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Manuscript: Water Vapour Exchange between Atmospheric Boundary Layer and Free 
Troposphere over eastern China: Seasonal Characteristics and ENSO Anomaly 
(egusphere-2023-1639) 
 
 
 
Response to Reviewer #1: 
 
Summary 
 

This is an interesting and well written paper, discussing water vapour exchange 
between the boundary layer and free troposphere over China, using budgeting 
techniques. My main concern is whether the results and conclusions presented are 
significant enough and of sufficient general interest. In a revised version of the 
manuscript I would encourage the authors to really focus on ensuring the abstract and 
conclusions highlight what they feel are the key new findings presented by their work, 
and what the general interest of these are (i.e. a wider ranging interest than just local 
meteorology over China). This may require further work on some aspects of the paper 
that were tantalising but lacked depth. The detailed comments are listed below. 

Response: We thank the reviewer for the positive evaluation and appreciate these 
valuable suggestions. We have conducted further analysis on some topics of concern, 
such as explaining why the correlations exist between water vapour vertical exchange 
and ENSO, and discussing the mechanism responsible for terrain dependence of 
exchange flux distribution. Meanwhile, the key findings and general interest of this 
work have been highlighted in the abstract and conclusion. Detailed responses are 
presented in the following respective terms. The original comments are in blue and 
italic, our replies are in normal font. Bracketed numbers are used for referee comments 
(e.g., [R1.1]). 

 

Major comments 
 
[R1.1] Sect 3.3 - do the authors have a suggestion why the water vapour exchange 
changes in the way it does due to ENSO - what is the mechanism for this relationship? 
i.e. what components and inputs of the water budget are altered, and why? I think this 
is one of the key general interest parts of the paper, but it requires more in-depth 
discussion than merely presenting correlations, given you've gone to the effort of 
devising the budgeting tools that allow you to answer the questions of why the 
correlations exist. 

Response: We thank the reviewer very much for this comment. The reason for the 
change of water vapour exchange with ENSO is discussed. Three exchange components 
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(𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, 𝐹𝐹ℎ𝑙𝑙𝑎𝑎𝑎𝑎, 𝐹𝐹𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎) are analysed to identify key influencing factors. As shown in Fig. 
R1, the anomaly of 𝐹𝐹𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎  has a good correspondence with the relevant pattern, 
suggesting that the ENSO affects the ABL-FT water vapour exchange mainly by 
modifying the vertical motions and water vapour contents at the ABL top. Taking the 
central region (with the most significant correlation) as an example, the upward vertical 
velocity strengthened and the water vapour mixing ratio increased in La Niña year (Fig. 
R2a-b), which together led to an enhancement of water vapour output from the ABL, 
while the opposite phenomenon occurred in El Niño year (Fig. R2c-d). This alteration 
mode is associated with stronger (weaker) southerly wind bringing more (less) water 
vapour and strengthened (weakened) horizontal convergence facilitating (reducing) 
vertical uplift in La Niña (El Niño) years, which are the results of ENSO's influence on 
the East Asian monsoon, according to previous studies (Zhou et al. 2012; Xue et al., 
2015; Gao et al., 2018). The role of ENSO in regulating the monsoon has been widely 
reported, so it can be inferred that the further impact on water vapour vertical exchange 
is not only a local feature in eastern China, but rather a general phenomenon. 

 
Figure R1. Spatial distribution of ABL-FT water vapour exchange flux anomalies for 
three components (𝐹𝐹𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 ,𝐹𝐹ℎ𝑙𝑙𝑎𝑎𝑎𝑎 ,𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) in July of (a-c) 2016 (La Niña year) and (d-e) 
2015 (El Niño year). 𝐹𝐹𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 : vertical motion through the ABL-FT interface; 𝐹𝐹ℎ𝑙𝑙𝑎𝑎𝑎𝑎 : 
advection across the spatial inclined ABL top; 𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙: local temporal variation of ABL 
height. The black dashed lines indicate the triple distribution from north to south. 
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Figure R2. Spatial distribution of anomalies of vertical velocities (left) and water 
vapour mixing ratio (right) at the ABL top in July of (a-b) 2016 (La Niña year) and (c-
d) 2015 (El Niño year). 

The above analysis has been added in the revised manuscript at L490-502, and the 
corresponding figures are presented as new Fig. S7 in the supplementary material and 
new Fig. 10 in the revised manuscript. For the reviewer’s convenience, these revisions 
are displayed below. 

“In order to elucidate why the water vapour vertical exchange flux varies with 
ENSO, we further analyse three exchange components anomalies in El Niño and La 
Niña years (Fig. S7). Among them, the term 𝐹𝐹𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎  presents the most obvious 
correspondence with the correlation pattern (Fig.8), demonstrating that vertical motion 
and water vapour content at the ABL top are crucial influencing factors. We select the 
central region (with the most significant correlation) for detailed analysis. As shown in 
Fig.10, in La Niña year (represented by 2016), the upward vertical velocity 
strengthened and the water vapour mixing ratio increased in the central area, while the 
opposite trend was observed in El Niño year (represented by 2015). This phenomenon 
is attributed to the stronger East Asian monsoon that brings more water vapour from 
the south and facilitates convergence to uplift during the cold phase period of ENSO, 
while in the warm phase, the weaker southerly wind reduces water vapour transport and 
is not conducive to convergence within the ABL (Zhou et al. 2012; Xue et al., 2015; 
Gao et al., 2018), which explains the increase or decrease of ABL water vapour output 
affected by ENSO.” 
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[R1.2] L507 - I accept that a complete analysis here is beyond the scope of this study, 
but I think the paper would be strengthened by at least providing some discussion of the 
mechanisms responsible for the water vapour transport results presented. 

Response: According to this suggestion, the mechanisms responsible for the water 
vapour exchange features over the plain, mountain and ocean are discussed. The 
topographic dependence of vertical exchange flux is due to the interaction between 
complex terrain and synoptic airflows. When the prevailing wind is blocked by the 
mountains, it is forced up on the windward side and then descends on the lee side. After 
reaching the plain, it slows down to converge, thus inducing upward motion. This 
explains the water vapour output from the ABL in the plain region. Over the mountains, 
the subsidence on the lee side is stronger than the lifting on the windward side, so the 
net water vapour transport is downward. As for the ocean area, the ABL water vapour 
output is attributed to the horizontal advection across the inclined ABL top, which 
occurs intensively over the nearshore waters. Although the above discussion is 
preliminary, it points to the terrain-dependent feature of water vapour vertical exchange 
and the importance of the interaction between mountain/sea and synoptic airflow. These 
findings provide a useful reference for understanding the ABL-FT water vapour 
exchange in other mountainous/coastal regions of the world. 

The discussion has been added at L539-559 in the revised manuscript, as follows: 
“The statistical results show that the ocean and plain are characterized by the 

upward output of water vapour from the ABL, while the mountainous regions are 
dominated by downward transport. This mode reflects the important role of the complex 
terrain in causing ABL-FT vertical exchange. As described in Sect. 3.2, the prevailing 
airflow is obstructed by the mountains to forcingly ascend on the windward and densely 
descend on the leeward slope, then it decelerates and converges to induce upward 
motion when reaching the plain area. This vertical motion pattern makes the water 
vapour upward export from the ABL in the plain, and downward transport in 
mountainous areas due to the intensity and effect of the leeward side subsidence being 
larger than that of the uplift in the windward side. For the ocean area, horizontal wind 
crossing the inclined boundary layer top is responsible for the ABL water vapour output, 
especially in the nearshore region. We admit the current analysis is preliminary, but it 
does indicate the characteristics of vertical exchange flux distribution with topography, 
and the significance of the interaction between mountain/sea and synoptic airflow. The 
topographic-dependent feature of water vapour vertical exchange should also be of 
general meaning to other complex terrain regions around the world.” 
 

Minor comments 

[R1.3] L60 - should be cancelling (not canceling). 

Response: Corrected. 
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[R1.4] L80 - Boutle et al (2011, QJ, doi:10.1002/qj.783) is possibly a better reference 
here.  

Response: Accepted. This reference has been added in the revised manuscript at L88 
and L665-667. 

[R1.5] L125 - would be better to refer to "grid length" than resolution, since that is 
what is quoted (the resolution is ~5 times the grid-length!).  

Response: Accepted. It has been corrected in the revised manuscript at L133.  

[R1.6] L225 - "variables were extracted from the vertical level closest to the top of the 
ABL" - why not interpolate the variables to the ABL height, using the levels either side. 
I'm slightly worried that choosing the closest level may give significant differences if 
that level is above or below the BL top, i.e. are you always choosing free tropospheric 
values or always choosing ABL values, or a random mix of the two? And does this 
matter? 

Response: In the calculation process of this study, the values at the upper model level 
closest to the ABL top were chosen. To discuss the effect of the values selection at the 
ABL top, a comparative calculation of water vapour vertical exchange flux is conducted, 
using the variables interpolated linearly to the ABL height from the levels on either side. 
Taking January, April, July and October 2018 as examples, the two sets of vertical 
exchange fluxes were compared by the Wilcoxon signed-rank test (Wilcoxon, 1945), a 
method widely used in paired samples difference test. The statistical results show that 
there was no significant difference between the two groups of exchange fluxes (P<0.05), 
with Cohen's d ranging from 0.003-0.025 (a standardized effect size for measuring the 
difference between two datasets, with a value below 0.20 meaning a very small effect). 
As shown in Fig. R3, the hourly evolutions of these two flux results are highly 
consistent and their values are very close during four seasonal representative months, 
with the correlation coefficients exceeding 0.99 and normalized mean errors below 5%. 
The above comparisons demonstrate that the values chosen in this study have no 
significant impact on the accuracy of the calculated vertical exchange fluxes of water 
vapour. 
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Figure R3. Hourly evolutions of two sets of calculation results of water vapour vertical 
exchange fluxes (left) and their scatter distributions (right) in (a) January, (b) April, (c) 
July, and (d) October 2018. The black and red lines represent the fluxes calculated using 
the upper layer values and interpolated values of the ABL top, respectively. 
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