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Abstract. Dust particles, serving as ice nucleating particles (INPs), may impact the Arctic 11 

surface energy budget and regional climate by modulating the mixed-phase cloud properties and 12 

lifetime. In addition to long-range transport from low latitude deserts, dust particles in the Arctic 13 

can originate from local sources. However, the importance of high latitude dust (HLD) as a 14 

source of Arctic INPs (compared to low latitude dust (LLD)) and its effects on Arctic mixed-15 

phase clouds are overlooked. In this study, we evaluate the contribution to Arctic dust loading 16 

and INP population from HLD and six LLD source regions by implementing a source-tagging 17 

technique for dust aerosols in version 1 of the US Department of Energy’s Energy Exascale 18 

Earth System Model (E3SMv1). Our results show that HLD is responsible for 30.7% of the total 19 

dust burden in the Arctic, whereas LLD from Asia and North Africa contribute 44.2% and 20 

24.2%, respectively. Due to its limited vertical transport as a result of stable boundary layers, 21 

HLD contributes more in the lower troposphere, especially in boreal summer and autumn when 22 

the HLD emissions are stronger. LLD from North Africa and East Asia dominates the dust 23 

loading in the upper troposphere with peak contributions in boreal spring and winter. The 24 

modeled INP concentrations show a better agreement with both ground and aircraft INP 25 

measurements in the Arctic when including HLD INPs. The HLD INPs are found to induce a net 26 

cooling effect (-0.24 W m-2 above 60°N) on the Arctic surface downwelling radiative flux by 27 

changing the cloud phase of the Arctic mixed-phase clouds. The magnitude of this cooling is 28 

larger than those induced by North African and East Asian dust (0.08 and -0.06 W m-2, 29 

respectively), mainly due to different seasonalities of HLD and LLD. Uncertainties of this study 30 

are discussed, which highlights the importance of further constraining the HLD emissions. 31 

  32 
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1 Introduction 33 

The Arctic has experienced long-term climate changes, including rapid warming and shrinking 34 

in sea ice extent. Arctic mixed-phase clouds (AMPCs), which occur frequently throughout the 35 

year, strongly impact the surface and atmospheric energy budget and are one of the main 36 

components driving the Arctic climate (Morrison et al., 2012; Shupe and Intrieri, 2004; Tan and 37 

Storelvmo, 2019). The AMPCs lifetime, properties, and radiative effects are closely connected to 38 

the primary ice formation process, as the formed ice crystals grow at the expense of cloud liquid 39 

droplets due to the lower saturation vapor pressure with respect to ice than that to liquid water 40 

(so-called Wegener-Bergeron-Findeisen process or, in short, WBF process; Liu et al., 2011; M. 41 

Zhang et al., 2019). Large ice crystals with higher fall speeds than liquid droplets can readily 42 

initiate precipitation and further deplete cloud liquid through the riming process. All these 43 

processes can also interact with each other nonlinearly and impact the phase partitioning of 44 

mixed-phase clouds (Tan and Storelvmo, 2016). 45 

Primary ice formation in mixed-phase clouds only occurs heterogeneously with the aid of ice 46 

nucleating particles (INPs). According to Vali et al. (1985), the heterogeneous ice nucleation is 47 

classified into four different modes: through the collision of an INP particle with supercool liquid 48 

droplet (contact freezing), by an INP particle immersed in a liquid droplet (immersion freezing), 49 

when the INP particle also serves as a cloud condensation nucleus (condensation freezing), or by 50 

the direct deposition of water vapor to a dry INP particle (deposition nucleation). The immersion 51 

freezing is usually treated together with condensation freezing in models, as instruments cannot 52 

distinguish between them (Vali et al., 2015). This immersion/condensation freezing is generally 53 

thought to be the most important ice nucleation mode in the mixed-phase clouds (de Boer et al., 54 

2011; Prenni et al., 2009; Westbrook and Illingworth, 2013). It remains a significant challenge to 55 
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characterize the INP types and concentrations, partially because only a very small fraction of 56 

aerosols can serve as INPs (DeMott et al., 2010). This is especially the case for the clean 57 

environment in the Arctic. Therefore, the potential sources and amounts of Arctic INPs are still 58 

largely unknown.  59 

Mineral dust aerosols are identified as one of the most important types of INPs in the 60 

atmosphere due to their high ice nucleation efficiency (DeMott et al., 2003; Hoose and Möhler, 61 

2012; Murray et al., 2012; Atkinson et al., 2013) and their abundance in the atmosphere (Kinne 62 

et al., 2006). They are mainly emitted from arid and semi-arid regions located at low- to mid-63 

latitudes, such as North Africa, the Middle East, and Asia. Observational studies found that LLD 64 

can be transported to the Arctic (Bory et al., 2003; VanCuren et al., 2012; Huang et al., 2015) 65 

and act as a key contributor to the Arctic INP population (Si et al., 2019). A modelling study also 66 

suggested that low latitude dust (LLD) has a large contribution to dust concentrations in the 67 

upper troposphere of the Arctic (Groot Zwaaftink et al., 2016), since LLD is usually lifted by 68 

convection and topography and then transported poleward following slantwise isentropes. This 69 

finding confirms the potential of LLD to serve as INPs in AMPCs. The impact of LLD INPs on 70 

clouds was further investigated by Shi and Liu (2019), who found that LLD INPs induce a net 71 

cooling cloud radiative effect in the Arctic, due to their impacts on cloud water path and cloud 72 

fraction. 73 

Although LLD has attracted much of the attention in the past, it is recognized that 2–3% of the 74 

global dust emission is produced by local Arctic sources above 50°N (Bullard et al., 2016), 75 

which include Iceland (Arnalds et al., 2016; Dagsson-Waldhauserova et al., 2014; Prospero et al., 76 

2012), Svalbard (Dörnbrack et al., 2010), Alaska (Crusius et al., 2011), and Greenland (Bullard 77 

and Austin, 2011). Groot Zwaaftink et al. (2016) found that high latitude dust (HLD) contributes 78 
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27% of the total dust burden in the Arctic. Different from LLD, most of the emitted HLD is 79 

restricted at the lower altitudes in the Arctic, because of the stratified atmosphere in the cold 80 

environment (Bullard, 2017; Groot Zwaaftink et al., 2016).  81 

It is also noted that HLD is likely an important source to the observed INPs in the Arctic, 82 

especially during the warm seasons. For example, Irish et al. (2019) suggested that mineral dust 83 

from Arctic bare lands (likely eastern Greenland or north-western continental Canada) is an 84 

important contributor to the INP population in the Canadian Arctic marine boundary layer during 85 

summer 2014. Attempts have been made to quantify the ice nucleating ability of HLD. 86 

Paramonov et al. (2018) found that the Icelandic glaciogenic silt had a similar ice nucleating 87 

ability as LLD at temperatures below -30 °C. Similarly, Sanchez-Marroquin et al. (2020) 88 

suggested that the ice nucleating ability of aircraft-collected Icelandic dust samples is slightly 89 

lower but comparable with that of the LLD. Some other studies also noticed that HLD can act as 90 

efficient INPs at warm temperatures. As early as the 1950s, the airborne dry dust particles from 91 

permafrost ground at Thule, Greenland, were found to nucleate ice at temperatures as warm as -5 92 

°C (Fenn and Weickmann, 1959). This is corroborated by a more recent study which investigated 93 

the glacial outwash sediments in Svalbard and ascribed the remarkably high ice nucleating 94 

ability to the presence of soil organic matter (Tobo et al., 2019).  95 

Despite their potential importance, HLD sources are largely underestimated or even omitted in 96 

global models (Zender et al., 2003). Fan (2013) noticed that the autumn peak in measured 97 

surface dust concentrations at Alert was underestimated by the model, likely due to a lack of 98 

local dust emission. Similarly, Shi and Liu (2019) also mentioned that the distinction of 99 

simulated and satellite retrieved dust vertical extinction in the Arctic became larger near the 100 

surface.  101 
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In this study, we account for the HLD dust emission by replacing the default dust emission 102 

scheme (Zender et al., 2003) with the Kok et al. (2014a, b) scheme in the Energy Exascale Earth 103 

System Model version 1 (E3SMv1). We further track explicitly the dust aerosols emitted from 104 

the Arctic (HLD) and six major LLD sources using a newly developed source-tagging technique 105 

in E3SMv1. The objectives of this study are to (1) examine the source attribution of the Arctic 106 

dust aerosols in the planetary boundary layer and in the free troposphere; (2) examine the 107 

contribution of dust from various sources to the Arctic dust INPs; and (3) quantify the 108 

subsequent influence of dust INPs from various sources on the Arctic mixed-phase cloud 109 

radiative effects. We are particularly interested in the relative importance of local HLD versus 110 

long-range transported LLD. 111 

The paper is organized as follows. The E3SMv1 model and experiments setup are introduced 112 

in Section 2. Section 3 presents model results and comparisons with observations. The 113 

uncertainties are discussed in Section 4, and Section 5 summarizes the results.  114 

2 Methods 115 

2.1 Model description and experiment setup 116 

Experiments in this study are performed using the atmosphere component (EAMv1) of the U.S. 117 

Department of Energy (DOE) E3SMv1 model (Rasch et al., 2019).  The model predicts number 118 

and mass mixing ratios of seven aerosol species (i.e., mineral dust, black carbon (BC), primary 119 

organic aerosol, secondary organic aerosol, sulfate, sea salt, and marine organic aerosol (MOA)) 120 

through a four-mode version of modal aerosol module (MAM4) (Liu et al., 2016; Wang et al., 121 

2020). The four aerosol modes are Aitken, accumulation, coarse, and primary-carbon modes, 122 

while dust aerosols are carried in accumulation and coarse modes. Aerosol optical properties in 123 
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each mode is parameterized following Ghan and Zaveri (2007). The dust optics used in this study 124 

are updated according to Albani et al. (2014).  125 

EAMv1 includes a two-moment stratiform cloud microphysics scheme (MG2) (Gettelman and 126 

Morrison, 2015). We note the WBF process rate in EAMv1 is tuned down by a factor of 10, 127 

which results in more prevalent supercooled liquid water clouds in high latitudes than 128 

observations and many other global climate models (Y. Zhang et al., 2019; Zhang et al., 2020). 129 

In addition, the Cloud Layers Unified By Binormals (CLUBB) parameterization (Bogenschutz et 130 

al., 2013; Golaz and Larson, 2002; Larson et al., 2002) is used to unify the treatments of 131 

planetary boundary layer turbulence, shallow convection, and cloud macrophysics. Deep 132 

convection is treated by the Zhang and McFarlane (1995) scheme. 133 

In EAMv1, the heterogeneous ice nucleation in mixed-phase clouds follows the classical 134 

nucleation theory (CNT) (Hoose et al., 2010; Y. Wang et al., 2014). CNT holds the stochastic 135 

hypothesis, which treats the ice nucleation process as a function of time. 136 

Immersion/condensation, contact, and deposition nucleation on dust and BC are treated in the 137 

CNT scheme. More details about CNT parameterization are provided in Text S2.1 in the 138 

Supplement. 139 

The experiments we conducted for this study are shown in Table 1. For the control experiment 140 

(hereafter CTRL), the EAMv1 was integrated from July 2006 to the end of 2011 at 1° horizontal 141 

resolution and 72 vertical layers. The first six months of the experiment were treated as model 142 

spin-up and the last five-year results were used in analyses. The horizontal wind components 143 

were nudged to the MERRA2 meteorology with a relaxation timescale of 6 hours (Zhang et al., 144 

2014). In addition to CTRL, we conducted three sensitivity experiments to investigate the INP 145 

effect of dust from major source regions. In these sensitivity experiments, heterogeneous ice 146 
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nucleation in the mixed-phase clouds by dust from local Arctic sources, North Africa, and East 147 

Asia is turned off (i.e., noArc, noNAf, and noEAs, respectively). The other settings of these three 148 

experiments are identical to CTRL. Analyses related to the sensitivity experiments are provided 149 

in Section 3.4. 150 

2.2 Dust emission parameterization and source-tagging technique  151 

Dust emission in the default EAMv1 is parameterized following Zender et al. (2003) (Z03), 152 

which uses semi-empirical dust source functions to address the spatial variability in soil 153 

erodibility. The HLD emission is omitted in the Z03 scheme, since it was thought to be dubious 154 

(Zender et al., 2003). In this study, we replaced the Z03 scheme with another dust emission 155 

parameterization (Kok et al., 2014a, b) (K14) that avoids using a source function (see more 156 

details about K14 in Text S1). The K14 scheme is able to produce the HLD emission over 157 

Iceland, the Greenland coast, Canada, Svalbard, and North Eurasia (Figure 1a). Furthermore, to 158 

address the overestimation in dust emission in clay size (< 2 𝜇m diameter) (Kok et al., 2017), we 159 

changed the size distribution of emitted dust particles from Z03 to that based on the brittle 160 

fragmentation theory (Kok, 2011). 1.1% of the total dust mass is emitted to the accumulation 161 

mode and 98.9% of that is emitted to the coarse mode based on the brittle fragmentation theory, 162 

whereas the fractions are 3.2% and 96.8%, respectively in Z03.  163 

To quantify the source attribution of dust, we implemented a dust source-tagging technique in 164 

EAMv1. This modeling tool was previously applied to BC (H. Wang et al., 2014; Yang et al., 165 

2017b), sulfate (Yang et al., 2017a), and primary organic aerosol (Yang et al., 2018) in the 166 

Community Atmosphere Model version 5 (CAM5). In this method, dust emission fluxes from 167 

different sources are assigned to separate tracers and transport independently, so that dust 168 

originating from different sources can be tracked and tuned separately in a single model 169 
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experiment. As shown in Figure 1a, dust emissions from 7 source regions are tagged: Arctic (Arc; 170 

above 60°N, HLD source), North America (NAm), North Africa (NAf), Central Asia (CAs), 171 

Middle East and South Asia (MSA), East Asia (EAs), and rest of the world (RoW). The Arctic 172 

source is further divided into four sub-sources: Alaska (Ala), North Canada (NCa), Greenland 173 

and Iceland (GrI), and North Eurasia (NEu) (Figure S1), which are used in the analysis of INP 174 

sources in Section 3.3. RoW represents the three major dust sources in the Southern Hemisphere 175 

(South America, South Africa, and Australia), along with very low emissions from Europe and 176 

the Antarctic.  177 

The global dust emission for CTRL is 5640 Tg yr-1, which is tuned so that the global average 178 

dust aerosol optical depth (DOD) is 0.031. This is within the range of the observational estimate 179 

(0.030±0.005) by Ridley et al. (2016). To maintain the magnitude of the global averaged DOD, 180 

our tuned global dust emission exceeds the range of the AeroCom (Aerosol Comparisons 181 

between Observations and Models) models (500 to 4400 Tg yr-1; Huneeus et al., 2011), likely 182 

due to a short lifetime caused by too strong dust dry deposition at the bottom layer near the dust 183 

source regions in EAMv1 (Wu et al., 2020). It is also about 2000 Tg yr-1 higher than the previous 184 

EAMv1 studies (Shi and Liu, 2019; Wu et al., 2020), because we distribute less dust mass into 185 

the accumulation mode and more dust mass into the coarse mode based on Kok (2011). The 186 

HLD emission is further tuned up by 10 times so that it accounts for 2.6% (144 Tg yr-1) of the 187 

global dust emission (Figure 1b), which is comparable with the recent estimates of 2-3% above 188 

50°N by Bullard et al. (2016) and of 3% above 60°N by Groot Zwaaftink et al. (2016). The 189 

majority of global dust emission is contributed from North Africa (51.9%, 2929 Tg yr-1) and 190 

Asia (37.7%, 2124 Tg yr-1), with Asian emissions composed of MSA (20.2%, 1140 Tg yr-1), EAs 191 

(10.9%, 613 Tg yr-1), and CAs (6.6%, 371 Tg yr-1). NAm has a weak dust emission of 33.4 Tg 192 
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yr-1 that only contributes 0.6% to the global emission, while the RoW has a combined 193 

contribution of 7.3% (410 Tg yr-1). In addition, the seasonal variations between HLD and LLD 194 

emissions are different - the HLD (Arctic) source is more active in late summer and autumn, 195 

while the LLD sources (e.g., NAf, MSA, EAs) peak in spring and early summer (Figure 1c). 196 

3 Result 197 

3.1 Model validation 198 

To evaluate the model performance in simulating the dust cycle, we compare the model 199 

predictions with measured aerosol optical depth (AOD), dust surface concentrations, and dust 200 

deposition fluxes from global observation networks (Figure 2). We select and process the level 201 

2.0 AOD data (2007-2011) at 40 “dust-dominated” AErosol RObotic NETwork (AERONET; 202 

Holben et al., 1998) stations following Kok et al. (2014b). We note that the AERONET AOD 203 

measurements are biased towards clear-sky conditions due to the cloud-screening procedure 204 

(Smirnov et al., 2000). For dust surface concentrations, we use the same measurements at 22 205 

sites, which Huneeus et al. (2011) used for the AeroCom comparison, and further extend the 206 

dataset with measurements at three high latitude stations: Heimaey (Prospero et al., 2012), Alert 207 

(Sirois and Barrie, 1999), and Trapper Creek (Interagency Monitoring of Protected Visual 208 

Environments; IMPROVE). It is noted that the measurements at Trapper Creek only include dust 209 

particles smaller than 2.5 𝜇𝑚 and are only compared with simulated dust concentrations at the 210 

same size range. All other concentration measurements capture dust particles below 40 𝜇𝑚 and 211 

are compared with simulated dust over the whole size range (< 10 𝜇𝑚). The dust deposition 212 

fluxes dataset, which including 84 stations, is also the same as Huneeus et al. (2011). The 213 

locations of the observation network are shown in Figure 2d, with the AOD data taken close to 214 
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source regions and the dust surface concentrations and deposition fluxes measured at relatively 215 

remote regions. The Pearson correlation coefficient (r) are provided for each comparison. We 216 

note that the comparisons are subject to representative biases caused by comparing an 217 

observational station with a global model grid point (with a horizontal resolution of ~ 100 km). 218 

The comparisons of dust concentration and deposition flux also have systematic errors because 219 

the measurements were for a different time period than that of the model simulation. 220 

In general, the three comparisons indicate that our CTRL simulation is capable of capturing 221 

the global dust cycle in both near the source and remote regions. As shown in Figure 2a, the 222 

modeled AOD is within a factor of two of the observations over most of the stations. The 223 

correlation of the AOD comparison is 0.73, which is comparable to the best performing 224 

simulation (r = 0.72) in Kok et al. (2014b). Our model also does a fairly good job in simulating 225 

the dust surface concentrations (Figure 2b) and produces a correlation coefficient of 0.84. For the 226 

three high latitude sites, the model shows moderate underestimation at Heimaey and Trapper 227 

Creek and large positive bias at Alert (see discussion below). The correlation coefficient for 228 

simulated dust deposition fluxes (r = 0.48) is also within the range of the AeroCom comparisons 229 

(0.08 to 0.84) in Huneeus et al. (2011). The model results over most of the sites are within one 230 

order of magnitude difference, except at the polar regions. In particular, the model overestimates 231 

the dust deposition flux in Greenland (red triangles in Figure 2c and 2d) by around two orders of 232 

magnitude, likely due to too strong local emissions simulated near the coast of Greenland (Figure 233 

1a).  234 

The seasonal cycle of dust surface concentrations at the three Arctic stations (Heimaey, Alert, 235 

and Trapper Creek) are shown in Figure 3, along with the contribution from seven tagged 236 

sources. The simulated dust concentrations at Heimaey are dominated by HLD and agree well 237 
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with the observation in late summer and autumn (Figure 3a). Its annual-averaged low bias shown 238 

in Figure 2b mainly comes from the springtime, when Prospero et al. (2012) found the observed 239 

dust are related to dust storms in Iceland, indicating a possible underestimation in the simulated 240 

Icelandic dust during this time. The HLD also dominates the surface dust concentrations at Alert 241 

(Figure 3b), leading to a large overestimation from June to August in our simulation, which 242 

possibly implies a high bias and wrong seasonal cycle of HLD emission over Greenland and 243 

North Canada. The Trapper Creek station is instead dominated by LLD from East Asia and 244 

shows an underestimation for most of the year. It is noted that we only include fine dust 245 

(diameter < 2.5 μm) for the comparison at Trapper Creek. Larger size range is likely to be more 246 

influenced by HLD sources. The low bias here, especially that during the autumn, can be related 247 

to the missing of local emissions from the coast of Southern Alaska (Figure 1a) that occurs most 248 

frequently in autumn (Crusius et al., 2011). An underestimation of the transport from Saharan 249 

dust may also contribute slightly, as the influence from Saharan dust is found during mid-May at 250 

Trapper Creek (Breider et al., 2014).  251 

The simulated Arctic dust vertical profiles are also compared with the measured dust 252 

concentrations during the Arctic Research of the Composition of the Troposphere from Aircraft 253 

and Satellites (ARCTAS) flight campaign (Figure 4) (Jacob et al., 2010). The ARCTAS 254 

campaign was conducted over the North American Arctic in April and July 2008. The simulated 255 

profiles are averaged over the regions where the aircraft flew, in accordance with Groot 256 

Zwaaftink et al. (2016). In April, the model does a good job in capturing the Arctic dust vertical 257 

profiles (Figure 4a). However, in July, the model underestimates dust by a factor of 2 to 5 258 

between 3 and 10 km (Figure 4b). It also shows an overestimation near the surface in July, which 259 

agrees with the surface concentrations comparison at Alert station (Figure 3b). The 260 
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underestimation in the upper troposphere and overestimation near the surface likely imply a too 261 

weak vertical transport of HLD in the North American Arctic in summertime. The high bias in 262 

the upper troposphere may also be related to an underrepresentation of LLD transport.  263 

Finally, we evaluate the simulated dust extinction against the Cloud-Aerosol Lidar and 264 

Infrared Pathfinder Satellite Observation (CALIPSO) retrieval (Luo et al., 2015a, b), which 265 

includes nighttime dust extinction for the period of 2007 to 2009. The Luo et al. (2015a, b) data 266 

set has improvements in dust separation from other aerosol types and thin dust layer detection in 267 

the Arctic than the standard CALIPSO product (Winker et al., 2013). To make an apple-to-apple 268 

comparison, the modeled dust extinction is sampled along the CALIPSO tracks and screened by 269 

cloud fraction (Wu et al., 2020). For this comparison, we only use the first three years (2007 to 270 

2009) of the CTRL simulation to be consistent with the observation period. Overall, the model 271 

does a good job in capturing the Arctic dust extinction vertical profiles (Figure 5). We notice that 272 

the simulated dust extinction is lower than CALIPSO retrievals at the upper troposphere in 273 

summer, which agrees with the ARCTAS comparisons. The simulated dust extinction also shows 274 

a consistent underestimation in springtime (MAM) and a near surface underestimation in 275 

wintertime (MAM). Since the Arctic is mostly covered by ice and snow in these two seasons, the 276 

impacts of HLD are expected to be limited and the low biases are most likely due to the 277 

underprediction of LLD transport. The near surface underestimation in DJF may indicate a too 278 

weak LLD transport in the lower troposphere (e.g., the transport of dust emitted from Central 279 

Asia; see Figure 7 and the corresponding discussions in Section 3.2). Moreover, the HLD has a 280 

large contribution in the lower troposphere in boreal summer and autumn, which is consistent 281 

with its strong emission at that time. In contrast, LLD plays a more dominant role in the upper 282 
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troposphere, where African dust contributes the most in the springtime and East Asian dust has a 283 

larger contribution in the other seasons.  284 

3.2 Arctic dust mass source attribution 285 

Table 2 summarizes the relative contributions from individual sources to the total Arctic dust 286 

burden. The transport pathways can be identified from the dust burden spatial distribution for 287 

each source in Figure 6, while the relative contribution of each source to the total dust burden is 288 

shown in Figure S2. We also calculate the regional burden efficiency for each source (Table S1), 289 

which is defined as the mean contribution to the Arctic dust column burden divided by the 290 

corresponding dust emission (H. Wang et al., 2014). This metric represents the sensitivity of 291 

Arctic dust loading to per unit change of dust emission from each source (i.e., the poleward 292 

transport efficiency of each source). 293 

Our model results suggest that the HLD (Arc) is the largest contributor (30.7%) to the annual 294 

mean Arctic dust burden among all the tagged sources. As shown in Figure 6a and Figure S2a, 295 

the local dust is confined within the high latitudes, with the higher amounts and higher 296 

contributions to the total dust burden near the sources in North Canada, coast of Greenland, and 297 

Iceland. The interior of the Greenland ice sheet, with its higher elevations, is more influenced by 298 

LLD from North Africa and East Asia than HLD (Figure S2c and S2f). This is due to the weak 299 

vertical transport of local emissions in the Arctic (see more discussions below).  300 

On the other hand, all LLD sources are responsible for 69.3% of the dust loading in the Arctic, 301 

with considerable contributions from North Africa (24.2%) and Asia (in total 44.2%; EAs: 302 

19.9%, MSA: 11.5%, CAs: 12.8%), and minor contributions from NAm (0.1%) and RoW (nearly 303 

0). The North African dust is primarily transported westward to the Atlantic and southward to 304 

Sahel, with a smaller fraction transported directly northward or northeastward across the Eurasia 305 
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to the Arctic (Figure 6c; Shao et al., 2011). The westward trajectory can also bring dust to the 306 

Arctic through the Azores high (e.g., VauCuren et al., 2012), but this pathway is not clearly seen 307 

on Figure 6c likely due to the strong wet removal process over the North Atlantic. As evident by 308 

the low transport efficiency in Table S1, the significant contribution of the North African dust to 309 

the Arctic dust burden is mainly due to its massive emission. However, this is not the case for 310 

EAs. The East Asian dust is first lifted vertically by topography and convection (Shao et al., 311 

2011) and is widely spread over the Northern Hemisphere mid- and high-latitude regions through 312 

the westerly flow in the upper troposphere (Figure 6f). The high elevation of East Asian dust 313 

plumes results in weaker removal processes and thus an efficient poleward transport. As shown 314 

in Table S1, the annual transport efficiency of the East Asian dust is relatively high among the 315 

LLD sources, which is nearly three times larger than that of the North African dust. The 316 

poleward transport of dust from CAs and MSA both takes the pathway across Siberia (Figure 6d 317 

and 6e). The transport efficiency of the CAs dust is two times higher than that of the MSA dust 318 

(Table S1). This is attributed to CAs being closer to the Arctic and having less southward dust 319 

transport than MSA. Overall, the LLD from North Africa and Asia contributes more to the 320 

Eurasia and Pacific sector of the Arctic (Figures S2c to S2f). The impact of NAm dust is limited 321 

by its weak emission (Figure 6b), while dust emitted in the Southern Hemisphere (RoW) can 322 

hardly pass the equator (Figure 6g).  323 

Earlier modeling studies (Breider et al., 2014; Groot Zwaaftink et al., 2016; Luo et al., 2003; 324 

Tanaka and Chiba, 2006) also quantify the relative contributions of dust from various regions to 325 

the Arctic dust loading. Among these studies, only Groot Zwaaftink et al. (2016) includes HLD. 326 

Our estimate about the HLD percent contribution is close to that from their study (27%). For 327 

LLD, our conclusion about the dominant role of African and Asian dust to the Arctic dust burden 328 
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is also corroborated by these previous studies. However, the relative importance of African and 329 

Asian dust is uncertain. Based on our results, the Asian dust is responsible for 65% of the LLD 330 

transport to the Arctic, while the African dust only contributes 35%. Other studies find that 50% 331 

(Groot Zwaaftink et al., 2016; Luo et al., 2003; Tanaka and Chiba, 2006) to as much as 65% 332 

(Breider et al., 2014) of the LLD in the Arctic is attributed to North Africa. These discrepancies 333 

may be explained by the different dust emission and scavenging, dust size distribution, 334 

meteorological fields, and/or time periods for the model simulation. For example, North Africa 335 

dust in our study contributes slightly less (51.9%) to the global dust emission than the other 336 

studies (from 57% to 67%). Isotopic analysis (Bory et al., 2002, 2003) and case studies (Huang 337 

et al., 2015; Stone et al., 2005; VanCuren et al., 2012) have proved that both Asian and African 338 

dust can be transported to the Arctic. However, it remains unclear which of them contributes 339 

more to the Arctic dust loading due to the limited observational constraints.  340 

HLD and LLD source regions also have very distinct vertical distributions in the Arctic. 341 

Figures 7a and 7b show the annual mean vertical profiles of Arctic dust concentrations from 342 

various sources and their percentage contributions, respectively. The Arctic dust in the lower 343 

atmosphere is dominated by the local source. HLD accounts for more than 30% of the Arctic 344 

dust concentrations below 800 hPa, with up to 85% contribution near the surface. However, the 345 

HLD contribution decreases rapidly with height and is less than 10% above 700 hPa. This is 346 

because the lower troposphere of the Arctic is more stratified than the mid- and low latitudes, 347 

which suppresses the vertical transport of HLD. The lower tropospheric stability (LTS) from the 348 

CTRL simulation and comparison with the MERRA2 reanalysis data are shown in Figure S3. 349 

The weak HLD vertical transport in the Arctic is also reported by previous studies (Groot 350 

Zwaaftink et al., 2016, Baddock et al., 2017; Bullard, 2017). Moreover, the LTS over the Arctic 351 
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sea ice is much larger than that over open ocean surface (Schweiger et al., 2008), which may lead 352 

to a stronger vertical transport of HLD over open waters. This suggests that the vertical transport 353 

of HLD may change with the sea ice reduction in a warming future. 354 

In contrast, LLD has a higher contribution in the mid- and upper troposphere than near the 355 

surface. Such a vertical distribution of LLD is consistent with Stohl (2006) and Groot Zwaaftink 356 

et al. (2016). As Stohl (2006) found, aerosols originating from the warm subtropics are 357 

transported poleward following the uplifted isentropes and the Arctic lower atmosphere is 358 

dominated by the near-impenetrable cold polar dome. Therefore, there is a slantwise lifting of 359 

low latitude aerosols during their poleward transport. NAf and EAs are the two key contributors 360 

to the Arctic dust vertical concentrations, each of which contributes up to one third of the total 361 

dust concentrations above 700 hPa. Dust emission from MSA also has a moderate contribution 362 

(15-20%) that increases gradually with height, while the contribution from CAs peaks at 700 to 363 

800 hPa, indicating a lower altitude transport pathway than the EAs and MSA dust.  364 

In addition, the Arctic dust undergoes a strong seasonal cycle (Table 2 and Figures 7c-j). 365 

Because of the strong local emissions (Figure 1c), about half of the Arctic dust burden in 366 

summer and autumn come from HLD, with more than 50% contribution of Arctic dust 367 

concentrations below 850 hPa in these two seasons. In contrast, LLD plays a dominant role in 368 

spring and winter. The North African dust has the largest contribution in spring, which accounts 369 

for about 45% of the total dust concentrations above 700 hPa. The East Asian dust is more 370 

important in the other three seasons. Due to its high emission height, the relative contribution 371 

from EAs tends to increase with height and reaches 30% to 50% of the total dust concentration 372 

above 500 hPa in summer, spring, and winter. 373 
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3.3 Immersion freezing on dust in the AMPCs 374 

We are particularly interested in the contribution of various dust sources to the Arctic INP 375 

populations. Therefore, we compare the simulated INP concentrations with nine Arctic field 376 

measurements, which are summarized in Table 3. The modeled dust INP concentrations are 377 

diagnosed from monthly averaged aerosol properties using the default CNT scheme and two 378 

empirical ice nucleation parameterizations, DeMott et al. (2015; hereafter as D15) and Sanchez-379 

Marroquin et al. (2020; hereafter as SM20). The D15 parameterization, which is representative 380 

of Saharan and Asian desert dust, relates dust INP number concentrations to the number 381 

concentration of dust particles larger than 0.5 µm diameter and is found to produce the most 382 

reasonable LLD INP concentrations in EAMv1 (Shi and Liu, 2019). CNT and D15 are applied to 383 

LLD only and all the dust aerosols (LLD and HLD) in Figures 8a-b and Figures 8d-e, 384 

respectively. The SM20 parameterization, which is derived for the HLD Icelandic dust, describes 385 

the dust INP number concentrations as a function of surface active site density and total dust 386 

surface area. Considering the possibly different ice nucleation ability between HLD and LLD, 387 

we only applied the SM20 parameterization to HLD and the CNT and D15 parameterizations are 388 

still applied to LLD in Figures 8c and 8f, respectively. To account for the contributions from 389 

other aerosol types, we also calculate the INP concentrations from BC (Fig. 8g) and sea spray 390 

aerosol (SSA; includes MOA and sea salt) (Fig. 8h) following Schill et al. (2020; hereafter as 391 

Sc20) and McCluskey et al. (2018; hereafter as M18), respectively. More details about the ice 392 

nucleation parameterizations are provided in Text S2. We discuss the choice of dust ice 393 

nucleation schemes in Text S2.6 in the Supplement. 394 

Overall, only including LLD as INPs results in up to four orders of magnitude underprediction 395 

compared to observations (Figures 8a and 8d), while taking into account the contribution from 396 
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HLD greatly improves the model performance by increasing the simulated dust INP 397 

concentrations (Figures 8b, 8c, 8e, and 8f). The CNT parameterization produces 5 to 10 times 398 

more INP concentrations than the other two schemes at moderately cold temperatures (-22 to -399 

28℃ ), while it has a significant underestimation of observed INP concentrations at warm 400 

temperatures (T > -18℃) (also see Figure S4). D15 and SM20 agree well with each other in 401 

simulating HLD INPs, with SM20 producing slightly higher results than D15. Our modeling 402 

results also indicate that BC and SSA have much less contributions to INP than dust in all the 403 

nine field campaigns (Figure 8g and 8h). 404 

A detailed analysis of sources of the INPs for the nine datasets based on modeling analyses 405 

and the corresponding observations in the literature are provided in Table 3. Modeling results 406 

indicate that HLD has larger contributions to the INPs for the campaigns conducted in summer 407 

and autumn than spring, in agreement with the observations. Also, ground-based measurements 408 

are more influenced by the nearby HLD sources, while LLD from EAs and NAf contributes 409 

more to the aircraft measurements.  410 

Our modeling analyses about the INP sources agree well with the observational studies at 411 

Alert in spring 2016 and near Iceland in autumn 2014 (symbol “C” and “I” in Figure 8, 412 

respectively), while the model underestimates the observed INP concentrations in both cases. 413 

The low bias in dataset C indicates an underprediction in the long-range transport of Asian dust 414 

to the Arctic surface in springtime. The underestimation in dataset I is more likely due to the fact 415 

that some of the aircraft measurements were taken inside the Icelandic dust plumes (Sanchez-416 

Marroquin et al., 2020), which cannot be resolved by the monthly mean model output and the 417 

coarse model horizontal resolution (1°). Such uncertainties exist in all the model-observation 418 

comparisons.  419 
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Some other comparisons in INP sources reveal the lack of marine and carbonaceous INPs in 420 

the model. The model results show a dominance of dust INPs in spring 2017 at Zeppelin and 421 

Oliktok Point (symbol “D” and “E” in Figure 8) and in Autumn 2004 at Utqiaġvik (symbol “H” 422 

in Figure 8), while the observational studies suggested the importance of marine sources at the 423 

first two locations and of carbonaceous aerosols at Utqiaġvik. Therefore, it is likely that the 424 

model underestimates the contribution of MOA (Wilson et al., 2015; Zhao et al., 2021a) and 425 

does not account for terrestrial biogenic INPs (Creamean et al., 2020) due to the lack of 426 

treatments in the model. In addition, both D15 and SM20 schemes cannot represent the high ice 427 

nucleating ability of HLD at warm temperatures at Zeppelin in summer 2016 (symbol “G” in 428 

Figure 8), which is attributed to soil organic matter by Tobo et al. (2019). When these organics 429 

are taken into account in the model, model overestimation for site G will get even worse, 430 

implying an overestimation of surface dust concentrations and/or HLD dust emission at Svalbard 431 

in the summertime. In summary, the model’s INP biases in the Arctic are likely due to biases in 432 

the simulated aerosol fields (e.g., dust, MOA, and BC) and uncertainties in current ice nucleation 433 

parameterizations or missing representations of other INP sources (e.g., terrestrial biogenic 434 

aerosols).  435 

In addition, it is noted that we do not explicitly represent the potential ice nucleation ability 436 

differences in freshly emitted HLD and long-range transported LLD caused by the chemical 437 

aging and coating of dust (Boose et al., 2016). However, D15 and SM20 may already take the 438 

aging effect into account implicitly. Because D15 includes Saharan and Asian dust data collected 439 

over Pacific Ocean basin and US Virgin Islands, respectively, which are far away from the 440 

corresponding LLD sources, while SM20 are derived from freshly emitted Icelandic dust, which 441 

is subjected to less aging processes. 442 
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The comparisons above are based on INP concentrations at a given temperature set by the INP 443 

instruments, which reflects the potential INP populations under ambient aerosol conditions. Next, 444 

we examine the immersion freezing rate of dust originating from the seven tagged sources 445 

(Figure 9) to evaluate the influences of HLD and LLD on ice nucleation processes in mixed-446 

phase clouds. It is noted that the immersion freezing rate here is calculated online in the model 447 

using the ambient temperature and the default CNT ice nucleation parameterization. 448 

Compared with its contribution to the dust burdens, the contribution of the HLD to the annual 449 

mean mixed-phase cloud immersion freezing rate is relatively small (~10% below 600 hPa) 450 

(Figure 9a). This is because the HLD is mainly located in the lower troposphere and not a lot of 451 

HLD can reach the mixed-phase cloud levels (or the freezing level), especially under the case 452 

that the HLD tends to be more prevalent in the warm seasons (see more discussion below). 453 

Among the LLD sources, North African dust (Figure 9c) and East Asian dust (Figure 9f) are the 454 

two major contributors, both of which are responsible for more than 20% of the annual mean 455 

immersion freezing rate in the mixed-phase clouds. Consistent with the vertical distribution of 456 

dust concentrations, the North African dust has its maximum contribution (30-40%) at around 457 

500 hPa, while the East Asian dust plays a more important role at higher altitudes (above 400 458 

hPa). Dust from Central Asia also has a moderate contribution (~20%) to the immersion freezing 459 

rate in the Arctic (Figure 9d).  460 

Considering the different seasonality of HLD and LLD in the Arctic, we next investigate the 461 

seasonal variations of the immersion freezing rate in the Arctic mixed-phase clouds from HLD 462 

and two dominating LLD sources (NAf and EAs) (Figure 10). HLD has the largest contribution 463 

to the Arctic immersion freezing rate in boreal autumn, with more than 30% below 700 hPa and 464 

up to 50% near the surface (Figure 10c). It is related to the prevalence of HLD and relatively 465 
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cold temperatures during this time in the Arctic. This is not the case for the summer, when the 466 

freezing level is relatively high. Although it is responsible for 50% of the total Arctic dust 467 

burden in the boreal summer, HLD has a limited contribution to the immersion freezing rate in 468 

the clouds (Figure 10b), because its weak vertical transport makes it hard to reach the freezing 469 

line. The contrast results in summer and autumn suggest that the immersion freezing rate in the 470 

Arctic clouds is influenced by air temperature in addition to the aerosols. It also implies that the 471 

surface INP measurements may not reflect the complete picture of INP effects and more aircraft 472 

INP measurements are needed in the future. The seasonal variations of the immersion freezing 473 

rate from NAf and EAs are weaker than that from HLD but are still subjected to the vertical 474 

temperature change with season. The North African dust contributes more in spring and winter, 475 

while the East Asian dust is more important in summer and autumn. 476 

3.4 Impact on cloud properties and radiative fluxes 477 

Dust INPs can freeze the supercooled liquid droplets, which impacts the cloud microphysical 478 

and macrophysical properties and modulates the Earth’s radiative balance. To examine such 479 

impacts, we conduct three sensitivity experiments that turn off the heterogeneous ice nucleation 480 

in the mixed-phase clouds by dust from Arctic local source, North Africa, and East Asia, 481 

respectively (i.e., noArc, noNAf, and noEAs in Table 1). The impacts of dust INPs from each 482 

source are determined by subtracting the respective sensitivity experiment from CTRL. Due to 483 

the feedbacks in dust emission and wet scavenging caused by changing cloud properties, the dust 484 

concentrations in the sensitivity experiments are not identical to CTRL, but the absolute 485 

differences are mostly within 5% (Figure S5 in the Supplement). 486 

The cloud liquid and ice changes caused by dust INPs from each source are shown in Figure 487 

11. Due to the strengthening of heterogeneous ice nucleation processes, INPs from all the three 488 
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sources consistently reduce the total liquid mass mixing ratio (TLIQ) (Figure 11, first column) 489 

and cloud liquid droplet number concentration (NUMLIQ) (Figure 11, third column). The 490 

influence of HLD is mainly in the lower troposphere (Fig. 11, top row) and the influence of LLD 491 

extends to higher altitudes (Fig. 11, bottom two rows). Moreover, the cloud ice number 492 

concentration (NUMICE) decreases in the upper troposphere (Figure 11, fourth column), likely 493 

due to less cloud droplets available for the homogeneous freezing in cirrus cloud after 494 

introducing dust INPs in the mixed-phase clouds. With fewer ice crystals falling from the cirrus 495 

clouds to the mixed-phase clouds, the WBF process in the mixed-phase clouds is inhibited 496 

(Figure S6). Other ice phase processes such as the accretion of cloud water by snow and the 497 

growth of ice crystals by vapor deposition also become less efficient, which decreases the total 498 

ice mass mixing ratio (TICE) above 600-700 hPa altitude (Figure 11, second column). TICE in 499 

the lower troposphere is increased because of immersion freezing and snow sedimentation from 500 

above.  501 

Since liquid water path (LWP) is found to play a critical role in the Arctic radiative budget 502 

(e.g., Dong et al., 2010; Hofer et al., 2019; Shupe and Intrieri, 2004), we further investigate the 503 

seasonal variations of LWP changes caused by dust INPs from the three sources (Figure 12). 504 

Corroborated with their large contribution to the immersion freezing rate during this time (Figure 505 

10, top row), HLD INPs produce the strongest LWP decrease (-1.3 g m-2) in boreal autumn 506 

(Figure 12c), especially over North Canada and Greenland. The influence of LLD INPs on LWP 507 

peaks in spring and winter. North African dust tends to have a larger impact on North Eurasia, 508 

while East Asian dust impacts the west Arctic more.  509 

Dust INPs from the three sources consistently increase (decrease) the annual mean 510 

downwelling shortwave (longwave) radiative flux (FSDS and FLDS) at the surface (Figure 13, 511 



24 
 

left and middle columns). This is mainly due to the LWP decrease, which reduces the cloud 512 

albedo and longwave cloud emissivity. For HLD INPs, the FLDS reduction dominates over the 513 

FSDS increase and causes a net cooling effect at the Arctic surface (-0.24 W m-2) (Figure 13c). 514 

In contrast, FSDS and FLDS changes related to the LLD INPs are comparable, which cancels 515 

each other and yields a small net radiative effect (0.08 W m-2 for NAf and -0.06 W m-2 for EAs) 516 

(Figure 13, bottom two rows). These differences in the net radiative effect are associated with 517 

different seasonalities of HLD and LLD. The insolation in the Arctic is strong in spring and 518 

summer but very limited in autumn and winter. Since the HLD INPs have much stronger 519 

influence on LWP in autumn and winter than spring and summer (Figure 12), their contribution 520 

to the FSDS warming is weak and the FLDS cooling in autumn and winter dominates the annual 521 

mean effect (Table 4, part 1; also seen in Figure S7 to S9). LLD INPs are also important in 522 

spring and summer, so their FSDS warming effect is comparable to, and compensates for, the 523 

FLDS cooling effect.  524 

We also examined the dust INP effect on cloud radiative forcing (CRF) at the top of the 525 

atmosphere (TOA) (Table 4, part 2). Dust INPs from the three sources induce a small net cooling 526 

(from -0.03 to -0.05 W m-2) in the Arctic, with SW warming and LW cooling effects. The net 527 

cooling persists throughout the year, except for the summertime when the sufficient insolation 528 

results in a strong SW warming and, consequently, a net warming effect. Shi and Liu (2019) also 529 

found LLD can induce a generally net cooling effect above 70°N (0.18 to -1.95 W m-2), but in a 530 

much higher magnitude than the sum of NAf and EAs dust INP effects (-0.15 W m-2 above 70°N, 531 

not shown in Table 4), which implies the aerosol glaciation effect on mixed-phase clouds is 532 

highly non-linear. 533 
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Finally, we evaluate the model performance in simulating the Arctic LWP and radiative fluxes 534 

against the Moderate Resolution Imaging Spectroradiometer (MODIS) LWP (Platnick et al., 535 

2003) and the Cloud and the Earth’s Radiant Energy System Energy Balanced and Filled Edition 536 

4.1 (CERES-EBAF Ed4.1) products (Loeb et al., 2018; Kato et al., 2018), respectively (Figure 537 

14). Two MODIS datasets are used, including the standard product (Platnick et al., 2003; P03) 538 

and an improved one (Khanal et al., 2020; K20) that corrected the positive bias in the Arctic in 539 

P03. The MODIS simulator is used for the LWP comparison. According to Fig. 14, the simulated 540 

LWP from the four experiments are lower than P03 but higher than K20. All the four 541 

experiments also underestimate FSDS with too strong SWCF and overestimate FLDS with too 542 

strong LWCF, which likely points to the biases of modeled clouds (e.g., too much LWP as 543 

compared to K20). The differences among the model experiments are very small compared to 544 

their discrepancies with observations. We notice including dust INPs from the three sources 545 

decreases the simulated LWP (i.e., CTRL has less LWP than the other experiments) (Figure 14a), 546 

which makes the model performance better if compared to K20. Moreover, it shows noticeable 547 

improvements in simulating both surface and TOA radiative fluxes after including dust INPs 548 

from each of the three sources (i.e., the results from CTRL are closer to the CERES results than 549 

the other three experiments) (Figure 14b-e).  550 

Overall, including HLD or LLD INPs do not contribute a lot to the reduction of biases in 551 

simulating the LWP and radiative fluxes in the AMPCs. However, the representation of AMPCs 552 

in global climate models is associated with multiple cloud macro- and microphysical processes, 553 

and large-scale dynamics (Morrison et al., 2012) (see more discussion in Section 4), which 554 

interact with one another non-linearly. Therefore, even though including HLD or LLD INPs do 555 

not improve the representation of AMPCs significantly in our model, a good representation of 556 
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dust INPs, especially including HLD INPs, could still be of great importance for parameterizing 557 

AMPCs in the model. 558 

4. Discussion 559 

The HLD emission in our CTRL simulation is manually tuned up by 10 times to match the 560 

estimate by Bullard et al. (2016), which is derived by compiling field measurements in Iceland 561 

and Alaska. Since the instruments were operated under extreme Arctic conditions and the 562 

sampling is very scarce, this estimate may have large uncertainties. Therefore, the tuned HLD 563 

emission can be biased as well. Considering the overestimation of Greenland dust deposition, 564 

summertime surface dust concentrations at Alert station, and surface INP concentrations at 565 

Svalbald, our tuning may cause a regional and temporal high bias in HLD dust emissions. We 566 

examine this uncertainty by conducting a sensitivity experiment with halving HLD emissions in 567 

CTRL (i.e., HLD_half) and analysing the interannual variability of CTRL and HLD_half 568 

simulations (Table S2 and Figures S10-S11). The HLD_half simulation indeed has a better 569 

performance than CTRL. However, the high bias for Greenland deposition and the summertime 570 

overestimation of Alert dust surface concentration still exist, which reflects the limitation of the 571 

dust emission parameterization we use. This parameterization may not be able to capture the 572 

spatial distribution of dust emissions across the Arctic, considering that the model performance 573 

at other sites (e.g., Heimaey, Figure 3a) is much better. Also, the HLD emissions and their 574 

regional distributions have large interannual variabilities. Therefore, as we mentioned in Section 575 

3.1, comparing model simulations with measurements conducted in different years may result in 576 

large uncertainties.  577 
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The overestimation of surface dust and INP concentrations may imply a too weak vertical 578 

transport of HLD, considering the low biases of dust in the upper troposphere as compared with 579 

ARCTAS measurements and CALIPSO retrievals. The weak vertical transport at the source 580 

regions in EAMv1 was also found in Wu et al. (2020), which was related to the too strong dry 581 

deposition at the surface layer. If this bias is addressed, HLD would contribute less (more) to the 582 

Arctic dust concentrations in the lower (upper) troposphere, which suggests a larger contribution 583 

of HLD to the heterogeneous ice nucleation in the mixed-phase clouds in the summertime. As a 584 

result, the HLD would induce a more positive net downwelling radiative flux at the surface in 585 

summer and a less negative annual mean radiative effect. It is also noted that the underprediction 586 

in the upper troposphere dust may come from a weak long-range transport of LLD. If this is the 587 

case, the HLD would have a weaker contribution to the upper level dust concentrations and 588 

likely less of an impact on mixed-phase cloud heterogeneous ice nucleation in the summertime.  589 

In addition, EAMv1 has intrinsic biases in its cloud microphysics parameterizations. As 590 

mentioned in Section 2.1, the WBF process rate in EAMv1 is tuned down by a factor of 10, 591 

which results in too many supercooled liquid clouds in high latitudes (Y. Zhang et al., 2019; M. 592 

Zhang et al., 2020). Shi and Liu (2019) found the sign and magnitude of dust INP cloud radiative 593 

effect in the Arctic would change, after removing the tuning factor for the WBF process in 594 

EAMv1. Moreover, EAMv1 does not account for several secondary ice production mechanisms, 595 

which are suggested to have a large impact on the ice crystal number concentrations and thus 596 

cloud phase (Zhao and Liu, 2021; Zhao et al., 2021b). All these uncertainties in the cloud 597 

microphysical processes would interact non-linearly and influence our estimate of INP radiative 598 

effect and should be addressed in future studies.  599 
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5. Conclusions 600 

In this study, we investigate the source attribution of dust aerosols in the Arctic and quantify 601 

the relative importance of Arctic local dust versus long-range transported LLD to the Arctic dust 602 

loading and INP population. We found that HLD is responsible for 30.7% of the total dust 603 

burden in the Arctic, whereas LLD from Asia and North Africa contributes 44.2% and 24.2%, 604 

respectively. The vertical transport of HLD is limited due to the stable cold air in the Arctic and 605 

thus it contributes more to the dust burden in the lower troposphere. In boreal summer and 606 

autumn when the contribution of HLD is at a maximum because of stronger local dust emissions, 607 

HLD is responsible for more than 30% of the Arctic dust loading below 800 hPa, but less than 10% 608 

above 700 hPa. In contrast, LLD from North African and East Asian dust dominates the dust 609 

burden in the free troposphere, since the poleward transport of LLD follows the uplifted 610 

isentropes. The North African and East Asian dust accounts for about two thirds of the dust 611 

loading above 700 hPa, with the remaining one third from other LLD sources. The North African 612 

dust contributes more between 500 and 700 hPa, while the East Asian dust dominates in the 613 

upper troposphere (above 400 hPa) because of its high emission heights. In addition, the North 614 

Africa source has a larger contribution in springtime, while the other three seasons are more 615 

influenced by the East Asian source.  616 

Modeled dust INP concentrations are investigated following two ice nucleation 617 

parameterizations: D15 and SM20. Compared with INP measurements, our results show that 618 

including HLD as INPs significantly improves the model performance in simulating Arctic INP 619 

concentrations, especially for the ground measurements and for the measurements conducted in 620 

summer and autumn. We also examine the INP contributions from BC and SSA based on Sc20 621 

and M18, respectively. The model suggests that both of them are only weak sources compared 622 
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with dust. We note that the model may underestimate SSA INPs and currently misses the 623 

representation of terrestrial biological INPs. The model biases of INPs can also be due to bias in 624 

simulating Arctic dust concentrations and/or the uncertainties in ice nucleation parameterizations.  625 

We examine the contribution of dust from the three sources (Arctic, North Africa, and East 626 

Asia) to the ambient immersion freezing rate in the Arctic. The contribution from HLD shows a 627 

strong seasonal variation, with the peak contribution in boreal autumn (above 20% below 500 628 

hPa). In summer, although HLD has strong contributions to the dust loading and INP 629 

concentrations in the lower troposphere, its impact on the ambient immersion freezing rate is 630 

limited due to the warm temperatures and weak vertical transport. This finding implies that 631 

surface INP measurements may not be sufficient in representing the INP population in the Arctic 632 

mixed-phase clouds and more measurements of INP vertical profiles are needed in the future. 633 

North African and East Asian dust are the two major LLD contributors to the ambient immersion 634 

freezing rate. The annual mean contribution (30-40%) from North African dust peaks at around 635 

500 hPa, while the immersion freezing is dominated by East Asian dust (more than 40%) in the 636 

upper troposphere (above 400 hPa).  637 

The cloud glaciation effect of dust INPs from local Arctic sources, and North African and East 638 

Asian sources, is further examined. It is found that INPs from all the three sources consistently 639 

result in a reduction in TLIQ and NUMLIQ. TICE and NUMICE at higher altitude also decrease, 640 

likely due to the weakening of homogeneous freezing in cirrus clouds. LWP reduction caused by 641 

HLD INPs is evident in autumn and winter, while those by dust INPs from the two LLD sources 642 

peak in spring. HLD INPs also drive a net cooling effect of -0.24 W m-2 in the downwelling 643 

radiative flux at the surface in the Arctic, while the net radiative effects of the two LLD INP 644 

sources are relatively small (0.08 W m-2 for NAf and -0.06 W m-2 for EAs). This variation in 645 



30 
 

radiative effect reflects the seasonal difference between HLD and LLD. Our results also suggest 646 

that all the three dust sources result in a weak negative net cloud radiative effect (-0.03 to -0.05 647 

W m-2) in the Arctic, which is consistent with Shi and Liu (2019).  648 

Overall, our study shows that the Arctic local dust, which has been overlooked in previous 649 

studies, may have large contributions to the Arctic dust loading and INP population. It can also 650 

influence the Arctic mixed-phase cloud properties by acting as INPs. Considering the climate 651 

impacts of local Arctic dust emissions will be important given a warming climate, where 652 

reduction in snow coverage and more exposure of dryland in the Arctic may lead to increased 653 

HLD emissions.  654 
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Table 1. Experiments conducted in this study. 1051 

Experiment Description 

CTRL Control simulation using the CNT parameterization for heterogeneous ice 
nucleation and Kok et al. (2014a, b) for dust emission parameterization. 

noArc Same as CTRL, but turn off heterogeneous ice nucleation in mixed-phase 
clouds by HLD. 

noNAf Same as CTRL, but turn off heterogeneous ice nucleation in mixed-phase 
clouds by North African dust. 

noEAs Same as CTRL, but turn off heterogeneous ice nucleation in mixed-phase 
clouds by East Asian dust. 

  1052 
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Table 2. Annual and seasonal mean Arctic dust burden (mg m-2) from different sources. The 1053 
numbers in parentheses are the relative contributions (%) of each source to the total Arctic dust 1054 
burden. The total Arctic dust burden is shown in the last row.  1055 

 ANN MAM JJA SON DJF 
Arc 2.1 (30.7) 0.3 (3.9) 5.1 (50.4) 2.5 (47.5) 0.5 (14.6) 

NAm 0.1 (0.9) 0.1 (1.3) 0.1 (0.6) 0.0 (0.7) 0.0 (1.2) 

NAf 1.7 (24.2) 3.7 (41.4) 1.5 (14.4) 0.7 (12.9) 0.9 (26.4) 
CAs 0.9 (12.8) 1.1 (12.5) 1.3 (13.0) 0.8 (14.7) 0.3 (10.1) 
MSA 0.8 (11.5) 1.6 (17.9) 0.7 (7.0) 0.3 (6.1) 0.6 (17.4) 
EAs 1.4 (19.9) 2.0 (23.0) 1.5 (14.7) 0.9 (18.1) 1.0 (30.2) 

RoW 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.1) 

Total Burden (mg m-2) 6.9 8.9 10.2 5.2 3.3 
  1056 
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Table 3. Summary of the nine Arctic INP measurements used for INP comparisons in Figure 8. 1057 

 Location Time period Measured 
platform Reference Possible INP source 

mentioned in literature 
INP source attribution 

from modeling+ 

A Utqiaġvik Apr. 2008 
(spring) Aircraft McFarquhar 

et al. (2011) 
Metallic or composed 

of dust* LLD (EAs) 

B Alert Mar. - May 2014 
(spring) Ground-based Mason et al. 

(2016) Not mentioned LLD (EAs) 

C Alert Mar. 2016 
(spring) Ground-based Si et al. 

(2019) LLD from Gobi Desert LLD (EAs) 

D Zeppelin Mar. 2017 
(spring) Ground-based Tobo et al. 

(2019) 
Marine organic 

aerosols HLD (NEu) 

E Oliktok 
Point 

Mar. - May 2017 
(spring) Ground-based Creamean 

et al. (2018) 
Dust and primary 
marine aerosols 

LLD (mainly from 
EAs and some from 

NAf) 

F Alert Jun. - Jul. 2014 
(summer) Ground-based Mason et al. 

(2016) Not mentioned HLD (NCa) 

G Zeppelin Jul. 2016 
(summer) Ground-based Tobo et al. 

(2019) 

HLD from Svalbard or 
other high latitude 

sources** 
HLD (NEu) 

H Utqiaġvik Oct. 2004 
(autumn) Aircraft Prenni et al. 

(2007) 
Dust and carbonaceous 

particles 
HLD (NCa) and LLD 

(EAs) 

I South of 
Iceland 

Oct. 2014 
(autumn) Aircraft 

Sanchez-
Marroquin 

et al. (2020) 
Icelandic dust 

Dominated by HLD 
(GrI), little from LLD 

(NAf) 
+ The modeling analyses include INP contribution from HLD (using SM20), LLD (using D15), 1058 
BC, and SSA. The  1059 
* Carbonate, black carbon, and organic may also contribute, according to Hiranuma et al. (2013). 1060 
** The HLD in this campaign is reported to have remarkably high ice nucleating ability, which 1061 
may be related to the presence of organic matter.  1062 
  1063 
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Table 4. Arctic averaged surface downwelling radiative fluxes and TOA cloud radiative forcing 1064 
changes caused by dust INPs originated from local Arctic sources (Arc), North Africa (NAf), and 1065 
East Asia (EAs). Units are W m-2. 1066 

  ANN MAM JJA SON DJF 

 SW LW Net SW LW Net SW LW Net SW LW Net SW LW Net 

Part 1. INP effect on surface downwelling radiative fluxes 

Arc 0.11 -0.36 -0.24 0.27 -0.31 -0.03 0.12 0 0.12 0.04 -0.55 -0.51 0.02 -0.56 -0.54 

NAf 0.33 -0.25 0.08 0.78 -0.60 0.19 0.50 0.01 0.51 0.02 -0.03 -0.02 0.03 -0.39 -0.36 

EAs 0.35 -0.41 -0.06 0.68 -0.60 0.09 0.59 0.02 0.61 0.08 -0.27 -0.19 0.04 -0.80 -0.76 

Part 2. INP effect on TOA cloud radiative forcing 

Arc 0.06 -0.11 -0.05 0.06 -0.07 -0.01 0.14 -0.02 0.12 0.03 -0.23 -0.20 0.01 -0.12 -0.11 

NAf 0.20 -0.23 -0.03 0.34 -0.34 0 0.41 -0.18 0.24 0.03 -0.20 -0.16 0.02 -0.23 -0.21 

EAs 0.20 -0.24 -0.04 0.22 -0.23 -0.02 0.46 -0.17 0.29 0.09 -0.29 -0.20 0.02 -0.26 -0.24 

 1067 
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 1068 

Figure 1. a) Simulated global annual mean dust emission with 7 tagged source regions (Arc: 1069 
Arctic; NAm: North America; NAf: North Africa; CAs: Central Asia; MSA: Middle East and 1070 
South Asia; EAs: East Asia; RoW: Rest of the World). b) The respective percentage 1071 
contributions to the global annual mean dust emission from the individual source regions. c) 1072 
Seasonal cycle of global dust emission.  1073 
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 1074 

Figure 2. Comparison of observed and simulated a) averaged AOD at 40 dust-dominated 1075 
stations (stars), b) dust surface concentration at 25 sites (circles), and c) dust deposition flux at 1076 
84 sites (triangles). Solid lines represent 1:1 comparison. Dashed lines mark 2 factor of 1077 
magnitude bias in panel a) and 1 order of magnitude differences in panel b) and c). For each 1078 
comparison, the correlation coefficient (r) is noted. The AOD data is conducted by AERONET. 1079 
The dust surface concentration measurements include 20 stations managed by Rosenstiel School 1080 
of Marine and Atmospheric Science at the University of Miami (Prospero et al., 1989; Prospero, 1081 
1996; Arimoto et al., 1995), two Australia stations (Maenhaut et al., 2000a, b), and three Arctic 1082 
stations (Heimaey (Prospero et al., 2012), Alert (Sirois and Barrie, 1999), and Trapper Creek 1083 
(IMPROVE)). The deposition fluxes data is a compilation of measurements from Ginoux et al. 1084 
(2001), Mahowald et al. (2009), and the Dust Indicators and Records in Terrestrial and Marine 1085 
Paleoenvironments (DIRTMAP) database (Tegen et al., 2002; Kohfeld and Harrison, 2001). 1086 
Stations are grouped regionally and classified by different colors. The locations of the 1087 
measurements are shown in panel d).  1088 

  1089 
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 1090 

Figure 3. Comparison of measured (black solid line, with gray shade representing standard 1091 
deviation) and simulated (pink solid line, with pink shade representing year-to-year variability) 1092 
monthly mean dust surface concentration at three high latitude stations – a) Heimaey, b) Alert, 1093 
and c) Trapper Creek. The model results are averaged from year 2007 to 2011. Contributions 1094 
from seven tagged sources are shown by colored dashed lines. The locations of the three stations 1095 
are shown in Figure 2d. The measurements at Heimaey (Prospero et al., 2012), Alert (Sirois and 1096 
Barrie, 1999), and Trapper Creek (IMPROVE) are averaged for the years 1997 to 2002, 1980 to 1097 
1995, and 2007 to 2011, respectively. The dust concentrations at Trapper Creek only include 1098 
particles with diameter less than 2.5 μm. The other two stations include dust over the whole size 1099 
range. 1100 
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 1102 

Figure 4. Comparison of vertical dust concentrations from ARCTAS flight observations (Jacob 1103 
et al., 2010) (black circle) and CTRL simulation (pink solid line) in a) April and b) July. We 1104 
show median values for observations at each level. The maximum and minimum of the 1105 
measurements at each level are shown by black lines. Contributions from the seven tagged 1106 
sources in CTRL are shown by colored dashed lines. The ARCTAS dust mass concentrations are 1107 
derived from measured calcium and sodium concentrations. The measurements data are 1108 
processed using the same method as Breider et al. (2020). Briefly, we assume a calcium to dust 1109 
mass ratio of 6.8% and further correct the calcium concentrations for sea salt by assuming a 1110 
calcium to sodium ratio of 4%. Only measurements obtained north of 60°N are used for the 1111 
analyses. The low-altitude observations near Fairbanks, Barrow, and Prudhoe Bay are removed. 1112 
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Also, data from below 1 km on 1, 4, 5, 9 July is removed to exclude the influence of wildfire. 1113 
The ARCTAS flight campaign was conducted in 2008, while the modeled vertical profiles are 1114 
averaged for each April and July from 2007 to 2011, respectively. Following Groot Zwaaftink et 1115 
al. (2016), the simulation profiles are averaged for the regions north of 60°N and 170°W to 1116 
35°W in April and 135°W to 35°W in July. Also, the observations have a cut-off size of 4 μm 1117 
and thus is only compared with simulated dust concentrations in the same size range. The pink 1118 
shade on each panel represents the standard deviation with respect to time and space for the 1119 
simulated total dust concentrations.  1120 
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 1122 

Figure 5.  Comparison of seasonal CALIPSO retrieved (Luo et al., 2015a, b) (black solid line) 1123 
and model simulated (pink solid line; with pink shade representing year-to-year variability) dust 1124 
extinction vertical profiles in the Arctic. Contributions from seven tagged sources are shown by 1125 
colored dashed lines. The CALIPSO retrieval is for the year 2007 to 2009, while the model is 1126 
averaged over the same years.  1127 
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 1128 

Figure 6. Spatial distribution of annual mean (year 2007 to 2011) dust column burdens for 1129 
various tagged sources.   1130 
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 1131 

Figure 7. Annual and seasonal mean (year 2007 to 2011) Arctic vertical dust concentrations (left 1132 
panel) and percentage contributions from tagged sources (right panel). Different tagged sources 1133 
are classified by different colors.  1134 
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 1135 

Figure 8. Comparison of predicted versus observed INP concentrations in the Arctic. The 1136 
predicted INP concentrations are derived from a) LLD using classical nucleation theory (CNT), 1137 
b) LLD and HLD, both using CNT, c) LLD using CNT and HLD using Sanchez-Marroquin et al 1138 
(2020; SM20), c) LLD using DeMott et al. (2015; D15), d) LLD and HLD, both using D15, e) 1139 
LLD using D15 and HLD using SM20, f) BC using Schill et al. (2020; Sc20), and g) SSA using 1140 
McCluskey et al. (2018; M18). SSA includes both marine organic aerosol and sea salt. Nine INP 1141 
datasets are classified by symbol “A” to “I”, the color of which represents the temperature 1142 
reported in the observations. The observations for datasets “A”, “C”, “E”, “H” are monthly mean 1143 
values. Samples for datasets “D”, “G”, “I” are selected randomly and only 15% of them are 1144 
plotted. Details of each campaign are summarized in Table 3. The modelled INP concentrations 1145 
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are diagnosed using the observed temperatures and monthly averaged aerosol properties of the 1146 
corresponding month from year 2007 to 2011. The INP concentrations for CNT are defined as 1147 
the CNT immersion freezing rate integrated by 10 s, following Hoose et al. (2010) and Wang et 1148 
al. (2014). Solid line in each panel represents 1:1 comparison, while dashed lines outline one 1149 
order of magnitude differences. The unit for INP concentration is L-1. 1150 
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 1152 

Figure 9. Annual and zonal mean (year 2007 to 2011) ambient mixed-phase cloud immersion 1153 
freezing rates (unit: m-3 s-1) in the Arctic (60-90°N) for the seven dust sources. Black contours 1154 
are the percentage contributions from each dust source to the total immersion freezing rate. 1155 
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 1157 

Figure 10. Seasonal variations (year 2007 to 2011) of the mixed-phase clouds immersion 1158 
freezing rates (unit: m-3 s-1) over the Arctic for dust emitted from the Arctic (top panel), North 1159 
Africa (middle panel), and East Asia (bottom panel). Black contours are the percentage 1160 
contributions from each dust source to the total immersion freezing rate in the corresponding 1161 
season.  1162 
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 1164 

Figure 11. Annual and zonal mean differences (year 2007 to 2011) in total liquid water mass 1165 
mixing ratio (TLIQ), total ice mixing ratio (TICE), cloud droplet number concentration 1166 
(NUMLIQ), and cloud ice number concentration (NUMICE) in the Arctic. Black contours are 1167 
zonal averaged temperatures in oC. Top, middle, and bottom panels show the differences 1168 
between CTRL and noArc, noNAf, and noEAs, respectively.   1169 
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 1170 

Figure 12. Seasonal changes (year 2007 to 2011) in LWP (unit: g m-2) caused by dust INPs from 1171 
the Arctic (top panel), North Africa (middle panel), and East Asia (bottom panel). The numbers 1172 
are averaged LWP differences in the Arctic.  1173 
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 1175 

Figure 13. Changes in annual mean (year 2007 to 2011) downwelling radiative fluxes at the 1176 
surface (unit: W m-2) caused by dust INPs from the Arctic (top panel), North Africa (middle 1177 
panel), and East Asia (bottom panel). Left, middle, and right panels are downwelling shortwave 1178 
(FSDS), longwave (FLDS), and net (FSDS + FLDS) radiative fluxes, respectively. The numbers 1179 
are averaged radiative flux differences in the Arctic.  1180 
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 1182 

Figure 14. a) Annual mean Arctic averaged LWP over ocean for the MODIS observations 1183 
(2007-2009) and the four simulations (2007-2008). Two MODIS datasets are used, including the 1184 
standard product (Platnick et al., 2003; P03) and an improved one (Khanal et al., 2020; K20). 1185 
The MODIS simulator is used to calculate the simulated LWP. b) - e) Annual mean Arctic 1186 
averaged b) FSDS, c) FLDS, d) SWCF, and e) LWCF for the CERES observation (2007-2011) 1187 
and the four simulations (2007-2011). 1188 
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