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Role of cyclone activity in summer 
precipitation over the northern 
margin of Eurasia
Chuhan Lu 1, Yawen Bai 2, Li Liu 3*, Yang Kong 2 & Xiaoxiao Chen 4

In recent decades, the atmospheric moisture capacity has increased globally in concert with global 
warming, with a particularly notable warming trend in Arctic regions. However, due to limited 
observational data, the variation and causes of polar precipitation, especially large-scale precipitation 
events associated with Arctic cyclones, remain unclear. In this paper, GPM satellite data are compared 
with ERA5 reanalysis data to explore the characteristics of summer precipitation at the northern 
margin of the Eurasian region (NMER) and the influence of cyclone activity on precipitation. It is 
revealed that high precipitation values in the Arctic region, as indicated by the GPM and ERA5 data, 
are mainly concentrated at the NMER. However, the GPM data show an overall larger precipitation 
amount, while the station observations more closely agree with the ERA5 precipitation changes at 
the NMER. The cyclone identification results indicate that summer cyclones at the NMER are mainly 
distributed in the Barents, Kara and Laptev Seas, and the precipitation contribution rate of ERA5-
derived cyclones is 37.35%, which is significantly higher than that of GPM-derived cyclones (29.47%). 
Furthermore, high cyclone activity results in more intense precipitation, with the top 5% of the 
strongest cyclones contributing 60% (GPM) and 40% (ERA5) to the total cyclonic precipitation.

Keywords  Cyclone activity, Arctic cyclone-related precipitation, GPM satellite precipitation, ERA5 
precipitation

The activity of Arctic cyclones plays a vital role in transporting energy, momentum, and moisture from mid- to 
high-latitude areas to polar regions1, thereby connecting Arctic climate dynamics with those at middle to low 
latitudes. Arctic cyclones are classified into two types based on their generation: immigrant cyclones, which 
originate from mid-latitude temperate cyclones and move poleward into the Arctic region, and locally generated 
cyclones within the Arctic region2. In recent decades, against the background of global warming, the decrease in 
Arctic sea-ice has increased3,4, creating conditions favorable for accessing abundant natural resources through 
Arctic shipping routes (Arctic routes)5,6. However, the severe weather conditions associated with cyclonic activ-
ity, including strong winds and heavy precipitation, pose significant threats to the sustainable development of 
Arctic routes, especially in the case of intense Arctic cyclones7–10.

Cyclonic activity readily triggers widespread heavy precipitation, which plays a vital role in regulating local 
water vapor, and precipitation associated with cyclonic activity often explained more than 70% of the total 
precipitation11. Previous studies have indicated that cyclones can significantly influence the formation and evolu-
tion of upper-level cloud systems near cyclone centers by altering the distributions of the atmospheric tempera-
ture, humidity, and wind direction2,12. Recent amplified warming in the Arctic region4,13 has led to an increase 
in the atmospheric moisture-holding capacity. With the use of JRA-25 reanalysis data, Stroeve et al.14 reported 
an increase in precipitation associated with autumn Arctic cyclones. They attributed this phenomenon to the 
higher atmospheric humidity and increased water vapor content in recent years, leading to an increase in the 
precipitation efficiency of cyclones as a primary reason for the increased precipitation associated with cyclones.

Previous research has focused on the impact of extratropical cyclone activity on precipitation in mid- and 
high- latitudes regions using various reanalysis datasets and global climate models/regional climate models 
(GCMs/RCMs)11,14–20. However, when focusing on the entire extratropical latitudes of Northern Hemisphere, 
the precipitation in the Arctic (> 70° N) was quite poor, and their analysis mainly emphasized on the highest 
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precipitation regions (Atlantic and Pacific Oceans). Furthermore, due to the scarcity of long-term precipitation 
observations in the Arctic region, relatively few studies have focused on evaluating cyclone-related precipitation 
in the Arctic using satellite observational data. The GPM precipitation data is one of the few satellite observation 
datasets currently available for the entire Arctic region, which is the largest difference between ERA5 and GPM. 
Although some previous studies have used ERA5 reanalysis dataset to study the precipitation associated with 
cyclone activity11,20, the reanalysis data are not directly derived from satellite observations. With the development 
of satellite observation technology in recent decades, it has become necessary to compare the differences between 
reanalysis dataset and satellite observations, especially in the Arctic region, where there are fewer observations. 
Meanwhile, GPM precipitation data also have a higher horizontal resolution (0.1° × 0.1°) compared to the scarce 
ground-based observations in the Arctic. Therefore, further clarification is needed of the contribution of Arctic 
cyclone activity to local precipitation and of the differences between satellite observational data and reanalysis 
data. Moreover, the area along the northern margin of the Eurasian region (NMER) starting from the Barents 
Sea is a critical region for sea–ice–atmosphere coupling21. It is also the northeastern branch of the Arctic routes. 
The rapid melting of sea ice in this region due to global warming raises the question of whether it can impact 
local precipitation changes and is closely linked to the sustainable development of Arctic routes. Therefore, in this 
study, GPM satellite precipitation data and ERA5 reanalysis data are utilized to assess the consistency of cyclone-
related precipitation at the northern margin of the Eurasian continent during the summer season. The aim of this 
research is to analyze the contribution of Arctic cyclone activity to the overall local precipitation in this region.

Data and methods
Data
The data used in this study include the following: (1) the Global Precipitation Measurement (GPM) satellite 
precipitation dataset was generated by a satellite observation program conducted jointly by the National Aero-
nautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency (JAXA)22. We used 
the GPM Level-3 Final Merged Precipitation product (GPM_3IMERGHH), which covers the 2015 to 2021 
period after stable satellite operation and exhibits a half-hourly temporal resolution and a spatial resolution of 
0.1° × 0.1°. (2) Gridded precipitation data were obtained from the European Centre for Medium-Range Weather 
Forecasts (ECMWF) reanalysis dataset, specifically the ERA5 dataset23. This product provides hourly estimates 
of atmospheric, land, and ocean meteorological elements globally, with a spatial resolution of up to 0.25° × 0.25°. 
(3) Station-based observed precipitation data were obtained from the Global Historical Climatology Network 
Daily (GHCN-Daily), which provide daily precipitation data for individual stations24. Due to complete absence 
of precipitation data at some stations and cessation of data updating at others, seventeen observation stations 
were selected along the NMER, as shown in Fig. 2a.

Methods: cyclone identification and tracking
We employed the cyclone identification algorithm based on the mask region-based convolutional neural network 
(Mask R-CNN) model proposed by Lu et al.25. The algorithm was applied to identify Arctic cyclones (north of 60° 
N) based on the sea level pressure (SLP) in the ERA5 reanalysis data at 6-h intervals. The Mask R-CNN model 
proposed by He et al.26 has been widely used for various tasks involving the identification of object shapes25,27,28. 
Lu et al.25 applied it to identify extratropical cyclones in the Northern Hemisphere, demonstrating good perfor-
mance in delineating the outer contours and locating the center points of cyclones. A nearest neighbor criterion 
based on the distance of cyclone center across adjacent time steps is used to track cyclone paths29,30. Specifically, 
to further identify the path corresponding to each cyclone, it is determined whether there is a cyclone at the 
next time step within a 500 km radius of the cyclone center at the current time step. If so, it is considered the 
same cyclone and the process is repeated until no cyclone is found within the radius threshold. This approach 
facilitates the determination of a dataset containing the pathways corresponding to each cyclone, along with 
the associated sea level pressure (SLP) at cyclone centers. The intensity of cyclone is determined based on the 
SLP value of cyclone center and the lifetime of each cyclone can be confirmed by the total duration of its activ-
ity track. The frequency of cyclones indicates the proportion of time that cyclones occurred relative to the total 
time during the entire study period.

The definition of cyclone‑related precipitation
To statistically account for the impact of cyclones on precipitation, we calculated the cyclone-related precipita-
tion. Specifically, first of all, half-hourly satellite precipitation data and hourly reanalysis precipitation data are 
processed to obtain 6-h cumulative precipitation data respectively. Then, these two kinds of precipitation data are 
interpolated to a T255 Gaussian grid (the spatial resolution of the extratropical cyclone dataset). Subsequently, 
the precipitation within the outmost profile of each cyclone is defined as cyclone-related precipitation.

Results
Climatic characteristics of summer precipitation in the arctic
Figure 1 shows the spatial distribution of the summer (JJA) daily precipitation for the multiyear average from 
2015 to 2021 using the GPM and ERA5 data. As shown in Fig. 1a, GPM precipitation at high latitudes is pre-
dominantly concentrated in the northern Atlantic and NMER, including the Barents Sea, Kara Sea, and Laptev 
Sea, and extends southward to the northern side of the Taymyr Peninsula and the Central Siberian Plateau. The 
maximum precipitation occurs in the northern Atlantic and on the northern side of the Eurasian continent, 
reaching values exceeding 3 mm/day. Additionally, there is significant precipitation near 70° N in the Western 
Hemisphere, likely associated with cyclonic activity moving from mid-latitudes toward the Arctic and carrying 
substantial moisture31,32.
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The distribution of ERA5 precipitation closely resembles that of GPM precipitation in the Eastern Hemisphere 
(Fig. 1b), with the maximum precipitation occurring in the northern Atlantic and on the northern side of the 
Eurasian continent. There is also precipitation along the NMER near the Barents Sea, Kara Sea, and Laptev Sea. In 
the North Pacific, the precipitation in the ERA5 data is less than that in the GPM data, and there is a pronounced 
precipitation maximum west of Greenland. Differences between the two datasets are evident around Greenland 
and the Arctic center. Overall, GPM precipitation at high latitudes is generally higher than ERA5 precipitation 
apart from Greenland and the vicinity of the Arctic center. Specifically, in the regions of the northern Atlantic 
and the NMER (70° N–80° N, 0° E–180° E), the daily average total precipitation is 1.71 mm/day in the GPM data 
compared to 1.44 mm/day in the ERA5 data. It is important to note that summer precipitation in the central 
Arctic and Greenland is considerably lower than that in the other regions, and GPM precipitation is notably 
underestimated compared to ERA5 precipitation. This difference is primarily due to limitations in the detec-
tion capabilities of the AMSR under cold and sea ice conditions, which affects the accuracy and availability of 
precipitation estimates and leads to frequent data gaps33.

Based on the spatial distribution characteristics of precipitation at high latitudes determined by the GPM 
and ERA5 data, the NMER (70° N–80° N, 30° E–150° E) is identified as the primary region with high precipita-
tion values. Therefore, the reliability of the GPM and ERA5 precipitation data in this area was evaluated using 
GHCN-Daily station data. The map displays the specific locations of station data (Fig. 2a).

For quantitative comparison of the consistency between the station data and the data from these two sources, 
the daily precipitation from the GPM and ERA5 data in the vicinity of each station was calculated (the average 
precipitation from the nine grid points nearest to a specific station, representing the precipitation at that station). 
The correlation coefficient and root mean square error (RMSE) between the station and GPM/ERA5 precipitation 
values were calculated to measure the linear relationship between the grid data products and the meteorological 
station observation data, as well as the overall deviation in the errors of the grid data products. Based on the 
climatology of the daily precipitation at these stations, the summer average station precipitation suitably agrees 
with both the GPM and ERA5 precipitation data. Figure 2b clearly shows that the correlation between the ERA5 
precipitation and station precipitation is higher. At more than 70% (12/17) of the stations, the correlation coef-
ficient with ERA5 precipitation is greater than 0.5, and the RMSEs between the station precipitation and ERA5 
precipitation are all much lower than those with GPM precipitation. Table S1 provides the correlation coefficient 
values with the GPM and ERA5 precipitation data at these 17 stations (see Supplementary). The correlation coef-
ficients all passed the 99% confidence level t test, indicating that, compared to the GPM precipitation data, the 
station precipitation at the NMER corresponds more closely to the ERA5 precipitation data.

Arctic cyclone‑related precipitation
Previous studies have emphasized that extratropical cyclones are crucial for triggering precipitation11,14,17,19. To 
investigate the contribution of Arctic cyclone activity to summer precipitation at the NMER, the Mask R-CNN 
cyclone identification algorithm proposed by Lu et al.25 was utilized to identify Arctic cyclones in the sea level 
pressure (SLP) of the ERA5 data. Additionally, conventional grids become blurred near the polar regions, thus the 

(a) GPM (b) ERA5

Figure 1.   Climate mean of daily accumulated precipitation (unit: mm/day) during the summer seasons (JJA) 
from 2015 to 2021. Data sourced from (a) GPM precipitation data and (b) ERA5 precipitation data. The black 
box outlines the northern margin of the Eurasian region (NMER), spanning from 70° N to 80° N and 30° E to 
150° E.
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identified cyclones are re-gridded spatially onto a 100 km × 100 km equal-area grid. The summer distribution of 
Arctic cyclones is shown in Fig. 3. The percentage of summer cyclone occurrence frequency in Fig. 3b indicates 
the proportion of time that cyclones occurred relative to the total time during the entire study period. Figure 3a 
and b show that the high-frequency zone of summer Arctic cyclones at the NMER is mainly concentrated in the 
northern seas of Eurasia. The high-frequency zone is located in the northeastern parts of the Kara Sea and Barents 
Sea, with cyclone occurrence frequencies exceeding 20%. The next notable regions are the Laptev Sea and the 
Arctic Ocean to the north. In contrast, the number of cyclones over land is relatively small. This distribution is 
generally consistent with the localized distribution characteristics of summer cyclones near the northern edge 
of the Eurasian continent reported by Simmonds et al.34 and Zahn et al.35.

Figure 4 shows additional statistics of the precipitation associated with Arctic cyclone activity. As shown in 
Fig. 4a, according to the GPM precipitation dataset, cyclone-related precipitation is mainly concentrated over the 
Taymyr Peninsula, the Barents Sea, the Kara Sea, and the Laptev Sea. The highest cyclone-related precipitation 
occurs in the Kara Sea, reaching up to 1.2 mm/day. In contrast, cyclone-related precipitation over the Arctic 
Ocean north of the Laptev Sea is lower. The ERA5 results (Fig. 4b) generally match the distribution of cyclone-
related precipitation from the GPM data, except for the region from 90 to 120°E over the continent. However, the 
precipitation associated with cyclones was lower in the ERA5 data, with the highest values exceeding 0.8 mm/

(a)

(b)

Figure 2.   (a) The spatial distribution of 17 GHCN-Daily stations, (b) along with their correlation coefficients 
and root mean square errors (RMSE) in relation to daily accumulated precipitation from GPM and ERA5. In 
Figure (a), the black numbers represent the average daily precipitation at the stations, while the red numbers 
correspond to the Station Index in Figure (b). In Figure (b), yellow (blue) bars represent the correlation 
coefficients between precipitation at GHCN-Daily stations and GPM (ERA5) precipitation, while red (black) 
solid lines indicate the root mean square errors (RMSE) between GHCN-Daily station precipitation and GPM 
(ERA5).
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day in the Kara Sea. Additionally, the cyclone-related precipitation in the GPM data was lower over the Arctic 
Ocean north of the Laptev Sea than that in the ERA5 data.

To elucidate the significance of cyclone-related precipitation processes for the total precipitation, Fig. 5 shows 
the contribution of summer cyclone-related precipitation to the total precipitation at the NMER. Specifically, the 
numerator represents the total accumulated cyclone-related precipitation at each grid point, while the denomi-
nator represents the total precipitation at the corresponding grid point. As shown in Fig. 5a, the maximum 
contribution of cyclone-related precipitation in the GPM data was located over the Kara Sea and the Taymyr 
Peninsula, reaching more than 40%, and the contribution of cyclone-related precipitation along the entire NMER 
was 29%. In the ERA5 precipitation data (Fig. 5b), the high-contribution zone was concentrated over the Kara 
Sea, exceeding 50%. The second-highest contribution area was located northeast of the Barents Sea and over the 
Arctic Ocean north of the Laptev Sea. Overall, the contribution of cyclone-related precipitation in the ERA5 data 
was significantly greater than that in the GPM data, with a regional average difference of 7.88%. Differences in 
the contributions of cyclone-related precipitation between the two datasets were mainly observed in the Laptev 
Sea and the region north of 75°N. This may be related to the limitations in the ability of the GPM to retrieve 
precipitation in high-latitude regions33.

In recent decades, with the rapid reduction in Arctic sea-ice, high cyclonic activity has been frequently 
observed in the Arctic region in summer8–10. To investigate the relationship between the cyclone intensity and 
cyclone-related precipitation, a statistical analysis of the distribution function of cyclone-related precipitation 
with respect to the cyclone intensity was conducted (Fig. 6). Particularly, max intensity on the horizontal axis 
refers to the lowest sea level pressure (SLP) value of each cyclone, sorted across all cyclone and presented as 
percentiles. And the precipitation contribution on the vertical axis refers to the proportion of the accumulated 
cyclone-related precipitation along its track of each cyclone, relative to the total accumulated cyclone-related 
precipitation of all cyclone across their paths during the study period. Combined with the analysis of each com-
plete cyclone path identified by the algorithm, it is found that high summertime cyclonic activity at the NMER 
contributes a high percentage to the total cyclone-related precipitation over their lifecycle. This feature is evident 
in both the GPM and ERA5 precipitation data. Specifically, the top 5% of the strongest cyclones contributed 60% 

(a) (b)

Figure 3.   The multi-year average for the summer (JJA) period from 2015 to 2021: (a) Distribution of cyclone 
frequency (unit: times per year), and (b) Percentage of summer cyclone occurrence frequency (%).

(a) (b)
GPM ERA5

Figure 4.   The multi-year average for the summer (JJA) period from 2015 to 2021: (a) Distribution of 
GPM daily accumulated cyclone-related precipitation (unit: mm/day), and (b) Distribution of ERA5 daily 
accumulated cyclone-related precipitation (unit: mm/day).
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to the total cyclone-related precipitation in the GPM data and 40% in the ERA5 data. In contrast, the subsequent 
20% of weaker cyclones contributed less than 2% to the total cyclone-related precipitation. This indicates that 
high cyclonic activity could cause larger precipitation amounts, while low cyclonic activity could only lead to a 
small amount of precipitation. These findings are broadly consistent with the conclusions drawn by Hawcroft 
et al.11, who analyzed the connection between GPCP precipitation and ERA-Interim reanalysis precipitation 
data and extratropical cyclone activity for the 1996–2009 period at mid-high latitudes. Akperov & Mokhov20 
also obtained the similar conclusion that the intense cyclone was associated with more precipitation based only 
on ERA5 reanalysis data. In addition, Messmer and Simmonds36 considered the relationship between extreme 
events (precipitation or wind) and cyclone using two cyclone tracking algorithms, but the emphasis on summer 
cyclones and associated extreme precipitation in their paper remained primarily in the tropics and midlatitude 
regions (Atlantic and Pacific) of the Northern Hemisphere.

Discussion and conclusions
In this paper, the differences in precipitation between GPM satellite data and ERA5 reanalysis data in the Arctic 
region are investigated, with a specific focus on exploring the contribution of cyclonic activity to the total pre-
cipitation in summer at northern edge of the Eurasian continent. The key findings are as follows:

(1)	 Precipitation in the Arctic is characterized by a meridional gradient, with higher precipitation levels on 
the continental side and lower precipitation levels over the Arctic Ocean. And the high-precipitation 
zone identified by the GPM data is concentrated in a narrow latitudinal band stretching from the North 
Atlantic to the northern edge of the Eurasian continent. The ERA5 precipitation data are similar to the 

(a) (b)
GPM ERA5

Figure 5.   The contribution of cyclone-related precipitation in the northern margin of the Eurasian region 
(NMER) to the total precipitation during the summer (JJA) period from 2015 to 2021. (a) GPM cyclonic 
precipitation contribution rate (%). (b) ERA5 cyclonic precipitation contribution rate (%).

Figure 6.   The distribution of cyclones of varying intensities in the northern margin of the Eurasian region 
(NMER) (70° N–80° N, 30° E–150° E) during the summer season (JJA) and their contributions to cyclone-
related precipitation are depicted. The blue line (red line) represents precipitation data from GPM (ERA5).
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GPM precipitation data at the NMER. However, the ERA5 data indicate a lower total precipitation in the 
Arctic region than the GPM data. The station precipitation data for the NMER agree better with the ERA5 
precipitation data than with the GPM precipitation data, indicating greater reliability.

(2)	 High-frequency cyclones occur mainly over the northern seas of the Eurasian continent, while the number 
of cyclones over land is relatively small. The cyclone-related precipitation from the GPM data is lower over 
the Arctic Ocean north of the Laptev Sea than that from the ERA5 data. Furthermore, the contribution of 
cyclonic precipitation to the total precipitation in the GPM data is generally lower than that in the ERA5 
data along the entire NMER.

(3)	 High summer cyclonic activity at the NMER contributes a higher percentage to the total cyclonic-related 
precipitation over its lifecycle, as reflected in both the GPM and ERA5 precipitation data. Specifically, the 
top 5% of the strongest cyclones contribute 60% and 40% to the total cyclonic precipitation in the GPM and 
ERA5 data, respectively. This indicates that high cyclonic activity could result in higher-intensity Arctic 
precipitation, particularly according to the GPM data.

Several case studies on individual strong Arctic cyclones have indicated that their structure is influenced 
not only by low-level baroclinicity but also by the activity of lower-tropospheric potential vortices37–39. Explor-
ing the thermodynamic structures of Arctic cyclones and their impact on the precipitation intensity is crucial 
for predicting the activity of strong Arctic cyclones and issuing disaster warnings for Arctic routes. Therefore, 
further clarification is needed of the influence of lower-tropospheric potential vortices on the intensity of Arctic 
cyclones and cyclone-related precipitation.

Data availability
GPM V06 half-hourly 0.1° × 0.1° satellite precipitation data was freely downloaded from https://​disc.​gsfc.​nasa.​
gov/​datas​ets/​GPM_​3IMER​GHH_​06/​summa​ry?​keywo​rds=​GPM%​20IME​RG%​20fin​al accessed on December 6, 
2022. And the cyclone label dataset is provided by Yang Kong. The reanalysis is based on the concurrent ERA 
dataset provided by ECMWF, which can be accessed at https://​cds.​clima​te.​coper​nicus.​eu/​cdsapp#​!/​datas​et/​reana​
lysis-​era5-​single-​levels?​tab=​form, with the access date being October 25, 2023. GHCN-Daily station daily pre-
cipitation data is sourced from https://​www.​ncdc.​noaa.​gov/​cdo-​web/​datas​ets, accessed on November 9, 2023.
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