Reviewer (Comments):
Review of "Seasonal characteristics of chemical andynamical transports into the ex-
tratropical upper troposphere/lower stratosphere” EXUTLS) by Yoichi Inai et al.

Recommendation:Publication after major revision

The paper is very well organised and written. Tdypd discussed in this paper, transport into
the EXUTLS, is in general of high relevance. Ouuaklimitations in simulating water va-
pour transport in this complex region introducegéamuncertainties in the Earth radiation
budget (see Riese et al., 2012). Trajectory armlpstombination with observations could be
and have been used in many cases to improve owl&dge on tracer transport and distribu-
tion in the UTLS, e.g. for H20: Fueglistaler et @004, 2005a, 2005b), e.g. for CO angDiH
Hoor et al. (2010), e.g. for STE (stratospheredsphere exchange) and:kerlag et al.
(2014), e.g. for C@and AoA: Diallo et al. (2012, 2017). This manupttiere falls a bit short
of explaining what the novel aspect of the presemethod really is and how the presented
results augment our actual knowledge on the sehsbagacteristics of transport in and into
the EXUTLS, e.g. in comparison to the early stuthgAppenzeller et al. (1996) and Ray et
al. (1999) or to the many studies summarised inBXIdTLS review paper by Gettlemann et
al. (2011).

The paper should be submitted after addressingdimments below.

General comments:

First of all, 1 don't fully understand the title {d/or the scope) of this paper. What is the
meaning of chemical and dynamical transport? Isnit& transport a synonym for transport
of chemical active tracers f8, CH: and CO)? Should dynamical transport describe the
transport of passive tracers (SEQ and AoA)? Pure Lagrangian transport (here backward
trajectories) differs from (both) tracer transpoifteere is no mixing and no chemistry includ-
ed along the individual transport pathways.

The latter is definitively a problem for CO, becaubke chemical decay along the 90-days
backward trajectories cannot be neglected. F& Bind CH the chemical decay is not that
significant, because only a few of the initialisegjectories will travel through the sink re-
gions of both tracers higher up in the stratospdereng the 90-days. However, the unknown
(non-observed) time series of the high-latitudatespheric background (k=1) and the tropi-
cal and extratropical UTLS background (k=5) comatis for all tracers (not only for the
chemical active tracers,® and CH) still remain the major problem for the reconstiae of

the observed tracer distributions by CONTRAIL usogy 90-days backward trajectories.
The reconstruction in the chosen setup could natdsel for quantitative studies of neither
ERA-Interim (or other reanalysis data sets) nortthasport processes in the EXUTLS, be-
cause the trajectories itself are needed to défiedoundary conditions for the original time
seriesX®orc_in the high-latitude stratosphere (k=1) and the.8Tk=5) which are again the
prerequisite to reconstruct the observed mixingpsain the EXUTLS derived from CON-
TRAIL. This is a circular reference between thgetrory analysis and the CONTRAIL ob-
servations in the ExXUTLS, whereby the non-obserfederse reconstructed) original time
series for k=1 and 5 could be seen as a kind efgegameters to tune the system or in other
words to close the budget for the individual tracer



The main problem, why this paper could, to my pahtiew, not add to the actual state of

knowledge, although it has the potential, is tintition of the backward trajectories to 90

days. The consequence of this limitation is theutar reference explained above (the authors
call this an inversion technique) that has to leduced to reconstruct the original time se-

ries of the tracer mixing ratios in the stratosphewverworld (k=1) and in the UTLS (k=5).

The authors claim that the mixing fractions derivein the coarser resolution ERA-Interim
data (1.5x1.5, 37 levels) are the same as foritiee fesolution ERA-Interim data (0.75x0.75,
60 levels). If this is the case, why not using 1@eyear instead of the 90-days backward tra-
jectories? This would at least solve the problemeimonstruct the non-observed boundary
conditions for the trajectories residing in the BX$ (k=5) during the 90 days and also par-
tially for the trajectories originating from theatospheric overworld (k=5). The latter is un-
fortunately only true for the passive tracersg 8&d CQ respectively. Both tracers could be
reconstructed by combining their original troposphéme series (k=2,3,4) and the 10-years
trajectories all starting in the target region leiststudy — the EXUTLS — and ending in the
troposphere (e.g. Diallo et al., 2017), beside allsresiduum of trajectories that remains in
the stratosphere and that has to be charactessed(g. Ploeger et al, 2016).

The strong point of this study here is to my opmibe combination of backward trajectories
driven by a state-of-the-art reanalysis data s&A{nterim) with simultaneous measure-
ments in the EXUTLS of five tracers with differaaftaracteristics in their lifetimes and tropo-
spheric time series. My recommendation would beeyparate the analysis on transport and
chemical processes. In the first step, one coullthe 10-years backward trajectories (if
manageable, it would be better using the high msol ERA-Interim data) together with the
passive tracers Gand Sk (the latter is literally the same as AoA in thellF) to evaluate
the mixing fractions and transport timescales afifrom the ERA-Interim driven backward
trajectories by reconstructing the CONTRAIL obséioras of both passive tracers. This is al-
ready a valuable extension to the method shownibldet al. (2017), because the additional
simoultaneous SFobservations are a second independent constaaithé evaluation due to
the different (linearly independent) tropospheiricet series compared to GO

In the next step, one could exploit the additian&rmation from the simultaneously meas-
ured chemical active tracers. Given the transpapegrties (mixing fraction, air mass origin
and timescale) that has been quantified and ewluiat the first step, the chemical decay
along the transport pathways from the troposptrgin into the EXUTLS could be analysed
with the simultaneous measurements of the cheraitale tracers CO, CHand NO. The
difference between the reconstructed passive CQ,a0H NO tracers without chemistry and
observed values including chemical decay shoutthalb assign a photochemical loss for air
parcels along an “average pathway” with the sam@ Agee Schoeberl et al., 2000). This
“average pathway” could be defined by a bulk ofeirtories, e.g. by the trajectories in a giv-
en equivalent latitude-potential temperature binef& might be many more and better ap-
proaches to derive quantitative information on ttleemical decay along the transport
pathways, but the huge advantage in general ofjusackward trajectories together with si-
moultaneous measured passive and chemical actizersr would be that one could disentan-
gle dynamical and chemical effects on the obsetkeszer distribution in a unique way. An
urgent question that has to be answered to underskee processes driving and driven by
climate change in this complex and important regibthe atmosphere.

If the authors decide to stay with 90-days backweajctory setup then the limitations of the
90-days backward trajectories and the sensitiviityhe results due to these limitations have to
be discussed in much more detail — see also thEfispgomments below.



Specific comments:

P.1, L.26: ".., especially in the Arctic climate.
Please cite references for this statement or ditlete

P.1, L.27: “.. via stratospheric residual circulation (Brewerdsmn circulation, BDC,;
Brewer, 1949; Dobson, 1958).

The stratospheric residual circulation describesrtiean mass transport. The BDC includes
mean mass transport and two-way mixing. The laltgigdefinition, does not lead to net mass
exchange but may lead to net tracer exchange. foinere would suggest to use stratospheric
circulation instead of stratospheric residual dation as a synonym for the BDC (see e.g.
Shepard, 2002; Birner & Boenisch, 2011).

P.2, L.28: In the text is written that the traje@e have been initialised between 0°E and
140°E longitude. In Fig. 1, the initialisation i @ound the globe (0°E-360°E). What is actu-
ally the correct initialisation: figure or text?

P.3, L.3-5: The distribution of some of the particles ...
| can hardly see the described feature in Fig.t& data should be presented in a different
way to illustrate this more clearly.

P.3, L.6-9 & Table 1: The criteria for the classifiion of the air mass origins (k=1-5) seems
to me somehow uncomplete or ambiguous:

1.) How trajectories are classified, if they satiife criteria < 350 K, < 4 km and 20°N < lat.
< 30°N? Are they counted as tropical tropospher)lor as mid-latitude LT (k=3)?

2.) How trajectories are classified, if they satilie criteria > 380 K, lat. < 45° N and pot.
vorticity > 6 PVU? Are the counted as UTLS (k=5)#sTwould mean that backward trajecto-
ries initialised e.g. at 15-16 km geopotential heignd lat. = 45°N which has travelled up-
and equatorward would be counted as UTLS (seeZFight panel all points south of 45°N
and above 15 km). To my feeling, some trajectotied should be assigned to the shallow
branch (k=1b) of the BDC are classified here as §Tk=5).

Another problem of this UTLS criteria (k=5) in comation with the 90-days backward tra-
jectory limitation is that the mixing ratios of theacers assigned to this category or region
spanning from > 350 K in the tropics or > 4 kmtie extratropics up to 25 km for lat. > 45°N
are very different. For example CO, mixing ratiaaging from > 100 ppb (extratropical UT)
to < 20 ppb (stratospheric values for lat. < 458 condensed into the original UTLS time
series needed to reconstruct the observationscdimgequence is that this original time series
is mainly defined by the fact where in the UTLS tiagectory stemmed from.

P.3, L.22: The Ao0A definition in this paper is @ifent to that of Hall&Plumb (1994). Here
also for purely tropospheric transport AoA values @alculated, i.e. from the UT to the lower
extratropical troposphere (< 4 km) or the tropitaposphere < 350 K potential temperature.
Hall and Plumb defined an only stratospheric Aofgghe tropopause as the reference sur-
face. However, the AoA defined here is closer mAlmA derived from tracer measurements,
e.g. Sk, for which the reference surface is in most casesfor practical reasons the tropical
lower troposphere. This should be mentioned andfield somehow, because tropospheric
AOA are not really common.



P.3, L.26-30: It is not evident, if the underestiima of AoA found by Inai (2018) in the mid-
latitude stratosphere holds for the UTLS. This ddug evaluated with AoA derived from the
SFs CONTRAIL observation in the EXUTLS. This issuérgefly discussed in section 4.3 and
it is implicitly shown in Fig. 12f, but it would beuch clearer, if the authors would show a
figure with Sk-derived AoA vs. 10-years backward trajectorieswier AOA. This issue is of
high interest (too short transport timescales th#stratosphere for ERA-Interim driven tra-
jectories) and it also would have implications tloe interpretation of chemical active tracers,
for which the exposure time to stratospheric phio¢oaistry is of interest.

P.4, L.10: No chemical decay during transport fitu origin to the initial position during the
90 days of transport is includeahis is definitely not true for CO (see also tlemgral com-
ments above).

P.4, L.19-27: Would it not be more consistent te bigyher temporal resolved reference data
from the NOAA/ESRL atmospheric baseline observatior the definitions of the tropo-
spheric time series? You already use the Barrogv (BRW) together with the Summit site
(SUM, downgraded to a sampling site) to define Haghude (lat. > 45°N) lower troposphere
(k=4) time series. The airborne measurements anibetween 10°N and 30°N could be
used to evaluate the differences between the retrogtieal LT and the flight level.

P.5, L.3: It is hard to believe that this equatsystem is not under-determined. At least there
should be some auxiliary constraints, e.g. mixiator X for a tracer with stratospheric sink
should be lower for high-latitude stratosphere (ktian for the UTLS (k=5), i.e. X(k=1) <
X(k=5).

How the minimisation of the equation 4 has beehn@ally performed? With a simple but
robust parameter sweep or with a more sophistigdeidmaybe numerical more instable) al-
gorithm? This is to my opinion quite essential fioe outcome of this paper. Therefore, this
(inverse) procedure and the sensitivity of the ltedo the choice of parameters should be ex-
plained and shown in more details (see also generaments).

P.5, L.13-15: This means that you exclude mosttdeast a large part of the upper tropo-
spheric CONTRAIL data, because CO > 80 ppb is ngpwious event in the extratropical
UT of the northern hemisphere (e.g. Engel et &8l062and references within), especially dur-
ing winter and spring. Sometimes, it would be brdtteuse tropopause related coordinates (or
filter) instead of exclusively using equivalenttiatie-potential temperature coordinates.

P.6, L.1-2: This finding is different from the rétsuof Hoor et al. (2005) and Boenisch et al.

(2009). Are there any explanation for these difiees? | would expect that there is a certain
time lag between the time of maximal downwellingnier) and the maximal stratospheric

characteristic of the LMS (spring).

P.7, L.1-2: The seasonality and the mixing ratios €O in the high-latitude stratosphere
(k=1) and UTLS (k=5) are unrealistic, especially $pring (see e.g. Tilmes et al., 2010 and
references within). This is to my view the consegpgethat errors, e.g. missing chemistry, in
the reconstruction of EXUTLS observations will lmenpensated by the reconstructed original
time series of CO for the regions k=1 and 5.

P.7, L.5-10 & Figure 7: Why does the seasonalityAoA and Sk differ, especially in the
UTLS (see Fig. 7d vs. 7f)? During August, the phaké¢he oldest AoA in the UTLS, one
would expect the lowest (detrended)s $ixing ratios. This seems here not to be the case,



August corresponds to the season with the higliestenhded) SfEmixing ratios, equivalent
to the youngest AoA. What is the explanation fas tontradiction?

P.7, L.19-21, & Figure 8-11: For me, it looks likgril is simply the month with the most
stratospheric characteristic of the LMS — highesAAand lowest mixing ratios of the chemi-
cal active tracers above the 4pvu-contour.

P.7, L.29 & Figure 10: Why does §FRas a proxy for AoA, not show, in contrast teONand
CHa, the minima at 370 K in the EXUTLS region (see Higa+b+d)?

P.8, L.6-7 & Figure 10-11:The distribution of AoA during this season (autusomment by
the reviewer) is similar to that during summer,hwibe AoA of nearly the entire region with
potential vorticity of < 8 PVU being less than layé

The seasonality of AoA here is different to thatrid by Boenisch et al. (2009). They found
the minimum in AoA in October with AoA below 0.5 ams for most of the LMS (< 8pvu).
What is the explanation for the difference in teasonality found in the study here?

P.8, L.16-17: A direct comparison of AoA derivedrfr Sk and backward trajectories would
be better (see comment: P.3, L.26-30). How doesdhé&radiction of different seasonality of
SFes and AoA (derived from trajectories) in the UTL$th this result (see comment: P.7, L.5-
10 & Figure 7)?

P.8, L.29-30: How you confirm the impact of the &siMonsoon (ASM) with your study? Do
you use an algorithm marking and detecting ASMea, like Vogel et al. (2016)?

P.9, L.6 & Figure 13c:During winter, however, tropical tropospheric airasses dominate.
This is true not only during winter, but also dgrspring (until the beginning of May).

P.9, L.10:In the high-latitude lower EXUTLS, mixing fractiooSthe mid- and high-latitude
LT are enhanced but their fractions are lower thlose of the mid-latitude lower EXUTLS
What is the reason? More of the trajectories slariehe stratosphere in high- compared to
mid-equivalentlatitude lower EXUTLS (PV>2pvu at the initial giag point)?

A tropopause related analysis would help here tdetstand how much of the effect here is
related to the starting location (UT or LMS) andvhimuch is related to weaker uplift into the
UT in mid- compared to higbquivalent latitudes.

Equivalent latitude might be not the optimal cooede in the troposphere. In contrast to the
stratosphere, where PV is dominated by the straragifgcation (dTheta/dz), in the tropo-
sphere PV is dominated by relative vorticity. A sequence is that e.g. WCBs in the UT as-
signed with high tropospheric PV values (e.g. Madoet al., 2014) would be classified as
high-equivalent latitude air mass.

P.9, L.11-13 & Fig. 13+14: The seasonal patterRign13 and 14 has not the same pattern for
species with strongly varying original time serieghe different compartments (k=1-5), be-
cause the reconstructed time series shown in Fayd.4 superposition of the mixing fractions
shown in Fig. 13 with the original time series k&1-5 of the individual tracers. The differ-
ence in the seasonal pattern between Fig 13 andi4-ig most obvious for GQwvhich has a
strong tropospheric seasonal cycle that is sup@sengb on the tropospheric mixing fractions.

P.9, L.33: Please add here the reference to Haadr €004)



P.10, L.20 & Fig. 15: The tracer-tracer relatiopshor “mixing lines” (AoA is a tracer like
e.g. Sk) for sufficient long-lived tracers (chemical lifiete must be greater than at least the
horizontal transport timescale) is in theory thensemuence oSufficiently rapid mixing
along isentropic surfaceBlease cite here the review by Plumb (2007) whicludes many
of the references to the pioneering works on thsctin the 80s and 90s.

P.10, L.21-23 & Fig. 15: COmixing ratios and AoA does not correlate belowe\ael of about

3 years AOA, because the propagated signal ofrtip@$pheric seasonal cycle into the strato-
sphere is still detectable (not smeared out overoad enough age spectra covering several
seasonal cycles). This is the simple reason why i8®ing ratios in the LMS cannot be used
to calculate AoA (see e.g. Engel et al., 2002; Bmxmnet al., 2009).

P.10, L.28-30 & Fig. 15f: Figure 15f shows seasonal variations in AoA andgnated PDF
from 0 to 10 yearsfor air masses originating in the high-latitudeattvspheré
Fig. 15f only shows integrated PDFs for AoA frono( years — please correct this.

P.12, L.3-4: The young-bias of AoA derived from kaard trajectories in the LS should be
verified (see my comment P.3, L.26-30 above)

P.12, L.8-9: Please show this (see comment above).

P.12, L.15-17: Moreover, these estimates are indirectly validatgdhe CONTRAIL obser-
vations, through the reconstruction of the chemdssatributions (as evident in Figs 8-11).”
This is only partially true, because you have alkoh free parameters, these are the original
mixing ratio from the deep stratosphere (k=1) amal mixing ratios resided in the EXUTLS
(k=5) during the 90 days of the backward trajec&ingulation. Herewith, the interaction be-
tween CONTRAIL observed and trajectory-based mixatgps can be adjusted. This is to my
opinion most obvious for CO. The estimated CO fet land 5 compensates other errors, e.g.
chemical decay of CO during the transport from seuegion to the EXUTLS (see also other
specific and general comments above).

P.12, L.18-24: Both problems discussed here briefyn-linear tropospheric trend and the
lack of agreement in reconstruction of CONTRAIL eh&tions during summer (Fig. 10e),
concern mainly Cg) so please clarify and mention this here.

P.12, L.24-26: It is true that the equivalent lad-potential temperature (EgLat-Theta) coor-
dinate system accounts for dynamical featuresersthatosphere, because adiabatic motion is
dominant in this strongly stably stratified regiohthe atmosphere. This is not true for the
troposphere which is much more unstable (low stsifbility). Potential temperature (and
PV) are not conserved or only for a much shorteesicale, because diabatic motion is much
more prominent there. Therefore, potential tempeeadnd equivalent latitude are not the co-
ordinate system of choice in the troposphere. Atgoproblem of tracer uplift from the PBL
into the UT during summer (most prominent for £Gee above) is not minimised in an
EglLat-Theta coordinate system.

P.13, L.7: The mentioned role of Asian monsoon (AS&/very likely, but it is speculation
here, because it is not shown in this study, howhmf the trajectories originated from the
ASM (see also comment above).

P.13, L.15: The reconstructions agree well with CONTRAIL measwants in the EXUTLS.



If this is one key messages of the summary therinhtations of the 90-days backward tra-
jectories and the sensitivity of the results duéhis limitation have to be discussed in much
more detail (see general and specific commentsegbov

P.13, L.23-24:This method provides a means to understand botardyal transport and
chemical distribution from a new perspective.

There has been done a lot to understand dynarnaegr transport and chemical processes in
the UTLS. Some of these studies has been mentiongs review and should be discussed
in relation to the results in this manuscript. Aglimed in my general comment, | am not con-
vinced that the actual manuscript could contriliatthe actual state of knowledge, but the re-
sults should be at least discussed in this framlewbine uniqueness of this approach here,
combination of different tracers and backward tiees, could to my opinion be exploited
much better, if one would use 10-years insteadded&ys backward trajectories.
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