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Abstract. We have investigated temporary and irreversible denitrification in the polar
regions. We find that the formation of type I polar stratospheric clouds (PSCs) in
both hemispheres is best described by a supercooled ternary solution model.
Considering the uncertainties in the analysis, our results are also consistent with a ni-
tric acid dihydrate composition for type I PSCs, but not a nitric acid trihydrate com-
position. In the Northern Hemisphere, we observe that an upper limit of 17% of
HNO3 is irreversibly lost each time the temperature of an air mass drops below ~190
K. It seems likely that in order to remove a significant fraction of the HNO3 from an
air mass in the Northern Hemisphere, one must expose it to low temperatures multiple

times.

1. Introduction

In the wintertime polar lower stratosphere, the vast ma-
Jority of total odd nitrogen (NOy = HNO3 + CIONO; +
2xN,05 + NO, + NO + NO3) is 1n the form of nitric acid
HNO;3 [Kawa et al., 1992a]. As the temperature decreases
below ~196 K, the HNOj3 condenses into solid or liquid
particles and is thereby removed from the gas phase. If the
particles formed are large (radius > a few pm), then they
settle to lower altitudes, possibly even out of the strato-
sphere. This process, which permanently removes the
HNOj from the air mass, is generally referred to in the lit-
erature as “denitrification.” In this paper, we will refer to
this process as “irreversible denitrification.” This will al-
low us to draw a distinction with the case where the parti-
cles formed are small (radius < a few pum), and they do not
sediment. When the air parcel warms up, the HNO3 con-
tained in the particles is released back into the gas phase.
We define a new term, “temporary denitrification,” to refer
to this latter process. The processes that regulate HNO3
are important because the abundance of HNOj is generally
thought to be one of the crucial factors that determine the
amount of polar ozone loss during the late winter and early
spring [e.g., Brune et al., 1991; Salawitch et al., 1993].

Previous work has highlighted important aspects of the
microphysical basis of denitrification. It is now believed
that there are two types of polar stratospheric cloud (PSC),
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designated type I and type II. Type I PSCs form at, or a
few degrees below, 196 K, and are further subdivided into
two primary classes. The first, designated type Ia, is a
solid. These particles are likely crystalline nitric acid tri-
hydrate (HNO33H;0), also known as NAT, or crystalline
nitric acid dihydrate (HNO3°2H,0), also known as NAD.
The other, designated type Ib, is thought to be liquid
H,O/HNO3/H;SO4 aerosol, also referred to as supercooled
ternary solution or STS. These type Ib particles are prob-
ably stratospheric sulfate aerosols (composed principally of
H,0 and H,SO4) which have absorbed significant amounts
of HNOj at temperatures below ~196 K (at ~50 hPa) [e.g.,
Carslaw et al., 1997; Tabazadeh et al., 1994).

The relative prevalence of these two types of PSC is
currently unknown, although there is a growing body of
evidence supporting the more frequent occurrence of type Ib
[e.g., Tabazadeh et al., 1994; Drdla et al., 1994; Toon and
Tolbert, 1995; Massie et al., 1997; Dye et al., 1996;
Santee et al., 1998]. Other forms of type I PSCs have
also been suggested, but these are speculative and will not
be considered in this paper.

Measurements of type I PSCs reveal characteristic radii
of a micron or so [Toon et al., 1990]. Such small parti-
cles have small settling velocities and therefore sedimenta-
tion of these particles is negligible (temporary denitrifica-
tion). It is possible, however, that growth of a small
number of type I PSCs could result in larger particles and
subsequent sedimentation [e.g., Drdla and Turco, 1991]
(irreversible denitrification). Because gas phase
[HNO3)/[H,0] = 1073, type I PSC particles contain a small
fraction of the available water vapor, so irreversible denitri-
fication from sedimentation of these particles would not be
accompanied by dehydration. This phenomenon, denitrifi-
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cation without dehydration, has been observed in the Arctic
[Fahey et al., 1990a], although the mechanism through
which it arises is still a matter of debate.

Type II PSCs form at or just below the frost point,
which, for typical lower stratospheric values, is ~189 K.
These clouds are primarily water ice but also contain
HNOj3 [Kawa et al., 1992b]. Type I PSCs are predicted to
have characteristic radii of 5-20 um [e.g., Panegrossi et al.,
1996; Drdla and Turco, 1991], much larger than the type I
PSC particles, and so will almost certainly experience sig-
nificant sedimentation during their lifetimes. The sedimen-
tation of these particles leads to both irreversible denitrifi-
cation and dehydration, as has been observed in the
Antarctic [Fahey et al., 1990a]. For a review of PSCs, see
Peter [1997], World Meteorological Organization [1995,
section 3.3.1], Santee et al. [1998], and references therein.

The removal of gas phase HNO3 (hereinafter HNO3(g))
as the temperature of an air mass drops below ~196 K has
been identified in satellite measurements [Santee et al.,
1995; 1996; 1997]. A shortcoming of these satellite data,
however, is that the HNO3 measurements are sensitive to
HNO3(g) only. As aresult, these data, by themselves, are
unable to determine whether the the denitrification is tem-
porary or irreversible.

The in situ NOy, instrument onboard NASA’s ER-2
high-altitude aircraft is sensitive to both gas and particle
phase HNO3, and therefore can determine if HNO3 has been
permanently removed from an air mass [Fahey et al.,
1989]. Data from this instrument package have identified
irreversible denitrification in both hemispheres.
Irreversible denitrification is prevalent in the southern
hemisphere [e.g., Fahey et al., 1990a], where it is held to
be a factor in the development of the Antarctic “ozone
hole” [e.g., Anderson et al., 1991; Solomon, 1990]. In
the northern hemisphere, irreversible denitrification has
been observed [Kondo et al., 1992; Fahey et al., 1990a;
Hintsa et al., 1998] but appears to be a rarer event.
Unfortunately, the limited coverage of in situ instruments
(in both time and space) makes it difficult to draw quantita-
tive conclusions about the amount of denitrification in the
northern polar region as a whole.

As a result, significant uncertainty concerning denitrifi-
cation still exists. In this paper, we present calculations
using satellite measurements of HNO3(g) abundances and
extinction in combination with trajectory calculations to
observe temporary and irreversible denitrification as air
masses cool and then warm.

2. Data

Measurements utilized in this paper were made by in-
struments onboard the Upper Atmosphere Research
Satellite (UARS) [Dessler et al., 1998]. Measurements of
HNO3 abundances (version 4) were made by the Microwave
Limb Sounder (MLS) at 100, 46, and 22 hPa, with preci-
sions of 2.0, 3.0, and 4.5 ppbv, respectively. Preliminary
comparisons with UARS Cryogenic Limb Array Etalon
Spectrometer (CLAES) HNO3 measurements indicate that
MLS HNOj agrees well at 100 hPa but are usually 0-2
ppbv lower at 46 hPa and 0-4 ppbv higher at 22 hPa.
However, while biases exist, there is good correspondence
in the overall morphology of the HNO3 fields. For more
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information about MLS HNOj; data, see Santee et al.
[1998].

Measurements of aerosol extinction at 780 cm! (12.8
um) were made by the CLAES at 100, 68, 46, and 32 hPa.
We will use version 8 of the data; detailed error analyses
for version 7 of these measurements are presented by
Massie et al. [1996]. Extinction at 780 cm™! is most sen-
sitive to particles with radii of several microns. In this
paper, we will be using the extinction data as a qualitative
indicator of the presence of PSCs in an air mass.

Trajectory calculations are made by the Goddard trajec-
tory model [Schoeberl and Sparling, 1995]. Briefly, given
an initial position of a ‘parcel’ in the atmosphere, the tra-
jectory model uses horizontal wind velocity fields from the
United Kingdom Meteorological Office (UKMO) [e.g.,
Swinbank and O’Neill, 1994] or the National Center for
Environmental Prediction (NCEP) Climate Prediction
Center to calculate the position of this parcel as a function
of time. For computational simplicity, the trajectories are
isentropic — i.e., they conserve their potential tempera-
ture. The errors in predicted position associated with tra-
jectory calculations have been discussed in the literature
[Schoeberl and Sparling, 1995; Morris et al., 1995]. We
use trajectories of several days or less in order to minimize
eITOrS.

Temperature plays a crucial role in this analysis and we
use temperatures from the UKMO and NCEP in this paper.
The uncertainties of these temperature fields are discussed
by Manney et al. [1996].

3. PSC Formation

To study the formation of polar stratospheric clouds
(PSCs) and the associated denitrification, we identify trajec-
tories along which several measurements of HNO5 and ex-
tinction were made. By observing the decrease in HNOjy
and increase in extinction as the temperature of the air par-
cel drops, we gain insight into the composition of the
PSCs.

To find trajectories on which there are several UARS
measurements of HNOj3 and extinction, we adapt the trajec-
tory-mapping technique of Morris et al. [1995], which has
been used successfully to compare noncollocated satellite
measurements [Dessler et al., 1995; Morris et al., 1997].
Briefly, given a set of UARS measurements made over a
range of several days, a parcel is initialized at the location
and time of each measurement and trajectories are run isen-
tropically (either forward or backward) to a common stop-
ping time. Trajectories that are “near” each other at this
stopping time are assumed to have been made in the same
air mass at different times. In this paper, we define “near”
to be 400-km distance and a difference of Ertel’s potential
vorticity of less than 1x10™ m2 K s-1.

This procedure is shown schematically in Figure 1. The
triangles represent measurements made on a certain day,
while the circles represent measurements made during a
subsequent day. Parcels initialized at the location and time
of the measurements are advected to a common stopping
time. From these six measurements, there is one match:
the trajectories originating at the northernmost triangle and
southernmost circle end up near each other. These mea-
surements, made some time apart, are therefore assumed to
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Figure 1. Schematic view of the method used to find
UARS measurements made in the same air mass. The tri-
angles represent measurements made on a certain day, and
the circles represent measurements made on a subsequent
day. Trajectories initialized at the measurement locations
of UARS data are advected to a common stopping time;
the solid lines indicate the paths of the trajectories. The
locations of the parcels at the common stopping time are
compared to find pairs that are “nearby.” The dotted circle
represents the nearness criteria. See text for more discus-
sion.

be in the same air mass and can be compared to each other
to study the evolution of the measured quantity over the
time between the measurements. By including more days
of data, we can find several measurements made over sev-
eral days in the same air mass.

To study PSC formation, UARS data from four consec-
utive days are first interpolated to the 465-K potential tem-
perature surface (~20 km) using UKMO or NCEP tempera-
ture fields. For each UARS measurement that is poleward
of 60° in the hemisphere of interest, a parcel is initialized
at the location and time of the UARS measurement, and
trajectories are run to a common stopping time: midnight
between the middle two days: e.g., if the 4 days being con-
sidered are January 6-9, then the stopping point is
0000UT, January 8.

From these trajectories, we find groups of measurements
made over these 4 days that are in the same air mass. We
take those groups of measurement which include a mea-
surement made on the fourth day (in our example, January
9). For each group, we define the HNO3 abundance on the
fourth day as Mg, The average of the HNO3 abundances
from the first 3 days that were measured at temperatures
above 196 K are defined to be Mjuitia)r Because Mipitial
values are derived from measurements made at temperatures
above 196 K, we expect all of the HNOj3 in the air mass to
be in the gas phase.

We then run the process above for every day between
December 12 and March 28 of the year in question. In
other words, we run the process for the first 4 days,
December 12-15, and obtain the set of Mipjtia1 and Mfipa
values for these 4 days. Then, we increment the starting
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day and run the process for December 13-16, and repeat un-
til the end of March is reached. We then combine all of
the Minitial and Mfina values to obtain one set of Mipitial
and Mg, values for the entire winter.

We first apply this procedure to MLS measurements of
HNOj. Figure 2 shows the difference Mjpitial - Mfinal for
HNO3; measurements plotted against the temperature of the
Mjina) measurement for the Northern Hemisphere winter of
1995-1996. The points in Figure 2 are the individual dif-
ferences, the solid line is an average of these points. The
scatter in the points arises from precision uncertainty of
the measurement, random error in the trajectories, and at-
mospheric variability. It is impossible to determine how
much of the scatter is due to nonatmospheric sources. We
do not, therefore, attempt to interpret the scatter as indica-
tive of any atmospheric processes.

At Mg, temperatures of 196 K and above, the average
difference between HNO3 at Mjpisia) and My, is approxi-
mately zero. This is expected because at these tempera-
tures, NAT and NAD do not form for stratospheric abun-
dances of HNO3 and H;0, and STS particles absorb little
HNO3. Therefore we expect the HNOj at the beginning
and end of the trajectories to be the same. As the Mgpa)
temperatures decrease below 196 K, Figure 2 shows aver-
age Mipitial - MFina) increase, so there is less HNO3(g) at
Mginat than at Mjpitial. BY Mginal temperatures of ~187 K,
virtually all of the HNO3 in an air mass has been incorpo-
rated into solid or liquid particles. The dashed line, the av-
erage HNO3(g) at Mjpjtial, Shows an approximately con-
stant value for Mjjis) HNO3 of ~11 ppbv.

In Figure 3 we plot the ratio of the solid to the dashed
line from Figure 2. This can be thought of as the average
fractional denitrification, i.e., the fraction of HNO3(g) that
has been removed by incorporation into particles. Values
near zero, which occur at temperatures above ~196 K, sug-
gest that none of the HNOj3 has been removed from the gas
phase. Values near 1, which occur at ~187 K, suggest that
removal of HNOj3(g) is essentially complete, with no
HNOj left in the gas phase. Also shown in Figure 3 are
the ratios from the Northern Hemisphere winters of 1991-
1992, 1992-1993, and 1993-1994, as well as the calcula-

AHNO3 (ppbv)
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Temperature at M(final)
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Figure 2. Mjpjtia-Mfina HNOj3 versus temperature of the
air mass at Mgpa1 (dots), Minitiai-Mfinal HNO3 sorted into
2-K Mgjpa-temperature bins and averaged (solid line),
M;pitia) HNOj sorted into 2-K Mg, -temperature bins and
averaged (dashed line). The analysis was run at 465-K po-
tential temperature (~20 km), and between December 12,
1995 and March 28, 1996. Winds and temperatures are
from the UKMO.
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Figure 3. Ratio of average Mipitial-Mfinal HNO3 to aver-
age Mipniiia) HNO3 plotted against the temperature of the air
mass at the Mgp, location (i.e., ratio of solid line to
dashed line in Figure 2). This can be interpreted as the av-
erage fractional HNOj depletion at a given Mgp,) tempera-
ture. Analyses were run at 465-K potential temperature
(~20 km), and between December 12 and March 28 of the
years indicated. Winds and temperatures are from (top) the
UKMO and (bottom) the NCEP.

tions made using the NCEP winds and temperatures. In
general, the UKMO- and NCEP-based analyses agree well.

All four of the winters show the same general pattern:
no denitrification above 196 K, with denitrification increas-
ing as the Mg, temperature drops below 196 K. The
analysis also shows a significant interannual variability.
In the early years (1991-1992, 1992-1993), there is more
denitrification at a given temperature than in later years
(1993-1994, 1995-1996). This is discussed further below.

This analysis shows only that HNO3 is removed from
the gas phase. There is no information about whether the
denitrification is temporary or irreversible. In other words,
this analysis does not tell us if the HNO3 will be returned
to the gas phase when the air mass warms up (temporary
denitrification) or if the particles have sedimented and per-
manently removed the HNOj (denitrification). This issue
will be addressed in the second half of this paper.

We also have applied the same procedure to CLAES
measurements of 780 cm! extinction along the trajectory.
Figure 4 shows the results for the northern hemisphere
winter of 1991-1992 at 465-K potential temperature. The
points are individual measurements of Mfina1 - Minitial Plot-
ted against the temperature of the Mg, measurement (note
that in Figure 2, it was Mipitial - Mfinal); the solid line is
an average of these points. The dashed line is an average
of Mipitia1 @s a function of the air parcel temperature at
Mfina1- Note that the MLS and CLAES instruments make
collocated measurements. Therefore individual points in
Figure 4 correspond to those in Figure 2.

For Mg, temperatures above ~196 K there is no differ-
ence between extinction at Mjpitia1 and Mfiq,), indicating no
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Figure 4. Miginal - Minitial extinction (at 780 cm™!) ver-
sus temperature of the air mass at Mfi,a) (dots), Mipa) -
Mipitial €xtinction (at 780 cm™!) sorted into 2-K M) bins
and averaged (solid line), and Mjyjtia) €xtinction sorted into
2-K M1 bins and averaged (dashed line). The analysis

‘\:va:; I'l‘l;lm;{ Zgg-Iz.i;.o;e:'r;t-i;lrtgxﬁ;');ature (~20 lgfﬁ), and be-
tween December 12, 1991 and March 28, 1992. Winds and

temperatures are from the UKMO.

growth of PSCs at these temperatures. Below ~196 K, the
difference in extinction between the Mjyjtia1 and Mg, mea-
surements increases as the temperature decreases, indicating
an increase in the size and/or number of particles. Such a
change is consistent with the growth of the particles by in-
corporation of HNOj (Figure 2). The behavior of these
two geophysical parameters agrees with our present under-
standing of the thermodynamics of PSCs, and their consis-
tency strongly suggests that we are in fact observing the
growth of PSCs. While we have not attempted it in this
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Figure 5. Mga1 - Minitial €xtinction (at 780 cm'l) sorted
into 2-K Mpna1 bins and averaged. The analyses were run
at 465-K potential temperature (~20 km). Northern
Hemisphere cases were run between December 12 and
March 28 of the years indicated, the Southern Hemisphere
case was run between June 12 and June 30, 1992. Winds
and temperatures are from (top) the UKMO and (bottom)
the NCEP.

196
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paper, it is possible that a comparison between extinction
calculations using assumed particle parameters and these
extinction measurements could provide additional informa-
tion about the composition of the particles.

In Figure 5 we plot the average difference between the
extinction at Mijnjtia) and Mgipa) (i-e., the solid line from
Figure 4) for both winters in which the CLAES observed
the Northern Hemisphere. The behavior of the two winters
is generally similar, with both winters showing a rapid rise
in extinction as the My, temperature dropped below
about 194 K.

Also shown is a similar calculation for the Southern
Hemisphere winter of 1992. At the same temperature, the
increase in extinction from Mjpjtial t0 Mfinal tends to be
smaller in the Southern Hemisphere than the Northern
Hemisphere. The reasons for this hemispheric difference
are not known. One unexpected feature is the slight de-
crease in extinction as temperatures decrease from 196 to
192 K in the NCEP analysis. Because it does not also oc-
cur in the UKMO analysis, we believe this feature is likely
due to errors in the NCEP Antarctic winds.

We plot in Figure 6 the observed temperature dependence
of the denitrification from three different STS models, a
NAD model, and a NAT model at 465 K (the NAT and
NAD parameterizations are from Del Negro et al. [1997],
which is based on the work of Hanson and Mauersberger
[1988], and Worsnop et al. [1993], the STS parameteriza-
tion is from Carslaw et al. [1995]). NAT becomes ther-
modynamically stable and begins to form around 196 K
(for HNOj3 of 12 ppbv and H,0 of 4.5 ppmv). Virtually
all of the HNO3 has been removed from the gas phase by
~192 K. The shape of the NAD curve is similar to the
NAT curve, but offset by ~2-3 K; i.e., NAD starts forming
at around 194 K, and virtually all of the HNOj3 is incorpo-
rated into particles by ~189 K.

There are three STS models in Figure 6, with the
amount of HpSO4 varying between the models. The back-
ground STS model uses H,SO4 of 0.2 ppbv, correspond-
ing to nonvolcanic abundances of stratospheric sulfate
[Weisenstein et al., 1997, Figure 1b]. The volcanic STS
model uses H,SO4 of 1.5 ppbv, corresponding to a moder-
ate volcanically perturbed environment. The super-volcanic
STS model uses HySO4 of 4.5 ppbv, corresponding to a
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5 0.6 “\ "‘ T
s | ' :
g 04 volcanic : voloar
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background
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188 192 196 200

Temperature (K)

Figure 6. Plot of the fraction of total HNOj3 incorpo-
rated into particles for several particle types as a function
of temperature. This quantity is comparable to that plotted
in Figure 3. Pressure is set at each temperature in order to
maintain the potential temperature at 465 K.
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Figure 7. Comparison of observed depletion of HNO3
from Figure 3 (gray lines) and the model depletion from
Figure 6 (black lines: solid, STS; dashed, NAD; dotted,
NAT).

heavily perturbed environment (D. K. Weisenstein, per-
sonal communication, 1998). HNOj; and H,O are the
same as for the NAT and NAD models. At a given tem-
perature, all three STS models show less denitrification
than the NAT or NAD models. The STS models show the
denitrification starts between 191 and 195 K, with increas-
ing H,SO4 abundances correlated with increasing denitrifi-
cation.

Using a Monte Carlo analysis, we determine the uncer-
tainty in the model curves due to uncertainty in the as-
sumptions of HNOj3, H,O, and H,SO4 to be +1 K (10)
along the x axis (this means that changes in the inputs to
the model could shift the curve by as much as +1 K along
the x axis). The uncertainty in the model curves due to er-
rors in the parameterization of pyNo3 (the vapor pressure
of HNO3 above these particles) is estimated to be £50%
for STS [Carslaw et al., 1997, section 6], and +35% and
65% for NAT and NAD, respectively [Del Negro et al.,
1997]. This translates into an additional uncertainty in the
model curves of ~+1.5 K along the x axis. Combining
these errors, we estimate the total uncertainty in the model
curves to be ~+2 K.

Figure 7 shows a comparison of observed denitrification
from Figure 3 and the models from Figure 6. In general,
the observations show a more gradual increase in denitrifi-
cation with decreasing temperature than the models predict.
This behavior is likely at least partially due to the rather
large atmospheric volume from which the measurement is
averaged: several hundred kilometers by ~10 km in the hor-
izontal, and ~5 km in the vertical. Temperature inhomo-
geneities in the volume would tend to smear out any sharp
edges in the temperature dependence of the observed denitri-
fication.

The observations fall between the NAD and STS lines,
and far away from the NAT curves. When assessing this
comparison, it is crucial to recognize that both UKMO and
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NCEP temperature fields, from which the temperatures in
this analysis are determined, have warm biases.
Comparisons with radiosonde measurements show that
Northern Hemisphere UKMO temperatures are warm biased
by 1-4 K for temperatures below 200 K, while the NCEP
temperatures are waiin biased by 0.5-2 K. [Manney et al.,
1996, Table 1]. Taking these biases into account would
shift the observations to the left (i.e., to lower tempera-
tures), generally improving agreement between the obser-
vations and the STS models and worsening the agreement
with the NAT and NAD models.

We conclude that the STS model best describes these
Northern Hemisphere observations. Other analyses [e.g.,
Drdla et al., 1994; Toon and Tolbert, 1995; Massie et al.,
1997; Dye et al., 1996; Santee et al., 1998], utilizing dif-
ferent methodologies, have also come to this conclusion.
Taking the various sources of uncertainty into account, we
cannot, however, rule out NAD as a possible form.
Because of the poor agreement between the NAT model and
the observations, we believe that our analysis provides no
evidence in support of NAT as an important component of
type I PSCs.

There are several caveats to these conclusions. First,
our analysis is an average over the entire winter/early
spring time period. Santee et al. [1998] argue that in the
Southern Hemisphere, STS is more important early in the
winter, and NAD becomes more important later. Because
of our need to average many observations of HNOj3, we
cannot address questions about the relative importance of
the various PSC forms as a function of time during the
winter. Second, the vertical resolution of the measurement
is ~5 km for version 4 MLS HNOj3, and so we have no in-
formation about the distribution of HNOj3 within the mea-
surement volume. As a result, we cannot distinguish a
slight uniform decrease of HNO3 over the entire vertical
extent of the measurement from a massive decrease of
HNOj over a thin layer. Consequently, our results must
be considered suggestive of the importance of STS, but not
conclusive.

The eruption of Mount Pinatubo significantly increased
the abundance of stratospheric H,SO,4 immediately follow-
ing the eruption in mid 1991 [Bluth et al., 1992;
McCormick and Veiga, 1992]. The lifetime of such a per-
turbation is 1-2 years [McCormick et al., 1995], so we ex-
pect the abundance of stratospheric H,SO4 to be decreasing
significantly during the time period spanned by Figure 3
(1991-1996). From Figure 6 we see that STS particles
take up HNO3; more efficiently at a given temperature
when H,SOy is high. Figure 3 shows that, at a given
temperature, denitrification was greater in 1991-1992 and
1992-1993 than in later years, consistent with higher
H;S0O4 abundances during the early years. We conclude,
therefore, that the interannual variability observed is con-
sistent with our identification of STS as the dominant
form of type I PSC.

Figure 8 shows a plot similar to Figure 7, but for the
Antarctic winters of 1992, 1993, and 1994. It should be
noted that the requirement that the My measurements be
made at 7> 196 K limits the Antarctic observation period
to between late May and late June. After that, the vortex
temperatures are rarely above 196 K. Given similar model-
curve uncertainties and similar warm biases for the temper-
atures [Manney et al., 1996, Table 2], we conclude again
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Figure 8. Ratio of average Mipitial-Mfinal HNOj3 to aver-
age Mipnitial HNO3 plotted against the temperature of the air
mass at the M, location for the Southern Hemisphere.
Analyses were run at 465-K potential temperature (~20
km), and between June 12 and June 30, 1992, and May 20
and June 30 of 1993 and 1994. Winds and temperatures are
from (top) the UKMO and (bottom) the NCEP.

that the STS model best describes the observations.
Owing to uncertainty in our analysis, we cannot rule out
NAD as a possible form for type I PSCs. Our analysis
provides no evidence to support NAT as a possible form
for type I PSCs.

The observations of denitrification in the Southern
Hemisphere are similar to those in the Northern
Hemisphere shown in Figure 3. This suggests that the
vapor pressure of HNOj over the particles (and therefore
the composition of the particles) in the two hemispheres is
similar. The interannual variability of the observations is
also consistent with the enhanced sulfate loading caused by
the eruption of Mount Pinatubo, with the 1992 observa-
tions showing higher levels of denitrification than other
years. Finally, agreement between the UKMO and NCEP
analyses is good.

4, Irreversible Denitrification

The analysis in the last section showed that as the tem-
perature of an air parcel is lowered below ~196 K, HNOj is
removed from the gas phase. The analysis did not tell us,
however, if the denitrification was temporary or irre-
versible. We address this issue in this section.

To study irreversible denitrification, we identify mea-
surements made in the same air mass several days apart, all
at temperatures above 196 K. We then find those air tra-
jectories that experienced low temperatures in the interven-
ing time. By comparing the HNOj3 abundance before and
after the cold event, we can determine if any irreversible
denitrification occurred.

To do this, UARS data from an initial day are interpo-
lated to the 465-K potential temperature surface (~20 km)



DESSLER ET AL.: SATELLITE OBSERVATIONS OF DENITRIFICATION

— T T T T T 1
188 192 196
Minimum Temperature (K)

Figure 9. Mj,itial-Mfinal HNO3 versus minimum tem-
perature of the air mass during the trajectory (dots), and
Mipitial-Mfinal HNO3 sorted into 2-K minimum-temperature
bins and averaged (solid line). The analysis was run at
465-K potential temperature (~20 km), and between
December 12, 1995 and March 28, 1996. Winds and tem-
peratures are from the UKMO. Negative values imply ni-
trification, where HNOj increases along the trajectory.

and advected forward using the trajectory model to 0000UT
of the fourth day following. For example, if the initial day
is January 9, then the measurements are advected to mid-
night between January 12 and January 13 (0000UT January
13). UARS data from the four days following this stop-
ping time (in this case, January 13-16) are advected back-
ward to this same stopping time. In all cases, only UARS
measurements made at temperatures above 196 K and lati-
tudes poleward of 60° are used, on the basis of the assump-
tion that such air will be PSC-free and all of the parcels’
HNOj3 will be in the gas phase. As in the previous sec-
tion, we assume that trajectories that are “near” each other
at the common stopping time indicate that the measure-
ments associated with these parcels were made in the same
air mass. We use the same criteria for “near” as in the pre-
vious analysis.

We define the measurements made on the initial day (in
our example, January 9) as Mjpisia). For each Mjpisia) value,
we isolate those measurements from the later four days
(January 13-16) that are in the same air mass as the Mjp;tial
value and define the average of these data as Mgy).

We now investigate the change in HNO3 abundance dur-
ing the trajectory. Figure 9 shows Mipitial - Mfinal HNO3
abundance plotted against the minimum temperature along
the trajectory for individual trajectories (dots), as well as an
average line. Most of the HNOj that is taken up by the
PSCs (as shown in Figure 3) is returned to the gas phase
when the air mass warms up.

Figure 10 shows the average line from Figure 9 as well
as the lines from other years, and lines calculated using the
NCEP winds and temperatures. If we assume that irre-
versible denitrification does not occur on trajectories that
do not reach minimum temperatures below 196 K, then the
scatter at these temperatures provides an estimate of the
uncertainty of this method to be ~+0.5 ppbv.

In general, Mjyjtial - Mfina) HNOj is less than our esti-
mate of the total error (0.5 ppbv) for minimum tempera-
tures above 190 K, suggesting little, if any, irreversible
denitrification occurring at these temperatures. At mini-
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mum temperatures below 190 K, Misjtia) - Mfina) HNO;
increases to 0.5 to 2 ppbv. This difference is larger than
our estimate of total error, suggesting that some irre-
versible denitrification is occurring at these low tempera-
tures. It should be noted that this irreversible denitrifica-
tion is statistically significant: the standard error of the
mean at these temperatures is ~0.5 ppbv.

Figure 10 shows 0.5 to 2 ppbv of irreversible denitrifi-
cation occurring every time the minimum temperature of a
Northern Hemispheric air mass drops below 190 K. Given
HNO3 abundances of ~12 ppbv, this corresponds to irre-
versible denitrification of 4-17% of HNOj3. Note that dis-
agreements between the UKMO- and NCEP-based analy-
ses, as well as large year-to-year variability, make the total
uncertainty of our estimate significant. In light of this, we
believe it is most appropriate to conclude that our analysis
suggests an upper limit of irreversible denitrification to be
17% per cold event (where a “cold event” is one in which
the air mass temperature drops below 190 K), but could
also be consistent with no irreversible denitrification. It
should also be remembered that this value is an average for
the entire winter. Our analysis sheds no light on the dis-
tribution of irreversible denitrification amounts of the indi-
vidual trajectories that make up the average.

What is not seen in Figure 10 is as important as what is
seen. We see no evidence that a single exposure to low
temperatures will irreversibly remove a significant fraction
of the HNO; from an air mass, even at temperatures close
to the frost point. Consequently, our analysis suggests
that in order to remove a significant fraction of the HNOj
from an air mass in the Northern Hemisphere, one must
expose it to cold temperatures several times.

In order to conclude that the change in HNO3 abundance
seen below 190 K represents irreversible denitrification, we
have to assume that all of the HNOs is in the gas phase at
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Figure 10. Average Mipitial- Mina1 HNOj plotted against
the minimum temperature along the trajectory. Analyses
were run at 465-K potential temperature (~20 km), and be-
tween December 12 and March 28 of the years indicated.
Winds and temperatures are from (top) the UKMO and
(bottom) the NCEP.
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Figure 11. Average Mfina) - Minitial €Xtinction (at 780
cm'!) plotted against minimum temperature along the tra-
jectory. Analyses were run at 465-K potential temperature
(~20 km), and between December 12 and March 28 of the
years indicated. Winds and temperatures are from (top) the
UKMO and (bottom) the NCEP. The scale of the y axis is
set to be the same as in Figure 5 in order to highlight the
differences between them.

both the Mipitial and Mfina points. If this were not true,
then a deficit in HNO3 at Mgy, could also be explained by
the fact that some of the HNO3 was still tied up in small
particles that have not evaporated yet. To address this, in
Figure 11 we perform the same analysis as in Figure 10,
but using extinction measured by the CLAES.
Comparison with Figure 5 shows that the enhanced extinc-
tion observed at low temperatures disappears when the par-
cel warms up. We conclude that there is no evidence to
support the idea that any HNOj is tied up in particles at
Minal, and therefore the decrease in HNO3 between the
Mipitia1 and Mgpq) locations represents irreversible denitrifi-
cation.

The method of quantifying irreversible denitrification
that we use in this paper requires Mipjtia} and Mgpa) mea-
surements to occur at temperatures greater than 196 K and
within 7 days of each other. This requirement constrains
the events that we can observe: air parcels that experience
temperatures below 196 K for longer periods cannot be
considered by this method and are therefore not included in
Figures 9 through 11. Trajectories initialized in the vortex
and run for the entire winter indicate that about 10-15% of
the trajectories whose temperatures drop below 196 K will
maintain temperatures below 196 K for longer than 7 days.
It is possible that these trajectories are experiencing signif-
icant irreversible denitrification; our analysis sheds no light
on this. However, we can say that these trajectories spend
much of their time just below the 196-K threshold. Only
about 1% of the trajectories that drop below 194 K will
maintain temperatures below 194 K for longer than 7 days.
More research on these persistently cold trajectories is
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needed to positively determine their contribution to the
NOy, budget of the polar vortex.

Another result of our 7-day constraint is that we have no
observations of irreversible denitrification for the Southern
Hemisphere. Because the temperature in the Southern
Hemisphere polar vortex is rapidly dropping over this time
period, once the temperature of an air parcel drops below
~196 K, the temperature tends to stay below 196 K for
more than 7 days. Therefore our method finds few
Southern Hemisphere vortex trajectories where both ends
of the trajectory are at temperatures above 196 K. As a re-
sult, we show no observations of irreversible denitrifica-
tion in the Southern Hemisphere.

Virtually all previous analyses of irreversible denitrifica-
tion have used a “conservative coordinate” approach [e.g.,
Fahey et al., 1990b; Rinsland et al., 1999; Sugita et al.,
1998; Hintsa et al., 1998]. This method relies on measur-
ing NOy, changes relative to a constituent that is considered
conserved, usually N,O. Any decrease in NOy relative to a
reference NOy-N,O correlation is attributed to irreversible
denitrification. Rinsland et al. [1999] use Atmospheric
Trace Molecule Spectroscopy (ATMOS) data to estimate
that irreversible denitrification in the northern hemisphere
removed 5x2 ppbv (~30%) of NOy at ~470 K in the polar
region in 1993. Sugita et al. [1998] estimate that irre-
versible denitrification in the northern hemisphere removed
~70% of the NOy at 19.5 km (close to the 465-K level in-
vestigated in this paper) in the polar air mass that their bal-
loon flew through.

There are, however, difficulties associated with this ap-
proach. Foremost is separating changes in the correlation
caused by mixing in of air from midlatitudes [e.g., Strahan
et al., 1996] from changes due to irreversible denitrifica-
tion. Using similar data sets, Michelsen et al. [1998],
Kondo et al. [1999], and M. Rex et al. (Subsidence, mix-
ing and denitrification of Arctic polar vortex air measured
during POLARIS, submitted to Journal of Geophysical
Research, 1999) argue that most of the apparent denitrifica-
tion of the Rinsland et al. [1999] and Sugita et al. [1998]
papers can be attributed to the combination of descent in
the polar vortex and mixing into the vortex of midlatitude
air.

Other analyses, emphasizing regions with N,O abun-
dances > 100 ppbv, suggest irreversible denitrification is
occurring in the north. Hintsa et al. [1998] showed evi-
dence of irreversible denitrification of >50% occurring over
a ~1-km-thick layer in 1996. Fahey et al. [1990a] also
show significant irreversible denitrification in February
1989. Based on this, it seems that irreversible denitrifica-
tion does occur, but with significant interannual variabil-
ity. Finally, this conservative-coordinate approach only
determines the integrated loss in an air parcel between the
time the reference correlation is obtained and the subse-
quent measurements. Our analysis suggests that the aver-
age irreversible denitrification during a single exposure to
cold temperatures is small, less than 17%. Significant
denitrification could occur, however, from multiple expo-
sures to temperatures near the frost point.

5. Conclusions

We have presented measurements of temporary and irre-
versible denitrification. Averaging observations over an



DESSLER ET AL.: SATELLITE OBSERVATIONS OF DENITRIFICATION

entire winter period, we find that our observations of the
uptake of HNOj3 by particles in both hemispheres are best
described by a supercooled ternary solution (STS) model.
Considering the uncertainties in the analysis, our results
are also consistent with a nitric acid dihydrate (NAD) com-
position for type I PSCs, but not a nitric acid trihydrate
(NAT) composition. The similarity of the temperature de-
pendence of the denitrification between the two hemi-
spheres suggests that the composition of the type I PSCs
is at least approximately the same in the northern and
southern polar vortices.

We observe irreversible denitrification in the Northern
Hemisphere of as much as 17% of the HNO3 occurs each
time the temperature of the trajectory drops below 190 K.
Due to uncertainties in our analysis, this figure must be
considered an upper limit. Finally, while difficult to com-
pare, our work is not inconsistent with previous observa-
tions of irreversible denitrification. Occurrences of large
denitrification could be caused by multiple exposures to
temperatures near the frost point.
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