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Abstract
Transport model diagnosis of stratospheric transport field using boundary

impulse response method

Atmospheric transport plays an important role on the distribution of stratospheric trace
gases. Changes in their concentrations potentially have a strong impact on global climate.
Since the tropospheric air mostly enters the stratosphere through the tropical tropopause
layer (TTL), the age of air, the transit time since stratospheric air parcel last had contact
with the troposphere, is used as a common proxy of the transport. The mean age of
air provides understanding in the strength of stratospheric circulation. Because of the
irreversible mixing, any air parcel is composed of many elements that have taken different
pathways. Thus, mean age can not be characterized by a single transit time, but by a
distribution of transit times. This distribution is the age spectrum, which provides the
full information about transport histories of parcels. It is not directly observable, but
can be obtained by applying the boundary impulse evolving response (BIER) method
that uses simulated distribution of inert tracers released as a series of pulses at a source

region.

This study applies the BIER method with the aid of an atmospheric general
circulation model-based chemistry transport model (ACTM) nudged to ERA-Interim
meteorological fields to investigate stratospheric transport field. Multi-year averaged
transport field is examined by comparing the evolution and distribution of tracers with
the source region at tropical surface and at the TTL. The results show a rapid trans-
port toward high-latitude lowermost stratosphere due to the eddy mixing around the
tropopause. Stratospheric transport features are also shown through the variations of
age spectrum. Multi-peaks of age spectrum reflect the seasonal variations of the strato-

spheric circulation and isentropic mixing. The results are also applied to assess the
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mean age estimated from CO, and SFg samples acquired during a field campaign over
Indonesia. Comparisons are also made with those estimated from Lagrangian backward
trajectories calculated by using the ACTM transport field. The mean age derived from
the BIER method is noticeably older than that estimated by the Lagrangian method
and the stratospheric air samples, implying high diffusivity in the transport model. In
contrast, observed SFg age is only reproducible in lower stratosphere, and far exceeds

the estimates from the Lagrangian method above 25 km.

This study confirms the capability of BIER method in capturing all transport
features including unresolved diffusive processes. Mean age estimation by this method
with the source region at the TTL does not work well due to its wide coverage in latitude
and height. The study also highlight the difficulty in estimating mean age from air
samples assuming a ratio between the first and the second moments of the age spectrum.
The transport field simulated by the ACTM indicates height dependency of this ratio in

the tropical lower stratosphere.
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Chapter 1

Introduction

1.1 Motivation of study

Stratospheric transport plays an important role on distributions as well as chemical life-
times of many trace gases (tracers), such as water vapor (H20), ozone (O3), chlorofluo-
rocarbons (CFCs), carbon dioxide (COz), sulfur hexafluoride (SFg) and methane (CHy)
in the stratosphere. This is because changes in concentrations of tracers potentially have
a strong impact on radiation balance of the Earth’s surface and life on Earth as well.
For example, although water vapor has a very low concentration in the stratosphere, the
infrared emission through it and the convection-induced vertical flux of heat has signifi-
cant impact on the temperature of troposphere and stratosphere. It is also demonstrated
that an observed quick decline of stratospheric water vapor around 2000-2001 (Randel
et al., 2006; Scherer et al., 2008; Fujiwara et al., 2010) could have affected the rate of in-
crease of global surface temperature (Solomon et al., 2010; Riese et al., 2012). Although

ozone, the shield to protect life on Earth, is mainly formed in the tropical stratosphere,
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its high concentration is found in high latitudes. It has been destroyed by anthropogenic

released long-lived CFCs (World Meteorological Organization, 1995). Long-lived tracers
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Figure 1.1: Meridional distribution of HF and CH, from the Halogen Occultation Ex-
periment instrument from Plumb (2007). ©American Geophysical Union. Used with
permission.

such as hydrogen fluoride (HF) and CH4 are found to have quite similar distribution of
isopleths at the same time. Figure 1.1 shows the zonal mean distribution structure of
HF and CHy in the stratosphere in March and September attained from the Halogen

Occultation Experiment instrument. HF has its source and sink in the stratosphere and
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troposphere, respectively. Meanwhile, CHy has its source in the troposphere and its sink
in both troposphere and stratosphere. The structure of mixing ratio isopleths between
two tracers is quite similar in the same month, including an upward bulge in the tropics
and poleward slopes in the extratropics. The mixing ratio isopleths tend to be flattened
in midlatitudes. Large horizontal gradients of mixing ratio take place at the edges of
subtropical jet and polar vortex in mid-latitude winter hemisphere. Such distribution is
also found in nitrous oxide (N2O) distribution (Jones and Pyle, 1984). Moreover, sea-
sonal variation in the distribution of these tracers is suggesting seasonal change in the
stratospheric transport (Chen, 1995; Rosenlof et al., 1997; Ray et al., 1999). These imply
an important role of stratospheric transport processes to the stratospheric distribution
of species. Therefore, tracers, especially long-lived tracers, are very important for inves-
tigating the transport features. Unfortunately, observations of stratospheric tracers are
limited. Hence, modeling is requested to improve understanding and insights on charac-
teristics of the stratospheric transport field as well as the distribution and variability of

principal tracers.

Stratospheric transport is mainly dominated by a stratospheric circulation,
named Brewer-Dobson circulation (BDC), and a quasi-horizontal transport and mixing,
as seen in Fig. 1.2. As stratospheric transport information is fully contained in strato-
spheric long-lived tracers’ distribution, and as those tracers partly have tropospheric
origin, the age of air (AoA), the transit time that an air parcel takes for transport to
occur from the troposphere to different regions in the stratosphere, is introduced as a
useful representative of for analysis of transport (Kida, 1983; Hall and Plumb, 1994). The
younger the AoA is, the stronger the stratospheric circulation and mixing are. Modu-
lation of the BDC, such as changes in its velocities, mass transport and pathways, can
thus be quantified by the AoA. The AoA can be directly computed through a “clock

tracer”, whose concentration of inert tracer linearly increases with time, by considering
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Figure 1.2: Schematic diagram of atmospheric transport, modified from Plumb (2002,
2007). Thick solid line from North to South pole represents the tropopause. Dashed line
shows the bottom of the tropical tropopause layer. Gray vertical lines are the transport
barriers at the edges of subtropical eddy and polar vortex. Curled two-head arrows
denote the horizontal mixings. P, S, and G denote regions of breaking planetary scale
waves, synoptic scale waves and gravity waves, respectively. ©American Geophysical
Union. Used with permission.

the time lag of its concentration growth between the tropospheric source and the strato-
sphere (Schmidt and Khedim, 1991) as illustrated in Fig 1.3. The source region in the
troposphere is regarded as “reference”. Nevertheless, no measured trace gas is real clock
tracer. Tracers such as COy and SFg, given their anthropogenically driven nearly linear
increase and chemically conservative nature make it possible to use their stratospheric
mixing ratio as a lag time of their entry into the stratosphere, are commonly used in lieu.
As such, the lag time of the time-series of CO5 and SFg in the stratosphere relative to the
time-series in the troposphere can be used as a measure of the mean age (Elkins et al.,
1996; Boering et al., 1996; Harnisch et al., 1996; Patra et al., 1997; Andrews et al., 2001b).

In general, the age estimated from observations of different tracers is comparable, aside
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from overestimated SFg age in the polar vortex in which it is affected by mesospheric
SFg loss (related to the descent of mesospheric circulation in Fig. 1.2) (Waugh and Hall,

2002). However, any air parcel is composed of many elements, each with a different

N
- >
time

- >
time

Figure 1.3: Schematic diagram of the time series of a clock tracer at a stratospheric
location of interest r. Time series at the source region (troposphere) € is shown in
dotted line. 7(r) is the time lag between a particular tracer mixing ratio at = and its
mixing ratio at . Adapted from Waugh and Hall (2002). ©American Geophysical
Union. Used with permission.

transport pathway and transit time (Kida, 1983). Such multiple pathways taken by the
elements pose a fundamental difficulty in interpreting the AoA. A complete description
of the age of a given air parcel is thus captured by the age spectrum, which is a statistical
distribution of the element transit times (Kida, 1983; Hall and Plumb, 1994; Waugh and
Hall, 2002). The age spectrum provides the full information about transport histories of
air parcels, including mean age (first moment), modal age (peak of age spectrum) and

spectrum width (second moment).

Due to variations of the stratospheric transport, the stratospheric age spectrum
shape varies at different locations. Figure 1.4 illustrates schematically shapes of age

spectrum in the tropical lower stratosphere (right) and the rest of stratosphere (left).

3
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In the tropics wherein the upwelling occurs, the age spectrum shows a strong peak at

a very short transit time and a short tail. On the other hand, in the extratropics and

A A
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Figure 1.4: Schematic diagram of typical age spectrum in the tropical lower stratosphere
(right) and extratropics (left). Adapted from Waugh and Hall (2002). ©American Geo-
physical Union. Used with permission.

high altitudes, the age spectrum is broad with a long tail and peak at longer transit time
due to multiple pathways with various transit times caused by the slow circulation and
mixing. The slower is the decrease of the age spectrum tail, the larger is the first moment.
Therefore, the mean age is young in tropics and gradually becomes older in extratropics
and high altitudes. Waugh and Hall (2002) showed that the mean age is about 1 year
in the tropics and increases to ~ 4 years in high latitudes of lower stratosphere. Unlike
distribution of many tracers which have tropospheric origin, the mean age increases with
altitude, reaching values of ~ 4 — 5 years at 30 km in the tropics and 6 years at high

latitudes.

The age spectrum cannot be directly observed like as the AoA. It can be in-
directly estimated from measurements of tracers, whose concentration linearly increases
with time in the troposphere, by assuming a stationary flow and a spectrum shape (Hall
and Plumb, 1994) via a ratio of moments between the first and second moments of
age spectrum. However, this method most probably underestimates the spectrum tail

(Hauck et al., 2019). Uncertainties related to this assumption still need further discus-
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sions. Furthermore, the age spectrum can be estimated from models. Hall and Plumb
(1994) estimated the age spectrum as the time development of an artificial inert tracer
in a pulse release experiment in a general circulation model (GCM). This method is
direct and straightforward. But an assumption of stationary flow is the limitation. This
is because in real atmosphere flow is unsteady. Therefore, this method is unusable to
study the seasonality of the age spectrum. Holzer et al. (2003) and Haine et al. (2008)
addressed this limitation of Hall and Plumb (1994)’s method by implementing an ensem-
ble of pulse release experiments. The direct output of this method, time-series of tracer
mixing ratio, is the boundary impulse response (BIR), but not the age spectrum. The
age spectrum is obtained through a number of BIRs. This improved method is known as
the BIR method (Li et al., 2012a,b) or the boundary impulse evolving response (BIER)
method (Ploeger and Birner, 2016). Moreover, Lagrangian trajectory calculation, by
tracing a large number of air parcels in a three-dimensional wind field by backward tra-
jectories (Schoeberl et al.,; 2003; Fueglistaler et al., 2005; Hasebe et al., 2018), is also
one of choices for the age spectrum computation although it demands computational
resources and ignores unresolved mixing. Different methods, even shortcomings in each
method, can result in discrepancies in the estimation of mean age. Additionally, uncer-
tainties on measurements such as seasonal variation of tropospheric CO, or loss of SFg

from mesosphere to stratosphere, also contribute to the mean age difference.

Estimation of the long-term trend of mean age after careful consideration of the
non-linearity in the growth of accumulated observations of CO5 and SFg mole fractions in
the northern midlatitude stratosphere (e.g., Schmidt et al., 1987; Nakazawa et al., 1995;
Engel et al., 2002) showed an increase (though not statistically significant) at a rate of
0.15 4 0.18 years decade™! (Engel et al., 2017). Although this rate has been reduced
to 0.07 £ 0.16 years decade™! by a recent study (Fritsch et al., 2020), these estimates

are still apart from the long-term decrease of mean age diagnosed by chemistry—climate
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models (Austin et al., 2007; Waugh, 2009; Butchart et al., 2010; Garcia et al., 2011). For
example, Garcia et al. (2011) showed that the mean age trend derived from SFg over the
period 1965-2006 by the Whole Atmosphere Community Climate Model (WACCM) is
—0.086 & 0.011 years decade™!. Efforts are being made to reconcile these discrepancies
by reducing uncertainties in both the observational and model estimates, such as those
arising from limited observational data of seasonally varying CO, mole fractions and
unavoidable use of parameterization schemes associated with a coarse model resolution

(e.g., Garcia et al., 2011; Stiller et al., 2012; Diallo et al., 2012; Ray et al., 2014).

Given that tropospheric air enters the stratosphere primarily in the tropical
tropopause, and that air parcels inside the “tropical leaky pipe” are relatively isolated
from mid- and high latitudes by the subtropical mixing barrier (Plumb, 1996; Neu and
Plumb, 1999), the mean age is relatively young in the tropical lower stratosphere and
the age spectrum takes a compact shape due to transport by slow diabatic vertical ad-
vection and very low contributions from the subtropical mixing and diffusion (Plumb
and Eluszkiewicz, 1999). The tropical stratosphere is also unique in that the ascending
motion is visualized by the water vapor “tape recorder” (Mote et al., 1996). This is inde-
pendent of mean age since it is an imprint of seasonally varying tropopause temperature
on the water vapor mixing ratio in the ascending air masses. All these features make the
interpretation of the stratospheric mean age simpler in the tropics as compared to the

midlatitudes. Above all, the observations in the tropics are quite limited.

Motivated by these considerations, the Coordinated Upper-Troposphere-to-
Stratosphere Balloon Experiment in Biak (CUBE/Biak, Fig. 1.5), a field campaign over
Indonesia, was conducted in February to March 2015 (Hasebe et al., 2018, hereafter
referred to as H18). CUBE/Biak involved whole air sampling with the aid of balloon-

borne cryogenic samplers, radiosondes equipped with ozone, water vapor, and CO, son-
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des, optical particle counters, cloud particle sensor, and aerosol samplers, along with the
continuous operation of aerosol lidar on the ground. Sugawara et al. (2018, hereafter re-
ferred to as S18) computed the tropical mean ages from CUBE/Biak SFg and CO5 mole
fractions by assuming an age spectrum shape. This data is very new at the moment.
Therefore, assessing and understanding the mean ages estimated from this data by a

numerical model are necessary.

q
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Figure 1.5: Location of Biak station (1.167° S, 136.1° E) and LAPAN observatory. Taken
from S18 under a creative commons attribution 4.0 license https://creativecommons.
org/licenses/by/4.0/.

1.2 Study objective and outline of thesis

This study aims to understand the tropical mean age estimated from CO, and SFg mole
fractions which were obtained from the cryogenic samplers in the CUBE/Biak campaign
(S18) by numerical model method. Estimation of mean age from CO5 and SFg observa-
tions, with assuming the age spectrum shape as an inverse-Gaussian distribution, might

result in an error of mean age. Additionally, requiring a long-term observation of tropo-
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spheric CO5 and SFg¢ as reference can lead to unexpected errors in the estimated mean
age due to uncertainties of references. With the aid of transport models, the mean age
estimated from the BIER method and Lagrangian method are straightforward, do not
rely on observation data, and show seasonal variation of the age spectrum. They are also
free from assumptions of parameters which are required in the mean age estimation from
observations. However, the BIER method is more advantageous than the Lagrangian
method. That is because the BIER method makes use the most of a full transport oper-
ator in a transport model including parameterization of small-scale transport (unresolved
diffusion and mixing). Thus, the BIER method with the aid of an Atmospheric general
circulation model-based Chemistry Transport Model (ACTM) (Numaguti et al., 1997),
which is nudged to ERA-Interim meteorological fields (Dee et al., 2011), is used in this

study.

Estimation of age spectrum from the BIER method calls for releasing artificial
pulse tracers at a source region in the troposphere. In model simulations the tropospheric
surface (especially the tropical surface) has been commonly chosen as a source region
based on the assuming of the well-mixing in troposphere and neglecting the slow ascent of
the air in the tropical tropopause layer (TTL) (Fueglistaler et al., 2009; Li et al., 2012a;
Ploeger and Birner, 2016; Hauck et al., 2020). It is found that it takes a few weeks
up to several months for air parcels to travel from the surface through the TTL (Hall
and Plumb, 1994; Strahan et al., 1998; Ray et al., 1999; Park et al., 2007; Chen et al.,
2012). However, the TTL is widely recognized as a main gate to the tropospheric air
enter the stratosphere; in this manner it is usually considered as the source region when
estimating the mean age from observations (Hall and Plumb, 1994). Description of the
transport field with the TTL source region in three-dimensional transport models has
not been attempted. Through the BIER method, all possible pathways from any source

region to any location in the stratosphere can be interpreted. Moreover, since tracers

10
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carry transport histories, the common transport features such as diabatic advections and
mixing, can be shown from the distribution of tracers even though the tracer distribution
cannot be used to interpret the stratospheric transport, which is apparently due to
source and sink dependence of their gradients. Thus, the first objective of this study is
to describe stratospheric transport field through the interpretation of the pulse tracer
distributions released from the tropical tropopause layer, in addition to release from the
tropical surface. The second objective is to apply the BIER method on assessing the
tropical mean age, which was estimated from CUBE/Biak data in S18. Additionally, by
taking an advantage that the CUBE/Biak mean age was calculated from the Lagrangian
method in the ACTM three-dimensional wind field nudged to ERA-Interim reanalysis
data in Nguyen et al. (2021, hereafter referred to as Ng21), we compare our results from

the BIER method to those from this backward trajectory calculation.

An extended introduction related to stratospheric dynamics and transport is
given in Chapter 2 as a background for the discussion in Chapter 5 and Chapter 6.
The methods for AoA estimation are described in Chapter 3. Model description and
experiment setup are introduced in Chapter 4. Stratospheric transport features through
pulse tracer distribution are described and examined in Chapter 5. Chapter 6 shows
diagnosis of transport by using the age spectrum and mean age, and validation of the
observed mean age in the tropical stratosphere by the BIER and Lagrangian methods.
The thesis is wrapped up in Chapter 7 with the major findings of the whole study and

an outlook for future research.

11



Chapter 2

Stratospheric transport and

dynamics

2.1 Stratospheric circulation dynamics

Holton (2004) showed a comparison between the meridional distribution of measured
temperature and radiatively determined temperature in middle atmosphere (see their
Fig. 12.2 and Fig. 12.4). They noticed that the observed temperature is much warmer
than the radiatively determined temperature in high latitudes of the winter hemisphere.
However, the radiatively determined temperature in the summer pole is warmer than
the observed one. Moreover, there is no short-wave heating in the winter polar region
due to the absence of sunlight. This leads to a temperature gradient from winter pole
to summer pole in the region of 30 to 65 km. Because of the thermal wind balance,
westward (eastward) flows in the summer (winter) increase with altitude. Above 65 km,

that temperature gradient reverses, leading to a decrease of wind with height in both

12
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winter and summer.

To maintain the observed state of the middle atmosphere, eddy momentum
and heat transports play a significant role on driving the flow away from the radiative
equilibrium. Thus, the zonally averaged circulations in the middle atmosphere are driven
by eddies. In order to understand the role of eddies to the state mentioned above, it is

useful to introduce the conventional Eulerian Mean and the Transformed Eulerian Mean.

2.1.1 The conventional Eulerian Mean

Any variable A can be written as the sum of a zonal mean component (denoted by an
overbar) and an eddy component (denoted by a prime) at fixed latitude, height and time,
ie., A = A+ A'. Then, equations of zonal-mean zonal momentum, thermodynamic
energy, and continuity for quasi-geostrophic theory can be written in the log-pressure

coordinate system z = —H In(p/po) as:

ou ouv —
= X 2.1
ot fov oy + (2.1)
oT T J
— + N?HR 'w=— = 2.2
ot + v oy * p (22)
0t 1 dpow
= — 2.
dy " po 0z ! (23)

where 0u/0t and 9T /Ot are the change with time of the zonal momentum and temper-
ature, respectively; fov is the Coriolis forcing; —du’v'/dy and Ov'T"/dy are the eddy
momentum and heat flux divergences, respectively; X is the zonal forcing from the un-
resolved eddies; J/c, is the diabatic effects, ¢, = 1004 J kg~ K~ is the specific heat at

constant pressure, J is the rate of heating per unit mass due to radiation, conduction,

13
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and latent heat release; pg is the density; N?HR™'w is the adiabatic cooling, H is a
mean scale height (H = RT/g), g = 9.8 m s™2 is the mean magnitude of the gravity
acceleration at mean sea level, R is the gas constant for dry air (R = 287 J kg™' K1),

N is the buoyancy frequency defined by:

R :"{To dTo
N2=_| =4 —
H[H'*@
—dT'/dz is the lapse rate of temperature. It is positive in troposphere and mesosphere

and negative in the stratosphere.

The zonal average of the meridional momentum equation can be approximated

by assuming geostrophic balance:

Jou=——- (2.4)
where @ is geopotential. Combination of this equation with the hydrostatic approxima-
tion gives the thermal wind relation

ou ROT

ﬁ@;+ﬁ5§_o (2.5)

This thermal wind balance is destroyed if an ageostrophic mean meridional circulation
(v,w) is absent. It is because the eddy momentum and heat flux divergences would tend
to change the mean zonal wind and temperature fields. However, small departures of
the mean zonal wind from geostrophic balance force a mean meridional circulation so
that Eq. (2.5) is maintained. In a stationary flow, the Coriolis force & the divergence of
eddy momentum fluxes in Eq. (2.1) and the adiabatic cooling ~ the diabatic heating and
convergence of eddy heat fluxes in Eq. (2.2). Due to the tendency of cancellation between
eddy heat flux convergence and adiabatic cooling, and the diabatic heating being a small

residual, the conventional Eulerian mean is not an efficient approach to investigate the
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role of eddy forcing in the meridional transport. On the other hand, the transformed

Eulerian mean helps to deal with the limitations of this method.

2.1.2 The Transformed Eulerian Mean

The transformed Eulerian mean (TEM) equations can be derived by defined the TEM

residual meridional circulation (7*,w*) for quasi-geostropic motions (Holton, 2004):

o)
wr=w+ H oy (2.7)

By substituting (v*,w*) above into Egs. (2.1), (2.2), (2.3), we obtain the TEM equations

(Holton, 2004) as follows:

ou 1 - =
= —V.F4+X = 2,
o fov pov + G (2.8)
T N°H_, o _
o + 7 U= —o [T =T, (y,z,t)] = —,.6T (2.9)

dy  po 0Oz

=0 (2.10)

where G is the total zonal force due to large scale and small-scale eddies, F is the Eliassen-
Palm flux (EP flux) which arises from resolved eddies, « is the rate of Newtonian cooling,

0T is difference between zonal mean temperature T and its radiative balance T),.

If assuming a steady-state condition (no seasonal cycle), the TEM equations

show that the Coriolis force due to the residual meridional wind is equal to the eddy
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fluxes from both resolved and unresolved eddies. The residual adiabatic cooling is in
equilibrium with the diabatic heating. Then, substituting — fov* = G into Eq. (2.10)

with a restriction that pow* — 0 as z — oo, we yield

o1 [ _—_
W= —— — Gdz 2.11
Po y <f0 /Z Po ) ( )
Substituting Eq. (2.11) into Eq. (2.9), we have:
_  N?H 0 (1 [>~ _ |,
0T = — / Gdz 2.12
OérPOR ay <f0 z & ) ( )

From Eq. (2.12), we can see that the eddies force the stratosphere away from the thermal
equilibrium while the radiation drive it back. Now return to the departure between
the observed temperature and the radiatively determined temperature in the middle
atmosphere, it is clear that the largest departure from radiative balance occurs in high
latitudes in winter stratosphere and in both winter and summer in the mesosphere. The
planetary-scale Rossby waves that vertically propagate from troposphere are known as
the source of zonal force in the stratosphere. Meanwhile, the breaking of gravity waves,
which also propagate from the troposphere into the mesosphere, results in a strong zonal

force in the mesosphere.

Considering Eq. (2.8) with an assumption that there is no seasonal cycle, we
obtain:

— fit=py 'V-F+X =G (2.13)

fo is positive in the winter Northern Hemisphere (NH) and so G is westward force, thus
G is negative. Thus, 7* > 0. By mass continuity, w* < 0. In the summer Southern
Hemisphere (SH), both fy and G are negative. Therefore, 7* < 0, and thus w* < 0.

Also by mass continuity, the downward residual motions at the extra-tropics in both
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hemisphere must imply a residual upwelling in the tropics (see schematic of residual

circulation in Fig. (1.2)).

2.2 Stratospheric transport

The Earth’s atmosphere is mainly made up of 78% nitrogen, 21% oxygen and 0.9% ar-
gon. All other gases hold the remaining amount with an extremely tiny amount known
as tracers. Some tracers are primarily formed in the tropospheric source through (i)
processes that occur in nature such as biogenic, the solid Earth, the oceans and in situ
formation that forms by chemical reactions in the atmosphere; and (ii) human activities
such as fossil-fuel combustion, smogs, and industrial activities. Many of these tracers are
observed in the stratosphere. They mostly enter the stratosphere through the TTL. The
TTL is the layer of the tropics that lies between 15 — 18 km (World Meteorological Or-
ganization, 2007), in which the complex interactions of tropospheric convection, tracers,
radiation and stratospheric circulation occurs. Thus, this layer is very important. The
TTL varies in altitude and latitude. The coldest temperature (< 190 K) in the TTL
is during the winter Northern Hemisphere (NH). This coldness is reason of dehydration
of stratospheric air which firstly observed by Brewer (1949). In the stratosphere, the
tracer-included airs are transported by the BDC (Brewer, 1949; Dobson, 1956; Butchart,
2014). The BDC is primary responsibility for the stratospheric transport. The circu-
lation firstly proposed by Brewer (1949) and Dobson (1956) to explain the low mixing
ratios of water vapor observed in the stratosphere and high concentration of O3 observed
in the lower polar stratosphere (as Os is produced in the tropical stratosphere). As
demonstrated in Section 2.1, the BDC is the wave-driven meridional circulation. It con-

tains a persistent shallow branch in the upper troposphere-lower stratosphere (UTLS) in
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midlatitudes at each hemisphere driven by synoptic-scale Rossby waves; and a poleward
single-cell extended into the middle and upper stratosphere (deep branch) in the winter
hemisphere caused by planetary-scale Rossby waves. Dunkerton (1978) showed that the
BDC should be considered as a Lagrangian mean circulation and approximated by the
TEM residual mean circulation, which equilibrates with the diabatic circulation. The
residual meridional circulation is determined by defining a residual stream function, U,
from Eq. (2.10) as

. L0 ; e 107

Lo 0z B Po ay

(2.14)

In this study, the BDC is considered as the TEM residual stream function.

A schematic of such TEM residual circulation is illustrated in Fig. 1.2, in-
cluding the tropical tropospheric and mesospheric residual circulation. In the tropical
troposphere, the Hadley cell, which consists of upwelling near the equator and down-
welling around 30° latitude in each hemisphere, regimes the transport. A wave-driven
single-cell circulation with an upward flow in summer pole heading winter pole domi-
nates the mesosphere. This downward flow penetrates the stratosphere in winter high

latitudes and then contributes to the stratospheric transport.

In additional to the BDC, isentropic transport and mixing also play important
role to the transport. In wintertime, partly Rossby wave breaking takes place in the
midlatitude stratosphere and produces the strongest quasi-horizontal mixing and stirring
here, known as “surf zone” (McIntyre and Palmer, 1984) (Fig. 1.2). Such strong mixing
flattens the isopleths of mixing ratio of stratospheric tracer in the surf zone (Fig. 1.1).
While in the polar vortex, slow diabatic descent tends to press down the isopleths of

tracer mixing ratio. The difference in horizontal stirring inside and outside the polar
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vortex forms a steep latitudinal tracer gradient at the edge of polar vortex as a barrier
to mixing between middle and high latitudes. Like the polar vortex mixing barrier,
the subtropical mixing barrier is formed at the edge of subtropic due to the surf zone
stirring and the upwelling of BDC in the tropics. These gradients are considered as
“transport barriers”. The subtropical barrier prevents exchange the air between tropics
and midlatitude, while the polar vortex barrier inhibits stirring of vortex air into the surf
zone. On the other hand, in the summer hemisphere, due to existence of westward flow,
the Rossby wave propagation is mainly blocked (Charney and Drazin, 1961), leading to a
silent summer. Therefore, the isopleths of tracer mixing ratio have small slopes from the
subtropical region to high latitudes. Although the subtropical mixing barrier is found in
the summer hemisphere, mechanism of its formation has not yet been understood well.
In fact, the transport barriers are not perfect. This is because it is found evidences of
transport of tropical air into the winter surf zone (Randel et al., 1993) and of vortex air

into middle latitudes (Plumb, 2007).

In the midlatitude UTLS, there is a small-scale two-way mixing caused by the
descend of BDC and tropospheric intrusions into stratosphere through the tropopause.
The tropopause is the transition layer between the troposphere and stratosphere (solid
line from north to south in Fig. 1.2). It is established at levels from 7 ~10 km in polar
latitudes and from 16 — 18 km in the tropical region. Its height is not fixed, but varies
with time and latitude. It had been indicated that the seasonal variation of tropical
tropopause is driven by extratropical pumping (Yulaeva et al., 1994). As a result, the
tropopause is higher in summer and lower in winter, implying seasonal variation of two-
way exchange between troposphere and stratosphere. The thermal tropopause is defined

as “the lowest level at the lapse rate decreases to 2 K km™!

or less, provided also the
average lapse rate between this level and all higher levels within 2 km does not exceed

2 K km~!” by the World Meteorological Organization (WMO) (World Meteorological
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Organization, 1995). The place in which the removal of tracers out of atmosphere is

known as sink region.
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Chapter 3

Estimation of the age spectrum

3.1 Introduction

As mentioned in Chapter 1, the BIER method which incorporates the effects of small-
scale mixing of air on transport is employed to explore the stratospheric transport field.
Moreover, since the mean age estimated from the BIER method is compared with that
estimated from observations by S18 and from the Lagrangian method in Ng21, the de-

scription of these methods is also stated in this Chapter.

3.2 Age spectrum and mean age of air

A mathematical formulation of the age spectrum was first presented by Hall and Plumb

(1994). The continuity equation for a passive and inert tracer’s mixing ratio x, which is
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conserved following the motion, is represented in the form:

ox
o TZ =0 (3.1)

where .Z is the linear differential transport operator. A boundary condition on a known
time-varying mixing ratio, x(€2,t'), which applied at a specific Q (e.g., the Earth’s sur-
face or tropical tropopause layer), is propagated into the stratosphere via the transport
operator G(r,t|Q2,t). The general solution at any stratospheric point = and time ¢ for
Eq. (3.1) is

x(r,t) = / X(Q, )G (r, t|Q, t)dt (3.2)

G(r,t|Q, 1), the Green’s function, propagates concentration at €2, past time ¢ when the
tracer had ended connection with € to the point 7 at field time of interest ¢, and thus it
is called the boundary propagator (Waugh and Hall, 2002). By introducing the transit

time 7 =t —t', Eq. (3.2) reduces to

x(r,t) = /000 X(Q,t —7)G(r t|Qt — 1) dr. (3.3)

Eq. (3.3) shows that G(r,t|Q,t — 7) dr is the mass fraction of air at (r,¢) that had last
been in contact with Q between 7 and 7+d7 ago. In other words, G(r, t|Q2, t —7) specifies
the distribution of transit times or the age spectrum (Hall and Plumb, 1994). In this
sense, t and t’ are called the field time and source time, respectively. By definition, the

mean age ' is estimated as the first moment of the age spectrum:

I'= / TG(r, t|Q,t — T)dT (3.4)
0

22



Chapter 3: Estimation of the age spectrum

The spectral width (spread) is often denoted by A defined as follows:

A- \/; /OOO<T DRG0t — T)dr (3.5)

3.3 Methodologies

3.3.1 Boundary impulse evolving response method

The age spectrum is a boundary propagator G(r,t|(2,t — 7) introduced in the form of a
Green’s function (Section 3.2). It could be estimated from the response x (7, t) by setting
the tracer mixing ratio at the source region as a “pulse” at transit time 7 = 7; (> 0),

i.e., by substituting the Dirac delta function 6(7 — ;) for x(2,t — 7) in Eq. (3.3):

x(r,t) = /OOO o(1 — 1)G(r, t|Qt — 1) dr

= G(r Ot — 7). (3.6)

Eq. (3.6) can be interpreted as a function of 7, (> 0) for a fixed (r,t), and x(r,?)
is referred to as the boundary impulse response (BIR) (Haine et al., 2008; Li et al.,
2012a). In practice, (7 — 7;) is approximated by the mixing ratio of an inert pulse tracer
X(Q,t — 7;) released at the source region ) at the source time ¢ — 7;. The principle of

this method is schematically illustrated in Fig. 3.1a.

This method was modified by implementing multiple pulse tracers with different
source time ¢t — 7; in a single transport calculation (BIER method) making it possible
to estimate the time-dependent age spectrum efficiently (Ploeger and Birner, 2016). In

each of our experiment, at each single source region, 62 one-month pulses are introduced
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Figure 3.1: Schematic illustration of the concept of the age spectrum at a location r
and time t calculated by (a) Boundary Impulse Evolving Response (BIER) and (b)
Lagrangian backward trajectory methods. Thick yellow lines show the the subtropical
mixing barriers. Hatched area shows the tropical tropopause layer (TTL). x(r,t) is the
mixing ratio at (r,t). x(Q,t — 7;) is the mixing ratio at the source region 2 (shaded
area) at the source time ¢t — 7;. Dashed arrows illustrate the propagation from the source
region to stratospheric air parcel by the boundary propagator G(r, t|€),t—7;) in the BIER
method. Solid wavy arrows are the trajectories in the Lagrangian method, in which the
count of transit time commences with the last passage through 355 K isentrope. The
inset represents the shape of the age spectrum at (r,¢). The location of CONTRAIL
observations used as the upper tropospheric reference record in the estimation from
observations is depicted in purple area. Figure is taken from Ng21.

as x(2,t — ;) (section 4.2), creating 62 BIRs. These BIRs will build a BIR map for a
point  with horizontal and vertical axes corresponding to the source time and field time,

respectively. The age spectrum at 7 is the horizontal cut of the BIR map backward in

source time at the field time ¢.

3.3.2 Lagrangian backward trajectory method

In the Lagrangian method, the age spectrum is estimated independently from the BIER
method. This method is conceptually much easier than the BIER method to estimate

the age spectrum at an any given point. By contrast, in order to obtain picture of global
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distribution of the age spectrum, the BIER is much easier and saves more storage and
more CPU time. In backward trajectory calculation, a huge number of air parcels is
initialized at particular times and height ranges wherein CUBE/Biak data was sampled
(see Table 3 in H18). Kinematic backward trajectories are calculated by tracking the
position of air parcels advected by the three-dimensional wind. Then, the age spectrum
is estimated by counting the transit time 7 during the advection along each kinematic
trajectory since the last passage through the top of the tropical troposphere (Triop)
(Fig. 3.1b). In Ng21’s analysis, Try,, was taken to be the 355 K isentropic surface
referring to the fact that the influence of tropical convective motion almost ceases at this
level and diabatic forcing gradually changes to radiative heating in and above the TTL
(Hasebe and Noguchi, 2016). Calculations were terminated when the trajectories reach

the bottom (ground surface) and the top (1 hPa pressure level) boundaries.

3.3.3 Estimation of observational age of air

The mole fractions of COy and SFg derived from the air samples taken from the CUBE /Biak
campaign over Indonesia are used to estimate the mean age of air. The overall uncer-
tainties of the observed mole fractions are 0.1 gmol mol~* for CO, and better than 0.09
pmol mol~! for SFg, leading to possible errors in the mean age of 0.3 to 0.4 years for
CO3 and 0.4 to 0.5 years for SFg. See S18 for the details of the preprocessing of collected
samples. For this estimation, the age spectrum, having been assumed to take the form

of the inverse-Gaussian distribution (Waugh and Hall, 2002),

[ T3 O(r — )’
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is sought to reproduce the observed mole fraction of the corresponding species by sweep-
ing the parameter I'. This function is known as the solution of the continuity equation
for linearly increasing tracers in a one-dimensional diffusive system (Hall and Plumb,
1994). While only one value (mole fraction) is known, the other parameter A is assumed
to be given by I' through the relationship A?/T" = 0.7 years. This value, called the ratio
of moments, is suggested by Hall and Plumb (1994) from the results of a stratospheric
GCM and is found to give the best overall agreement between SFg-derived and CO,-
derived mean ages in the northern mid- and high latitude stratosphere (Engel et al.,
2002). Then the mole fraction at time ¢, derived by substituting Eq. (3.7) together with

known tropospheric values x(t) into Eq. (3.3),

Xt T, A) = /000 Xo(t — 7)G(7; T, A) dr, (3.8)

is compared with observations, and the parameter I' that gives the best match to the
observation is adopted as the observational estimate of the mean age (S18). The tro-
pospheric reference was derived from direct measurements of air samples collected by
the Comprehensive Observation Network for TRace gases by AlrLiner (CONTRAIL)
program (Machida et al., 2008; Sawa et al., 2008; Matsueda et al., 2015) in the tropical
upper troposphere within the area 5° S — 5° N and 142° E — 150° E at an altitude of 10

— 13 km (purple area in Fig. 3.1).

3.4 Correction of age spectrum tail

The first moment of age spectrum strongly depends on its tail. However, as the transport
calculations cannot last for an infinite length of time, the integration must be truncated

at some finite length, which leads to underestimation of the mean age. To overcome
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this, a tail correction has been applied (e.g., Hall et al., 1999; Reithmeier et al., 2008;
Li et al., 2012a; Ploeger and Birner, 2016). The age spectrum tail partly has an expo-
nential decay after 3-5 years in the lower stratosphere (Ehhalt et al., 2004; Diallo et al.,
2012; Ploeger and Birner, 2016). Following Ploeger and Birner (2016), an exponential
function was fitted to each age spectrum derived from the transport calculations and the
obtained decay rate, £, is used to extrapolate the age spectrum after its truncation to
infinity. In this calculation, the decrease of the age spectrum is taken after 4th year at
everywhere. Due to different lengths of integrated period of each pulse release in this
study (section 4.2), the age spectra are truncated at different transit time thresholds,
7*. To compute &, only the age spectrum values at the transit times of consecutive years
after the first four years (4 years < 7 < 7* years) are used. The decay rate is estimated

at each grid point. The corrected age spectrum at (r,t) are calculated by:

G(r, t|Q,t—71) T<7*
G(r, t|Qt —71) = (3.9)

*
T—T

G(r,t|Q,t —1%)e ¢ T>7"

Then corrected mean age (I'corr) and the corrected width (Agoy) are respectively esti-

mated by

*

Toorr = / TG(r t|Qt — 7)dr + G(r, t|Q,t — 79)(T" + §) (3.10)
0

*

Azorr - ;(/ (T - Fcorr)QG(ra t|Q7t - T)dT
' (3.11)

+¢

(T* - Fcorr)2 + 26(7-* - FCOI‘I‘ + f) G(’l", t|Q,t — T*)>

This correction is also applied to the results from the Lagrangian method. Throughout

this study, [corr and Ao are presented.
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Chapter 4

Application of a general circulation
model to the diagnosis of

stratospheric transport field

4.1 ACTM description

The ACTM used in the present study is an online version and developed by the Cen-
ter for Climate System Research/National Institute for Environmental Studies/Frontier
Research Center for Global Change (CCSR/NIES/FRCGC) atmospheric general circu-
lation model (AGCM) (Numaguti et al., 1997; Patra et al., 2009). It is configured as in
Ishijima et al. (2010) to have 67 sigma (o) levels from the surface to a height of approx-
imately 90 km, with the horizontal resolution in T42 spectral truncation (equivalent to
~ 2.8° x 2.8° latitude-longitude gridpoints). The vertical resolution is 0.5 km inside the

TTL, and ~ 0.9 km in the main stratosphere. The cumulus convection parameterization
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scheme is the simplified Arakawa and Schubert scheme (Arakawa and Schubert, 1974;
Numaguti et al., 1997). The adjusted cloud mass flux is used to calculate the updraft
and downdraft due to cumulus convection. Gravity wave drag is calculated by a scheme
of McFarlane (1987). Influence of gravity wave on the stratospheric circulation in this
and newer version of ACTM was discussed in detail by Patra et al. (2018). For the
calculation of tracer transport, it applies a 4th order flux-form advection scheme using
a monotonic Piecewise Parabolic Method (PPM) (Colella and Woodward, 1984) and
a flux-form semi-Lagrangian scheme (Lin and Rood, 1996). The second-order vertical
eddy diffusion scheme of Mellor and Yamada with cloud effects (Mellor and Yamada,
1982; Numaguti et al., 1997) is applied for sub-grid-scale vertical fluxes of meridional
velocity, temperature and mixing ratios of tracers. This model has been used in studies
of the transport properties of chemical constituents such as SFg (Patra et al., 2009),
N,O (Ishijima et al., 2010) and in demonstrating the utility of a novel three-dimensional

transport formulation (Kinoshita et al., 2019).

4.2 Experiment design

In the present study, realistic runs are made by nudging the horizontal winds and temper-
ature towards those of the ERA-Interim with the relaxation time of 2.4 hours at 6-hour
time intervals from 1 January 2000 to 31 March 2015. Sea ice and sea-surface tempera-
ture (SST) fields are also supplied from the ERA-Interim at 6-hour time intervals. The
first five years (January 2000 to December 2004) are regarded as the spin-up period and
excluded in the following analysis. For the ozone field for radiative calculations, 6 hourly
full-resolution model level data up to 1 hPa from the ERA-Interim (Dragani, 2011), and

above 1 hPa from United Kingdom Universities’ Global Atmospheric Modelling Pro-
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gramme (UGAMP) ozone climatology (Li and Shine, 1999) are used.
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Figure 4.1: Schematic of the BIER simulations. Length of color arrows including red
and green shows the integrated time of tracers released in, for example, Januaries. Red
represents the source time (i.e., tracer released at the first month). Green represents the
integration time (no pulse release).

The estimation of the age spectrum following the BIER method (section 3.3.1)
requires many temporal pulses simulations at different source times at a specified source
region 2. In this study, two experiments are made. The first one is with  placed at
the tropical surface corresponding to in latitude band 15° S-15° N and in the lowest
level of model. Another one is with €2 placed at the TTL covering from 30° S-30° N
and 355 K—400 K. Both experiments, every single pulse tracer is released at €) by setting
their mixing ratio to a constant value (1 ppbv) for a month (pulse tracer). The releases
are made in odd-numbered months; i.e., January, March, May, July, September, and
November of each year throughout the simulation period (January 2005 to March 2015,

see Fig. 4.1), resulting in release of 62 distinct tracers for the tropical surface source
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and of another 62 distinct tracers for the TTL source. The instantaneous release from
a single source region and the chemically conservative properties of tracers help simplify
the diagnosis of the transport field simulated by the model. Output data are monthly

mean mixing ratio value.

One-hour averaged values of wind field simulated by ACTM nudged to the ERA-
Interim was used at one-hour intervals in calculating of the backward trajectory in Ng21.
Note that Ng21 showed that using the wind field from ACTM nudged to ERA-Interim
improved the values of mean age to be closer with observations in comparison with using
the winds from ERA-Interim. Fig. 9 in Ng21 showed the tropical upwelling speed in
ERA-Interim is faster than that in ACTM nudged to ERA-Interim, but is slower than
that ACTM free running. An animation in Supplementary in Ng21 provides imagines in

backward-in-time movement of air parcels in the stratosphere among these three cases.
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Chapter 5

Diagnosis of stratospheric transport

by pulse tracer experiments

5.1 Introduction

Since the variations in the zonal direction is quite small in the stratosphere, especially
in the tropics, in this Chapter we focus our analysis on zonal-mean field. Moreover, the
scope of this study concentrates in the aspects of stratospheric transport. Thus, the
spatial variations of tracer in the two source regions (the tropical surface and the TTL)

and at some levels in the troposphere are shown in Appendix.

5.2 Releases from the tropical surface

Considering the strong seasonality of the stratospheric circulation, we examine the zonal-

mean distribution and local rate of change of January (July)-released pulse tracers during
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February (August) and March (September) of the first year (i.e., next two months) and
February (August) and March (September) of the second year (i.e., 13th and 14th month
since release) to describe the stratospheric transport features in particular. The analyses
are made by taking average the tracers released on the same calendar month but in
different years from 2005 to 2013 (e. g., January 2005, January 2006, January 2007, and

so on).

Figure 5.1 (top panels) shows the latitude-height distributions of the simulated
pulse traces in February of the first year (i.e., the second month) on the left and March
of the first year (i.e., the third month) on the right panels since release, respectively,
and the tendency of the tracer field (ppbv month™!) estimated by the difference be-
tween February and March on the middle. The curves in white are the contours of
the TEM residual stream function, ¥, averaged for the same period 20052013 using
ERA-Interim analyses. During the second month from release (Fig. 5.1(a)), the tracer is
transported vertically to the upper troposphere and horizontally toward high latitudes
by the tropospheric Hadley circulation from the source region assigned from 15° S-15°
N in the lowest model level in January. Due to the deflection to the summer (Southern)
hemisphere of the ascending branch of the Hadley circulation, the tracers are primar-
ily trapped inside the winter (Northern) hemispheric Hadley cell. Some amount of the
tracer is transported to the TTL and the lower stratosphere (LS). In the third month of
tracer release (March), the intrusion of the ascending branch of the Hadley cell to the
Southern Hemisphere (SH) is narrowed toward the equator. Although a large amount
of the tracer is still confined to the tropospheric Hadley cell especially in the spring
(Northern) hemisphere, some portion of the tracer is pumped up to the TTL and LS in
this month (Fig. 5.1(c)). Stratospheric concentrations above the 400 K isentrope in the
subtropics and in the lowermost stratosphere at mid- and high latitudes are higher in

the winter hemisphere than in the summer hemisphere, suggesting a stronger circulation
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Figure 5.1: Monthly mean distributions of surface-released pulse tracer (ppbv) for (a)
the second month (February) and (c) the third month (March) from release, while (b),
(d), (e) and (f) respectively show the tendency of tracer mixing ratio during the two-
month period between (c¢) and (a), horizontal advection, vertical advection and remaining
terms (ppbv month™'). Black lines are the horizontal (d) and vertical tracer gradients
(e), respectively, in solid for positive and dashed for negative values. The contour interval
is 3 x 1078 ppbv m~! for horizontal and 3 x 1075 ppbv m~! for vertical gradient. Zero
lines are omitted. Grey lines are potential temperature (K). The dotted yellow line is
the tropopause position (WMO-defined). Area covered by the purple lines represents
the TTL. White curves (solid for positive and dashed for negative values) show the
Transformed Eulerian Mean (TEM) residual stream function (kg m~* s7!) estimated from
the ERA-Interim. The value of contours after 0 line is respectively 0.125"(n = 0, 32768).

(a) is taken from Ng21.
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towards the winter pole.

To understand the transport features responsible for redistributing the tracers,
the continuity equation for the pulse tracer is considered. The local rate of change of
the zonal mean tracer mixing ratio Y, is described by the zonally averaged continuity

equation expressed as follows in the TEM framework (Andrews et al., 1987, Eq. (9.4.13))

ox _ _ox _ox 1
XN X X . MeP- L 1
5 U@y waz+p0V + (5.1)

where (0%, w*) are the TEM residual velocities, the overbar indicates a zonal mean, M is

the TEM eddy flux vector, and P and L are the chemical sources and sinks, respectively.

Fig. 5.1(b) shows the local rate of change of the mixing ratio between February
and March (left-hand side of Eq. (5.1), while those in (d) and (e) show the contribution
from the first and the second terms, respectively, of the right-hand side of this equation.
Panel (f) shows the residual of all the other terms, corresponding to the sum of eddy
transport, unresolved small-scale mixing, and source/sink terms. We can see negative val-
ues in the tropical troposphere while positive values in the extratropical troposphere and
the LS. The tropospheric decrease shows a peak in the tropical lower troposphere. The
stratospheric increase is found in the lowermost stratosphere exhibiting some anisotropy
between the hemispheres. In the SH, the increase is found to the south of 30° S and
some intrusion to the troposphere along the isentropes ~ 300 K is noticeable. In the
NH, on the other hand, the increase is found in the tropics and subtropics above 400 K
isentropic surface in addition to that around 300 K north of 60° N. As for the decrease in
the tropical middle troposphere, the contribution from the residual terms (Fig. 5.1(c)),
probably coming from unresolved convective transport, plays a role. The increase in
midlatitude troposphere (Fig. 5.1(b)) is not well represented by quasi-isentropic eddy

mixing due possibly to the mixture of unresolved convective mixing into the resolved
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Figure 5.2: The same as Fig. 5.1 but for the distribution one year later. That is, tracer
distributions after (a) 14 and (c¢) 15 months from release and (b) monthly tendency
between the two months. Note that the color scale is different from Fig. 5.1. The
contour interval is 1 x 107® ppbv m™ for (d) and 1 x 107 ppbv m™! for (e). (a) is taken
from Ng21.

eddy mixing (Fig. 5.1(f)). In the TTL and the tropical LS, the increase is brought about
by the upward transport by mean circulation. The maximum in the lower-stratospheric

northern subtropics is achieved by the combination of the horizontal and vertical ad-

vection. On the other hand, the increase in the extratropical LS is a result of the eddy

transport.

As the tracer distribution is mostly confined below the lowermost stratosphere

during the first few months from the surface release, the tracer field has little sensitivity to
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the stratospheric circulation. To examine the transport features in the stratosphere, the
tracer distributions and the associated tendency one year after those shown in Fig. 5.1
are illustrated in Fig. 5.2. We can see the concentration of surface-released tracers
is deeply transported into the stratosphere (particularly in the tropics). A tropical
maximum at around 500 K isentrope (~ 50 hPa) indicates that a part of the tracers
that were widespread in the TTL one year earlier (Fig. 5.1) are pumped up into the
tropical stratosphere. At the same time, some tracers, having leaked from the tropical
pipe, are transported to the extratropics by quasi-isentropic mixing to create lower-
stratospheric maxima in mid- and high latitudes. The altitude and sharpness of the
maximum reflect the strength of the extratropical suction pump and permeability of the
subtropical mixing barrier. The lower-stratospheric maxima, taking a value of > 0.12
ppbv in the mid- and high latitudes, are found at higher isentropic levels in the Southern
Hemisphere, as a result of the seasonal and hemispheric anisotropy of both the shallow
and deep branches of the BDC. The tendency appears positive (negative) above (below)
~ 500 K isentrope except for Southern high latitudes, although the magnitude is small
(less than +0.02 ppmv month™!). Associated with the redistribution of tracers in one
year, the contribution of horizontal advection in the subtropical tropopause region and
the vertical advection in the tropical LS turns from positive (Fig. 5.1(b)) to negative
(Fig. 5.2(b)). The stratospheric increase takes maximum in the tropics of the SH due
partly to the vertical advection, whereas the wide-spread increase in the extratropics
is mainly driven by the horizontal transport from the tropics. The decrease in the
Southern high latitudes is brought about by poleward and downward advection. In the
extratropical LS, the contribution of the residual terms (probably eddy mixing) also
changes sign from positive to negative. The decrease is most pronounced along 355 K
isentrope in the Northern mid-latitudes probably reflecting the decreasing tendency in

the tropical upper troposphere.
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Figure 5.3: The same as Fig. 5.1 but for the tracers release in July. The second and the
third months are August and September, respectively.

In view of the strong seasonal variation in the TTL and the LS together with the
marked asymmetry in the wave-driving between the two hemispheres, it is important to
conduct similar analysis in Northern summer. Figures 5.3 is the same as Fig. 5.1 but for
the surface tracers released in July. Generally the distribution in the second (August)
and the third (September) month and the tendency in-between of the July-released
tracers (Fig. 5.3) are similar to those released in January if the latitude is reversed. The
tropospheric concentration tends to be smaller in the case of July release than in January
release due possibly to the larger tropospheric volume (higher tropopause indicated by
yellow dots in Figs. 5.3) in the southern high latitudes. Note that due to the unique

temperature profile in polar winter, with the minimum temperature location within
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the lower stratosphere, the thermal tropopause defined by WMO cannot be correctly
determined. The role of mean motion and the eddies (Fig. 5.3(f)) looks qualitatively

similar.

The stratospheric transport features are examined by looking at similar figures
at one year later (Fig. 5.4). As compared to the release in January, we can see in the case
of July release the shape of mixing ratio isopleths is analogous (if latitudes are turned
around), although the stratospheric concentrations are smaller and the transport speed
is slower. This will be understood by the hemispheric asymmetry in the strength of
the stratospheric wave-pumping in winter. There exists a difference in the contribution
of the horizontal advection, negative in the NH (Fig. 5.2(d)) while positive in the SH

(Fig. 5.4(d)), in the lowermost stratosphere of the winter hemisphere.

The descriptions mentioned above show faster propagations in the extratropics,
at least at the source times in January and July in comparison with those simulated in
Chemical Lagrangian Model of the Stratosphere (CLaMS), which is also nudged to ERA-
Interim and shares the same source region at the tropical surface (Ploeger and Birner,
2016). This is possible due to too fast meridional mixing in the ACTM (Patra et al.,

2018).

The transport features shown above are limited to those of tracers released in
January and July. To assess the time evolution of tracer fields, examples of the BIRs
are investigated. Fig. 5.5 shows simulated BIR maps over the equator, 50 hPa and at
80° N, 100 hPa created by 62 tracers released at the tropical surface from January 2005
to March 2015. At 50 hPa in the equator, tracer concentrations tend to be high during
the wintertime. In addition, there are intermittent higher peaks shown as orange and
red spots at (¢, t) = (March 2007, October 2007) and (November 2009, July 2010). In

these cases, the transit zone of the pulse tracers, that is, the tropical lower stratosphere
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Figure 5.4: The same as Fig. 5.2 but for the tracers release in July. The second and the
third months are August and September, respectively.

below 50 hPa, is mostly covered by easterly shear in the zonal wind (Fig. 5.6). This
means that the upward tracer transport driven by extratropical pumping is intensified by
the secondary circulation associated with the equatorial quasi-bienien oscillation (QBO)
(Plumb and Bell, 1982; Baldwin et al., 2001). Thus, as discussed by Ploeger and Birner
(2016), the higher peaks of the BIR map occur where the QBO facilitates seasonal
intensification of the wave-driven pumping from the northern midlatitude stratosphere.
By contrast, at 80° N, 100 hPa, the seasonal variation of BIRs is rather clear. The
high concentration is found in summer and early autumn in the NH associated to the
tracers released in winter-spring. The summer-released tracers show weak peaks due to

restraining of the polar vortex barrier in winter.
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Figure 5.5: BIR map over the equator at 50 hPa and at 80° N, 100 hPa

The inter-annual variation is examined through the temporal evolutions of
January- and July-released pulse tracers at some representative altitudes and latitudes.
For convenience, we denote the temporal evolutions of January- and July-released pulse
tracers as the January- and July-BIRs, respectively. Since the coverage of our transport
calculation is limited to ~ 10 years from January 2005 to March 2015, we show the
five-year time-series of tracers by taking the average of those released in January (red)

and July (blue) of 2005, 2006, 2007, 2008, and 2009. The values are scaled so that the

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
-lllan -
-30-25-20-15-10-5 0 5 10 15 20 25 30

Figure 5.6: A time-height section of mean zonal wind (m s™!) over the equator.
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BIRs express the probability distribution function (PDF) to be used in the mean age
estimation (Section. 3.3.1). Figure 5.7 shows the PDF over the equator (the average of
two BIRs at 1.4° N and S), 20.9° N, 46.0° N and 79.5° N at 100 hPa, 50 hPa and 10 hPa
pressure levels. The shading surrounding the thick lines are the five-year range between
the maxima and minima. In the tropics, the BIR-peaks appear earlier and higher for
the tracers released in January than in July on 100 hPa. However, this is not always the
case for the 50 and 10 hPa levels. Upon the passage of westerly (easterly) wind shear as-
sociated with the quasi-biennial oscillation (QBO) in the lower stratosphere below these
levels, the accompanying descending (ascending) motion will bring about later (earlier)
BIR peaks (see Ploeger and Birner (2016)). The BIR at 50 hPa over the equator reaches
a maximum several months after release. At 10 hPa, the transit time of about two years
necessary for the surface tracers to reach a maximum agrees well with that in Li et al.
(2012Db) (see their Fig. 1 (top)), although the decay time appears longer in the present
study. Sufficient mixing and recirculation occurs higher up at 10 hPa. Rapid isentropic
mixing explains part of the widening of the age spectrum, explaining contributions from
air parcels with large transit times due to back and forth recirculation between the trop-
ical pipe and the midlatitudes. The latitudinal variation of the BIRs on 50 hPa shows
a tendency for peaks to be later and smaller and the decay time to be longer at higher
latitudes. The seasonal dependency of our results at 20.9° N on 50 hPa agrees with
that at 20° N on the 420 K isentrope (~ 70 hPa) in Li et al. (2012a). That is, the
January-BIR shows an earlier and higher peak than the July-BIR. These results agree
with previous studies and are consistent with our current knowledge indicating that the
AGCM realistically time-interpolates the discrete ERA-Interim wind data and simulates

dynamical-physical processes of tracer transport reasonably well.

42



Chapter 5: Diagnosis of stratospheric transport by pulse tracer experiments

Equator 50hPa
1' 1 1 1 1 1 080 1 1 1 1
8 — 100hPa (@) —— Equator (b)
-- 50hPa e 209N
1.5 -— 10 hPa - \ — 460N
January 0.60 ,"\\ === 795N
12 4 i.% January
=3
a 09
2w
0.6
0.3 A
0.0
0 1 2 3 4 5 0 1 2 3 4 5
Transit time (years) Transit time (years)

Figure 5.7: Evolution of January (red) and July (blue) BIRs on (a) 100, 50, and 10
hPa over the equator and (b) 50 hPa at 20.9, 46.0 and 79.5° N. The thick lines are the
average of five BIRs for tracers released from 2005 to 2009, while the shading shows the
BIR range among the five releases. The unit is year~!. Figure is taken from Ng21.

5.3 Releases from the tropical tropopause layer

The transport calculations similar to those shown in the previous section are repeated
by setting the source region to the TTL. The results are shown in Fig. 5.8. During the
three months since the one-month tracer release in the source region (30° S — 30° N and
355 K — 400 K), the tracer is gradually transported upward in the tropics and poleward
and downward in the extratropics, and widely distributed in the LS of both hemispheres.
The subtropical maxima of tracer in the second month from release (Fig. 5.8(a)) suggests
a rapid transport by the shallow branch of the BDC. The transport by the residual
circulation brings about the lower-stratospheric increases more enhanced in the NH due

to poleward advection in the midlatitudes and upward motion in the tropics (Fig. 5.8(d,

f)).

In the TTL, while the general decrease follows the pulse-shaped release in

the source region, the enhanced decrease around its flanks (Fig. 5.8(b)) is attributable
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to the horizontal advection and the isentropic mixing between mid- and low latitudes

(Fig. 5.8(d, f)). The large decrease associated with the poleward motion (Fig. 5.8(d)) and
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Figure 5.8: Monthly mean distributions of pulse tracer (ppbv) released at the TTL for
(a) the second month (February) and (c) the third month (March) after January release,
while (b), (d), (e) and (f) respectively show the tendency of mixing ratio during the two-
month period between (c) and (a), horizontal advection, vertical advection and remaining
terms (ppbv month™!). Black lines are the horizontal (d) and vertical tracer gradients
(e), respectively, in solid for positive and dashed for negative values. The contour interval
is 3 x 1078 ppbv m~! for horizontal and 3 x 10~° ppbv m~! for vertical gradient. Zero
lines are omitted. The dotted yellow line is the tropopause position. Area covered by
the purple lines represents the TTL. White curves (solid for positive and dashed for
negative values) show the TEM residual stream function (kg m~' s7!) estimated from
the ERA-Interim. The value of contours after 0 line is respectively 0.125"(n = 0, 32768).

the large decrease (increase) associated with the upward (downward) motion (Fig. 5.8(e))
appear quite reasonable. However, the quasi-mirror image of the residual term (Fig. 5.8(f))

against vertical advection near the bottom of the TTL (355 K) is rather hard to under-
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stand. A possible interpretation may be that the eddy mixing tends to compensate for
the variations due to mean transport at the bottom of the TTL. As the tracer concen-
tration is available only on a monthly basis, however, further analysis is not attempted

here.
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Figure 5.9: The same as Fig. 5.8 but for the distribution after (a) 14 and (¢) 15 months
from January release and (b) monthly tendency between these two months. The color
scale is different from Fig. 5.8. The contour interval is 1 x 107 ppbv m~* for (d) and
1 x 107° ppbv m™! for (e).

The tropospheric variations are characterized by decreases along the descending
branch of the Hadley circulation and an increase in the remaining part of the troposphere
(Fig. 5.8(b)). The former is brought about by the transport by residual circulation. As

the descending branch of the Hadley cell is stronger in the winter (Northern) than in
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the summer hemisphere, more amount of the tracers descend in the NH than in the SH

troposphere.
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Figure 5.10: The same as Fig. 5.8 but for tracers released in July. The second and the
third months are August and September, respectively.

Mlustrations similar to those shown in Fig. 5.8 but those one year later are
shown in Fig. 5.9. The features of tracer distributions are qualitatively similar, but the
maximum concentrations are higher and located in higher altitudes in the case of TTL
release (Fig. 5.9) than in the surface release (Fig. 5.2). The distribution of the tendency
is slightly shifted upward in the case of TTL release. These features are expected if we

consider the difference in the distance from the source regions.

The seasonal asymmetry appears most clearly in the lower-stratospheric tracer
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distributions in winter. The tracer concentration in the polar lower stratosphere in winter

is much smaller in the case of July release (Fig. 5.10) than in January release (Fig. 5.8).

This is interpreted as the weaker eddy transport (panel (f) of Figs. 5.8 and 5.10) across

the mixing barrier of the polar vortex in the Southern than in the Northern hemisphere.
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Figure 5.11: The same as Fig. 5.9 but for tracers released in July. The second and the
third months are August and September, respectively.

After one year, the hemispheric asymmetry no longer exists and we can see the

tracer concentrations more abundant in the Southern (Fig. 5.11) than in the Northern

(Fig. 5.9) lower stratosphere in winter. It is interesting to see that the contribution of

downward transport (Fig. 5.11(e)) just outside the southern polar vortex is reversed due
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to the reversal of the vertical concentration gradient at around 70 hPa (Fig. 5.11) and
that it is mostly compensated by the effect of eddy transport (Fig. 5.11(f)). Unlikely the

releases at the surface, the releases at the T'TL show a much higher mixing ratio.

The time development of tracers released at the TTL is shown in Fig. 5.12. They
are partly alike to the surface release, except the transit time to the lower stratosphere
and tropical region is a few months shorter. Moreover, the bimodal shape of January
BIRs at 46° N and 50 hPa is unclear. At 79.5° N, 50 hPa this shape is found for both

January- and July-BIR.
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Figure 5.12: The same as Fig. 5.7 but for tracers released in the TTL.

5.4 Comparison between tropical surface- and TTL-
releases
It is readily expected that the stratospheric AoA, if defined by the elapsed time since

release, is older in the case of surface release than that of TTL release depending on

the finite length of time necessary for the surface air to reach TTL. However, there is
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no guarantee that the time lag appears uniformly in the whole stratosphere due to the
transport features both in the troposphere and the stratosphere. The following features
that appear as the difference in the distribution of pulse tracers described in the previous
sections are important for the purpose of studying the influence of source region setting
(either on the tropical surface or in the TTL) on the stratospheric AoA in the BIER
method. The descriptions are focused on the stratospheric features referring to those of

TTL-released tracers relative to the surface-released tracers.

The tendency of the stratospheric tracer concentrations during Northern spring
(February to March) is characterized by the increase in the lowermost stratosphere of
the Southern high latitudes and the Northern subtropics in the case of surface-released
tracers (Fig. 5.1(b)). These features appear almost the same in the TTL-released tracers
(Fig. 5.8(b)) except that the tendency in the tropical lowermost stratosphere is negative

due to simulation setting.

Transport features related to the difference in the tracer distributions having

been brought about by the source region setting are recapped as follows.

1. The stratospheric transport field in Northern spring (February to March):

o There found a rapid transport toward high-latitude lowermost stratosphere of
both hemispheres due to eddy mixing with the air in the upper troposphere
(Fig. 5.1(f)). During the early days since release from the surface, a part
of the increase in high-latitude stratosphere is brought about by a direct
quasi-isentropic mixing with mid- and high latitude troposphere, which is not

well-captured by the simulation by TTL-release.

o The tropical ascending motion spans widely between 30° N and S of the equa-

tor bounded by the subtropical mixing barrier.
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e The shallow branch of BDC transports lower-stratospheric air from the tropics
to the extratropics of both hemispheres in a way more effective to the Northern

(winter-spring) hemisphere.

o The summer polar stratosphere (south of 70° S as a whole) is characterized
by the decrease with an enhancement in the lower stratosphere due to the

downward transport by mean circulation.
2. The stratospheric transport field in Southern spring (August to September):

e The rapid poleward transport in the lowermost stratosphere of both hemi-

spheres appears also in Southern spring.

e The tropical ascending motion appears a little narrower in width but enhanced

in strength over the equator.

o The lower-stratospheric transport due to the shallow branch of BDC is more
intense in the Southern (winter) hemisphere. This hemispheric asymmetry
appears more pronounced in the difference field. After one year, the decreasing
tendency in the Northern lower stratosphere is smaller in the surface-released

tracer field (Fig. 5.4(b)) than in the TTL-released tracer field (Fig. 5.11(b)).

Generally, the stratospheric transport features are reasonably represented irre-
spective of the choice of the source region. However, the bottom of the high-latitude
stratosphere especially during the early days from release is differently sensitive to local
eddy mixing, either with the midlatitude lower troposphere (surface release) or with the

upper troposphere (TTL release).
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Chapter 6

Diagnosis of stratospheric transport

using the age of air

6.1 Introduction

In chapter 5, we showed the stratospheric transport features through the temporal and
spatial distribution of tracers released at the tropical surface and the TTL. Further, in
this chapter, before applying the BIER method in assessing the tropical mean age esti-
mated from CUBE/Biak CO, and SFg data, we investigate the stratospheric transport
features through the global distributions of age spectrum and mean age of air. Due to
its seasonal variation as well as its wide coverage in latitude and height, considering the
TTL as a single source region appears inappropriate. Thus, in this chapter, we only rep-
resent the age spectrum and mean age calculated from releases assigned at the tropical

surface.
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6.2 Global distribution of age spectrum and mean

age

Figure 6.1 shows the zonal distribution of January and July age spectrum, averaged
over 3 years (2012-2014), at 100 hPa, 50 hPa and 10 hPa in the stratosphere for the
tracers released at the tropical surface. Due to application of the extension of the age

spectrum tail, it allows to present the tails for 10-year transit times. At 100 hPa (~ 400
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Figure 6.1: Age spectrum (PDF) in January (left) and July (right) at 100 hPa, 50 hPa,
10 hPa estimated for tracers released at the tropical surface. The black line is I'c,,.
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K), the age spectra are quickly decreased in the tropics along with a clear and very
young peak in both January and July. As the modal age represents the time scale of the
most common pathway, the youngest modal ages around 1 — 2 months indicates that the
tracers released at the tropical surface are quickly transported to the top of the TTL.
These youngest modal ages are shifted toward the winter hemisphere, consistent with
faster upwelling of the BDC in this time. A slightly younger mean age in the Northern
winter than in the Southern winter is a result of the stronger upward motion of the BDC
in the Northern winter. In extratropics, particularly in the winter hemisphere, the age
spectra show long tails with weakly multiple peaks caused by the annual cycle of the
recirculation, the seasonality of mixing barriers and of the stratospheric shallow branch
consistent with previous studies (e.g., Reithmeier et al., 2008; Li et al., 2012a; Ploeger
and Birner, 2016). Young tropical air is mixed well into extratropical region by quasi-
isentropic motion (Fig. 5.2 and Fig. 5.4) in the summer. The mean age is older in the LS
NH winter than in the LS SH winter. It suggests a stronger quasi-horizontal transport in
the SH winter in comparison to the NH winter. The decrease of age spectrum becomes
slower with increase of latitude and altitude. At 50 hPa (~ 500 K) surface, effects of the
transport features on the age spectrum at 50 hPa are generally similar to those at 100
hPa. However, the multiple peaks appear not only in high latitudes, but also obviously
seen in the tropics. The width of modal age in the July age spectrum is significantly
narrower than that of January, leading to the tropical stratospheric mean age in July is
older than in January. They result from the seasonalities of not only the upward motion
of BCD, but also the QBO around 50 hPa — 30 hPa levels (Fig. 5.6). The interannual
variation of QBO also has an impact on the tropical age spectrum at 10 hPa. The
January age spectra at 10 hPa have annually repeating peaks at long transit time (~3,
4 years) caused by westerly QBO phase (Ploeger and Birner, 2016). At high latitudes,

the modal ages are found at transit time of 3, 4 and 5 years not only in the NH winter
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but also in the NH summer due to the descending motion along the deep branch of the
BDC. The old peaks in the NH summer suggest an important role of recirculation of the
extratropical old airs back to tropics during this season. Very similar features are found
for the July age spectrum (right-hand-side panels of Fig. 6.1). The age spectrum with
multi-peaks simulated by ACTM nudged toward ERA-Interim generally represents a
good agreement with that simulated by the CLaMS model with the same meteorological
field in Ploeger and Birner (2016), although the multi-peaks in the low latitudes are not

shown in Li et al. (2012a).
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Figure 6.2: Multi-year averaged age spectrum (month™!) at (top) 50 hPa over the equa-
tor, and at 100 hPa (middle) 79.5° N, and (bottom) 79.5° S in January (left) and July
(right). The solid black lines show the age spectra. The decay rate of the age spectrum
estimated by the least square fit between 4 to 7 years is used for tail correction applied
to the transit time longer than 4 years (red line). The vertical dot-dash lines show the
mean age with (red) and without (black) tail correction.
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Since the limitation of calculation storage, the tail of age spectrum is corrected.
The correction creates longer tails. Li et al. (2012b) showed that more than 50 % of the
mean age comes from the tail. As a result, the corrected mean age, I'corr, is older than
the original simulated age. Figure 6.2 shows the single age spectra over the equator and
79.5° N and S in the lower stratosphere for the case of tracers released in the tropical
surface. In January, ['.,; is several weeks older than the uncorrected mean age at 50
hPa over the equator and more than a half year older at 100 hPa at 79.5° N. In the high-
latitude stratosphere, both uncorrected and corrected mean ages are older in January
than in July. The spectral peak, which is independent of the tail correction, appears
later in January than in July, despite the earlier emergence of BIR peaks in January
than in July in the equatorial stratosphere at 50 hPa (Fig. 5.7). It is obvious that the
individual BIR and age spectrum of pulse tracer are totally different in unstable flow

(Haine et al., 2008).

Figure 6.3 represents the meridional distribution of mean age in January, March,
May, July, September and November corresponding to months of source time for tracers
released at the tropical surface. In the tropical troposphere where the source region is
setup, the mean age is youngest. The mean age at the source region is not zero because
air after leaving is recirculated and brought back old air. The rest of troposphere, the
mean age is a bit older than in the tropics due to quasi-horizontal mixing with old air
of stratosphere from midlatitudes. In the stratosphere, the distribution of mean age is
exactly following the structure of BDC. The mean age is young in the tropics in the
upwelling regime of BDC and becomes older with increasing latitude and altitude. It is
easy to see the signals of transport barriers, quasi-horizontal mixing in the wintertime
and early spring through sharp gradients and flattened isopleths in the midlatitudes.
They are clearer in the SH (e. g., July, September) than in the NH (e. g., January,

March). In the high-latitude upper stratosphere, the mean age is oldest. It indicates the
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importance of the deep branch of BDC on the transport.

Pressure (hPa) Pressure (hPa)

Pressure (hPa)

Figure 6.3: Zonal mean distribution of three-year averaged mean age in January, March,
May, July, September and November at the tropical surface release.

To further evaluate performance of the ACTM simulation, the seasonal mean
Iecorr estimated from the tracers released in the tropical surface is compared with that of
Ploeger and Birner (2016) since the simulation design, the method of tail correction, and
the use of ERA-Interim meteorological fields in this study mostly follow those of them.
Fig. 6.4 represents the latitude—height section of ', in winter and summer. The struc-
ture of distribution of mean age is exactly following the movement of Brewer-Dobson

circulation. That is, the age is young in tropics due to the upward flow of circulation.
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On the other hand, it becomes older when going towards higher latitude related to the
transport of deep branch. In comparison with Fig. 4 in Ploeger and Birner (2016), there is
good agreement in overall features including the seasonal asymmetry between the hemi-
spheres, strong latitudinal gradient associated with the subtropical mixing barriers, small
slope of contours in high-latitude LS in the summer hemisphere, and so on. However,
there are some quantitative differences at high latitudes. In the case of the December—
January-February (DJF) average, for example, the 4.5-year contour lies above the 650
K and 500 K surfaces at 90° S and 90° N, respectively, in Fig. 6.4, while it lies below 500
K and 450 K, respectively, in Ploeger and Birner (2016), indicating that the mean age
is younger by about 0.5 to 1.0 year in our ACTM. The younger age also appears in the
June—July—August (JJA) average over Antarctica. This tendency is recognized from the
AoA inter-comparison of global transport models; the ACTM nudged to Japanese 25-
year Reanalysis (JRA-25; Onogi et al., 2007) horizontal winds and temperature showed
the strongest convective mixing in the tropics and the youngest air at the high-altitude
poles amongst the models that participated in the comparison (Krol et al., 2018). Such
an overall underestimation of the mean age in mid-to-high latitudes is also consistent
with the description of fast horizontal transport of the ACTM in section 5.2. Despite
this issue and the availability of only 3 years (2012-2014) for estimating the multi-year
age spectra, the overall agreement is encouraging. In the following section, we employ
the BIER method with the source region at the tropical surface to estimate the mean age
in the equatorial lower stratosphere intending to interpret the observational estimates

given by the cryogenic air sampling.
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Figure 6.4: Zonal mean distribution of three-year averaged mean age in the Northern
Hemisphere winter (DJF) and summer (JJA) obtained by the BIR method. The potential
temperature (K) is taken as the vertical coordinate. Figure is taken from Ng21.

6.3 Application to the tropical stratosphere

The profiles of COy and SFg ages estimated from eight CUBE/Biak stratospheric air
samples are investigated by employing the BIER method in this section. These samples
were collected between 17.2 and 28.7 km on 22, 24, 26, and 28 February 2015 (S18).
In order to compare properly with the observation, the results estimated from BIER
method shown in the rest of this study are interpolated with longitude, latitude and
altitude from the nearest neighbors to sampled locations at Biak (1.167° S, 136.1° E). The
results are also used to compare to those from Lagrangian backward trajectory method
in Ng21. Both the BIER and Lagrangian methods take account of the interannual as
well as annual variations of meteorological field, making it possible to compare with the
results from CUBE/Biak field campaign, although possible deviations of March 2015 from
climatological March cannot be ruled out. Content of this section is mostly reproduced

from main results in Ng21.
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6.3.1 Mean age from BIER method

The age spectra corresponding to CUBE/Biak cryogenic air samples are shown in Fig. 6.5a

for the BIER method. A unimodal distribution (about 0.3 years) and a rapid decrease
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Figure 6.5: Age spectra estimated by the (a) BIER method and (b) Lagrangian method
(taken from Ng21) corresponding to the altitudes of eight cryogenic air samples acquired
during CUBE/Biak 2015. The temporal resolution is two months in both panels. Figure
is taken from Ng21.

(after ~ 1 year) can be observed at some levels above the top of the TTL. Multimodal
distributions with a long tail, caused by combination of annual cycle in upwelling and
horizontal mixing between the extratropics and tropics, are found above 24 km. As com-
pared to the trajectory age spectra (Fig. 6.5b), we can see that the BIER age spectra
show lower peaks with wider band width accompanied by more slowly decaying spectral
tail. The long spectral tail considerably affects the magnitude of the mean age (Schoe-
berl et al., 2005; Li et al., 2012b). The corrected age spectra are used to estimate not
only I'copr, but also the spread of the transit times (A) (Hall and Plumb, 1994; Waugh

and Hall, 2002). Calculations are extended to other latitudes and heights Figure 6.6 rep-
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resents the meridional section of I'.,,, in March 2015. The deformation of the contours
at 3.0, 3.5, and 4.0 years showing wavy structures in the tropics are due to the down-
ward motion associated with the westerly shear of the QBO. The capability to estimate
non-stationary age spectra for complete three-dimensional transport, including mixing,

is one of the advantages of the BIER method (Ploeger and Birner, 2016). These values
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Figure 6.6: Latitude-height section of the mean age in March 2015 estimated by the
BIER method using tracers released from January 2005 to March 2015 at the tropical
surface (15° S-15° N). The age correction is applied using the transit time from the 4th
to 10th years. The 355 K and 400 K isentropes are shown as white lines bounded between
30° N and S indicating the location of Try,, and the top of the TTL, respectively. Figure
is taken from Ng21.

of I'corr are derived by taking €2 at the tropical surface. In contrast, the observational
estimates of the mean age by S18 refer to the tracer concentrations in the tropical up-
per troposphere. Therefore, it is necessary to address the difference in the definition of
the reference time from which age counting is started before making direct comparison
between the two. As is evident from Chapter 5, the excursion of the tropospheric air to
the stratosphere depends on tropospheric transport features, including isentropic mixing

with the air in the extratropical LS, and thus the mean age counted from the tropical
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surface is not always a sum of the tropospheric residence time and the mean age counted
from the TTL. Unfortunately, the BIER calculations assigning 2 to the TTL are con-
fronted with an alternative difficulty due to its large area. In the present analysis, we
use the adjusted mean age defined by subtracting the transit time at Try,, from I'co,, for
the comparison with the observational estimates. The mean transit time at the level of
Tryop averaged in the latitude range between 30° N and S is 0.70 £ 0.05 years (mean =+
standard deviation). Then, the adjusted mean age (= I'corr — 0.70 years) is regarded as

the stratospheric mean age estimated from the BIER method for the remainder of this

paper.

6.3.2 Assessment of mean age profiles

The mean age profiles derived by the BIER method are compared against those estimated
by Lagrangian method given by Ng21 and by using observed COy and SFg mole fractions
given by S18. To avoid confusion, the adjusted mean age estimated by the BIER method
(Teorr — 0.70 years) is denoted by I'y;; the mean age obtained by trajectory calculations
(no adjustment after tail correction) is expressed by I'y;; the observational estimates of
the mean age from CO5 and SFg samples are written as ['cops and 'sops, respectively. It
is noticed that unlike the correction of tail in the BIER method (Section 6.2), the tail
correction applied to the Lagrangian age spectra has little effect on the mean age. Ng21
showed that in the case of Sample 8, for example, ['c,,; is found to be 2.16 years, which
is only 0.05 years longer than the uncorrected I' (2.11 years). For the other air samples,
the tail correction is smaller than that of Sample 8. Given that the meteorological fields
are the same, we could expect that the differences have come from the nature of the
trajectory calculations that rely on a finite number of infinitesimal air parcels without

taking irreversible mixing into account.
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The vertical distributions of mean age are illustrated in Fig. 6.7a, comparing
I'yir (green triangles) and I'y,; (black crosses) with I'cops (blue circles) and I'sops (magenta
squares). In general, I'y;, tends to be older than I'y, but they are in good agreement
below 26 km; I'y;, is only 0.2 years older than I'y; from 18 km to 26 km. This is quite
interesting in view of the different appearance of the age spectra (Fig. 6.5), providing an
example wherein varieties of age spectra are possible for a single value of mean age, as
is demonstrated in Fig. 3 of Waugh and Hall (2002), because the entire spectral shape
cannot be specified solely by the first moment (mean value). In particular, the difference
between I'y;, and Iy, is 0.4 years or less, which roughly corresponds to that of each modal
age. It implies that the contribution of the spectral tail is not crucial to mean age in
the tropical lowermost stratosphere. Above 26 km, however, I'y; is ~ 1.2 years older
than I'y,;. For these altitudes, the modal ages are found at around 2.4 years in the BIER
spectra, whereas the highest peak is maintained to the left-hand-side (~ 1.4 years) of
the bimodal structure in the Lagrangian age spectra. Such a qualitative contrast may
have resulted in the large difference in the mean ages. Figure 6.7a shows that ['cgps 18
reasonably well reproduced by I'y. That is, both I'cons and I'yy increase gradually up
to 25 km and stay nearly constant above it. In contrast, ', continues to grow up to
29 km, deviating from ['cgps at 28 and 29 km. I'gops also increases almost linearly up to
24 km as in I'gops. The reason why I'gops and I'seps appear almost constant over a large
area between 25 and 29 km will be understood as follows: under the recognition that the
profiles of ['cops and I'seps reflect those of COy and SFg concentrations (Fig. 6.8) in the
manner wherein the aged (young) air roughly corresponds to low (high) mole fractions.
The termination of aging above 25 km is interpreted as the effect of the transport of aged
air down to 25 km associated with the secondary circulation of the QBO. The equatorial
zonal wind during the sampling period showed a strong westerly shear accompanied by

distinct warm anomalies (Fig. 5 of H18), implying a descending motion in the altitudes
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Figure 6.7: Comparison of the vertical profiles of (a) mean age (I') and (b) ratio of
moments (A?/T") estimated by the BIER method (I'y; green), back trajectories (I'iy;
black), and cryogenic samples of COy (I'cops; blue) and SFg (I'sops; magenta). I'cops and
[sobs, taken from S18; are obtained by assuming the ratio of moments A?/T" to be 0.7
years at all altitudes. Horizontal bars correspond to the uncertainties associated with the
laboratory analysis to derive CO, and SFg concentrations. Figure is taken from Ng21.

between 25 and 28 km. The downward motion was so strong as to make the age spectra
at the altitudes of 27 and 29 km almost identical (Fig. 6.5), and displaced the 3.5-year
BIER-age contour downward over the equator leading to a wavy structure illustrated on

the meridional plane (Fig. 6.6).

6.3.3 Discussion

In the present study, the BIER method has been applied to investigate observationally
estimated mean ages in the tropical stratosphere. In some studies, atmospheric transport
models are used to conduct clock tracer experiments, in which an inert tracer is released
from a region in concentrations linearly increasing with time. In these experiments, the

mean age at a location r is directly obtained as the time lag between the occurrences of
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Figure 6.8: Vertical profiles of mole fractions of (a) COs (ppm) and (b) SFg (ppt) from
air samples (S18).

a particular mixing ratio at r and the source region 2. Usually, €2 is taken at the ground
surface implying that the mean age is defined as the transit time taken all the way from
the surface to . However, the problem is that there arise inevitable ambiguities wherein
the mean age depends on the setting of €) through the tropospheric transport properties
(e.g., Krol et al., 2018). The situation is the same in the BIER method employed here.
As is mentioned in section 6.3.1, we have taken the simplest way wherein 'y, is adjusted
by subtracting the mean transit time at Try,, from the estimated mean age to attain
correspondence to the observational estimates. Although our transport experiment did
not have such an idealized tracer, we have results from a clock-tracer experiment which
was conducted with the same experimental conditions as the present study except for
the assignment of €2 having been the six lowest layers over the whole globe. Although
it is not suitable for making a strict comparison, the estimated mean age (Fig. 6.9)
appears slightly younger than that from the BIER method in the troposphere and the
extratropical lower stratosphere, probably due to the extended latitudinal coverage of
the source region. The mean transit time at the level of Try,, between 30° N and S

is 0.08 4+ 0.05 years, which is much shorter than 0.70 + 0.05 years in the BIER method
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Clock Mean Age, March 2015
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Figure 6.9: Meridional mean age from the model’s clock tracer in March 2015 with the
source region covering the six lowest layers over the global surface.

(Section 6.3.1). If this difference is taken into account, the mean age of air corresponding
to the CUBE/Biak samples agrees reasonably well at all the levels between the two

methods.

The assessment of observationally estimated CO,; and SFg mean ages using
the BIER method (Section 6.3.2) together with the Lagrangian method given by Ng21
reveals some interesting features. The difference between I'y;, and I'y;j can be understood
by the following two factors. One is related to the tail of the age spectrum. It is because
the mean age is considerably dependent on the age spectrum tail. In both BIER and
Lagrangian methods, the tail is considered as the part of the age spectrum having the
transit time longer than 4 years. We found that above 25 km, the contribution of tails
to the mean age is about 50-60 % in the BIER method including more than 10 % come
from the tail correction (Table 6.1). As discussed in section 6.3.2, the tail correction
is not critically important in dealing with the tropical stratosphere with 10-year back

trajectories. Due to the strong peaks and short tails of the age spectra, the contribution
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of tail to the mean age in Lagrangian method is smaller than 30 %. The tail contribution

Table 6.1: Contributions of the tail and tail correction to the BIER mean age.

Height (km) 172 185 208 220 239 252 274  28.7

Tail (%) 14.5 20.7 301 343 41.1 480 587  60.1

Tail correction (%) 2.5 4.0 6.1 7.0 8.6 104 136 14.1

to the BIER mean age in this study is consistent with the calculations from Li et al.
(2012b). The contrast between two methods suggests that the entrainment of “ancient”
air, incorporated in the BIER method through diffusion and mixing but not considered
in the trajectory calculations, makes I',; systematically older than I'. The second
factor is related to the termination of the trajectory calculations upon arrival at the
model top. In the BIER method, the transport calculations extend from the surface to
approximately 90 km, while the trajectory calculations are restricted to the region below
1 hPa (~ 50 km). Ng21 indicated that about 3 % of released parcels (252 out of 8559)
in the case of Sample 8 (their Fig. 6a) have reached the top boundary without crossing
Tryop during the 10-year backward calculation, with the mean transit time of ~ 3.9
years along the back trajectories. These parcels descended from the mesosphere (above
1 hPa) to the high-latitude stratosphere along the deep branch of the BDC, rapidly
migrated to the tropics by quasi-isentropic motion, and then reached the tropical middle
stratosphere following slow diabatic ascent. It suggests that the mean transit time of such
parcels since the last passage through Try,, will be at least several years, which is much
greater than I'y; (derived without taking these parcels into account), I'cobs and I'sobs.
Therefore, the omission of these parcels in mean-age estimation must have brought about
underestimation in I'y; relative to I'y; to some degree even if their relative population

is only 3 %. It is also responsible for making I'y,; younger than I'cops and I'sons above 25
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km. It means that the absence of mesospheric air parcels in the Lagrangian calculations
leads to the younger mean age (Fig. 6.7) as compared with the observational values. The
difference between I'y,; and I'so,s becomes even larger due to the perceived overestimation
of T'seps arising from the mesospheric loss of SFg (Andrews et al., 2001a; Reddmann
et al., 2001; Waugh and Hall, 2002; Stiller et al., 2012; Ray et al., 2017, S18). That is,
the downward transport of SFg-depleted mesospheric air is misinterpreted in I'syps as the
persistence of the aged air that entered the stratosphere when the tropospheric SFg mole

fraction was low.

For the estimation of I'ceps, the constraint on the ratio of moments (A%/T" = 0.7
years; Section 3.3.3) could be crucial in the tropical lower stratosphere where the seasonal
variation of the tropospheric CO, has not yet decayed appreciably. The ratio of moments
was re-examined by Hauck et al. (2019) in their recent study of the method for deriving
age spectra. They determined a value of 2.0 years for the annual mean value in the
whole lower stratosphere. Our results from the BIER method as well as those from the
trajectory method (see Fig. 6.7b) suggest that it is an increasing function of altitude
below 25 km, and that the values estimated by the Lagrangian method are significantly
smaller than 0.7 years, although those obtained by the BIER method are larger than
0.7 years. A series of I'gos calculations is conducted independently to each level as
sensitivity tests by sweeping it covering the range obtained from the BIER and trajectory
methods. Fortunately, I'cops stayed within the observational uncertainties when the ratio
of moments was changed in the range from 0.05 to 2.00 years (Ng21), and there is no need
to revise the former estimates in S18. It was noticed that I'cops becomes a multi-valued
function of COy mole fraction at some specific altitude and time due to the propagation
of the seasonal cycle of COy. Such an occurrence is not unusual in the tropical lower
stratosphere, where the tropospheric seasonal cycle is not yet dumped fully. In the case

of the CUBE/Biak samples, for example, the CO5 mole fraction of ~ 397.9 ppm at 18.5
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km in February 2015 falls into this singularity, if the ratio of moments is as small as
0.05 years. In such cases, I'gops cannot be uniquely determined from the observed COq
mole fraction, emphasizing the importance of the use of realistic values of the ratio of
moments in the age estimation from CO,. The importance of this ratio is also evident
from a different perspective, which is the long-term trend of the mean age. The slope of
0.15 £ 0.18 years decade™ (Engel et al., 2017) updated from 0.24 4+ 0.22 years decade™*
(Engel et al., 2009), in the Northern midlatitude stratosphere is further reduced to 0.07

! when the the ratio of moments is 1.25 years (Fritsch et al., 2020). In

years decade™
addition to the ratio of moments, the assumption of age spectrum shape as an inverse-
Gaussian distribution can also contribute errors to observational mean age estimation
above 25 km. That is because this assumed age spectrum represents a smooth shape at
all locations, which contradicts the multi-peaks age spectra in both BIER and Lagrangian
method above 25 km (Fig.6.5). Thus, the age estimation based on the measurements of
trace gases should be made carefully considering the reality of the parameters assumed
in the analysis. Current research effort appears to be directed to the development of new
methods to estimate age spectrum without assuming its shape. Podglajen and Ploeger
(2019) and Hauck et al. (2019, 2020) introduced inverse methods to retrieve age spectrum
by taking the advantages of different transit-time dependencies of multiple age tracers.
Though the applicabilities of these methods to observed air samples still await further

investigation, the future direction will be the application of multiple tracers to better

constrain the stratospheric transport features including the mean age.
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Conclusions

In this study, the Boundary Impulse Evolving Response (BIER) method with the aid of
an Atmospheric general circulation model-based Chemistry Transport Model (ACTM),
nudged to the ERA-Interim temperature and horizontal winds fields, is used to describe
the stratospheric transport features through the interpretation of pulse tracer distribu-
tion having the TTL and tropical surface source regions. Moreover, the BIER method is
applied to assess the mean age profiles estimated from the CO5 and SFg mole fractions
observed during the newest CUBE/Biak field campaign over Indonesia. The profile of
BIER mean age are also compared with those estimated by the Lagrangian backward tra-
jectory calculations in a three-dimensional wind field of ACTM nudged to ERA-Interim in
Ng21. The mean age estimation from observations is dependent upon the long-term air-
craft observations as reference and the hypothesized age spectrum as an inverse-Gaussian
distribution. In contrast, the BIER method and Lagrangian method have their advan-
tages including straightforwardness in obtaining the age spectrum and independent from
measurements. However, unlike the BIER method, the Lagragian method does not factor

unresolved mixing and diffusion into the age spectra calculations. The new discoveries
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are summarized below.

Concerning the stratospheric transport features, the evolution and distribution
of pulse tracers simulated in ACTM show that all transport features, including unre-
solved diffusive processes, are reasonably well described regardless of the difference of
source regions. That is, with both the tropical surface and the TTL, the air is vertically
transported by the stratospheric circulation once they enter the tropical lower strato-
sphere. Then, they are rapidly transported toward high-latitude lowermost stratosphere
of both hemispheres due to the eddy mixing around the tropopause and quasi-horizontal
transport in the stratosphere. The mixing ratio isopleth patterns tend to be flattened by
quasi-horizontal transport and mixing in midlatitudes, especially in winter hemisphere.
The tracers released in boreal winter have higher probability to reach high latitudes in

comparison with those released in boreal summer.

As for the application of results from the BIER method in assessing the re-
producibility of the mean age profiles estimated from the CO5 and SFg mole fractions
observed during the CUBE/Biak field campaign, the profiles of COs and SFg mean ages
are reproduced reasonably well by both BIER and backward trajectory methods, but
the agreement is limited to below 25 km. Above 25 km, the SFg mean age is generally
reproduced well by the BIER method, but is much older than that from Lagrangian esti-
mation. This aging is consistent with the notion that the SFg mean age is overestimated
due to mixing with SF¢-depleted mesospheric air, whereas the air parcels of mesospheric

origin are missing in the Lagrangian age estimation.

This study confirms that the BIER method is capable of capturing all transport
features including unresolved diffusive processes which impact the tracer distribution
in the stratosphere. The age estimation by this method through assigning the source

region to the TTL is not very appropriate due to its wide coverage in latitude and
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height. This study also reassures the difficulty in estimating the mean age from tracer
observations. The age spectra estimated from our analysis do not support the widely
used assumption that the ratio of moments is constant at a value of 0.7 years at all
altitudes. Observations of multiple trace gases and other variables independent of mean
age, such as the gravitational separation (Ishidoya et al., 2013; Belikov et al., 2019;

Sugawara et al., 2018), will be useful to constrain the stratospheric transport features.
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Appendix: Spatial variation of

tracer mixing ratio

Longitude-latitude distribution of tracer released in January and July at the tropical
surface in the troposphere is shown in Figure. A.1 and Figure A.2, respectively. In the
first month of simulation, i.e., the month that release is made, the tracer released at
the tropical surface source region generally stays inside the latitude band 15° S — 15° N
at 1000 hPa (top panel of Figs. A.1 and A.2). At the same time, convective activities
transported the tracers upward into the middle troposphere. High concentration is ob-
served in the Western Pacific region in both January and July releases. The meridional
transport of tracers is quite slow at 300 hPa. At the first month, concentration of Jan-
uary tracer transported to 100 hPa is more and covers a wider region (bottom panel of
Fig. A.1) than July tracer (bottom panel of Fig. A.2). However, the width of zonally
distributed tracers in the upper troposphere in both January and July is still narrow.
This is consistent with the notion in Chapter 5 concerning the tracer distribution a few

months from release.

72



Appendix

Figures A.3 and A.4 show the spatial distribution of tracer released at the TTL
in January and July 2005, respectively, for the first month of simulation. It is clearly
seen that the tracers release in the TTL show relatively fast poleward transport from
the source region once pulse tracers were released, suggesting a significant role of the low
branches of the BDC in the lower /lowermost stratospheric transport. At the same time,
January tracer is transported downward from the poleward edge of the TTL to 300 hPa
level along the isentropic intrusion associated with the subtropical jet at around 30° N.
By contrast, July tracer is brought down into the troposphere only around Tibet area
from the TTL. The strong spread of mixing ratio from the TTL toward the North pole
of both tracers and downward the NH troposphere at the subtropical region in winter of
January tracer (Fig. A.3) imply that release of tracer at the TTL is somewhat sensitive
to quasi-horizontal mixing in the upper troposphere and lower stratosphere region in

comparison with the release at the ground.
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Mixing ratio of tracer released at tropical surface
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Figure A.1: Longitude-latitude section of mixing ratio of Jan2005-released tracer at the
first month of simulation. Top, middle and bottom panels are the distributions at 1000
hPa, 300 hPa and 100 hPa, respectively. The source region is at the tropical surface. ¢
and t’ are field time and source time in the BIER method.
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Figure A.2:
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The same as Fig.A.1 but for tracer released in July 2005.
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Mixing ratio of tracer released at TTL
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Figure A.3: Longitude-latitude section of mixing ratio of Jan2005-released tracer at the
first month of simulation. Top and bottom panels are the distributions at the TTL
(averaged from 355 - 400 K), middle troposphere (300 hPa), respectively. The source
region is at the tropical tropopause layer.
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Mixing ratio of tracer released at TTL
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Figure A.4: The same as Fig.A.3 but for tracer released in July 2005.
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