
Trends in Arctic seasonal and extreme precipitation
in recent decades
Lejiang Yu  (  yulejiang@sina.com.cn )

Polar Research Institute of China
Shiyuan Zhong 

Michigan State University

Research Article

Keywords: Arctic extreme precipitation, the Arctic Oscillation (AO), the Arctic Dipole (AD), Self-Organized
Map (SOM)

Posted Date: April 13th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-385100/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Theoretical and Applied Climatology on
July 13th, 2021. See the published version at https://doi.org/10.1007/s00704-021-03717-7.

https://doi.org/10.21203/rs.3.rs-385100/v1
mailto:yulejiang@sina.com.cn
https://doi.org/10.21203/rs.3.rs-385100/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00704-021-03717-7


1 

 

Trends in Arctic seasonal and extreme precipitation in recent decades 

 

Lejiang Yu 

MNR Key Laboratory for Polar Science, Polar Research Institute of China, Shanghai, 
China, 200136 

Southern Marine Science and Engineering Guangdong Laboratory, Zhuhai, China 

 

 

Shiyuan Zhong 

Department of Geography, Environment and Spatial Sciences, Michigan State 
University, East Lansing, MI, USA 

 

 

 

Corresponding Author’s address Dr. Lejiang Yu  

MNR Key Laboratory for Polar Science, Polar Research Institute of China, Shanghai, 

China  

Jinqiao Road 451, 200136, Shanghai, China  

Phone: 0086-020-58712034, email: yulejiang@sina.com.cn 

 

 

 

 

 

  



2 

 

Abstract  

Daily precipitation data from the European Centre for Medium-Range Weather 

Forecasts (ERA-Interim) from 1979 to 2016 are analyzed to determine the trends in 

seasonal and extreme precipitation across the pan-Arctic and estimate the 

contributions to the trends from the dynamic (e.g. changes in circulation patterns) and 

thermodynamic processes (e.g., sea ice melt – water vapor feedback) and their 

interactions. The trends in the seasonal total precipitation are generally consistent with 

the trends in the occurrence of seasonal extreme precipitation. Although the trends 

vary considerably in direction and magnitude across the pan-Arctic and the seasons, 

more regions experience a statistically significant positive trend than negative trend, 

particularly in autumn and winter seasons and over areas of the Arctic Ocean and the 

northern North Atlantic. Statistically significant negative trends are mostly found in 

areas of northern Eurasian and North America. The thermodynamic processes account 

for more than 85% of the total trends, with the rest of the trends explained by the 

dynamic processes (e.g., changes in circulation patterns) and the interaction between 

dynamic and thermodynamic processes.  

Keywords Arctic extreme precipitation; the Arctic Oscillation (AO); the Arctic 

Dipole (AD); Self-Organized Map (SOM) 
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1 Introduction 

Precipitation is a crucial component of the Arctic freshwater budget that 

influences, among other things, North Atlantic deep-water formation and global 

thermohaline circulation (Walsh et al. 1998). Precipitation can modulate the formation 

and maintenance of sea ice by changing stratification of the Arctic Ocean (Barry and 

Serreze 2000). Snow on sea ice, because of its high surface albedo, thermal emissivity 

and thermal insulating properties, also can affect the sea ice - albedo feedback process 

(Screen and Simmonds, 2012) and the seasonal variability of sea ice (Henderson et al., 

2018). Snow over ice sheets can modulate ice sheet mass balance and sea level 

change (Rignot and Thomas 2002). In the past several decades, the Arctic has 

experienced significant warming and sea ice loss (Stroeve et al. 2012). The increase in 

local evaporation associated with sea ice loss in the past two decades has contributed 

to an increase in Arctic sourced moisture at a rate of 18.2±4.6% and 10.8±3.6% per 

100,000 km2 sea ice loss in the Canadian Arctic and Greenland Sea regions, 

respectively (Kopec et al. 2016), and more moisture in the atmosphere has contributed 

to enhanced precipitation and to amplification of water vapor-cloud-radiation 

feedback that has in term reinforced Arctic warming (Cai 2005). Despite the essential 

role precipitation plays in the Arctic environment, questions remain regarding the 

spatiotemporal variability of precipitation and the driving forces behind it, due mostly 

to the relatively large uncertainties in observational data (Behrangi et al. 2012), large 

biases in model simulations at high latitudes (Stephens et al. 2010) and the large 

differences in precipitation magnitudes between various reanalyses datasets in the 
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Arctic (Boisvert et al. 2018; Barrett et al. 2020).  

 A number of studies have examined precipitation in the Arctic region. 

Observations from gauge network (Legates and Willmott 1990; Yang 1999), gridded 

reanalysis products (Serreze and Hurst 2000; Vihma et al. 2016; Boisvert et al. 2018; 

Barrett et al. 2020) and satellite images (Groves and Francis 2002) have portrayed a 

highly heterogeneous annual precipitation pattern over the Arctic, varying between 

minima over the Canadian Archipelago and the Beaufort Sea and maxima in the North 

Atlantic Ocean. Precipitation in the Arctic also displays a strong seasonality that 

varies with region, with winter maximum and summer minimum in the northern 

Atlantic and the opposite in the Arctic land and the central Arctic Ocean (Serreze et al. 

2005; Vihma et al. 2016). There have been trends in the Arctic precipitation, with 

direction and magnitude highly variable depending on time periods, regions and 

seasons (Vihma et al. 2016; McAfee et al. 2013; 2014). Over most of the Arctic land, 

both observations (Hanssen-Bauer and Førland 1998; Berner et al. 2005; Khon et al. 

2007) and climate model simulations (Kattsov and Walsh 2000; Kattsov et al. 2007) 

revealed an increasing trend in precipitation, particularly in winter season, in the later 

part of the 20th century, but an opposite trend was found for the annual snow amount 

and total number of snow days for the 1979-2009 period (Liston and Hiemstra 2011). 

These trends have been attributed to anthropogenic influences (Min et al. 2008) and 

an increase in local moisture source from evaporations of ice-free ocean surfaces as 

well as  moisture transport by atmospheric circulations (Ghatak et al. 2012; Park et 

al. 2013; Kopec et al. 2016). Other factors have also been evoked to explain the 
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increasing precipitation trend in parts of the Arctic. For example, the Arctic 

Amplification and the increase in the Greenland Blocking Index have been linked to 

the increasing mean annual precipitation in southeast Greenland in the 1958-2013 

period (Auger et al. 2017), and the decadal modulation of the El Niño-Southern 

Oscillation (ENSO) has been used to partially explain a decadal-scale variability of 

October-March Arctic precipitation for the 1990-2001 period (Hegyi and Deng 2011). 

However, using precipitation data from several reanalysis products that correlate well 

despite large magnitude differences, Boisvert et al. (2018) and Barrentt et al. (2020) 

did not find an increasing trend in precipitation over the Arctic Ocean for the periods 

of 2000-2016 and 1980-2017, respectively.  

Several studies have also investigated extreme precipitation, its variability and the 

underlying atmospheric conditions in various regions of Arctic including Alaska 

(Kane et al. 2003; Glisan et al. 2016, Glisan and Gutowski Jr 2014a; 2014b), Canada 

(Glisan and Gutowski Jr 2014a; 2014b) and Svalbard Archipelago (Serreze et al. 

2015). These studies underscore the importance of low-level moisture advection and 

its interaction with topography in the occurrence of extreme precipitation events in 

regions of the Arctic.  

Annual precipitation over the Arctic is projected to increase under increasing 

greenhouse gas emissions scenarios (Cassano et al. 2007; Holland et al. 2007; Vavrus 

et al. 2012; Bintanja and Selten 2014; Singh et al. 2017). The increasing Arctic 

precipitation has been linked mainly to strengthening moisture transport into the 

Arctic (Held and Soden 2006; Higgins and Cassano 2009; Skific et al. 2009a; 2009b; 
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Hwang and Frierson 2010; Bengtsson et al. 2011; Zhang et al. 2013), intensification 

of local surface evaporation (Bintanja and Selten 2014) and a combination of both 

factors (Singh et al. 2017). The magnitude of increasing Arctic precipitation is 

constrained by the balance between dry static energy and latent heating (Vihma et al. 

2016; Anderson et al. 2018). Extreme precipitation in the Arctic is expected to 

increase under global warming (Meehl et al. 2005; Khon et al. 2007). Particularly, a 

mid-century increase in the frequency and intensity of extreme precipitation, 

especially in the winter season, is projected for East Siberia, the Barents Sea (Saha et 

al. 2006) and the Norwegian west coast (Heikkilä and Sorteberg 2012).  

Mean and extreme precipitation has been changing over both Arctic land and 

ocean and the nature and magnitudes of the changes are region- and season-dependent 

(McAfee et al. 2014). Although previous studies have linked several atmospheric and 

oceanic processes to the changing Arctic precipitation, more investigations are 

necessary to help identify the drivers for and estimate their relative contributions to 

the changes in Arctic precipitation. . In this study, we first analyze daily precipitation 

data from a global reanalysis for a 38-year (1979-2016) period to further characterize 

the spatial patterns of Arctic seasonal total and extreme precipitation and their trends. 

We then apply the Self-Organizing Map (SOM) method (Kohonen 2001) to explain 

the trends by means of dynamic and thermodynamic contributions and the 

contribution from their interactions. 

2 Dataset and methods 

The domain of the study is the region north of 60oN, or the pan-Arctic, and across 
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the region there has been significant warming in recent decades. The study utilizes 

daily precipitation and 500 hPa geopotential height data from the European Centre for 

Medium-Range Weather Forecasts (ECMWF) Interim reanalysis (ERA-Interim, Dee 

et al. 2011). ERA-Interim precipitation data have shown reasonable agreement with 

the observed magnitudes and temporal variations of precipitation over the Arctic 

Ocean (Boisvert et al. 2018), its surrounding continents (Lindsay et al. 2014; Lader et 

al. 2016), and the whole pan-Arctic region (Behrangi et al. 2016). Both data are on a 

latitude and longitude grid with half-degree grid spacing for the daily precipitation 

data and one-degree for the 500 hPa geopotential height data. In addition to daily 

precipitation, we also examine extreme precipitation defined as when the daily 

amount exceeds η percentile of all daily precipitation data in the 1979-2016 period, 

where η is chosen to be 90 and 95. Since the results for extreme precipitation are quite 

similar between η = 90 or η = 95, we will only present the results for extreme 

precipitation defined using η = 95.  

 We employ the SOM method to cluster the atmospheric circulation patterns 

represented by the 500-hPa geopotential height anomalies. SOM utilizes a neural 

network algorithm with unsupervised learning to transform a multi-dimensional 

dataset into a lower, usually two-dimensional array (Kohonen 2001). Each node in the 

array has a vector that displays a spatial pattern of the multi-dimensional data. A 

Sammon map (Sammon 1969) is applied to represent local relationships between the 

nodes in the array. The distance between the nodes indicates the similarity between 

the spatial patterns of the nodes. An advantage of SOM compared to the more 
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traditional dimension-reduction methods, such as Empirical Orthogonal Function 

(EOF), is that SOM does not require orthogonality of any two nodes (Reusch et al. 

2005). The SOM technique has been utilized in a number of previous studies on 

Arctic precipitation and atmospheric moisture transport into the Arctic (Cassano et al. 

2007; Schuenemann et al. 2009; Skific et al. 2009a; 2009b; Heikkilä and Sorteberg 

2012; Glisan et al. 2016; Mioduszewski et al. 2016). Here, we apply the SOM method 

to identify the spatial patterns of daily 500-hPa geopotential height anomalies relative 

to the climatological height values in the region north of 60°N for each season. Before 

SOM analyses we need to determine the number of SOM nodes. The rule for 

choosing the number of SOM nodes is that the number both captures the 

representative spatial patterns and avoids overly similar patterns with the difference of 

unnecessary details between the patterns (Lee and Feldstein 2013; Gibson et al. 2017). 

To determine the number, we computed spatial correlations between the daily 500-hPa 

geopotential height anomalies and the best matching SOM pattern. The averaged 

spatial correlations for all daily data across all SOM nodes at different grids are 

shown in Table 1. The averaged correlation gradually increases from 0.29 for grid 3×

1 to 0.46 for grid 3×3, dropping back to 0.43 for grid 5×2 before becoming steady 

with only slight variations among  grids 4×3, 5×3 and 4×4. Thus a 4×3 SOM grid 

seems to satisfy the aforementioned rule and is utilized for the analysis. 

To assess the driving force behind the trends in the seasonal and extreme 

precipitation data, we adopt the method of Cassano et al. (2007) and calculate the 

dynamic and thermodynamic contributions to the trends using the following 
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equations:  
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where if is the frequency of occurrences of the SOM node i, iE is Arctic precipitation 

corresponding to the SOM node i and K is the total number of SOM nodes ( )12=K . 

iE , if and iE  , if   represent the 38-year average and deviation from the average (also 

known as anomaly), respectively. Equation (1) indicates that the total seasonal (or 

extreme) Arctic precipitation (E ) is the summation of the product of the seasonal (or 

extreme) precipitation corresponding to each SOM node and the frequency of 

occurrence of the SOM node over all 12 nodes. Note here each SOM node represents 

an atmospheric circulation pattern characterized by the 500-hPa geopotential height 

anomalies. Equation (2) indicates that the total trend in the seasonal (or extreme) 

Arctic precipitation (left-hand side) can be divided into three components (right-hand 

side): the thermodynamic component (first term), dynamic component (second term) 

and their interaction (third term) summed over all SOM nodes. The thermodynamic 

component for each SOM node is calculated by the product of the frequencies of 

occurrence of the SOM node i averaged over the 38 years ( if ) and the trend in Arctic 

precipitation anomalies related to this SOM node (
dt

dEi ' ). A physical explanation of 

the thermodynamic contribution is the changes in precipitation when large-scale 

circulation pattern (represented here by the 500-hPa geopotential height field) remain 

unchanged. An example may be changes in precipitation resulting from changes in 
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local surface heating and evapotranspiration. The dynamic component for each SOM 

node is obtained by the product of the average Arctic precipitation per SOM node i 

occurrence ( iE ) and the trend in the anomalous frequency of occurrence of SOM 

node i (
dt

df i ' ). The dynamic contribution can be understood as changes in the 

frequency of occurrence of atmospheric circulation patterns while holding 

precipitation pattern steady. An example is changes in the frequency, position and 

intensity of precipitation-producing low pressure systems. In nature, the 

thermodynamic and dynamic components cannot be completely separated. For 

example, atmospheric circulations are modified by pressure gradient resulting from 

thermodynamic energy exchange between the earth and the atmosphere, while 

atmospheric circulations provide the background environment in which 

thermodynamic processes take place. The interaction between dynamic and 

thermodynamic components are defined here by the trend (
dt

d ) in the product of the 

anomalous frequency of occurrence of SOM node i ( if  ) and the Arctic precipitation 

anomaly per SOM node occurrence ( iE  ). An example of the interaction is changes in 

the occurrences of atmospheric circulation patterns induced by Arctic amplification. 

 

3 Results 

3.1 Climatology and trends of seasonal precipitation 

Seasonal total precipitation averaged over the 38 years (Figure 1) varies spatially 

across the Arctic and the spatial patterns appear to be similar for most of the year 

except for summer. In general, higher precipitation tends to occur over northern 
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Atlantic Ocean, the western coasts of northern Europe, and a small area in southern 

Alaska where snow/ice cover is low. This spatial distribution of precipitation is in line 

with the pattern of climatological moisture convergence (Skific et al. 2009b). In 

summer, larger precipitation shifts to regions inland, particularly in Alaska and eastern 

Siberia, where strong baroclinicity related to larger land-ocean temperature contrasts 

helps facilitate cyclogenesis producing more precipitation. The steep coastal 

orography also helps enhance precipitation (Serreze and Barry 2005). These results 

are similar to Vihma et al. (2016). 

 Nearly identical spatial patterns are also observed for extreme precipitation (not 

shown), as reflected by high spatial correlation coefficients of 0.95, 0.96 and 0.97 for 

spring, autumn and winter and 0.87 for summer between the extreme precipitation and 

the total precipitation. The portion of the total precipitation accounted for by extreme 

events varies across the pan-Arctic (Figure 2), where larger ratios occur over northern 

Canada due to strong baroclinicity between land and ocean, and the northeastern coast 

of Greenland due to interactions between cyclones and topography (Schuenemann et 

al. 2009; Hakuba et al. 2012).  

The exact percentages between the extreme precipitation and the total 

precipitation depend on season. High percentages are found in northeastern Greenland, 

with ratios ranging from 65.6% in winter to 73.7% in summer. High ratios exceeding 

50% also occur over northwestern Eurasia. These high ratios suggest that precipitation 

in these regions is dominated by extreme events. Smaller fraction of extreme 

precipitation is found in northern Atlantic Ocean and the Barents Sea during 
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non-summer seasons (20.4% in winter) and over Alaska in summer (19.8%). The 

spatial distribution of the ratios of the extreme precipitation to the total precipitation 

(Figure 2) appears to be inversely correlated to the spatial pattern of the total 

precipitation (Figure 1), especially in winter when the spatial correlation coefficient is 

-0.57. The negative correlation indicates that areas with more precipitation tend to 

have a more even distribution of daily precipitation in a season. 

The trends in the Arctic seasonal precipitation also display considerable spatial 

variability (Figure 3). In spring and summer, negative trends mainly occur over 

Alaska, eastern Siberia, Greenland and a small patch of northern Atlantic Ocean. 

These negative trends appear to retreat in autumn and winter to the southern parts of 

Northern Europe and the Bering Sea and the southern parts of the Barents Sea and 

Siberia. Autumn has the most extensive distribution of positive trends, encompassing 

most of the Arctic Ocean and northern Canada as well as eastern Siberia. In winter, 

positive trends occur over the Atlantic sector of the Arctic Ocean, Northern Europe, 

and some islands of northern Canada. Northern Europe also has positive trend in 

spring and summer, in addition to positive trends in the ocean north of Novaya 

Zemlya for spring and western Siberia for summer. Similar spatial patterns are found 

for the extreme precipitation (not shown), with spatial correlation coefficients 

between trends in extreme precipitation and in the total precipitation ranging from 

0.77 in winter to 0.88 in summer.  

The spatial patterns of the trends in the ratios of the extreme precipitation to the 

total precipitation (Figure 4) are somewhat similar to the patterns of the trends in the 



13 

 

total seasonal precipitation in Figure 3, with spatial correlation coefficients ranging 

from 0.31 in winter to 0.50 in summer. The trends in the ratio also positively 

correlated with the trends in the extreme precipitation days (Figure 5), indicating that 

an increase (decrease) in the contribution of extreme precipitation to the total 

precipitation is largely due to an increase (decrease) in the number of extreme events, 

as compared to an increase in the intensity. Overall, the number of extreme 

precipitation days has been on a significant increasing trend across the Arctic Ocean 

during non-summer seasons, particularly in autumn. The potential drivers for this 

trend and the trend in the total seasonal precipitation are the focus of the next section.  

 

3.2 Physical drivers for the trends 

Following Cassano et al. (2007), the SOM method is utilized to investigate the 

potential drivers for trends in seasonal and extreme Arctic precipitation. Specifically, 

a 4×3 SOM grid is first applied to the 500-hPa geopotential height anomalies to 

identify the main variability modes of atmospheric circulation for each season 

(Figures 6-9). The spatial patterns depicted by the 12 SOM nodes resemble Arctic 

Oscillation (AO) (Wallace and Gutzler 1981; Barnston and Livezey 1987) and Arctic 

Dipole (AD) (Wang et al. 2009) modes and their transition states. Specifically, nodes 

5 and 8 have mirror-imaging spatial patterns that are similar to the negative- and 

positive-phase AO index, respectively. In contrast to nodes 5 and 8 showing 

anomalous high or low geopotential heights centered over the Arctic, nodes 4 and 9 

for autumn and nodes 1 and 12 for other seasons have the anomalous high or low 
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centered over the eastern Arctic Ocean. Nodes 3 and 10 have a spatial pattern similar 

to the positive- and negative-phases AD index, respectively. Patterns depicted by 

other nodes reflect a transition state between the AO and AD indices. For example, 

nodes 1 and 12 for autumn and nodes 4 and 9 for other seasons show an asymmetrical 

AD feature with large magnitude of height anomalies over western Arctic. 

Each SOM node best represents the pattern of the 500-hPa height anomalies on 

some of the days during the study period and the percentage varies among the nodes, 

with higher percentages (> 10%) for nodes 1, 4, 9, and 12, and lower percentages (< 

5%) for nodes 6 and 7 (Table 2). The most frequent pattern in autumn is node 1, 

depicting an asymmetrical AD structure where positive height anomalies prevail over 

most the Arctic Ocean. The most frequent pattern in the other seasons is node 12, with 

a spatial pattern resembling positive phase AO. The percentages are positively 

correlated with the magnitudes of anomalies. 

 Except for autumn, the frequency of occurrence of some SOM nodes appears to 

have a linear trend over the 38-year study period, although not all trends are 

significant at the 95% confidence level (Table 3). The frequency of occurrence 

exhibits an increasing trend for node 9 for spring and node 10 for summer, and a 

decreasing trend for node 3 in summer, which together suggesting a tendency of 

enhanced anticyclonic circulation over most of the Arctic Ocean, especially over 

western Arctic. This tendency is in agreement with the result of Ding et al. (2017). In 

winter, there is a significant negative trend in the frequency of occurrence for node 4 

and 8, and a positive trend for node 1 (Table 3), which together suggests an overall 
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positive trend in the 500-hPa geopotential height across the Arctic. 

 The typical pattern of the anomalous daily precipitation corresponding to each of 

the 12 SOM nodes can be obtained by compositing anomalous daily precipitation 

patterns over all the days when the 500-hPa height anomaly patterns are best matched 

by the SOM node. Evidently, as shown for the spring season (Figure 10), the spatial 

distribution of the anomalous precipitation is consistent with the pattern of anomalous 

atmospheric circulation and the influence of circulation on precipitation. Take nodes 3 

and 4 as an example, the strong negative (positive) height anomalies over western 

(eastern) Arctic (Figure 6) implies a transport of moist and warm air into the northern 

Atlantic and the central Arctic by anomalous southerly-southwesterly winds, 

enhancing precipitation in these regions (Figure 10), and an anomalous dry and cold 

air flow into the Eurasian continent, reducing precipitation there (Figure 10). 

Likewise, anomalous southeasterly winds on the southern side of the anomalous high 

enhance precipitation over eastern Greenland for node 1, and northern Atlantic Ocean 

and northern Europe for node 2. Similar explanations can be invoked to explain the 

patterns in nodes 9-12. For nodes 4 and 8, the anomalous low (high) across the Arctic 

Ocean usually corresponds to more (less) precipitation over the Arctic. The composite 

maps for the number of days of extreme precipitation have similar spatial patterns to 

those of daily precipitation composites (Not shown). 

 We also examine relationships between anomalous circulation and precipitation 

patterns for autumn and winter when the largest increases in precipitation occurs 

(Figure 3 and 4). For the two seasons, precipitation anomalies with larger magnitude 
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occur over the Atlantic sector of the Arctic Ocean and its peripheral land (Figures 11 

and 12). The variability is out-of-phase between the western Nordic Sea, eastern 

Greenland Island and the eastern Nordic Sea, western Norway for some nodes and 

seasons, such as Nodes 4, 8, 9, 10 in autumn and 1, 3, 4, 12 in winter, due possibly to 

the large cyclone and anticyclone over the eastern Arctic Ocean. The anomalous 

southeasterly (northwesterly) winds over the Nordic Sea produce more (less) 

precipitation over western Nordic Sea and eastern Greenland Island and less (more) 

precipitation over eastern Nordic Sea and western Norway. The mechanism for the 

uniform anomalies over the Nordic Sea is similar to that in spring.  

 As shown in Eq. (2), the total trend in the seasonal or extreme precipitation can 

be divided into thermodynamic and dynamic components and their interactions. But 

before assessing the relative contribution of each component to the total trend, it is 

useful to first examine the average trends in the precipitation patterns associated with 

the atmospheric circulation pattern depicted by each of the 12 SOM nodes (Figure 13). 

The averaging is calculated over those grid points where trends are significant at 95% 

confidence level in Figures 3 and 5. Trends in both the seasonal total precipitation and 

in the number of days of extreme precipitation associated with different circulation 

patterns vary in sign and magnitudes. For both trends, summer season is dominated by 

negative values while the other seasons by positive values. For non-summer seasons, 

the largest negative trend is consistently with node 4 (Figure 13). The 500 hPa height 

pattern in node 4 is an anomalous low (high) over the western (eastern) Arctic, which 

induces southerly anomalous winds that transport warm moist air from the south into 
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the Arctic and produce more precipitation (Figure 6-9). However, a sharp decreasing 

trend in the frequency of occurrence of node 4 (Table 3) explains its large contribution 

to the negative trend in precipitation. Not surprisingly, a decomposition of node 4 

trend indicates that the negative trend in node 4 is overwhelmingly dominated by the 

dynamic component at Tables 4-7, where dynamic component explains most of the 

negative trend.  

More nodes have positive trends in the non-summer seasons and node 1 and 9 are 

further examined for their larger trends (Figure 13). Node 9, which is the largest in 

spring and the second largest in autumn, has comparable dynamic and thermodynamic 

components in spring (Table 4), but larger thermodynamic component in autumn 

(Table 6). Node 1, which dominates the positive trend in winter, has dynamic 

component exceeding thermodynamic component (Table 7). The significant positive 

trend in the occurrence of node 1 (Table 3) is favorable for more moist and warm air 

being transported into the central Arctic Ocean through the southerly anomalous 

winds induced by the anomalous high over the Arctic Ocean (Figure 9), leading to 

more precipitation occurrences there (Figure 10). The contribution from the 

interaction component is much smaller. 

In contrast, summer-season trends vary considerably in sign and magnitude 

among the nodes (Figure 13). The largest positive trend is with node 9 and the largest 

negative is with node 3 (Table 5). For both nodes, the trends are dominated by the 

dynamic component (Table 5). The anomalous high in node 9 (Figure 7) advects cold 

and dry air from the central Arctic into Greenland, northern Atlantic Ocean and 
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Alaska, decreasing summertime precipitation in these regions (Figure 13). The 

increasing occurrences of node 9 (Table 3) contribute to the negative trend in seasonal 

precipitation and occurrences of extreme precipitation in summer. The opposite 

occurs for node 3, for which the anomalous low corresponds to the positive 

precipitation anomalies and the decreasing occurrences of node 3 (Table 3) contribute 

to the negative precipitation trend (Table 5).  

 It is interesting to note that the dynamic component can be the dominant 

component for some nodes (e.g. nodes 4 and 9), but the contributions from dynamic 

components to the trends are positive for nearly half of the nodes and negative for the 

other half. When summed over all the nodes, the dynamic contribution to the total 

trend is therefore small  compared to the thermodynamic components that are 

predominantly positive (Tables 3-6). As seen by the percentages of the grid-averaged 

total trends explained by the three components (Figure 14), the thermodynamic 

component dominates the total trends in the seasonal precipitation and in the number 

of days of extreme precipitation occurrences in all four seasons. The total percentages 

explained by the dynamic and interactive components are comparable and the sign of 

the trend varies with season.  

There are considerable spatial variations in the contributions from the dynamic, 

thermodynamic and interaction components to the total trends in the seasonal 

precipitation (Figure 15) and the number of days of extreme precipitation events 

(Figures 116). The thermodynamic components are larger in magnitude, both positive 

and negative, across the domain. It is mostly positive over the Arctic Ocean except for 
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summer when negative trends also occur in areas of Arctic Ocean. The reason for the 

negative trends in summer may be that the surface is not coupled to the atmosphere in 

summer like it is in other seasons (Deser et al., 2015). For dynamic components, large 

positive trends occur over eastern Greenland in autumn and winter and over the Kara 

and Laptev Seas in summer. The former is related to the negative phase of the AD and 

the latter is associated with the positive phase of the AO. 

 For the interaction component, which shows a larger spatial variation than that 

of the dynamic component, the negative trends over the central Arctic Ocean and 

positive trends over the Pacific sector of the Arctic in spring and winter tend to offset 

the effects of thermodynamic components. The negative trends over central Russia 

and northeastern Canada in autumn offset the positive trends related to the 

thermodynamic components. The opposite trends occur over North Europe and 

northeastern Canada in summer.  

Recently, Arctic surface temperature has been increasing nearly twice as fast as 

the global average (Serreze and Barry 2011). This increase in surface air temperature 

allows for more local evaporation from ice-free ocean and land surfaces and therefore 

more water vapor amount in the atmosphere. An examination of the trend in the total 

column water vapor for each season (Figure 17) reveals a significant increasing trend 

that is, in general, consistent with that of seasonal precipitation (Figure 3). Our results 

agree with the study of Boisvert and Stroeve (2015) that showed a warmer and wetter 

Arctic in recent decades. There exist, however, some inconsistency in some regions, 

such as eastern Greenland in summer. The inconsistency may be related to water 



20 

 

transport induced by water vapor gradient under certain atmospheric circulations. 

There are two mechanisms for the Arctic water vapor content changes: local increase 

in water vapor due to evaporations from warm ocean surfaces and poleward moisture 

transport from lower latitudes (Fearon et al., 2020). We calculated the trends in 

surface evaporation (Figure S1, Supplemental Materials). Positive trends occur only 

in summer over areas of the Arctic Ocean , which is consistent with the trends of 

water vapor content (Figure 17b). In autumn and winter, most of the Nordic Sea 

shows a positive trend, which explains a part of increasing water vapor content there. 

The increased evaporation over the Nordic Sea contributes not only to precipitation 

increase locally in the region,  but also to remote precipitation increase over the 

central Arctic Ocean due to moisture transport by anomalous southerly winds. The 

inconsistence of spatial patterns between the trends in water vapor content and surface 

evaporation indicates the important role of moisture transport (Rinke et al., 2019). 

Cyclone activity explains most of moisture transport into the Arctic (Fearon et al., 

2020). There is an increasing trend in frequency and intensity of cyclones in the 

Atlantic sector of the Arctic, which is related to more precipitation there (Stroeve et 

al., 2011). The increasing frequency of cyclones occurred over most of the central 

Arctic Ocean and toward the Pacific in winter and the region from the Laptev Sea 

toward Greenland and the Canadian archipelago in summer (Zahn et al., 2018). 

Cyclone activity index, which measures the intensity and the number and duration of 

cyclone activity, also shows a positive trend (Villamil-Otero et al., 2018). It appears 

that both the local surface evaporation associated with sea ice loss and the transport of 
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moisture into the Arctic from lower latitudes related to cyclone activity may 

contribute to the changes of water vapor content and precipitation in the Arctic and 

that the  latter has a larger contribution.  

 

4 Conclusions and discussions 

In this study, daily precipitation data from 1979 through 2016 are utilized to 

examine Arctic precipitation, focusing on the trends in the seasonal precipitation and 

the number of days of extreme precipitation defined as daily precipitation amount 

exceeding the 95th percentile of the daily precipitation in a season over the study 

period. The forcing for the trends are examined by apportioning the trends to dynamic 

and thermodynamic components and their interactions, with dynamic component 

represented by changes in atmospheric circulation patterns identified using the SOM 

method and the 500-hPa geopoetntial height fields.  

The contributions of extreme precipitation to the seasonal total precipitation vary 

across the Arctic, with larger contributions in northeastern Greenland and northeastern 

Canada and smaller contributions over Alaska in summer and the northern Atlantic 

Ocean and Barents Sea in other seasons. Trends are heterogeneous across the domain 

with season-dependent spatial patterns that are consistent between seasonal total and 

extreme precipitation. Trends over the Arctic Ocean are generally positive in autumn, 

transitioning to generally negative in summer. In winter and spring, positive (negative) 

trends occur mainly over the central Arctic Ocean (northern Eurasian continent) and 

the Atlantic sector of the Arctic (northern North America), respectively.  
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 The variability of daily Arctic atmospheric circulation patterns represented by the 

anomalous 500 hPa geopotential heights north of 60°N and depicted by the 12 SOM 

nodes is characterized mainly the AD and AO modes, and the trends of the variability 

are explained by an increase (decrease) in the frequency of occurrence of the negative 

(positive) phase of the AD and AO. Together, it suggests that there is an increasing 

trend in geopotential heights across the Arctic, especially over the western Arctic.  

 During the non-summer seasons, most of the circulation patterns represented by 

the SOM nodes show a positive trend; the opposite occurs in summer. For the 

dominant nodes, the contributions to the trends in the seasonal total precipitation and 

the number of days of extreme precipitation are comparable from the thermodynamic 

and dynamic components, and they are larger than the interaction component. The 

dynamic contributions to the trends, which represent changes in the frequency of 

occurrence of circulation patterns, tend to be positive from nearly half of the nodes or 

patterns, but negative for the other half, and as a result, they collectively account for 

only a small portion of the total trends. The thermodynamic contributions, which are 

predominantly positive among the 12 nodes, explain for more than 85% of the total 

trends. The thermodynamic contributions can be linked to the increasing column 

water vapor in some regions, while in other regions the changes in total column water 

vapor gradient may play an import role. The contribution from the interaction 

component to the total trend is comparable to that of dynamic component. 

 Previous studies have also found positive trends in annual mean precipitation at 

northern high latitudes (Bengtsson et al. 2011; Trenberth 2011). These studies have 
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suggested that the increasing annual mean precipitation results mainly from the 

positive trend in winter and that the change depends on periods of study, the regions 

of the study and the seasons (Min et al. 2008; Vihma et al. 2016). Our results suggest 

that averaging across the entire pan-Arctic, the increasing trend in seasonal (and 

extreme) precipitation is larger in autumn than winter, and that the average trend is 

negative in summer.  

 This study links the increasing Arctic precipitation to the thermodynamic 

contribution related to increasing column water vapor due to Arctic warming, which is 

consistent with the effect of the increasing anthropogenic forcing (Min et al. 2008; 

Bengtsson et al. 2011; Lique et al. 2016). The thermodynamic component also 

includes increasing poleward moisture transport due to changes of water vapor 

gradient (Zhang et al. 2013). Although the dynamic component explains less than 30% 

of the total trends over the study period, for certain nodes, dynamic contributions 

related to changes in the frequency of circulation patterns, are comparable to 

thermodynamic contributions. The change of the frequencies leads to anomalous 

positive height across the pan-Arctic, especially over the western pan-Arctic, which is 

in line with the strengthened Beaufort High (Wu et al. 2014). The interaction of 

thermodynamic and dynamic components represents the effect of anthropogenic 

forcing on the frequency of occurrences of atmospheric circulations such as AO 

(Zhang et al. 2013), though more about the interaction process needs to be understood 

(Vihma et al. 2016).  
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TABLE 1. Spatial correlations (Cors) between the monthly year-round Arctic sea ice 

concentration and the corresponding SOM pattern for each month from 1979 to 2018. 

 3×1 2×2 3×2 4×2 3×3 5×2 4×3 5×3 4×4 

Cor 0.29 0.36 0.43 0.42 0.46 0.43 0.47 0.47 0.48 
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Table 2. Percentage of days represented by each SOM node (or frequency of 
occurrence of each SOM node) for each season (%) 
 

 MAM JJA SON DJF 

Node 1 12.8 9.4 13.2 11.3 

Node 2 6.1 5.3 6.2 5.7 

Node 3 9.6 10.3 9.8 9.2 

Node 4 10.7 10.0 11.1 10.0 

Node 5 7.1 7.8 5.5 6.7 

Node 6 4.0 3.5 4.3 4.0 

Node 7 4.5 3.8 4.3 4.4 

Node 8 6.7 7.6 7.9 7.5 

Node 9 10.5 13.0 11.3 12.2 

Node 10 9.4 8.5 9.8 8.7 

Node 11 5.8 5.6 5.9 6.9 

Node 12 12.9 15.3 10.8 13.5 
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Table 3. Trends in the time coefficients of each SOM node for each season (yr-1). 
Asterisks indicate the above 95% confidence level. 
 

 MAM JJA SON DJF 

Node 1 0.0019 -0.0813 -0.0665 0.2988* 

Node 2 -0.0637 -0.0252 0.0644 0.1024 

Node 3 0.0073 -0.2239* -0.0223 0.1151 

Node 4 -0.1518 -0.1343 -0.1513 -0.1587* 

Node 5 0.0415 0.1563 0.0548 0.0460 

Node 6 -0.0347 0.0396 0.0152 0.0311 

Node 7 -0.0641 -0.0375 -0.0057 0.0207 

Node 8 -0.0234 -0.0698 -0.1241 -0.1447*  

Node 9 0.2208* 0.3205* 0.0875 0.0152 

Node 10 0.0641 0.1521* 0.1540 -0.1114 

Node 11 0.0433 0.0897 0.1047 -0.0298 

Node 12 0.0413 -0.1862 -0.1107 -0.1848 
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Table 4. Trends in the grid-averaged seasonal precipitation (P) (units: mm yr-1) and 
the number of days of extreme precipitation using the 95% percentile thresholds (E 
95%) (day yr-1) related to dynamic, thermodynamic and interaction components in 
spring. The grids chosen are those with significant trends. 
Node Dynamic Thermodynamic Interaction 

P E 95% P E 95% P E 95% 

1 0.0001 0.0001 -0.0002 0.0025 -0.0002 -0.0004 

2 -0.0052 -0.0025 0.0025 0.0016 -0.0012 -0.0000 

3 0.0007 0.0005 0.0042 0.0104 -0.0002 -0.0007 

4 -0.0167 -0.0126 0.0038 0.0103 -0.0001 -0.0024 

5 0.0030 0.0013 0.0003 0.0005 0.0003 -0.0003 

6 -0.0023 -0.0010 0.0005 0.0015 0.0007 0.0005 

7 -0.0055 -0.0027 0.0013 0.0027 0.0009 0.0011 

8 -0.0022 -0.0014 0.0010 0.0067 0.0031 -0.0010 

9 0.0156 0.0070 0.0108 0.0077 -0.0041 -0.0014 

10 0.0060 0.0033 -0.0022 -0.0025 0.0024 0.0008 

11 0.0036 0.0019 0.0037 0.0038 -0.0008 0.0010 

12 -0.0039 -0.0027 0.0124 0.0166 -0.0070 -0.0058 

Total -0.0068 -0.0088 0.0381 0.0618 -0.0062 0.0086 
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Table 5. Trends in grid-averaged seasonal precipitation (P) (units: mm yr-1) and the 
number of days of extreme precipitation using the 95% percentile thresholds (E 95%) 
(day yr-1) related to dynamic, thermodynamic and interaction components in summer. 
The grids chosen are those with significant trends. 
Node Dynamic Thermodynamic Interaction 

P E 95% P E 95% P E 95% 

1 -0.0166 -0.0038 -0.0014 0.0003 -0.0048 -0.0034 

2 -0.0049 -0.0012 -0.0038 -0.0003 -0.0008 -0.0004 

3 -0.0445 -0.0109 -0.0017 0.0004 -0.0025 -0.0015 

4 -0.0255 -0.0061 -0.0094 -0.0029 0.0031 0.0012 

5 0.0279 0.0064 0.0052 0.0025 -0.0037 -0.0014 

6 0.0078 0.0019 -0.0041 -0.0019 -0.0004 0.0005 

7 -0.0061 -0.0013 -0.0066 -0.0021 0.0042 0.0008 

8 -0.0142 -0.0033 0.0003 -0.0004 -0.0009 0.0003 

9 0.0557 0.0146 0.0045 -0.0035 0.0023 -0.0003 

10 0.0303 0.0085 -0.0046 -0.0029 0.0050 0.0012 

11 0.0184 0.0050 -0.0003 -0.0011 0.0000 -0.0000 

12 -0.0386 -0.0108 -0.0111 -0.0058 0.0075 0.0047 

Total -0.0103 -0.0010 -0.0330 -0.0177 0.0090 0.0017 
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Table 6. Trends in grid-averaged seasonal precipitation (P) (units: mm yr-1) and the 
number of days of extreme precipitation using the 95% percentile thresholds (E 95%) 
(day yr-1) related to dynamic, thermodynamic and interaction components in autumn. 
The grids chosen are those with significant trends. 
 Dynamic Thermodynamic Interaction 

P E 95% P E 95% P E 95% 

1 -0.0055 -0.0025 0.0140 0.0079 -0.0051 -0.0016 

2 0.0058 0.0024 0.0035 0.0041 0.0007 -0.0002 

3 -0.0022 -0.0010 0.0128 0.0078 -0.0023 -0.0002 

4 -0.0160 -0.0072 -0.0006 -0.0009 0.0013 -0.0000 

5 0.0046 0.0021 0.0043 0.0030 -0.0005 0.0000 

6 0.0014 0.0006 0.0036 0.0036 0.0023 0.0003 

7 -0.0006 -0.0003 0.0040 0.0039 0.0023 0.0014 

8 -0.0141 -0.0066 0.0025 0.0052 0.0026 0.0009 

9 0.0087 0.0045 0.0134 0.0093 0.0018 0.0045 

10 0.0176 0.0093 0.0062 0.0083 0.0029 0.0006 

11 0.0117 0.0061 0.0073 0.0081 -0.0011 -0.0011 

12 -0.0126 -0.0064 0.0025 0.0041 0.0039 0.0024 

Total -0.0012 0.0010 0.0735 0.0644 0.0088 0.0070 
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Table 7. Trends in grid-averaged seasonal precipitation (P) (units: mm yr-1) and the 
number of days of extreme precipitation using the 95% percentile thresholds (E 95%) 
(day yr-1) related to dynamic, thermodynamic and interaction components in winter. 
The grids chosen are those with significant trends. 
 Dynamic Thermodynamic Interaction 

P E 95% P E 95% P E 95% 

1 0.0209 0.0172 0.0144 0.0156 -0.0005 -0.0012 

2 0.0066 0.0046 0.0073 0.0061 -0.0004 0.0010 

3 0.0094 0.0082 0.0008 0.0013 0.0017 -0.0006 

4 -0.0138 -0.0121 0.0043 0.0093 -0.0013 -0.0022 

5 0.0022 0.0015 0.0011 0.0020 0.0013 0.0010 

6 0.0016 0.0010 0.0007 -0.0001 0.0029 0.0034 

7 0.0012 0.0009 0.0034 0.0049 0.0004 -0.0012 

8 -0.0097 -0.0063 0.0030 0.0029 0.0003 0.0014 

9 0.0008 0.0006 0.0100 0.0136 -0.0028 -0.0055 

10 -0.0063 -0.0043 0.0021 0.0030 0.0029 0.0017 

11 -0.0017 -0.0011 0.0041 0.0038 -0.0022 -0.0017 

12 -0.0104 -0.0064 0.0031 -0.0003 0.0003 -0.0010 

Total 0.0008 0.0621 0.0513 0.0621 0.0026 -0.0049 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



42 

 

Figure captions 

Figure 1 Climatology of seasonal total precipitation (units: mm) for spring 

(March-may) (a), summer (June-August) (b), autumn (September-November) (c), and 

winter (December-February) (d) for the 1979-2016 period.  

Figure 2 Ratios of the seasonal extreme precipitation amount to the seasonal total 

precipitation amount for spring (a), summer (b), autumn (c), and winter (d) for the 

1979-2016 period. 

Figure 3 Trends in seasonal total precipitation (units: mm yr-1) for spring (a), summer 

(b), autumn (c), and winter (d) for the 1979-2016 period. Dotted regions indicate the 

above 95% confidence level. 

Figure 4 The same as Figure 3, but for ratios of the seasonal extreme precipitation 

amount to the seasonal total precipitation amount (units: yr-1) 

Figure 5 The same as Figure 3, but for the number of days (units: day yr-1) of the 

seasonal extreme precipitation occurrences. 

Figure 6. The spring 500-hPa geopotential height (gpm) anomaly patterns on the 4×3 

SOM nodes. 

Figure 7. The summer 500-hPa geopotential height (gpm) anomaly patterns on the 

4×3 SOM nodes.  

Figure 8. The autumn 500-hPa geopotential height (gpm) anomaly patterns on the 4×3 

SOM nodes. 

Figure 9. The winter 500-hPa geopotential height (gpm) anomaly patterns on the 4×3 

SOM nodes. 
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Figure 10. Spring daily precipitation anomaly (mm day-1) associated with the 4×3 

SOM nodes.  

Figure 11. Autumn daily precipitation anomaly (mm day-1) associated with the 4×3 

SOM nodes. 

Figure 12. Winter daily precipitation anomaly (mm day-1) associated with the 4×3 

SOM nodes. 

Figure 13. Trends in seasonal precipitation (upper panel) and in the number of days of 

extreme precipitation (lower panel) averaged over all grid points in a node where 

trends are significant. 

Figure 14. Percentages of trends in seasonal total precipitation amount (upper) and the 

number of days of extreme precipitation (lower) explained by the thermodynamic, 

dynamic and interaction components for spring (red), summer (blue), autumn (yellow), 

and winter (black).  

Figure 15. Trends in seasonal precipitation amount (mm yr-1) contributed from 

thermodynamic (top), dynamic (middle), and interaction (bottom) components for 

each season.  

Figure 16. Same as Figure 13, but for the number of days of extreme precipitation 

occurrence.  

Figure 17. Trends in seasonal total column water vapor (kg m-2 yr-1) for spring (a), 

summer (b), autumn (c), and winter (d). 
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Figure 1 Climatology of seasonal total precipitation (units: mm) for spring 
(March-May) (a), summer (June-August) (b), autumn (September-November) (c), and 
winter (December-February) (d) for the 1979-2016 period.  
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Figure 2 Ratios of the seasonal extreme precipitation amount to the seasonal total 
precipitation amount for spring (a), summer (b), autumn (c), and winter (d) for the 
1979-2016 period. 
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Figure 3 Trends in seasonal total precipitation (units: mm yr-1) for spring (a), summer 
(b), autumn (c), and winter (d) for the 1979-2016 period. Dotted regions indicate the 
above 95% confidence level. 
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Figure 4 The same as Figure 3, but for ratios of the seasonal extreme precipitation 
amount to the seasonal total precipitation amount (units: yr-1)  
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Figure 5 The same as Figure 3, but for the number of days (units: day yr-1) of the 
seasonal extreme precipitation occurrences. 
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Figure 6. The spring 500-hPa geopotential height (gpm) anomaly patterns on the 4×3 
SOM nodes. 
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Figure 7. The summer 500-hPa geopotential height (gpm) anomaly patterns on the 
4×3 SOM nodes.  
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Figure 8. The autumn 500-hPa geopotential height (gpm) anomaly patterns on the 4×3 
SOM nodes. 
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Figure 9. The winter 500-hPa geopotential height (gpm) anomaly patterns on the 4×3 
SOM nodes. 
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Figure 10. Spring daily precipitation anomaly (mm day-1) associated with the 4×3 
SOM nodes.  
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Figure 11. Autumn daily precipitation anomaly (mm day-1) associated with the 4×3 
SOM nodes. 
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Figure 12. Winter daily precipitation anomaly (mm day-1) associated with the 4×3 
SOM nodes. 
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Figure 13. Trends in seasonal precipitation (upper panel) and in the number of days of 
extreme precipitation (lower panel) averaged over all grid points in a node where 
trends are significant. 
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Figure 14. Percentages of trends in seasonal total precipitation amount (upper) and the 
number of days of extreme precipitation (lower) explained by the thermodynamic, 
dynamic and interaction components for spring (red), summer (blue), autumn (yellow), 
and winter (black).  
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Figure 15. Trends in seasonal precipitation amount (mm yr-1) contributed from 
thermodynamic (top), dynamic (middle), and interaction (bottom) components for 
each season.  
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Figure 16. Same as Figure 13, but for the number of days of extreme precipitation 
occurrence.  

 

 



61 

 

 

Figure 17. Trends in seasonal total column water vapor (kg m-2 yr-1) for spring (a), 
summer (b), autumn (c), and winter (d) 
 

 



Figures

Figure 1

Climatology of seasonal total precipitation (units: mm) for spring (March-may) (a), summer (June-
August) (b), autumn (September-November) (c), and winter (December-February) (d) for the 1979-2016
period. Note: The designations employed and the presentation of the material on this map do not imply



the expression of any opinion whatsoever on the part of Research Square concerning the legal status of
any country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.

Figure 2

Ratios of the seasonal extreme precipitation amount to the seasonal total precipitation amount for spring
(a), summer (b), autumn (c), and winter (d) for the 1979-2016 period. Note: The designations employed



and the presentation of the material on this map do not imply the expression of any opinion whatsoever
on the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 3



Trends in seasonal total precipitation (units: mm yr-1) for spring (a), summer (b), autumn (c), and winter
(d) for the 1979-2016 period. Dotted regions indicate the above 95% con�dence level. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.

Figure 4



The same as Figure 3, but for ratios of the seasonal extreme precipitation amount to the seasonal total
precipitation amount (units: yr-1). Note: The designations employed and the presentation of the material
on this map do not imply the expression of any opinion whatsoever on the part of Research Square
concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 5



The same as Figure 3, but for the number of days (units: day yr-1) of the seasonal extreme precipitation
occurrences. Note: The designations employed and the presentation of the material on this map do not
imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.

Figure 6

The spring 500-hPa geopotential height (gpm) anomaly patterns on the 4×3 SOM nodes. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 7

The summer 500-hPa geopotential height (gpm) anomaly patterns on the 4×3 SOM nodes. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 8

The autumn 500-hPa geopotential height (gpm) anomaly patterns on the 4×3 SOM nodes. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 9

The winter 500-hPa geopotential height (gpm) anomaly patterns on the 4×3 SOM nodes. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 10

Spring daily precipitation anomaly (mm day-1) associated with the 4×3 SOM nodes. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 11

Autumn daily precipitation anomaly (mm day-1) associated with the 4×3 SOM nodes. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 12

Winter daily precipitation anomaly (mm day-1) associated with the 4×3 SOM nodes. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 13

Trends in seasonal precipitation (upper panel) and in the number of days of extreme precipitation (lower
panel) averaged over all grid points in a node where trends are signi�cant.



Figure 14

Percentages of trends in seasonal total precipitation amount (upper) and the number of days of extreme
precipitation (lower) explained by the thermodynamic, dynamic and interaction components for spring
(red), summer (blue), autumn (yellow), and winter (black).



Figure 15

Trends in seasonal precipitation amount (mm yr-1) contributed from thermodynamic (top), dynamic
(middle), and interaction (bottom) components for each season. Note: The designations employed and
the presentation of the material on this map do not imply the expression of any opinion whatsoever on
the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 16

Same as Figure 13, but for the number of days of extreme precipitation occurrence. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 17

Trends in seasonal total column water vapor (kg m-2 yr-1) for spring (a), summer (b), autumn (c), and
winter (d). Note: The designations employed and the presentation of the material on this map do not
imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.


