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The temporal evolution of the ratio HNO;/NO, in the Arctic lower
stratosphere from January to March 1997
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Abstract. Aircraft-based measurements of HNO;, NO,, N,0,
and O, have been performed in the Arctic lower stratosphere in
January (POLSTAR I) and March (STREAM III) of 1997. The
two projects employed different aircraft platforms. In addition,
NO, and O; were measured using different instruments in the two
campaigns. HNO, and NO,, were found strongly correlated with
correlation coefficients of 0.84 (POLSTAR I) and 0.69
(STREAM 1II), respectively. The fraction of HNO; within NO,,
decreased from 96% in January to 59% in March. The decrease is
consistent with the lifetime of HNO; due to photolysis after polar
sunrise. The relationship of NO, and HNO; with N,O shows that
in January NO,, and HNO; values were markedly higher than ex-
pected, which may indicate nitrification by PSC-II particle sedi-
mentation and evaporation. Contradictory, the ratios NO,/O; ob-
served in January are only slightly elevated. In March, NO,-N,O
and NO,-O; relations agree well with others reported in the lit-
erature. The difference between the NO,-O; and NOy-N,O rela-
tionships is partly explained by an observed O, decrease of about
30% between January and March.

Introduction

Nitric acid (HNO;), which plays a key role in polar ozone
chemistry, is the major component of reactive nitrogen (NO,) in
the lower stratosphere. So far only few simultaneous measure-
ments of NO,, and HNO, in the lower stratosphere have been re-
ported [Singh et al, 1997; Fischer et al, 1997], yielding
HNO,;/NO,, ratios of about 70 — 80 %. Calculated HNO;/NO,, ra-
tios [Fahey et al., 1989; Kawa et al., 1992] indicate the rather
large range of the fraction HNO;/NO, of 40 to 90%. The main
source of HNO; and NO, in the stratosphere is thought to be the
reaction of nitrous oxide (N,O) with O('D) yielding two NO
molecules which are further oxidized to NO, and HNO;. In the
stratosphere, nitric acid is destroyed mainly by photolysis, lead-
ing to the formation of NO,. The latter is important for the chlo-
rine deactivation via C10 + NO, + M — CIONO, + M.
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When reactive nitrogen (mainly HNO,) is removed from high
altitudes (around 20 km) and released at lower altitudes (11 to 15
km) by PSC-II particle sedimentation and evaporation, the effi-
ciency of chlorine deactivation is reduced. These so-called deni-
trification/nitrification events have been regularly observed in the
Antarctic winter stratosphere [cf. Fahey et al., 1990a], but only
rarely in the Arctic stratosphere. For example, in February 1995,
substantial denitrification was observed at altitudes around 19 km
[Sugita et al., 1998], while renitrification was observed between
10 and 13 km [Fischer et al., 1997; Arnold et al., 1998].

In late winter/early spring, sunrise after the polar night, fol-
lowed by photodissociation of HNO; leads to formation of NO,
and, via reaction (1), of CIONO,. This is expected to shift the
partitioning within NO,, towards NO, and CIONO, and to a de-
crease of the HNO; fraction within NO,,

This paper reports on measurements of HNO,, NO,, N,O, and
O; during two aircraft campaigns in winter 1997 in the Arctic
lower stratosphere. We focus on a strong reduction of the ratio
HNO,/NOy, observed from January to March.

Measurements

The POLSTAR 1 (Polar Stratospheric Aerosol Experiment 1)
included 7 measurement flights between January 24 and February
06, 1997. The STREAM III (Stratosphere-Troposphere Experi-
ment by Aircraft Measurements III) included 5 flights between
March 9 and 25, 1997. The operational base for both campaigns
was Kiruna, Sweden (69°N, 20°E). During the POLSTAR 1 mis-
sion the German research aircraft Falcon, owned and operated by
DLR (Deutsches Zentrum fiir Luft- und Raumfahrt) was used,
while the STREAM mission used the Dutch Cessna Citation re-
search aircraft, operated by Delft University of Technology. Both
research aircraft are twin-jets with a maximum flight altitude of
approximately 14 km,

NO, and O, in the POLSTAR I project were measured by
DLR, Oberpfaffenhofen [Feigl, 1998]; NO, in the STREAM III
campaign was measured by the Max Planck Institute for Chem-
istry (MPI-CH), Mainz [Wienhold et al, 1998]; O; during
STREAM III was measured by the Institute for Marine and At-
mospheric Research, Utrecht University (IMAU); in both cam-
paigns N,O was measured by MPI-CH; during the STREAM I
project, additionally, N,O was measured on two flights of the
STREAM III campaign by the Institute for Stratospheric Chem-
istry, Forschungszentrum Jilich (FZI) [Bujok et al, 1998]; in
both campaigns HNO, was measured by the Max Planck Institute
for Nuclear Physics (MPIK), Heidelberg [Schneider et al.,
1998a]. For a detailed description of the IMAU and MPI-CH
measurements see Fischer et al. [1997] and references therein.

It has to be taken into account that the NO, measurements
have been performed by two different groups (DLR and MPI-
CH) and have not yet been directly compared. On the other hand,
the gold converter technique is a well established measuring sys-
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tem for stratospheric NO, measurements. N,O was measured
during two flights of the STREAM III campaign by two different
techniques (gas chromatograph, FZJ, and tunable diode laser,
MPI-CH). The mean deviation (2¢) between both instruments
was 1% (Flight #1) and 1.8% (Flight #2). Also, the calibration
standards of both measurement systems have been compared,
yielding agreement of < 1%. Note also that the accuracy of the
NO, measurements is +25% [Fischer et al., 1997; Feigl, 1998],
while that of HNO; is only +40%, due to the accuracy of the rate
coefficient of the calibration reaction [Méhler and Arnold, 1991,
Schneider et al., 1998b]. IMRMS measurements of gaseous
HNO, in the Arctic lower stratosphere can be affected by sam-
pling and evaporation of cloud and aerosol particles containing
HNO:;. During the residence time of the probe gas inside the flow
tube (approximately 50 ms) small particles are able to evaporate.
Since the sampling is not isokinetic, an enhancement factor of
particle sampling of about 4 is to be expected. During the
POLSTAR I campaign where occasionally high cirrus clouds
were observed in the tropopause region, an overestimation of
HNO; can not be excluded. However, this does not affect the pre-
sent data discussion since it focuses only on stratospheric data,
selected by the criterion N,O < 300 ppbv. In the STREAM III
campaign the HNO,; measurements suffered from an additional
uncertainty due to collision induced ion dissociation. A correc-
tion has been applied relying on the measured ion ratio O°/CO;,
yielding a correction factor of about 1.1. This increased the over-
all uncertainty to £50%.

Results and discussion

Figure 1 presents the nitric acid volume mixing ratios meas-
ured during the POLSTAR 1 (a) and STREAM 1II (b) cam-
paigns. The entire data sets are shown are (sampling frequency:
13 s) as a function of potential temperature ©. The error bars in-
dicate the accuracy (POLSTAR I. 40%, STREAM III: 50%) of
the measurements. During the POLSTAR 1 mission, slightly
higher potential temperatures of up to 365 K were reached. High-
est nitric acid mixing ratios of up to 4 ppbv were observed at a ©
level of about 357 K. During the STREAM III campaign maxi-
mum HNO,; mixing ratios reached only 2.5 ppbv at a © level of
352K.

For further analysis, the data were averaged over 5 minutes,
and a subset was selected by the criterion N,O < 300 ppbv to ex-
clude tropospheric air masses. This rather conservative criterion
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Figure 1. Nitric acid mixing ratios as a function of potential
temperature (®) from (a) POLSTAR I (24.01.97 - 06.02.97) and
(b) STREAM 111 (09.03.97 - 25.03.97). The error bars indicate
the accuracy (POLSTAR I: 40%, STREAM I1l: 50%).
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Figure 2. HNO; as a function of NO, during POLSTAR I (a) and
STREAM III (b). Solid lines: linear regression. Datted lines: 50%
and 100% level, respectively. The error bars indicate the system-
atic uncertainties. Mean ratios HNO3/NO, are: POLSTAR I: 0.96
10.18; STREAM III: 0.59 £ 0.05.
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led to the rejection of 3 flights so that only 4 flights from the
POLSTAR I mission (28-01-97, 30-01-97, 01-02-97, 04-02-97)
are included in the data discussion. We note that NO, was not
measured on the flight of 04-02-97.

NO, partitioning

Figure 2 presents the overall relationships between HNO; and
NO,, during both campaigns, i.e. for all flight tracks characterized
by N,O < 300. The accuracy of the measurements is indicated by
the error bars (HNO,: 40% and 50%, respectively; NO,: 25%).
The dotted lines indicate HNO, fractions within NO, of 50% and
100%. The solid lines represent linear regressions through the
data points. Both species are well correlated with a correlation
coefficient r* of 0.84 during POLSTAR I and 0.69 during
STREAM III. The most remarkable feature evident from Figure 2
is the different HNO; fraction comparing January and March
1997. While the mean ratio HNO,/NO, (for N,O < 300 ppbv) of
the three POLSTAR 1 flights is 0.96 £ 0.18, it is only 0.59 % 0.05
(mean and standard deviation) during the five STREAM III
flights.

Figure 3 shows the temporal evolution of the HNO;/NO, ratio
between January 28 and March 25, 1997. The thick bars indicate
mean values and standard deviations for the individual flights,
the thin error bars indicate the absolute accuracy of the measure-
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Figure 3. Temporal evolution of the ratio HNOy/NO, between
January and March 1997. Thick bars: Standard deviation; Thin
error bars: Systematic uncertainty. The dashed line represents the
functional fit y = a x exp (-t/7) to the 1997 data yielding a times-
cale of HNO, decay of 86 days. Also indicated are the HNO; to
NO, ratios measured in February 1995 (STREAM 11, Fischer et
al. [1997]).
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ments: 25% for NO,, 40% for HNO, during POLSTAR 1, 50%
for HNO, during STREAM II1. These errors were added linearly,
resulting in a "worst case" scenario (i.e. the upper error bar limit,
for example, is reached when HNO; was overestimated by 40%
and NO,, was underestimated by 25%). The accuracy of the
HNO; measurements of 40-50% is mainly determined by the er-
ror in the rate coefficient of the calibration reaction [Mdéhler and
Arnold, 1991; Schneider et al, 1998b]. The HNO; fraction
measured in January (96%) is very high, and the mean value of
flight #1 (97-01-28) is even larger than 1. Thus, an overestima-
tion of HNQ; is rather likely, while an underestimation of NO,,
during POLSTAR 1 is unlikely, since the values are already much
higher than the calculated NOy* (see below). Any systematic er-
ror in HNO; or NO,, however, does not change the observed de-
crease of the ratio HNO,/NO;,. .

Nitric acid is destroyed by photochemical conversion, either
by photolysis (HNO; + hv — OH + NO,) or by reaction with OH
(OH + HNO; — H,0 + NO,). A decrease of the HNO, fraction
inside the NO,, at the end of the polar night is not completely un-
expected, although, to our knowledge, neither measurements or
model calculation showing this feature were reported up to now.
From January to March, solar exposure is markedly increasing at
the polar regions. The diurnally averaged photodissociation rate
of HNO; for 70°N and 12 km altitude is increasing from about
0.2x107s™! on January 20 to 2.5x107s™ at the end of March. The
dashed line in Figure 3 represents the functional fit
y = a xexp (-/7) through the data, yielding a time constant T of
86 days. This decrease agrees with the time constant for HNO,
photolysis. Although the measurements discussed here have not
encountered the same air masses, air masses sampled in March
have seen longer periods of sunlight than those encountered at
the end of January.

Also shown in Figure 3 is the ratio HNO,/NO,, measured dur-
ing the STREAM II project in February 1995 [Fischer et al.,
1997] which yielded an average value of 69%. Although this
pertains to measurements two years before the presently dis-
cussed data sets, in an environment presumably influenced by
nitrification, the values fit rather well to the 1997 picture.

Correlations with N,O and O,

Figure 4 shows the volume mixing ratios of HNO, and NO,, as
a function of N,O for both measurement campaigns. Linear re-
gressions through the HNO; data are represented by the solid
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Figure 4. HNO; and NO, as a function of N,O. a): POLSTAR [;
b): STREAM III. Only stratospheric data (N,O < 300 ppbv) are
shown. The data points represent 5 minute averages. The error
bars indicate the systematic uncertainty. Dotted line: NO,-N,O
relationship measured during AASE II [Weinheimer et al., 1993];
dashed line: linear regression of NO,; solid line: linear regression
of ]'INO:;
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Figure 5. HNO; and NO, as a function of O;. a): POLSTAR I;
b): STREAM III. Only stratospheric data (N;O < 300 ppbv) are
shown. The data points represent 5 minute averages. The error
bars indicate the systematic uncertainty. Dotted line: NO,-0; re-
lationship measured during AASE 1 [Muiphy et al, 1993];
dashed line: linear regression of NO,; solid line: linear regression
of HNO;.

lines, the dashed lines refer to the NO, data. The STREAM III
data fit well to a linear regression with correlation coefficients of
0.66 (NO,) and 0.76 (HNO,), while the POLSTAR I data only
yield a correlation coefficient of 0.44 (both HNO, and NO,). The
functional relationships given by the linear regressions are:

POLSTARL:  NO, =-0.1081 x (N,0-3184) =044
HNO, =-0.0827 x (N,0-324.7) r*=0.44
STREAMIIL:  NO, =-0.0598 x (N,0-318.7)  r*=0.66
HNO, =-0.0339 x (N,0-319.2) r*=0.76

All values are ppbv. Also indicated, by the dotted line, is
NOy* which is a measure of the expected NO, [Fahey et al.,
1990b]. NO,* was calculated using the expression NO,* = slope
% (N;Omeas - NyOggp). We adopted the slopes measured in the
AASE-II project [Weinheimer et al., 1993] for January (-0.0778)
and March (-0.0765) and the mean tropospheric N,O values
measured during the POLSTAR I (310 + 4 ppbv) and STREAM
Il (312 * 3 ppbv) campaigns. The NO,, data from the STREAM
data set are in very good agreement with calculated NO,*, indi-
cating that no denitrification or nitrification occurred. The
POLSTAR 1 NO,, and HNO; data are higher than the calculated
NO,* by up to 2 ppbv. This finding might indicate nitrification
by PSC-II particle sedimentation in January 1997, although 2
ppbv of renitrification seem to be very much, since that would
require an almost complete removal of NO,, from the 20 km re-
gion. A calibration error of N,O, however, can be excluded, since
tropospheric values of both campaigns were equal inside the error
limits of 4 ppbv (see above). A systematic overestimation of
HNO,; and NO, might explain part of the difference (see error
bars in Figure 4a), but then NO, and HNO; would have been
measured too low during the STREAM I1I campaign.

Figure 5 gives HNO; and NO, as a function of O; for both
campaigns. The dashed lines give the linear regressions to the
NO,~O; relationships, while the solid lines refer to HNO,. The
functional relationships are:

POLSTARL  NO, =5217x103x 0;-0.141, r*=0.82
HNO; =4.157x103 x O, + 0.264, r*=0.87
STREAMIIl: NO, =3.833x10-3x 0, +0.077, *=0.77
HNO, =1.793x103 x 0, +0.215, r*=0.60

All values are ppbv. Also shown, by the dotted line, is the re-
lationship NO,/O; measured in AASE I [Murphy et al., 1993] in
January/February 1989 at 59°N (Stavanger, Norway). The
POLSTAR I NO, data are slightly higher than the AASE 1 data,
but the NO, enhancement is smaller than that deduced from the
N,O reference. If substantial renitrification had taken place, the
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ratio NO,/O; should be enhanced by the same value (about 2
ppbv at the highest O; levels) as the NO,~N,O relationship. This
finding is not consistent with the explanation in terms of renitri-
fication.

The STREAM III data agree well with the AASE I data. How-
ever, there are also higher HNO,/O, ratios reported in the litera-
ture: Weinheimer et al. [1993] report a ratio of HNO; to O; of
about 5x10-3 ppbv/ppbv, measured in AASE 1l in January and
March 1992. This value is nearly identical to the POLSTAR 1
data and higher than the STREAM III data. We also observe a
decrease in O; from January to March: The loss in ozone between
the POLSTAR 1 and the STREAM III measurements is about
30% at N,0 < 275 ppbv, corresponding to about 1% per day.
This value is comparable to measurements from 1993 [Bregman
et al., 1997] and data deduced from ozonesonde measurements
for 1997 [Knudsen et al., 1998). This O; decrease does partly
compensate the response of the observed NO,/O,; ratio to the NO,
decrease between January and March, in a way that the ratio
NO,/O; does not change substantially.

Acknowledgments. We are grateful to the pilots and aircraft techni-
cians of DLR and TU Delft and to the technicians of MPI-K, MPI-CH,
and IMAU. JS wants to thank K.-H. Wohlfrom, M. Hanke, and M. de
Reus for their support during the STREAM III measurement campaign.
This work was funded by the Commission of the European Union
(ENV4-CT95-0115) and the German Bundesministerium fiir Bildung,
Wissenschaft, Forschung und Technologie (BMBF).

References

Amold, F., V. Biirger, K. Gollinger, M. Roncossek, J. Schneider and S.
Spreng, Observations of nitric acid perturbations in the winter Arctic
stratospt.cre: Evidence for PSC-sedimentation. J. Atmos. Chem., 30,
49-59, 1998.

Bregman, A., M. van den Broek. K. S. Carslaw, R. Miiller, T. Peter, M.
P. Scheele, and J. Lelieveld, Ozone depletion in the late winter lower
Arctic stratosphere: Observations and model results,J. Geophys. Res.,
102, 10,815-10,828, 1997.

Bujok, O., V. Tan, E. Klein, D. S. McKenna, A. Engel, and U. Schmdt,
In-situ measurements of long-lived tracers in the tropopause region: A
novel automated airborne gas chromatograph, in:Atmospheric Ozone:

Proceedings of the Quadrennial Ozone Symposium 1996 and Tropo-

spheric Ozone Workshop, L'Aquila, ltaly, 12-21 September 1996, ed-
ited by R. D. Bojkov and G Visconti, pp. 477-480, 1998.

Fahey, D. W., D. M. Murphy, K. K. Kelly, M. K. W. Ko, M. H. Proffitt,
C. S. Eubank, G. V. Ferry, M. Loewenstein, and K. R. Chan, Meas-
urements of nitric oxide and total reactive nitrogen in the Antarctic
stratosphere: observations and implications, J. Geophys. Res., 94,
16,665-16,681, 1989.

Fahey, D. W., K. K. Kelly, S. R. Kawa, A. F. Tuck, M. Loewenstein, K.
R. Chan, and L. E. Heidt, Observations of denitrification and dchy-
dration in the winter polar stratosphere, Nature, 344, 321-324, 1990a.

Fahey, D. W., S. Solomon, S. R. Kawa, M. Loewenstein, J. R. Podolske,
S. E. Strahan, and K. R. Chan, A diagnostic for denitrification in the
winter polar stratospheres, Nature, 345, 698-702, 1990b.

Feigl, Ch., Construction and characterisation of a measuring system for
NO, NO,, and NO,: Laboratory studies and measurements in the
lower Arctic stratosphere, Ph.D. thesis, 177 pp., Ludwig-Maximilians-
Universitit Miinchen, DLR-Forschungsbericht 98-21, July 1998.

Fischer, H., et al., Observations of high concentrations of total reactive
nitrogen (NO,) and nitric acid (HNO;) in the lower Arctic stratosphere
during the STREAM 1I campaign in February 1995,J. Geophys. Res.,
102, 23,559-23,571, 1997.

SCHNEIDER ET AL.: TEMPORAL EVOLUTION OF HNO;/NO, FROM JANUARY TO MARCH

Kawa, S. R, et al., Photochemical partitioning of the reactive nitrogen
and chlorine reservoirs in the high-latitude stratosphere,J. Geophys.
Res., 97, 7905-7923, 1992.

Knudsen, B. M., et al., Ozone depletion in and below the Arctic vortex
for 1997, Geophys. Res. Lett., 25, 627-630, 1998.

Mbhler, O., and F. Amold, Flow reactor and triple quadrupole mass
spectrometer investigations of negative ion reactions involving nitric
acid: Implications for atmospheric HNO; detection by chemical ioni-
zation mass spectrometry, J. Atmos. Chem., 13, 33-61, 1991.

Murphy, D. M., D. W. Fahey, M. H. Profitt, S. C. Liu, K. R. Chan, C. S.
Eubank, S. R. Kawa, and K. K. Kelly, Reactive nitrogen and its cor-
relation with ozone in the lower stratosphere and upper troposphere,
J. Geophys. Res., 98, 8751-8773, 1993.

Schneider, J., et al., Nitric acid (HNO;) in the upper troposphere and
lower stratosphere at mid-latitudes: New results from aircraft-based
mass spectrometric measurements, J. Geophys. Res., 103, 25,337-
25,343, 1998b.

Schneider, J., J. Curtius, B. Sierau, F. Amold, M. Ambaum, and P. C.
Siegmund, Aircraft-based measurements of nitric acid in January,
February, and March 1997 in the Arctic lower stratosphere, inPolar
stratospheric ozone 1997 - Proceedings of the fourth European sym-
posium, ed. by N. Harris, 1. Kilbane-Dawe, and G. Amanatidis, 498-
501, Luxembourg, 1998a.

Singh, H. B., et al., Trace chemical measurements from the northern
midlatitude lowermost stratosphere in early spring: Distributions, cor-
relations, and fate, Geophys. Res. Lett., 24, 127-130, 1997.

Sugita, T., Y. Kondo, H. Nakjima, U. Schmidt, A. Engel, H. Oelhaf, G.
Wetzel, M. Koike, and P. A. Newman, Denitrification observed inside
the Arctic vortex in February 1995,J. Geophys. Res., 103, 16,221-
16,233, 1998.

Weinheimer, A. ., J. G. Walega, B. A. Ridley, G. W. Sachse, B. F. An-
derson, and D. E. Collins, Stratospheric NO, measurements on the
NASA DC-8 during AASE 11, Geophys. Res. Lett., 20, 2563-2566,
1993.

Wienhold, F. G., P. Hoor, R. Konigstedt, U. Parchatka, Y. C. Zhang, and
H. Fischer, Measurements of reactive nitrogen and nitrous oxide dur-
ing STREAM 111, Polar stratospheric ozone 1997 - Proceedings of the
fourth European symposium, ed. by N. Harris, 1. Kilbane-Dawe. and
G. Amanatidis, 522-525, Luxembourg, 1998.

J. Schneider, Leibniz-Institut fir Atmosphirenphysik, SchloBstr. 6,
D-18225 Kithlungsborn, Germany. (email: schneider@iap-kborn.de)

F. Amold and J. Curtius, Atmospheric Physics Division, Max Planck
Institute for Nuclear Physics, P.O. Box 103980, D-69029 Heidelberg,
Germany. (email: f.arnold@mpi-hd.mpg.de, j.curtius@mpi-hd.mpg.de)

B. Sierau, Institut fir Troposphérenforschung, Permoserstrafe 15,
D-04303 Leipzig, Germany. (email: sierau@tropos.de).

H. Fischer, P. Hoor, U. Parchatka, and Y. C. Zhang, Air Chemistry
Department, Max Planck Institute for Chemistry, P.O. Box 3060,
D-55020 Mainz, Germany. (email: hofi@mpch-mainz.mpg.de;
hoor@mpch-mainz.mpg.de; up@mpch-mainz.mpg.de;
zhang@mpch-mainz.mpg.de)

F. G. Wienhold, Fraunhofer Institut fiir Physikalische Me8technik,
HeidenhofstraBe 8, D-79110  Freiburg, Germany. (e-mail:
wienhold@ipm.fhg.de)

Ch. Feigl, H. Schlager, and H. Ziereis, Deutsches Zentrum fiir Luft-
und Raumfahrt (DLR), Institut fur Physik der Atmosphtre, Oberpfaffen-
hofen, D-82234 Wessling, Germany. (email: christian.feigl@dir.de;
hans.schlager@dlr.de; helmut.ziereis@dlr.de)

J. Lelieveld, H. A. Scheeren, Institute for Marine and Atmospheric
Sciences Utrecht (IMAU), Princetonplein 5, NL-3584 CC Utrecht. The
Netherlands. (e-mail: j.lelieveld@fys.ruu.nl; h.a.scheeren@fys.ruu.ni)

O. Bujok, Institut fur Stratosphirische Chemie, Forschungszentrum
Jutich, 52425 Jilich, Germany. (e-mail: o.bujok@fz-juelich.de)

(Received October 14, 1998; revised February 22, 1999,
accepted February 25, 1999.)



