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Abstract. The subtropical and polar upper troposphere
fronts and the polar vortex 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 midlatitude regime – between the subtrop-
ical 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 II (SAGE
II) were used to show that within each meteorological
regime, ozone and water profiles are characterized by unique
ozonepause and hygropause heights. 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 20 km. This distinction was most pronounced
in the winter and spring months, and weak in the summer
and fall. Despite 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∼22 km.

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.

Correspondence to:M. B. Follette-Cook
(melanie.cook@nasa.gov)

1 Introduction

Understanding the distributions of ozone and water vapor are
essential for determining the radiative and chemical budgets
of the atmosphere. In the lower stratosphere, ozone and water
vapor are good dynamical tracers, owing to their long chem-
ical lifetimes (Brasseur and Solomon, 1984), and gradients
across the tropopause. However, the extratropical upper tro-
posphere/lower stratosphere (UTLS) region is characterized
by complex interactions between dynamics, chemistry, mi-
crophysics, and radiation.

Previous studies have broken the stratosphere into several
components. The “overworld” is the region entirely within
the stratosphere, the bottom of which is the 380 K potential
temperature surface (Hoskins, 1991; Holton et al., 1995).
In the lowest part of the overworld, the “lower transport
regime” or “tropically controlled transition region” extends
up to 450 K in the tropics (Hitchman et al., 1994; Rosenlof
et al., 1997). This region is a transition between the non-
locally controlled middle atmosphere and the synoptically
influenced “middleworld”. The lowest component of the
stratosphere is often referred to as the “lowermost strato-
sphere” (LMS) or the stratospheric part of the middleworld
(Hoskins, 1991; Holton et al., 1995).

Tropospheric air enters the stratosphere through two main
pathways. The first is cross isentropic transport through
the tropical tropopause. Once in the stratosphere, air is ei-
ther quasi-horizontally propagated poleward (Rosenlof et al.,
1997; Randel et al., 2001) or continues to rise via the as-
cending branch of the Brewer Dobson circulation (Brewer,
1949). The second pathway is stratosphere-troposphere ex-
change (STE) on isentropic surfaces (Dessler et al., 1995;
Holton et al., 1995; Chen, 1995).

In this paper we will use the concept of meteorological
regimes as defined by Hudson et al. (2003, 2006) to examine
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ozone and water vapor profiles from the Halogen Occultation
Experiment (HALOE) and the Stratospheric Aerosol and Gas
Experiment II (SAGE II) within each regime. Uniquely, this
method requires only the measurement of ozone columns in
order to classify dynamically distinct regions. The method
takes advantage of the sudden change in tropopause height
which occurs across the subtropical and polar upper tropo-
sphere 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. Further, 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 stratosphere, 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 strato-
sphere, 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 char-
acterized 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) found that these fronts, along with the polar vor-
tex, divided the Northern Hemisphere total ozone field into
meteorological regimes, which they defined as (1) the arc-
tic 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 tropi-
cal regime –between the equator and the subtropical front.
They used data from the TOMS instruments, rawinsondes,
and ozonesondes to show qualitatively, that each regime
had distinct values of total ozone, tropopause height, and
ozonepause height (Hudson et al., 2003, 2006) for the month
of March.

The method used here is but one of many methods which
are used to remove the effects of short timescale dynami-
cal variability on tracers in the UTLS. Tropopause height-
referenced coordinates and tracer-tracer correlations have
been used to show that an extratropical tropopause layer
(ExTL) exists just above the extratropical tropopause, pole-
ward of the subtropical front (Logan, 1999; Fischer et al.,
2000; Hoor et al., 2002; Pan et al., 2004; Hegglin et al., 2006;

Randel et al., 2007). This mixing layer is a result of two-way
(STE) across the tropopause, and has characteristics of both
tropospheric and stratospheric air (Pan et al., 2004). Like
tropopause height-referenced coordinates, the meteorologi-
cal regime method removes the effects of tropopause level
changes from measurements. However, because it identifies
barriers to mixing, it will also help to distinguish between
measurements on different sides (i.e. in different regimes),
that may have similar heights above the tropopause.

Potential vorticity (PV), equivalent latitude, and tracer
equivalent latitude are also useful coordinates for analyses.
Assuming adiabatic and frictionless flow, PV is conserved
along the trajectory of a parcel (Hoskins et al., 1985; Shapiro,
1980) making it a good dynamical coordinate. The equiv-
alent latitude of a potential vorticity (PV) contour is the
latitude of a circle, centered about the pole, enclosing the
same area as the PV contour (Butchart and Remsberg, 1986).
Tracer equivalent latitude applies the same concept to tracer
isopleths using a “global isentropic advection simulation”
(Allen and Nakamura, 2003). These methods use results
from meteorological models, whereas the regime method
uses only column ozone measurements. Thus, the meteo-
rological regime method has the advantage of being a di-
rectly measured quantity, but the disadvantage of not pro-
viding level-by-level information. Unlike PV and equivalent
latitude, the meteorological regime method provides a coarse
classification into three regions, but because the boundaries
dividing these regions are based upon physical boundaries to
mixing, they encompass relatively homogenous air masses.
This classification is advantageous when working with a lim-
ited number of measurements, since it allows for the binning
together of measurements covering a large range of equiva-
lent latitudes.

While, by definition, the total ozone column is different
within each of these regimes, the motivation here is to deter-
mine how well, and over what altitude ranges and seasons,
stratospheric ozone and water vapor profiles can be usefully
classified by such meteorological regimes. A brief descrip-
tion of the data used follows in Sect. 2. Section 3 provides an
explanation of the method used to classify the profiles into
meteorological regimes. Sections 4 and 5 will show the re-
sults of the ozone and water vapor analyses, respectively. The
summary and discussion will follow in Sect. 6.

2 Data

2.1 HALOE

Data from the HALOE instrument has been widely used to
study the chemistry of the stratosphere because of its near
global coverage, its coincident measurements of several key
chemical species, and its long measurement record (11 Octo-
ber 1991–21 November 2005). HALOE was a limb-scanning
solar occultation instrument with a vertical resolution of

Atmos. Chem. Phys., 9, 5989–6003, 2009 www.atmos-chem-phys.net/9/5989/2009/



M. B. Follette-Cook et al.: Classification of profiles by meteorological regime 5991

about 2.3 km, and a horizontal resolution of∼200 km (Rus-
sell et al., 1993; Kley et al., 2000). The satellite orbit pre-
cessed, covering from∼80◦ N–80◦ S over a year. The max-
imum sampling for each day was 15 sunrise and 15 sunset
measurements.

Validations have been done on the various versions of the
HALOE ozone data (Br̈uhl 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 contami-
nation 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 (Brühl et al.,
1996). 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.

For water vapor profiles, the combined systematic and ran-
dom errors in the lower stratosphere are 14–24% (Grooß 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% through-
out most of the stratosphere. Differences increase somewhat
in the upper stratosphere and near the tropopause.

2.2 SAGE II

The SAGE II instrument was launched on board the Earth
Radiation Budget Satellite (ERBS), and was operational
from 5 October 1984 to 26 August 2005. SAGE II (hereafter
referred to as SAGE) was a seven-channel sun photometer
that used solar occultation to infer vertical profiles of ozone,
water vapor, NO2, and aerosol extinction at several wave-
lengths from 0.385–1.02µm. Similar to HALOE, SAGE
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 measure-
ments and coincident ozonesonde measurements was found
down to the tropopause (Wang et al., 2002). Version 6.2 of
the SAGE data is used in this paper.

Version 6.2 SAGE water vapor profiles, though still af-
fected by the presence of aerosols, have reduced sensitivity
with respect to previous versions. The retrievals were modi-
fied to remove the dry bias with respect to the HALOE water
vapor profiles (Thomason et al., 2004). When SAGE water
vapor profiles were compared with 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 difficult, given the in-
crease in atmospheric variability and differences in the tech-

niques and ability of each platform in resolving this region.
However, SAGE comparisons with balloon-borne frost-point
hygrometers and MkIV interferometers showed agreement
around the hygropause to within 10% (Taha et al., 2004).

3 Method

The Total Ozone Mapping Spectrometer (TOMS) instru-
ments measured backscattered solar ultraviolet (UV) radia-
tion and provided daily high-resolution global maps of total
ozone. Earth Probe (EP) TOMS made measurements from
July 1996–December 2005. This paper uses the level-3 ver-
sion 8 EP TOMS total ozone data on a 1◦ latitude by 1.25◦

longitude grid.
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. This method
was able to track a net northward movement of the subtrop-
ical front that has now been observed in various datasets
(Hudson et al., 2006; Fu et al., 2006; Hu and Fu, 2007; Sei-
del and Randel, 2007; Archer and Caldeira, 2008). Starting
with daily climatological values of total ozone for each front,
the total ozone within each regime is calculated and used to
compute new values that represent each front, which vary
with day and latitude. The method is repeated until the area
of each regime changes less than 5%. Detailed descriptions
of the procedures used can be found in Hudson et al. (2003,
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 550 K potential temperature surface. For each
HALOE and SAGE profile, the TOMS ozone column mea-
surements for that day were used to classify the profile into
a particular meteorological regime. Profiles that fell within
a boundary region are not included in the analysis. In the
present work we have widened the boundary by one pixel in
latitude and longitude, resulting in a boundary region an aver-
age of three pixels (3◦ latitude by 3.75◦ longitude) thick. Be-
cause EP TOMS measurements are made at approximately
11 a.m., whereas both SAGE and HALOE measurements are
made at local sunrise or sunset, there exists the possibility
that shifts in the fronts may result in the misclassification of
some SAGE and HALOE profiles. This source of error will
depend on the time of year, as weather patterns are more per-
sistent in summer and fall.

Ozone profiles from SAGE and HALOE, from 25◦–60◦ N,
were classified into meteorological regimes for every day
that there were both profile measurements and EP TOMS
data available between January 1997 and December 2003.
Ozonepause and hygropause heights were also determined
for every HALOE profile. The sharp increase in ozone from
the troposphere to the stratosphere can be used to find the po-
sition of the “chemical tropopause” or “ozonepause”. Bethan
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Figure 1. EP TOMS total ozone field for February 18, 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 X’s– 
boundary. 

Fig. 1. EP TOMS total ozone field for 18 February 1998. The sub-
tropical, 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 classifica-
tion: red squares – tropical, purple diamonds – midlatitude, blue
triangles – polar, and black X’s – boundary.

et al. (1996) defined an ozonepause based on the lowest alti-
tude where the ozone profile met the following three criteria,

– The vertical gradient in ozone mixing ratio exceeds
60 ppbv km−1 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

They found that the ozonepause and lapse-rate tropopause
altitudes calculated from 628 high latitude ozonesondes dif-
fered by an average of 1 km. We have adopted the Bethan
et al. (1996) definition for this paper. Because the HALOE
data become noisy near and below the ozonepause (Bhatt et
al., 1999; Grooß and Russell, 2005), an additional criterion
requiring the vertical gradient 2 km above the ozonepause
to be positive was added. This will also filter out most
stratospheric intrusions into the troposphere. However, the
“higher” ozonepause will be the one most relevant to this
work, as it is the one that will have the greatest effect on
the column. In order to test how the criteria used were af-
fected by the smoothing performed in a typical retrieval al-
gorithm, ozonesonde data from Wallops Island, VA were an-
alyzed from 1996 through 2002. Ozonepause heights calcu-
lated using the high resolution ozonesonde data were com-
pared with those calculated after a 2 km boxcar smoothing
had been applied to the data. Over the seven year period,
396 profiles were analyzed, and the mean difference (sonde
height – smoothed height) was∼500 m. 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 meteoro-
logical regimes, similar profile shapes were seen within each
regime. Figure 1 shows the EP TOMS total ozone field for
18 February 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 approx-
imately 24 degrees of longitude apart. The color and choice
of symbol corresponds to its classification: blue triangles –
polar; purple diamonds – midlatitude; red squares – tropi-
cal; black X’s – boundary. 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 ex-
amine these profiles closely, Fig. 2a–c shows the individual
profiles that have been classified as polar, midlatitude, and
tropical, respectively. The polar profiles in Fig. 2a have very
similar profile shapes and ozonepause heights, 7–8.5 km, de-
spite being very far apart in longitude. The two tropical pro-
files in Fig. 2c also have similar shapes and show ozonepause
heights at around 16–17 km. Figure 2b shows five midlat-
itude ozone profiles. These too also show similar profile
shapes, however their ozonepause heights range from 10 to
approximately 15 km, a much larger range than in the po-
lar or tropical regimes. As mentioned in the introduction,
the region poleward of the subtropical front (the ExTL) has
been observed to have tropospheric and stratospheric char-
acteristics, as well as frequent occurrence of double thermal
tropopauses (Fischer et al., 2000; Hoor et al., 2002; Pan et al.,
2004; Randel et al., 2007). These factors could be contribut-
ing to the higher variability around the midlatitude regime
ozonepause and LMS.

This day shows the utility of classifying profiles by mete-
orological regime. All of the HALOE measurements seen in
Fig. 2 are located within∼4 degrees latitude of each other,
as all of them fall between approximately 41◦ and 44◦ N, yet
they show distinctly different ozonepause heights. As an ex-
ample, at 13 km, a zonal average over this very small lati-
tude band would contain both upper tropospheric and lower
stratospheric air. If, however, the profiles are classified by
regime, then the ozone profiles indicate that in the tropical
regime air at this altitude is tropospheric, while in the polar
regime, air at these altitudes is clearly stratospheric.
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Figure 2. HALOE ozone profiles that correspond to the colored symbols on Figure 1 for February 
18, 1998 for the a) polar regime, b) midlatitude regime, and c) tropical regime. The profile 
numbers, longitudes, and ozonepause heights are also listed. 

Fig. 2. 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.

4.2 Climatology

Data from both HALOE and SAGE were used to calculate
monthly climatologies for each regime over the time period
1997–2004 between 25◦ and 60◦ N. Figure 3a and b shows
the March and September ozone profile climatologies, re-
spectively, calculated using data from the HALOE instru-
ment for the subtropical (red), midlatitude (green), and po-
lar (blue) regimes. The standard deviation (1σ) is shown as
dashed lines on either side of the mean profile, and the num-
ber of points used is shown on the right, in each plot. Due to
the nature of HALOE’s orbit, some months had limited sam-
pling in certain regimes. If the number of profiles available
for a regime was below 20, the mean was not included.

In the lower stratosphere in March, the climatological pro-
files show distinct profile shapes in the LMS within each
regime. However, the tropical and midlatitude means are
nearly indistinguishable in September. When the ozone val-
ues 3 km above the ozonepause are examined, the tropical
regime displays values∼0.25 ppmv higher than the polar in
winter, and∼0.5 ppmv higher in summer. The midlatitude
values fall in between the tropical and polar. This indicates
that ozone values increase with altitude faster in the tropi-

cal regime than in the midlatitude or polar regimes. In order
to quantify the chemical distinction seen between the regime
climatologies, Eq. (2) from Sparling (2000) was used to cal-
culate their measure,δ, as a function of altitude.δ is calcu-
lated as follows:

δ ≡ |χ̃t − χ̃m| / (σt + σm) (1)

where χ̃t , χ̃m, andσt , σm are the modes and standard de-
viations, respectively of the tropical and midlatitude regime.
Figure 4a and b shows time-altitude contour plots ofδ for the
tropical and midlatitude, and midlatitude and polar regimes,
respectively. Contours are drawn at 0.25 intervals, begin-
ning with 0.50. A minimum of six data points within the
mode of a regime was required to calculateδ at a given al-
titude. The grey hatched areas indicate months where there
were more than 40% non-zeroδ values below 50 km. Spar-
ling (2000) defines chemical distinction in tracerχ where
δ>1. In Fig. 4a and b, in general, higherδ values (δ>0.75)
are found from∼10–20 km from November through March.
Values ofδ>0.75 are only sparsely observed above∼22 km.
The∼10–20 km altitude range is where one would expect to
find a large meteorological influence on stratospheric ozone
profiles (Logan, 1999; Koch et al., 2002; Newchurch et al.,
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Figure 3. HALOE ozone profile climatologies calculated from 1997-2004 between 25° and 60°N for a) March and b) 
September.  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. 

Fig. 3. HALOE ozone profile climatologies calculated from 1997–2004 between 25◦ and 60◦ N for (a) March and(b) September. 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.

 

 

 

 

Figure 4. Time-altitude contour plot of delta for the a) tropical and midlatitude regimes and b) midlatitude and polar regimes.  
The contours are drawn at 0.25 intervals starting with 0.50.  Delta has been calculated using Eq. 2 of Sparling (2000).  The 
grey hatched areas indicate months for which there were not enough data points to calculate delta. 

Fig. 4. Time-altitude contour plot ofδ for the (a) tropical and midlatitude regimes and(b) midlatitude and polar regimes. The contours are
drawn at 0.25 intervals starting with 0.50.δ has been calculated using Eq. (2) of Sparling (2000). The grey hatched areas indicate months
for which there were not enough data points to calculateδ.

2003). The apparent decrease in meteorological influence
shown in Fig. 4a for April is surprising. August and Septem-
ber show little distinction between the tropical and midlati-
tude regime, even in the 10–20 km range. This lack of dis-
tinction is due to the minimum in the latitudinal gradient in
the total ozone field in late summer and early fall. During
this time of year, the difference in mean total ozone between
regimes is at a minimum (30 DU) (Hudson et al., 2006), as
is the difference in tropopause height. In addition, summer
is known to be a time of maximum STE due to the summer
monsoon circulation (Chen, 1995; Dunkerton, 1995; Pan et
al., 1997). Further, Haynes and Shuckburgh (2000) showed
effective diffusivity (κeff) as a function of altitude and re-
ported maximum values ofκeff in the summer and fall rela-
tive to the winter and spring poleward of 30◦ equivalent lati-
tude at all stratospheric levels up to∼20 km.

The winter and early spring are times of maximum differ-
ence between regimes in mean total ozone. The difference
can be as high as 70 DU in March. This is consistent with
the relatively large values ofδ in March in Fig. 4a, and in
Fig. 4b. Haynes and Shuckburgh (2000) observed a mixing
barrier associated with the subtropical front from∼8–15 km
(330–390 K), with the minimum inκeff in winter. Various
studies have reported a minimum in STE during this time of
year (Chen, 1995; Pan et al., 2000; Berthet et al., 2007). The
range ofδ>0.75 seen in Fig. 4 does extend slightly higher in
altitude than the barrier to mixing seen in Haynes and Shuck-
burgh (2000).

The monthly mean ozonepause heights for the tropical
(red), midlatitude (green) and polar (blue) regimes are shown
in Fig. 5. These monthly means are calculated by first find-
ing the ozonepause altitudes of the individual profiles, and
are therefore slightly different from the ozonepause of the
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average profile. The results are nevertheless consistent with
the profiles shown in Figs. 2 and 3; the highest ozonepause
heights are seen in the tropical regime, and the lowest in
the polar. Similar to Fig. 3, 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 analysis.
As discussed in Hudson et al. (2006), while the regimes do
classify total ozone columns into distinct groups, there re-
mains a small latitude dependence in total ozone within each
regime. This latitude dependence in the ozone column is in-
fluenced by the latitude dependence in tropopause height;
tropopause height generally decreases with increasing lati-
tude. For example, high-latitude tropical profiles will gener-
ally have lower ozonepause heights than low-latitude tropical
profiles. The climatological 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, 30–40 km,
and 40–50 km, respectively. It should be noted that the
ozone column amount shown in Fig. 6a is only the strato-
spheric component. 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
in amplitude with latitude, and the spring maximum (Appen-
zeller et al., 1996). These features also agree with the results
observed by Logan (1999) who showed the seasonal vari-
ation in the ozone column from the tropopause to 100 hPa
for several ozonesonde stations. Figure 6b shows the results
for the 20–30 km region. Based on Figs. 3 and 4, a signifi-
cant difference between regimes is not expected in this alti-
tude region. These altitudes are a transition region between
the synoptically dominated lower stratosphere and the more
zonally symmetric mid- to upper stratosphere (Solomon and
Brasseur, 1984; Rosenlof et al., 1997; Logan, 1999; Staehe-
lin et al., 2001). Figure 6c and d is in the upper stratosphere
and as such, shows summer maximums in column amount
(Logan, 1999). As expected, no distinction between regimes
is seen in Fig. 6c and d.

Figure 7a and b shows the HALOE climatologies seen in
Fig. 3 (solid lines) in addition to climatologies calculated us-
ing data from SAGE (dash dot dash lines). The one sigma
standard deviations for the SAGE climatologies were on the
order or smaller than those for HALOE, so they were not in-
cluded on the figure. As anticipated, similar to the HALOE
climatologies, distinct ozonepause heights are seen. The cli-
matologies agree up to∼22 km in both March and Septem-
ber. At higher altitudes, where ozone becomes increasingly
correlated with latitude and less with lower stratospheric dy-
namics, differences between the mean profiles from SAGE
and HALOE result from differences in their sampling pat-
terns. This emphasizes the decrease in atmospheric variabil-
ity below 22 km when within a meteorological regime.

 

 

Figure 5. Ozonepause height climatologies calculated from 1997-2004 
between 25° and 60°N for the tropical (red), midlatitude (green), and polar 
(blue) regimes.  These monthly means are calculated by first finding the 
ozonepause altitudes of the individual profiles, and are therefore slightly 
different from the ozonepause of the average profile.  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. 

Fig. 5. Ozonepause height climatologies calculated from 1997–
2004 between 25◦ and 60◦ N for the tropical (red), midlatitude
(green), and polar (blue) regimes. These monthly means are calcu-
lated by first finding the ozonepause altitudes of the individual pro-
files, and are therefore slightly different from the ozonepause of the
average profile. 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.

5 Water vapor profile classification

Both ozone and water vapor mixing ratios increase with al-
titude in the lower and mid stratosphere, but whereas ozone
mixing ratios in the troposphere are smaller than in the strato-
sphere, the troposphere is much wetter than the stratosphere.
Hence, in segregating water vapor profiles by meteorological
regime we 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
LMS are particularly sensitive to stratosphere-troposphere
exchange (Rosenlof et al., 1997; Pan et al., 2000; Berthet et
al., 2007). Dessler and Sherwood (2004) estimate that con-
vection increases extratropical water vapor at 380 K 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 (Brewer, 1948; Mote et al., 1996;
Chiou et al., 2006). In the LMS, water vapor will be a combi-
nation of high mixing ratio air that has subsided from the up-
per 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 out-
side the tropics (Rosenlof et al., 1997; Pan et al., 2000; Ran-
del et al., 2001; Berthet et al., 2007). The extent to which
an air parcel is influenced by these sources of water vapor
will vary by meteorological regime. Because theδ-test of
chemical distinctness cannot distinguish higher water vapor
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Figure 6. Stratospheric column ozone climatologies (in DU) calculated from 1997-2004 between 
25° and 60°N for a) 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 one-sigma 
standard deviations of the means are shown as dashed lines and are shown in the same color 
scheme as the means. 

Fig. 6. Stratospheric column ozone climatologies (in DU) calculated from 1997–2004 between 25◦ and 60◦ N for (a) 10–20 km,(b) 20–
30 km,(c) 30–40 km, and(d) 40–50 km. 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 one-sigma standard deviations of
the means are shown as dashed lines and are shown in the same color scheme as the means.

 

 

Figure 7. HALOE (solid lines) and SAGE (dash dot dash lines) ozone profile climatologies calculated from 
1997-2004 between 25° and 60°N for a) March and b) September.  The color scheme is: red – tropical, green – 
midlatitude, and blue – polar. 
 

Fig. 7. HALOE (solid lines) and SAGE (dash dot dash lines) ozone profile climatologies calculated from 1997–2004 between 25◦ and 60◦ N
for (a) March and(b) September. The color scheme is: red – tropical, green – midlatitude, and blue – polar.

mixing ratios resulting from descent of oxidized air from wet
air crossing the tropopause into the stratosphere, we have not
applied this test to the water vapor profiles.

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. 8a–c shows the
individual profiles that have been classified into the polar,
midlatitude, and tropical regimes, respectively. 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 of the altitude of the
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Figure 8. HALOE water vapor profiles that correspond to the colored symbols on Figure 1 for February 
18, 1998 for the a) polar regime, b) midlatitude regime, and c) tropical regime. The profile numbers, 
longitudes, and hygropause heights are also listed. 

Fig. 8. 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.

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.
Profiles 10 and 14, seen in Fig. 8a, have similar hygropause
heights, around 12–13 km. Profile 2 has a hygropause height
at ∼14.5 km; however another local minimum exists below,
at around 11 km. Also worth noting is the increased vari-
ability in the value of the minimum. In Fig. 8a, the hy-
gropause values range from∼3–4 ppmv. Figure 8b shows the
five profiles classified as midlatitude. These profiles have hy-
gropause heights ranging from 13–15 km. The two tropical
profiles are shown in Fig. 8c, and have hygropause heights at
14.5 and 15.2 km.

Water vapor profiles show differences between meteoro-
logical regimes, but unlike ozone where the difference is well
described by differences in ozonepause altitude, the distinc-
tion 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. 8c suggest that most of this air has recently passed
through the tropical tropopause and has therefore not experi-
enced significant methane oxidation. These low water vapor
values, and examinations of the profiles in Fig. 2c, 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 9a–d shows the March, June,
September, and December monthly water vapor climatolo-
gies, respectively, calculated using data from HALOE. The
one-sigma standard deviations are shown as dashed lines, and
the numbers of profiles used to calculate the climatologies
are shown in the right-hand subpanels. The subtropical, mid-
latitude, and polar regimes are shown as red, green, and blue
lines, respectively.

The March, June, and December climatologies show that
the types of differences between meteorological regimes ob-
served in the 18 February 1998 profiles are observed over
several months. While the December climatology does not
show any clear distinction between the midlatitude and po-
lar profiles, the March and June climatologies shows a hy-
gropause 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 midlatitude to the polar
regime. In March, distinction between regimes is reflected
in the water vapor mixing ratio at the hygropause as well as
the altitudes. This is true for December through April. From
May to November, the hygropause values for each regime
are similar, as seen in Fig. 9b and c. Just as for ozone, water
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Figure 9. HALOE water vapor 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 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. 

Fig. 9. HALOE water vapor 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 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.

vapor profiles in September show little distinction between
regimes.

The seasonal cycle of the hygropause altitudes of each
regime: tropical (red), midlatitude (green) and polar (blue),
can be seen in Fig. 10. The one-sigma standard deviations of
the means are shown as dashed lines, and the zonal mean be-
tween 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.

It is interesting to compare the regime dependence in
the hygropause heights relative to that of the ozonepause
heights. The difference in the hygropause height of the tropi-
cal and midlatitude regimes (and of the midlatitude and polar
regimes) generally differs by∼1 km, while the ozonepause
heights for these regimes differ by∼2–4 km. The smaller
difference in hygropause heights between regimes may be
due to water vapor entering the lowermost stratosphere in the
midlatitude and polar regimes isentropically without crossing
the cold tropical tropopause, and subsequently raising the hy-
gropause height above the tropopause height. Such transport

is especially prevalent in the summer (Chen, 1995; Dessler
and Sherwood, 2004).

Figure 11a and b shows mean water vapor mixing ratios at
15 km and 18 km, respectively, for each regime. At 15 km,
the tropical regime (red line) shows increasing values from
March to July, and decreasing values from August to Febru-
ary. The very low water vapor mixing ratios in the tropi-
cal regime from December through March occur during the
period of minimum tropical cold-point temperatures (Seidel
et al., 2001). As is shown in Fig. 10, 15 km is near the
height of the tropical regime hygropause, so this air repre-
sents the minimum in the tape recorder signal (Mote et al.,
1996) that is slowly transported to higher altitudes in the fol-
lowing months. From June through September, the water va-
por mixing ratios observed indicate that this altitude lies in
the upper troposphere.

At 18 km (Fig. 11b), the tropical regime exhibits decreas-
ing mixing ratios from December to May, increasing water
vapor mixing ratios from May through July, and then rel-
atively constant values from July through December. This
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minimum water vapor in May is a result of the rising tape
recorder minimum which was near 15 km in February. The
seasonal cycles of the tropical regime observed at both alti-
tude levels agree well with Randel et al. (2001), who exam-
ined water vapor vs. equivalent latitude on the 390 K poten-
tial temperature surface and observed fast meridional trans-
port at this level bringing dry air poleward. Although the
minimum mean tropical regime hygropause mixing ratio is
in February (not shown), the influence of decreasing tropical
tropopause temperatures, subsequent dehydration, and quasi-
horizontal transport poleward is first seen in December. The
climatological profile (shown in Fig. 9d) shows a sharp hy-
gropause at∼15 km (Fig. 9d); significantly lower than the
mean hygropause above 18 km seen in November.

In the midlatitude regime at 15 and 18 km (Fig. 11, green
line), decreasing mixing ratios are seen from January to
April. In the LMS, both water vapor and ozone generally in-
crease with altitude. Therefore, increased descent in the win-
ter brings down air with higher mixing ratios, as is observed
in the corresponding ozone mixing ratios (not shown). How-
ever, in the midlatitude regime, the water vapor values seen
at these altitudes do not show an increase during this period,
demonstrating the influence of air from the tropics that has
recently passed through the tropical cold point tropopause.
The large increase in midlatitude water vapor seen at 15 km
from June to August occurs above the mean ozonepause,
but is not seen at 18 km. This increase is most likely due
to both the occasional sampling of upper tropospheric water
vapor and isentropic cross tropopause transport which avoids
the tropical cold point tropopause (Chen, 1995; Dessler and
Sherwood, 2004).

The seasonal cycle of the polar regime is difficult to deter-
mine due to the number of missing months, but the increas-
ing mixing ratios at 18 km (Fig. 11b, blue line) from Decem-
ber to April is coincident with an increase in polar regime
ozone at this altitude, and is probably caused by the descent
of stratospheric air with higher water vapor mixing ratios, as
discussed above.

In Fig. 12 we show the climatological HALOE water va-
por profiles, along with climatologies calculated using data
from SAGE. 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 fig-
ure. Overall, the SAGE climatologies show good agreement
with those of HALOE in the LMS, although with respect
to hygropause altitude, HALOE is biased low in the winter
months. In March, both instruments show similar changes
in hygropause altitude from the subtropical through the polar
regime, and similar changes in the hygropause mixing ratio.
In June both instruments show that the primary distinguish-
ing feature between the regimes is the hygropause altitude,
and not the mixing ratio. Just as for ozone, both instruments
show that the subtropical and midlatitude regimes have very
similar profiles in the LMS in September. In December, both
instruments show a narrow hygropause in the subtropics, but

 

 

 

Figure 10. 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. 

Fig. 10. 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 aver-
aged 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.

a broad hygropause region in both the midlatitude and polar
regimes.

6 Conclusions

Several methods exist to account for dynamical variability.
Here, we have used daily measurements of total ozone to lo-
cate the upper troposphere fronts, and have shown using data
from HALOE and SAGE that, below∼20 km, the meteo-
rological regimes between these fronts are characterized by
unique ozone and water vapor profile shapes. This distinc-
tion was found to be greatest in the winter and spring and
weakest in the summer and fall.

The ozone profiles analyzed showed distinct ozonepause
heights within each regime over both daily and climatologi-
cal timescales, with the tropical regime exhibiting the highest
ozonepause heights, and the polar the lowest. A measure of
distinctness,δ, was calculated using Eq. (2) from Sparling
(2000). Values ofδ>0.75 were observed from∼10–20 km
in the months of November through March. This agrees
well with previous observations of the extent, in altitude, of
meteorological influence (Logan, 1999; Koch et al., 2002;
Newchurch et al., 2003). In August and September, little to
no distinction is seen due to a minimum in the latitudinal
gradient in total ozone (Hudson et al., 2006), in part due to
a maximum in STE (Chen, 1995; Dunkerton, 1995; Pan et
al., 1997; Haynes and Shuckburgh, 2000) during this time
of year. The influence of regimes was also emphasized by
the excellent agreement between the HALOE and SAGE cli-
matologies below∼22 km, despite differences in the latitude
sampling of the measurements, chosen wavelengths, and re-
trieval techniques.
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Figure 11. Climatological HALOE water vapor mixing ratios at a) 15 km and b) 18 km for the 
tropical (red), midlatitude (green), and polar (blue) regimes. 

Fig. 11. Climatological HALOE water vapor mixing ratios at(a) 15 km and(b) 18 km for the tropical (red), midlatitude (green), and polar
(blue) regimes.

 

 

Figure 12. HALOE and SAGE water vapor profile climatologies calculated from 1997-2004 
between 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.   

Fig. 12. HALOE and SAGE water vapor profile climatologies calculated from 1997–2004 between 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.

The relationship between meteorological influence and
altitude was further examined using stratospheric column
ozone amounts at various altitude intervals. From 10–20 km,
each regime was characterized by distinctly different column
amounts and displayed seasonal cycles with March maxima.
At higher altitudes the distinction between regimes dimin-
ished, and the seasonal cycles exhibited summer maxima.

For water vapor, the distinction between regimes was most
easily seen in differences in hygropause height and, in some
months (December through April), hygropause mixing ra-
tios. March showed the clearest distinction between regimes,
displaying distinct hygropause heights and hygropause mix-
ing ratios for each regime. Similar to the ozone clima-
tologies, September showed the least differentiation. When
the HALOE water vapor climatologies were compared with
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those using SAGE data, good agreement was obtained,
although HALOE exhibited low hygropause heights with re-
spect to SAGE in the winter months. As with ozone, the
SAGE water vapor climatologies showed consistent results
with those of HALOE with respect to distinction between
meteorological regimes.

The seasonal cycle of water vapor in the tropical regime
was examined at particular altitudes (15 km and 18 km).
Since the tropical regime lies equatorward of the subtropi-
cal front, there are no isentropic STE pathways to the LMS.
Therefore, air in the LMS of the tropical regime will be a
mixture of air that has crossed the tropical tropopause and
air that has descended from the middle stratosphere. Our re-
sults indicate that air that has crossed the tropical tropopause
and been quasi-horizontally transported poleward controls
the annual cycle of water vapor in the LMS of the tropical
regime, agreeing with previous work (Rosenlof et al., 1997).

The influence of the annual cycle in tropical cold point
temperatures is also evident in the midlatitude regime at both
altitude levels. This was clearly seen in winter at 15 km when
water vapor ratios decreased, rather than increased due to
subsidence from the Brewer Dobson circulation. As with
ozone, the effects of isentropic STE are seen in the seasonal
cycle of the midlatitude regime at 15 km in the summer and
fall.

This study uses HALOE measurements to provide a
monthly climatological profile for ozone and water vapor for
each of the meteorological regimes. As Hudson et al. (2003,
2006) showed, changes in the relative weighting of these
regimes over time could contribute to trends in total ozone
in a particular zonal band. This study can be used to improve
our understanding of how changes in these regimes will af-
fect trends in the UTLS.
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