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Abstract

The atmospheric global circulation, also referred to as the Brewer-Dobson circulation, controls
the composition of the upper troposphere and lower stratosphere (UTLS). The UTLS trace gas
composition, in turn, crucially affects climate. In particular, UTLS water vapour (H2O) plays
a significant role in the global radiation budget. Therefore, a realistic representation of H2O
and Brewer-Dobson circulation, is critical for accurate model predictions of future climate and
circulation changes.

This thesis is structured in two main parts: focussing on the (i) effect of model uncertainties
(due to tropical tropopause temperature, horizontal transport and small-scale mixing) on strato-
spheric H2O, and on the (ii) uncertainties in estimating Brewer-Dobson circulation trends from
the observed H2O trends.

The results presented here are based largely on stratospheric H2O studies with the Chemical
Lagrangian Model of the Stratosphere (CLaMS). Firstly, to investigate the robustness of simu-
lated H2O with respect to different meteorological datasets, we examine CLaMS driven by the
ERA-Interim reanalysis from the European Centre of Medium-Range Weather Forecasts, and the
Japanese 55-year Reanalysis (JRA-55). Secondly, to assess the effects of horizontal transport,
we carry out CLaMS simulations, with transport barriers, along latitude circles: at the equator,
at 15◦N/S and at 35◦N/S. To investigate the sensitivity of simulated H2O regarding small-scale
atmospheric mixing, we vary the strength of parametrized small-scale mixing in CLaMS. Fi-
nally, to assess the reliability of estimated long-term Brewer-Dobson circulation changes from
stratospheric H2O, we apply different methods of calculating mean age of air trends involving
two approximations: instantaneous entry mixing ratio propagation, and a constant correlation
between mean age of air and the fractional release factor of methane. The latter assumption
essentially means assuming a constant correlation between the mean age of air and the mixing
ratio of long-lived trace gases.

The results of this thesis show significant differences in simulated stratospheric H2O (about
0.5 ppmv) due to uncertainties in the tropical tropopause temperatures between the two reanal-
ysis datasets, JRA-55 and ERA-Interim. The JRA-55 based simulation is significantly moister,
when compared to ERA-Interim, due to a warmer tropical tropopause of approximately 2 K.
Moreover, through introducing artificial transport barriers in CLaMS, we suppress certain hor-
izontal transport pathways. These transport experiments demonstrate that the Northern Hemi-
sphere subtropics have a strong moistening effect on global stratospheric H2O. Interhemispheric
exchange shows only a very weak effect on stratospheric H2O. Small-scale mixing mainly in-
creases troposphere-stratosphere exchange, causing an enhancement of stratospheric H2O, par-
ticularly, along the subtropical jets in the summer hemisphere and in the Northern hemispheric
monsoon regions. In particular, the Asian and American monsoon systems, during boreal sum-
mer, turn out as regions especially sensitive to changes in small-scale mixing.

The estimated mean age of air trends from stratospheric H2O changes, in general, are
strongly determined by the assumed approximations. Depending on the investigated region of
the stratosphere, and the considered period, the error of estimated mean age of air trends can be
large. Interestingly, depending on the period, the effects from both approximations can also be
opposite, and may even cancel out.



Abstract

The results of this thesis provide new insights into the leading processes that control strato-
spheric H2O and its trends, and are therefore relevant for improving climate model predictions.
Furthermore, the results of this work can be used for evaluating the uncertainties of estimated
stratospheric circulation changes from global satellite measurements.
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Chapter 1

Introduction and motivation

Stratospheric water vapour (H2O) plays a critical role in global radiation, as it cools the strato-
sphere and warms the troposphere (e.g., Forster and Shine, 1999, 2002; Shindell, 2001; Maycock
et al., 2011; Nowack et al., 2015). In particular, changes in H2O mixing ratios in the upper tro-
posphere and lower stratosphere (UTLS) may cause significant effects on climate variability
(Solomon et al., 2010; Riese et al., 2012; Maycock et al., 2013; Nowack et al., 2017). There-
fore, the reliability of climate model predictions is significantly affected by the representation
of processes controlling the distribution of stratospheric H2O. However, these processes, are
poorly understood and quantified hitherto. Moreover, accurate measurements of the variability
and trends of H2O in the UTLS are sparse (Hegglin et al., 2014; Müller et al., 2016). These fac-
tors make the representation of stratospheric H2O a major uncertainty factor for global climate
model predictions (Gettelman et al., 2010; Randel and Jensen, 2013).

A critical region controlling stratospheric H2O is the tropical tropopause layer (TTL). The
TTL includes the region of extremely low temperatures around the cold-point tropopause, where
the moist tropospheric air is freeze-dried to stratospheric values (Brewer, 1949). Consequently,
the tropical cold-point temperatures control the amount of H2O entering the stratosphere (e.g.,
Wang et al., 2015; Kim and Alexander, 2015; Randel and Park, 2019). H2O is transported from
the troposphere through the TTL into the stratosphere by complex transport processes, involv-
ing large-scale upwelling and horizontal advection, linked to the residual mean mass circulation
(often referred to as Brewer-Dobson circulation, BDC), as well as small-scale vertical and hori-
zontal mixing processes (e.g., due to convection or turbulence).

The BDC is a global mass circulation (meridional overturning circulation or diabatic circu-
lation), in which tropospheric air enters the stratosphere in the tropics, and then moves upwards
and polewards, before descending in the middle and high latitudes. The chemical source of H2O
in the middle and higher stratosphere is, mainly, the oxidation of methane (CH4) by O(1D), OH,
and Cl radicals (e.g., Röckmann et al., 2004). Importantly, H2O has the largest greenhouse ef-
fect by absorbing and emitting infrared (IR) radiation on a range of wavelengths broader than
any other greenhouse gas (e.g., Easterbrook, 2016). Thus, UTLS H2O is involved in impor-
tant climate feedback mechanisms, and plays a key role in climate change (e.g., Solomon et al.,
2010).
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As a reliable representation of stratospheric H2O plays an important role in reducing the
uncertainties in global climate model predictions, it is crucial to investigate the response of
simulated stratospheric H2O on changing various critical controlling factors in the models. The
simulated stratospheric H2O is strongly sensitive to TTL temperatures, large-scale horizontal
transport and small-scale mixing.

The current generation climate models shows evidence for a speed up of the BDC, mainly
as a response to an increase in greenhouse gases (e.g., Butchart et al., 2010; Garcia and Ran-
del, 2008; Bunzel and Schmidt, 2013; WMO, 2018). Changes in the BDC, in turn, may induce
important feedback mechanisms on climate. The BDC, however, can not be measured directly.
Ergo, it is necessary to infer BDC trends from changes in trace gas distributions, such as H2O.
A commonly used quantity to describe the speed of the BDC is the mean age of air (AoA), the
average transit time of air since entering the stratosphere. It is a complicated task to accurately
determine the AoA from trace gas distributions. Consequently, the concepts of (I) an instan-
taneous propagation of stratospheric entry mixing ratio, and (II) stationarity of the correlation
between AoA and the fractional release factor, are often used as the approximations (e.g., Schoe-
berl et al., 2000, 2005; Hegglin et al., 2014). There is a strong need to evaluate the effects of
such approximations on the estimated AoA trend.

The aim of this thesis is to explain and solve the aforementioned scientific problems. The
thesis consists of two main parts: (i) focusing on the processes controlling the stratospheric
H2O distribution (such as, TTL temperature, horizontal transport and small-scale mixing), and
(ii) methods to use stratospheric H2O trends for deducing BDC trends. The methodology is
based on sensitivity studies with the Chemical Lagrangian Model of the Stratosphere (CLaMS,
McKenna et al., 2002a,b).

The following questions about the uncertainties of modelled stratospheric H2O mixing ra-
tios, and the accuracy of estimated AoA trends from stratospheric H2O changes are considered:

• How robust is simulated stratospheric H2O with respect to different TTL temperatures in
current meteorological datasets?

• How large is the effect of horizontal transport on stratospheric H2O?

• How sensitive is stratospheric H2O to atmospheric small-scale mixing?

• How reliable are estimated AoA trends from stratospheric H2O changes?

Outline
This thesis consists of five chapters. The introduction presents an overview of the scientific

background (Chapt. 2), introducing the structure of the atmosphere; particularly, UTLS region
and the relevant processes. The mechanisms controlling stratospheric H2O and the methods for
observing and modelling of stratospheric H2O are discussed in Chapt. 2 as well.

The methodology is described in detail in Chapt. 3. Each of the following chapters starts with
a brief introductory paragraph. Thereafter, the research strategy and methodology are described.
The chapters end with the conclusions answering the above raised questions.

In Chapt. 4, the uncertainties of simulated stratospheric H2O with respect to the model rep-
resentations of different processes (e.g., TTL temperatures, horizontal transport and small-scale
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mixing) are investigated. A number of sensitivity simulations using CLaMS (McKenna et al.,
2002a,b) in its 3D-version (Konopka et al., 2004; Pommrich et al., 2014) is carried out. CLaMS
driven by ERA-Interim reanalysis (Dee et al., 2011) is considered as a reference. To investigate
the uncertainties of stratospheric H2O, the sensitivity simulations with CLaMS are analysed
through their comparison to the ERA-Interim based reference simulation, and the effects of TTL
temperatures, horizontal transport and small-scale mixing on stratospheric H2O are estimated.
This chapter is based on the following published paper:

• Poshyvailo, L., Müller, R., Konopka, P., Günther, G., Riese, M., Podglajen, A., and Ploeger,
F.: Sensitivities of modelled water vapour in the lower stratosphere: temperature uncer-
tainty, effects of horizontal transport and small-scale mixing, Atmospheric Chemistry and
Physics, 18, 8505-8527, https://doi.org/10.5194/acp-18-8505-2018, 2018.

Chapt. 5 focuses on the method of deducing BDC trends from stratospheric H2O trends, and
evaluates the effects of commonly used approximations of (I) an instantaneous propagation of
stratospheric entry mixing ratio, and (II) stationarity of the correlation between AoA and the
fractional release factor of mathane. To evaluate the effects of the approximations on estimated
AoA trends, the resulting AoA trends from the sensitivity experiments are compared to the
reference CLaMS AoA trend. Based on such comparisons, conclusions regarding the reliability
and applicability of approximations I and II in estimating AoA trends from stratospheric H2O
changes are made.

Finally, the summary and conclusions of the entire thesis are presented in Chapt. 6.
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Chapter 2

Scientific background

2.1 Structure of the atmosphere

The Earth’s atmosphere is a gaseous shell surrounding our planet, held together by the Earth’s
gravitational force. There are many dynamical, physical and chemical processes occurring there.
Among other things, the Earth’s atmosphere is a medium for energy transfer between the sun
and the planetary surface, as well as between different regions of the Earth, including land
and oceans. The processes of maintaining the energy equilibrium determine the climate of our
planet. The atmosphere contains the elements necessary for life: oxygen (O2), and the ozone
layer (as a result of atmospheric reactions of O2), which shields Earth’s surface from harmful
ultraviolet (UV) radiation. Thus, the Earth’s atmosphere provides conditions for life to flourish,
and moreover, it is a protector for living creatures against the radiation (Salby, 1996).

Relevant atmospheric processes occur on different spatial scales, starting from the micro-
scopic (e.g., evaporation, condensation, cloud formation, precipitation), small- (e.g., localised
vertical and horizontal wind motions), and medium- (e.g., cyclones, anticyclones, hurricanes, ty-
phoons, tornadoes, thunderstorms, fronts), to large-scale processes, like the atmospheric general
circulation. The radiative processes include transfer of incoming solar radiation through the at-
mosphere to the surface, the surface’s heating, emission of outgoing IR radiation, and absorption
of IR radiation by atmospheric gases and particles. Microphysical processes include evaporation
and condensation of atmospheric H2O into clouds. Through cohesion larger cloud droplets can
be created, causing precipitation. Chemical processes transform and produce atmospheric gases,
which can form atmospheric particles under certain conditions.

The Earth’s atmosphere is a complex mixture of different gases. The main gases are nitrogen
(N2, about 78 % by volume), O2 (about 21 % by volume), argon (Ar, about 0.9 % by volume),
H2O (from 0.01 % to 4 % by volume), and in even smaller amounts are carbon dioxide (CO2),
methane (CH4) and many others.

Radical chemical species are very reactive, and control the ability of the atmosphere to
oxidise chemical compounds into water-soluble gases, which are subsequently removed by pre-
cipitation (e.g., Schlager et al., 2012). The most prominent oxidising compound is the highly
reactive hydroxyl radical (OH) (e.g., Brasseur et al., 2003). Halogen-containing stratospheric
gases can be divided into two groups: halogen source gases and reactive halogen gases. Halo-
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gen source gases, like chlorine- and bromine-containing gases (e.g., CFCl3 (CFC-11), CF2Cl2
(CFC-12), CBrF3) cause ozone depletion (WMO, 2018). When halogen source gases reach
the stratosphere, they are chemically converted into reactive halogen gases through ultraviolet
sunlight and other chemical reactions. Some other primary emitted gases, such as carbon tetra-
chloride (CCl4), or photochemically-produced trace gases1 are toxic, and may impact human
health (Ramanathan et al., 1985; Schlager et al., 2012).

The lifetime of the atmospheric species varies from seconds up to more than a thousand
years. An example of a very long-lived species is CO2, which stays in the atmosphere for
millennia (Archer and Brovkin, 2008). On a shorter time scale, of around 250 years, there is
notable evidence of the change of atmospheric composition caused by human activity, produced
by fossil fuel combustion and biomass burning (e.g., CO2, SO2, NOx, hydrocarbons), traffic
(e.g., CO2, NOx, CO), agriculture (CH4, N2O, NH3), volcanoes (SO2, halogens), vegetation
(volatile organic carbon compounds), gas and oil production (volatile organic compounds, CH4)
(Schumann, 2012). Most of the long-lived trace gases are important greenhouse gases and have
large effects on the atmosphere’s radiation budget.

The increase of greenhouse gas concentrations is observed to cause global warming (Stocker
et al., 2013; Blunden and Arndt, 2017; Solomon et al., 2010). Greenhouse gases cause warming
of the troposphere and cooling of the stratosphere and induce further circulation changes, like a
poleward shift of the tropospheric jet stream, which in turn causes climate change (Gerber et al.,
2012; Kushner et al., 2001; Yin, 2005).

Interestingly, atmospheric H2O has the largest greenhouse effect, as it emits and absorbs IR
radiation on a broader range of wavelengths than any other greenhouse gases (e.g., Easterbrook,
2016). Consequently, atmospheric H2O is involved in important climate feedback mechanisms.
As atmospheric temperatures increase (caused by higher CO2 concentrations), the resulting hu-
midity increases as well (Dessler et al., 2013; Solomon et al., 2010). In addition, H2O traps
energy before it can escape to space, leading to additional warming. The entire stratospheric
H2O is mainly defined by the processes in the tropical upper troposphere and lower stratosphere
(UTLS; e.g., Held and Soden, 2000; Solomon et al., 2010). UTLS H2O is largely influenced by
the BDC. Also, small-scale processes (e.g., microphysics of clouds, mixing) impact UTLS H2O.
Due to the interaction between the large-scale and small-scale processes, it is a challenging task
to interpret the processes controlling UTLS H2O (Fueglistaler et al., 2009; Dessler and Zelinka,
2015).

The Earth’s atmosphere constitutes a fluid system, and can be considered as a mass of mov-
ing molecules. The solution of fluid dynamics problems usually involves the calculation of
velocity, pressure, density and temperature as functions of space and time. Typically, the struc-
ture of the atmosphere can be considered as well in terms of pressure, density, and temperature.
In the following, the vertical structure of the atmosphere is considered in more detail.

In the atmosphere, both pressure and density have the highest values at the surface, and
decrease exponentially with height. This is caused by the gravitational force of the Earth and
air compressibility. The pressure at the surface is around 105 Pa, and decreases to 10 % of this
value at the altitude of about 15 km. Further, pressure decreases by one order of magnitude for

1Trace gas is a gas which makes up less than 1 % by volume of the Earth’s atmosphere. All gases belong to the
trace gases, except N2 and O2.
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each additional 15 km. The mean density of atmospheric air decreases at about the same rate, by
one order of magnitude for each 15 km of height, starting from about 1.2 kg m−3 at the surface.
Above 100 km, pressure and density also decrease exponentially, although the rate is different,
and it varies gradually with altitude. The transition layer near an altitude of about 100 km is
caused by differences in the processes controlling the stratification of mass and the composition
of air. Thus, the region below 100 km is well-mixed, and turbulent air motions dominate dif-
fusive transport and is known as the homosphere. Between 100 km and approximately 500 km,
diffusive transport dominates: this region is called heterosphere. Higher up, above 500 km, the
air is so rarefied, that the molecules can leave the atmosphere and escape into space; this region
is known as the exosphere (Salby, 1996).

The wide variety of the Earth’s atmospheric composition causes a complex behaviour in
the temperature profile. As a result of the inclination of the Earth’s rotational axis, the tropics
receive more heat from the solar radiation than the polar regions in average. Based on the thermal
structure of the atmosphere, it is natural to divide the atmosphere in four layers. They are named
troposphere, stratosphere, mesosphere, and thermosphere.

The troposphere (tropos means turning, changing) is a layer of the atmosphere, from the
surface, up to about 10-15 km (the boundary depends on the latitude and season). It is also
called sometimes the “lower atmosphere”. In the troposphere, the temperature decreases with
height with an almost constant lapse rate of

Γ =−∂T
∂ z

=−6.5K/km, (2.1)

where T is temperature, and z is height. By definition, the environmental lapse rate (Γ) is the
rate of temperature decrease with height (Willett and Sanders, 1959).

The troposphere contains approximately 80 % of the atmosphere’s mass. The air in the
troposphere is relatively well-mixed. The upper boundary of the troposphere is called the
tropopause, and it is characterised by the first temperature minimum, and a sharp change in
the lapse rate (Hoinka, 1997). This first atmospheric temperature minimum is referred to the
cold-point tropopause (e.g., Andrews et al., 1987; Randel and Jensen, 2013). The World Meteo-
rological Organisation defines the tropopause as “the lowest level, where the lapse rate decrease
to 2 K/km or less, and the averaged lapse level within this level and the next 2 km layer should
not exceed 2 K/km” (Holton et al., 1995). In the tropics, the region from the top of main con-
vective outflow (≈ 12-14 km) up to altitudes of the highest level convection can reach (≈ 18 km)
is a transition from convective to radiative regimes, and is termed the tropical tropopause layer
(TTL) (Randel and Jensen, 2013; Fueglistaler et al., 2009).

The region between the tropopause, up to an altitude of approximately 85 km is usually
named the middle atmosphere. Hoskins (1991); Holton et al. (1995) defined the terms “un-
derworld”, “middleworld” and “overworld” for the regions between the troposphere and the
stratosphere. Such division requires the concept of potential temperature. Note that potential
temperature (θ ) is defined as the temperature that a parcel of dry air at pressure p and tempera-
ture T would have if it was compressed adiabatically to a standard surface pressure ps (usually
taken to be 1000 hPa):

θ = T (ps/p)R/cp , (2.2)
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where R is the gas constant for dry air (R = 287J kg−1 K−1), and cp is specific heat of dry air
at a constant pressure (cp = 1004J K−1 kg−1) (e.g., Holton, 2004). The potential temperature
is an important concept, as it represents a line of thermodynamic equilibrium for dry air in
which there is no exchange of energy with the environment through radiative absorption or
emission, or through turbulent mixing. All parcels lying along a constant θ surface are in local
thermodynamic equilibrium (Salby, 1996).

In Hoskins (1991) the “middleworld” is defined as a region, where the isentropes cross the
tropopause. Note, that an isentropic surface is a surface in space of constant potential tem-
perature. The atmospheric layer above the tropopause is named as stratosphere (strato means
layered). Here the temperature increases with height, what inhibits vertical mixing. Moreover,
the stratosphere is rich in ozone. Ozone heating from the absorption of solar UV radiation,
causes the temperature increase in the stratosphere. The upper boundary of the stratosphere is
around 50 km, and is called the stratopause, where the atmospheric temperature again reaches
its maximum (Salby, 1996).

Holton et al. (1995) proposed a separation into “underworld” and “overworld”. “Under-
world” is the part of the atmosphere where the isentropes lie completely in the troposphere and
“overworld” is above the potential temperature of 380 K (approximately 100 hPa), where the
entire isentropes lie in the stratosphere. In the tropics the level of 380 K lies just at the tropical
tropopause in the annual mean, near the 100 hPa pressure level (Holton et al., 1995). The term
“lowermost stratosphere” refers to the region between the tropopause and the 380 K isentropic
surface (Holton et al., 1995; Schoeberl, 2004).

The stratopause (around the potential temperature of 2000 K or 1 hPa or 50 km) separates
the stratosphere and the mesosphere (meso means in between). The temperature again decreases
with altitude above the stratopause, caused by the absorption of solar radiation by the rarefied
atmosphere and the strong radiative cooling by CO2 thermal emission into space. Such a radia-
tive cooling strongly depends on the rate of the excitation and the relaxation of CO2 molecules
caused by collisions (Allen et al., 1979). The transition surface at around 85 km (approximately
0.01 hPa) is called the mesopause, situated at the second temperature minimum (Salby, 1996).

Above the mesopause, the temperature increases constantly in the thermosphere. This part
of the atmosphere sometimes is called the “upper atmosphere”. In the thermosphere, solar ra-
diation ionises the molecules of air, producing plasma of free electrons and ions, which interact
with the Earth’s electric and magnetic fields. Above the mesopause, solar activity plays an im-
portant role, whereas below its effect is less significant. In the thermosphere, air becomes so
rarefied that it cannot be treated as a continuous fluid anymore (Andrews et al., 1987; Wallace
and Hobbs, 2006).

2.2 Upper troposphere and stratosphere (UTLS)

The work of this thesis is focused on the UTLS processes and their influence on the stratospheric
H2O. The controlling processes, such as evaporation, condensation, transport and production
by CH4 are responsible for H2O distribution in the UTLS, and cause its high variability (see
Sect. 2.3, 2.4 for the details).
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Figure 2.1: Temperature (blue line, [K]) and the H2O mixing ratio (red line, [ppmv]) profile for
the boreal winter season (DJF) climatologies (2004-2013 years) for the tropical region (20◦S-
20◦N). The TTL is shown with the light blue area, whereas below, the troposphere is shown in
green, and above, the stratosphere is shown in yellow colours. Note, that the temperature values
are taken from ERA-Interim reanalysis, and the H2O mixing ratios are from CLaMS simulation
driven by ERA-Interim reanalysis.

Figure 2.1 presents temperature and H2O mixing ratio vertical profiles for the boreal winter
averaged through the tropics, between 20◦ S-20◦N. Here, the TTL is shown with a bottom at
the potential temperature of 355 K (or pressure 150 hPa, or altitude 14 km) and a top at 425 K
(70 hPa, 18.5 km) following the definition of Fueglistaler et al. (2009). In Fig. 2.1, the minimum
temperature in the TTL is around 190 K. At the same altitude, H2O values reach the minimal
mixing ratio of 3 ppmv2, whereas in the troposphere, H2O has much higher values. This H2O
minimum around 190 K is caused by the dehydration due to freezing in the TTL. Thus, the
H2O mixing ratio in the TTL is mainly controlled by the cold-point temperatures. The second
minimum of lower magnitude appears around 600 K, indicating the presence of the low winter
H2O mixing ratios from the previous year in the stratosphere (the signal is known as the “H2O

2ppmv (parts per million by volume) refers to a certain volume of a substance dissolved in one million parts
per volume of other substances and is a unit of the quantity of the mixing ratio. In atmospheric chemistry, the
abbreviations ppm (parts per million) and the term mixing ratio are used to denote a mole fraction in dry air (Calvert,
1990). Adding “v” is often used to separate molar and mass mixing ratio. Thus, a mole fraction of 300 ppm, is nearly
equivalent to 300 ppmv, and exactly equal for an ideal gas. In the other words, for instance, 380 ppmv of CO2 means
that in the considered volume for every one million moles of dry air there are 380 moles of CO2.
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tape recorder”). Above this altitude, H2O increases again in the middle and high stratosphere as
a consequence of CH4 oxidation and H2O upward transport (see Sect. 2.4).

It is also important to mention that the temperature profile has a complicated structure at
different latitudes and thus, influences H2O behaviour differently, depending on the regions.
An example is shown in Fig. 2.2 for winter (DJF) and summer (JJA) periods. The tropopause
temperatures can reach values of around 190 K. These low temperatures cause the remarkable
dryness of the stratosphere, because the moist tropospheric air moving upward needs to pass
through this “cold trap” (Wallace and Hobbs, 2006). In the stratosphere, the temperatures are
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Figure 2.2: Zonally averaged temperatures (T, [K]) over 2004-2013 years from ERA-Interim for
winter (DJF) and summer (JJA) periods. Dark violet contours show temperatures from 210 K to
280 K with the interval of 10 K. Black dotted lines are pressure levels (20, 40, 70, 100, 150 hPa).
White lines around 100 hPa show the tropopause. Note that temperatures and pressure are from
ERA-Interim reanalysis.
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warmest over the summer pole, and decrease to colder values over the winter pole. The largest
temperature impact on the stratospheric H2O distribution is caused by the tropical tropopause
and polar winter regions, where ice particle formation and sedimentation are the major control
processes (shown with blue areas of low temperatures in Fig. 2.2).

The picture of zonally averaged zonal winds is presented in Fig. 2.3. The positive values
of the zonal winds here represent westerly (west-to-east) winds, and the negative values repre-
sent easterly (east-to-west) winds. At the surface, zonal winds usually are comparatively weak.
The vertical shear of the zonal wind is proportional to the meridional gradient of temperature
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Figure 2.3: Zonally averaged zonal winds (u, [m/s]) over 2004-2013 years from ERA-Interim
for winter (DJF) and summer (JJA) periods. Dark red lines show zonal winds from 10 m/s to
70 m/s with the interval of 10 m/s, blue lines represent the negative zonal winds respectively.
Black dotted lines are pressure levels (20, 40, 70, 100, 150 hPa). White lines around 100 hPa
represent tropopause. Note that velocities and pressure are derived from ERA-Interim reanalysis.



12 Scientific background

and inversely proportional to the Coriolis parameter (thermal wind balance). The temperature
gradient is directed equatorward in most of the troposphere, and causes westerly wind shear.
As the tropospheric temperature gradient is stronger in the subtropics (Fig. 2.2), the strongest
westerly shear is also expected here. These zonal wind maxima refer to the tropospheric jet
streams. Westerly winds increase with height in the high latitude stratosphere. The strongest
westerly winds reach the lower mesosphere, and are associated with the polar night jet. The
maximum speed of the jet streams is in the upper stratosphere, at around 10-30 hPa, which is
between approximately 650 and 850 K at the potential temperature coordinates (e.g., Grotjahn,
2015).

2.3 UTLS processes

The UTLS region is situated at ±5 km around the tropopause. As a reminder, the tropopause is
from around 6 km (or approximately 300 K, or 400 hPa) at the poles to approximately 17 km (or
approximately 400 K, or 70 hPa) at the equator. The UTLS is a crucial region for defining climate
and weather on Earth (Gettelman et al., 2011). The UTLS features different radiative (e.g.,
photolysis, radiative heating), dynamical (e.g., forcing and propagation of Rossby or planetary
waves3, BDC, stratospheric-tropospheric exchange), and chemical (e.g., short- and long-time-
scale) processes.

Figure 2.4 shows a scheme of the UTLS structure and the major processes occurring there.
The main stratospheric transport is caused by the meridional overturning circulation (the resid-
ual circulation) and mixing, which together form the BDC (discussed in detailed below in
Sect. 2.3.2). Quasi-horizontal extratropical mixing is prohibited by the subtropical transport
barrier and by the winter-time polar vortex barrier. As a result, there is a significant contrast in
the mixing ratio of chemical trace species between the extratropical lowermost stratosphere and
the tropical upper troposphere. Mixing is most intense in the winter time “surf zone”4 (McIntyre
and Palmer, 1984), and it is relatively weak in the summer time in the extratropical regions. The
largest diabatic ascent and descent (circulation) occurs in the tropics and in the polar vortices
respectively (Eyring et al., 2005). Both mixing and the residual circulation are largely driven by
momentum deposition (wave drag) from planetary waves. The propagation of planetary waves
from the troposphere into the stratosphere can only be possible when westerly winds prevail,
and thus, the BDC is stronger in the winter hemisphere.

The extratropical UTLS (Ex-UTLS) is a region of the extratropics that is influenced by the
stratosphere from above, as well as by the troposphere from below, and also from the deep
tropics via quasi-horizontal transport. The Ex-UTLS connects the troposphere and stratosphere
through chemical mechanisms, dynamical processes (such as coupling between the stratospheric
circulation and tropospheric wave patterns), and radiative processes via clouds and radiatively
active gases (Gettelman et al., 2011). Through the BDC, chemical species are transported glob-

3Rossby waves, also known as planetary waves, naturally occur in rotating fluids. Within the Earth’s ocean and
atmosphere, these waves form as a result of the rotation of the planet influenced by the Coriolis force and pressure
gradient (e.g., Rossby, 1939; Platzman, 1968; Dickinson, 1978; Hori et al., 2018).

4Surf zone is a main region of wave breaking, where the strongest quasi-horizontal mixing and irreversible tracer
transport take place (McIntyre and Palmer, 1984).
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ally (Andrews et al., 1987). Air entering the stratosphere in the tropics returns to the troposphere
in the extratropics with a time scale of several years (Rosenlof, 1995). Hence, the troposphere
and stratosphere are strongly coupled. Such stratosphere-troposphere exchange is important for
understanding the changes of chemical species in the UTLS, which in turn influence radiative
forcing (Pan et al., 1997).

The correct representation of the physical processes in the stratosphere is a complex task for
climate models (Eyring et al., 2005). Below, we consider in more details the major processes
controlling UTLS and stratospheric H2O behaviour, such as TTL transport and the BDC.
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Figure 2.4: Schematic diagram of the main UTLS regions and processes, shown at one hemi-
sphere (similar processes occur at the Southern and Northern hemispheres). Broad arrows denote
BDC, and wavy arrows denote transport along isentropic surfaces. The average position of the
tropopause is shown by the lower thick-black line, and the average position of the stratopause
is shown by the upper thick-black line; the level of 380 K isentropic surface is presented by the
thick-black dot-dashed line. The vertical bars denote the range of the UTLS and TTL. (The
figure is adapted from Eyring et al., 2005)
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2.3.1 Transport in the tropical tropopause layer (TTL)

The TTL has physical and chemical characteristics midway between the troposphere and strato-
sphere. Transport processes in the TTL are rather complex, involving large-scale upwelling and
horizontal advection linked to the residual mean mass circulation, large-scale horizontal and
small-scale vertical mixing processes, and deep convection. The mixing processes are particu-
larly important during boreal summer, when mass transport related to the residual circulation is
weak (Randel and Jensen, 2013; Ploeger et al., 2015b,a). Further, we look in detail at the TTL
processes influencing stratospheric H2O behaviour.

Figure 2.5 shows a zonal mean H2O distribution during winter (DJF) within the TTL region
and the dominant transport processes highlighted. The TTL is a region of a mean upward trans-
port, and it acts as a “gate to the stratosphere” for trace species and pollution with sources in the
troposphere (Fueglistaler et al., 2009). The lower TTL and the region below it, are characterised
by strong convection over tropical continents and the western Pacific Ocean. Deep convection5

drives the general circulation of the tropical troposphere, and controls transport of energy, H2O,
and other trace gases (Randel and Jensen, 2013). The solid green line in the tropics near 380 K
(Fig. 2.5) shows the cold-point with tropopause temperatures reaching values of around 190 K.
H2O is freeze-dried here to the lowest mixing ratio values of approximately 2.7 ppmv. In win-
ter, the minimum of the H2O distribution is situated almost at the same position as the lowest
TTL temperatures, as the lowest temperatures define the stratospheric entry values of H2O. Dark
yellow contours here represent the zonal average zonal winds, and the wriggled red lines high-
light two-way isentropic transport between the TTL and extratropics. Rapid transport from the
tropics to middle latitudes occurs mostly above the subtropical jets in both hemispheres, within
the tropically controlled transition region (Rosenlof et al., 1997). Such horizontal transport be-
tween the TTL and middle latitudes is strongly influenced by the Asian monsoon anticyclone
and other subtropical circulation systems (e.g., Bannister et al., 2004; James et al., 2008; Wright
et al., 2011; Randel and Jensen, 2013). Furthermore, vertical mixing has also been shown to
affect trace gas transport in the tropical lower stratosphere (LS) (Mote et al., 1998; Glanville
and Birner, 2017). In addition, ice microphysics in the TTL affect H2O. And because H2O is
radiatively active, TTL processes affect the Earth’s climate (Eyring et al., 2005; Riese et al.,
2012).

In summary, the TTL processes, such as the interplay between large- and small-scale cir-
culation patterns, deep convection, clouds and radiation, define stratospheric H2O. The TTL

5In general, convection is a heat transfer due to the bulk movement of molecules within fluids, and can be
explained within an energy transfer concept. There are some types of convections, depending on the driving mech-
anism: free convection, when the motion caused only by density differences within the fluid (or air parcels, APs);
and forced convection, when the motion induced by mechanical forces such as deflection by a large-scale surface
irregularity, turbulent flow caused by friction at the boundary of a fluid, or motion caused by any applied pressure
gradient. Atmospheric convection is nearly always turbulent. There are also shallow and deep types of atmospheric
convection. Deep convection requires the volume of air to be lifted to a level where it is able to realize considerable
positive (with virtual temperature greater than the environment) buoyancy over a significant depth. The vertical as-
cent raises the APs from the lower atmosphere above to 500 hPa (or approximately 310 K, or 6 km), and sometimes
it can even penetrate the tropopause. Deep convection generally involves the vertical ascent of warm moist air and,
ultimately, it dries the atmosphere and causes precipitation. Shallow convection has cloud top close to the top of the
planetary boundary layer (varies between 1.5 to 5 km); and it moistens and cools the atmosphere (Randel and Park,
2006; Hegglin et al., 2004; Russo et al., 2011; Yano and Plant, 2012; Basha et al., 2019).
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Figure 2.5: Zonal mean H2O distribution for winter (DJF) period from CLaMS simulations,
driven by ERA-Interim reanalysis, with a schematic of the TTL and related transport processes.
Data shown are for 2004-2013 climatologies. The TTL is indicated with the red box, the white
line is the thermal tropopause, the solid green line near 380 K shows the cold-point tropopause
(all meteorological data are from ERA-Interim reanalysis). The upward arrow across the trop-
ical tropopause indicates the large-scale upwelling associated with the BDC. The cloud in the
troposphere represents deep convection. Black dotted contours show temperatures (191, 194,
197, 200 K), dark yellow contours are zonal winds (10, 20, 30 m/s), and red dotted lines are
pressure levels (in hPa).

influences the entire global upper atmosphere (through temperatures and composition), as it is
characterized by a large-scale mean upward circulation. The circulation is dynamically driven
by large- and small-scale waves originating in the extratropics and the tropics, propagating up-
ward into the stratosphere, and dissipating there. This wave drag induces a poleward motion in
the lower stratosphere and mean upwelling within the TTL, forming the tropical component of
the mean overturning circulation in the stratosphere (Randel and Jensen, 2013).

2.3.2 Brewer-Dobson circulation (BDC)

The expression “Brewer-Dobson circulation” was used for the first time in the paper of Newell
(1963). This term describes a global transport circulation (meridional overturning circulation
or diabatic circulation), in which tropospheric air enters the stratosphere in the tropics and then
moves upward and poleward before descending in the middle and high latitudes. Such ideas were
proposed by Dobson G. and Brewer A., based on observations of total ozone and stratospheric
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H2O (Dobson and Harrison, 1926; Dobson et al., 1929; Dobson, 1956; Brewer, 1949). The BDC
is a global-scale phenomena observed in the Earth’s atmosphere (Butchart, 2014).

The first estimation of the stratospheric meridional circulation was made by Murgatroyd
and Singleton (1961) from diabatic forcing (based on diabatic heating rates). Later, Andrews
and McIntyre (1978) demonstrated the advantages of using the Lagrangian-mean flow when
compared to simple Eulerian-mean. Dunkerton (1978) derived a dynamically consistent picture
of the mean-transport streamlines for the stratosphere and mesosphere, which is considered as
the basic concept of the BDC.

Strong interest in investigating the BDC was raised as a result of the development of
stratosphere-resolving general circulation models (GCMs) (Pawson et al., 2000; Samadi et al.,
2010) and chemistry-climate models (CCMs) (Eyring et al., 2005), as well as the developments
in observations and reanalysis (Seviour et al., 2012), and theoretical research (Plumb, 2002;
Waugh and Hall, 2002). From these stratosphere-resolving GCMs and CCMs there is an evi-
dence for a speeding up of the BDC, mainly as a response to an increase in greenhouse gases
(Butchart et al., 2010; Garcia and Randel, 2008; Bunzel and Schmidt, 2013; Butchart, 2014;
Oberländer-Hayn et al., 2016; Garfinkel et al., 2017; Šácha et al., 2019). Depending on the con-
sidered greenhouse gas scenario, models predict an increase in the upwelling mass flux in the
tropical LS of about 2.0-3.2 % per decade (Holton et al., 1995). But, it is difficult to observe
the speed-up of the BDC (Engel et al., 2009; Stiller et al., 2012; Seviour et al., 2012). However,
Stiller et al. (2012) found an ageing of the stratospheric air from the observed sulphur hexafluo-
ride (SF6) datasets from Michelson Interferometer for Passive Atmospheric Sounding (MIPAS)
measurements. The results of Stiller et al. (2012) also suggest an overall increase of the tropical
upwelling together with the mixing barriers weakening, especially in the Northern Hemisphere
(NH).

“Age of stratospheric air” is usually defined as the transit time6 of the AP to a particular
location in the stratosphere. The “mean age of stratospheric air” is the average transport time
of the air from the tropospheric source region to a given place in the stratosphere (Garcia et al.,
2011; Engel et al., 2017). The mean age of air (AoA, Hall and Plumb, 1994) is a useful transport
diagnostic for accessing changes of the BDC. AoA can be validated from measurements of long-
lived species (e.g., SF6, CO2), with linearly increasing concentration in the troposphere (Waugh
and Hall, 2002). Due to atmospheric mixing processes, there is no single age for a stratospheric
AP anymore, but instead a full transit time distribution, termed the “age spectrum” (Butchart,
2014; Waugh and Hall, 2002). The age spectrum allows to get more detailed information about
the trace gases transport. AoA is defined as the first momentum of the age spectrum.

Often, BDC is called as “diabatic circulation”, as it is associated with the diabatic processes
of radiative heating and upward motion across the isentropes in the tropics and with the radiative
cooling and downward motion across the isentropes in the extratropics. But the BDC circulation
is not forced by radiative heating: it is a non-local response for the wave-driven pumping action
(Holton, 2003). Such waves propagate from their sources in the troposphere towards the strato-
sphere. The underlying mechanism of the poleward mass flow in the middle and upper winter
stratosphere is the “extratropical pump” (Holton et al., 1995), also known as the “Rossby-wave

6Transit time is a travel time between the initial point (taken at the stratospheric entry point around the TTL or
at the surface) and the sampling volume.



2.3.2 Brewer-Dobson circulation (BDC) 17

pump” (Plumb, 2002). Planetary-scale Rossby waves can only propagate westward, and they
decelerate the westerly flow when breaking. To conserve angular momentum, the air is pushed
poleward, causing meridional flow. This, in turn, sucks up air in the tropics and pushes it down in
the middle and high latitudes due to mass conservation. Some studies refer to tropical upwelling
as “gyroscopic pumping”, since the mechanism for the poleward flow involves a westward force
with the poleward movements due to the Earth’s rapid rotation (McIntyre and Norton, 2000).
Other studies suggest that tropical upwelling is linked to equatorial waves forced by tropical
deep convection (Boehm and Lee, 2003; Norton, 2006).
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Figure 2.6: Zonally averaged diabatic heating rate distribution (in K/day) from climatologies for
2004-2013 from ERA-Interim for winter (DJF) and summer (JJA) periods. Dark red lines show
zonal winds from 10 m/s to 30 m/s with an interval of 10 m/s, while blue dashed lines represent
the negative zonal winds respectively. The white line is the tropopause. The green broad arrows
highlight the main deep branches of BDC, whereas dashed arrows illustrate weaker circulation
in the summer hemisphere. All data shown are taken from ERA-Interim reanalysis.
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Plumb (2002) showed that the stratospheric BDC can be divided into two branches: a deep
branch driven by planetary waves, and a shallow branch driven by synoptic and planetary scale
waves. This study motivated Birner and Bönisch (2011) to derive the objective ways to sepa-
rate these two circulation branches by studying BDC trajectories. Accordingly, the single-cell
poleward transport in the winter hemisphere that extends into the middle and upper stratosphere
has become known as the “deep branch” of the BDC. Faster “shallow branches” of the BDC,
which do not propagate to high altitudes and extend only up to about 60◦N/S, are observed in
both hemispheres throughout the year.

Another way to define the BDC structure is through the transport across isentropic surfaces.
The diabatic heating rate (Q) is related to the cross-isentropic vertical velocity by the relation
of Q ≡ dθ/dt, and therefore is a measure for cross-isentropic motion in the atmosphere (e.g.,
Holton, 2004). Figure 2.6 presents the diabatic heating rate distribution and highlights the main
branches of the BDC, where the diabatic heating rate mainly increases in the tropics (ascent)
and decreases in the polar regions (descent). The directions of the air movements are shown
with the green arrows. Through the tropics, the upwelling air masses propagate to the higher
levels of the stratosphere, with further descend in the middle and high latitudes. Solid green
arrows represent the main upwelling and downwelling in the winter hemisphere, when compared
with weaker circulation in the summer hemisphere (dashed arrows). Such motion is caused by
breaking of the planetary waves in the middle stratosphere. The upwelling is stronger in the
winter hemisphere than in the summer hemisphere. The region of the main upwelling is shifted
to the summer hemisphere by approximately 10◦ of latitude.

Notably, the tropical stratosphere which is to some degree isolated from the extratropics (see
Fig. 2.6) is termed as the “tropical pipe” (Plumb, 1996). Plumb (1996) assumed that mixing
into the tropical pipe region is negligible compared with the effects of upwelling and sinks. In
this way, the APs within the tropical pipe are advected upward without being influenced by the
mid-latitude air. Later, Neu and Plumb (1999) extended the tropical pipe model to the “leaky
pipe” model of stratospheric transport, including detrainment7 of the air from the surf zone into
the tropics. In this leaky pipe model it is allowed that the air mixes from the mid-latitudes
into the tropics (Ray et al., 2010). Such representation of the atmosphere, using the leaky pipe
model, is also consistent with observations in the tropical stratosphere (Volk et al., 1996; Mote
et al., 1998). For instance, Volk et al. (1996) showed based on airborne in situ observations, that
entrainment8 of mid-latitude air into the tropics in the LS is significant.

2.4 Stratospheric water vapour (H2O)

The key processes that control the stratospheric H2O distribution are dehydration (caused by
low temperatures at the TTL and the poles), transport due to the BDC and convection, CH4 ox-
idation. As the impact of these processes is still not fully understood, there are the difficulties
in predicting H2O trends. Moreover, studying H2O at the entry to stratosphere (near the TTL)

7Detrainment is a transfer of air from an organized air current to the surrounding atmosphere. It is an opposite
to entrainment (AMS, a).

8Entrainment is the mixing of environmental air into a pre-existing organized air current so that the environ-
mental air becomes part of the current (AMS, b).
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is challenging due to the interaction between the large- (e.g., BDC, Hadley and Walker circula-
tions9), middle- (e.g., convection), and small-scale processes (e.g., microphysics of clouds).

The processes controlling stratospheric H2O (shown in Fig. 2.5) are the focus of this thesis
and will be discussed in details.

2.4.1 Sources of stratospheric H2O: transport and dehydration

A critical region controlling stratospheric entry H2O is the TTL (Fueglistaler et al., 2009). The
concentration of H2O in the troposphere is high (up to 104 ppmv), and it is transported by the
BDC upward through the TTL into the stratosphere (Palchetti et al., 2008; Harries, 2015; Kindel
et al., 2015). The TTL includes the region of very low temperatures, where the moist tropo-
spheric air is freeze-dried (dehydrated), to the low stratospheric H2O mixing ratios (Brewer,
1949). As a result, the tropical cold-point temperatures control the amount of H2O which enters
the stratosphere (e.g., Wang et al., 2015; Kim and Alexander, 2015). Thus, after passing the
“tropopause cold trap”, the air entering the the stratosphere is extremely dry, with H2O mix-
ing ratios around 3 ppmv. The efficient dehydration occurs as a result of the slow upward and
large-scale horizontal motion of air in the region, where the nucleation and sedimentation of ice
crystals take place (Holton and Gettelman, 2001).

The annual cycle of TTL temperatures (minimum in boreal winter, maximum in summer) is
imprinted on stratospheric entry H2O mixing ratios, forming the signal known as “tape recorder”
(Mote et al., 1995, 1996; Randel and Jensen, 2013). An example of the modelled H2O tape
recorder is shown in Fig. 2.7 at the potential temperature level of 390 K, which coincides with
the tropopause layer at the tropical latitudes. Figure 2.7 demonstrates the transport of air from
the TTL to the middle and high latitudes, denoted with black arrows at the plot. Around 20◦ S-
20◦N, where the cold-point tropical tropopause is situated, the air is dehydrated stronger during
the boreal winter season. The summer maximum of tropical H2O mixing ratios has been argued
to be related, to some degree, to the subtropical monsoon circulations, like the Asian monsoon.
Above the TTL, H2O behaves mainly as a tracer, and the tape recorder signal imprinted at the
cold-point tropopause ascends deep into the tropical stratosphere (Mote et al., 1996). However,
the strength of this effect and the detailed processes involved (e.g., deep convection, large-scale
upwelling) are a matter of debate.

Stratospheric H2O is determined, to the first order approximation, by the large-scale temper-
ature field through the Clausius-Clapeyron relation, which indicates that saturation H2O pres-
sure decreases approximately exponentially with decreasing temperature (e.g., Fueglistaler et al.,
2004; Fueglistaler et al., 2005). The tropical stratospheric entry H2O mixing ratios can be simu-
lated by the advection through the large-scale temperature field and instantaneous freezing, often

9It is convenient to decompose the large-scale tropical circulation into Hadley and Walker circulations. The
Hadley circulation is the mean meridional overturning circulation, whereas the Walker circulation is the longitudinal
overturning circulation (Gastineau et al., 2009). Hadley circulation covers the tropical Pacific and the global tropics.
This circulation consists of a rising branch, concentrated in a narrow zone, generally north of the equator, known as
the intertropical convergence zone, and sinking motion, with increasingly strong surface easterlies, both north and
south of the intertropical convergence zone (Chang and Zebiak, 2015). Walker circulation is caused by the sharp
contrast in sea surface temperature across the tropical Pacific Ocean, and covers east-west atmospheric circulation
cells along the equatorial belt (Lau and Yang, 2015).
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Figure 2.7: Horizontal tape recorder of H2O in the LS at the potential temperature level of
390 K for the years from 2005 to 2008. Tropical region, 20◦ S-20◦N, is shown with the dashed
white lines. The black arrows present the horizontal transport from the TTL to higher latitudes.
Shown data are from CLaMS simulations, driven by ERA-Interim reanalysis.

described as the “advection-condensation” paradigm cloud models (Pierrehumbert and Rocca,
1998; Fueglistaler and Haynes, 2005). However, based on trajectory studies driven by the re-
analysis of European Centre of Medium-Range Weather Forecasts (ECMWF), Liu et al. (2011)
showed that such results are sensitive to the temperature and vertical velocity fields.

The freezing is sensitive, not just to the large-scale TTL temperatures, but also to micro-
physical processes controlling the ice crystal number densities, particle size distribution, and
fall speed. There are several studies focusing on the modelling of detailed cloud microphysical
processes (e.g., Jensen and Pfister, 2004; Jensen et al., 2005, 2012). Other recent papers have
examined the effect of cloud microphysical processes on the humidity of the TTL and strato-
sphere, using cloud models of varying complexity (e.g., Ueyama et al., 2015; Schoeberl et al.,
2014).

Sublimation of ice, injected by deep convection, has also been argued to be an important
factor for the H2O budget of the tropical LS (e.g., Avery et al., 2017; Jensen and Pfister, 2004).
Convection affects the transport of water and ice and influences the temperatures over the con-
vective region which, in turn, affects dehydration (e.g., Fueglistaler et al., 2009). The predom-
inant impact of convection has been shown to moisten the TTL by up to 0.7 ppmv at 100 hPa
level (approximately 390 K), and even more below this level (e.g., Ueyama et al., 2014, 2015).
Similarly, Schoeberl et al. (2014) argued that an increase of convection increases stratospheric
H2O and tropical cirrus clouds around the cold-point tropopause. At high levels in the TTL
above the cold point up, there is the evidence of deep convection with a very weak moistening
effect (e.g., Schiller et al., 2009).
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2.4.2 Methane (CH4) oxidation as a source of stratospheric H2O

The oxidation of CH4 and hydrogen (H2) constitutes a chemical source of stratospheric H2O
in the middle and high stratosphere (e.g., LeTexier et al., 1988; Rohs et al., 2006; Röckmann
et al., 2004). Three main components, H2O, CH4, and molecular hydrogen (H2), enter the
stratosphere from the troposphere. H2O in the troposphere is continuously supplied from the
surface by circulation. CH4 is largely originated by anaerobic reactions, and H2 comes from
biomass burning and other natural sources at the surface. The mean globally averaged CH4
mixing ratio near the stratospheric entry is around 1.7 ppmv, whereas H2O enters the stratosphere
with around 3-5 ppmv (lower values in winter, and higher ones in summer). H2 at the entry to
the stratosphere is around 0.5 ppmv (Dessler et al., 1994; Harries, 2015).

In the middle stratosphere, CH4 is oxidized by OH and the excited oxygen atom O(1D), with
a minor contribution from chlorine (Cl), forming the methyl radical CH3:

CH4 +O(1D)−−→ CH3 +OH (2.3)

CH4 +OH−−→ CH3 +H2O (2.4)

CH4 +Cl−−→ CH3 +HCl (2.5)

Then, CH3 in the middle stratosphere can be converted to the formaldehyde, CH2O:

CH3 +O2 −−→ CH3O2 (2.6)

CH3O2 +NO−−→ CH3O+NO2 (2.7)

CH3O+O2 −−→ CH2O+HO2 (2.8)

Formaldehyde, CH2O, may be photolysed, forming H2 (Röth and Ehhalt, 2015) or may react
with OH:

CH2O+hv−−→ CO+H2 (2.9)

CH2O+hv−−→ CHO+H (2.10)

CH2O+OH−−→ CHO+H2O (2.11)

Additionally, in the middle and upper stratosphere the oxidation of molecular H2 takes place,
which is a source of H2O (LeTexier et al., 1988; Dessler et al., 1994):

H2 +O(1D)−−→ H+OH (2.12)

H2 +OH−−→ H+H2O (2.13)

As a result of the CH4 and H2 oxidation, stratospheric H2O increases with height. Whereas
CH4 mixing ratio decreases with height, and H2 mixing ratio is kept almost constant because re-
actions which add and delete H2 occur at similar rates. As a net result of the oxidation processes,
each CH4 molecule is converted into approximately two H2O molecules. This also implies that
H2 production from CH4 oxidation is balanced by H2 oxidation.
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It was shown from the satellite and balloon observations that the quantity of total hydro-
gen, ψ , defined as a sum of a principal components of the hydrogen budget (Harries, 2015), is
constant with height through the most of the stratosphere.

ψ = H2O+2CH4 +H2. (2.14)

The rough values of ψ are around 6.5-8.0 ppmv in the stratosphere (Harries, 2015; Dessler et al.,
1994). H2 has the smallest impact on ψ with the fraction of approximately 10 % in the strato-
sphere. Moreover, the mixing ratio of H2 is usually uniform below the stratopause and equal to
about 0.5 ppmv. Consequently, ψ is often taken as approximated (will be referred hereafter as
HH):

HH = H2O+2CH4. (2.15)

HH is almost unchanged by transport in the stratosphere, and can be considered approximately
constant (e.g., Jones et al., 1986; Dessler et al., 1994; Mote et al., 1998; Randel et al., 1998).

Note, that in recent study of Frank et al. (2018) was stated that the ratio between oxidised
CH4 and produced H2O is not always 2. In this way, a yield of 2 overestimates the production
of H2O in the LS, which should be around 1.5-1.7 instead; and underestimates in the upper
stratosphere and lower mesosphere, where true calculated values are above 2.2 (Frank et al.,
2018).

2.4.3 Observations and modelling of stratospheric H2O

There are various measurement techniques of in situ stratospheric H2O: frost point hygrometer
(e.g., Roulleau and Poc, 1978; Hurst et al., 2011; Hall et al., 2016); capacitance hygrometer
(e.g., Neis et al., 2015); photofragment fluorescence spectrometer (e.g., Zöger et al., 1999; We-
instock et al., 2009); IR absorption spectrometer (e.g., Webster et al., 1994); chemical ionization
mass spectrometer (e.g., Viggiano, 1993; Kaufmann et al., 2016). Some of those instruments,
depending on the inlet configuration, measure the sum of the liquid water together with ice and
its gaseous phase (referred to as “total water content”; e.g., Afchine et al., 2018).

The datasets of stratospheric H2O can also be retrieved from the long-term global satellite
observations, such as SAGE II (Satellite Aerosol and Gas Experiment, period of 1984-2005;
e.g., McCormick, 1987; Chu et al., 1993; Rind et al., 1993; Thomason et al., 1997); HALOE
(Halogen Occultation Experiment, 1991-2005; e.g., Russell III, 1991; Russell III et al., 1993);
MIPAS Envisat (Michelson Interferometer for Passive Atmospheric Sounding, 2002-2012; e.g.,
von Clarmann and Stiller, 2003; Raspollini et al., 2006; Fischer et al., 2008); ACE-FTS (Atmo-
spheric Chemistry Experiment-Fourier Transform Spectrometer, 2004-2012; e.g., Bernath et al.,
2005; Bernath, 2017), Aura MLS (Microwave Limb Sounder, 2004-present; e.g., Waters et al.,
1999, 2004, 2006). There are still uncertainties caused by different precisions, containing sys-
tematic errors from the instruments, or differences in the vertical resolution of measurements
(Rollins et al., 2014; Smith, 2015). Particularly regarding long-term trends, analysis of UTLS
stratospheric H2O observations is challenging (Müller et al., 2016).

Satellite observations suggest that the horizontal transport from low latitudes affects the H2O
distribution in middle and high latitudes (Rosenlof et al., 1997; Pan et al., 1997; Randel et al.,
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2001). Similarly, in situ H2O observations in the LS NH suggest poleward transport of humid
tropical air, especially, during the late summer and autumn seasons (e.g., Hoor et al., 2010; Vogel
et al., 2016; Müller et al., 2018; Rolf et al., 2018). Additionally, model simulations confirm that
almost the entire annual cycle of H2O mixing ratios in the NH Ex-UTLS above about 360 K (with
the maximum H2O mixing ratios during summer and fall) is caused by horizontal transport from
low latitudes, mainly from the Asian monsoon (Ploeger et al., 2013).

Based on satellite data and forward trajectory models, Dessler et al. (2013, 2014) point out
that H2O variability in the stratosphere can be explained largely by the quasi-biennial oscillation
(QBO; e.g., Baldwin et al., 2001), the strength of the BDC, and the temperature of the TTL.
Moreover, volcanic eruptions influence stratospheric H2O entry, as volcanoes inject sulphur
dioxide (SO2) into the TTL, which is chemically converted to H2SO4 with further formation
of diluted sulphuric acid droplets (H2SO4/H2O). Stratospheric aerosols, composed largely from
H2SO4/H2O, reflect effectively the incoming solar energy back to space, causing the radiative
cooling effect globally (Solomon et al., 2011). Thus, volcanic eruptions affect TTL temperatures
and the amount of H2O entering the stratosphere. Giorgetta and Bengtsson (1999), using a gen-
eral GCM also found that volcanic eruptions, QBO and El Niño-Southern Oscillation (ENSO;
e.g., Dessler and Wong, 2009; Butler and Polvani, 2011) can produce low-frequency variability
in H2O in the tropical stratosphere.

Schoeberl et al. (2013) investigated the H2O distribution in the UTLS with a forward trajec-
tory calculation model. It was found that the major UTLS H2O supply areas were located in East
Asia, the Tropical West Pacific (TWP) and Central/South America. The driest APs originated in
the TWP region, move upward and dehydrate in the TWP cold upper troposphere. The wettest
APs were originated at the edges of the TWP in the summer American and Asian monsoons.

Based on model simulations, Riese et al. (2012) showed the importance of small-scale mix-
ing for the stratospheric H2O. Thus, tiny changes in small-scale mixing, also related to deforma-
tions in the large-scale flow, can cause strong effects on the LS H2O distribution. Consequently,
uncertainties in the representation of small-scale mixing and diffusive transport in models may
cause substantial uncertainties in the simulated stratospheric H2O.

2.4.4 Stratospheric H2O trends

There is evidence for decadal variability in the UTLS H2O, but a long-term trend in the strato-
spheric H2O entry is not evident during the past three decades (Dessler et al., 2014). The set of
UTLS H2O profiles obtained from the NOAA (National Oceanic and Atmospheric Administra-
tion) frost point hygrometer observations in Boulder, Colorado (situated at 40.0◦N, 105.2◦W),
shows a significant increase of ≈1 % per year (approximately 0.1-0.45 ppmv per decade) in
H2O concentration in the LS (Oltmans and Hofmann, 1995). Note, that it is the longest contin-
uous in situ time series of stratospheric H2O, starting in 1980. It was found a similar positive
trend in stratospheric H2O of around 1 % per year over the period 1954-2000 (e.g., Hurst et al.,
1999; Rosenlof et al., 2001; Kunz et al., 2013). However, contradicting negative trends during
1980-2010 are obtained from a merged zonal mean satellite dataset for a latitude band around
Boulder’s latitude of approximately 0.15 ppmv per decade (Hegglin et al., 2014). Such differ-
ences in the trends can be possibly explained by different temporal behaviour at the Boulder site
(where measurements are influenced by both tropical and middle latitudinal air) and the used
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zonal mean procedure for the satellite data, although this is a subject of further investigation
(e.g., Hegglin et al., 2014; Lossow et al., 2018).

The UTLS H2O merged satellite time series, averaged over 60◦ S-60◦N, show a step-like
drop after 2001, and an increasing trend since 2005 (Hartmann et al., 2013). Randel et al.
(2006) point out a decrease in stratospheric H2O beginning in 2001, and relate such a decrease
to enhanced tropical upwelling after 2001, resulting in colder temperatures in the TTL. The
decrease in H2O mixing ratios at 15-20 km of about 0.4 ppmv is correlated to the decrease in
TTL temperature of approximately 1 K (Randel et al., 2006).

Also other studies show a stratospheric H2O drop of about 0.4-0.5 ppmv in October 2000,
and an increase in stratospheric H2O around 1991 of the same magnitude (Fueglistaler, 2012).
The stratospheric H2O drop in 2000 can be explained by anomalously large eddy heat fluxes in
the Southern Hemisphere (SH) and related low tropopause temperatures. Stratospheric H2O in-
crease in 1991 is related to the eruption of Mt. Pinatubo, after which the amount of stratospheric
aerosol was largely enhanced, causing a strongly intensified residual circulation (cooling the
tropics) together with a rise in the radiative equilibrium temperature. Although the increase of
stratospheric H2O in 1991 could be only a coincidence with the eruption of Mt. Pinatubo; more-
over, the datasets of stratospheric H2O from SAGE II and HALOE between 1980’s and 1995
are not well consistent (Fueglistaler, 2012). The interannual variability of stratospheric H2O
is linked to changes in tropical tropopause temperatures throughout the year (Fueglistaler and
Haynes, 2005; Rosenlof and Reid, 2008).

In summary: the existing dataset of stratospheric H2O from satellite measurements covers a
relatively short period – from 1980s until present time – and thus, has only limited reliability in
predictions of stratospheric H2O trends. The fact that the increase in the long-term stratospheric
H2O trend cannot be fully explained by changes in tropical tropopause temperatures, CH4 oxi-
dation or other known factors, introduces additional complexity to the topic (Rohs et al., 2006;
Hartmann et al., 2013; Fueglistaler et al., 2013; Hegglin et al., 2014).



Chapter 3

Data and method

3.1 CLaMS model set-up

To assess the sensitivities of simulated stratospheric H2O, the Chemical Lagrangian Model of
the Stratosphere (CLaMS) was used, a modular transport model, developed at Forschungszen-
trum Jülich (McKenna et al., 2002a,b). CLaMS is a Lagrangian model based on 3D-forward
trajectories with an additional parametrization of small-scale mixing. The time dependent irreg-
ular CLaMS grid is defined by Lagrangian APs, which follow the large-scale flow. An advantage
of the Lagrangian approach for simulating stratospheric transport is the ability to resolve small-
scale features, which are often below the possible resolution of highly resolved Eulerian models
(McKenna et al., 2002b). Such small-scale features are frequently observed in stratospheric
trace gas distributions as elongated filaments, related to the stretching and differential advection
in sheared flows (Orsolini et al., 1998).

CLaMS cosists of few modules, such as Lagrangian advection (TRAJ), stratospheric chem-
istry (CHEM), stratospheric mixing (MIX), freeze-drying and ice sedimentation of H2O (CIR-
RUS), and several other modules responsible for simulation of various physical and chemical
processes. The modules act successively at each time step. TRAJ, MIX and CIRRUS are the
most relevant for this thesis and will be discussed in more details below. In addition, a simplified
chemistry scheme was used in the performed CLaMS simulations, which includes CH4 oxida-
tion as a source of H2O in the middle and upper stratosphere (for details see Pommrich et al.,
2014).

3.1.1 Trajectory module (TRAJ)

The CLaMS trajectory module (TRAJ) performs full Lagrangian, non-diffusive, 3-dimensional
advection of an ensemble of APs. There are approximately 2 million APs, which are advected at
each time step. The initial positions of the APs are configured by creating an ensemble of n APs.
The position of each AP is defined in hybrid isentropic coordinates (ζ , defined in Pommrich
et al., 2014) and longitude-latitude space, and is stored in NetCDF initialisation file (for details
see McKenna et al., 2002a).
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The advection of forward trajectories in CLaMS is calculated based on a fourth-order Runge-
Kutta scheme, as described by McKenna et al. (2002a), using 6-hourly wind fields from mete-
orological reanalysis data (ERA-Interim or JRA-55 in our study, see Sect. 3.2). Wind fields are
linearly interpolated from the adjacent grid points to the locations of the APs.

For vertical transport, CLaMS uses a hybrid vertical coordinate ζ , which is an orography
following σ -coordinate (σ = p/ps) from the ground, and transforms into strictly isentropic θ -
coordinate of potential temperature, above σ = 0.3 (about 300 hPa) (Mahowald et al., 2002;
Pommrich et al., 2014). Hence, in the stratosphere the vertical transport is driven by the reanal-
ysis total diabatic heating rate (Ploeger et al., 2010).

A horizontal resolution of about 100 km was used for the CLaMS simulations presented in
this thesis. The vertical resolution was defined via a critical aspect ratio, equal to 250 (Haynes
and Anglade, 1997). The critical aspect ratio expresses the ratio between horizontal and ver-
tical scales. Thus, the vertical resolution in the simulations considered here was about 400 m
around the tropical tropopause, degrading below and above this level (Konopka et al., 2012).
The CLaMS simulations cover the atmosphere from the surface to about the stratopause (2500 K
or ≈ 60 km). After the advection procedure performed with the TRAJ module, the new state of
the APs ensemble is stored in an output NetCDF file.

3.1.2 Mixing module (MIX)

The parametrization of small-scale mixing in CLaMS is based on the deformation rate in the
large-scale flow. Hence, APs may be merged, or new APs may be inserted at each time step
(every 24 h), depending on the critical distances between them. The complete description of the
mixing parametrisation scheme is presented in McKenna et al. (2002a); Konopka et al. (2004).

Briefly, each mixing event contains the following steps: firstly, the discrete vertical layers
with a specific thickness are defined in accordance to the isentropic criteria (every layer should
have approximately an equal number of APs). Secondly, the following procedure is done sepa-
rately for each layer: nearest neighbours of each AP are identified using Delaunay triangulation
on a horizontal projection of the vertical layer; namely, the initial positions of the APs within
each layer is defined. From these positions, APs can be advected during the time step. The
strength of parametrized small-scale mixing can be controlled by choosing a critical finite-time
Lyapunov exponent (λc, constant at each time step) which, in turn, determines the critical dis-
tances between APs (for details see McKenna et al., 2002a; Konopka et al., 2004). Whenever the
nearest neighbour APs move closer than a critical distance during one advection time step, they
are merged into a single AP. Whenever they become further separated than a critical distance, a
new AP is inserted in between (see McKenna et al., 2002a).

In order to perform mixing not only within a particular quasi-horizontal isentropic layer, but
also between the adjacent layers (above or below), the definition of the layers after each time
step is alternated by shifting the original layers by half of the layer thickness. Following the
merging or inserting events, the mixing ratios of the APs will be recalculated as mean values of
the APs taking part in the mixing event (for details see Konopka et al., 2004).

A validation of the CLaMS mixing scheme was presented by Konopka et al. (2005) in com-
parison to the observations from the experiment of Cryogenic Infrared Spectrometers and Tele-
scopes for the Atmosphere (CRISTA-1). Importantly, the CLaMS mixing parametrization af-
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fects both vertical and horizontal diffusivity. Horizontal diffusivity is largely associated with
deformation in the horizontal flow, whereas the vertical mixing is mainly related to the vertical
shear (Konopka et al., 2004, 2005).

3.1.3 Cirrus module (CIRRUS)

Dehydration in CLaMS is provided by the CIRRUS module, which includes freeze-drying in
regions of cold temperatures, which mainly occurs around the tropical tropopause and in the
Southern polar vortex. This, in turn, causes formation and sedimentation of ice particles.

The lower boundary for CLaMS H2O simulation is taken from the reanalysis (ERA-Interim
or JRA-55) specific humidity. If saturation along a CLaMS AP trajectory exceeds a critical satu-
ration (100% with respect to ice), then the H2O amount in excess is instantaneously transformed
to the ice phase and partly sediments out. Such simple parametrisation has been adopted in sev-
eral global Lagrangian studies (e.g., Kremser et al., 2009; Stenke et al., 2008). The saturation
mixing ratio is calculated as χH2O = ps/p for each AP trajectory, with the saturation pressure
being given by ps = 10−2663.5/T+12.537 (Marti and Mauersberger, 1993), where p is the ambient
pressure (e.g., Kremser et al., 2009).

For sedimentation, the parametrization is based on a mean ice particle radius, the character-
istic sedimentation length and the corresponding fall speed. The fallen path of the ice particles
is calculated from the fall speed and the computation time step, and is compared with a char-
acteristic sedimentation length of about the vertical grid size (here lc = 300 m), which has been
empirically optimized by comparison with observations (Ploeger et al., 2013). After this step, a
respective fraction of ice will be removed. If the parcel is sub-saturated and ice exists, this ice is
instantaneously evaporated to maintain saturation.

3.1.4 CLaMS remarks

The CLaMS mixing parametrisation is based on physical principles, as mixing occurs in regions
of strong flow deformation, where it is expected to be in reality. In addition, due to the full
Lagrangian transport scheme in CLaMS, the atmospheric transport barriers are well maintained,
in particular at the edges of the tropical pipe and of the polar vortex (Hoppe et al., 2014).

Note that the CLaMS H2O calculation gives meaningful results only above the tropopause,
due the simple parametrization of ice microphysics and omission of a convection parametriza-
tion. In the stratosphere, however, CLaMS H2O has been shown to agree well with the observa-
tions (e.g., Ploeger et al., 2013).

3.2 Meteorological reanalysis data

A meteorological reanalysis is a product of combined weather forecast model results with ob-
servations via data assimilation. In this way it is possible to derive a “best estimation” of the
atmosphere state. Due to changes in the assimilation system (e.g., changes in available ob-
servations), artificial variability and trends can be introduced into the reanalysis products. A
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reanalysis typically extends over several decades or longer, and covers the entire globe from the
Earth’s surface up to the stratosphere.

In this thesis, two reanalyses have been used: ERA-Interim and Japanese 55-year reanalysis
data (JRA-55), to perform sensitivity studies with CLaMS.

ERA-Interim is a global atmospheric reanalysis, produced by ECMWF. The full description
of the assimilation method used for ERA-Interim is given by Dee et al. (2011); Berrisford et al.
(2009, 2011). ERA-Interim covers the period from 1979 until 2019. The data assimilation
system includes 4-dimensional variational analysis (4DVar), with 12-hour analysis window. The
spatial resolution of the dataset is approximately 80 km (0.75◦× 0.75◦) on 60 vertical levels,
from the surface up to 0.1 hPa. Gridded products of ERA-Interim consist of 3-hourly surface
parameters (describing weather, ocean-wave and land-surface conditions), and 6-hourly upper-
air parameters (troposphere and stratosphere).

A comprehensive report on JRA-55 was published by Ebita et al. (2011); Kobayashi et al.
(2015). JRA-55 is a global reanalysis produced by the Japanese Weather Service. It covers the
period from 1958 until 2019. The horizontal resolution is about 55 km, with 60 vertical levels
from the surface up to 0.1 hPa in daily time steps. JRA-55 is the longest-running full observing
reanalysis system with 4DVar. It is worth noting that JRA-55 has a time-varying warm bias in
the upper troposphere, including a dry bias in upper and middle troposphere and in regions of
deep convection.

3.3 Satellite observations

To validate the performed CLaMS simulations, the satellite observations from Aura Microwave
Limb Sounder (MLS; in the thesis the Level 2 of Version 4 was used) and Atmospheric Chem-
istry Experiment-Fourier Transform Spectrometer (ACE-FTS; in the thesis Version 3.6 was
used) were taken for comparison.

Detailed information on the MLS instrument can be found in Waters et al. (2004), and a gen-
eral discussion of the microwave sounding technique is given in Waters et al. (1999). Briefly,
the MLS instrument was launched in July 2004, on the National Aeronautics and Space Ad-
ministration (NASA) Aura satellite and measured limb emissions in broad spectral regions. In
total, MLS measurements include around 15 atmospheric chemical species along with temper-
ature geopotential height, relative humidity, cloud ice water content and cloud ice water path,
all described as functions of pressure. All measurements are made simultaneously and contin-
uously, during both day and night (Waters et al., 2006). The resolution of the retrieved data is
strictly related to the averaging kernels (Rodgers, 2000), which describe both vertical and hor-
izontal resolutions. Particularly, the vertical resolution for H2O is around 3 km in the UTLS
region, whereas the along-track horizontal resolution is in between 170 and 350 km (Livesey
et al., 2017). MLS measurements cover the range between 82◦ S to 82◦N latitudes.

ACE-FTS is a satellite instrument, which is a part of the Canadian atmospheric science mis-
sion (SCISAT). The satellite was launched into the low Earth’s circular orbit in August 2003.
ACE-FTS covers the spectral region from 750 to 4400 cm−1, and works mainly in solar occul-
tation. During sunrise and sunset, the ACE-FTS instrument measures sequences of atmospheric
absorption spectra in the limb-viewing geometry. Aerosols and clouds are being monitored us-
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ing the extinction of solar radiation. Further, the spectra are analysed and inverted into vertical
profiles. The satellite provides vertical profiles (typically, from 10 to 100 km) of temperature,
pressure, and volume mixing ratios of several molecule species over the latitudes from 85◦N to
85◦ S (Bernath et al., 2005). Solar occultation instruments, like ACE-FTS can have a high verti-
cal resolution (around 1 km), but low horizontal resolution (about 300 km) in the limb direction
(Hegglin et al., 2008). The detailed description of ACE-FTS is given by Bernath (2017).



30 Data and method



Chapter 4

Sensitivities of modelled H2O in the
lower stratosphere (LS): temperature
uncertainty, effects of horizontal
transport and small-scale mixing

The major sources of stratospheric H2O and involved processes are described in details above, in
Sect. 2.4. As a reminder, the critical region controlling the amount of H2O entering stratosphere
is the TTL (e.g., defined in Fueglistaler et al., 2009), which extends from the level of main con-
vective outflow around 12 km (about 340 K potential temperature) up to altitudes around 18 km
(the highest level of convection). Stratospheric entry H2O from the TTL distributes into the
stratosphere by complex transport processes, which involves large-scale upwelling and horizon-
tal advection, linked to the residual mean mass circulation, and small-scale mixing processes.
The chemical source of H2O in the middle and higher stratosphere is CH4 oxidation.

In this chapter, we investigate the uncertainties of simulated LS H2O due to the different
tropopause temperatures (from the current reanalyses), horizontal transport, and small-scale
mixing. To assess the sensitivities of simulated H2O, the Chemical Lagrangian Model of the
Stratosphere (CLaMS) was used. First, to investigate the robustness of simulated LS H2O with
respect to various meteorological datasets, CLaMS was driven by ERA-Interim and JRA-55
reanalyses. Second, to study the effects of horizontal transport on stratospheric H2O, CLaMS
sensitivity simulations with horizontal transport barriers along circles of latitude at the equa-
tor, at 15◦N/S and at 35◦N/S (Ploeger et al., 2013) were carried out. Third, to observe the
uncertainties of stratospheric H2O regarding different small-scale mixing schemes, the CLaMS
parametrized mixing strength was varied. All performed types of sensitivity studies are de-
scribed in Table 4.1, which summarizes the used reanalysis datasets, boundaries of the latitude
barriers and the strengths of the Lyapunov exponent (where it is applicable).

The results regarding different reanalyses, horizontal transport and small-scale mixing
strengths are presented below, and were published in Poshyvailo et al. (2018).
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Simulation type Abbreviation Reanalysis
dataset

Latitude
barriers

Lyapunov
exponent
(λc, day−1)

Reference REF ERA-Interim – 1.5

Reanalysis uncertainty JRA-55 JRA-55 – 1.5

Horizontal transport effects BAR-0 ERA-Interim 0◦ 1.5

BAR-15 ERA-Interim 15◦N/S 1.5

BAR-15S ERA-Interim 15◦ S 1.5

BAR-15N ERA-Interim 15◦N 1.5

BAR-35 ERA-Interim 35◦N/S 1.5

Small-scale mixing effects MIX-no ERA-Interim – ∞ (no mixing)

MIX-weak ERA-Interim – 2.0

MIX-strong ERA-Interim – 1.0

Table 4.1: CLaMS sensitivity simulations with respect to the used reanalysis datasets, horizontal
transport barriers and small-scale mixing strengths. Note that the barriers are 10◦ wide (in
latitude) with the central latitude indicated in the Table.

4.1 Simulation set-up

To study the sensitivity of simulated stratospheric H2O regarding different reanalysis tempera-
tures, horizontal transport effects, and small-scale mixing, we carried out a number of sensitivity
simulations using CLaMS (McKenna et al., 2002a,b) in its 3D-version (Konopka et al., 2004).
As a reference, we consider the run driven by ERA-Interim reanalysis data (Dee et al., 2011). To
reach a steady state, we use a perpetuum technique, where the one year run (for 2011 conditions)
is repeated several times. The initial values for the tracer fields at the first day of the simula-
tion are taken from a long-term CLaMS simulation (Pommrich et al., 2014). After one year of
the perpetuum calculation, tracer mixing ratios from December 31st, 2011 are interpolated to
the APs positions on January 1st 2011, and the calculation is repeated for 2011 again. After
the fourth time of the perpetuum, the maximum relative change of stratospheric H2O mixing
ratios between the consecutive perpetuum runs of the simulation is very small with the defined
resolution and the time step (maximum year to year changes are below 1.0 %). As an example,
Fig. 4.1 shows the relative changes in simulated H2O mixing ratios (from the sensitivity studies
of small-scale mixing effects) between different years of the perpetuum simulation for 1st of
January, 2011. Consequently, we use the fifth year of the perpetuum simulation for our further
analysis. Restricting the analysis to a single year instead of calculating a multi-year climatol-
ogy has no effect on our conclusions regarding the differences between different simulations, as
shown in Appendix A.
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Figure 4.1: Relative differences in CLaMS simulated H2O mixing ratios (from the sensitivity
studies of small-scale mixing effects) between different years (denoted on X-axis) of perpetuum
simulations for 1st of January 2011. The shown relative differences are averaged between 340
to 2000 K, over all ranges of latitudes and longitudes. The black line represents the CLaMS
reference simulation (REF), with the other lines showing the cases without mixing (MIX-no,
red), with weak (MIX-weak, green) and strong mixing (MIX-strong, blue).

In order to assess the robustness of simulated H2O with respect to the meteorological
datasets, we carry out another CLaMS simulation driven by the JRA-55 (Kobayashi et al., 2015),
and compare it to the ERA-Interim based reference simulation.

Second, to assess the effects of horizontal transport, we carry out sensitivity simulations with
horizontal transport barriers along circles of latitude at the equator, at 15◦N/S and at 35◦N/S
(Ploeger et al., 2013). The transport barriers are defined in the model and centred at the given
latitude. Their thickness is 10◦ in latitude (to inhibit diffusive mixing transport), and the barriers
extend from the ground to a potential temperature of 600 K. The two types of barriers, BAR-15
and BAR-35, are located at the edge of the subtropics. BAR-15 is located at the equatorward
edge and BAR-35 at the poleward edge of the subtropics. As such, both of them inhibit the
transport from the subtropics. BAR-15 suppresses horizontal transport from the subtropics into
the tropics, and BAR-35 suppresses transport from the subtropics to the extratropics. APs en-
tering the barrier along their trajectories during one model time step are moved to their starting
locations after ∆t, as shown in Fig. 4.2. APs which were mixed into the barrier after the mixing
procedure are moved to the closer barrier edge after the time step. Because of the broad barrier
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Figure 4.2: A schematic of the implementation of transport barriers in the CLaMS model into
the trajectory and mixing modules, respectively. The X-axis represents latitude, the Y-axis is the
vertical coordinate, respectively. The barrier is shown in light green colour, between φ0 and φ1
latitudes. The capital letters A, B, C and D represent the cross-barrier movements of different
APs between time steps tn and tn+1 for the trajectory module, and tm and tm+1 for the mixing
module.

width of 10◦, this technique inhibits all cross-barrier transport. The CLaMS mixing parametriza-
tion ensures that no unrealistic clustering of APs occurs at the barrier edges.

The distributions of the APs (coloured accordingly to the simulated H2O mixing ratio) with
implemented horizontal transport barriers in CLaMS, is shown in Fig. 4.3. The effects of hori-
zontal transport barriers on stratospheric H2O are discussed in details in Sect. 4.4.

Third, to investigate the effects of small-scale mixing, we vary the parametrized mixing
strength in CLaMS. A discussion of the choice of the critical Lyapunov coefficient, λc, con-
trolling the strength of small-scale mixing in CLaMS, is given by Riese et al. (2012); Konopka
et al. (2005). Hence, for a horizontal resolution of 100 km and a mixing step of 24 h, which
were used also in our study, Lyapunov coefficients of 1.5 day−1 and 1.2 day−1 provide a good
agreement between the observations and the simulation results, as indicated by the compari-
son of CLaMS simulations with observations from IR limb-sounding from the research aircraft
Geophysica (Khosrawi et al., 2005). In particular, using the value of 1.2 day−1 gives a better
agreement with observations in the 2D-version of CLaMS (Konopka et al., 2003). Furthermore,
Konopka et al. (2004, 2005) showed that the value of λc = 1.5 day−1 (corresponding to the crit-
ical deformation of γc = 1.5) for the chosen horizontal resolution and time step here, turns out
to be optimal for the 3D-version of CLaMS. Even for such a small difference in the small-scale
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Figure 4.3: Maps of CLaMS APs distribution for the 1st of July 2011, at the potential tem-
perature layer of 400±10 K: reference case (REF, a) and the sensitivity simulations with the
horizontal transport barriers at the equator (BAR-0, b), at 15◦N/S (BAR-15, c) and at 35◦N/S
(BAR-35, d). The colours of the APs respond to the CLaMS simulated H2O mixing ratios. The
transparent regions represent the areas without APs, including the artificial horizontal transport
barriers.

mixing strengths, the annual mean H2O concentrations in the extratropical LS differs by about
10-15% (Riese et al., 2012; McKenna et al., 2002a).

In our study we use a value of λc = 1.5 day−1 for the reference run, 2.0 day−1 to represent
weak mixing, and 1.0 day−1 for modelling strong mixing to cover the range of realistic small-
scale mixing strength. Furthermore, we carry out a simulation without small-scale mixing (pure
advection, when the mixing in CLaMS was switched off), equivalent to a critical Lyapunov
exponent of infinity. The large range of the chosen mixing parameter here (λc) enables an
investigation of sensitivities throughout a large range of possible mixing strengths, including
significantly changed mixing characteristics in a potential future climate. As an example, the
response of H2O to different critical Lyapunov exponents is shown in Fig. 4.4 at 400 K. It shows
the locations of the APs (presented with dots) coloured with respect to the mixing ratio values
of simulated H2O. As a remark, the case without small-scale mixing is not shown in Fig. 4.4,
because it would not convey the right message due to the large spread of H2O mixing ratios. The
effects of different mixing strengths on stratospheric H2O are discussed in detail in Sect. 4.5.
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Figure 4.4: Maps of CLaMS APs distribution for the 1st of July 2011 at the potential temper-
ature layer of 400±10 K from the sensitivity simulations with non-vanishing mixing strength:
weak mixing (MIX-weak, a), reference case (REF, b) and strong mixing (MIX-strong, c). The
colours of the APs respond to the CLaMS simulated H2O mixing ratios.
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Note, that small-scale mixing in CLaMS is parametrized in a physical way, by coupling the
mixing intensity to deformations in the large-scale flow. The sensitivity of simulated H2O to
the parametrized mixing strength can therefore be regarded as representative to the response of
changes in small-scale turbulence, as well as to the response of changes in numerical diffusion
in climate models.

4.2 Stratospheric entry H2O sensitivity

Figure 4.5 shows the annual cycle of tropical (10◦ S-10◦N) stratospheric entry H2O at 400 K
for all performed simulations with CLaMS. While a clear annual cycle is evident for all cases,
the mixing ratios vary by more than 1 ppmv between the simulations. The reference simulation
(REF) agrees well with the MLS data, although there are some small differences during boreal
winter. The largest sensitivity (spread between simulations) occurs for boreal summer and fall
months. Suppressing horizontal transport from the subtropics into the tropics (BAR-15) sig-
nificantly dries the tropical entry H2O, with difference to the reference of up to around 1 ppmv.
Note that with the tropical entry H2O, we devote the H2O entering the stratosphere at the level of
potential temperatures of≈ 400 K in the tropics (Fueglistaler et al., 2009). For the mixing sensi-
tivity simulations, the largest difference from the reference case occurs for the case without mix-
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Figure 4.5: Annual cycle of tropical entry H2O at 400 K (10◦S-10◦N) from different sensitivity
simulations, with respect to variations in reanalysis datasets, horizontal transport and small-scale
mixing for 2011. The grey line represents MLS satellite observations, for comparison. Shown
are the reference simulation (REF), the cases without mixing (MIX-no), with weak (MIX-weak)
and strong mixing (MIX-strong), the simulations with transport barriers at 15◦N/S (BAR-15), at
35◦N/S (BAR-35), and the simulation driven with JRA-55 reanalysis data (JRA-55).
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Figure 4.6: Zonal mean H2O distributions for winter (DJF, left) and summer (JJA, right) from
MLS and ACE-FTS satellite observations, as well as from CLaMS simulations driven with either
ERA-Interim or JRA-55 reanalysis. Data shown are climatologies for 2004-2013 years. Black
contours show temperatures (185 K, 188 K, 191 K, 194 K, 197 K, 200 K), grey contours are zonal
winds (10 m/s, 20 m/s, 30 m/s), black dotted lines are pressure levels (in hPa) and the white line
is the thermal tropopause. Note that the temperatures, zonal winds and pressure level contours
are derived at the (a, b) and (c, d) from ERA-Interim sampled at the MLS or ACE-FTS locations
respectively; (e, f) are from ERA-Interim and (g, h) are form JRA-55 reanalysis.
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ing (MIX-no), with the MIX-no simulation dryer by about ≈ 0.8 ppmv in September-October.
The CLaMS simulation driven with JRA-55 shows moister values in the TTL compared to the
ERA-Interim simulation, which aligns with the recent findings of Davis et al. (2017).

The strong sensitivity of tropical entry H2O shows the importance of such factors as the
TTL temperatures from the used reanalysis dataset, horizontal transport and small-scale mixing,
which are critical control factors for stratospheric H2O. They will be investigated in more detail
in the next Sections.

4.3 Reanalysis uncertainty

Zonal mean H2O mixing ratios for boreal winter (December-January-February, DJF) and sum-
mer (June-July-August, JJA) from MLS and ACE-FTS satellite observations, and from CLaMS
simulations, driven by ERA-Interim and JRA-55, are shown in Fig. 4.6. The comparison of the
two different satellite datasets (first and second row) shows differences of about 0.5 ppmv (with
ACE-FTS being moister), and even larger in the extratropical LS. Oscillations in MLS H2O at
high latitudes are a known effect of the broad averaging kernel (Ploeger et al., 2013). At low
latitudes, the effects of the MLS averaging kernel on H2O are much smaller, and we do not apply
it to the model data here, in order not to smear out the structure in the simulated H2O.

A comparison of the two simulations, driven by either ERA-Interim or JRA-55 (third and
fourth row in Fig. 4.6), shows differences due to the used reanalysis dataset of about 0.5 ppmv,
increasing towards the extratropical lowermost stratosphere. The main reason for JRA-55 caus-
ing a moister stratosphere when compared to the ERA-Interim is the positive difference in the
temperatures around the TTL (Fig. 4.7). Zonal mean temperatures in this region are, on average,
about 2 K higher for the JRA-55 than for the ERA-Interim. Remarkably, these differences only
exist in a narrow layer around the tropical tropopause. In addition to the TTL temperature dif-
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Figure 4.7: Differences in zonal mean temperatures between JRA-55 and ERA-Interim reanal-
ysis data averaged for the period of 1979-2013; black dotted lines are altitude levels (in km) and
the black line is the thermal tropopause.
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Figure 4.8: Maps of LS H2O at the potential temperature level of 380 K from MLS (a, d),
and CLaMS simulations driven by ERA-Interim (b, e) and JRA-55 (c, f). Shown are winter
(DJF) and summer (JJA) data, respectively, from a 2004-2013 climatology. White lines show
temperature contours (191 K, 193 K, 195 K). Note, that the temperatures at the (a, d) are from
ERA-Interim sampled at the MLS locations, (b, e) are from ERA-Interim and (c, f) are from
JRA-55 reanalysis.

ferences, also the differences in winds and heating rates between the two reanalysis could cause
uncertainties in H2O mixing ratios; however, the temperature difference provides a self-evident
explanation.

A detailed comparison of the LS H2O between MLS and CLaMS simulations driven by
ERA-Interim and JRA-55 reanalysis at 380 K is given in Fig. 4.8. Note that the 380 K surface
may be located well below the tropopause in some regions (e.g., Asian monsoon). The patterns
of dominant freeze-drying regions above the West Pacific and South America in boreal winter
are consistent between the observations and the two simulations. Notably, the larger area of
low H2O mixing ratios and colder temperatures for ERA-Interim when compared to JRA-55,
is consistent with the drier global stratosphere, as discussed above. Also in boreal summer, the
H2O distributions for MLS observations and CLaMS, driven by the two reanalyses, are similar
in the tropics. Nevertheless, in the subtropics, the strength of summertime monsoon anomalies
in MLS differs from CLaMS, with the Asian monsoon dominating in both simulations, while
the American monsoon appears stronger in MLS data (e.g., Ploeger et al., 2013). Note that in
the tropical LS the long-term H2O time series from CLaMS driven by ERA-Interim reanalysis
agrees well with HALOE and MLS observations (Tao et al., 2015).

Overall, regarding the global H2O distributions and maps in the LS, CLaMS modelling re-
sults with ERA-Interim are drier, when compared to JRA-55, resulting from lower TTL tempera-
tures in ERA-Interim. The agreement between CLaMS based on ERA-Interim and JRA-55 with
the observations strongly depends on the considered region and season. And it is not possible to
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conclude from our analysis which reanalysis results in simulated H2O shows the best agreement
with the observations.

4.4 Horizontal transport

Probability density functions (PDFs) of H2O mixing ratio (e.g., Schoeberl et al., 2013), allow
a simple comparison of the overall effects of horizontal transport on H2O (in the LS) by con-
trasting the various sensitivity simulations. Figure 4.9 shows these PDFs for the tropics and
extratropics of both hemispheres, for the different barrier simulations.

In the SH (Fig. 4.9a), the frequent very low mixing ratios are insensitive to horizontal trans-
port, indicating the occurrence of local dehydration. This insensitivity reflects the fact that tem-
peratures in the Antarctic polar vortex are so low that H2O mixing ratios are locally freeze-dried
to the saturation value. However, there is a weak effect of transport from the NH on moistening
the SH, indicated by a lowering of the PDF’s tail without cross-equatorial transport. Suppress-
ing transport from the tropics lowers the tail further, and suppressing transport from the SH
subtropics (with the 35◦ S barrier) finally removes almost all mixing ratios higher than 5 ppmv.

In the tropics (Fig. 4.9b), the insignificant difference between the reference (REF) and an
equatorial transport barrier (BAR-0) simulations shows that the interhemispheric transport is
rather unimportant for tropical mean H2O mixing ratios. Similarly, in-mixing of mid- and high-
latitude air (see BAR-35) has a very small impact on tropical mean H2O, which echoes the
findings of Ploeger et al. (2012). In contrast, transport from the subtropics into the tropics has
a strong effect. Suppressing such transport by applying a barrier at 15◦N/S (BAR-15) changes
the PDF substantially, as evident from the difference between the simulation BAR-15 and the
reference cases. The isolation of the tropics due to the lack of horizontal transport in the BAR-15
simulation (all the way from the surface to 600 K) between the equator and the subtropics (both
ways) causes dry air at the equator. Thus, with the barrier at 15◦N/S the fraction of dry air at the
equatorial region increases. The comparison of BAR-15 with BAR-35 shows that transport from
the subtropical region into the tropics increases H2O. Without transport from the subtropics, the
tropical mean H2O PDF appears more strongly skewed towards low mixing ratios (blue line in
Fig. 4.9b), and the mean H2O mixing ratio is shifted towards lower values by about 0.5 ppmv.

In the NH, cross-equatorial transport from the SH has only a weak effect, as visible from the
equatorial transport barrier (Fig. 4.9c). The introduction of a transport barrier in the subtropics
at 15◦N removes the low mixing ratios from the PDF, showing that these low mixing ratios
result from transport out of the deep tropics. Moving the transport barrier further away from
the equator to 35◦N changes the PDF drastically. In addition to the low mixing ratios, it also
removes the tail of the PDF at high mixing ratios, such that a very narrow extratropical H2O
mixing ratio PDF remains. Hence, these high mixing ratios are the result of transport from
the subtropics, and are likely related to the Asian monsoon, as argued by Ploeger et al. (2013).
Accordingly, monsoon driven H2O transport from the subtropics to the high latitudes is, by far,
more pronounced for the NH, than for SH.

The pure transport effects of horizontal exchange between tropics and mid-latitudes are evi-
dent from the AoA, the mean transit time for air through the stratosphere for the different model
experiments with horizontal transport barriers. Figure 4.10 shows CLaMS calculations of the
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Figure 4.9: PDF of H2O mixing ratios in the SH extratropics for 40◦ S-90◦ S between 370 K and
420 K (a), in the tropics for 20◦ S-20◦N between 380 K and 420 K (b), and in the NH extratropics
for 40◦N-90◦N between 370 K and 420 K (c). Shown data are from 2011 CLaMS sensitivity
simulations with horizontal barriers along latitude circles at 0◦ (BAR-0, red solid line), 15◦N/S
(BAR-15, blue solid line), 35◦N/S (BAR-35, green solid line) and the reference (REF, grey
background). Dashed coloured lines represent the mean H2O values for the different simulations
respectively, whereas the black solid line shows the mean value of the reference simulation.
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Figure 4.10: Zonal AoA distributions for 2011. Shown data are from the CLaMS reference
simulation (a) and from the sensitivity simulation with barriers along latitude circles at 35◦ N/S
(b) and the absolute difference between them (c). Transport barriers are set between the Earth’s
surface and the 600 K potential temperature levels and are represented in white.

AoA for the reference case (Fig. 4.10a) simulation, with transport barriers in the subtropics at
35◦N/S (Fig. 4.10b), and the absolute difference between them (Fig. 4.10c). These horizon-
tal transport barriers at 35◦N/S effectively isolate the tropical pipe from the in-mixing of older
stratospheric air from mid-latitudes, significantly decreasing the AoA globally by more than a
year. Hence, recirculation from mid-latitudes into the tropics has a strong ageing effect on the
stratosphere globally, which reinforces findings by Neu and Plumb (1999). Without recircula-
tion (in the BAR-35 simulation) the global AoA distribution reflects mainly the pure effect of
the residual circulation, resulting in oldest air in the extratropical lowermost stratosphere, and
appears very similar to the distribution of residual circulation transit times (e.g., Ploeger et al.,
2015a). Older air in the NH is related to the deeper NH residual circulation cell.

In the tropics, the age distribution in Fig. 4.10b shows a weak double peak structure up to
about 500 K, indicating that the subtropics are regions of particularly fast transport likely re-
lated to subtropical processes like monsoon circulations. Suppressing transport in the subtropics
with barriers at 35◦N/S therefore significantly increases AoA in the extratropical stratosphere
(Fig. 4.10c). A similar result has recently been shown by Garny et al. (2014). Furthermore,
Garny et al. (2014) presents a nice explanation of the recirculation process, describing recircu-
lation as a process when an AP enters the tropical stratosphere and travels along the residual
circulation to the extratropics, where it can be mixed back into the tropics, and thus recirculates
along the residual circulation again. In this way, the age of air of the parcels increases steadily
while performing multiple circuits through the stratosphere.

Relating the pure horizontal transport effects (seen in the AoA) to H2O is not straightfor-
ward, as H2O is strongly controlled by TTL temperatures. Figure 4.11 shows the annual zonal
mean H2O mixing ratio for the different sensitivity simulations with transport barriers, and
Fig. 4.12 highlights the differences between the simulations with largest H2O changes. The small
differences between the reference (Fig. 4.11a) and the equatorial barrier (Fig. 4.11b) simulations
indicate only a very weak effect of transport processes in the deep tropics and interhemispheric
exchange on global stratospheric H2O. Similarly, the sensitivity simulation with a subtropical
transport barrier at 35◦N/S (Fig. 4.11c, 4.12c) shows that in-mixing of mid-latitude air has only
a weak impact on global stratospheric H2O (except in the NH LS). In contrast, transport from the
subtropics, between 10◦ and 30◦N/S, as visible from the comparison of sensitivity simulation
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BAR-15 and BAR-35 (Fig. 4.5, 4.11c, 4.11d, 4.12a), has a strong effect on tropical entry H2O
and hence on global H2O. Without such transport from the subtropics (Fig. 4.11a, 4.11d), the
stratosphere becomes substantially drier (maximum differences through the entire stratosphere
are up to about 1 ppmv). The fact that this drying occurs only with transport barriers at 15◦N/S
and not with barriers at 35◦N/S, shows that it is not related to the suppression of recirculation
of aged air from mid-latitudes, which has been affected by CH4 oxidation. In fact, processes in
the subtropics (e.g., monsoon circulations) have a strong effect in moistening the global strato-
sphere, and suppressing these processes in BAR-15 causes drying.
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Figure 4.11: Zonal mean H2O distributions for 2011. Shown data are from the CLaMS sen-
sitivity simulations for the reference (a) and the horizontal transport barrier simulations along
latitude circles at 0◦ (b), 35◦N/S (c), 15◦N/S (d), 15◦ S (e) and 15◦N (f). Transport barriers are
set between the Earth’s surface and the 600 K potential temperature levels and are represented
in white.
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The model experiments with transport barriers only in the NH or SH subtropics further show
that the effect of the NH subtropics in moistening the global stratosphere is stronger compared
to the SH subtropics (Fig. 4.12b), although the light moistening from the SH subtropics exists
as well (Fig. 4.12a).

Figure 4.13 shows the H2O seasonal cycle at 400 K and its latitudinal structure, sometimes
termed the “horizontal tape recorder” (e.g., Randel et al., 2001; Flury et al., 2013). Consistent
with the discussion above, a transport barrier at the equator has only a very weak drying effect
on the SH subtropics and mid-latitudes, indicating only a minor role of the NH in moistening
the SH lowest stratosphere. Furthermore, the effect of horizontal transport on the SH is small in
all simulations as H2O mixing ratios in the SH are strongly affected by local freeze-drying at SH
high latitudes. In the NH, horizontal transport moistens the extratropical LS in summer and dries
this region in winter. In the tropics, the annual cycle is related to minimum tropopause temper-
atures during boreal winter and maximum tropopause temperatures during summer. Therefore,
during winter, horizontal transport exports dry air out of the tropics into the NH and moist air
during summer. Consequently, the entire annual cycle of the H2O in the NH extratropical LS is
related to horizontal transport from low latitudes, as argued by Ploeger et al. (2013). The boreal
summer maxima are related to monsoonal circulations and transport out of the tropics along the
eastern and western flanks (Randel and Jensen, 2013).
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Figure 4.13: Horizontal tape recorder of H2O at the potential temperature level of θ = 400 K for
2011. Shown data are from CLaMS sensitivity simulations for the reference case (a), and with
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are represented in white, and the main directions of air mass transport are presented with black
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4.5 Mixing effects

The PDF of H2O mixing ratio in Fig. 4.14 shows that increased small-scale mixing in the model
generally moistens the LS in the tropics, as well as in the extratropics of both hemispheres.
Increased mixing causes both a decrease in the fraction of dry air and an increase in the fraction
of moist air, and therefore shifts the PDF to higher mixing ratios. In particular, for the NH
extratropics, this effect is strong, substantially enhancing the tail of the PDF with simultaneously
reducing the low values in the PDF. The mean H2O mixing ratio is also increasing towards higher
values with increasing mixing strength (dashed lines in Fig. 4.14).

Changes in the parametrized small-scale mixing strength, however, may affect different pro-
cesses that are critical to the distribution of H2O in the LS region. Such processes are: diffusive
cross-tropopause moisture transport, recirculation of air masses, permeability of the tropical
pipe, and vertical diffusion (for illustration see Fig. 4.15). Therefore, interpreting the mixing
effects in terms of processes is a challenging task.

Figure 4.16 shows annual zonal mean distributions of H2O (a-d) and HH (e-h). Similarly,
Fig. 4.17 shows double CH4 mixing ratios (a-d) and AoA (e-h) from the CLaMS simulation
without mixing (MIX-no) and their incremental differences between the sensitivity simulations
with increasing mixing from the weak mixing case (MIX-weak) through the reference (REF) to
the strong mixing case (MIX-strong); i.e. [(MIX-weak) - MIX-no], [REF - (MIX-weak)], and
[(MIX-strong) - REF]. Note, that the simulation without small-scale mixing (MIX-no) should
not be considered as a realistic case, as turbulent mixing processes always take place in the
atmosphere. However, we show the results from this simulation for the sake of completeness
when analysing the mixing effects, and for facilitating comparisons with pure trajectory studies
(e.g., Fueglistaler and Haynes, 2005; Schoeberl and Dessler, 2011).

A clear response to mixing is found for the LS (below≈ 430 K), which is moistened with in-
creasing small-scale mixing. In the following, we consider HH above the tropical tropopause as
an indicator of changes in transport because it is not affected by chemistry (here CH4 oxidation).
As the moistening in the LS below 430 K is also evident in HH, but not in CH4 and AoA, it is
largely related to enhanced diffusive cross-tropopause transport of moist air. This enhanced dif-
fusive cross-tropopause transport, in turn, increases the probability to by-pass the regions of cold
temperatures, rendering the freeze-drying at the tropical tropopause less efficient. Consequently,
H2O entering the stratosphere is enhanced with increased small-scale mixing. The response of
HH to changes in mixing is largely independent from the reference mixing strength through-
out the stratosphere, with HH always increasing with the increased mixing (Fig. 4.16f, g, h),
reflecting the fact that the efficiency of freeze-drying at the tropical tropopause decreases with
increasing mixing.
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Figure 4.14: PDF for H2O SH extratropics for 40◦ S-90◦ S between 370 K and 420 K (a), in
the tropics for 20◦ S-20◦N between 380 K and 420 K (b), and in the NH extratropics for 40◦N-
90◦N between 370 K and 420 K (c). Shown data are from 2011 CLaMS sensitivity simulations
with different strength of small-scale mixing for the case without mixing (MIX-no, grey shading
background), weak mixing (MIX-weak, red solid line), reference simulation (REF, blue solid
line) and strong mixing (MIX-strong, green solid line). Dashed coloured lines represent the
mean H2O values for the different simulations respectively, whereas the black solid line shows
the mean value for the non-mixing case.
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Above about 430 K, the response of the H2O mixing ratio to varying the mixing strength
turns out to be more challenging to interpret, and strongly depends on the reference strength
of mixing, due to a complex interplay between horizontal and vertical mixing processes. First,
increasing the mixing strength from no-mixing (MIX-no) to weak mixing (MIX-weak) causes
significant drying in the NH (Fig. 4.16b). A related signal (above ≈ 430 K in the middle and
upper stratosphere) is evident in CH4 (Fig. 4.17b) and AoA (Fig. 4.17f), but not in HH (Fig.
4.16f). Hence, the drying response in the NH is attributable to transport effects, most likely to
an increased permeability of the tropical pipe with increasing mixing, and related an increased
transport of dry air, and, also, enhanced CH4 out of the tropics and into the NH. Second, increas-
ing the mixing strength from weak mixing (MIX-weak) to reference mixing (REF) and from
reference mixing to strong mixing (MIX-strong) causes a moister stratosphere globally, related
to enhanced diffusive cross-tropopause transport and less efficient freeze-drying (see discussion
above). For the former (increasing mixing from MIX-weak), a weak increase of CH4 in the NH
(Fig. f4.17c) indicates a simultaneous increase in the permeability of the tropical pipe. For the
latter (increasing mixing from REF), decreasing CH4 mixing ratios (Fig. 4.17d) and increasing
mean age (Fig. 4.17h) throughout the stratosphere likely indicate a simultaneous increase in the
strength of recirculation due to increasing mixing.

Figure 4.18 presents a zoom-in view onto the H2O response to mixing changes in the UTLS
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Figure 4.16: Annual zonal mean distributions of H2O (a) and HH (e) from the CLaMS simu-
lation without mixing (MIX-no), as well as the incremental differences between the sensitivity
simulations with increasing mixing from the weak mixing case (MIX-weak) through the refer-
ence (REF) to the strong mixing case (MIX-strong); i.e. [(MIX-weak) - MIX-no] in the second
column (b, f), [REF - (MIX-weak)] in the third column (c, g), and [(MIX-strong) - REF] in
the fourth column (d, h). Tropopause is presented as white solid line, and is calculated from
ERA-Interim reanalysis data. The data are shown for 2011.
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Figure 4.17: Annual zonal mean distributions of 2CH4 (a) and AoA (b) from the CLaMS simu-
lation without mixing (MIX-no), as well as the incremental differences between the sensitivity
simulations with increasing mixing from the weak mixing case (MIX-weak) through the refer-
ence (REF) to the strong mixing case (MIX-strong); i.e. [(MIX-weak) - MIX-no] in the second
column (b, f), [REF - (MIX-weak)] in the third column (c, g), and [(MIX-strong) - REF] in
the fourth column (d, h). Tropopause is presented as white solid line, and is calculated from
ERA-Interim reanalysis data. The data are shown for 2011.

region, a critical region for global climate, for both summer (a, b) and winter (c, d). Clearly, en-
hanced small-scale mixing moistens the LS due to enhanced diffusive cross-tropopause moisture
transport with maximum differences between the simulations of around 20 %. The moistening
effects are particularly large in the region around the tropopause where the radiative effect is
most sensitive (e.g., Riese et al., 2012). Furthermore, the moistening effect due to mixing is
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maximised in the summer hemisphere (Konopka et al., 2007). In the SH, H2O in the subtropical
jet regions appears to be most critical to changes in small-scale mixing. In particular, increasing
H2O mixing ratios in the extratropical lowermost stratosphere causes a flattening of the H2O
isopleths towards high latitudes.

Maps of the H2O distribution at 380 K for the different CLaMS simulations with differ-
ent small-scale mixing strength show the regions most prone to mixing changes (Fig. 4.19).
Strongest moistening due to increased mixing, occur in the regions of subtropical jets. This is
consistent with the findings of Konopka and Pan (2012), where was shown that the subtropical
jets are regions of intense mixing. Most intense moistening is always caused by mixing processes
along the subtropical jet in the summer hemisphere. During boreal winter, the SH subtropical
jet substantially moistens with increasing mixing, whereas during boreal summer, the NH jet
moistens. In particular, the moist anomaly of the Asian and American monsoons during boreal
summer is affected by small-scale mixing. Without mixing, only a weak anomaly occurs in the
Asian monsoon, while the moist anomaly in the American monsoon is absent. With increased
mixing, the Asian monsoon moist anomaly first increases (MIX-weak and REF cases). When
mixing becomes very strong (MIX-strong) the entire jet region is strongly moistened. Thus,
the anomaly of the Asian monsoon relatively to the entire jet region decreases. It should be
noted, that the 380 K potential temperature surface may well be located below the tropopause
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Figure 4.18: Relative differences of zonal mean water vapour for summer (a, b) and winter (c,
d) seasons for 2011 between the reference and weak mixing and between the strong mixing
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calculated from ERA-Interim reanalysis data.
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Figure 4.19: Seasonal mean H2O distribution for 2011 from the CLaMS simulation without
mixing (MIX-no) and the sensitivity simulations with non-vanishing mixing strength (MIX-
weak, REF, MIX-strong) at the potential temperature level of 380 K; DJF indicates winter (a-
d), and JJA summer periods (e-h). Black lines indicate potential vorticity from ERA-Interim
reanalysis data (6 PVU, 8 PVU), and the white ones are temperatures (191 K, 193 K, 197 K,
205 K) taken from ERA-Interim reanalysis data.

in the Asian monsoon region such, that parts of the moist anomaly in Fig. 4.19 indicates tropo-
spheric air rather than cross-tropopause transport. However, the response of the subtropical jet
and monsoon moist anomalies to increased small-scale mixing remains comparable also at 400K
and hence appears to be related to enhanced diffusive upward moisture transport, particularly in
regions of strongly deformed zonal flow. Overall, small-scale mixing in the CLaMS simulations
and related diffusive cross-tropopause moisture transport seem to be crucial for the development
of Asian and American monsoon moisture anomalies, in particular for the American monsoon
(where no anomaly occurs without including small-scale mixing).

4.6 Discussion

4.6.1 Comparison of CLaMS simulated and reanalysis stratospheric H2O

The comparison between the reanalysis own specific humidity products and H2O simulated with
CLaMS driven by the meteorology of the same reanalysis reveals further insights into the control
processes of H2O in the reanalysis. Figure 4.20 shows H2O mixing ratios in the LS at 380 K
for winter and summer, as provided by ERA-Interim and JRA-55 specific humidity. Although
the two CLaMS simulations driven by either ERA-Interim or JRA-55 showed differences in
the details of the patterns (Fig. 4.8), both simulations agreed reliably well with the satellite
observations. The reanalysis H2O products, on the other hand, show a very different pattern
(Fig. 4.20). Despite their success in describing the main dehydration regions in the deep tropics
(mainly in the West Pacific, and over South America in boreal winter), they fail in representing
the main moisture sources in the Asian and American monsoons during summer. ERA-Interim,
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Figure 4.20: Seasonal mean H2O distribution averaged over the period from 2004 to 2013 at the
potential temperature level of 380 K; DJF indicates winter (a, b), and JJA summer periods (c, d).
Shown data are from both reanalysis, ERA-Interim and JRA-55 reanalysis data. The white lines
are constant temperature levels from corresponding reanalysis datasets (191 K, 193 K, 195 K).
Note the logarithmic colour bar for JRA-55.

for instance, shows highest summertime H2O mixing ratios above the Pacific.
The clearest difference to MLS and CLaMS, however, occurs for JRA-55 H2O in the middle

and high latitude LS. In this region, JRA-55 H2O mixing ratios are about one order of magnitude
higher than for ERA-Interim. A similar result was recently noticed by Davis et al. (2017), sug-
gesting that JRA-55 strongly overestimates the amplitude of the seasonal H2O cycle, although
this result depends on the considered level. Remarkably, using the reanalysis temperature and
wind fields to drive CLaMS transport, our results show a good agreement of H2O distributions
with MLS observations. Note, that in CLaMS the calculation of stratospheric H2O is based on
the CLaMS cirrus dehydration scheme based on the Clausius-Clapeyron relation and simplified
fall-out of ice particles (see Sect. 3.1.3) and is, therefore, largely related to the large-scale reanal-
ysis temperature and wind fields. The different CLaMS simulations also show a moister strato-
sphere for JRA-55, compared to ERA-Interim, consistent with a warmer tropical tropopause
in JRA-55, but with much smaller differences than for the reanalysis H2O products. Although
both reanalysis assimilation systems are constrained by observational data to produce realistic
temperatures, significant differences around the tropical tropopause still exist of about 2 K (see
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Sect. 4.3). But these differences are not sufficient to explain the H2O differences between the
reanalysis products, as presented in Fig. 4.20. Hence, the reanalysis own H2O products seem
not consistent with the simple Clausius-Clapeyron relation.

Figure 4.21 shows H2O PDFs for further insights into the processes causing the difference
between ERA-Interim and JRA-55 H2O in the NH extratropical LS. Both CLaMS simulations,
driven with either ERA-Interim or JRA-55 data, and ERA-Interim reanalysis H2O products show
a skewed PDF with a tail at high values, particularly strong in boreal summer. JRA-55 H2O
mixing ratios, on the contrary, show a PDF with a totally different shape and a much higher
mean value by about a factor of 5. This behaviour is clearest at around 370 K (Fig. 4.21), but it
is also visible at levels below and above (not shown). The different shape of the JRA-55 PDFs
with the peak at much higher mixing ratios suggests that high H2O mixing ratios are deposited
in the extratropical LS, from potential temperature levels of about 350 K up to at least about
400 K, which is potentially related to the convective scheme in the reanalysis. JRA-55 shows a
higher frequency of high and optically thick clouds, when compared with the ERA-Interim (e.g.,
Kang and Ahn, 2015; Kobayashi et al., 2015; Tompkins et al., 2007), which might also indicate

JAN / 370K

0 10 20 30 40 50 H2O [ppmv]

0.1

1.0

10.0

100.0

p
d

f 
[%

]

JUL / 370K

0 10 20 30 40 50 H2O [ppmv]

0.1

1.0

10.0

100.0

p
d
f 
[%

]

ERA−reanalysis 
JRA−reanalysis 
ERA−clams 
JRA−clams 

ERA−reanalysis
JRA−reanalysis
ERA−clams
JRA−clams

(a)

(b)

Figure 4.21: PDF of H2O mixing ratio for 2011, at the potential temperature level of 370 K
in the NH for middle and high latitudes (50◦-90◦N). The distribution is presented for January
(a) and July (b). Shown data are taken from ERA-Interim (grey line) and JRA-55 (orange line)
reanalysis data. CLaMS H2O driven by ERA-Interim (black line) and JRA-55 (red line) is shown
for comparison. Vertical dashed lines are the mean values of the reanalysis data respectively,
black one of ERA-Interim, red one is JRA-55 reanalysis products.
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a critical role of differences in convection for causing the differences in H2O (e.g., Folkins and
Martin, 2005; Sherwood et al., 2010).

Recent studies have emphasised the overall qualitatively positive agreement between the
large-scale climatological features in the UTLS in different reanalysis datasets, however, im-
portant quantitative differences remain (e.g., Manney et al., 2017). This qualitative agreement
among the reanalysis in many regions of the UTLS and different seasons points to the robustness
of the representation of related transport and chemistry in the reanalysis datasets (Manney and
Hegglin, 2018). As the stratospheric H2O in the reanalysis is not assimilated directly, the treat-
ment of H2O in the particular reanalysis product plays an important role. For instance, JRA-55
does not contain a parametrization of CH4 oxidation in contrary to ERA-Interim (Davis et al.,
2017). Davis et al. (2017) further showed that the JRA-55 mean H2O values are much too large
at 100 hPa. Our results of excessively high H2O values in the JRA-55 data product in the extrat-
ropical LS agree well with the findings of Davis et al. (2017). Furthermore, Davis et al. (2017)
points out that there is still a lack of assimilated observations and that significant uncertainties
remain in the representation of the relevant physical processes in the reanalysis.

4.6.2 Vertical diffusivity induced by small-scale mixing

Although, it is clear qualitatively that a decreasing critical Lyapunov exponent enhances mixing,
it is also desirable, at least for comparison purposes, to quantify this effect. Because of the
similarity between the mixing procedure in CLaMS and physical diffusion, the vertical mixing
intensity can be quantified by computing the induced vertical diffusivity Kz (in m2/s) (Konopka
et al., 2007). We estimated Kz for each AP in CLaMS following Konopka et al. (2007), i.e.:

Kz = c
∆z2

∆t
, (4.1)

if mixing occurs during ∆t time step; and Kz = 0, if mixing did not happen. Here ∆z is the model
layer depth (in meters), ∆t = 1 day is the mixing time step, and c is taken to be 1/24 to account
for the random position of the APs within the layer. The average diffusivity can be computed as
mean of the local diffusivity of the APs.

In the tropical LS (between 380 K and 420 K), we estimate the vertical diffusivity of the
simulations with critical Lyapunov exponent 2.0 day−1 (MIX-weak), 1.5 day−1 (REF), and
1.0 day−1 (MIX-strong) to be respectively 0.005 m2/s, 0.02 m2/s, and 0.065 m2/s (Fig. 4.22).
The range of about one order of magnitude difference for the parametrized Kz in the tropical
LS matches the uncertainty in that coefficient (e.g. Podglajen et al., 2017). Indeed, the value
parametrized in the reference run (REF) is similar to the one estimated by Mote et al. (1998)
(0.02 m2/s) from satellite tracer measurements, or to the results from a recent study by Podglajen
et al. (2017) based on small-scale in-situ wind measurements. Glanville and Birner (2017) rather
suggest an average Kz of 0.08 m2/s, which is closer to the value in the MIX-strong simulations.

Figure 4.22 also shows the annual average H2O concentration in the tropical LS as a func-
tion of the estimated annual average Kz in the same region. The increase of vertical diffusivity
by approximately one order of magnitude, from MIX-weak to MIX-strong, results in a moist-
ening of about 0.6 ppmv. This sensitivity is of the same order as suggested by Ueyama et al.
(2015), although those authors varied the diffusivity by 2 orders of magnitude (from 0.001 m2/s
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Figure 4.22: Distribution of H2O as a function of the average vertical diffusivity coefficient
(Kz) in the simulations with different small-scale mixing strength. The data are annual mean
values spatially averaged over the 380 K to 420 K potential temperature and 20◦ S-20◦N lati-
tude region from different sensitivity simulations with respect to small-scale mixing (for 2011).
Black cross represents weak mixing (MIX-weak, λc = 2.0 day−1), red shows reference (REF,
λc = 1.5 day−1) and blue cross strong mixing (MIX-strong, λc = 1.0 day−1) cases.

to 0.1 m2/s) and found a moistening effect of around 0.5 ppmv. The discrepancy might be partly
due to the non-linear dependence of mean H2O on diffusivity; although there are only three
points in Fig 4.22, the impact of increasing vertical diffusivity appears to saturate, which is
probably due to the limitation of transport effects by dehydration.

Finally, it should be noted that the mixing in CLaMS induces both vertical and horizontal
diffusion. However, given the larger vertical gradients of H2O compared to horizontal gradients
in the UTLS, the impact of small-scale horizontal diffusion is assumed to be much smaller than
the impact of vertical diffusion, especially in the tropics.

4.7 Chapter conclusions

We investigated the sensitivities of modelling H2O in the LS region regarding different reanalysis
datasets, horizontal transport between tropics and extratropics, and small-scale mixing, using the
Lagrangian transport model CLaMS.

Differences in H2O between CLaMS model simulations driven by ERA-Interim and JRA-55
reanalysis amount to about 0.5 ppmv throughout the stratosphere. This demonstrates a substan-
tial uncertainty in simulated H2O, even when using the recent reanalysis products. This uncer-
tainty in simulated H2O results mainly from differences in temperatures between the reanalysis
products around the tropical tropopause, indicating that tropopause temperatures in the current
reanalysis datasets are not sufficiently constrained.

Sensitivity simulations with introduced artificial transport barriers in the model to suppress



56 Sensitivities of modelled stratospheric H2O in the the LS

certain horizontal transport pathways shows that the overall effects of interhemispheric transport
is weak and insignificant for stratospheric H2O. Furthermore, our results suggest that the NH
subtropical region is a critical source region of moisture for the global stratosphere, which is
likely related to the subtropical monsoon circulations. A comparison of the tropical entry H2O
from the sensitivity 15◦N/S barrier run, and the reference case shows differences of up to around
1 ppmv. Hence, a reliable representation of processes in the subtropics in global models turns
out to be critical for simulating stratospheric H2O and its climate effects.

Changing the strength of small-scale mixing in CLaMS shows that increased mixing causes
moistening of the stratosphere by enhanced diffusive moisture transport across the tropopause.
For the sensitivity simulation with varied mixing strength differences in tropical entry H2O
between the weak and strong mixing cases amount to about 1 ppmv, with small-scale mixing
enhancing H2O in the LS. Interestingly, the impacts of the horizontal transport processes and
small-scale mixing are of the same order of magnitude. The strongest mixing effects occur
around the subtropical jets in the respective summer hemisphere. In particular, the Asian and
American monsoon systems during boreal summer turn out as regions especially sensitive to
changes in small-scale mixing, which appears crucial for controlling the moisture anomalies in
the monsoon UTLS. Above about 430 K, increased mixing causes a complex interplay between
vertical and horizontal mixing, which results in either moistening or drying of the stratosphere
depending on the mixing strength. Therefore, the interpretation of differences in simulated H2O
from models in terms of differences in numerical diffusion is a problematic task. The results
from our sensitivity simulations help to interpret the uncertainties of simulated stratospheric
H2O and to identify deficits in various climate models.



Chapter 5

Estimating BDC trends from
stratospheric H2O changes:
sensitivity of the method

The trace gas distribution in the LS is largely controlled by influx from the troposphere and by
the BDC, which consists of the mean meridional mass circulation and additional eddy mixing
(Butchart, 2014; Ploeger et al., 2015a; Ploeger and Birner, 2016). Thus, any changes in the
strength or pattern of the BDC may cause a response in trace gas concentrations and in their
trends (e.g., Butchart and Scaife, 2001; Bunzel and Schmidt, 2013). Therefore, a correct repre-
sentation of changes in the BDC is crucial for accurate and reliable future climate predictions.

Climate model simulations generally show strengthening of the BDC with global warming,
due to increasing greenhouse gases (e.g., Sigmond et al., 2004; Butchart et al., 2006; Li et al.,
2008). An intensification of the BDC is caused mainly by enhanced extratropical wave forc-
ing in the middle atmosphere via the “downward control” principle (Haynes et al., 1991), with
contributions from both planetary and gravity waves (e.g., Butchart et al., 2010).

Here, following Schoeberl et al. (2000), we consider a sample of atmospheric air as a sta-
tistically robust ensemble of irreducible APs. Such APs may take different paths to arrive at
the sampling volume. The AoA for such an ensemble of APs can be interpreted as the mean of
the transit time distribution, which is possible to compute following Eulerian (Hall and Waugh,
1997) or Lagrangian (Schoeberl et al., 2000) calculations. Mean age of air (AoA) can be used to
study stratospheric circulation and transport (Schoeberl et al., 2000; Ploeger and Birner, 2016).
Moreover, mean age of stratospheric air is commonly used as a measure for the strength of the
BDC (e.g., Waugh and Hall, 2002).

Garcia et al. (2011) pointed out, that the AoA is difficult to estimate from stratospheric
observations, as they do not include the time history of the air explicitly. However, under some
conditions, it is possible to infer AoA from the trace gas concentrations (e.g., Hall and Plumb,
1994; Strunk et al., 2000; Engel et al., 2009). Suitable species are so-called “clock tracers”1, like
SF6 or CO2, which contain the information about the time along a parcel path from the source to

1Clock tracer is a trace gas with a linearly increasing source (Schoeberl et al., 2005).
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the point of observation. The first convenient example of such a clock tracer is an inert tracer2

with a monotonically increasing source. A second example concerns species with the source
constant in time but chemically decaying (Schoeberl et al., 2000). Such thoughts were followed
by many research groups (e.g., Engel et al., 2009; Ray et al., 2014), to diagnose AoA and the
evolution of the BDC. There is also evidence, that the patterns of some other trace gas species,
such as CH4 or N2O, are dominated by the BDC transport (e.g., Holton, 1986; Plumb and Ko,
1992).

5.1 Theory of the mean age of air (AoA)

It is challenging to define the AoA directly from the trace gas concentration, as parcels with
the same age can arrive to the observation point through different paths (Schoeberl et al., 2000).
So, it is not straightforward to diagnose circulation only from a chemical trace gas time series.
In general, the mixing ratio of any long-lived trace gas, χ(r, t), at a specific time and specific
location in the stratosphere can be expressed as the following integral over all the past times

χ[strat](r, t) =

ˆ t

−∞

χ(r0, t0) G(r, t | r0, t0) L(r, t− t0) dt0, (5.1)

where χ(r0, t0) is the tropospheric time series of the source at the stratospheric entry;
G(r, t | r0, t0) is the boundary propagator (or Green’s function of the transport operator);
L(r, t − t0) is a function, describing the chemical loss of the trace gas during the transit time
t ′ = t− t0, where t0 is a source time3, and t is a field time4 at the sampling volume.

So, the stratospheric tracer distribution can be described through the contributions of tropo-
spheric growth, chemical sinks (assuming there are no chemical sources), and transport. Notably,
a loss function L, is an average loss factor of all irreducible elements that took paths with transit
time t ′ from the point of stratospheric entry to the r point of a sampling volume (Volk et al., 1997;
Waugh and Hall, 2002). In general, a loss function should depend on the path spectra5. Only
tracers with constant tropospheric values and constant radioactive decay within the stratosphere
are path independent (Hall and Plumb, 1994).

Assuming the absence of integrated loss, L(r, t ′) = 1, the Eq. 5.1 can be rewritten (Hall and
Plumb, 1994; Waugh and Hall, 2002)

χ[strat](r, t) =

ˆ t

−∞

χ(r0, t0) G(r, t | r0, t0) dt0. (5.2)

2Inert tracer – inert trace gas, which does not take part in chemical processes.
3Source time – the time, when the tracer was the last time in contact with the source at the position r0 (Ploeger

and Birner, 2016).
4Field time – the time when the tracer mixing ratio is sampled.
5Path spectra are all pathways from the entrance region, or tropical tropopause, to the specific location in the

stratosphere (e.g., Holzer and Hall, 2000; Remsberg, 2015).
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If we replace the initial times with transit times (means t0 = t− t ′), we get

χ[strat](r, t) =

ˆ
∞

0
χ(r0, t− t ′) G(r, t | r0, t− t ′) dt ′. (5.3)

Here, G is interpreted as transit time distribution (or “age spectrum”); and it is the probability,
that the transit time of the air parcel travelling from the source r0 to the sample point r is in the
range between t ′ and t ′+dt ′. Moreover, the age spectrum fulfils the normalization condition

ˆ
∞

0
G(r, t | r0, t− t ′) dt ′ = 1. (5.4)

The AoA is the first moment of the age spectrum

τ(r, t) =

ˆ
∞

0
t ′ G(r, t | r0, t− t ′) dt ′. (5.5)

For CH4 and H2O in the stratosphere, the complications due to non-conservation can be
solved by considering HH (see Eq. 2.15)

HH[strat] = H2O[strat] + 2 CH4[strat]. (5.6)

As HH is nearly constant in the lower and middle stratosphere, it can be treated as a con-
served tracer when investigating this region. Note that the variations in HH entry mixing ratios
are dominated by variations in H2O (Fueglistaler, 2012). Thus, the time series of HH in the
lower and middle stratosphere away from regions of dehydration (in particular the Antarctic po-
lar vortex), is a time series of HH at entry into the stratosphere convolved with the age spectrum
at the given location (Waugh and Hall, 2002), and can be described with the relation 5.3. The
usage of the combination of CH4 and H2O was suggested by Fueglistaler (2012) for circulation
change investigations.

Thus, it is a complicated task to evaluate accurately AoA from the trace gas distribution.
Consequently, approximations are often used (e.g., Schoeberl et al., 2000, 2005; Hegglin et al.,
2014). In this work, we consider the applicability of two common assumptions for estimating the
AoA trend: (I) instantaneous propagation of the stratospheric entry mixing ratio χ[strat](r, t), and
(II) stationarity of the correlation between AoA and the CH4 fractional release factor. Below,
we present the effects of these assumptions on the trends of stratospheric H2O distribution and
the AoA, in order to investigate the changes in the BDC.

5.2 Methodology of estimating AoA trends from stratospheric H2O
changes

Our investigation is motivated by the work of Hegglin et al. (2014), describing a method for
merging H2O satellite data. Through the changes in measured stratospheric H2O, Hegglin et al.
(2014) estimated AoA trends, which show evidence for an accelerating BDC in the lower strato-
sphere (Fig. 5.1). Note that the usage of words “trend” or “change” is similar in the context of
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 (a)  (b)

Figure 5.1: Long-term changes in stratospheric H2O (a) shown as percentage changes from the
merged satellite record since 1986/1988 (above/below grey line) up to 2010. Dots indicate the
95%-significance level. The plot (b) represents AoA changes estimated from changes in the CH4
fractional release factor. (The figure is adapted from Hegglin et al., 2014).

this thesis, with “trend” describing changes over longer than 10 years.
The methodology for estimating the drivers to stratospheric H2O changes and inferred AoA

trends, introduced by Hegglin et al. (2014), is described below.

5.2.1 Drivers of H2O changes

It has been suggested to use HH for extracting the information about stratospheric circulation
(e.g., Dessler et al., 1994; Fueglistaler et al., 2013; Hegglin et al., 2014). HH is approximately
conserved in the lower and middle stratosphere (LeTexier et al., 1988; Dessler et al., 1994).
Note that HH is not conserved in the polar regions or in the TTL, where dehydration occurs (see
Sect. 2.4.1, Appendix B).

As pointed out before, stratospheric H2O has two main sources: H2O transported upward
through the cold TTL by the BDC, and CH4 oxidation (mainly in the middle and high strato-
sphere). Thus, the full H2O mixing ratio in the sampling volume in the stratosphere at the
specific location r and time t is:

H2O[strat](r, t) = H2O[entry](r, t)+2α(r, t) CH4[entry](r, t), (5.7)

where H2O[entry](r, t) and CH4[entry](r, t) are the H2O and CH4 mixing ratios respectively, at the
specific time and location in the stratosphere, transported from the stratospheric entry (in the
TTL) without any chemical effects; α is the fractional release factor (FRF).

FRF describes the fraction of CH4 which has been dissociated in the stratosphere (Solomon
and Albritton, 1992). The FRF is equal to 0 at the entry to the stratosphere. Then the air mass
following the stratospheric circulation, moves through different pathways and CH4 molecules
and gets dissociated. The reactions of CH4 with O(1D), OH, and Cl, cause CH4 loss in the
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stratosphere (see Reactions 2.3, 2.4, 2.5). FRF increases until it reaches the value of 1, when
CH4 is completely depleted (e.g., Ostermöller et al., 2017). Thus, FRF shows the effectiveness
of CH4 breaking down in the stratosphere. Analogously, FRFs can be defined for ozone de-
pleting substances (e.g., Laube et al., 2010). The FRF distribution changes with atmospheric
conditions, in particular, stratospheric dynamics or photochemistry.

The full CH4 mixing ratio is equal to the difference between CH4 transported from the TTL
and dissociated CH4

CH4[strat](r, t) = [1−α(r, t)] CH4[entry](r, t), (5.8)

Based on Eq. 5.7 and Eq. 5.8, it is possible to infer the information about stratospheric circulation
changes from long-term H2O trends (Hegglin et al., 2014).

Considering the change at the fixed location in the stratosphere, the full derivative of
H2O[strat](r, t) from Eq. 5.7 is

dH2O[strat](r, t) =
∂H2O[entry](r, t)

∂ t
dt +2α(r, t)

∂CH4[entry](r, t)
∂ t

dt +2CH4[entry](r, t)
∂α(r, t)

∂ t
dt.

(5.9)

Integrating Eq. 5.9 over a finite time period ∆t, we can describe changes in stratospheric H2O as

∆H2O[strat](r, t) =

∆H2O[entry](r, t)+2α(r, t) ∆CH4[entry](r, t)+2CH4[entry](r, t) ∆α(r, t).
(5.10)

During a time period with constant stratospheric entry mixing ratio in the TTL, the time
dependence vanishes

H2O[entry](r, t) = H2O[entry](r0), (5.11)

CH4[entry](r, t) = CH4[entry](r0), (5.12)

where r0 is the location at the stratospheric entry (mainly TTL). For simplicity, hereafter, we
denote the mixing ratio of the trace gas χ[entry](r0) as χ[entry].

In this way, the changes in stratospheric H2O can be rewritten via changes in the strato-
spheric H2O entry mixing ratio (H2O[entry]), changes in the stratospheric CH4 entry mixing ratio
(CH4[entry]), and changes in the FRF which, in turn, represents changes in stratospheric circula-
tion and thus, the changes in the BDC:

∆H2O[strat](r, t) =

∆H2O[entry]+2α(r, t) ∆CH4[entry]+2CH4[entry]∆α(r, t).
(5.13)

The contribution from H2O[entry] (first term in Eq. 5.13) in the work of Hegglin et al. (2014)
was calculated from merged satellite data. The contribution from CH4[entry] and circulation
changes (second and third terms in Eq. 5.13) were estimated using stratospheric observations
of CH4 from ACE-FTS, HALOE (see Sec. 3.3), and MIPAS, complemented with the tropo-
spheric flask measurements at Mauna Loa. In the work of Hegglin et al. (2014), the changes in
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the stratospheric quantities ∆χ[entry], were calculated as a difference between their mixing ratios
during the first and the last year of the investigated period.

For deducing α , which is needed for Eq. 5.13, the relation 5.8 with assumption 5.12 can be
used. Thus, FRF can be estimated as

α(r, t) = 1−CH4[strat](r, t)/CH4[entry], (5.14)

where CH4[strat](r, t) is the stratospheric CH4 mixing ratio. Hegglin et al. (2014) used CH4
mixing ratios averaged over 2005-2006 as CH4[strat](r, t). This specific period is characterised
by relatively constant tropospheric CH4 values. Accordingly, the dependence of stratospheric
CH4 entry mixing ratios on transit time can be neglected, and CH4[strat] can be assumed constant
over these years. The stratospheric CH4 in this case is a fraction of the tropospheric CH4, which
is a function of latitude, height and season (Remsberg, 2015). The air needs some years to
be transported through the stratosphere, and following Hegglin et al. (2014), stratospheric CH4
during 2005-2006 originates in the TTL during approximately 2002-2006. So, CH4[entry] can be
calculated as a mean over the 2002-2006 period. Consequently, FRF is the same for any year.

As a remark, Ostermöller et al. (2017) pointed out that FRF is highly time dependent. Al-
though, the widely used “current” formulation of FRF (e.g., Newman et al., 2007; Laube et al.,
2013) considered it to be a time independent quantity, which depends only on the location in the
stratosphere (see also Eq. 5.14). Ostermöller et al. (2017) showed that the tropospheric trend of
the species has an impact on the derived FRF and may cause its time dependency. For species,
like N2O, with a small linear tropospheric trend (about 0.2 % per year), the previous formulation
of FRF works well and does not need any correction for the tropospheric trend. For the species,
like CFC-11 or CFC-12, with a high (above 6 % per year) tropospheric trend, FRF is strongly
time dependent, and the new formulation of FRF with the correction for tropospheric trends,
proposed by Ostermöller et al. (2017), should be used.

Further, in our study, we use CLaMS stratospheric entry CH4 for calculating FRF. Following
Ostermöller et al. (2017), we can estimate the impact of CH4 tropospheric trend on the FRF, by
comparing CLaMS CH4 tropospheric trend to the CLaMS N2O tropospheric trend (because N2O
was considered in Ostermöller et al., 2017). Figure 5.2 shows the time series of CLaMS CH4 (a)
and CLaMS N2O (b) mixing ratios at the entry into the stratosphere (averaged over the tropics
30◦ S-30◦N between 390-400 K) for 1979-2017. The red line shows the steepest trend during
the investigated period, from 1990 to 2017. The yearly trend of CLaMS CH4 (0.48 % per year)
is comparable with CLaMS N2O trend (0.26 % per year, which is similar to the one published by
Ostermöller et al., 2017). So, the effect of CLaMS CH4 TTL trend on further estimated FRF will
be negligible. Thus, the FRF calculation does not require any corrections for the tropospheric
CH4 trend. Consequently, any trend in the estimated FRF from CLaMS CH4 is related to the
changes in stratospheric dynamics.

Assuming conservation of HH, the third term in Eq. 5.13, which is attributed to changes in
FRF, can be calculated as a difference between the full changes in stratospheric H2O and a sum
of the two first terms.

2CH4[entry]∆α(r, t) =

∆H2O[strat](r, t)− (∆H2O[entry]+2α(r, t) ∆CH4[entry]).
(5.15)
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Figure 5.2: Evolution of CH4 (a) and N2O (b) mixing ratios averaged in the tropics 30◦S-30◦N
at the potential temperature level between 390-400 K, for 1979-2017. The shown data is from
CLaMS simulation driven by ERA-Interim reanalysis. For CLaMS, the boundary conditions
at the surface are prescribed based on ground-based measurements in the lowest model level
(below ≈ 4 km). For CH4 from 1983 to 2011 it is taken from zonally-symmetric NOAA/CMDL
dataset, for 2011-2017 it is taken from zonally-resolved AIRS data. For N2O boundary was
used zonally-symmetric NOAA/CATS long term observations for 1999-2017. For the periods
not covered by the measurements, the boundary mixing ratios were prescribed repeatedly to
the mixing ratio values of the first year where measurement data are available (for the detailed
description follow Pommrich et al., 2014). The red line at the Figure shows the periods of the
steepest slope, which indicates the highest trend. Thus, for CH4 this period is defined between
1984-2000, and for N2O is it 2002-2016. Also, the mean mixing ratio values are indicated at
each Figure for every species during this period, as well as the highest percentage trend per year
with the relation to the mean value.
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Thus, the third term represents the effect of changes in stratospheric circulation caused by
stratospheric H2O changes.

Consequently, using the above approach, it is possible to define the separate drivers of H2O
changes in the stratosphere, related to changes in stratospheric H2O entry mixing ratio, changes
in CH4 entry mixing ratio, and changes in the FRF. As ∆α represents a change in stratospheric
circulation (which, in turn, is related to changes in the BDC), it is possible to estimate from ∆α

the changes in the AoA.

5.2.2 Assessing AoA trends from H2O changes

The approximate relationship AoA = f (α), with f an empirically determined function, taken
from the correlation between calculated FRF and aforehand known modelled AoA, leads to
approximate estimation of AoA changes. This relationship is needed for translation of the in-
ferred α changes (caused by stratospheric H2O trend) into AoA changes. The AoA trend can be
estimated as

∆AoA = f (α +∆α)− f (α). (5.16)

Hegglin et al. (2014) proposed a third-order polynomial function, constant in time, as a good
fitting function for the correlation between FRF and modelled AoA.

5.2.3 Research strategy

In the following we consider the consequences of the two major approximations in the method
introduced above:

• instantaneous propagation of stratospheric entry H2O and CH4 mixing ratios,

• constant correlation (stationary relationship) between FRF and modelled AoA.

In turn we evaluate the effects of these approximations on the AoA trends inferred from
H2O changes through comparison of the “true” (actual model CLaMS) AoA trends with the
AoA trends estimated with the approximation methods. For this, we perform sensitivity studies

Method Abbreviation Propagation of entry
CH4 and/or H2O

Time-varying
AoA-FRF correlation

Reference
(“true” CLaMS)

REF – –

Approximation APPROX no no

Constant correlation C-CORR yes no

Full reconstruction FULL yes yes

Table 5.1: Sensitivity studies with respect to the stratospheric entry H2O and CH4 propagation,
and type of time-varying correlation between FRF and modelled AoA
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described in Table 5.1 for three different periods: 1990-2017, 1990-2006, and 2002-2017. At
the beginning we consider the extended 1990-2017 period and thereafter shorter periods.

The results of this work provide an estimate of the reliability of the approximation method
to deduce circulation trends from observed stratospheric H2O and CH4 mixing ratios.

5.3 Application of the approximation method to the CLaMS data

Next we investigate the impact of the mentioned approximations on the quality of inferred AoA
trends within a model environment, applying the procedure described in Sec. 5.2.1 and 5.2.2
to the CLaMS H2O and CH4 model results. The method, based on the two approximations, is
named “approximation method” in the following, and abbreviated as APPROX.

The first term in equation 5.13, which refers to the changes in the stratospheric entry H2O,
is obtained as a linear trend of CLaMS H2O from its 1990-2017 time series, averaged over 390-
400 K potential temperature (approximately 80 hPa) and 30◦ S-30◦N (see Fig. 5.3). Note that
the region for averaging entry H2O was chosen just above the cold tropical tropopause region.
Interestingly, the H2O trend during 2002-2017 is positive, while during 1990-2006 it is negative.

The second term in equation 5.13 requires two quantities: stratospheric entry CH4 changes
and FRF. The changes in the stratospheric entry CH4 are calculated analogically to H2O changes,
as a linear trend of CLaMS CH4 over the 1990-2017 period, averaged over 390-400 K potential
temperature and 30◦ S-30◦N (Fig. 5.4). The figure shows, that CH4 linear trends for the periods
1990-2017 and 2002-2017 are almost equal.

Another quantity, necessary for the second term calculation in Eq. 5.13, is FRF. It is derived
from relation 5.14. Following Hegglin et al. (2014), for CH4[strat] we take zonal mean simu-
lated stratospheric CH4 mixing ratios, averaged over 2005-2006. CH4[entry] is calculated as a
mean over 2002-2006, and averaged between 390-400 K potential temperatures and 30◦ S-30◦N
(highlighted with the shaded grey area in Fig. 5.4). The mean CLaMS CH4[entry] mixing ratio
over 2002-2006 is 1.696± 0.001 ppmv, which is approximately 0.05 ppmv lower than NOAA
tropospheric measurements at Mauna Loa, used by Hegglin et al. (2014). The resulting FRF dis-
tribution is shown in Fig. 5.5. Due to the method, FRF is calculated from CLaMS climatological
2005-2006 CH4 mixing ratios, and, thus, it is stable in time and does not depend on the chosen
period. Thus, knowing FRF and ∆CH4[entry] we can evaluate the second term in Eq. 5.13.

The impact of circulation changes on stratospheric H2O changes is described by the changes
in FRF, and is represented by the third term in Eq. 5.13. This third term is calculated as a residual
(Eq. 5.15). Dividing it by 2CH4[entry] (taken as a mean CH4 over the considered period, averaged
between 390-400 K potential temperature and 30◦ S-30◦N, see Fig. 5.4), yields FRF changes,
denoted as ∆α .

The different contributions to the total stratospheric H2O change are shown in Fig. 5.6 for
the 1990-2017 period. Figure 5.6a shows the “true” H2O trend from the reference CLaMS
simulation. Figures 5.6b, c represent the contributions from stratospheric entry H2O and CH4
mixing ratios respectively. Neither stratospheric entry H2O nor CH4 can explain the pattern of
the “true” H2O trend. The third term, presented in Fig. 5.6d, includes the impact from circu-
lation changes. Note that it is calculated as the residual. In general, the different factors affect
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Figure 5.3: Time series of H2O entry mixing ratios averaged over the tropics at 30◦S-30◦N and
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with coloured lines: 1990-2006 blue line, 1990-2010 green, 1990-2017 black and 2002-2017
red. Also, the values of the linear H2O trend (in ppmv per decade), as well as the relative H2O
trend (in % per year) for different periods are given. Data shown is from CLaMS simulation
driven by ERA-Interim reanalysis.
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Data shown is from CLaMS simulation driven by ERA-Interim reanalysis.
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Figure 5.5: Annual mean FRF (α) distribution derived from CH4 mixing ratio (simulated by
CLaMS driven by ERA-Interim reanalysis) averaged over 2005-2006. The black line represents
the tropopause calculated from ERA-Interim, and averaged over 2005-2006.

the stratospheric H2O changes differently in different regions, consistent with the findings of
Hegglin et al. (2014).

As a remark, HH is not conserved around and below the tropopause. Hence, the impacts from
the drivers of stratospheric H2O changes can not be calculated below the tropopause. Moreover,
as mentioned before, CLaMS H2O gives meaningful results only above the tropopause due to
the simple parametrization of ice microphysics and omission of a convection parametrization.
Thus, the region below TTL is masked in the figures (e.g., Fig. 5.6).

As known, FRF correlates well with the AoA. Consequently, the changes in FRF can be
translated into an AoA trend. In order to estimate the AoA trend induced by the changes in
stratospheric H2O, we define the relationship between zonally averaged FRF (with monthly res-
olution within the year, calculated with the approximation method, shown in Fig. 5.5) and mod-
elled AoA. The correlation function is presented in Fig. 5.7; it is derived by fitting a third-order
polynomial, as suggested by Hegglin et al. (2014). From the Fig. 5.7, the empirical relationship
between the CLaMS AoA and the FRF is described by

AoA≡ f (α), (5.17)

where
f (α) = 0.85+16.49α−25.30α

2 +13.77α
3. (5.18)

As pointed out above, the approximation method assumes, that the AoA-FRF relationship
is stable in time (stationary). Hence, the same relationship 5.18 will be applied for all different
periods, considered in the following. Using the Eq. 5.16, we can estimate AoA changes from
the previously calculated FRF (α) and its changes (∆α).
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Figure 5.6: Long-term changes in stratospheric H2O (a) and its drivers (b, c, d) over the period
1990-2017, derived from CLaMS simulation driven by ERA-Interim reanalysis. Sub-figure (b)
represents contributions from the changes in stratospheric entry H2O mixing ratio, (c) strato-
spheric entry CH4 mixing ratio, and (d) circulation. The data is presented in percentage per
decade, with relation to the climatological 1990-2017 CLaMS stratospheric H2O mixing ratios.
The black line is the tropopause calculated from the ERA-Interim. Below the tropopause (white
region in b, c, d), the method can not be applied (see text).

The resulting AoA change for 1990-2017, estimated with the approximated method, is
shown in Fig. 5.8a. It can be compared to the “true” AoA changes from the reference CLaMS
simulations driven by ERA-Interim reanalysis, shown in Fig. 5.8b. We see, that quantitatively
there are differences between the “true” and the estimated trend of the AoA. Firstly, the approx-
imation method gives a large error in the Antarctic region. This was expected due to the strong
dehydration occurring in that region and the related failure of HH conservation. Secondly, the
approximation method overestimates the AoA trend in the NH subtropical middle stratosphere.
Although, qualitatively, both trends (Fig. 5.8a, b) show a decreasing AoA trend in the LS, and
an increasing trend in the NH middle stratosphere. Thus, the approximation method provides
a good estimate of the AoA trend during 1990-2017, corroborating the validity of the use of
the approximate method by Hegglin et al. (2014). Interestingly, during the 1990-2017 period,
AoA trends show differences between the NH and SH. These hemispheric difference have been
related to the effect of mixing (e.g., Ploeger et al., 2015a), and were also found in long-term age
trends derived from the observed stratospheric CH4 by Remsberg (2015).
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Figure 5.7: Relationship between CLaMS AoA and FRF, calculated with the approximation
method. The considered correlated region is between 450-1000 K and 90◦ S-90◦N. The colour
bar represents the probability density function. The red line is the third-order polynomial fitting
function. Note that due to the approximations in the method (described in Sec. 5.2.1), FRF is
calculated from climatological 2005-2006 stratospheric CH4. Thus here, FRF is correlated with
climatological AoA from the same 2005-2006 period.

To assess the general applicability of the approximation method, we consider the period of
1990-2006. The result from the approximation method is presented in Fig. 5.8c, together with
the “true” AoA trend from the CLaMS simulation (Fig. 5.8d). In this case, the AoA trend from
the approximation method disagrees substantially, when compared with the “true” trend. The
differences occur even in sign of the AoA trend. Particularly, clear differences occur in the exact
strength of the AoA trend and its detailed pattern. Thus, the accuracy of the estimated AoA
changes from the approximation method depends substantially on the considered period. In our
study, the AoA trend from 1990-2017 was much closer to the “true” one, than the estimated
AoA trend from 1990-2006.

In the following sections, we investigate the effects of the two approximations (instantaneous
entry H2O and CH4 mixing ratio propagation; constant AoA-FRF correlation) on the quality of
the estimated AoA trend.
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Figure 5.8: Decadal changes of AoA over 1990-2017 (a, b) and 1990-2006 (c, d). Figures (a, c)
represent “true” AoA changes from the CLaMS simulation driven with ERA-Interim reanalysis.
Figures (b, d) show AoA changes estimated with the approximation method. The changes are
presented in percentage per decade with relation to the AoA climatologies of the considered
period (regarding the used method of AoA calculation). The black line is the tropopause cal-
culated from ERA-Interim. The white region below tropopause denotes the region, where the
approximation method can not be applied (see text).

5.4 Impact of entry mixing ratio propagation

The goal of this section is to find out what causes the large uncertainty in the estimated AoA
trend for 1990-2006 from the approximation method. Firstly, we evaluate the effect of the ap-
proximation of the instantaneous entry mixing ratio propagation. For this purpose, we perform
a sensitivity study, with entry H2O and CH4 mixing ratios propagated through the convolution
of the TTL mixing ratios with the modelled age spectrum, but with the stationary relationship
(constant correlation) between FRF and modelled AoA (denoted as C-CORR in Table 5.1). The
details of the used technique are described below.

5.4.1 The propagation of entry mixing ratios

Dynamical changes in the stratosphere affect both, the age spectrum and temperatures around the
TTL, what in turn affects stratospheric H2O, as well as HH (Fueglistaler, 2012). The propagation
of the entry mixing ratio into the stratosphere is described by Eq. 5.3, for which it is necessary



5.4.1 The propagation of entry mixing ratios 71

to know the function G(r, t | r0, t − t ′), representing the age spectrum of the considered air
volume, and χ(r0, t− t ′), representing the time series of the trace gas mixing ratio at the entry
to the stratosphere. If the air at the entry into the stratosphere is sufficiently mixed in the tropical
lower stratosphere, the entry mixing ratio can be assumed fairly uniform.

Waugh and Hall (2002) give a comprehensive overview on the age of stratospheric air and
its connection to the tracer distributions, including a theoretical, experimental and modelling
view on the topic. Importantly, the age spectrum contains the information of the transport of the
air between the source and response points. However, the age spectrum can not be measured
directly, because the measured properties are always averaged in a macroscopic AP (Waugh and
Hall, 2002). In principle, AoA and the age spectrum can be deduced from trace gas observations,
but this is a complicated task (e.g., Engel et al., 2017; Hauck et al., 2019; Podglajen and Ploeger,
2019).

In our study of the mixing ratio propagation of entry H2O and CH4 mixing ratios, we use the
age spectrum calculated with CLaMS driven by ERA-Interim winds and total diabatic heating
rates. The age spectrum was calculated using a Boundary Impulse (time-)Evolving (BIER)
method based on multiple tracer pulses, described by Ploeger and Birner (2016). Here, we give
a concise overview on the BIER method.

For the inert tracer χ , with a pulse at the location r0, the field time t0, and the source time t∗0 ,
the time evolution of the source can be described with a δ -distribution

χ(r0, t0) = δ (t0− t∗0). (5.19)

Thus, the Eq. 5.3 can be transformed to

χ[strat](r, t ′+ t∗0) = G(r, t ′+ t∗0 | r0, t∗0), (5.20)

where t ′= t0−t∗0 is a transit time, G(r, t ′+t∗0 | r0, t∗0) is the boundary impulse response at location
r to δ -boundary condition at the location r0 at a source time t∗0 (Ploeger and Birner, 2016).

Having N different tracers, χi(i = 1, ...,N), in the stratosphere with pulses at the location r0
at times t0[i], gives us the field time dependence of the propagator G. The age spectrum, may be
constructed at each field time t and location r as

G(r, t| r0, t− t ′[i]) = χi(r, t). (5.21)

In this way, we get N pieces of information for the age spectrum at the discrete transit times
t ′[i] = t− t0[i].

For our study, we use N = 60 different boundary pulse tracers. The pulses were released
directly at the tropical tropopause between 30◦ S-30◦N. Precisely, the source region covers the
potential temperature layer from 10 K below to 10 K above the WMO (lapse rate) tropopause.
The particular tracer mixing ratio is set to 1 for each pulse for a period of 30 days (month) at
the location r0, and it is set to 0 in the location r0 at other times. Pulses are launched every
month. Consequently, to build the age spectrum for January 1990, the most recent tracer pulse
has source times in January 1990, the second tracer pulse in December 1989, and so on. In our
study, the original length of each age spectrum is 10 years.
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It is known, that for transit times larger than 4-5 years, the age spectra are decaying roughly
exponentially (e.g., Ploeger and Birner, 2016). Thus, the tail of the age spectrum can be approxi-
mated with an exponential function after some threshold transit time (10 years in our study). We
used the exponential correction for the tail back to January 1979 for each age spectrum. After
the correction, the age spectrum was normalized to unity. The normalization of the age spec-
trum is important for the propagation of the trace gases with low variability (e.g., CH4) and has
a weaker impact for the tracers with high variability (e.g., H2O). The detailed shape of the age
spectrum for March-April-May, 2006 at the equator at 450 K is shown in Fig. 5.9a, b together
with the corrected age spectrum tail.

In our study, the entry time series of the trace gases (e.g., clock-tracers, CH4, H2O), are
taken from zonally averaged monthly mean data simulated with CLaMS driven by ERA-Interim
reanalysis. The location of entry to the stratosphere is approximated at the 390 to 400 K layer
between 30◦S-30◦N, which is just above the TTL to avoid complications with the H2O dehydra-
tion. The small difference between the age spectrum source region (tropopause ±10 K) and the
trace gases entry region has only a negligible impact on our results from above ≈420 K due to
the small difference in the transit time between the two regions.

Hence, having the age spectrum and boundary time series of the tracer, we can apply Eq. 5.3
to propagate entry mixing ratios of the tracers into the stratosphere. Note, that we applied this
procedure to CLaMS age spectrum and boundary time series, from 1990 to 2017, due to avail-
ability of the CLaMS data and the necessary age spectrum length. In the future, the procedure
can be extended to other years.

Below, we estimate the accuracy of the propagation procedure (Eq. 5.3) using the example
of the inert conserved clock tracer BA (“boundary age”; used for AoA calculation in CLaMS
model), and the HH tracer.

5.4.2 Application of propagation procedure to the conserved mean age tracer

In theory, convolution of the trace gas mixing ratio with the age spectrum yields exactly the
mixing ratio at the sampling location and time (see Eq. 5.3). However, as we use monthly
mean source time series and age spectra for the entry mixing ratio propagation, and due to the
limited length of the age spectra, the reconstructed mixing ratios in the stratosphere has a finite
precision.

Firstly, we check the precision of the propagation procedure on the example of the conserved
passive and inert clock-tracer of the AoA (BA, in ppmv). BA is an artificial clock tracer, intro-
duced in CLaMS, with a linearly increasing source time-series in the lowest model layer; it is
generally used to calculate AoA in models (Hall and Plumb, 1994).

Figure 5.9 shows the BA reconstruction for 2006 at one location in the stratosphere (450 K
at the equator). Figure 5.9a explains the reconstruction of the AoA at a particular time and at
a particular location, based on the convolution of the BA boundary mixing ratios with the age
spectrum for March-April-May (described by Eq. 5.3). The boundary BA time series (shown
as black line) is taken as zonal mean CLaMS BA averaged over 390-400 K potential tempera-
ture and 30◦ S-30◦N. The monthly age spectra (solid blue for March, solid green for April, and
dashed pink for May) is presented with the starting point at the respective field time running
backward. The detailed age spectra calculations are described in Sec. 5.4.1. The results of the
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Figure 5.9: Illustration of the CLaMS clock tracer (BA) propagation, on the example of 2006
(during March, April, May) at θ = 450 K and 0◦. Black line at the panel (a) represents the
boundary surface mixing ratio of the BA tracer averaged between 30◦ S-30◦N and 390-400 K
potential temperature. The coloured lines represent the age spectrum for the chosen months:
March (solid blue), April (solid green) and May (dashed pink). Figure (b) shows the detailed
structure of the age spectrum tail. The monthly age spectrum is normalized and has a corrected
tail, expanded to the beginning of 1979 with the exponential function fit (see text), shown in the
zoomed-in Fig. (b). The convolution of the BA time series with monthly age-spectrum yields
the reconstructed monthly BA in the stratosphere, shown in Fig. (c) with the red line, and the
blue/green/pink dots illustrating specific reconstructed values for March/April/May respectively.
The black line in panel (c) shows the “true” BA CLaMS values.
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age spectrum and BA time series convolution for 2006 are shown in Fig. 5.9c (red line), and
compared to “true” CLaMS BA (shown as black line, termed REF). Note, that each convolution
event in Fig. 5.9a gives one reconstruction point in Fig. 5.9c. In theory, reconstructed and “true”
BA should be equal. But, there is a small offset between them, with a low bias for the recon-
structed BA. This disagreement is partly related to inaccuracies in the age spectrum (one-month
pulsing, limited length), and to inaccuracies in the boundary time-series (averaging in the layer
of 390-400 K potential temperature and 30◦ S-30◦N). Note, that through the convolution of the
age spectrum and the TTL time series it is possible to reconstruct mixing ratios only above the
tropopause (or the level of the boundary time-series, if it was chosen different from the TTL).

Propagating BA to each grid point in the stratosphere, provides the full reconstructed strato-
spheric BA field. Fig. 5.10 shows the comparison between “true” and reconstructed BA for
July, 2006. The relative difference between them in the lower stratosphere is less than 2 % de-
pending on the considered level. Such a high precision of reconstructed BA is also kept for
any other month from 1990 to 2017. Note, that propagated BA gives an offset towards lower
values, when compared with CLaMS BA. As the conclusion, the procedure of the entry mixing
ratios propagation using the CLaMS modelled age spectrum is highly reliable for the inert tracer.
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Figure 5.10: Zonally averaged BA distributions for July, 2006; (a) shows “true” BA, simulated
with CLaMS driven by ERA-Interim reanalysis, (b) is BA propagated from the TTL though
the convolution with the age spectrum. The black line is the tropopause calculated from ERA-
Interim. The white region below the tropopause (b) is the region, where the reconstruction
method can not be applied (see text).
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Figure 5.11: Zonal mean HH climatology for 1990-2017 for winter (DJF, left panel) and sum-
mer (JJA, right panel) seasons. Figures (a, b) represent HH simulated with CLaMS driven by
ERA-Interim reanalysis (denoted as REF). Figures (c, d) show reconstructed HH. The relative
differences between reconstructed and “true” HH are shown in (e, f) in percentage with respect
to the mean CLaMS HH climatologies. The black line is the tropopause calculated from ERA-
Interim. Below the tropopause, the white region indicates the areas, where the propagation
procedure can not be applied.

5.4.3 Application of propagation procedure to total hydrogen (HH)

Next, we consider the accuracy of the propagation procedure by applying it to the conserved
HH tracer (see Eq. 2.15). HH is nearly constant in the lower and middle stratosphere and, thus,
Eq. 5.3 can be used to propagate entry HH mixing ratios into the stratosphere.
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The result of the propagation procedure is shown as zonal mean 1990-2017 climatologies
in Fig. 5.11c, d, whereas the “true” HH from CLaMS is shown in Fig. 5.11a, b. The lowest
“true” HH mixing ratios are located in the region of Antarctic dehydration, which can not be
captured with the propagation procedure. The propagated HH are overestimated or underesti-
mated, depending on the considered location. The propagated HH gives lower mixing ratios
when compared to the “true” HH below 500 K during summer season (Fig. 5.11f). This is due to
the used averaged HH boundary for reconstruction (between 390-400 K potential temperature,
from 30◦ S to 30◦N), where H2O during the summer is lower than the “true” H2O mixing ra-
tios in the Asian monsoon. The opposite situation occurs during the winter period below 500 K
(Fig. 5.11e), when the “true” H2O mixing ratios are lower than the mean H2O at the boundary.
Above 500 K, in general, the propagated HH gives higher values than CLaMS HH. Propagated
HH captures well the inter-seasonal response. The relative difference between CLaMS HH and
propagated HH (Fig. 5.11e, f) is less than 4 %, except the dehydration region at the SH pole, and
the middle stratospheric high latitudes. The effects of the Antarctic dehydration are discussed in
Appendix B.

Thus, the propagation procedure of the entry mixing ratios by the age spectrum has a high
precision for the HH tracer.

5.4.4 The effects of propagated stratospheric entry H2O and CH4 mixing ratios
on the AoA trends

Having the reliable technique of propagating entry mixing ratios into the stratosphere (described
in the previous Sect. 5.4.2, 5.4.3), we can reconstruct stratospheric entry H2O and CH4 mixing
ratios from their TTL time series. After applying the propagation procedure (Eq. 5.3), we gain
zonally averaged stratospheric entry H2O and CH4 distributions with a monthly resolution on a
latitude-potential temperature grid. Then, based on Eq. 5.13, we can estimate the contributions
from propagated stratospheric entry H2O, CH4 (first and second term in the equation, respec-
tively). The needed trends were calculated through a linear fit with the least standard deviation
at each latitude-potential temperature grid.

The changes in FRF we estimate as the residual (see Eq. 5.15). Then, the changes in FRF
can be translated into changes in AoA (through Eq. 5.16) using the same stationary correlation
between AoA and FRF (relation 5.18).

Resulting AoA trends from this sensitivity experiment (with the propagated mixing ratios
by the age spectrum) are denoted C-CORR. Note that for calculating trends in the AoA, in both
cases, APPROX and C-CORR, the same FRF distribution (α) was used (taken from Fig. 5.5),
but the changes in circulation (∆α) are different depending on whether the stratospheric entry
H2O and CH4 were propagated by the age spectrum or not.

The estimated AoA changes for 1990-2006, using mixing ratio entry propagation instan-
taneously or by the age spectrum, are shown in Fig. 5.12a, b (note that (a) is the same with
Fig. 5.8 c). Clearly, the approximation of the instantaneous entry propagation largely affects the
AoA trend (difference between Fig. 5.12a and b). Therefore, adding the propagation by the age
spectrum to the method (even as the monthly mean), noticeably improves the estimated AoA
trend.
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Figure 5.12: Comparison of AoA trends for the 1990-2006 period, estimated using different
methods: (a) applying the approximation method (instantaneous entry propagation and a con-
stant AoA-FRF correlation); (b) using entry H2O and CH4 propagations and a constant AoA-
FRF correlation; (c) using entry CH4 propagation and monthly varying AoA-FRF correlation;
(d) shows the “true” AoA trend from CLaMS simulation driven by ERA-Interim reanalysis.
The AoA trends are presented in percentage per decade with respect to the 1990-2006 AoA cli-
matologies from the used method. The black line is the climatological 1990-2006 tropopause
calculated from ERA-Interim. Below the tropopause, the white region indicates the areas, where
the propagation procedure can not be applied.

5.5 Impact of using a monthly AoA-FRF correlation

In this section, we evaluate the effect of the assumption of a constant correlation between FRF
and AoA. For this purpose, we perform one more sensitivity study, with propagated entry mixing
ratios for H2O and CH4 through the convolution of the TTL mixing ratios with the modelled age
spectrum, and the monthly FRF-modelled AoA correlation (denoted as FULL). The details of
the used correlation technique is described below.

The difference between C-CORR and FULL is in the used correlation between AoA-FRF,
and the way of FRF calculation. For C-CORR, a constant AoA-FRF was used, whereas for
FULL a monthly varying correlation was used to include effects of the non-stationarity of the
correlation. The procedure of propagating entry mixing ratios in C-CORR and FULL is exactly
the same. As a remark, in FULL method, FRF is calculated from CLaMS monthly entry CH4
propagated with the age spectrum (assumed to be CH4[entry]) and CLaMS stratospheric monthly
mean CH4 mixing ratios (assumed to be CH4[strat]); consequently, FRF has a monthly resolution.
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A comparison of FRF calculated with the APPROX (see Sect. 5.3) and FULL methods is
presented in Fig. 5.13. Here, FRF is shown as a time series at 500 K potential temperature
(about 20 km, and averaged at the tropics between 20◦ S-20◦N. The discrepancy between two
FRF estimations, with APPROX or FULL, depends on the considered period. For example, for
the years 1992 or 2000, the FRFs differ by more than 50 %. Whereas, during the other years,
such as 1997 or 2007, the differences between FRFs is relatively small.

Figure 5.14 presents the FRF distribution at the level of 700 K potential temperature, used in
APPROX (a) and in FULL (b) methods. Evidently, monthly propagation of stratospheric entry
CH4 changes FRF patterns. Thus, for example, in the region of the South pole during 1999-2001,
FRF is overestimated with the APPROX method, and during 1990-1998 it is underestimated; or,
during 2010-2017, FRF is underestimated in the NH tropics when using the APPROX method.

To improve the AoA-FRF correlation (used as constant in APPROX and C-CORR, see
Sect. 5.3, Sect. 5.4.4), we calculate a monthly varying correlation of the zonally averaged FRF
(calculated though CLaMS monthly propagated entry CH4 by the age spectrum) and zonally
averaged CLaMS AoA.

For illustration of the non-stationarity of the correlation, Fig. 5.15 presents the AoA-FRF
correlation functions for January, April and July for 1995. The relation between AoA and FRF
is derived by fitting a third-order polynomial function for each considered month. Although,
the lines in Fig. 5.15 appear very close, the AoA-FRF correlation functions are unique for each
month, because the differences in magnitude of the coefficients are greater than the standard
error’s range. Moreover, monthly AoA-FRF correlation functions have a very small difference
for relatively young air (below 4 years), and low FRF (below 0.4). Thus, the tropical pipe and
LS can be still described well with the averaged AoA-FRF correlation function. But, one should
be careful applying the constant AoA-FRF correlation in the middle and upper stratosphere.

Thus, it is reasonable to use a monthly varying AoA-FRF correlation, instead of a constant
AoA-FRF relationship. By applying constant AoA-FRF correlation function, some atmospheric
processes can be smeared out, causing wrong description of the dynamic state of the strato-
sphere. As a remark, monthly AoA-FRF correlation functions are still not perfect, and have

Comparison of FRF: 500K, [20S, 20N]

2000 2010 2015200519951990

0.02

0.04

0.06

0.08

0.10 APPROX

F
R

F
  
(α

)

Year

FULL

Figure 5.13: Comparison of FRF time series (1990-2017) calculated with the assumption of the
instantaneous entry propagation (green line, APPROX) and with propagated entry CH4 by the
age spectrum (red line, FULL). Presented data is at 500 K averaged between 20◦S-20◦N.
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Figure 5.14: Comparison of FRF averaged over 1990-2017 at the level of 700 K potential tem-
perature. Figure (a) shows FRF calculated with the approximation method, and Fig. (b) is taking
into account the propagation of the entry CH4 by the age spectrum. Approximate boundaries of
the tropical region, 20◦S and 20◦N, are highlighted with the dashed white lines.

some bias during the same month. Furthermore, an accurate AoA-FRF correlation function de-
pends not only on the considered period or time resolution, but also on longitude, latitude and
altitude (see Appendix C).

In the FULL method, due to the monthly varying AoA-FRF correlation functions, FRFs are
translated into AoA for each month. The AoA trend is calculated from resulting AoA as a linear
fit with the least standard deviation at each latitude-potential temperature grid. Note, that for
estimating AoA trend with the FULL method, the propagated entry H2O mixing ratios are not
used; the AoA trend is deduced from FRF, which requires only propagated entry CH4 mixing
ratios.

The comparison of the estimated AoA trends for 1990-2006 from the three different ap-
proaches, together with the “true” CLaMS AoA trend, is shown in Fig. 5.12. Clearly, the two
used approximations indeed affect the accuracy of the estimated AoA trend. Overall, APPROX
gives the worst estimate of the AoA trend (Fig. 5.12 a). But, even adding the entry H2O and CH4
propagation (Fig. 5.12b) does not significantly improves the AoA trend representation. When
comparing C-CORR to APPROX, the patterns stay the same, and there are visible improvements
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and CLaMS (driven by ERA-Interim) AoA were taken as zonally averaged data between 450
and 1000 K (where FRF has positive values due to the method) at the whole range of latitudes
(90◦ S-90◦N). The AoA-FRF relationship is shown by monthly fitting third-order polynomial
function to the AoA-FRF distribution (which is not shown to avoid too busy plot).
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above 600 K from including propagation of entry mixing ratios. Finally, keeping the entry CH4
propagated by the age spectrum, and, at the same time including monthly varying AoA-FRF
correlation (Fig. 5.12c) gives the best estimate of the AoA trend. Thus, the monthly AoA-FRF
correlation improves the accuracy of the estimated AoA trend, both qualitatively and quantita-
tively.

The same sensitivity experiments are carried out for the period, 2002-2017 (Fig. 5.17). The
approximation method shows the worst estimation of the AoA trend: while the overall pattern
is similar, clear differences occur in the exact strength of the AoA trend and in the detailed
structures. Above 600 K, the derived AoA trend from APPROX even differs in sign drawing a
totally different picture of BDC changes. Propagation of the entry H2O and CH4 mixing ratios
(Fig. 5.17b) improves the AoA trend above 600 K. But, below this level, the AoA trend is still
not well represented. Consistently with the previous discussion, the best estimation of the AoA
trend results from additionally including the monthly varying AoA-FRF correlation (Fig. 5.17c),
giving the sign and patterns of AoA trend very close to the “true” AoA trend (Fig. 5.17d).
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Figure 5.17: Comparison of AoA trends for the 2002-2017, estimated with different approx-
imations: (a) approximation method (instantaneous entry propagation and constant AoA-FRF
relationship); (b) using entry H2O and CH4 propagation and a constant AoA-FRF relationship;
(c) using CH4 entry propagation and monthly AoA-FRF correlation; (d) “true” AoA trend from
CLaMS simulation driven by ERA-Interim reanalysis. AoA trends are presented in percentage
per decade with respect to 2002-2017 AoA from the used method. The black line is the clima-
tological 2002-2017 tropopause calculated from ERA-Interim. Below the tropopause, the white
region indicates the areas, where the propagation procedure can not be applied.
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5.6 Discussion

In the following, we further assess the effects of the two approximations of assuming (I) an
instantaneous propagation of stratospheric H2O and CH4 entry mixing ratios, and (II) a con-
stant correlation between FRF and AoA. Therefore, the differences among AoA trends esti-
mated with different methods (APPROX, C-CORR, FULL) and for different periods are anal-
ysed (Fig. 5.18). The difference between AoA trends from APPROX and C-CORR gives an
estimate of the magnitude of the approximation I. The difference between AoA trends from
C-CORR and FULL gives an estimate of the magnitude intensity of the approximation II.

Figure 5.18a shows the difference in AoA trend for 1990-2006 estimated with the methods
APPROX and C-CORR (see also Fig. 5.12a, b). The difference above 600 K is smaller than
5 %, below 600 K – the pattern is more complicated to interpret. Note, that the C-CORR method
includes the entry H2O and CH4 mixing ratios propagation using the age spectrum, instead of
the instantaneous propagation used in the APPROX method.

To gain a better understanding of the reasons for these patterns in Fig. 5.18a, we look at the
contributions to the AoA trend in the APPROX and CORR methods (Fig. 5.19). The contribu-
tions of stratospheric entry H2O mixing ratio trends are shown in Fig. 5.19b, c. The differences
between the methods are a few precents.The difference in the contributions from stratospheric
entry CH4 mixing ratio trends estimated with APPROX and C-CORR is smaller, and reaches
0.5 % per decade (Fig. 5.19d, e). The circulation contribution is calculated as the residual be-
tween CLaMS H2O trend (Fig. 5.19a) and the other two components; it is shown in Fig. 5.19f, g.
The differences in the circulation components are caused by the discrepancies in the strato-
spheric entry H2O and CH4 mixing ratio contributions (calculated with APPROX or C-CORR),
with the major impact from the stratospheric entry H2O trend.

As the conclusion, instantaneous entry propagation causes an error in the estimated strato-
spheric entry H2O and CH4 mixing ratio contributions. This, in turn, causes the error in the
derived circulation impact, which naturally translates through the constant AoA-FRF relation-
ship into AoA trend (Fig. 5.19h, i), keeping the patterns comparable to the circulation change
patterns. So, underestimated circulation changes cause also underestimated AoA changes and
vice versa. As a result, the approximation of instantaneous entry propagation can lead even to a
sign flip in the AoA trend (when compared to the “true” AoA trend )

Figure 5.18b shows the difference in AoA trend for 1990-2006 from the methods C-CORR
and FULL (see also Fig. 5.12b, c). Above 600 K the discrepancies are around 5 % per decade. A
more complex structure is shown below 600 K. Consequently, the effects of both approximations
(on the estimated AoA trend) are comparable.

For the other periods 2002-2017 and 1990-2017 (Fig. 5.18c, d and Fig. 5.18e, f) the differ-
ences in AoA trends above 600 K are less than 5 % per decade. Below 600 K, the differences
in AoA trends are higher with the maxima at approximately 480 K. Interestingly, for 2002-2017
and 1990-2017, the effects of the approximations I and II are opposite in sign. Consequently,
the effects from both approximations cancel out, such that the APPROX method yields results
remarkably close to the true AoA trend (see Fig. 5.8a, b, Fig. 5.17a, d). However, in general
such cancellation can not be expected and the approximation method APPROX can produce
misleading results.
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Figure 5.18: Differences in AoA trends estimated with the three methods (APPROX, C-CORR,
and FULL) for the periods 1990-2006 (a, b), 2002-2017 (c, d), 1900-2017 in (e, f). The AoA
trends are calculated in percentage per decade with respected to the AoA from the used method.
The black line is the climatological tropopause calculated from ERA-Interim for the consid-
ered period. The white region below the tropopause indicates the areas where the propagation
procedure can not be applied.

In order to estimate the accuracy of circulation impact (2CH4[entry]∆α) calculated as the
residual (in APPROX and C-CORR methods), we further consider a set of circulation contribu-
tions, where ∆α was calculated as a residual in APPROX and C-CORR, and as a linear trend
(from α) in the FULL method. We assume, that the full reconstruction method FULL is the
closest to the true stratospheric circulation impact. The comparison of the circulation contri-
butions are presented in Fig. 5.20 for the different periods 1990-2006, 1990-2017, 2002-2017.
First and second columns show circulation impacts from APPROX and C-CORR methods, third
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Figure 5.19: Contributions to H2O trends during 1990-2006, shown in percentage per decade
with respect to CLaMS 1990-2006 H2O climatologies. Figure (a) represents the “true” H2O
trend calculated from CLaMS simulations driven by ERA-Interim reanalysis. Further plots show
the drivers of H2O trends from the approaches with instantaneous entry H2O and CH4 propa-
gation (APPROX; b, d) and propagated entry mixing ratios by the age spectrum (C-CORR;
c, e). Note, that (a)-(g) are presented in percentage per decade, with relation to the climatolog-
ical 1990-2006 CLaMS stratospheric H2O mixing ratios. The contribution from the circulation
changes is calculated as the residual (f, g). Figures (h, i) show the respective AoA trends cal-
culated through constant in time AoA-FRF relationship (see Eq. 5.17). The black line is the
tropopause calculated from ERA-Interim. Below the tropopause, the white region indicates the
areas, where the propagation procedure can not be applied.
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column represents circulation changes from the FULL method (using propagated entry CH4
climatologies and calculated linear FRF trend).

From the comparison of Fig. 5.20 (b, c), (e, f), and (h, i), we conclude, that calculating the
circulation impact as a residual, yields a reliable representation of the circulation contribution.
Large discrepancies occur in the Antarctic region, where the reconstruction method is expected
to fail due to presence of local dehydration. Thus, the AoA trend estimated from circulation
contribution calculated as a residual, is not reliable in the Southern polar region (Fig. 5.20a,
d, g). Furthermore, the residual circulation contribution depends also on the accuracy of the
used H2O trend (in our study, H2O trend is calculated from CLaMS simulation driven by ERA-
Interim reanalysis). The impact of the dehydration at the polar regions to the H2O CLaMS
distribution is discussed in the Appendix B.

In general, the errors in the estimated circulation contribution from the APPROX method can
be large, and the sign of the circulation contributions can be even opposite in particular regions
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Figure 5.20: Circulation contribution (2CH4[entry]∆α) estimated with three approaches: calcu-
lated as a residual in APPROX (a, d, g) and in C-CORR (b, e, h) methods, and as a linear trend
in FULL method (using a linear fit with the least standard deviation at each latitude-potential
temperature grid; c, f, i). The contributions are shown for three periods: 1990-2006 (a, b, c),
1990-2017 (d, e, f) and 2002-2017 (g, h, i). The data are shown in percentage per decade with re-
spect to CLaMS H2O climatologies from the considered period. The black line is the tropopause
calculated from ERA-Interim. Below the tropopause, the white region indicates the areas, where
the propagation procedure can not be applied.
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(see Fig. 5.20 (a, b), (d, e), and (g, h). Propagating stratospheric entry H2O and CH4 by using
the age spectrum (in C-CORR) improves the representation of circulation changes significantly,
except in the Southern polar dehydration region.

5.7 Chapter conclusions

The BDC is an important factor controlling the UTLS composition, which, in turn, crucially
affects the global radiation budget and climate. Therefore, changes in the BDC with global
warming may induce important feedback mechanisms on climate. However, the BDC is a zonal
mean residual circulation and can not be measured directly. Thus, it is necessary to infer BDC
trends from the changes in measured trace gas distributions. For estimation of the AoA trend,
two main simplifications are often applied: (I) instantaneous propagation of entry H2O and CH4
mixing ratios, and (II) constant AoA-FRF relationship. In this chapter, we assessed the effects
of I and II approximations on the accuracy of the AoA trend estimation from stratospheric H2O
trend within a CLaMS model environment.

We carried out different sensitivity experiments: including both above mentioned approx-
imations (APPROX), only the constant correlation approximation but representing the correct
entry mixing ratio propagation (C-CORR), and representing the non-stationarity of the correla-
tion as well as the entry mixing ratio propagation (FULL). Estimated AoA trends were compared
to the actual CLaMS AoA trend (“true”). Each of these methods assumes that stratospheric H2O
changes can be divided into changes in the entry H2O mixing ratio, changes in the entry CH4
mixing ratio, and circulation changes, which, in turn, are related to changes in the BDC.

We investigated three periods (1990-2006, 1990-2017, 2002-2017) for the effects of the I
and II approximations on the AoA trend estimation. Our results show that the accuracy of the
defined AoA trend depends on the used method, considered period and investigated location of
the stratosphere. Moreover, both approximations are important, and they impact the estimated
AoA trend qualitatively and quantitatively.

Method APPROX showed noticeable differences in the derived AoA trend when compared
with the “true” AoA trend from CLaMS (REF), but strongly depending on the considered pe-
riod. For some periods the overall resulting AoA trend patterns are similar, but in general clear
differences occur particularly in the exact strength of the AoA trend and in its detailed structure.
In specific regions of the stratosphere, derived AoA trends from APPROX were even different
in sign drawing different pictures of BDC changes. However, the estimated AoA trend during
1990-2017 period was comparably well represented with method APPROX. We speculate, that
the good agreement for 1990-2017 is likely a coincidence, as the constant FRF (which was calcu-
lated through averaged 2005-2006 stratospheric CH4) is roughly in the middle of the 1990-2017
period, and it acts as a “mean” quantity over the whole 1990-2017 period. For the other two
considered periods (1990-2006 and 2002-2017) the APPROX method did not provide a reliable
representation of the true AoA trend.

To calculate the impact of the instantaneous entry propagation, we compared the resulting
AoA trends from APPROX and C-CORR. The usage of the stratospheric entry H2O and CH4
propagation in C-CORR, improves the representation of the circulation contribution, and, in turn,
improves the calculated AoA trend. But, depending on the investigated region of the stratosphere
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and the considered period, the error still can be large.
To estimate the impact of assuming a constant AoA-FRF relationship, we compared the

resulting AoA trends defined with C-CORR and FULL. Adding the monthly varying AoA-FRF
correlation in the FULL method (instead of using a constant AoA-FRF correlation, as done
in APPROX and C-CORR) improves the AoA trend representation substantially. Although,
the monthly AoA-FRF correlation is not perfectly compact, as the AoA-FRF relationship can
depend also on the other parameters (such as latitude, height, longitude). As a conclusion, the
precise AoA-FRF correlation is an important factor to take into account when estimating AoA
trends and interpreting BDC changes.

In summary, both approximations (assuming instantaneous entry propagation and constant
AoA-FRF correlation) affect the estimated AoA trend similarly strong. Depending on the con-
sidered period, the effects from both approximations can also be opposite (e.g., for 1990-2017
or 2002-2017), and may even cancel out, resulting in a good estimate of the AoA trend. Thus,
we would encourage to be careful with using the APPROX method, as it can lead to the wrong
results, depending on the considered period.

The results of this chapter can be used for assessing the uncertainty in estimation of strato-
spheric circulation changes from global satellite measurements.
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Chapter 6

Summary and conclusions

This thesis investigates the processes controlling UTLS H2O. The first part of the thesis is partic-
ularly focused on studying the effects of TTL temperatures, horizontal transport, and small-scale
mixing on the simulated UTLS H2O distribution. In the second part of the thesis, the effects of
commonly used approximations to estimate AoA trends from stratospheric H2O trends are as-
sessed. The main approximations are the assumptions of (I) instantaneous stratospheric entry
mixing ratio propagation, and (II) stationary AoA-FRF correlation.

The first part of the thesis presents the sensitivity studies to investigate the effects of TTL
temperatures, horizontal transport and small-scale mixing on stratospheric H2O mixing ratios. A
number of sensitivity simulations using CLaMS in its 3D-version were carried out. The CLaMS
run, driven by ERA-Interim reanalysis data was considered as the reference. For investigat-
ing the effects of different TTL temperatures on stratospheric H2O mixing ratios, a CLaMS
simulation driven by JRA-55 was performed. For assessing the effects of horizontal transport
on stratospheric H2O, CLaMS sensitivity simulations with artificial horizontal transport barriers
along latitude circles at the equator, at 15◦N/S and at 35◦N/S were carried out. For investigating
the uncertainties of stratospheric H2O with regard to different small-scale mixing schemes, the
parameterized small-scale mixing strength in CLaMS was varied. The effects of TTL temper-
atures, horizontal transport and small-scale mixing on stratospheric H2O, have been estimated
through the comparison of the CLaMS sensitivity simulations with the ERA-Interim-based ref-
erence simulation.

A substantial uncertainty in simulating stratospheric H2O stems from uncertainties in TTL
temperatures between the different reanalysis products, even when using the recent reanalyses.
Suppressing of horizontal transport with artificial horizontal transport barriers in the model,
changes the stratospheric H2O mixing ratios up to around 1 ppmv, whereas different strength in
small-scale mixing cause an uncertainty of about 0.8 ppmv. The main results are formulated to
answer the following questions:

• How robust is simulated stratospheric H2O with respect to different TTL temperatures in
current meteorological datasets?
There is a significant uncertainty in simulated H2O, even when using the most recent
reanalysis products (such as ERA-Interim and JRA-55). Differences in H2O between
CLaMS simulations driven by ERA-Interim and JRA-55 reanalyses amount to about
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0.5 ppmv throughout the stratosphere. The main reason for JRA-55 causing a moister
stratosphere when compared to the ERA-Interim is the positive difference (on average
about 2 K) in the temperatures around the tropopause.

• How large is the effect of horizontal transport on stratospheric H2O?
Sensitivity simulations with introduced artificial transport barriers in CLaMS (which sup-
press certain horizontal transport pathways) showed only a weak effect of interhemi-
spheric transport. Similarly, the sensitivity simulation with a subtropical transport barrier
at 35◦N/S showed that in-mixing of mid-latitude air has only a weak impact on global
stratospheric H2O; it is due to “out-mixing” of moist tropical air. In contrast, the NH
subtropics have a strong moistening effect on global stratospheric H2O, and it is a critical
source region of moisture, which is likely related to the subtropical monsoon circulations.
Furthermore, it was shown that a weak moistening effect from the SH subtropics exists
as well. The effect of horizontal transport on the SH is small in all sensitivity simula-
tions, because stratospheric H2O mixing ratios in the SH are strongly affected by local
freeze-drying at SH high-latitudes.

• How sensitive is stratospheric H2O to atmospheric small-scale mixing?
Small-scale mixing mainly increases troposphere-stratosphere exchange, causing an en-
hancement of stratospheric H2O, particularly along the subtropical jets in the summer
hemisphere and in the NH monsoon regions. In particular, the Asian and American mon-
soon systems during boreal summer are very sensitive to changes in small-scale mixing,
which appears to be crucial for controlling the moisture anomalies in the monsoon UTLS.
For the sensitivity simulation with varied mixing strength, differences in tropical entry
H2O between the weak and strong mixing cases amount to about 1 ppmv. Above about
430 K, increased model small-scale mixing causes a complex interplay between vertical
and horizontal mixing, which results in either moistening or drying of the stratosphere
depending on the mixing strength.

The second part of the thesis evaluated the methods of AoA trends estimation from strato-
spheric H2O changes, using approximations I and II. Sensitivity studies with CLaMS have been
performed: with approximations I and II (APPROX); with only approximation II (C-CORR);
with using the correct entry mixing ratios (calculated though the propagation by age spectrum)
and the non-stationary AoA-FRF correlation (FULL). The sensitivity experiments were analyzed
through comparison with the reference CLaMS AoA trend. The main results are formulated to
answer the following questions:

• How reliable are estimated AoA trends from stratospheric H2O changes?
The APPROX method showed noticeable differences in the derived mean AoA trend when
compared with the “true” AoA trend from CLaMS reference simulation, but these dif-
ferences are strongly dependent on the considered period. The results show that both
approximations I and II are important for calculating AoA trend; and they affect the es-
timated AoA trend similarly strong (causing the discrepancies of up to 5 % per decade
above 600 K, and even higher discrepancies below 600 K). For some periods, the overall
resulting mean AoA trend patterns showed clear differences, which occurred particularly
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in the exact strength of the trends and in the detailed structures. In specific regions of the
stratosphere, the derived mean AoA trends from APPROX were even different in sign,
resulting in different pictures of BDC changes. However, for the long 1990-2017 period,
the estimated AoA trend with APPROX was comparably well represented. In this case,
the effects from approximations I and II were opposite, and canceled out, resulting in a
good estimate of the AoA trend.

Outlook
The sensitivity studies presented in the thesis provide new insights into the leading pro-

cesses that control stratospheric H2O and its trends. The findings are important for assessing
and improving climate model projections. Moreover, the results from the performed CLaMS
sensitivity simulations (shown in the first part of the thesis) may help to interpret the uncertain-
ties of simulated stratospheric H2O, and to identify deficits in climate models. The results from
the sensitivity experiments within CLaMS shown in the second part of the thesis are useful for
assessing the uncertainty in estimates of stratospheric circulation and BDC changes from global
satellite measurements of stratospheric H2O.

The research of this thesis can be extended for investigating other important aspects defining
stratospheric H2O: TTL temperatures uncertainties from the newest reanalyses (in particular,
employing the ERA-5 reanalysis which will replace ERA-Interim in the future) and their impact
on stratospheric H2O; artificial horizontal transport barriers can be applied for investigating the
interhemispheric asymmetry, as well as Antarctic dehydration and transport at the poles; differ-
ent small-scale mixing schemes may be used in order to study separately horizontal and vertical
transport. The studies of defining AoA trends may be further continued with defining in detail
the AoA-FRF correlation function; also, the method of AoA trend estimation could be improved
in order to apply it to satellite measurements (e.g., CH4).
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Appendix A

Validation of the CLaMS simulations

In order to study the robustness of our conclusions concerning changes in the simulation period, we
carried out some of the simulations for the entire period between 2011 and 2014. Figure A.1 shows
the distribution of zonal mean H2O mixing ratios for this period for the reference (a) and horizontal
barrier simulations with barriers at 15◦ N/S (b) and 35◦ N/S (c). Clearly, the differences between the
different simulations with transport barriers stay qualitatively similar, when compared to the 2011 case
(see Fig. 4.11). Although the results for the year 2011 appear slightly drier when compared to 2011-2014,
this is likely related to the occurrence of La Niña in 2011.

The effects of increased small-scale mixing for 2011 (presented in Sec. 4.4) are consistent with the
climatological data for the 2011-2014 period (Fig. A.2). Although, the effect of increased mixing strength
appears even stronger for 2011-2014 (see Fig. 4.16d for comparison). As a conclusion, restricting the
analysis of this study to a single year has no significant effect on our conclusions, which can be regarded
as representative for the climatological case.
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Figure A.1: Zonal mean H2O distribution averaged over the period from 2011 to 2014. Shown
data are from CLaMS sensitivity simulations for the reference (a) and the horizontal transport
barrier simulations with barriers along 15◦N/S (b) and 35◦N/S (c). Barriers are set between the
Earth’s surface and the 600 K potential temperature levels and are represented in white.
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Figure A.2: Differences of zonal mean H2O from CLaMS sensitivity simulations between refer-
ence (REF) and strong mixing (MIX-strong) cases averaged over the period from 2011 to 2014.



Appendix B

Impact of the dehydration at the poles
on simulated stratospheric H2O

When considering the conserved HH, we see the discrepancies between the propagated HH and the “true”
CLaMS HH (Fig. 5.11e, f). The first reason for such discrepancies is the method’s set-up (described in
Sect. 5.4.3), in which the propagation by the age spectrum is performed monthly from the averaged
boundary (between 390-400 K potential temperature, from 30◦ S to 30◦ N) causing uncertainties. Sec-
ondly, due to the propagation procedure, the dehydration processes are missing as well (especially, at the
South pole).

In order to estimate the magnitude of the dehydration at the poles, we perform one additional sen-
sitivity study with the turned off freeze-drying at high latitudes of 50◦ S-90◦ S and 50◦ N-90◦ N (shown
2011 in Fig. B.1b). From the difference between the REF H2O and H2O without the freeze-drying at the
poles (Fig. B.1 c), we observe, that the polar dehydration impacts mainly SH, and has a global drying
effect. Moreover, the effect of dehydration at the South pole is higher than 1 ppmv. Because of very cold
winter 2011, there is a slight impact of the dehydration at the Northern pole as well. Thus, the polar
dehydration effects must be taken into account when interpreting the differences between propagated HH
and “true” CLaMS HH.
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Figure B.1: Zonal mean H2O distributions for 2011. Shown data are from CLaMS sensitivity
simulations: (a) from the reference CLaMS simulation; (b) without dehydration at the poles
(50◦ S-90◦ S and 50◦N-90◦N); (c) shows the absolute difference between CLaMS reference
H2O the H2O without freeze-drying. Note, that CLaMS simulation driven by ERA-Interim
reanalysis.
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Appendix C

AoA-FRF correlation

An accurate AoA-FRF correlation function depends on many parameters, including time resolution, lati-
tude, and altitude.

The relationship between AoA and FRF (estimated following FULL method) with regard to different
latitude range (10◦ S-20◦ S, 10◦ S-10◦ N, 10◦ N-20◦ N) is shown in Fig. C.1. The AoA-FRF correlation
functions are derived by a third-order polynomial fit for each considered range of latitudes. The AoA-
FRF correlation functions are unique for each latitude range, because the differences in the magnitude of

0.0 0.1 0.2 0.3 0.4 0.5

1

2

3

4

5

Polynomial fit:
AoA[1]=24.22α −55.97α^2+ 43.15α^3

Standard errors of the coeff.:
0.06, 1.32, 7.55, 12.73[1]

[2]
[3]

AoA[2]=22.09α −60.45α^2+ 65.62α^3

0.02, 0.52, 2.99, 4.92

AoA[3]=18.44α −41.98α^2+ 39.94α^3

0.02, 0.34, 1.59, 2.10

lat[1] = 10S-20S

lat[3] = 10N-20N

lat[2] = 10S-10N

AoA - α(FULL) correlation: JAN, 2000

A
o
A

 C
L

a
M

S
 E

R
A

-I
n
te

ri
m

, 
ye

a
r

FRF (α)

Figure C.1: Relationship between FRF (from FULL method) and CLaMS modelled AoA for
January 2000, for three intervals of latitudes: between 10◦ S and 20◦ S (black line and black
star-dots), 10◦ S-10◦N (red line and red star-dots), 10◦N-20◦N (blue line and blue star-dots).
For each interval, FRF and CLaMS (driven by ERA-Interim) AoA were taken as zonally av-
eraged data between 450 and 1000 K (where FRF has positive values due to the method). At
this plot, the relationship is shown by fitting third-order polynomial functions to the AoA-FRF
distribution.
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coefficients are out of the standard error’s range. And, for instance, at the same FRF level of 0.25, the
air at the Northern tropics (10◦ N-20◦ N) is younger than at the Southern tropics (10◦ S-20◦ S) for almost
half a year. Also, there is a hemispheric difference in the FRF: at the Northern tropics FRF reaches 0.5,
while at the Southern tropics the highest FRF value is close to 0.35.

Moreover, there are differences in the AoA-FRF correlation functions even in the range of the same
latitudes, but at various heights (potential temperature levels). The different AoA-FRF relationships at
500 K and 700 K are shown in Fig. C.2, described by a linear fitting functions.
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Figure C.2: Relationship between FRF (from FULL method) and CLaMS modelled AoA at the
locations of 10◦ S at 500 K (a) and 700 K (b) potential temperature. At each sub-figure are shown
linear correlation functions depending on the month (January in black line, April in red line, July
in blue line, and October is shown with green line). The correlation points are taken from the
monthly data through all the years between 1990 and 2017. For each represented month, FRF
and CLaMS (driven by ERA-Interim) AoA were taken as zonally averaged data in potential
temperature range between 450 and 1000 K (where FRF has positive values due to the method).
At this plot, the relationship is shown by fitting linear functions to the AoA-FRF distribution.



Symbols and abbreviations

Acronym Description
4DVar 4-dimensional variational analysis
ALL annual mean
AoA mean age of air
AP air parcel
BDC Brewer-Dobson circulation
BIER Boundary Impulse (time-)Evolving
CCM chemistry-climate model
DJF December-January-February mean
ENSO El Niño-Southern Oscillation
Ex-UTLS extratropical upper troposphere and lower stratosphere
FRF fractional release factor
GCM general circulation model
HH approximated total hydrogen
IR infrared
JJA June-July-August mean
LS lower stratosphere
NH Northern Hemisphere
PDF probability density functions
QBO quasi-biennial oscillations
SH Southern Hemisphere
TTL tropical tropopause layer
TWP Tropical West Pacific
UTLS upper troposphere and lower stratosphere
UV ultraviolet
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Symbol Description Value, unit
cp specific heat of dry air at a constant pressure 1004 J K−1 kg−1

G age spectrum
Kz vertical diffusivity m2/s
L chemical loss function
lc characteristic sedimentation length m
p pressure hPa
ps standard surface pressure 1000 hPa
Q diabatic heating rate K/day
R gas constant for dry air 287 J kg−1 K−1

r distance km
T temperature K
t time day
z height km
α fractional release factor
Γ lapse rate K/km
γc critical deformation
ζ hybrid isentropic coordinate
θ potential temperature K
λc critical Lyapunov exponent day−1

σ orography following coordinate
τ mean age of air year
χ mixing ratio ppmv
ψ total hydrogen ppmv

Chemical formula Description
CH4 methane
CO2 carbon dioxide
H2 molecular hydrogen
H2O liquid water
H2SO4 sulphuric acid
H2SO4/H2O diluted sulphuric acid
O2 molecular oxygen
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Afterword

If I would have known how much effort is needed to complete a Ph.D., I most probably would
have never started mine! Very often, we are already scared beforehand, and we end up never
doing what we actually want. Because others told us so, especially when it comes from a figure
of authority... I was dreaming about a Ph.D. since my childhood, and I am very thankful that
one more wish became true in my life!

Thus, if you have a dream: follow it – without caring much about the obstacles you might
stumble upon on your way. During your Ph.D., you can think that it is too hard, sometimes even
boring, and, maybe, that is not your path, to become a scientist. But when you ask yourself
whether you want to deal with Science, and if at least the smallest part of you answers “yes”...
Follow it!

Science is the greatest achievement of mankind; it opens our eyes, from day to day, to a lot
of things about the world where we live. If you have a curious personality with some creativity,
you will always find your own niche in Science. And even if you do not find it right away, you
can always create your own!

To do a Ph.D. – not the easiest way to go, but, on the other hand, it is definitely the way to
grow! It is a huge work on yourself, including struggling and excitement, disappointment and
joy. A Ph.D. is a path to get to know yourself better, and to understand your true wishes, and,
at the same time, to contribute to global scientific development. Maybe it is not your highest
mountain yet, and your highest Everest is still far ahead, you will definitely be proud of yourself
after finishing your Ph.D
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