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Abstract

The subtropical and polar upper troposphere fronts serve as the boundaries to divide
the Northern Hemisphere into four meteorological regimes. These regimes are defined
as (1) the arctic regime — within the polar vortex, (2) the polar regime — between the
polar front and the polar vortex, or when the latter is not present, the pole, (3) the mid-
latitude regime — between the subtropical and polar fronts, and (4) the tropical regime
— between the equator and the subtropical front. Data from the Halogen Occultation
Experiment (HALOE) and the Stratospheric Aerosol and Gas Experiment Il (SAGE 1)
were used to show that within each meteorological regime, ozone and water profiles
are characterized by unique ozonepause and hygropause heights. In addition, both
constituents exhibited distinct profile shapes up to approximately 25 km. This distinc-
tion was most pronounced in the winter and spring months, and less in the summer
and fall. Both daily measurements and seven-year (1997—-2003) monthly climatologies
were analyzed.

Daily measurements and seven-year (1997—2003) monthly climatologies showed
that, within each meteorological regime, both constituents exhibited distinct profile
shapes from the tropopause up to approximately 25km. This distinction was most
pronounced in the winter and spring months, and less in the summer and fall. De-
spite differences in retrieval techniques and sampling between the SAGE and HALOE
instruments, the seven-year monthly climatologies calculated for each regime agreed
well for both species below ~25 km. Above this altitude ozone and water vapor profiles
were more clearly distinct when binned by latitude rather than by regime.

Given that profiles of ozone and water vapor exhibit unique profiles shapes within
each regime in the UTLS, trends in this region will therefore be the result of both
changes within each meteorological regime, and changes in the relative contribution of
each regime to a given zonal band over time.
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1 Introduction

The extratropical upper troposphere/lower stratosphere (UTLS) region is characterized
by complex interactions between dynamics, chemistry, microphysics, and radiation.
Analyses of these regions are made more difficult by the various definitions of the
boundary between the two, the tropopause. The tropopause has been characterized
as both a layer (WMO 2003) and a surface (Holton et al., 1995), and there are multiple
methods to determine its location.

An important feature of the extratropical tropopause is the break, or split, of the
tropopause height across the subtropical and polar upper troposphere fronts. More
specifically, as the front is crossed from the equatorward side to the poleward side,
there will be a decrease in tropopause height (Bluestein, 1993). This has been
widely observed and reported in the literature (Reed, 1955; Defant and Taba, 1957;
Danielsen, 1968; Shapiro, 1978, 1980, 1985; Pan et al., 2004). The regions surround-
ing these fronts will therefore be associated with gradients in tropopause height. Fur-
ther, the regions away from the fronts will be characterized by relatively little variation
in tropopause height (Defant and Taba, 1957; Hudson et al., 2003).

Approximately ninety percent of the total ozone column is located in the strato-
sphere, and the mid to upper stratosphere is in photochemical equilibrium (Brasseur
and Solomon, 1984). Therefore, day-to-day changes in total ozone are dominated by
how much ozone is in the mid to lower stratosphere, which is in turn influenced by the
height of the tropopause. This relationship between tropopause height and total ozone
has been observed in previous studies (Schubert and Munteanu, 1988; Petzoldt et al.,
1994; Hoinka et al., 1996; Steinbrecht et al., 1998; Varotsos et al., 2004).

Considering that the subtropical and polar fronts are characterized by changes
in tropopause height, and changes in total ozone are correlated with changes in
tropopause height, then it follows that the fronts are regions of total ozone gradient
(Dobson, 1929; Shalamyanskiy and Romanshkina, 1980; Shapiro et al., 1982; Karol et
al., 1987). Hudson et al. (2003, 2006) utilize these gradients in the total ozone field to
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locate the positions of the subtropical and polar fronts.

Hudson et al. (2003) found that these fronts, along with the polar vortex, divided the
Northern Hemisphere total ozone field into meteorological regimes, which they defined
as (1) the arctic regime — within the polar vortex, (2) the polar regime — between the
polar front and the polar vortex, or when the latter is not present, the pole, (3) the
midlatitude regime — between the subtropical and polar fronts, and (4) the tropical
regime — between the equator and the subtropical front. They used data from the
TOMS instruments, rawinsondes, and ozonesondes to show that, with the exception of
the arctic, the regimes, while encompassing a large range of latitudes and longitudes,
were found to have relatively constant values of total ozone, tropopause height, and
ozonepause height (Hudson et al., 2003, 2006).

This paper will utilize the concept of meteorological regimes as defined by Hudson
et al. (2003, 2006) to examine ozone and water vapor profiles from the Halogen Oc-
cultation Experiment (HALOE) and the Stratospheric Aerosol and Gas Experiment Il
(SAGE Il) outside the frontal regions. The motivation is to determine how well, and over
what altitude ranges and seasons, stratospheric ozone and water vapor profiles can be
usefully differentiated by meteorological regime. Understanding the extent to which
variations in these constituents are determined by meteorological regime is an impor-
tant component to understanding any trends in water vapor and ozone in the UTLS. A
brief description of the data used follows in Sect. 2. Section 3 provides an explana-
tion of the method used to classify the profiles into meteorological regimes. Sects. 4
and 5 will show the results of the ozone and water vapor analyses, respectively. The
summary and discussion will follow in Sect. 6.
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2 Data
2.1 TOMS

The Total Ozone Mapping Spectrometer (TOMS) instruments measure backscattered
solar ultraviolet (UV) and provide daily high-resolution global maps of total ozone. This
paper uses the level-3 version 8 Earth Probe (EP) TOMS data on a 1° latitude by 1.25°
longitude grid. EP TOMS made measurements from July 1996—-December 2005. Ac-
cording to the TOMS website (htip://jwocky.gsfc.nasa.gov/news/news.html#aug15), in-
strument degradation reduced the accuracy of the ozone retrieval after mid-2000. The
TOMS data is corrected using NOAA-16 SBUV/2 measurements and should therefore
not be used for trend analyses. Since this paper relies primarily on the spatial vari-
ability of the TOMS data these results are not significantly affected by uncertainties in
the trend. Error analyses suggest that the total ozone has an rms error of about 2%
(Wellemeyer et al., 2004, and references therein). These errors are at a maximum at
high solar zenith angles and in the presence of heavy aerosol loading, and are not
expected to interfere with this analysis, as we will limit ourselves here to the study of
profiles for which the maximum latitude is 60° N.

2.2 HALOE

Data from the HALOE instrument has been widely used to study the chemistry of the
stratosphere because of its global coverage, its coincident measurements of several
key chemical species, and its relatively long time period (1991-2005). It was on board
the Upper Air Research Satellite (UARS) and was launched on 15 September 1991
into a 585 km, 57° inclination orbit. The HALOE instrument started taking observations
on 11 October 1991 after a brief period of outgassing, and ceased operation on 21
November 2005. The experiment was devised to observe not only ozone but also
several other species that have direct effects on ozone levels, namely hydrochloric acid
(HCI), hydrogen fluoride (HF), methane (CH,), water vapor (H,O), nitrogen dioxide
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(NO,), and nitrous oxide (NO), in order to gain a better understanding of the chemistry
and dynamics of middle-atmosphere processes (Russell et al., 1993). Vertical profiles
of these constituents were measured along with aerosol extinction and temperature
Versus pressure.

HALOE was a limb-scanning solar occultation instrument. The satellite orbit pre-
cessed, covering from ~80°N-80°S over a year. The maximum sampling for each
day was 15 sunrise and 15 sunset measurements, most of the time in opposite hemi-
spheres. During an occultation event, all of the chemical species listed above were
measured. Depending on the channel, the altitude range sampled was from 15 to
~60-130 km, with a vertical resolution of about 2.3 km, and a horizontal resolution of
~200 km (SPARC, 2000).

Validations have been done on the various versions of the HALOE ozone data (Bruhl
et al., 1996; Bhatt et al., 1999). The HALOE version 19 level 3 data has been used
here. This data has also been screened for cirrus cloud contamination using the
method described in Hervig and McHugh (1999). The sunrise and sunset data have
been combined and show differences less than 5% above 100 mb (Bruhl et al., 1996).
In the lower stratosphere, the major systematic and random uncertainties in the ozone
data are between 9 and 25% (Brihl et al., 1996; Groof3 and Russell, 2005). Bhatt
et al. (1999) found agreement with coincident ozonesonde measurements better than
10% down to 200 mb, and better than 20% down to 300 mb in the extratropics. In the
tropics and subtropics, the agreement was better than 10% down to 100 mb.

The water vapor channel measures solar infrared radiation at 6.6 um. At this wave-
length, other species are unlikely to contaminate the signal, although absorption by
aerosols can have an effect. After the eruption of Mt. Pinatubo, this channel was
opaque below 35km near the equator (Harries et al., 1996). For water vapor pro-
files, the combined systematic and random errors in the lower stratosphere are 14—
24% (Groof3 and Russell 2006). Kley et al. (2000) performed an extensive validation,
and found that HALOE v19 water vapor profiles agreed with correlative measurements
within ~10% throughout most of the stratosphere. Differences increase somewhat in
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the upper stratosphere and near the tropopause.
2.3 SAGEII

The SAGE Il instrument was launched on board the Earth Radiation Budget Satel-
lite (ERBS), and was operational from 5 October 1984 to 26 August 2005. SAGE Il
(hereafter referred to as SAGE) was a seven-channel sun photometer that used solar
occultation to infer vertical profiles of ozone, water vapor, NO,, and aerosol extinction
at several wavelengths from 0.385-1.02 um. Similar to HALOE, SAGE was launched
into a 610 km, 57° inclination precessing orbit that covered from ~70° S to ~70° N, and
made a maximum of 15 sunrise and 15 sunset measurements per day (Cunnold et al.,
1989). The vertical resolution was 1 km (Chu et al., 1989), and the horizontal extent
along the line of sight was 200 km by 2.5 km for a 1-km retrieved layer (WMO 1998).

For SAGE ozone profiles, the dominant source of error is the measurement error, but
the total random error for a 1-km vertical resolution is less than 7% between 2 km above
the tropopause and 43 km (Cunnold et al., 1989). Better than 10% agreement between
SAGE version 6.1 ozone measurements and coincident ozonesonde measurements
was found down to the tropopause (Wang et al., 2002). In addition, Randall et al. (2003)
found that HALOE v19 and SAGE v 6.1 ozone profiles agreed within 5%, and Morris et
al. (2002) reported virtually no drift in the HALOE v19 ozone observations with respect
to SAGE Il v 6.0. Version 6.2 of the SAGE data is used in this paper. This data differs
little from the previous version', v 6.1.

Version 6.2 SAGE water vapor profiles, though still affected by the presence of
aerosols, have reduced sensitivity with respect to previous versions. The retrievals
were modified to remove the dry bias with respect to the HALOE water vapor pro-
files (Thomason et al., 2004). When SAGE water vapor profiles were compared with

“For the most part, the ozone density profiles have changed on the order of 0.5% from
version 6.1. The changes may be larger above 50 km and are due primarily to the correction of
an altitude registration problem in our NCEP gridding algorithm.” Taken from htip://www-sage?2.
larc.nasa.gov/data/v6/data/
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both ground-based and satellite correlative measurements, good agreement of within
10% was seen from 15-40 km. Comparison between data sets in the region of the
hygropause is more difficult, given the increase in atmospheric variability and differ-
ences in the techniques and ability of each platform in resolving this region. However,
SAGE comparisons with balloon-borne frost-point hygrometers and MkIV interferome-
ters showed agreement around the hygropause to within 10% (Taha et al., 2004).

3 Method

As explained in the introduction, Hudson et al. (2003, 2006) utilize gradients in the total
ozone field to locate the positions of the subtropical and polar fronts. A detailed de-
scription of the procedure used can be found in Hudson et al. (2003), and a revision to
this method is described in Hudson et al. (2006). While the subtropical and polar fronts
are calculated based on total ozone gradients, the polar vortex boundary is determined
from the position of the sharpest gradient in PV on the 550K potential temperature
surface. The PV data were obtained from the National Centers for Environmental Pre-
diction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data set
(Kalnay et al., 1996, Kistler et al., 2001).

Every profile measured by HALOE and SAGE has an associated latitude, longitude,
time, and date. These were used to locate the corresponding location on the TOMS
image for that day in order to classify the profile into a particular meteorological regime.
Both retrieval algorithms assume a homogenous atmosphere for their calculations (Chu
et al., 1993). However, as explained above, the region around the front represents a
discontinuity in tropopause height (i.e. an inhomogeneous atmosphere) that will not
be accounted for in the retrieval. For this reason, profiles that fell near a boundary
region were not included in the analysis. In the present work we have expanded the
boundary regions, as defined using the TOMS data, from the one pixel range to an
average of three pixels. This one pixel expansion of the boundary region in both latitude
and longitude generally insures that the regimes are clearly differentiated, but we do
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note that, especially from about June to October, the ozone gradient weakens and the
transition region from one regime to another becomes broader. Misclassification could
also occur because of different measurement times. EP TOMS measurements are
made at approximately 11 a.m., whereas both SAGE and HALOE measurement are
made at local sunrise or sunset. For example, in the case of sunrise measurements,
the total ozone field that is measured by TOMS could have shifted with respect to the
total ozone field at sunrise that day. This source of error will depend on the time of
year, as weather patterns are more persistent in summer and fall.

Ozone profiles from SAGE and HALOE, from 25°-60° N, were classified into mete-
orological regimes for every day that there were both profile measurements and EP
TOMS data available between January 1997 and December 2003. This time period
was chosen for several reasons. As stated above, HALOE began taking measurements
in 1991, and SAGE began in 1984. However, due to the eruption of Mount Pinatubo
in June 1991, measurements below 25 km for HALOE (WMO 1998), and below 20 km
for SAGE (Wang et al., 2002) until the end of 1993 are contaminated by aerosols. In
addition, Nimbus-7 TOMS data ceased in May 1993, and the Meteor-3 data has many
months missing. Thus, January 1997, near the beginning of the EP TOMS data period,
was chosen as the starting point.

Ozonepause and hygropause heights were also determined for every profile. The
sharp increase in ozone from the troposphere to the stratosphere can be used to find
the position of the “chemical tropopause” or “ozonepause”. Unlike other definitions,
there is no standard definition for the ozonepause. Bethan et al. (1996) defined a
tropopause based on the lowest altitude where the ozone profile met the following
three criteria,

— The vertical gradient in ozone mixing ratio exceeds 60 ppbv km~' over a depth of
approximately 200 m

— The ozone mixing ratio is greater than 80 ppbv

— The ozone mixing ratio immediately above the tropopause is greater than 110 ppbv
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We have adopted the Bethan et al. (1996) definition for this paper. Because the SAGE
and HALOE data become noisy near and below the ozonepause (GrooR3 and Russell
2005; Randel et al., 2007), an additional criterion requiring the vertical gradient 2 km
above the ozonepause to be positive was added. This will also filter out most strato-
spheric intrusions into the troposphere. However, the “higher” tropopause will be the
one most relevant to this work, as it is the one that will have the greatest effect on the
column. The hygropause was defined as the altitude of the water vapor minimum (Kley
et al., 1979).

4 Ozone profile classification
4.1 One day

Hudson et al. (2003) showed that when Northern Hemisphere rawinsonde and
ozonesonde data were divided into meteorological regimes, similar profile shapes were
seen within each regime. Figure 1 shows the EP TOMS total ozone field for 18 Febru-
ary 1998 in addition to the subtropical, polar, and polar vortex boundaries, shown as
blue, red, and black lines, respectively. Each symbol on this figure represents a sunset
HALOE event for this day, and has been assigned a number from 01 through 15. The
HALOE measurements are approximately 24 degrees of longitude apart. The color
and choice of symbol corresponds to its classification: blue triangles — polar; purple
diamonds — midlatitude; red squares — tropical; black X’s — boundary. All of the profiles
for this day are plotted in Fig. 2, although only those that fell within a regime are in color
and listed on the figure. HALOE profiles are present in all three regimes on this day,
in addition to several boundary-classified profiles that have been eliminated. In order
to examine these profiles closely, Fig. 3a—c show the individual profiles that have been
classified as polar, midlatitude, and tropical, respectively. The polar profiles for this day
are seen in Fig. 3a. These profiles have very similar profile shapes and ozonepause
heights, 7—8.5 km, despite being very far apart in longitude. The two tropical profiles in
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Fig. 3c also have similar shapes and show ozonepause heights at around 16—17 km.
Figure 3b shows five midlatitude ozone profiles. These too also show similar profile
shapes, however their ozonepause heights range from 10 to approximately 15km, a
much larger range than in the polar or tropical regimes.

This day is a good example of the advantage of classifying profiles by meteorological
regime. All of the HALOE measurements seen in Fig. 3 are located within ~4° latitude
of each other, as all of them fall between approximately 41° and 44° N, yet they show
distinctly different profile shapes in the lower to mid stratosphere. Thus, if a zonal
average over this very small latitude band was calculated at 15km, it would contain
both upper tropospheric and lower stratospheric air. By classifying these profiles by
meteorological regime, the lower stratosphere can be isolated. This is essential for the
examination of ozone trends in the UTLS.

4.2 Climatology

Data from both HALOE and SAGE are used to calculate monthly climatologies for each
regime over the time period 1997-2004 between 25° and 60°N. Figure 4a—d show
the March, June, September and December ozone profile climatologies, respectively,
calculated using data from the HALOE instrument for the subtropical (red), midlatitude
(green), and polar (blue) regimes. The standard deviation (10) is shown as dashed
lines on either side of the mean profile, and the number of points used is shown on
the right, in each plot. Both the number of points and the standard deviations have the
same color scheme as the mean profiles. Due to the nature of HALOE’s orbit, some
months had limited sampling in certain regimes. If the number of profiles available for
a regime was below 20, the mean was not included.

In the lower stratosphere, the climatological profiles show distinct ozonepause
heights within each regime for every month, except for the tropical and midlatitude
regimes in September. In late summer and early fall, the latitudinal gradient in the
total ozone field is at a minimum. Therefore, the difference in mean total ozone from
one regime to the next is at a minimum (Hudson et al., 2006), as is the difference
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in tropopause height. In Fig. 4a, b, and d, however, the 10 distributions barely over-
lap in the UTLS, if at all. Above approximately 25km, however, profiles are in most
cases not well differentiated by regime. In Fig. 4a for example, the midlatitude and
polar climatologies are almost identical above this altitude. This will be discussed
further below. The monthly mean ozonepause heights for the tropical (red), midlati-
tude (green) and polar (blue) regimes are shown in Fig. 5 and are consistent with the
results shown in Figs. 2—4; the highest ozonepause heights are seen in the tropical
regime, and the lowest in the polar. Similar to Fig. 4, the one-sigma standard de-
viation of the means are shown as dashed lines on either side of the means. The
overlapping distributions seen in Fig. 5 reflect the large latitude band chosen for anal-
ysis. As discussed in Hudson et al. (2006), while the regimes do separate total ozone
columns into distinct groups, there does remain a latitude dependence in total ozone
within each regime. This latitude dependence in the ozone column is influenced by
the latitude dependence in tropopause height; tropopause height decreases with in-
creasing latitude. For example, high-latitude tropical profiles will generally have lower
mean ozonepause heights than low-latitude tropical profiles, and could be similar to the
mean ozonepause heights of midlatitude profiles. Therefore the large and overlapping
distributions in Fig. 5 are a result of changes in sampling from year to year. The clima-
tological zonal average ozonepause for 25°-60° N is also shown in Fig. 5 as a black line
to illustrate the large deviations from the zonal mean seen when utilizing the method of
meteorological regimes.

Figure 6a—d shows the column amounts for each regime for the altitude intervals
10-20 km, 20-30 km, 30—40km, and 40-50 km, respectively. It should be noted that
the column amount shown in Fig. 6a is only the stratospheric component. The line
and color scheme are the same as in Fig. 5. The seasonal cycles of each regime in
the lower stratosphere, seen in Fig. 6a, show recognizable features of the distribution
of total ozone, e.g. the increase with latitude, and the spring maximum. As would be
expected in this altitude region, the regimes show seasonal cycles with distinct ampli-
tudes. Figure 6b shows the results for the 20-30 km region. This region is a transition
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between the dynamically controlled lower stratosphere, and the photochemically con-
trolled upper stratosphere (Logan, 1999; Staehelin et al., 2001); therefore the regimes
show no clear distinction from one another. Figure 6¢c and 6d are in the upper strato-
sphere and as such, show summer maximums in column amount (Logan, 1999). As
expected, no distinction between regimes is seen in Fig. 6¢ and 6d.

Figure 7a—d shows the HALOE climatologies seen in Fig. 4 (solid lines) in addition
to climatologies calculated using data from SAGE (dash dot dash lines). The color
scheme is the same as in Fig. 4. The one sigma standard deviations for the SAGE
climatologies were on the order or smaller than those for HALOE, so they were not
included on the figure. As anticipated, similar to the HALOE climatologies, distinct
ozonepause heights and lower profile shapes in the lower stratosphere are seen in the
SAGE climatologies. The climatologies agree very well in the lower stratosphere for
every regime, and every month. The tropical mean profiles in month of September
show the worst agreement between the two instruments; however, their 10 distribu-
tions would overlap. While both SAGE and HALOE are solar occultation instruments
which provide measurements over a broad range of latitudes, there are differences
in the sampling patterns. In fact, the number of coincident measurements between
the two instruments is small (Morris et al., 2002). Another difference between the two
instruments is the wavelength region where ozone absorption is measured. HALOE
measures ozone in the infrared region of the spectrum (9.6 um), whereas SAGE mea-
sures in the visible (0.6 um). These differences make the agreement seen in Fig. 7 all
the more impressive, and emphasizes the decrease in atmospheric variability in the
UTLS when within a meteorological regime.

While in the lower stratosphere the SAGE and HALOE climatologies agree very well,
the agreement between the two climatologies appears to deteriorate above approxi-
mately 25 km. This difference in the mid to upper stratosphere (around 33 km) is a re-
flection of the difference in sampling between the two instruments as discussed above.
Figure 7b in particular is an example of this. At around 33 km, the SAGE tropical and
midlatitude climatologies are similar, whereas the HALOE tropical and midlatitude cli-
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matologies differ by over 1 ppmv. This is due to the fact that the HALOE sampling
in June shows a bimodal distribution in latitude, with the majority of measurements
taken that month occurring at the lowest and highest latitudes analyzed. Because
those measurements at lower latitudes are more likely to be classified into the tropical
regime, while those at higher latitudes are more likely to be classified into the mid-
latitude or polar regimes, the climatologies show distinct values in the mid to upper
stratosphere. The SAGE sampling clusters around a smaller range of latitudes, and
therefore the mid to upper stratosphere values are similar, regardless of regime. If
the profiles from 25°~60° N were classified into latitude bands, and not meteorological
regimes, they would be more clearly distinct in the mid and upper stratosphere. Fig-
ure 8 shows three climatological profiles for March. The red represents the low-latitude
profiles (25°-33°N), the green represents mid-latitude profiles (38°—46°N), and the
blue represents high-latitude profiles (51°~60° N). The dashed lines are the one-sigma
standard deviation. The chemistry-dominated region above ~25km shows three differ-
ent ozone peak mixing ratio altitudes and values. The lower stratosphere shows three
different tropopause heights, reflecting the decrease in tropopause height with latitude.
However, in contrast to the March climatologies shown in Fig. 4, the distributions over-
lap significantly. This again emphasizes the dominance of the synoptic field on the
distribution of ozone in the lower stratosphere, and therefore, the total column amount.

5 Water vapor profile classification

Both ozone and water vapor mixing ratios increase with altitude in the lower and mid
stratosphere, but whereas ozone mixing ratios in the troposphere are smaller than
in the stratosphere, the troposphere is much wetter than the stratosphere. Hence,
in segregating profiles by meteorological regime we might expect to find variations
which differ from those observed in ozone. Because of the very large water vapor
mixing ratios in the troposphere relative to the stratosphere, the seasonal variations
in water vapor mixing ratios in the lowermost stratosphere are particularly sensitive to
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stratosphere-troposphere exchange (Pan et al., 2000). Dessler and Sherwood (2004)
estimate that convection increases extratropical water vapor at 380K by 40%, while
decreasing ozone by only a few percent. Water vapor in this region of the atmosphere
has a long chemical lifetime, and is considered to be an excellent tracer of motion and
transport in the lower stratosphere (Brasseur and Solomon 1984; Rosenlof 2002; Chiou
et al., 2006). Water vapor in the extratropical lower stratosphere will be a combination
of high mixing ratio air that has subsided from the upper stratosphere, low mixing ratio
air that has traveled across the cold tropical tropopause, and very high mixing ratio
air that has crossed from the troposphere to the stratosphere outside the tropics. The
extent to which an air parcel is influenced by these sources of water vapor should be
sensitive to which meteorological regime it is in.

5.1 One day

The total ozone field, boundaries, and location of each HALOE sunset measurement
taken on 18 February 1998 can be seen in Fig. 1. Similar to Fig. 2, Fig. 9 shows all
of the water vapor measurements made on this day. Each profile in Fig. 9 that has
been classified into a regime is in color, and the key indicates the profile’s number
and longitude. All of the profiles show a minimum below 20 km, and then increasing
mixing ratios with increasing altitude, corresponding to the formation of water vapor
through the oxidation of methane (Letexier et al., 1988). The variability around the
hygropause, which we take here to be simply the altitude of the lowest water vapor
mixing ratio, is much larger than the variability seen around the ozonepause region in
Fig. 2. Figure 10a—c show the individual profiles that have been classified into the polar,
midlatitude, and tropical regimes, respectively. Profiles 10 and 14, seen in Fig. 10a
have similar hygropause heights, around 12—13 km. Profile 2 has a hygropause height
at ~14.5km; however another local minimum exists below, at around 11 km. Also
worth noting is the increased variability in the value of the minimum. In Fig. 10a, the
hygropause values range from ~3—4 ppmv. Figure 10b shows the five profiles classified
as midlatitude. These profiles have hygropause heights ranging from 13—-15km. The
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two tropical profiles are shown in Fig. 10c, and have hygropause heights at 14.5 and
15.2km.

Thus, water vapor profiles show distinct differences between meteorological regimes,
but unlike ozone where the difference is well described by differences in ozonepause
altitude, the distinction in water vapor is sometimes more clearly seen not by the altitude
but by the mixing ratio at the hygropause. Thus, the low water vapor mixing ratios in the
two tropical profiles in Fig. 10c suggest that most of this air has recently passed through
the tropical tropopause and therefore not experienced significant methane oxidation.
These low water vapor values, and examinations of the profiles in Fig. 3c, support the
interpretation that the tongue of low ozone seen in Fig. 1 is tropical in nature and not
the result of mixing in of ozone depleted air from the arctic vortex.

5.2 Climatology

Monthly water vapor climatologies were calculated using data from both SAGE and
HALOE for the period 1997-2004 between 25° and 60° N. Figure 11a—d shows the
March, June, September, and December monthly water vapor climatologies, respec-
tively, calculated using data from HALOE. The one-sigma standard deviations are
shown as dashed lines, and the numbers of profiles used in the climatologies are
shown in the right-hand subpanels. The subtropical, midlatitude, and polar regimes
are shown as red, green, and blue lines, respectively.

The March and December climatologies show that the types of differences between
meteorological regimes observed in the 18 February 1998 profiles are observed over
several months. The tropical regime profiles have the driest and highest hygropause,
suggesting that air at the hygropause in this regime has recently passed through the
tropical tropopause. During this time of year, there is a strong transport barrier be-
tween the tropics and mid-latitudes in the lowermost stratosphere [Prados et al., 2003],
helping to maintain the distinction between the hygropause mixing ratios in the tropical
and midlatitude regimes. While the December climatology does not show any clear
distinction between the midlatitude and polar profiles, the March and June climatolo-
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gies do show a hygropause which does, just as in the case of the ozonepause for those
months, decrease in altitude from the tropical to midlatitude regime and from the mid-
latitude to the polar regime. In September, the tropical and midlatitude climatologies
come close to overlapping, for reasons discussed in Sect. 4.2.

Similar to Fig. 5, Fig. 12 shows the monthly mean hygropause heights for the tropical
(red), midlatitude (green) and polar (blue) regimes. The one-sigma standard deviations
of the means are shown as dashed lines, and the zonal mean between 25° and 60° N is
shown as a black solid line. All three regimes show similar seasonal cycles, all having
a summer maximum and winter minimum. The midlatitude and polar climatologies in
this figure show that the mean hygropause is higher in altitude than the ozonepause
between 25° and 60° N. This is also true in the tropical regime from April to December.
While the ozonepause provides a good indication of a local vertical chemical mixing
barrier, the possible transport of high water vapor mixing ratios into the lowermost
stratosphere without crossing the cold tropical tropopause can result in a hygropause
which is well above the tropopause. Such transport is especially prevalent in the sum-
mer (Dessler and Sherwood 2004) and helps to accentuate the seasonal variation
observed in the hygropause levels shown in Fig. 12 relative to variation seen in the
ozonepause levels shown in Fig. 5.

The same climatological HALOE profiles, along with climatologies calculated using
data from SAGE are seen in Fig. 13a—d. On these figures, the solid lines represent the
HALOE data, the dash-dot-dash lines represent the SAGE data, and the color scheme
is the same as the previous four figures. Overall, the SAGE climatologies show good
agreement with those of HALOE. The water vapor climatologies do not agree with
each other as well as the ozone climatologies, but the profile variations as a function
of regime for each month generally do agree. Thus, while the hygropause in the SAGE
measurements is at a slightly higher altitude than that from the HALOE measurements,
the difference between the regimes is consistent. For both SAGE and HALOE the mean
altitude of the hygropause increases from the polar, to the midlatitude and finally to the
tropical regime in all four months shown in Fig. 13. In addition, in March, where the
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altitude distinction is most clearly seen, the water vapor mixing ratios measured by both
instruments at the hygropause decrease in the same sequence.

6 Summary and conclusions

Ozone and water vapor profiles from HALOE and SAGE were classified into meteoro-
logical regimes as defined by Hudson et al. (2003, 2006). This was done on both daily
and seven-year climatological timescales to determine over what altitude ranges and
seasons the profiles of both constituents showed distinct characteristics within each
regime.

When HALOE data were analyzed for a single day, 18 February 1998, each regime
exhibited a distinct range of ozonepause heights, with the tropical regime containing
the highest, and the polar regime the lowest. Similar results were found for water vapor,
although the difference in the altitudes of the hygropause, from one regime to the next,
was less than for ozone. In fact, at times the primary distinction between regimes for the
water vapor profiles was not the altitude of the hygropause, but the mixing ratio at the
hygropause. In addition, high variability in the mixing ratio at the hygropause was ob-
served. For example, within the tropical regime alone, the hygropause values differed
by ~1ppmv. The HALOE measurements on this day were taken over ~4° latitude, but
cover a wide range of longitudes. Within this narrow latitude band, each regime showed
distinct characteristics in the UTLS. Based on our calculated ozonepause heights, a
zonal average over this latitude band at any altitude from 8—16km would contain both
tropospheric and stratospheric air.

Monthly profile climatologies were calculated for each regime using ozone and water
vapor data from SAGE and HALOE from 1997—2004 for 25°~60° N. The ozone clima-
tologies showed distinct ozonepause heights and profile shapes in the UTLS within
each regime. The 10 distributions of these climatologies showed little to no overlap.
The month of September showed the least distinction between regimes. This is mostly
due to the weak latitudinal gradient in the total ozone field. There was excellent agree-
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ment between the HALOE and SAGE climatologies in the UTLS despite differences in
the latitude sampling of the measurements, chosen wavelengths, and retrieval tech-
niques.

The distinction between meteorological regimes deteriorates above ~25 km. This
corresponds well with previous estimates of the extent, in altitude, of meteorological
influence on stratospheric ozone profiles. (Koch et al., 2002; Newchurch et al., 2003).
While the SAGE and HALOE ozone climatologies agree well in the UTLS, at altitudes
above 25 km the effect of differences in the latitudinal sampling of the two instruments
becomes apparent. To examine this further, stratospheric column ozone amounts at
various altitude intervals were examined. From 10-20 km, each regime was character-
ized by distinctly different column amounts. This distinction diminished, and then dis-
appeared as higher altitudes were analyzed. Additionally, when the March profiles for
1997-2004 from 25°-60° N were classified into low, middle, and high latitude bands, a
clear distinction between latitude bands in the mid to upper stratosphere was obtained,
whereas the distributions in the UTLS were not as clearly distinct as when the profiles
were separated by meteorological regime.

The larger variability within a regime seen in the one-day classification of water va-
por profiles was also seen in the monthly climatologies. The variability for each regime
increases below ~15km for both instruments, corresponding to a known increase in
instrument uncertainty and increased atmospheric variability (Thomason et al., 2004).
Despite these large uncertainties, the same general features are seen in the two sets
of climatologies. For example, the tropical regime has the highest mean hygropause
height, followed by the midlatitude, and then the polar. March shows the most dis-
tinction between regimes, displaying distinct hygropause heights, and mixing ratios for
each regime. Similar to the ozone climatologies, September showed the weakest dif-
ferentiation.

We have shown here that, below ~25km, each regime is characterized by a unique
ozone and water vapor profile shape. This distinction is greatest in the winter and
spring and weaker in the summer and fall. By first classifying profiles into meteoro-
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logical regimes, the lower stratosphere and upper troposphere can be isolated, which
is essential for quantification of both chemical and transport processes in these re-
gions. Hudson et al. (2003 and 2006) showed that each regime is also characterized by
unique total ozone values, and that changes in the relative weighting of these regimes
over time could contribute to trends in total ozone. These changes will also affect pro-
file trends in the UTLS. Thus, similar to trends in total ozone, changes in the UTLS
will be the result of both changes within each regime and changes in the contributions
made by each regime over time.
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Fig. 1. EP TOMS total ozone field for 18 February 1998. The subtropical, polar, and arctic
boundaries are shown as blue, red, and black lines, respectively. Each symbol represents a
HALOE sunset measurement for this day, and has been numbered 01 through 15. The color
and choice of each symbol corresponds to its classification: red squares — tropical, purple
diamonds — midlatitude, blue triangles — polar, and black Xs — boundary.
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Fig. 2. HALOE ozone profiles that correspond to the symbols on Fig. 1 for 18 February 1998.
Profiles that were classified into a meteorological regime are shown in color and listed on the

figure. Profiles that fell within a pixel of the boundary are shown in black.
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Fig. 3. HALOE ozone profiles that correspond to the colored symbols on Fig. 1 for 18 February
1998 for the (a) polar regime, (b) midlatitude regime, and (c) tropical regime. The profile
numbers, longitudes, and ozonepause heights are also listed.
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Fig. 4. HALOE ozone profile climatologies calculated from 1997-2004 between 25° and 60° N
for (a) March, (b) June, (c) September, and (d) December. The one-sigma standard deviations
of the mean are shown as dashed lines, and the number of points is shown on the right. The
color scheme is: red - tropical, green — midlatitude, and blue — polar.
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Fig. 5. Ozonepause height climatologies calculated from 1997-2004 between 25° and 60° N
for the tropical (red), midlatitude (green), and polar (blue) regimes. The black line is the zonally
averaged ozonepause height. The one-sigma standard deviations of the means are shown as
dashed lines and are shown in the same color scheme as the means.
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Fig. 6. Stratospheric column ozone climatologies (in DU) calculated from 1997-2004 between
25° and 60°N for (@) 10—-20km, (b) 20-30km, (c) 30—40km, and (d) 40-50km. Note the
different scales. The solid lines with filled circles indicate the tropical (red), midlatitude (green),
and polar (blue) regimes. The black line is the zonally averaged stratospheric column ozone.
The onesigma standard deviations of the means are shown as dashed lines and are shown in
the same color scheme as the means.
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Fig. 7. HALOE (solid lines) and SAGE (dash dot dash lines) ozone profile climatologies calcu-

lated from 1997-2004 between 25° and 60° N for (a) March, (b) June, (c) September, and (d)
December. The color scheme is: red — tropical, green — midlatitude, and blue — polar.
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Fig. 8. HALOE ozone profile climatologies calculated from 1997-2004 between 25° and 60° N
for March. The red indicates the low latitude (25°-33° N) climatology, the green indicates the
middle latitude (38°-46°N) climatology, and the blue indicates the high latitude (51°-60° N)
climatology. The dashed lines are the one-sigma standard deviation.
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Fig. 9. HALOE water vapor profiles that correspond to the symbols on Fig. 1 for 18 February
1998. Profiles that were classified into a meteorological regime are shown in color and listed
on the figure. Profiles that fell within a pixel of the boundary are shown in black.
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Fig. 10. HALOE water vapor profiles that correspond to the colored symbols on Fig. 1 for 18
February 1998 for the (a) polar regime, (b) midlatitude regime, and (c) tropical regime. The
profile numbers, longitudes, and hygropause heights are also listed.
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Fig. 11. HALOE water vapor profile climatologies calculated from 1997-2004 between 25°
and 60° N for (a) March, (b) June, (¢) September, and (d) December. The one-sigma standard
deviations are shown as dashed lines, and the number of points are shown on the right. The
color scheme is: red — tropical, green — midlatitude, and blue — polar.
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Fig. 12. Hygropause height climatologies calculated from 1997-2004 between 25° and 60° N
for the tropical (red), midlatitude (green), and polar (blue) regimes. The black line is the zonally
averaged hygropause height. The one-sigma standard deviations of the means are shown as
dashed lines and are shown in the same color scheme as the means.
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Fig. 13. HALOE and SAGE water vapor profile climatologies calculated from 1997-2004 be-
tween 25° and 60° N for (a) March, (b) June, (c) September, and (d) December. HALOE data
is shown as solid lines, and SAGE data is shown as dash-dot-dash lines. The color scheme is:
red — tropical, green — midlatitude, and blue — polar.
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