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Key Points: 

 Warming forced by global aerosol reduction and increased GHG emission leads to a 

solid-to-liquid precipitation transition in the Arctic 

 The sensitivity of Arctic precipitation phase to the aerosol forcing is approximately 

three times that to the GHG forcing 

 The most sensitive phase changes of Arctic precipitation to the aerosol forcing are 

observed in Greenland and the eastern Arctic Ocean 

 

Abstract 

The sensitivity of the Arctic precipitation phases (solid and liquid) to the forcings from 

greenhouse gases (GHGs) and aerosols over 2016-2080 was investigated by using the 

Community Earth System Model version 1. Results show that the warming caused by the two 

forcings results in an increasing trend in total precipitation and a solid-to-liquid precipitation 

transition in the Arctic. Under RCP8.5 scenario, the increased rate of Arctic mean 

precipitation with global warming forced by aerosol reduction (7.7%/℃) is twice greater than 

that by increased GHG emission (3.5%/℃). The sensitivity of rainfall to precipitation ratio 

(RPR) to various forcings is much higher than that of total precipitation in the Arctic. The 

increased rate of RPR due to global aerosol forcing (8.4%/℃) is approximately three times 

that due to GHG forcing (2.9%/℃) in the Arctic, the differences even larger over Greenland 

and the eastern Arctic Ocean, resulting in more rainfall in these areas.  
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Plain Language Summary 

The precipitation phase is extremely sensitive to temperature changes, especially in the 

Arctic. Solid and liquid precipitation have almost the opposite effect on the ground energy 

budget. The changes in precipitation phase can greatly affect snow and ice mass balance, 

regulating the regional hydrological cycle. The transition from solid precipitation to liquid 

precipitation can even promote carbon release over the permafrost through changing the rate 

of snow melting. We evaluated the impacts of the two most important anthropogenic forcing 

agents (Greenhouse gases and aerosols) on the changes of precipitation phases in the Arctic 

using a state-of-art earth system model. We found that the warming forced by global aerosol 

reduction and increased Greenhouse gas emission leads to a solid-to-liquid precipitation 

transition and therefore more rainfall events in the Arctic. Under RCP8.5 scenario, the 

sensitivity of Arctic precipitation phase to global aerosol forcing is approximately three times 

that to the GHG forcing, and the most sensitive phase changes of Arctic precipitation to the 

aerosol forcing are observed in Greenland and the eastern Arctic Ocean. Understanding the 

impact of human activities on the changes in the Arctic precipitation phase will help 

formulate reasonable emission reduction policies and better adapt to the rapid Arctic climate 

changes in the future. 
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1 Introduction 

The changes in Arctic precipitation play an important role in the Arctic freshwater 

budget and evolution of the ecological environment [Zhang et al. 2013]. The projected long-

term trend in Arctic precipitation is projected to reach 2-3 times the global mean with climate 

warming [Trenberth, 2011; Bintanja and Selten, 2014]. Increased Arctic precipitation can 

reduce the salinity of the surface water in the Arctic Ocean, which in turn affects the Atlantic 

meridional overturning circulation [Kattsov and Walsh 2000; Davies et al., 2014; 

Bintanja,2018; Caesar et al., 2018; Yang et al., 2016]. In addition to the total precipitation 

amount, the changes in precipitation phases (solid and liquid) can also greatly influence the 

freeze-thaw process of snow and ice, regulating the regional hydrological cycle. Solid and 

liquid precipitation have very different and even opposite effects on the ground energy 

budget and snow and ice mass balance. Snowfall prevents the melting of snow and ice and 

makes a positive contribution to the mass balance of snow cover, while rainfall promotes the 

ablation of snow and ice by reducing the thickness of snow [Screen and Simmonds, 2012] and 

lowering the surface albedo [Perovich et al., 2017; Dou et al., 2019].  

Previous studies showed that rainfall will be the dominant form of Arctic precipitation in 

the high emission scenario (RCP8.5) [Bintanja and Andry, 2017]. Rainfall can accelerate the 

mass loss of the Greenland ice sheet by promoting surface ablation [Shepherd et al., 2020; 

Oltmanns et al., 2019]. Liquid precipitation facilitates the release of methane over permafrost 

areas by accelerating the melting of overlying snow [Neumann et al., 2019]. In addition, 

rainfall events occurring over snow-covered regions in winter can form a thick layer of ice on 

the snow surface, preventing reindeer from foraging and resulting in a high mortality of 

reindeer [Forbes et al., 2016]. 

The Arctic region is undergoing rapid climate change under forcing from greenhouse 

gases (GHGs), aerosols, and other climate drivers [Stjern et al.,2019]. GHGs and aerosols are 
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the two most important anthropogenic forcing agents, having a decisive impact on future 

changes in precipitation intensity [Lin et al., 2016] and the phases of precipitation in the 21st 

century. However, there are obvious differences in the contributions of these two forcing 

agents to changes in precipitation [Sillmann et al., 2019]. Unlike the longer lifetime and 

globally homogeneous mixing of GHGs, aerosols are short‐lived climate forcers that have a 

net cooling effect on climate change [Andreae et al., 2005; Boucher et al., 2013; Wang et al., 

2016; Storelvmo et al., 2016]. In addition, the aerosol concentration is not just a function of 

emission, but also meteorological condition (such as humidity and wind) and chemistry (such 

as atmospheric oxidizing capacity and nonlinear production chemistry) [Le et al., 2020], thus 

its radiative forcing exhibits significant regional differences on a global scale [Sillmann et al., 

2019; Samset et al., 2018]. The regional changes in air temperature and precipitation strongly 

depend on the balance between aerosol and GHG forcings [Samset et al., 2018]. 

In the Arctic, the opposite aerosol forcings from different midlatitude regions are nearly 

canceled out in the past decades, and GHG forcing can basically explain all observed Arctic 

sea ice loss up to present [Notz et al., 2016]. However, the projected reduction in aerosol 

emissions in the northern hemisphere will make its climate effects in the Arctic stand out 

[Wang et al., 2017]. The relative contributions of different forcing agents in the trends of 

Arctic precipitation and its phase changes in the next decades have been poorly understood. 

Here we quantitatively evaluates the contribution of GHG and aerosol forcings to future 

changes in Arctic precipitation and its phase transition under various emission scenarios. The 

sensitivities of the precipitation phase changes, total precipitation, rainfall and snowfall in the 

Arctic to the warming caused by global aerosol and GHG forcings are also evaluated. 
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2 Data and Methods 

The Community Earth System Model version 1 (CESM1), a fully coupled global climate 

model [Hurrell et al., 2013], is used to investigate the contributions of GHG and aerosol 

forcing to the changes in precipitation phase in the Arctic. The model outputs include total 

precipitation and snowfall, thus, we first use their difference to obtain the rainfall amount and 

then calculate the rainfall to precipitation ratio (RPR) by dividing rainfall by total 

precipitation at each grid. The anthropogenic forcing in CESM1 includes greenhouse gases 

and tropospheric ozone, stratospheric ozone, aerosols, and tropospheric oxidants that evolve 

over time and space [Lamarque et al., 2011]. The resolution of the atmosphere, ocean and 

land models is approximately 1° (latitude) ×1° (longitude). In this model, the three-mode 

modal aerosol scheme [Liu et al., 2012] includes Aitken, accumulation, and coarse modes of 

various aerosol species (sulfate, black carbon, organic carbon, dust, sea salt). The direct, 

semidirect and indirect forcings due to aerosols are included [Morrison  and Gettelman, 

2008] for both liquid and ice phase clouds [Gettelman et al., 2010]. 

CESM1 overall simulates the global atmosphere relatively well [Knutti et al., 2013], but 

there are still some known issues in the Arctic atmosphere. For example, Arctic clouds are 

underestimated in this model [e.g., Kay et al., 2012], and supercooled liquid containing 

clouds in the Arctic are underrepresented in CESM1 [Cesana et al., 2015; Tan and 

Storelvmo, 2016; McIlhattan et al., 2017], an issue shared by most climate models [Cesana et 

al., 2012; Forbes and Ahlgrimm, 2014]. The liquid clouds in this model only include 

stratiform clouds, and the effects of aerosols on the shallow convective clouds are still absent. 

This issue may introduce biases in the Arctic surface energy balance estimation since 

downwelling longwave radiation at the surface is strongly connected with cloud presence and 

phase [McIlhattan et al., 2017].  
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We utilized three sets of CESM1 ensemble simulations: RCP8.5 Large Ensemble 

(RCP8.5_LE), RCP4.5 Medium Ensemble (RCP4.5_ME) and RCP8.5 with fixed aerosols 

Medium Ensemble (RCP8.5_FixA). The RCP8.5_LE includes 30 members (1920-2080), 

which are forced by the same GHG and aerosols. The discrepancies among different 

ensembles are only leaded to by the various initial conditions of the atmosphere [Kay et al., 

2014]. The RCP4.5_ME, including 15 members (2005-2080), is similar to RCP8.5_LE but 

follows the RCP4.5 scenario, and the reductions in aerosol emissions in the RCP8.5 and 

RCP4.5 scenarios are similar [van Vuuren et al., 2011; Lin et al., 2016]. RCP8.5 is a high 

scenario corresponding to larger GHG forcing than RCP4.5 [Sanderson et al., 2015; van 

Vuuren, et al., 2011]. Thus, the purpose of comparing RCP4.5 and RCP8.5 is to evaluate the 

effect of various GHG emissions. The RCP8.5_FixA is a 15-member ensemble simulation 

(2005-2100), which is forced by the RCP8.5, but aerosol emissions and tropospheric oxidants 

are fixed at the levels from 2005 [Xu et al., 2015]. Therefore, the effect of aerosol emissions 

in RCP8.5 can be separately estimated by subtracting the simulations in RCP8.5_FixA from 

those in RCP8.5 [Lin et al., 2015]. Then, the GHG-induced temperature change in the 

RCP4.5 scenario was derived by subtracting the simulations under the aerosol forcing alone 

from those in RCP4.5. 

We collected the precipitation data from 8 stations in Alaska 

(http://climate.gi.alaska.edu/acis_data) and 11 stations in Canadian Arctic Archipelago 

(http://climate.weather.gc.ca/index_e.html) to verify the model results. The station 

observations involve daily precipitation, rainfall and snowfall as water equivalent during 

1961-2010. All observation data were subjected to unified quality control [Han et al., 2018] 

based on observations made at manned and automated sites (see 

http://climate.weather.gc.ca/about_the_data_index_e.html). The map of stations used in this 

study can be seen in Figure 1a. 

http://climate.weather.gc.ca/index_e.html
http://climate.weather.gc.ca/about_the_data_index_e.html
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3 Results 

The rainfall to total precipitation ratio (RPR) was used to characterize the changes in the 

precipitation phase in this study. An increased RPR means that there is a transition from solid 

to liquid precipitation, and vice versa. The sensitivity of the Arctic precipitation variables 

(total precipitation, RPR, rainfall, snowfall) to the forcing from GHGs and aerosols was 

scaled by their changes for every degree Celsius of global mean surface air temperature 

increase due to these two forcing agents. The mean values of the surface temperature and the 

precipitation variables in 2006-2015 were selected as a reference to calculate their decadal 

variations during 2016-2080. The change rates of precipitation variables with surface 

warming were adopted by regressing the changes in total precipitation, RPR, rainfall, and 

snowfall to the mean near surface temperature increments [Pendergrass et al., 2015]. To 

achieve consistency between various ensemble simulations, the period from 2006 to 2080 

was chosen for the analysis.  

Before analyzing the projection results, we evaluated the reliability of CESM1 in 

simulating the Arctic RPR over the past decades. A total of 19 stations in Alaska and 

Canadian Arctic Archipelago north of 60ºN were selected for the model validation. The 

station observations contain both rainfall and precipitation data from 1961 to 2010, which can 

be used to calculate RPR during this period. The period of historical simulation of the model 

is only up to 2005. Thus, the model-observation comparison was conducted during the period 

from 1961 to 2005. The results demonstrated that CESM1 can basically reproduce the 

observed RPR both for its climatology (Figure 1a) and long-term trend in the Arctic (Figure 

1b).  

From 2006 to 2080, the radiative forcing (RF) by global GHG forcing increases from 2.3 

W m-2 to 6.9 W m-2 in the high emission scenario (RCP8.5), yielding a net RF of +4.6 W m-2. 

Compared with the 2006-2015 average, the RF increases by +4.4 W m-2 by 2080. In contrast, 
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the increase in RF is approximately +1.7 W m-2 under the RCP4.5 scenario during the same 

period. The negative RF by aerosol frocing declined from -0.8 W m-2 to -0.2 W m-2 during 

2006-2080. Compared with the 2006-2015 average, the aerosol reduction will induce +0.6 W 

m-2 radiative forcing by 2080, which is approximately one-third of that from increased GHG 

emission under RCP4.5 scenario.  

Figure 1c shows the changes in near surface temperature in the Arctic (60°-90°N) during 

2016-2080 caused by different anthropogenic forcings under the RCP8.5 and RCP4.5 

scenarios relative to that during 2006-2015. The strongest warming will emerge in the case of 

combined forcing from GHGs and aerosols under the high emission scenario (RCP8.5), 

followed by GHG-induced warming alone, and aerosol-induced warming is the smallest. 

Even in the RCP4.5 scenario, the GHG-induced temperature rise (+3.2℃) is much higher 

than that (+1.2℃) caused by the aerosol forcing by 2080 (Fig. 1c). In contrast, although the 

increase in RPR caused by GHG forcing are much higher than those caused by aerosol 

forcing in the RCP8.5 scenario, the increase in RPR caused by warming due to global aerosol 

reduction is comparable to the contribution of GHG emissions in the RCP4.5 scenario (Fig. 

1d-f). This results indicates that aerosol forcing will play an important role in the 

precipitation phase changes in the Arctic if a lower GHG emission pathway (RCP4.5) is 

adopted. The rate of the increase in the RPR in the Arctic Ocean is larger than that over land 

(Fig. 1e-f) in both the RCP4.5 and RCP8.5 scenarios. Under the RCP8.5 scenario, the 

combined forcing from GHGs and aerosols can lead to increases in the RPR of approximately 

18% and 10% in 2080, respectively, in the Arctic Ocean and the surrounding land area 

(confidence level is 0.05 from t test) relative to the average of 2006-2015 period. In contrast, 

the increases in RPR are smaller under the same forcings in the RCP4.5 scenario, which are 

approximately 11% and 7%, respectively, in the Arctic Ocean and the surrounding land area, 
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since the change of precipitation phase in the Arctic is mainly determined by the local 

temperature rise. 

 

 

The responses of the changes in the total precipitation, RPR, rainfall and snowfall to 

various forcing agents are investigated below. Under the combined forcing from GHGs and 

aerosol emissions, all precipitation variables have a high goodness-of-fit (R2>0.9) with 

temperature changes (Fig. 2), supporting that the increased precipitation amount and changes 

in precipitation phases in the Arctic can be largely attributed to the climate warming caused 

by the reduced anthropogenic aerosols and enhanced GHGs globally. With the climate 

warming caused by GHG and aerosol forcings, except for snowfall, all other precipitation 

variables present an increasing trend in the Arctic during the period from 2016 to 2080. 

Because the temperature rise caused by GHG forcing is greater than that by aerosol forcing in 

the Arctic region (Fig. 1c), most attention has been drawn by the GHG-induced climate 

change in the Arctic. However, our analysis showed that the increased rate in RPR caused by 

the temperature rise per degree due to aerosol forcing (8.4 %/°C) is larger than that caused by 

GHG forcing (2.9 %/°C), indicating that the changes in the RPR in the Arctic are more 

sensitive to aerosol-induced warming than GHG-induced warming (Fig. 2d). The sensitivities 

are for individual forcing agents around present levels. The increased rate in the RPR caused 

by the aerosol-driven temperature rise is approximately 2.9 times that caused by GHG 

forcing.  

Above we evaluated the sensitivity of Arctic RPR to global GHG and aerosol forcings. 

We further analyze to what extent the larger sensitivity due to aerosol forcing is coming from 

Arctic temperature response (i.e. the sensitivity of Arctic amplification). Results showed that 
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aerosol-induced Arctic amplification (2.39±0.40) is generally comparable with GHG-induced 

Arctic amplification (2.23±0.20) during 2016-2080, although the interannual variability of 

the former is more significant, indicating that the higher sensitivity of Arctic RPR to aerosol 

forcing is not caused by more sensitive Arctic amplification to this forcing, but may be 

determined mainly by local forcing of aerosols. This is supported by a recent study based on 

the same model [Wang et al., 2017], which pointed out that the local radiative forcing by 

aerosols within the Arctic, due to either local emissions or long-range transports, is more 

efficient in promoting the Arctic warming than the aerosol-induced energy imbalance in 

lower latitudes outside the Arctic. 

The changes in rainfall are more sensitive to various forcings than the RPR (Fig. 2c). 

The sensitivity of Arctic rainfall to aerosol forcing is higher than that to GHG forcing (GHG: 

16.1 %/°C; aerosol: 45.9 %/°C). The sensitivity of Arctic total precipitation to various 

forcings is lower than those of RPR and rainfall (Fig. 2a), and its rate of increase due to 

aerosol-induced warming is 2.2 times that due to GHG-driven warming (GHG: 3.5 %/°C 

aerosol: 7.7 %/°C). It is interesting to note that the warming rate due to combined effect is not 

an additivity of that from aerosol and GHG forcing. Instead, the warming rate even lies 

between that from aerosol and GHG forcing. The reasons are worthy future investigation. A 

likely reason is that the large scale circulation could be altered when both forcings exist, 

making the effects from both forcings partially canceled out. 

Further analysis indicated that the combined forcing from GHG and aerosols can result 

in a decrease in snowfall in the Arctic in the future (Fig. 2b). Linear regression analysis 

showed that the decrease in Arctic snowfall in the future is mainly caused by the warming 

effect of GHGs (R2=0.74), corresponding to a sensitivity of -0.5%/°C (Fig. 2b). There is not 

obvious relationship between the snowfall decrease and the aerosol–induced warming 

(R2=0.0043), thus, the sensitivity of Arctic snowfall to the aerosol forcing has not statistical 



 

 

©2020 American Geophysical Union. All rights reserved. 

significance. In general, the sensitivity of snowfall to various forcings from anthropogenic 

emissions is much lower than those of rainfall, the RPR and total precipitation in the Arctic. 

 

The above analysis indicated that both GHG and aerosol forcing have significant 

impacts on the changes in the total precipitation, RPR and rainfall in the Arctic. We further 

quantified the regional dependence of these forcings in the Arctic. As shown in figure 3, there 

are increasing trends in total precipitation, RPR and rainfall in the Arctic with warming under 

combined forcing from GHG and aerosols, especially over the Greenland ice sheet and 

central Arctic Ocean. There are no significant spatial differences in the sensitivity of changes 

in the total precipitation to the forcing from GHG emissions (Fig. 3a), while the sensitivity to 

aerosol forcing presents a certain spatial difference, with high sensitivity over Greenland ice 

sheet, central and eastern Arctic Ocean (Fig. 3b). 

The sensitivity of rainfall to aerosol forcing in the eastern Arctic Ocean is significantly 

higher than that to GHG forcing (Fig. 3c, d). The area with higher sensitivity of rainfall to 

aerosol forcing is basically the same as area with higher sensitivity of total precipitation (Fig. 

3b, d), leading to a high sensitivity of RPR to aerosol forcing in the eastern Arctic Ocean and 

Greenland ice sheet (Fig. 3f). As a result, the precipitation phase change averaged across the 

Arctic is more sensitive to aerosol forcing than to GHG forcing (Fig. 2d). 

The response of snowfall to various forcings shows significant spatial variabilities. For 

both forcing agents, snowfall presents a decreasing trend in the Atlantic sector, North 

America and the Pacific sector, and an increasing trend in the Greenland ice sheet and most 

parts of Eurasia and the Arctic Ocean (Fig. 3g, h). However, the response of snowfall to 

aerosol forcing exhibits a decreasing trend in the marginal seas of the Eurasian sector (Fig. 

3h), while the response to GHG forcing exhibits the reverse trend in this area (Fig. 3g). In 
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addition, the sensitivity of snowfall to aerosol forcing is higher than that to GHG forcing in 

the Greenland region. 

 

To determine the reasons for the regional differences in precipitation sensitivity to 

various forcing agents, we analysed the response of water vapour flux in the Arctic to climate 

warming due to aerosol and GHG forcing. Water vapour convergence is considered to be a 

prerequisite for precipitation to occur in the Arctic [Banacos and Schultz, 2005; Huang et al., 

2019]; thus, we mainly analyse the response of water vapour convergence to various forcing 

agents. The results show that there is no significant spatial difference in the water vapour flux 

in the Arctic due to GHG forcing (Fig.4a). However, affected by the reduced aerosol 

emissions globally, obvious moisture convergence occurs over the Greenland and most of the 

eastern Arctic Ocean (Fig.4b), leading to more precipitation in these areas (Fig. 3b).  Further 

analysis shows that the projected increase in total Arctic precipitation is entirely contributed 

by the increase in rainfall whether under the forcing from GHG, AER or both, while changes 

in snowfall are generally small. This is consistent with the result of Bintanja and Andry 

(2017) based on CMIP5. Precipitation increased in liquid form will lead to an increase in 

RPR. Therefore, the moisture convergence in the eastern Arctic Ocean and Greenland caused 

by aerosol-induced warming will result in more rainfall and an increased RPR, corresponding 

to higher sensitivity of RPR in these areas. The different sensitivities to various forcings 

emphasize the importance of the balance between the forcings from GHGs and aerosols in the 

study of future Arctic climate change. 

4 Discussion and Conclusions  

The impacts of climate warming caused by global GHG forcing and aerosol forcing on 

the changes in total precipitation, the RPR, rainfall and snowfall in the Arctic during 2016-
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2080 are investigated based on CESM1 ensemble simulations. Under the RCP 4.5 and 

RCP8.5 scenarios, precipitation will show a transition from the solid to liquid phase 

(increased RPR) over the Arctic in the coming decades. The strongest warming and largest 

increase in the RPR will emerge in the case of combined forcing from GHGs and aerosols 

under RCP8.5 scenario. The rate of the increase in the RPR over the Arctic Ocean is higher 

than that over the Arctic land area no matter in RCP8.5 or RCP4.5 scenarios. Although the 

near surface temperature rise caused by aerosol forcing is smaller than that caused by GHG 

forcing in various scenarios, in the RCP4.5 scenario, the increase in the RPR due to aerosol 

forcing is equivalent to that due to GHG forcing.  

The increased precipitation amount and changes in precipitation phases in the Arctic can 

be largely attributable to the warming caused by reduced anthropogenic aerosols and 

enhanced greenhouse gases globally. The increased rate in the RPR (%/°C) caused by 

aerosol-driven warming is approximately three times that caused by GHG forcing, although 

the temperature rise contributed by aerosol forcing in the coming decades is much weaker 

than that contributed by GHG forcing. This result indicates that the sensitivity of the change 

in the precipitation phase to aerosol forcing is much higher than that to GHG forcing in the 

Arctic.  

Further analyse indicates that the increased rate of RPR is generally higher in the Arctic 

Ocean and Greenland region than in other regions of the Arctic under the two different 

forcing agents. The increased rate of RPR caused by warming due to aerosol forcing is higher 

than that due to GHG forcing in the above two regions, especially in the eastern Arctic 

Ocean. This indicates that the higher sensitivity of the Arctic precipitation phase to the 

warming effect due to global aerosol forcing is mainly reflected in the eastern Arctic Ocean. 

Compared to GHG forcing, aerosol forcing would promote the convergence of moisture in 
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the eastern Arctic Ocean and Greenland region more effectively, leading to more rainfall and 

a significant increase in RPR in these regions. 

Current restrictions on aerosol emissions [Samset et al., 2018; Samset et al., 2014] add a 

great deal of uncertainty to the relative contribution of reduced GHG and aerosol emissions to 

the changes in the precipitation phase in the Arctic. If a lower emission scenario is adopted, 

aerosol forcing may play a critical role in the Arctic precipitation phase changes in the 

coming decades. This study has implications for policies related to Arctic climate adaptation 

to increased rainfall events in this region. Sufficient attention should be drawn to the 

influences of aerosol emission reduction on the phase changes of Arctic precipitation in the 

future, especially for the influence mechanism of local aerosol forcing. The impacts of local 

aerosols include not only the radiative forcing but also the indirect cloud albedo and lifetime 

effect (or microphysical effect, see [Twomey, 1977; Albrecht, 1989]); that said, a decrease in 

aerosols will results in an increase in both the size of cloud droplets and precipitation/rainfall. 

Local aerosols mainly have a warming effect when solar radiation is weak in the Arctic 

[Garrett and Zhao, 2006; Zhao and Garrett, 2015], meaning that local aerosol reduction in 

the Arctic during the cold season could cause cooling effects, which is contrary to the climate 

effect of aerosols during the warm season. In-depth research is needed on the contribution of 

local aerosol forcing to Arctic precipitation phase changes during different seasons. 
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http://climate.gi.alaska.edu/acis_data
http://climate.weather.gc.ca/index_e.html
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Figure 1. Model-observation comparison of spatial distribution and trend of RPR in the 

Arctic (60°-90°N) over the period of 1961-2005. a. Multi-year mean RPR; b. Trend of annual 

mean RPR. The color shading represents the simulation of CSEM. The colored circle marks 

the observed values from 19 stations in Alaska and Canadian Arctic Archipelago. Projected 

variations in the near surface air temperature (T) and RPR (%) resulting from anthropogenic 

GHG and aerosol (AER) forcings in the Arctic (60°-90°N) during 2016-2080 relative to the 

2006-2015 period. c. T averaged over the entire Arctic, d. RPR averaged over the entire 

Arctic, e. RPR averaged over the Arctic Ocean, f. RPR averaged over the land region of the 

Arctic. 
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Figure 2. Scatterplots of changes in Arctic precipitation vriables (y axis) with surface 

temperature changes (x axis) under different anthropogenic forcings during the period from 

2016 to 2080. a. total precipitation, b. snowfall, c. rain, and d. RPR. All of the results caused 

by GHG, aerosol (AER), and GHG and AER forcing under the RCP8.5 scenario are shown. 
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Figure 3. Spatial distributions of the rate of change in Arctic precipitation variables with 

mean surface temperature under different anthropogenic forcings during the period from 

2016 to 2080. The left panels show the rates of change caused by GHG forcing under the 

RCP8.5 scenario, and the right panel show the rates of change caused by aerosol forcing 

under the same scenario. Total precipitation (a,b), rainfall (c,d), RPR (e,f), and snowfall (g.h). 
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Figure 4. Same as figure 3, but for the changes in the moisture flux with surface warming in 

the Arctic under the RCP8.5 scenario. The changes caused by global GHG forcing (a) and 

aerosol forcing (b). 

 


