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Abstract. POAM III data show unusually large increases 
in stratospheric NO2 throughout the late winter and spring 
at high southern latitudes during 2000. Using HALOE CH4 
data as a tracer of vertical descent, we conclude that excess 
NOx was created by particle impacts in the upper atmo- 
sphere and descended in the polar vortex during the winter. 
We speculate that these NOx enhancements were due to 
the solar proton event that occurred on 14-15 July 2000, 
and show that they caused reductions of up to -•45% in 
middle stratospheric ozone mixing ratios. Comparison of 
HALOE and POAM data in 2000 to data from 1991-1999 

suggests that the 2000 NO• enhancements were the largest 
ever documented by satellite in the southern hemisphere 
middle stratosphere. Also, based on H20 data, we conclude 
that NO•-enriched air observed in the south polar vortex 
from 1991-1999 originated in the mesosphere, not the ther- 
mosphere as is often assumed. 

Introduction 

It has long been suggested that NO• (NO+NO2) created 
in the mesosphere or thermosphere via energetic particle 
impacts can descend in the polar night to the stratosphere 
[e.g., Solomon et al., 1982]. In recent years, satellite obser- 
vations have shown that this is a fairly regular occurrence 
in the southern hemisphere (SH) polar stratospheric vortex 
during late winter and spring [Callis et al., 1996; Rinsland 
et al., 1996; Randall et al., 1998; Siskind et al., 2000 (here- 
after referred to as R98 and S00, respectively)]. The Po- 
lar Ozone and Aerosol Measurement (POAM) instrument is 
ideally suited for studying this phenomenon, since it makes 
measurements of NO2 in the SH polar vortex throughout the 
austral winter and spring. In this paper we use POAM and 
Halogen Occultation Experiment (HALOE) data to show 
that in 2000, the annual NO2 enhancement was at its high- 
est level since U ARS was launched. This was most likely 
because of a solar proton event (SPE) that occurred in July 
and created additional NO• at or above the stratopause. 

POAM and HALOE are both solar occultation instru- 

ments, making -•15 measurements around a circle of nearly 
constant latitude on each day in each hemisphere. HALOE 
covers latitudes from ,.WSøS to 75øN in ,.•40 days, whereas 
POAM measurements are made from 55-72øN and 63-88øS. 
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In this analysis we use version 6.0 POAM II data [R98], ver- 
sion 3.0 POAM III data [Lucke et al., 1999; Randall et al., 
2001], and version 19 HALOE data (http://haloedata.larc 
.nasa.gov/). POAM SH measurements occur at local sun- 
set (ss) from mid-September through mid-March, and at 
local sunrise (st) from mid-March through mid-September. 
HALOE measurements are made at high southern latitudes 
in the late winter and early spring at both local sr and ss 
(each at different times for roughly 10-day periods). How- 
ever, to avoid complications from the diurnal sequestration 
of NOx in the N•O5 reservoir, we primarily use data ac- 
quired at local ss. 

Results 

Analysis of POAM III data follows the procedures in R98. 
Figure i shows the POAM III daily average NO2 mixing ra- 
tios at 850 K (-•28 kin) inside the inner edge of the SH vortex 
(in-V), as defined by Nash et al. [1996]. All data with po- 
tential sunspot or aerosol artifacts were omitted [Randall et 
al., 2001]. NO2 in 2000 reached values two to three times 
higher than in 1998 or 1999. The POAM III data are also 
compared to POAM II data in 1994. R98 showed that due 
to creation of NO• in the upper atmosphere, and subsequent 
descent to the stratosphere, in-V NO2 in 1994 was signifi- 
cantly higher than in 1995-1996. Figure i indicates that 
at its maximum, the NO2 observed in 2000 exceeds that in 
1994 by about 50%. 

Figure 2 compares two-week average NO2 profiles for all 
in-V points from 1998-2000 and 1994. In all time periods, 
the NO2 in 1998 and 1999 is lower than in 2000. By early 
September, NO2 above 900 K in 2000 is more than a factor of 
two higher than in 1998 and 1999. NO2 enhancements were 
observed in the middle stratosphere in 1994 earlier than in 
2000, so NO2 in 2000 is generally lower than in 1994 in Au- 
gust and early September. By the end of September, how- 
ever, NO2 from ,.W00-1100 K increased to levels exceeding 
those in 1994, and remained higher than in 1994 throughout 
October. Peak NO2 in 2000 is about 40-50% higher than in 
1994. 

Clearly, in-V NO2 was significantly higher at POAM lat- 
itudes in 2000 than in any other year during which POAM 
measurements have been made (late 1993-1996, 1998-2000). 
Two mechanisms which can result in the larger 2000 NO2 
enhancements are mixing of NO•-rich air from lower lati- 
tudes, and descent of NO•-rich air from higher altitudes. 
To separate these two effects, we have examined HALOE 
measurements of CH4. In the wintertime polar stratosphere, 
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Figure 1. In-V POAM III NO2 at 850 K, 1998-2000. The 
POAM III data are compared to POAM II data from 1994, which 
has been scaled up by a factor of 1.15 to account for the low bias 
in POAM II NO2 measurements (relative to HALOE [R98]). 

CH4 mixing ratios less than --•0.3 ppmv indicate the pres- 
ence of air from above the stratopause. This characteristic 
has been used previously to confirm the descent of NOx- 
rich air to the stratosphere [e.g., Callis et al., 1996; S00]. 
We plot HALOE measurements at latitudes from 50-62øS 
in early September, 2000 in Figure 3. At this time, NOx 
measured by HALOE at 1000 K (--•33 km) increased dra- 
matically in the vortex, where low values of CH4 indicate 
the descent of NOx-enriched air from the mesosphere; in- 
creases in NO2 are also apparent. The HALOE measure- 
ments cannot be directly compared to the POAM data since 
POAM was at latitudes between 82øS and 87øS at this time, 
and a significant latitudinal gradient in NO2 exists because 
of different solar exposure. Nevertheless, since the POAM 
equivalent latitudes were between about 60øS and 90øS in 
early September, we conclude from Figure 3 that the air in 
which POAM observed the NOV. enhancements descended 

inside the vortex from above the stratopause. In the ab- 
sence of NO• enhancements due to the impact of energetic 
particles in the upper atmosphere, NO• and NOv. are gener- 
ally lower in the mesosphere than in the middle and upper 
stratosphere. That descent of air in the stratospheric polar 
vortex results in increasing NOV. implies a particle-induced 
source. 

Interest in transport of enhanced NO• to the stratosphere 
lies primarily in the fact that the main loss mechanism of O3 
in the middle stratosphere is the NO• catalytic cycle. Figure 
4 shows that in early to mid September, in-V O3 at 1000 K 
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Figure 2. Two-week average in-V NOV. profiles during 1994 
(POAM II, scaled by a factor of 1.15) and 1998-2000 (POAM 
III) 
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Figure 3. HALOE sunset CH4, NOx, and NOV. at 1000 K from 
September 4-13, 2000, vs. Equivalent Latitude [Butchart and 
Remsberg, 1986]. HALOE was measuring at geographic latitudes 
between 50øS and 62øS at this time. The average inner edge of 
the Nash vortex is indicated by the vertical line (•55øS). 

reached values near 2.2 ppmv in 2000, compared to 4 ppmv 
in 1999. This suggests that the NO• enhancements in 2000 
caused a reduction of about 40-45% in O3 mixing ratios. 
The situation changes at lower altitudes. For instance, O3 
at 700 K (24 km) in early October of 2000 is larger than in 
1999 by about 12%, even though NOV. at this altitude and 
time is about twice as high in 2000. This may be due to 
interference with the C10 or BrO ozone loss cycles in 2000 
because of the excess NOV. [e.g., Jackman et al., 2000a], but 
this hypothesis requires more study. 

HALOE data allow late winter/early spring NO• en- 
hancements to be examined back to 1991. However, in- 
terannual comparisons using HALOE data are complicated 
by a number of issues. First, the HALOE latitude coverage 
varies from year to year. HALOE ss measurements occurred 
at high southern latitudes in late October of 1991, and have 
gradually progressed such that in 2000 they occurred in early 
September. At the same time, the most poleward latitude 
sampled progressed from --•80øS in 1991 to--•62øS in 2000. 
Second, the timing of the production of NO• in the upper 
atmosphere by energetic particle impacts, as well as descent 
rates in the polar region can vary from year to year, chang- 
ing the altitude at which the NO• enhancements will ap- 
pear at any given time during the year. Thus, seasonal, 
latitudinal and altitude variations in NOx (e.g., variations 
in NO•/NO•) must be considered. Figure 5a shows profiles 
of NO• measured by HALOE at high southern latitudes for 
the time periods and average latitudes indicated, including 
only in-V measurements. This figure strongly suggests a 
larger enhancement in 2000 than in all other years, but be- 
cause of the complications listed above, it is not definitive. 
S00 showed that from 1991-1996, the maximum column en- 
hancements in in-V NO• occurred in 1991. Fortuitously, 
the POAM measurements in late October of 2000 occurred 

at approximately the same latitudes as the HALOE mea- 
surements made in late October of 1991. The in-V POAM 

NOV. concentrations in late October of 2000 are significantly 
higher than the 1991 HALOE data above 22 km, with peak 
differences of about 30% at 25 km. 

Discussion 

The results above show that the NOV. enhancements ob- 

served by POAM in 2000 were caused by the descent of 
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launch of UARS in 1991. It is likely that the NOx enhance- 
ments observed in the 2000 SH polar vortex were the largest 
since the very large SPE in August of 1972 [Jackman et 
al., 2000a]. The only other stronger SPE that has occurred 
since 1972 was in October of 1989 [Jackman et al., 2000b], 
so it would not have affected the SH vortex. We have used 

H20 to investigate the altitude of the source region for SH 
stratospheric NOx enhancements observed by satellite. We 
conclude that in every year since 1991, NO• enhancements 
observed in the SH polar vortex resulted from mesospheric 
NO• production. 

Acknowledgments. We thank C. Jackman, D. Rusch 
and M. Schoeberl for useful discussions, and A. Kochenash for 
calculating equivalent latitudes. POAM data are available at the 
NASA Langley Research Center EOSDIS DAAC. This work was 
supported by NASA ACMAP grant NAG1-2187 and the NASA 
data buy program. 

References 

Bacmeister, J.T., M.R. Schoeberl, M.E. Summers, J.R. Rosenfield 
and X. Zhu, Descent of long-lived trace gases in the winter 
polar vortex, J. Geophys. Res. 100, 11,669-11,684, 1995. 

Butchart, N., and E.E. Remsberg, The area of the stratospheric 
polar vortex as a diagnostic for tracer transport on an isen- 
tropic surface, J. Atmos. Sci., 43, 1319-1339, 1986. 

Callis, L.B., D.N. Baker, M. Natarajan, J.B. Blake, R.A. 
Mewaldt, R.S. Selesnick, and J.R. Cummings, A 2-D 
model simulation of downward transport of NO N into the 
stratosphere: Effects on the 1994 austral spring Oa and 
NOy,Geophys. Res. Lett. 23, 1905-1908, 1996. 

Callis, L.B., Odd nitrogen formed by energetic electron precipita- 
tion as calculated from TIROS data, Geophys. Res. Lett. 24, 
3237-3240, 1997. 

Callis, L.B., M. Natarajan, D.S. Evans, and J.D. Lambeth, So- 
lar atmospheric coupling by electrons (SOLACE) 1. Effects of 
the May 12, 1997 solar event on the middle atmosphere, J. 
Geophys. Res. 103, 28,405-28,419, 1998. 

Codrescu, M. V., T.J. Fuller-Rowell, R.G. Roble, and D.S. Evans, 
Medium energy particle precipitation influences on the meso- 
sphere and lower thermosphere, J. Geophys. Res., 102, 19,977- 
19,987, 1997. 

Jackman, C.H., E.L. Fleming, and F.M. Vitt, Influence of ex- 
tremely large solar proton events in a changing stratosphere, 
J. Geophys. Res., 105, 11,659-11,670, 2000a. 

Jackman, C.H., et al., Measurements and model predictions of 
the atmospheric effects due to the July 2000 solar proton event, 
submitted to Geophys. Res. Lett., 2000b. 

Kawamoto, N. and M. Shiotani, Interannual variability of the 
vertical descent rate in the Antarctic vortex, J. Geophys. Res., 
105, 11,935-11,946, 2000. 

Lucke, R.L., et al., The Polar Ozone and Aerosol Measurement 
(POAM III) Instrument and Early Validation Results, J. Geo- 
phys. Res., 104, 18,785-18,799, 1999. 

Nash, E.R., P.A. Newman, J.E. Rosenfield and M.R. Schoeberl, 
An objective determination of the polar vortex using Ertel's 
potential vorticity, J. Geophys. Res., 101, 9471-9478, 1996. 

Randall, C.E., D.W. Rusch, R.M. Bevilacqua, K.W. Hoppel, and 
J.D. Lumpe, POAM II stratospheric NO2, 1993-1996, J. Geo- 
phys. Res., 103, 28,361-28,371, 1998. 

Randall, C.E., R.M. Bevilacqua, J.D. Lumpe, K.W. Hoppel, 
D.W. Rusch, and E.P. Shettle, Validation of POAM III NO2, 
submitted to J. Geophys. Res., 2001. 

Rinsland, C.P., et al., ATMOS measurements of H20+2 CH4 
and total reactive nitrogen in the November 1994 Antarctic 
stratosphere: Dehydration and denitrification in the vortex, 
Geophys. Res. Lett., 23, 2397-2400, 1996. 

Russell, J.M. III, S. Solomon, L.L. Gordley, E.E. Remsberg, and 
L.B. Callis, The variability of stratospheric and mesospheric 
NO2 in the polar winter night observed by LIMS, J. Geophys. 
Res., 89, 7267-7275, 1984. 

Siskind, D.E., G.E. Nedoluha, C.E. Randall, M. Fromm, and 
J.M. Russell III, An assessment of southern hemisphere strato- 
spheric NOx enhancements due to transport from the upper 
atmosphere, Geophys. Res. Lett., œ7, 329-332, 2000. 

Solomon, S., P.J. Crutzen, and R.G. Roble, Photochemical cou- 
pling between the thermosphere and the lower atmosphere, 1, 
Odd nitrogen from 50 to 120 km, J. Geophys. Res., 87, 7206- 
7220, 1982. 

Summers, M.E., D.E. Siskind, J.T. Bacmeister, R.R. Conway, 
S.E. Zasadil, and D.F. Strobel, Seasonal variation of middle 
atmospheric CH4 and H20 with a new chemical-dynamical 
model, J. Geophys. Res., 102, 3503-3526, 1997. 

C.E. Randall, Laboratory for Atmospheric and Space Physics, 
University of Colorado, Boulder, CO 80309-0392. (e-mail: 
Cora. Randall@lasp.colorado.edu) 

D.E. Siskind and R.M. Bevilacqua, Naval Research Laboratory, 
Washington, DC 20375. (e-mail: siskind@nrl.navy. mil; bevilacqua 
@nrl.navy. mil ) 

(Received December 7, 2000; revised March 23, 2001; 
accepted April 4, 2001.) 


