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A B S T R A C T

The water vapor reserve over the Tibetan Plateau, known as the “atmospheric water tower,” significantly in
fluences the spatial patterns and trends of surface water resources in the region and surroundings. However, the 
reserve of the “atmospheric water tower” has not been precisely quantified, and how climate forcings from three 
oceans (i.e., the North Atlantic, Indian, and Pacific Oceans) influence variations in the reserve remain unclear. 
Here, we investigate interannual variations in the reserve over the Tibetan Plateau during 1951–2022 using 
ERA5 data. The results show that the climatological mean reserve of the “atmospheric water tower” is (25.76 ±
3.83) × 106 kg s− 1 and the reserve gradually decreased from 1951 to 1973, but gradually increased after 1973. A 
major shift of the Atlantic Multidecadal Oscillation (AMO) around 1973 coincides with this trend of the reserve. 
We further demonstrate that climatic forcings including AMO, Indian Ocean Basin-Wide (IOBW), and El Niño- 
Southern Oscillation (ENSO) jointly drive the increasing trend in the reserve after 1973; however, the effect of 
the AMO on the reserve became relatively weaker after 1994 as the influence of ENSO became stronger. Clearly, 
the dominant climatic forcing for the increasing trend of the reserve has gradually changed from the North 
Atlantic Ocean to the Pacific Ocean over time. Our findings reveal a previously unrecognized transition in the 
dominant climate forcings for the reserve, moving beyond a static view to a dynamic one. We provide a new 
framework for predictions of regional climate and water resource changes under global warming.

1. Introduction

The moisture resource stored in the atmosphere over the Tibetan 
Plateau is known as the “atmospheric water tower” (Xu et al., 2008; Xu 
et al., 2014). This water vapor resource is vital due to its significant 
influence on precipitation (Xu et al., 2014; Zhang et al., 2017a; Ma et al., 
2018; Liu et al., 2021) and surface water resources (Li et al., 2022a; 

Wang et al., 2022) across the Tibetan Plateau. The Tibetan Plateau is 
situated within the headwaters of several major Asian rivers (Immerzeel 
et al., 2010; Bolch et al., 2012), including the Yangtze, Yellow, Salween, 
and Mekong Rivers, which support almost two billion people in China 
and other downstream countries. Moreover, the water vapor over the 
Tibetan Plateau significantly affects the surrounding areas (Zhao et al., 
2016; Wan et al., 2017; Zhu et al., 2021; Jia et al., 2025). Hence, 
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determining the climatological mean and interannual variations of the 
net water vapor budget over the Tibetan Plateau are critical to quantify 
the total resource as well as to understand the dynamics that drive it 
(hereafter the net water vapor budget is defined as the reserve of the 
“atmospheric water tower”).

The majority of previous studies have primarily focused on the 
reserve of the “atmospheric water tower” during the summer season 
whereby the estimates show considerable variability (Lin et al., 2016; 
Zhou et al., 2019; Xu et al., 2020; He et al., 2021; Zhao and Zhou, 2021; 
Li et al., 2022b; Sun et al., 2022; Wang and Zhao, 2022; Yu et al., 2022; 
Wang et al., 2024). For example, the summer reserves calculated by Lin 
et al. (2016) and Zhao and Zhou (2021) are 411 × 106 kg s− 1 and 31.1 ×
106 kg s− 1, respectively, a 13.2 fold difference. Similarly, the climato
logical mean reserve over the Tibetan Plateau also produced consider
ably different results where the mean reserve calculated by Yan et al. 
(2020) was 2.8 times higher than Xu et al. (2020). Hence, both the 
seasonal (summer) and climatological reserves of the “atmospheric 
water tower” are highly uncertain and the reasons for these highly 
variable estimates remain unclear.

Calculating the reserve of “atmospheric water tower” is centered on 
input and output budgets for the four boundaries of the Tibetan Plateau 
(eastern, southern, western, and northern boundaries). The four 
boundaries can be identified as input boundaries or output boundaries 
according to their different effects on the reserve. It is crucial to accu
rately identify the primary input or output boundary. By identifying the 
primary input or output boundary we can then analyze the main drivers 
that influence variations in the “atmospheric water tower” reserve. 
Regarding the climatological mean of the reserve, most scientists argued 
that the primary input boundary is the southern boundary, and the 
primary output boundary is the eastern boundary (Lin et al., 2016; Zhou 
et al., 2019; Yan et al., 2020; Li et al., 2022b; Yu et al., 2022). However, 
Xu et al. (2020) argued that the primary input boundary is the western 
boundary. These controversies prompt us to identify the input and 
output boundaries for the assessment of the “atmospheric water tower” 
reserve.

Several climate forcings likely drive the interannual variations in the 
reserve of the “atmospheric water tower” over the Tibetan Plateau (Gao 
et al., 2013, 2014; Zhang et al., 2017b; Meng et al., 2020; Sun et al., 
2020; Chen et al., 2022a; Chen et al., 2022b). Most studies have focused 
on the impact of a singular forcing around the Tibetan Plateau to explain 
the interannual variations in the reserve. For example, Zhou et al. (2019)
proposed that the decrease (increase) in the reserve over the Tibetan 
Plateau is closely associated with cyclones (anticyclones) over Lake 
Baikal. Yang et al. (2022) stated that the westward extension of the West 

Pacific Subtropical High can enhance the convergence of upper-level 
water vapor from the Bay of Bengal toward the Tibetan Plateau, lead
ing to an increase in the reserve. Other studies have investigated the 
impacts of the remote and singular climate forcings on the dry/wet 
changes over the Tibetan Plateau. For instance, Sun et al. (2020) found 
that the summer wetting of the Tibetan Plateau is linked to the weak
ening of the westerlies caused by the positive phase of the Atlantic 
Multidecadal Oscillation Index (AMO). A recent study has pointed out 
that Atlantic oceanic droughts threaten the sustainability of the Tibetan 
Plateau. The study argues that the southern Tibetan Plateau has become 
more arid during 2003–2016 and that drought conditions have persis
tently expanded northward since 2009 (Zhang et al., 2023). However, 
this conclusion has been refuted by Zhao et al. (2025), who argued that 
Zhang et al. (2023) overstated the role of the Atlantic oceanic droughts 
in the water resource of the Tibetan Plateau. In fact, the combined ef
fects of climate forcings from three oceans (i.e., the North Atlantic, In
dian, and Pacific Oceans) on the reserve of “atmospheric water tower” 
over the Tibetan Plateau have not previously been explored. Impor
tantly, whether the contributions of the dominant forcings to the “at
mospheric water tower” reserve have changed over time and space also 
remains unclear. These issues motivate us to thoroughly explore the 
mechanisms that cause interannual variations in the reserve of the “at
mospheric water tower” over the Tibetan Plateau.

This study applies the fifth generation European Centre for Medium- 
Range Weather Forecasts (ERA5) reanalysis for the period 1951–2022 to 
address the above-mentioned research gaps on the reserve of the “at
mospheric water tower.” First, we precisely quantify the climatological 
mean reserve of the “atmospheric water tower” over the Tibetan 
Plateau. Second, we determine the interannual variations in the “at
mospheric water tower” reserve. Third, we identify the dominant input 
or output boundary that drives interannual variations in the reserve. 
Finally, we explore the forcings that govern interannual variations in the 
“atmospheric water tower” reserve over the Tibetan Plateau, especially 
the synergistic effects of climate forcings from three oceans including 
the North Atlantic, Indian, and Pacific Oceans. Our study provides a vital 
scientific basis for the water resource management and ecological 
environment protection in the Tibetan Plateau and surroundings.

2. Material and methods

2.1. The boundaries of the Tibetan Plateau

In order to accurately calculate the reserve of the “atmospheric water 
tower”, we captured the boundary of the entire Tibetan Plateau strictly 

Fig. 1. (a) The boundaries of the Tibetan Plateau. The red, sky blue, grass green, and dark green solid lines represent the eastern, southern, western, and northern 
boundaries of the Tibetan Plateau, respectively. (b) The climatological annual mean water vapor flux across each boundary and reserve of the “atmospheric water 
tower” over the Tibetan Plateau over 1951–2022. The negative values indicate that water vapor flows out from the Tibetan Plateau. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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along the altitude of 3000 m according to Zhang et al. (2021). The 
boundary of the Tibetan Plateau is divided into four boundaries 
(Fig. 1a). Here, we define the four boundaries as the eastern, southern, 
western, and northern boundaries, which are marked by red, sky blue, 
grass green, and dark green solid lines, respectively (Fig. 1a). Each of the 
four boundaries includes some zonal sub-boundaries and meridional 
sub-boundaries (Fig. 1a). Specifically, the eastern boundary includes 5 
zonal sub-boundaries (Z1–Z5) and 6 meridional sub-boundaries 
(M1–M6), the southern boundary includes 8 zonal sub-boundaries 
(Z6–Z13) and 7 meridional sub-boundaries (M7–M13), the western 
boundary includes 8 zonal sub-boundaries (Z14–Z21) and 9 meridional 
sub-boundaries (M14–M22), and the northern boundary includes 14 
zonal sub-boundaries (Z22–Z35) and 13 meridional sub-boundaries 
(M23–M35) (Fig. S1).

2.2. Meteorological data

In this study, the reserve of the “atmospheric water tower” was 
calculated using the ERA5 monthly averaged data (0.25◦ × 0.25◦, 
1000–50 hPa) during the period 1951–2022. The data were provided by 
the European Centre for Medium-Range Weather Forecasts (ECMWF). 
The variables include specific humidity (q), U-component of wind (u), V- 
component of wind (v), and surface pressure (sp). In addition, we also 
utilized the variables of vertical velocity (w) and geopotential (z) from 
the ECMWF. In the calculation of the wave activity flux, we used the 200 
hPa variables include U-component of wind (u), V-component of wind 
(v), and geopotential (z) from the ECMWF. We examined the uncertainty 
of the ERA5 reanalysis data before 1979 due to the sparse satellite ob
servations, and found that the uncertainty does not affect our results 
(Text S2, Figs. S2). The sea surface temperature (SSTs) data in this study 
were obtained from HadISST1 with the time resolution and spatial res
olution of monthly and 1◦ × 1◦, respectively.

2.3. Calculation of the reserve of the “atmospheric water tower”

We calculated the vertically integrated water vapor flux from the 
surface to 50 hPa for the period 1951‒2022. The vertically integrated 
water vapor flux (unit: kg m− 1 s− 1) includes the meridional component 
(Qφ) and the zonal component (Qλ), which can be calculated as follows 
(Sun et al., 2011; Trenberth, 1991): 

Qφ = -
1
g

∫ Pt

Ps

(qv)dp (1) 

Qλ = -
1
g

∫ Pt

Ps

(qu)dp (2) 

where g represents the gravity acceleration (= 9.80665 m s− 2); ps rep
resents the surface pressure (Pa), pt represents the top pressure (50 hPa); 
q represents the specific humidity (kg kg− 1); v and u represent the 
northward and eastward components of the wind (m s− 1), respectively.

The water vapor fluxes across each of the zonal (QZ) and meridional 
(QM) sub-boundaries can be calculated using Eqs. (3)‒4) as follows: 

QZ =

∫ λE

λW

Qφacosφdλ (3) 

QM =

∫ φN

φS

Qλa dφ (4) 

where λW denotes the longitude of the westernmost point of the zonal 
boundary, λE denotes the longitude of the easternmost point of the zonal 
boundary, φS denotes the latitude of the southernmost point of the 
meridional boundary, φN denotes the latitude of the northernmost point 
of the meridional boundary, and a is the Earth’s radius (6.37 × 106 m).

The water vapor fluxes across the eastern (QE), southern (QS), 

western (QW), and northern (QN) boundaries can be calculated as 
follows: 

QE =
∑n

1
QZ +

∑n

1
QM (5) 

QS =
∑n

1
QZ +

∑n

1
QM (6) 

QW =
∑n

1
QZ +

∑n

1
QM (7) 

QN =
∑n

1
QZ +

∑n

1
QM (8) 

The reserve of the “atmospheric water tower” can be calculated: Q =
QE + QS + QW + QN.

The detailed calculation method can be found in Supporting Text S1.

2.4. Related climate indices

In order to analyze the relationships between the reserve of the 
“atmospheric water tower” over the Tibetan Plateau and climate forc
ings from three oceans, in this study we applied key climate indices 
including the Atlantic Multidecadal Oscillation Index (AMO), Indian 
Ocean Basin-Wide Index (IOBW), Southern Oscillation Index (SOI), and 
Niño 3.4. The AMO is a coherent pattern of variability in basin-wide 
North Atlantic SSTs, and the AMO index was obtained from National 
Oceanic and Atmospheric Administration/National Centers for Envi
ronmental Information (NOAA/NCEI) based on the NOAA ERSSTV5 
(https://www.psl.noaa.gov/data/timeseries/AMO/). The IOBW is rep
resented as the area-averaged sea surface temperature (SST) anomaly in 
the tropical Indian Ocean (20◦S–20◦N, 40◦–110◦E), and the IOBW index 
was provided by National Climate Centre (https://cmdp.ncc-cma.net 
/Monitoring/cn_index_130.php). The SOI is defined as the normalized 
pressure difference between Tahiti and Darwin based on the method 
given by Ropelewski and Jones (1987), and the SOI time series was 
obtained from the National Oceanic and Atmospheric Administration 
(NOAA) (https://psl.noaa.gov/data/correlation/soi.data). The positive 
SOI values indicate La Niña episodes, while the negative SOI values 
indicate El Niño episodes. The Niño 3.4 is the area averaged anomalies 
over the Niño 3.4 region (5◦N–5◦S, 170◦–120◦W) using a climatology of 
1981–2010. The Niño 3.4 index was obtained from https://psl.noaa.gov 
/data/timeseries/month/data/nino34.long.anom.data. To demonstrate 
the climatic transition around 1973, we utilized the Pacific Decadal 
Oscillation (PDO) index (https://psl.noaa.gov/gcos_wgsp/Timeseries/ 
PDO/).

2.5. Wave activity flux

To explore the impacts of the climate forcing from the North Atlantic 
Ocean on the interannual variations in the reserve of “atmospheric water 
tower” over the Tibetan Plateau, a two-dimensional Takaya–Nakamura 
approach (Takaya and Nakamura, 2001) was used in this study. The 
Takaya–Nakamura wave activity flux enhances the meridional compo
nent, providing a more accurate description of large-amplitude Rossby 
long-wave disturbances in zonally non-uniform flow (Takaya and 
Nakamura, 2001). The two-dimensional Takaya–Nakamura approach 
can be calculated as follows (Takaya and Nakamura, 2001; Liu et al., 
2023): 

W =
P

2|U|

⎛

⎝
u(ψ 2́

x − ψʹψʹ
xx) + v(ψʹ

xψʹ
y − ψʹψʹ

xy)

u(ψʹ
xψʹ

y − ψʹψʹ
xy) + v(ψ 2́

y − ψʹψʹ
yy)

⎞

⎠ (9) 

where W denotes wave activity flux; P denotes pressure layers; U = (u, v) 
denotes horizontal winds, the u and v denote the U-component of wind 
and V-component of wind, respectively; ψ denotes stream function, ψ =
Φ/f, Φ is the geopotential, and f is the Coriolis parameter (f = 2Ωsinφ, Ω 
is the earth’s rotation rate). Overbars and primes denote the climatology 
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mean and monthly disturbances, respectively.

3. Results

3.1. Climatological mean reserve of the “atmospheric water tower”

We calculated the climatological mean water vapor flux across each 
boundary of the Tibetan Plateau over 1951–2022 (Fig. 1b). The water 
vapor fluxes across the southern, western, northern, and eastern 
boundaries are 49.17 × 106 kg s− 1, 20.80 × 106 kg s− 1, − 2.19 × 106 kg 
s− 1, and − 42.02 × 106 kg s− 1, respectively. The positive and negative 
values indicate input and output water vapor, respectively. Thus, the 
water vapor flows into the Tibetan Plateau across the southern and 
western boundaries and flows out across the eastern and northern 
boundaries (Fig. 1b). Our determinations of the boundaries are consis
tent with the results of Feng and Zhou (2012), Yan et al. (2020) and Li 
et al. (2022b). However, other studies such as Xu et al. (2020) suggested 
that the water vapor flows into the Tibetan Plateau across the southern, 

western, and northern boundaries, while it flows out across the eastern 
boundary. It should be noted that the northern boundary of Xu et al. 
(2020) is located within the inner Tibetan Plateau, which allows it to 
readily capture more water vapor input by the westerlies and thus is 
simply identified as a water vapor input boundary with a straight line 
(Fig. S3). Since the identification of input or output water vapor is highly 
sensitive to the location of the chosen boundary, we strictly constructed 
the northern boundary with 27 sub-boundaries (Fig. S3). Our northern 
boundary is considerably longer and exhibits an “output–input–output” 
water vapor transport pattern (Fig. S3). Moreover, we found that the 
output water vapor across the northern boundary is larger than the input 
water vapor across the northern boundary (Fig. 1b, Fig. S3). Hence, the 
northern boundary is a net output boundary. Indeed, a high-precision 
boundary is essential for accurately constraining the “atmospheric 
water tower” reserve over the Tibetan Plateau.

Based on the water vapor fluxes across the four boundaries 
mentioned above, we calculated the climatological mean reserve of the 
“atmospheric water tower” over the Tibetan Plateau as (25.76 ± 3.83) 

Fig. 2. Interannual variations in the “atmospheric water tower” reserve over the Tibetan Plateau (a) and water vapor fluxes across the southern (b), western (c), 
northern (d), and eastern (e) boundaries over 1951–2022. The vertical dashed lines indicate the shift of the interannual variations in the reserve in 1973. The 
negative values indicate that water vapor flows out from the Tibetan Plateau. The larger the absolute value of the negative value, the more water vapor flows out of 
the Tibetan Plateau.
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× 106 kg s− 1. Our result differs from previous studies: the climatological 
mean reserve of the “atmospheric water tower” was calculated by Yan 
et al. (2020) and Xu et al. (2020) as 1046 Gt yr− 1 (=33.17 × 106 kg s− 1) 
and 11.85 × 106 kg s− 1, respectively (Table S1 and S2). As mentioned 
above, the boundary of the entire Tibetan Plateau used in our study was 
strictly defined along the altitude of 3000 m, which is notably different 
from the other studies. Hence, we propose that the difference in the 
boundaries is one of the main factors that affect the calculations for the 
reserve of the “atmospheric water tower.” To verify our conjecture, we 
replicated some studies using their respective boundaries and found that 
the calculated reserves indeed exhibited substantial divergence. We also 
compared two previous studies that used similar boundaries but utilized 
reanalysis data with different spatial resolutions (Li et al., 2022b; Yu 
et al., 2022), and found that the calculated reserve based on the high 
spatial resolution ERA5 data (0.25◦ × 0.25◦) (Li et al., 2022b) differed 
significantly from that using the lower spatial resolution ERA5 data 
(2.5◦ × 2.5◦) (Yu et al., 2022) (Table S2). These results demonstrate that 
the considerable discrepancies in the estimated reserve are primarily 
related to the different boundaries of the Tibetan Plateau and data with 
different spatial resolutions. Clearly, the better constrained boundary 
design and high-resolution data employed in our calculation have been 
essential for a robust evaluation of the “atmospheric water tower” 
reserve over the Tibetan Plateau.

One might argue that different study periods and different integra
tion ranges could also significantly influence the calculated results of the 
“atmospheric water tower” reserve. To test this contention, we calcu
lated the climatological mean reserve of “atmospheric water tower” for 
different study periods and with different integration ranges based on 
the boundary defined in our study. The results demonstrate that there 
are very small differences in the calculated reserves across different 
study periods and integration ranges (Table S3).

3.2. Interannual variations in the “atmospheric water tower” reserve

The interannual variations in the reserve of the “atmospheric water 
tower” over the Tibetan Plateau from 1951 to 2022 are shown in Fig. 2. 
The results show that the “atmospheric water tower” reserve exhibits a 
significant and decreasing trend from 1951 to 1973, and a significant 
and increasing trend from 1974 to 2022 (Fig. 2a), with slopes of − 0.31 
× 106 kg s− 1 yr− 1 (p < 0.05) and 0.11 × 106 kg s− 1 yr− 1 (p < 0.01), 

respectively. Similarly, a decreasing and increasing trend in the water 
vapor flux is evident across the southern boundary over 1951–1973 and 
1974–2022, respectively (Fig. 2b). The linear trends of interannual 
variations in the water vapor flux across the southern boundary over 
1951–1973 and 1974–2022 are − 0.43 × 106 kg s− 1 yr− 1 (p < 0.01) and 
0.10 × 106 kg s− 1 yr− 1 (p < 0.05), respectively. Moreover, interannual 
variations in the water vapor flux across the southern boundary and the 
“atmospheric water tower” reserve show a strongly positive and sig
nificant correlation (r = 0.75, p < 0.01, n = 72) (Fig. 3a). Therefore, the 
southern boundary makes an important contribution to the increase of 
the “atmospheric water tower.”.

In comparison, the trends of the interannual variations of the water 
vapor flux across the western boundary over 1951–1973 and 1974–2022 
are not significant (0.01 × 106 kg s− 1 yr− 1 and 0.02 × 106 kg s− 1 yr− 1, 
respectively) (Fig. 2c, Table S4), although the western boundary is an 
input boundary with a large water vapor flux (20.80 × 106 kg s− 1). That 
is, both in 1951–1973 and in 1974–2022, the increasing trend of the 
water vapor flux across the western boundary was very weak. Moreover, 
the water vapor flux across the western boundary shows a relatively 
weak correlation with the “atmospheric water tower” reserve (r = 0.22, 
p = 0.07) (Fig. 3b). The weak increasing trend and correlation indicate a 
relatively limited influence of the water vapor flux across the western 
boundary on the trend of interannual variations in the “atmospheric 
water tower” reserve from 1951 to 2022.

Similarly, the trend of interannual variations in water vapor flux 
across the northern boundary over 1951–1973 is also not significant, but 
it does exhibit a significant and decreasing trend over 1974–2022, with a 
slope of − 0.05 × 106 kg s− 1 yr− 1 (p < 0.05) (Fig. 2d). The water vapor 
flux across the northern boundary is significant and negatively corre
lated with the “atmospheric water tower” reserve over 1951–2022 (r =
-0.38, p < 0.01, n = 72) (Fig. 3c). Clearly, the northern boundary is the 
major water vapor output boundary. Hence, the water vapor flux across 
the northern boundary negatively impacts the reserve of the “atmo
spheric water tower.”.

The trends of the interannual variations of the output water vapor 
across the eastern boundary over 1951–1973 and 1974–2022 are also 
not significant (Fig. 2e), and there is no relationship between interan
nual variations in water vapor flux across the eastern boundary and the 
“atmospheric water tower” reserve over the Tibetan Plateau (Fig. 3d). 
Thus, the contribution of the water vapor flux across the eastern 

Fig. 3. Correlations between the interannual variations of the “atmospheric water tower” reserve over the Tibetan Plateau and the corresponding water vapor flux 
across the southern (a), western (b), northern (c), and eastern (d) boundaries over 1951–2022.
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boundary to the trend of the “atmospheric water tower” is very weak.
Based on the trends of the interannual variations in water vapor flux 

across the four boundaries and their correlations with the “atmospheric 
water tower” reserve over the Tibetan Plateau, we find that the 
increasing trend in the reserve is primarily driven by the significant 
increase in input water vapor flux across the southern boundary.

3.3. Relationships between the reserve and climate forcings from the three 
oceans

The variations in the North Atlantic Ocean are commonly linked to 
the water vapor transport to the Tibetan Plateau, thus affecting the 
terrestrial water storage across the region (Zhang et al., 2023). The re
lationships between the interannual variations in the “atmospheric 
water tower” reserve over the Tibetan Plateau and the corresponding 
AMO are shown in Fig. 4a. The result shows that the reserve and the 
AMO index follow the same fluctuation patterns from 1951 to 2022. 
That is, similar to the reserve, the corresponding AMO index decreased 
gradually from 1951 to 1973, but increased gradually from 1974 to 
2022 (here we defined the periods 1951–1973 and 1974–2022 as Pe
riods I and II, respectively). Our results show that the interannual var
iations in the reserve have a weak-to-moderate positive correlation with 

the corresponding AMO index during Period I (r = 0.4, p < 0.1), whereas 
it exhibits a significant positive correlation during Period II (r = 0.45, p 
< 0.01) (Fig. 4a). Clearly, both the interannual variations in the reserve 
and the AMO shifted around 1973. The result implies that the shift of 
interannual variation in the reserve is linked to a major shift of the AMO 
which occurred around 1973. Hence, we propose that the weakening 
AMO before 1973 drove the decrease in the “atmospheric water tower” 
reserve while the strengthening AMO after 1973 led to the gradual in
crease in the “atmospheric water tower” reserve.

The Indian Ocean sea surface temperatures (SSTs) also play a crucial 
role in influencing water vapor transported to the Tibetan Plateau (Chen 
et al., 2022b). The warmer Indian Ocean SSTs will cause the strength
ening IOBW (Yang et al., 2009; Chen and You, 2017; Chen et al., 2022b; 
Wei and Yu, 2024). Hence, the IOBW index reflects variations in Indian 
Ocean SSTs. The relationship between the IOBW and the “atmospheric 
water tower” reserve over the Tibetan Plateau is shown in Fig. 4b. We 
found that there was no significant correlation between the reserve and 
IOBW over 1951–1973 (r = -0.28, p = 0.2) (Fig. 4b). This result indicates 
that the IOBW has limited impact on the reserve during Period I. 
However, the reserve and IOBW display a significant and positive cor
relation over 1974–2022 (r = 0.32, p < 0.05) (Fig. 4b). This indicates 
that the reserve of “atmospheric water tower” can be influenced by the 

Fig. 4. Interannual variations of the “atmospheric water tower” reserve and the corresponding AMO (a), IOBW (b), and SOI (c).
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Indian Ocean SSTs after 1973.
We also investigated the relationship between the “atmospheric 

water tower” reserve and El Niño-Southern Oscillation (ENSO) (Fig. 4c). 
The result indicates that the “atmospheric water tower” reserve was 
significantly and positively correlated with the SOI during Period II 
(1974–2022) (r = 0.39, p < 0.01) (Fig. 4c), although the reserve was 
weakly and negatively correlated with the SOI during Period I 
(1951–1973) (r = -0.36, p < 0.1) (Fig. 4c). In addition, the reserve shows 
a weak positive correlation with the Niño 3.4 during Period I (r = 0.14, p 
= 0.53), whereas it exhibits a significant negative correlation with the 
Nino 3.4 during Period II (r = -0.32, p < 0.05) (Fig. S4). Consequently, 
we propose that the Pacific Ocean has a stronger influence on the reserve 
of “atmospheric water tower” over the Tibetan Plateau during Period II 
than during Period I.

4. Discussion

4.1. The “atmospheric water tower” reserve and AMO

The wave activity flux is relevant to “atmospheric water tower” dy
namics, as it transmits the climatic signals of the North Atlantic Ocean to 
the Tibetan Plateau. The Rossby wave activity flux can be employed to 
analyze how atmospheric circulation anomalies upstream of the Tibetan 
Plateau influence local upper-tropospheric geopotential height anoma
lies. The variation in North Atlantic SSTs triggers wave trains and energy 
that propagates toward downstream regions, which then modulates at
mospheric circulation anomalies over the Tibetan Plateau and ulti
mately plays a critical role in the region’s water vapor transport and 
atmospheric circulation changes (Wang et al., 2017; Gao et al., 2021; 
Wang et al., 2021). Obviously, through the Rossby wave activity, the 
climate forcing of the North Atlantic Ocean can significantly influence 
variations in the “atmospheric water tower” reserve over the Tibetan 

Plateau. To investigate how the climate forcing from the North Atlantic 
Ocean affect the reserve, we examined the anomalies in wave activity 
flux propagation and the atmospheric circulation patterns over 
1951–1955, 1971–1975, and 2018–2022, based on the patterns of the 
reserve of the “atmospheric water tower” and the AMO. That is, the 
reserve and the AMO both showed relatively high values over 
1951–1955 and over 2018–2022, but both showed relatively low values 
over 1971–1975 (around 1973). First, we calculated the differences of 
wave activity flux (vector) and the geopotential heights (shading) at 
200 hPa between 1971–1975 and 1951–1955 (Fig. 5a). It can be found 
that two dominant wave trains propagated across the Eurasian Conti
nent, both originating from the North Atlantic. These wave trains 
induced alternative cyclonic and anticyclonic anomalies over the sub
tropical and mid-high latitude westerly jet regions, respectively. 
Consequently, an anomalous cyclone occurred over North China and an 
anomalous anticyclone appeared over India. The synergistic interaction 
between the northwesterlies along the northern flank of the anticyclone 
and the northwesterlies along the southern flank of the cyclone sup
presses moisture advection toward the southern Tibetan Plateau, 
causing a decline in the “atmospheric water tower” reserve over the 
Tibetan Plateau during the period 1951–1973.

We then conducted analysis on the differences in wave activity flux 
(vector) and the geopotential heights (shading) at 200 hPa between 
2018–2022 and 1971–1975 (Fig. 5b). The result showed that the wave 
activity flux emanated from the North Atlantic, then travelled through 
Southwestern Europe, and continued to propagate eastward through 
Western Asia, and finally induced the anomalous cyclonic circulation 
over India (Fig. 5b). In addition, an anomalous anticyclonic circulation 
appeared over North China. Consequently, anomalous southwesterlies 
along the southern flank of the cyclone and southeasterlies along the 
southern flank of the anticyclone facilitated moisture advection from the 
northern Indian Ocean and Pacific Ocean toward the Tibetan Plateau, 

Fig. 5. (a) The differences of wave activity flux (vector) and geopotential heights (shading) at 200 hPa between 1971–1975 and 1951–1955. (b) Same as (a), but for 
the differences between 2018–2022 and 1971–1975. The black dots denote differences that are significant at the 90% confidence level.
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resulting in a significant increase in the “atmospheric water tower” 
reserve over the Tibetan Plateau from 1974 to 2022.

4.2. The “atmospheric water tower” reserve and IOBW

To investigate how the climate forcing from the Indian Ocean in
fluences the reserve, we identified and analyzed the strong and weak 
IOBW years. We first calculated the mean and standard deviation (1σ) of 
the IOBW index for Period I and Period II, respectively. We then clas
sified the years with an index value exceeding and below the mean ± 1σ 
into strong and weak IOBW years. To ensure a fair comparison, we 
selected an equal number of strong and weak years. Specifically, for 
Period I, we identified 1969, 1970, 1972, and 1973 as the strong IOBW 
years, and identified 1951, 1954, 1955, and 1956 as the weak IOBW 
years. For Period II, we identified 2010, 2015, 2016, 2019, and 2020 as 

the strong IOBW years, and identified 1974, 1975, 1976, 1978, and 1984 
as the weak IOBW years (Fig. S5). Finally, we calculated the differences 
of wind and specific humidity fields at 700 hPa between the strong 
IOBW (1969, 1970, 1972, and 1973) and the weak IOBW (1951, 1954, 
1955, and 1956) during Period I (Fig. 6a). The results indicate that the 
water vapor flowed out the Tibetan Plateau. Therefore, the “atmospheric 
water tower” reserve over the Tibetan Plateau decreased during Period I 
and has little correlation with the Indian Ocean SSTs.

We then calculated the differences of wind and specific humidity 
fields at 700 hPa between the strong IOBW (2010, 2015, 2016, 2019, 
and 2020) and the weak IOBW (1974, 1975, 1976, 1978, and 1984) 
during Period II. It can be seen that over this period the anomalous 
cyclone over the Arabian Sea drives large amounts of water vapor to the 
Bay of Bengal. Then, the water vapor flows into the Tibetan Plateau 
along a channel on the eastern section of the cyclone and results in an 

Fig. 6. (a) The differences of wind (vector) and specific humidity (shading) fields at 700 hPa between the strong IOBW (1969, 1970, 1972, and 1973) and the weak 
IOBW (1951, 1954, 1955, and 1956) over 1951–1973. (b) Same as (a), but for the differences between the strong IOBW (2010, 2015, 2016, 2019, and 2020) and the 
weak IOBW (1974, 1975, 1976, 1978, and 1984) over 1974–2022.
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increasing trend in the “atmospheric water tower” reserve (Fig. 6b). 
Moreover, the specific humidity in the Tibetan Plateau during Period II 
was more humid than that during Period I (Fig. 6). Hence, our findings 
demonstrate that the Indian Ocean SSTs play an important role to drive 
the increasing trend in the “atmospheric water tower” reserve over 
1974–2022.

4.3. The “atmospheric water tower” reserve and ENSO

To investigate the climate forcing from the Pacific Ocean on the 
reserve, we analyzed the water vapor transport associated with ENSO. 
During Period I, the specific humidity in the Tibetan Plateau displays a 
negative anomaly between the positive SOI (La Niña episodes, 1967, 
1970, 1971, and 1973) and the negative SOI (El Niño episodes, 1951, 
1952, 1953, and 1957) over 1951–1973 (Fig. 7a). Moreover, relatively 

more water vapor flowed out of the Tibetan Plateau compared to Period 
II. Therefore, during Period I, the water vapor from the Pacific Ocean did 
not affect the “atmospheric water tower” reserve. That is why there was 
no relationship between the increase in the “atmospheric water tower” 
reserve and the SOI.

During Period II, the specific humidity in the Tibetan Plateau dis
plays a positive anomaly between the positive SOI (La Niña episodes, 
2000, 2008, 2010, 2011, and 2022) and the negative SOI (El Niño epi
sodes, 1977, 1982, 1987, 1992, and 1994) over 1974–2022. Further
more, the convergence of considerable water vapor over the Western 
Pacific Ocean was transported from east to west (Fig. 7b). As a result, a 
clear water vapor channel forms in the Western Pacific Ocean (Fig. 7b). 
In addition, an anomalous cyclone occurs in the South China Sea, which 
carries water vapor from the Western Pacific Ocean to the Bay of Bengal. 
The water vapor is then transported along the channel and into the 

Fig. 7. (a) The differences of wind (vector) and specific humidity (shading) fields at 700 hPa between the positive SOI (La Niña episodes, 1967, 1970, 1971, and 
1973) and the negative SOI (El Niño episodes, 1951, 1952, 1953, and 1957) over 1951–1973. (b) Same as (a), but for the differences between the positive SOI (La 
Niña episodes, 2000, 2008, 2010, 2011, and 2022) and the negative SOI (El Niño episodes, 1977, 1982, 1987, 1992, and 1994) over 1974–2022.
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Tibetan Plateau (Fig. 7b). Hence, more water vapor is transported 
westward from the Western Pacific Ocean to the Tibetan Plateau via the 
South China Sea and the Bay of Bengal. This finding indicates that La 
Niña episodes (the positive SOI values) causes an increasing trend in the 
“atmospheric water tower” reserve over the Tibetan Plateau during 
Period II (Fig. 7b), similar to the findings from previous research (Jing 
et al., 2021).

4.4. Synergistic effects of climate forcings from three oceans on the 
reserve

Based on the analysis above, only the interannual variation in the 
AMO is consistent with the pattern of the “atmospheric water tower” 
reserve over the entire period (1951–2022). Hence, the AMO plays a 
dominant role controlling the interannual variation in the “atmospheric 
water tower” reserve. We note that during Period I, the correlation be
tween the SOI and the “atmospheric water tower” reserve (r = -0.36, p <
0.1) (Fig. 4c) is comparable in magnitude to that between the AMO and 
the reserve (r = 0.4, p < 0.1) (Fig. 4a). However, if ENSO were a key 
driver in Period I, the SOI should exhibit a positive correlation with the 
reserve, as is the case in Period II (Fig. 4c). The observed negative cor
relation during Period I, therefore, does not support this expectation. 
This finding indicates that ENSO has no contribution to the variation in 
the reserve during Period I. Similarly, IOBW is negatively correlated 
with the reserve; as a consequence, its contribution to the variation in 

the reserve is also negligible during Period I (Fig. 4b). In contrast, during 
Period II (1974–2022), both IOBW and SOI show significant positive 
correlations with the reserve (r = 0.32, p < 0.05 and r = 0.39, p < 0.01, 
respectively; Fig. 4b and Fig. 4c), indicating that their contributions to 
the reserve are considerable.

We now provide additional evidence to confirm why the AMO’s in
fluence is considered dominant from the perspective of the circulation 
patterns. As mentioned above, the combined impact of the cyclone over 
North China and anticyclone over India suppressed the water vapor from 
the Pacific Ocean to transport into the Tibetan Plateau during Period I 
(Fig. 5a). Moreover, the differences of wind and specific humidity fields 
at 700 hPa between the strong IOBW and the weak IOBW (Fig. 6a) or 
between the positive SOI and the negative SOI (Fig. 7a) both show that 
the water vapor always flowed out of the Tibetan Plateau during Period 
I. In fact, during Period I, the circulation patterns for both IOBW 
(Fig. 6a) and SOI (Fig. 7a) were highly similar to that for AMO (Fig. 5a), 
as manifested by the anomalous anticyclone over India, indicating that 
AMO played a strongly dominant role during this period. Consequently, 
the gradually weakening AMO during Period I (1951–1973) led to the 
remarkable decline of the “atmospheric water tower” reserve over the 
Tibetan Plateau. The strong influence of the AMO masks the roles of 
climate forcings from the Indian and Pacific Oceans in the interannual 
variation of the “atmospheric water tower” reserve during Period I.

During Period II (1974–2022), however, the roles of climate forcings 
(IOBW and ENSO) from the Indian and Pacific Oceans on the interannual 

Fig. 8. (a) Correlation between the “atmospheric water tower” reserve and North Atlantic sea surface temperatures (SSTs) during 1974–1994. (b) Same as (a), but for 
1995–2022. (c) The differences of geopotential heights (shading) and wind fields (vector) at 200 hPa between 1992–1996 and 1974–1978. (d) Same as (c), but for the 
differences between 2018–2022 and 1992–1996. The black dots denote differences that are significant at the 95% confidence level in (a), (b).
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variation in the “atmospheric water tower” reserve have enhanced. That 
is, synergistic effects of climate forcings (including AMO, IOBW, and 
ENSO) from three oceans transported more water vapor to the Tibetan 
Plateau and contributed to the significant increasing trend of the “at
mospheric water tower” reserve.

We also found that during the last 28 years (1995–2022), the positive 
correlation between the “atmospheric water tower” reserve and the 
AMO has weakened significantly (r = 0.34, p = 0.07), although the 
positive correlation between the reserve and the AMO remained 
throughout the entire period. This means that the influence of the AMO 
on the “atmospheric water tower” reserve is not constant. Instead, its 
impact on the reserve has gradually weakened over time. In comparison, 
the correlation between the “atmospheric water tower” reserve and the 
SOI index has changed from a weak and negative correlation (r = -0.36, 
p = 0.09 for the period 1951–1973) to a weak positive correlation (r =
0.18, p = 0.43 for the period 1974–1994) and then to a significant 
positive correlation (r = 0.46, p < 0.05 for the period 1995–2022) over 
time. This finding suggests that the dominant forcings driving the re
serve’s increasing trend has transitioned eastward from the North 
Atlantic Ocean to the Pacific Ocean.

To investigate the mechanisms behind the transition of the North 
Atlantic’s influence on the “atmospheric water tower” reserve over the 
Tibetan Plateau—which transitioned from strong to weak around 
1994—we analyzed the correlations between the “atmospheric water 
tower” reserve and North Atlantic SSTs (Fig. 8). Additionally, we 
examined geopotential heights and wind fields for the two periods of 
1974–1994 and 1995–2022 (Fig. 8). The results indicate that during 
1974–1994, the “atmospheric water tower” reserve showed a significant 
positive correlation with North Atlantic SSTs (Fig. 8a). However, during 
1995–2022, the positive correlations weakened substantially, with the 
significant correlation area shrinking to the central North Atlantic Ocean 
(Fig. 8b). To further investigate the mechanisms behind this transition, 

we selected three critical 5-year phases including the initial phase 
(1974–1978), the transition phase (1992–1996, centered on 1994), and 
the recent phase (2018–2022) and calculated the differences of the 
geopotential heights and wind fields at 200 hPa between 1992–1996 
and 1974–1978, as well as between 2018–2022 and 1992–1996 (Fig. 8c, 
d). The results show that a cyclonic anomaly circulation appeared over 
East Asia before 1994, accompanied by strong westerly anomalies in the 
subtropical region, causing more water vapor transport from the North 
Atlantic Ocean to the Tibetan Plateau (Fig. 8c). In comparison, after 
1994 an anticyclonic anomaly emerged over East Asia, and the sub
tropical westerlies weakened significantly, reducing water vapor trans
port from the North Atlantic Ocean to the Tibetan Plateau. The 
anomalies in the 500 hPa geopotential height and wind fields also 
confirmed this opposing water vapor transport pattern (Fig. S6). The 
findings demonstrate that the influence of the AMO on the “atmospheric 
water tower” reserve weakened significantly after 1994. This weakening 
led to changes in the dominant water vapor sources and factors gov
erning the “atmospheric water tower” reserve over the Tibetan Plateau.

In contrast, the Pacific’s influence gradually strengthened after 
1994. Compared to 1974–1994, the correlations between the “atmo
spheric water tower” reserve over the Tibetan Plateau and Pacific SSTs 
intensified significantly during 1995–2022, accompanied by a substan
tial expansion of the statistically significant correlation area. Notably, 
the area of significant positive correlation extended from the South 
Pacific to the northwestern Pacific. This drove pronounced easterly 
anomalies to emerge in the northern equatorial Pacific (0–10◦N) during 
1995–2022 (Fig. 9c and Fig. S7). This significantly enhancing westward 
water vapor was transported from the Pacific and flowed into the Ti
betan Plateau across its southern boundary. Additionally, the equatorial 
easterly anomalies from the surface to 400 hPa were observed east of 
120◦E in the northern equatorial region (Fig. 9d), further facilitating 
westward water vapor transport from the Pacific. Clearly, the enhancing 

Fig. 9. (a) Correlation between the “atmospheric water tower” reserve and Pacific sea surface temperatures (SSTs) during 1974–1994. (b) Same as (a), but for 
1995–2022. (c) The differences of specific humidity (shading) and wind fields (vector) at 700 hPa between 1995–2022 and 1974–1994. (d) Cross section of the 
difference of the vertical velocity (shading) and wind fields (vector) averaged from 0◦ to 10◦N between 1995–2022 and 1974–1994. The black dots denote differences 
that are significant at the 95% confidence level in (a), (b) and (c).
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westward transport of Pacific water vapor has compensated for the 
reduced Atlantic water vapor transport during 1995–2022. Conse
quently, the “atmospheric water tower” reserve over the Tibetan Plateau 
maintained its increasing trend from 1995 to 2022.

5. Conclusions

This study determined the reserve of the “atmospheric water tower” 
over the Tibetan Plateau from 1951 to 2022 and the associated mech
anisms that influence its interannual trends. The results indicate that the 
climatological mean reserve of the “atmospheric water tower” over the 
Tibetan Plateau is (25.76 ± 3.83) × 106 kg s− 1, and the interannual 
variations in the reserve show a decreasing trend during Period I 
(1951–1973), but an increasing trend during Period II (1974–2022).

We found that the shift in the trend of the reserve in 1973 is 
consistent with the interannual variations in the corresponding AMO. 
During Period I, the reserve was only influenced by the AMO; however, 
during Period II the reserve was governed by the synergistic effects of 
climate forcings (the AMO, IOBW and ENSO) from the three oceans, 
including the North Atlantic, Indian, and Pacific Oceans. Our results also 
demonstrate that the dominant forcings for the interannual variations in 
the reserve were not fixed but have transitioned from the North Atlantic 
Ocean to the Pacific Ocean from around 1994. We postulate the main 
climatic forcing will likely revert back to the North Atlantic Ocean in the 
future. Clearly, the main forcing governing the “atmospheric water 
tower” reserve into the future deserves further study.

Our results highlight the synergistic effects of climate forcings from 
three oceans on the interannual variations in the “atmospheric water 
tower” reserve. Furthermore, our study provides new insights into the 
dominant climate forcings on the interannual variations in the reserve, 
marking a paradigm transition from a static to a dynamic framework. 
Our findings have important implications for the studies on weather, 
climate, and water resources in the Tibetan Plateau and surroundings.
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