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ABSTRACT 27 

Black carbon (BC) emissions play an important role in regional climate change of the Arctic. It is 28 

necessary to pay attention to the impact of long-range transport from regions outside the Arctic as 29 

BC emissions from local sources in the Arctic were relatively small. The Task Force Hemispheric 30 

Transport of Air Pollution Phase2 (HTAP2) set up a series of simulation scenarios to investigate the 31 

response of BC in a given region to different source regions. This study investigated the responses of 32 

Arctic BC concentrations and surface temperature to 20% anthropogenic emission reductions from 33 

six regions in 2010 within the framework of HTAP2 based on ensemble modeling results. Emission 34 

reductions from East Asia (EAS) had most (monthly contributions: 0.2 - 1.5 ng m–3) significant 35 

impact on the Arctic near surface BC concentrations while the monthly contributions from Europe 36 



(EUR), Middle East (MDE), North America (NAM), Russia-Belarus-Ukraine (RBU), and South Asia 37 

(SAS) were 0.2–1.0 ng m–3, 0.001–0.01 ng m–3, 0.1–0.3 ng m–3, 0.1–0.7 ng m–3, 0.0–0.2 ng m–3, 38 

respectively. The responses of the vertical profiles of the Arctic BC to the six regions were found to 39 

be different due to multiple transport pathways. Emission reductions from NAM, RBU, EUR, and 40 

EAS mainly influenced the BC concentrations in low troposphere of the Arctic, while most of the BC 41 

in the upper troposphere of the Arctic derived from SAS. The response of the Arctic BC to emission 42 

reductions of six source regions became less significant with the increase of the latitude. The benefit 43 

of BC emission reductions in terms of slowing down surface warming in the Arctic was evaluated by 44 

using Absolute Regional Temperature-change Potential (ARTP). Compared to the response of global 45 

temperature to BC emission reductions, the response of Arctic temperature was substantially more 46 

sensitive, highlighting the need for curbing global BC emissions.  47 

1. Introduction  48 

Black carbon (BC) is one of the short-lived climate forcers (SLCFs, AMAP, 2015) and was regarded 49 

as the second largest contributor to global warming, only inferior to carbon dioxide (Bond et al. 50 

2013). BC over the Arctic can perturb the radiation balance in a number of ways. Direct aerosol 51 

forcing occurred through absorption or scattering of solar (shortwave) radiation. BC is the most 52 

efficient atmospheric particulate species at absorbing visible light (Bond et al., 2013), the added 53 

atmospheric heating will subsequently increase the downward longwave radiation to the surface and 54 

warm the surface (AMAP, 2011). Radiative forcing by BC can also result from aerosol-cloud 55 

interactions that affected cloud microphysical properties, albedo, extent, lifetime, and longwave 56 

emissivity (Twomey 1977; Garrett and Zhao 2006). BC has an additional forcing mechanism after 57 

depositing onto snow and ice surfaces (Clarke and Noone, 1985). The surface albedo of snow and ice 58 

could be reduced and further enhanced the absorption of solar radiation at the surface. In the Arctic, 59 

surface temperature responses were strongly linked to surface radiative forcing as the stable 60 

atmosphere of the region prevented rapid heat exchange with the upper troposphere (Hansen and 61 

Nazarenko, 2004). 62 

  The Arctic has been warming twice as rapidly as the world in the past fifty years, and has 63 

experienced significant changes in its ice and snow covers as well as permafrost (AMAP, 2017). 64 



Reductions of carbon dioxide emissions are the backbone of any meaningful effort to mitigate 65 

climate forcing. But even if significant reductions of carbon dioxide are made, slow down of the 66 

temperature rise in the Arctic and the sea level rise caused by the melting of glaciers may not be 67 

achieved in time. Hence, the goal of slowing down the deterioration of the Arctic may best be 68 

achieved by also targeting at shorter-lived climate forcing agents, especially those that could impose 69 

appreciable surface forcing and trigger regional-scale climate feedbacks pertaining to the melting of 70 

sea ice and snow. Modelling studies by UNEP/WMO (2011) and Stohl et al. (2015) suggested that 71 

the climate response of SLCFs mitigation was strongest in the Arctic region. AMAP (2011 and 2015) 72 

as well as Sand et al. (2016) demonstrated that per unit of emission reductions of SLCFs in the 73 

Northern areas had the largest temperature response on the Arctic, with the Nordic countries 74 

(Denmark, Finland, Iceland, Norway, and Sweden) and Russia having the largest impact compared to 75 

other Arctic countries such as the United States and Canada. 76 

  The few studies that investigated specific regional aerosol forcing (Shindell and Faluvegi, 2009; 77 

Shindell et al., 2012; Teng et al., 2012) typically used a single climate model at a time to investigate 78 

the climate response to idealized, historical, or projected forcing. However, different models varied 79 

considerably in the representation of aerosols and radiative properties, resulting in large uncertainties 80 

in simulating the aerosol radiative forcing (Myhre et al., 2013b; Shindell et al., 2013). When 81 

investigating the climate response to regional emissions, such uncertainties were likely to be 82 

confounded even further by the variability between models in regional climate and circulation 83 

patterns and variation in the global and regional climate sensitivity (the amount of simulated 84 

warming per unit radiative forcing). Hence, the Task Force Hemispheric Transport of Air pollution 85 

Phase2 (HTAP2, http://www.htap.org/) incorporating multiple global models can avoid the great 86 

uncertainty of single model to a certain degree, with the aim to improve model estimates of the 87 

impacts of intercontinental transport of air pollutants on climate, ecosystems, and human health 88 

(Galmarini et al., 2017). To date, the HTAP2 results have been explored from a variety of scientific 89 

and policy-relevant perspectives. For instance, by comparing against observations, sulfur and 90 

nitrogen depositions during HTAP2 had been significantly improved compared to HTAP1. From 91 

2001 to 2010, the global nitrogen deposition increased 7% while the global sulfur deposition 92 

decreased 3% (Tan et al., 2018a). The significant impacts of hemispheric transport on the deposition 93 

were specifically focused and the deposition over the coastal regions was more sensitive to 94 



hemispheric transport than the non-coastal continental regions (Tan et al., 2018b). Jonson et al. (2018) 95 

assessed the contributions from different world regions to European ozone levels and contributions 96 

from the non-European regions were mostly from North. America and eastern Asia, larger than those 97 

from European emissions. Hogrefe et al. (2018) found that the simulated ozone over the continental 98 

US varied very differently by digesting boundary conditions from four hemispheric or global models. 99 

The impact of emission changes from six major source regions on global aerosol direct radiative 100 

forcing was estimated (Stjern et al., 2016). In the local source regions, the radiative forcing 101 

associated with SO4
2- was strengthened (25%) while that from BC was weakened (37%) due to a 102 

20% emission reduction. Liang et al. (2018) estimated global air-pollution-related premature 103 

mortality from exposure to PM2.5 and ozone and the interregional transport lead to more deaths 104 

through changes in PM2.5 than in O3. However, the source region contributions to Arctic BC and the 105 

spread among multi-model results have been rarely explored from the perspective of HTAP2 106 

initiative. 107 

This study aims to investigate the responses of Arctic BC concentrations and surface temperature 108 

to 20% anthropogenic emission reductions from different regions in the Northern Hemisphere (NH). 109 

A comparison of six global modeling works within the framework of HTAP2 experiments for the 110 

Arctic region in 2010 was presented. The ensemble modeling results were used to apportion the 111 

contribution from different source regions to the near-surface and vertical black carbon in the Arctic. 112 

In addition, the Arctic surface temperature responses to the emission reductions were estimated. 113 

2. Methodology 114 

2.1 HTAP2 experiments 115 

HTAP2 developed a harmonized emissions database covering all countries and the major sectors for 116 

global and regional modeling from 2008 to 2010. The emissions database was obtained from the 117 

nationally reported emissions (e.g., National Emission Inventory for the United States), the regional 118 

scientific inventories (e.g., European Monitoring and Evaluation Programme (EMEP), Netherlands 119 

Organisation for Applied Scientific Research (TNO) for Europe, Model Inter-Comparison Study for 120 

Asia, MICS–Asia III), and the Emissions Database for Global Atmospheric Research data 121 

(EDGARv4.3) for the rest of the world (mainly South America, Africa, Russia, and Oceania). 122 



Biomass burning emissions were not prescribed in HTAP2. Temporal resolution of data sources was 123 

monthly, and thus the HTAP2 emission inventory provided harmonized emission data with monthly 124 

resolution for all the air pollutants including BC. It should be noted that the emissions of 125 

international shipping and international aviation in HTAP2 were considered constant over the year. It 126 

was recommended that modeling groups used the Global Fire Emissions Database (GFED4, 127 

http://globalfiredata.org/) with a temporal resolution of daily or 3–hour intervals. The detailed 128 

information of different regional inventories can be found in Janssens–Maenhout et al. (2015).  129 

Emission perturbations were conducted in sensitivity simulations to investigate the response of 130 

various air pollutants in a given region to different source regions. In this study, the Arctic region was 131 

the targeted receptor region of interest. Six source regions in HTAP2 experiments, namely, East Asia 132 

(EAS), Europe (EUR), Middle East (MDE), North America (NAM), Russia–Belarus–Ukraine (RBU), 133 

and South Asia (SAS) were selected to demonstrate their influences on the BC concentrations over 134 

the Arctic region (Figure 1a). Two emission scenarios were designed for the HTAP2 simulation to 135 

explore the source/receptor relationships, i.e. the base scenario (BASE) with no emission reduction, 136 

and the control scenario (EASALL, EURALL, MDEALL, NAMALL, RBUALL, and SASALL) 137 

with 20% reduction of all anthropogenic emissions in six regions respectively. 138 
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Receptor region: Arctic (black)

Source regions: MDE (green), EUR (orange), RBU (brown),

NAM (purple), EAS (yellow), SAS (blue) 
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Figure 1. (a) The sketch map of receptor and source regions. (b)–(g) Spatial distributions of 20% reduction of 141 

annual BC emission in the six source regions in 2010. MDE: Middle East; EUR: Europe; RBU: 142 

Russia–Belarus–Ukraine; NAM: North America; EAS: East Asia; SAS: South Asia. The unit legends from (b) to (g) 143 

are the same of 10–11 kg m–2 s–1. 144 



2.1.1 Anthropogenic emission reductions of BC in HTAP2 145 

Anthropogenic BC emission sectors included power plants, industries, transportation, shipping, 146 

aviation, agriculture, and residential sectors. The emission inventory had a monthly temporal 147 

resolution and a spatial resolution of 0.1°  0.1°. The total anthropogenic emissions and 20% 148 

emission reductions of BC in six source regions of HTAP2 in 2010 are presented in Table 1. The 149 

higher BC emission reductions were found in the EAS and SAS with the values of 355.6 and 232.5 150 

Gg yr–1, respectively, while were much lower in the MDE and RBU with the values of 5.3 and 18.6 151 

Gg yr–1, respectively. The BC emission reductions in the EAS, EUR, and RBU showed significant 152 

monthly variations with higher values from November to March, while the monthly variations were 153 

not obvious in the MDE, NAM, and SAS. 154 

 155 

Table 1. 20% emission reductions and total anthropogenic emissions of BC in different regions of HTAP2 in 2010. 156 

(Unit: Gg yr–1). 157 

Regions Total 

anthropogenic 

emissions 

20% Emission Reductions 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 2010 

EASa 1778.1 46.4 35.6 33.0 24.1 23.9 24.0 24.0 23.6 23.5 25.0 31.4 41.0 355.6 

EURb 326.3 6.7 6.4 7.2 6.5 5.3 4.9 4.0 3.7 4.4 5.2 5.3 5.7 65.3 

MDEc 26.7 0.4 0.4 0.5 0.5 0.5 0.4 0.4 0.4 0.4 0.5 0.5 0.5 5.3 

NAMd 310.8 5.2 5.1 5.3 5.1 5.1 5.2 5.3 5.3 5.1 5.1 5.1 5.2 62.2 

RBUe 93.0 2.0 1.9 1.9 1.7 1.4 1.3 1.0 1.1 1.2 1.6 1.7 1.8 18.6 

SASf 1162.7 20.4 19.1 19.7 18.9 19.2 18.9 19.2 19.2 19.0 19.3 19.2 20.4 232.5 

All 3697.6 81.2 68.5 67.6 56.8 55.4 54.7 53.9 53.3 53.6 56.7 63.2 74.6 739.5 

Global 5492.9 110.6 86.2 92.8 103.9 98.7 97.2 86.8 85.4 85.4 84.2 83.3 83.9 1098.6 

a East Asia. b Europe. c Middle East. d North America. e Russia–Belarus–Ukraine. f South Asia. 158 

Figure 1b–g illustrates the spatial distribution of the 20% reductions of annual BC emissions in six 159 

source regions in 2010. It can be found that the most intense reductions of BC emissions in EAS and 160 

SAS were concentrated in East China and India, respectively, which were mainly attributed to 161 

emissions from residential sectors, followed by transportation and industries. The BC emission 162 

reductions of EUR were widely distributed with high values in central Europe, with residential and 163 

transportation sectors accounting for the largest proportion. The reductions near the Arctic circle 164 

could be found in the north of EUR, NAM, and RBU. For MDE, most BC was emitted from Iran, 165 

which located in the northeast of this region. Overall, the spatial pattern of BC emission reductions in 166 

six regions was closely related to the spatial distribution of the human population. 167 



2.1.2 Model description 168 

Considering that the simulations should cover all months of 2010 and all emission source regions, 169 

five global models (i.e. CAMchem, CHASER_re1, GEOS-Chem, GOCART–v5, and Oslo CTM3–v2) 170 

were incorporated to simulate the responses of BC concentrations in the Arctic to 20% BC emission 171 

reductions from EAS, EUR, MDE, NAM, RBU, and SAS, respectively. The brief information of 172 

model configurations is listed in Table 2. As required by HTAP2, all simulations should include a 173 

spin-up time of 6 months prior to the period of interest. The outputs from all models are available 174 

upon request from http://aerocom.met.no. The time resolution of the outputs used in this study is 175 

monthly for all models, although models were run at a finer resolution (e.g., daily or hourly). The 176 

model outputs for air pollutants were originally provided in the unit of mass mixing ratio (MMR, kg 177 

kg–1). To facilitate comparison between model and observation and further data analysis, we 178 

converted the original units into ng m–3 based on the ideal gas law (Aamaas et al., 2017).  179 

 180 

Table 2. Configurations of models used in this study  181 

Models Meteorological 

field 

Horizontal 

resolution 

Vertical 

layers 

Convection Reference 

CAMchem GEOS5 v5.2 1.9° × 2.5° 56 Zhang–McFarlane approach for 

deep convection 

Lamarque et al., 2012;  

Tilmes et al., 2016 

CHASER_re1 ERA-Interim 

and HadISST 

2.8° × 2.8° 32 CCSR/NIES AGCM for 

advection, convection, and other 

subgrid–scale mixing 

Sudo et al., 2002; 

Takashi et al., 2018 

GEOS-Chem GEOS–5 

(MERRA) 

2.0° × 2.5° 47 Convective transport is 

computed from the convective 

mass fluxes in the 

meteorological archive 

Henze et al., 2007 

GOCART–v5 MERRA 1.3° × 1.0° 72 MERRA for moist convection, 

Arakawa–Schubert (RAS) 

algorithm for GCTM 

Chin et al., 2000 

Oslo 

CTM3–v2 

ECMWF–IFS 2.8° × 2.8° 60 Tiedke mass flux scheme for 

deep convection 

Søvde et al., 2012; 

Lund et al., 2018 

2.2 Calculation of the temperature response to BC emissions reduction 182 

The climate effects of air pollutants have been the focus of climate change research since the last 183 

century (IPCC, 1990; IPCC, 2001). In the last few years, the metrics for estimating this kind of effect 184 

have been constantly improving (Shindell et al., 2012; Bond et al., 2013; Smith and Mizrahi, 2013; 185 



Stohl et al., 2015). The Intergovernmental Panel on Climate Change (IPCC) used the Global 186 

Warming Potential (GWP) as a method for comparing the potential climate impact of emissions of 187 

different greenhouse gases (IPCC, 1990). GWP is the time-integrated radiative forcing due to a pulse 188 

emission of a given species, over some given time horizon (commonly 20, 100, or 500 years) relative 189 

to a pulse emission of carbon dioxide. GWP does not purport to represent the impact of air pollutant 190 

emissions on temperature. Although a short-lived climate pollutant (SLCP) could have the same 191 

GWP as a long-lived climate pollutant, identical (in mass terms) pulse emissions could cause a 192 

different temperature change at a given time, because long-lived climate pollutants accumulate in the 193 

climate system while short-lived climate pollutants can be broken down by various processes. 194 

Consequently, warming caused by long-lived climate pollutants is determined by total cumulative 195 

emissions to date, while the warming due to short-lived climate pollutants is determined more by the 196 

current rate of emissions in any given decade and depends much less on historical emissions. This 197 

means the importance of SLCP emissions is often overstated based on GWP. Shine et al. (2005) 198 

proposed the Global Temperature Change Potential (GTP) as a replacement for GWP to represent the 199 

global-mean surface temperature change for both a pulse emission (GTPP) and a sustained change in 200 

emissions (GTPS) of a given air pollutant. The distinction between GTPP and GTPS avoids the 201 

overestimation of GWP for the short-lived climate pollutants. Even for a uniform forcing, there will 202 

be differences of spatial patterns in the temperature response. Regional Temperature-change Potential 203 

(RTP) (Shindell and Faluvegi, 2010) was applied to analyze the temperature response on the regional 204 

scale, since both GWP and GTP focused on the global scale. The GWP, GTP, and RTP were 205 

normalized to the corresponding effect of CO2 as the Absolute Global Warming Potential (AGWP), 206 

Absolute Global Temperature Change Potential (AGTP), and Absolute Regional Temperature-change 207 

Potential (ARTP), respectively. AGWP represented the absolute forms of radiative forcing. AGTP 208 

and ARTP represented the absolute forms of temperature perturbation. The ARTP provide additional 209 

insight into the spatial pattern of temperature response to inhomogeneous forcings beyond that 210 

available from traditional global metrics. Very few metrics have attempted to examine sub-global 211 

scales thus far, though some have used local information with non-linear global damage metrics 212 

(Shine et al., 2005a; Lund et al., 2012). Shindell et al. (2012) indicated that the forcing/response 213 

portion of the ARTP appeared to be relatively robust across models. 214 

ARTPs is more suitable for this study to calculate the temperature response, considering that the 215 



research object is BC with short lifetime and focus on regional impact of the BC emission reductions 216 

on temperature changes in the Arctic. For SLCFs with atmospheric lifetimes much shorter than both 217 

the time horizon of the ARTP and the response time of the climate system, the general expression for 218 

the ARTP following a pulse emission of BC (E) in region r which leads to a response in latitude band 219 

m is as follows (Fuglestvedt et al., 2010; Collins et al., 2013; Aamaas et al., 2017): 220 

                                         (1) 221 

Fl,r,s (in W m-2) is the radiative forcing in latitude band l due to emission in region r in season s as 222 

a function after the pulse emission Er,s (in Tg). Even though our estimates are based on seasonal 223 

emissions, the temperature responses calculated are annual means. Shindell and Faluvegi (2009) 224 

analyzed BC climate effect in four different latitudes: southern mid-high latitudes (90°S–28°S), 225 

tropics (28°S–28°N), northern mid-latitudes (28°N–60°N), and the Arctic (60°N–90°N), which gives 226 

a better estimate of the global temperature response as it accounts for varying efficacies with latitude. 227 

The RCSl,m is a matrix of regional response coefficients based on the RTP concept (unitless; Collins 228 

et al., 2013). As these response coefficients are normalized here, they contain no information on 229 

climate sensitivity, only the relative regional responses in the different latitude bands. The global 230 

climate sensitivity is included in the impulse response function RT, which is a temporal temperature 231 

response to an instantaneous unit pulse of RF (in K m2 W−1). This paper refers to the ARTP values in 232 

Aamaas et al. (2017). Aamaas et al. (2017)  applies two refinements of the forcing-response 233 

coefficients for radiative forcing occurring in the Arctic: one for the aerosol effects in the atmosphere 234 

(Shindell and Faluvegi, 2010; Lund et al., 2014) and another for the effects due to BC on snow 235 

(Flanner, 2013). The ARTP in this study estimated of the direct effect in the Arctic included both the 236 

direct radiative forcing from outside the Arctic and within the Arctic, while the ARTP of the 237 

semi-direct effect in the Arctic was due to the semi-direct radiative forcing from outside the Arctic. 238 

The contribution by radiative forcing within the Arctic to Arctic temperature changes considered the 239 

vertical profile of BC concentrations as both FArctic,r,s and RCSArctic,Arctic have a dependence on the 240 

height of the BC (Lund et al., 2014; Lund et al., 2017). The total response in the Arctic was the sum 241 

of the contributions from BC forcing outside of the Arctic and inside of the Arctic. 242 

Regional temperature responses at time t of an emission E(t) can be calculated with these ARTP 243 

values by a convolution (Aamaas et al., 2016). The temperature response is as follows: 244 



                                       (2) 245 

∆Tr,m,s,t refers to the decrease of the Arctic or global surface temperature after 20, 100, or 500 years 246 

to 20% BC emission reductions of six regions (namely EAS, EUR, MDE, NAM, RBU, and SAS) in 247 

the framework of HTAP2 either during summer or winter in this paper. 248 

3. Results and Discussion 249 

3.1 Model evaluation 250 

To evaluate the model performance from all five models, the monthly simulated surface BC 251 

concentrations of the BASE scenario were compared with the observations at four monitoring sites in 252 

the Arctic Circle in 2010. The locations of the four sites, including Alert (82.5°N, 62.3°W) in Canada, 253 

Barrow (71.3°N, 156.6°W) in Alaska, Tiksi (71.59°N, 128.92°E) in Russia, and Zeppelin (78.9°N, 254 

11.9°E) in Norway, are plotted in Figure S1 in the Supporting Information.  255 

  Metrics (Text S1) including correlative coefficient (COR), normalized mean bias (NMB), 256 

normalized mean error (NME), mean bias (MB), and mean absolute error (MAE) were selected for 257 

evaluating the model performance in this study (U.S. EPA, 2007) In addition to the evaluation for 258 

each single model, the multi-model ensemble mean (calculated as the average of all participating 259 

models) was also evaluated. The statistical results are listed in Table 3 and Table S1. A comparison 260 

between the monthly variations of simulated and observed BC concentrations is shown in Figure S2 261 

(a).  262 

  The correlations of the simulated BC concentrations among different models were moderate to 263 

high with CORs ranging from 0.33 to 0.98 (Table S1), suggesting the temporal variations of different 264 

models were relatively consistent. Overall, CAMchem, GEOS-Chem, GOCART–v5, and Oslo 265 

CTM3–v2 underestimated the near-surface BC (Figure S2a), which may be attributed to an 266 

underestimation of BC emissions, e.g., gas flaring (Huang et al., 2014, 2015; Stohl et al., 2013) and 267 

shipping emissions (Marelle et al., 2016). Also, appropriate temporal allocation of BC emissions 268 

from residential combustion was another important factor governing the model performance (Stohl et 269 

al., 2013). However, the simulated BC surface concentrations from CHASER_re1 were higher than 270 



those of the other four models and observations (Figure S2a), which mainly due to their slow BC 271 

aging-rate in remote/polar regions (Sudo et al., 2015).  272 

  Table 3 shows the model performances at the four Arctic sites. No single model could reproduce 273 

the BC concentrations in the Arctic well, and models performed differently at different monitoring 274 

sites. Relatively good agreement between the observation and models was found at Zeppelin, with 275 

CORs, NME, MB, and MAE of 0.59–0.83, 38.59%–142.64%, –13.53–14.97 ng m–3, and 5.40–14.97 276 

ng m–3 among the five models, respectively. The best correlation (0.83) was found at Zeppelin from 277 

Oslo CTM3, while the smallest NMB (38.59%) and MAE (5.40 ng m–3) were found at Zeppelin from 278 

GOCART. On the contrary, the simulated BC concentrations didn’t agree so well with observations 279 

at the other three sites with even negative COR values in some models (e.g., CAMchem, and 280 

CHASER_re1), which may be explained by the uncertainties in emission inventory, the bias in the 281 

meteorological simulations, and chemical mechanisms (Miao et al., 2017; Zhang et al., 2019). All 282 

models, except Oslo CTM3, overestimated the BC concentrations in Barrow in July (Figure S2a), 283 

mainly due to the large contributions of biomass burning from Siberia in the simulations caused by 284 

overestimations of emissions and/or too little removal during transport (Sobhani et al., 2018).  285 

  The vertical profiles of simulated BC concentrations of the BASE simulation were also compared 286 

with aircraft measurements from HIAPER Pole-to-Pole Observations (HIPPO) during 24 March–16 287 

April 2010 (Figure S2b). Different from comparison between observed and simulated BC 288 

concentrations near the surface, the vertical profiles of BC concentrations were overestimated by 289 

most models. As the aircraft ascended and descended along each flight track, BC concentrations from 290 

HIPPO varied with time, latitude, longitude, and altitude. However, most of the simulation results of 291 

HTAP2 were provided in the temporal resolution of monthly, simulation and observation results 292 

cannot be exactly matched. This partly explained the difference between the simulations and 293 

observations. Overall, currently no single model could reproduce the BC concentrations over 294 

different regions of the Arctic well. There is a number of reasons responsible for this. First, the BC 295 

emission inventory in the Arctic is not well understood due to lacking of local activity data and 296 

emission factors, e.g. gas flaring in the oil and gas production fields, biofuel combustion, non-road 297 

transportation, etc. Secondly, the lifetime of BC in the atmosphere is sensitive to its wet deposition 298 

rates. However, different models have divergent treatment of wet scavenging parameterizations, 299 

which may be not representative in the Arctic region and could result in the simulated BC 300 



concentrations ranging between several magnitudes. The mechanism of BC sinks is still not well 301 

understood in the Arctic. Last but not the least, almost all the global models used the 302 

latitude/longitude projection which has very large distortions over the polar regions and this may also 303 

affect the ability of global models simulating the air pollutants over the Arctic region. 304 

Although the single model didn’t reproduce the BC concentrations in the Arctic well, the 305 

consistency of the model ensemble mean with the observation was improved to some extent. The 306 

NME and MAE of model ensemble mean was closer to zero compared with the single model.   307 

Therefore, to reduce the bias from one single model, the multi-model ensemble mean was used for 308 

further analysis. 309 

 310 

Table 3 Comparison of the simulations and observations of monthly surface BC concentrations at Alert, Barrow, 311 

Tiksi, and Zeppelin in 2010. 312 

Parameters Sites CAMchem CHASER_re1 GEOS-Chem GOCART–v5 Oslo 

CTM3–v2 

Model 

ensemble 

mean 

CORa Alert –0.24 –0.22 0.35 0.20 –0.24 –0.10 

Barrow –0.28 –0.08 0.06 0.00 0.01 –0.06 

Tiksi –0.19 0.05 0.50 0.48 0.41 0.11 

Zeppelin 0.72 0.59 0.80 0.76 0.83 0.73 

NMBb 

(%) 

Alert –86.75 115.06 –57.81 –34.31 –92.38 –9.21 

Barrow –38.43 104.10 –38.95 –8.18 –75.58 4.37 

Tiksi –82.03 10.31 –69.76 –67.34 –84.82 –46.79 

Zeppelin –79.93 142.64 –45.57 –9.81 –75.98 8.63 

NMEc 

(%) 

Alert 86.75 151.30 66.37 70.77 92.38 74.69 

Barrow 72.07 124.44 69.50 84.20 75.58 72.12 

Tiksi 82.03 64.55 70.16 68.82 84.82 60.81 

Zeppelin 79.93 142.64 45.57 38.59 75.98 42.06 

MBd 

(ng m–3) 

Alert –29.03 11.08 –21.41 –16.07 –30.16 –12.81 

Barrow –22.13 15.35 –19.10 –11.12 –30.40 –9.44 

Tiksi –55.99 –17.28 –48.51 –48.16 –56.26 –40.64 

Zeppelin –13.53 14.97 –8.19 –3.59 –12.45 –1.44 

MAEe 

(ng m–3) 

Alert 29.03 31.05 22.85 22.23 30.16 23.56 

Barrow 29.01 28.91 26.71 30.30 30.40 25.22 

Tiksi 55.99 37.06 48.60 48.49 56.26 43.73 

Zeppelin 13.53 14.97 8.19 5.40 12.45 4.95 

a Correlative coefficient. b Normalized mean bias. c Normalized mean error. d Mean bias. e Mean absolute error. 313 



3.2 Near-surface BC concentrations in the Arctic 314 

Before analyzing the responses of Arctic BC to emission reductions, it is necessary to understand the 315 

spatial-temporal distribution of BC concentrations in the Arctic region. In this study, months from 316 

May to October were defined as summer and November to April were defined as winter due to the 317 

special geographical location of the Arctic (Aamaas et al., 2017).  318 

  Spatial distributions of Arctic near surface BC concentrations in summer and winter simulated 319 

from each model are showed in Figure S4. BC simulated by CHASER_re1 showed relatively high 320 

concentrations over the whole Arctic, followed by GEOS-chem and GOCART–v5, while those 321 

simulated by Oslo CTM3–v2 and CAMchem were lower. The difference of simulated BC 322 

concentrations between land and ocean was more obvious in summer than that in winter, especially 323 

for GEOS-chem and GOCART–v5. The mean BC concentrations from the ensemble models near the 324 

surface Arctic (66–90°N) were 18.6 ng m–3 in summer and 16.6 ng m–3 in winter in 2010, 325 

respectively. Figure 2 shows that the BC concentrations over the polar sea ice region in winter were 326 

higher than that in summer. The coverage of the polar dome expanded more southward in winter 327 

(Bozem et al., 2019; Law and Stohl, 2007), allowing more BC from lower latitudinal regions to be 328 

transported into the Arctic. Turbulent exchange and deposition were reduced during winter as the 329 

meteorological conditions in the Arctic were stable and dry (Bradley et al., 1992; Bozem et al., 2019; 330 

Law and Stohl, 2007). In addition, BC emissions in EAS, EUR, and RBU regions showed obvious 331 

monthly changes with higher emissions from November to March as mentioned earlier (Section 332 

2.1.1), leading to the relatively high BC concentrations over the polar sea ice region in winter. Over 333 

the terrestrial areas within the Arctic Circle, summer BC concentrations were higher than winter, 334 

especially in Siberia and Alaska, which were attributed to intense BC emissions from biomass 335 

burning over these areas from Jun to Aug (Figure S3). 336 

 337 



  
 

(a) (b)  

Figure 2. Spatial distribution of near-surface BC concentrations in (a) summer and (b) winter in the Arctic in 2010.  338 

   339 

3.3 Response of Arctic BC to 20% emission reductions  340 

3.3.1 Contributions of regional emission reductions to the Arctic near-surface BC  341 

The response of the Arctic near-surface BC to 20% emission reductions from different source regions 342 

was analyzed through emission perturbation simulations. Figure 3 shows the spatial distribution of 343 

the referred response above in summer and in winter of 2010 based on multi-model ensemble mean 344 

results. The source region contributions to the surface BC concentrations exhibited significant 345 

seasonal variability with higher values in winter. The BC emission reductions in EAS almost affected 346 

the whole Arctic, especially in winter, indicating the significance of the intercontinental transport of 347 

BC. The spatial distribution of the Arctic near-surface BC response to SAS emission reductions was 348 

similar to that of EAS, but the extent was much weaker. The emission reductions from EUR, NAM, 349 

and RBU mainly affected the local and nearby areas, which was generally consistent with the spatial 350 

pattern of emissions (Figure 1). The contribution from MDE emission reductions was very little. 351 
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Figure 3. Spatial distribution of contribution of 20% emission reductions of different source regions to Arctic 353 

near-surface BC in summer and in winter in 2010. 354 

  The monthly variations of the response of the Arctic near-surface BC concentrations to 20% 355 

emission reductions from six source regions are presented in Figure 4. Results from the ensemble 356 

simulations are averaged over the Arctic covering latitudinal areas from 66°N to the north pole. The 357 

emission reductions from the total six source regions were 329.6 Gg during May to October, lower 358 

than that of 411.9 Gg during November to April (Table 1). Correspondingly, the contributions of 20% 359 

BC emission reductions from all six regions to Arctic monthly near-surface BC concentrations were 360 

0.8–1.4 ng m–3 during May to October and 1.5–3.2 ng m–3 during November to April. Arctic 361 

sensitivities (Arctic concentration change per unit source region emission change) for BC typically 362 

maximized from December to February for EUR and RBU and from March to May for EAS and 363 

NAM (Shindell et al., 2008; AMAP, 2008). The enhanced sensitivity from December to May resulted 364 

from faster transport and slower removal during winter as the meteorological conditions in the Arctic 365 

were stable and dry (Law and Stohl, 2007). The results of deposition changes also proved this result 366 

well (Figure S5). The wet deposition in summer was higher than that in winter, which was 7–13 367 

times of dry depositions. Sharma et al. (2013) found that the Arctic region (north of 70°N) was very 368 

dry during winter with an average daily precipitation rate between 0 and 1 mm day–1. Precipitation 369 

rates over some of the BC source regions such as Eurasia were at the same order of magnitude as the 370 

Arctic. Less wet deposition and a shallow boundary layer resulted in higher BC concentrations near 371 

the surface during winter. In the summertime, the Arctic region experienced 2 to 3 times higher 372 

precipitation rates as well as wet depositions of BC relative to wintertime, thus resulting in lower 373 

contributions to the near-surface BC concentrations.  374 

  The annual contribution of 20% emission reductions from EAS, EUR, MDE, NAM, RBU, and 375 

SAS to the Arctic near-surface BC concentrations reached 0.70, 0.54, 0.01, 0.20, 0.29, and 0.09 ng 376 



m–3 in 2010, respectively, totaling about 1.83 ng m–3. A simple linear interpolation suggested the 377 

contribution of 100% BC emissions from six regions to the Arctic near-surface BC concentrations 378 

was about 9.15 ng m-3 (five times of 1.83 ng m–3). The annual mean Arctic near-surface BC 379 

concentration from the BASE simulation was about 18 ng m-3 in 2010.Thus, the impact of emissions 380 

from six regions on the Arctic near-surface BC was outstanding. It should be noted that the 381 

contributions from six regions only considered anthropogenic emissions while the contribution from 382 

biomass burning was not included in the sensitivity experiments of HTAP2. It is known that 383 

wildfires in Fast East of Russia and U.S. Alaska are important sources of BC in the Arctic region, 384 

especially in summer. Thus, the contributions from six regions to the Arctic BC should be even more 385 

dominate over the other regions by including biomass burning in RBU and NAM. The response of 386 

Arctic near-surface BC concentration was found strongest to the 20% emission reductions from EAS 387 

with the monthly contribution of 0.2–1.5 ng m–3, accounting for 16.8%–49.0% of the total reduced 388 

BC concentrations resulting from all six source regions (Figure 4). On one hand, the BC emission 389 

reductions in EAS were the largest among the six source regions (Table 1). On the other hand, BC 390 

emission reductions in EAS can influence the Arctic lower troposphere via two pathways (Bozem et 391 

al., 2019; Stohl, 2006). BC from northern regions of EAS can enter into the polar dome of the Arctic 392 

in winter, as the air masses have cooled during transport. BC from eastern regions of EAS fast 393 

uplifted due to convection and then followed by high altitude transport in northerly directions. 394 

Radiative cooling eventually led to a slow descent into the polar dome area after air masses arrived 395 

in the high Arctic. It occurred both in summer and winter. In addition to EAS, BC emission reduction 396 

from EUR also showed significant impacts on the Arctic near-surface BC concentration with the 397 

monthly contribution of 0.2–1.0 ng m–3, accounting for 20.1%–49.0% of the total reduced BC 398 

concentrations resulting from all six source regions (Figure 4). Among the three regions in the Arctic 399 

Circle (i.e. EUR, NAM, and RBU), EUR region had the largest BC emission reductions. Also, the 400 

relatively short distance between EUR and the Arctic made EUR the second most important source 401 

region to the Arctic. As for NAM and RBU, their 20% emission reductions induced moderate 402 

reductions of the monthly Arctic near-surface BC concentrations by 0.1–0.3 and 0.1–0.7 ng m–3, 403 

respectively. The contribution of 20% emission reductions from SAS to the Arctic near-surface BC 404 

concentrations was much lower of monthly contributions of 0.0–0.2 ng m–3 as a significant portion of 405 

BC originating from SAS accumulated in the upper troposphere (Section 3.3.2). Compared to the 406 



five source regions discussed above, the response of Arctic BC concentrations to emission reductions 407 

from MDE was negligible, owing largely to the low emissions there and long distance from the 408 

Arctic.  409 
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Figure 4. Monthly mean reduced concentrations of the near-surface Arctic BC due to 20% emission reductions 411 

from six source regionsin 2010.  412 

  Figure S6 compares the contributions of 20% emission reductions to Arctic near surface BC 413 

concentrations simulated by different models. All five models showed similar monthly variations, of 414 

which CHASER_re1 simulated high BC concentrations compared to the other models due to slow 415 

aging-speed (Sudo et al., 2015). All models showed the major source regions of Arctic BC from EAS, 416 

EUR, and RUB. NAM and SAS contributed moderately while the contribution from MDE was 417 

negligible.  418 

 419 

3.3.2 Contributions of regional emission reductions to the vertical BC profiles 420 

To assess the contributions from various source regions to the BC profiles based on the model 421 

ensemble mean, the vertical stratification needed to be unified as most participating models had 422 

different vertical settings. Since CHASER had a relatively coarse vertical resolution of 32 layers, the 423 

other models were unified to the same vertical stratification, as detailed in Table S2.  424 

  As shown in Figure 5, the contributions of regional emission reductions to BC exhibited strong 425 

vertical gradients over the Arctic. In general, the BC profiles displayed a bimodal pattern in summer, 426 

showing peaks at around 1.0–1.6 km a.s.l. (4th and 5th layers) and 8.0–8.9 km a.s.l. (13th and 14th 427 



layers). While in winter, the BC profiles showed a unimodal pattern with peaks around 0.6–1.6 km 428 

a.s.l. (3rd – 5th layers). Long-range transport of air pollutions may occur near the planetary boundary 429 

layer (Eckhardt et al., 2003; Stohl et al., 2002). High contributions in the low layers (e.g., 3rd – 5th 430 

layers) were consistent with the height of the planetary boundary layer in the Arctic (Zhang, et al., 431 

2018; Cheng, 2011). 432 

  It has been summarized that there were several major transport pathways for BC into the Arctic 433 

troposphere (Stohl, 2006). i) BC transported rapidly at low-level, followed by uplifting at the Arctic 434 

front when it is located far north. Significant deposition of BC in the Arctic occurs mostly north of 435 

70°N for this transport route. This transport route derived often from the high BC emission areas in 436 

northern EUR but seldom from the NAM and RBU. That was mainly due to that the BC emissions 437 

exist at high enough latitudes in EUR, which can be north of the polar front. However, the BC 438 

emissions in NAM and RBU were concentrated south of the polar front (Figure 1), thus BC emitted 439 

from these two regions can’t be easily transported into the Arctic through this pathway. ii) Cold air 440 

masses into the polar dome transport at low-level. This pathway derived mainly from EUR and 441 

high-latitude areas of EAS during winter. The contribution of 20% emission reductions from EUR to 442 

the Arctic BC concentrations peaked at around 1.0 km a.s.l. with the multi-model ensemble mean 443 

value of 0.4 ng m–3 in summer, while peaked at lower altitude of around 1.6 km a.s.l. with the value 444 

of 0.8 ng m–3 in winter. iii) BC could also ascend south of the Arctic followed either by high–altitude 445 

transport or by several cycles of upward and downward transport, and finally slowly descended into 446 

the polar dome due to radiative cooling. This was the frequent transport route from source regions 447 

such as NAM, RBU, and east EAS. The contribution from NAM and RBU to the Arctic BC peaked 448 

at about 1.6 km a.s.l. (0.2 ng m–3) and 1.0 km a.s.l. (0.2 ng m–3) in summer, and peaked at about 1.0 449 

km a.s.l. (0.3 ng m–3) and 0.4 km a.s.l. (0.5 ng m–3) in winter. The contribution from EAS including 450 

pathways ii and iii, to the Arctic BC peaked at about 1.6 km a.s.l. (0.6 ng m–3) in summer and peaked 451 

at about 2.4 km a.s.l. (1.6 ng m–3) in winter. Matsui et al. (2011) pointed out that Asian 452 

anthropogenic air masses were measured most frequently in the upper troposphere, with median 453 

values of 20 ng m−3 (410hPa) in April 2008 and 5 ng m−3 (353hPa) in June–July 2008. In our 454 

analysis, the contribution of 20% emission from EAS and SAS to BC in the Arctic was 1.4 ng m−3 455 

(432hPa) in April 2010 and 0.7 ng m−3 (375hPa) in June–July 2010. If the contribution was linearly 456 

interpolated, the contribution of 100% emission from EAS and SAS to BC in the Arctic would be 457 



about 7 ng m−3 (432hPa) in April and 3.5 ng m−3 (375hPa) in June–July in 2020. In general, our 458 

results were at the same magnitude with Matsui et al. (2011). The contribution from MDE was 459 

negligible.  460 

  As shown in Figure 5, BC can also be transported into the upper troposphere of the Arctic. Air 461 

masses preferably kept their potential temperature almost constant during transport as the 462 

atmospheric circulation can be well described by adiabatic motions in the absence of diabatic 463 

processes related to clouds, radiation, and turbulence. The potential temperature was low within the 464 

polar dome area, and thus only air masses experienced diabatic cooling were able to enter the polar 465 

dome (Stohl, 2006). That is to say, the air masses from SAS and low-latitude regions of EAS were 466 

not easy to penetrate the polar dome but can be lifted and transported to the Arctic in the middle and 467 

upper troposphere along the isentropes (AMAP, 2011; Barrie, 1986; Law and Stohl, 2007; Stohl, 468 

2006). This agreed well with the previous study of Koch and Hansen (2005) and Stohl (2006). The 469 

contribution from SAS to the Arctic BC concentrations peaked at about 9.7 km a.s.l. (0.4 ng m–3) in 470 

summer and 9.7 km a.s.l. (0.5 ng m–3) winter. This was also consistent with the vertical profiles of 471 

BC shown in Stjern et al. (2016). The polar dome boundary was variable in time and space and was 472 

not zonally symmetric. The range of polar dome expanded southward to about 40°N over Eurasia in 473 

winter as the temperature difference of different latitudes became smaller (Bozem et al., 2019; Law 474 

and Stohl, 2007), resulting in the contribution of EAS to the Arctic BC concentrations in upper 475 

troposphere only peak in summer at 13th layer (8.0 km a.s.l.) with the value of 0.6 ng m–3. 476 
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(a) (b) 

Figure 5. Contribution of 20% emission reductions from six source regions to BC concentrations in different 478 

vertical layers (a) in summer and (b) in winter in the Arctic in 2010.  479 



3.3.3 Contributions of emission reductions to BC in different latitudinal bands 480 

To further analyze the response of the Arctic BC concentrations to emission reductions of six source 481 

regions in HTAP2, the contribution of 20% emission reductions to BC concentrations at different 482 

latitudes of the Arctic were calculated (Figures 6 and 7). In regard to the different horizontal 483 

resolution of participating models, the Arctic region (66–90°N) was divided into eight latitudinal 484 

bands with a 3–degree interval, which was based on the coarsest resolution of all models. 485 

  The response of the Arctic BC concentrations to emission reductions of six source regions became 486 

weaker with the increase of the latitude due to the continuous loss of BC during transport (e.g., dry 487 

and wet depositions) (Figure 6). The difference of contributions between two adjacent latitudinal 488 

bands became smaller as closer to the north pole. The contributions of 20% emission reductions to 489 

the Arctic BC concentrations near surface were the highest between 66–69°N both in summer (1.9 ng 490 

m–3) and winter (4.1 ng m–3), which were 1.4–2.8 times higher than the other latitudinal bands. 491 

  The contributions from EAS and EUR were higher than those from the other four regions in each 492 

latitudinal band. In detail, the contributions from EUR (0.8 ng m–3 in summer and 1.5 ng m–3 in 493 

winter) were higher than those from EAS (0.6 ng m–3 in summer and 1.2 ng m–3 in winter) in the 494 

latitudinal band of 66–69°N as the BC concentrations near surface there were more sensitive to the 495 

local emission sources. In contrast, the latitudinal contributions from EAS (0.3–0.4 ng m–3 in 496 

summer and 0.9–1.1 ng m–3 in winter) were higher than those from EUR (0.2–0.4 ng m–3 in summer 497 

and 0.4–0.9 ng m–3 in winter) in the other high latitudinal bands where long-range transport played 498 

the dominant role. 499 

  The downward trends of the response of the Arctic near surface BC to emission reductions with 500 

the increase of latitude from EUR and RBU were more obvious than that of other regions (Figure 6). 501 

Dry and wet depositions of BC decreased with the increase of transport distance, and the decreasing 502 

rates became slower (Figure S7). The changes of dry and wet depositions caused by emission 503 

reductions from EUR and RBU were still obvious in the Arctic region (66°N–90°N), while 504 

depositions caused by emission reductions from the other regions tended to be gentle (Figure S7). 505 

This explains why the contribution from EAS to BC at different latitudes remained almost constant 506 

while that from EUR and RBU decreased obviously from lower latitudes to the Arctic pol 507 
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Figure 6. Contributions of 20% emission reductions of different regions to near-surface BC concentrations in each 510 

latitudinal band of the Arctic. The results of summer and winter correspond to the left and right panel in the figure. 511 

  Figure 7 further depicts the response of the vertical Arctic BC profiles in different latitudinal bands 512 

to 20% emission reductions. The contributions of eight latitudinal bands showed a typical bimodal 513 

pattern in summer with peaks at 0.6–1.6 km a.s.l. (3rd – 5th layers) and 8.0–8.9 km a.s.l. (13th and 14th 514 

layers), while the contribution displayed a single peak at the 0.4–1.0 km a.s.l. (2nd – 4th layers) in 515 

winter. Similar to section 3.3.2, the peak value of the contribution at the low layers was due to the 516 

transport of EAS, EUR, NAM, and RBU emission reductions to the Arctic through different 517 

pathways both in summer and winter. The peak value in the high layers in summer was due to the 518 

transport of EAS and SAS. However, a high contribution of 20% emission reductions to BC 519 

concentrations in SAS was found in the high layers, while the contribution was low in other regions, 520 

leading to a single peak in winter. The statistical results of SAS indicated that the contribution in 521 

vertical appeared one peak at the 15th layer (9.7 km a.s.l.) with values of 0.45 and 0.48 ng m–3 in 522 

summer and winter, respectively (Figure S8).  523 

 524 



  

(a) (b) 

Figure 7. Contributions of 20% emission reductions from all six source regions to the vertical BC concentrations of 525 

the Arctic in different latitude bands varies with vertical layers in (a) summer and (b) winter in 2010.  526 

  As same as the whole Arctic region (Section 3.3.1 & 3.3.2), the contributions of 20% emission 527 

reductions to BC concentrations in eight latitude bands were higher in winter than in summer, 528 

whether near surface or in vertical. The contribution of 20% emission reductions from all six source 529 

regions to BC concentrations in eight latitude bands of the Arctic near surface was 0.7–1.9 ng m–3 in 530 

summer and 1.8–4.1 ng m–3 in winter, respectively (Figure 6). The high BC peak at around 0.6–1.6 531 

km a.s.l. (3rd – 5th layers) was 1.1–2.1 ng m–3 in summer, and 2.9–4.2 ng m–3 in winter (Figure 7). 532 

3.4 Benefit of BC emission reductions on the decrease of Arctic temperature  533 

The impact of BC emission reductions on decreasing the Arctic (60–90°N) surface temperature was 534 

assessed by using ARTP (See methods in Section 2.2). Aerosol effects, BC deposition on snow, and 535 

BC semi-direct were considered in the calculation of ARTP (Aamaas et al., 2017). As shown in 536 

Figure 8, the response of Arctic surface temperature to emission reductions was the most significant 537 

at the time scale of 10 years and then gradually decreased with the passage of time. For each source 538 

region, the Arctic temperature response was significantly higher in winter than in summer as ARTP 539 

was seasonal dependent with higher values in the colder seasons. Obviously, the Arctic surface 540 

temperature benefited the most from BC emission reductions from EAS with more than 300 and 660 541 

K decreases in summer and winter after 10 years, respectively. The influences of EUR and NAM 542 

emission reductions on the temperature decrease were similar in summer, reaching about 3–90 K 543 
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after 10, 20, 50, and 100 years. However, in winter, the influence of emission reductions from NAM 544 

on temperature decrease (8–200 K) was weaker than that from EUR (14–370 K). This was mainly 545 

due to the difference of ARTPs between EUR and NAM was not obvious compared with the 546 

difference of emission reductions from NAM and EUR in summer and winter. The responses of the 547 

temperature decrease to emission reductions from RBU were 9–20 K in summer and 4–100 K in 548 

winter after 10-100years, respectively, which were smaller than that from EUR and NAM. This can 549 

be explained by the low BC emission reductions from RBU (Table 1). The response of the 550 

temperature decrease to emission reductions from SAS in winter (10–320 K) was similar to that 551 

from EUR, while this response in summer (8–230 K) was more than twice that of EUR. Although 552 

the ARTP of EUR was higher than that of SAS, the BC emission reductions from SAS were much 553 

higher than that from EUR and the difference between emission reductions from the two regions was 554 

more obvious in summer (Table 1). In spite of the higher Arctic temperature response to EAS than 555 

SAS in the target year of this study, a number of studies have shown that BC emissions in South Asia 556 

were increasing in recent years (Sahu et al., 2008; Paliwal et al., 2016; Sharma et al., 2019) while the 557 

emissions of East Asia were exhibiting a downward trend especially from China (Chen et. al., 2016), 558 

thus it should be given more attention to the impact assessment of South Asia on the Arctic in the 559 

future. The minimum temperature response was found from MDE due to the least emission 560 

reductions and small ARTP.  561 
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Figure 8. Arctic surface temperature response to 20% regional BC emission reductions in (a) summer and (b) 563 

winter after 10, 20, 50, and 100 years. 564 

  In addition, the impacts of BC emission reductions from six source regions on the Arctic and 565 



global surface temperature were compared in this study (Figure 9). Due to the BC emission 566 

reductions from the six source regions, the surface temperature in the Arctic decreased 27–780 K in 567 

summer and 61–1675 K in winter after 10, 20, 50, and 100 years, which were higher than that of 568 

the global with the values of 10–290 K in summer and 16–470 K in winter. It can be seen that the 569 

difference of the temperature response between the Arctic and the globe was more obvious in winter. 570 

Overall, the response of the Arctic surface temperature was more sensitive to emissions perturbation 571 

than that of the globe surface temperature. 572 
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Figure 9. Global and Arctic surface temperature responses to 20% regional BC emission reductions in (a) summer 574 

and (b) winter after 10, 20, 50, and 100 years. 575 

  It should be noted the estimation of temperature response was subject to large uncertainties for the 576 

following reasons. On the one hand, even though the HTAP2 emissions database were all constructed 577 

by bottom-up methods, the different inventories and spatiotemporal distributions were constructed 578 

with sub-regional (country, state, county or province level) activity data and emission factors, which 579 

lead to inconsistencies at the borders between two adjacent inventories. The version 5 of Evaluating 580 

the Climate and Air Quality Impacts of Short-Lived Pollutants (ECLIPSEv5, http://eclipse.nilu.no) 581 

estimated a 2010 emission inventory, that serves also as a reference point for all projections 582 

(Janssens-Maenhout et al., 2015). At the global level, a relatively good agreement was found with 583 

small relative emission differences compared with the ECLIPSEv5 emission inventory for the 584 

aggregated sectors in 2010. However, larger differences of 29% between HTAP2 and ECLIPSEv5 585 

emissions was present for BC since ECLIPSEv5 relied on provincial statistics for China which 586 

resulted from higher coal consumption than reported national statistics. Hoesly et al. (2018) provided 587 



a sectoral and gridded historical (1750–2014) anthropogenic emission inventory for use in the 588 

Coupled Model Intercomparison Project phase 6 (CMIP6). The amount of global BC anthropogenic 589 

emissions was 7.7 Tg/year in 2010 from the CMIP6 emissions, which was larger than that from 590 

HTAP2 emissions (5.5 Tg/year). This was mainly due to the energy, transportation, and international 591 

shipping sectors of CMIP6 were higher than those of HTAP2. 592 

  On the other hand, the time evolution of RT, a parameter in the calculation of ARTP was also one 593 

factor causing the uncertainty of temperature response calculation. This impulse response function 594 

was only based on one coupled atmosphere-ocean climate model GISS-ER in this study, while Olivié 595 

and Peters (2013) have found a spread in the GTP (20) value of BC of about −60 to +80% due to 596 

variability of RT among various models. However, the uncertainty in RT was less relevant for the 597 

regional patterns. Forcing-response coefficients didn’t exist on a seasonal basis since emissions 598 

occurring during Northern Hemisphere summer and winter season were differentiated (Aamaas et al, 599 

2017). Hence, the seasonal differences presented here in the ARTP values were not due to potential 600 

differences in the response sensitivities, but due to differences in the RF. The temperature response 601 

will vary by species and location, such as between land surface and ocean surface. These differences 602 

are not accounted for in this study, but the increased efficacy in the RCS matrix towards the NH can 603 

be partly attributed to a larger land area fraction in the NH (Shindell et al., 2015). Besides, recent 604 

studies have found that the positive radiation budget of BC being largely compensated for by rapid 605 

atmospheric adjustment, this means that the responses of surface temperatures to BC tends to be 606 

weaker than expected (Stjern et al., 2017; Takemura and Suzuki, 2019).  607 

  Although the HTAP2 emissions database contain uncertainties and ARTP calculations are 608 

simplifications, these emission metrics are useful, simple, and quick approximations for calculating 609 

the temperature response in the different latitude bands for emissions of BC. It should be noted that 610 

the estimated responses of Arctic surface temperature to 20% emission reductions were only valid for 611 

the comparison among different source regions but cannot be used to reflect the actual change of 612 

temperature. On the one hand, in reality, not all emissions sectors of a specific source region cannot 613 

be reduced by 20% at the same time. On the other hand, there were many other factors (e.g. 614 

greenhouse gases, sea ice coverage) that can affect the temperature change in the Arctic besides BC.  615 



4. Conclusions 616 

The CAMchem, CHASER_re1, GEOS-Chem, GOCART, and Oslo CTM3 in HTAP2 experiment 617 

were used in this study to estimate the responses of Arctic BC to multi-region emission reductions in 618 

2010. Six regions (e.g., EAS, EUR, MDE, RBU, NAM, and SAS) were selected as the source 619 

regions and the Arctic was the receptor region. HTAP2 set up the base scenario with all BC 620 

emissions, and also simulated BC concentrations with 20% reduction of anthropogenic emissions. 621 

The AGPT was further used to calculate the benefit of BC emission reductions on the decrease of 622 

Arctic temperature. 623 

  The statistical results of 20% BC emission reductions showed that emission reductions in EAS 624 

were the largest with the values of 355.6 Gg yr–1, followed by SAS (232.5 Gg yr–1), EUR (65.3 Gg 625 

yr–1), NAM (62.2 Gg yr–1), RBU (18.6 Gg yr–1), and MDE (5.3 Gg yr–1). The BC emission 626 

reductions in the EAS, EUR, and RBU were higher from November to March.  627 

  The temporal variations of simulations from different models were relatively consistent as the 628 

correlations of the simulated BC concentrations among different models ranged from 0.33 to 0.98. 629 

However, the simulated BC concentrations didn’t agree so well with observations at monitoring sites 630 

except Zeppelin. In order to reduce the difference of simulation performance of each model in 631 

different areas of the Arctic, the model ensemble mean was used for analysis. 632 

  The contribution of 20% BC emission reductions from EAS, EUR, MDE, NAM, RBU, and SAS 633 

to the Arctic near-surface BC concentrations reached 0.70, 0.54, 0.01, 0.20, 0.29, and 0.09 ng m–3, 634 

respectively. Correspondingly, the reduced column BC loadings from the six regions above over the 635 

Arctic was 8521.7, 2789.1, 28.8, 1762.1, 998.6, and 3640.2 ng m–2, respectively.  636 

  The response of Arctic near-surface BC concentrations to 20% emission reductions from EAS and 637 

EUR was larger than other four source regions, with the monthly value of 0.2–1.5 ng m–3 and 0.2–1.0 638 

ng m–3, accounting for 16.8%–49.0% and 20.1%–49.0% of the total contributions from all six 639 

regions, respectively. The BC profiles displayed a bimodal pattern in summer with peaks at around 640 

1.0–1.6 km a.s.l. (4th and 5th layers) and 8.0–8.9 km a.s.l. (13th and 14th layers). While the BC profiles 641 

showed a unimodal pattern with peaks around 0.6–1.6 km a.s.l. (3rd – 5th layers) in winter.  642 

  The response of Arctic BC to emission reductions from source regions in winter was higher than 643 



that in summer. The contributions of 20% emission reductions to the Arctic BC concentrations near 644 

surface were the highest between 66–69°N both in summer (1.9 ng m–3) and winter (4.1 ng m–3), and 645 

became weaker with the increase of the latitude. 646 

  The response of Arctic temperature to BC emission reductions was the most significant at the time 647 

scale of 10 years and then gradually decreased with the passage of time. The Arctic had benefited the 648 

most from emission reduction in EAS with more than 300 and 660 K decreases in summer and 649 

winter after 10 years, respectively. The Arctic temperature response was more sensitive to the whole 650 

globe in regard of the same emissions perturbation. The estimation of temperature response was 651 

subject to large uncertainties due to the uncertainties in the calculation of ARTP and emissions of BC 652 

in source regions. 653 

  Overall, this study provided insights on the source regions and seasonal contributions of Arctic BC 654 

from the most recent international ensemble modeling efforts. The discrepancy between model 655 

results and observations and the spread among different HTAP models may be attributed to various 656 

factors such as emissions in the remote Arctic, physical parameterizations, and convection and 657 

deposition processes. This would subsequently result in large uncertainties of the climatic effects of 658 

air pollutants. More observation sites on the typical transport pathways from sources regions to the 659 

Arctic should be planned to improve the model capability of simulating the transport behavior of 660 

black carbon. 661 
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