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Abstract. Climate predictions for the rapidly changing Arctic are highly uncertain, largely due to a poor understanding of 

the processes driving cloud properties. In particular, cloud fraction (CF) and cloud phase (CP) have major impacts on energy 10 

budgets, but are poorly represented in most models, often because of uncertainties in aerosol-cloud interactions. Here we use 

over 10 million satellite observations coupled with aerosol transport model simulations to quantify regional-scale 

microphysical effects of aerosols on CF and CP over the Arctic Ocean during polar night, when direct and semi-direct 

aerosol effects are minimal. Combustion aerosols over sea ice are associated with very large (~25 W m-2) differences in 

longwave cloud radiative effects at the sea ice surface. However, co-varying meteorological changes on factors such as CF 15 

likely explain much of this signal - for example, explaining up to 91% of the CF differences between the full dataset and the 

clean-condition subset. After normalizing for meteorological regime, aerosol microphysical effects have small but significant 

regional-scale impacts on CF, CP, and precipitation frequency. These effects indicate that dominant aerosol-cloud 

microphysical mechanisms are related to the relative fraction of liquid-containing clouds, with implications for a warming 

Arctic. 20 

1 Introduction 

Cloud cover has a major influence on surface heating, precipitation, and future climate over the Arctic (Boucher et al., 2013), 

and may play a role in the enhanced warming over the Arctic compared to lower latitude regions (Södergren et al., 2017), 

known as Arctic amplification. Aerosols can influence a number of factors relevant to cloud fraction, including cloud droplet 

number, phase, lifetime, and probability of precipitation (Albrecht, 1989; Coopman et al., 2016; Girard et al., 2005; Lance et 25 

al., 2011; Lindsey and Fromm, 2008; Zamora et al., 2017). However, the regional-scale importance of aerosol microphysical 

processes on CF has been difficult to constrain from observations and models. This is mainly due to the complexity of the 

responses of different types of clouds to different aerosol types and concentrations (Fan et al., 2016; Fu and Xue, 2017; 

Stevens et al., 2017; Zhao et al., 2018), poorly constrained aerosol concentrations (particularly in winter and beneath thick 

cloud cover), and confounding effects from co-varying meteorology (Gryspeerdt et al., 2016). These uncertainties contribute 30 
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to the large uncertainties in model CF and CP (de Boer et al., 2011; Cesana and Chepfer, 2012; Chernokulsky and Mokhov, 

2012; Kay et al., 2010; Liu et al., 2011; Qian et al., 2012; Stanfield et al., 2014; Zib et al., 2012). To account for the impact 

of meteorological co-variability on Arctic CF, observations covering large spatial and temporal scales are required, making it 

difficult to estimate the regional importance of aerosol microphysical effects from in situ observations alone. These 

uncertainties have precluded better constraints on the mechanisms by which aerosols affect cloud microphysics (Morrison et 5 

al., 2012) and on general model estimates of their overall importance. 

 

Here we provide the first observation-based constraint on regional aerosol microphysical effects on total nighttime CF over 

the Arctic Ocean within the spectrum of current-day aerosol and meteorological conditions. Estimates of aerosol 

microphysical effects on operational, satellite-defined CF are obtained from two years of remote sensing data and output 10 

from the FLEXPART Lagrangian particle dispersion model (Stohl et al., 1998, 2005). We use the model to provide estimates 

of how clean or polluted the observed air masses were. We then identify regionally averaged cloud property differences 

between the full dataset (hereafter referred to as “all conditions”) and a subset where combustion aerosols are at clean 

background levels (“clean conditions”). By comparing clean to all conditions, as opposed to comparing clean to non-clean or 

polluted-only conditions, our estimates account for the relatively high frequency of clean and low-aerosol conditions, and 15 

reflect the true regional microphysical effects of combustion-derived aerosols more accurately. By averaging millions of 

observations after stratifying them by temperature and relative humidity, we minimize confounding effects of local and 

regional-scale meteorological co-variability. A major strength of this method, which depends primarily on direct 

observations, is that it requires no detailed parameterization of the fraction of cloud-active aerosols or underlying 

microphysical mechanisms to constrain the importance of regional-scale aerosol microphysical effects on Arctic clouds. 20 

2 Methods 

Tropospheric cloud data during polar night over the Arctic Ocean were collected from 1 January 2008 to 7 December 2009, 

between 60 and 82o N and 0.6-8.5 km above sea level. These years had typical moisture fluxes and total cloud fractions 

compared to other recent years (Boisvert and Stroeve, 2015; Kay and L’Ecuyer, 2013). We focused on observations during 

polar night (solar zenith angle, SZA, > 90o) mainly to isolate indirect effects of aerosols on clouds as much as possible from 25 

confounding direct and semi-direct aerosol radiative effects. The nighttime focus also reduces uncertainties from any 

residual diurnal changes in cloud fraction, and is associated with a better lidar signal-to-noise ratio (used for aerosol 

transport model validation, see Supplemental Data). Data from all months meeting the above criteria were included except 

those between May and July. These were excluded to avoid geographic bias in the analysis, as the few nighttime data that 

were available during this period tended to occur mainly at the lowest latitudes. Clouds below 0.6 km were not assessed due 30 

to near-ground uncertainties in the CloudSat and CALIPSO data (de Boer et al., 2009; Liu et al., 2017).  
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Oceanic areas were determined by ETOPO1 Bedrock GMT4 data (Amante and Eakins, 2009). Oceanic clouds were 

separated into open ocean and sea ice regions following Zamora et al. (2017): for each profile, the corresponding monthly 

fractional sea ice cover was determined from the NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice 

Concentration, version 2 (Meier et al., 2013; Peng et al., 2013), and samples associated with > 80% or < 20% monthly sea 

ice fractions were classified as being over sea ice or open ocean, respectively. 5 

2.1 Aerosol transport model 

Passive remote sensors provide no aerosol data at night, and do not provide reliable aerosol data over bright sea ice or under 

clouds. Active lidar signals often get attenuated in clouds. Moreover, active sensors such as CALIPSO cannot always detect 

dilute aerosols, even in conditions with the highest lidar sensitivity (i.e., above clouds at night (Zamora et al., 2017)). 

Therefore, the presence of combustion aerosols for comparison to the satellite cloud data was estimated with vertically-10 

resolved modeled black carbon (BC) aerosol estimates from the FLEXible PARTicle dispersion model (FLEXPART) (Stohl 

et al., 1998, 2005). Here, FLEXPART was driven with meteorological analysis data from the European Centre for Medium-

Range Weather Forecasts (ECMWF) at a resolution of 1˚ longitude and 1˚ latitude. Anthropogenic and biomass burning BC 

emissions were based on the ECLIPSE (Evaluating the CLimate and Air Quality ImPacts of ShortlivEd Pollutants) (Stohl et 

al., 2015) and GFED (Global Fire Emission Database) (Giglio et al., 2013) inventories, respectively.  Model output was 15 

produced in five vertical layers between 0.6-1.5, 1.5-2.5, 2.5-4, 4-6, and 6-8.5 km. Note that the resolution of the 

meteorological input data is much higher (91 levels) and, as a Lagrangian model, FLEXPART has no discrete resolution for 

the particle transport. BC emissions were based on the ECLIPSE emission inventory (Stohl et al., 2015). Note that emission 

fluxes in the model rely on inventories of emission factor measurements that partially include thermooptical measurements, 

which may not always completely differentiate between BC and “brown” or organic carbon (BrC or OC) (Russell et al., 20 

2014; Samset et al., 2018). Further details on the model and its configuration can be found in Zamora et al. (2017). 

 

FLEXPART is widely used, and is well-validated for the purpose of studying Arctic smoke and pollution transport (Damoah 

et al., 2004; Eckhardt et al., 2015; Forster et al., 2001; Paris et al., 2009; Sodemann et al., 2011; Stohl et al., 2002, 2003, 

2015; Zamora et al., 2017). FLEXPART BC is used in this study as a proxy for all combustion aerosols, and the association 25 

of high levels of modeled BC with CALIPSO aerosols in general (Zamora et al., 2017) indicates that modeled BC is a fairly 

good proxy for strong aerosol layers during polar night, even though some local sources of combustion aerosols6 might not 

be included in the model. Model comparisons to CALIPSO aerosol data in the study region also indicate that model-

identified clean conditions (BC < 30 ng m-3) are associated with significantly lower levels of CALIPSO aerosol layer 

presence relative to average or polluted conditions (see supplement for further details). 30 

2.2 Cloud remote sensing observations 

Cloud fraction is not well defined in the literature. Here, it is operationally defined based on the CloudSat algorithm, in 
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CloudSat products available at a vertical resolution of 250 m. Cloud base and top heights were originally obtained from the 

2B-GEOPROF-lidar product (Mace et al., 2009; Mace and Zhang, 2014), and the resulting cloud geometric thickness 

information was used to obtain a profile of vertical cloud fraction at FLEXPART-vertical resolutions for each observation 

point. All vertical cloud fraction profiles (numbering 10,422,219 total profiles over the Arctic Ocean) that fell within 12.5 

km2 stereographic projection grid cells (Cavalieri et al., 2014) were then averaged together. The gridded observations over 5 

sea ice (open ocean) include 15,999 (31,978) grid cells from fall, 43,687 (24,008) grid cells from winter, and 38,793 

(15,289) grid cells from spring, with the observation numbers being a function of sea ice extent and length of darkness 

periods during each season. 

 

Above 1 km, the 2B-GEOPROF-LIDAR product is similar to or better than ground-based observations, but cloud fraction 10 

can be underestimated by up to ~20% below ~1 km (Liu et al., 2017), indicating that cloud detection uncertainties in this 

study’s lowest vertical bin (0.6-1.5 km) are higher there than in other altitude ranges.  

 

CloudSat and CALIPSO do not sample north of 82o. The lack of data within this “pole hole” might mean that those sea ice 

regions are not representatively sampled in this study. It is unclear how well the data outside the pole hole approximate the 15 

data inside it, as this region is the coldest part of the Arctic, and probably also contains some of the cleanest parts with 

respect to aerosols. Also note that thin-ice-cloud identification is particularly prone to errors over the Arctic, due in part to 

the widespread occurrence of sub-visible diamond dust and blowing snow.  Additionally, the CloudSat radar can sometimes 

mistake precipitation for clouds (de Boer et al., 2009), which can be particularly problematic under optically thick clouds 

that completely attenuate the CALIPSO lidar signal, and prevent lidar data from being collected below-cloud. 20 

 

Cloud precipitation presence and phase were obtained from the CloudSat 2B-CLDCLASS-LIDAR version R04 (Wang, 

2013). This product captures precipitation with high confidence (Hudak et al., 2008). Phase determination has also been 

validated favorably at high latitudes (Barker et al., 2008), except that in some cases the radar can misclassify small liquid 

droplets as ice particles (Noh et al., 2011; Van Tricht et al., 2016). CloudSat may also fail to observe some ice and mixed-25 

phase clouds below 1 km (Liu et al., 2017), suggesting higher uncertainties in cloud phase as well in the lowest vertical bin 

of this study. Here, cloud phase certainty values were required to be > 5, indicating a higher confidence in phase 

classification. If a FLEXPART-resolution vertical bin contained clouds of different phases, that bin was excluded from 

phase-related portions of the analysis. As with CF data, nearby cloud precipitation and phase profile data were averaged 

within 12.5 km2 grids at each altitude level prior to analysis. 30 

 

Estimates of the longwave cloud radiative effect at the bottom-of-the-atmosphere (CREBOA) were obtained from the 
CloudSat 2B-FLXHR-LIDAR product, version R04 (Henderson et al., 2012; L’Ecuyer et al., 2008). This product is based on 
combined CloudSat, CALIPSO, and MODIS observations and time-coincident European Centre for Medium-Range Weather 
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Forecasts (ECMWF) of atmospheric humidity, temperature and sea surface temperature, fed into the BugsRad two-stream, 
plane- parallel, doubling-adding radiative transfer model, following Henderson et al. (2012). Previous work shows that this 
product can severely underestimate downwelling LW radiation due to misclassification of small supercooled water as ice 
particles (Van Tricht et al., 2016). Therefore, we primarily focus on relative differences in CREBOA instead of absolute 
values. 5 

2.3 AIRS observations 

Air mass temperature and relative humidity at pressure levels ranging from 1000-250 hPa were obtained from the 

Atmospheric Infrared Sounder (AIRS) level 3 version 6 dataset (Susskind et al., 2014) on the descending orbit. The AIRS 
instrument provides quality controlled, accurate daily observations over the full study area, including during nighttime 

conditions, and is validated for use over the Arctic (Boisvert et al., 2015). Data are available in most cloud conditions, 10 

although data are not available in completely cloud-covered conditions. Level 3 data, which average observations over a 

1x1o horizontal grid and report at 20 vertical pressure levels, are used instead of level 2 data to obtain closest approximate T 

and RH data when cloud fractions are high. Errors in this product are highest at larger cloud fractions and below optically 

thick clouds. For comparison to other datasets in this study, AIRS data were averaged into the coarser FLEXPART model 

vertical resolution. 15 

2.4 Data analysis 

Regionally averaged differences in relative humidity, temperature, and 12.5 km2 gridded CF (dRH , dT , and dCF , 

respectively) between all (RH, T, and CF, respectively) and clean (RH!, T!, and CF!, respectively) conditions were calculated 

as follows: 

 20 

(1) 𝑑𝑅𝐻 =  𝑅𝐻 −  𝑅𝐻! 

 

(2) 𝑑𝑇 =  𝑇 −  𝑇!   

 

(3) 𝑑𝐶𝐹 =  𝐶𝐹 −  𝐶𝐹! 25 

 

In a process conceptually fairly similar to previous work (Chen et al., 2014) (see Figure 1 as an example), spatially gridded 

CF and BC data in all and clean (BC < 30 ng m-3) conditions were sorted into 5% relative humidity bins and 5 oC 

temperature bins, and then the differences in all minus clean conditions were compared within each T-RH bin (dCFT,RH and 

dBCT,RH, respectively). We then compared the differences in all minus clean conditions within each T-RH bin for the change 30 

in cloud fraction (dCFT,RH) black carbon (dBCT,RH), cloud phase (dCPT,RH ) and precipitation frequency (dpptnT,RH). Data 

were analyzed separately over sea ice vs. open ocean, and within different altitude layers.  
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Stratifying by similar T and RH conditions isolates some of the systematic regional BC co-variability with T and RH, 

helping clarify the BC aerosol impact on cloud fraction. The 5 oC T and 5% RH bin increments were chosen to balance the 

benefits of larger sample sizes against the drawbacks of reduced bin representativeness at smaller bin sizes. Data plotted at 

larger bin increments resulted in similar trends (data not shown). 5 

 

The estimated microphysical impact of combustion aerosols on total CF over the Arctic Ocean during polar night is 

calculated from the mean dCFT,RH, weighted by the number of 12.5 km2 grids containing observations falling within each RH 

and T bin, abbreviated as dCF!,!". Regional averaging helps reduce the effects of horizontal winds on factors such as aerosol 

advection, which can co-vary on local scales with aerosols (Engström and Ekman, 2010; Nishant and Sherwood, 2017). 10 

That, in combination with accounting for variations in the T and RH data, enables us to capture several key meteorological 

parameters that might influence cloud fraction. However, there are no reliable space-borne measurements for vertical 

velocity, which might also co-vary systematically with BC on a regional scale, and meteorological reanalyses of large-scale 

vertical motion over the wintertime Arctic are not well-validated (Jakobson et al., 2012). Our focus on nighttime data over 

the flat ocean surface likely reduces effects from large-scale vertical motion, but the full uncertainty from this parameter 15 

cannot be accounted for here. For example, if cold aerosol-containing continental air is routinely advected over warmer open 

ocean areas, that could induce systemic convection36 that might not be fully captured by T and RH. To provide at least some 

generalized grouping of clouds likely to be influenced by different large-scale vertical motion, we analyzed altitude layers 

and surface types (sea ice and open ocean) separately. 

3 Results 20 

3.1 Aerosol microphysical effects on cloud fraction 

Systematic regional co-variability of aerosols and meteorological factors must be accounted for in order to avoid 

overestimating aerosol impacts on clouds (Coopman et al., 2018; Gryspeerdt et al., 2016). To illustrate this point, Figure 2 

shows the longwave CREBOA for the upper and lower quartiles of FLEXPART model column BC concentrations during the 

study period. The upper and lower quartile ranges of column BC levels are associated with very large (~25 W m-2) 25 

differences in longwave CREBOA over sea ice (Fig. 2). However, column BC levels are also associated with noticeable 

differences in temperature, relative humidity, and lower tropospheric stability (Fig. 2). These meteorological factors strongly 

affect CF and CP, which in turn help drive CREBOA. As a result, aerosol microphysical effects may contribute to only a 

fraction of the CREBOA differences shown in Figure 2. 

 30 

To help better understand co-varying meteorological effects on CF specifically, we assessed a generalized additive model 

(GAM) (Hastie and Tibshirani, 1990) of the dRH, dT, and dCF data at each vertical level, season, and surface type (Table 
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S1). The GAM suggests that co-varying differences in dRH and dT by themselves can explain up to 91% of the variability in 

dCF (as measured by deviance, a statistic similar to variance (Jorgensen, 1997)). Because aerosols can co-vary with T and 

RH (e.g., because polluted air masses are more likely to have recently resided near the continental surface than clean air 

masses), aerosols could be responsible for some of this explained variability even without being explicitly included in this 

GAM. Thus, the 91% value is an upper estimate of the dRH and dT influences. Nonetheless, these findings underscore the 5 

importance of interpreting regional-scale aerosol effects on clouds in the context of co-varying temperature and relative 

humidity. They also indicate that changes in T and RH of air masses entering the Arctic will likely have a very large 

influence on observed CF, to a degree that is likely to be much more regionally important than the microphysical effects of 

the aerosols themselves. 

 10 

Cloud fraction substantially differed among all and clean conditions for many combinations of T, RH, altitude and surface 

type (Fig. 1). Estimated aerosol impacts on total CF depend on altitude and surface type. At the lowest levels (0.6-2.5 km 

over sea ice and 0.6-1.5 km over open ocean), weighted mean dCFT,RH (dCF!,!") is negative, resulting in an ~6% reduction 

in CF relative to clean conditions over sea ice (-0.6% over open ocean) (Fig. 3). In contrast, dCF!,!" between 4-8.5 km 

elevation increased by 3-5% over both surfaces, indicating more cloud cover at high altitudes for combustion aerosol 15 

influenced clouds compared to clean conditions. Absolute dCF!,!" changes over sea ice and open ocean ranged between -

1.7% to 0.7% and -0.2 to 1.4%, respectively, depending on altitude. 

 

Although the focus of this work is on regional signals as a whole, it is interesting to note that in Figure 1 over sea ice up to 6 

km, the dCFT,RH response appears to generally become more positive at constant RH with increasing T (and higher absolute 20 

humidity), hinting that combustion aerosols in that environment may be more likely to increase CF when more moisture is 

available, although a similar effect was not observed over open ocean.  

 

The dCFT,RH and dBCT,RH relationships (Fig. 4) indicate that there was more cloud cover in slightly polluted conditions but 

less cloud cover at higher dBCT,RH levels (> 10-20 ng m-3) relative to clean conditions. dCFT,RH declined significantly at 25 

dBCT,RH > 20 ng m-3 within most single altitude layers over sea ice, and over open ocean at 1.5-2.5 km (Table S2).  

 

Note that the fall period typically has cleaner and warmer conditions compared to winter and spring (Table S1), which tend 

to occur more heavily on opposite sides of the scatter plots for each altitude layer in Figure 4. Thus, any large, systematic 

differences in the vertical winds between fall and spring could influence the outermost points within individual altitude 30 

layers, and it is not easy to control for this effect. However, the trends among altitude layers show that dCFT,RH is essentially 

identical over sea ice and open ocean at low dBCT,RH values, which occur mostly at high altitudes. Also, dCFT,RH changes at 

high dBCT,RH/low altitude are larger over sea ice (Fig. 4). This finding suggests that aerosol microphysical impacts on clouds 
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are more influential at the lower temperatures and/or more stable conditions over sea ice. Previous studies have also 

observed larger aerosol microphysical effects under more stable conditions in the Arctic (Coopman et al., 2018; Zamora et 

al., 2017). Possible reasons for the disparate behavior at different altitudes are discussed below. 

3.2 Aerosol microphysical effects on cloud phase partitioning 

Weighted mean differences in CP partitioning between all minus clean conditions within the same T and RH bins (dCP!,!") 5 

are discussed for clouds between 0.6-4 km, because clouds at higher altitudes occur mostly in the ice phase (Fig. 3) 

(Devasthale et al., 2011a; Liu et al., 2017). Over sea ice between 0.6-4 km, all air masses contained a higher relative fraction 

of ice phase clouds (IPCs) and a lower relative fraction of liquid phase clouds (LPCs) and mixed phase clouds (MPCs) 

relative to all air masses (Fig. 3). This effect was significant up to 4 km (paired Wilcoxon rank test (Sokal and Rohlf, 1995), 

p < 0.05), except in LPCs between 2.5-4 km, where lower sample numbers might obscure any changes. Regional-scale 10 

changes in phase partitioning varied between -4.2 and 6.5%, depending on altitude and phase (Fig. 3). Over sea ice between 

1.5-2.5 km, the relative contributions of LPCs and MPCs were significantly lower at high dBCT,RH levels (>20 ng m-3), 

whereas that of IPCs was significantly higher (Table S2).  No significant relationships with dBCT,RH were observed above or 

below that altitude, although higher BC and CP uncertainties near the surface might mask weak signals in that altitude range. 

 15 

Over open ocean, significant changes in dCP!,!" were observed less frequently (Fig. 3), and they tended to be smaller than 

over sea ice (absolute values < 2%). The relative fraction of liquid clouds was reduced between 0.6-1.5 km, where LPC 

fractions were highest (Fig. 3). However, unlike over sea ice, the relative fraction of MPCs over open ocean increased 

(though not significantly so between 1.5-2.5 km), and that of IPCs decreased (significant only between 2.5-4 km). 

3.3 Aerosol microphysical influences on precipitation frequency 20 

Differences in precipitation frequency, dpptnT,RH, reflect aerosol microphysical impacts on: 1) the frequency of precipitation 

within a specific air volume, and 2) the relative likelihood of individual cloud phases within that air volume to be 

precipitating. An analysis of total precipitation amounts or precipitating particle microphysics is beyond the scope of this 

study. 

 25 

Based on weighted mean dpptnT,RH values (dpptn!,!"), estimated aerosol microphysical effects on regional precipitation 

frequency were small but significant at many altitudes (Fig. 3, Fig. S2). In all air mass conditions, precipitation frequency 

was 1.2-3.1% higher below 6 km over open ocean and below 1.5 km over sea ice relative to clean conditions, depending on 

altitude (Fig. 3). In contrast, clean clouds between 6-8.5 km over open ocean were slightly more likely to be precipitating 

(dpptn!,!" ~ -1%).  30 
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Over sea ice, ~91% of MPCs were present below 4 km. In these MPCs, dpptn!,!" was positive (~ +1%), indicating slightly 

more frequent precipitation on average in all vs. clean MPCs (Fig. 3b). Significant differences between all and clean 

conditions were not observed for dpptn!,!" in IPCs or LPCs over sea ice, except for a slight (-0.4%) reduction in dpptn!,!" 

in ice clouds at 6-8.5 km (Fig. 3b). However, significant rank correlations (Kendall’s tau coefficient = 0.3, p < 0.05) indicate 

that higher dBCT,RH values were associated with slightly more frequent IPC precipitation over sea ice between 0.6-1.5 km 5 

(also see Fig. S1). We observed no strong link between dBCT,RH and dpptnT,RH at other locations/altitudes. 

 

As over sea ice, MPC dpptn!,!" was slightly positive (≤1%) below 4 km over open ocean (Fig. 3b), indicating slightly more 

MPC precipitation in all vs. clean conditions. IPC dpptn!,!" was also slightly positive between 1.5-4 km, whereas liquid 

cloud dpptn!,!" was slightly negative between 1.5-4 km. Between 6-8.5 km over open ocean, the dpptn!,!" in MPCs was 10 

slightly negative at ~-1% (Fig. 3).  

 

Based on single or small cloud samples, others have observed decreased precipitation probability with increased aerosol 

concentrations in Arctic MPCs (Lance et al., 2011; Morrison et al., 2008). It is not entirely clear why the regional trends 

observed here appear to be opposite these smaller-scale in situ observations, but recent work indicates that aerosols might 15 

influence ice content of the clouds, and thereby affect precipitation (Fu and Xue, 2017; Norgren et al., 2018; Zamora et al., 

2017) and potentially CF. Perhaps lower total CF below 4 km leads to less frequent precipitation in these air volumes over 

the Arctic. The higher MPC precipitation probability and lower MPC cover (as indicated by reduced MPC relative fraction 

of total CF) at higher aerosol concentrations support this hypothesis. 

4 Discussion – Potential aerosol microphysical mechanisms 20 

Specific aerosol-cloud microphysical mechanisms are difficult to identify with confidence from space-borne measurements 

alone, but some possibilities can be explored. At high altitudes (6-8.5 km) over sea ice, dCF!,!" was higher and dpptn!,!" 

was lower in all vs. clean conditions (Fig. 3), supporting the hypothesis that aerosols are modifying cloud properties on a 

regional scale at these altitudes, even though the net changes were relatively small. These modifications to predominantly 

IPCs at high altitude likely involve aerosol effects on ice crystal formation or properties. Oreopoulos et al.(2017) similarly 25 

reported global-scale increases in ice CF with higher aerosol concentration in their CR1 cases (typically high ice clouds of 

small optical thickness over the tropics), which was linked to reduced ice cloud effective radius.  

 

There are several mechanisms by which aerosol might modify ice crystal number or size that could cause the observed 

changes in precipitation and CF in the 6-8.5 km range. Combustion aerosols associated with BC might act as ice nucleating 30 

particles (INPs) (Kanji et al., 2017) at the extreme cold temperatures found at high-altitude Arctic polar night, potentially 

leading to smaller, more numerous ice particles that precipitate less (Lohmann and Feichter, 2005), although some models 
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suggest that INPs may instead lead to larger ice crystals in cirrus clouds compared to homogeneous freezing (Heymsfield et 

al., 2016). Alternatively, combustion aerosols might reduce the efficiency of pre-existing INPs through the “deactivation 

effect” (Archuleta et al., 2005; Cziczo et al., 2009). Reduced ice crystal formation rates could then lead to more frequent air 

mass saturation with respect to liquid water, more water droplets that freeze homogeneously, and smaller, more numerous 

ice particles, and less precipitation (Girard et al., 2013). This effect could lead to enhanced total CF over the Arctic (Du et 5 

al., 2011). Although absolute humidity within the different T-RH bins between 6-8.5 km is not systematically related to 

higher dBCT,RH levels as one might expect with the deactivation effect, it is possible that pre-sorting the data by 5% RH bins 

to reduce the impacts of meteorological co-variation could make evidence for this effect more difficult to observe. 

 

The specific microphysical mechanisms affecting lower altitude clouds are more challenging to identify without in situ data 10 

due to the high prevalence of liquid-containing clouds (Fig. 3). Once T and RH co-variability are accounted for, all air 

masses at low altitudes (0.6 to 1.5-2.5 km) have lower CF compared to clean conditions. They also have more frequent 

precipitation in IPCs at high dBCT,RH, and a higher relative fraction of IPCs over sea ice and MPCs over the warmer open 

ocean. Each of these changes is significantly different between low and high dBCT,RH concentrations at a variety of altitudes 

and surface types (Table S2), suggesting that aerosols may help convert liquid droplets to larger ice particles that precipitate 15 

out and reduce CF in lower altitude clouds (e.g., via the glaciation effect (Lohmann, 2002)).  

 

These observations are in-line with other studies indicating that aerosols can dissipate Arctic MPCs (Fu and Xue, 2017; 

Norgren et al., 2018), and a remote sensing study indicating an association between smoke aerosols and reduced supercooled 

water frequency (Tan et al., 2014). The observations over sea ice contrast with some model predictions that MPCs should 20 

increase in more polluted conditions through the deactivation effect (Du et al., 2011; Girard et al., 2005, 2013). They also 

contrast with a previous remote sensing study (Zamora et al., 2017) indicating that thin and predominantly liquid Arctic 

Ocean clouds are more likely to be the liquid phase at high BC concentrations. However, the clouds in that study may not be 

fully comparable, as they constitute only ~5% of the cloud types in this study. Note that shortwave processes might alter how 

aerosols impact mixed phase CF during daytime (Solomon et al., 2015), and any such effects would not be observed in the 25 

current, nighttime study. Changes in higher altitude clouds might also change underlying cloud properties through a seeding 

effect, which could impact cloud properties at lower altitudes. 

5 Summary and conclusions 

Upper quartile levels of total column BC (a proxy for combustion aerosols) are associated with very large (~25 W m-2) 

differences in longwave cloud radiative effects at the sea ice surface compared to the lower quartile column BC levels. 30 

However, relative humidity in particular over sea ice is very different in the two aerosol conditions, which likely drives 

much of the CREBOA differences in Figure 2. The CREBOA is impacted to a high degree by CF. We found that AIRS-derived 
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temperature and relative humidity predicted up to 91% of the observed regional-scale differences in CF between all and 

clean conditions in the altitude ranges of interest in this study (0.6-8.5 km). These observations indicate that changes in T 

and RH of air masses entering the Arctic will likely have a very large influence on observed CF, to a degree that is much 

more regionally important than the microphysical effects of the aerosols themselves. In line with previous studies (e.g., 

Gryspeerdt et al. (2016); Coopman et al. (2018)), these results also underscore the need for large sample volumes to identify 5 

systematic differences in regional air masses between clean and all conditions, and a way to reduce the confounding effects 

of meteorological co-variation on these samples. To accomplish this, we analyzed over 10 million profiles across the Arctic 

Ocean, which were binned into similar T and RH groups. We analyzed the data separately over sea ice vs. open ocean, and 

within different altitude layers. 

 10 

In general, aerosol microphysical effects were most observable where the highest aerosol effect would be expected: at lower 

altitudes where aerosol concentrations are often higher (Devasthale et al., 2011b) and over sea ice, where atmospheric 

stability is greater. Relative to clean conditions, low clouds over sea ice had ~6% smaller CF and 3% higher precipitation 

frequency, whereas at high altitudes, CF increased by 4% and precipitation was 2% less frequent. Similar but smaller trends 

in CF and low-altitude precipitation were observed over open ocean. Below 1.5 km, we also observed a 7% reduction in the 15 

LPC and MPC fractions over sea ice, but a slight increase in MPCs relative to IPCs and LPCs over open ocean.  

 

These results are subject to various uncertainties, including possible confounding influences from large-scale vertical motion 

that is difficult to measure in situ, any systematic model errors in identifying aerosol layers at the right altitude (see 

supplementary information), and the uncertain relationships between modeled BC and INP and cloud condensation nuclei 20 

(CCN) concentrations. Associations between dBCT,RH and cloud properties may be difficult to observe given the low BC 

concentrations at altitudes > 4 km, and may be further masked by complex aerosol-cloud relationships. Despite these 

uncertainties, significant differences in dCFT,RH, dpptnT,RH, and dCPT,RH at high dBCT,RH concentrations provide evidence that 

aerosol microphysical effects were driving the observed patterns, as opposed to some other factor. Furthermore, these 

observations leave open the possibility that other cloud property relationships with dBCT,RH exist, but are not observable with 25 

the available data.  

 

The mechanisms responsible for these changes cannot be fully elucidated from modeling and remote sensing data alone. The 

observed increases in CF and decreases in precipitation at 6-8.5 km likely involve aerosol effects on ice crystal formation or 

properties, given that nearly all of these clouds are in the ice phase. These effects might include a deactivation of pre-existing 30 

INPs, or conversely an enhancement of INPs by combustion aerosols themselves at the very low temperatures observed at 

these high altitudes during Arctic polar night. The reduced CF, more frequent precipitation in mixed phase clouds, and 

reduced relative fraction of mixed (liquid) phase clouds over sea ice (open ocean) seem to point towards aerosols either 
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participating in the conversion of liquid droplets to larger ice particles that precipitate and reduce CF, similar to a glaciation 

effect, or potentially to their impacts on precipitation in higher clouds, changing underlying cloud properties through a 

seeding effect. Further focused studies on these mechanisms would be of great interest, along with targeted aircraft 

measurements of the relevant aerosol and cloud properties, providing greater detail at higher spatial and temporal resolution. 

To improve quantification of Arctic aerosol-cloud microphysical interactions from space, two major uncertainties also 5 

require better quantification: (1) large-scale vertical motion and (2) altitude-resolved aerosol amount and type information. 

Obtaining more ground-based observations of clouds lower than 0.6 km, which are radiatively significant but not measured 

well by satellite, is also important. 
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Figure 1: An example of dCFT,RH output at each altitude level. For illustration purposes, here each grid cell represents ≥ 7500 km2 
of gridded observations. Blue and red colors indicate negative and positive dCFT,RH, respectively. A white X indicates that the cell 
value is not significantly different from zero (Wilcoxon rank test, p < 0.05). In all panels, individually significant cells numbered 
more than expected at random (binomial test, p < 0.001). 5 

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-514
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 30 May 2018
c© Author(s) 2018. CC BY 4.0 License.



 
 

20 

 
 

Figure 2: a-c) CloudSat FLXHR-LIDAR longwave cloud radiative effect at the bottom of atmosphere (i.e., surface) (LW CREBOA) 
during polar night for a) the full dataset, and the subsets of data containing the lower (b) and upper (c) quartiles of modeled 
column BC concentrations. For reference, d) shows the average winter (November to January) sea ice extent up to 82oN.  Also 5 
shown are e) boxplots of the lower tropospheric stability (LTS, K), and f, g) the median temperature (T, oC) and relative humidity 
(RH, %) for the lower (blue) and upper (red) quartile column BC concentrations over open ocean and sea ice. All differences in e-
g) are significant (p < 0.0001), based on a Wilcoxon rank test. 
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Figure 3: Shown in a) are 𝐝𝐂𝐅𝐓,𝐑𝐇 and 𝐝𝐩𝐩𝐭𝐧𝐓,𝐑𝐇 (%) and 𝐝𝐂𝐏𝐓,𝐑𝐇 (up to 4 km, %) in different altitude ranges over sea ice and 
open ocean. 𝐝𝐂𝐅𝐓,𝐑𝐇and 𝐝𝐩𝐩𝐭𝐧𝐓,𝐑𝐇 data are not stacked, and are presented as both the absolute change within the air volume of 
interest (darker colors) and the relative percent change with respect to the value found in clean conditions (lighter colors). The 5 
𝐝𝐁𝐂𝐓,𝐑𝐇  values (ng m-3) are presented for each altitude (red, upper right). Shown in b) are the absolute changes in 𝐝𝐩𝐩𝐭𝐧𝐓,𝐑𝐇 
(green) and the CP distribution (blue) for IPCs, MPCs, and LPCs over sea ice (solid) and open ocean (hatched) at the same 
altitude ranges as in a). An asterisk (*) indicates that the differences between all and clean conditions were significant, based on a 
paired Wilcoxon rank test, p > 0.05, using T-RH grid cells containing > 800 (400 for 𝐝𝐂𝐏𝐓,𝐑𝐇) 12.5-km2 gridded observations. 
Error bars show bootstrapped 95% confidence intervals for the weighted mean. The same data are presented tabularly in Table 10 
S2. 
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Figure 4: The relationship between dCFT,RH (%) and dBCT,RH (ng m-3) over sea ice and open ocean at different altitude levels 
(color coded). The red line is a cubic smoothing spline of the data among all altitudes. 
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