: (NH 4 ) 3 H(SO 4 ) 2 ] particles and that at ≈140% almost
all the HNO 3 is taken up by both particle types.

3.2. Nitric acid partitioning at cirrus formation
3.2.1. HNO 3 uptake in particles in the timescales of cirrus formation: Relaxation times of HNO 3 into ternary solution particles
are calculated using the detailed kinetic model (see Section 2)
for the same initial conditions as the equilibrium calculations
shown in Fig. 2 (the particle number size distribution is initialized to be unimodal and lognormal with r p = 0.125μm, N =
110cm−3 and σ = 1.7; the particles uniformly grew during the
model simulations; thus, no effects of HNO 3 uptake in particles
of different sizes occurred here).
The relaxation times to reach 50%, 90% and 99% of the equilibrium HNO 3 (see Tables in Fig. 2) are about 5 min, 15 min and
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Table 1.

Estimate of HNO 3 in ice originating from particle freezing
Cirrus type

Timescales of cirrus formation

HNO 3 in particles
@ RHcrit
ice (% of equilibrium)
HNO 3 in particles
@ RHcrit
ice (% of initial)

Synoptic
Gravity wave Convective
≈ 180 min 5–10 min
0.5–1 min
(from Kärcher & Lohman, 2002 + Kärcher, 2003)

100
100
90–100
0–20

HNO 3 in ice from freezing particles
(% of initial)

2–10
0.1–0.4

HNO 3 in ice from freezing particles
(% of initial)
HNO 3 in ice
total (%) = frozen+adsorbed

0.1–10
0.1–0.3
1–15b
15–100b

50–80
70–80
45–75
0–15

7–11
30
5–12
0–12

1–6
0.1–0.3
Entire range

0.1–0.6
0.15

(1)

T (K)

RHcrit
ice (%)

<200
>210
<200
>210

130–160
110–145
130–160
110–145

T (K)

Nice (%)

<200
>210

2–5a
1–2a

(6)
(7)

<200
>210
<200
>210

estimate

(8)
(9)
(10)
(11)

(2)
(3)
(4)
(5)

observation

HNOinit
3 = 0.26 ppbv, p = 178hPa.
crit
RHcrit
ice : freezing humidity, HNO 3 in particles @RHice : fraction of HNO 3 scavenged by particles up to freezing (determined
using the HNO3 relaxation times shown in Figure 2), Nice : fraction of particles forming ice, a: Mangold et al. (2005), b:
taken from Popp et al. (2004) (CRYSTAL FACE 2002) and Krämer et al. (2003) (POLSTAR 1997 and 1998).

6.5 h at 190K, independently of RH ice . At 230 K the uptake is
faster and correlates with RH ice since the amount of HNO 3 in
the solution droplets raises with raising RH ice : only 7 s, 28 s and
2.5 min are needed to stepwise converge to equilibrium at RH ice
= 100%, while at 130%, the typical freezing threshold at 230K,
already 1 min, 3 min and 100 min are necessary (note that for
RH ice = 160% the situation changes in the simulations: because
of the high amount of available water the solution particles can
grow to highly diluted solution drop sizes that take up HNO 3
very quickly; this is due to the suppression of ice formation in
the model simulations).
Altogether, increasing with temperature, an increasing fraction of the equilibrium HNO 3 can be taken up by the aerosol in
the timescale of cirrus formation. The time needed to raise the
RH ice of an air parcel from about 80% to the freezing threshold
(see below) depends on the air parcels updraft velocity or cooling rate, respectively. Following Kärcher and Lohmann (2002),
the average updraft velocities (cooling rates) in synoptic waves,
gravity waves or convective systems are 4, 54 and 550 cm s−1
(≈0.03, 0.35 and 3.3 K min−1 ). The respective times for cirrus formation, shown in row (1) of Table 1, are 3 h, 5–10 min
(Kärcher, 2003, cirrus formation at about 210–215K) and 30–
60 s (extrapolation of Kärcher, 2003).
The thresholds of RH ice necessary to initiate particle freezing
(RHcrit
ice ), that is cirrus formation, is a function of temperature and
decreases from ≈130–160% at T < 200K to ≈110–145% for
T > 210K (see Introduction).

Superposing the HNO 3 relaxation times on the timescales of
cirrus formation and the freezing thresholds provides the following scenario (see Table 1, second and third row): at low temperatures the aerosol particles scavenge ≈100%, 50–80% and 7–
11% of the equilibrium HNO 3 during the formation time of synoptically, gravity wave or convectively induced cirrus. At high
temperatures, due to the shorter relaxation times, more HNO 3
is taken up by the aerosol particles during the formation time
of gravity wave or convective ice clouds (≈70–80% and 30%;
note that for these estimates the lowest limits of the freezing
thresholds are considered because during the time of cirrus formation the supersaturation is not constant but increasing up to
the freezing thresholds).
Expressing these amounts of particle HNO 3 as a fraction of
initial HNO 3 (rows (4) and (5) of Table 1) it becomes obvious
that at low temperatures about ≈45–100% of the initial HNO 3
can be contained in the particles at the moment of cirrus formation for slowly forming (synoptic and gravity wave) cirrus, while
in fast-forming convective ice clouds only ≈5–12% HNO 3 can
be scavenged during the time of cirrus formation. At higher temperatures, where the particle HNO 3 uptake is lower, also only
little (≈0–20%) of the initial HNO 3 will be scavenged by the
particles during the formation of all types of cirrus clouds.
3.2.2. HNO 3 in freezing particles at cirrus formation: When
ice particles are forming, the HNO 3 contained in those particles that freeze is assumed to be retained in the particles while
freezing. This assumption is supported by the ﬁndings of Stuart
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and Jacobson (2003), studying volatile chemical retention during
hydrometeor freezing. They show that, due to its high dissociation rate, HNO 3 will likely be retained completely under all
conditions in freezing supercooled drops in the drop size range
1–2000 μm at temperatures down to −39◦ C. Stuart and Jacobson
(2003) investigated diluted drops larger than upper tropospheric
liquid particles, but, on the one hand they show that retention
increases with decreasing particle size and on the other hand the
weight percentage of HNO 3 in the particles considered in this
study is only between 0.05–3wt% (corresponding mole fraction
≈0.006). Such low HNO 3 weight percentages in particles are
also reported by Lin and Tabazadeh (2001) for a broad range
of upper tropospheric conditions. Additional support for the retention of HNO 3 during particle freezing can be derived from
the study of Beyer et al. (2004): following their phase diagram
for the H 2 SO 4 –HNO 3 –H 2 O ternary system, water ice and hydrates (NAT, SAT) may co-exist in a solution composed similar
to upper tropospheric particles (60–75 wt% H 2 O, 22–37 wt%
H 2 SO 4 , 3 wt% HNO 3 ), especially at temperatures <200 K. As
will be shown in Section 3.2.3, HNO 3 measurements in cold
cirrus clouds can be explained under the hypothesis of HNO 3
retention during particle freezing.
The amount of HNO 3 in the ice phase that may originate from
particle freezing is determined by (i) the fraction of HNO 3 in
particles and (ii) the percentage of particles that freeze. Since
both the fraction of HNO 3 in particles (see previous section)
and the fraction of particles that freeze (see Table 1, N ice in
rows (6) and (7)) increase with decreasing temperature, one can
expect that the amount of HNO 3 captured by ice particles via the
freezing pathway will also show this behaviour.
An estimate of the amount of HNO 3 in ice that may originate from freezing particles is shown in Table 1 (rows (6) and
(7)) for two temperature ranges. At T < 200K superposition of
particle HNO 3 at the moment of cirrus formation (rows (4) and
(5)) on the number of particles that freeze yields about 1–10%
of the initial HNO 3 in the ice at the onset of cirrus for slowly
forming (synoptic and gravity wave) cirrus. For fast-freezing
convective cirrus and for all ice cloud types forming at T >
210 K, only 0.1–0.6% of the initial HNO 3 may pass to the ice
phase.2
3.2.3. Comparison of HNO 3 in ice from freezing particles with
total ice phase HNO 3 : During the lifetime of a cirrus cloud,
HNO 3 will be adsorbed at the ice particle surfaces in addition to
the HNO 3 from freezing particles. Comparison of our estimate of
HNO 3 in ice from freezing particles with ﬁeld measurements of
2 Note here that this estimate is for ternary solution particles, in the case
of quaternary solutions the amount of HNO 3 in ice originating from
particle freezing may probably be higher. Also note that the estimate
is made for the ﬁxed value of H 2 SO 4 = 0.55 ppbv. Lower values of
H 2 SO 4 —as for example assumed by Lin and Tabazadeh (2001)—may
lead to lower HNO 3 in particles @RHcrit
ice . However, sensitivity tests—
not shown here—indicate that the inﬂuence of the initial H 2 SO 4 on the
percentage HNO 3 in ice from particle freezing is small.
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total (=frozen + adsorbed) HNO 3 in ice will provide information
on the possible importance of the two pathways as a function of
temperature.
In Table 1 (rows (8) and (9)) the estimated entire range of
HNO 3 in ice that may originate from freezing particles is shown
for the two temperature ranges, while in rows (10) and (11) the
observed total ice phase HNO 3 is shown. At lower temperatures
the two ranges are similar (0.1–10% HNO 3 in ice from freezing,
1–15% total HNO 3 in ice), while at higher temperatures HNO 3
in ice from freezing particles is very much lower than the total
(0.1–0.3% compared to 15–100%).
Obviously, at low temperatures particle freezing at the formation of the ice cloud can be a substantial source of HNO 3 in
the ice phase, while at higher temperatures HNO 3 adsorption on
the ice surfaces after ice formation in the course of the clouds
lifetime is the dominant pathway.
The following chain of reasoning may provide a possible explanation for this hypothesis. In cold cirrus clouds (a) RH ice
tends to stay high (130–180%, Spichtinger et al., 2003; Gao et al.,
2004) over a time period between about 5–200 min (Jensen et al.,
2005) (b) most of the remaining (=initial–ice phase) HNO 3 will
reside in the interstitial particles at high RH ice (see Fig. 2 and
Meilinger et al., 1999; Krämer et al., 2003). In this case, hardly
any HNO 3 will be available in the gas phase for adsorption on the
ice surfaces and thus particle freezing at the formation of the ice
cloud can be a major source of HNO 3 in ice. In warmer cirrus,
(c) RH ice decreases rapidly after ice formation to about 100%
(Spichtinger et al., 2003) and d) HNO 3 will escape from the interstitial particles at low RH ice and high temperatures (see Fig. 2
and Meilinger et al., 1999; Krämer et al., 2003). Here, almost all
HNO 3 seems to be available in the gas phase for adsorption on
the ice surfaces.
Additional support for the hypothesis can be derived from
Fig. 3, where ice phase HNO 3 measurements (expressed as ice
surface coverages) are plotted versus RH ice : HNO 3 from particle
freezing can be detected inside ice clouds as long as RH ice is
high, because (a) RH ice is high at the onset of ice formation and
(b) in the case of high RH ice almost all HNO 3 that is not frozen
inside the ice is contained in the interstitial particles (see previous
paragraph). Ice phase HNO 3 measurements in the temperature
range 212–245K during the INCA ﬁeld experiment (Fig. 3, black
dots) show high RH ice coupled only with low HNO 3 coverages
around 0.001, indicating low HNO 3 from particle freezing. In
contrast, measurements of HNO 3 coverages at high RH ice and
low temperatures during CRYSTAL FACE (Fig. 3, grey area)
yields much higher values (0.01–0.1), pointing to high HNO 3 in
the ice phase at ice formation.

4. Summary and conclusions
Model sensitivity studies on the amount and timescale of HNO 3
uptake in upper tropospheric aerosol particles were performed
as a function of RH ice , temperature, the amount of available
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Fig. 3. Measurements of HNO 3 coverage of ice particles versus RH ice ; black dots: INCA 2000, southern hemisphere, temperature range 212–245
K; grey area: CRYSTAL FACE 2002, temperature range 195–200 K, data range from Popp et al. (2004) and Gao et al. (2004) (HNO 3 coverage:
fraction of monolayer, here deﬁned as 1 × 1015 molec cm−2 ).

gas-phase HNO 3 and particle composition by means of a thermodynamic equilibrium as well as a detailed kinetic model.
Based on the model calculations, the amount of HNO 3 in freezing aerosol particles at cirrus formation is estimated.
The equilibrium model calculations show that, besides temperature and particle composition, the most sensitive parameter
controlling HNO 3 uptake in particles is the ambient relative humidity with respect to ice, RH ice . For RH ice ≈ 100%, the HNO 3
uptake increases with decreasing temperature for both ternary
and quaternary solution particles, but on a signiﬁcantly higher
level for the latter (ammoniated ternary solutions). For RH ice
close to 160%, almost all nitric acid resides in the particles independent of temperature or particle composition. RH ice can increase up to 180% in the time period of ice cloud formation.
Using the detailed kinetic model, the relaxation times for taking
up a considerable amount of HNO 3 in aerosol particles are found
to be in this time frame.
We ﬁnally estimate that at the formation of cold cirrus (T <
200 K) about 0.2–10% of the initial gas-phase HNO 3 may enter
the ice phase by particle freezing. The percentage of HNO 3 in
ice observed during ﬁeld experiments at low temperatures is
found to be in the same range, implying the possibility that only
little HNO 3 adsorbs on the ice surfaces after ice formation at T <
200 K. The reason for the low adsorption of HNO 3 could be, that
a substantial part of the HNO 3 resides in the interstitial particles
at low temperatures. This ﬁnding may give some indication of
why surface adsorption models do not satisfactorily reproduce

the HNO 3 uptake at low temperatures (e.g. Krämer et al., 2003;
Popp et al., 2004).
If an ice cloud forms at higher temperatures (T > 210 K), only
about 0.1–0.3% of the initial HNO 3 may reach the ice particles
via the freezing pathway. This is much lower than the observed
amount of HNO 3 in cirrus ice particles, ranging between 15%
and 100% of the initial gas-phase HNO 3 . Apparently, with increasing temperature adsorption on the ice surface becomes the
dominant pathway for HNO 3 in ice.
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