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Abstract The changes in the Arctic precipitation profoundly impact the surface mass balance of ice

sheet and sea ice, the extent of snow cover, as well as the land/ice surface runoff in the Arctic, particularly
when it occurs in liquid form. Here, we use state-of-the-art models from the Coupled Model Intercomparison
Project Phase 5 to project the number of days with rainfall, the intensities and onset dates of rainfall events

in the Arctic under the strong emission scenario (RCP8.5). The multi-model mean shows that rainfall will
occur more frequently in the Arctic at the end of this century (2091-2100), with larger increase in the rainy
days over the Pacific and Atlantic sectors (up to 12 days/month) during the cold seasons (October—May) and
over the Arctic Ocean (up to 14 days/month) during the warm seasons (June—September) as compared with
the present day (2006—-2015). Greater uncertainty is found in the cold seasons, which mainly comes from

the high variability among different models in the Norwegian Sea. Sixty-seven to ninety-three percentage

of the increases in rainy days is contributed by the local warming and the remainder by the increase in total
precipitation. Moreover, at the end of this century, the rainfall in spring will occur much earlier than the
present day by more than 1 month, and the extent of rainfall will further expand toward the center of the Arctic
Ocean and the inland Greenland in the future. The changes of rainfall intensity on the Arctic land area to the
climate warming are more sensitive than that on the Arctic Ocean in warm seasons (May—September). The
rainfall will be further strengthened in most of the Arctic continents in summer, with the largest increase in the
intensity of ~2 mm/day along the southwest coast of Greenland. The above results are confirmed by the latest
projections from CMIP6 models.

Plain Language Summary There is increasing interest in the response of the Arctic precipitation,
especially for its liquid form, to changing climate because of their great impacts on land/ice surface runoff

and the freezing and thawing processes of snow and ice. However, the spatiotemporal distribution and future
changes in the frequency, timing, and intensity of rainfall events in the Arctic are poorly understood. This study
reveals that the increase in rainfall in the Arctic is reflected not only in frequency but also in intensity and
range. The rainfall will further advance toward the center of the Arctic Ocean and the inland area of Greenland
at the end of this century, leading to more and more rainfall events in these areas. Meanwhile, the timing of
rainfall in spring will be significantly advanced, taking the Chukchi Sea and the Northern Barents Sea as an
example; the first spring rainfall in these areas at the end of this century will occur 3 months earlier than the
present-day. All these trends will make rainfall a new force, accelerating the melting of snow and ice in the
Arctic in the future. We further found that local warming is the main reason for more rainfall days in the Arctic.
Actually, it determines almost all the increases on rainy days in the areas where precipitation phase change is
highly sensitive to the temperature rise.

1. Introduction

The response of Arctic precipitation to climate warming is much more sensitive than that of global mean
precipitation (Bintanja & Selten, 2014; Boer, 2009; Trenberth, 2011), mainly due to the enhanced local surface
evaporation associated with the sea ice retreat (Bintanja et al., 2020). A rapid increase in Arctic precipitation
can regulate the regional hydrological cycle, impacting greatly the evolution of the ecological system (Vihma
et al., 2016; Wrona et al., 2016; Zhang et al., 2013). The changes in amount and phase of precipitation affect the
freeze-thaw process of snow and sea ice (e.g., Dou et al., 2019; Perovich et al., 2017; Screen & Simmond, 2012)
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and the surface mass balance of the Greenland Ice Sheet (Bring et al., 2016; Oltmanns et al., 2019; Shepherd
et al., 2019). The increase in precipitation can desalinate the Arctic Ocean and subsequently modulate the Atlan-
tic meridional overturning circulation (Davies et al., 2014; Kattsov & Walsh, 2000).

In addition to the amount of precipitation, other precipitation variables, such as frequency and intensity, also play
an important role in regional climate change (Trenberth et al., 2003) by modulating soil moisture, evaporation,
and surface heat flux (Perovich et al., 2017; Qian et al., 2006; Trenberth, 2011). For example, for the same amount
of precipitation in the same period, a few times of heavy precipitation events have much more serious negative
impacts on the survival of Arctic aborigines and local infrastructure than many times of mild precipitation events
(e.g., Forbes et al., 2016; Vihma et al., 2016). Moreover, the frequency and intensity of precipitation can be used
to validate the cloud physical parameterization in weather and climate models (e.g., Lopez, 2007). However, few
studies have focused on the frequency and intensity of precipitation in the Arctic (Cohen et al., 2015), and little is
known about their changes in the Arctic Basin, and the projections have not yet been conducted.

This study aims to project the number of days with precipitation as well as the intensity and timing of the
precipitation over the Arctic, and mainly focuses on rainfall events, since it is believed that liquid will be the
dominant phase of precipitation in the Arctic in the future (Bintanja & Andry, 2017; Pan et al., 2020). First, we
used the ERAS, ERA-Interim, and MERRA reanalysis data sets to validate the multi-model mean results for
the present-day climate. Then, we quantified the seasonal cycle of rainy days, the onset dates and the intensity of
rainfall for the future climate (2091-2100). The projections were performed by the Coupled Model Intercompar-
ison Project Phase 5 (CMIP5) models under the strong emission scenario (RCP8.5), and the trends at the end of
this century were specified by comparing with the current climate (2006-2015). Furthermore, we estimated the
contribution of local warming to the increase in rainy days. Finally, we use the simulations of the latest phase of
CMIP (CMIP6) models to verify the results derived from the CMIP5 models.

2. Materials and Methods

The model output data used in this study are an integral part of the CMIPS5 models and the latest phase (CMIP6)
initiative. All data for the CMIPS models are publicly available at http://cmip-pcmdi.llnl.gov/cmip5 and the
outputs of the CMIP6 models are available at https://esgf-node.llnl.gov/search/cmip6/. Daily outputs from the
CMIPS model were used for simulations with the RCP8.5 scenario for the period of 2006-2100. The CMIP6
projections with the high-emission scenario (SSP585) in 2015-2100 were used to validate the results derived
from the CMIP5 models during the same period. First, we selected the models from all available CMIP5 models
for which data coverage was complete and without obvious errors and for which daily fields of air temperature,
total precipitation and snowfall were available. In total, 21 CMIPS5 (rlilpl) models were used (Table 1). For
CMIP6, 11 CMIP6 (rlilp1fl) models were applied in this study (Table 2). The multimodel mean was evaluated
to characterize the “best estimate” of the simulations conducted with the CMIP model ensembles.

Before conducting the projections, we took the reanalysis data as the true value to correct the simulations of each
model. Specifically, the ratio of reanalysis and model data of daily precipitation was used as a correction factor,
which was computed monthly at each grid point, to multiply the original model output to yield the final precipita-
tion data. The ERAS reanalysis was used for the corrections of total precipitation and rain, and ERA-Interim was
used for the correction of date of first rainfall, since they have obvious advantages in depicting different precipita-
tion phases and rainfall timing in the Arctic (Dou et al., 2021). Then, these corrected data were used to calculate the
multi-model mean values. The rainy days, for instance, were computed in each ensemble member individually and
then used to calculate the average value. The reanalysis data sets (ERA-Interim, ERAS, and MERRA) are publicly
available through their respective web portals (see “Data Availability Statement” section). The data of total precipi-
tation and snowfall were used in this study, and the amount of rainfall was derived from their difference. The reanal-
ysis data were used to verify the CMIPS multi-model mean results during the present-day period of 2006-2015. All
the model and reanalysis data were interpolated to a resolution of 0.5° X 0.5° using bilinear interpolation.

This study mainly focuses on the following precipitation-related variables: precipitation (rainfall) intensity, maxi-
mum precipitation (rainfall) intensity, number of days with precipitation (rainfall), and dates of first rainfall
events. Precipitation (rainfall) events were determined using 1.0 mm day~' as a threshold. We repeated the anal-
ysis with various thresholds, and the threshold of 1.0 mm day~! did not materially alter the results and had the

DOU ET AL.

20f 15

85U8017 SUOWILWIOD @A1e81D) 8ol idde 8Ly Aq peusenob ae sejone YO ‘@SN o Se|nJ 0} Areiq1T8UlUO /8|1 UO (SUORIPUOD-PUE-SWB 00" A3 | 1M Al 1[pul [UO//SANY) SUORIPUOD pue SWe 1 843 88S *[220z/TT/LT] uo AkeiqiTauliuo A8|IMm esuiol|qigsielsieAlun Aq 8/620043T202/620T 0T/I0p/w0d A8 |mAriqipuljuosgndnBe//sdny wouy pepeojumod ‘0T ‘2202 'LL2v82ee


http://cmip-pcmdi.llnl.gov/cmip5
https://esgf-node.llnl.gov/search/cmip6/

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future

10.1029/2021EF002378

Table 1

Description of the Coupled Model Intercomparison Project Phase 5 Models (21 in Total) Used in the Study

Model Institution Grid points (latitude X longitude)
ACCESS1-0 Centre for Australian Weather and Climate Research (Australia) 145 x 192
ACCESSI1-3 Centre for Australian Weather and Climate Research (Australia) 145 x 192
CanESM2 Canadian Centre for Climate Modelling and Analysis (Canada) 64 x 128
CMCC-CESM Centro Euro-Mediterraneo per I Cambiamenti Climatici (Italy) 48 X 96
CMCC-CMS Centro Euro-Mediterraneo per I Cambiamenti Climatici (Italy) 96 x 192
CNRM-CM5 Centre National de Recherches Meteorologiques/Centre Europeen de Recherche et Formation 128 x 256
Avancees en Calcul Scientifique (France)
CSIRO-Mk3-6-0 Commonwealth Scientific and Industrial Research Organization/Queensland Climate Change 96 x 192
Centre of Excellence (Australia)
FGOALS-s2 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences (China) 108 x 128
GFDL-CM3 Geophysical Fluid Dynamics Laboratory (United States) 90 x 144
GFDL-ESM2G Geophysical Fluid Dynamics Laboratory (United States) 90 x 144
GFDL-ESM2M Geophysical Fluid Dynamics Laboratory (United States) 90 x 144
IPSL-CMS5A-LR Institut Pierre Simon Laplace (France) 96 x 96
IPSL-CM5A-MR Institut Pierre Simon Laplace (France) 143 x 144
IPSL-CM5B-LR Institut Pierre Simon Laplace (France) 96 X 96
MIROCS5 Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for 128 x 256
Environmental Studies, and Japan Agency for Marine-Earth Science and Technology (Japan)
MIROC-ESM Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for 64 x 128
Environmental Studies, and Japan Agency for Marine-Earth Science and Technology (Japan)
MIROC-ESM-CHEM Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for 64 x 128
Environmental Studies, and Japan Agency for Marine-Earth Science and Technology (Japan)
MPI-ESM-LR Max Planck Institute for Meteorology (Germany) 96 x 192
MPI-ESM-MR Max Planck Institute for Meteorology (Germany) 96 x 192
MRI-CGCM3 Meteorological Research Institute (Japan) 160 x 320
MRI-ESM1 Meteorological Research Institute (Japan) 160 x 320
Table 2

Description of the CMIP6 Models (11 in Total) Used in the Study

Model Institution Grid points (latitude X longitude)
BCC-CSM2-MR Beijing Climate Center, China Meteorological Administration (China) 160 x 320
CanESM5 Canadian Centre for Climate Modelling and Analysis (Canada) 64 x 128
CNRM-CM6-1 Centre National de Recherches Meteorologiques/Centre Europeen de Recherche et Formation 128 x 256

Avancees en Calcul Scientifique (France)
CNRM-ESM2-1 Centre National de Recherches Meteorologiques/Centre Europeen de Recherche et Formation 128 x 256

Avancees en Calcul Scientifique (France)
EC-Earth3 EC-EARTH consortium 256 x 512
EC-Earth3-Veg EC-EARTH consortium 256 x 512
GFDL-CM4 Geophysical Fluid Dynamics Laboratory (United States) 180 x 288
IPSL-CM6A-LR Institut Pierre Simon Laplace (France) 143 x 144
MPI-ESM1-2-HR Max Planck Institute for Meteorology (Germany) 192 x 384
MRI-ESM2-0 Meteorological Research Institute (Japan) 160 x 320
NESM3 Nanjing University of Information Science and Technology (China) 96 x 192
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advantage of eliminating many spurious counts of rainy days in the model. Thus, only a daily precipitation value
greater than this threshold is counted as a precipitation (rainfall) event at a given grid point.

The frequency of precipitation (rainfall) event in a given month refers to the total number of days with precipita-
tion (rainfall) in that month. The precipitation (rainfall) intensity refers to the amount of precipitation (rainfall)
per unit time (per day in this study), regardless of whether it rains only part of the time (Trenberth et al., 2003).
The maximum total precipitation (rainfall) intensity refers to the maximum amount of daily precipitation (rain-
fall) in a given month. The date of the first rainfall (day number of the year) is used to characterize the onset
timing of rainfall events at each grid cell in a given year. The ratio of rainfall day to total precipitation day (RPR)
is calculated by dividing the number of days with rainfall by the number of days with total precipitation.

For the experimental design of CMIPS5, the beginning of 2006 symbolizes the transition from the historical
simulation using the observed forcings to the scenario projections based on the particular representative concen-
tration pathway (RCP) forcings (Wild et al., 2015). Previous studies usually regarded 2006-2015 as a 10-year
reference period because this period well represents present-day conditions (Bintanja & Andry, 2017; Miiller
et al., 2014). Accordingly, we define the future trend for the CMIP5 simulations as the difference in multi-model
mean between the periods of 2091-2100 and 2006-2015.

The contribution of local warming to the increase in rainfall days was calculated using the method of
Bintanja (2018):

Af

S AT A=/ (B/P-D

where Py denotes the number of days with total precipitation over the 2006-2015 period (present day), while
P, denotes the total precipitation days over the 2091-2100 period (future). The snowfall fraction f is defined
as the fraction of the number of days with snowfall to the number of days with total precipitation (P), which is
different from that of Bintanja (2018). In that study, f was defined as the ratio of snowfall to total precipitation.
Af = fi1 — fo, in which fj refers to the average snowfall fraction over the 20062015 period (present-day), while
f1 refers to the average snowfall fraction over the 2091-2100 period (future). A f represents the component of
change in rainfall days that can be attributed to temperature change. Accordingly, & nonlinearly depends on the
background climate state (fy), climate warming (A f), and the change in total precipitation (Py/ Py).

3. Results
3.1. Verification of the Multi-Model Mean Results

Earlier studies demonstrated that the CMIP5 model mean performs a reasonable simulation of Arctic precipita-
tion amount under the strong emission scenario (RCP8.5) (Bintanja & Andry, 2017), and the first 10 years (also
the historical reference period in this study) of the simulation have been covered by the current observations.
We first conducted the model evaluation in RCP8.5 scenario from 2006 to 2015 based on three reanalysis prod-
ucts (ERA-Interim, ERAS, and MERRA). Figure 1 shows the monthly variations in the number of days with
precipitation/rainfall from the CMIP5 multi-model mean and the reanalysis data sets. Various reanalysis data sets
consistently show that the number of days with total precipitation is largest in August—September and smallest
throughout the spring (Figure 1a), and the number of days with rainfall is largest in July—September and smallest
throughout the cold season (November—May) (Figure 1b). The multi-model mean can well reproduce the seasonal
cycle and is close to the average value of ERAS5 during the same period (Figure 1).

3.2. Projections
3.2.1. Number of Days With Rainfall

In this study, we carried out projections based on CMIP5 simulations driven by the RCP8.5 scenario. As shown
in Figure 3c, the projected number of days with rainfall shows an overall increasing trend, indicating that rainfall
will occur more frequently in the Arctic. Meanwhile, the extent of rainfall shows a trend of northward expansion,
and this trend is observed throughout Arctic Ocean during the warm season (June—October) and most evident in
the Atlantic sector during the cold season (November—May) (Figures 3a and 3c). In November—April, the rainfall
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Figure 1. Comparisons between Coupled Model Intercomparison Project Phase 5 multi-model mean and various reanalysis
data sets (ERA-Interim, ERAS, and MERRA). (a) The number of days with precipitation averaged over the Arctic (60-90°N)
in different months during 2006-2015. (b) Same as in (a) but for the number of days with rainfall. Further analysis indicates
that the spatial distribution of Arctic precipitation (rainfall) days could be well reproduced by the multi-model mean in
different months, although there are quantitative differences in some areas. There are slight discrepancies in the number

of days with total precipitation among different reanalysis data sets, and the magnitude and spatial distribution of total
precipitation days from the multi-model mean are closer to those from ERAS5 (Figure S1 in Supporting Information S1).
The number of days with rainfall from ERA-Interim are less than those from other reanalysis data sets in cold seasons, but
more than those from other reanalysis data sets from July to August. The largest diversity of various reanalysis data sets is
observed from July to August, and the multi-model mean is between ERAS and MERRA during this period. In cold seasons
(November—April), the rainy days from multi-model mean are less than those from the reanalysis in the Atlantic sector, and
closer to that from ERAS (Figure 2). In summer, the rainy days from ERA-I are more than those from other reanalysis data
sets on the Arctic land area, and the multi-model mean is closer to ERAS and MERRA (Figure 2).

days will increase by up to 12 days/month in the Barents Sea, Greenland Sea, Northern Europe, and Pacific sector
by the end of this century as compared with the reference period (2006-2015). During the warm season (June—
September), the largest increase in rainfall days will occur over the Arctic Ocean, which can be up to 14 days/
month in the central Arctic Ocean in September (Figure 3c). During the transition period of spring-summer
(May), the increase mainly occurs over the Arctic land area.

Note that the variability among different models may bring uncertainties to the projections based on the
multi-model mean. It can be seen from Figure S2 in Supporting Information S1 that in cold seasons (October—
April), the intermodel diversities of the rainy days are mainly observed in the Atlantic and the Pacific sectors,
and the highest diversity is found in the Norwegian Sea where the standard deviation of different models can
reach 10 days/month. In warm seasons (May—September), the intermodel standard deviations of the rainy days
are around 5 days/month in most parts of the Arctic, which are generally lower than those in cold seasons. For the
total precipitation days, except for the larger intermodel discrepancies in the Barents Sea in winter, the standard
deviations in other parts of the Arctic are around 6 days/month (Figure S3 in Supporting Information S1). To sum
up, the multi-model mean of rainy days has larger uncertainty in the Norwegian Sea in cold seasons, and that of
total precipitation days has larger uncertainty in the Barents Sea in winter. During other seasons, the intermodel
variability is relatively small in the Arctic.

By comparing Figures 3c and 3d, it show that there are large discrepancies in the areas with an increasing trend
between the number of days with rainfall and total precipitation, indicating that the more frequent rainfall events
in the future are not mainly caused by the increase of total precipitation. We quantitatively estimated the contribu-
tions of solid-to-liquid precipitation transition due to local warming and precipitation increases to the increase of
rainy days (see the Methods section for details), and the results showed that the local warming contributes more
than 90% to the increase in rainy days in March. Even in June when the local warming plays a relatively weak role,
it still contributes ~67% of the increase in the number of days with rainfall (Figure 4). On an annual average, the
local warming contributes ~83% to the increase in rainy days by the end of this century. In the summer period,
the contribution of local warming is smaller than those in other seasons and is mainly observed over the Arctic
Ocean (50%—-80%) (Figure 5), and the remaining part is contributed by the increase in the number of days with
total precipitation. In the cold months (October—April), the local warming contributes to almost all the increases
in the number of days with rainfall in the areas where rainfall occurs (Figure 5).
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Figure 2. Comparisons of the number of days with rainfall between Coupled Model Intercomparison Project Phase 5 multi-model mean and various reanalysis data
sets over the Arctic (60—90°N) in different months for the period 2006-2015. (a) Multi-model mean, (b) ERA-Interim, (c) ERAS, and (d) MERRA.

As shown in Figure 3c, the areas where rainy days increase in the Arctic Ocean are highly consistent with the
areas where sea ice retreats. From the above analysis, we know that the increase in rainfall days in the Arctic
Ocean is mainly caused by the transition of the precipitation phase due to local warming, manifested in the
northward movement of the zero-degree isotherm as the sea ice retreat (Figure S4 in Supporting Information S1).
We also noticed that there is also an increase in rainfall days in the Nordic area and the edge of the Green-
land Ice Sheet, which may be related to the more frequent and intense intrusion of mid-latitude cyclones (e.g.,
Webster et al., 2019; Wernli & Papritz, 2018). Such weather systems bring warm and humid air and cause the
regional temperature to rise above the melting point, triggering rainfall events (e.g., Binder et al., 2017; Oltmanns
et al., 2019; Peeters et al., 2019). This is an important mechanism for increasing rainfall events over the high
Arctic.

In the areas at a temperature close to the melting point, the changes in the precipitation phase are particularly
sensitive to local warming (Figure S4 in Supporting Information S1). With climate warming, rainfall events are
observed in these areas by the end of this century, and the frequency of rainfall events has an increasing trend
(Figure 3c). This phenomenon is particularly evident in the Arctic Ocean in August and September. In contrast,
the local warming is not enough to raise the temperature above the melting point in parts of Siberia during the
cold seasons (Figure S4 in Supporting Information S1). Therefore, even under the highest emission scenario, there
is no significant change in the number of days with rainfall in this region by the end of this century (Figure 3c).

DOU ET AL.

6 of 15

85U8017 SUOWILWIOD @A1e81D) 8ol idde 8Ly Aq peusenob ae sejone YO ‘@SN o Se|nJ 0} Areiq1T8UlUO /8|1 UO (SUORIPUOD-PUE-SWB 00" A3 | 1M Al 1[pul [UO//SANY) SUORIPUOD pue SWe 1 843 88S *[220z/TT/LT] uo AkeiqiTauliuo A8|IMm esuiol|qigsielsieAlun Aq 8/620043T202/620T 0T/I0p/w0d A8 |mAriqipuljuosgndnBe//sdny wouy pepeojumod ‘0T ‘2202 'LL2v82ee



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2021EF002378

Figure 3. Projected number of days with rainfall and total precipitation over the Arctic for each month. (a) The number of days with rainfall averaged from 2091 to
2100. (b) The number of days with total precipitation averaged from 2091 to 2100. The difference in the number of days with (c) rainfall and (d) total precipitation from
the present-day climate (2006-2015). The present-day sea ice extent (black solid line) and the projected sea ice extent (green solid line) are shown in panels (c and d).
The sea ice extent is defined as the area with an ice concentration greater than 15%.

3.2.2. Long-Term Trends of Rainfall Days

The projections further show that the largest increase in the number of days with rainfall is observed in August—
October (Figure 4), corresponding to the period with the largest increase in the RPR (Figure 6f), while the largest
increase in the number of days with total precipitation is found in the cold seasons (October—May) (Figure 6d).
This further confirms that the increase in rainy days is dominated by the increasing RPR (i.e., solid-to-liquid
precipitation transition). Air temperature in September is slightly lower than the melting point during the refer-
ence period. Thus, the precipitation phase in this period is extremely sensitive to the temperature rise. The projec-
tions show that the RPR increases by ~40% due to the strong local warming with the rapid sea ice retreat in
September by the end of this century. As a result, the rainy days increase by 11 days/month during the same
period (Figure 6b).

As shown in Figure 6¢, the number of days with total precipitation is highest in August under the present-day
climate; however, starting in the middle of this century, September has become the month with the most frequent
precipitation events. It can be seen from Figure 3c that the Arctic Ocean becomes ice-free during August and
September at the end of this century under the strong emission scenario, which provides abundant water vapor,
making September the month with the most frequent precipitation from the middle of this century. Meanwhile,
severe local warming occurs during the ice-free period (Figure S4 in Supporting Information S1), leading to a
great increase in the RPR in the Arctic (Figure 6f). Consequently, August will replace July as the month with
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Figure 4. The projected Arctic mean (60-90°N) increases in the number of

days with rainfall compared with the present day, including the contributions
of changes in local temperature and total precipitation. Black dots indicate the

percentage by which local warming determines the increase in rainfall days.

century) (Figure 6e), resulting in the most frequent rainfall events in August
(Figure 6a).

3.2.3. Timing of the First Rainfall

The occurrence of rainfall events in spring is an important indicator of the
onset of the Arctic ablation period, and it can initiate and accelerate the melt-
ing of sea ice and snow cover in the Arctic (e.g., Dou et al., 2019; Landrum
& Holland, 2020). The projections show that the timing of the first rainfall
event in spring will be earlier than the present day by ~38 days on average
across the Arctic by the end of this century. The shift in the early melt season
rainfall is most evident in the Pacific and North Atlantic sectors, especially
in the Chukchi Sea and the Northern Barents Sea, where the onset date of
rainfall event in spring occurs ~3 months (one season) earlier than that of the
present day (Figure 7). This means that spring rainfall will occur much earlier
in most parts of the Arctic at the end of this century, and the expanded rain
season will have a profound impact on the local climate change and ice and
snow environment in the Arctic.

50 60 70 80 920 100 %

Figure 5. The projected increase in the number of days with rainfall in the Arctic was attributed to local warming; 100% means that the increase in rainfall days is
completely caused by local warming. The gray shadows indicate areas where no rainfall occurs.
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Figure 6. Variations in the 10-year average of the number of days with rainfall and total precipitation and their ratio averaged in the Arctic (60-90°N) from 2006 to
2100. (a) The number of days with rainfall. (b) Changes in the number of rainy days from the present day (2006-2015). (c) The number of days with total precipitation.
(d) Changes in the precipitation days from the present day. (e) The ratio of rainy days to total precipitation days (RPR). (f) Changes in RPR from the present day.

3.2.4. Intensity of Rainfall

The intensity of rainfall also shows an overall increasing trend in the future (Figure 8). By the end of this century,
the intensity of the warm season (June—September) rainfall can reach greater than 6 mm/day over the Arctic
continent, which is stronger than the intensity of rainfall (~4 mm/day in average) in the Arctic Ocean during the
same period. In the winter part of the year (October—April), rainfall events only occur in the Pacific and Atlantic
sectors with intensities greater than 3 mm/day (Figure 8a).

From June to September, the projected increase in rainfall intensity can be up to ~2 mm/day over parts of the
Arctic land area, including western and southern Greenland, which is larger than the increase over the Arctic
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Figure 7. Projections of the first rainfall date in the Arctic during 2091-2100 for the high-emission scenario forcing based on the multi-model mean results of Coupled
Model Intercomparison Project Phase 5 (CMIPS) (RCP8.5) and CMIP6 (SSP585). (a) CMIP5 model mean. (b) Differences in the projected timing of the first rainfall
from the present day based on the CMIP5 model mean. (c) CMIP6 model mean.

Figure 8. Same as in Figure 3 but for the intensities of rainfall and total precipitation events during 2091-2100 (unit: mm/day). (a) Rainfall intensity. (b) Intensity of total
precipitation. (c) Differences in the projected rainfall intensity from the present day. (d) Differences in the projected intensity of total precipitation from the present day.
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Figure 9. Projected monthly (a) maximum intensity of rainfall and (b) the maximum intensity of total precipitation in the Arctic from the Coupled Model
Intercomparison Project Phase 5 multi-model mean. The differences in the projected maximum intensity of (c) rainfall and (d) total precipitation from the present day

(unit: mm/day).

Ocean (~0.5 mm/day), indicating that the response of rainfall intensity to the climate change is more sensitive
over the Arctic land area in the warm season. The earlier studies based on CMIPS5 projections suggested that the
warm season moisture inflow from the lower latitudes will increase significantly at the end of this century under
high-emission scenarios (Bintanja & Selten, 2014), leading to a larger increase in the intensity of rainfall events
on the land area since the frequencies of rainfall events will not increase during the same period (Figure 3c).
Moreover, the increase in rainfall intensity is mainly observed over the lower latitudes of the Pacific and Atlantic
sectors during the winter part of the year because it is still too cold to form rainfall during this period in other
regions by the end of this century (Figure 8c).

We further analyzed the projections of the maximum intensity of rainfall, and the results indicate that the maxi-
mum intensity of rainfall in summer (June—September) is significantly higher than those in other seasons over
the Arctic continent (Figure 9a). The strongest rainfall events are likely to be observed over northwest Alaska,
eastern Siberia, northern Europe, and the marginal area of Greenland in the future, and the intensity of these
rainfall events can reach 32 mm/day (Figure 9a). In large parts of eastern Siberia, the increase of the maximum
intensity of rainfall events in summer will be larger than 10 mm/day relative to the present day, demonstrating that
the Arctic region may suffer more heavy rainfall events during the warm season with global warming. In the cold
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months (November—April), the maximum intensity of rainfall events will not change significantly in the Arctic
except for a slight increase over the Pacific sector (Figure 9c).

4. Discussion and Conclusions

In this study, based on the CMIP5 projections, the changes in Arctic rainfall events in the future are evaluated
under the high-emission scenario (RCP8.5). The results show that the frequency and intensity of rainfall events
both show an increasing trend in the Arctic. The increasing trend of the number of days with rainfall is mainly
observed in the Atlantic and Pacific sectors in the cold seasons, while it is mainly observed over the Arctic Ocean
in the warm seasons, especially in September. The increase of rainfall days in the Arctic is mainly determined by
the local warming and the sensitivity of the precipitation phase to the temperature rise. These two factors together
result in the spatial differences of the increasing trends of rainfall days in the Arctic during various seasons.

In the cold seasons, the local warming in the Atlantic sector contributes most to the increase in rainfall days
(~90%) over the Arctic Ocean. In summer, the contribution of local warming is relatively small (~70%) and
mainly reflected over the Arctic Ocean, and the remaining part was contributed by the increase in total precipita-
tion. The sharp retreat of sea ice in summer leads to an increase in local water vapor and hence more precipitation
(Bintanja & Selten, 2014) that occurs mainly in liquid form over the Arctic Ocean in September. Note that, in
addition to the increase in the frequency and intensity of rainfall, we found that the first rainfall at the end of this
century occurred earlier than the present day by ~38 days on average over the Arctic, and the largest changes are
observed over the Pacific and Atlantic sectors, which means that the ice ablation period will be further prolonged
in the Arctic under the high-emission scenario.

The increase of rainfall intensity is mainly manifested in the Pacific and Atlantic sectors during the cold seasons
(November—April), while it is observed in most parts of the Arctic during the warm seasons (May—September),
and the largest increase up to 2 mm/day is observed in large part of the Arctic continent. The intensified rainfall
events in the lower latitudes of the Arctic in the future are mainly caused by the increased transport of water
vapor from low latitudes to the Pole. The largest increase in the maximum intensity of rainfall occurs over east-
ern Siberia, western Alaska and the southwestern edge of Greenland from July to September, which can reach
~12 mm/day. This means that there will be more heavy rainfall events in the warm season in a large part of the
Arctic land area with global warming.

We further examined the projections of Arctic rainfall based on the latest phase of CMIP (CMIP6) models (see
Table 2). As shown in Figure 10 and Figure S5 in Supporting Information S1, the two-phase multi-model means
are highly consistent in simulating the seasonal cycle of air temperature, frequency and intensity of rainfall in the
Arctic, although different models are selected in these two phases of CMIP. In general, CMIP6 models simulate
a slightly larger amount of total precipitation (rainfall), which is reflected both in the intensity and frequency
of precipitation (rainfall) events. The differences in the two-phase model mean in the number of days with total
precipitation, and the amount of total precipitation are mainly led to by the differences in rainy days and rainfall
amount, which are basically caused by the warmer climate in the average result of the selected CMIP6 models in
this study (Figure 10a). For the same reason, the timing of first rainfall projected by CMIP®6 is slightly earlier than
that by CMIP5 over the Pacific and Atlantic sectors (Figures 7a and 7¢). Despite the above differences, it can be
concluded that the projections of CMIP6 broadly support the results of more frequent and intense rainfall events
in the Arctic than those derived from CMIP5.

Additionally, the projections show the rainfall events tend to advance toward the center of the Arctic Ocean and
inland area of the Greenland Ice Sheet in August in the future (Figure S5 in Supporting Information S1 and
Figure 7c). In view of the boosting effects of rainfall on snow and ice ablation (Dou et al., 2019; Landrum &
Holland, 2020; Neumann et al., 2019; Oltmanns et al., 2019), rainfall will become an important factor in acceler-
ating the mass loss of snow cover, sea ice and ice sheet in a rapid warming Arctic under the background of global
warming.
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Figure 10. Comparisons of the projections between two phases of the CMIP model means under their high-emission scenarios during 2091-2100. (a) Air temperature.
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