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A B S T R A C T   

The clear-sky downward longwave radiation related to water vapor (LW-WV) has been confirmed to be the 
dominant factor promoting the autumn warming in the Arctic in the boreal autumn. In this study, we reveal the 
spatiotemporal characteristics of the 2 m air temperature (t2m), clear-sky downward longwave radiation 
(CDLW), and water vapor in the Arctic and the mechanism affecting the change in the autumn LW-WV. Since 
2002, not only have the temporal variations in regional t2m, CDLW, and water vapor been synchronous at the 
interdecadal scale, but their largest spatial variations have also mainly been located in the Barents-Kara Sea and 
the Chukchi Sea. A diagnosis of the atmospheric moisture budget shows that the change in the water vapor 
divergence is dominated by the change in the mean circulation dynamics in the Barents-Kara Sea, while the 
change in the thermodynamics caused by the changes in the local specific humidity and the mean circulation 
dynamics are both important to the change in the water vapor divergence in the Chukchi Sea. The positive phase 
in the Arctic Oscillation (AO) and the Pacific/North American Pattern (PNA) have contributed to the increase in 
the water vapor in the Barents-Kara Sea, while the positive phase in the North Atlantic Oscillation (NAO) and the 
PNA are responsible for the increase in the water vapor in the Chukchi Sea. Therefore, synergetic effects of the 
multiple large-scale circulations play an important role in the recent warming in the Arctic in autumn.   

1. Introduction 

Under the current global warming setting, the warming rate in the 
past decades is much higher in the Arctic than the global average, which 
is known as the Arctic amplification phenomenon (Serreze et al., 2000; 
Serreze and Francis, 2006; Screen and Simmonds, 2010; Coumou et al., 
2018; Dai et al., 2019), and the amplification will continue in the future 
(Cai et al., 2021). However, as a region sensitive to climate change, the 
reasons for the warming in the Arctic are still controversial (e.g., You 
et al., 2021). The possible reasons mainly include surface albedo feed-
back (Screen and Simmonds, 2010; Taylor et al., 2013), temperature 
lapse rate feedback (Goosse et al., 2018; Stuecker et al., 2018), Planck 
feedback (Bony et al., 2006; Crook et al., 2011), atmospheric water 
vapor feedback (Graversen and Wang, 2009; Gordon et al., 2013; Taylor 
et al., 2013), cloud radiative forcing (Shupe and Intrieri, 2004; Mid-
dlemas et al., 2020), and atmospheric and ocean heat transport 

(Graversen and Burtu, 2016; Beer et al., 2020). And vegetation- 
atmosphere-sea ice interactions could also have played a role (Jeong 
et al., 2014). 

The warming rate in the Arctic varies in the different seasons. It is 
strongest in the autumn and winter and weakest in the summer (Screen 
and Simmonds, 2010). However, the effect of the sea-ice albedo feed-
back is weak or even absent in the cold season because of the absence of 
solar radiation, so the sea-ice albedo feedback has a limited effect on 
Arctic warming in the cold season. Previdi et al. (2020) emphasized the 
importance of atmospheric processes to the Arctic amplification. In 
many atmospheric processes, atmospheric water vapor, as an important 
greenhouse gas, plays an important role in influencing the Arctic 
amplification (Gordon et al., 2013; Pithan and Mauritsen, 2014). In 
recent decades, the peak value of the growth rate of the atmospheric 
water vapor has shifted to autumn in the Arctic, which is mainly related 
to the accelerated increase in the water vapor in the Barents-Kara Sea 
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during this season (Rinke et al., 2019). A positive feedback mechanism 
has been proposed for this process; that is, the accelerated melting of the 
sea ice in the autumn expands the ice-free sea area, which promotes 
evaporation in the ice-free region and leads to an increase in the at-
mospheric water vapor (Boisvert and Stroeve, 2015). In turn, the in-
crease in the atmospheric water vapor further increases the downward 
long-wave radiation, resulting in more sea ice melting. This mecha-
nism also illustrates the role of downward long-wave radiation, i.e., as a 
bridge, in the atmospheric processes affecting the sea ice changes. 
Furthermore, Ghatak and Miller (2013) found that the positive feedback 
of atmospheric water vapor is a nonlinear progress, which helps us 
understand why the water vapor content is not the largest in the season 
with the greatest warming in the Arctic. 

As is well known, atmospheric water vapor, clouds, and the atmo-
spheric temperature are the main factors affecting the intensity of the 
downward long-wave radiation. Some studies have reported that 
compared with clouds and the atmospheric temperature, the positive 
feedback caused by atmospheric water vapor is the key factor causing 
the Arctic amplification (Curry et al., 1995; Ghatak and Miller, 2013; 
Middlemas et al., 2020). Based on diagnostic analysis of the surface 
energy balance equation, it has been determined that the clear-sky 
downward long-wave radiation caused by water vapor is the dominant 
factor affecting Arctic amplification in the autumn and winter (Gao 

et al., 2019). As for the mechanism relating the atmospheric water vapor 
and/or downward long-wave radiation to Arctic warming in the winter, 
Hegyi and Taylor (2017) found that phases of the Arctic Oscillation (AO) 
and the Arctic Dipole (AD) can affect the changes in the downward long- 
wave radiation in the Arctic. When the AD/AO is in the negative (pos-
itive) phase, the downward long-wave radiation exhibits a positive 
(negative) anomaly. Gong et al. (2017a) argued that the increase in the 
downward long-wave radiation in the Arctic in the winter is mainly due 
to the increase in the water vapor flux related to the poleward propa-
gation of the Rossby waves into the Arctic. Luo et al. (2017) pointed out 
that the combination of the positive phase of the North Atlantic Oscil-
lation (NAO) and the Ural blocking is an optimal circulation pattern that 
significantly increases the Barents-Kara Sea water vapor, which plays a 
major role in the warming of the Barents-Kara Sea and sea ice reduction 
in winter. Wang et al. (2020) found that the mean atmospheric flow 
plays a leading role in increasing the atmospheric water vapor in the 
Barents-Kara Sea, which finally contributes to the significantly inter-
decadal warming in winter. Clark et al. (2021) further suggested that the 
winter warming in the Chukchi Sea is mainly due to temperature 
advection caused by changes in the atmospheric circulation, and a 
similar conclusion was drawn for the Barents Sea (Chen et al., 2013). 
Therefore, atmospheric circulations have been considered playing a key 
role in regulating the winter warming in the Arctic. However, few 
studies focused on the effect of atmospheric circulations on autumn 
warming in the Arctic. In this study, we will further explore whether the 
atmospheric circulations affect the autumn warming in the Arctic. 

2. Material and methods 

2.1. Data 

The monthly Japanese 55-year Reanalysis (JRA-55) dataset for 
1980–2017 developed by the Japan Meteorological Agency (Ebita et al., 
2011; Kobayashi et al., 2015), with a horizontal spacing of 1.25◦ ×

1.25◦, was used in the study. The main variables used include the 2 m air 
temperature (t2m), surface pressure, horizontal vector of the wind, 
geopotential height, clear-sky downward long-wave radiation (CDLW), 
precipitable water (PW), atmospheric water vapor, and specific hu-
midity. Adrian and Paul (2015) also reported that the JRA-55 data agree 
well with the ERA-Interim reanalysis data in terms of reflecting the 
Arctic warming. However, the ERA-Interim did not offer the clear-sky 
downward longwave radiation that we need in this study, so the JRA- 
55 dataset was adopt. 

2.2. Methods 

In order to assess the contributions of the different processes to the 
difference in the water vapor in the Arctic between two periods, we used 
the moisture budget equation (Seager et al., 2010). In this study, the 
changes in any variables (represented by a dot in Eq. 1) between 
1980–2001 (period 1) and 2002–2017 (period 2) are represented as 
follows: 

δ(∙) = (∙)2 − (∙)1 (1) 

The moisture budget equation can be written as   

P and E are the precipitation and evaporation, respectively. (∙) de-
notes the monthly mean, (∙)′ denotes a departure from the monthly 
mean, ps is the surface pressure, q is the specific humidity, u is the 
horizontal vector of the wind, ρw is the density of water, and S is the 
surface contributions (Trenberth and Guillemot, 1995). However, the 
surface contributions are normally a few times smaller than the other 
terms (Seager et al., 2007), so its contribution can be negligible. The 
vertically integrated moisture flux convergence (Qdiv) is equivalent to 
the long-term mean of P − E (Seager and Vecchi, 2010; Seager et al., 
2010; Gao et al., 2014). Therefore, ρwδ(P − E) is the change in the 
vertically integrated moisture flux convergence between the two 
periods. 

The change in the vertically integrated moisture flux convergence is 
also regarded as the contributions of the changes in the thermodynamics 
(δTH), mean circulation dynamics (δMCD), and transient eddy (δTE). Eq. 
(2) can also be written as 

δQdiv ≈ δTH + δMCD+ δTE (3)  

δTH = −
1
g

∫ ps

0
∇∙

(

u1[δq]
)

dp (4)  

δMCD = −
1
g

∫ ps

0
∇∙

(

[δu]q1
)

dp (5)  

δTE = −
1
g

∫ ps

0
∇∙δ(u′q′ )dp (6) 

To further investigate the characteristics of the changes in thermo-
dynamics (δTH) and the mean circulation dynamics (δMCD), the changes 
in these two terms can be decomposed into the effects of the moisture 
advection (A) and moisture convergence (D). Eqs. (4) and (5) can be 
rewritten as 

δTH = δTHA + δTHD, and δMCD = δMCDA + δMCDD (7) 

ρwδ(P − E) ≈ −
1
g

(∫ ps

0

(

δu∙∇q1+ δq∇∙u1 +u1∙∇δq+ q1∇∙δu
)

dp+
∫ ps

0
(u′q′ )dp+ δS

)

(2)   
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δTHA = −
1
g

∫ ps

0

(

u1∙∇[δq]
)

dp (8)  

δTHD = −
1
g

∫ ps

0

(

[δq]∇∙u1

)

dp (9)  

δMCDA = −
1
g

∫ ps

0

(

[δu]∙∇q1
)

dp (10)  

δMCDD = −
1
g

∫ ps

0

(

q1∇∙[δu]
)

dp (11) 

To examine changes in water vapor over the Arctic, the vertically 
integrated moisture flux Q and the divergence of the moisture flux Qdiv 
were calculated as follows: 

Q =
1
g

∫ p1

ps

qudp,Qdiv =
1
g

∫ p1

ps

∇(qu)dp (12) 

Here, p1=100 hPa; g is the acceleration due to gravity; and the other 
variables have the same meaning as above. 

The Arctic Oscillation Index (AO index) and the North Atlantic 
Oscillation Index (NAO index) were calculated according to the method 
provided by the National Centre for Atmospheric Research (National 
Center for Atmospheric Research Staff (NCAR), 2021). The AO index is 
defined as the time series PC1 of the surface pressure EOF1 in the 
Northern Hemisphere (20–90◦N, 180◦W–180◦E), and the definition of 
NAO index is similar to that for the AO index but the region of focus is in 
the North Atlantic (20–80◦N, 90◦W–40◦E). For the Pacific/North 
American Pattern index (PNA index), we adopted the definition pro-
vided by Wallace and Gutzler (1981): PNA index = 0.25× [Z* 
(20◦N,160◦W) − Z*(45◦N,165◦W) + Z*(55◦N,115◦W) − Z* 
(30◦N,85◦W)). Z* represents the standardized geopotential height 
values at 500 hPa. All indexes above were calculated using the JRA-55 
dataset in boreal autumn (September–October–November). In addi-
tion, the 9-year Lanczos low-pass filtering was used to obtain the 
interdecadal signals (Duchon, 1979). Standard empirical orthogonal 

function (EOF) analysis (Weare and Newell, 1977; Weare and Nasstrom, 
1982) was used to identify the main spatiotemporal patterns of the t2m 
and the precipitable water over the Arctic in boreal autumn, and the 
sliding t-test was also used to determine the interdecadal turning points. 

3. Results 

3.1. Spatiotemporal characteristics of the autumn water vapor, t2m, and 
CDLW in the Arctic 

In recent decades, the Arctic amplification has been well docu-
mented (Coumou et al., 2018; Dai et al., 2019). As shown in Fig. 1a, the 
Arctic warming amplitude in 2 m temperature (t2m) exceeded three 
times compared with the global average in autumn (Fig. 1a). In order to 
remove the effects of global warming, the variability of global average in 
t2m (Fig. 1a, orange dashed curve) was removed, and the time series of 
t2m in the Arctic with no global warming (NGW) signal is shown 
(Fig. 1b, black dashed curve). Obviously, the variabilities in t2m with 
NGW and global warming (GW) signal (Fig. 1b, blue dashed curve) both 
present obvious interdecadal characteristic in the Arctic. Therefore, the 
global warming signal has limited effect on the interdecadal autumn 
warming in the Arctic. In addition, the standardized time series of the 
water vapor and CDLW exhibit consistent variations on both year-to- 
year variability (dotted curves) and interdecadal variability (solid 
curves) in Arctic (Fig. 1c). Moreover, their interdecadal turning points 
from negative anomalies to positive anomalies all occurred in 2001/02 
at the 0.01 significance level (Fig. 1d). The average values of t2m with 
GW (NGW) are − 0.79 K (− 0.65 K) and 1.1 K (0.89 K) during 1980–2001 
and 2002–2017, respectively (Fig. 1b). Next, we will investigate the 
reason of the Arctic autumn enhanced warming between the two periods 
(1980–2001 and 2002–2017). 

Using the EOF analysis to obtain the main spatiotemporal patterns of 
the t2m and PW, the leading model (EOF1) for t2m and PW accounted 
for 56.2% and 36.4% of their total variances, respectively (Fig. 2). Ac-
cording to the EOF1s for t2m and PW, two regions with large variations 
were located in the Barents-Kara Sea (black box, (0–90◦E, 70–84◦N)) 

Fig. 1. (a) The autumn year-to-year variability (dashed curves) and interdecadal variability (solid curves, obtained by 9-year Lanczos low-pass filtering) of the 2 m 
temperature (t2m) in the Arctic (purple curves) and Globe (orange curves). (b) The time series of t2m with global warming (GW, blue curves) and no global warming 
(NGW, black curves) in autumn (solid curves: interdecadal variability, dashed curves: year-to-year variability), which are the anomaly values. The t2m average 
values of two periods (1980–2001 and 2002–2017) with GW (purple solid lines) and NGW (purple dashed lines) are also shown. (c) The standardized time series of 
the water vapor (red curves) and clear-sky downward longwave radiation (CDLW, green curves) in the Arctic in autumn (solid curves: interdecadal variability, 
dashed curves: year-to-year variability). (d) Sliding t-test of the t2m (blue curve), water vapor (red curve), and CDLW (green curve). The black dashed line represents 
the 0.05 significance level, and the purple dashed line represents the 0.01 significance level. (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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and the Chukchi Sea (green box, (155–205◦E, 68–78◦N)) (Fig. 2a and c). 
Moreover, the first principal component (PC1) time series indicates that 
both the t2m and PW exhibit robust interdecadal variability with 
interdecadal turning points both occurring in 2001/02 (Fig. 2b and d). 
These results indicate that the interdecadal spatiotemporal variability in 
the boreal autumn has been their common and dominant feature in 
recent decades. 

Based on the turning points of the t2m, CDLW, and water vapor, the 
differences in their spatial distributions between the two periods 
(2002–2017 minus 1980–2001) are shown in Fig. 3. The increases in the 
amplitude of the t2m in the northern Barents-Kara Sea and the Chukchi 
Sea both exceed 3 K (Fig. 3a). In these two regions, the maximum 
amplitude of the CDLW also exceeded 9 W ∙ m− 2 (Fig. 3b). Moreover, 
vertically integrated water vapor flux convergence occurs in most area 
of the Barents-Kara Sea and the Chukchi Sea, which shows that the in-
crease in the water vapor is well correlated with the t2m and CDLW in 
these two regions (Fig. 3c). As shown for the water vapor flux, the in-
crease in the moisture in the Barents-Kara Sea comes from the North 
Atlantic, while the water vapor in the Chukchi Sea mainly originates 
from the North Pacific. Therefore, the interdecadal changes in the t2m, 
water vapor, and CDLW in the Arctic in autumn exhibit consistent 
spatiotemporal variations. 

3.2. Reasons for water vapor changes in the key regions of the Arctic 

Some studies have also shown that the Barents-Kara Sea and the 
Chukchi Sea are the sensitive regions of climate change in the Arctic. For 
instance, in winter, atmospheric moisture is transported to the Barents- 
Kara Sea under certain atmospheric circulation conditions, finally 
causing significant warming (Luo et al., 2017; Hao et al., 2019; Wang 
et al., 2020). Not only does the change in the sea ice area in the Chukchi 
Sea have an important impact on the climate change in Eurasian, but it 
also regulates the atmospheric circulations by affecting the heat ex-
change between the ocean and the atmosphere (Ding et al., 2021). 
Which process plays the leading role in the water vapor convergence in 
the key regions (i.e., the Barents-Kara Sea and the Chukchi Sea) in 
autumn? To answer this question, the moisture budget equation was 
used to determine the causes of the atmospheric water vapor flux 
convergence. 

3.2.1. Relative contributions of the thermodynamics, dynamics, and 
transient eddy processes to the water vapor changes in the Barents-Kara Sea 
and the Chukchi Sea 

The Barents-Kara Sea, the region in which the atmospheric moisture 
exhibits convergence, is mainly located in the western sea area of 

Fig. 2. (a) and (b) The empirical orthogonal function (EOF) analysis for the autumn t2m over the Arctic: (a) the leading model (EOF1), black boxes and green boxes 
represent the Barents-Kara Sea region (0–90◦E, 70–84◦N) and the Chukchi Sea region (155–205◦E, 68–78◦N), respectively. (b) The first principal component time 
series (PC1) showing the interdecadal variations (black solid curve; unit: K). (c) and (d) are the same as (a) and (b) but for PW (unit: kg ∙ m− 2). 
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Novaya Zemlya, and the maximum value exceeds 2 × 10− 5 kg ∙ m− 2 ∙ 
s− 1 (Fig. 4a). The result of the moisture budget diagnosis equation shows 
that the contribution of the change in the mean circulation dynamics 
(δMCD) plays the dominant role in the atmospheric water vapor 
convergence compared with the other two processes. This indicates that 
the interdecadal change in the large-scale atmospheric circulation 
modulates the change in the water vapor in the Barents-Kara Sea in 
autumn (Fig. 4c). In addition, the transient eddy (δTE) contributes to the 
water vapor convergence in western Barents-Kara Sea to a certain 
extent, indicating that the increase in the water vapor is promoted by the 
change in the vortex in this region. The contribution of the thermody-
namics (δTH) to the water vapor convergence in the eastern and 
northern parts of the Barents-Kara Sea is much smaller, which reflects 
the fact that the local water vapor changes have a limited impact on the 
overall water vapor convergence in the region. Therefore, the moisture 
in the Barents-Kara Sea mainly comes from outside the region via 

transportation by the mean circulations. 
In the Chukchi Sea, the divergence of the atmospheric water vapor 

exhibits divergence in the north and convergence in the south (Fig. 5). 
The diagnostic results show that the thermodynamics (δTH) make the 
major contribution to the convergence of the water vapor in the 
southern-central Chukchi Sea (Fig. 5b), indicating that the local specific 
humidity exhibits an increase between the two periods. Moreover, the 
contribution of the dynamics (δMCD) to the atmospheric water vapor 
convergence mainly occurs in the southeastern Chukchi Sea, which is 
mainly because the atmospheric circulations promote moisture trans-
port from the North Pacific to the Arctic (Fig. 5c). However, overall, the 
transient eddy (δTE) restrains the water vapor convergence in the 
Chukchi Sea (Fig. 5d), indicating that the number of vortexes entering 
the region may decrease between the two periods. Therefore, the δTH 
and δMCD together promote the increase in water vapor in the Chukchi 
Sea. 

Fig. 3. The autumn difference in the (a) 2 m temperature, (b) clear-sky downward longwave radiation, (c) vertically integrated water vapor flux (vector arrow; unit: 
kg ∙ m− 1 ∙ s− 1), and vertically integrated water vapor flux convergence (shading; unit:10− 5 kg ∙ m− 2 ∙ s− 1) between the two periods (2002–2017 minus 1980–2001) in 
the Arctic. 
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3.2.2. Relative contributions of the changes in advection and divergence to 
the dynamic and thermodynamic components of the water vapor in the 
Barents-Kara Sea and the Chukchi Sea 

In order to explore the effects of moisture advection and divergence 
on the change in the water vapor, δTH and δMCD were both further 
divided into the contributions to the changes in the moisture advection 
(A) and divergence (D) using Eq. (7). 

In the Barents-Kara Sea region, the δMCD is the dominate factor that 
contributes to the convergence of the water vapor flux, which indicates 
that the difference in the horizontal atmospheric circulation ([δu]), 
which caused the change in the water vapor flux divergence (q1∇∙[δu]), 
dominates the change in the moisture in autumn (Fig. 6f). In addition, 
the contribution of the change in the moisture advection dynamics 
(δMCDA) is smaller because of the smaller gradient in the mean specific 
humidity (∇q1) in autumn (Fig. 6e). Although the contribution of δTH is 
less than that of δMCD, the change in the moisture divergence is also the 
main reason for the δTH because the variation in the local specific 

humidity ([δq]) causes a smaller change in the specific humidity gradient 
(∇[δq]). 

In the Chukchi Sea, both δTH (Fig. 7c) and δMCD (Fig. 7g) are 
dominated by the water vapor divergence (Fig. 7b and f). The increase in 
the local specific humidity (δq) promotes the overall convergence of the 

water vapor flux ( − 1
g
∫ ps

0

(

[δq]∇∙u1

)

dp) in the southern-central Chukchi 

Sea when the atmospheric circulations is in climatic state (Fig. 7b). 
However, when the local specific humidity is constant, it is the change in 
the atmospheric circulation (δu) that contributes to the overall conver-

gence of the water vapor flux ( − 1
g
∫ ps

0

(

q1∇∙[δu]
)

dp). Therefore, the 

water vapor divergence (D) caused by the changes in the dynamics 
(δMCDD) and thermodynamics (δTHD) is an important reason for the 
increase in the water vapor in autumn in the Chukchi Sea. 

Fig. 4. (a) Changes in the water vapor flux convergence in the Barents-Kara Sea (0–90◦E, 70–84◦N) in autumn between two periods (2002–2017 minus 1980–2001) 
(unit: 10− 5 kg ∙ m− 2 ∙ s− 1). The contributions of (b) the thermodynamic component (dTH) via the change in the specific humidity, (c) the dynamic component 
(dMCD) via the change in the mean circulation, and (d) the transient eddies (dTE) causing the change in water vapor transport. (e) The sum of each contribu-
tion (sum). 

Fig. 5. Same as in Fig. 4, but for the Chukchi Sea (155–205◦E, 68–78◦N).  

K. Gao et al.                                                                                                                                                                                                                                     



Atmospheric Research 265 (2022) 105879

7

3.3. Contribution of large-scale atmospheric circulations to the change in 
water vapor 

The diagnosis results of the atmospheric water vapor balance equa-
tion show that the water vapor convergences over the Barents-Kara Sea 
and the Chukchi Sea are both influenced by the δMCD in autumn, which 
is consistent with the results obtained using the Coupled Surface- 
Atmosphere Climate Feedback Response Analysis Method (CFRAM) 
(Lu and Cai, 2009; Cai and Lu, 2009). Next, we will further explore 
which atmospheric circulations affect the increases between the two 

periods in the atmospheric water vapor in the two regions. 

3.3.1. Role of the AO/NAO in the change in water vapor 
Fig. 8 shows the spatiotemporal characteristics of the AO index in 

JRA-55 dataset. When the AO is in a positive phase, the surface pressure 
is weaker in the polar region and stronger in mid-latitude region 
(Fig. 8a). The difference in the PC1 of the AO was positive between 
2002–2017 and 1980–2001, which illustrates that the AO index was in 
the positive phase on the interdecadal scale. 

The interdecadal variation in the AO from 1980 to 2017 was used to 

Fig. 6. Differences in the contributions of (a) the moisture advection (dTHA) and (b) moisture divergence (dTHD) to the thermodynamic process (dTH) via the 
changes in the local humidity and the contributions of the (e) moisture advection (dMCDA) and (f) moisture divergence (dMCDD) to the dynamic processes (dMCD) 
via changes in the atmospheric circulations (units: 10− 5kg ∙ m− 2 ∙ s− 1) between two time periods (2002–2017 minus 1980–2001) in the Barents-Kara Sea (0–90◦E, 
70–84◦N) in Autumn. (c) and (g) The sums of the two contributions to the thermodynamic and dynamic processes, respectively. 

Fig. 7. Same as in Fig. 6, but for the Chukchi Sea (155–205◦E, 68–78◦N).  
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regress the geopotential height at 500 hPa, and the results show that the 
distribution of the geopotential height corresponding to the change in 
the phase of the AO modulated the moisture transport to the Barents- 
Kara Sea and the Chukchi Sea where significant accelerated warming 
was observed in the Arctic. It is obvious that the water vapor was 
transported from the Northwest Atlantic through the Greenland Sea to 
the Barents-Kara Sea when the AO was in a positive phase, and the water 

vapor convergence mainly occurred in the middle of the Barents-Kara 
Sea (Fig. 9b). However, the atmospheric circulation related to the pos-
itive phase of the AO had a weak impact on the water vapor convergence 
over the Chukchi Sea (Fig. 9b). For the two regions with significant 
accelerated warming, the interdecadal positive phase of the AO only 
contributed to the increase in the autumn water vapor over the Barents- 
Kara Sea in recent decades. 

Fig. 8. The spatiotemporal distribution of the Arctic Oscillation (AO) based on the JRA-55 dataset, (a) the leading mode of the surface pressure in the EOF analysis 
(EOF1), and (b) the first principal component (PC1) time series of the surface pressure in EOF1 (black solid line: the interdecadal change of AO index dealt with low- 
pass filtering). The period that we focused on is 1980–2017 (the green box). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Fig. 9. (a) The interdecadal AO index regresses to the 500 hPa geopotential height (unit: gpm) during 1980–2017. The dotted area represents the 95% significance 
test. (b) The interdecadal AO index regresses of the vertically integrated water vapor flux (vector, units: kg ∙ m− 1 ∙ s− 1) and the atmospheric water vapor flux 
divergence (shading, units: 10− 5 kg ∙ m− 2 ∙ s− 1) during 1980–2017. 
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In some studies, the effects of AO/NAO are considered the same 
(Cohen and Barlow, 2005; Yadav et al., 2009; Gong et al., 2017b), 
because NAO is regarded as a part of AO. But other studies found that not 
only the stratospheric trends of AO and NAO in some seasons were 
different (Zhou et al., 2001), but also the responses to stratospheric 
forcing differ between AO and NAO (Rind et al., 2005). A recent study 
(Hamouda et al., 2021) pointed out that a reduced correlation between 
NAO and AO indices was detected in most CMIP5 models under global 
warming. In addition, the NAO reflects the variation in the surface 
pressure in the North Atlantic and its surrounding regions, while the AO 
basically reflects the variation in the surface pressure in the entire 
Northern Hemisphere, except for the tropics. Therefore, a question ari-
ses: is the influence of the atmospheric circulation related to the NAO 
consistent with that related to the AO in the two regions? 

To answer this question, the interdecadal variation in the PC1 of the 
NAO during 1980–2017 was used to regress the geopotential height at 
500 hPa (Fig. 11a) and the water vapor (Fig. 11b). The results show that 
geopotential height exhibits a dipole pattern, with a negative anomaly in 
the Northern Atlantic sector and a positive anomaly in the Northern 
Pacific sector. Besides, the difference in the PC1 of the NAO between 
2002–2017 and 1980–2001 was also positive (Fig. 10b). The atmo-
spheric circulation associated with the positive phase of the NAO guides 
the atmospheric water vapor from the North Atlantic through Northern 
Europe into Siberia and to the Barents-Kara Sea. It also promotes the 
transport of water vapor from the North Pacific into the Chukchi Sea. 
When the NAO is in an interdecadal positive phase, it suppresses the 
water vapor convergence in the Barents-Kara Sea and enhances the 
water vapor convergence in the southeastern Chukchi Sea, which is 
different from the effect of the AO. Compared with the thermodynamic 
effects, the atmospheric dynamics associated with the NAO also cannot 
be ignored when studying the interdecadal increase in the water vapor 
in the Chukchi Sea. 

3.3.2. Role of the Pacific/North American Pattern in the change in water 
vapor 

Recently, several studies have also reported that the PNA pattern has 
an important effect on climate change in the Arctic. Zhang et al. (2020) 
found that the AO, the NAO, and the PNA have more significant in-
fluences on Arctic sea-ice loss than the El Niño–Southern Oscillation, the 
Pacific decadal oscillation (PDO), and the Atlantic multi-decadal oscil-
lation (AMO). In particular, the positive PNA contributes to the Arctic 
sea-ice loss in the summer. Liu et al. (2021) also stressed that the recent 
persistent positive PNA pattern has led to increased heat and moisture 
fluxes from local processes and from advection from the North Pacific 

into the western Arctic, which enhanced the lower-tropospheric tem-
perature, humidity, and downward longwave radiation in the western 
Arctic, finally accelerating the melting of the sea-ice. 

On the interdecadal time scale, the difference in the PNA index be-
tween 2002–2017 and 1980–2001 is 0.14, which indicates that the 
variation in the PNA has also been in a positive phase in recent decades 
(Fig. 12a). Moreover, the water vapor convergence is strengthened in 
the two regions when the PNA is in the positive phase. In the Barents- 
Kara Sea, the water vapor convergence mainly occurs in the eastern 
and central regions, while significant water vapor convergence almost 
always occurs throughout the Chukchi Sea. It was also found that water 
vapor is transported from the Northeast Atlantic to the Barents-Kara Sea 
region when the PNA is in the positive phase, while the water vapor over 
the Chukchi Sea is mainly transported from the northeastern Pacific. 

4. Discussion and conclusions 

In this study, we analyzed the spatiotemporal characteristics of the 
changes in the 2 m temperature (t2m), the precipitable water (PW), and 
the clear-sky downward longwave radiation (CDLW) over the Arctic in 
autumn. All of these variables exhibit significant interdecadal increase, 
with the turning points from negative anomalies to positive anomalies 
occurring in 2001/02. We further confirmed that the interdecadal var-
iations in the t2m and PW were the dominant characteristics in recent 
decades, and the significant regions exhibiting increase are mainly 
located in the Barents-Kara Sea and the Chukchi Sea in autumn. More-
over, the difference in the atmospheric water vapor flux shows that the 
water vapor over the Barents-Kara Sea is mainly transported from the 
Northern Atlantic, while the water vapor over the Chukchi Sea is 
transported from the Northern Pacific Ocean. 

To further reveal the reason for the increase in the water vapor in the 
Barents-Kara Sea and the Chukchi Sea, the atmospheric moisture budget 
diagnosis equation was used. The diagnosis results show that the 
moisture convergence in the Barents-Kara Sea is mainly affected by the 
water vapor divergence caused by the changes in the mean circulation 
dynamics (δMCD), while both the δMCD and the changes in the local 
specific humidity thermodynamics (δTH) contribute to the moisture 
convergence in the Chukchi Sea. The transient eddy (δTE) has a limited 
impact on the change in the water vapor divergence in these two 
regions. 

By analyzing the changes in the atmospheric circulations associated 
with the AO, NAO, and PNA in recent decades, it is found that the 
positive phase of AO plays the dominant role in the increase in the water 
vapor in the Barents-Kara Sea, but it has a limited effect on the change in 

Fig. 10. The spatiotemporal distribution of the North Atlantic Oscillation (NAO) based on the JRA-55 dataset. (a) The leading mode of the surface pressure in the 
EOF analysis (EOF1), and (b) the first principal component (PC1) of the surface pressure in EOF1 (black solid line: the interdecadal change in the NAO index dealt 
with low-pass filtering). The time period that we focused on was 1980–2017 (green box). (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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the water vapor in the Chukchi Sea. However, the positive phase of NAO 
promotes the increase in the water vapor in the Chukchi Sea but sup-
presses the water vapor convergence in the Barents-Kara Sea. For the 
positive phase of PNA, the associated atmospheric circulation contrib-
utes to the water vapor convergence in both regions. The results also 
show that the effects of the different atmospheric circulations on the 
regional climate change in the Arctic are different. A schematic diagram 
of the results of this study is provided in Fig. 13. 

Numerous previous studies mainly have focused on the response of 
atmospheric circulations (NAO/AO, Ural blocking) to the warming and/ 
or sea ice loss in the Arctic (Screen et al., 2013; Yang et al., 2016; Yao 
et al., 2017; Luo et al., 2017; Simon et al., 2020; Chen et al., 2021). In the 

study, we emphasized the contribution of the atmospheric water vapor 
transported by the horizontal atmospheric circulations to the Arctic 
warming in autumn. Besides, Lei et al. (2019) found that the atmo-
spheric circulation had an impact on the drift trajectories of sea ice in 
Arctic Ocean. Some studies also stressed that the atmospheric circula-
tions associated with Greenland High or Ural blocking contributed to the 
Arctic warming in Winter (Luo et al., 2018; Champagne et al., 2019). 
Therefore, the contribution of the large-scale atmospheric circulation to 
the Arctic warming cannot be ignored. 

In this study, we emphasized the key role of large-scale circulations 
induced internal variability in the Arctic autumn warming. Although the 
large-scale circulations, such as AO/NAO/PNA, have their own temporal 

Fig. 11. (a) The interdecadal NAO index regresses to the 500 hPa geopotential height (units: gpm) during 1980–2017. The dotted area represents the 95% sig-
nificance test. (b) The interdecadal NAO index regresses to the vertically integrated water vapor flux (vector, units: kg ∙ m− 1 ∙ s− 1) and the atmospheric water vapor 
flux divergence (shading, units: 10− 5 kg ∙ m− 2 ∙ s− 1) during 1980–2017. 

Fig. 12. (a) Variation in the PNA index during 1979–2018 (black solid line: the interdecadal variation dealt with low-pass filtering). (b) The interdecadal PNA index 
regresses to the vertically integrated water vapor flux (vector, units: kg ∙ m− 1 ∙ s− 1) and the atmospheric water vapor flux divergence (shading, units: 10− 5 kg ∙ m− 2 ∙ 
s− 1) during 1980–2017. 
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features in phase and magnitude, their combined effects on regional 
climate may result in a decadal change in t2m/moisture between 
1980–2001 and 2002–2017. Besides, the Arctic autumn warming may 
also be affected by some other factors, such as the external forcing. This 
is one of the reasons why the interdecadal changes of AO/NAO/PNA are 
not completely consistent with the interdecadal change in t2m. There-
fore, the contribution of the sea-ice albedo feedback was limited 
compared with other processes (Gao et al., 2019), but some studies have 
also investigated the other roles of sea-ice (external forcing) in autumn 
warming. For instance, Wu and Lee (2012) found that the decrease in the 
Arctic sea-ice extent has led to more evaporation over the open water in 
summer and a subsequent increase in the low clouds, which has 
enhanced the autumnal warming in the Arctic. Cao et al. (2019) stressed 
that the reduction of Arctic sea-ice has enhanced the sea-ice-air in-
teractions in the Arctic atmospheric boundary layer, especially the in-
crease in the sea-air heat flux in autumn. Through numerical 
experiments, Suo et al. (2016) found that the disappearance of the 
autumn Arctic sea-ice can cause significant synchronous near-surface 
warming over regions where sea-ice is removed. 

In future studies, the mechanisms of the dominant factors causing the 
Arctic warming could be explored based on this diagnosis, which can be 
beneficial to resolving the debate as to the importance of the different 
factors to the Arctic warming. 
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