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HNO 3 Partitioning in Cirrus Clouds 
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Abstract. During the 1997 POLSTAR-1 winter campaign in 
northern Sweden a flight was performed across a cold trough 
of air (m 19t5 K) in the tropopause region. Measurements of 
total water vapour, nitric acid, particles and reactive nitrogen 
(NOy) were taken. The particle measurements indicate that 
about 3% of the particles in the moist tropospheric air were 
ice particles. Forward and backward facing NOy inlets were 
used simultaneously to determine condensed phase HNO3. 
The combined NOy and particle measurements reveal that 
less than 1% of a monolayer of NOy could have resided on 
the ice particles. This casts doubt on the hypothesis that sedi- 
menting cirrus particles generally lead to a strong downward 
flux of NOy. In addition to the NOy measurements, inde- 
pendent HNOa measurements were used to determine total 
HNO3. Although quantitative uncertainties do not allow to 
completely rule out that the NOy uptake on ice was limited by 
total HNOa, the combined NOy and HNOa data suggest that 
there was low uptake of NOy on ice despite abundant HNOa 
in the gas phase. Model studies indicate, that the most likely 
explanation of the measured nitric acid partitioning is given 
by HNOa in ternary solution droplets coexisting with almost 
HNOa free ice in the same air mass. 

Introduction 

Lower stratospheric air is usually too dry to allow signifi- 
cant ice formation. Conversely, the upper troposphere is char- 
acterized by cold and moist air masses, hence providing an 
environment suitable for visible and sub-visible cirrus clouds. 

Ice particles may affect the composition of the atmosphere 
through both trace gas scavenging and heterogeneous surface 
reactions on cloud particles. However, little is known about 
HNO3 uptake on ice under tropospheric conditions, where 
HNOa concentrations are much lower than in the stratosphere. 
In the troposphere the ice frostpoint (T•ce) might be several 
degrees above the nitric acid trihydrate (NAT) equilibrium 
temperature (TNnT). Laboratory work shows that NAT nu- 
cleation on ice is unlikely at supersaturations SNnT < 8 
[Worsnop et al., 1993] or 4-10 [Hanson, 1992]. However, 
HNOa is taken up as a thin supercooled liquid film [Zondlo 
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et al., 1997] when temperatures fall below the HNOa-H20 
dew point. This is corroborated by Koop [ 1996] who re-in- 
terpreted the decahydrate of Worsnop et al. [ 1993] as HNOa- 
H20 liquid on ice, and similarly by Zondlo et al. [1997] re- 
interpreting a result of Hanson [ 1992]. Recent laboratory ex- 
periments by Abbatt [1997] and Zondlo et al. [1997] con- 
cerning HNO3 uptake on ice above TNnT suggest formation 
of about 0.1 and 1 monolayer HNOa on ice, respectively. 
Model calculations by Lawrence and Crutzen [ 1998] based 
on a 0.1 monolayer uptake of HNOa suggest a very efficient 
vertical transport of HNOa by sedimenting cirrus cloud par- 
ticles which leads to changes of trace gases such as NOx and 
OH. In contrast, airborne measurements by Weinheimer et 
al. [ 1998] show less than 5% of a monolayer ice surface cov- 
erage. However, these authors argued that their finding might 
simply be due to a low total amount of HNOa, which was not 
measured. 

Here we investigate HNOa partitioning in a cirrus cloud 
observed during POLSTAR-1. The measurements suggest 
that the maximum uptake of NOy onto ice particles is less 
than 1% of a monolayer (1ML=10•Smolecules/cme), even 
though the average total HNOa abundance was at least six 
times larger than the measured particle NOy. 

Quasi-Lagrangian Measurements 
During POLSTAR- 1 the DLR Falcon performed an almost 

quasi-Lagrangian measurement on 24 January 1997, mea- 
suring total water, nitric acid, reactive nitrogen, trace gases 
(CO, O3), differential particle densities and condensation nu- 
clei. The flight followed approximately the direction of the 
horizontal wind, leading across a cold trough of air located 
northwest of Kiruna where a sub-visible cirrus cloud was en- 
countered. The outward flight leg was performed at constant 
pressure (ca. 200 mb) cutting through a bundle of isentropes. 
The trace gas measurements clearly indicate when the air- 
craft crossed the tropopause. The stratospheric air encoun- 
tered up- and downstream of the ice cloud was very dry with 
total water mixing ratios around 54-25% ppmv HeO. 
The moist tropospheric air inside the cloud contained up to 
20 4-25% ppmv HeO [Schiller et al., this issue]. 

Results 

Particle Spectra 
From relatively dry and warm (205 K) stratospheric air 

the Falcon encountered a cold and rather moist troposphere 
with temperatures of 196 K, well below the ice frostpoint 
(T•ce •- 197 - 207 K, depending on humidity). Figure 1 
shows MASP differential number densities dn/de and fitted 
log-normal distributions constrained by the CNC measure- 
ments at the small size limit. Inside the ice cloud the mea- 
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400 tribution. From particle measurements of dn/dr (Fig. 1) we 
determined the overall enhancement factor for the larger ice 

4o mode (E TM •-, 90) and for the liquid mode (E liq •-, 20). Us- 
ing these enhancement factors, we find 

' HN03 ptcl>rø -- c•ANOy/Z ice q- (1 - c•)ANOy/Z liq (1) 
0.4 where a is the fraction of HNO3 ptcl>rø sitting on ice and (l-a) 

the fraction sitting in droplets. 
o.m Due to the error in dn/dr we estimate the uncertainty in 

E as -30%/+200%. However as E is limited by E,•a• = 
o.om 140 (ratio of the ambient flow velocity relative to the aircraft 

0.04 0.4 • 4o and the velocity in the sample probe) the error for E ice is re- r [!.tm] 

Figure 1. Tropospheric MASP particle spectra taken in 
the cloud (circles) and at the upwind edge of the cloud 
(squares) and one stratospheric spectrum downwind of the 
cloud (crosses). The spectra were averaged over 119, 175 
and 500 sec respectively. Log-normal fits based on MASP 
and CNC data (smooth lines). 

ß liq sured distributions may be fitted to log-normals w•th nto t - 
=. 0.0m, - 2.2, = .2a/½m 

r,½e _ 2.56/•m, cr '½e - 2.01. The instrumental uncertainty m 

of MASP (due to Mie oscillations in the measured scattered 
light) is estimated as -30%/+200% in dn/dr and thus in sur- 
face area. That the total error is unlikely to be larger than a 
factor of two is supported by independent measurements of 
total H20 [Schiller et al., this issue] of 20 ppmv. While the 
MASP particle volume corresponds to 15 ppmv, the remain- 
ing 5 ppmv in the gas phase match the ice vapor pressure at 
the relevant temperature. -- In the region of the cirrus cloud 
about 3% of all particles contain ice (large particle mode in 
Fig. 1). While the details of the ice nucleation remain uncer- 
tain, it is conceivable that due to the stoichastic nature of the 
freezing process and the subsequent competitive growth only 
3% of the particles froze. The smaller mode (Fig. 1) is inter- 
preted as ternary droplets [Carslaw et al., 1994, Tabazadeh 
et al., 1994], from which we determined the H2SO4 loading 
of the atmosphere to be 0.2-1.9 ppbv (given by a maximum 
error of 15% in o'liq), assuming thermodynamic equilibrium 
with the measured HNOa in the gas phase and water vapour 
over ice [Carslaw et al., 1995]. In the following we assume 
0.6 ppbv H2SO4. Sensitivity studies (Table 1) suggest our 
results to be insensitive to this choice. 

Uptake of NOy on particles 
Total reactive nitrogen (NOy) was measured by an NOy- 

detector with a forward and a backward pointing air intake. 
The difference between the NOy channels in forward and 

fwd bwd 
backward direction (ANOy=NOy - NOy ) is a measure 
for the HNOa in particles larger than a certain radius ro 
(HNOaptci> to). As both channels have different sampling ef- 
ficiencies, this difference has to be corrected by an overall en- 
hancement factor E, where E - fr? dr(Er/n>rø)(dn/dr) ß 
Here, n >rø is the total number density for particles larger 
than the cut-off radius r0 (below which both channels have 
comparable sampling efficiencies), and Er is the enhance- 
ment factor for a particle with radius r as derived from wind- 
tunnel experiments. The overall enhancement factor depends 
strongly on r0 (here ro = 0.5/•m) and on the particle dis- 

duced to -30%/+60%. Considering the sensitivity of the NOy 
detector and the error in E, we estimate the uncertainty of 
HNOa ptd>rø as 4- 80% (independent of a). 

Figure 2a shows HNOiaCel,•a• -- HNOaPtd>røl•=l = 
ANOy/E ice, assuming that all particulate ANOy resides on 
ice. To compare our results with 1 and 0.1 ML uptake (cor- 
responding to findings by Zondlo et al. [1997] and Abbatt 
[ 1997]) we multiplied the surface area of the cloud (419/•m • 
/cm a) derived from the ice mode in Fig. 1 with the corre- 
sponding surface coverages and converted to mixing ratio 
(using 1ML=10•S/cm2). Obviously ice HNO a [,•a• (2-8 pptv) 
is lower than 0.01 ML, a conclusion directly derived from the 
measurements. 

Partitioning of HNOa 
The question arises whether the 0.01 ML is caused by a 

limited availability of nitric acid. Gaseous nitric acid 
(HNOa Ms) was measured using an ion-molecule-reaction 
mass-spectrometer (IMRMS), which has a forward facing air 
intake [Schneider et al., 1998]. Possibly some evaporation 
of HNOa-containing particles occurs during the residence 
time (50 ms) in the sampling line of the HNOa detector. The 
enhancement factor E* for IMRMS particle oversampling is 
at most E•,• = 4.5 for large ice particles, while it is about 1 
for smaller liquid particles. Hence, total nitric acid is limited 
by HNOaMS/E * _< HNO• øt _< HNOa Ms +HNO3 ptcl depending 
on the degree of evaporation. The error for HNO3 Ms is 4-80% 
(due to uncertainties in rate coefficient, background, reaction 
time, mass discrimination and ion evolution; see Feigl et al. 
[this issue] for further details). 

Inspection of IMRMS yields the upper and lower limits 
of HNO• øt shown in Fig. 2a (diamonds). The lower limit 

tot MS 
is about 25 pptv (if HNO a =HNO a /E with E* - 4.5) 
which is still on average six times 1.arger than HNOi3 ce Imax. 
In this case, the error bars for HNO• ce Imax and HNO• øt are 
sightly overlapping. Hence it cannot be completely excluded 
that all HNOa is deposited on ice and the small amount (< 
0.01ML) is limited by availability of HNOa. If so, this would 
imply that the total HNOa was only around 5-8 pptv and that 

Table 1. HNOa uptake in liquid and ice particles assuming 
a thin ternary solution layer on the ice. Sensitivity studies 
for varying H2SO4 due to uncertainties in O 'liq. 

trliq ppbv HNO[Ot HNOt•O t HNOtOt [ML] 
2.0 0.25 13% 864 0.6• 0.2% 

2.25 0.6 29% 70% 1.3% 0.4% 
2.45 1.2 58% 39% 2.6% 0.9% 
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Figure 2. Left: Measured HNO• øt arm uptake oœ NO• into particles corr•te.z] for enhancement assurrdn• a cut-oE radius 
r0 - 0.Spm. (a) HNOi•½el•=A•O•/•ife with •ife _ 90 (triangles) assurrdn• measured A•O• to reside on ice (lar•er 
mode i, Fi•. •). u• a,d •ow½• n•ts (dido,ds) or •NO• o• (s•ad•d •a)½•. by •No•S+ •NO•I•,, 
su•• •e mass sp•trometer to measure o•ly •as p•ase HNOs, and by HNo•S/• * assu•• t•e p•ticles to e•aporate and 
e•ce •e MS signal (wit• •* - •.5), resp•ti•dy. l ML a•d 0. l ML u•t•e o• t•e ice su•ace i• Fi•. ]. (b) HNO? I•= 
•O•/• nq wit• •iq _ 20 (triangles) assu•g measur• •O• to reside i• droplets (small mode i• Fi•. l). HNO• øt (up- 
•,•a• •) •.a •o71•== •o? >'ø I•.. + •o? <'ø (•o• ,•a•a •) •im •o? <'o 

o• •d• • • ½•. by •o•ø•= •o•s/• * (•it• •* - •) •,d •o• s+•o? I•=. •=•=oti•=•y. •= u•ok dot• 
indicate data us• for comp•iso• wit• modal calculations i• Fi•. 3. •i•bt: Measur• HNOs upt•e imo liquid p•ticles 
as a functio• of • - •d•. (c) •aw data &NO•/(HNo•S+ &NO•), (d) data co•t• for e•ancemems (• - 
m-o•, (•No? <'o) •,•,• m• m•s ••.• • •• o.•y (•No? I•=/(•o• s +•o? I•.•) Fo• dm 
• we addifio•aly co•ect• for t•e decrease of t•e HNOs-H20 dew poim (several •) due to H20 depletio• after ice 
•o•atio• •=o)- •eomtical cur•e: liquid HNOs-H2SO4-H20 solutio• with 0.6 ppb• H2SO4 (from Fi•. ]). 

depletion of HNOa had occurred in the air mass prior to the 
measurement [Feigl et al., this issue]. However, it seems 
to be more likely that HNO• øt was significantly larger than 
HNOia ½e I,•a•, and therefore the question arises, why the avail- 
able nitric acid was not taken up by the ice particles. This is 
hardly due to diffusive limitation, as the time constant r - 
(4•rr,•ntotD9exp(ln2tr/2)) -• for diffusive transport of 
HNOa (with gas diffusion constant Dg) to a particle distri- 
bution (as in Fig. 1) is on the order of a few minutes. 

If the measured ANOy did not reside on ice particles but in 
t, LlMthliq> r0 the ternary HNOa-H2SO4-H=O droplets t ..... a Ima•---- 

HNOaPt•>•øl•=0 - ANOy/E liq) one obtains the scenario 
plotted in Fig. 2b. To consider that only droplets larger r0 
are measured, but smaller droplets contain HNOa as well, we 
calculate HNO• q [,•- HNO• q>rø I,• q- HNO• q<rø using 
HNO• q<rø/HNO•q'theør=Vliq<rø/V liq, where the volumes 

LlMthliq,theor and the thermodynamic function ..... a are obtained 
from an equilibrium ternary solution model [Carslaw et al., 
1995]. In this calculation we use HNOag•s= HNO• øt 
- HNO• q [m•, particle number densities, distribution width 
and sulfate loading from MASP and CNC. In the cirrus we 

gas _ •,•½e Again, thermodynamic equilibrium assume Pi-i• o ,'i-i• o- 
is a valid assumption (as the particle number density is high 

tot MS ß leading to r _• 4 min). Finally, HNO3 =HNO3 /E with 
l-lMt¾ot--U•Tt•MS q-HNO•q [max depending on E* - 1 or .... ,-m ..... 

the unknown degree of evaporation in IMRMS, which ex- 
plains the shaded areas in Fig. 2b. 

From HNO?[maa: and HNO• øt in Fig. 2b the degree of 
consistency between the observed and the ternary thermody- 
namic HNOa can be tested. Assuming ternary droplets and 
HNOa-free ice particles (a - 0), Figs. 2c,d show the ratio 
HNO• q Im•/HNO• øt as a function of T - Tdew (Tdew -- 
HNOa-H20 dew point [Carslaw et al., 1995]) before (2c) 
and after (2d) correcting for enhancements (E), cut-offs 
(HNO• q<rø ) and the decrease of the HNOa-H•O dew point 
by several Kelvin due to ice-induced depletion of H20 from 
the gas phase [•ice h This representation accounts for dif- •t'H•O/- 
ferences in total water and total HNOa in different air masses 
and extracts the partitioning of HNOa between the gas and 
particles. It can be seen that the observed HNOa uptake is 
in fairly good agreement with the expected HNOa content of 
ternary HNOa-H2SO4-H•O droplets. 

Trajectory Modeling and Discussion 
A spectral microphysical box model calculation [Meilinger 

et al., 1995; Tsias et al., 1997] was used to describe the evo- 
lution of a droplet distribution due to diffusive uptake of H20 
and HNOa by liquid and ice particles along an isentropic tra- 
jectory ending at the flight path (from ECMWF, corrected 
for _• 5 K temperature offset according to measured T). For 
these calculations we assumed that 3% of the droplets freeze 
as water ice at •½e-$ K, and that NAT can only nucleate if ice 
is already present and if $•AT > 8. Calculations in Figure 3 
refer to conditions encountered in the ice cloud (Fig. 1) with 
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Figure 3. Particle growth of a droplet distribution (Fig. 1) 
due to diffusive uptake of H20 and HNO3 by liquid and ice 
particles along an isentropic trajectory. Calculations for 20 
ppmv atmospheric water content and 0.2 ppbv HNO3 assum- 
ing 3% ice particle formation 3 K below the frostpoint. The 
black dots correspond to the data points indicated in Fig. 2b. 
(a) Temperature and pressure history. (b) Partitioning of 
HNOa (solid line) and H20 (dashed line) between gas phase 
and particles; solid dot: ternary liquid film on ice, a=4.3% 
(see Tab. 1); open dot: no HNOa on ice, a=0. (c) Supersat- 
uration with respect to NAT. 

20 ppmv HeO, 0.6 ppbv H2SO4 and 0.2 ppbv HNOa. Before 
ice particle formation, about 80% of the HNOa is accommo- 
dated in the ternary droplets (Fig. 3b). Nevertheless, these 
droplets consist mainly of H20 and H2SO4 with less than 
5 wt% HNOa. When ice forms, HNO3 degasses from the 
droplets due to H20 depletion. Monolayer uptake of HNOa 
onto ice would completely deplete the gas phase in contrast 
to observational evidence. Also, NAT is unlikely to nucleate 
on the ice particles due to the small supersaturations (Fig. 3c). 
Supercooled binary HNOa-H20 solutions on ice surfaces 
[Zondlo et al., 1997] can be excluded, as they cannot coex- 
ist with ternary solution droplets and would readily evapo- 
rate. However, if we assume HNOa and H2SO4 to be ex- 
pelled from the ice during droplet freezing, a thin ternary liq- 
uid layer could exist in equilibrium on the ice surface. Under 
such conditions the ice particles carry about 1% of the total 
HNO3 (corresponding to 0.4% ML, see Table 1) and the re- 
maining droplets about 30% (corresponding to about 2 wt%). 
In quantitative terms this leads to a small improvement of the 
agreement between measured and expected droplet uptake 
compared to HNO3-free ice (see difference between open and 
solid dot in Fig. 3b). More importantly, in qualitative terms 
such a ternary liquid coating of ice would explain the dif- 
ference compared to the latoratory measurements, in which 
no H2804 was present. An alternative explanation could be 
Langmuir-like adsorption of HNO3 on ice, which might rep- 

resent a very small HNOa uptake due to the lower HNOa par- 
tial pressures in the cloud (_< 4 x 10 -8 mb at 196 K) com- 
pared to the laboratory experiments (except 1 datapoint by 
Zondlo et al., [ 1997]). In the absense of conclusive experi- 
mental evidence, it cannot be excluded that the surface cov- 
erage is less than 1% of a ML at such low partial pressure. 
No matter what the precise uptake mechanism of the small 
HNOa uptake on ice is, the present case suggests that most 
of the HNOa resides in the droplets and the gas phase. 
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