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Abstract

The Arctic is notable as a region where the greatest rate of increase in precipitation associated with global warming is an-

ticipated. The Arctic precipitation simulated by the Coupled Model Intercomparison Project phase 6 multimodels showed a

strong increasing trend in the recent past since the 1980s as a result of the continued strengthening of greenhouse gas forcing.

Meanwhile, the suppression by aerosol forcing, which dominated in earlier periods, has been leveled off. From an energetic

perspective, the constraining factors of increased atmospheric radiative cooling and reduced heat transport from lower latitudes

contributed equally to the recent increase in Arctic precipitation. Future Arctic precipitation will change in proportion to the

temperature change, but the fractional contributions of the constraining factors will remain stable across various scenarios. The

implications for the doubling of the Arctic amplification factor of precipitation changes relative to that of temperature changes

are also discussed.

Hosted file

980263_0_art_file_11618764_s4v2yh.docx available at https://authorea.com/users/533526/

articles/690152-factors-driving-past-trends-in-arctic-precipitation-and-their-future-

changes

1

https://authorea.com/users/533526/articles/690152-factors-driving-past-trends-in-arctic-precipitation-and-their-future-changes
https://authorea.com/users/533526/articles/690152-factors-driving-past-trends-in-arctic-precipitation-and-their-future-changes
https://authorea.com/users/533526/articles/690152-factors-driving-past-trends-in-arctic-precipitation-and-their-future-changes


Manuscript submitted to Geophysical Research Letters 

 

 1 
 2 

 3 

Factors Driving Past Trends in Arctic Precipitation and Their Future Changes 4 

 5 

S. Yukimoto
1
, N. Oshima

1
, H. Kawai

1
, M. Deushi

1
, and T. Aizawa

1,2
 6 

 
7 

1 
Meteorological Research Institute, Japan Meteorological Agency, Tsukuba, Japan 8 

2
 National Institute of Polar Research, Tachikawa, Japan 9 

 10 

Corresponding author: Seiji Yukimoto (yukimoto@mri-jma.go.jp)  11 

 12 

 13 

Key Points: 14 

 The rapid increase in Arctic precipitation in the recent past is examined from multimodel 15 

simulations. 16 

 The rapid increase is driven by accelerating greenhouse gas concentrations and 17 

plateauing growth in anthropogenic aerosol emissions. 18 

 Increased radiative cooling and reduced poleward heat transport equally constrained the 19 

Arctic precipitation changes. 20 
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Abstract 23 

The Arctic is notable as a region where the greatest rate of increase in precipitation associated 24 

with global warming is anticipated. The Arctic precipitation simulated by the Coupled Model 25 

Intercomparison Project phase 6 multimodels showed a strong increasing trend in the recent past 26 

since the 1980s as a result of the continued strengthening of greenhouse gas forcing. Meanwhile, 27 

the suppression by aerosol forcing, which dominated in earlier periods, has been leveled off. 28 

From an energetic perspective, the constraining factors of increased atmospheric radiative 29 

cooling and reduced heat transport from lower latitudes contributed equally to the recent increase 30 

in Arctic precipitation. Future Arctic precipitation will change in proportion to the temperature 31 

change, but the fractional contributions of the constraining factors will remain stable across 32 

various scenarios. The implications for the doubling of the Arctic amplification factor of 33 

precipitation changes relative to that of temperature changes are also discussed. 34 

Plain Language Summary 35 

The Arctic region is inherently a low-precipitation area. However, because of global warming, 36 

precipitation is expected to significantly increase in the Arctic region compared with the global 37 

average when viewed as a percentage change from the original precipitation. This severely 38 

affects climate change in the Arctic environment. The latest climate model simulations show that 39 

there has been a rapid increase in precipitation in the Arctic region in the recent past. The driving 40 

factors behind the rapid increase are the effects of the accelerating growth of greenhouse gas 41 

concentrations, which were previously suppressed by the increasing anthropogenic aerosol 42 

emissions before the 1980s. Based on the heat budget of the atmosphere, we identified important 43 

factors contributing to these precipitation changes. These include enhanced radiative cooling 44 

(responding locally to increased air temperature) and reduced heat transport from lower latitudes 45 

due to greater temperature increases at higher latitudes. Future precipitation will change in 46 

proportion to the temperature change while maintaining consistent fractional contributions across 47 

different scenarios. 48 

1 Introduction 49 

Understanding the factors of past changes in the Arctic mean precipitation is important 50 

for future projections of climate change in the Arctic region. Associated with global warming, 51 

the temperature increase in the Arctic region is known to be larger than those in lower latitudes 52 

(Manabe and Wetherald, 1975; Holland and Bitz, 2003; Pithan and Mauritsen, 2014; Previdi et 53 

al., 2021), the so-called Arctic amplification. Precipitation is also expected to increase at a 54 

greater rate in the Arctic region (Bengtsson et al., 2011; Bintanja and Selten, 2014; McCrystall et 55 

al., 2021), which means that the relative increase in precipitation is greater in the Arctic region, 56 

where precipitation is inherently low. 57 

Many previous studies have discussed the causes of precipitation increase in the Arctic 58 

mainly in terms of the moisture budget, such as increased moisture transport from lower latitudes 59 

(Bengtsson et al., 2011; Bintanja et al., 2020) and increased evaporation due to sea ice loss 60 

(Bintanja and Selten, 2014). Meanwhile, the global mean precipitation change is constrained by 61 

the radiative cooling rate of the atmosphere (Allen and Ingram, 2002; Pendergrass and 62 

Hartmann, 2014), not the rate of water vapor increase, from the perspective of energetics. Such 63 

energetic constraints have also been applied to studies on regional precipitation changes (Muller 64 

and O'Gorman, 2011). 65 
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Recently, the factors that alter the Arctic hydrological cycle have also been discussed 66 

from the perspective of energetics (Pithan and Jung, 2021; Bonan et al., 2023), suggesting that 67 

changes in the radiative cooling of the atmosphere are essential factors in the “Arctic 68 

amplification” of precipitation changes. However, the drivers of past changes in Arctic 69 

precipitation remain unclear. The challenge is to determine how forcing factors, such as 70 

anthropogenic greenhouse gases (GHGs) and aerosols, alter constraining factors, such as 71 

radiative cooling and energy transport. The Arctic amplification of temperature changes exhibits 72 

similarity despite different forcing factors (Stjern et al., 2019). However, the Arctic amplification 73 

of precipitation changes is yet to be explored. Moreover, the trends in those factors must be 74 

understood for future applications. 75 

In this paper, we analyzed the sixth phase of the Coupled Model Intercomparison Project 76 

(CMIP6) multimodel experiments to explore the contribution of each factor to past and future 77 

multidecadal trends in annual mean precipitation over the Arctic region. The Arctic amplification 78 

of precipitation changes is also interpreted. 79 

2 Data and Methods 80 

To investigate the drivers of past changes in precipitation, we analyzed multimodel data 81 

from the Detection and Attribution Model Intercomparison Project (DAMIP; Gillett et al., 2016) 82 

historical experiments with individual forcing: the anthropogenic aerosol forcing experiment 83 

(hist-aer), the well-mixed GHG forcing experiment (hist-GHG), and the natural (solar and 84 

volcanic activities) forcing experiment (hist-nat), in addition to the CMIP6 historical experiment 85 

(historical). To examine future changes in precipitation, we also analyzed multimodel data from 86 

five representative scenario experiments for shared socioeconomic pathways (ssp119, ssp126, 87 

ssp245, ssp370, and ssp585) in ScenarioMIP (O'Neill et al., 2016). We used data from all models 88 

(Table S1) for which the required variables were available, and three or more member runs were 89 

submitted. For each model, we made an ensemble average of all the runs submitted and then 90 

averaged those ensembles into a multimodel mean by averaging the ensembles with equal 91 

weights for each model. 92 

If we ignore changes in the atmospheric heat storage because we are dealing with long-93 

term changes, the column-integrated dry static energy (DSE) balance of the atmosphere can be 94 

expressed as 95 

 LP = −R + ∇H S − FSH      (1) 96 

(Muller and O'Gorman, 2011; Dagan & Stier, 2020; Yukimoto et al., 2022), where L is the latent 97 

heat of evaporation (2.5 × 10
6
 J/kg), P is precipitation (kg/m

2
/s), ∇H S is the horizontal 98 

divergence of the column-integrated DSE (W/m
2
), and FSH is the surface sensible heat flux 99 

(W/m
2
, upward positive). The total DSE divergence ∇S can be expressed as ∇S = ∇H S − FSH; that 100 

is, the downward surface sensible heat flux corresponds to the DSE vertical divergence. −R is the 101 

radiative cooling of the atmosphere, determined from the difference between the radiative budget 102 

at the top of the atmosphere and the surface. Long-term (30 years) linear trends were calculated 103 

for each term in equation (1) for each latitudinal zone for the historical periods (Period I: 1951–104 

1980; Period II: 1981–2010), near future (Period III: 2016–2045), medium term (Period IV: 105 

2046–2075), and the end of the 21st century (Period V: 2071–2100). The 60°N–90°N area 106 

average was defined as the Arctic mean. 107 
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To compare historical changes in simulated temperature and precipitation in the Arctic, 108 

we used HadCRUT5 (Morice et al., 2021) for temperature and GPCP-SG v2.3 (Adler et al., 109 

2017) for precipitation as observations. Notably, however, satellite observations were not 110 

calibrated well because there were only a few long-term rain gauge precipitation observations in 111 

the polar regions and satellite retrievals were difficult because the ground surface was often 112 

covered with snow and ice. Surface air temperature and precipitation from the fifth-generation 113 

ECMWF atmospheric reanalysis (ERA5; Hersbach et al., 2020) were also used for comparison. 114 

For the reanalysis, precipitation was not directly assimilated except for some recent radar data. 115 

3 Results and Discussion 116 

3.1 Historical Changes in Temperature and Precipitation in the Arctic 117 

The CMIP6 multimodel mean well reproduced the observed historical changes in 118 

temperature for the Arctic region and the global mean (Figure 1a). Arctic air temperatures have 119 

been rising rapidly since the 1980s. The rate of temperature increase was much greater than the 120 

global average, indicating a distinct Arctic amplification. The simulated precipitation changes 121 

were analogous to temperature changes (Figure 1b). Precipitation in the Arctic region has 122 

increased rapidly since the 1980s (Period II), and the rate of increase was much greater than the 123 

global average, indicating an Arctic amplification of precipitation changes. In an earlier period 124 

(Period I), precipitation showed a slight negative trend in both the global and Arctic regions. 125 

Because the variation of the multimodel mean resulted from the averaging of many 126 

ensemble members, internal variability was mostly eliminated. In contrast, the observed GPCP 127 

precipitation and ERA5 reanalysis precipitation were difficult for statistically evaluating trends 128 

because of the large internal climate variability. In addition to the effects of internal variability, 129 

the GPCP and ERA5 trends were likely to have large uncertainties arising from the lack of 130 

observations. Nevertheless, the contrast between the global and Arctic mean trends in Period II 131 

appeared to be consistent with the model reproduction. 132 

 133 

Figure 1.  Time series of annual mean (a) surface air temperature and (b) precipitation 134 

anomalies for the Arctic (60°N–90°N) mean (red line) and global mean (blue line). Solid lines 135 

are anomalies from the 1851 to 1880 mean of the multimodel mean of the CMIP6 historical 136 

experiment. Relative anomalies (%) are shown for precipitation. Dotted lines in (a) and (b) 137 

indicate the observed surface air temperature HadCRUT5 and observed precipitation GPCP-SG 138 
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v2.3, respectively. The dashed lines indicate the observed surface air temperature and 139 

precipitation from the ERA5 reanalysis. The relative values of the observations and reanalysis 140 

are offset so that the 1981–2010 averages match. 141 

3.2 Forcing Factors for Historical Precipitation Changes 142 

The time series of Arctic mean precipitation for the experiments to separate the forcing 143 

factors are shown in Figure S1, where the GHG forcing response shows a consistent increase in 144 

temperature and precipitation over the entire historical period, with the rate of increase 145 

seemingly increasing around the 1970s. In contrast, the aerosol forcing response shows a 146 

significant decline in both temperature and precipitation from the 1950s until the 1970s, with the 147 

decline bottoming out after the 1980s. Because of this trend difference before and after 1980, we 148 

divided the period into Period I (1951–1980) and Period II (1981–2010) and analyzed the trend 149 

for each period. 150 

Figure 2a shows the Arctic mean precipitation trend and its components broken down by 151 

forcing factor. During Period I, the dominant negative trend due to aerosol forcing was greatly 152 

mitigated by the positive trend due to GHG forcing, resulting in a weak negative historical trend. 153 

In Period II, whereas the aerosol forcing showed almost no trend, the GHG forcing was 154 

accelerated and became dominant, resulting in a large increasing trend in the historical 155 

precipitation. Such a contrast in the combined responses of aerosol and GHG forcing in the 156 

historical period has also been reported for temperature changes in the Arctic (England et al., 157 

2021; Aizawa et al., 2022). The contribution of natural forcing was small in both periods. 158 
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 159 

Figure 2. (a–c) Arctic mean precipitation trend and its breakdowns by forcing factors and 160 

constraining factors based on the historical, DAMIP, and ScenarioMIP experiments. (a) 161 

Decompositions of total forcing (historical) into aerosol forcing (hist-aer), GHG forcing (hist-162 

GHG), natural forcing (hist-nat), and residual and (b) decompositions of precipitation trend in 163 

the historical into radiative cooling (Radiation), horizontal (H.Div.S) and vertical (V.Div.S) 164 

divergence of DSE, and residual (Residual) components for Periods I (blue) and II (orange), 165 

respectively. (c) Present and future trends of Arctic mean precipitation (the shaded part is the 166 

radiative cooling component, and the rest is mostly DSE horizontal divergence) based on the 167 

historical experiment for Period II (1981–2010, gray) and each scenario experiment in the 168 

ScnenarioMIP experiments (ssp119, ssp126, ssp245, ssp370, and ssp585) for Periods III (2016–169 

2045, green), IV (2046–2075, yellow), and V (2071–2100, red). Solid and dashed vertical lines 170 

indicate standard deviations of intermodel spread for the DSE divergence and radiative cooling 171 

components, respectively. (d) Scatterplot of the trend of Arctic precipitation and its constraining 172 

factor components against the Arctic temperature trend in the DAMIP multimodel mean. The 173 

type of mark indicates the constraining factor (as shown in the legend). The color indicates the 174 

period (blue: Period I; orange: Period II). Letters on the marks indicate the type of DAMIP 175 

experiment (no mark: historical; “a”: hist-aer; “G”: hist-GHG; “n”: hist-nat). 176 

Examining the meridional distribution of trends in relative precipitation change by 177 

forcing factor (Figure 3) revealed that both the negative trend due to aerosol forcing (Period I) 178 
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and the positive trend due to GHG forcing (Periods I and II) were larger at higher latitudes in the 179 

Northern Hemisphere (NH) extratropics. The offsetting of aerosol and GHG forcings in Period I 180 

and the dominance of GHG forcing in Period II was also seen in the Southern Hemisphere (SH) 181 

extratropics except for Antarctica. In the tropics, the north–south asymmetric trend in Period I 182 

with a decrease in NH and an increase in SH (Figure 3a) could be attributed to aerosol forcing 183 

(Figure S2a, b). The southward shift of the intertropical convergence zone reproduced by the 184 

CMIP6 models (Yukimoto et al., 2022) reflected this past change in the prevailing forcing. 185 

Interestingly, the distribution of aerosol forcing itself (e.g., Oshima et al., 2020) was 186 

concentrated on the NH midlatitudes, but the pattern of relative precipitation response was quite 187 

different from that. 188 

 189 

Figure 3. Meridional distributions of trends in zonal-mean relative precipitation changes for 190 

(a) Period I (1951–1980) and (b) Period II (1981–2010), shown for the historical (black), hist-aer 191 

(blue), hist-GHG (red), and hist-nat (green) experiments and the sum of hist-aer, hist-GHG, and 192 

hist-nat (dotted line). Values are trends in precipitation changes relative to the mean precipitation 193 

for 1850–1900 in historical simulation (in %/decade). 194 

3.3 Constraining Factors for Past Precipitation Changes 195 

From the DSE balance (Equation 1), precipitation changes were constrained by the 196 

atmospheric radiative cooling and the horizontal and vertical divergence of DSE. The 197 

precipitation trend over the Arctic region during Periods I and II was decomposed by these 198 

constraining factors (Figure 2b). In both periods (although the signs were opposite in different 199 

periods), radiative cooling and DSE horizontal divergence contributed to the precipitation trend 200 

with the same sign and similar magnitude. For example, the large increasing trend in 201 

precipitation in Period II was driven by enhanced radiative cooling of the atmosphere and a 202 

comparable increase in DSE horizontal divergence, corresponding to a decrease in heat transport 203 

from lower latitudes. The vertical divergence of DSE (i.e., the downward surface sensible heat 204 

flux) was in a direction that slightly moderated the horizontal divergence, although its magnitude 205 
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was considerably smaller than those of the other components. The fractional composition by 206 

constraining factor was less dependent on the different forcing factors (Figure S3). 207 

The enhanced radiative cooling in Period II was mainly dominated by clear-sky longwave 208 

radiative cooling, partially moderated by heating from clear-sky shortwave radiation, with little 209 

influence from cloud radiation (Figure S4). This can be attributed to the radiative responses to 210 

the higher temperatures and the associated increased water vapor (Pendergrass and Hartmann, 211 

2014), although the contribution of water vapor change is generally small in the Arctic due to the 212 

very low absolute humidity. Bonan et al. (2023) decomposed changes in radiative cooling in 213 

response to warming into Planck feedback, temperature lapse-rate feedback, water vapor 214 

feedback, and albedo feedback. They argued that the polar amplification of relative precipitation 215 

change mainly results from Planck feedback. Planck feedback is an enhancement of radiative 216 

cooling for the vertical uniform temperature increase component, whereas temperature lapse-rate 217 

feedback, which reflects the vertical distribution of temperature change, considerably offsets the 218 

Planck feedback in the polar regions where the temperature increase is concentrated in the lower 219 

troposphere. We believe it is more appropriate to consider the combination of Planck feedback 220 

and temperature lapse-rate feedback as constraining factors for Arctic precipitation. 221 

In Period I, the increase in shortwave heating worked toward decreasing precipitation, 222 

whereas the contribution of longwave radiation was a small negative (Figure S4a). Sulfate 223 

aerosol, the major component of the anthropogenic aerosol forcing that dominated in Period I, 224 

cooled the surface by scattering solar radiation, but its direct effect on radiative cooling of the 225 

atmosphere was considered negligible (Suzuki and Takemura, 2019; Oshima et al., 2020). The 226 

aerosol forcing included an increase in black carbon (BC), which absorbed shortwave radiation 227 

and heated the atmosphere directly. The increase in BC may contribute to reduced precipitation 228 

(Zhao and Suzuki, 2019; Oshima et al., 2020). However, isolating such effects from this analysis 229 

is difficult, and experiments with BC separate forcing would be needed. 230 

Radiative cooling depends on the local conditions of the atmosphere (such as the air 231 

temperature), whereas DSE divergence depends on atmospheric circulation, including eddy 232 

activity and large-scale temperature structure (e.g., meridional temperature gradient). In 233 

summary, the rapid increase in Arctic precipitation in the recent past can be attributed to an 234 

enhancement of radiative cooling, which is a local effect of rising temperatures and a decrease in 235 

northward heat transport due to changes in the meridional temperature structure and eddy 236 

activity, both of which contributed in comparable magnitude to the rapid increase in precipitation 237 

in the Arctic region in the recent past. 238 

3.4 Future Precipitation Changes and Constraining Factors 239 

Figure 2c shows the recent past (Period II) and future (Periods III, IV, and V) 240 

precipitation changes in the Arctic region. Differences in future precipitation trends for the 241 

Arctic region between scenarios and time periods were qualitatively consistent with those in the 242 

Arctic temperature trends (Figure S5). In the near future (Period III), the trend of precipitation 243 

increase should remain almost the same regardless of the scenario (except for ssp585). In the 244 

medium to long term (Periods IV to V), precipitation increases are suppressed in the low-245 

emission scenarios (ssp119, ssp126, and ssp245) as future temperature increases become smaller, 246 

whereas precipitation increases are enhanced in the high-emission scenarios (ssp370 and ssp585) 247 

as the temperature continues to rise. 248 
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The radiative cooling and the DSE divergence (the shading part and the rest of the bars in 249 

Figure 2c) contributed to the increase in precipitation in comparable magnitudes as constraining 250 

factors; the vertical divergent component of DSE (surface sensible heat flux) contributed very 251 

little in general (not shown). In the high-emission scenarios, the increase in DSE divergence was 252 

greater than the increase in radiative cooling at the end of the 21st century. This suggests that if 253 

warming is significant, changes in precipitation associated with changes in atmospheric 254 

meridional heat transport should be relatively more important. Because the radiative cooling 255 

component was nearly proportional to temperature change, the heat transport due to eddy activity 256 

may vary nonlinearly with respect to temperature change. However, the spread among models 257 

was greater for horizontal divergence than for radiative cooling, and uncertainty in heat transport 258 

changes was probably a major factor in the uncertainty of future precipitation changes. 259 

3.5 Arctic Amplification of Precipitation Changes 260 

The relationship between the Arctic amplifications of temperature and precipitation 261 

changes is discussed based on changes in various physical quantities in the historical experiment 262 

during Period II when GHG forcing was dominant (Figure 4). The temperature trend was larger 263 

at higher latitudes, reflecting the Arctic amplification of temperature changes (Figure 4a). The 264 

Arctic amplification factor as a ratio of the Arctic temperature trend to the global mean 265 

temperature trend was 2.7 in the CMIP6 multimodel mean. This value was within the range of 266 

previously reported values (Chylek et al., 2022). In contrast, the trend in relative precipitation 267 

(Figure 4b) was particularly large in the Arctic region—6.3 times larger than the global average. 268 

The apparent hydrological sensitivity obtained by dividing the relative precipitation trend by the 269 

temperature trend for each latitudinal band (Figure 4e) was about 3.7%/K in the Arctic region, 270 

which was more than twice the global, tropical, and midlatitude values. This means that the 271 

Arctic amplification of precipitation changes appears as a further doubling of the Arctic 272 

amplification of temperature changes. 273 

From the above discussion, the following two pathways can be considered for Arctic 274 

amplification of precipitation changes. 275 

(1) Larger temperature increases at higher latitudes lead to enhanced radiative cooling at 276 

higher latitudes (Figure 4f), leading to a larger precipitation increase in the Arctic. 277 

(2) Reflecting the meridional gradient of temperature change (Figure 4d), the northward 278 

transport of DSE decreases, enhancing the horizontal divergence of DSE (Figure 4g), also 279 

leading to increased Arctic precipitation. 280 

Considering (1) alone, the Arctic amplification of precipitation would be comparable to the 281 

Arctic amplification of temperature changes. However, the addition of (2) would further double 282 

the Arctic amplification of precipitation changes. As eddy activity primarily drives heat transport 283 

to the Arctic region, the connection with the meridional temperature gradient is not 284 

straightforward. However, Arctic amplification reduces the meridional temperature gradient 285 

(Figure 4d), which leads to a decreased northward DSE transport, even if there is no change in 286 

eddy activity. Note that the poleward transport of moist static energy (unlike DSE) increases as 287 

latent heat energy increases with warming (Hwang and Frierson, 2010; Audette et al., 2021). 288 

Linear relationships exist between temperature change and precipitation change, 289 

including their constraining factor components (radiative cooling and horizontal and vertical 290 

DSE divergence), in the experiments with different forcings (Figure 2d). These relationships 291 
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suggest that the above-mentioned mechanism does not depend on the type of forcing (i.e., 292 

aerosols, GHGs, or natural), as long as the temperature change is larger at higher latitudes. The 293 

proportion of each component's contribution is also less dependent on the forcing type. 294 

 295 

 296 

Figure 4. Apparent hydrological sensitivity by latitudinal zone and their constraining 297 

factors during Period II of the historical experiment. Trends in (a) surface air temperature 298 

(K/decade), (b) relative precipitation (%/decade), (c) column water vapor (precipitable water) 299 

(%/decade), and (d) meridional temperature gradient (K/decade) by latitudinal band. (e) 300 

Apparent hydrological sensitivity (%/K) and its breakdowns by constraining factors as (f) 301 

radiative cooling (%/K), (g) DSE horizontal divergence (%/K), (h) DSE vertical divergence 302 

(%/K), and (i) DSE total divergence (%/K). Bars are multimodel means; box–whisker plots 303 

represent the 30–70 percentile range of the intermodel spread and the maximum and minimum 304 

model values. The meridional temperature gradient is the difference between the mean 305 

temperature in the latitudinal bands of interest (30°N–60°N and 60°N–90°N) minus that in the 306 

southern latitudinal bands (0°N–30°N and 30°N–60°N). 307 

4 Conclusions 308 

CMIP6 multimodel historical and DAMIP experiments were analyzed to quantify the 309 

long-term changes in historical Arctic annual mean precipitation by forcing factor. In the recent 310 
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past since the 1980s, aerosol forcing has been leveling off, whereas GHG forcing has continued 311 

to increase, resulting in a strong upward trend in Arctic precipitation. Based on the DSE balance, 312 

historical Arctic precipitation changes were decomposed by constraining factors. In addition to 313 

enhanced radiative cooling responding locally to increased air temperature being the dominant 314 

constraining factor for the trend of increased precipitation, enhanced DSE horizontal divergence 315 

(reduced heat transport from lower latitudes) associated with a larger temperature increase at 316 

higher latitudes (the Arctic amplification of temperature) was also a constraining factor with the 317 

same sign and comparable magnitude. The ScenarioMIP experiment results indicated that the 318 

relationship between precipitation change and temperature change in the future Arctic is similar 319 

to recent historical trends, with radiative cooling and DSE divergence contributing with similar 320 

magnitudes. The radiative cooling effect corresponding to local temperature changes, plus the 321 

effect of heat transport from lower latitudes reflecting the meridional gradient in temperature 322 

change associated with the Arctic amplification of temperature, results in a doubled Arctic 323 

amplification of precipitation changes relative to that of temperature changes. 324 
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Figure S1. Time series of annual mean Arctic (60°N-90°N) (a) surface air temperature (K) and (b) 
relative precipitation (%) anomalies for the DAMIP experiments. Anomalies are relative to the 
1851-1880 mean of the historical experiment. Colors indicate experiments by forcing; total 
forcing (historical, black), aerosol forcing (hist-aer, blue), GHG forcing (hist-GHG, red), and 
natural forcing (hist-nat, green). Solid lines indicate multi-model mean; shading indicates inter-
model spread (30-70 %tile). 
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Figure S2. Meridional distributions of trends in zonal mean precipitation and their breakdown by 
constraining factors based on the (a, e) historical, (b, f) hist-aer, (c, g) hist-GHG, and (d,h) hist-
nat experiments for (a-d) Period-I (1951-1980) and (e-h) Period-II (1981-2010). Colors indicate 
trend components of precipitation (black), radiative cooling (red), horizontal divergence of DSE 
(blue) and surface sensible flux (green). 
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Figure S3. Arctic mean precipitation trend and its decomposition by constraining factors for the 
(a) historical, (b) hist-aer, (c) hist-GHG, and (d) hist-nat experiments. The precipitation trends 
(the leftmost of each panel) are decomposed into radiative cooling (Radiation), horizontal 
(H.Div.S) and vertical (V.Div.S) divergence of the DSE, and residual (Residual) components, for 
Period-I (blue) and Period-II (orange), respectively.  
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Figure S4. Radiative cooling components of the Arctic precipitation trends for (a) all-sky 
radiation, (b) shortwave radiation, and (c) longwave radiation. (a) Net (RaNT) and its breakdown 
into shortwave (RaSW) and longwave (RaLW) components, (b) all-sky shortwave (RaSW) and its 
breakdown into clear-sky (RcsSW) and cloud (RclSW) components, and (c) all-sky longwave 
(RaLW) and its breakdown by clear-sky (RcsLW) and cloud (RclLW) components. Each for Period I 
(1951-1980) and Period II (1981-2010) in the historical experiment. 
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Figure S5. Present and future trends in Arctic mean surface air temperature, based on historical 
for Period II (1981-2010, gray), and each scenario experiment in ScenarioMIP (ssp119, ssp126, 
ssp245, ssp370, and ssp585) for Periods III (2016-2045, green), IV (2046-2075, yellow), and V 
(2071-2100, red). 
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Table S1. List of CMIP6 models used in the analysis for each experiment. Models in yellow cells 
are used for the analysis for the historical periods. 

Model historical hist-aer hist-GHG hist-nat ssp119 ssp126 ssp245 ssp370 ssp585
ACCESS-CM2 3 3 3 5 5 5 5

ACCESS-ESM1-5 3 3 3 3 40 40 40 10

AWI-CM-1-1-MR 5

BCC-CSM2-MR 3 3 3 3

BCC-ESM1 3

CAMS-CSM1-0 3

CanESM5 50 30 50 50 50 50 50 50 50

CanESM5-CanOE 3 3 3 3

CESM2 11 3 3 3 3 3 3

CESM2-FV2 3

CESM2-WACCM 3 5 3 5

CESM2-WACCM-FV2 3

CNRM-CM6-1 30 10 10 10 6 6 6

CNRM-ESM2-1 9 5 5 10 5 5

E3SM-1-0 5 5

E3SM-1-1

EC-Earth3 21 18 11 29 19 8

EC-Earth3-CC 9

EC-Earth3-Veg 4 3 7 8 6 8

EC-Earth3-Veg-LR 3 3 3 3

FGOALS-f3-L 3

FGOALS-g3 3 3 3 3 4 4 5 4

FIO-ESM-2-0 3 3 3

GFDL-CM4 3

GFDL-ESM4 3

GISS-E2-1-G 22 15 10 20 7 16 36 27 10

GISS-E2-1-H 12 10 10 6 10

GISS-E2-2-G 5 5 5 5

HadGEM3-GC31-LL 4 5 5 10 5 4

HadGEM3-GC31-MM 4

INM-CM5-0 10 5

IPSL-CM6A-LR 32 10 10 10 6 6 11 11 7

KACE-1-0-G 3 3 3 3 3

MIROC6 10 10 50 50 50 50 50 50 50

MIROC-ES2L 3 10 10 30 10 10

MPI-ESM-1-2-HAM 3

MPI-ESM1-2-HR 10 10

MPI-ESM1-2-LR 10 30 30 30 30 10

MRI-ESM2-0 12 5 5 5 5 5 10 5 6

NESM3 5

NorCPM1 30

NorESM2-LM 3 3 3 13 3

UKESM1-0-LL 17 5 16 17 16 5

Number of Models 30 12 13 15 12 22 24 27 26


