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1. INTRODUCTION 

Traditionally, temporal trends of atmospheric elements have been studied by 

examining the vertical and horizontal structure of the atmosphere. Vertically, the 

tropopause has typically been used to spatially separate the troposphere from the 

stratosphere, in addition to separating their respective processes. On the contrary, there is 

no commonly accepted method to separate the atmosphere horizontally, other than 

latitudinal criteria. In this sense, bands of constant latitude have usually been employed to 

compute trends. However, it is clear that the atmosphere is a fluid with highly non-linear 

behavior, and therefore there is no physical reason to restrict its analysis by latitude 

unless only mean temporal and spatial quantities are studied. Even in these cases, the 

average could smooth out many features that might be important on small or short scales. 

Using observational analyses, meteorologists have identified large regions in the 

atmosphere that have similar physical and chemical characteristics. For instance, 

temperature and moisture have been used to classify some air masses. The problem is, 

however, the difficulty in defining the boundaries of these "air masses" both spatially and 

temporally. Recently, Hudson et al. (2003) have proposed the use of the total ozone 

column to locate the boundaries of three regions in the atmosphere. Their approach shows 

some important characteristics of these "regimes":  

a)  They are permanent features of the atmosphere. 

b)  They exist on a global scale. 

c)  The variability of any physical or chemical quantity associated with a regime is 

considerably smaller than the variability of the same quantity in the atmosphere 

without any classification by regime. 
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This reduction of variability within each regime leads to a more precise and 

accurate analysis of trends, and maybe more importantly, to a better understanding of the 

mechanisms underlying any long-term change. Hudson et al. (to be submitted) have 

analyzed the ozone trends within each regime in the Northern Hemisphere. Their findings 

suggest a dynamical origin as well as chemical of the observed trends in the extra-tropics. 

It is clear, however, that analyses of both hemispheres are required in order to have a 

global picture of what is happening.  

The present study intends to complete the analysis carried out for the Northern 

Hemisphere by Hudson et al. (2003).  Although the basis of the method has been 

established in the cited paper, there are clear and obvious differences between Northern 

and Southern Hemispheres (Schoeberl and Krueger, 1983): 

i) Less land, and therefore fewer disturbances, produce less contrast between regimes, 

making the identification of the upper level fronts more difficult (Karoly et al., 1998).  

ii) Less land also means fewer ground-based stations and therefore larger uncertainties 

in satellite retrievals as well as in the reanalysis information (Kistler et al., 2001).  

iii) The presence of a stronger polar vortex and larger Antarctic "ozone hole" distorts the 

dynamics of the upper-level jets, complicating the determination of the regime 

boundaries. 

As a result, new or additional tools must be used in order to delineate the regime 

boundaries, and to check their robustness and reliability. Many ideas were tested in the 

Northern Hemisphere (where there are many more ground stations and satellite 

information is more reliable) and then applied to the Southern Hemisphere.  
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The main goals of this thesis are: 

a) Classify the Southern Hemisphere total ozone field by meteorological regimes 

in the band 25º-60ºS.  

b) Analyze total ozone trends within each regime, as well as their contributions 

to the mentioned latitude band. 

This thesis is divided into 6 chapters. Chapter 2 gives a basic description of the 

atmosphere and a "theoretical" background based on observational evidence. Chapter 3 

explains the method employed to classify the Southern Hemisphere total ozone field, and 

Chapter 4 describes the validation of this classification. Chapter 5 discusses the long-term 

behavior of ozone within each regime. Finally, the conclusions and discussion are 

presented in Chapter 6. 
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environmental shears that modulate the life (and type) of extratropical cyclones. Figure 

2.7 illustrates the influence of upper-level jet streams and PV alignments on frontal 

structure within extratropical cyclones 

2.2.3 The Arctic and Antarctic fronts 

The boundaries between the polar vortex and the rest of the polar air are the 

Arctic Front in the Northern Hemisphere, and the Antarctic Front in the Southern 

Hemisphere. These fronts are usually present only in winter. For this reason, polar vortex 

air masses are sometimes associated with the polar night (Djuric, 1994). In winter in the 

polar regions, areas covered by snow produce a radiation inversion that does not 

disappear during the short day. Air beneath this inversion is known as arctic (antarctic) 

air when it covers large regions (more than 1000 km horizontally) of the poles. This 

arctic (antarctic) air can be brought far south (north) by large winter storms. It is 

relatively common for the arctic front to reach the polar front (Djuric, 1994) in which 

case both fronts coincide in a surface chart. It should be noted that despite ample 

literature about the existence of this front (Shapiro, 1985; Shapiro et al, 1987, Serreze et 

al., 2001), there is not a universal view about its permanent presence in the atmosphere or 

its association with an upper-level jet. In fact, many of the early studies suggested the 

existence of the arctic front in summertime only (Reed and Kunkel, 1960). However, 

these analyses were based on temporal-spatial averages of meteorological variables at 

high latitudes. This was very different than the direct experimental approach used to 

prove the existence of the winter polar front and its relationship to an upper-level jet 

(Shapiro, 1985; Shapiro et al., 1987). 
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2.3 Upper-level Jets and the Tropopause 

It has been shown in the previous section that the static stability must increase 

toward the cold side of the upper-level jet. This basically implies that the tropopause 

height should also change across the upper-level jet. There is extensive observational and 

theoretical evidence that supports this fact (Reed, 1955; Danielsen, 1968; Danielsen et al., 

1970; Shapiro, 1976, 1978, 1980, 1985; Keyser and Shapiro, 1986; Shapiro et al., 1987). 

In fact, the tropopause height not only changes across the upper-level jet but in the 

process it could be deformed (or even broken) to produce what is known as tropopause 

folding. This strong deformation occurs during large-scale cyclogenesis (Danielsen, 

1985). The process was first proposed by Reed (1955), Reed and Danielsen (1959), and 

later experimentally verified by Danielsen (1968) by measuring radioactive tracers. 

Aircraft equipped to measure radioactive aerosols and products of nuclear bomb tests 

were flown in regions where the folded structure was predicted to exist. The observations 

(figure 2.8) clearly show not only the tropopause change from one side of the jet to the 

other but also that air of stratospheric origin is transported into the troposphere by the 

process of tropopause folding (Danielsen, 1968).  

Additional insight into tropopause behavior in regions near the upper-levels jets 

was gained by analysis of numerous aircraft missions in the 1970’s and 1980’s. Shapiro 

(1974) showed data collected by two aircrafts during the passage of an upper-level front 
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Figure 2.8 a) Vertical cross-section of potential temperature (solid lines), wind speed in knots 
(dashed lines), clouds (slanting lines) and dust (dots) for 0000 GMT 22 April 1963. Values at 
sampling sites are total β activity in disintegrations per minute/standard cubic feet (dpm/SCF). b) 
Potential vorticity (in 100 x 10-10 cm sec K gm-1) computed from a) and β activity of strontium-
90 (dpm/KSCF)  (from Danielsen, 1968). 
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Figure 2.9 a) Cross-section of potential temperature and wind speed corresponding to flights 
performed across a jet stream for 1200 GMT 19 April 1971. Isentropes (K) are shown as solid 
lines; isotachs (m s-1) as heavy dashed lines; and flight paths as light dashed lines with time 
(GMT) shown by the silhouetted aircraft and 10-min interval shown by time “hacks”. Ground 
topography shaded. Positions of the Grand Junction, NCAR, and North Plate rawinsonde 
ascents marked along abscissa. b) Potential and ozone distribution for flight cross-section in 
b). Potential vorticity (10-6 s-1 K mb-1) are shown as solid lines; ozone (parts per 108 per 
volume) as dashed lines) (from Shapiro et al., 1974).
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over North America. Measurements typically included static and dynamic pressure, air 

temperature, wind speed, magnetic heading, and ozone partial pressure. Figure 2.9 

presents results and analysis of the collected data. The cross-section shows packed 

isentropic surfaces in the stratosphere as expected, but also the core of highest winds, and 

higher static stability (lower tropopause) toward the cold side of the jet. In addition, a 

“tongue” of stratospheric air intruding into the troposphere is clearly depicted in that 

figure. Analysis of potential vorticity indicates that the tropopause, defined by a constant 

value of potential vorticity, is definitely lower on the cold side of the jet as expected from 

eq. 2.12. 

In a later paper, Shapiro et al. (1987) examined other aircraft measurements 

carried out within the Arctic Gas and Aerosol Sampling Program. They showed a 

tropopause folding event associated with a very deep migration of the polar vortex into 

low latitudes for mid-January of 1985. Figures 2.10a and 2.10b show geopotential height, 

winds, and temperature for the 500 and 850 mb isobaric surfaces, respectively. The 

existence of narrow regions with strong winds is evident. In addition, projections of two 

cross sections are depicted in that figure (AA’ and BB’). The cross section of potential 

temperature and wind along the line AA’ (figure 2.11) shows the wind and temperature 

structure of a region within two frontal zones, each of them associated with a jet stream. 

The data depicts a strong upper-level jet at an approximate altitude of 370 mb, whereas a 

second weaker jet is almost on top of it at about 300 mb. Shapiro et al (1987) ascribed the 

former to the arctic jet and the latter with the polar jet stream. In both cases tropopause 

folding was evident although the more intense jet presented a stronger deformation of the 

tropopause with stratospheric air intruding even below 700 mb. 
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Figure 2.10 a) 500 mb geopotential height (decameters, solid lines) and temperature (ºC, 
dashed lines) at 0000 UTC 20 January 1985. Wind vector flags and barbs are as follow: 
flag=25 m s-1, full barb = 10 m s-1, half barb = 2.5 m s-1. Projection lines for cross sections 
AA’ (figure 3.5) are dotted lines.  b) 850 mb geopotential height and temperature 
corresponding to a) (from Shapiro et al., 1987). 
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Based on numerous cases studied with the aid of aircraft measurements and 

sondes released from ground stations, Shapiro et al. (1987) proposed a conceptual model 

of the meridional structure of the tropopause and principle jet streams. In that model 

(figure 2.12) the tropopause is always at higher altitude on the warm side of the jets. A 

realization of that model is given in figure 2.13 where a cross section analysis between 

30º and 75ºN for 6 March 1979 shows good agreement with it. 

Figure 2.11 Cross-section analysis of potential temperature (K, thin solid lines) and wind speed 
(m s-1, heavy dashed lines) between Sault Sainte Marie, Michigan (46.5ºN, 84.3ºW) and 
Longview, Texas (32.4ºN, 94.7ºW), along the projection line AA’ of fig. 3.4. Heavy solid 
line marks the tropopause (10-7 K s-1 mb-1 isopleth of potential vorticity). Thin dashed lines 
indicate the tropospheric frontal and stable layer boundaries. Wind vectors are the same as in 
fig. 3.4 (from Shapiro et al., 1987). 
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Figure 2.12 The “threefold” structure of the tropopause. Potential vorticity discontinuity 
tropopause shown as heavy solid line, with the stratosphere region stippled. The 40 m s-1 
isotach (thin dashed line) encircles the cores of the three primary jet streams; the Arctic, Ja; 
the polar, Jp; and the subtropical, Js. Individual cross sections may exhibit spatial and 
temporal variations from that presented in this idealized meridional model (from Shapiro et 
al 1987)

Figure 2.13 Cross-section of potential temperature (K, thin solid lines), wind speed (m s-1, 
heavy dashed lines), and potential vorticity tropopause (10-7 K s-1 mb-1 isopleth, heavy 
solid line) at 1200 UTC 6 March 1979 along the projection line between Resolute, 
Canada (74.4ºN, 133.3ºW) and Boothsville, Lousiana (29.5ºN, 89.7ºW) (from Shapiro et 
al., 1987). 
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2.4 Total Ozone and Tropopause Height 

The total ozone column (or simply total ozone) is defined as the vertically 

integrated ozone in a column from the surface to the top of the atmosphere. Except for 

events where tropospheric pollution is important, only about 10% of the total ozone 

resides in the troposphere (Staehelin et al., 2001). From the remaining 90%, only a small 

fraction resides above 35 km (Dessler, 2000). In addition, above 30 km ozone is in 

photochemical equilibrium (Dobson, 1968b).  

From the beginning of ozone observations, measurements showed a large daily 

variability of total ozone in mid and high latitudes (Dobson, 1927). Given the small 

amount of ozone in the troposphere, these day-to-day fluctuations in the ozone column 

are expected to arise from variations in the concentration of ozone in the air between the 

regions where photochemistry takes place, the upper stratosphere, and the tropopause 

(Dobson, 1968b). Dobson (1927) observed a marked connection between total ozone and 

the “general type of atmospheric pressure distribution” (i.e. low or high pressure)4. In 

fact, as he mentioned later, there is a close connection between total ozone and 

meteorological variables (Dobson, 1968b; Petzoldt et al., 1994). Therefore, it is natural to 

expect the tropopause height to be highly correlated with the ozone column, as shown in 

figure 2.14, and for tropopause dynamics to play an important role in total ozone 

behavior (Morgan and Nielsen Gammon, 1998). 

                                                 
4  It is interesting to note that once Dobson had enough ozone measurements, he compared them with 

surface pressures and found a clear negative correlation. However, when measurements of pressure in the 
middle troposphere were obtained, it was clear that the anticorrelation between pressure at 9km and total 
ozone was even stronger. Since at that time it was believed that the average height of ozone was around 
40 km, the close connection between the upper troposphere-lower stratosphere and the upper stratosphere 
was surprising (for more historical details see Dobson, 1968a). 
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Studies on the correlation between the tropopause height and total ozone at 

particular locations indicate a temporal correlation of approximately 0.5 for variations 

with periods shorter than a year (Steinbrecht et al., 1998) and ~0.75 when the annual 

cycle is included in the computations (Hoinka et al., 1996). These studies used long 

records (> 15 years) of almost simultaneous measurements from ozonesondes and total 

ozone ground-based instruments as well as rawinsondes and satellite-derived ozone 

measurements. Alternatively, Schubert and Munteanu (1988) and Dameris et al. (1995) 

used total ozone from satellite instruments and data from global analyses to estimate the 

correlation between tropopause height and total ozone. Schubert and Muntenau (1988), 

using data for 1979, found the highest correlation (>0.6) in the midlatitudes 

(approximately between 30º and 60º of latitude for both hemispheres), with a rapid 

decrease towards the equator and slower decrease towards the poles. Their analysis 

Figure 2.14 Three-day running average total ozone at Oxford, and tropopause height and 200 
mb surface  height at Crawley (110 km SE of Oxford) for 1957. Note that the top and 
bottom curves are plotted with heights increasing downwards (from Dobson, 1968). 
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suggests a stronger correlation in summer than in winter. Dameris et al. (1995) analyzed 

data for the winter of 91/92 in a region between 30º-80º N and 30ºW to 120ºE. They 

found a temporal correlation between tropopause height and total ozone as high as 0.6 in 

some of the analyzed regions during that winter. These studies indicate that a large 

portion of total ozone day-to-day variability can be ascribed to changes in tropopause 

height. This is consistent with results obtained by Reed (1950), Schoeberl and Krueger 

(1983), Salby and Callaghan (1993). A. Galliani et al. (1996), and others that show that 

both horizontal and vertical advection contribute to changes in the ozone column on short 

time scales (i.e. a few days). 

2.5 Ozone and Potential Vorticity 

Ertel’s Potential Vorticity, or PV for short, is defined as 

 θζ ∇•= −
aq
v1ρ  (2.13) 

where ρ is the air density, aζ
v

 is the absolute vorticity and θ is potential temperature. 

Under the hydrostatic approximation and using isentropic coordinates, PV can be written 

in its isentropic form as (eq. 2.1) 
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where u and v are the meridional and zonal components of the horizontal velocity Vh

v
 

respectively. Equation (2.1) shows that PV is basically the product of a term that 

measures static stability ( / pθ∂ ∂ ) and a term that measures inertial stability (f+ζθ) 
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(Danielsen, 1985). The latter includes vorticity due to the Earth’s rotation and vorticity 

due to motions relative to the Earth, respectively. 

One of the most important features of potential vorticity is its conservative nature 

under frictionless motions (Hoskins et al., 1985). It can be shown that if θ is a function of 

the state variables p and ρ alone, then for isentropic motion of a parcel, 

 constantρ 1 =θ∇•ζ= −
aq
v

 (2.15) 

that is, PV is conserved following an air parcel. It is interesting to note that PV is 

conserved even for fully 3-dimensional non-hydrostatic motions (Hoskins et al., 1985). 

Reed (1955) was one of the first to use PV to analyze upper-level fronts and their 

structure. His paper suggested that stratospheric air could be advected down following 

sloping “stratospheric” isentropes that penetrate deep into the troposphere. Reed and 

Danielsen (1959) proposed this process known as tropopause folding, and later, 

Danielsen (1968) confirmed experimentally the existence of these processes and the high 

spatial correlation between PV and ozone. Based on his results, he suggested that both 

PV and ozone could be used to determine whether or not a parcel of air was of 

stratospheric or tropospheric origin. Stratospheric air has high ozone mixing ratios and 

large values of PV (Danielsen, 1985), as opposed to tropospheric air which has low ozone 

mixing ratios and low PV values. In actual fact, PV and ozone (more exactly its mixing 

ratio,
3Oχ ) are positively correlated, as are their gradients q∇ and

3Oχ∇  (Danielsen, 1985). 

Figure (2.15) shows profiles obtained from measurements carried on two stations in the 

USA. Despite the coarse resolution of the PV data, the profiles are very similar to each 

other. 
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Mixing, which is adiabatic and irreversible, produces this positive correlation in 

the lower stratosphere (Danielsen, 1985). As a result, even in the case when stratospheric 

air penetrates into the troposphere, mixing will contribute to the “dilution” of both 

quantities keeping the correlation between them relative unchanged (Danielsen, 1985). 

However, if non-conservative processes are involved, this correlation can be changed or 

even broken completely (Danielsen, 1985). For instance, a gradient in diabatic heating 

can change PV but not ozone mixing ratio. By the same token, photochemical processes 

can change ozone mixing ratio without changing PV. Therefore, in the lower stratosphere 

and upper troposphere, where transport is the dominant mechanism to redistribute ozone 

and PV, change in the correlation between ozone mixing ratio and PV is expected to 

happen when non-conservative processes take place. 

Figure 2.15 Vertical profiles of ozone mixing ratio (thin line) and potential vorticity (heavy 
line) derived from analysis of rawinsondes for Bedford, Mass., and Tallahassee, Fla., 1200 
GMT 24 April 1963 (from Danielsen, 1968). 
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Following the pioneering work of Danielsen (1968), an extensive number of 

studies have confirmed the good correlation between ozone mixing ratio and PV in the 

lower stratosphere/upper troposphere both synoptically (Danielsen et al., 1970 ; Shapiro, 

1980 and references therein; Danielsen, 1987) and statistically (Danielsen, 1985; 

Beekman et al., 1994, Rao et al., 2003). Danielsen (1985) compared two-dimensional 

(zonal-annual means) ozone mixing ratio and PV5 distributions in order to analyze the 

correlation between them. He found that the area-weighted correlation between the 

deviations of the mean values of
3Oχ  and PV are very high (> 0.9) in the upper 

troposphere and lower stratosphere (around 8 and 22 km of altitude). However, at about 

24 km this positive correlation changes abruptly to a negative correlation. Danielsen 

(1985) attributed the former to dominance of transport whereas the latter was ascribed to 

photochemical dominance.  

Beekman et al. (1994) on the other hand, compared ozonesonde and ECMWF 

analysis data. They used ozone mixing ratio from stations located between 41º and 52º N 

and computed the correlations for 225 mb and 500 mb isobaric surfaces. They found high 

correlation for the 225 mb surface (~0.8) and much lower correlation for the 500 mb 

surface (~0.4) when all seasons were included in the analysis. Interestingly, when the 500 

mb data was analyzed by season, the highest correlation occurred between March and 

July (~0.5), and the lowest took place between August and October (~0.2). Rao et al. 

(2003) carried out a similar analysis for seven high latitude stations (60º-80ºN) between 

1994 and 2001. Again the highest correlation between ozone mixing ratio and PV 

occurred for isobaric surfaces at 250 mb (~0.85) as compared to the correlation at 500 mb 

                                                 
5 The deviations were defined as the difference between the zonal-temporal average and the horizontal 
(meridional and zonal)-temporal average. 
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(~0.3). In this case, however, the correlation at 250 mb was almost constant throughout 

the year. 

The high (positive or negative) correlation between ozone and PV is not restricted 

to ozone mixing ratio but extends also to the ozone column. Good correlation between 

total ozone and PV at different isentropic and isobaric surfaces has also been found 

(Vaughan and Begum, 1989; Vaughan and Price, 1991; Riishøjgaard and E. Källén, 

1997). Vaughan and Begun (1989) studied a region confined to south-east Asia and found 

that isentropic PV (IPV) correlated well with total ozone (< 0.7), especially at isentropic 

surfaces near the tropopause. The correlation was higher in a latitude band between 30º 

and 40º for all isentropic surfaces used in the study (310 to 390 K).  

Based on the fact that 
3Oχ  and PV are highly correlated in the lower stratosphere, 

Vaughan and Price (1991) derived a theoretical relationship between total ozone and 

relative vorticity. They found that the ozone column Ω can be written as 

 { }1 ( ) p

t
p t T Uf d

M q
θ

θθ

χ θ θ ζ θ
⎛ ⎞

Ω = − + +Ω +Ω⎜ ⎟⎝ ⎠ ∫  (2.16) 

where the overbar indicates mean value, θt and θp are the potential temperature at the 

tropopause and at the level where 
3Oχ  and PV are no longer positively correlated, ΩT is  

the tropospheric ozone column, ΩU is the residual ozone column above θp, and M is the 

mass of an air molecule. Given that the troposphere typically contributes with only 10% 

to the ozone column, and that integration of typical profiles above θp (about 24 km, 

Danielsen, 1985) is almost constant at all latitudes, ΩT and ΩU can be regarded as 

constants in eq. 2.16. As a result, Vaughan and Prince (1991) argued that when there is 
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little phase propagation with height, the integral of ζθ with height is directly related to the 

value of ζθ at the base of the stratosphere. Therefore, at synoptic scales and smaller, a 

correlation between Ω and relative vorticity is expected. Clearly, given the assumptions, 

a correlation between total ozone and potential vorticity is also expected. 

Allaart et al. (1993) followed a slightly different approach. They statistically 

compared column integrated potential vorticity (taken from ECMWF analyses) with total 

ozone (as seen by the TOVS instrument). They showed that the total ozone field can be 

reconstructed from the PV distribution by using a discrete version of  
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0 400
( ) ( ) ( )   ( )

hPa

hPa
t K t q p dp tεΩ = Ω + +∫  (2.17) 

In this equation Ω0 is a constant value of 240 DU, K(t) is a slowly varying function of 

time (to account seasonal variations in the correlation) and ε is the amount of ozone 

column not explained by the ozone-PV correlation. The RMS of ε is of the order 10-20 

DU which is of the same order of the reported error of ozone retrieved by TOVS (Planet 

et al., 1984).  

Davis et al. (1999) used the total ozone-PV correlation to retrieve winds from the 

Total Ozone Mapping Spectrometer (TOMS) data. In this case, they defined the column 

integrated PV, Σ, as follows, 

 2

1
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p
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∆ ∫  (2.18) 

where 2 1p p p∆ = − , with p2=50 mb and p1=500 mb. PV data was obtained from the 

NCEP/NCAR (National Centers for Environmental Prediction/National Center for 

Atmospheric Research). Equation (2.18) shows that Σ is basically the average PV within 
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the layer p∆ . In their study, Davis et al. (1999) showed that the correlation between 

ozone and PV is variable from day to day, and that it is has a strong latitudinal 

dependence, with essentially no correlation in the tropics and high correlation in mid-

latitudes. 

All these results clearly indicate that PV and ozone are highly correlated in 

regions around the extratropical tropopause (lower stratosphere/upper troposphere), 

suggesting that the dynamical information present in the total ozone field mainly 

concerns this region. Such a good correlation is impressive given the fact that sources and 

sinks of ozone and PV are not identically distributed. As mentioned before, ozone is 

produced mainly in the middle and high tropical stratosphere, and is destroyed at the 

surface (WMO, 1986). In contrast, because PV can neither be created or destroyed within 

a layer bounded by two isentropic surfaces (Haynes and McIntyre, 1987), sources or 

sinks of PV can only exist on isentropes that intersect the lower boundary. However, that 

is not the only way that the PV column can change. If the isentropes become closer 

(farther apart) from each other, reflecting the increase (decrease) of static stability, then 

the PV column also increases (decreases). This effect may be interpreted as the sources 

and sinks for PV being diabatic heating (cooling) (Riishøjgaard and Källén, 1997). 

2.6 Total Ozone and Meteorological Regimes 

From the discussion in the previous sections, it is clear that total ozone and the 

tropopause height change relatively abruptly in regions near the upper-level jets, 

especially during cyclogenesis events. The question is, what is the behavior of these two 

quantities in areas far from regions where cyclogenesis is occurring?  Shalamyanskiy  

(1980), and Shalamyanskiy and Romashkina (1980) analyzed aircraft data collected by  
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the Main Geophysical Observatory of the former Soviet Union. These flights intersected 

the polar and subtropical jets-fronts 32 times between 1974 and 1977 (Shalamyanskiy 

and Romashkina, 1980). All these cross-sections confirmed the fact that the zones of jet 

streams always coincided with regions of large gradients in total ozone. However, in 

flights with lengths from 500 km to 2000 km outside the jet stream region, total ozone 

gradients were found to be small and without a definite sign in the meridional, or the 

latitudinal direction (Shalamyanskiy and Romashkina, 1980). As they pointed out, this 

implies that the quasi-synoptic meridional section of the total ozone field is not smooth 

(as a zonal average would indicate), but rather a stepwise rise in total ozone from the 

tropics to the poles. This pattern was observed in all flights in the meridional direction 

with the “steps” corresponding to the position of the upper-level jets. 

The observations suggest, therefore, that the ozone field can be classified into 

regions whose boundaries are the polar and subtropical jets. In order to see if this was 

true over the whole Northern Hemisphere and not only over regions where the aircrafts 

were flown (the former Soviet Union), Shalamyanskiy and Romashkina (1980) analyzed 

charts of geopotential height for every day between 1975 and 1976. They used isobaric 

surfaces of 200 mb and 300 mb to identify isohypses (height contours) that corresponded 

to regions with the highest winds. The 300 mb surface was used to identify the polar jet 

and the 200 mb surface to identify the subtropical jet. The resultant isohypses were then 

compared with isopleths of total ozone previously identified from the aircraft data. The 

agreement between them was remarkably good, indicating that both fields can be 

separated into three regions or regimes6. Interestingly, Shalamyanskiy and Romashkina 

                                                 
6 They designated these regions as air masses. We will call them regimes throughout this work. 



 41

(1980) noted that the isohypses taken as the boundaries of these regimes in the 

geopotential height field clearly separated the total ozone field over the entire Northern 

Hemisphere and not only in regions where the jet streams were present. That is, these 

isohypses separate the ozone field not only in regions of very strong winds (where they 

were determined) but also in locations where the wind speed is slow.  

Additional analyses of the characteristics of these regimes (Karol et al., 1987) 

show that the variability of ozone and temperature is reduced by a factor of 1.5 or 2 

within a regime as compared to the variability along the same latitudinal band.  Even 

further, they showed that despite the extremely variable configuration of the regime 

boundaries, many of their characteristics are stable and show certain regularity. For 

instance, geopotential heights that identify the upper level jets exhibited little day-to-day 

variability and their mean monthly values show little interannual variability (Karol et al., 

1987). 

Independently of these findings, Shapiro et al. (1982) suggested that the position 

and intensity of upper-level jet streams could be identified from satellite instruments that 

measure the ozone column. They used data from TOMS on board of Nimbus-7, aircraft 

measurements, and rawinsondes in order to study a few cases. Aircraft and rawinsonde 

data were used to produce cross-sections of regions where strong upper-level jets were 

present. As expected from the discussion in sections 3.2 and 3.3, these analyses show the 

characteristic tropopause folds and, maybe more important for this case, the horizontal 

discontinuities in both the depth of the stratosphere, and ozone (Shapiro et al., 1982). 

When TOMS ozone maps were inspected looking for mesoscale discontinuities in the 

total ozone field, it was found that these discontinuities coincided with the axis of the jet 
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streams. The intensity of the ozone gradients appeared to be proportional to the 

magnitude of the jet wind speed (Shapiro et al., 1982). 

Just recently, Hudson et al. (2003) used total ozone from TOMS to identify the 

location of the upper-level fronts and therefore, following Shalamanyanskiy and 

Romanshkina (1980), classify the Northern Hemisphere atmosphere into meteorological 

regimes. Based on the fact that total ozone variability is much smaller within a regime 

than in a latitudinal band (Karol et al., 1987), Hudson et al. (2003) used an iterative 

approach to calculate the ozone values used to define the regime boundaries for every 

day. They confirmed the smaller total ozone spatial variability within a regime, and the 

little day-to-day ozone variability. In addition, they showed that the tropopause height, 

calculated from daily synoptic rawinsonde measurements, shows clearly distinct values 

for every regime. This fact is true not only for the thermal tropopause but also for the 

chemical tropopause defined by ozone concentration. Since the work of Hudson et al. 

(2003) is the basis of the present paper, a much more detailed explanation and discussion 

of their method is given in Chapter 3. 

 


