Dear Dr. Jockel,

Thank you very much for serving as an editor for my manuscript acp-2015-594. I have just
completed the uploading the reply to both Dr. Fuelistaler and an anonymous reviewer intending
for the publication of final author comments through Copernicus web site.

Here I am attaching the differential file, which I prepared by using latexdiff as instructed in the

mail from Copernicus, although it will be of limited use because of errors. Then I am attaching
hand-made version of the differential hoping to help you check the revision.

I am also aware I need to submit revised figures. Could you instruct me how to proceed? I am
willing to follow your instructions also on the English edition as commented by Dr.

Fueglistaler.

I should appreciate it very much if you could find the manuscript suitable for publication in
ACP as soon as possible. Thank you very much in advance.

Best regards,

Fumio Hasebe



Reply to Dr. S. Fueglistaler (referee)

We are grateful to the thorough reading and constructive comments on our manuscript. We have made
substantial changes to the manuscript in response to the review as described below. Each panel of figures
are labeled “a”, “b” and so on as suggested, and the following reply refers to these labels. These revisions
have significantly improved the manuscript, and we hope we have answered all of the concerns. We think
all these improvements will satisfy the reviewer and hopefully make the manuscript suitable for publication
in ACP.

Major issues

1. Comment: Hasebe and Noguchi present an analysis of the evolution of stratospheric water from
the late 1990’s to the early 2000’s, where water entering the stratosphere experienced a remarkable,
sudden drop in the year 2000. They use kinematic trajectory calculations based on ECMWF ERA-
Interim reanalysis data, where the dehydration along the trajectories is estimated based on the
temperature evolution (i.e. one assumes complete dehydration down to the minimum saturation
mixing ratio encounted during ascent from the troposphere to the stratosphere). The method is
similar to that in previous studies that have shown that this model calculation provides a reasonable
reproduction of observed variations in water entering the stratosphere - with some caveats concerning
the drop in the year 2000 (see discussion in Fueglistaler et al. 2013). Before I go into the details, T
would suggest that for a revised version, the paper should be edited by a native English speaker (or
perhaps ACP provides this service) - I ignore these problems here in my review. My main difficulty
with the paper is that one of the key steps in the paper - the attribution of processes leading to the
decrease in water vapor - is not clearly explained. If my understanding of the procedure (outlined
below) is correct, I would have some serious concerns. Also, the discussion of the Sea Surface
Temperature (SST) changes is very qualitative, and could be considerably shortened.

(a) Comment: Should be edited by a native English speaker.

Reply: We are sorry to have caused problem in reading the manuscript. As is mentioned,
perhaps ACP provides the service. We will follow the instruction by the editor and editorial
office on English editing.

(b) Comment: The attribution of processes leading to the decrease in water vapor is not clearly
explained.

Reply: Revisions are made as can be seen from the reply to Comment 2 below.

(¢) Comment: The discussion of the SST changes is very qualitative and could be considerably
shortened.

Reply: The paragraph discussing the SST changes has been slightly shortened. However, some
more descriptions have been made to follow the comments from another reviewer. Figure 10
has been rewritten to clarify the features we see from the SST variations.

2. Comment: My difficulties in understanding the method refer to Sections 3.4/3.5, and Figures 5-7,
and 12. It is tempting to decompose the average entry mixing ratio into the sum of contributions
from different locations, with sum[f(lon,lat,time) * smr(lon,lat,time)] = H2Oentry(time), with the
normalization of frequency sumlf(..)] = 1. By comparison of the map of “f” and “smr” between 2
times (say, before and after the drop), one hopes to decompose the change in H2Oentry(timel) -
H2Oentry(time2) as a result of a change in the spatial distribution (“f”), and temperature (equivalent
to “smr”; ignoring pressure variations). Although not formulated in this way, this is my understand-
ing of what the authors do in Sections 3.4 and 3.5; and accompanying figures 5, 6, 7, and later
12.

(a) Comment: The method to decompose the average entry mixing ratio into the sum of contri-
bution from different location is difficult to understand.

Reply: The following description has been added in Section 3 of the revised manuscript.

- Page 28043, line 13, top: The calculations are made on a monthly basis
using the three initialization days (5th, 15th and 25th of each month) at a time.
The following description refers to a specific month omitting the suffix for time.
Let start by assuming that the minimum saturation mixing ratio along i-th TST



trajectory (i = 1,---, Ntgr) is denoted by SMRypini. The entry value of water to
the stratosphere [H30], is defined as the ensemble mean value of SMRyy;, as in
Fueglistaler et al. (2005):

NrsT

Z SMRomini. (1)

[H20],

Y TST

- Page 28045, line 7, after “TST trajectories.”: Let assume that i-th TST trajec-
tory (¢ =1, -+, Npgr) takes minimum saturation mixing ratio (SMRyin;) at bin j
(j =1,---,M), that is, the Lagrangian cold point (LCP) for i-th TST trajectory
is found at bin j. If we denote the number of LCP events at bin j as N(LCP € j),

M
Nrsr = Z N(LCP € j). (2)

J
Because some trajectories do not satisfy the TST condition in general, Npgr < N,

where N is the total number of initialization points used for the calculation. The
probability of LCP events at bin j, P(LCP € j), is defined by

N(LCP € j)

PLCP € j) = =1

(3)
M
so that the normalization condition Z P(LCP € j) =1 holds.

J
- Page 28045, lines 7 to 10: The top two panels of Fig. 5 show ... posterior to
the drop).

has been changed to

The top two panels of Fig. 5 show the horizontal distributions of P(LCP € j) thus
defined for those trajectories initialized in September 1998 and 1999 (a; prior to
the drop) and September 2000, 2001 and 2002 (b; posterior to the drop). Because
Nrgr is different among individual September, Ntgt for each month has been used
as a weight in taking the averages. In other words, the calculations are made by
combining the trajectories of two or three prior- or posterior-months together for
the illustrations. To be more specific, the TST trajectories of September 1998 and
1999, selected from N = 2952 x 3 x 2 trajectories, are combined together for the
illustration of Fig. 5(a), while those of September 2000, 2001, and 2002, selected
from N = 2952 x 3 x 3 trajectories, are used for Fig. 5(b).

- Page 28046, lines 1 to 3: Figure 6 is the same as Fig. 5 ... rather than the
probability of LCP events.

has been changed to

The ensemble mean value of SMR;, at bin j, SMR(LCPE j), is defined by

LCPej

SMR(LCP € j) = Z SMRinini; (4)

LCP €J

LCP¢j
where Z indicates the sum with respect to the subset of TST trajectories that

take LCPz at bin j.
Figure 6 is the same as Fig. 5 except that SMR(LCPe€ j) is illustrated rather than
P(LCP € j).

- Page 28046, lines 16 to 20: the comparisons based only on the changes ...



SMRin (Fig. 6) together for each bin.
has been changed to

the comparisons based only on the changes in SMR(LCPE€ j) could be misleading,
because the values of P(LCP € j) are much higher in the former than in the latter
(Fig. 5). The expectation value for bin j, E(LCP € j), is defined by the multiple of
P(LCP € j) and SMR(LCPe€ j) to quantify the contribution of each bin to [HyO]e.
The sum of E(LCP € j) with respect to all bins reduces to

iE(LCP €j) = JXW:P(LCP € J) x SMR(LCP € j) ©)
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This is the entry value of water to the stratosphere [HyOJ, (Eq. (1)) shown as
a time series in Fig. 3. [H2O0], is thus decomposed of the sum of E(LCP € j),
which is interpreted as the contribution of bin j to [H2O].. What is important
here is that it is neither P(LCP € j) nor SMR(LCP¢€ j) but the product between
the two, E(LCP € j), that is directly responsible for composing the value [HyO]e.
By comparing the distribution of E(LCP € j) between the two periods, prior and
posterior to the drop, we can see how the drop in [H2O], is brought about by the
change of water transport from individual region.

Figure 7 shows the horizontal distribution of E(LCP € j).

(b) Comment: Figures 5, 6, 7 and 12 are difficult to understand.

Reply: The top two panels of Figs. 5 and 6 show the spatial distributions of P(LCP € j) and
SMR(LCPe€ j), respectively, for September, and those of Figs. 7 and 12 are the spatial
distributions of E(LCP € j) for September and January, respectively. The September
(January in Fig. 12) values prior and posterior to the drop are estimated by averaging two
or three years of the corresponding month. Because Npgr is different among individual
September, Ntgt for each month has been used as a weight in taking the averages. In
other words, the calculations written above are made by combining two or three prior- or
posterior-months together for the illustrations of these figures. To be more specific, the
TST trajectories of September 1998 and 1999, selected from N = 2952 x 3 x 2 trajectories,
are combined together for the illustration of the panel (a) of Figs. 5, 6, and 7, while those
of September 2000, 2001, and 2002, selected from N = 2952 x 3 x 3 trajectories, are used
for the illustration of panel (b) of these figures. These explanations are supplemented in
Section 3.1 as described above.

3. Comment: Figure 5 then shows a shift in the locations where the last dehydration occurs, and
Figure 6 then shows a change in temperatures. What is then observed is that some regions cool
more than others, and that in these regions the fraction of “Lagrangian cold points” (LCP) increases.
In other words, the LCP distribution is highly correlated with the distribution of the difference in
temperature relative to the tropical mean. (As demonstrated in Fueglistaler and Haynes, 2005; their
figure 2¢, d).

Reply: The LCP distribution may appear “highly correlated with the distribution of the difference
relative to the tropical mean.” However, closer look will find that high values of P(LCP € j) are
concentrated in the region over the Bay of Bengal and Malay Peninsula in September (Fig. 5),
while low values of SMR(LCP€ j) are found widely distributed in the western tropical Pacific
(Fig. 6). The novelty of our analysis is to have distinguished the distribution of P(LCP € j)



against SMR(LCPe j) and introduced E(LCP € j). Please see the Reply to Comment 4
below.

4. Comment: The problem then is the interpretation.

(a) Comment: The high correlation of the perturbations in the spatial distribution of the LCP
density, and temperature (i.e. the cross term f-prime X smr-prime) prevents an interpretation
in terms of “contribution from spatial change in LCP density”. Very problematic are statements
like (Page 28046/Line 24): “The reductions (bottom panel) are mainly due to the decreases
of the LCP-event probability ...” One cannot say that because some region now has a lower
frequency, that this contributes to a lower average H20 entry - if only says that fewer air parcels
are last dehydrated there (i.e. the term “f-prime X smr-mean” can only be interpreted for the
total domain sum, not for individual regions!) But perhaps I simply don’t quite understand
what exactly you show in Figure 7 - you need to provide an equation to explain properly what
exactly you calculate.

Reply: We hope the equations (1) through (8) above, being added in the revised manuscript,
have made the quantity shown in Fig. 7 clear. We can interpret the values of E(LCP €
j) as the contribution of bin j to [H20]e. As the quantity that directly drives [HzOle
is E(LCP € j), any statement that attributes solely P(LCP € j) or SMR(LCPe j) to
the cause of changes in [HyO], is mathematically wrong. However, we believe it is quite
interesting to see individual changes in P(LCP € j) and SMR(LCP€ j) to interpret the
variations in E(LCP € j). The paragraph that includes the “very problematic” sentence is a
part of our effort along this line, trying to interpret the noticeable features in F(LCP € j) as
meteorological words with the hope to help understand the changes in terms of modulated
trajectories and perturbed temperature. The cited sentence and the one that follows are
replaced by the following in the revised manuscript.

- Page 28046, line 23 to page 28047, line 1: The contribution from this core
area ... decrease in SMRyin.

has been changed to

The contribution from this core area remains dominant during the posterior period
(Fig. 7(b)). While the reduction of [H2O], cannot be free from the general cooling
(lowering of SMR(LCPE€ j)) in posterior years over most of the tropics (Fig. 6), it is
interesting to note the increase of E(LCP € j) despite the decrease in SMR(LCPe
Jj) over the central Pacific. This is because the increase of P(LCP € j) more than
compensate for the decrease of SMR(LCP€ j) over there. In this sense, it is not
appropriate to attribute the cooling over the western and the central Pacific to
the drop in [H2O].. The similarity in the spatial distributions of P(LCP € j) and
E(LCP € j), especially that of the location of maxima over the Bay of Bengal and
Malay Peninsula together with the post 2000 decrease over there and the western
tropical Pacific, suggests that the relocation of LCPs (change in P(LCP € j)) is a
leading factor that has caused the drop in [H2O], in September 2000.

(b) Comment: To make my point clearer, consider the following case: The temperature field is
homogenous (i.e. constant) at the tropical tropopause with a just a little bit of noise. The
resulting LCP distribution would be pretty much random, but because of finite sampling, there
would be some regions where there would be a bit higher densities, and some regions with lower
densities. Now we do the experiment a second time, and look at the differences in the LCP
distribution. We would see some regions with a decrease, and some regions with an increase in
density. Now, the regions where the density decreases (i.e. “f-prime” would be negative) now
seem to contribute to a “drying” if we quantify the contributions to the average H2Oentry as
being the product of smr and density. However, since the locations simply have shifted in space
and no real temperature change has taken place, we would observe similarly regions that seem
to have contributed to a “moistening” simply because “f-prime” in these regions is positive. Of
course, the “moistening” would simply balance the “drying” elsewhere, and the net change in
H2Oentry is zero. Hence, this method produces spurious results.

Reply: The statistical significance is always an issue to be payed attention to. We cannot
conclude anything from the example indicated above. By employing large number of tra-
jectories, however, we believe we have attained the statistical significance high enough to



derive meaningful results. The statistical significance of the estimated differences between
the two periods in P(LCP € j) and SMR(LCP€ j) are shown at the bottom panels (d) of
Figs. 5 and 6. Our argument in the manuscript is concerned only with those regions we
confirmed the statistical significance is high. The following revision has been made.
- Page 28041, lines 5 to 13: The trajectory calculations are started from uni-
formly distributed gridpoints ... horizontal resolution of 0.75° by 0.75° longitude—
latitude gridpoints prior to calculations.

has been changed to

The backward trajectory calculations are started from uniformly distributed grid-
points (every 5.0° longitude by 1.5° latitude) within 30° N and S from the equator
on 400 K potential temperature surface. The initializations are made on the 5th,
15th, and 25th of every month during the period since January 1997 till December
2002 relying on the European Centre For Medium-Range Weather Forecasts ERA
Interim dataset (Dee et al., 2011). The number of initialization points is 2952 for
a single calculation resulting in 8856 for the estimation of monthly values. This
number compares well with that of the reduced set of trajectories in the study
on the sensitivity of number of trajectories by Bonazzola and Haynes (2004) and
turned out to be enough to derive statistically significant results as can be seen
later in Section 3. All meteorological variables given on 60 model levels have been
interpolated to those on 91 pressure levels keeping the horizontal resolution of 0.75°
by 0.75° longitude-latitude gridpoints prior to calculations. The time step has been
set to 30 minutes, similar to 36 minutes taken by Bonazzola and Haynes (2004), by
applying spatiotemporal interpolations to the 6-hour interval ERA Interim dataset.
As for the limitation and caution of this method, see, for example, the pioneering
studies by Fueglistaler et al. (2004) and Bonazzola and Haynes (2004).

Some further comments

1. Comment: P28038/L3: “... after a prolonged increase through the 1980’s and 1990’s.” I'd formulate
this a bit more careful.

Reply: The sentence has been revised as follows:

- Page 28038, lines 2 to 3: Stratospheric water vapor is known to have decreased
suddenly at around the year 2000 to 2001 after a prolonged increase through the 1980s
and 1990s.

has been changed to

The sudden decrease of stratospheric water vapor at around the year 2000 to 2001 is
relatively well accepted in spite of the difficulty to quantify the long-term variations.

2. Comment: P28047/L16: 1 would think that Figure 2B of Fueglistaler and Haynes (2005) pretty
convincingly shows that indeed the high values in the first half of 1998 are due to ENSO.

Reply: The following sentence has been inserted after “in these months.”

- Page 28047, line 16: Actually Fueglistaler and Haynes (2005) demonstrated in
their Fig. 2 that the trajectory model shows large increase of lower-stratospheric wa-
ter ([HoOJT400 which takes non-TST trajectories into account in addition to [H2O]e)
associated with El Nino and that the increase is accompanied by the eastward shift of
the high density region of LCP.

3. Comment: P28048/L16ff: Figure 4 and the discussion here is not convincing; surely panels (a) and
(b) look somewhat different but it’s impossible to say anything quantitative. I suggest to eliminate
this figure.

Reply: It is true that Figure 4 cannot show any quantitative change in the LCP distribution; such
a role is assigned to Figure 5. The purpose of Figure 4 is to get a clear view on how the
TTL trajectories in August are distributed. This is a basic information to proceed to the
interpretation of the results shown later, and thus Figure 4 is retained.



4. Comment: P28048/L1ff: Figure 9 is very nice! T wonder whether this figure should not be presented
before the “Lagrangian Figures 6, 7, 8”, since this Eulerian perspective really helps to understand
what happens in the Lagrangian perspective.

Reply: Our main purpose is to examine the change of [HyO], from a Lagrangian perspective and
try to interpret it from a meteorological point of view. Figure 9, together with Figure 4, is
quite impressive and suggests the direction of further research. However, it does not necessarily
mean Figure 9 is better presented earlier than Figures 6, 7, and 8. The sequence of figures is
kept intact.

5. Comment: P28049/L8ff: You state that post-2000 there was a “loosened grip” of the Tibetan high
on air parcels - are you sure that this is the main reason for the shift in the spatial distribution of the
LCPs? Alternative explanations: (i) Even with identical path, the post-2000 temperature pattern
would induce a shift in the LCP distribution simply because the probability to encounter minimum
temperatures has increased over the tropical Western Pacific region; and (ii) the temperature pattern
change came about by a shift in deep convection, with more convection over the tropical Western
Pacific, and the air masses reaching the TTL in that convection may never be part of the Tibetan
anticyclone.

Reply: The description “loosened grip” comes from our speculation based on the changes in the
TTL trajectories shown in Figure 4 combined with the weakened Tibetan high in the posterior
years seen from Figure 9. The alternative explanation (i) will not apply because we can see from
Figs. 4 and 5 that the density of trajectories circulating Tibetan high is substantially lower while
more trajectories are found in the southern hemisphere in the posterior years. The alternative
explanation (ii) is interesting in that the trajectories do change even if there is no modulation
in Tibetan high. However, we do not adopt this interpretation since we do see weakening of
Tibetan high in posterior years. In our opinion, the speculative expression “loosened grip” is
acceptable in discussion section.

6. Comment: P28049/L18ff/Figure 10: I am not convinced by what I see in this Figure, nor by your
description. What is visible are variations due to ENSO - I would argue no neutral person not
knowing about the drop in the year 2000 would see anything special around the year 2000 in this
figure.

Reply: Figure 10 has been rewritten to shed light on the eastward migration of 28°C SST contour.
The reason why we pay attention to this contour is based on the paper by Gadgil et al. (1984),
who pointed out that 28°C is a threshold of active convection (page 28049, line 22).

7. Comment: P28051/L4ff: This is an interesting hypothesis! My only concern is that in our studies
we operated with monthly means, and I would be cautious about the significance of a 1-month
difference.

Reply: The September values of [H2O], are calculated using the trajectories initialized on 5th, 15th
and 25th of September. The backward 90-day trajectory calculations rely on the meteorological
fields in August, July and June; there is no reference to October values. In this sense, the one
month difference is significant.

8. Comment: P28051/1.22/Figure 12: As said for Figure 7, I need to see an equation to fully under-
stand what this figure shows.

Reply: Done.

9. Comment: P28052/L3ff: “These evidences ...” I could not follow your arguments here. The
eastward expansion of warm water should lead to a cooling over these regions, but in Figure 12, the
“difference” shown in the bottom panel is “red” over the central Pacific, while it is blue over the
Maritime continent - supposedly to the *WEST* of the convection anomaly? Please clarify.

Reply: Your expectation concerns the change in SMR(LCP€ j) while the above sentence deals
with E(LCP € j). The decrease in SMR(LCP€ j) is more than compensated by the increase
in P(LCP € j), resulting in the increase in E(LCP € j) in the central Pacific (red). Related
sentences are revised as follows:



10.

11.

12.

13.

- Page 28051, line 27 to page 28052, line 5: The difference between the two
periods ... the central Pacific (Fig. 10).

has been changed to

The difference between the two periods (Fig. 12(c)) shows decrease over Indonesia and
increase over the central Pacific during the period posterior to the drop. The former
is due to the combination of the decreases in both P(LCP € j) and SMR(LCPe j),
while the latter is brought about by the interplay between the increase in P(LCP € j)
and some decrease of SMR(LCP€ j) (not shown). This situation is the same as what
we see in September (Section 3.5). The similarity of this pattern, that is, the decrease
in the equatorial western Pacific (over Indonesia) and the increase over the central
Pacific, to that of the second component of September response suggests the existence
of a common driver of the drop in [H2O], irrespective of the season. These evidences
suggest the idea that the drop of [H30J, in northern winter has resulted from the
response of the TTL circulation to the eastward expansion of the warm water to the
central Pacific (Fig. 10) in such a way that the decrease of E(LCP € j) in the western
Pacific exceeds the increase of that in the central Pacific.

Comment: Figures: Please add labels (“a”, “b” etc) to all sub-plots.
Reply: Done.

Comment: Figure 3: I understand that you are concerned that a 6-year period is too short to
define a reliable climatology, but I would still consider a decomposition into mean annual cycle, and
anomalies thereof, to be the better solution. Since you use the same method and data as Fueglistaler
et al. (2013), you could check whether your anomalies look similar to those that they published (e.g.
their Figure 8b) to make sure that the comparatively short timescale does not distort the anomalies
too much.

Reply: I understand the time series labeled by EI in Figure 8(b) of Fueglistaler et al. (2013) is the
anomalies from the mean of more than 20 years from 1989 to 2011. The anomalies of our 6-year
time series is not suitable for comparison because of the large influence of 1997-1998 El Nifo.
This is what we found at the earliest stage of our analysis.

Comment: Figure 6: Please change the color scale of panel “c” to the same as in Figure 5 (i.e.
going from blue to red with white at 0).

Reply: Done.

Comment: Figure 7: As mentioned before, please provide an equation for what is shown in this
figure, and improve the figure caption.

Reply: The equations are provided in response to Comment 2 of Major issues. The figure caption
has been changed to the following.

- Figure 7. The same as the top three panels of Fig. 6 except that E(LCP € j), the
contribution of bin j to [H20]., (ppmv) is illustrated. See text for the definition of
E(LCP € j).



Reply to Anonymous Referee #1

We thank the thorough reading and constructive comments on our manuscript. We have made sub-
stantial changes to the manuscript in response to the review as described below. Each panel of figures
are labeled “a”, “b”, “c” and “d” from the top to the bottom if exists, and the following reply refers to
these labels. These revisions have significantly improved the manuscript, and we hope we have answered
all of the concerns. We think all these improvements will satisfy the reviewer and hopefully make the
manuscript suitable for publication in ACP.

General comments

1. Comment: This manuscript describes the change of pathways of backward kinematic trajectories
initialized at 400 K height level from a period before and after the stratospheric water vapour (SWV)
drop in the year 2000. The authors discuss the cause of the stepwise drop in SWV by an analysis
of the water vapour entry values to the stratosphere. They focus on the month of September in
the period 1998-2002, because the drop in H20 entry values first occurred at that month. The
authors’ conclusions are that the low H20 entry values to the stratosphere in September 2000 and
the sustained low values thereafter can be interpreted as being driven by changes in thermal forcing
from the earth’s surface.

I recommend major revisions before a potential publication of the manuscript in ACP.

Reply: We have made substantial changes to the manuscript in response to the review as described
below, and we hope we have answered all of the concerns raised by the reviewer.

Specific comments

1. Comment: Two former publications of 1. by Bonazzola and Haynes (2004), who performed a
trajectory analysis on the basis of ECMWF operational analysis data for the period prior to the
drop (1997-1999) and 2. by Fueglistaler, Wernli and Peter (2004), who analysed the troposphere-to-
stratosphere transport in the time period January/February and July/August for the year 2001 (i.e.
posterior to the drop), and probably relevant to this study, are considered neither in the introduction
nor in the results. The authors should compare their results with those of these older ones. In
particular I would like to see what is new in the current manuscript.

Reply: Thank you for pointing out important papers not referenced in this study. Both papers
are referred to in Sections 1 and 3 of revised manuscript as the pioneering studies using the
trajectories in TTL dehydration. The comparison of the results with those of former research
is made, although it is not straightforward because of the differences in the analyzed quantities
as well as the datasets having been used. It is well known that the entry value of water
to the stratosphere [H2O], depends on two factors: the pathways taken by trajectories and
the temperature distribution in the TTL. The former describes the efficiency of sampling the
coldest region by air parcels and the latter is related with the coldest temperature irrespective
of the trajectory distribution, and are called “the sampling effect” and the “temperature effect”,
respectively, by Bonazzola and Haynes (2004). These authors estimated the importance of both
effects on the intraseasonal and interannual time scales. What is new in the present study is to
have decomposed [H2O], into the regional contributions (Fig. 7) by estimating the frequency
distribution of LCP (Fig. 5) and temperature minima (~ SMR,,;, in Fig. 6), respectively, on a
regional basis, and applied it to solve the problem of the SWV drop in 2000.

The following revisions are made in Section 1 Introduction,

- Page 28039, lines 24 to 27: The reproduction of SWV variations by using the
Lagrangian temperature history along the trajectories (e.g., Fueglistaler et al., 2005;
Dessler et al., 2014) has proven quite effective, even though ...

has been changed to

The Lagrangian description of the transport processes in the tropical troposphere to
the stratosphere using trajectory calculations proved to be quite effective not only in
the reproduction of SWV variations but also in the characterization of the dehydration
processes in the TTL (e.g., Bonazzola and Haynes, 2004; Fueglistaler et al., 2004, 2005;
Dessler et al., 2014) even though ...



and 3 Results

- Page 28045, lines 10 to 13: The spatial maximum during the period ... this
maximum shows eastward expansion as far as 150° E.

has been changed to

The comparison between the two will shed light on the change in “the sampling effect”
of Bonazzola and Haynes (2004). The spatial distribution is characterized by the
maxima over the Bay of Bengal and Malay Peninsula accompanied by a ridge extending
to South China Sea. It is interesting to note some similarity in the location to the spatial
maxima of the first encounter of backward trajectories to 370 K isentrope for June to
August 1999 shown by Bonazzola and Haynes (2004). During the period posterior to
the drop (Fig. 5(b)), the maxima show eastward expansion as far as 150°E.

- Page 28045, line 27: The following sentence is inserted after “the SMR;,.”
This corresponds to focus on the change in “the temperature effect” of Bonazzola and
Haynes (2004).

- Page 28046, lines 6 to 9: The values show general decrease ... between the two
(third panel),

has been changed to

The values show general decrease in the tropics with some enhanced drop in the central
Pacific reaching less than 3.0 ppmv in the period posterior to the drop (Fig. 6(b)). The
gross features correspond well to the horizontal distribution of the LCP-averaged SMR
of July/August 2001 estimated by Fueglistaler et al. (2004). The difference between
the two periods (Fig. 6(c)),

2. Comment: In Section 2.1 you state that your method is similar to that of Fueglistaler et al., 2005.
I suggest that you describe at least the main aspects of your method (e.g. in an Appendix), so that
the reader can understand what you did without reading the afore-mentioned paper. Please provide
as well more information on the calculation of the trajectories. For instance: which time interval of
ERA-interim data was available for interpolation? As ERA-interim has 6 hours output interval, do
you consider this sufficient for temporal interpolation? Also, how many trajectories do you analyse
in total? Is this sufficient for robust results?

Reply: Spatiotemporal interpolations necessary to conduct trajectory calculations have been writ-
ten in Section 2.1, while the brief description on the main aspects of the method is introduced
in Section 3.1. The following revisions are made in Section 2.1 Trajectory calculations,

- Page 28041, lines 5 to 11: The trajectory calculations are started from uniformly
distributed gridpoints ... ERA Interim dataset (Dee et al., 2011).

has been changed to

The backward trajectory calculations are started from uniformly distributed gridpoints
(every 5.0° longitude by 1.5° latitude) within 30° N and S from the equator on 400 K
potential temperature surface. The initializations are made on the 5th, 15th, and 25th
of every month during the period since January 1997 till December 2002 relying on the
European Centre For Medium-Range Weather Forecasts ERA Interim dataset (Dee et
al., 2011). The number of initialization points is 2952 for a single calculation resulting
in 8856 for the estimation of monthly values. This number compares well with that of
the reduced set of trajectories in the study on the sensitivity of number of trajectories
by Bonazzola and Haynes (2004) and turned out to be enough to derive statistically
significant results as can be seen later in Section 3.

and the following sentences are inserted in 3 Results

- Page 28043, line 13, top: The calculations are made on a monthly basis using the
three initialization days (5th, 15th and 25th of each month) at a time. The following
description refers to a specific month omitting the suffix for time. Let start by assuming



that the minimum saturation mixing ratio along i-th TST trajectory (¢ = 1,--- , NtsT)
is denoted by SMRin;. The entry value of water to the stratosphere [HoO], is defined
as the ensemble mean value of SMR i, as in Fueglistaler et al. (2005):

NrsT

Z SMRymini- (1)

[H20],

NTST

- Page 28045, line 7, after “T'ST trajectories.”: Let assume that i-th TST trajectory
(i = 1,--+, Npgr) takes minimum saturation mixing ratio (SMRyyin;) at bin j (j =
1,---, M), that is, the Lagrangian cold point (LCP) for i-th TST trajectory is found
at bin j. If we denote the number of LCP events at bin j as N(LCP € j),

M
Nrsr = ZN(LCP €J) (2)
J
Because some trajectories do not satisfy the TST condition in general, Npgr < N,

where N is the total number of initialization points used for the calculation. The
probability of LCP events at bin j, P(LCP € j), is defined by

N(LCP € j)

P(LCP € j) = =1

: (3)
M
so that the normalization condition Z P(LCP € j) =1 holds.

J
- Page 28045, lines 7 to 10: The top two panels of Fig. 5 show ... posterior to the
drop).

has been changed to

The top two panels of Fig. 5 show the horizontal distributions of P(LCP € j) thus
defined for those trajectories initialized in September 1998 and 1999 (a; prior to the
drop) and September 2000, 2001 and 2002 (b; posterior to the drop). Because Npgr is
different among individual September, Npgr for each month has been used as a weight
in taking the averages. In other words, the calculations are made by combining the
trajectories of two or three prior- or posterior-months together for the illustrations.
To be more specific, the TST trajectories of September 1998 and 1999, selected from
N = 2952 x 3 x 2 trajectories, are combined together for the illustration of Fig. 5(a),
while those of September 2000, 2001, and 2002, selected from N = 2952 x 3 x 3
trajectories, are used for panel Fig. 5(b).

- Page 28046, lines 1 to 3: Figure 6 is the same as Fig. 5 ... rather than the
probability of LCP events.

has been changed to

The ensemble mean value of SMR,i, at bin j, SMR(LCPE j), is defined by

LCPej

SMR(LCP € j) = Z SMRipini, (4)

LCP €J

LCPgj
where Z indicates the sum with respect to the subset of TST trajectories that take
LCP at bin j.
Figure 6 is the same as Fig. 5 except that SMR(LCPe€ j) is illustrated rather than
P(LCP € j).

- Page 28046, lines 16 to 20: the comparisons based only on the changes ... SMRyin



(Fig. 6) together for each bin.
has been changed to

the comparisons based only on the changes in SMR(LCP€ j) could be misleading,
because the values of P(LCP € j) are much higher in the former than in the latter
(Fig. 5). The expectation value for bin j, E(LCP € j), is defined by the multiple of
P(LCP € j) and SMR(LCPe€ j) to quantify the contribution of each bin to [HzO]e.
The sum of E(LCP € j) with respect to all bins reduces to

M M
Y E(LCPej) = > P(LCP € j) x SMR(LCP € j) (5)
J J
M LCP€j
N(LCP
_ Z €J) Z SMRyin;  (6)
Z NrsT LCP Sl
1 M LCPej
- NTSTEJ: Z SMR min (7)
1 NtsT
= SMRumin:. 8
NrgT 21: ®)

This is the entry value of water to the stratosphere [H2O], (Eq. (1)) shown as a time
series in Fig. 3. [H20], is thus decomposed of the sum of E(LCP € j), which is
interpreted as the contribution of bin j to [HoO],. What is important here is that it
is neither P(LCP € j) nor SMR(LCP¢€ j) but the product between the two, E(LCP €
j), that is directly responsible for composing the value [H3Ol].. By comparing the
distribution of E(LCP € j) between the two periods, prior and posterior to the drop,
we can see how the drop in [H2O], is brought about by the change of water transport
from individual region.

Figure 7 shows the horizontal distribution of E(LCP € j).

3. Comment: In sections 3.4/3.5 you show that the horizontal distribution of LCP-event probability
(Fig. 5) shifts from Bay of Bengal and the Western Pacific area to the Central Pacific. Fig. 7 shows
that the contribution of the region from which the water vapour enters the stratosphere shifts in
the same way. However, this effect is accompanied by a general decrease in H20 entry values over
most of the tropical area (Fig. 6(b)) and a strong temperature decrease at 100 hPa (Fig. 9), which
is most prominent in the Central Pacific. I wonder whether it is not this cooling at 100 hPa which
is the dominant process for the water vapour drop instead of the shift of trajectories entering the
stratosphere. Thus I would like to see more evidence for your suggestion that it is the shift of the
trajectories rather than the strong cooling at 100 hPa that leads to the water vapour drop. My
feeling is that it is not possible to disentangle these two influences with your analysis.

Reply: Thank you pointing out the important issue to be explained in more detail. As is shown
by Eq. (8), we can interpret the values of E(LCP € j) as the contribution of bin j to [H20]e.
Because the quantity that directly drives [H2O], is E(LCP € j), any statement that attributes
solely P(LCP € j) or SMR(LCP€ j) to the cause of changes in [HyOJ. is mathematically
wrong. However, we believe it is quite interesting to see individual changes in P(LCP € j) and
SMR(LCPE€ j) to interpret the variations in E(LCP € j). The following revision is made in
the revised manuscript.

- Page 28046, line 23 to page 28047, line 1: The contribution from this core area
.. decrease in SMRin-

has been changed to

The contribution from this core area remains dominant during the posterior period
(Fig. 7(b)). While the reduction of [H2O]. cannot be free from the general cooling
(lowering of SMR(LCPe€ j)) in posterior years over most of the tropics (Fig. 6), it is
interesting to note the increase of E(LCP € j) despite the decrease in SMR(LCPe j)



over the central Pacific. This is because the increase of P(LCP € j) more than compen-
sate for the decrease of SMR(LCPE j) over there. In this sense, it is not appropriate
to attribute the cooling over the western and the central Pacific to the drop in [HzOle.
The similarity in the spatial distributions of P(LCP € j) and E(LCP € j), especially
that of the location of maxima over the Bay of Bengal and Malay Peninsula together
with the post 2000 decrease over there and the western tropical Pacific, suggests that
the relocation of LCPs (change in P(LCP € j)) is a leading factor that has caused the
drop in [H20], in September 2000.

4. Comment: Page: 28040, line 10: What do you mean by occasional value?
Reply: “its occasional value (SMR,,in)” has been changed to “the minimum value (SMR i )”.
Comment: line 20: however, it will... What is meant by “it”?

Reply: The sentence has been changed to

However, such a restriction will serve to focus our investigation on some specific processes that
may have led to ...

Comment: line 21: “the advantages”. Please specify the advantages or omit the “the”.
Reply: “the advantages” has been replaced by “an advantage”.

5. Comment: Page 28041, line 12: What is meant by “those on pressure levels”? Which variables are
on pressure levels?

Reply: The sentence has been replaced by

- Page 28041, line 11ff: All meteorological variables given on 60 model levels have
been interpolated to those on 91 pressure levels keeping the horizontal resolution of
0.75° by 0.75° longitude-latitude gridpoints prior to calculations. The time step has
been set to 30 minutes, similar to 36 minutes taken by Bonazzola and Haynes (2004),
by applying spatiotemporal interpolations to the 6-hour interval ERA Interim dataset.
As for the limitation and caution of this method, see, for example, the pioneering
studies by Fueglistaler et al. (2004) and Bonazzola and Haynes (2004).

6. Comment: Page 28042, line 19: If you use ERA-interim data for the calculation of backward
trajectories, how is a time step of 30 minutes possible? Please provide some information why 0.2 K
in potential temperature within one time step defines a fast ascending air parcel.

Reply: The ERA Interim gridpoint values in the time interval of 6 hours are interpolated in both
time and space to the location of air parcels every time step of trajectory calculation as is
described above. The increment of 0.2 K has been chosen empirically. The following revision is
made.

- Page 28042, line 18: The required rate for the fast ascent is empirically set to more
than 0.2 K in potential temperature within 1 time step (30 min),

Comment: line 24: “rapidly decays” is probably the wrong expression. Do you mean the proportion
of fast air parcel go to zero?

Reply: “rapidly decays” has been replaced by “rapidly goes to near zero”.

7. Comment: Page 28045, line 2: The reference to figure 4 of Randel and Jensen is misleading. It
shows the intrusion of ozone-rich air, which I expect to be of stratospheric origin and thus dry air.

Reply: As the influence from the extratropics is out of the scope of the present study, the sentence
is deleted. The related changes are

- Page 28044, line 24 to page 28045, line 4: dehydration efficiency in the TTL.
. associated with the modal shift seen in Fig. 4,

has been changed to

dehydration efficiency in the TTL. To quantify the change in the LCP distribution
associated with the modal shift seen in Fig. 4,



8. Comment: Page 28046, line 10: Please provide information about the statistics (“significance”)
including the respective formulas you used. I do not understand how the t-test is applied for your
samples. I expect to see arguments why you think your applied statistics method is suitable. You
might do this in an appendix.

Reply: The method of estimating the statistical significance has been written in Appendix, which
will read as follows:

Appendix A: Statistical tests between prior and posterior to the drop

A1 The difference of P(LCP € j)

Let the random variable, X, is the number of event occurrences in some number of
trials, n. The binomial distribution can be used to calculate the probabilities for each
of n+ 1 possible values of X (X =0,1,---,n) if the following conditions are met: (1)
the probability of the event occurring does not change from trial to trial, and (2) the
outcomes on each of the n trials are mutually independent. These conditions are rarely
met, but real situations can be close enough to this ideal that the binomial distribution
provides sufficiently accurate representations. The probability that the number of
occurrence X is x among n trials, Pr(X = z), follows the binomial distribution

n
xT

P =o)= (5 ) a-p @m0 ) (9)

where p is the probability of occurrence of the event.
The statistical test for the difference in the population proportion of two binomial
populations, p; — ps, could be made as follows. Let the sample size and the sample
proportion of the two sets being ny and ny and mq/n; and ms/ns, respectively. The
test statistic, 77, defined by

my/ny —ma/ny M1+ mg

N Tt © " mtm (10)

follows approximately the standard normal distribution. The statistical test for the
difference between P(LCP € j) in prior and posterior periods could be done by applying
the two-sided tests under the null hypothesis of p; — ps = 0 at some significance level
a, where p; and py are the population proportion of LCP taking place at bin j in the
posterior and prior to the drop, respectively. In our case, n; and ns, and m; and ms,
are Npgt and N(LCP € j), respectively, for posterior (suffix 1) and prior (suffix 2)
periods.

A2 The difference of SMR(LCP€ j)

The statistical test to be applied is the comparison of the population means of two

normal distributions, p; and pg, with unknown population variances. This test is

sometimes called the Welch’s ¢ test. The test statistic, 715, defined by
Tl — T2

T +S%/7’L2,

follows the t distribution of the degree of freedom m, where

Ty = (11)

_ (s1/n1 + 53/n2)?
s1/(nf(n1 — 1)) + s3/(n3(n2 — 1))’

Here, n; and ny, T; and T, and s? and s3 are the sample size, the sample mean,
and the unbiased sample variance, respectively, of the two sets. The statistical test
for the difference between SMR(LCPE€ j) in prior and posterior periods could be done
by applying the two-sided tests under the null hypothesis of u; — pus = 0 at some
significance level a. In our case, ny and ny, T; and Ty, and s% and 8% are N(LCP €
7); SMR(LCPe€ j), and the unbiased variance of SMRyui, at bin j, respectively, for
posterior (suffix 1) and prior (suffix 2) periods.

m

(12)

Some associated changes are made to Page 28045, line 17:



The test statistic of the difference (see Appendix A1 for details) is shown in Fig. 5(d)
indicating ...

and the figure caption of Figs. 5 and 6 referring to the Appendix.

- Figure 5. Horizontal distribution of LCP-event probability, P(LCP € j), estimated
from the TST trajectories initialized on 400 K in (a) September 1998 and 1999 (prior
to the drop) and (b) September 2000, 2001 and 2002 (posterior to the drop). The
probabilities are estimated in 10° by 10° longitude-latitude bin as the number of LCPs
experienced by all TST air parcels inside the bin divided by the total number of TST
parcels used for the calculation (N(LCP € j)/Npgr). Panels (¢) and (d) are the
difference of probabilities between the two (posterior minus prior to the drop) and the
values of test statistic (77 of Appendix Al), respectively. The colored bins indicate
that the difference is statistically significant at the significance level of 1 % or higher.
Those bins shown in white indicate there found no LCP event in (a) and (b), while the
difference is not statistically significant in (c¢) and (d). See Appendix for the details of
statistical tests.

- Figure 6. The same as Fig. 5 except that the ensemble mean values of SMR,,;, are
illustrated on the bin-by-bin basis (SMR(LCP€ j)). The test statistic shown in (d) is
T5 of Appendix A2. See Appendix for the details.

Comment: line 8: “leading to a reversal of the zonal gradient of SMR;, over the equator” ... T do
not understand this sentence.

Reply: This part of the sentence has been deleted.

Comment: Page 28048, line 21: How can the contribution from the Tibetan high and the thermal
forcing from the ocean to the SWV drop be quantified by a “projection of the H20 entry values onto
bins in the tropics”? I don’t understand this sentence.

Reply: The sentence has been revised as follows:

- Page 28048, lines 22 to 25: the modulations of the Tibetan high and ... distributed
in the tropics (Fig. 7).

has been changed to

the modulations of the Tibetan high and the TTL circulation driven by the thermal
forcing from the equatorial ocean. The regional contribution to [H2O]., quantified by
E(LCP € j), shows distinct decrease in two regions; one over the Bay of Bengal and
the other over the equator in the western tropical Pacific (Fig. 7(c)). The former will
be related to the weakening of Tibetan high, while the latter may imply the modulation
of the Matsuno-Gill pattern (Matsuno, 1966; Gill, 1980), although these will not be
independent between each other.

9. Comment: Page 28049, line 5: “without taking the average”. I do not understand what you
intended to calculate.

Reply: Each panel of Figure 9 is the averaged distribution either before the drop or after the drop.
The features commonly appear in each of the months depending on the category either prior or
posterior to the drop even if the averages are not taken among years. The sentences have been
revised as follows:

- Page 28049, lines 4 to 7: The corresponding features appear basically the same
.. with the intensity weaker in the latter (2000/2001,/2002).

has been changed to

We can see the Tibetan anticyclone in the height field of both periods (left) with the
intensity weaker in the latter (2000, 2001 and 2002) than in the former (1998 and 1999).
This feature appears basically the same in individual monthly mean values of August
depending on the category either prior or posterior to the drop.

Comment: Page 28049, lines 23-29: I cannot follow your description of Figure 10.



Reply: Figure 10 has been redrawn to make the important point clearer. The sentences are revised
as follows:

- Page 28049, lines 23 to 27: The difference between the longitudes of warm SST
core ... to underlying convective heating (Hatsushika and Yamazaki, 2003).

has been changed to

The possible connection of the water drop in 2000 to the modified SST distribution has
been discussed by Rosenlof and Reid (2008). They found the correlation coefficients
between tropopause temperature and SST are quite small “if one correlates times prior
to 2000, or after 2001” separately, but a large negative correlation coefficient of —
0.44 appears if one correlates the entire time period which, they say, is “exclusively a
consequence of the decrease in tropical tropopause temperatures of ~ 2°C in 171° —
200° longitude band coincident with an increase in SST's of 0.4°C in the 139° — 171°
tropical longitude band.” The longitudinal difference between the warm SST core and
the temperature minimum near the tropopause will be due to the eastward tilt of
cold region associated with a steady Kelvin wave response to underlying convective
heating (Hatsushika and Yamazaki, 2003). Thus the notion by Rosenlof and Reid
(2008) suggests that the SWV drop in 2000 is driven by some dynamical process that
accompanies the generation of Matsuno-Gill pattern. This is consistent with the idea
that the modified SST distribution is one of the key processes that drove the water
drop in the year 2000.

10. Comment: Page 28050, lines 1-3: I doubt your conclusion drawn from Fig. 7, namely that the

11.

TTL temperature in the Central Pacific is not the cause of the water vapour drop. I think that
this interpretation is not supported by the results of Figure 7. Please consider that the cooling in
2001/2002 is distributed over the whole tropical belt, as Figure 9 shows.

Reply: This point has been already discussed in the reply to item 3 of Specific comment. The
sentences are revised as follows:

- Page 28049, line 29 to page 28050, line 3: The important point in our analysis
is that ... by way of the Bay of Bengal and the western tropical Pacific (Fig. 7).

has been changed to

The important point in our analysis is that the decrease of SMR(LCPE€ j), albeit widely
distributed and remarkable in the tropics (Figs. 6 and 9), is not enough to explain the
drop of [HyO], if we recognize the dipole structure, that is, the paired increase and
decrease, in E(LCP € j) over the equatorial Pacific (Fig. 7). The modified pathway of
TTL trajectories, resulted in the reduction of LCP probabilities over the Bay of Bengal
and the western tropical Pacific (Fig. 5), is quite important.

Comment: Discussion section: As far as I understand the following two sentences contradict each
other:

Page 28050 line 1ff: “The important point in our analysis is that the drop of H20 does not come
from the decrease of TTL temperature in the Central Pacific but that from the the water transport
by way of the Bay of Bengal and the Western tropical Pacific.”

and

Page 28052 line 6: “The correspondence to the change in the SST distribution ... suggests that the
drop and the subsequent low values of H20 are brought about by the eastward expansion of warm
SST region to the central Pacific through reduced water entry to the stratosphere.”

Could you please clarify?

Reply: The former sentence has been replaced as written above. The latter is revised as follows:

- Page 28052, line 6ff: The correspondence to the change in the SST distribution,
the time of occurrence, and the persistency of phenomenon suggest that the drop and
the subsequent low values of [H2O], are brought about by the reduced water entry
to the stratosphere mainly through the Bay of Bengal (in boreal summer) and the



Western tropical Pacific. The dipole pattern in E(LCP € j) over the equatorial Pacific
(Figs. 7 and 12) is suggestive of an eastward shift of Matsuno-Gill pattern related to
the eastward expansion of warm SST region to the central Pacific.

12. Comment: Figure 5: The caption of this figure is not at all comprehensible from the beginning of
“The difference of probabilities...”. Please give details of the computational method either in the
main text or in an appendix. For instance, describe what is considered in the Binomial distributions
and how you determined their parameters. What do you mean with Gauss transformation? Is it

simply the fact that the Binomial approaches a Gaussian for a large number of data?

Reply: The details of the computational method have been written in the main text (Reply to item
2 of Specific comments). The issues such as binomial distributions and Gauss transformation
are written in Appendix. The caption of Figure 5 is revised as is written in item 8 above.

Technical corrections:

1. Comment: Figures 5/6/7: please describe the respective month and year on top of the figures, then
it is easier to follow the description in the text.

Reply: Done.
2. Comment: Figure 9/10: color bar is missing.

Reply: The color bar is found at the top in Figure 9. Figure 10 has been rewritten in monochromatic
fashion and no longer needs color bar.

3. Comment: Figure 12: select a more appropriate color bar to display the results for the upper and
middle figure.

Reply: The color code of Figure 12 is set exactly the same as that of Fig. 7 so that we could easily
compare between the two. Thus the color bar is kept intact.
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Abstract.

of stratospheric water vapor at around the year 2000 to 2001 after-a—prolonged-inerease-throtugh

the-1980s-and—1990s-is relatively well accepted in spite of the difficulty to quantify the long-term
variations. This stepwise change is studied by examining the entry value of water to the strato-

sphere ([H2O]e) and some Lagrangian diagnostics of dehydration taking place in the Tropical
Tropopause Layer (TTL). The analysis is made using the backward kinematic trajectories initial-
ized every ~ 10 days since January 1997 till December 2002 on 400 K potential temperature surface
in the tropics. The [H2 O], is estimated by the ensemble mean value of the water saturation mixing
ratio (SMR) at the Lagrangian cold point (LCP) where SMR takes minimum (SMR ;) in the TTL
before reaching the 400 K surface. The drop in [H3O], is identified to have occurred in September
2000. The horizontal projection of September trajectories, tightly trapped by anticyclonic circula-
tion around Tibetan high, shows eastward expansion since the year 2000. Associated changes are
measured by three-dimensional bins, each having the dimension of 10° longitude by 10° latitude
within the TTL. The probability distribution of LCPs shows appreciable change exhibiting a com-
posite pattern of two components: (i) the dipole structure consisting of the decrease over the Bay
of Bengal and Malay Peninsula and the increase over the northern subtropical western Pacific and
(ii) the decrease over the equatorial western Pacific and the increase over the central Pacific almost
symmetric with respect to the equator. The SMR,,;;, shows general decrease in the tropics with some
enhancement in the central Pacific. The expectation values, defined by the multiple of the probability
of LCP events and the ensemble mean values of SMR,,,;,,, are calculated on each bin for both periods
prior and posterior to the drop. These values are the spatial projection of [H2 O], on individual bin.
The results indicate that the drop is brought about by the decrease of water transport borne by the

air parcels having experienced the LCP over the Bay of Bengal and the western tropical Pacific. The
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former is related to the eastward expansion of the anticyclonic circulation around the weakened Ti-
betan high, while the latter will be linked to the eastward expansion of western tropical warm water
to the central Pacific. This oceanic surface forcing may be responsible also for the modulation of
dehydration efficiency in the successive northern winter. The drop in September 2000 and the sus-
tained low values thereafter of [Ho O], are thus interpreted as being driven by the changes in thermal

forcing from the continental and oceanic bottom boundaries.

1 Introduction

Stratospheric water vapor (SWV) observed by balloon-borne hygrometers exhibits gradual increase
in the 1980s and 1990s (Oltmans and Hofmann, 1995; Oltmans et al., 2000) followed by a stepwise
drop at around the year 2000 (Scherer et al., 2008; Fujiwara et al., 2010). Since SWV has a positive
radiative forcing as a greenhouse gas (Shindell, 2001), its possible increase during the two decades
could have caused enhanced surface warming by about 30 % as compared to that without taking this
increase into account, while the subsequent drop could have slowed down the surface warming by
about 25 % from about 0.14 to 0.10 °C per decade (Solomon et al., 2010). The cause and mechanism
of this stepwise change have been fluently discussed (e.g., Randel et al., 2006; Rosenlof and Reid,
2008; Bonisch et al., 2011; Fueglistaler, 2012; Fueglistaler et al., 2014; Dessler et al., 2014). While
constructing a reliable long-term SWV record is still a challenge (Hegglin et al., 2014), the under-
standing of a possible stepwise change in SWV is required in assessing possible modulation of the
Brewer—-Dobson circulation under global warming.

The variation of SWYV is driven dynamically by the troposphere-to-stratosphere transport of water
and chemically by the oxidation of methane. The dynamical control is mostly associated with the
efficiency of dehydration functioning on the air mass advected in the TTL (Holton and Gettelman,

2001; Hatsushika and Yamazaki, 2003). The-The Lagrangian description of the transport processes

in_the tropical troposphere to the stratosphere using trajectory calculations proved to be quite
effective not only in the reproduction of SWV variations by-using-thelagrangian—temperature
dehydration processes in the TTL (e.g., Bonazzola and Haynes, 2004; Fueglistaler et al., 2004, 2005;
Dessler et al., 2014) even though the quantitative estimation of the water amount entering the strato-
sphere requires detailed consideration dealing with aerosols and ice particles (ice nucleation and
sublimation processes, supersaturation, and deposition and precipitation of ice particles) as well as
the minute description of meteorological conditions (subgrid-scale variabilities, intrusion of deep
convection into advected air parcels, and irreversible mixing due to breaking waves along with the
ambiguity in the analysis field).

Here, we discuss the cause of the stepwise drop in SWV by making the analysis of the entry

mixing ratio of water to the stratosphere ([HoO].) with the aid of some Lagrangian diagnostics of
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TTL dehydration such as the preferred advection pathways in the TTL, the location in which water
saturation mixing ratio (SMR) takes minimum along each trajectory (Lagrangian cold point; LCP)
together with its-oeeastonal-the minimum value (SMR,,;,,) before entering the stratosphere (Sect. 3).
The backward kinematic trajectories initialized on 400 K potential temperature surface in the tropics,
similar to those of Fueglistaler et al. (2005), are used. The calculations cover the period from January
1997 to December 2002. The statistical features of the LCP and SMR,;,, are analyzed for the 90 day
trajectories in which the air parcels experienced LCP in the TTL (Sect. 2). The analysis is focused
on the examination of the entry value of water to the stratosphere, meaning that any contribution
from the recirculation within the stratosphere (ST) and the sideway entry of water to ST without
taking the LCP in the TTL are intentionally left out of the scope. Detailed examinations on the
driving mechanism itself are left for future studies. However;it-willreveal-the-direet-cause- However

AAAASRARA

such a restriction will serve to focus our investigation on some specific processes that may have led
to the SWV drop in Lagrangian framework. This approach has the-advantages-an advantage over

Eulerian description because the drop in SWV does not necessarily mean TTL cooling conveniently
described in Eulerian framework. For example, it might simply reflect the change in the proportion
of air parcels that have passed the coldest region in the TTL. Conversely, any extreme cooling does
not necessarily result in enhanced dehydration as long as the air parcels do not experience LCP event
in that region. We will try to describe a hypothetical story on the cause of the stepwise drop of SWV

through the discussion of the results in Sect. 4. Conclusions are placed in Sect. 5.

2 Method of analysis
2.1 Trajectory calculations

8he method of estimating [H2 O], in the present study is similar to that of Fueglistaler et al. (2005).
[H2 O], at time ¢ is estimated as the ensemble mean value of SMR,;, along 90 day backward kine-
matic trajectories initialized at ¢. The-The backward trajectory calculations are started from uni-

formly distributed gridpoints (every 5.0° longitude by 1.5° latitude) within 30° N and S from the
equator on 400 K potential temperature surface;whichrestltsin 2952 initiatization-pointsin-total-for
85ingle-caleulation—The-ecaleulations-are-started-from-, The initializations are made on the 5th, 15th,

and 25th of every month during the period since January 1997 till December 2002 relying on the Eu-
ropean Centre For Medium-Range Weather Forecasts ERA Interim dataset (Dee et al., 2011). The

number of initialization points is 2952 for a single calculation resulting in 8856 for the estimation of
monthly values. This number compares well with that of the reduced set of trajectories in the study
8 the sensitivity of number of trajectories by Bonazzola and Haynes (2004) and turned out to be
enough to derive statistically significant results as can be seen later in Section 3. All meteorolog-
ical variables on-the-60-fayer-given on 60 model levels have been eonverted-interpolated to those

on 91 pressure levels keeping the horizontal resolution of 0.75° by 0.75° longitude—latitude grid-
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points prior to calculations. The time step has been set to 30 minutes, similar to 36 minutes taken b
Bwnazzola and Haynes (2004), by applying spatiotemporal interpolations to the 6-hour interval ERA

Interim dataset. As for the limitation and caution of this method, see, for example, the pioneerin
studies by Fueglistaler et al. (2004) and Bonazzola and Haynes (2004).

2.2 Selection of trajectories relevant to TTL dehydration

The meridional projections of the backward trajectories extracted from those initialized on 15 Jan-
uary 1999 are shown in Fig. 1. The top and bottom diagrams are the same except that pressure (top)
and potential temperature (bottom) are taken as the ordinate. The asterisks in red indicate the loca-
tion of the LCP while those in green are the termination point of trajectory calculations (90 days
before initialization at the longest). In case the backward extension of the trajectories hit the surface
of the earth, the calculations are terminated at that point, and those portions of the trajectories imme-
diately before the surface collision are used for the analysis. The migration of air parcels depicted
in the trajectories is roughly categorized into three major branches: quasi-isentropic advection in
the TTL and the lower stratosphere (LS), vertical displacement in the troposphere due to diabatic
motion resolvable in grid-scale velocity field, and quasi-isentropic migration in the troposphere. We
can see many air parcels are traced back to the troposphere representing the tropical troposphere-to-
stratosphere transport (TST), while some portion of the trajectories remain in the LS and/or reach the
tropical 400 K surface by taking the sideways without making excursions in the TTL. All non-TST
trajectories are removed from the following analysis to focus our discussion on the modulation of
[H2O]e. For the sake of clarity, the TST particles in the present study are defined as a subset of those
particles traceable down to 340 K having recorded LCP in the TTL. For the application of this LCP
condition to our trajectories, we introduce the Lagrangian definition of the TTL to assure internal
consistency of the analysis.

The motion of air parcels ascending in the tropical troposphere is characterized by rapid convective
up-lift that accompanies latitudinal migration associated with the seasonal displacement of the Inter-
Tropical Convergence Zone. Up in the TTL, on the other hand, the diabatic ascent is driven by
radiative heating, in which the seasonal migration with respect to latitude is much smaller than
that in the troposphere because the dynamical field generated by the thermal forcing at the bottom
boundary retains relatively high symmetry with respect to the equator. By translating these features
into the characteristics of trajectories, we derive a definition of the TTL in a Lagrangian fashion.

Figure 2 on the top illustrates the vertical distribution of the proportion of trajectories categorized
on a daily basis as “fast” ascending air parcels. The required rate for the fast ascent is empirically
set to more than 0.2 K in potential temperature within 1 time step (30 min), that is, the condition for
0 K isentrope is met if the air parcel crosses 6 K surface from below # — 0.1 K to above 6 +0.1 K
in 30 min. We can see that the proportion of the fast diabatic ascent thus defined takes maximum at

around 340 K in the troposphere and minimum at around 355 K. The proportion of such “fast” air
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parcels reduces above the level of main outflow and rapidly-deeaysrapidly goes to near zero toward
the level of zero net radiative heating in the TTL. Above this level, the air parcels are diabatically

lifted up by radiative heating and further pumped-up by dissipating planetary waves in the midlat-
itude stratosphere (Holton et al., 1995). The alternation of the primary forcing that drives diabatic
ascent is also seen from the bottom panel of Fig. 2, which shows the seasonal migration of the latitu-
dinal position of the trajectories traceable to down below 340 K averaged for (blue) January, (green)
April, (yellow) July, and (red) October. The altitude of the kink at around 355 K suggests that the
influence of tropical convective motion almost ceases at this level and the diabatic forcing gradually
shifts to radiative heating in the TTL and above.

The diagnostic features depicted in Fig. 2 agree that the bottom of the TTL would be most prop-
erly defined at 355 K potential temperature level for our study. In the following analysis, we make
use of TST trajectories defined by the air parcels that have ascended from the lower troposphere
below 340 K isentrope experiencing the LCP in the TTL, which is defined by the layer between the
isentropic levels 355 and 400 K within 30° N and S from the equator.

3 Results

3.1 Thedropin [H,O],

The calculations are made on a monthly basis using the three initialization days (Sth, 15th and 25th
for time. Let start by assuming that the minimum saturation mixing ratio along i-th TST trajectory.
(@=L Nrgm) is denoted by SMRyyin ;. The entry value of water to the stratosphere [H2 Ol is

defined as the ensemble mean value of SMR,;, as in Fueglistaler et al. (2005):

Nrst
1

Z SMRynini- ¢))

H>O0l. =
[H20] NrsT

The evolution of the entry value of water to the stratosphere as modeled in [H,O], time series
is shown in Fig. 3. The top panel is the sequential change in the monthly ensemble mean value of
[H2O] estimated from the TST air parcels during the period between January 1997 and December
2002. We can see the decrease of the seasonal maxima in boreal summer in 2000. The seasonal min-
ima in boreal winter, on the other hand, show larger values in January—February 2000 as compared
to those in 1999, 2001, and 2002 and thus the drop in [HyO], is not quite obvious. As the six-year
time series is not long enough to define climatology and anomalies from it, we simply view the
interannual variations on the basis of each calendar month. The bottom panel of Fig. 3 is the same
as the top except that the data points are connected by each calendar month. When viewed in this
way, the drop in the year 2000 of about 1 ppmv shows up in the time change in September (marked

by 9), October (10), November (11), and December (12). Similar drop continues to January (1) and
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the successive months in 2001. As there is little difference between those in August 1999 and 2000,
we may well conclude that the drop in [H2O]. occurred in September 2000. Considering the time
period required for the air parcels to make excursion in the TTL, we may interpret that the change
in the characteristics of dehydration has been initiated in the boreal summer of 2000. The maxima
of [H5O], in January through June 1998 are related to the strong El Nifio as is discussed later in

Sect. 4.
3.2 Horizontal projection of the TST trajectories

As the first step of examining the change in the characteristics of TTL dehydration initiated in north-
ern summer of 2000, Fig. 4 illustrates the horizontal projection of TST trajectories within the layer
between the isentropes 360 and 370 K extracted from those initialized in September 1999 (top) and
2000 (bottom). In spite of the equatorially symmetric assignment of the initialization points on 400 K
potential temperature surface, the trajectories in the TTL are highly asymmetric with respect to the
equator and clustered mostly in the northern subtropics. The dense population of the trajectories
shows that the air parcels are largely trapped by Tibetan high in the region between 30° W to 150° E
and 0 to 45° N. Comparison between the two, representing September trajectories prior and posterior
to the drop, respectively, reveals that the circulation of air parcels around the Tibetan high is loosely
tied to the center in the latter period, resulting in the expansion of the anticyclonic circulation branch
mostly to the east accompanied by the spread-out of the trajectories farther to the Southern Hemi-
sphere in the latter. This modal shift in the trajectories initialized in September occurs in the year

2000 and continues at least through 2001 and 2002 (not shown).
3.3 Statistical distribution of the LCP
The shift in the circulation pattern of air parcels is not enough to characterize the modification of

dehydration efficiency in the TTL. diseuss-the-monsoon-—cireulation—during-boreal summerin—the

of-identifyine-the-To quantify the change in the dehydration-efficieney-assoeiated-LCP distribution

associated with the modal shift seen in Fig. 4, the numbers of LCPs are counted by every 10°

longitude-latitude bin in the tropics. The probabilities of LCPs are estimated for each bin by dividing
the LCP counts by the total number of TST trajectories.

Let assume that ¢-th TST trajectory (1 =1,---, N:
;atbin j (j =1,---, M), that is, the Lagrangian cold point (LCP) for i-th TST trajector

takes minimum saturation mixing ratio
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is found at bin j. If we denote the number of LCP events at bin § as N(LCP € j

M
Nyt =Y _N(LCP € j). 2)

J

Because some trajectories do not satisfy the TST condition in general, /V- < N, where N is the
total number of initialization points used for the calculation. The probability of LCP events at bin j
P(LCP € 4), is defined b

N(LCP € j
pcp e j) = YIECPE)) 3)
Nrgr
M
so that the normalization condition P(LCP € ) = 1 holds.

J
The top two panels of Fig. 5 show the horizontal distributions of the-prebabilities-of LCP-events
thus—ebtained—P(LCP € j) thus defined for those trajectories initialized in September 1998 and

1999 (tepa; prior to the drop) and September 2000, 2001 and 2002 (secend-panelb; posterior
to the drop). Fhe-spatial-maximum-—during-theperiod-prior—to-the-drop-is—found-Because Nrgr
is_different among individual September, Nygr for each month has been used as a weight in
taking the averages. In other words, the calculations are made by combining the trajectories of
two or three prior- or posterior-months together for the illustrations. To be more specific, the TST
trajectories of September 1998 and 1999, selected from IV = 2952 x 3 x 2 trajectories, are combined

from N = 2952 x 3 x 3 trajectories, are used for Fig. 5(b). The comparison between the two will

shed light on the change in “the sampling effect” of Bonazzola and Haynes (2004). The spatial
distribution is characterized by the maxima over the Bay of Bengal and Malay Peninsula with-the
accompanied by a ridge extending to South China Seattop)-—. It is interesting to note some similarity
for June to August 1999 shown by Bonazzola and Haynes (2004). During the period posterior to the
drop (second-paneb);-this-maximum-showsFig. 5(b)), the maxima show eastward expansion as far as
150° E. There also appears some increase in the Central Pacific covering both northern and southern
subtropics crossing over the equator. These two components appear clearer in the difference field
shown in the-third-panekFig. 5(c). Those bins shown in blue (red) indicate the decrease (increase)
of the LCP probabilities in the posterior period. The test statistic of the difference transformed-to
the-standard-Gaussian-distribution—(see Appendix Al for details) is shown in the-bottom-panel-of
the-figure-Fig. 5(d) indicating the region in which the differences are statistically significant at the
significance level of 1% or higher. It is interesting to note that, in addition to the dipole structure
associated with the eastward expansion of the Tibetan anticyclone, the probabilities show significant

decrease over the equator at around 130 to 140° E and increase in wider area almost symmetric with
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respect to the equator (160° E to 160° W and 10° S to 10° N). This structure will be discussed further
in Sect. 4.

3.4 Statistical change in the SMR,,,;,,

The increase of the LCP events in some bins does not necessarily mean enhanced dehydration over
there. The next step is to examine the change in the SMR,,;,. This corresponds to focus on the
change in “the temperature effect” of Bonazzola and Haynes (2004). Simultaneous with counting
the LCP events, the values of SMR at the time of each LCP event (SMR,,;;,) have been summed-up

to calculate the average for each bin. The ensemble mean value of SMR,,;,, at bin j, SMR(LCP< j)
is defined b

LCPej

SMR(LCP € j) = Z SMRunin i 4)

LCP €7

LCPeEj

where indicates the sum with respect to the subset of TST trajectories that take LCP at bin j.

Figure 'A2 is the same as Fig. 5 except that the-ensemble-mean-SMRymare-SMR(LCPE j) is
illustrated rather than the-prebability-of ECP-events—P(LCP € j). We can see that the averages of
SMR,,,;,, in the tropics are roughly smaller in the eastern than in the western hemisphere accompany-
ing a broad minimum of about 3.5 to 3.7 ppmv over the maritime continent during the period prior
to the drop (tepyFig. A2(a)). The values show general decrease in the tropics with some enhanced
drop in the central Pacific reaching less than 3. Oppmv in the period posterior to the drop (secend

| Fig, A2(b)).
The gross features correspond well to_the horizontal distribution of the LCP-averaged SMR of
July/August 2001 estimated by Fueglistaler et al. (2004). The difference between the two (third

panebperiods (Fig. A2(c)), together with the statistical significance (betteryFig. A2(d)), confirms
the pronounced decrease of SMR,;;, in the central Pacific after 2000. On the other hand, the change

of SMR,,;,, associated with the east-west dipole structure is not so remarkable in terms of the differ-

ence of SMR,,;,, although the tendency is the same.
3.5 Statistical change in the expectation values

While the differences of SMR,,,;;,, appear smaller over the Bay of Bengal and Malay Peninsula than
over the central Pacific, the comparisons based only on the changes in SMRmim—~(LCPE 4) could

be misleading, because the probabilities-of LCP-events-values of P(LCP € j) are much higher in
the former than in the latter (Fig. 5). Figure-A2-shows-the-horizontal-distribution-of-the-expeetation
value-of-The expectation value for bin j, E(LCP € j7), is defined by the multiple of P(LCP € j

and SMR(LCP€ 7) to quantify the contribution of each bin to [HyO]cestimated by multiplying the
probability-of ECP-events(Fig—5)-and-the-ensemble-mean-SMRmn¢. The sum of E(LCP € j) with



respect to all bins reduces to

M M
260 Y E(LCPej) = Y P(LCP € j)x SMR(LCP € j) )
J J
M . LCPej
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This is the entry value of water to the stratosphere [H2Ole (Eg. (1)) shown as a time series in
Bog. A2)-togetherforeach-bin-3, [H>0], is thus decomposed of the sum of E(LCP € j). which
P(LCP € j) nor SMR(LCP¢ 7) but the product between the two, E(LCP € 4), that is directl

responsible for composing the value [HOle. By comparing the distribution of E(LCP € j) between
the two periods, prior and posterior to the drop, we can see how the drop in [H> Ol is brought about
___Figure A2 shows the horizontal distribution of E(LCP € 7). This corresponds to the projection

of [H20O]. onto each bin. We can see that the September values of [H,O], are mostly projected to

the Bay of Bengal and Malay Peninsula before the drop (tep-panebFig. A2(a)). The contribution
from this core area remains dominant during the posterior period (middle-panelyThereductions

thereduced-ensemble-meanSMRmmmFig. A2(b)). While the reduction of [H, O], cannot be free from
the general cooling (lowering of SMR(LCP< j )1n osterior years over most of the tropics (F1g A2):

mwmmmmmwmm&
d80recase in SMR(LCPE< j) over the central Pacific. This is because the increase of P(LCP € j) more
than compensate for the decrease of SMR(LCPE j) over there. In this sense, it is not appropriate
to attribute the cooling over the western and the central Pacific to the drop in [HzO]cbeeatse-the
magnitude of inerease-in-oceurrence frequeney-prevails—. The similarity in the spatial distributions
of P(LCP € j) and E(LCP € j), especially that of the deerease-in-SMRyryr-location of maxima
western tropical Pacific, suggests that the relocation of LCPs (change in P(LCP € j)) is a leading.

factor that has caused the drop in [H>O], in September 2000.
The resultant changes could be interpreted as the composite of two components: (i) the decrease

over the Bay of Bengal and (ii) the decrease over the equatorial western Pacific and the increase
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over the central Pacific almost symmetric with respect to the equator extending to the subtropical
latitudes of both hemispheres. The former is supplemented by slight decrease widespread along the
10° N zonal belt with the exception around 150° E and the central Pacific. These features will be
related to the eastward expansion of the anticyclonic circulation around the Tibetan high, while the

latter is suggestive of some response to the thermal forcing from the equatorial ocean.

4 Discussion
4.1 Maxima of [H,O]. in 1998

We have seen in Fig. 3 that the time series of [HyO], shows maxima in January through June 1998.
We excluded these months from our analysis in Sect. 3 because of the influences of strong El Nifio.
The values of [HyO], in November and December 1997 are larger than those in 1998, which may
suggest possible influence of El Nifio also in these months. Actually Fueglistaler and Haynes (2005)

demonstrated in their Fig. 2 that the trajectory model shows large increase of lower-stratospheric
water ([H2O] which takes non-TST trajectories into account in addition to [H2O]¢) associated

with El Nifio and that the increase is accompanied by the eastward shift of the high density region of
LCP. The reason why we regard these facts as little related to the drop of [H2O]. in 2000 is briefly

discussed here.

For exploration of the reason of such anomalies, the horizontal distributions of LCP are shown
for those initialized in February 1997, 1998 and 1999 in Fig. A2. The distributions in February
2000, 2001 and 2002 (not shown) are similar to those of 1997 and 1999. The LCPs in February are
commonly distributed almost symmetric with respect to the equator, but the longitudinal distribution
is not uniform. High concentration in the western tropical Pacific in 1997 and 1999 (and also in
2000, 2001 and 2002) is suggestive of the strong influence of the warm sea surface temperature
(SST) on the LCP distribution. The large scatter extending to the eastern tropical Pacific in 1998
is due to the migration of the large scale convective system to the east associated with the strong
El Nifio. We have put this anomalous change out of the scope of the present study, because those
anomalous values seem to have recovered to normal by the northern summer of 1998 (well before
2000) and there is no reasoning that this strong El Nifio is coupled to the drop in [H2 O], in 2000. For
the objective judgement of the influence of the El Nifio, we employ the SST averaged in the region
between 90° W and 150° W longitude and 5° S to 5° N latitude (Nifio 3 region, Trenberth, 1997).
Those months exhibiting the SST anomalies (relative to the 1981-to-2010 climatology) greater than
1.5 times the standard deviation are excluded from the present analysis. Those excluded are the

twelve months from June 1997 to May 1998.

10
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4.2 Perspective to the mechanism of the drop

The entry value of water to the stratosphere, [H2O]., estimated by the ensemble mean values of
SMR,,,i, along the TST trajectories shows appreciable decrease in September 2000 (Fig. 3), sug-
gesting some modulation in the dehydration efficiency functioning on the air parcels advected in
the TTL during the northern summer of 2000. The horizontal projection of trajectoriesinitialized-in
September-September trajectories, characterized by anticyclonic circulation associated with Tibetan
high in the TTL, shows eastward expansion in the year 2000 accompanied by some bifurcation to the
Southern Hemisphere (Fig. 4). This modal shift appears as decreases in the probability distribution
of the LCP over the Bay of Bengal and the western tropical Pacific (Fig. 5). The SMR averaged on
the occasion of LCP events (SMR,;,,) shows general decrease with some enhancement in the central
Pacific (Fig. A2). These results suggest two possible components contributing to the sudden drop of

[H20], in September 2000: the modulations of the Tibetan high and the TTL circulation driven

by the thermal forcing from the equatorial ocean. The contribution-from-these-two-components-has
bemqﬂmﬁeﬁwmeeﬁﬁgﬁelmm [HoO]c.onte-bins-distributed-in-the-tropies

vantified by E(LCP € shows distinct decrease in two regions; one over the Bay of Bengal and
the other over the equator in the western tropical Pacific (Fig. A2)-(c)). The former will be related
to the weakening of Tibetan high, while the latter may imply the modulation of the Matsuno-Gill

pattern (Matsuno, 1966; Gill, 1980), although these will not be independent between each other. The
results indicate that the drop is brought about by a response of the TTL circulation to the modulated

forcing both from the continental summer monsoon and the equatorial ocean. It is thus quite inter-
esting to take a brief look at the changes in the TTL meteorological fields in Eulerian framework
before concluding this study.

Figure 9 illustrates the longitude-latitude section of 100 hPa geopotential height (left) and temper-
ature (right) averaged in August 1998 and 1999 (top) and 2000, 2001 and 2002 (middle). These are
the background Eulerian fields having roughly brought about the Lagranglan features described by
the top two panels of Figs. 5-A2. if
a&mémdﬁa%igﬂ%kwmeu&fakmgfheﬁwefag&We can see the Tibetan anticyclone in the height
field of both periods (left) with the intensity weaker in the latter (2000£, 2001 #and 2002) —than in the
former (1998 and 1999). This feature appears basically the same in individual monthly mean values

of August depending on the category either prior or posterior to the drop. The expansion of the tra-
jectories after 2000 (Fig. 4), therefore, is the result of loosened grip of air parcels around weakened

Tibetan high in the latter years. These features remain the same in September of other years posterior
to the drop (not shown). The temperature field (right-hand side) both prior and posterior to the drop
appears as the typical pattern of the TTL response to the thermal forcing at the bottom boundary
with additional heating to the subtropical Northern Hemisphere (Matsuno, 1966; Gill, 1980). The
difference (bottom-panehFig. 9(e)) indicates substantial cooling in the northern subtropics at around
150° E and the central Pacific. The latter corresponds to the findings of Rosenlof and Reid (2008) in

11
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which the tropical tropopause temperature in 171 to 200° E longitude band decreased in association
with the SWV drop in 2000.

—The correspondence of the decrease of the equatorial 100 hPa temperature to the increase of
the underlying SST is explored in Fig. 10, which shows the longitude-time section of the equato-
rial SST averaged between 10° N and S of the equator. We could see the warm SST region in the
western Pacific expands to the east in the year 2000, and the contour of 28 °C, the threshold of ac-

@&6-convection (Gadgil et al., 1984), during the coldest month of the year crossed the date line in

2001. Fhe difference between-the longitudes-of The possible connection of the water drop in 2000
to-the modified SST distribution has been discussed by Rosenlof and Reid (2008). They found the
eorrelation coefficients between tropopause temperature and SST are quite small “if one correlates
times prior to 2000, or after 2001” separately, but a large negative correlation coefficient of ~ 0.44
appears if one correlates the entire time period which, they say, is “exclusively a consequence of

the decrease in tropical tropopause temperatures of ~ 2°C in 171°-200° longitude band coincident
with an increase in SSTs of 0.4°C in the 139°—171° tropical longitude band.” The longitudinal

difference between the warm SST core and the temperature minimum near the tropopause s-noticed
atready-by—is-will be due to the eastward tilt of cold region associated with a -steady Kelvin wave
f¥pense to underlying convective heating (Hatsushika and Yamazaki, 2003). Thus the notion b

Reosenlof and Reid (2008) suggests that the SWV drop in 2000 is driven by some dynamical process
that accompanies the generation of Matsuno-Gill pattern. This is consistent with the idea that the

modified SST distribution is one of the key processes that drove the water drop in the year 2000.
TFhe warm condition in the central Pacific continues at least till the end of 2005. The decrease of

$080-hPa temperature over the central Pacific is, thus, well correlated to this SST variation. The im-

pertant point in our analysis is that the-the decrease of SMR(LCPc j), albeit widely distributed and
remarkable in the tropics (Figs. A2 and 9), is not enough to explain the drop of [H, O], dees-netcome

ofif we recognize the dipole structure, that is, the paired increase and decrease, in £(LCP € ) over
of LCP probabilities over the Bay of Bengal and the western tropical Pacific (Fig. A2)-

The study by Young et al. (2012), discussing the changes in the Brewer—Dobson circulation during
the period 1979 to 2005 by referring to the out-of-phase temperature relationship between the trop-
ics and the extratropics, found no appreciable change around the year 2000. However, the zonally
uniform component exhibiting the out-of-phase relationship between the tropics and the extratropics
in 100 hPa temperature difference (Fig. 9) is suggestive of some stratospheric contribution to the
drop in [H2 O], (Randel et al., 2006) through wave-driven pumping (Holton et al., 1995). Actually
the analysis of dynamical fields such as eddy heat flux and EP-flux by Fueglistaler (2012) finds

a strengthening of the residual circulation qualitatively consistent with the drop of SWV in October
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2000. Figure 11 shows in color the time-height section of monthly mean vertical wind velocity in
the tropics. The seasonal enhancement in the upward motion during northern winter shows up in
the lowermost stratosphere. The solid and dashed contours superposed on the vertical velocity field
are the zonal wind components depicting the westerly and the easterly phase, respectively, of the
quasi-biennial oscillation (QBO). The stagnation of the downward propagation specifically that of
the easterly phase of the QBO is noticed in late 1997 to early 1998 and late 2000 to early 2001 at
around 40 hPa level. This phase dependency of the stagnant propagation is brought about by the sec-
ondary circulation of the QBO in which the upward (downward) motion accompanies the easterly
(westerly) shear zone of the QBO (Plumb and Bell, 1982; Hasebe, 1994). What is interesting here is
that the enhanced upward motion is found in September and October 2000 blocking the downward
propagation of easterlies. The limitation from our use of Eulerian vertical velocity, rather than TEM
residual velocity, will be minimal as we focus our discussion in the tropics. Actually the anomalies
in the equatorial upwelling at 78 hPa estimated by Rosenlof and Reid (2008) show similar results.
Further analysis by Fueglistaler et al. (2014) emphasize that the strengthening of the residual cir-
culation does not last long but continues for a few years around the year 2000. Remembering the
time of excursion for air parcels circulating the Tibetan high (Fig. 4), the stratospheric anomalies
in October 2000 (Fueglistaler, 2012) appears later than the initiation of the drop in [H3O].. The
difference of one month, albeit small, is large enough to be resolved in the analysis. Then the en-
hanced upwelling discussed by Fueglistaler et al. (2014) might be the stratospheric response to the
tropospheric forcing that modulated the dehydration efficiency in the preceding boreal summer of
2000 rather than the direct cause of the SWV drop. Further studies employing numerical simulations
are definitely required. It is worth mentioning here that the enhancement of the Brewer—Dobson
circulation may have occurred also in the northern hemispheric branch; the age of northern mid-
latitude stratospheric air diagnosed by the CO4 concentration appears shorter than usual in 2002

(Engel et al., 2009, Fig. 3), although the difference is not statistically significant.
4.3 Perspective to the mechanism of sustained low amount of [H5 O],

We have seen some background meteorological fields from Eulerian perspective to interpret the evi-
dences presumably responsible for the drop of [H2O]. in September 2000 described in Lagrangian
framework. The problems not yet answered are what is the specific event (if any) and how is it gen-
erated that has triggered the sequence of phenomena that ultimately led to the sudden drop of SWV.
In addition, the sustained low values of [H2O], after September 2000 need some mechanism that
lasts longer than the seasonal time scale, since the modulation of Tibetan high cannot explain the
reduction continuing to the successive months in northern winter (Fig. 3).

—Figure 12 is the same as Fig. A2 except that the January projection is illustrated. We can see, in

4ddition to the values generally lower than those in September, the larger values are found in the

western tropical Pacific (tep-and-middle-panels)y;—Fig. 12(a), (b)), indicating the January values of
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HH50]. are controlled by those over the western Pacific. This is consistent with the picture having
been presented in numerical simulations (Hatsushika and Yamazaki, 2003). The difference between
the two periods fthe-bottom-diagram)(Fig. 12(c)) shows decrease over Indonesia and increase over
#85-central Pacific during the period posterior to the drop. This-pattera—inJanvary-The former is
is-brought about by the eombination-of-the-deerease-interplay between the increase in P(LCP € j)
and some decrease of SMR(LCPE 7) (not shown). This situation is the same as what we see in

of the second component of September response suggests the existence of a common driver of the
drop in [H2O], irrespective of the season. These evidences suggest the idea that the drop of [H2 O],

in-northern winter is-due-to-has resulted from the response of the TTL circulation to the eastward

éxpansion of the warm water to the central Pacific (Fig. 10) —
_n such a way that the decrease of E(LCP € j) in the western Pacific exceeds the increase of that
The correspondence to the change in the SST distribution, the time of occurrence, and the persis-

tency of phenomenon suggest that the drop and the subsequent low values of [HyO], are brought

about by the eastward-reduced water entry to the stratosphere mainly through the Bay of Bengal
in boreal summer) and the Western tropical Pacific. The dipole pattern in E(LCP € j) over the
equatorial Pacific (Figs. A2 and 12) is suggestive of an eastward shift of Matsuno-Gill pattern related

to the eastward expansion of warm SST region to the central Pacificthroughreduced-water-entry-to
the-stratesphere—. Then our hypothetical story may read, the eastward expansion of warm SST region

brings about the reduction of [HoO], by TST air parcels passing through the western tropical Pa-
cific during northern winter (Fig. 12), while the heating from the modulated SST mentioned above,
competing against that over the continent, has led to the modal shift of trajectories during northern
summer resulting in the reduced water transport over the Bay of Bengal and the western tropical
Pacific (Fig. A2).

The above speculation might end up with some proper explanation on the cause of the eastward
expansion of the equatorial warm water to the central Pacific observed in 2000. In this context, it is
interesting to see possible occurrence of “El Nifio Modoki” characterized by the warm SST event
over the central Pacific (W. J. Randel, personal communication, 2015). Actually the time series of
normalized ENSO Modoki index of Ashok et al. (2007) turns from prolonged negative to positive
towards 2001. It is also interesting to note that the “La Nifa-like condition,” tied to the surface
cooling of the equatorial eastern Pacific, is supposedly responsible for the recent hiatus, the pause

of the global-mean surface air temperature rise-through-the-strengthening-of-ocean-heat-uptakerise

(Kosaka and Xie, 2013; Watanabe et al., 2014). If proved to be true, we may have unveiled another
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piece of pathways the internal variability of our climate system could exert on the surface cooling

through SST-driven SWV fluctuations.

5 Conclusions

Backward kinematic trajectories, initialized on 400 K potential temperature surface in the tropics,
have been employed to describe the stratospheric water drop observed at around 2000 to 2001 from
a Lagrangian point of view. The entry value of water to the stratosphere, [H2O]., shows appre-
ciable decrease in the trajectories initialized in September 2000 suggesting the change in the TTL
dehydration efficiency during the boreal summer of 2000. The following changes are found to be re-
sponsible for the drop in [H2O].. The reduction of water vapor transported by those air parcels that
experienced LCP events in two regions; over the Bay of Bengal and the western tropical Pacific. The
reductions are brought about by the decreases in both the LCP-event probability and the ensemble
mean SMR,,;, over there. The LCP reduction in the former region is related to the modified migra-
tion pathways of air parcels circulating the weakened Tibetan anticyclone, while that in the latter
may be a response to eastward expansion of warm water to the central Pacific. This SST modulation
seems to be responsible also for the decrease of [HoO], in the successive northern winter. Some
indication of stratospheric contribution through intensified pumping appears only intermittent and

will be better interpreted as a response to tropospheric forcing changes.

Appendix A: Statistical tests between prior and posterior to the dro

A1l The difference of P(LCP € j

Let the random variable, X, is the number of event occurrences in some number of trials, n. The

binomial distribution can be used to calculate the probabilities for each of n + 1 possible values of

does not change from trial to trial, and (2) the outcomes on each of the n trials are mutually
independent. These conditions are rarely met, but real situations can be close enough to this ideal
that the binomial distribution provides sufficiently accurate representations. The probability that the
number of occurrence X is + among n trials, Pr(X = x). follows the binomial distribution_

I

Pr(X =2)= P (l—p)" ", (x=0,1,---,n), (A)

G

where p is the probability of occurrence of the event.
The statistical test for the difference in the population proportion of two binomial populations
— could be made as follows. Let the sample size and the sample proportion of the two sets
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being nq and ny and mq /ny and mo /no, respectively. The test statistic, 77, defined b

mi+ meo
*(1—p*)(1 1 =
V= p)(A/m+ Lng), p* =T,

(A2)

follows approximately the standard normal distribution. The statistical test for the difference between
A.CP € j) in prior and posterior periods could be done by applying the two-sided tests under the

null hypothesis of p; — po, = 0 at some significance level «, where and are the population
roportion of LCP taking place at bin j in the posterior and prior to the drop, respectively. In our

case, ny and no, and mq and mo, are V- and NV (LCP € j), respectively, for posterior (suffix 1

and prior (suffix 2) periods.
A2 The difference of SMR(LCPEC j)

The statistical test to be applied is the comparison of the population means of two normal

distributions and with unknown population variances. This test is sometimes called the

Welch’s t test. The test statistic, 15, defined b

\/ st/ + s3/na,

(A3)
follows the ¢ distribution of the degree of freedom m, where
si/(ni(m = 1)tsy/ (52 ~ 1)).
(A4)
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Here, ny and no, Z; and T, and s? and s2 are the sample size, the sample mean, and the
unbiased sample variance, respectively, of the two sets. The statistical test for the difference between

SMR(LCPc< ) in prior and posterior periods could be done by applying the two-sided tests under

the null hypothesis of p; — e =0 at some significance level a. In our case, n; and ns, T, and
T, and s2 and s2 are N(LCP € j), SMR(LCP€ j). and the unbiased variance of SMR ,;,, at bin j

respectively, for posterior (suffix 1) and prior (suffix 2) periods.
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Figure 1. The meridional projections in (tepa) pressure and (bettomb) isentropic coordinates of 90 day kine-
matic backward trajectories initialized on 400 K potential temperature surface at 15 January 1999. Initial posi-
tions are set at 5.0° longitude by 1.5° latitude gridpoints covering the tropical zone within 30° N and S from the
equator. Those shown here are the subsets in which the initial positions are trimmed to 20.0° by 6.0° gridpoints
for visual clarity. The asterisks marked in red are the Lagrangian Cold Points, while those in green are the ter-
mination points of trajectory calculations. The calculations end up if the backward extension of the trajectories

hit the surface of the earth even in less than 90 days before initialization.
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Figure 2. The vertical profiles of (tepa) proportion of the “fast” ascending air parcels and (bettomb) averaged
ascending track diagnosed by 90 day kinematic back trajectories that extends from 400 K to the lower tropo-
sphere below 340 K potential temperature surface. The upward motion on 6 K isentrope is categorized as “fast”
if the air parcel crosses 6 K surface from below § — 0.1 K to above 6 4+ 0.1 K in 30 min. Each line in the-top
panel(a) shows the daily proportion of trajectories at each isentropic level that correspond to “fast” ascending
air parcels. The ascending tracks in the-bottom-panet-(b) are color-coded on a monthly basis (January in blue,
April in green, July in yellow, and October in red) to visualize the seasonal migration of the ascending latitude

in the tropics.
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Figure 3. The time series of the ensemble mean values of [HoO]. (ppmv) estimated from the TST trajectories
initialized on the corresponding month. The data points are connected by sequential month en-the-top-panelin
(a), while they are linked by each calendar month to visualize interannual variations on a monthly basis in the

bettom(b). The labels 1 through 12 designate January through December of each year. The significance interval
at 1 % level is roughly the size of each symbol in the lower panel.
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Figure 4. Horizontal projection of the backward trajectories extracted within the potential temperature levels
between 360 and 370 K. The initialization is made on 400 K potential temperature surface between 30° N and S

from the equator (Sect. 2) in (tepa) September 1999 and (bottomb) September 2000. The illustration is limited
to the subset of trajectories as in Fig. 1 for visual clarity.
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Figure 5.

“Horizontal distribution of LCP-event
robability, P(LCP € j), estimated from the TST trajectories initialized on 400 K in-(top)-September-in (a)

September 1998 and 1999 rior to the drop) and (b

September 2000, 2001 and 2002 (pesterior—to-the-drop)—The-probabilities-are-estimated—in—(posterior to the
drop). The probabilities are estimated in 10° by 10° longitude-latitude bm—as—fh&numbefﬂf—hells—e*peﬁeﬁeed

level-of-bin as the number of LCPs experienced by all TST air parcels inside the bin divided by the total
number of TST parcels used for the calculation (N(LCP € 7)/NrsT). Panels (¢) and (d) are the difference of

robabilities between the two (posterior minus prior to the drop) and the values of test statistic (77 of Appendix

Al), respectively. The colored bins indicate that the difference is statistically significant at the significance level

-or higher. Those bins shown in white indicate
there found no LCP event in (a) and (b), while the difference is not statistically significant in (c¢) and (d). See
Appendix for the details of statistical tests.
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SMR(LCPE 5)). The test statistic shown in (d) is 7> of Appendix A2. See Appendix for the details.
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(a) Mean Geopotential Height (km) 100 hPa August 1998/1999 s

Figure 9. Longitude-latitude sections of (left) geopotential height (km) and (right) temperature (K) on 100 hPa
averaged in August 1998 and 1999 (tepa, ¢) and 2000, 2001 and 2002 (middieb, d) and the difference between
the two (bettome) estimated from ERA Interim dataset. Note the difference of latitudinal range between the left
and the right side figures.
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Figure 10. Longitude-time section of sea surface temperature (SST) averaged over the oceanic region of the

latitude band between 10° N and S of the equator during the period from January 1996 to December 2005. The

region with the SST colder than 28 °C is shaded. The dashed line spans from January 1999 to December 2000
along 180° E and from January 2002 to December 2006 along 210° E. Data are from NOAA OI SST V2.
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Figure 11. Time-height section of the zonally and latitudinally (within 15° N and S) averaged monthly mean
vertical (color; 1073 Pas™") and zonal (contour; ms~') wind velocities from January 1997 to December 2001
calculated from ERA Interim dataset. Solid (dashed) contours are westerlies (easterlies). Tick marks are January

of the corresponding year, and the vertical dashed line in white marks September 2000.
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Figure 12. The same as Fig. A2 but for January. Those values in 1997, 1999, and 2000 are used for the calcula-
tions prior to the drop, while 2001 and 2002 are used for the posterior. Those in January 1998 are not used due

to the influence of El Nifio (see text).
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Abstract. Stratospheric water vapor is known 1o have decreased suddenly at around the year 2000[ :\'

1 to 2001 after a prolonged increase through the 1980s and 1990s.| This stepwise change is studied by

examining the entry value of water to the stratosphere ([H20]3,) and some Lagrangian diagnostics
of dehydration taking place in the Tropical Tropopause Layer (TTL). The analysis is made using the
backward kinematic trajectories initialized every ~ 10 days since January 1997 till December 2002
on 400 K potential temperature surface in the tropics. The [II; O], is estimated by the ensemble
mean value of the water saturation mixing ratio (SMR) at the Lagrangian cold point (LLCP) where
SMR takes minimum (SMRi,) in the TTL before reaching the 400 K surface. The drop in [H2O],
is identified to have occurred in September 2000. The horizontal projection of September trajec-
tories, tightly trapped by anticyclonic circulation around Tibetan high, shows eastward expansion
since the year 2000, Associated changes are measured by three-dimensional bins, each having the
dimension of 10° [ongitude by [0° latitude within the TTL. The probability distribution of LCPs
shows appreciable change exhibiting a composite pattern of two components: (i) the dipole structure
consisting of the decrease over the Bay of Bengal and Malay Peninsula and the increase over the
northern subtropical western Pacific and (i1) the decrease over the equatorial western Pacific and the
increase over the central Pacific almost symmetric with respect to the equator. The SMRp,i, shows
general decrease in the tropics with some enhancement in the central Pacific. The expectation values.
defined by the multipie of the probability of LCP events and the ensemble mean values of SMR i,
are calculated on each bin for both periods prior and posterior to the drop. These values are the
spatial projection of [H, O], on individual bin. The results indicate that the drop is brought about by
the decrease of water transport borne by the air parcels having experienced the LCP over the Bay of
Bengal and the western tropical Pacific. The former is related to the eastward expansion of the anti-

cyclonic circulation around the weakened Tibetan high, while the latter will be linked to the eastward
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expansion of western tropical warm water to the central Pacific. This oceanic surface forcing may be
responsible also for the modulation of dehydration efficiency in the successive northern winter. The
drop in September 2000 and the sustained low values thereafter of [HoOle are thus interpreted as

being driven by the changes in thermal forcing from the conlinental and oceanic bottom boundaries.

1 Introduction

Stratospheric water vapor (SWV) observed by balloon-borne hygrometers exhibits gradual increase
in the 1980s and 1990s (Oltmans and Hofmann, 1995; Oltmans et al., 2000) followed by a stepwise
drop at arcund the year 2000 (Scherer et al., 2008; Fujiwara et al., 2010}. Since SWV has a positive

radiative forcing as a greenhouse gas (Shindell, 2001), its possible increase during the two decades

“could have caused enhanced surface warming by about 30 % as compared to thal without taking this

increase into account, while the subsequent drop could have slowed down the surface warming by
about 25 % from about 0.14 to 0.10 °C per decade (Solomon et al., 2010). The cause and mechanism
of this stepwise change have been fluently discussed (e.g., Randel et al., 2006; Rosenlof and Reid,
2008; Bonisch et al., 201 1; Fueglistaler, 2012; Fueglistaler et al., 2014; Dessler et al., 2014). While
constructing a reliable long-term SWV record is still a challenge (Hegglin et al., 2014), the under-
standing of a possible stepwise change in SWV js required in assessing possible modulation of the
Brewer—Dobson circulation under global warming.

The variation of SWV is driven dynamically by the tropesphere-to-stratosphere transport of water
and chemically by the oxidation of inethane. The dynamical control is mostly associated with the ef-

ficiency of dehydration functioning on the air mass advected in the TTL (Holton and Gettelman,

2001; Hatsushika and Yamazaki, 2003].[The reproduction of SWV v_ariations by using the L;|

2014) has proven quite effective, even 1h_oxl&}_1Jthe quantitative estimation of the water amount enter-
ing the stratosphere requires detailed consideration dealing with aerosols and ice particles (ice nucle-
ation and sublimation processes, supersaturation, and deposition and precipitation of ice particles)
as well as the minute description of meteorological conditions (subgrid-scale variabilities, intrusion
of deep convection into advected air parcels, and irreversible mixing due to breaking waves along
with the ambiguity in the analysis field).

Here, we discuss the cause of the stepwise drop in SWV by making the analysis of the entry
mixing ratio of water to the stratosphere ([H2O].) with the aid of some Lagrangian diagnostics of
TTL dehydration such as the preferred advection pathways in the TTL, the location in which water

saturation mixing ratio (SMR) takes minimum along each trajectory {(Lagrangian cold point; LCP)

I
together withlits occasional value (SMR,i,) before entering the stratosphere (Sect. 3). The backward
kinematic trajectories initialized on 400K potential temperature surface in the tropics, similar to

those of Fueglistaler et al. (2005), are used. The calculations cover the period from January 1997

=]

grangian temperature history along the trajectories (e.g., Fueglistaler et al., 2005; Dessler et al., |

f—d
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to December 2002. The statistical features of the LCP and SMR,,;,, are analyzed for the 90 day
trajectories in which the air parcels experienced LCP in the TTL (Sect. 2}. The analysis is focused
on the examination of the entry value of water to the stratosphere, meaning that any contribution
from the recirculation within the stratosphere (ST) and the sideway entry of water to ST without
taking the LCP in the TTL are intentionally left out of the scope. Detailed examinations on the

Tyl H H - - . e ————— —
driving mechanism itself are left for future studies. However, it will reveal the direct cause that

may have led to the SWV drop in Lagrangian framework. This approach has|the advantages| over I*;,)

Eulerian description because the drop in SWV does not necessarily mean TTL cooling conveniently
described in Eulerian framework. For example, it might simply reflect the change in the proportion
of air parcels that have passed the coldest region in the TTL. Conversely, any extreme cooling does
not necessarily result in enhanced dehydration as long as the air parcels do not experience LCP event
in that region. We will try to describe a hypothetical story on the cause of the stepwise drop of SWV

through the discussion of the results in Sect. 4. Conclusions are placed in Sect. 5.

2 Method of analysis

2.1 Trajectory calculations

The method of estimating [H2(O].. in the present study is similar to that of Fueglistaler et al, (2005).

[H2O]. at time ¢ is estimated as the ensemble mean value of SMR,,;,, along 90 day backward kine-

. . L [ =) : L : T e
matic trajectories initialized at ¢./The trajectory calculations are started from uniformly distributed

gridpoints (every 5.0° longitude by [.5° latitude) within 30° N and S from the equator on 400 K
potential temperature surface, which results in 2952 injtialization peints in total for a single calcu-
lation. The calculations are started from the 5th, 15th, and 25th of every month during the period
| sin;:'e January 1997 till December 2002 relying ¢n the European Centre For Medium-Range Weather
Forecasts ER A Interim dataset (Dee et al., 201 1). All meteorological variables on the 60-layer mode!
levels have been converted to those on pressure levels keeping the horizontal resolution of 0.75° by

| 0.75° longitude—latitude gridpoints prior to calculations.

2.2 Selection of trajectories relevant to TTL dehydration

The meridional projections of the backward trajectories extracted from those initialized on 15 Jan-
uary 1999 are shown in Fig. 1. The top and bottom diagrams are the same except that pressure (top)
and potential temperature (bottom) are taken as the ordinate. The asterisks in red indicate the loca-
tion of the LCP while those in green are the termination point of trajectory calculations (90 days
before initialization at the longest). In case the backward extension of the trajectories hit the surface
of the earth, the calculations are terminated at that point, and those portions of the trajectories imme-
diately before the surface collision are used for the analysis. The migration of air parcels depicted

in the trajectories is roughly categorized into three major branches: quasi-isentropic advection in
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the TTL and the lower stratosphere (LS), vertical displacement in the troposphere due to diabatic

motion resolvable in grid-scale velocity field, and quasi-isentropic migration in the troposphere. We

95 can see many air parcels are traced back to the troposphere representing the tropical troposphere-to-

stratosphere transport (TST), while some portion of the trajectories remain in the LS and/or reach the

tropical 400 K surface by taking the sideways without making excursions in the TTL. All non-TST

trajectories are removed from the following analysis Lo focus our discussion on the modulation of

[H2O]e. For the sake of clarity, the TST particles in the present study are defined as a subset of those

100 particles traceable down to 340 K having recorded LCP in the TTL. For the application of this LCP

condition to our trajectories, we introduce the Lagrangian definition of the TTL to assure internal
consistency of the analysis.

The motion of air parcels ascending in the tropical troposphere is characterized by rapid convective

up-lift that accompanies latitudinal migration associated with the seasonal displacement of the Inter-

105 Tropical Convergence Zone. Up in the TTL, on the other hand, the diabatic ascent is driven by

radiative heating, in which the seasonal migration with respect to latitude ts much smaller than

that in the troposphere because the dynamical field generated by the thermal forcing at the bottom

boundary retains relatively high symmetry with respect to the equator. By translating these features

into the characteristics of trajectories, we derive a definition of the TTL in a Lagrangian fashjon.

110 Figure 2 on the top illustrates the vertical distribution of the proportion of trajectories categorized
oni daily h:is_i_s as “fast” ascending air Parcelx.fiﬁreqmred rate for the fast ascent is sef to more than |I /:-:;_:;l
T_{‘J'_LT_I{ in pmcm_i_;.sl :cmimr;:lur; within 1 time step (30 n_nrillij__tﬁat lS the condition for 8 I -isentrope b
is met if the air parcel crosses 0K surface from below 6 - 0.1 K to above 6 + 0.1 K in 30 min. We
can see that the proportion of the fast diabatic ascent thus defined takes maximum at around 340 K
115 in the troposphere and minimum at around 355 K. The proportion of such “fast™ air parcels reduces o
above the level of main outflow and; rapidly decays|toward the level of zero net radiative heating in | %/

the TTL. Above this level, the air parcels are diabatically lifted up by radiative heating and further
pumped-up by dissipating planetary waves in the midlatitude stratosphere (Holton et al., 1995). The
alternation of the primary forcing that drives diabatic ascent is also seen from the bottom panel of

120 Fig. 2, which shows the seasonal migration of the latitudinal position of the trajectories traceable
to down below 340 averaged for (blue) January, (green) April, (yellow) July, and (red) October.
The aititude of the kink at around 355 I{ suggests that the influence of tropical convective motion
almost ceases at this level and the diabatic forcing gradually shifts to radiative heating in the TTL
and above,

125 The diagnostic features depicted in Fig. 2 agree that the bottom of the TTL would be most prop-
erly defined at 355 K potential temperature level for our study. In the following analysis, we make
use of TST trajectories defined by the air parcels that have ascended from the lower troposphere
below 340 isentrope experiencing the LCP in the TTL, which is defined by the layer between the
isentropic levels 355 and 400 IX within 30° N and S from the equator.
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3  Results
3.1 Thedropin [H;O],

The evolution of the entry value of water to the stratosphere as modeled in [HaO], time series is
shown in Fig. 3. The top panel is the sequential change in the monthly ensemble mean value of
[Ho O], estimated from the TST air parcels during the period between January 1997 and December
2002. We can see the decrease of the seasonal maxima in boreal summer in 2000. The seasonal min-
ima in boreal winter, on the other hand, show larger values in January—February 2000 as compared
to those in 1999, 2001, and 2002 and thus the drop in [H30], is not quite obvious. As the six-year
time series is not long enough to define climatology and anomalies from it, we simply view the
interannual variations on the basis of each calendar month. The bottom panel of Fig. 3 is the same
as the top except that the data points are connected by each calendar month. When viewed in this
way, the drop in the year 2000 of about 1 ppmv shows up in the time change in September {marked
by 9), October (10), November (11), and December (12). Similar drop continues to January (1) and
the successive months in 2001, As there is little difference between those in August 1999 and 2000,
we may well conclude that the drop in [HO], occurred in September 2000. Considering the tinue
period required for the air parcels to make excursion in the TTL, we may interpret that the change
in the characteristics of dehydration has been initiated in the boreal summer of 2000. The maxima
of [H20], in January through June 1998 are related to the strong El Nifio as is discussed later in

Sect. 4.
3.2 Horizontal projection of the TST trajectories

As the first step of examining the change in the characteristics of TTL dehydration initiated in north-
ern summer of 2000, Fig. 4 illustrates the horizontal projection of TST trajectories within the layer
between the isentropes 360 and 370 K extracted from those initialized in September 1999 (1op) and
2000 (bottom). In spite of the equatorially symmetric assignment of the initialization points on 400 I
potential temperature surface, the trajectories in the TTL are highly asymmetric with respect to the
equator and clustered mostly in the northern subtropies. The dense population of the trajectories
shows that the air parcels are largely trapped by Tibetan high in the region between 30° W to 150° E
and 0 to 45° N. Comparison between the two, representing September trajectories prior and posterior
to the drop, respectively, reveals that the circulation of air parcels around the Tibetan high is loosely
tied to the center in the latter period, resulting in the expansion of the anticyclonic circulation branch
mostly to the east accompanied by the spread-out of the trujectories farther to the Southern Hemi-
sphere in the latter. This modal shift in the trajectories initialized in September occurs in the year

2000 and continues at least through 2001 and 2002 (not shown).

A
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3.3 Statistical distribution of the LCP

The shifr in the circulation pattern of air parcels is not enough to characterize the modification of de-

165 hydmlion Li‘ﬁC]enC}’ in the TTL. Randel and Jf:nsen (2013) discuss the monsoon circulation during
boreﬁl summer in the context of the influence of northem midlatitude on the TTL. The horizon-
tal structure of ozone and water vapor on 390X potential temperature surface (Randel and Jensen,

2013, Figs. 2 and 4) suggests an intrusion of the ozone-rich midlatitude air into the TTL possibly

contributing to the TTL hydration during boreal summer. For the purpose of identifying the change

170 | in the dehydration efficiency associated with the modal shif seen in 1*19 4 [he numbers of LCPs

are counted by every 10° longitude-latitude bin in the tropics. The probabilities of L CPS are esti- _/”_"‘-.
I
\

mated for each bin by dividing the LCP counts by the total number of TST Irdjectones e top two

panels of l-nb 5 show the horizontal distributions of the probabilities of LCP events thus obtained
for those (rajectories initialized in September 1998 and 1999 (top; prior to the drop) and September
175 |2000, 2001 and 2002 (second panel; posterior to the drop). The spatial maximum during the period

prior to the drop is found over the Bay of Bengal and Malay Peninsula with the ridge extending to

South China Sea (top). During the perlnd pl::mh,llﬂl to the dm]:u (ncwnd p:im,l}. [hn m.mnmm shows

eaxlward e\pgmhmn as far as 150° E.|There also appears some increase in the Central Pacific cover-

ing both northern and scuthern subtropics crossing over the equator. These two components appear

180 clearer in the difference field shown in the third panel. Those bins shown m blue (red) indicate the

e —_—
decrease (increase) of the LCP probabilities in the pc:s[erinr period. | The test statistic of the differ-| /")
e QX7

I'_nce transtormed to the standard Gﬁusqnn distribution is shown in the bottom panel of the figure

indicating the region in which the dlfferences are statistically significant at the significance level of
1 % or higher. It 15 interesting to note that, in addition to the dipole structure associated with the
185 eastward expansion of the Tibetan anticyclone, the probabilities show significant decrease over the
equator at around 130 to 140° E and increase in wider area almost symmetric with respect to the

equator (160° E to 160° W and 10° S to 10° N). This structure will be discussed further in Sect. 4.

3.4 Sitatistical change in the SMR,,;,,

The increase of the LCP events in some bins does not necessarily mean enhanced dehydration over |

190 there. The next step is to examine the change in the SMR,,,i,.?Simultaneous with counting the LCP

events, the values of SMR at the time of each LCP event (SMR,,;in) have been summed-up to calcu-

late the average for each hiniFic'ure 6 is the same as Fig. 5 except that the ensemble mean SMR,,,,,
Jae the av

{are illustrated rather than the probability of LCP events. IWe, can see that the averages of SMRy;, in

-

the tropics are roughly smaller in the eastern than in the western hemisphere accompanying a broad

195 minimum of about 3.5 to 3.7 ppmv over the maritime continent during the period prior to the drop

(top).| The values show general decrease in the tropics with some enhanced drop in the central P'a-

i

cific reaching less than 3.0 ppmv in the period posterior to the drop (second panel from the top), |



;"'J-_-ading to a reversal of zonal gradient of SMR,;,, over the equator. The difference between the two |
)

,' (third panel), together with the statistical significance (bottom}J confirms the pronounced decrease of

200 SMR,.in in the central Pacific after 2000. On the other hand, the change of SMR i, associated with
the east-west dipole structure is not so remarkable in terms of the difference of SMR 5, although

the tendency is the same.
3.5 Statistical change in the expectation values

While the differences of SMR ., appear smaller over the Bay of Bengal and Malay Peninsula than

205 over the central Paciﬁc!. the compaﬁsons_l.)é.s_eFonly on the changes in SMR i, could be .misle‘ini-ng:[

| because the probabilities of LCP events are much higher in the former than in the latter (Fig. 5). Fig- -'/I Ao

ure 7 shows the horizontal distribution of the expectation value of [H5 O], estimated by multiplying /

the probability of LCP events (Fig. 5) and the ensemble mean SMR i, (Fig. 6) together for each

J_ bin. This corresponds to the projection J[Hg Ol. -ont(-) cz_lch bin. We can see that the September val-

210 ues of [H40], are mostly projected to the Bay of Bengal and Malay Peninsula before the drop (top

panel)_'_k'l-"-he contribution from this core area remains dominant during the posterior period (middle
panel). The reductions (bottom panel) are mainly due to the decreascs of the LCP-event probability| —,
i@ |
(Fig. 5) cooperated by the reduced ensemble mean SMR i, (Fig. 6). The corresponding increase of| \ l_} /

LCP-event probabilities especially that over the central Pacific has contributed to a slight increase|

215 | in [HoO]e because the magnitude of increase in occurrence frequency prevails that of the decrease|

| in SMR,,,i,,.:The resultant changes could be interpreted as the composite of two components: (i) the

decrease over the Bay of Bengal and (it) the decrease over the equatorial western Pacific and the
increase over the central Pacific almost symmetric with respect to the equator extending to the sub-
tropical latitudes of both hemispheres. The former is supplemented by slight decrease widespread
220 along the 10° N zonal belt with the exception around 150° E and the central Pacific. These features
will be related to the eastward expansion of the anticyclonic circulation around the Tibetan high,

while the latter is suggestive of some response to the thermal forcing from the equatorial ocean.

4 Discussion
4.1 Maxima of [H20O], in 1998

225 We have seen in Fig. 3 that the time series of [Ha O], shows maxima in January through June 1998.
We excluded these months from our analysis in Sect. 3 because of the influences of strong El Niiio.

The values of [H20]; in November and December 1997 are larger than those in 1998, which may

| [
|

suggest possible influence of El Nifio also in these monthh}.{{he reason why we regard these facts as
little related to the drop of [H, O], in 2000 is briefly discussed here.

230 For exploration of the reason of such anomalies, the horizontal distributions of LCP are shown for
those initialized in February 1997, 1998 and 1999 in Fig. 8. The distributions in February 2000, 2001



and 2002 (not shown)} are similar to those of 1997 and 1999, The L.CPs in February are commonly
distributed almost symmetric with respect to the equator, but the longitudinal distribution is not
uniform. High concentration in the western tropical Pacific in 1997 and 1999 (and also in 2000,
235 2001 and 2002) is suggestive of the strong influence of the warm sea surface temperature (SST) on
the LCP distribution. The large scatter extending to the eastern tropical Pacific in 1998 is due to
the migration of the large scale convective system to the east associated with the strong El Nifio.
We have put this anomalous change out of the scope of the present study, because those anomalous
values seem to have recovered to normal by the northern summer of 1998 (well before 2000 and
240 there is no reasoning that this strong El Nifio is coupled to the drop in [H20)e in 2000. For the
objective judgement of the influence of the El Nifio, we employ the SST averaged in the regicn
between 90° W and 150° W longitude and 5° S to 5° N latitude (Nifio 3 region, Trenberth, 1997).
Those months exhibiting the SST anomalies (relative to the 1981-t0-2010 climatology) greater than
1.5 times the standard deviation are excluded from the present analysis. Those excluded are the

245 (welve months from June 1997 to May 1998.
4.2  Perspective to the mechanism of the drop

The entry value of water to the stratosphere, [H20O]., estimated by the ensemble mean values of
SMR,,,i, along the TST trajectories shows appreciable decrease in September 2000 (Fig. 3), sug-
gesting some modulation in the dehydration efficiency functioning on the air parcels advected in
250 the TTL during the northern summer of 2000. The horizontal projection of trajectories initialized
in September, characterized by anticyclonic circulation associated with Tibetan high in the TTL,
shows eastward expansion in the year 2000 accompanied by some bifurcation to the Southern Hemi-
sphere (Fig. 4). This modal shift appears as decreases in the probability distribution of the LCP
over the Bay of Bengal and the western tropical Pacific (Fig. 5). The SMR averaged on the occa-
255 sion of LCP events (SMRy,;i,) shows general decrease with some enhancement in the central Pacific

{Fig. 6). These results sugoest two possible components Lontnbulmg to the sudden drop of [H20],

in September 2000: |'lhe modulations of the Tibetan high and the thermal forcing from the cquatonal[

- £
ocean. The contribution from these two components has been quantified by projecting the [H2OJe | "

| onto bins distributed in the tropics (Fig. 7). IThe results indicate that the drop is brought about by

260 4 response of the TTL circulation to the modulated forcing both from the continental summer mon-
soon and the equatorial ocean. It is thus quite interesting to take a brief look at the changes in the

TTL meteorological fields in Eulerian framework before concluding this study.
Figure 9 illustrates the longitude-latitude section of 100hPa geopotential height (left) and tem-
perature (right) averaged in August 1998 and 1999 (top) and 2000, 2001 and 2002 (middle). These

265 are the background Eulerian fields having roughly brought about the Lagrangian features described

by the top two panels of Figs. 5—7.;|The corresponding features appear basically the same if we look i|

at individual August without taking the average. We can see the Tibetan anticyclone in the height |
|
|

x|

_’J |

-
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| field of both periods (left) with the intensity weaker in the latter (2000/2001/2002), [ he expansion

of the trajectories after 2000 (Fig. 4), therefore, is the result of loosened grip of air parcels around
270 weakened Tibetan high in the latter years. These features remain the same in September of other
years postertor to the drop (not shown). The temperature field (right-hand side) both prior and pos-
terior to the drop appears as the typical pattern of the TTL response to the thermal forcing at the
bottom boundary with additional heating to the subtropical Northern Hemisphere (Matsune, 1966;
Gill, 1980). The difference (bottom panel) indicates substantial cooling in the northern subtropics at
275 around 150°E and the central Pacific. The latter corresponds to the findings of Rosenlof and Reid
(2008} in which the tropical tropopause temperature in 171 to 200° E longitude band decreased in
assoclation with the SWV drop in 2000.
The correspondence of the decrease of the equatorial 100 hPa temperature to the increase of the
underlying SST is explored in Fig. 10, which shows the longitude-time section of the equatorial SST
280 averaged between 10° N and S of the equator. We could see the warm SST region in the western Pa-
cific expands to the east in the year 2000, and the contour of 28 °C, the threshold of active convection
(Gadgil et al., 1984), during the coldest month of the year crossed the date line in 2001 .Tﬁm

ence between the longitudes of warm SST core and the temperature minimum near the tropopause,

e
noticed already by Rosenlof and Reid (2008), is due to the eastward tilt of cold region associated | [ T’lf_;

285 | with a steady Kelvin wave response to underlying convective heating (Hatsushika and Yamazaki, |

2003). |The warm condition in the central Pacific continues at least till the end of 2005. The decrease

of 100 hPa temperature over the central Pacific is, thus, well correlated to this SST variation. |T|'u:

important point in our analysis is that the drop of [[1, 0], does not come from the decrease of TTL

"’-'o-".\.l

"--\:M o |

temperature in the central Pacific but that from the water transport by way of the Bay of Bengal and

290 | the western tropical Pacific (Fi%_’;').

The study by Young et al. (2012), discussing the changes in the Brewer—Dobson circulatm
the period 1979 to 2005 by referring (o the out-of-phase temperature relationship between the trop-
ics and the extratropics, found no appreciable change around the year 2000. However, the zonally
uniform component exhibiting the out-of-phase relationship between the tropics and the extratropics

295 in 100 hPa temperature difference (Fig. 9) is suggestive of some stratospheric contribution to the
drop in [H4 O], (Randel et al., 2006) through wave-driven pumping (Holton et al., 1995). Actually
the analysis of dynamical fields such as eddy heat flux and EP-flux by Fueglistaler (2012) finds
a strengthening of the residual circulation quatitatively consistent with the drop of SWV in Ocrober
2000, Figure 11 shows in color the time-height section of monthly mean vertical wind velocity in

300 the tropics. The seasonal enhancement in the upward motion during northern winter shows up in
the lowermost stratosphere. The solid and dashed contours superposed on the vertical velocity field
are the zonal wind components depicting the westerly and the easterly phase, respectively, of the
quasi-biennial oscillation (QBO). The stugnation of the downward propagation specifically that of

the easterly phase of the QBO is noticed in late 1997 to early 1998 and iate 2000 to early 2001 at
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around 40 hPa level. This phase dependency of the stagnant propagation is brought about by the sec-
ondary circulation of the QBO in which the upward (dewnward) motion accoinpanies the easterly
{westerly) shear zone ol the QBO (Plumb and Bell, 1982, Hasebe, 1994). What is interesting here is
that the enhanced upward wnotion is found in September and October 2000 blocking the downward
propagation of easterlies. The limitation [rom cur use of Eulerian vertical velocity, rather than TEM
residual velocity, will be minimal as we focus our discussion in the tropics. Actually the anomalies
in the equatorial upwelling at 78 hPa estimated by Rosenlef and Reid (2008} show similar results.
Further analysis by Fueglistaler et al. {2014) emphasize that the strengthening of the residual cir-
culation does nol last long but continues for a few years around the year 2000. Remembering the
tine of excursion for air parcels circulating the Tibetan high (Fig. 4), the stratospheric anomalies
in October 2000 (Fueglistaler, 2012) appears later than the initiation of the drop in [HoO]e. The
difference of one month, albeit small, is large enough to be resolved in the analysis. Then the en-
hanced upwelling discussed by Fueglistaler et al. (2014} might be the stratospheric response to the
tropospheric forcing that modulated the dehydration efficiency in the preceding boreal summer of
2000 rather than the direct cause of the SWV drop. Further studies employing numerical simulations
are definitely required. It is worth mentioning here that the enhancement of the Brewer-Dobson
circulation may have occurred also in the northern hemispheric branch; the age of northern mid-
latitude stratospheric air diagnosed by the CO49 concentration appears shorter than usual in 2002

{Engel et al,, 2009, Fig. 3), although the difference is not statistically significant.
4.3 Perspective to the mechanism of sustained low amount of [H2 0],

We have seen soine background meteorclogical fields [rom Eulerian perspective to interpret the evi-
dences presumably responsible for the drop of [HoO], in September 2000 described in Lagrangian
framework. The problems not yet answered are what is the specific event (if any) and how is it gen-
erated that has triggered the sequence of phenomena that ultimately led to the sudden drop of SWYV.
In addition, the sustained low values of [HO}, after September 2000 need some mechanism that
lasts longer than the seasonal time scale, since the modulation of Tibetan high cannot explain the
reduction continuing to the successive months in northern winter (Fig. 3).

Figure 12 is the same as Fig. 7 except that the January projection is illustrated. We can see,
in addition to the values generally lower than those in September, the larger values are found in
the western tropical Pacific (top and middle panels), indicating the January values of [H, O], are

controlled by those over the western Pacific. This is consistent with the picture having been presented

| : . . : .
(the bottom diagram} shows decrease over Indonesia and increase over the central Pacific during

the period posterior to the drop. This pattern in January is brought about by the combination of
the decrease (increase) of LCP-probability and the slight (enhanced) decrease of SMR i, values

|over the western (central) Pacific {not shown). These evidences suggest that the drop of {H20]. in
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northern winter is due to the response of the TTL circulation to the eastward expansion of the waim |
water to the central Pacific (Fig. 10).

The correspondence to the change in the SST distribution, the time of occurrence, and the persis-
tency of phenomenon suggest that the drop and the subsequent low values of [Hp O], are brought|

about by the eastward expans10n of warm SST region to the central Pacific through reduced waterl

entry to the sIratosphereJThen our hypothetical story may read, the eastward expansion of warm
SST region brings about the reduction of [HaQJ. by TST air parcels passing through the western
tropical Pacific during northern winter (Fig. 12), while the heating from the modulated SST men-
tioned above, competing against that over the continent, has led to the modal shift of trajectories
during northern summer resulting in the reduced water transport over the Bay of Bengal and the
western tropical Pacific (Fig. 7).

The above speculation might end up with some proper explanation on the cause of the eastward
expansion of the equatorial warm water to the cental Pacific observed in 2000. In this context,
it is interesting to see possible occurrence of “El Nifio Modoki” characterized by the warm 58T
event over the central Pacific (W, J. Randel, personal communication, 2015). Actually the time se-
ries of normalized ENSO Modoki index of Ashok et al. (2007) turns from prolonged negative to
positive towards 2001. It is also interesting to note that the “La Nifla-like condition,” tied to the
surface cooling of the equaterial eastern Pacific, is supposedly responsible for the recent hiatus, the
pause of the global-mean surface air temperature rise through the strengthening of ocean heat uptake
(Kosaka and Xie, 2013; Watanabe et al., 2014). If proved to be true, we may have unveiled another
piece of puthways the internal variability of our climate system could exert on the surface cooling

through SST-driven SWV fluctuations.

5 Conclusions

Backward kinematic trajectories, initlalized on 400 K potential temperature surface in Lhe tropics,
have been employed to describe the stratospheric water drop observed at around 2000 to 2001 from
a Lagrangtan point of view. The entry value of water to the stratosphere, [H2Q],, shows appre-
clable decrease in the trajectories initialized in September 2000 suggesting the change in the TTL
dehydration efficiency during the boreal summer of 2000. The following changes are found to be re-
sponsible for the drop in [Hz0],. The reduction of water vapor transported by those air parcels that
experienced LCP events in two regions; over the Bay of Bengal and the western tropical Pacific. The
reductions are brought about by the decreases in both the LCP-event probability and the ensemble
mean SMR i, over there. The LCP reduction in the former region is related to the modified migra-
tion pathways of air parcels circulating the weakened Tibetan anticyclone, while thar in the Jatter
may be a response to eastward expansion of warm water to the central Pacific. This SST modulation

seems to be responsible also for the decrease of {H,QO],. in the successive northern winter. Some
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indication of stratospheric contribution through intensified pumping appears only intermittent and

will be better interpreted as a response to tropospheric forcing changes.
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| Abstract. The sudden decrease of stralospheri'c water vapor at around the year 2000 to 2001 is rel-| [ ] |

il

| atively well accepted in spite of the difficulty to quantify the Eng-telﬂvarialions.|'1"his stepwise
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change is studied by examining the entry value of water to the stratosphere ([H20].) and some
Lagrangian diagnoslics of dehydration taking place in the Tropical Tropopause Layer (TTL). The
analysis is made using the backward kinematic trajectories initialized every ~ 10 days since January
1997 til} December 2002 on 400 1< potential temperature surface in the tropics. The [HaO]e is esti-
mated by the ensemble mean value of the water saturation mixing ratio (SMR) at the Lagrangian cold
point (LCP) where SMR takes minimum (SMR,y;,,) in the TTL before reaching the 400 K surface.
The drop in {H20)], is identified 1o have occurred in September 2000, The horizontal projection of
September trajectories, tightly trapped by anticyclonic circulation around Tibetan high, shows east-
ward expansion since the year 2000. Associated changes are measured by three-dimensional bins,
each having the dimension of 10° longitude by 10° latitude within the TTL. The probability dis-
tribution of LCPs shows apprectable change exhibiting a composite pattern of two components: (i)
the dipole structure consisting of the decrease over the Bay of Bengal and Malay Peninsula and the
increase over the northern subtropical western Pacific and (i1) the decrease over the equatorial west-
ern Pacific and the increase over the central Pacific almost symmetric with respect to the equator.
The SMRy,in shows general decrease in the tropics with some enhancement in the central Pacific.
The expectation values, defined by the multiple of the probability of LCP events and the ensemble
mean values of SMR,,;,. are calculated on each bin for both pertods prior and posterior to the drop.
These values are the spatial projection of [(H2O], on individual bin. The results indicate that the
drop is brought about by the decrease of water transport borne by the air parcels having experienced
the LCP over the Bay of Bengal and the western tropical Pacific. The former is related to the east-

ward expansion of the anticyclonie circulation around the weakened Tibetan high, while the lauer
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will be linked to the eastward expansion of western tropical warm water to the central Pacific. This
oceanic surface forcing may be responsible also for the modulation of dehydration efficiency in the
successive northern winter. The drop in September 2000 and the sustained low values thereafter of
[H20] are thus interpreted as being driven by the changes in thermal forcing from the continental

and oceanic bottom boundaries.

1 Introduction

Stratospheric water vapor (SWV) observed by balloon-borne hygrometers exhibits gradual increase
in the 1980s and 1990s (Oltmans and Hofmann, 1995; Oltmans et al., 2000) followed by a stepwise
drop at around the year 2000 (Scherer et al., 2008; Fujiwara et al., 2010). Since SWV has a positive
radialive forcing as a greenhouse gas (Shindell, 2001}, its possible increase during the two decades
could have caused enhanced surface warming by about 30 % as compared to that without taking this
increase into account, while the subsequent drop could have slowed down the surface warming by
about 23 % from about 0.14 to 0.10 °C per decade {Solomon et al., 2010). The cause and mechanisin
of this stepwise change have been fluently discussed (e.g., Randel et al., 2006; Rosenlof and Reid,
2008; Bonisch et al., 2011; Fueglistaler, 2012; Fueglistaler et al., 2014; Dessler et al., 2014). While
constructing a reliable long-term SWV record is still a challenge (Hegglin et al., 2014), the under-
standing of a possible stepwise change in SWV is required in assessing possible modulation of the
Brewer-Dobson circulation under global warming.

The variation of SWYV is driven dynamically by the troposphere-to-stratosphere transport of water
and chemically by the oxidation of methane. The dynamical control is mostly associated with the

efficiency of dehydration functioning on the air mass advected in the TTL (Holton and Gettelman,

3 d e : T ; = - |
2001 ; Hatsushika and Yamazaki, 2003 ;l I'he Lagrangian description of the transport processes in the |

| tropical troposphere to the stratosphere using trajectory calculations proved to be quite effective not
only in the reproduction of SWV variations but also in the characterization of the dehydration pro-

cesses in the TTL {e.g., Bonazzola and Haynes, 2004; Fueglistaler et al,, 2004, 2005; Dessler et al.,

2014} even thuughl[ the quantitative estimation of the water amount entering the stratosphere re-

quires detailed consideration dealing with aerosols and ice particles (ice nncleation and sublimation
processes, supersaturation, and deposition and precipitation of ice particles) as well as the minute
description of meteorological conditions (subgrid-scale variabilities. intrusion of deep convection
into advected air parcels, and irreversible mixing due to breaking waves along with the ambiguity in
the analysis field).

Here, we discuss the cause of the stepwise drop in SWV by making the analysis of the entry
mixing ratio of water to the stratosphere ([HaO1.) with the aid of somme Lagrangian diagnostics of
TTL dehydration such as the preferred advection pathways in the TTL, the location in which water

saturation mixing ratio (SMR) takes minimum along each trajectory (Lagrangian cold point; LCP)
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| investigation on some specific processes

together withmunimumﬂlﬂtﬂ (SMR ,;i,,) before entering the stratosphere (Sect. 3). The back-
ward kinematic trajeclories initialized on 400 I potential temperature surface in the tropics, similar
to those of Fueglistaler et ul. (2005), are used. The calculations cover the period from January 1997
to December 2002. The statistical features of the LCP and SMR,;;,, are analyzed for the 90 day
trajectories in which the air parcels experienced LCP in the TTL (Sect. 2). The analysis is focused
on the examination of the entry value of waler to the stratosphere, meaning that any contribution
from the recirculation within the stratosphere (ST) and the sideway entry of water to ST without

taking the LCP in the TTL are intentionally left out of the scope. Delailed exaniinations on the driv-

ing mechanism itself are left for future studies.|However, such a restriction will serve to focus our; {

ir[hu[ may have led to the SWV drop in L;tgr:mgiﬁﬁ frame-
work. This approach hasj.'s_n ;:ulvun[ugg over Eulerian description because the drop in SWV does not
necessarily mean TTL cooling conveniently described in Eulerian framework. For example, it might
simply reflect the change in the proportion of air parcels that have passed the coldest region in the
TTL. Conversely, any extreme cooling does not necessarily result in enhanced dehydration as long
as the air parcels do not expertence LCP event in that region. We will wry to describe a hypothetical
story on the cause of the stepwise drop of SWV through the discussion of the results in Sect. 4.

Conclusions are placed in Sect. 5.
2  Method of analysis

2.1 Trajectory calculations

The method of estimating [H70O]. in the present study is similar to that of Fueglistaler et al. (2005).

[H3O], at time ¢ is estimated as the ensemble mean value of SMR,,;, along 90 day backward kine-

matic trajectories initialized at ¢. 1i"l"he backward trajectory calculations are started from uniformly

distributed gridpoints (every 5.0° longitude by 1.5° latitude) within 30° N and S from the equator

on 400K potential temperature surface. The initializations are made on the 5th, 15th, and 25th of

| every month during the period since January 1997 till December 2002 relying on the European Cen-

[ tre For Medium-Range Weather Forecasts ERA Interim dataset (Dee et al., 2011}, The number of |

! given on 60 model levels have been interpolated to those on 91 pressure levels keeping the horizontal |

|spatiotemporal interpolations to the 6-hour interval ERA Interim dataset. As for the limiration and

initialization points is 2952 for a single calculation resulting in 8856 for the estimation of monthly |
) . . L |

values. This number compares well with that of the reduced set of trajectories in the study on the

sensitivity of number of trajectories by Bonazzola and Haynes (2004) and turned out to be enough to

derive statistically significant results as can be seen later in Section 3. All meteorological varables

resolution of 0.75° by 0.75° longitude-latitude gridpoints prior to calculations. The time step has

been ser to 30 minutes, similar to 36 minutes taken by Bonazzola and Haynes (2004), by applying

|
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caution of this method, see, for example, the pioneering studies by Fueglistaler et al. (2004) and

|_Bnnuzz_olu and Haynes (2004).

2.2  Selection of trajéciories relevant to TTIL. dehydration

The meridional projections of the backward trajectories extracted from those initialized on 15 Jan-
vary 1999 are shown in Fig. 1. The top and boftom diagrams are the same except that pressure (top)
and potential temperature (bottom} are taken as the ordinate. The asterisks in red indicate the loca-
tion of the LCP while those in green are the termination point of trajectory calculations (90 days
before initialization at the longest). In case the backward extension of the lrajectories' hit the surface
of the earth, the calculations are terminated at that point, and those portions of the trajectories ilnme-
diately before the surface collision are used for the analysis. The migration of air parcels depicted
in the trajectories is roughly categorized into three major branches: quasi-isentropic advection in
the TTL and the lower stratosphere (LS), vertical displacement in the woposphere due to diabatic
motion resolvable in grid-scale velocity field, and quasi-isentropic migration in the troposphere. We
can see many air parcels are traced back to the troposphere representing the tropical troposphere-to-
stratosphere transport (TST), while some portion of the trajectories remain in the LS and/or reach the
tropical 400 I surface by taking the sideways without making excursions in the TTL. All non-TST
trajectories are removed from the following analysis to focus our discussion on the modulation of
[H,O],. For the suke of clarity, the TST particles in the present study are defined as a subset of those
particles traceable down to 340X having recorded LCP in the TTL. For the application of this LCP
condition to our trajectories, we introduce the Lagrangian definition of the TTL to assure internal
consistency of the analysis,

The motion of air parcels ascending in the tropical troposphere is characterized by rapid convective
up-lift that accompanies latitudinal migration associated with the seasonal displacement of the Inter-
Tropical Convergence Zone. Up in the TTL, on the other hand, the diabatic ascent is driven by
radiative heating, in which the seasonal migration with respect o latitude is much smaller than
that in the troposphere because the dynamical field generated by the thennal forcing at the bottom
boundary retains relatively high symmetry with respect to the equator. By translating thege features
into the characreristics of trajectories, we derive a definition of the TTL in a Lagrangian fashion,

Figure 2 on the top illustrates the vertical disuibution of the proportion of trajectories categorized

e —
on a daily basis as “fast” ascending air parcels. The required rate for the fasl ascent is empiric Llih

wcl to more than 0.21< in potenllal temperatur f:_wlt]un | time step (30 mm), that is, the condition for
H K isentrope is et if the air parcel crosses 8 IX surface from below @ — 0.1X to above & + 0.1 K
in 30 min. We can see that the proportion of the fast diabatic ascent thus defined takes maximum
at around 3401 in the troposphere and minimum at around 355 K. The proportion of such “fast”

air parcels reduces above the level of main outflow and'rnpidly goes to near zemitoward the level

of zero net radiative heating in the TTL. Above this level, the air parcels are diabatically lifted

L=



up by radiative heating and further pumped-up by dissipating planetary waves in the midlatitude
130 stratosphere (Holton et al., 1995). The alternation of the primary forcing that drives diabatic ascent

is also seen from the bottom panel of Fig. 2, which shows the seasonal migration of the latitudinal

position of the trajectories traceable to down below 340 K averaged for (blue) January, (green) April,

(yellow) July, and (red) October. The altitude of the kink at around 355 IS suggests that the infiuence

of tropical convective motion almost ceases at this level and the diabatic forcing gradually shifts to
135 radiative heating in the TTL and above.

The diagnostic features depicted in Fig. 2 agree that the bottoin of the TTL would be most prop-
erly defined at 355 I potential temperature level for our study. In the following analysis, we make
use of TST trajectories defined by the air parcels that have ascended from the lower troposphere
below 340 I isentrope experiencing the LCP in the TTL, which is defined by the layer between the

140  isentropic levels 355 and 400 I< within30° N and § from the equator.

3 Results
3.1 Thedropin[H;Ol,

'!»— — b
The calculations are made on a monthly basis using the three initialization days (5th, 15th and 25th

—he

of each month) at a time. The following description refers to a specific month omitting the suffix
145| for time. Let start by assuming that the minimum saturation mixing ratio along é-th TST trajectory
(i=1,---, Nrgr) 1s denoted by SMR;;i;, ;. The entry value of water to the stratosphere [H2 0], is
defined as the ensemble mean value of SMR,,,;,; as in Fueglistaler et al. (2005):

1 NTsT
[HQO](‘. = N_y; Z SNﬂ[R‘min;‘,- (1) |
e — L = - e s

The evolution of the entry value of water to the stratosphere as modeled in [H2O], time series

150 is shown in Fig. 3. The top panel is the sequential change in the monthly ensemble mean value of
[H2 O], estimated trom the TST air parcels during the period between January 1997 and December
2002. We can see the decrease of the seasonal maxima in boreal summer in 2000. The seasonal min-
ima in boreal winter, on the other hand, show larger values in January-February 2000 as compared
to those in 1999, 2001, and 2002 and thus the drop in [Hy0], is not quite obvious. As the six-year

155 time series is not long enough to define climatology and anomalies from it, we simply view the
interannual variations on the basis of each calendar month. The botlom panel of Fig. 3 is the same
as the top except that the data points are connected by each calendar month. When viewed in this
way, the drop in the year 2000 of about [ ppmv shows up in the time change in September (marked
by 9}, October (10}, November (1 1), and December (12). Similar drop continues 10 January (1) and

160  the successive months in 2001. As there 1s little difference between those in August 1999 and 2000,
we may well conclude that the drop in [H20], occurred in September 2000. Considering the time

period required for the air parcels to make excursion in the TTL, we may interpret that the change



165

170

175

180

185

190

in the characteristics ol dehydration has been initiated in the boreal summer of 2000. The maxima
of [HoO), in January through June 1998 are related to the strong El Nifio as is discussed later in
Sect. 4.

3.2 Horizontal projection of the TST trajectories

As the first step of examining the change in the characteristics of TTL dehydration initiated in north-
ern summer of 2000, Fig. 4 illustrates the horizontal projection of TST trajectories within the layer
between the isentropes 360 and 370 I extracted from those initialized in September 999 (top) and
2000 (bottom). In spite of the equatorially symmetric assignment of the initialization points on 400 K
potential temperature surface, the (rajectories in the TTL are highly asymmetric with respect to the
equator and clustered mostly in the northern subtropics. The dense population of the trajectories
shows that the air parcels are largely trapped by Tibetan high in the region between 30° W to 150° E
and 0 to 45° N. Comiparison between the two, representing September trajectories prior and posterior
to the drop, respectively, reveals that the circulation of air parcels around the Tibetan high is loosely
tied to the center in the latter period, resulting in the expansion of the anticyclonic circulation branch
mostly 1o the east accompanted by the spread-out of the trajectories farther to the Southerm Hemi-
sphere in the latter. This modal shift in the trajectories initialized in September oceurs in the year

2000 and continues at least through 2001 and 2002 (not shown).

3.3 Statistical distribution of the LCP

The shift in the circulation pattern of air parcels is not enongh to characterize the modification of

r —
dehydration efficiency in the TTL.|To quantify the change in the LCP distribution associated with

[ —_— —— — — — e —
| the modal shift seen in F_i_;x._4._'lrhe numbers of LCPs are counted by every 10° longitude-latitude bin

.in the tropics. The probabilities of LCPs are estimated for each bin by dividing the LCP counts by

the total number of TST trajectories.

. . ST, P e i &y 4 S '_—i
I Let assume that z-th TST trajectory (¢ =1.--- , Nqg7) takes minimum saturation mixing ratio

| {(SMRypini) at bin 7 (f = 1,---, M), that is, the Lagrangian cold point (LCP) for ¢-th TST trajectory
is found at bin 3. If we denote the number of LCP events at bin 5 as N (LCP £ 3},

A
Nrsp= Y N(LCP€j). 2)
i

Because some trajectories do not satisfy the TST condition in general, Ntg < N, where N is the

total number of initialization points used for the calculation. The probability of LCP events at bin 7,
|P(LCP € ), 1s defined by

. N({LCPe¢j
P(LCP €)= N{LCP € j) (3) ‘
| Moo
| M
|so that tbe normalization condition ZP(LCP € 7) =1 holds.
3




195 - The t:)p two panels of Fig. 5 show the horizontal distributions of F{LCP &€ j} thus defined for!
those trajectories initialized in September 1998 and 1999 (a; prior to the drep) and September 2000,
2001 and 2002 (b; posterior to the drop). Because N--gt is different among individual September,|
Ny for each month has been used as a weight in taking the averages. In other words, the calcu-
lations are made by combining the trajectories of two or three prior- or posterior-months together|
200 | for the illustrations. To be more specific, the TST trajectories of September 1998 and 1999, selected

from N = 2952 x 3 x 2 trajectories, are combined together for the illustration of Fig. 5(a), while

those of September 2000, 2001, and 2002, selected from N = 2952 x 3 x 3 trajectories, are used for P

Fig. 5(b). The comparisen between the two will shed light on the change in “the sampling effect”

| of Bonazzola and Haynes (2004). The spatial distribution is characterized by the maxima over the

205 | Bay of Bengal and Malay Peninsula accompanied by a ridge extending to South China Sea. It is
interesting to note some similarity in the location to the spatial maxima of the first encounter of

backward trajectories to 370 K isentrope for June to August 1999 shown by Bonazzola and Haynes

(2004). During the pertod posterior to the drop (Fig. 5(b}), the maxima show eastward expansion as
har as 150° E.'|_There also appears some increase in the Central Pacific covering both northern and
210 southern subtropics crossing over the equator. These two components appear clearer in the difference

field shown in Fig. 5(c). Those bins shown in blue (red) indicare the decrease (increase) of the LCP

e E - S
probabilities in the posterior period. [The test statistic of the difference (see Appendix Al for detarsﬂ "\ll 2;
| is shown in Fig. S(d)|indicating the re_gEin which the differences are statistically significant at the

significance level of | % or higher. It is interesting to note that, in addition to the dipole structure

215 associated with the eastward expansion of the Tibetan anticyclone, the probabilities show significant
decrease over the equator at around 130 to 140° E and increase in wider area almost symmetric with
respect to the equater (160° E to 160° W and 10° § to 10° N). This structure will be discussed further
in Sect. 4,

3.4 Statistical change in the SMR, ;.0

220 The increase of the LCP events in some bins does not necessarily mean enhanced dehydration over

“
there The next step is to examine the change in the SMR,. | This corresponds o tocuq on the/ '- l'.'— o

"-. .-l"

| change in “the temperature effect” of Bonazzola and Haynes (2004).|Simultaneous with counting

the LCP events, the values of SMR at the time of each LCP event (SMR,;,) have been summed-up

to calculale the average for each bin. II he ensemble mean value of SMR i, at bin 7, b’\lR(LCPE ah
225 | is dehned by

LCrej

| SMR(LCP € §) = LCP = Z SMR 514, @) .J' E_/'
| >

LCP&j
where Z indicates the sum with respect to the subset of TST trajectories that take LCP at bin ;.

i



| Figure 6 is the same as Fig. 5 except that SMR(LCPE j) is illustrated rather than P(LCP € j).

We can see Lhat the averages of SMR iy, in the tropics are roughly smaller in the eastern than in the

230 western hemisphere accompanying a broud minimum of about 3.5 to 3.7 ppmv over the maritime

continent during the period prior to the drop (Fig. 6(a)). The values show_ggncml decrease in the|

tropics with some enhanced drop in the central Pacific reaching less than 3.0 ppiuv in the period
posterior to the drop (Fig. 6(b)). The gross features correspond well to the horizonal distribution of
| the LCP-averaged SMR of July/August 2001 estimated by Fueglistaler et al. (2004). The difference

235 |__l£ween the two periods (Fig. 6(c)), together with the statistical significance (Fig. 6(d)‘JTm'n.§ the

pronounced decrease of SMR i, in the central Pacific after 2000. On the other hand, the change of
SMR i, associated with the east-west dipole structure is not so remarkable in terms of the difference

of SMR ;.. although the tendency is the same.
3.5 Statistical change in the expectation values

240 While the differences of SMR,,,;,, appear smaller over the Bay of Bengal and Malay Peninsula than

over the central Paciﬁciilhe com.lgr_i.sons based only on the cﬁanges in SMR(LCP= 7) could E[

misleading, because the values of P(LCP € ) are much higher in the former than in the latter
(Fig. 5). The expectation value for bin j, F(LCP € j), is defined by the multiple of P{LCP € 7)
and SMR(LCPE 7} to quantify the contribution of each bin to [[{1,0],. The sum of E(LCP € j) with
245 | respect to all bins reduces to
M Y
STE(LCPej) = > P(LCP€j)x SMR(LCP € j) (5)
i i
M . LOPE
- ! imzmsmn e o
Negy — 4 e
1 Neegr
= ¥om Z SMRyuin- (8)

250 | This is the entry value of water to the stratosphere [H, O] (Eq. (1)) shown as a time series in Fig. 3.
[H50], is thus decomposed of the sum of E(LCP & 7), which is interpreted as the contribution of
bin 5 to [H,O],. What is important here is that it is neither P(LCT € 7) nor SMR(LCP€ 7) but the
product between the two, E(LCP € j), that is directly responsible for composing the value [H;C]e.

By comparing the distribution of E{LCP € j) between the two periods, prior and posterior to the

255 | drop, we can see how the drop in [H2O],. is brought about by the change of water transport from

individual region.

Figure 7 shows the horizontal distribution of E(LCP & j).]'l‘his correspands to the projection of

[H20]1, onto each bin. We can see that the September values of [H50]), are mostly projected to the



260 | remains dominant during the posterior period"(Fig. 7(b)). While the reduction of [H,O], cannot be

265

270
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280

Bay of Bengal and Malay Peninsula before the drop (Fig. 7(a)).'lThe contribution from this core area

free from the general cooling (lowering of SMR{LCP€ 7)) in posterior years over most of the tropics
(Fig. 0), it is interesting to note the increase of E(LCP € j) despite the decrease in SMR(LCPE )
over the central Pacific. This is because the increase of P{LCP € 7) more than compensate for the
decrease of SMR(LCP& j) over there. In this sense, it is not appropriate to attribute the cooling over
the western and the central Pacific to the drop in [H2O],. The similarity in the spatial distributions of
P{LCP € j) and E(LCP ¢ j), especially that of the location of maxima over the Bay of Bengal and

Malay Peninsula together with the post 2000 decrease over there and the weslern tropical Pacific,

suggests that the relocation of LCPs (change.in P(LCP € j)) is a leading factor that has caused the |
drop in [HyOJ. in September 2000. |

—

The resultant changes could be interpreted as the composite of two components: (i) the decrease
over the Bay of Bengal and (ii) the decrease over the equatorial western Pacific and the increase
over the central Pacific almost symmetric with respect to the equator extending to the subtropical
latitudes of both hemispheres. The former is supplemented by slight decrease widespread along the
10° N zonal belt with the exception around 150° E and the central Pacific. These features will be
related to the eastward expansion of the anticyclonic circulation around the Tibetan high, while the

latter is suggestive of some response to the thermal forcing froin the equatorial ocean.
4 Discussion

4.1 Maxima of [H, O], in 1998

We have seen in Fig. 3 that the time series of [Ha O], shows maxima in Janvary through June 1998.
We excluded these months from our analysis in Sect. 3 because of the influences of strong El Nifio,

The values of [H,0], in November and December 1997 are larger than those in 1998, which may

suggest possible influence of El Nifio also in these months}ActualIy Fueglistaler and Haynes (2005)

—

demonstrated in their Fig. 2 that the trajectory model shows large increase of lower-stratospheric

water ([H2O]ra00 which takes non-TST trajectories into account in addition to [H;07],) associated

285 | with El Nifio and that the increase is accompanied by the eastward shift of the high density region of]|

290

— = =
| LCP.|The reason why we regard these facts as little related 1o the drop of {H20], in 2000 is briefiy

discussed here.

For exploration of the reason of such anomalies, the horizontal distributions of LCP are shown for
those initialized in February 1997, 1998 and 1999 in Fig. 8. The distributions in February 2000, 2001
and 2002 (not shown} are similar to those of 1997 and 1999, The LCPs in February are commonly
distributed almost symmetric with respect to the equator, but the longitudinal distribution is not
uniforn. High concentration in the western tropical Pacific in 1997 and 1999 (and also in 2000,

2001 and 2002) is suggestive of the strong influence of the warm sea surface temperature (SST) on

|",-'FH-\~\
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300

305

310

315

320 | although these Wl“ not be mdcpundent bclween each other ]The results indicate that the drop is

325

the LCP distribution. The large scatter extending to the eastern tropical Pacific in 1998 is due to
the migration of the large scale convective system to the cast associated with the strong El Nifio.
We have put this anomalous change out of the scope of the present study, because those anomalous
values seem to have recovered to normal by the northern summer of [998 (well before 2000) and
there is no reasoning that this strong El Nifio is coupled to the drop in [H20]. in 2000. For the
objective judgement of the influence of the El Nifio, we employ the SST averaged in the region
between 90° W and 150° W longitude and 5° 8 to 59 N latitude (Nifio 3 region, Trenberth, 1997).
Those months exhibiting the SST anomalies (relative 1o the 1981-10-2010 climatology) greater than
1.5 times the standard deviation are excluded from the present analysis. Those excluded are the

twelve months from June [997 to May 1998.
4,2 Perspective to the mechanism of the drop

The entry value of water to the stratosphere, [H.O],, estimated by the ensemble mean values of
SMR,nin along the TST trajectories shows appreciable decrease in September 2000 (Fig. 3), sug-
gesting some modulation in the dehydration efficiency functioning on the air parcels advected in
the TTL during the northern summer of 2000. The horizontal projection of September trajectories,
characterized by anticyclonic circulation associated with Tibetan high in the TTL, shows eastward
expansion in the year 2000 accompanied by some bifurcation to the Southern Hemisphere (Fig. 4).
This modal shift appears as decreases in the probability distribution of the LCP over the Bay of
Bengal and the western tropical Pacific (Fig. 3). The SMR averaged on the occasion of LCP events
(SMRy,i,) shows general decrease with some enhancement in the central Pacific (Fig. 6). These

results suggest two possible components contributing to the sudden drop of [H,O]. in September

2000:]the modulations of the Tibetan high and the TTL circulation driven by the thermal forcing

I from the equatorial ocean. The regional contribution to [H20],, quantified by E(LCP € j), shows |

distinct decrease in two regions; cne over the Bay of Bengal and the other over the equator in the

western tropical Pacific (Fig. 7(c)). The former will be related to the weakening of Tibetan high, |

while the latter may imply the modulation of the Matsuno-Gill pattern (Matsuno, 1966; Gill, 1980)

brought about by a response of the TTL cuculauon to the modulated forcing both from the conti-
nental summer monsocn and the equatorial ocean. It is thus quite interesting to take a brief look at
the changes in the TTL meteorological fields in Eulerian framework before concluding this study.
Figure 9 illustrates the longitude-latitude section of 100 hiPa geopotential height (left) and tem-
perature (right) averaged in August 1998 and 1999 (top)} and 2000, 2001 and 2002 (middle). These

are the background Eulerlan fields having rounhly brought about the Lagrangian features described

_ by the top two panels of Figs. ‘3—7 @c can see the Tibetan anticyclone in the height field of both

&

fl? _.I

| periods (left) with the intensity weaker in the latter (2000, 2001 and 2002) than in the former (1998 | _/»"' .t

| and 1999). This feature appears basically the same in individual monthly mean values of August|

10

\ &

]



330 ldepending_z on the category either prior or posterior to the drop. The expansion of the trajectories

after 2000 (Fig. 4), therefore, is the result of loosened grip of air parcels around weakened Tibetan
high in the latter years. These features remain the same in September of other years posterior to
the drop (not shown). The temperature field (right-hand side) both prior and posterior to the drop
appears as the typical pattern of the TTL response to the thermal forcing at the bottom boundary

335 with additional heating to the subtropical Northern Hemisphere (Matsuno, 1966; Gill, 1980). The
difference (Fig. 9(e)) indicates substantial cooling in the northern subtropics at around 130° E and
the central Pacific. The latter corresponds to the findings of Rosenlof and Reid (2008) in which the
tropical tropopause temperature in 171 to 200° E longitude band decreased in association with the
SWYV drop in 2000,

340 The correspondence of the decrease of the equatorial 100 h?a temperature to the increase of the
underlying SST is explored in Fig. 10, which shows the longitude-time section of the equatorial SST
averaged between 10° N and S of the equator. We could see the warm SST region in the western
Pacific expands to the east in the year 2000, and the contour of 28 °C, the threshold of active con-

_vection (Gadgil et al., 1984), during the coldest month of the year crossed the date line in 200 ::lh:r

345 ‘ possible connection of the water drop in 2000 to the modified SST distribution has been discussed by

Rosenlof and Reid (2008). They found the conelation coefficients between tropopause temperature

and SST are quite small “if one correlates times prior to 2000, or after 2001™ separately, but a large

negative correlation coefficient of — 0.44 appears if one correlates the entire time period which, they
say, is “exclusively a consequence of the decrease in tropical tropopause temperatures of ~ 2°C in
350 | 171°-200° longitude band coincident with an increase in SSTs of 0.4 °C in the 139°-171° wopical
longitude band.” The longitudinal difference between the warm SST core and the temperature min-

imum near the tropopause will be due to the eastward tilt of cold region associated with a steady

Kelvin wave response to underlying convective heating (Hatsushika and Yamazaki, 2003). Thus the
notion by Rosenlof and Reid (2008) suggests that the SWV drop in 2000 is driven by some dynam-
355 | ical process that accompanies the generation of Matsuno-Gill pattern. This is consistent with the

idea that the modified SST distribution is cne of the key processes that drove the water drop in lh<:_I

| year 2000.!The warm condition in the central Pacific continues at least till the end of 2005. The de-

crease of 100 LPa temperature over the central Pacific is, thus, well correlated to this SST variation.

The ir_nportant point in our anzlysis is that the decrease of SMR(LCPe ), albeit widely distributed

360 | and remarkable in the tropics (Figs. © and 9), is not enough to explain the drop of [HoO], if we
recognize the dipole structure, that is, the paired increase and decrease, in E(LCP € j) over the

equatorial Pacific (Fig. 7). The modified pathway of TTL wrujectories, resulted in the reduction of

I LCP probabilities over the Bay of Bengal and the western tropical Pacific (Fig. 5), is quite important.

The study by Young et al. (2012}, discussing the changes in the Brewer-Dobson circulation during
365 the period 1979 to 2005 by referring to the out-of-phase temperature relationship between the trop-

tcs and the extratropics, found no appreciable change around the year 2000. However, the zonally
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uniform component exhibiting the out-of-phase relationship between the tropics and the extratropics
in 100 hPa temperature difference (Fig. 9) is suggestive of some stratospheric contribution to the
drop in [H20]. (Randel et al., 2006) through wave-driven pumping (Holton et al., 1995). Actually
the analysis of dynamical fields such as eddy heat flux and EP-flux by Fueglistaler (2012) finds
a strengthening of the residual circulation qualitatively consistent with the drop of SWV in October
2000. Figure 11 shows in color the time-height section of monthly mean vertical wind velocity in
the tropics. The seasonal enhancement in the upward motion during northern winter shows up in
the lowermost stratosphere. The solid and dashed contours superposed on the vertical velocity field
are the zonal wind components depicting the westerly and the easterly phase, respectively, of the
quasi-biennial oscillation (QBO). The stagnation of the downward propagation specifically that of
the easterly phase of the QBO is noticed in late 1997 to early 1998 and late 2000 to early 2001 at
around 40 hPa level. This phase dependency of the stagnant propagation is brought about by the sec-
ondary circulation of the QBO in which the upward (downward) motion accompanies the easterly '
(westerly) shear zone of the QBO (Plumb and Bell, 1982; Hasebe, 1994). What is interesting here is
that the enhanced upward motion is found in September and October 2000 blocking the downward
propagation of easterlies. The limitation from our use of Eulerian vertical velocity, rather than TEM
residual velocity, will be minimal as we focus our discussion in the tropics. Actually the anomalies
in the equatorial upwelling at 78 hPa estimated by Rosenlof and Reid (2008) show similar results.
Further analysis by Fueglistaler et al. (2014) emphasize that the strengthening of the residual cir-
culation does not last long but continues for a few years around the year 2000. Remembering the
time of excursion for air parcels circulating the Tibetan high (Fig. 4), the stratospheric anomalies
in October 2000 (Fueglistaler, 2012) appears later than the initiation of the drop in [H2Ole. The
difference of one month, albeit small, is large enough to be resolved in the analysis. Then the en-
hanced upwelling discussed by Fueglistaler et al. (2014) might be the stratospheric response to the
tropospheric forcing that modulated the dehydration efficiency in the preceding boreal summer of
2000 rather than the direct cause of the SWV drop. Further studies employing numerical simulations
are definitely required. It is worth mentioning here that the enhancement of the Brewer—-Dobson
circulation may have occurred also in the northern hemispheric branch; the age of northern mid-
latitude stratospheric air diagnosed by the CO, concentration appears shorter than usual in 2002
(Engel et al., 2009, Fig. 3), although the difference is not statistically significant.

4.3 Perspective to the mechanism of sustained low amount of [H2O].

We have seen some background meteorological fields from Eulerian perspective to interpret the evi-
dences presumably responsible for the drop of [H20]. in September 2000 described in Lagrangian
framework. The problems not yet answered are what is the specific event (if any) and how is it gen-
erated that has lriggere:d the sequence of phenomena that ultimately led to the sudden drop of SWV.
In addition, the sustained low values of [H2O]. after September QOOO need some mechanism that

12
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| evidences suggest the idea that the drop of [H2O], in northern winter has resulted from the response

|
420

425

lasts longer than the seasonal time scule, since the modulation of Tibetan high cannot explain the
reduction continuing to the successive months in northemn winter (Fig. 3).

Figure 12 is the same as Fig. 7 except that the January projection is illustrated. We can see, in addi-
tion to the values generally lower than those in September, the larger values are found in the western
tropical Pacific (Fig. 12¢a). (b)), indicating the January values of [H20], are controlled by those over

the western Pacific. This is consistent wnh the plctme havmg been presented in numerical 51mula-

uom (Hatsushika and Yamazaki, 2003) l"he difference between 1he two periods (Fig. 1'7(c)) shows|

decrease over Indonesia and increase over the central Pacific during the period posterior to the drop.|
The former is due to the combination of the decreases in both P{LCP € j) and SMR(LCP¢ 37), while
the latter is brought about by the interplay between the increase in P{(LCP € 7) and some decrease
of SMR(LCP€ 7) (not shown). This situation is the same as what we see in September (Section 3.5).
The similarity of this pattern, that is, the decrease in the equatorial western Pacific (over Indonesia)
and the increase over the central Pacific, (o that of the second component of September response i

suggests the existence of a common driver of the drop in [H,0], irrespective of the season. These| | &

of the TTL circulation to the eastward expansion of the warm water to the central Pacific (Fig. 10}
in such a way that the decrease of F(LCP € 7) in the western Pacific exceeds the increase of that in
the central Pacific.

The correspondence to the change in the SST distribution, the time of occurrence, and the persis-

tency of phenomenon suggest that the drop and the subsequent low values of [HyO], are brought

about by the reduced water entry to the stratosphere mainly through the Bay of Bengal (in boreal|
summer) and the Western tropical Pacific. The dipole pattern in E{LCP € j) over the equatosial

PaCIﬁC (Figs. 7 and 12) is suggestive of an castward shift of Matsuno-Gill pattern related to the east- |

ward expansion of warm 88T 1€0l0n to the central Pacaﬁc Then our hypothetical story may read, the
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eastward expansion of warm SST region brings about the reduction of [H,O]e by TST air parcels
passing through the western tropical Pacific during northemn winter (Fig. 12), while the heating from
the modulated S58T mentioned above, competing against that over the continent, has led to the modal
shift of trajectories during northern summer resulting in the reduced water transport over the Bay of
Bengal and the western tropical Pacific (Fig. 7).

The above speculation might end up with some proper explanation on the cause of the eastward
expansion of the equatorial warm water to the central Pacific observed in 2000. In this context, it is
interesting to see possible occurrence of “El Nifio Modoki” characterized by the warm SST event
over the central Pacific (W. J. Randel, personal communication, 2015). Actually the time series of
normalized ENSO Modoki index of Ashok et al. (2007) turns from prolonged negative to positive
towards 2001. It is also interesting to note that the “La Nifa-like condition,” tied to the surface
cooling of the equaterial eastern Pacific, is supposedly responsible for the recent hiatus, the pause

of the global-mean surface air temperature rise (Kosaka and Xie, 2013; Watanabe et al., 2014). If



440 proved to be true, we may have unveiled another piece of pathways the internal variability of our

climate system could exert on the surface cooling through SST-driven SWYV fluctuations.

5 Conclusions

Backward kinematic trajectories, initialized on 400 K potential temperature surface in the tropics,
have been employed to describe the stratospheric water drop observed at around 2000 to 2001 from
445 a Lagranglan point of view. The entry value of water to the stratosphere, [H20],, shows appre-
ciable decrease in the trajectories initialized in September 2000 suggesting the change in the TTL
dehydration efficiency during the boreal sumuner of 2000. The following changes are found to be re-
sponsible for the drop in [HaOJ,. The reduction of water vapor transported by those air parcels that
experienced LCP events in two regions; over the Bay of Bengal and the western tropical Pacific. The
450 reductions are brought about by the decreases in both the LCP-event probability and the ensemble
mean SMR i, over there. The LCP reduction in the former region is related to the modified migra-
tion pathways of air parcels circulating the weakened Tibetan anticyclone, while that in the latter
may be a response to eastward expansion of warm water to the central Pacific. This SST modulation
seems to be responsible also for the decrease of [11:0], in the successive northern winter. Some
455 indication of stratospheric contribution through intensified pumping appears only intermiltent and

will be better interpreted as a response to tropospheric forcing changes.

Appendix A: Statistical tests between prior and posterior to the drop

Al The difference of P{LCP € 7)

Let the randem variable, X, is the number of event occurrences in some number of trials, n. The

460 | binomial distribution can be used to calculate the probabilities for each of n 41 possible values of
| X (X =0,1,---,n) if the following conditions are met: (1) the probability of the event occurring

| does not change from trial to trial, and (2) the outcomes on each of the n trials are mutually indepen-
dent. These conditions are rarely met, but real situations can be close encugh to this ideal that the
binomial distribution provides sufficiently accurate representations. The probability that the number

485 | of occurrence X is x among n trials, Pr{X = ), follows the binomial distribution

PI(X = 2'} = " px(l —p)n_$1 ('1’ = 0)11"' :ﬂ')) . (Al)
T

where p is the probability of occurrence of the event.

The statistical test for the ditference in the population proportion of two binomial populations,

p1 — pa2, could be made as follows. Let the sample size and the sample proportion of the two sets




470 | being nq and ns and my /ng and my/ny, respectively. The test statistic, 77, defined by
YTV k7 R R (A2)
Vo (L=p*}(1/n) +1/n2) ny e

follows approximately the standard normal distribution. The statistical test for the difference between
P(LCP € j) in prior and posterior periods could be done by applying the two-sided tests under the
null hypothesis of p; —ps =0 at some significance level v, where p; and po are the population
475 | proportion of LCP taking place at bin j in the poslerior and prior to the drop, respectively. In our
case, 1 and no, and my and mg, are Npgt and N(LCP € 7), respectively, for posterior (suffix 1)

and prior (suffix 2) periods.

| A2 The difference of SMR(LCPE ) "

The statistical test to be applied is the comparison of the population means of two normal distribu-
480 tions, p1 and po, with unknown population variances. This test is sometimes called the Welch’s ¢
test. The test statistic, T, defined by
T — T

Vsi/ni+s3/n2

follows the ¢ distribution of the degree of freedom m, where

1= (A3) |

_ (s3/n1 + 83/ns)?
T i — D)+ 54/(n3(me — 1)) (Ad)

485 | Here, n1 and ns, T1 and T2, and s? and s3 are the sample size, the sample mean, and the unbi-

ased sample variance, respectively, of the two sets. The statistical test for the difference between

SMR(LCPE j) in prior and posterior periods could be done by applying the two-sided tests under

the null hypothesis of pq — po = 0 at some significance level e, In our case, n, and ny, T; and

Tg, and s% and 52 are N{LCP € j), SMR(LCP€ 7), and the unbiased variance of SMR,;,, at bin j,

490 | respectively, for posterior (suffix 1) and prior (suffix 2) periods. |
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