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A B S T R A C T   

Arctic warming is a pressing global concern, and understanding its future vertical structure is crucial for Arctic- 
mid-latitude connections. In this study, we employed the Coupled Model Intercomparison Project Phase 6 
(CMIP6) multi-model simulations to investigate the vertical structure of Arctic warming concerning its current 
evolving (1980–2030) and future change (2050–2100). In addition to the dry atmosphere described only by 
temperature, this study analyzed humidity and moist static energy (MSE) for the moist (with the effect of 
moisture explicitly presented) atmosphere. Under the high-emission scenario, Arctic warming is projected to 
accelerate, while maintaining its existing bottom-heavy structure. Amplified humidity increases are anticipated 
in both the tropics and the Arctic, with the Arctic exhibiting greater moisture increases in percentage. 
Furthermore, we find that MSE, serving as a comprehensive metric for moist atmospheric warming, is projected 
to accelerate in the Arctic under the high-emission scenario. As a result, the warming of both the dry and moist 
atmospheres will intensify in the future, with the bottom-heavy vertical structure persisting due to enhanced 
warming and moistening in the lower troposphere. The accelerated Arctic moistening in the future is due to 
meridional atmospheric moisture transport in the summer and local moisture source in the winter. In contrast, 
under the intermediate-emission scenario, Arctic warming and moistening are not projected to accelerate. 
Despite the inter-model discrepancy, our findings underscore the reliability of projections derived from the high- 
emission scenario. In summary, our findings highlight that the bottom-heavy vertical structure of Arctic warming 
will not change and that enhanced upper-level Arctic warming will not occur in the future.   

1. Introduction 

Amplified Arctic warming has garnered worldwide attention in 
recent decades because of its geographical particularity, extreme 
magnitude, and potential influence on other regions (Serreze and Barry, 
2011; Francis and Vavrus, 2012; Li and Wu, 2012; Cohen et al., 2019; 
Gulev et al., 2021; You et al., 2021; Zhang et al., 2022; Yin et al., 2023). 
The Arctic has experienced the strongest warming on Earth, with surface 
temperatures rising nearly four times the global average since 1979 
(Huang et al., 2017; Cai et al., 2021; Rantanen et al., 2022). It is sug
gested that Arctic warming is related to anthropogenic greenhouse gas 
emissions (Xie et al., 2019; Gulev et al., 2021), retreating sea ice/snow 
cover and corresponding albedo reduction (Screen et al., 2012; Overland 
and Wang, 2013; Dai et al., 2019; Kim et al., 2019; Hahn et al., 2022; Xie 
et al., 2022a), feedbacks associated with longwave radiation and mois
ture (Lu and Cai, 2009; Pithan and Mauritsen, 2014; Gao et al., 2019; Cai 

et al., 2022), and atmospheric and oceanic heat transport (Cai, 2005; 
Graversen et al., 2008; Delworth et al., 2016; Tsubouchi et al., 2021; Xie 
et al., 2023a). It is suggested that the warming-induced retreat of sea ice 
could lead to alterations in atmospheric circulation and climate patterns 
across different seasons (Deser et al., 2010; Screen and Simmonds, 2010; 
Boeke and Taylor, 2018; Ding et al., 2021). In addition, it is suggested 
that Arctic warming influences the mid-latitude climate by affecting the 
subtropical jet stream (Barnes and Polvani, 2015; Wu et al., 2016; He 
et al., 2020), Siberian High (Nakamura et al., 2015; Labe et al., 2020; 
Papritz, 2020), Ural blocking (Luo et al., 2019; Peings, 2019), stationary 
wave trains and potential vorticity advection (Xie et al., 2020, 2023b; 
Duan et al., 2022), and multisphere interactions (Xie et al., 2022b). In 
turn, the Arctic temperature and sea ice can also be influenced by the 
lower latitudes through atmospheric and oceanic circulations (Wu et al., 
2006, 2013; Wu, 2017; Polyakov et al., 2023; Wu and Ding, 2023). The 
Arctic climate change is projected to persist in the future; for example, 
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the Arctic could be ice-free in summer by the 2030s (Overland and 
Wang, 2013; Notz and Stroeve, 2018; Docquier and Koenigk, 2021; Xie 
et al., 2022a). 

The vertical structure of Arctic warming is suggested to be crucial for 
mid-latitude atmospheric circulation responses (He et al., 2020; Labe 
et al., 2020; Xie et al., 2020; Kim et al., 2021). Although a middle-heavy 
structure (the magnitudes are larger at the middle level) was suggested 
for Arctic warming (Graversen et al., 2008), updated data reveals that 
Arctic warming is characterized by a bottom-heavy structure, that is, 
larger anomalies are trapped at the bottom (Screen and Simmonds, 
2010). Different vertical structures of Arctic warming have different 
effects on atmospheric circulation and temperature patterns (Kim et al., 
2021; Xie et al., 2022b). Relative to a surface-trapped or bottom-heavy 
profile, stronger upper-level Arctic heating can provoke stronger circu
lation anomalies in the mid-latitudes (Kim et al., 2021). In addition to 
the vertical structure, a larger magnitude of bottom-heavy Arctic 
warming could also have a greater influence on mid-latitude circulation 
(Xie et al., 2022b). The potential vorticity dynamics indicate that the 
atmospheric circulation response to the diabatic heating depends on the 
vertical structure and magnitude of the diabatic heating (Hoskins et al., 
1985; Wu et al., 2020), which explains why the mid-latitude response 
varies with varied vertical structure or magnitude of Arctic warming 
(Xie et al., 2020, 2023b). Therefore, the vertical structure of Arctic 
warming is crucial for its influence on weather and climate in remote 
regions. The investigation of the vertical structure of Arctic warming 
holds great significance, not only for the Arctic itself but also for its 
interconnected relationships with mid-latitudes, necessitating a thor
ough examination of its future changes. 

Aside from temperature, humidity and precipitation are also signif
icant aspects to consider when discussing climate change in a moist 
atmosphere. Because of hydrological cycle changes (Held and Soden, 
2006), latent heat associated with the phase transition of water is of 
significance to global warming (Matthews et al., 2022; Song et al., 
2022). Changes in the Arctic water cycle, such as increases in atmo
spheric moisture and evaporation during winter, have been observed 
(Lu and Cai, 2009; Vihma et al., 2016). It is suggested that atmospheric 
moisture transport is crucial for the moisture increase, that is, Arctic 
moistening (Graversen et al., 2008; Gao et al., 2019; Cai et al., 2022, 
2024). Atmospheric moisture transport is modulated by factors 
including North Atlantic storm tracks (Zhang et al., 2008, 2013), El 
Niño–Southern Oscillation (Luo et al., 2023), atmospheric rivers (Zhang 
et al., 2023), and enhanced warming over the Tibetan Plateau and Asian 
dryland (Xie et al., 2023a). Nonetheless, the vertical structure of Arctic 
moistening has not been sufficiently investigated. Therefore, for the 
practical moist atmosphere, this study also investigated the changes in 
the vertical structure of humidity and moist static energy (MSE). Anal
ogous to equivalent temperature and equivalent potential temperature 
(Matthews et al., 2022; Song et al., 2022), MSE explicitly accounts for 
the impact of latent heat change on the energy and temperature of the 
moist atmosphere. 

The review above indicates that there is still uncertainty regarding 
the future changes in the vertical structure of Arctic warming and 
moistening. This study undertook a thorough analysis of the changes in 
the vertical structure of Arctic warming and moistening during present 
and future time periods in order to address this topic. This paper is 
organized as follows: Section 2 provides detailed descriptions of the data 
and methods. Section 3 presents the trends of temperature, humidity, 
and MSE in the present and future. Section 3 also compares the changes 
in the vertical structure of the Arctic climate under two emission sce
narios. The mechanisms behind the projected increase in Arctic hu
midity are described in Section 3.4. Section 4 summarizes the key 
findings of this study. 

2. Data and methods 

2.1. CMIP6 simulations 

The simulations from thirty-one models (Table S1) that participated 
in the Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring 
et al., 2016) were examined in this study. The historical experiment and 
Shared Socioeconomic Pathways (SSP)-based high-emission and 
intermediate-emission future scenarios, SSP5–8.5 and SSP2–4.5, were 
examined (Eyring et al., 2016; O'Neill et al., 2017). SSP5–8.5 is char
acterized by a high radiative forcing trajectory, primarily due to the 
increased concentration of greenhouse gases (GHGs) such as carbon 
dioxide, methane, and nitrous oxide. In this scenario, GHG emissions 
continue to rise throughout the 21st century, resulting in a substantially 
warmer climate. In contrast, SSP2–4.5 represents an intermediate- 
emission pathway with a more moderate increase in GHG concentra
tions. Emissions in SSP2–4.5 peak around the mid-21st century and then 
gradually decline, leading to a lower radiative forcing and a less extreme 
warming trajectory. The examined variables are listed in Table S2. All 
models with the required variables were used. 

The CMIP6 historical and SSP5–8.5 or SSP2–4.5 experiments cover 
the periods from 1850 to 2014 and from 2015 to 2100, respectively. For 
our analysis, a half-century period from 1980 to 2030 was chosen to 
reflect current climate change, whereas another half-century period 
from 2050 to 2100 was considered to represent future change. The 
1980–2030 time series includes two periods: 1980–2014 from the his
torical experiment and 2015–2030 from the SSP5–8.5 and SSP2–4.5 
experiments. When more than three ensemble members were available, 
only the first three ensemble members were used for convenience 
(Table S1). Before calculating the mean of the multi-model ensemble, 
the ensemble members of each model were averaged. To plot the mean 
results of the multi-mode ensemble, the model outputs were bilinearly 
interpolated onto a 1.0◦ × 1.0◦ horizontal grid. The four boreal seasons 
are defined as follows: spring, from March to May; summer, from June to 
August; autumn, from September to November; and winter, from 
December to the following February. 

2.2. Reanalysis data 

The fifth-generation ECMWF reanalysis dataset (ERA5; Hersbach 
et al., 2020) was used for comparison with the CMIP6 simulations. ERA5 
is the latest version of the ECMWF reanalysis and is available for the 
period ranging from January 1940 to the present, wherein pressure-level 
data were used. ERA5 data are in the monthly mean and have a reso
lution of 1◦ × 1◦. The variables examined were air temperature and 
specific humidity. 

2.3. MSE calculation 

MSE can be calculated as MSE = CpT + gz + Lvq (Yanai et al., 1973), 
where Cp is the specific heat capacity of dry air at constant pressure 
(1004.6 J/kg/K); T indicates the air temperature; g is the acceleration 
due to gravity, with a value of 9.8 m/s; z indicates the geopotential 
height; Lv indicates the latent heat of vaporization of water, that is, 2.5 
× 106 J/kg; and q represents the specific humidity of the atmosphere. 
The examination did not consider the kinetic energy due to its negligible 
(thousandth) magnitude in comparison to MSE. We also examined dry 
static energy (DSE = CpT + gz) and compared the trends of MSE with 
those of DSE. This facilitates a better assessment of the effect of moist
ening in the Arctic region. 

2.4. Moisture budget equation 

To investigate the factors influencing the trend changes in Arctic 
moisture humidity, we conducted a moisture budget analysis. We broke 
down the moisture budget equation into atmospheric moisture transport 
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by the stationary waves (1st right-hand term), local moisture source 
(2nd right-hand term), and a residual term (δ). δ includes the contri
butions from moisture transport by the transient eddies and the error 
from the finite difference (Seager et al., 2010; Cai et al., 2024). This 
aimed to enhance our understanding of the causes of moistening in the 
Arctic region. The formula is as follows: 

∂t〈q〉
∂t

= − 〈∇⋅
(

V→q
)

〉+(E − P)+ δ (1)  

where operator 〈〉 indicates density-weighted vertical integration from 
the surface to 300 hPa. All the variables in Eq. (1) are monthly means. 

Fig. 1. Zonal mean 1980–2030 linear temperature trend for boreal (a) spring (March to May), (b) summer (June to August), (c) autumn (September to November), 
and (d) winter (December to February) based on the multi-model ensemble mean of CMIP6 historical and SSP5–8.5 experiments. The grey contours represent the 
climatological average temperature for 1980–2010. The dots indicate the statistical significance of the linear trends at the 95% confidence level. (e–h) Same as (a–d) 
but for 2050–2100. (i–l) Differences using (e–h) minus (a–d). 
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2.5. Statistical methods 

The linear trend of the time series was calculated using linear 
regression based on the least-squares method. The statistical signifi
cance (95% confidence level, P < 0.05) was estimated using a two-tailed 
Student's t-test. 

3. Results 

3.1. Temperature trend 

Compared with the current warming (Fig. 1a–d), the future Arctic 
warming under the high-emission scenario is projected to accelerate 
(Fig. 1e–h). However, the magnitudes of Arctic warming in the current 
and future periods are consistently large at the bottom and sharply 
decreased with height, representing a bottom-heavy structure. Regard
less of emission scenarios, future Arctic warming at the near-surface is 

Fig. 2. Same as Fig. 1 but for SSP2–4.5.  
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expected to accelerate (Figs. 1 and 2). In terms of seasonality, amplified 
Arctic warming is observed in all seasons except for summer (Gulev 
et al., 2021), which is also revealed by the ERA5 reanalysis data 
(Fig. S2a–d). The importance of sea ice effective surface heat capacity 
and its accompanying local energy feedback processes in influencing the 
seasonality of Arctic warming is proposed to be significant (Dai et al., 
2019; Boeke and Taylor, 2018; Hahn et al., 2022). Compared with 
warming in the current period, future accelerated warming is prominent 
in all seasons except for autumn (Fig. 1i–l). It is suggested that the lack of 
accelerated warming in autumn is related to sea ice retreat and a delay in 
freezing time under global warming (Xie et al., 2022a). The sea ice 
retreat in autumn in the future is indeed much weaker than the current, 
while other seasons show accelerated sea ice retreat in the future 
(Fig. S1). Given that future accelerated Arctic warming is also trapped at 
the bottom (Fig. 1i–l), the bottom-heavy vertical structure of Arctic 
warming is projected to remain unchanged in the future under the high- 
emission scenario. 

When comparing future warming to the current period, a decelera
tion in the warming rate is projected for most of the Northern Hemi
sphere under the intermediate-emission scenario (Fig. 2). In contrast, 
the Arctic demonstrates a distinctive warming pattern, with projected 
bottom-heavy warming in the future surpassing the current period 

(Fig. 2i–l). Notably, this accelerated warming trend is only observed in 
the Arctic region (Fig. 2e–h), which contrasts sharply with the pro
nounced magnitude changes in warming across the entire region under 
the high-emission scenario (Fig. 1e–h). Regarding the vertical structure, 
accelerated warming exhibits a prominent magnitude in the lower layers 
and decreases with increasing altitude, indicating an enhanced bottom- 
heavy structure. Decelerated warming is more pronounced in the mid- 
latitudes across various altitude levels (Fig. 2i–l). Additionally, in 
terms of seasonality, the magnitude of future warming is also weaker in 
autumn under the intermediate-emission scenario, particularly in the 
lower altitude range of 60◦N to 80◦N (Fig. 2k). 

Both the high-emission and intermediate-emission scenarios exhibit 
significant uncertainty (Fig. 3). For summer, in the high-emission sce
nario, 21 models project a faster future warming trend, accounting for 
67.7% of the total models (Fig. 3a). In contrast, in the intermediate- 
emission scenario, only 10 models project a faster future warming 
trend than the current period, accounting for 32.3% of the total models 
(Fig. 3c). In winter, in the high-emission scenario, 22 models project a 
faster future warming trend, accounting for 71.0% of the total models 
(Fig. 3b). In contrast, in the intermediate-emission scenario, 13 models 
indicate a faster future warming trend, representing 41.9% of the total 
models (Fig. 3d). Despite the presence of negative differences in average 

Fig. 3. Differences between future and current temperature trends averaged over 65◦N poleward using the trend for 2050–2100 minus that for 1980–2030 during 
boreal (a) summer and (b) winter from the SSP5–8.5 experiment. The blue lines indicate results from individual models, and the black line indicates the multi-model 
ensemble mean. The blue shading indicates one standard deviation of the multi-model results. (c), (d) Same as (a), (b) but for the SSP2–4.5. (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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temperature trends at different altitudes in the intermediate-emission 
scenario, approximately 40% of the models project a faster future 
warming rate, indicating non-universal trends in Arctic temperatures 
under this scenario. Conversely, in the high-emission scenario, a ma
jority of the models (around 70%) project a more substantial future 
Arctic warming acceleration (Fig. 3a, b). As a result, the intermediate- 
emission scenario shows higher levels of uncertainty compared to the 
high-emission scenario. Consequently, the winter projection in the high- 

emission scenario is considered more reliable (Fig. 3b). 

3.2. Humidity trend 

The increasing trend of specific humidity in the tropical region is 
significantly higher than in the Arctic during the current period, both in 
the intermediate-emission and high-emission scenarios (Fig. 4a–d). The 
rate of specific humidity growth is notably higher in summer compared 

Fig. 4. Zonal mean 1980–2030 linear trend in specific humidity for boreal (a) summer, (b) winter based on the multi-model ensemble mean of CMIP6 historical and 
SSP5–8.5 experiments. (c, d) Same as (a, b) but for SSP2–4.5. The black contours represent the climatological average specific humidity for 1980–2010. The dots 
indicate the statistical significance of the linear trends at the 95% confidence level. (e–h) Same as (a–d) but for 2050–2100. (i–l) Differences using (e–h) minus (a–d). 
Results for spring and autumn are presented in Fig. S5. 
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to winter (Fig. 4a–d). However, despite the accelerated moistening trend 
observed in the tropical region, there will be a significant increase in 
specific humidity in the Arctic during the winter in the future (Fig. 4f, h). 
Due to the weaker convection in the Arctic compared to the tropics, the 
acceleration in humidity in the Arctic will be more concentrated in the 
lower layers, indicating a strong bottom-heavy structure similar to 
warming. Comparing with the current period (Fig. 4a–d) and taking into 
account the changes seen in the intermediate-emission scenario and 
high-emission scenario (Fig. 4i–l), it is evident that the vertical structure 
of future Arctic moistening is projected to remain unchanged, 

maintaining a bottom-heavy structure (Fig. 4e–h). Note that the ERA5 
reanalysis data also show the bottom-heavy structure (Fig. S2e–h). 
However, the enhanced increase in specific humidity in the tropical 
region relative to the Arctic is not as strong as that in CMIP6 simulations; 
that is, the specific humidity increase in the Arctic relative to lower 
latitudes is more evident in ERA5 reanalysis than in CMIP6 simulations. 

Climatological water vapor distribution varies significantly with 
latitude. To address this non-uniformity, we conducted a further anal
ysis by normalizing the specific humidity values at each latitude with the 
climatological mean specific humidity at 1000–850 hPa from 1980 to 

Fig. 5. Same as Fig. 4 but for the percentage change in specific humidity, which was calculated as the specific humidity trend divided by the 1000–850 hPa 
climatological mean specific humidity for 1980–2014. Results for spring and autumn are presented in Fig. S6. 
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2014. This allowed us to examine the percentage changes in humidity. 
During the current period, specific humidity is significantly increased 
compared to the climatological mean, with a sharp increase from the 
tropical to the Arctic, namely, an Arctic moistening amplification 
(Fig. 5a–d). In terms of seasonality, the acceleration in moistening is 
particularly pronounced in the Arctic during the summer. In the high- 
emission scenario, there is a distinct bottom-heavy structure in the 
specific humidity acceleration, with localized enhancements exceeding 
18% in the mid-to-high latitudes (Fig. 5e). Although the magnitude of 
specific humidity increase is lower in the future under the intermediate- 
emission scenario compared to the high-emission scenario (Fig. 5e–h), 
the vertical structure of Arctic moistening amplification remains similar 
between the two scenarios. 

The projections of specific humidity increase are more reliable under 
the high-emission scenario (Fig. 6a, b). Specifically, relative to current 
change, 30 models project a faster future increase in specific humidity at 
the lower atmosphere during the summer, and all models project a faster 
increase during the winter. The increase in specific humidity is more 
pronounced during the summer, approximately 1.5 times higher than 
during the winter (Fig. 6a, b). In contrast, there are significant dis
crepancies in specific humidity changes among the 31 models under the 
intermediate-emission scenario (Fig. 6c, d). During the summer, 14 
models project a faster increase in specific humidity at the lower at
mosphere in the future compared to the current period, accounting for 

45.2% of the total models, which is almost equivalent to the number of 
models projecting a deceleration in specific humidity increase (Fig. 6c). 
Therefore, it can be concluded that under the high-emission scenario, 
future specific humidity will increase more rapidly than the current 
period, exhibiting a bottom-heavy structure. 

3.3. MSE trend 

MSE combines temperature and humidity and is a crucial variable for 
understanding the thermodynamic and dynamic characteristics of the 
moist atmosphere (Yanai et al., 1973; Graversen and Burtu, 2016; Hill 
et al., 2017). MSE can also explicitly depict the effect of latent heat 
change on the temperature of the moist atmosphere, similar to equiva
lent temperature and equivalent potential temperature (Matthews et al., 
2022; Song et al., 2022). Therefore, it is essential to utilize MSE to 
examine the combined effects of Arctic warming and moistening. Based 
on MSE, the “Arctic amplification” is pronounced in winter but not 
significant in summer during the current period (Fig. 7a–d). In the 
future, under the intermediate-emission scenario, MSE is projected to 
increase at a slower rate in the Northern Hemisphere, while the Arctic 
region experiences accelerated changes (Fig. 7e, f). Under the high- 
emission scenario, the MSE-based Arctic amplification is expected to 
intensify in both summer and winter (Fig. 7g, h). Similar to temperature 
and humidity (Figs. 1, 2, 4), the current and future periods exhibit a 

Fig. 6. Same as Fig. 3 but for specific humidity.  
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bottom-heavy structure in the growth of MSE (Fig. 7). The future 
strengthening of the MSE-based Arctic amplification, compared to the 
current period, will be determined by the combined influences of 
warming (DSE change) and moistening (latent heat change) under the 
high-emission scenario. Although the contribution of DSE change to the 
MSE change is higher than that of latent heat change (Figs. S3 and S4), 
the contribution of latent heat change is not negligible. For example, the 
magnitude of near-surface latent heat change in the Arctic is almost half 
of the MSE change in summer (Figs. S3j and S4j). Due to the lack of 
accelerated changes in temperature and humidity under the 

intermediate-emission scenario, the acceleration of MSE growth is 
lacking. 

The results regarding future MSE change under the high-emission 
scenario are also more reliable than those for the intermediate- 
emission scenario (Fig. 8). 28 models project an accelerated increase 
in Arctic MSE during summer, and 29 models project an accelerated 
increase during winter under the high-emission scenario, which repre
sents over 90% of the total models (Fig. 8a, b). In contrast, there are 
significant differences in Arctic MSE changes among the 31 models 
under the intermediate-emission scenario (Fig. 8c, d). For instance, 

Fig. 7. Same as Fig. 4 but for moist static energy (MSE). Results for spring and autumn are presented in Fig. S7.  
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during winter under the intermediate-emission scenario, 15 models 
project an accelerated increase in future Arctic MSE, accounting for 
48.4% of the total models (Fig. 8d), and the average line hovers around 
the zero baseline. Therefore, it can be concluded that under the high- 
emission scenario in the future, the growth of Arctic MSE will accelerate. 

3.4. Mechanisms for humidity changes 

Relative to studies on Arctic warming mechanisms, research on hu
midity remains insufficient. Therefore, we further explored the pro
cesses contributing to the increase in humidity. For the Arctic region, 
two factors influencing atmospheric humidity are meridional atmo
spheric moisture transport from lower latitudes and the local moisture 
source (E – P) (Vihma et al., 2016; Bintanja et al., 2020; Cai et al., 2024). 
In the calculation utilizing the moisture budget equation (Eq. (1)), the 
meridional atmospheric moisture transport is partitioned into two 
components: the first component represents the transport by the sta
tionary waves, as indicated by the first term on the right-hand side; the 
second component represents the transport by the transient eddies, 
which is encompassed in the third term on the right-hand side. The local 
moisture source is represented by evaporation minus precipitation (E – 
P). 

In the current period, negative trends in E – P are observed in the 
Arctic region (Fig. 9). Consequently, the observed increase in Arctic 

humidity cannot be attributed to a strengthening of local moisture 
source. In the future, both the intermediate-emission and high-emission 
scenarios project negative E – P trends in the Arctic region during the 
summer (Fig. 9a, c). However, under the high-emission scenario, the E – 
P trend in the Arctic region becomes positive during the winter. In both 
scenarios, except for winter in the future under the intermediate- 
emission scenario, the trends in the Arctic region during the current 
and future periods pass the significance test, enabling reliable conclu
sions to be drawn. Future accelerated Arctic moistening cannot be 
driven by the local moisture source, except for an enhanced local 
moisture source during winter under the high-emission scenario 
(Fig. 9b). This implies that enhanced meridional atmospheric moisture 
transport should be responsible for the Arctic moistening except for 
winter under the high-emission scenario. The subsequent demonstration 
will showcase the respective roles of stationary waves and transient 
eddies in meridional atmospheric moisture transport. 

In addition to local moisture sources (Fig. 9), the water vapor sup
plies to the Arctic induced by meridional atmospheric moisture trans
port due to stationary waves and transient eddies are shown in Figs. 10 
and 11, respectively. In the current period for both high- and 
intermediate-emission scenarios, moisture transport by transient eddies 
dominated Arctic moistening during the summer, and moisture trans
port by stationary waves further increased the moistening about 80◦N 
poleward (Figs. 10a,c and 11a,c). The accelerated Arctic moistening in 

Fig. 8. Same as Fig. 3 but for MSE.  
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Fig. 9. Zonal mean 2050–2100 (red) and 1980–2030 (blue) linear trends in evaporation minus precipitation (E – P) during boreal (a) summer and (b) winter for 
SSP5–8.5. The dots indicate the statistical significance of the linear trends at the 95% confidence level. (c), (d) Same as (a), (b) but for the SSP2–4.5. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Same as Fig. 9 but for moisture divergence induced by the stationary wave transport (1st right-hand term of Eq. (1)), in which positive and negative values 
mean moisture convergence and divergence, respectively. 
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the future under the high-emission scenario is determined by the 
enhanced stationary wave-transported moisture towards the North Pole 
during the summer (Fig. 10a). In addition, the much weaker transient 
eddy-transported moisture in the future than the current hinders the 
future accelerated Arctic moistening during the summer under the 
intermediate-emission scenario (Fig. 11c). 

During the winter, under the high-emission scenario, the trends in 
stationary wave-transported moisture are almost negative in the Arctic 
(Fig. 10b). The trends in transient eddy-transported moisture are posi
tive south 80◦N but negative poleward in the future (Fig. 11b). The 
negative moisture transport into the Arctic suppresses its moistening. 
Therefore, the accelerated Arctic moistening in the future under the 
high-emission scenario is due to the enhanced local moisture source 
during winter (Fig. 9b). For the intermediate-emission scenario, the 
situation in the winter is similar to that in the summer. 

In the high-emission scenario, 74.2% of the models project a negative 
future-minus-current difference in the E – P trend during the summer in 
the Arctic region, while 71.0% project a positive difference in the E – P 
trend during the winter (Fig. 12a, b). In contrast, the projections under 
the intermediate-emission scenario exhibit higher uncertainty (Fig. 12c, 
d). For the intermediate-emission scenario, 19 models project a positive 
future-minus-current difference in the E – P trend during summer in the 
Arctic region, accounting for 61.3% of the total models (Fig. 12c). 
Meanwhile, 11 models project a positive future-minus-current differ
ence in the E – P trend during winter, representing 35.5% of the total 
models. Relative to the local moisture source, the meridional atmo
spheric moisture transport shows larger inter-model discrepancies 
(Figs. S8 and S9). Hence, it can be concluded that the projections of 
future changes in the hydrological cycle in the Arctic region are also 
more reliable under the high-emission scenario compared to the 
intermediate-emission scenario. Under the high-emission scenario, the 
increased Arctic moistening in the future is caused by the meridional 
atmospheric moisture transport during the summer and the local mois
ture supply during the winter. 

4. Discussion and conclusions 

This study reveals that Arctic warming will accelerate in the future 
under high-emission scenarios. However, the bottom-heavy structure of 
Arctic warming is projected to remain unchanged. Additionally, under 
the high-emission scenario, future Arctic moistening is expected to be 
more pronounced than the present level. The vertical structure of Arctic 
moistening exhibits a similar bottom-heavy pattern as warming. 
Notably, there is higher uncertainty among models under the 
intermediate-emission scenario, indicating low reliability of the results. 
In contrast, the results among models under the high-emission scenario 
show higher consistency and credibility. The accelerated future Arctic 
moistening will be controlled by enhanced poleward atmospheric 
moisture transport during the summer and an enhanced local moisture 
source during the winter. The joint influence of warming and moistening 
will lead to an accelerated increase in MSE while maintaining the 
bottom-heavy structure. Therefore, the vertical structures of Arctic 
warming in both dry and moist (with the effect of latent heat explicitly 
depicted) atmospheres are projected to remain unchanged. 

The response of mid-latitude atmospheric circulation to Arctic 
warming depends on the vertical structure of Arctic warming, as 
demonstrated by previous studies (He et al., 2020; Labe et al., 2020; Xie 
et al., 2020; Kim et al., 2021). The findings of this study, which indicate 
the unchanged vertical structures of Arctic warming in both dry and 
moist atmospheres, suggest that the regimes of the response of mid- 
latitude circulation mediated by the vertical structure of Arctic warm
ing will likely remain unchanged. However, it is important to note that 
this study does not consider the vertical structure of Arctic temperature 
or humidity anomalies at the synoptic scale (He et al., 2020). In addi
tion, atmospheric vortices via high-frequency turbulent transport can 
also influence the meridional transport of MSE, leading to climate 
change in the Arctic region (Graversen and Burtu, 2016; Feldl et al., 
2017). Therefore, further investigations are needed to explore future 
changes in the Arctic climate on other time scales, such as synoptic 

Fig. 11. Same as Fig. 10 but for the residual term δ in Eq. (1), which includes the moisture divergence induced by the transient eddy transport.  
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variability, under global warming. 
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Fig. 12. Differences between future and current trends of E – P using the trend for 2050–2100 minus that for 1980–2030 during boreal (a) summer and (b) winter 
from the SSP5–8.5 experiment. The blue lines indicate results from individual models, and the black line indicates the multi-model ensemble mean. The blue shading 
indicates one standard deviation of the multi-model results. (c), (d) Same as (a), (b) but for the SSP2–4.5. (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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