
Response to Referee 1

We thank Referee 1 for the thoughtful and detailed feedback. We appreciate all comments

which clearly helped to improving the manuscript, and we addressed all points in the revised

version. Reviewer comments are in black, answers in green. The main changes in the revised

version are:

• A thorough rewriting of large parts of the text, including the Abstract, to discuss results

and relations to atmospheric processes in a much clearer way.

• A clearer discussion of the dry bias in the reconstruction, supported by the inclusion of

tropopause height information.

• A new analysis examining the relationship between reconstruction bias and convection.

This, along with the original discussion related to convection, has been reorganized and

is now presented in Section 3.3.

General feedback: This paper aims to improve our understanding of lower stratospheric water

vapor anomalies that occur over the Asian and North American summer monsoons, a problem

that has implications for surface climate and stratospheric chemistry. This paper uses a La-

grangian trajectory method to identify the role of cold point temperatures in the vicinity of the

monsoon in setting the water vapor content of air reaching the lower stratosphere. I believe that

this is a valuable contribution that can be suitable for publication in ACP following revisions.

Comment 1: This work uncovers a correlation between Lagrangian cold point temperatures and

water vapor anomalies over the Asian summer monsoon. However, the mechanism presented

here can only explain a fraction of the overall water vapor anomaly. While the dry bias of the

Lagrangian trajectory method has been noted before, the dry biases in Fig. 2 make it difficult to

claim that elevated Lagrangian cold point temperatures contribute significantly to the water va-

por anomalies. For example, at 15.5 km the ASM reconstructed anomaly is about 1 ppm, while

the SAGE anomaly is about 5 ppm. Therefore, the current method only accounts for about 1/5

of the observed moistening in the ASM. In the NAM, the Lagrangian method does not show a

moistening. In both regions, I feel that the current presentation of these results overstates the

moistening that can be explained by this method. This framing needs to be improved prior to

publication.
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We agree with the reviewer that our Lagrangian reconstruction results in a dry bias and an

underestimation of the monsoon moist anomaly. This is particularly so at lower levels, e.g.

15.5km. The main reason is that the Lagrangian reconstruction, which finds the Lagrangian

cold point along the back trajectories, only works in the stratosphere, i.e., after the ”true”

Lagrangian cold point has been passed by an air parcel on its way from the troposphere to

the stratosphere. This limitation is particularly relevant for altitudes below the cold point

tropopause, such as the region over the ASM shown in Fig. 1 and the lower portions of the

profiles in Fig. 2, where the reconstruction method cannot be expected to perform well, as

these levels remain within the troposphere. Thus, we acknowledge that this constraint was not

sufficiently emphasized in our earlier discussion. To better address this issue, we added the

position of the climatological August cold point tropopause, as derived from ERA5, in Fig. 2.

We also incorporated the observed moist anomalies in monsoon regions relative to the entire

tropics (grey bars in the left sub-panels in Fig.2), along with the corresponding reconstructed

anomalies (coral bars), to better evaluate the reconstruction’s performance in capturing these

features. Specifically, the reconstruction reproduces one-third of the observed anomalies in the

ASM at 15.5 km, increasing to over two-thirds at 16.5 km and to an even higher contribution

at levels above.

Comment 2: Moreover, I would argue that the central conclusion of this paper is that a small

portion of moistening over the ASM is caused by an altered transport pathway through the

UTLS, not that the moistening can be explained by the Lagrangian method. A secondary con-

clusion would be that the altered pathway is not significant for the NAM. In other words, the

ASM allows some portion of air to avoid the “cold trap” and the dehydration that would occur

within. This results in a water vapor anomaly that occurs regardless of direct injection of water

vapor/ice into the lower stratosphere (although the majority of the anomaly is driven by these

other processes). The correlation between the Lagrangian reconstructions and ASM observa-

tions suggest that this cold-trap-avoidance mechanism is robust, but it does not prove that the

mechanism is the dominant source of water vapor anomalies.

We agree that the Lagrangian reconstruction method does not explain the entire anomalies ob-

served by SAGE and MLS. However, the method works reliably well in the ASM region to

reproduce the pattern of anomalies (Fig. 1), and also reproduces the main part of the anomaly

at levels from the tropopause upwards (please refer to our reply to comment 1, and Fig. 2).

However, since the number of TST trajectories decreases and the impact of the climatology on
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the reconstruction increases at higher levels, we agree that these arguments should be consid-

ered carefully. Now in Fig. 2, instead of a mix of TST-based reconstructions and climatological

values, we use the reconstructions only from TSTs, so that we can see a more ’systematic’ dry

bias. Nevertheless, the new figures of the reconstruction’s contribution to monsoon anomalies

in Fig. 2 and the high correlation coefficients shown in Fig. 3 show that in the ASM a signifi-

cant part of the anomalies can be explained by the Lagrangian reconstruction method. For the

NAM, we agree that the simple method does not capture the moistening processes sufficiently.

We have included more detailed discussion about the capability of the Lagrangian method to

reconstruct moist anomalies in ASM and NAM regions, and in particular we critically discuss

the failure of the method in reconstructing the NAM anomaly now in Section 4.

Comment 3: The proposed mechanism would also gain meaning with additional discussion

of other water vapor sources. For example, Smith et al. (2017) studied a summertime water

vapor enhancement over North America and found that frequent deep convection can deliver

water vapor to the lower stratosphere. O’Neill et al. (2021) also provide a mechanism by which

water vapor injection occurs over intense convection. Studies like these would explain why the

hydration captured by the Lagrangian trajectory method is smaller than the observed hydration,

especially over the NAM.

Yes, we agree that deep overshooting convection plays an important factor in the anomalies in

the monsoons, in particular over North America. We now incorporate a discussion (in section 4)

of the results from Smith et al. (2017) and O’Neill et al. (2021), and also Homeyer et al. (2024)

who demonstrated that frequent deep convection over North America and intense convection

can deliver water vapor to the lower stratosphere. In particular, the new analysis on the relation

between the reconstruction bias and the intensity of convection in Sect. 3.3 (suggested by the

other reviewer) shows clearly that convective moistening is one of the key processes missed by

the simplified Lagrangian method.

Comment 4: Additionally, the choice of the 6-hr resolution needs to be justified for two rea-

sons. First, the monsoon can act on timescales shorter than 6 hours, so it is possible that the

Lagrangian trajectories do not fully capture the effect of the monsoons. Li et al. (2020) found

that the improved temporal resolution of ERA5 led to more rapid transport than ERA-i, so it

is possible that the 6-hr data used here does not fully capture convective transport. Second,

it has been shown that trajectories calculated with 6-hr data have transport errors and warm
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CPT biases relative to those calculated with 1-hr data (Pisso et al., 2010; Bourguet and Linz,

2022). It is possible that the warm CPT biases cancel out when calculating anomalies, but it

is also possible that the anomalies calculated with 6-hr data are larger than those that would

be calculated with 1-hr data. This would mean that the mechanism presented here is actually

smaller than these results would suggest.

We agree that enhancing the temporal resolution of the data could make the freeze-drying effect

stronger in our calculations. However, generating the necessary high-resolution data in space

and time and recalculating all trajectories is a major computational effort and beyond the scope

of this paper. In the revised version, we discuss these issues in more detail in the last paragraph

of the Section 4 as suggested by the reviewer, and with reference to the suggested publications.

We also acknowledge that higher temporal resolution, rather than spatial resolution, has greater

potential to refine the representation of Lagrangian dry points and deep convection.

Comment 5: I would also advise moving the LAG single comparison to the Supplemental. It

is well known that single trajectories are not meaningful and that ensembles should be used in-

stead. As currently presented, the comparisons with LAG single distract from the main results.

I also feel that the MLS results could also be moved to the Supplemental to improve the focus

on the comparison between reconstructed and observed water vapor. (The same conclusions

are drawn when comparing reconstructions with MLS and SAGE.)

Thank you for your thoughtful suggestions. We acknowledge that single trajectories are gen-

erally less meaningful than ensemble-based approaches. However, we would like to clarify

that even in the LAG single experiment, the results presented (e.g., in Fig. 3) are not results

of single trajectories but are averages over large trajectory ensembles. The key difference lies

in how these ensembles are generated: in the LAG single experiment, only one trajectory is

initialized at each measurement point along the profile, whereas in the experiment LAG, a full

ensemble of trajectories is initialized at each individual measurement point. Therefore, all pre-

sented results are derived from substantial trajectory ensembles, with the ensemble size varying

between experiments. We appreciate your comment highlighting this potential source of mis-

understanding and have clarified these points in the revised manuscript. Regarding the MLS

results, we believe that keeping them in the main text is essential because SAGE III/ISS has

much lower sampling compared to MLS. By presenting the MLS-based comparisons alongside

SAGE III/ISS, we provide a stronger foundation for our conclusions and enhance the robustness

of our analysis.
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Minor Comments

Comment 1: Lines 2–4: “The amount of water vapor entering the stratosphere is sensitive to

cold point temperatures, making NH summer monsoons more favorable for transporting water

vapor into the stratosphere.” Water vapor enhancements over Northern Hemisphere summer

monsoons do not follow from elevated cold point temperatures. Deep convection can lower the

CPT, so this statement needs to be clarified.

Thank you for pointing this out. We have revised the sentence to clarify the relationship be-

tween cold point temperatures and water vapor transport in monsoon regions. Additionally,

the abstract now is thoroughly rewritten, with consideration of all the comments related to the

abstract.

Comment 2: Line 5: “investigating their contributions to stratospheric water vapor.” To my

understanding, the water vapor reconstructions in this work are confined to the tropical lower

stratosphere, and there is no evaluation of how monsoon water vapor anomalies contribute to

the stratospheric water vapor budget. Therefore, I would avoid saying that the contributions to

stratospheric water vapor are evaluated here.

Thank you for the suggestion. We agree and have revised the sentence to more accurately

reflect our study’s scope.

Comment 3: Lines 9–11: “it effectively reconstructs UTLS water vapor (correlation coefficient

0.75), capturing moist anomalies in the ASM, but performing less well in the NAM.” Following

from general feedback above, the high correlation here does not mean that the Lagrangian

method can explain the magnitude of the water vapor anomalies.

Please refer our response to major comment 1 and 2.

Comment 4: Line 17: “The water vapor” -¿ remove “The.”

Thank you for pointing out. It has been removed.

Comment 5: Line 25: “Large-scale vertical transport enhances lower stratospheric water va-

por. . . ” Is this meant to say that large-scale vertical transport spreads convectively-injected

water vapor? Large-scale transport on its own does not enhance lower stratospheric water va-

por.

Please refer to the new abstract.
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Comment 6: Line 33: “Several studies have successfully reconstructed UTLS water vapor us-

ing Lagrangian methods. . . ” I would argue that studies are able to capture UTLS water vapor

anomalies, not total water vapor concentrations (e.g., Smith et al., 2021; Bourguet and Linz,

2022). This is an important distinction given the uncertainty surrounding the dry bias in La-

grangian reconstructions.

We agree with this distinction and have revised the sentence to make it more precise.

Comment 7: Lines 78–79: “within both Asian monsoon and North American monsoon regions”

- tropical water vapor is also considered. Could be easier to say “across the tropics.”

It has been revised according to your suggestion.

Comment 8: Lines 96–98: Clarify that 1-2-1 vertical smoothing is done on 1 km grid. (It’s not

currently clear if smoothing is done on 0.5 km grid or 1.0 km grid.)

We appreciate this point and have clarified in the text that the 1-2-1 vertical smoothing is applied

on a 0.5 km grid.

Comment 9: Line 125: SAGE vertical resolution is reported as 0.5 km here. When is 0.5 km

used, and when is 2.0 km vertical resolution used?

Thank you for pointing this out. We have clarified in the text that the native SAGE III/ISS

vertical resolution is 2.0 km, but the profiles are retrieved on a 0.5 km vertical grid. This

distinction is now explicitly stated.

Comment 10: Section 2.3: How many trajectories are calculated in total, and how many are

with the ASM and NAM, respectively?

The relevant information is provided in Section 2.3: For each August from 2017 to 2022, SAGE

III/ISS recorded 149, 203, and 2292 profiles for the ASM, NAM, and tropics, respectively.

Taking the ASM as an example, the number of calculated trajectories is given by 149 × 10

(profiles × levels) for LAG single and 149× 10× 51 (profiles × levels × ensemble trajectories)

for LAG. Accordingly, the total number of calculated trajectories for LAG single is 1490 for the

ASM, 2030 for the NAM, and 22,920 for the tropics, while for LAG, these numbers increase

to 75,990, 103,530, and 1,168,920, respectively. For each August from 2017 to 2019, MLS

provides 7801, 10,223, and 126,981 profiles for the ASM, NAM, and tropics, respectively.

Since MLS calculations use five vertical levels, the number of trajectories for LAG single is

computed as 7801 × 5 = 39, 005 for the ASM, 10, 223 × 5 = 51, 115 for the NAM, and
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126, 981 × 5 = 634, 905 for the tropics. For LAG, these values are further multiplied by 51,

yielding the final trajectory counts.

Comment 11: Lines 171ff: “The large-scale patterns in the reconstructions are consistent with

the observations. . . .” I would argue that this is misleading, even with the acknowledgement

of the dry bias that follows. The NAM anomaly is not present in reconstructions, so broad

statements about large-scale patterns should be avoided. Similarly, in the following paragraph,

the assertion that the “reconstruction captures the enhancements in water vapor concentrations

and their locations” is misleading. The quality of the water vapor reconstructions in the ASM

and the NAM should be discussed separately to avoid conflating the two.

Thank you for your comment. We agree that the statement was too broad and have revised it to

more accurately describe the differences in reconstruction performance between the ASM and

NAM. We also clarify that the quality of the reconstructions differs between the two regions

and discuss them separately in the revised text.

Comment 12: Line 188: Specify that the cyan squares are in Fig. S1.

This point has been modified.

Comment 13: Lines 249–252: Please be more specific with what you mean by “exhibit no

significant differences in overall structure” and explain how this suggests that the tropics and

monsoon regions have the same primary controlling mechanisms. To me, the tropical scatter

plots (Fig. 4d, g) appear qualitatively different than the NAM scatter plots (Fig. 4f, i). Also,

although the ASM scatter plots appear more similar to the tropical scatter plots, these plots only

consider the relationship between the CPT and observed water vapor, so it is possible that other

mechanisms could contribute to the two separately.

We appreciate the reviewer’s insights. In our revised text, we clarify that the similarity between

monsoon regions and the deep tropics refers specifically to the correlation between lower strato-

spheric water vapor mixing ratios and LCP temperatures, not local cold point temperatures.

This suggests that in both cases, water vapor is controlled by remote dehydration processes

rather than local conditions, and that advection through the large-scale temperature field can

explain water vapor mixing ratios above the tropopause in the ASM similarly well as in the

deep tropics. While the scatter plots in Fig. 4 show some qualitative differences, the key take-

away remains that lower stratospheric water vapor in the ASM region, like in the deep tropics,

is primarily governed by historical dehydration at LCPs. In the NAM region, we fully agree that
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the simplified Lagrangian reconstruction method does not explain the observed mist anomaly -

and this is discussed in a more balanced way in the revised manuscript in Sect. 4 (see also our

reply to comment 2). We acknowledge that additional mechanisms may contribute to differ-

ences, but our findings emphasize the dominant role of large-scale transport and freeze-drying

in shaping water vapor distributions.

Comment 14: Lines 261–275: I would advise either removing this paragraph or moving it to

the Discussion or Conclusion section.

Thank you for the suggestion. We have moved this paragraph to the Discussion section for

better alignment with the overall flow of the paper.

Comment 15: Section 3.2: I suggest including a panel to Fig. 5 with the location of the LCP

for all tropical trajectories. This would allow for a comparison of CPT locations between the

monsoon regions and the tropics, which would support the idea that the monsoons alter the

transport pathways through the UTLS.

We agree that this addition would be helpful. We have added a panel to Fig. 5 showing the

LCP locations for all tropical trajectories and updated the discussion accordingly.

Comment 16: Lines 291–293: “This suggests that the increased water vapor in the ASM is pri-

marily attributed to dehydration processes occurring in the vicinity of the monsoon over Asia.”

This needs to be clarified. The location of the highest reconstructed water vapor concentrations

suggests that the increased water vapor captured by the Lagrangian reconstruction (about 1/5 of

the observed increase) is primarily driven by changes to transport near the ASM. The remaining

4/5 of the observed anomaly is attributable to other processes.

Please refer to our response to Major Comment 1.

Comment 17: Lines 316–318: The contribution of distant CPTs to the reconstructed NAM wa-

ter vapor anomaly does not imply significance of distant CPTs to the observed anomalies. In-

stead, the relative inability of the NAM reconstruction to capture observed water vapor anoma-

lies implies that local processes (e.g., direct injection of water vapor) are crucial for explaining

the final moisture composition within the anticyclone. However, the Lagrangian method can-

not reproduce observations, so you cannot draw objective conclusions about the behavior of the

atmosphere with this method.

Thank you for pointing to that potential misunderstanding. We fully agree that in the NAM
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other, local processes are likely important. Obviously, the related text was not clear. We have

revised the text to clarify the role of distant CPTs and local convection in shaping water va-

por anomalies in the NAM. The revised discussion now explicitly acknowledges that processes

such as convective mixing and overshooting likely play a dominant role in enhancing water

vapor in the NAM region, as the freeze-drying mechanism alone is insufficient to explain the

observed anomalies (please also see our reply to major comment 2).

Comment 18: Line 351: “the ASM anomalies are nearly fully captured.” The ASM observation

and reconstruction patterns in Fig. 1 are qualitatively similar, but Fig. 2 shows that the ASM

water vapor reconstruction does not capture a majority of the observed anomalies. Thus, I

would caution against the quoted statement.

We have modified the statement to avoid this kind of unspecific comments.

Comment 19: Lines 370–372: Similar to the previous point, Fig. 2 shows that the Lagrangian

water vapor reconstruction does not successfully capture the magnitude of the moist anomalies

over the ASM. A portion of the moist anomalies can be explained by the Lagrangian reconstruc-

tion, but the large dry bias in the anomalies implies that a mechanism other than freeze-drying

is needed to explain observations.

Please refer to our response to Major Comment 1.

References

Homeyer, C. R., Gordon, A. E., Smith, J. B., Ueyama, R., Wilmouth, D. M., Sayres, D. S.,

Hare, J., Pandey, A., Hanisco, T. F., Dean-Day, J. M., et al. (2024). Stratospheric hy-

dration processes in tropopause-overshooting convection revealed by tracer-tracer correla-

tions from the dcotss field campaign. Journal of Geophysical Research: Atmospheres,

129(16):e2024JD041340.
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Response to Referee 2

We thank Referee 2 for the thoughtful and detailed feedback. We appreciate all comments

which clearly helped to improving the manuscript, and we addressed all points in the revised

version. Reviewer comments are in black, answers in green. The main changes in the revised

version are:

• A thorough rewriting of large parts of the text, including the Abstract, to discuss results

and relations to atmospheric processes in a much clearer way.

• A clearer discussion of the dry bias in the reconstruction, supported by the inclusion of

tropopause height information.

• A new analysis on the relation between the bias in the reconstruction and convection,

related to specific comment 5. This, along with the original discussion regarding the

convection, has been reorganized and is now presented in Section 3.3.

General comment: This study employs a Lagrangian method to reconstruct water vapor over

the Asian Summer Monsoon (ASM) and North American Monsoon (NAM) regions, investi-

gating their contributions to stratospheric water vapor. While the introduction emphasizes that

”In this study, we aim to further investigate the physical processes responsible for the enhanced

water vapor over the ASM and NAM regions,” I believe that the majority of the article primarily

focuses on describing the distribution characteristics of water vapor and offers speculative sug-

gestions regarding the underlying physical processes, rather than providing a thorough analysis

of these processes and mechanisms.

Thanks for this critical general comment which shows us that overall our process analysis was

not presented clear enough. However, we think that our paper indeed presents new insights

into processes, and also into sources of biases for modelling approaches. In the revised version

we tried to be much clearer in the description of processes and new results. In addition, we

thoroughly addressed all specific comments below, which in our opinion helped to significantly

improve the paper (in particular comment 5 - Thanks for that!). Therefore, we think that we

could improve the paper so much that we can submit a revised and substantially improved new

version.
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Comment 2: The time periods for the MLS (August 2017 to 2019) and SAGE (August 2017

to 2022) datasets differ. Which time period was actually used in the study? In Figure 1, the

differences in water vapor concentration between the two datasets—are these due to the differ-

ent time periods being used? What is the rationale for using different time periods for the two

datasets?

Thanks for the comment. We agree that the reason for the different periods needs to be ex-

plained. The extended period for SAGE was chosen to ensure sufficient coverage of the con-

sidered region. On the other hand, the large volume of MLS data makes it challenging to

perform all trajectory calculations for a too long period - in particular because we launch large

trajectory ensembles for each measurement point (we have included the specific numbers of

trajectories that are calculated now in Section 2.3.1). However, if we confine the SAGE data

to the MLS period, our results do not change significantly (see Fig. R1). We have included a

short related discussion in the revised text (Section 2.1.2).

Comment 3: Fig. 1: The reconstructed water vapor over the NAM region does not reflect the

observed features, such as the high water vapor values seen in the observations, unlike the ASM

region. What is the underlying reason for this discrepancy? In the figure, the reconstructed wa-

ter vapor uses the Lagrangian CPT method. If the tracing period were extended, for example, to

180 days as shown in Figure 3, would the reconstructed water vapor better capture the observed

characteristics?

As Figures 1 and 2 use the maximum trajectory length of 180 days to determine the Lagrangian

cold point, our finding that the reconstruction of water vapor above NAM is less accurate than

over ASM is a robust result of our study. We think that this discrepancy is most likely due to

the greater relevance of convective moistening events in the NAM compared to the ASM region

which are not represented in the simplified Lagrangian reconstruction method. Also, the large

circulation at around tropopause above the NAM shows stronger the year-to-year variability

compared with that above the ASM (Park et al., 2007). A more thorough discussion of these

issues is provided in the revised manuscript (Sect. 4).

Comment 4: Fig. 2: The reconstructed water vapor primarily relies on the CPT in the UTLS

region. Why, then, do the differences in water vapor become smaller at higher altitudes?

At higher altitudes, the fraction of TST becomes smaller as backward trajectories need more

than 180 days to reach the CPT, which is the maximum time of our backward calculations.
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Hence, the fraction of non-TST trajectories, which are originating in the lower stratosphere and

therefore represent climatological stratospheric mixing ratios. In this way, climatological mix-

ing ratios start to dominate the reconstructed water vapor. A new related discussion paragraph

is now included in Sect. 3.1. On the other hand, we agree that including climatological values

in Fig. 2 could cause confusion, so we have revised the figure to show only the results based

on TST trajectories. In the updated Fig. 2, we observe that in the deep stratosphere, the dry

bias remains relatively constant at around 1.5 ppmv for both the entire tropics and the ASM. In

contrast, the NAM again shows a different behavior, with a less consistent bias pattern, further

indicating that the reconstruction performs less reliably for the NAM region.

Comment 5: Line 205: The authors attribute the discrepancies between the reconstructed and

observed water vapor to issues with ERA5 temperature data or the absence of convective trans-

port processes in the reconstruction model. This issue requires further analysis and diagnosis.

If the difference between the observed and reconstructed results is calculated, does the time

series of the difference align with the changes in the intensity of the convection (OLR)? If re-

ferring to the results in panels (b) and (d) of Figure 6, it seems likely that convective transport

plays a significant role in the observed differences.

Thanks you for this insightful comment. Based on this suggestion, we have conducted further

analysis and examined potential relations between the biases in reconstructed water vapor con-

centrations at 16.5 km and the time series of OLR indices as a proxy for convective intensity,

as shown in Fig. R2. Our results indicate a significant correlation between the bias in the re-

construction and the OLR-West index, as a proxy for the strength of convection in the western

monsoon region, particularly after applying a half-monthly mean to smooth out daily fluctu-

ations. This new finding strongly supports that convection is a major influencing factor for

the bias in the reconstruction. The analysis also reveals that convection in the western region

has a stronger impact on reconstruction biases compared to the eastern region. This differ-

ence between the effect of convection in the western and eastern monsoon regions could have

been expected given the result by Randel et al. (2015) that only convection in the Western re-

gion causes moistening of the UTLS. Hence, it is the moistening effect of convection which is

likely underrepresented in the simplified Lagrangian reconstruction method and causing a large

part of the reconstruction dry bias. Additionally, the correlation varies with altitude, with the

strongest correlation observed at 16.5 km, indicating the complexity of atmospheric processes

at different levels. To present this information in the revised manuscript we show the scatter
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plots of the relation between the reconstruction dry bias and convective intensity in the new Fig.

8 and added a detailed discussion in Section 3.3 to specifically address this issue. We think that

these new findings provide a much clearer relation between the bias in the reconstruction and

the relevant atmospheric process of convection and significantly improve the paper.

Comment 6: Line 235: How should we interpret the influence of the minimum saturation

mixing ratio (or the cold point temperature) from three months prior on the lower stratospheric

water vapor in August?

This time lag is related to the water vapor tape recorder signal propagating upwards. Due to the

very weak tropical upwelling, especially during the boreal summer (on the order of less than 0.5

K per day in the TTL), the water vapor values imprinted at the Lagrangian cold point propagate

upward. Additionally, as mixing is weak, this memory effect propagates along the upward-

moving trajectories within the ASM anticyclone, also referred to as the upward spiraling (Vogel

et al., 2019). Of course, for air masses with Lagrangian cold points occurring before the onset of

the monsoon (around beginning of June) the dehydration process is not related to the monsoon

circulation. We have added some related text in the revised version to clarify this interpretation,

in Section 3.1.2 where we discuss about the increasing of correlations.

Comment 7: Line 292: If the dehydration process occurs in the vicinity of the monsoon region,

how can we understand that the internal region of the anticyclone over Asia acts as the upward

pathway for the material?

According to Konopka et al. (2023), the ASM anticyclone acts as a major transport pathway

for air ascending into the stratosphere, while dehydration predominantly occurs at its southern

vicinity where air encounters the coldest temperatures near the tropopause. This process does

not contradict the role of the anticyclone as an upward pathway; rather, it reflects the interplay

between circulation and dehydration. As described in the ”dehydration carousel” mechanism,

air can recirculate within the anticyclone, lose moisture at its edges, and subsequently ascend

into the stratosphere. We have included the related discussion in the second paragraph in Sec-

tion 3.2.

Comment 8: Line 303: If the water vapor in the NAM region is transported from South Asia

after undergoing dehydration, how is the moisture transmitted to the NAM region, and how

does it form a high-value center in the NAM region (as shown in Figures 1a and 1b), given that

the tropical summer region is dominated by an easterly wind belt?
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The ERA5-based trajectory calculation clearly shows frequent transport from Asia to the NAM

region via the subtropics, related to the westerly subtropical jet flow. However, these water

vapor mixing ratios originating from freeze-drying (related Lagrangian cold points) over Asia

are oviously too low and the NAM region in the reconstruction is significantly dry-biased.

Hence, other processes not included in the reconstruction are likely responsible for moistening

the NAM UTLS. The most likely process is local deep convection, which is known to frequently

occur in the NAM region, though this process not necessarily involves direct injection into the

stratosphere. An additional related discussion, including relevant recent literature has been

added at the end of the Section 3.2 to address this point.

Comment 9: There are not many figures in the main text, so I suggest placing Figures S1 and

S2 directly in the main text.

We appreciate this suggestion. However, we have added Fig. 8 in the main text, which is

related to the comments 5, and have split the original Fig. 5 into Fig. 5 and 6 to include

the locations of LCP for the entire tropics, allowing for a direct comparison with those in the

monsoon regions. To maintain a balanced presentation and avoid overcrowding the main text,

we will keep Figures S1 and S2 in the Supplementary Information.
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Figure R1: Same as Fig. 1, but using SAGE III/ISS data from 2017–2019. The gaps in the left
panels are due to limited sampling, where fewer than two profiles are available.
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Figure R2: Time series of OLR indices and biases of reconstructed water vapor concentrations
at 16.5 km for the ASM. The three panels correspond to results using OLR-East (a), OLR-West
(b), and OLR averaged over both regions (c) as OLR indices. Blue bars represent daily OLR
indices, while blue diamonds indicate half-monthly means. Red lines and squares show daily
and half-monthly reconstruction biases based on SAGE III/ISS. The OLR indices are averaged
over the 0–10 days preceding each date. Correlation coefficients between OLR and biases are
shown in the legends, with a star indicating statistical significance at the 95% confidence level
based on the Student’s t-test.
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Response to Referee 3

We thank Referee 3 for the thoughtful and detailed feedback. We appreciate all comments

which clearly helped to improving the manuscript, and we addressed all points in the revised

version. Reviewer comments are in black, answers in green. The main changes in the revised

version are:

• A thorough rewriting of large parts of the text, including the Abstract, to discuss results

and relations to atmospheric processes in a much clearer way.

• A clearer discussion of the dry bias in the reconstruction, supported by the inclusion of

tropopause height information.

• A new analysis on the relation between the bias in the reconstruction and convection.

This, along with the original discussion regarding the convection, has been reorganized

and is now presented in Section 3.3.

General comments

Comment 1: This paper addresses a topic that has received considerable attention over the

past 20 years or so. And a positive feature of the approach that the authors have undertaken

in this work is the direct comparison of their water vapor reconstructions with SAGE-III ISS

and MLS water vapor observations. One aspect of the study that deserves more explanation

are the significant low biases of the reconstructed water vapor mixing ratios relative to both

the SAGE-III and MLS observations that are evident in both Figs. 1 & 2. Following Liu et

al. (2010), they attribute the dry bias to “missing cloud microphysics,” but that is not the end

of the story. Indeed, using the domain-filling approach, the reconstructed water vapor fields at

100 and 82 hPa obtained by Schoeberl, Dessler, and Tao (2013) display very little bias with

respect to MLS—without including any microphysics other than allowing for a limited degree

of supersaturation at the LCPs. In any case, I would recommend the authors include some

commentary on this topic relative to the very interesting study of the dehydration occurring in

StratoClim by Konopka et al. (2023), as this addresses the impact of microphysics on dehydra-

tion along CLaMS parcel trajectories.
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Yes, we agree that microphysical processes as proposed in Liu et al. (2010) are not the only

ones that may explain the dry bias of the LDP water vapor reconstructions. As correctly pointed

out by the reviewer, Schoeberl et al. (2013) demonstrated that including only a limited degree

of supersaturation at LCPs significantly reduces the bias, without requiring more complex mi-

crophysical processes. This approach has also been applied in previous studies (Schiller et al.,

2009; Ploeger et al., 2011), and we acknowledge that it provides a simplified yet effective rep-

resentation of cloud processes. However, this simplification does not fully capture the complex

cloud microphysics and mixing processes that influence stratospheric water vapor (Poshyvailo

et al., 2018). Moreover, according to our results for the NAM, the reconstruction works not as it

does for the ASM, showing dry bias beyond this systematic error. Additionally, the difference

in dry bias between our study and Schoeberl et al. (2013) may also be influenced by trajec-

tory sampling methods. Their study employed domain-filling forward trajectories based on

ERA-Interim and MERRA meteorology, whereas our approach relies on backward trajectories.

Since forward an backward trajectory approaches are known to sample cold temperature re-

gions differently it is likely that such differences also cause related differences in reconstructed

water vapor mixing ratios. Regarding the Konopka et al. (2023) study, the use of microphysics

in box model calculations was included, but it was applied to a much smaller ensemble of

data based on a single Geophysical flight during the StratoClim campaign. In their study, they

compared forward calculations, initiated in air masses where both water vapor and ice were

observed, with the nearest MLS and CALIPSO observations along such forward trajectories.

Their results showed a negligible importance of ice, with the best results obtained when sim-

ple LDPs along the backward trajectories, starting from the observation point, were calculated.

Full microphysical studies using CLaMS-Ice are numerically expensive and require additional

assumptions related to ice (noting that observations of ice were available for the StratoClim

campaign). We have now incorporated a new discussion of these aspects into the first paragraph

in Section 4, explicitly addressing the role of supersaturation, trajectory sampling effects, and

missing mixing processes in influencing the reconstruction bias.

Comment 2: One very interesting result is presented in Fig. 5. It shows that while the vast

majority of the Lagrangian cold points upstream of the observations in the ASM are within the

ASM, the NAM is a very different story. Although a small fraction of the NAM LCPs come

from the NAM region, the majority of the LCPs lie within the ASM. This is an important find-

ing since it emphasizes the dominant role of the Asian monsoon in controlling the moisture
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entering the stratosphere in boreal summer, while the North American monsoon is relatively

speaking a bit player. This result could well be highlighted more explicitly in the Conclusions

section.

Thank you for this valuable suggestion. We agree that this finding is significant and have re-

vised both the Abstract and the Discussion section to better highlight it. However, given that

the reconstruction does not perform well over the NAM region, it could well be that the inferred

long-range transport may be overestimated, potentially contributing to the limited reconstruc-

tion performance there. We have emphasized these results more clearly and included a related

balanced discussion in the revised manuscript.

Comment 3: In Section 4, the authors address the finding of Randel et al. (2015). They are

able to repeat the Randel et al. results with the satellite water vapor observations but not with

the reconstructed water vapor fields. They argue that the simple Lagrangian approach fails to

properly capture the effects of convection and ice injection in monsoon regions. This is not a

convincing argument given that Konopka et al. (2023) did not find that convective processes

played a significant role in determining the final stratospheric water vapor entry values in the

circulation around the “dehydration carousel” in the Asian summer monsoon anticyclone.

Thank you for your comment. Based on our results in Fig. 1 and the newly added bars in Fig. 2,

which present the anomalies of both observations and reconstructions, we now provide a clearer

comparison. Additionally, we have included the heights of the cold point tropopause and lapse

rate tropopause derived from ERA5 (the cyan and yellow lines in Fig. 2) for better understand-

ing. Our analysis shows that the reconstruction performs well from about 16.5km upwards,

capturing nearly the full magnitude of the anomalies in the ASM despite the systematic dry

bias. This finding aligns with Konopka et al. (2023), who demonstrated that convection plays

a limited role in setting final stratospheric water vapor concentrations within the Asian sum-

mer monsoon anticyclone. However, our reconstruction is less accurate below the tropopause.

To enhance clarity, we have also added tropopause heights to Fig. 7, similar to Fig. 2, which

makes it evident that below 16.5 km (in the upper troposphere, where the reconstruction method

becomes less effective), convective processes significantly impact water vapor transport, and

our method cannot capture this effect, explaining the discrepancies between reconstructed and

observed water vapor. We acknowledge that this distinction was not emphasized clearly in our

previous discussion. To address this, we have revised the second paragraph in Section 3.3 to

explicitly state the limitations of our approach in capturing convective influences in particularly
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the upper troposphere.

Comment 4: As a general comment, I found the narrative flow of the text choppy and confus-

ing, particularly in the Introduction. The Introduction certainly recognizes the long-standing

consensus that the dominant control on the concentration of water vapor entering is through

slow horizontal transport. However, this is restated in various ways multiple times, suggesting

a controversy that does not exist. At minimum, I would recommend a revision of the Introduc-

tion to make it shorter and read more smoothly.

Thank you for your feedback. We have removed the overly long introduction and compari-

son of the Lagrangian and local methods and have adjusted the narrative sequence to enhance

readability.

Minor Comments

Comment 1: I found the discussion of the methodology of the water vapor reconstructions (Sec-

tion 2.3.3) incomplete. They have adopted three types of reconstructions (“experiments”): two

obtaining water vapor values from the CPT along back trajectories (“LAG single” and “LAG”)

and a third based upon local CPTs (“LOC”). The first two types of reconstructions appear to be

similar in approach to the Lagrangian trajectories used in similar studies going back at least two

decades. However, the method by which the “LOC” reconstructions are carried out is unclear,

especially since it lumps all three of the reconstruction approaches into one paragraph.

We appreciate this comment and have revised Section 2.3.3 to clarify the methodology regard-

ing the LOC reconstruction.

Comment 2: It would have been helpful if the captions for Figs. 1 & 2 specifically stated that

the reconstructions were obtained through the LAG “experiment.”

Thank you for this suggestion. We have updated the captions for Figures 1 and 2.

Comment 3: (line 31) Pan et al. (2018) did not introduce the Lagrangian Cold Point, although

they do provide a number of references to the Lagrangian approach to determining the effective

dehydration temperature for air parcels entering the stratosphere.

We appreciate this correction and have revised the text.
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Comment 4: (L.25–36) Taken together, these sentences comprising the latter half of the first

paragraph in the Introduction restate the importance of the concept of the transport history of

air parcels entering the stratosphere several times over. The paragraph gives little sense of what

new insights the Lagrangian perspective has provided since earlier papers.

Thank you for highlighting this issue. We have revised the paragraph to streamline the discus-

sion and focus on the new insights provided by the Lagrangian perspective.
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