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Summary  

Black carbon (BC) is one of the short-lived atmospheric constituents whose radiative forcing is 

not yet fully understood and quantified. It has recently gained attention in the climate 

discussion because BC mitigation is expected to result in a climate effect within the next few 

decades, thus much earlier than that following from CO2 reduction.  

BC is a by-product of the incomplete combustion of biomass and fossil fuels that affects climate 

due to its light-absorbing properties. It has a direct warming effect in the atmosphere as well as 

an indirect effect once deposited on snow and ice. Deposited BC reduces the surface albedo 

which results in more absorption of the incoming solar radiation and thus in accelerated 

melting of snow and ice. This is of particular importance to the Polar Regions that comprise vast 

areas of snow-and ice-covered surfaces. The Arctic is already among the regions that are most 

affected by climate change because climate effects there are amplified. Over the past 100 years, 

Arctic temperatures have increased at almost twice the global average rate, with an increase in 

annual average surface air temperatures of 2-3°C in Alaska and Siberia from 1954 to 2003. This 

is accompanied by an earlier onset of the spring melt, a lengthening of the melt season, changes 

in the mass balance of the Greenland ice sheet, and a reduced sea ice extent.  

BC data from the Arctic are sparse and the existing global climate models often underestimate 

the effects in the Arctic. In order to understand today’s role of BC for the Arctic, climate 

information on past BC concentrations is needed. Instrumental observations cover only the 

most recent years and studies on Arctic snow extend back only several decades. Thus, natural 

archives, such as ice cores, provide an invaluable source of information on temperature, 

moisture, and atmospheric composition that extend beyond instrumental observations. Ice core 

research in the Arctic has so far mainly focused on the large ice sheet of Greenland. However, 

the high-altitude Greenland sites are affected by pollution from the low latitudes, which is 

contrary to the low-altitude sites outside of Greenland that are partly influenced by pollution 

sources located in the high latitudes. In order to get a more complete picture, it is also important 

to gain palaeo-climate information from sites outside of Greenland that have often been 

neglected because they are affected by seasonal melt.  

In this work, the ice core from Lomonosovfonna, Svalbard, drilled in 2009 (Lomo09), was 

analysed for BC and other atmospheric constituents in order to reconstruct the climate and 

environmental history of a low-altitude Arctic site. Because Lomonosovfonna has been proven 

to be less affected by melt, the atmospheric signal is better preserved than at other Arctic sites.  
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The Lomo09 ice core was dated by applying a multiple parameter approach. This included 

detection of reference horizons, annual layer counting based on the pronounced seasonality of 

18O and Na+ concentration, nuclear dating with 210Pb, and a simple glacier flow model. This 

resulted in a robust chronology assigning the ice at the depth of 149.5 m to the year 1222. The 

core was sampled at high resolution (3-4 cm) so that even for the oldest ice annual resolution 

was obtained.  

In order to compile a highly time-resolved BC record of the Lomo09 core, the method for the BC 

analysis in discrete snow and ice samples using a single particle soot photometer (SP2) was 

optimised. The SP2 requires a nebulization step for the analysis of liquid snow or ice samples 

because it only analyses airborne samples. The method improvement thus involved the 

comparison of three different nebulizer types: (1) the ultrasonic nebulizer (CETAC) applied in 

previous studies, (2) the newly introduced jet nebulizer system APEX-Q, and (3) a PSI-in-house 

built Collison-type nebulizer. The APEX-Q was identified as the least size-dependent nebulizer 

in the BC particle diameter range of 100–1000 nm, whereas the advantage of the CETAC 

remained that air and liquid flows can be monitored continuously. The Collison-type nebulizer 

consumes large sample volumes and was considered not applicable for ice core analysis where 

sample volume is limited. All nebulizer types require calibration with BC standards for the 

determination of the BC mass concentration in unknown liquid samples. Aquadag, an industrial 

lubricant, was chosen as suitable material for the preparation of those standards. The method 

for BC analysis was further optimised by evaluating the best sample treatment for fresh discrete 

snow and ice samples. This showed that the samples are best kept frozen until analysis. Once 

melted, they are best treated in an ultrasonic bath for around 25 min to destroy potential 

agglomerates, and then immediately analysed while being stirred with a magnetic stir bar. 

Refreezing of the samples should be avoided because it caused particle loss. This method was 

then applied to obtain a BC mass concentration record of the Lomo09 core that covers the time 

period between 1950 and 2005. The BC concentrations were observed to be in the range of 

those from Greenland ice rather than the much higher concentrations detected in Svalbard 

snow or ice. This can partly be explained by the different methods applied to the previous 

Svalbard samples. Furthermore, the increase in BC concentrations in the last 30 years observed 

in another ice core from Svalbard is not reflected in the Lomo09 BC record. The decreasing 

concentrations in the Lomo09 BC record from 1950 to 2005 resemble the decreasing trend 

observed in Greenland ice cores as well as in atmospheric measurements in the Arctic. This 

decrease is probably caused by BC emissions from the source region of Eurasia that have 

decreased constantly over the last 50 years. In some years, however, the Lomo09 BC record is 

influenced by additional emissions from North America.  
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The Lomo09 was further analysed for water soluble major ions, including the two nitrogen 

species of nitrate (NO3-) and ammonium (NH4+). Those species were examined for emission 

sources and the influence of melt on the ion records. The record for annual melt percent of the 

Lomo09 core was obtained by visually identifying melt features during the core sampling 

process. In order to account for dating uncertainties and potential smoothing effects by melt-

water relocation, only 10-year-averaged data was used. Both the NO3- and the NH4+ record 

reveal a clear anthropogenic influence in the 20th century, which is attributed to Eurasian 

emission sources. On decadal timescales, pre-industrial NO3- correlates with methane-

sulphonate (MSA), a species linked to ocean productivity. This connection is explained by a 

fertilising effect where the deposition of atmospheric NO3- leads to increased marine 

phytoplankton growth resulting in elevated MSA concentrations in the atmosphere. Based on 

the data, the source for pre-industrial NO3- could not be identified but is thought to be Eurasia as 

for industrial NO3-. This is different for pre-industrial NH4+, which was found to originate from 

biogenic ammonia (NH3) emissions from the Siberian boreal forests. The ion records do not 

correlate with the melt record. Thus, melt is excluded from having affected the decadal 

variations of the NO3- and NH4+ records used for this investigation.  

The Lomo09 core was drilled only 4.6 km south of the 1997 Lomonosovfonna ice core (Lomo97) 

that has been studied in great detail. This provides an excellent opportunity to investigate the 

spatial representativeness of the climate reconstruction from the cores. The general ion 

composition and the temporal trends of the ion records of the two cores agree well. The 

anthropogenic influence is clearly visible in the NO3- and SO42- records. However, the correlation 

of NO3- and MSA observed in the Lomo09 core was not detected in the Lomo97 core, where NO3- 

is correlated with Ca2+ instead. The 18O records are also very similar, with a decreasing trend 

from 1200 to around 1880, and highest values between 1900 and 1950. Thus, it is assumed that 

the Lomo09 18O record also represents temperature changes, with the coldest temperatures 

occurring between 1760 and 1880. Like for the Lomo97 core, the Lomo09 18O record is 

assumed to be representative of Longyearbyen air temperature. Moreover, prior to 1800, the 

two records of the melt index of ln(Na+/Mg2+) agree very well. After 1800, the Lomo09 

ln(Na+/Mg2+) record resembles that of another Svalbard ice core from Holtedahlfonna, drilled in 

2005. The largest discrepancy between the Lomo09 and the Lomo97 core is observed in the 

dating of the lowermost core section. In both cases, the sulphate peak detected in this part of the 

core was assigned to a certain major volcanic eruption; in case of the Lomo09 core this is 

Samalas in 1257/58 and for the Lomo97 core it is Hekla in 1104 or 1158. Based on the data, 

whether one or the other attribution was correct could not be resolved. This is because in either 

case, the annual accumulation rate to fit the particular other major volcanic eruption would be 
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out of range. This first comparison of the two most recent ice cores from Lomonosovfonna 

revealed that the climate and environmental reconstruction from one ice core may be 

representative of a single glacier, but not necessarily of an entire region such as Svalbard.  

A snow pit study conducted in March/April 2010 revealed that BC concentrations as well as 

concentrations of chloride, an ionic species maily derived from sea salt, are more than a factor of 

two lower at Lomonosovfonna than at Foxfonna and Tellbreen, two glaciers located in the 

vicinity of Longyearbyen and the ocean. This difference was explained by the greater distance of 

Lomonosovfonna to local BC sources and the ocean. 

This thesis provides high resolution records of BC and other aerosol constituents from the 

Lomo09 ice core enabling a reconstruction of the climate and environmental history. Although 

many aspects have been considered, future work is needed. This mainly concerns the BC record 

that should be extended for the whole core and the detailed comparison of the Lomo09 and 

Lomo97 ice cores. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Please note that this PhD thesis is written in British English apart from chapter 3 that is written 

in American English due to the journal requirements.  
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1 Introduction 

1.1 Climate change 

Climate is defined as the average weather including the variability of its parameters like 

temperature, wind, clouds, etc., over time periods of decades or longer (Cubasch et al., 2013). It 

undergoes changes and thus has been of interest for a long time. Nowadays, the awareness of 

changes in climate has not only increased in science but also amongst the public and in politics. 

The annual United Nations Framework Convention on Climate Change (UNFCC) conferences as 

well as the assessment reports, published every five to six years by the Intergovernmental Panel 

on Climate Change (IPCC), are highly discussed and not only show the great public interest but 

also point out the uncertainties and raise questions regarding climate change. How much has 

the climate changed in the past? How much will it change in the future? Is this change natural? 

Where will it lead to? Who is to blame? Most of these questions still remain unresolved. 

The Earth’s climate is controlled by solar radiation and the resulting radiation balance. It 

involves a complex interplay of incoming shortwave and outgoing longwave radiation. The 

Earth’s radiation balance can thus be perturbed by natural and anthropogenic changes in the 

atmosphere, land, ocean, biosphere, and cryosphere which result in a radiative forcing that 

affects climate (Cubasch et al., 2013).  

 

Figure 1.1 Radiative forcing caused by the main anthropogenic gases (modified after Myhre et al., 2013). 
CO2 = carbon dioxide; CH4 = methane; N2O = nitrous oxide. 

Instrumental observations cover the time period back to around 1850 (Hartmann et al., 2013). 

They reveal that in the last 150 years anthropogenic emissions have resulted in increased 
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concentrations of the greenhouse gases carbon dioxide (CO2), methane (CH4) and nitrous oxide 

(N2O) that highly affect the Earth’s radiation balance (Myhre et al., 2013) (Figure 1.1). However, 

in order to place those changes into the perspective of the natural variability that occurred on 

geological timescales of millions of years, we need climate information from natural archives. 

These archives include tree rings, marine and terrestrial sediment cores, and ice cores that 

cover the time period prior to instrumental observations. These archives incorporated a strong 

climatic signal into their structure in the past, so that their physical or chemical characteristics 

can be used as proxy data for temperature, moisture, etc. in historical times, thus providing 

palaeoclimate records (Bradley et al., 2003).  

 

Figure 1.2 Reconstructed greenhouse gas concentrations from Antarctic ice cores (Schilt et al., 2010). A: N2O from 
EPICA Dome C; B: CH4 from EDC; C: CO2 from Vostok between 20 and 390 kyr BP, EDC elsewhere; D: D EDC; grey 
shaded areas mark interglacials. 

Ice cores provide an invaluable climate archive that has largely contributed to the 

understanding of the Earth’s climate. Up to now, the oldest ice retrieved is that of the EPICA 

Dome C core, Antarctica, which covers the last 800,000 years (Schilt et al., 2010). These 

extensive records, displayed in Figure 1.2, depict the natural variability of the observed 

parameters. It can be seen that in the past, the concentrations of CO2, CH4 and N2O were high at 

certain times, especially during the interglacials. In the past, CO2 concentrations never exceeded 
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300 ppm, however, today we are at a level of 390.5 ppm (Masson-Delmotte et al., 2013). Based 

on ice core studies, present-day (2011) CO2 concentrations as well as the concentration range of 

CH4 and N2O can be seen to exceed that of the past 800,000 years (Masson-Delmotte et al., 

2013). At present we are in the Holocene, an interglacial period that up to now has lasted for 

approximately 11,500 years (Mayewski et al., 2004). Interglacials are characterised by high 

temperatures. The higher D values depicted in Figure 1.2 are good indicators of this. D, the 

ratio of the hydrogen isotopes 1H and 2H (details in chapter 2.4), was found to be temperature-

dependent and thus can be used as a palaeo-thermometer (e.g., Dansgaard, 1953; Wolff et al., 

2006). 

 

Figure 1.3 Reconstructed (grey) and simulated (red/blue) Northern Hemispheric temperature (Masson-Delmotte et 
al., 2013). MCA = Medieval Climate Anomaly; LIA = Little Ice Age; 20C = 20th century. 

In order to reveal the current trends in atmospheric composition and temperature we have to 

focus on the more recent past of the last one or two millennia (Mayewski et al., 2004). The last 

millennium in the Northern Hemisphere features three distinct phases (Figure 1.3): (1) the 

Medieval Climate Anomaly (MCA) from around 950 to 1250 with elevated temperatures in 

many regions and reduced glacier extent (Grove and Switsur, 1994; Hughes and Diaz, 1994), (2) 

the Little Ice Age (LIA) from around 1450 to 1850 with lower temperatures and glacier 

advances (e.g., Bradley and Jones, 1993; Mann et al., 2009), and (3) the recent warming trend 

since around 1850 (Hartmann et al., 2013). It is still under debate if those periods were a global 

phenomenon or if they mainly affected the Northern Hemisphere (e.g., Broecker, 2001). 

Nevertheless, understanding the mechanisms behind warm and cold phases such as the MWP 

and the LIA is important in understanding the mechanisms that are at work in recent times. 

1.2 Black carbon (BC) and climate change 

The long-lived greenhouse gases, such as CO2, and their radiative forcing are relatively well 

understood and simulated (Myhre et al., 2013). On the contrary, the climate forcing of short-
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lived atmospheric aerosols is less defined and quantified, mainly due to their complex 

interaction with clouds (Myhre et al., 2013). Black carbon (BC) is one of those short-lived 

aerosols that have recently gained attention because their mitigation is expected to result in a 

climate effect much earlier than that expected from the mitigation of CO2 (AMAP, 2011a).  

BC is a by-product of incomplete combustion of biomass and fossil fuels. Due to its black colour 

it strongly absorbs solar radiation. BC affects the climate through several mechanisms (AMAP, 

2011a; Bond et al., 2013; Myhre et al., 2013). First, atmospheric BC directly warms the 

atmosphere by absorbing the solar radiation that would otherwise have been absorbed by the 

surface or reflected back into space. Second, BC that is deposited on snow- or ice-covered 

surfaces causes the reduction of the albedo thus increasing the absorption of solar radiation at 

the surface. This indirect climate effect of BC gives rise to earlier snow and ice melt. Third, BC 

interacts with clouds thus affecting their distribution, lifetime and properties. So far, the 

estimates of the climate effect of BC show large differences between different studies (Bond et 

al., 2013). The reasons behind these differences remain unresolved (Bond et al., 2013). The 

latest estimates for the radiative forcing are 0.60 W/m2 for the direct effect and 0.04 W/m2 for 

the forcing by the snow/ice albedo effect (Myhre et al., 2013). The interaction of BC with clouds 

is very complex and thus not yet fully quantified (Myhre et al., 2013). 

Sidenote: The terms soot and elemental carbon are also used for this fraction of particulate 

matter that results from incomplete combustion. There is still a lack of a universally accepted 

nomenclature (Petzold et al., 2013). In this thesis, the term black carbon (BC) is used in order to 

emphasise the absorption of solar radiation and its resulting climate effects. 

1.3 The Arctic 

The Arctic has become known as the ‘early warning system’ of climate change because the 

globally observed changes are amplified in this region (AMAP, 2011a; Miller et al., 2010). Over 

the past 100 years, Arctic temperatures have increased at almost twice the global average rate, 

with an increase in annual average surface air temperatures of 2-3°C in Alaska and Siberia from 

1954 to 2003 (AMAP, 2011a). This is accompanied by an earlier onset of the spring melt, a 

lengthening of the melt season, changes in the mass balance of the Greenland ice sheet, and 

reduced sea ice extent (AMAP, 2011a, 2011b). Loss of highly reflective ice and snow surfaces 

causes a reduced surface albedo due to the underlying darker and more absorbing surfaces 

being exposed (AMAP, 2011a; Cubasch et al., 2013). The increased absorption then leads to 

further warming. This so-called ice albedo feedback is one of the reasons why the Arctic is 

highly affected by temperature changes (AMAP, 2011a; Cubasch et al., 2013).  
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The snow- and ice-covered parts of the Arctic are dominated by the large Greenland ice sheet 

which has been subject to research for a long time. The first ice core drilled to bedrock was that 

from Camp Century in 1966 (Dansgaard et al., 1969). Since that time many more deep ice cores 

have been retrieved from Greenland, including those from NGRIP and NEEM. These contain ice 

from as far back as the last part of the Eemian interglacial at around 130,000 to 118,000 years 

ago and thus are the two cores that provide the longest palaeoclimate records from Greenland 

(Rasmussen et al., 2013; Wolff et al., 2010). The Greenlandic ice cores have been studied 

extensively, providing annual resolution for some parameters for the last 100,000 years (Alley, 

2000; Johnsen et al., 2001). Due to continuous flow analysis, it is possible to obtain even sub-

seasonal resolution (McConnell et al., 2007; Rhodes et al., 2013; Sigl et al., 2013). 

1.3.1 Transport pathways to the Arctic/ Arctic Haze 

The Arctic has long been thought to be more or less free of pollutants due to its remote location 

and a lack of local sources (AMAP, 2011a). However, the Arctic troposphere is largely influenced 

by pollution sources from outside the Arctic. This was first discovered in the 1950’s when pilots 

faced heavily reduced visibility over the American Arctic that was accompanied by high levels of 

gaseous air pollutants (Greenaway, 1950). This was observed regularly since then and referred 

to as Arctic Haze (Barrie, 1986; Shaw, 1995). In the Arctic the low surface temperatures lead to 

a thermally stable stratification of the air with strong surface inversions (Shaw, 1995; Stohl, 

2006). As a result, a dome of cold stratified air over the Arctic is produced which acts as a 

transport barrier for warm air masses from lower latitudes. This barrier is called Arctic or Polar 

Front which shifts position from summer to winter due to temperature (Figure 1.4). In summer, 

the Polar Front is located at around 65°N because only the more northern parts of the Northern 

Hemisphere are cold enough to cause a stable stratification of the atmosphere. In winter, 

temperatures in more southern parts become cold enough to shift the Arctic Front as far south 

as 40°N. At this point, transport of pollution from high polluting areas such as Eurasia and North 

America, is facilitated because of their inclusion in the Arctic dome. In winter, both dry and wet 

depositions are reduced within the Arctic dome. This results in very long aerosol lifetimes once 

they reach the Arctic dome (Stohl et al. 2006).  

Three transport pathways have been identified that enable pollutants from the mid-latitudes to 

reach the Arctic (Stohl, 2006; Figure 1.5): (1) Rapid (within four days) low-level transport into 

the Arctic followed by uplift at the Polar Front. This happens when and where the Arctic Front is 

located far north. (2) Low-level transport of air masses that are cold enough to penetrate the 

Polar Dome. This transport that takes around ten to fifteen days occurs mainly in winter 

because it involves surface cooling of air masses travelling over snow-covered surfaces. (3) 
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Pollutants ascend south of the Arctic and slowly descend into the Polar Dome from the 

stratosphere due to radiational cooling. Stohl (2006) observed that European pollution follows 

all three pathways in winter and pathways one and three in summer. Pollution originating from 

North America and Asia is only transported by pathway three.  

 

Figure 1.4 Location of the Arctic front in summer (orange) and winter (blue) (AMAP, 1998).  

The varied transport pathways result in different source regions of pollutants found in the 

Arctic for locations near the surfaces and those in the middle and upper troposphere (Hirdman 

et al., 2010). On the one hand, the inland plateau of Greenland (around 3,000 m asl) does not 

receive low-level transport and is instead more directly connected to transport from lower 

latitudes (AMAP, 2011a), mainly following pathway three described above. On the other hand, 

low-altitude Arctic sites are more influenced by low-level transport of pollutants from high-

latitude Eurasia (AMAP, 2011a; Hirdman et al., 2010). This means that the small ice caps and 

glaciers outside of Greenland add important information to the palaeoclimate reconstruction of 

the Arctic. Due to their higher annual accumulation they also provide palaeoclimate data at high 

time resolution (Van der Wel et al., 2011; Tarussov, 1992). Hence, ice cores from locations 

outside of Greenland are well suited for studying the impacts and source histories of pollutants 

during the last centuries. 
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Figure 1.5 Transport pathways to the Arctic as described by Stohl (2006). Θ1,2,3 = potential temperature at altitude 
1,2 and 3. Graph adopted from Kühnel (2013). 

1.4 Svalbard 

1.4.1 Setting and climate 

Svalbard is an archipelago of around 61,000 km2 in the Eurasian Arctic which belongs to 

Norway. It is covered by glacier to about 60% (Hisdal, 1998) and consists mainly of four islands: 

Spitsbergen, Nordaustlandet, Edgeøya, and Barentsøya. Svalbard is surrounded by the Arctic 

Ocean, the Barents Sea and the North Atlantic and is situated at the southerly edge of the 

permanent Arctic sea ice. The climate in this area is highly variable because it is influenced by 

two different weather regimes. First, the atmospheric circulation is controlled by the low 

pressure system over Iceland and the high pressure system over Greenland and the Arctic 

Ocean. This results in mild air from the mid-latitudes reaching the archipelago with westerly 

and south-westerly winds (Hisdal, 1998; Isaksson et al., 2003; Samyn et al., 2012). The second 

regime mainly affecting the northern part of Svalbard is dominated by easterly and north-

easterly winds that originate from the Barents Sea and the Siberian coast (Hisdal, 1998; 

Isaksson et al., 2003; Samyn et al., 2012). Svalbard is further characterised by relatively mild 

average winter temperatures which result from the warm Atlantic Waters that flow northward 

as continuation of the Gulf Stream and lead to open waters to the west of the archipelago 

(Hisdal, 1998; Skeie and Gronas, 2000). In general, winter temperatures vary more than 

summer temperatures (Figure 1.6), and western Svalbard, with mean temperatures in the 
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coldest months (January-March) around -8 to -16°C, is less cold in winter and less warm in 

summer than the eastern parts of the archipelago (Hisdal, 1998). On Spitsbergen the lowest 

recorded temperature is -49.4°C at Green Harbour in March 1917 (Førland et al., 2009). The 

amount of precipitation in Svalbard is low, with an annual average of well under 500 mm on the 

west coast of Spitsbergen (Hisdal, 1998). The east side of the islands receive the most 

precipitation with annual values of up to 1,000 mm (Hisdal, 1998). Spring and early summer are 

typically the driest months (Hisdal, 1998). As an example the climate diagram of Svalbard 

airport (=lufthavn) is shown in Figure 1.7. 

 

Figure 1.6 Meteorological observations from Svalbard; dots indicate annual and seasonal averages; lines are five-
year-running-means (www.climate4you.com). 

Additionally, Svalbard is situated relatively close to some of the major sources of anthropogenic 

pollution. Tunved et al. (2013) found the pollutant source areas for Svalbard to vary throughout 

the year with Atlantic air dominating in summer while air masses from Siberia, Eurasia and 

partly Asia dominating for the rest of the year. 

The climate in Svalbard is changing. In the 20th century, Arctic air temperatures were at the 

highest level in the past 400 years (Serreze et al., 2000). In Svalbard, temperature has been 

measured since 1911, with the Svalbard airport composite temperature series providing one of 
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the few long-term instrumental temperature records from the high Arctic (Nordli, 2010; Nordli 

et al., 1996). This series has recently been extended back to 1898 by including observations 

from hunting and scientific expeditions (Nordli et al., 2014). Førland and Hanssen-Bauer (2003) 

identified three sub-periods within the last 100 years of temperature record (Figure 1.6): (1) a 

positive trend from the 1910s to the late 1930s, (2) a decrease from the 1930s to the 1960s, and 

(3) a significant increase from the 1960s to the present, with annual temperatures that still 

remained lower than in the 1930s. Nordli et al. (2014) also discuss this temperature increase 

from the 1960s, but report further that the present temperature level is significantly higher 

than at any earlier period in the instrumental record. The annual precipitation has increased 

since the beginning of the 20th century (Figure 1.6), e.g. at Svalbard airport by a rate of more 

than 2.5% per decade (Førland and Hanssen-Bauer, 2003). The annual fraction of solid 

precipitation has decreased during the last decades, which partly explains the increase in 

precipitation that is caused by a minimised undercatch of the gauges that are used for 

measuring precipitation (Førland and Hanssen-Bauer, 2003). 

 

Figure 1.7 Climate diagram from Svalbard Lufthavn (www.svalbard-aero.climatemps.com). 

Sea ice has a considerable effect on the climate in Svalbard: an ice-free state results in relatively 

mild and humid conditions, heavy sea ice is accompanied by cold and dry conditions because 

the ice isolates from the latent and sensible heat sources of the sea (Førland et al., 2009). 
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1.4.2 State of the art in ice core research 

Due to its interesting location Svalbard has for some decades been subject to environmental 

research on aerosols, snow and ice (e.g., Beine et al., 1996; Eleftheriadis et al., 2009; Forsström 

et al., 2009; Kotlyakov et al., 2004; Tarussov, 1992; Teinilä et al., 2003; Virkkunen et al., 2007). 

Ice core studies offer the unique possibility to retrieve long climatic and environmental records 

that extend far back in time. The first ice core studies were performed by groups from the 

former Soviet Union who drilled seven cores between 1974 and 1987 (Tarussov, 1992). In 1987 

Japanese groups also started ice core studies in Svalbard (Motoyama et al., 2008). The glaciers 

sampled include among others Vestfonna, Austfonna, and Lomonosovfonna by the Soviets, as 

well as Høghetta Ice Cap, Snøfjellafonna, Åsgårdfonna, Brøggerbreen and also Vestfonna and 

Austfonna by the Japanese (Fujii et al., 1990; Gordiyenko et al., 1981; Goto-Azuma and Koerner, 

2001; Iizuka et al., 2002; Kameda et al., 1993; Motoyama et al., 2008; Punning et al., 1987; 

Tarussov, 1992; Uchida et al., 1996; Watanabe et al., 2001). The early Soviet studies were 

mostly of a stratigraphic nature and included only minor ion analyses. The Japanese did study 

the ion chemistry but only few results were published until now (Goto-Azuma and Koerner, 

2001; Iizuka et al., 2002; Isaksson et al., 2003; Matoba et al., 2002; Motoyama et al., 2000; 

Watanabe et al., 2001). The main problem of all studies was determining how much the records 

were altered by melt. Furthermore, dating of the cores was in many cases hampered by a 

combination of melting, crude sampling and few analysed chemical species (Isaksson et al., 

2003). One of the few exceptions is the core from Lomonosovfonna drilled in 1997 (Lomo97) 

which will be discussed in chapter 1.5.1. The major finding of the studies listed above is an 

increase in nitrate and sulphate concentrations from the middle of the 20th century, that is due 

to anthropogenic emissions seen at Snøfjellafonna (Goto-Azuma and Koerner, 2001), Austfonna 

and Vestfonna (Matoba et al., 2002; Watanabe et al., 2001). Iizuka et al. (2002) further identified 

the ratio of magnesium to sodium (Mg2+/Na+) as best melt indicator at Austfonna. A list of all the 

ice cores from the Eurasian Arctic drilled until 2004 is given in Kotlyakov et al. (2004). The 

latest ice core- except the 2009 Lomonosovfonna core- is that retrieved from Holtedahlfonna in 

2005, which covers the last 300 years (Holte05; Beaudon et al., 2013). So far, several studies 

have been published on this core: van der Wel et al. (2011) used the high-resolution tritium 

profiles of the Lomo97 and Holte05 ice cores to observe that melt results in better preservation 

of the annual isotope signal; Divine et al. (2011) reconstructed 1000 years of winter air 

temperature using the isotopic records of the Lomo97 and Holte05 cores; Hermanson et al. 

(2010) and Ruggirello et al. (2010) focused on the deposition of brominated flame retardant 

compounds and other pesticides; Moore et al. (2012) found the Holte05 core to lack a clear 

volcanic record applying a statistical extraction method; Sjögren et al. (2007) presented a new 

method for deriving a high-resolution density record for the firn part of the core; and Beaudon 
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et al. (2013) focused on the ion chemistry in detail and compared it with the Lomo97 ice core. 

The findings of Beaudon et al. (2013) are discussed further in chapter 5. 

1.4.3 Influence of melt on records of chemical species 

Arctic glaciers outside of Greenland are affected by seasonal melt. In a review of ice cores from 

Arctic sites, Koerner (1997) showed that at least 50% of the ice column of these cores is clear 

ice formed by surface melt, infiltration and refreezing. The ratio of ice affected by melt to that 

not affected is used as a melt index (Koerner and Fisher, 1990). The higher the melt index the 

larger the portion of melt. Melt clearly affects the distribution of water-soluble chemical species 

within the ice so that some ionic species are removed easier than others (Brimblecombe et al., 

1985; Davies et al., 1982; Moore and Grinsted, 2009; Pohjola et al., 2002a; Virkkunen et al., 

2007). At Penny Ice Cap, Canadian Arctic, with an average melt index of 50%, previous studies 

showed that the atmospheric signals are preserved with annual to biannual resolution (Grumet 

et al., 1998). At Austfonna, Svalbard, with a melt index of 67% the chemical records were 

smoothed to three to ten years (Tarussov, 1992). This indicates that at least on decadal time 

scales, reliable ion records can be retrieved from ice cores influenced by melt. However, doubts 

remain in the interpretation of the records at higher resolution (Moore et al., 2005).  

1.5 Lomonosovfonna 

Lomonosovfonna is one of the highest ice fields in Svalbard (1250 m asl;Figure 2.1). It has a 

cupola shape with an approximate radius of 500 m (Isaksson et al., 2001). At the summit the 

glacier has a depth of 126.5 m as indicated by radar measurements (Isaksson et al., 2001). The 

accumulation area of Lomonosovfonna is about 600 km2, including the glaciers of 

Nordenskjöldbreen, Grusdievbreen and Mittag-Lefflerbreen which are the major glaciers 

through which the ice field drains to sea level (Isaksson et al., 2001). At present, 

Lomonosovfonna has a negative mass balance like most of the Svalbard glaciers (Nuth et al., 

2010). There are only a few direct air-temperature measurements from Lomonosovfonna 

(Gordiyenko et al., 1981; Isaksson et al., 2001; Pohjola et al., 2002a). Borehole temperatures at 

the Lomo97 drilling site were at a mean of -2.8°C with a nearly isothermal profile (Van de Wal et 

al., 2002). Furthermore, Lomonosovfonna is close to the coal mining villages of Pyramiden 

(35 km; in operation 1947-1998) and Longyearbyen (100 km; in operation since 1911) 

(Isaksson et al., 2001). 

Due to its high elevation, Lomonosovfonna was thought to experience less melt than other 

Svalbard sites and is thus a suitable location for ice core studies. Up to now, Lomonosovfonna 

has been drilled three times, in 1976 and 1982 by the Soviets and in 1997 by a multi-national 
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team. The early studies, that mainly focused on the stratigraphy, already indicated that 

Lomonosovfonna has a better preserved stratigraphy than other Svalbard sites (Gordiyenko et 

al., 1981).  

1.5.1 The Lomonosovfonna 1997 ice core 

In 1997, a 121.6 m ice core was retrieved from the summit of Lomonosovfonna (1250 m asl; 

78°51`53``N, 17°25`30``E; Figure 2.1). This core (Lomo97) has been studied extensively for melt 

effects (Van der Wel et al., 2011; Grinsted et al., 2006; Moore and Grinsted, 2009; Moore et al., 

2005; Pohjola et al., 2002a; Virkkunen et al., 2007), ion chemistry (Beaudon et al., 2013; 

Grinsted et al., 2006; Isaksson et al., 2001, 2003, 2005a; Jauhiainen et al., 1999; Kekonen et al., 

2002, 2004, 2005a; Moore and Grinsted, 2009; Moore et al., 2005, 2006, 2012; O’Dwyer et al., 

2000; Vehvilainen et al., 2002; Virkkunen et al., 2007), water stable isotopes (Divine et al., 2011, 

2008; Isaksson et al., 2001, 2003, 2005b, 2005c; Pohjola et al., 2002b), tritium (Van der Wel et 

al., 2011), radioactive layers (Pinglot et al., 1999), volcanic tephra (Kekonen et al., 2005b), fly 

ash, charcoal and pollen (Hicks and Isaksson, 2006). 

The Lomo97 covers the period of 770±150 to 1997 (Divine et al., 2011), with a dating 

uncertainty back to 1613 of ±1 year in the vicinity of the tiepoints and roughly ±5 years 

between the dating horizon. Please note that most of the publications cited above include the 

old chronology of Kekonen et al. (2005a). The mean accumulation rate at the site is 0.36 m weq, 

with varying values for different segments: 0.42 m weq (1997-1963), 0.32 m weq (1963-1903), 

0.37 m weq (1903-1783), and 0.36 m weq below 1783 (Divine et al., 2011). The core was 

sampled at 5-10 cm resolution (e.g., Isaksson et al., 2001; Jauhiainen et al., 1999) and partly 

resampled at 2.5 cm resolution to obtain the updated chronology by Divine et al. (2011). Divine 

et al. (2011) further reconstructed 1000 years of winter surface air temperature using the high-

resolution Lomo97 18O record. The core suffers from modest seasonal melt but the records of 

the water stable isotopes are nearly unaffected and the ion records are mainly preserved. The 

percolation length does not exceed two to eight annual layers and even melt percentages of 80% 

cause little disturbance to the chemical stratigraphy (Moore et al., 2005; Pohjola et al., 2002a). 

Nitrate (NO3-) and sulphate (SO42) were found to elute the easiest, and ammonium (NH4+) to 

elute the least (Moore and Grinsted, 2009; Pohjola et al., 2002a). The ion budget is dominated 

(>70%) by the sea salt species of sodium (Na+), chloride (Cl-), potassium (K+) and Mg2+ 

(Kekonen et al., 2005a). After the mid-20th century a clear anthropogenic impact is seen in the 

ion records of NO3- and SO42- (Kekonen et al., 2005a). Further details of the studies on the 

Lomo97 core and a comparison with the Lomo09 are given in chapter 5. 
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1.6 Motivation of the study 

The source region of pollutants reaching the high-altitude ice sheet of Greenland and those 

reaching the low-altitude regions such as Svalbard differ as a result of the transport pathways 

(chapter 1.3.1). This emphasises the importance in obtaining long-term past climate and 

environmental records from other Arctic sites besides Greenland. In Svalbard, Lomonosovfonna 

was shown to be a suitable location for ice core studies due to its well preserved stratigraphy in 

comparison to other sites.  

Although the Lomo97 was studied in great detail, there remained uncertainty about the dating 

of the core part below 81 m (Kekonen et al., 2005a). This was recently reduced by resampling of 

the core section between 74 and 90 m depth, resulting in the updated chronology of Divine et al. 

(2011). However, the precise dating of the lowermost part of the Lomo97 core remains 

hampered by discontinuities in the chemical stratigraphy (Divine et al., 2011). Moreover, the 

Lomo97 core was sampled at a resolution of 5 cm, with no adjustment to layer thinning due to 

ice flow further down the core. Thus, the resolution in the lowermost core part was less than 

annual. Additionally, there was no material left of the Lomo97 core and BC, one of the short-

lived atmospheric aerosols that have a large effect on global climate, had not been analysed.  

This study on the 2009 ice core from Lomonosovfonna intends to close the gap of a BC record 

on historical timescales, and to improve the chemical stratigraphy by adjusting the sample 

resolution along the core to obtain annually resolved records for the entire core length. 
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2 Methods 

In this chapter, information on the methods applied to the Lomo09 ice core is provided. First, 

the drilling campaign is described (chapter 2.1), followed by the sample preparation 

(chapter 2.2), the description of determining the annual melt percent (chapter 2.3), and 

specifications on the analysis of the water stable isotopes (chapter 2.4). Chapter  2.5 discusses 

the ion chromatography used for the analysis of the major water soluble ions, and chapter  2.6 

describes the method for the analysis of black carbon (BC). The method section ends with 

chapter  2.7 that specifies all methods applied to attribute a certain depth in the ice core to a 

certain age, establishing the core chronology. 

 

Figure 2.1 (A) Map of Svalbard with the location of Lomonosovfonna (courtesy of the Norwegian Polar Institute). (B) 
Map indicating the Lomonosovfonna drilling sites in 1997 (blue) and 2009 (red). Graph B is modified after Isaksson 
et al. (2001). 

2.1 Drilling  

In March 2009 a team of eight people from Switzerland, Norway, and Sweden drilled two ice 

cores of 149.5 m and 37 m depth, respectively, on Lomonosovfonna (1202 m asl; 78°49'24.4" N; 

17°25'59.2"E; Figures 2.1 and 2.2), Svalbard, Norway, using the Fast Electromechanical 

Lightweight Ice Coring System (FELICS, Ginot et al., 2002). The drilling site was located 4.6 km 

south of that in 1997 (Isaksson et al. 2001; both locations are displayed in Figure 2.1). It was not 

possible to obtain a second core from the 1997 drilling site due to a large crevasse that had 

opened in the area of the 1997 drilling just before the 2009 expedition. This crevasse probably 
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disturbed the records, making the 1997 site unsuitable for further ice core studies. During the 

10-days-expedition in 2009 bedrock could not be reached because the drill got stuck at 149.5 m 

depth. A later conducted ground penetrating radar survey suggests bedrock to be at around 

200 m depth (Petterson, unpublished data). The ice temperatures ranged from -1.8°C at 12 m to 

-2.2°C at 42 m depth, the deepest point where temperature was measured. 

The long ice core was shipped to the Paul Scherrer Institut (PSI), Switzerland, in frozen state, 

whereas the short ice core was stored at the Norwegian Polar Institute, Norway. 

 

Figure 2.2 The 2009 drilling site on Lomonosovfonna with the drilling tent on the left and the camp in the 
background (Photography by M. Björkman). 

2.2 Sample preparation 

The ice core from Lomonosovfonna was drilled in 243 segments of mainly 60-74 cm and around 

8.1 cm diameter. In total, the segments represent 149.5 m of the glacier thickness. The ice 

segments were packed in polyethylene tubing and shipped in frozen state in insulated boxes to 

PSI, Switzerland. There they were processed in a cold room (-20°C) as follows. Each segment 

was unpacked, weighed and measured in length and diameter to calculate an average density 

for each core segment. Stratigraphy including melt features, coloured layers, core breaks as well 

as missing core pieces was noted while the segment being backlit on a light bench. Missing 

pieces of a segment were accounted for in the density calculation (see Figure 9.1 for density 

profile). 

The core segment was cut as displayed in Figure 2.3 using a band saw with a Teflon coated 

tabletop (Eichler et al., 2000). The saw and tabletop were cleaned regularly with acetone and 

polyethylene gloves were worn during all handling, both to avoid contamination. The samples 
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for the more sensitive analyses, such as ion chromatography (IC) and black carbon (BC) analysis, 

were taken from the inner part of the core to avoid contamination as much as possible. For 

practical reasons, the ion chromatography sample was also used for mass spectrometry for 

water stable isotopes. The outer parts of the core were used for the analysis of 210Pb and 3H that 

are not as sensitive to potential contamination. About half of each core segment was repacked in 

polyethylene tubing and archived for future analysis.  

 

 

Figure 2.3 Cutting scheme of the Lomo09 ice core. (A) Cross-section of the core with the core parts labelled for the 
different analyses. Stable isotopes = water stable isotopes. (B) Dimensions of a single sample for IC analysis. 

Figure 2.3B displays a single sample for IC analysis with the outer dimensions of approximately 

1.9 x 1.8 x 3-4 cm. The sampling resolution was adjusted to account for layer thinning due to ice 

flow further down the core. In order to have sufficient volume for the analysis, two parallel 

samples were combined in one 50 mL polypropylene (PP) sample vial for BC analysis, whereas 

only one sample of the same depth was used for IC. For water stable isotope analysis using mass 

spectrometry an aliquot of 1-1.5 mL was taken from the melted IC sample. In total, the sampling 

resulted in 3997 samples for IC/mass spectrometry and 4046 samples for BC analysis. The 

difference in sample number results from the length of the 50 mL PP sample vials which in some 

cases was not sufficient to hold two parallel BC samples. In these cases, the BC samples needed 

to be cut in higher resolution, resulting in sample lengths of less than 3 or 4 cm, respectively.  

During the core cutting potentially missing ice parts were respected. This means that when the 

two sides around a core break did not fit well, the samples were cut to contain only ice from one 

side of the break. Including ice from both sides of such a break would have resulted in a wrong 

depth attributed to the sample. 
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2.3 Annual melt percent 

Melt features such as ice layers poor or free of air bubbles are formed by percolation and 

refreezing of melt water which occurs when surface snow melts. The melt water percolates 

deeper into the snow pack and fills the pores. There the melt water refreezes under the 

formation of ice layers. The percentage of annual melt in the Lomo09 core was calculated from 

the melt features observed during processing of the core (Figure 2.4), similar to Henderson et al. 

(2006). When the core is backlit, clear and bubbly ice appears as transparent area. The 

procedure by Henderson et al. (2006) was changed as such that the melt features were not 

categorised but it was accounted for to what extent the melt affected the core diameter. This 

was done by multiplying the length of the melt feature with the percentage of the affected core 

diameter. For instance, if a melt feature was 20 cm long but affected only one fifth of the core 

diameter, this melt feature equals a melt feature of four centimetre length affecting the whole 

core diameter. In order to calculate the annual melt percent, the observed melt features of one 

year were summed up. 

 

Figure 2.4 Example of a core section on the light bench in the cold room at PSI. Major melt features are indicated. 
IL = Ice lens. 

2.4 Water stable isotope ratios (δ18O and δD) 

The water molecule can be formed naturally by combinations of the stable isotopes of the two 

hydrogen isotopes 1H and 2H (or D, deuterium) and the three oxygen isotopes 18O, 17O and 16O. 

Paleoclimatology focuses on the following three combinations (called isotopologues), listed 

according their abundance: (1) H216O, (2) H218O, and (3) HDO. 

During phase changes in the hydrological cycle, such as evaporation and condensation, the 

relative concentration of the water molecules containing the stable isotopes 18O and 16O as well 

as D and 1H changes due to the differences in vapour pressure. The molecules with the lighter 

(heavier) isotopes have a higher (lower) vapour pressure and thus will evaporate (condensate) 
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more easily. This so-called isotopic fractionation is temperature-dependent, so the ratio of 

18O/16O or 2H/1H in precipitation can be used as temperature-proxy e.g. in ice cores where 

precipitated water is stored for a long time. The ratios of 18O/16O and 2H/1H are commonly 

reported as 18Oand Drespectivelyindicating their deviation in per mill from an 

international standard, the Vienna Standard Mean Ocean Water (VSMOW) index. The value 18O 

(D) used as temperature proxy is calculated as follows: 
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In the Lomonosovfonna 2009 ice core 18O andD were determined in samples taken from the 

inner part of the core (Figure 2.3A) for practical reasons although not being sensitive to 

contamination. The samples represent an aliquot of 1.0 to 1.5 mL of the samples for ion 

chromatography and were given into 2 mL glass vials with a PP screw top and a silicon/PTFE 

septum (Infochroma AG, Zug, Switzerland) directly after melting the ice. The analysis was partly 

accomplished by Tõnu Martma at the Institute of Geology, Tallinn University of Technology, 

Estonia (samples #1-1370 and #3224-3997), and partly at PSI (samples #1371-3223). The 

samples were measured with varying instruments as indicated in Table 2.1. Further details on 

the instruments are given in the next two sub-chapters. Some values are missing completely or 

were not used further (Table 2.2) due to non-availability of the instrument and/or too large 

errors. 
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Table 2.1 Details on 18O and D analyses.

Parameter Sample # Instrument Precision [‰] Location 

18O 1-221 

330, 331, 370, 571 

577-830 

GasBench-IRMS 0.1 Tallinn 

University 

 222-576  

831-1370 

3224-3997 

WS-CRDS  Tallinn 

University 

 1371-3223 WS-CRDS 0.1 PSI 

D 222-570 

572-576 

831-1370 

3224-3997 

WS-CRDS  Tallinn 

University 

 571 

577-830 

TC/EA-IRMS 1 Tallinn 

University 

 1371-3223 WS-CRDS 0.5 PSI 

 

Table 2.2 Missing or not further used values of 18O and D. 

Parameter Sample # 

18O 17, 171, 192, 258, 286, 341, 1062, 

1367, 1389, 2972, 3739 

D 1-221, 258, 286, 330, 331, 341, 

370, 1062, 1367, 1389, 2972, 

3739 

2.4.1 Isotopic ratio mass spectrometry (IRMS) 

At Tallinn University 18O and D of the first samples of the Lomo09 core (Table 2.1) were both 

analysed with an isotopic ratio mass spectrometer (IRMS, Delta V Advantage, Thermo Fisher 

Scientific, Bremen, Germany), which separates the different isotopes by their mass/charge ratio. 

In order to obtain values with the highest precision possible the IRMS was combined with an 

On-Line Gas Preparation Multiple Loop Injection system (GasBench II, Thermo Fisher Scientific, 

Bremen, Germany) for 18O analysis, for D analysis it was connected with a High Temperature 

Conversion Elemental Analyzer (TC/EA, Thermo Fisher Scientific, Bremen, Germany). 
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For 18O analysis with the GasBench-IRMS 0.5 mL of each sample is transferred into a 12 mL 

screw top vial (Labco Limited, Lampeter, Ceredigion, UK) using disposable pipettes. After 

sealing the 12 mL vials with septa all air is removed by an automated, autosampler-assisted 

(HTC-xt PAL, LEAP Technologies, Carrboro, NC, USA) flushing procedure using a mixture of     

0.3% CO2 in 99.7% helium (He) at 90 mL/min. The CO2 here functions as equilibration gas. After 

24 hours of equilibrium time the gaseous He/CO2 mixture is flushed out of the vial by a He 

stream at 0.5 mL/min. Potential water is removed before the gases are separated by an 

isothermal gas chromatograph and before the sample is introduced to the IRMS, where 

12C16O16O and 12C18O16O are separated by their mass of 44 and 46, respectively. The CO2/He-

mixture of each sample is injected ten times (100L per injection), of which only the last six 

injections are used for calculating the 18O of each sample to avoid potential memory effects. In 

order to monitor stability and potential drifts of the setup the measurement of three in-house 

standards (TLN-A, TLN-B and TLN-D; see Table 2.3 for isotopic values) is followed by five 

samples. The overall precision (1) of the 18O analysis with the GasBench-IRMS is ±0.1‰. 

The original 2 mL sample vials are placed in the autosampler of the TC/EA for D analysis. For 

each injection ~0.1 L of water is transferred to a glassy carbon tube with glassy carbon filling 

with a 0.5 L syringe (SGE Europe Ltd, Crownhill, Milton Keynes, UK). There it is pyrolysed at 

1400°C, where hydrogen (1H and D) contained in the sample is converted to H2 or HD (and 

oxygen (16O or 18O) to 12C16O and 12C18O). A He-stream then transports the H2 and HD (and 

12C16O/12C18O) to a gas chromatography column where they are separated before being 

introduced to the IRMS. There H2 and HD are separated by their different masses of 2 and 3, 

respectively. Each sample is injected four times, of which the last three are used to calculate the 

mean D of the sample. The same standards as for GasBench-IRMS were measured after every 

fourth sample to monitor stability and potential drifts. The overall precision (1) of the D 

analysis with the TC/EA-IRMS is ±1‰. 

Table 2.3 Isotopic values of the three in-house laboratory standards at Tallinn University of Technology. 

Name of standard 18O [‰] D [‰] 

TLN-A -9.73 -74.7 

TLN-B -21.09 -158,9 

TLN-D -14.73 -111.4 

2.4.2 Wavelength-scanned cavity ring down spectrometry (WS-CRDS) 

The rest of the samples of the Lomo09 core (Table 2.1) were analysed with a wavelength-

scanned cavity ring down spectrometer (WS-CRDS, Picarro L2130-i (PSI) and Picarro L2120-i 
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(Tallinn University), Picarro Inc., Santa Clara, CA, USA) for 18O and D at both PSI and Tallinn 

University. The instruments were purchased in 2011 and 2010, respectively. 

The WS-CRDS is based on the Lambert-Beer law and infrared (IR) spectroscopy. The Lambert-

Beer law states that the intensity of light travelling through a medium decreases due to the 

interaction with the medium. The IR spectroscopy uses the different near-infrared absorption 

spectra of the analysed water molecules for identification of the different isotopologues. The 

WS-CRDS uses an IR laser that enters a cavity holding the evaporated water sample. The cavity 

contains three mirrors with an exceptional high reflectivity (>99.999%) which extend the mean 

path length of photons in the cavity by a factor of 105. The light intensity leaving the cavity is 

detected with a photo-detector. When the detector signal reaches a steady state, the laser is shut 

off and the light starts to decay. Since the mirrors do not have 100% reflectivity, the light 

intensity in the cavity leaks out and this ring-down (decay) is measured with the photo-detector 

in real-time. If the cavity holds a sample, this intensity decrease is faster due to absorption of 

the IR light by the water molecules. The time of the decay and its final total absorption is 

detected and enables calculation of the sample concentration. The laser scans different 

wavelengths, enabling the differentiation between various compounds with similar absorption 

lines, such as water isotopologues. 

At PSI the WS-CRDS setup includes an autosampler (HTC-xt PAL, LEAP Technologies, Carrboro, 

NC, USA), a vaporiser (A0211, Picarro Inc., Santa Clara, CA, USA), and two wash stations (one 

with ultrapure water (MilliQ, 18 MΩcm, hereafter called MQ), the other with a 

methylpyrrolidinone solution) for pre- and post-cleaning of the syringe. The 

methylpyrrolidinone solution was added because it was found to reduce the friction of the 

plunger, thus considerably prolonging the syringe’s lifetime. At Tallinn University the same 

setup is used but the syringe is rinsed once with the next sample and cleaned manually every 

morning and evening with a methylpyrrolidinone solution. 

For 18O and D analysis at PSI 2.1 L and at Tallinn University 1.2 L are injected into the 

vaporiser kept at 110°C using a 10 L syringe (model 203206, Hamilton, Reno, NV, USA) at PSI 

and a 5 L syringe (SGE Europe Ltd, Crownhill, Milton Keynes, UK) at Tallinn University. High 

purity N2 then carries the water vapour to the cavity kept at 80°C and 67 hPa. The laser builds 

up in tenth of microseconds and is then shut off. The decay time is determined for a selected 

wavelength, then the laser is tuned to a different wavelength, scanning the range from 

1.3888 m to 1.3889 m in order to detect the three major water isotopologues H216O, H218O 

and HDO. At PSI six injections are performed for each sample, of which the first three are 

discarded due to memory effects and the average of the last three injections is taken as real 
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value. Potential instrumental drift is monitored by measuring the three in-house standards 

Scuol, Rueras and Labwater after every 10th sample (see Table 2.4 for isotopic values). If a drift 

in the Rueras standard, the one with intermediate isotopic values, occurred the values of 18O 

and D were drift-corrected. At Tallinn University samples are also injected six times of which 

the last four are used for calculation. The same standards as for IRMS are used and measured 

after every 9th sample. The 18O and D values were drift-corrected if a drift in the standards 

appeared. The analytical uncertainty of the WS-CRDS at PSI is <0.1 ‰ for 18O and <0.5 ‰ for 

D (Mariani, 2013). 

Table 2.4 Isotopic values of the three PSI in-house standards (Mariani, 2013). The standards were split each into two 
separate bottles, so the isotopic values of bottle 1 and 2 differ slightly. 

Name of standard 18O [‰] D [‰] 

Scuol1 -23.77±0.03 -181.0±0.3 

Scuol2 -23.77±0.03 -181.6±0.3 

Rueras1 -17.08±0.02 -124.2±0.2 

Rueras2 -17.10±0.02 -124.0±0.2 

Labwater1 -9.96±0.02 -70.8±0.2 

Labwater2 -9.93±0.02 -70.4±0.2 

 

In order to check the reliability of the results obtained at PSI and Tallinn University, we 

performed an inter-laboratory comparison for 20 Lomo09 ice core samples, all six PSI in-house 

standards Scuol 1 and 2, Rueras 1 and 2, and Labwater 1 and 2, and two standards from Tallinn 

University (TLN-A2 and TLN-B2; Table 2.5). The values for 18O and D in the ice samples 

differed by maximum ±1%. The discrepancy for the in-house standards was slightly higher, with 

a discrepancy of maximum ±2.4%. This proves that the values determined in the two 

laboratories are comparable and can be used without further adjustment. 

Table 2.5 Isotopic values of the in-house laboratory standards at Tallinn University of Technology used for the inter-
laboratory comparison. 

Name of standard 18O [‰] D [‰] 

TLN-A2 -10.15 -77.53 

TLN-B2 -21.95 -162.51 

2.5 Ion chromatography (water soluble major ions) 

Water soluble major ions (hereafter called major ions) are analysed in ice cores to reconstruct 

air composition and pollution on historical timescales, allowing e.g. to identify varying sources 
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of the air masses reaching the glacier. The major ions determined in the Lomonosovfonna 2009 

ice core include the following thirteen species: the five cations of sodium (Na+), ammonium 

(NH4+), potassium (K+), magnesium (Mg2+), and calcium (Ca2+) and the eight anions of fluoride 

(F-), acetate (CH3COO-), formate (HCOO-), methane-sulphonate (CH3SO3-; MSA), chloride (Cl-), 

nitrate (NO3-), sulphate (SO42-), and oxalate (C2O42-). The cutting described in chapter 2.2 

resulted in 3997 samples for IC from the inner part of the ice core. The inner part is used 

because major ions in ice cores occur at very low concentrations (<<1ppm), which is why they 

are sensitive to contamination. Thus, the 50 mL PP sample vials were pre-cleaned by laying 

them in MQ for 24 hours, which was repeated five times with fresh MQ. In order to obtain a 

procedure blank and monitor potential contamination by processing the samples, MQ was 

frozen in blocks and processed identically to the ice core samples. Further care was taken to 

avoid contamination by laboratory air when melting the ice samples. Therefore, the vials 

containing the samples were flushed with nitrogen gas (N2) when the samples were still in 

frozen condition. Then the samples were melted at room temperature.  

Major ions were analysed with a Metrohm 850 Professional IC combined with an 872 Extension 

Module and an autosampler (858 Professional Sample Processor). The anions were determined 

by a step-wise elution, beginning with a lower concentrated eluent (A) followed by a higher 

concentrated one (B). This procedure was found to give the best results in terms of separation 

of the single ions and measuring time. Details on the single components and chemicals used for 

analysis are given in Table 2.6. Calibration with different dilutions of in-house reference 

solutions of 10 ppm was performed for every sample batch separately, except for NH4+ (see 

further details below). In order to monitor potential drifts e.g. in the calibration, one of the 

reference solutions and an in-house standard (snow from the Jungfraujoch, Switzerland) were 

measured after every ~20th sample. The raw data were then processed with the MagICNet 1.1 

software. The precision of the method is around 5%. The detection limits, blanks and procedure 

blanks for the single ionic species are given in Table 2.7. The blank values were determined 

analysing MQ; the procedure blanks result from the analysis of MQ that had been frozen to 

blocks that were then processed the same way as the Lomo09 samples. The Lomo09 ion 

concentrations were not blank-corrected. Concentrations below the detection limit were 

substituted with a concentration of half the detection limit.  
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Table 2.6 Components and chemicals used for major ion analysis with the Metrohm 850 Professional IC. 

 Cations Anions 

Eluent 2.8 mM HNO3 A: 1.5 mM Na2CO3 / 0.3 mM NaHCO3 

B: 8 mM Na2CO3 / 1.7 mM NaHCO3 

Flow rate 1 mL/min 0.9 mL/min 

Loop 500 L 500 L 

Separation column Metrosep C4 Metrosep A Supp 10 

Guard column  Metrosep A Supp 5 

Suppression - 0.05 M H2SO4 + 12 g oxalic acid 

Detection conductivity conductivity 

 

Table 2.7 Detection limits, precision and blank values [ppb] for the ions analysed with the Metrohm 850 Professional 
IC. DL = Detection limit. Blank = MQ. PBlank = Procedure blank, MQ ice processed equally to the samples. 

Anions    Cations    

 DL Blank PBlank  DL Blank PBlank 

F- 0.1 0.3 0.1 Na+ 0.4 1.1 1.1 

CH3COO- 0.7 1.1 3.4 NH4+ 0.3 0.6 1.0 

HCOO- 0.8 1.9 2.5 K+ 0.8 1.6 1.9 

MSA 0.5 0.3 0.3 Mg2+ 0.4 5.6 9.1 

Cl- 0.6 4.8 3.9 Ca2+ 0.9 2.7 6.0 

NO3- 0.6 3.8 3.8     

SO42- 1.0 2.8 3.0     

C2O4
2- 0.8 0.6 0.6     

 

The analysis of NH4
+ is difficult because it is prone to contamination during analysis (Jauhiainen 

et al., 1999; Kaufmann et al., 2010; Legrand et al., 1984, 1993, 1999; Udisti et al., 1994). The 

solution of NH3 from laboratory air results in artificially increased NH4
+ concentrations in the 

sample. This artefact occurred especially in the low standards analysed for the Lomo09 IC 

samples, thus highly affecting the NH4
+ calibration curve in the low concentration range (1-

10 ppb). In general, the NH4+ concentrations in the Lomo09 samples are low (median of 10 ppb) 

and hence sensitive to the modified calibration curve in the low concentration range. Thus for 

NH4+ one calibration that was least influenced by contamination was applied to all 3997 

samples. This procedure was tested with the concentration of Na+, one of the species that 

account for >30% of the ion budget in the Lomo09 core and that is not sensitive to 

contamination by laboratory air. The Na+ concentrations determined using just one calibration 
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for all samples was within ±6% of the Na+ concentrations calculated with a calibration 

performed for every sample batch (Figure 2.5). This is almost within the precision of the 

analysis. Thus, the application of this calibration procedure for NH4+ was justified. 

 

Figure 2.5 Na+ records of the Lomo09 ice core in the depth range of 20 to 30 m weq; the yellow line represents the 
concentrations calculated with a calibration for every sample batch; the dashed pink line represents the 
concentrations calculated with one calibration for all samples. 

2.6 Black carbon (BC) 

The cutting described in chapter 2.2 resulted in 4046 samples for black carbon (BC) analysis 

from the inner part of the ice core. The 50 mL PP sample vials were cleaned similarly to those 

for IC analysis but a threefold repetition was found to be sufficient. Procedure blanks and 

potential contamination by processing the samples was monitored by analysing MQ that was 

frozen in blocks and processed identically to the ice core samples. Similar to the IC samples the 

BC samples were flushed with N2 gas to avoid potential contamination by laboratory air when 

still in frozen condition and melted at room temperature.  

BC was analysed with a setup including a Single Particle Soot Photometer (SP2, Droplet 

Measurement Technology, Inc., Boulder, CO, USA, Schwarz et al., 2006) combined with an APEX-

Q jet nebulizer system (High Sensitivity Sample Introduction System, Elemental Scientific Inc., 

Omaha, NE, USA). The SP2 is an instrument widely applied in aerosol science and analyses only 

airborne samples. Thus for the analysis of ice core samples a nebulisation step is required. Here, 

only a brief description of the method is given, details can be found in chapter 3. 

The SP2 measures the mass concentration and size distribution of single BC-containing particles 

using the principle of laser-induced incandescence. A continuous-wave Nd:YAG-laser heats 

individual BC-containing particles to their boiling point (~4200 K). The resulting peak intensity 
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of the thermal radiation is proportional to the BC mass in the particle (Schwarz et al., 2006). The 

APEX-Q nebuliser system (hereafter APEX-Q) can be operated in self-aspirating mode, where 

the liquid sample flow is defined by the flow of the carrier gas, the diameter and length of the 

capillary and the geometry of the nebuliser nozzle. A jet nebuliser aerosolises the aqueous 

sample into a heated (100°C) glass cyclonic spray chamber. In order to remove the remaining 

water vapor before being introduced into the SP2 the aerosol is afterwards cooled (2°C) in a 

Peltier-cooled multipass condenser (Elemental Scientific Inc., 2013). 

The setup used for BC analysis in the Lomo09 ice core samples includes an APEX-Q PFA-ST 

MicroFlow nebulizer (ES-2040-7000) and a 1.5 m long PFA capillary with an inner diameter of 

0.25 mm (ES-2042; both Elemental Scientific Inc., Omaha, NE, USA). The optimal purge airflow 

was found to be 1 L/min. The calibration of the SP2 (internal calibration) as well as that of the 

whole nebuliser/SP2-setup were performed using Aquadag (AQ), an industrial lubricant 

consisting of a colloidal suspension of aggregates of graphitic carbon in water with 

~70.5% ± 1.0% (1) BC content of the dry mass (76% in Gysel et al., 2011).  

For the determination of BC mass concentration in an aqueous sample via SP2 measurement of 

the nebulized aerosol it is important to account for the nebulizer efficiency. This was done by 

relating the measurement of the unknown sample to the measurement of an aqueous BC 

standard with known concentration (external calibration). The nebulizer efficiency was 

assumed to remain stable between measurement of the sample and the standard. BC mass 

concentrations in the ice core samples 
1

SP2
SC were then calculated as follows: 

*
SP2

*
liq

SP2
S1
SP2

c

C
cC   (2-5) 

where SP2c and 
*
SP2c  are the BC mass concentrations measured by the SP2 for the aerosols from 

the nebulised aqueous sample and aqueous standard, respectively, and 
*
liqC  is the BC mass 

concentration of the aqueous standard. 

2.7 Dating of the Lomo09 ice core 

The Lomo09 core was dated with a combination of different methods including the 

identification of reference horizons such as the tritium peak indicating the year 1963 

(chapter 2.7.1) and major volcanic eruptions (chapter 2.7.2), 210Pb decay (chapter 2.7.3), annual 

layer counting (chapter 2.7.4), and a simple glacier flow model (chapter 2.7.5). 
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2.7.1 Liquid scintillation counting (3H) 

Tritium (3H) is the radioactive isotope of hydrogen with a half-life of 12.3 years. It is naturally 

produced in the atmosphere by cosmic-ray induced neutrons that react with atmospheric 

nitrogen (n + 14N → 12C + 3H). By interaction with stratospheric oxygen, tritium is incorporated 

in the water molecule and thus the water cycle. Tritium has a very low natural background level 

with concentrations in precipitation in the order of a few tritium units (TU; 1 TU = 10-18 [3H]/[H]) 

(Michel, 2005). However, since 1951 above-ground nuclear weapon tests have resulted in an 

increased production of tritium which was only stopped by the US-Soviet Test Ban Treaty in 

1963. Until then a large amount of tritium had been released into the atmosphere (2.4*1014 Bq, 

Clark and Fritz, 1997). Because this atmospheric tritium has been precipitated onto and 

incorporated in glacial ice, its temporal trend can be used for dating purposes, with the highest 

levels indicating the year 1963 when there was the highest level of tritium in the atmosphere. 

The samples for tritium analysis were taken from the outer part of the Lomonosovfonna 2009 

ice core (Figure 2.3A) because tritium is less affected by contamination than e.g. the water 

soluble ions. First, a series of samples was cut with low resolution (one sample per ice core 

segment, ~60-74cm) to detect the approximate depth of the tritium peak that indicates the year 

1963. Then, a second series was cut at higher resolution (22 cm) to refine the depth of the 

tritium peak (Figure 2.6). The samples were analysed by liquid scintillation counting.  

 

Figure 2.6 Tritium (3H) peak in the Lomonosovfonna 2009 ice core. Values are given in tritium units (TU) and are 
decay-corrected to the year 1963 for easier comparison with other records. The red curve indicates the coarse 
sample resolution of 60-74 cm; the green curve indicates the high sample resolution of ~22 cm for more precise 
depth determination of the peak. 
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The samples were melted at room temperature; then 10 mL of each sample were mixed with a 

solvent plus scintillator for the analysis. By decaying the tritium in the samples emits beta-rays 

that transmit energy to the scintillator. The scintillator then converts the absorbed energy into 

photons whose fluorescence leads to an electrical pulse in the photomultiplier tubes (PMT) of 

the counter (TriCarb 2770 SLL/BGO counter, Packard SA, Meriden, USA). This electrical pulse 

that is converted to a digital value is proportional to the number of photons. The detection limit 

of the setup is 9.65 TU. The counting time was 1200 min with a blank level of 0.61-0.63 counts 

per minute. The results were decay-corrected to the year 1963 to facilitate the comparison with 

other records. The analysis was performed by Jost Eikenberg and Max Rüthi of the 

Radioanalytics Group at PSI. 

The tritium peak in the Lomonosovfonna 2009 ice core was detected at an approximate depth of 

23.18 m weq which was assigned to the year 1963 and used as a reference horizon for dating 

the core. 

2.7.2 Volcanic reference horizons 

Large volcanic eruptions emit sulphur dioxide (SO2) that is oxidised to sulphuric acid (H2SO4) in 

the stratosphere or troposphere. Thus, the eruptions can affect the SO42- budget on a global scale, 

leading to increased atmospheric SO42- concentrations 1-2 years after an eruption. Therefore, 

the SO42- peaks detected in e.g. ice cores can be used as reference horizons for dating purposes. 

This approach has been applied successfully in a variety of ice cores (e.g., Legrand and 

Mayewski, 1997; Sigl et al., 2013). In order to identify volcanic reference horizons in the 

Lomo09 core we applied a method similar to that in Moore et al. (2012).  
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Figure 2.7 The records of nss-sulphate (nssSO42-) (blue) and sulphate (SO42-)-residual (red) of the Lomo09 ice core. 
The volcanic eruptions identified are indicated.  
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SO42- detected in ice cores can have several sources: (1) sea salt, (2) mineral dust, (3) 

anthropogenic and biogenic SO2 emissions, including volcanic eruptions (Legrand and Mayewski, 

1997). Among the ionic species standardly analysed in ice cores only SO42- has partly a volcanic 

source. Thus the part of the SO42- budget that cannot be explained by any of the other ionic 

species is thought to come from a volcanic source. This residual was estimated by a multiple 

linear regression analysis (MLR) between SO42- and the other ionic species analysed in the ice 

core, similar as in Moore et al. (2012). Different from these authors we used the raw data and 

did not apply a moving window but split the ionic record at a depth of 45 m weq and performed 

a MLR for both parts separately to avoid a bias in preindustrial times when there was no 

anthropogenic SO42- input. The record of the SO42--residual was compared with the non-sea-salt 

sulphate (nssSO42-) record (Figure 2.7). NssSO42- is the part of the SO42- corrected for the 

contribution by sea salt. It is calculated by subtracting the proportional amount of Na+ from the 

SO42- according to the sea water ratio of Na+ to SO42- (in eq/L) (Eq. 2-6) because at 

Lomonosovfonna Na+ originates mainly from sea salt. This is supported by the mean Cl- to Na+ 

ratio of 1.21 that is very close to the bulk sea water ratio of 1.16 (Keene et al., 1986). 

      
      

            [eq/L] (2-6)   

The two records of nssSO42- and the SO42--residual agree well for the sharp peaks (Figure 2.7). 

Those were then matched to the volcanic eruptions given in Table 2.8. 

Table 2.8 Volcanic eruptions identified in the Lomo09 ice core. Year gives the year of eruption. For the Kuwae 
eruption we applied the updated eruption year of Sigl et al. (2013); for the Samalas eruption we refer to Lavigne et al. 
(2013). 

Depth [m weq] Volcanic eruption Year 

22.6 Agung/ Sheveluch 1963/64 

26.2 Bezymianny 1956 

42.4 Katmai 1912 

67.45 Tambora 1815 

74.5 (74.2-74.7) Laki 1783 

76.55 Hekla 1766 

111.4 Kuwae 1458/59 

121.78 (121.65-121.9) Samalas 1257/58 

2.7.3 -spectroscopy (210Pb) 

210Pb is a naturally occurring radioactive isotope with a half-life of 22.3 years that belongs to the 

238U decay chain. 238U is a natural radioactive isotope in the earth’s crust which decays over 

several intermediate isotopes to 222Rn. 222Rn has a half-life of 3.8 days and because it is a gas it 
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emanates constantly from the earth’s crust into the atmosphere (Figure 2.8). There 222Rn decays 

over several intermediate isotopes to 210Pb, which attaches to aerosols and settles onto the 

glacier surface by dry or wet deposition within a few days to weeks. Due to its radioactive decay 

the activity of 210Pb decreases in firn and ice with depth and can therefore be used for dating 

purposes. The time period accessible for dating depends mainly on the half-life of 22.3 years 

and was found to be on a century time-scale (Gäggeler et al., 1983). This is the case for (1) 

constant accumulation of 210Pb in the ice and (2) if no relocation of the initial 210Pb occurred 

(Gäggeler et al., 1983). High initial activity and low blank values give access to longer time 

periods of up to 200 years (Herren et al., 2013). The activity of 210Pb is measured indirectly by 

its decay product 210Po which has a half-life of 138 days and emits -radiation.  

In the Lomonosovfonna ice core, the outer parts of two segments (Figure 2.3A) were combined 

to one sample of 180-220 g for measuring the 210Pb activity, because -spectroscopy is not 

sensitive to contamination and combining two core segments largely increases the signal to 

noise ratio. Hydrochloric acid (HCl) and a 209Po (T1/2 = 102 yr) standard were added to the 

frozen samples. Then the samples were melted and heated to 90-95°C when they were bubbled 

with sulphur dioxide (SO2) for three minutes to adjust the pH to remove Fe3+ that would affect 

the following steps. A silver plate was then placed in the hot sample solution for seven hours to 

allow deposition of 210Po on the plate (electroplating). After the plate was rinsed with MQ and 

dried, it was analysed by -spectroscopy (Euertec Schlumberger, Type 7164 with PIPS detector) 

by measuring the -activities of 209Po and 210Po. The 209Po is used to correct for the efficiency of 

the chemical separation. Edith Vogel of the Laboratory of Radiochemistry and Environmental 

Chemistry prepared the silver plates which were then measured by Leonhard Tobler at PSI.  

 

Figure 2.8 Decay chain of 210Pb. 

The 210Pb activity in the Lomonosovfonna 2009 ice core ranges from 0.4 to 49.8 mBq/kg, blank-

corrected with a background activity of ~2.5 mBq/kg. This accords well with the values found in 

the Lomonosovfonna 1997 core (Pinglot et al., 2003). In contrast to the values of the 1997 core 

that did not show a clear depth-age relation, the higher depth-resolved 210Pb data from the 
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Lomonosovfonna 2009 core nicely reflect the depth-age relation, with decreasing activity with 

increasing depth (Figure 5.3). The data show a large scatter which can be explained by the low 

concentrations as well as the probably non-constant accumulation of 210Pb on the glacier. 

Nevertheless, the depth-age relation resulting from the 210Pb-dating agrees well with the other 

dating methods (Figure 4.2).  

2.7.4 Annual layer counting (ALC) 

Some ionic species show concentrations that vary with season and show maximum (minimum) 

concentrations in a particular season and low (high) concentrations throughout the rest of the 

year. Those cycles can then be used for dating purposes counting single years from maximum to 

maximum (minimum to minimum).  

 

Figure 2.9 Example for annual layer counting (ALC) for the core section between 0 and 20 m weq using the records 
of 18O and Na+ concentration. Data are five-point-moving averages. Grey vertical lines indicate the single counted 
years; numbers within the graph give the resulting year. 

The water stable isotope ratio of 18O also shows cyclicity. This is caused by the temperature-

dependence of the ratio with higher values at higher temperatures and lower values at lower 

temperatures. Since the temperatures within a year also follow the cycle of warmer 

temperatures in summer and lower temperatures in winter, this temperature-dependence can 

be used for counting years. This so-called annual layer counting (ALC) in the Lomo09 was 

performed using pronounced seasonality of the 18O record and, where it was critical to identify 
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single years, additionally the Na+ record which shows higher values in summer due to more 

open water that can lead to sea spray formation (Figure 2.9). It was possible to count years 

down to a depth of 79.86 m weq which was attributed to the year 1749 AD. Below that depth it 

was difficult to identify the annual cycles. One year is represented by 3 to 32 samples. In order 

to obtain an age for each sample, the age of the samples in between full years was linearly 

interpolated. 

2.7.5 Glacier flow model 

A simple glacier flow model (Thompson et al., 1998) was fitted through the volcanic reference 

horizons. This was used to date the core below a depth of 79.7 m weq (= 1750) where ALC was 

limited due to strong layer thinning. The glacier flow model accounts for layer thinning due to 

increasing compression with depth and is described by Eq. 2-7. 

 ( )   [  (
     

 
  )

 
 ⁄
] (2-7) 

With H as glacier thickness (~170 m weq = 200 m total depth), z the depth in m weq, t the time, 

b the modelled averaged accumulation rate in m/year, and p a constant (Thompson et al., 1998). 

The parameters b and p were determined by fitting the following data into Eq. 2-7: ALC data 

back to 1766 and the two volcanic reference horizons at 111.4 and 121.78 m weq attributed to 

the years 1458/59 and 1257/58 AD, respectively. This resulted in b = 0.5832 m/year and 

p = 1.015 with an R2 of 0.9997. 

 

Combining the dating methods described above resulted in the dating of the Lomo09 ice core 

displayed in Figure 4.2. Thus the core covers the time period of 1222 to 2009. The dating 

uncertainty for the core down to a depth of ~68 m weq is estimated to be ±1 year within 

±10 years of the reference horizons and increases to ±3 years in between. Down to a depth of 

~80 m weq the dating uncertainty enlarges to ±3 years also in proximity of the reference 

horizons, and below ~80 m weq it increases to ±10 years. This dating uncertainty was 

calculated by comparing the year of the volcanic eruptions with the modelled date. 
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Abstract 

In this study we attempt to optimize the method for measuring black carbon (BC) in snow and 

ice using a Single Particle Soot Photometer (SP2). Beside the previously applied ultrasonic 

(CETAC) and Collison-type nebulizers we introduce a jet (Apex Q) nebulizer to aerosolize the 

aqueous sample for SP2 analysis. Both CETAC and Apex Q require small sample volumes (a few 

milliliters) which makes them suitable for ice core analysis. The Apex Q shows the least size-

dependent nebulizing efficiency in the BC particle diameter range of 100–1000 nm. The CETAC 

has the advantage that air and liquid flows can be monitored continuously. All nebulizer-types 

require a calibration with BC standards for the determination of the BC mass concentration in 

unknown aqueous samples. We found Aquadag to be a suitable material for preparing 

calibration standards. Further, we studied the influence of different treatments for fresh 

discrete snow and ice samples as well as the effect of storage. The results show that samples are 

best kept frozen until analysis. Once melted, they should be sonicated for 25 min, immediately 

analyzed while being stirred and not be refrozen. 

3.1 Introduction 

Light-absorbing impurities in snow and ice play an important role in the Earth’s radiative 

balance and thus climate change. The main absorbers of visible solar radiation are atmospheric 

black carbon (BC) particles, emitted by incomplete combustion of biomass and fossil fuels. 

When deposited on snow or ice, BC lowers the albedo of the surface, leading to accelerated melt. 

Recently, Bond et al. (2013) reported a radiative forcing between 0.01 and 0.09 Wm−2 for the 

snow albedo effect of BC. Furthermore, the efficacy of this forcing was found to be up to three 

times greater than the forcing by CO2 (Flanner et al., 2007). 

Traditionally, BC concentration in snow and ice has been analyzed by filter-based methods, such 

as optical or thermal–optical techniques (Clarke and Noone, 1985; Dou et al., 2012; Lavanchy et 

al., 1999). These methods require large sample volumes usually not available from ice cores. Ice 

cores offer a unique medium to study the variability of BC concentrations over long time 

periods, but analyses that require large sample volumes result in low time (or depth) resolution. 

Furthermore, the filter-based methods have the potential to over- or underestimate the BC mass 

concentration due to analytical artifacts, such as charring of organic carbon (Soto-García et al., 

2011), dust interference (Wang et al., 2012) or filter efficiency (Torres et al., 2014). 

The Single Particle Soot Photometer (SP2, Droplet Measurement Technology, Inc., Boulder, CO, 

USA; Schwarz et al., 2006) has been used in snow and ice research in a variety of studies 

(Bisiaux et al., 2012a, b; Kaspari et al., 2011; McConnell et al., 2007; Sterle et al., 2013). The SP2 



3.2 Experimental 

 49 

does not require a filtration step, which makes it less time-consuming than the traditional 

methods and enables its use in a continuous flow analysis system. The SP2 analysis requires 

very little sample volume, which allows obtaining highly time-resolved data series, even from 

ice cores. However, the SP2 requires an aerosolization step because it analyzes only airborne 

samples. This step can be incorporated in a continuous flow system (McConnell et al., 2007) or 

in batch analysis (Ohata et al., 2011). The SP2 response is BC-specific and not affected by 

particle morphology or coatings (Cross et al., 2010; Laborde et al., 2012; Moteki and Kondo, 

2007; Slowik et al., 2007), though there is a small positive artifact caused by high dust loadings 

(Schwarz et al., 2012), which are rarely found in ice cores. Furthermore, the SP2 returns the size 

distribution of BC particles in addition to their mass concentration. Mainly continuous flow 

systems have been used for measuring BC in ice, but the importance of discrete samples must 

not be underestimated because (1) poor ice core quality might make it impossible to cut 

undisturbed ice columns needed for continuous flow systems, (2) high dust content may cause 

clogging of the continuous melting system and (3) sonication of samples with high dust content, 

which helps to detach BC from the dust particle surfaces, is not easily performed with a 

continuous flow setup. Finally, snow sampling always results in discontinuous samples.  

This study aims to provide SP2 users with a method for analyzing discrete liquid snow and ice 

samples. This includes the discussion of (1) the aerosolization of the aqueous samples focusing 

on (a) differences between the three nebulizer systems tested (ultrasonic (CETAC), jet (Apex Q) 

and Collison-type) and (b) the quantification of the nebulizer efficiency and BC losses in the 

system using aqueous BC reference standards; (2) the calibration of the SP2 for aqueous sample 

analysis; and (3) the best methods of sample treatment and sample storage. 

Different terms are found in the literature for the most refractory and light-absorbing 

component of carbonaceous aerosols depending on the applied experimental method (e.g., black 

carbon (BC) or elemental carbon (EC)). In this study we applied an SP2, which utilizes laser-

induced incandescence for quantitative measurements of refractory black carbon (rBC) in single 

particles, which we denote BC throughout this manuscript. 

3.2 Experimental 

In this section we describe the SP2-setup for analysis of aqueous samples (particularly snow 

and ice) with emphasis on the use of a nebulizer to transform BC particles from an aqueous 

sample into a dry aerosol and transport them to the SP2. Furthermore, we describe the internal 

calibration of the SP2 and the basic principle for determining the BC mass concentration of an 

unknown aqueous sample. 
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3.2.1 Nebulizer/SP2-setup 

The SP2 is an instrument widely applied in aerosol science; it uses the principle of laser-induced 

incandescence to measure the mass concentration and size distribution of BC on a particle-by-

particle basis. Individual BC particles are heated to their boiling point (~4200 K) by a 

continuous-wave Nd:YAG-laser. The peak intensity of the thermal radiation is proportional to 

the BC mass in the particle (Schwarz et al., 2006). The thermal radiation is detected with two 

photomultiplier tubes covering different wavelength ranges (broadband: ~350–800 nm; 

narrowband: ~630–800 nm). Each detector has two different electronic signal amplification 

gains (high and low). We run the broadband and narrowband detectors with staggered gains 

and combine the signals from the high-gain broadband output with the low-gain narrowband 

output in order to maximize the detectable BC mass (per particle) range. The band ratio, 

calculated from the ratio of the broadband to narrowband signals, depends on the boiling-point 

temperature and the spectral emissivity of the incandescent material, thus providing 

information to distinguish BC particles from, e.g., metal particles (Stephens et al., 2003). The 

calibration of the SP2 was conducted up to a mass of 70 fg BC. The measured calibration curve 

was linearly extrapolated to cover the full dynamic range of the incandescence detector (up to 

~500 fg, which corresponds to a BC mass equivalent diameter of ~810 nm). Moteki and Kondo 

(2010) showed that the SP2 calibration curves can deviate from linearity for larger BC mass, 

depending on the effective density of the particles. In this study, no deviation from linearity was 

observed up to a BC mass of 70 fg BC and the doubly charged particles indicated that this still 

holds with little uncertainty up to 140 fg BC. Sensitivity analyses using an empirical power law 

calibration curve for the BC mass range above 100 fg, in a similar manner as applied by Schwarz 

et al. (2012), indicated deviations from the linear calibration approach well below the general 

calibration uncertainty of the SP2. This confirms that choosing a linear calibration curve is 

appropriate for this study. However, this would not necessarily hold, when a substantial 

fraction of the BC mass is detected at BC mass equivalent diameters above 1 m. 

The BC analysis of aqueous samples with the SP2 requires a nebulizer to aerosolize and dry the 

liquid before it can be measured. Primarily Collison-type and ultrasonic nebulizers have been 

used with the SP2. Here, we also discuss a jet nebulizer system, the Apex Q (High Sensitivity 

Sample Introduction System, Elemental Scientific Inc., Omaha, NE, USA). The three systems not 

only vary in their nebulizing principle but also in their efficiencies, i.e., the fraction of water-

insoluble particles of the injected liquid sample that is successfully nebulized and ends up in the 

aerosol provided at the outlet of the nebulizer. In the following we describe the three 

nebulizer/SP2-setups (Fig. A1). 
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3.2.1.1 Ultrasonic nebulizer (CETAC) 

The ultrasonic nebulizer (U5000 AT, CETAC Technologies, Omaha, NE, USA), characterized by 

high efficiency and low sample consumption, has been used in several previous SP2 studies of 

BC in aqueous samples (Bisiaux et al., 2012a, b; Kaspari et al., 2011; McConnell et al., 2007; 

Ohata et al., 2011, 2013; Sterle et al., 2013). In the CETAC/SP2-setup (Fig. A1a), the aqueous 

sample is pumped (peristaltic pump, polyfluoralkoxy-polymer (PFA) tubing) to a glass spray 

chamber where contact with an ultrasonic transducer causes the liquid containing the solid BC 

particles to become suspended as aerosol. A carrier gas (compressed air, BC-free) transports the 

aerosol through a heating and a cooling element, removing the liquid so that only dry particles 

are introduced into the SP2. 

The primary benefit of the CETAC is that it allows the continuous monitoring of the maximally 

possible nebulizer efficiency ( max , Eq. S12, in the Supplement). This is accomplished by using 

flow monitors to measure the rate at which the sample is introduced into the nebulizer and the 

rate at which that sample drains from the aerosol chamber. This drainage includes sample that 

was not nebulized as well as sample that impacted on the glass walls of the aerosol chamber 

before reaching the drying chamber. Characterizing the nebulizer efficiency is necessary 

because the performance of the ultrasonic transducer may vary during use. However, potential 

particle losses ( )(loss D , Eq. S13, in the Supplement) cannot be quantified. Thus the CETAC has 

to be calibrated with a standard (hereafter referred to as external calibration as in Bisiaux et al., 

2012b). 

Experiments performed on the CETAC at Central Washington University (CWU), WA, USA, 

indicate that the optimal settings for BC analysis of snow and ice samples are 0.75 L min−1 purge 

airflow and 0.5 mL min−1 liquid-sample inflow. The aerosol is heated to 140°C and cooled to 3°C 

to remove the water. The operating temperatures are based on recommendations from the 

manufacturer and are restricted because of the need to fully dry the aerosol before introducing 

it into the SP2. Minor temperature adjustments (140-160°C heating, 1-3°C cooling) did not 

result in significant changes in the BC concentrations (


lowSP2,C , Eq. S32, in the Supplement) 

derived from SP2 measurements. Altering the airflow to higher and lower values resulted in 10–

33% lower BC concentrations compared to normal flow. Similarly, sample inflows of 

0.55 mL min−1 and higher caused steadily decreasing BC concentrations with up to 34% 

reduction. Changing these parameters may lead to inefficient nebulization of BC particles or to 

inefficient transport of BC particles to the SP2. 
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Repeated measurements of the same sample showed a standard deviation within 10% of the 

mean over time periods of days to weeks, though changes in the performance of the transducer 

over longer periods of months to years could lead to larger differences in BC concentration. 

3.2.1.2 Jet nebulizer (Apex Q) 

The Apex Q can be operated in self-aspirating mode, where the flow of the carrier gas (particle-

free compressed air), the diameter and length of the capillary, and the geometry of the nebulizer 

nozzle define the liquid-sample flow. The aqueous sample is aerosolized into a heated (100°C) 

glass cyclonic spray chamber with a jet nebulizer. The aerosol is then cooled (2°C) in a Peltier-

cooled multipass condenser to remove the remaining water vapor before being introduced into 

the SP2 (Elemental Scientific Inc., 2013). 

The Apex Q as applied at the Paul Scherrer Institut (PSI), Switzerland, can be run with liquid-

sample flows between 10 and 700 L min−1, requiring small sample volumes (see Sect. 3.1.2). 

The maximal nebulizer efficiency ( max , Eq. S12, in the Supplement) is unknown for the Apex Q 

because most of the liquid not nebulized is evaporated from the heated spray chamber walls. 

Thus an external calibration is indispensable for quantitative liquid BC mass concentration 

determinations. 

The optimal Apex Q/SP2-setup (Fig. A1b) includes an Apex Q PFA-ST MicroFlow nebulizer (ES-

2040-7000) and a 1.5 m long PFA capillary with an inner diameter of 0.25 mm (ES-2042; both 

Elemental Scientific Inc., Omaha, NE, USA). The optimal purge airflow is 1 L min−1, which for our 

MicroFlow nebulizer (serial no. Apex Q PFA-ST 1322) results in a liquid-sample inflow of 

0.13 mL min−1 to the Apex Q, but may vary with time and nebulizer. Other settings and options, 

e.g., higher air inflow, use of a glass nebulizer and different diameters of tubing, did not result in 

higher BC concentrations and/or shorter measuring time even with higher sample consumption. 

The flow parameters of the Apex Q/SP2-setup are monitored manually and adjusted if 

necessary. 

Repeated measurements of the same sample varied within one standard deviation of 15% of the 

mean, indicating the setup is stable. 

3.2.1.3 Collison-type nebulizer 

In the PSI Collison-type nebulizer, built in-house, a pressurized air stream that expands through 

a critical orifice causes the aqueous sample to be aspirated through a tube. The aqueous sample 

hits the air stream orthogonally and is sheared into droplets that are subsequently dried in a 

diffusion dryer and transported to the SP2 (Fig. A1c). 
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Collison-type systems can be built in-house which makes them inexpensive compared to other 

nebulizers. However, they have a high percentage of drain and thus, if no recirculation of the 

sample is performed, require relatively large sample volumes (>50 mL). Additionally, in the 

current design at PSI there is no control on how much sample is used because the sample is 

moved passively. 

The Collison-type nebulizer built at PSI is run with an air pressure of 2.5 bar. The sample flow 

was not determined. 

3.2.2 Internal Calibration 

The SP2 needs empirical calibration to assign a BC mass to a given SP2 response, hereafter 

referred to as internal calibration. Unfortunately, the sensitivity of the SP2 differs substantially 

between different BC-types (Laborde et al., 2012; Moteki and Kondo, 2010). For atmospheric 

applications the SP2 is calibrated according to its sensitivity to BC that is typically found in 

ambient and diesel engine exhaust particles. This is commonly done with mass-selected 

fullerene soot or Aquadag (AQ) particles, applying appropriate scaling factors as recommended 

in Baumgardner et al. (2012). Two aspects are important for accurate quantification of BC mass 

in liquid samples. First, the SP2 must be calibrated according to its sensitivity to the BC-type 

under investigation. The BC-type contained in the aqueous BC standard may differ from that, 

e.g., in an ice core sample. Thus, it may be necessary to apply different SP2 calibration curves for 

the analysis of the BC standard and the ice core samples, so that the most suitable SP2 

calibration is used for either BC-type. Second, it is important to account for potential non-BC 

matter in the SP2 calibration material in a consistent manner (see next section and Sects. S.4 

and S.5 in the Supplement for details). 

3.2.3 Approaches to determine the BC mass concentration of an aqueous sample 

The nebulizer efficiency must be accounted for when determining the BC mass concentration in 

an aqueous sample via SP2 measurement of the nebulized aerosol. This can be done in two ways: 

(1) by determining the nebulizer efficiency or (2) by relating the measurement of the unknown 

sample to the measurement of an aqueous BC standard with known concentration (external 

calibration). 

3.2.3.1 Using known nebulizer efficiency  

If the overall nebulizer efficiency is known for all BC particle sizes, it is possible to directly infer 

the BC mass concentration in a liquid sample from the BC mass size distribution measured by 

the SP2 for the nebulized sample by using Eq. (S27) (in the Supplement). The only errors 

introduced with this approach arise from a potential SP2 calibration bias and missing BC mass 
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from particles with a BC mass outside the detection range of the SP2 (Eq. S28, in the 

Supplement). However, this approach has to our knowledge not been used so far as the 

nebulizer efficiency is typically not exactly known. 

The overall nebulizer efficiency depends on the fraction of nebulized sample, the liquid and air 

flow rates as well as the BC particle losses in the system. An upper limit for the nebulizer 

efficiency max  can be calculated from the relevant flow rates (Eq. S12, in the Supplement), with 

the assumption that no BC particle losses occur. A lower limit for the BC mass concentration in 

the aqueous sample 


lowSP2,C is then obtained with the following (Eq. S32, in the Supplement): 

SP2
max

lowSP2,
1

cC


  , (1) 

where SP2c  is the BC mass concentration of the nebulized sample measured by the SP2. This 

approach has previously been applied by Kaspari et al. (2011). Based on analysis of aqueous BC 

standards, 


lowSP2,C determined using the CETAC/SP2-setup at CWU underestimates BC 

concentration by at least 50% (see also Sect. S.3.2 in the Supplement). Using this method 

without external calibration is not advised. 

3.2.3.2 Using external calibration 

Commonly (Bisiaux et al., 2012a, b; Sterle et al., 2013), the nebulizer efficiency is implicitly 

accounted for by relating the SP2 measurement of a nebulized sample to that of an aqueous BC 

standard of known concentration. Two slightly different approaches can be chosen. 

Approach 1 

The nebulizer efficiency is assumed to remain stable between measurement of the sample and 

the standard. With this approach, the BC mass concentration in the aqueous sample under 

investigation 
S1
SP2C  is calculated as follows (Eq. S35, in the Supplement): 

*
SP2

*
liq

SP2
S1
SP2 :

c

C
cC  , (2) 

where SP2c  and 
*
SP2c  are the BC mass concentrations measured by the SP2 for the aerosols from 

the nebulized aqueous sample and aqueous standard, respectively, and 
*
liqC  is the BC mass 

concentration of the aqueous standard. 



3.2 Experimental 

 55 

This approach can be applied for any nebulizer with a stable efficiency, e.g., the Apex Q and the 

Collison-type. The inferred, 
S1
SP2C , and true, liqC , BC mass concentrations of the aqueous sample 

relate to each other as follows (Eq. S42 in the Supplement): 

1S*
bias

bias
liq

S1
SP2 k

f

f
CC  . (3) 

The result is biased if the sensitivity of the SP2 to the BC-types in the sample and/or standard is 

unknown; thus, the respective SP2 calibration bias factors biasf  and/or 
*

biasf  will be different 

from unity (see Eq. S16 in the Supplement for definition of biasf ). This restricts the choice of 

internal calibration standards to BC-types for which the SP2 sensitivity is known (⇒
*

biasf = 1). 

The factor biasf  only becomes unity if the sensitivity of the SP2 to the BC-type in the sample is 

known, therefore potentially leaving some uncertainty. Note that it does not matter whether the 

SP2’s sensitivity is equal or different for the standard and sample nor does it have any influence 

on the resulting uncertainty of the method if appropriate calibration curves are chosen for the 

analysis of both measurements. The reason for this is that, in this approach, the measurement of 

the standard is solely used to quantify the efficiency of the nebulizer, while it is not used to 

quantify the sensitivity of the SP2. 

The factor 1Sk  in Eq. (3) is given in Eq. (S43) (in the Supplement). It shows that additional errors 

can potentially be introduced due to the following two reasons: (1) if a substantial portion of the 

BC mass size distribution of the sample and/or the standard falls outside the detection range of 

the SP2 or (2) if the nebulizer efficiency depends on the size of the BC particles. The bias 

introduced by the latter only disappears if the nebulizer efficiency is independent of size or if 

the BC size distributions of the sample and standard have equal shape. The stronger the size-

dependence of the nebulizer efficiency and the more different the size distribution shapes, the 

larger the bias introduced by the second reason (see Sect. S.2 in the Supplement for details). 

This approach is applied to the Apex Q/SP2- and the Collison-type/SP2-setups at PSI. 

Approach 2 

Drifts of the liquid sample and/or air flow rates between the measurement of the standard and 

the sample will result in a drift of the nebulizer efficiency. If these flows are monitored, this can 

be accounted for by using the following equation to infer the BC mass concentration 
S2
SP2C  of the 

liquid sample (Eq. S37, in the Supplement): 
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,*
lowSP2,

*
liq

lowSP2,
S2
SP2 :





C

C
CC  , (4) 

where 


lowSP2,C  and 
,*

lowSP2,
C  are the lower limit of the BC mass concentration in the aqueous 

sample and standard, respectively, as inferred using Eq. (1). 

This approach is applied for the CETAC/SP2-setups at CWU and PSI. 

The approaches 1 and 2 are identical if the flow rates do not drift, and the caveats made for 

approach 1 regarding biases introduced by using an external calibration also apply to 

approach 2 (see also Eqs. S44 and S45 in the Supplement). The external calibration factor 
*
liqC /

,*
lowSP2,

C  for approach 2 (or 
*
liqC /

*
SP2c  SP2 for approach 1) can be determined with a single 

measurement of a suitable standard. We determined this ratio from a series of measurements of 

different standards with concentrations in the range of 
*
liqC  = 0.5 to ~14 g L−1 (for details on 

the preparation, see Sect. 2.4.1). The results are given in Table 3.1, where the values correspond 

to the slope of the linear regression through the correlation of 
*
liqC  with 

,*
lowSP2,

C  for each 

standard, using the internal SP2 calibration as indicated in the column header. 

Table 3.1 External calibration factor (
*
liqC /

,*
lowSP2,

C ) for the CETAC determined by using various BC-like 

materials. n.a. stands for not applicable. 

BC-like  

Material 

Linear fit of 

*
liqC /

,*
lowSP2,

C   

(mean ± 1internal  

calibration with AQ 

Linear fit of 

*
liqC /

,*
lowSP2,

C   

(mean ± 1internal  

calibration with fullerene soot

AQ 3.4 ± 0.7 n.a. 

Aquablack 5.0 ± 2.4 3.0 ± 1.3 

Cabojet 3.9 ± 0.6 2.2 ± 0.3 

Flame soot 4.5 ± 0.5 2.3 ± 0.3 

Fullerene soot  n.a. 2.0 ± 0.3 
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3.2.4 Standard preparation 

3.2.4.1 BC standards  

In order to determine uncertainties associated with using the external calibration approach and 

to identify the suitable materials as standard for external calibration we prepared standards 

with 
*
liqC  ranging from 0.5 to 14 g L−1 using different BC-like materials (AQ, Aquablack 162, 

Cabojet 200, flame soot and fullerene soot), similar to the procedure described below for AQ. 

The actual BC content of each material was considered in the calculation of the concentration: 

~71% for AQ, 74% for Aquablack, 88% for Cabojet and 100% for fullerene (Gysel et al., 2011; S. 

Ohata, personal communication, 2013) and flame soot (T. Kirchstetter, personal communication, 

2012) (Table B1). 

AQ is an industrial lubricant consisting of a colloidal suspension of aggregates of graphitic 

carbon in water with 70.5%±1.0% (1σ) BC content of the dry mass (76% in Gysel et al., 2011). 

The dry mass needs to be determined for each batch because the moisture content may vary 

between batches and AQ can dry over time. 

We prepared a stock with a BC mass concentration of 2500 g L−1 in a 1 L glass volumetric flask. 

The standards were diluted by mass from this stock immediately prior to analysis. After 

sonicating the 2500 g L−1 stock for 20 min, we prepared a 100 g L−1 stock in a 50 mL 

polypropylene (PP) vial. Then we created standards of 0.5–14 g L−1 BC in individual 50 mL PP 

vials (≥ 5 g L−1 standard diluted from the 2500 g L−1 stock; ≤ 2 g L−1 standard diluted from 

the100 g L−1 stock). 

3.2.4.2 Polystyrene latex sphere (PSL) standards 

In order to investigate the size-dependence of the nebulizer efficiency (Sect. 3.1), we prepared 

standards of polystyrene latex spheres (PSL). We used PSLs with diameters of 100, 150, 269, 

350, 450, 600, 800 and 1000 nm (Duke Scientific Corp., CA, USA) at PSI and diameters of 220, 

356, 505, 771 and 1025 nm (Polyscience Inc., Warrington, PA, USA) at CWU. For a known PSL 

number concentration in water, we used the solid weight percentage determined by drying (on 

average 1.2% ± 0.2% for the Duke PSLs) and provided by the manufacturer (7% for the 

Polyscience PSLs; Schwarz et al., 2012) and calculated the number concentrations according to 

Eq. (1) in Schwarz et al. (2012). These ranged from 2.65×106 to 2.48×109 particles cm−3 for the 

Duke PSL standards, which were diluted further (at least 1:5) for analysis with the CETAC and 

Apex Q/SP2-setups. The Polyscience PSLs ranged from 1.5×105 to 7.9×105 particles cm−3. 
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3.2.4.3 Snow and ice samples 

We used several snow and ice samples to monitor the stability of the setup and to test the 

optimal method on real samples. The so-called internal snow standards were prepared from 

fresh snow from Blewett Pass, WA, USA, and from Ewigschneefeld, Switzerland. A large amount 

of fresh snow was melted and kept in a glass bottle in the refrigerator (~5°C). The ice core 

samples used for testing the optimal method include two core segments from an ice core from 

Tsambagarav Glacier, Mongolian Altai, drilled at 4130 m a.s.l. in 2009, and two core segments 

from Lomonosovfonna, Svalbard, Norway, drilled at 1202 m a.s.l. in 2009. Those two ice cores 

are thought to represent the extremes in terms of mineral dust content with the Mongolian core 

being highly influenced by dust from the nearby deserts and the Svalbard core being remote 

from any large dust source. The dust content was estimated based on the average calcium 

concentration in the core segments. 

3.3 Results and discussion 

First, we compare the three different nebulizers tested regarding their nebulizer efficiency, 

which was previously indicated to be size-dependent (Ohata et al., 2013; Schwarz et al., 2012), 

followed by the differences in sample consumption. Second, we discuss the choice of a standard 

material for the external calibration. Third, we quantify the repeatability of the external 

calibration. Finally, we focus on (1) sample treatment, (2) sample storage and (3) recovery of BC 

in stored samples. 

3.3.1 Nebulizer comparison 

3.3.1.1 Size-dependence of the nebulizer efficiency  

The nebulizer efficiencies for different particle sizes were determined by measuring the PSL 

standards of known number concentration described in Sect. 2.4.2 with the three 

nebulizer/SP2-setups (Eq. S5 in the Supplement). We extend previous studies (Ohata et al., 

2013; Schwarz et al., 2012) by introducing a jet nebulizer and analyzing BC standards. At PSI all 

three nebulizer-types were tested, whereas only a CETAC was tested at CWU. 

As illustrated in Fig. 3.1a the CETAC has a decreased efficiency not only in the large (>500 nm) 

(Schwarz et al., 2012) but also in the small size range (<200–250 nm), similar to findings by 

Ohata et al. (2013). The Collison-type nebulizer shows a decreased efficiency in the large size 

range, whereas the Apex Q gives a size-independent efficiency for the tested size range from 100 

to 1000 nm within the variability of the whole setup (15%). 
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Figure 3.1 Comparison of the nebulizer efficiencies for the three different setups (CETAC, Apex Q and 

Collison-type nebulizer) for particle diameters from 100 to ~1000 nm. (a) Nebulizer efficiency for PSL 

standards of known number concentration; curves normalized to their maximum. (b) BC mass size 

distribution of polydisperse Aquadag as measured in the three setups; curves normalized to their 

maximum. a.u. stands for arbitrary units. 

We further tested the three nebulizers in terms of behavior towards a commercially available 

BC standard, namely AQ. The BC mass size distribution of polydisperse AQ, normalized to the 

maximum, as measured with the three setups (Fig. 3.1b), shows that the Collison-type nebulizer 

skews the BC mass concentration towards smaller sizes, compared to the Apex Q with a size-

independent efficiency, and the CETAC reduces the tails of the size distribution at either end. 

This indicates that the size-dependence of the nebulizer efficiencies determined for PSLs 

(Fig. 3.1a) also applies to AQ particles, at least qualitatively. Relating the shape of the AQ size 

distribution measured by the Collison-type nebulizer to that measured by the Apex Q allows 
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estimating the nebulizer efficiency of the Collison-type nebulizer for AQ as a function of BC mass 

equivalent diameter (Eq. S67 in the Supplement) and mobility diameter (Eq. S72 in the 

Supplement), making use of the weak size-dependence of the Apex Q nebulizer efficiency, which 

justifies the respective assumptions made in Eqs. (S66) and (S71) in the Supplement. 

Figure 3.2a shows that the efficiency of the Collison-type nebulizer for BC is equal to that for 

PSLs within the repeatability of this approach, whereas the relevant particle diameter that 

determines the losses for the BC particles is likely somewhere between the mass equivalent and 

the mobility diameter. Based on this finding it would be justified to use the nebulizer efficiency 

inferred from PSL measurements to quantify the BC mass concentration of an unknown sample 

by using the approach of Sect. 2.3.1. 

The efficiency of the PSI-CETAC for BC was determined in the same manner. Figure 3.2b reveals 

that the nebulizer efficiency has the same shape and magnitude for BC and PSLs. However, there 

is a substantial and size-dependent shift in diameter both when using the mass equivalent or 

the mobility diameter for BC particles. This makes it difficult to impossible to accurately infer 

the efficiency for BC from that for PSLs. Thus, applying Eq. (S27) (in the Supplement) to quantify 

the BC mass concentration of an unknown sample would be associated with considerable 

uncertainty when using a nebulizer with a very strongly size-dependent efficiency such as the 

CETAC. 
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Figure 3.2 Overall nebulizer efficiency of (a) the Collison-type nebulizer and (b) the PSI-CETAC nebulizer 

for PSLs and polydisperse Aquadag (AQ) relative to that of the Apex Q on two different days. DPSL 

represents PSL diameter; DBC stands for BC mass equivalent diameter; Dmob is mobility diameter. 

3.3.1.2 Sample consumption  

Sample consumption is crucial, especially when working with ice cores of limited volume. The 

Collison-type nebulizer at PSI requires sample volumes >50 mL, whereas both the CETAC and 

Apex Q need relatively small sample volumes. In the case of our AQ standards this was <3 mL, 

which can be used as a guide value, although it may vary depending on whether the particle size 

distribution of the sample differs strongly from that of AQ. 
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Generally, the amount of sample volume required is determined by the recommendation to 

record ~10 000 BC-containing particles (Schwarz et al., 2012) to ensure statistical precision of 

the measurement. We can only support this recommendation although it may take more than an 

hour to record 10 000 particles with the Apex Q. If this is not feasible with one sample in terms 

of available sample volume and measuring time, it is possible to combine adjacent samples at 

the expense of temporal resolution. 

The comparison of the three nebulizers suggests the Apex Q to have the most size-independent 

nebulizing efficiency, making it the most suitable nebulizer for BC analysis of snow and ice 

samples using a nebulizer/SP2-setup. However, the nebulizing efficiency of the Apex Q has to be 

assumed to be constant, whereas with the CETAC it can be continuously monitored. 

Later on in the paper, we exclude the Collison-type nebulizer from the discussion because its 

high sample consumption makes it unsuitable for the analysis of snow and ice samples. 

3.3.2 Uncertainty of external calibration approach and choice of BC standard 

material 

The standards of different BC-like materials (AQ, Aquablack 162, Cabojet 200, flame soot and 

fullerene soot; see Sect. 2.4.1 for preparation procedure) were analyzed with the CETAC/SP2-

setup at CWU to determine the external calibration factor 
*
liqC /

,*
lowSP2,

C  for the second approach 

of external calibration (Sect. 2.3, Eq. 4), which accounts for flow rate drifts. 

The sensitivity of the SP2 to the BC-type in Aquablack, Cabojet and flame soot is not known; 

therefore, cSP2 was determined with both AQ and fullerene soot internal calibration data (Sects. 

2.2 and S.5 in the Supplement). Thus two columns with different 
*
liqC /

,*
lowSP2,

C  are given in 

Table 3.1. In the cases of AQ and fullerene soot only the AQ and fullerene soot internal 

calibration, respectively, were applied. The BC content of AQ (71% BC) was accounted for in the 

AQ internal calibration applied to obtain the values in the first data column of Table 3.1. The BC 

content was also accounted for in the calculation of 
*
liqC  for the AQ standards in order to treat it 

consistently (see Sect. S.4 in the Supplement). Fullerene soot standards were analyzed 1 year 

after the AQ, Aquablack, Cabojet and flame soot standards. AQ standards analyzed at the same 

time as fullerene soot indicated a shift with time in the losses ( )(loss D , Eq. S9 in the 

Supplement) occurring in the CETAC nebulizer. The 
*
liqC /

,*
lowSP2,

C  reported for fullerene soot in 

Table 3.1 is adjusted based on the shift of 
*
liqC /

,*
lowSP2,

C  of AQ analyzed during both experiments. 
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Figure 3.3 Average mass size distributions of various BC materials measured with the CETAC/SP2-setup 

at CWU – Aquadag, Cabojet 200, Aquablack 162, flame soot, fullerene soot and BC in snow (Blewett Pass, 

WA, USA). Large particles were allowed to settle out of the fullerene soot sample prior to measurement 

according to Schwarz et al. (2012). The curve from Schwarz et al. (2012) is added to illustrate the 

variability of the BC mass size distribution in snow. The lower limit of the horizontal axis is set at 80 nm 

because this is the lower limit of reliable internal calibration and detection efficiency of the SP2. 

The values reported in Table 3.1 reveal that the external calibration factor of the CETAC 

determined with different standards spans a range of more than a factor of two. Consequently, 

the BC mass concentrations determined for an unknown aqueous BC sample by using the 

nebulizer/SP2-setup and the external calibration approach are potentially associated with large 

uncertainties. The reasons for this spread arise, e.g., from SP2 calibration uncertainties, 

detection range limitations of the SP2 and the size-dependence of nebulizer losses (quantified 

by 
*

biasS2 / fk  in Eq. (S44) (in the Supplement), which is essentially equal to Eq. 3). Uncertainties 

in standard preparation, i.e., in 
*
liqC , also contribute though the exact share remains unknown 

without a method to independently determine the true 
*
liqC . 

The sensitivity of the SP2 to the BC-type in Aquablack, Cabojet and flame soot is unknown, 

introducing a difference of a factor of ~1.8 between possible external calibration values, 
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assuming that the extremes of SP2 sensitivity are represented by fullerene soot and that AQ 

accounted for the non- BC fraction. Therefore, Aquablack, Cabojet and flame soot are not 

recommended as calibration standard. 

Even if the SP2 sensitivity was known, Aquablack and Cabojet would remain unsuitable for 

external calibration as ~50% or more of the BC mass is associated with BC core sizes below the 

lower detection limit of the SP2 (Fig. 3.3). This results in underestimation of 
,*

lowSP2,
C , 

overestimation of the external calibration factor and thus also the BC concentration that would 

be inferred for an unknown sample by using Eq. (4). 

For both AQ and fullerene soot the SP2 sensitivity is known and the dominant fraction of their 

mass size distributions lies between the upper and lower detection limit of the SP2 in terms of 

BC core size. Despite this, the external calibration factor determined for the CETAC is ~70% 

smaller for the fullerene soot compared to the AQ standard. This difference is mainly caused by 

the strong size-dependence of the CETAC nebulizer efficiency with a sharp drop above ~500 nm. 

AQ has a larger contribution of bigger BC particles compared to fullerene soot (Fig. 3.3) and thus 

the external calibration factor shown in Table 3.1, which is essentially an inverted average of 

the nebulizer losses )( BC
*
loss D  integrated over all diameters with the shape of the BC mass size 

distribution of the standard as a weighting function (see Eq. S74 in the Supplement), becomes 

larger for AQ. This influence of the shape of the BC mass size distribution of the standard 

disappears for a nebulizer with a size-independent efficiency, such as the Apex Q, thereby 

strongly reducing the uncertainties associated with the external calibration approach. If a 

nebulizer with a strongly size-dependent efficiency, such as the CETAC, is used, it is important 

to choose a standard which best matches the shape of the BC mass size distribution of the 

sample, in order to minimize the uncertainties associated with size effects. This can sometimes 

be AQ and sometimes fullerene soot (Fig. 3.3). One advantage of AQ is that it does not exhibit 

any batch-to-batch variability of the corresponding internal SP2 calibration curves like fullerene 

soot does (Gysel et al., 2011; Laborde et al., 2012).  

We chose AQ to prepare the aqueous BC standards because (1) its mass equivalent diameter 

distribution falls almost entirely into the detection range of the SP2 (~70–700 nm), (2) besides 

fullerene soot, AQ is the only standard which extends to BC diameters above ~200 nm as is 

expected in snow and ice samples (Fig. 3.3) and (3) it is easy to weigh, suspend and dilute. 

3.3.3 Repeatability of external calibration  

The external calibration of the nebulizer efficiency is crucial when quantifying the BC mass 

concentration in a liquid sample by measurement of BC in the nebulized aerosol. We 
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determined the repeatability of the external calibration by analyzing freshly prepared AQ 

standards from two different concentrated 2500 g L−1 stocks over a period of 2 months, using 

both the CETAC/SP2- and Apex Q/SP2-setups. The reproducibility was within ~19 %. This 

includes the uncertainty in concentrations of the stock and the diluted standards and the 

uncertainty of the whole nebulizer/SP2-setup. These tests also revealed that the 2500 g L−1 

stocks remained stable over the whole 2 months, whereas the 100 g L−1 stocks experienced 

significant BC losses within as little as 1 day. This demonstrates the need to prepare lower 

concentration stocks and standards immediately prior to analysis. 

Importantly, the SP2 response to AQ scaled linearly with concentration for both systems. The 

external calibration factor 
*
liqC /

,*
lowSP2,

C  for approach 2, applied with the CETAC, was 

determined from the slope of the regression line through 
*
liqC  vs. 

,*
lowSP2,

C  each time a dilution 

series was measured (and likewise 
*
liqC /

*
SP2c  for approach 1 with the Apex Q). These “averaged” 

external calibration factors of each dilution series varied in the 2 months by ~22% for the 

CETAC and by ~8% for the Apex Q. Additionally, environmental snow samples from Blewett 

Pass, WA, USA, and Ewigschneefeld, Switzerland, were used to track the stability of the 

CETAC/SP2-setup at CWU to identify whether day-to-day variations in the AQ external 

calibration factors were due to changes in nebulizer efficiency and/or SP2 response or errors in 

gravimetric AQ standard preparation. It is not known why the variability of AQ calibration curve 

slopes is higher for the CETAC than the Apex Q, but the liquid BC mass concentration of the 

environmental snow samples varied less than the AQ standards (<9%, 2.56 ± 0.21 g L−1 for 

Blewett snow and 1.03±0.09 g L−1 for Ewigschneefeld snow), indicating that some portion of 

the 22% calibration variability may be due to errors in AQ standard production rather than 

variability in the CETAC/SP2-setup. SP2 users are therefore advised to use a combination of AQ 

and environmental snow standards and perform a calibration at least once per week. For the 

Apex Q/SP2-setup a weekly calibration with AQ seems sufficient. 

Blank values for the CETAC/SP2-setup are 0.01±0.0 g L−1 for ultrapure water and 

0.03±0.01 g L−1 for ultrapure ice, prepared with the same cutting process as the ice core 

samples. The corresponding blanks for the Apex Q/SP2-setup are 0.07±0.07 g L−1 and 

0.10±0.01 g L−1 for ultrapure ice. 

The calibration factors discussed in this section are unique to each nebulizer/SP2-setup and 

may shift over time due to changes in the nebulizer efficiency. As such, the relationship between 

CSP2,low


 or SP2c  and 
*
liqC  must be monitored regularly. For nebulizers with a strongly size-
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dependent efficiency such as the CETAC, it may be necessary to choose between different 

standard materials to match the BC size distribution of the samples under investigation as well 

as possible (see Sect. 3.2). 

3.3.4 Sample treatment 

3.3.4.1 Treatment of fresh samples 

In order to optimize the BC analysis with the SP2 several methods of sample treatment were 

tested, keeping all other parameters, e.g., liquid and air flows as well as pressure, stable. The 

results shown are applicable to freshly melted or prepared discrete samples and may not be 

relevant for continuous flow systems. The gains or losses in signal reported below are always 

relative to the signal without treatment. 

First, we tested different vial materials including glass, PFA, PP, Nalgene® -PP and high-density 

polyethylene (PEHD). Dilution series of the AQ standard were created in each type of material 

using the same material from the high-concentration stock to the lowest AQ standard 

(0.5 g L−1). Each stock was sonicated for 20 min before dilution. The diluted AQ standards were 

then sonicated again for 25 min directly prior to analysis. Both standard creation and analysis 

was done within 1 day. The different vial materials resulted in <10% variability. The CETAC did 

not nebulize liquids that had been sonicated in PFA vials. So far, we do not understand this 

effect. Maybe a change of surface tension of the sample in the PFA vial hinders the sample from 

being nebulized with the ultrasonic membrane. 

Second, we investigated the effect of stirring AQ standards as well as snow and ice core samples 

during the measurement with a magnetic stir bar. Stirring is assumed to result in more 

representative sampling because it hampers settling. The ice core samples originate from 

Svalbard and Mongolia, and each location provided a sample with a high (92.9 and 425.9 g L−1) 

and a low (24.5 and 157 g L−1) calcium concentration, representing two extremes of mineral 

dust content. Nevertheless, the dust was not visible by eye in any sample. The results of 

agitating the samples were inconclusive, although previous results recommended the use of a 

stir bar, especially for samples with high dust loads (Kaspari et al., 2011). The effect of stirring 

might vary in the case of samples with even higher dust content. 

Third, we tested the same samples for the effect of sonication prior to analysis by varying the 

sonication time from 0 to 50 min. Sonication can break down agglomerates which might cause 

interferences in the SP2. The results showed that 25 min sonication increases the BC mass 

concentration insignificantly (~5% ± 22%) and that sonication for different amounts of time 

gave inconclusive results. 
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Fourth, we examined the effect of a combination of stirring and sonication with the same 

samples as above. A ~15% ± 21% increase in the measured BC mass concentration indicates the 

optimal treatment to be the combination of sonication for 25 min and stirring. 

Fifth, we investigated the effect of acidification of the samples to 0.5 M with 65% suprapur nitric 

acid (HNO3) as proposed by Kaspari et al. (2011). This effect may depend on the sample 

composition, as indicated by varying results with AQ standards and snow and ice samples. Since 

precise sample composition is not known for snow or ice samples and acidification causes 

~22% ± 14% lower measured BC mass concentrations, we do not advise acidification. 

These results indicate that the vial material used for fresh samples may be chosen based on 

practicability. We use PP vials that are (1) easy to handle in the cold room, (2) large enough to 

hold the obtained ice samples, (3) lighter and safer in the field than glass and (4) low-cost, 

which is important especially if sampling at high resolution. Since all tests beside that of the 

sonication for different time periods include 25 min sonication (Kaspari et al. (2011) suggested 

15 min), we recommend sonicating the samples for 25 min plus stirring of the samples with a 

magnetic stir bar during sample analysis. 

3.3.4.2 Sample storage 

Repeated measurements of previously melted snow samples indicate that the BC concentration 

of samples stored in the liquid phase are not stable over time. We assessed the stability of liquid 

samples and determined the most stable conditions for their storage prior to SP2 analysis. In 

some cases it might be desirable to measure the BC concentration of aqueous samples that have 

been previously melted, e.g., archived samples or samples from remote locations that melted 

during retrieval. Furthermore, it is preferable to store BC standards created in the liquid phase 

for repeat use if they remain stable. 

Liquid suspensions of the BC-like materials AQ, Aquablack, Cabojet and flame soot as well as 

environmental snow samples were stored in PP and glass vials at 25 and 2°C. The liquid BC 

mass concentration of the samples was measured immediately after standard creation or 

melting of the snow, using the CETAC/SP2-setup. The concentrations were monitored for 

18 days. Samples stored in glass vials at 2°C showed no significant losses, whereas samples 

stored in PP vials at 25°C showed the highest losses of 30–80 %. Samples stored in glass vials at 

25°C and PP vials at 2°C experienced variable BC losses (0–20 %). These results were consistent 

for all BC reference materials as well as the snow samples (see Appendix C for data and details). 

We assume that BC losses in aqueous samples are due to particles adhering to vial walls or 

agglomerating to larger sizes outside of the SP2 detection range. 
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Melted ice core samples are often refrozen for preservation after the first measurement. 

Aqueous samples of snow were refrozen to see if this procedure affects BC stability during 

storage. Refreezing and thawing snow samples after the first melt resulted in BC losses of up to 

60%. A second freeze–thaw cycle resulted in further losses of the same magnitude. Losses from 

refreezing may be due to the agglomeration of BC particles to larger sizes not entering the 

system or not being detected by the SP2 when the particles are rejected by the matrix of ice 

crystals (Schwarz et al., 2013). However, like Schwarz et al. (2012), we did not observe 

significant shifts in the mass size distribution of samples that underwent freeze–thaw cycles. 

We also tested whether acidification affected sample stability during storage. We acidified snow 

samples and samples of AQ of ~4, ~10 and ~24 g L−1 BC to 0.5 M using 65% suprapur HNO3 

immediately after melting (snow) or preparing (AQ) the samples. The BC concentration of each 

sample was measured directly after acidification and during the following 13 days. We found 

that acidification did not halt or slow BC losses when those samples were stored in the liquid 

phase. Additionally, acidification caused immediate losses of up to ~35% in all of our AQ 

samples. 

Overall, we advise keeping snow and ice samples frozen until prior to BC analysis with the SP2. 

If this cannot be fulfilled, samples should be stored in glass vials at cold temperature (~2°C), 

though monitoring samples for longer than 18 days (multiple months) suggests that losses 

might still occur under these conditions (results not shown). Thus measurements of samples 

stored in the liquid phase may underestimate the actual BC mass concentration. Samples should 

further not be refrozen or acidified since these procedures lead to BC losses. 

3.3.4.3 Recovery of BC in stored samples 

We tested whether the BC mass concentration of samples could be recovered after undergoing 

losses in storage. Samples that had experienced BC losses during storage were treated with (1) 

acid (HNO3) and (2) a dispersing agent (sodium pyrophosphate decahydrate). Kaspari et al. 

(2011) suggested acidifying samples in order to recover BC lost during refreezing, but our 

results do not support acidification. Sixteen samples were acidified to 0.5 M with 65% suprapur 

HNO3, of which six responded with between 10 and 100% recovery of the lost BC, and ten 

samples showed no recovery or further losses of 10–40%. We observed that all samples for 

which acidification caused some BC recovery were stored in PP vials, whereas samples stored in 

glass vials showed no recovery or even further losses. Since vial-type seems to affect the amount 

of BC that could be recovered after acidification, we suspect that the addition of HNO3 helped to 

desorb BC from the walls of the PP vials. Schwarz et al. (2012) noted a shift towards smaller 

particle sizes after acidification and surmised that acid helped to break up agglomerated 
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particles. We did not observe any significant shift in the particle size distributions of samples 

after acidification. No distinct difference in BC recovery after acidification was evident based on 

different sample composition (AQ versus snow samples). 

As in the case of fresh samples, we do not recommend acidification of stored samples or 

standards prior to BC analysis due to the variable effects of acidification on BC concentration 

seen in this study and the shift in particle size distribution observed by others (Schwarz et al., 

2012). Similar to acid, treatment with the dispersing agent yielded varying results with BC 

recovery in some samples and further BC losses in others. Thus we do not recommend the use 

of a dispersing agent to treat fresh or stored samples. 

3.4 Summary 

We compared three different nebulizer/SP2-setups to optimize the method for measuring BC in 

discrete aqueous, namely snow and ice, samples using an SP2. Both the jet (Apex Q) and 

ultrasonic (CETAC) nebulizer were found to be suitable for ice core analysis because they 

require small sample volumes of a few milliliters, whereas the Collison-type requires more than 

50mL sample. The nebulizing efficiency in the BC particle diameter range expected in snow and 

ice samples (100–1000 nm) is least size-dependent for the Apex Q. However, the air and liquid 

flows can only be monitored continuously with the CETAC. For all nebulizer-types we 

recommend an external calibration with BC standards for the determination of the BC mass 

concentration in unknown aqueous samples. The choice of the BC-like standard material is 

crucial since it was found to potentially introduce large uncertainties into the determination of 

the BC mass concentrations of an unknown aqueous BC sample. Aquablack, Cabojet and flame 

soot are not recommended as external calibration standards because the sensitivity of the SP2 

to their BC-type is not known, thus introducing a difference of a factor of ~1.8 between possible 

external calibration values. Furthermore, ~50% or more of the BC mass in Aquablack and 

Cabojet is associated with BC core sizes below the lower detection limit of the SP2 which results 

in an overestimation of the BC concentration in the analyzed sample. The SP2 sensitivity to AQ 

and fullerene soot is known and their main mass is within the detection limits of the SP2. This 

implies that for a nebulizer with a size-independent efficiency such as the Apex Q either AQ or 

fullerene soot can be used for external calibration. If a nebulizer with a strongly size-dependent 

efficiency such as the CETAC is used, it is in some cases better to use AQ and in others better to 

use fullerene soot, depending on which standard best matches the shape of the BC mass size 

distribution of the sample. We chose AQ to prepare the aqueous BC standards because (1) it 

does not exhibit any batch-to-batch variability of the corresponding internal SP2 calibration 
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curves like fullerene soot does (Gysel et al., 2011; Laborde et al., 2012) and (2) it is easy to 

weigh, suspend and dilute. 

We further investigated different treatments for fresh discrete snow and ice samples, the effect 

of sample storage and the best method to recover BC in stored samples. The samples can be 

kept in PP vials, which are easy to handle and are low-cost. Prior to analysis the samples should 

be sonicated for 25 min and then immediately be analyzed while being stirred with a magnetic 

stir bar. Acidification is not recommended. The samples should best stay frozen until just prior 

to analysis. If this cannot be fulfilled, the samples are best kept in glass vials at a cold 

temperature (~2°C), although this might lead to BC losses. Refreezing or acidifying samples that 

need to be stored should be avoided. Further, the recovery of BC in stored samples cannot be 

improved by the use of acid or a dispersing agent. 
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Appendix A: Instrumental setup 

Figure A1 displays the instrumental setup of the three different nebulizer/SP2-systems. 

 

Figure A1. Instrumental setup for black carbon analysis of aqueous samples with the SP2: (A) ultrasonic (CETAC), (B) 

jet (Apex Q) and (C) Collison-type (PSI, built in-house) setup. Comp. air stands for compressed air. 

 

  



3 Optimized method for BC analysis 

72 

Appendix B: BC standards  

In Table B1 the various BC materials are given with their properties. 
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Appendix C: Sample storage 

Here we present in greater detail the results of the storage experiments discussed in the main 

text. Note that these storage tests were conducted with the CETAC/SP2-setup, so were subject 

to the nebulizer efficiency issues described in Sect. 3.1.1. 

 

Figure C1 BC concentrations in (a) environmental snow, (b) AQ ~15 g L−1, (c) AQ ~10 g L−1 and (d) 

AQ ~3 g L−1 samples tracked for 18 days in various storage conditions. The bars express the BC 

concentration on a given day as a percentage of the original BC concentration (before any losses due to 

storage; not shown). Each bar represents one sample. Black dotted lines indicate the repeatability of the 

SP2, assuming no sample changes. 

Samples were stored in polypropylene (PP) and glass vials at 25 and 2°C and monitored over 

time. Teflon vials were not used in the experiment because samples stored in Teflon vials did 

not nebulize properly after sonication. Sample stability for AQ and environmental snow samples 

over an 18-day period suggests that storing samples at 25°C in PP vials results in substantial BC 

losses compared to storage in glass vials or storage at a cold temperature (Fig. C1). Samples 

stored in glass vials at cold temperatures remained near stable for 18 days. 

In addition, these experiments indicate that the magnitude of BC losses in storage may be 

related to sample concentration. After 18 days, AQ samples stored in PP vials at 25°C showed 80, 
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65 and 40% losses for low-concentration (~2 g L−1), medium-concentration (~8 g L−1) and 

high-concentration (~14 g L−1) samples, respectively (Fig. C1). This result would imply that the 

magnitude of losses is higher for low-concentration samples compared to high-concentration 

samples, but we caution that the total BC mass lost in the low-concentration samples (~1 g L−1 

equivalent) is less than the mass of BC lost in the medium- and high-concentration samples 

(~3 g L−1 equivalent). It seems that while BC losses may be proportionally higher for low-

concentration samples, total BC mass lost in storage is greater in samples that are more 

concentrated. This would imply that relative differences between samples may appear smaller 

than they actually are if the samples have undergone BC losses in storage. 
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Supplementary Material 

Equations and details for the calculations 

Acronyms: 

LDL: Lower detection limit 

PSL: Polystyrene size standards 

UDL: Upper detection limit 

Table S3-1 Symbols. 

Symbol Description Unit 

D  General symbol for particle diameter. Suffixes are used to 

specify the particular diameter type where needed (e.g. BC 

mass equivalent diameter, PSL diameter or mobility 

diameter) 

µm 

BCD  BC mass equivalent diameter µm 

minBC,D ,
*

minBC,D  Minimal mass equivalent diameter of the BC cores in an 

aqueous sample (*standard) 

µm 

maxBC,D ,
*

maxBC,D  Maximal mass equivalent diameter of the BC cores in an 

aqueous sample (*standard) 

µm 

LDLBC,D  Lower cut-off diameter of the SP2 measurement in terms 

of BC core mass equivalent diameter (
*

LDLBC,D  is assumed 

to be equal to LDLBC,D ) 

µm 

UDLBC,D  Upper cut-off diameter of the SP2 measurement in terms 

of BC core mass equivalent diameter (
*

UDLBC,D  is assumed 

to be equal to UDLBC,D ) 

µm 

refBC,D  Reference BC mass equivalent diameter for calculating the 

reference nebulizer efficiency, refBC, , for BC 

µm 

PSLD  (Nominal) PSL diameter µm 

ref PSL,D  Reference PSL diameter for calculating the reference 

nebulizer efficiency, refPSL, , for PSLs 

µm 
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mobD  Mobility diameter of a BC core µm 

biasf ,
*

biasf  SP2 calibration bias for the BC type of an aqueous sample 

(*standard) expressed as a factor. 

- 

mob2mevg  Diameter conversion function that calculates the mass 

equivalent diameter of a BC core from its mobility 

diameter. This conversion function depends on the BC 

particle type and is only defined for BC types with a fixed 

mobility diameter to mass relationship.  

n.a. 

liqC ,
*
liqC  BC mass concentration of an aqueous sample (*standard) µg L-1 

liqM ,
*
liqM  Mass concentration of water-insoluble particulate matter 

in an aqueous sample (* standard) 

µg L-1 

*
BC  BC mass fraction in dried particles of a BC material that is 

used to prepare aqueous standard suspensions.  

- 

airc ,
*
airc  BC mass concentration of the aerosol from a nebulized 

aqueous sample (*standard) 

µg m-3 

SP2c ,
*
SP2c  BC mass concentration of the aerosol as inferred from the 

SP2 measurement of a nebulized aqueous sample 

(*standard) 

µg m-3 

x
SP2C ,

,*x
SP2C  BC mass concentration in an aqueous sample (*standard) 

inferred from the SP2 measurement of the nebulized 

sample (with accounting for the absolute overall nebulizer 

efficiency). Note, the superscript “x” is a placeholder for 

indicating the approach that is used to calculate SP2C . “x” 

can be S1, S2, S

µg L-1 


lowSP2,C ,

,*
lowSP2,

C  Lower limit of the BC mass concentration in an aqueous 

sample (*standard) inferred from the SP2 measurement of 

the nebulized sample (calculated by using the upper limit 

for the overall nebulizer efficiency) 

µg L-1 

)(
log BC

BC

liq
D

Dd

dC
,

)(
log BC

BC

*
liq

D
Dd

dC
 

BC mass size distribution of an aqueous sample 

(*standard) 

µg L-1 

)(
log

~
BC

BC

liq
D

Dd

Cd
, 

Normalized BC mass size distribution of an aqueous 

sample (*standard) 

- 
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)(
log

~
BC

BC

*
liq

D
Dd

Cd
 

)(
log BC

BC

air D
Dd

dc
,

)(
log BC

BC

*
air D
Dd

dc
 

BC mass size distribution of the aerosol from a nebulized 

aqueous sample (*standard) 

µg m-3 

)(
log BC

BC

SP2 D
Dd

dc
,

)(
log BC

BC

*
SP2 D
Dd

dc
 

BC mass size distribution measured by the SP2 for a 

nebulized aqueous sample (*standard) 

µg m-3 

)(
log BC

BC

SP2 D
Dd

dC

, 

)(
log BC

BC

,*
SP2 D
Dd

dC

 

BC mass size distribution of an aqueous sample 

(*standard) inferred from the SP2 measurement of the 

nebulized sample (with accounting for the nebulizer 

efficiency) 

µg L-1 

LDL
~
C ,

*
LDL

~
C  Relative contribution to the total BC mass in an aqueous 

sample (*standard) from BC cores with sizes below the 

LDL of the SP2 

- 

UDL
~
C ,

*
UDL

~
C  Relative contribution to the total BC mass in an aqueous 

sample (*standard) from BC cores with sizes above the 

UDL of the SP2 

- 

)(D , )(* D  Overall nebulizer efficiency for insoluble particles as a 

function of the particle diameter during the measurement 

of a sample (*standard) 

L m-3 

max ,
*
max  Maximum possible overall efficiency of a nebulizer during 

the measurement of an aqueous sample (*standard) 

L m-3 

)( BCBC D ,

)( BC
*
BC D  

Overall nebulizer efficiency for BC as a function of BC mass 

equivalent diameter during the measurement of an 

aqueous sample (*standard) 

L m-3 

refBC, ,
*

refBC,  Reference nebulizer efficiency for BC at the reference BC 

mass equivalent diameter refD during the measurement of 

an aqueous sample (*standard) 

L m-3 

)(~
BCBC D ,

)(~
BC

*
BC D  

Normalized overall nebulizer efficiency for BC as a 

function of BC mass equivalent diameter (*standard) 

- 
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)(ˆ mobBC D  Overall nebulizer efficiency for BC as a function of the 

mobility diameter of the BC core. 

- 

)( PSLPSL D  Overall nebulizer efficiency for PSLs as a function of PSL 

diameter 

L m-3 

refPSL,  Reference nebulizer efficiency for PSLs at the reference 

PSL diameter ref PSL,D  

L m-3 

)(~
PSLPSL D  Normalized overall nebulizer efficiency for PSLs as a 

function of PSL diameter 

- 

)( PSLPSLliq, DN  Number concentration of PSLs with nominal diameter 

PSLD in an aqueous standard 

L-1 

)( PSLPSLair, Dn  Number concentration of PSLs with nominal diameter 

PSLD in the aerosol from a nebulized aqueous standard 

cm-3 

drop ,
*
drop  Fraction of the supplied aqueous sample that is 

transformed into droplets and successfully transferred 

towards the aerosol sample outlet of the nebulizer during 

the measurement of an aqueous sample (*standard) 

- 

)(loss D ,

)(*
loss D  

Size-dependent factor accounting for all kind of losses 

during the measurement of a sample (*standard) in the 

complete nebulizer unit including everything between the 

sample vial and the SP2 inlet 

- 

supplyair,q ,
*

supplyair,q  Air flow rate at the purge air inlet of the nebulizer during 

the measurement of an aqueous sample (*standard) 

L min-1 

aerosolair,q ,
*

aerosolair,q  Air flow rate of the aerosol outlet of the nebulizer during 

the measurement of an aqueous sample (*standard) 

L min-1 

drainair,q ,
*

drainair,q  Air flow rate through the drain channel from the nebulizer 

chamber during the measurement of an aqueous sample 

(*standard) 

L min-1 

supplyliq,Q ,
*

supplyliq,Q  Flow rate of the aqueous sample supplied to the nebulizer 

during the measurement of an aqueous sample 

(*standard) 

mL min-1 

drainliq,Q ,
*

drainliq,Q  Flow rate of water that is drained from the nebulizer 

chamber without being nebulized during the measurement 

of an aqueous sample (*standard) 

mL min-1 

BCbulk,  Void free material density of BC kg m-3 
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)( mobBCeff, D  Effective density of BC particles as a function of particle 

mobility diameter 

kg m-3 

 

S.1 General definitions and equations 

S.1.1 Nebulizer efficiency for BC 

The size-dependent overall nebulizer efficiency for BC as a function of BC mass equivalent 

diameter during the measurement of an aqueous BC sample is defined as the ratio of the BC 

mass size distribution in the aerosol from the nebulized aqueous sample, 
BC

air

log Dd

dc
, to the BC 

mass size distribution in the aqueous sample, 
BC

liq

log Dd

dC
, at the same BC mass equivalent 

diameter, DBC: 

)(
log

)(
log:)(

BC
BC

liq

BC
BC

air

BCBC

D
Dd

dC

D
Dd

dc

D                (S1) 

The reference nebulizer efficiency for BC, refBC, , at the arbitrarily chosen BC mass equivalent 

reference diameter, refBC,D , is defined as: 

)(: refBC,BCrefBC, D         (S2) 

and the normalized overall nebulizer efficiency for BC as a function of BC mass equivalent 

diameter is defined as: 

refBC,

BCBC
BCBC

)(:)(~





D
D                (S3) 

Note, from Eqs. (S2) and (S3) follows: 1)(~
refBC,BC D . 

Rearranging Eq. (S3) provides an alternative form for the overall nebulizer efficiency for BC (as 

a function of BC mass equivalent diameter): 

)(~)( BCBCrefBC,BCBC DD                  (S4) 
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The definitions for the nebulizer efficiency during the measurement of an aqueous BC standard 

are equivalent to Eqs. (S1) to (S4) (obtained with substituting BC , BC
~ , airc  and liqC  for 

*
BC , 

*
BC

~ ,
*
airc  and 

*
liqC , respectively).   

S.1.2 Nebulizer efficiency for PSLs 

The size-dependent overall nebulizer efficiency for PSLs as a function of PSL diameter is defined 

as the ratio of the number concentration of PSLs in the aerosol from the nebulized aqueous 

standard, nair,PSL, to the number concentration of PSLs in the aqueous standard, Nliq,PSL, with the 

same nominal diameter DPSL: 

6

PSLPSLliq,

PSLPSLair,
PSLPSL 10

)(
)(

:)( 
DN

Dn
D              (S5) 

where the factor 106 accounts for the units as defined in the list of all symbols. This definition 

for the nebulizer efficiency for PSLs is equivalent to the definition for the nebulizer efficiency for 

BC (Eq. S1). The reference nebulizer efficiency for PSLs, refPSL, , at the arbitrarily chosen 

reference PSL diameter, ref PSL,D , is defined as: 

)(: refPSL,PSLrefPSL, D          (S6) 

and the normalized overall nebulizer efficiency for PSLs as a function of PSL diameter is defined 

as: 

refPSL,

PSLPSL
PSLPSL

)(
:)(~






D
D                (S7) 

Note, from Eqs. (S6) and (S7) follows: 1)(~
refPSL,PSL D  

Rearranging Eq. (S7) provides an alternative form for the overall nebulizer efficiency for PSLs 

(as a function of PSL diameter): 

)(~)( PSLPSLrefPSL,PSLPSL DD                   (S8) 
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S.1.3 Particle losses in a nebulizer and upper limit for the nebulizer efficiency 

The efficiency of a nebulizer during the measurement of an aqueous BC sample depends on 

several factors. The overall nebulizer efficiency for insoluble particles in suspension, as defined 

in Eqs. (S1) and (S5) for BC and PSLs, respectively, can be written as: 

)()( loss
aerosolair,

liq,supplydrop
D

q

Q
D 


               (S9) 

This equation is valid for nebulizers where the main nebulizer chamber only has two inputs for 

the aqueous sample and purge air supply and two outlets for the aerosol sample and the 

chamber drain (additional drains or vents between the aerosol sample outlet from the main 

chamber nebulizer chamber and the SP2 inlet such as e.g. drains from the dryer do not matter as 

they don’t change the aerosol concentration). The factor drop  accounts for the fraction of the 

supplied aqueous sample, fed to the nebulizer with a flow rate of Qliq,supply, that is transformed 

into droplets and successfully transferred towards the aerosol sample outlet of the nebulizer. 

qair,aerosol is the air flow rate at the aerosol outlet of the nebulizer. The factor loss  accounts for 

any kind of losses of insoluble particles in the complete nebulizer unit, i.e. between the sample 

vial and the SP2 inlet. 

drop  can be expressed with the flow rate of water in the drain line, Qliq,drain: 

supplyliq,

drainliq,supplyliq,
drop

Q

QQ 
            (S10) 

Qliq,drain is the flow rate of the portion of the supplied aqueous sample that leaves the nebulizer 

chamber directly through the drain line without giving a contribution to the aerosol at the 

nebulizer outlet. Any drain water from the dryer section of the nebulizer must not be included 

in Qliq,drain. 

qair,aerosol can alternatively be expressed with the flow rates of the purge air, qair,supply, and the air 

in the drain line from the nebulizer chamber, qair,drain: 

drainair,supplyair,aerosolair, qqq       (S11) 

qair,drain only includes the air flow that leaves the nebulizer chamber directly through the drain 

line. Any air flow at additional drain ports for e.g. removing water from the dryer section of the 



Supplementary Material 

85 

nebulizer must not be included in qair,drain. Often, qair,drain is much smaller than qair,supply, such that 

qair,aerosol  qair,supply. 

loss  is the only unknown quantity in Eq. (D9) for any nebulizer type where Qliq,supply, Qliq,drain, and 

qair,aerosol can be measured. An upper limit for the maximal possible efficiency of a nebulizer, 

max , is: 

supplyair,

drainliq,supplyliq,

aerosolair,

drainliq,supplyliq,

aerosolair,

supplyliq,drop
max

)()(
q

QQ

q

QQ

q

Q 






               (S12) 

Inserting Eq. (S12) into Eq. (D9) provides: 

max
losslossmax

)()(      )()(





D
DDD                  (S13) 

where   is the true efficiency of the nebulizer. Given the fact that 1)(loss D  confirms that 

max is indeed an upper limit for )(D . 

Note, )(loss D  is likely to depend on the properties (density, shape, etc.) of the insoluble 

particles. 

Equations (D9) to (S13) are equivalent for the measurement of an aqueous standard (obtained 

with substituting supplyliq,Q , drainliq,Q , supplyair,q , drainair,q , aerosolair,q , drop , loss ,   and max  for 

*
supplyliq,Q , 

*
drainliq,Q , 

*
supplyair,q , 

*
drainair,q , 

*
aerosolair,q , 

*
drop , 

*
loss , 

*  and 
*
max , respectively). 

S.1.4 BC mass size distribution and mass concentration of an aqueous BC sample 

and the corresponding nebulized aerosol 

The aim of measuring the aerosol from a nebulized aqueous sample with the SP2 is to determine 

the total BC mass concentration, Cliq, and the BC mass size distribution, dCliq/dlogDBC, in the 

aqueous sample. These two quantities are related as follows: 


maxBC,

minBC,

BCBC
BC

liq
liq log)(

log

D

D

DdD
Dd

dC
C               (S14) 

where DBC,min and DBC,max are the minimal and maximal BC core mass equivalent diameters in the 

sample. 
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The primary measurements of the SP2 are the total BC mass concentration, cSP2, and the BC 

mass size distribution, dcSP2/dlogDBC, of the aerosol from the nebulized aqueous sample, which 

are related as follows: 


UDLBC,

LDLBC,

BCBC
BC

SP2
SP2 log)(

log

D

D

DdD
Dd

dc
c             (S15) 

DBC,LDL and DBC,UDL are the LDL and UDL of the SP2 in terms of BC mass equivalent diameter. 

The detection efficiency of the SP2 is unity within its detection limits. BC cores smaller than the 

LDL of the SP2 may still be detected but with a detection efficiency below unity. BC cores larger 

than the UDL of the SP2 are properly counted but their BC mass cannot be quantified (due to 

detector saturation). 

Any SP2 measurement of BC mass is potentially biased. The size-dependent calibration bias for 

BC mass, fbias, can be defined as: 

)(
log

)(
log)(

BC
BC

air

BC
BC

SP2

BCbias

D
Dd

dc

D
Dd

dc

Df                   (S16) 

where dcair/dlogDBC is the true BC mass size distribution of the aerosol from the nebulized 

aqueous sample. If the calibration bias is assumed to be a constant, i.e. independent of BC core 

size, within the detection range of the SP2, follows: 

 UDLBC,LDLBC,BCBC
BC

air
biasBC

BC

SP2           )(
log

)(
log

DDDD
Dd

dc
fD

Dd

dc
   (S17) 

The normalized BC mass size distribution of the aqueous sample is defined as: 

)(
log

1:)(
log

~
BC

BC

liq

liq
BC

BC

liq
D

Dd

dC

C
D

Dd

Cd
             (S18) 

The relative contribution from BC cores with sizes below the LDL of the SP2 to the total BC mass 

in the aqueous sample is (use Eq. S18 to obtain the right hand side): 

 
LDLBC,

minBC,

LDLBC,

minBC,

BCBC
BC

liq
BCBC

BC

liq

liq
LDL log)(

log

~
log)(

log
1~ D

D

D

D

DdD
Dd

Cd
DdD

Dd

dC

C
C  (S19) 
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The relative contribution from BC cores with sizes above the UDL of the SP2 to the total BC mass 

in the aqueous sample is (use Eq. S18 to obtain the right hand side): 

 
maxBC,

UDLBC,

maxBC,

UDLBC,

BCBC
BC

liq
BCBC

BC

liq

liq
UDL log)(

log

~
log)(

log
1~ D

D

D

D

DdD
Dd

Cd
DdD

Dd

dC

C
C  (S20) 

From Eqs. (S14), (S18), (S19) and (S20) follows: 

UDLLDLBCBC
BC

liq ~~1log)(
log

~UDLBC,

LDLBC,

CCDdD
Dd

Cd
D

D

  (S21) 

From the above definition of the nebulizer efficiency for BC follows (Eqs. S1 and S4): 

)(
log

)(~)(
log

)()(
log BC

BC

liq
BCBCrefBC,BC

BC

liq
BCBCBC

BC

air D
Dd

dC
DD

Dd

dC
DD

Dd

dc
    (S22) 

Inserting Eq. (S17) into Eq. (S22) provides: 

 UDLBC,LDLBC,BC

BC
BC

liq
BCBCrefBC,bias

BC
BC

liq
BCBCbiasBC

BC

SP2

,       

  )(
log

)(~                          

)(
log

)()(
log

DDD

D
Dd

dC
Df

D
Dd

dC
DfD

Dd

dc











 (S23) 

Inserting Eq. (S23) into Eq. (S15) provides the following relationship between the total BC mass 

concentration measured by the SP2 and the BC mass size distribution in the aqueous sample: 


UDLBC,

LDLBC,

BCBC
BC

liq
BCBCrefBC,biasSP2 log)(

log
)(~

D

D

DdD
Dd

dC
Dfc              (S24) 

The central equation for inferring the BC mass size distribution in an aqueous sample, 

BCSP2 log DddC , from the SP2 measurement of the nebulized sample, if the absolute nebulizer 

efficiency is known, is: 

)(
log)(~

1)(
log)(

1:)(
log BC

BC

SP2

BCBCrefBC,
BC

BC

SP2

BCBC
BC

BC

SP2 D
Dd

dc

D
D

Dd

dc

D
D

Dd

dC





    (S25) 

  



3 Optimized method for BC analysis 

88 

Inserting Eqs. (S17) and (S22) into Eq. (S25) provides: 

 UDLBC,LDLBC,BCBC
BC

liq
bias

BC
BC

air

BCBC
biasBC

BC

SP2

,          )(
log

)(
log)(

1)(
log

DDDD
Dd

dC
f

D
Dd

dc

D
fD

Dd

dC








      (S26) 

This confirms that Eq. (S25) indeed provides the correct result for all BC core sizes within the 

detection range of the SP2, if the size dependent nebulizer efficiency for BC is known and if the 

potential SP2 calibration bias is small (i.e. 1bias f ). 

The central equation for inferring the total BC mass concentration in an aqueous sample, 


SP2C , 

from the SP2 measurement of the nebulized sample, if the absolute nebulizer efficiency is 

known, is obtained by integrating Eq. (S25): 













UDLBC

LDLBC

UDLBC

LDLBC

D

D

BCBC

BC

SP

BCBCrefBC

BCBC

BC

SP

D

D BCBC

D

D

DdD
Dd

dc

D

DdD
Dd

dc

D

DdD
Dd

dC
C

,

,

,

,

UDLBC,

LDLBC,

log)(
log)(~

1

log)(
log)(

1

log)(
log

:

2

,

2

BCBC
BC

SP2
SP2








 (S27) 

Inserting Eqs. (S26), (S18), and (S21) into Eq. (S27) provides: 

 UDLLDLliqbiasBCBC
liq

liqbias

BCBC
BC

liq
bias

BCBC
BC

SP2
SP2

~~1log)(
log

~

log)(
log

log)(
log

UDLBC,

LDLBC,

UDLBC,

LDLBC,

UDLBC,

LDLBC,

CCCfDdD
Dd

Cd
Cf

DdD
Dd

dC
f

DdD
Dd

dC
C

D

D

D

D

D

D
















 (S28) 

This confirms that Eq. (S27) indeed provides the correct result for the total BC mass 

concentration of BC cores within the detection range of the SP2, if the size-dependent nebulizer 

efficiency for BC is known and if the potential SP2 calibration bias is small (i.e. if 1bias f ). 

No aqueous BC standard is required as a reference for the approach with using Eq. (S27) for 

inferring the total BC mass concentration in the aqueous sample. However, Eq. (S27) can only be 
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evaluated if the size-dependent overall efficiency of the nebulizer for BC is known and if it is 

different from zero in the size range between DBC,LDL and DBC,UDL, i.e. if: 

 UDLBC,LDLBC,BCBCBC ,          0)(~ DDDD   (S29) 

For nebulizers with a sharp efficiency drop towards zero above a certain diameter, such as e.g. 

observed for the CETAC ultrasonic nebulizer, the integration in Eq. (S27) must be additionally 

restricted to diameters below which the nebulizer is sufficiently efficient (i.e. diameters for 

which Eq. (S29) is fulfilled). This would potentially increase the unaccounted portion of BC mass, 

UDLliq
~
CC  , if the nebulizer cut-off is below the upper end of the BC size distribution. 

If the BC mass fraction of BC cores in the aqueous sample with sizes outside the detection range 

of the SP2 is small, i.e. if: 

1~~
UDLLDL  CC       (S30) 

then follows from Eq. (S28) that Eq. (S27) correctly provides the total BC mass concentration in 

the aqueous sample of BC cores with any core size, except for the potential calibration bias: 

liqbiasSP2 CfC 
          (S31) 

Typically, the absolute nebulizer efficiency is not known. In such cases it is still possible to 

obtain an estimate of the lower limit of the total BC mass concentration in an aqueous sample, 

lowSP2,C , from the SP2 measurement of the nebulized sample by substituting the true nebulizer 

efficiency ( BC ) with the upper limit of the nebulizer efficiency ( max ) in Eq. (S27): 

SP2
max

BCBC
BC

SP2

max
lowSP2,

1log)(
log

1:
UDLBC,

LDLBC,

cDdD
Dd

dc
C

D

D


                        (S32) 

With )( BCBCmax D   follows: 


SP2lowSP2, CC                                    (S33) 

which confirms that Eq. (S32) indeed provides a lower limit for 


SP2C . 
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Equations (S14) to (S33) are equivalent for the measurement of an aqueous BC standard 

(obtained with substituting liqC , minBC,D , maxBC,D , BCliq log DddC , SP2c , BCSP2 log Dddc , etc. 

for 
*
liqC , 

*
minBC,D , 

*
maxBC,D , BC

*
liq log DddC , 

*
SP2c , BC

*
SP2 log Dddc , etc., respectively). 

S.2 Approach of using aqueous standards as a reference for the 

measurement of unknown samples 

The nebulizer efficiency is often not known. In such cases it is common to relate the BC mass 

concentration measurement of an aqueous sample to the measurement of an aqueous BC 

standard of known concentration,
*
liqC . The assumption behind this approach is that the 

nebulizer efficiency remains stable between the measurement of the sample and the standard, 

i.e.: 

BCBC
*
BCBCBC           )()( DDD   (S34) 

The following simple rule of proportion is then commonly used to infer the BC mass 

concentration, 
S1
SP2C , of the aqueous sample of interest from the SP2 measurements of the 

nebulized sample and standard: 

*
SP2

*
liq

SP2
S1
SP2 :

c

C
cC                         (S35) 

Drifts of the aqueous sample and/or air flow rates between the measurement of the aqueous BC 

sample and standard (i.e. if 
*

supplyliq,supplyliq, QQ  , 
*

drainliq,drainliq, QQ  , 
*

supplyair,supplyair, qq   and/or 

*
aerosolair,aerosolair, qq  ), which can occur depending on the nebulizer type, will result in a drift of the 

overall nebulizer efficiency (see Eqs. D9 to S11), thus turning Eq. (S34) invalid. However, the 

particle losses in the nebulizer system may not be affected by moderate changes of the water 

and air flow rates, such that the factor loss may still be assumed to remain stable between the 

measurement of the sample and the standard, i.e.: 

BCBC
*
lossBCloss           )()( DDD    (S36) 

In such cases it is possible to account for drifts of Qliq,supply, qair,aerosol and/or drop , for nebulizer 

types where these quantities can be monitored, by using the following equation (as an 

alternative to Eq. S35): 
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,*
lowSP2,

*
liq

lowSP2,
S2
SP2 :





C

C
CC                     (S37) 

From Eq. (S32) follows: 

*
SP2

SP2

max

*
max

,*
SP2,low

SP2,low

c

c

C

C








                       (S38) 

and by inserting Eqs. (S35) and (S37) into Eq. (S38) it follows that: 

S1
SP2

max

*
maxS2

SP2 CC



                    (S39) 

From Eq. (S39) follows that the approaches of using Eq. (S35) or (S37) are equal except for the 

factor max
*
max  , which is normally close to unity (the factor max

*
max   reflects the slightly 

different underlying assumptions, i.e. Eq. S34 for Eq. S35 and Eq. S36 for Eq. (S37). If this factor 

was substantially different from unity, i.e. if the nebulizer system was operated with 

substantially different water and air flow rates when measuring the standard and the sample, 

then Eq. (S34) is not sufficiently well satisfied, thus turning Eq. (S35) invalid (see also below). In 

such cases, it is important to account for differences between max  and 
*
max  by applying 

Eq. (S37) instead. However, if the water and air flow rates differ substantially between 

measuring the standard and the sample, then it is also possible that Eq. (S36) is not fulfilled 

anymore, thereby potentially making the approach of Eq. (S37) imprecise or even invalid, too. 

The use of Eqs. (S18) and (S24) as well as the assumption of Eq. (S34) yields: 


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


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c
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Inserting Eq. (S40) into Eq. (S35) provides: 






UDLBC,

LDLBC,

UDLBC,

LDLBC,

BCBC
BC

*
liq

BCBC

BCBC
BC

liq
BCBC

*
bias

bias
liq

S1
SP2

log)(
log

~
)(~

log)(
log

~
)(~

D

D

D

D

DdD
Dd

Cd
D

DdD
Dd

Cd
D

f

f
CC





                  (S41) 

Equation (S41) can be written as:  

1S*
bias

bias
liq

S1
SP2 k

f

f
CC                             (S42) 

with: 






UDLBC,

LDLBC,

UDLBC,

LDLBC,

BCBC
BC

*
liq

BCBC

BCBC
BC

liq
BCBC

1S

log)(
log

~
)(~

log)(
log

~
)(~

:
D

D

D

D

DdD
Dd

Cd
D

DdD
Dd

Cd
D

k





             (S43) 

From Eqs. (S39) and (S42) it follows that: 

2S*
bias

bias
liq

S2
SP2 k

f

f
CC   (S44) 

with: 






UDLBC,

LDLBC,

UDLBC,

LDLBC,

BCBC
BC

*
liq

BCloss

BCBC
BC

liq
BCloss

1S
max

*
max

2S

log)(
log

~
)(

log)(
log

~
)(

:
D

D

D

D

DdD
Dd

Cd
D

DdD
Dd

Cd
D

kk








             (S45) 

The factor 1S*
bias

bias k
f

f
 in Eq. (S42) quantifies the total error introduced when using the simple 

Eq. (S35) to infer the BC mass concentration of an aqueous sample from the SP2 measurements 

of the aqueous sample and an aqueous standard with known concentration (under the 

assumption of Eq. S34). Likewise, the factor 2S*
bias

bias k
f

f
 in Eq. (S44) quantifies the total error 

introduced when using the simple Eq. (S37) to infer the BC mass concentration of an aqueous 

sample from the SP2 measurements of the aqueous sample and an aqueous standard with 
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known concentration (under the slightly less stringent assumption of Eq. S36). From Eq. (S45) 

and the fact that max
*
max   is close to unity, follows that 1Sk  and 2Sk  are almost equal. 

Consequently, the conditions under which Eqs. (S35) and (S37) are valid are similar (the 

difference being the underlying assumptions, i.e. Eq. S34 for Eq. S35 and Eq. S36 for Eq. S37) 

and thus these conditions are only discussed for the approach of Eq. (S35) in the following. 

The ratio 
*

biasbias ff  in Eq. (S42) quantifies the contribution of SP2 calibration error for the BC 

in the sample and the standard to the total error when using the simple Eq. (S35). The 

sensitivity of the SP2 can differ substantially between different BC types (see Moteki and Kondo, 

2010, and Laborde et al., 2012) for a detailed discussion of SP2 sensitivity). The factor 

*
biasbias ff  only becomes unity if the correct SP2 calibration curves are applied to evaluate both 

the measurements of the sample and the standard, or if the calibration biases cancel each other 

by chance (i.e. if
*

biasbias ff  ). If the correct calibration is known for the standard only (i.e. 

1*
bias f ), then the uncertainty introduced by the factor 

*
biasbias ff  reduces to ( biasf ). Likewise, if 

the correct calibration is known for the sample only (i.e. 1bias f ), then the uncertainty 

introduced by the factor 
*

biasbias ff  reduces to 
1*

bias)( f . If the SP2 sensitivity is neither known 

for the sample nor the standard, then the same internal SP2 calibration curve should be applied 

for evaluating the SP2 data from both the sample and standard. Using this strategy, the bias 

factor in the BC mass concentration inferred with Eq. (S35), which is introduced by the factor 

*
biasbias ff  in Eq. (S42), will be unity, if the SP2 is equally sensitive to the BC in the sample and 

the standard, or it will otherwise reflect the ratio of the SP2 sensitivity to the sample and the 

standard, as the absolute magnitude of the sensitivities is cancelled.  

When applying Eq. (S35), the factor 1Sk  in Eq. (S42) quantifies the error in the determination of 

the BC mass concentration of the aqueous sample that is associated with the differences in the 

shape of the mass size distributions of the sample and the standard (note that the values of 

DBC,LDL and DBC,UDL and the size dependence of the efficiency only matter if there is such a 

difference). Unfortunately, 1Sk  is generally not unity nor can it be evaluated if the BC mass size 

distributions and )(~
BC D are unknown. Equation (S42) thus shows that an error of unknown 

magnitude is introduced when using Eq. (S35) to infer the BC mass concentration of an aqueous 

sample from the SP2 measurements of the sample and standard. However, it will be shown in 

the following that it is possible to further constrain the factor 1Sk  under certain conditions such 

that Eq. (S35) (and Eq. S37) becomes a valid approach. 
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S.2.1 Nebulizers with size-dependent efficiency for BC 

It has been shown above (Eq. S42) that working with aqueous BC standard suspensions is 

difficult if the nebulizer efficiency depends on BC size, i.e. if const)( BCBC D . An exception is 

the special case when the shapes of the BC mass size distributions of the aqueous sample and 

the aqueous standard are equal, i.e. if: 

 
BCBC

BC

*
liq

BC
BC

liq        )(
log

~
)(

log

~
DD

Dd

Cd
D

Dd

Cd
         (S46) 

In this case the factor 1Sk  becomes approximately equal to unity and Eq. (S35) becomes valid for 

any kind of size-dependent nebulizer efficiency. In principle, it is sufficient to relax the condition 

of Eq. (S46) to: 

 UDLBC,LDLBC,BCBC
BC

*
liq

BC
BC

liq  ,             )(
log

~
)(

log

~
DDDD

Dd

Cd
D

Dd

Cd
           (S47) 

However, the condition in Eq. (S47) is equivalent to the following pair of conditions (Eqs. S14, 

S18, S19, and S20): 

 UDLBC,LDLBC,BCBC
BC

*
liq

BC
BC

liq  ,              )(
log

)(
log

DDDD
Dd

dC
D

Dd

dC
  (S48) 

and 

*
UDL

*
LDLUDLLDL

~~~~
CCCC         (S49) 

These two conditions are hardly fulfilled if the shapes of the BC mass size distributions of the 

sample and the standard differ outside the detection range of the SP2. Thus the more restrictive 

condition (Eq. S46) of agreement between the size distribution shapes of sample and standard 

must essentially be fulfilled over the whole size range of BC cores for the validity of Eq. (S35), if 

the nebulizer efficiency is size-dependent. 

The factor 1Sk  (Eq. S43) only contains the relative size dependence of the nebulizer efficiency, 

)(~
BC D , while the factor for the absolute efficiency, refBC, , got cancelled. This indicates that 

using an aqueous standard as a reference can provide quantitative results if the relative size 

dependence of the nebulizer efficiency for BC is known. In such cases, the following equation 

can be used to infer the BC mass concentration, 
S

SP2C , in the aqueous sample of interest from the 
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SP2 measurements of the nebulized sample and standard, taking into account the relative size 

dependence of the nebulizer efficiency: 






UDLBC,

LDLBC,

UDLBC,

LDLBC,
BCBC

BC

*
SP2

BCBC

*
liqSP2

BC

S
SP2

log)(
log)(~

1
log)(

log)(~
1
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D

D

D

D
DdD

Dd

dc

D

C
DdD

Dd

dc

D
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





 (S50) 

Inserting Eq. (S27) into Eq. (S50) in a first step and Eq. (S28) in a second step provides: 

 
 *

UDL
*
LDL

UDLLDL
*

bias

bias
liq,*

SP2

*
liq

SP2
S
SP2 ~~1

~~1
CC

CC

f

f
C

C

C
CC




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

                                   (S51) 

Equation (S51) can be written as: 

fract*
bias

bias
liq

S
SP2 k

f

f
CC 

                            (S52) 

with: 

*
UDL

*
LDL

UDLLDL
fract ~~1

~~1
:

CC

CC
k




                      (S53) 

The factor fract*
bias

bias k
f

f
 in Eq. (S52) quantifies the total error introduced when using Eq. (S50) to 

infer the BC mass concentration of an aqueous sample from the SP2 measurements of the 

aqueous sample and an aqueous standard with known concentration and with accounting for 

the relative size dependence of the nebulizer efficiency (note that the assumption of Eq. S34 

needs to be satisfied for Eq. S52 to be valid). The ratio 
*

biasbias ff  quantifies the contribution of 

SP2 calibration errors for the BC in the sample and the standard to the total error, as already 

discussed above. The factor fractk  quantifies the contribution to the total error associated with 

BC cores in the sample and/or standard outside the detection range of the SP2. 

If the contribution of BC cores outside the detection range of the SP2 to the total BC mass is 

negligible for both the sample and the standard (Eq. S30 is fulfilled for the sample and the 

standard) then it follows that fractk   1. Thus, Eqs. (S52) and (S53) show that Eq. (S50) can be 

used to accurately determine the BC mass in the aqueous sample, except for potential SP2 

calibration errors, by relating it to the measurement of an aqueous BC standard, if the relative 
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size dependence of the nebulizer efficiency for BC is known and if the SP2 measurement covers 

the full range of the BC mass size distributions in both the sample and the standard (i.e. if 

Eq. (S30) is fulfilled for the sample and the standard). Additionally, the nebulizer efficiency for 

BC must be different from zero across the measurement range of the SP2 (i.e. Eq. S29 must be 

fulfilled). Otherwise, the integration in Eq. (S50) must be restricted to the range across which 

the nebulizer is sufficiently efficient, thereby potentially increasing the unaccounted BC mass 

fraction of the sample and/or the standard. 

If the BC mass size distribution of the aqueous sample extends beyond the detection range of 

the SP2 (Eq. S30 is not fulfilled for the sample), it follows from Eqs. (S52) and (S53) that 

Eq. (S50) still provides an accurate value for the BC mass concentration in the aqueous sample 

within the detection range of the SP2 (as long as Eq. S30 is fulfilled for the standard, i.e. if the 

aqueous standard fully falls within the detection range of the SP2). 

It also follows from Eqs. (S52) and (S53) that the BC mass concentration in an aqueous sample 

within the detection range of the SP2 is overestimated by the factor 
1*

UDL
*
LDL )~~1(  CC  

when applying Eq. (S50) and using an aqueous standard with a substantial portion of the BC 

mass outside the detection range of the SP2 (Eq. S30 is not fulfilled for the standard). 

S.2.2 Nebulizers with size-independent efficiency for BC 

Nebulizers with size-independent efficiency for the nebulization of BC fulfill: 

 ),max(),,min(       1

)(~)(
*

maxBC,maxBC,
*

minBC,minBC,BC

BCBCrefBC,BCBC

DDDDD

DD



 
        (S54) 

The assumption of Eq. (S54) together with Eqs. (S21), (S43) and (S53) yields:  
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
                 (S55) 

Equation (S42) then simplifies to: 

fract*
bias

bias
liq

S1
SP2 k

f

f
CC                             (S56) 

where fractk  is defined in Eq. (S53). 
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The ratio 
*

biasbias ff  in Eq. (S56) quantifies the contribution of SP2 calibration errors, as 

discussed above, for the BC in the sample and the standard to the total error when using the 

approach of Eq. (S35) for a size-independent nebulizer efficiency. If the contribution of BC cores 

outside the detection range of the SP2 to the total BC mass is negligible for both the sample and 

the standard (Eq. S30 is fulfilled for the sample and the standard), it follows that fractk   1. 

Equation (S56) thus shows that Eq. (S35) can be used to determine the BC mass concentration 

of an aqueous sample from the SP2 measurements of the nebulized sample and standard, if the 

nebulizer efficiency is independent of particle size and if the BC cores smaller and larger than 

the LDL and UDL of the SP2, respectively, only give a negligible contribution to the total BC mass 

for both the aqueous sample and the aqueous standard. 

If the BC mass size distribution of the aqueous sample extends beyond the detection range of 

the SP2 (Eq. S30 is not fulfilled for the sample), then follows from Eqs. (S53) and (S56) that 

Eq. (S35) still provides an accurate value for the BC mass concentration in the aqueous sample 

within the detection range of the SP2 (as long as Eq. S30 is fulfilled for the standard, i.e. if the 

aqueous standard fully falls within the detection range of the SP2). 

It also follows from Eqs. (S53) and (S56) that the BC mass concentration in an aqueous sample 

within the detection range of the SP2 is overestimated by the factor 
1*

UDL
*
LDL )~~1(  CC  

when applying Eq. (S35) and using an aqueous standard with a substantial portion of the BC 

mass outside the detection range of the SP2 (Eq. S30 is not fulfilled for the standard). Thus, 

Eq. (S35) can generally not be applied for such standards without introducing a bias. 

An exception, where Eq. (S35) is valid even if Eq. (S30) is not fulfilled for the standard, is when 

the shapes of the BC mass size distributions of the aqueous sample and the aqueous standard 

are equal for all diameters (i.e., Eq. (S46) is fulfilled, which also implies 
*
minmin DD   and 

*
maxmax DD  ). In this case follows 

*
UDL

*
LDLUDLLDL

~~1~~1 CCCC  and hence fractk 1, 

such that only potential calibration biases remain left in Eq. (S56):  

*
bias

bias
liq

S1
SP2

f

f
CC   (S57) 
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S.3 Measurement of the nebulizer efficiency 

S.3.1 Nebulizer efficiency for PSLs 

It is quite straightforward to produce a PSL standard suspensions from PSL size standards (see 

Sect. 2.4.2 in main text), i.e. an aqueous suspension with known number concentration of PSL 

spheres, Nliq,PSL, of a well-defined diameter, DPSL. The aerosol obtained by nebulizing such a 

standard contains the PSL spheres with diameter DPSL and, for the most part, very small 

particles that emerge from the residual solutes in each droplet. The residual particles can be 

distinguished from the PSL spheres based on their size. Therefore, the number concentration of 

the target PSL particles, nair,PSL, can be measured by the SP2 using the light scattering detector 

(the SP2 has a detection efficiency of unity for purely scattering particles with sizes above the 

LDL of the light scattering detector). The nebulizer efficiency for PSLs is then directly obtained 

with Eq. (S5). Figure 3.2a in the main text shows the normalized overall nebulizer efficiency for 

PSLs, PSL
~ , for the three investigated nebulizer types. Normalization was done according to 

Eqs. (S6) and (S7), where different reference diameters, ref PSL,D , are chosen for the different 

nebulizers in such a manner that PSL
~ is unity at the PSL diameter with maximal efficiency. The 

reference PSL diameters, normalization factors and coefficients for the fitted efficiency curves 

are provided in Table S3-2 for all nebulizers. 

Logarithmic functions were used to fit the efficiency curves of the APEX and Collison-type 

nebulizers: 

 PSL10PSL
PSI-APEX

PSL ln)(~ DccD   (S58) 

and 

 PSL10PSL
PSI-Collison

PSL ln)(~ DccD              (S59) 

The efficiency curve of PSI’s CETAC nebulizer was fitted with a skewed Gauss function: 

)),((),,,(2)(~
12PSL3GaussCDF210PSLGaussPSL
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PSL ccDcfcccDfD   (S60) 

with the Gauss function 
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and the cumulative Gauss function 
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where erf denotes the error function. 

The efficiency curve of CWU’s CETAC nebulizer was fitted with a Hill-equation: 
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Table S3-2 Efficiency curves of the different nebulizers for PSLs. 

Nebulizer 
ref PSL,D  [µm] refPSL,       

[-] 

c0 c1 c2 c3 

APEX-PSIa 1.000 3.16·10-2 1 0.107 - - 

Collison-PSIa 0.100 4.78·10-3 0.356 -0.280 - - 

CETAC-PSIa 0.405 4.80·10-2 0.556 0.296 0.245 1.39 

CETAC-CWUb 0.220 0.108 1 -0.0259 5.76 0.589 

avalid for the PSL diameter range 0.1–1.0 µm 

bvalid for the PSL diameter range 0.22–1.025 µm 

 

S.3.2 Quantifying the losses of PSL particles in the CETAC nebulizer  

All relevant water and air flow rates, Qliq,supply, Qliq,drain, and qair,aerosol, can be measured when using 

a CETAC nebulizer, such that an upper limit for the overall nebulizer efficiency, CETACmax, , can 

be calculated with Eq. (S12). Substituting CETACmax,  for )( BCBC D  in Eq. (S27) thus provides a 

lower limit for the true BC mass concentration of the sample (Eq. S32). However, the true BC 

mass concentration will be substantially higher than the lower limit obtained in this way, as 

CETACloss,  is substantially smaller than unity. Eqs. (S12) and (S13) were used to calculate 

CETACloss,  from the overall nebulizer efficiency, )( PSLCETACPSL, D , measured for the PSL 

standards (see above). Figure S3-1 reveals that the fraction of lost particles, CETACloss, , differs 

significantly between the PSI- and CWU nebulizer. Consequently, it is not possible to rely on 

literature values for the CETAC nebulizer efficiency. Instead every nebulizer needs to be tested 
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(and stable performance also needs to be ensured) if the shape and/ or absolute values of the 

nebulizer efficiency curve is relevant. Both nebulizers have in common that CETACloss, remains 

below ~0.2–0.3 at any diameter (i.e. at least 70–80% losses) and that CETACloss, sharply drops 

above PSL diameters of ~450–500 nm. loss  depends on (1) potential losses of insoluble 

particles between the aqueous sample and the point of nebulization, (2) on the probability that 

an insoluble particle is incorporated into a droplet if the portion of aqueous sample where it 

resides is nebulized, i.e. that it is not lost during the process of droplet generation at e.g. the 

ultrasonic membrane of the ultrasonic nebulizer, as well as (3) on potential losses of insoluble 

particles between the point of nebulization and the aerosol outlet of the nebulizer unit including 

the dryer. 

It is not possible to quantify the loss factor loss  for the APEX or Collison type nebulizers applied 

in this study in a similar manner, as not all aqueous and air flow rates required to calculate loss  

are known.  

 

Figure S3-1 Losses in the PSI- and CWU-CETAC nebulizer as derived from the measurements of the PSL standard 

suspensions. 

S.3.3 Nebulizer efficiency for BC 

Both PSL spheres and BC particles are insoluble in water, but they typically have a different 

material density and shape. Thus, the nebulizer efficiency for BC particles may potentially differ 

from that for PSL spheres. The loss processes in the nebulizer may for example depend on the 

mobility diameter, mass equivalent diameter or aerodynamic diameter of a particle. It is, 

therefore, not quite clear which type of diameter should be used to estimate the nebulizer 

efficiency for BC particles from the measured efficiency for PSL spheres. 
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The nebulizer efficiency for BC particles cannot be directly measured, as no aqueous standards 

containing a known number concentration of BC particles with a well-defined size are available. 

It is also not straightforward to infer it from measurements of the nebulizer efficiency for PSL 

spheres, as the loss processes in the nebulizer may depend on the mobility diameter, mass 

equivalent diameter, aerodynamic diameter and/or further particle properties. 

Nevertheless, the aerosols produced with two different nebulizers from the same aqueous BC 

sample makes it possible to test whether BC particles behave similar to PSL particles. Taking the 

ratio of the BC mass size distributions measured by the SP2 for two nebulizers “neb1” and “neb2” 

and inserting Eq. (S23) provides: 
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Solving for 
neb1
BC  provides: 
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Fortunately, the efficiency of the APEX nebulizer depends only weakly on particle size (see Sect. 

3.1.1 in main text), such that it can be assumed that its efficiency for BC (as a function of BC 

mass equivalent diameter) is approximately equal to that for PSL spheres (as a function of PSL 

diameter), i.e.: 

)()( PSL
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PSLBC
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BC DD                       (S66) 

From Eq. (S65) and (S66) (and defining the APEX as the second nebulizer) follows: 
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Equation (S67) can be used to determine the efficiency of any nebulizer “neb1” expressed as a 

function of BC mass equivalent diameter (DBC) to a degree of approximation which depends on 

the validity of the assumption made in Eq. (S66). 
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The mobility diameter, Dmob, of a BC particle normally differs from its mass equivalent diameter, 

DBC, as they are typically non-spherical. The relationship between DBC and Dmob can be expressed 

as: 

3
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where BCbulk,  is the void-free material density of BC (1’800 kg m-3) and BCeff,  is the size-

dependent effective density of the BC particles as defined in Gysel et al. (2011).  

The nebulizer efficiency for BC particles, BC̂ , as a function of the mobility diameter of the BC 

core is related to the efficiency as a function of the mass equivalent diameter: 
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Inserting Eq. (S69) into Eq. (S65) provides: 
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Similar to Eq. (S66), it can be argued that 
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is likely fulfilled in good approximation. Combining Eqs. (S70) and (S71) provides: 
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Equation (S72) can be used to determine the efficiency of any nebulizer “neb1” expressed as a 

function of the mobility diameter in good approximation, provided that Eq. (S71) is fulfilled and 

that the effective density is known for the BC sample that is used to test the nebulizers. 

In this study AQ was used to determine the nebulizer efficiency for BC particles, as the effective 

density for AQ particles is available in the literature (Gysel et al., 2011). Equations (S67) and 

(S72) were then used to infer BC and BC̂ , respectively, for the CETAC and Collision type 

nebulizers (see Sect. 3.1.1 in main text). 

S.3.4 Testing the approach of using standards for the CETAC nebulizer 

Above it has been shown that it is, under certain circumstances, possible to use standard 

suspensions with known BC concentrations as a reference for the measurement of aqueous BC 

samples of unknown concentration (Eqs. (S35) or (S37)). Some tests to confirm the validity of 

this approach include e.g. the measurement of different types of BC standards or of dilution 

series (i.e. equal BC material but variable concentration). This has been done using CWU’s 

CETAC nebulizer in order to test whether or not the factor 
,*

lowSP2,
*
liq

CC  in Eq. (S37) is 

independent of BC standard concentration and standard material. The results provided in the 

main text (Sect. 3.2) revealed considerable differences in the factor 
,*

lowSP2,
*
liq

CC  determined 

with different BC standards. The reasons for this will be elucidated in the following. 

From Eqs. (S14), (S32), and (S23) follows: 
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Further inserting Eqs. (S13) and (S18) into Eq. (S73) provides: 
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Equation (S74) can be simplified if the losses of particles in the whole nebulizer system are 

independent of particle size, i.e. if: 

 UDLBC,LDLBC,BC
*
lossBC

*
loss ,                             const.  )( DDDD               (S75) 

Inserting Eq. (S75) into Eq. (S74) provides (with inserting Eq. S21): 
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If there is no bias of the SP2 calibration for the BC type in the aqueous BC standard, one has: 

11 1*
bias

*
bias 


ff  (S77) 

If the whole BC mass size distribution of the aqueous standard falls within the detection range 

of the SP2, i.e. if Eq. (S30) is fulfilled for the BC standard, follows: 

1)~~1( 1*
UDL

*
LDL  CC  (S78) 

If both Eqs. (S77) and (S78) are fulfilled, then Eq. (S76) finally simplifies to: 

11
*
loss

,*
lowSP2,

*
liq


C

C
 (S79) 

Equation (S79) is independent of the choice made for the type of aqueous BC standard 

(independence of 
*
loss on the type of BC is an assumption that is inherently required when 

working with BC standards), while this does not apply for Eqs. (S74) and (S76). This implies 

that applying Eq. (S37) cannot provide accurate results by using an aqueous BC standard unless 

the BC standard fulfills Eqs. (S77) and (S30) (i.e. there is no bias of the SP2 calibration to the BC 

type in the aqueous BC standard and the whole BC mass size distribution of the aqueous 

standard falls within the detection range of the SP2), and the nebulizer system fulfills Eq. (S75) 

(i.e. the nebulizer losses are independent of particle size). It further implies that Eqs. (S77) and 

(S30) are the only conditions to be fulfilled by an aqueous standard from a mathematical point 

of view (other reasons such as stability of the aqueous suspension also play a role when 

choosing a material for the aqueous BC standards). 
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Unknown sensitivity of the SP2 to the BC type of the aqueous BC standard results in an 

uncertainty of the magnitude 
1*

bias


f  (see e.g. Moteki and Kondo, 2010, and Laborde et al., 2012, 

for a detailed discussion of SP2 sensitivity). If the aqueous BC standard contains substantial 

contribution to the total BC mass from BC cores with sizes outside the detection range of the 

SP2 (i.e. Eq. S30 is not fulfilled for the standard), then the factor 1*
UDL

*
LDL )~~1(  CC  

becomes greater than unity and it follows from Eq. (S76) that the BC mass concentration 

inferred with Eq. (S37) overestimates the true value.  

Equation (S76) shows that the ratio 
,*

lowSP2,
*
liq

CC essentially characterizes the particle losses in 

the nebulizer system. However, if the particle losses in the nebulizer system depend on particle 

size (Eq. S75 is not fulfilled), then the ratio 
,*

lowSP2,
*
liq

CC contains a factor representing a 

“weighted average of )( BC
*
loss D  over all diameters between LDLBC,D  and UDLBC,D  with the 

shape of the BC mass size distribution of the standard as a weighting function” (see Eq. S74). 

The ratio 
,*

lowSP2,
*
liq

CC  then becomes dependent on the choice of the aqueous BC standard, 

thereby introducing uncertainty when applying the approach of Eq. (S37). The conclusion 

drawn here about the factors that make the ratio 
,*

lowSP2,
*
liq

CC dependent on the choice of the 

aqueous BC standard, reflect a subset of the complete set of conditions under which the 

approaches of Eqs. (S35) and (S37) are valid (see earlier section). 

S.4 Correct treatment of non-BC matter in BC standard materials 

Not all BC materials available for preparing aqueous BC standard suspensions are pure BC. The 

BC mass fraction, 
*
BC , of Fullerene Soot is almost 100% (Gysel et al., 2011; Moteki and Kondo, 

2010), while of dried AQ particles it is only around 70.5% (this study; similar to the 76% found 

in Gysel et al. (2011). This fact must be considered when working with aqueous BC standards 

for the quantification of BC in aqueous samples using Eqs. (S35) or (S37), specifically when 

determining the factor 
*
SP2

*
liq cC  or 

,*
lowSP2,

*
liq

CC , respectively. Practically, this means that the 

BC mass concentration of an aqueous BC standard (
*
liqC ) must be calculated from the mass 

concentration of water-insoluble particulate matter in an aqueous standard (
*
liqM ): 

*
liq

*
BC

*
liq MC   (S80) 
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At the same time, the SP2 response to the standard particles must be calibrated for the BC mass 

in the particles rather than the total particle mass, i.e. when selecting the standard particles by 

an aerosol particle mass analyzer to provide particles of a well defined mass to the SP2 during 

internal calibration of the SP2 (such as e.g. described in Gysel et al., 2011). It is important to 

correct this nominal mass of the selected particles with the factor 
*
BC  in order to get the BC 

mass in these particles. The factor 
*
BC  gets cancelled in the ratio 

*
SP2

*
liq cC  or 

,*
lowSP2,

*
liq

CC  

because it shows up both in the nominator and the denominator. Consequently, it is also 

possible to ignore the factor 
*
BC  for the preparation of an aqueous BC standard and in the 

internal SP2 calibration curve applied in the analysis of the SP2 measurement of the standard. 

This reflects the fact that the ratio 
*
SP2

*
liq cC  or 

,*
lowSP2,

*
liq

CC  is simply used to quantify the 

nebulizer efficiency for insoluble particles and it is in principle possible to use any insoluble 

material that is detectable by the SP2 in a quantitative manner and that fulfils the other 

requirements for preparing an aqueous standard. However, materials with a substantial mass 

fraction of water-soluble components are not suitable for preparing aqueous standards, because 

water-soluble matter is redistributed in an uncontrolled manner between droplets 

with/without insoluble inclusion, when producing an aerosol by nebulization of an aqueous 

suspension. 

S.5 The SP2 sensitivity to different BC types and associated measurement 

uncertainties 

The sensitivity of the SP2 to BC mass depends on the chemical structure of the BC, i.e. graphitic 

versus disordered. Previous studies (Laborde et al., 2012; Moteki and Kondo, 2010) indicate 

that the sensitivity of the SP2 to BC in diesel exhaust, wood combustion exhaust and 

atmospheric particles is similar to its sensitivity to fullerene soot, while it is more sensitive to 

AQ particles (i.e. ~40% more sensitive without accounting for the non-BC matter in AQ, ~80% 

more sensitive with accounting for this). Thus, fullerene soot has been recommended as an SP2 

calibration material for atmospheric applications (Baumgardner et al., 2012). 

The value SP2c  or 


lowSP2,C  in Eqs. (S35) or (S37), respectively, must always be evaluated with an 

SP2 calibration that matches the SP2 sensitivity to BC mass of the BC type in the sample under 

investigation as close as possible (i.e. in order to keep the factor biasf  in Eqs. (S42) or (S44) as 

close as possible to unity). The SP2 has a broadband and narrowband incandescence detector. 

The signal ratio in the two channels, commonly referred to as band ratio or colour ratio, also 
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differs between different BC types. Ambient BC often exhibits the same band ratio as fullerene 

soot, while that of AQ is different. However, the band ratio of ambient BC is occasionally more 

similar to that of AQ. Likewise, the band ratio of BC from ice core and snow samples sometimes 

resembles that of fullerene soot, sometimes that of AQ. If the band ratio of a sample under 

investigation differs from the band ratio of the material used for internal calibration of the SP2, 

then follows that applying such calibration data will result in biased BC mass measurements for 

at least one incandescence channel (possibly even both). Inversely, it might be interpreted as 

evidence that a calibration material is suitable, if its band ratio matches that of the sample under 

investigation, though this is not a proof. Consequently, it is suggested to apply fullerene soot 

calibration curves for the evaluation of aqueous samples that exhibit the same band ratio as 

fullerene soot. If the band ratio of an aqueous sample is more similar to that of AQ, then it is 

suggested to apply an AQ calibration. Whether or not to correct the AQ calibration curve for the 

BC mass fraction in AQ particles is difficult to answer. From a conceptual point of view this 

correction should be done. However, the uncorrected AQ calibration falls in between the two 

extremes corresponding to fullerene soot calibration and the corrected AQ calibration (which 

differ by 80%). Thus, applying the uncorrected AQ calibration might be better in order the keep 

the potential calibration bias within ~±40% if the true calibration is not really known. If the 

band ratio is not available or does not give any indication for the choice of the calibration 

material, then it is suggested to apply the fullerene soot calibration as recommended by 

Baumgardner at al. (2012). However, the measurement bias in such cases may be as high as 40–

80%. The discussion above solely affects the choice of the internal SP2 calibration curve that is 

to be applied for the evaluation of the measurements of the aqueous sample, i.e. to determine 



SP2C , SP2c  or 


lowSP2,C  when working with the approaches of Eqs. (S27), (S35) or (S37), 

respectively. However, it does not affect the choice of the BC material that is used to prepare 

aqueous BC standards. Any BC material with known SP2 sensitivity, which is suitable for 

preparing aqueous standards, can be used when working with the approaches of Eqs. (S35) or 

(S37), but it is important to apply the internal SP2 calibration curve for the standard material 

when calculating 
*

2SPc  or 
,*

lowSP2,
C , respectively, in order to keep the factor 

*
biasf  in Eqs. (S42) or 

(S44) as close as possible to unity (see also previous discussion above). If the SP2 sensitivity to 

the BC type in the standard material is not known, then a measurement uncertainty of at least 

40% is introduced. 
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Abstract 

We present the records of the two nitrogen species nitrate (NO3-) and ammonium (NH4+) 

analysed in a new ice core from Lomonosovfonna, Svalbard, in the Eurasian Arctic covering the 

period 1222-2009. We investigate the emission sources and the influence of melt on the records. 

During the 20th century both records are influenced by anthropogenic pollution from Eurasia. In 

pre-industrial times NO3- is highly correlated with methane-sulphonate (MSA) on decadal time-

scales, which we explain by a fertilising effect. Enhanced atmospheric NO3- concentrations and 

the corresponding nitrogen input to the ocean trigger the growth of dimethyl-sulphide-(DMS)-

producing phytoplankton. Increased DMS production results in elevated fluxes to the 

atmosphere where it is oxidised to MSA. Eurasia was presumably the main source area also for 

pre-industrial NO3-, but a more exact source apportionment could not be performed based on 

our data. This is different for NH4+, where biogenic ammonia (NH3) emissions from Siberian 

boreal forests were identified as the dominant source of pre-industrial NH4+. Changes in melt at 

the Lomonosovfonna glacier are excluded as major driving force for the decadal variations of 

the investigated compounds. 

4.1 Introduction 

The Arctic is generally a nutrient limited region (Dickerson, 1985). Nutrients originate from 

lower latitudes and reach the remote polar areas via long-range transport, local sources are 

sparse. The major source for bio-available nitrogen in the Arctic is the deposition of reactive 

atmospheric nitrogen that is present primarily as peroxyacetyl nitrate (PAN), but also as nitrate 

(NO3-) and ammonium (NH4+) (Björkman et al., 2013; Kühnel et al., 2012). Those species are 

predominantly removed from the atmosphere by wet deposition (Bergin et al., 1995). NO3- is 

the oxidation product of emitted NOx (NO and NO2). In general, major NO3- sources include 

biomass burning, emissions from microbial processes in soils, ammonia oxidation, stratospheric 

injection, lightning, as well as fossil fuel and biofuel combustion, and aircraft emissions (Fibiger 

et al., 2013; Galloway et al., 2004; Hastings et al., 2004; Wolff, 2013). NH4
+ derives from biogenic 

emissions of ammonia (NH3) from terrestrial and marine sources, biomass burning, agriculture, 

and livestock breeding (Fuhrer et al., 1996; Galloway et al., 2004; Wolff, 2013). Both NO3
- and 

NH4+ concentrations in the atmosphere have varied greatly with time and space due to changing 

emissions and the short atmospheric lifetimes of a few days (Adams et al., 1999; Feng and 

Penner, 2007). Generally, concentrations were low in pre-industrial times and increased due to 

stronger emissions with beginning of the industrialisation and intensification of agricultural 

activities (Galloway et al., 2004). The deposition of NO3- and NH4+ in the Arctic is an important 
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nutrient source. Varying concentrations thus greatly affect the nitrogen budget in the Arctic 

where nutrient supply is limited.  

Ice cores represent an invaluable archive of past atmospheric composition. Ice core studies from 

the Arctic clearly reveal an anthropogenic influence on the concentrations of NO3- and NH4+ 

approximately during the last 150 years (Fischer et al., 1998; Fuhrer et al., 1996; Goto-Azuma 

and Koerner, 2001; Kekonen et al., 2002, 2005; Legrand and Mayewski, 1997; Matoba et al., 

2002; Simões and Zagorodnov, 2001). North America was identified as major pollutant source 

for south Greenland, both North America and Eurasia for central and north Greenland, and 

Eurasia for Svalbard (Goto-Azuma and Koerner, 2001; Hicks and Isaksson, 2006). However, the 

pre-industrial sources of NO3- and NH4+ are still fairly unknown (Legrand and Mayewski, 1997; 

Wolff, 2013). Eichler et al. (2011) identified forest fires as major source of NO3- in a Siberian 

Altai ice core from the mid-latitudes. In studies on Greenland ice NO3- was also associated with 

forest fires (Whitlow et al., 1994; Wolff et al., 2008). Pre-industrial NH4+ in ice cores from the 

mid-latitudes was attributed to biogenic emissions (Eichler et al., 2009; Kellerhals et al., 2010). 

Similarly, long-term trends in Greenland ice cores have been attributed to changing biogenic 

emission from North America, whereas short-term NH4+ changes were found to correlate with 

forest fires (Fuhrer et al., 1996; Whitlow et al., 1994; Zennaro et al., 2014). 

Whereas a few records exist from Greenland, there is less information available from the 

Eurasian Arctic. The NO3- and NH4+ records of a previous ice core from Lomonosovfonna, 

Svalbard, retrieved in 1997 (Lomo97, for location see Figure 4.1), cover the last 1000 years 

(Divine et al., 2011; Kekonen et al., 2002, 2005). For both species a clear anthropogenic impact 

is observed in the second half of the 20th century, but the pre-industrial sources remain largely 

unidentified due to potential runoff that biased the ion records before the mid-16th century 

(Kekonen et al., 2002, 2005). Nevertheless, the fairly stable concentrations in the NO3
- record 

from the mid-16th to the mid-19th century are interpreted as input from natural NO3- sources 

(Kekonen et al., 2002). An anthropogenic influence in the 20th century is also visible in the NO3
- 

and NH4+ records of other Eurasian Arctic ice cores (see Figure 4.1 for locations) from 

Holtedahlfonna (Holte05), Svalbard (Beaudon et al., 2013), Snøfjellafonna, Svalbard (Goto-

Azuma and Koerner, 2001), and Severnaya Zemlya (Weiler et al., 2005). The industrial records 

from these cores are discussed in detail, but pre-industrial sources and concentration changes 

of the inorganic nitrogen species remain unexplained. 
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Figure 4.1 (A) Map of Svalbard with the locations of Lomonosovfonna and Holtedahlfonna. (B) Map with all ice core 
locations discussed in the text: Lomo = Lomonosovfonna (red triangle); NEEM, Sum = Summit, SZ = Severnaya Zemlya, 
Bel = Belukha, and CG = Colle Gnifetti (black triangles). Satellite image in (B) © PlanetObserver, extracted from DVD-
ROM ''Der Große 3D-Globus 4.0 Premium,''#2008 United Soft Media Verlag GmbH, Munich. 

The interpretation of NO3- and NH4+ as paleo-environmental proxies may be hampered by the 

fact that both undergo post-depositional processes leading to loss from or relocation within the 

snow pack even at temperatures well below the melting point (Pohjola et al., 2002). NO3- can be 

relocated or lost by photolysis and/or evaporation of nitric acid (HNO3) (Honrath et al., 1999; 

Röthlisberger et al., 2002). This loss can be severe at low accumulation sites such as Dome C, 

Antarctica (Röthlisberger et al., 2000, 2002). At sites with higher accumulation rates such as 

Summit in Greenland or Weissfluhjoch in the European Alps the majority of NO3- is preserved 

(Baltensperger et al., 1993; Fibiger et al., 2013). Many studies reveal that NH4+ and NO3- are 

preserved in snow and firn cores with respect to percolating melt water (Eichler et al., 2001; 

Ginot et al., 2010; Moore and Grinsted, 2009; Pohjola et al., 2002), but others report a 

preferential elution of these species compared to other major ions (Brimblecombe et al., 1985; 

Moore and Grinsted, 2009; Pohjola et al., 2002). The underlying mechanism is not well 

understood, except from the fact that it depends on the overall ion composition.  

In this paper we discuss the records of the two nitrogen species NO3
- and NH4+ analysed in a 

new ice core drilled on Lomonosovfonna, Svalbard, in 2009. The study focuses on the 

investigation of the major sources of NO3- and NH4
+ deposited in the Eurasian Arctic which 

highly affects the nutrient budget in the region, along with the effect of melt on the geochemical 

records of these nitrogen species which will gain importance due to the ongoing global warming. 
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4.2 Methods 

4.2.1 Drilling site and meteorological setting 

In 2009, a 149.5 m long ice core was drilled on Lomonosovfonna, Svalbard (1202 m asl; 

78°49`24``N, 17°25`59``E), using the Fast Electromechanical Lightweight Ice Coring System 

(FELICS) (Ginot et al., 2002). The 2009 drilling site is 4.6 km south of that in 1997 (Isaksson et 

al., 2001). Bedrock was not reached but a radar survey suggested it to be at around 200 m 

(Pettersson, unpublished data). Svalbard is located at a climatically sensitive area being 

surrounded by the Arctic Ocean, the Barents Sea and the Atlantic Ocean, and situated at the 

southerly edge of the permanent Arctic sea ice and close to the over-turning point of the North 

Atlantic thermohaline circulation. Further, it is relatively close to the industrialised areas of 

Eurasia which were found to highly affect the chemical composition of air reaching the 

archipelago, especially in spring during the Arctic Haze (Eleftheriadis et al., 2009; Eneroth et al., 

2003; Forsström et al., 2009; Goto-Azuma and Koerner, 2001; Law and Stohl, 2007; Stohl et al., 

2007). The Arctic Haze describes a phenomenon of increased aerosol concentration in the end 

of winter to early spring (Greenaway, 1950; Quinn et al., 2007; Shaw, 1995). At that time of the 

year temperatures in the Arctic become very low which leads to a thermally very stable 

stratification with strong surface inversions (Shaw, 1995; Stohl, 2006). This cold stratified air 

forms a dome over the Arctic that hinders warm air masses from lower latitudes to enter. The 

boundary of this dome that acts as a transport barrier is called Arctic or Polar Front whose 

position shifts between summer and winter due to temperature. In summer only the more 

northern parts of the Northern Hemisphere are cold enough to cause a stable stratification of 

the atmosphere, whereas in winter temperatures in more southern parts are cold enough so 

that the Arctic Front is located as far south as 40°N. Then large areas of Eurasia and partly North 

America are included in the Arctic dome, facilitating transport of pollution from those regions. 

In addition, since both dry and wet deposition is reduced within the Arctic dome in winter, 

aerosols have very long lifetimes once within the Arctic dome (Stohl, 2006). 

4.2.2 Sampling and analyses 

The Lomonosovfonna 2009 ice core (Lomo09) was processed in the cold room (-20°C) at Paul 

Scherrer Institut, Switzerland, resulting in 3997 samples with a depth resolution of 3-4 cm 

(details on the method in Eichler et al., 2000). The resolution was adapted to layer thinning with 

depth, so that even in the deepest and oldest part of the core each year is at least represented by 

one sample. The inner part of the core was sampled for the analysis of water soluble major ions 

and the water stable isotopes 18O and D. Outer core sections were analysed for 3H and 210Pb 

used for dating purposes (Eichler et al., 2000). 
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Concentrations of water soluble major ions, including NO3- and NH4+, were determined using ion 

chromatography (Metrohm 850 Professional IC combined with a 872 Extension Module and a 

858 Professional Sample Processor autosampler). A list of the measured ionic species, their 

detection limits and median concentrations are given in Table 4.1. Values were not blank 

corrected. 

Table 4.1 Detection limits and median values [eq/L] for the ions analysed with the Metrohm 850 Professional IC. 
Pre-ind. = pre-industrial time from 1222-1859; Ind. = industrial time from 1860-2009; MSA = CH3SO3-. 

Anions    Cations    

 Detection 

limit 

Median   Detection 

limit 

Median  

 Pre-ind. Ind.  Pre-ind. Ind. 

MSA 0.005 0.09 0.05 Na+ 0.02 8.77 7.18 

Cl- 0.02 10.48 8.92 NH4+ 0.02 0.50 0.74 

NO3- 0.01 0.54 0.65 K+ 0.02 0.25 0.19 

SO4
2- 0.02 2.08 2.63 Mg2+ 0.03 2.10 1.32 

    Ca2+ 0.04 1.43 1.02 

 

4.2.3 Ice-core dating 

The Lomo09 ice core covers the time period of 1222 to 2009 (Figure 4.2). It was dated with a 

combination of reference horizons, annual layer counting (ALC), 210Pb decay, and a simple 

glacier flow model. The reference horizons include the tritium peak indicating the year 1963, 

and the major volcanic eruptions of Bezymianny (1956), Katmai (1912), Tambora (1815), Laki 

(1783), Hekla (1766), Kuwae (1458/59; Sigl et al., 2013), and Samalas (1257/58; Lavigne et al., 

2013) marked by high non-sea-salt sulphate concentrations and high values for the sulphate-

residual of the multiple linear regression of all measured ions, a method previously described in 

Moore et al. (2012). Annual layer counting was performed down to a depth of ~79.7 m weq (= 

1750) using the pronounced seasonality of 18O and Na+ (Figure S4-1). A simple glacier flow 

model (Thompson et al., 1998) was fitted through the volcanic reference horizons. This was 

used to date the core below ~79.7 m weq where ALC was limited due to strong layer thinning. 

The dating uncertainty for the core down to a depth of ~68 m weq is estimated to be ±1 year 

within ±10 years of the reference horizons and increases to ±3 years in between. Down to a 

depth of ~80 m weq the dating uncertainty enlarges to ±3 years also in proximity of the 

reference horizons, and below ~80 m weq it increases to ±10 years. This was calculated using 
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the difference of the year of the volcanic eruptions and the modelled date. The average annual 

accumulation rate is 0.58 ± 0.13 m weq. 

 

Figure 4.2 Depth-age relationship of the Lomo09 ice core showing all dating methods applied. Depth is given in 
m weq to account for density variation. 

4.2.4 Calculation of annual melt percent 

Melt features are formed when surface snow melts and the melt water percolates into deeper 

layers where it fills the pores and refreezes under the formation of a layer of ice poor or free of 

air bubbles. The percentage of annual melt in the Lomo09 core was calculated from the 

thickness of melt features observed during processing of the core (similar to Henderson et al., 

2006). Clear and bubbly ice appears as transparent area when the core is backlit. If the melt did 

not affect the whole core diameter, this was accounted for by multiplying the length of the melt 

feature with the percentage of the core diameter it covered. If for example a melt feature was 

20 cm long but only affected one fifth of the core diameter, this melt feature would count the 

same as a four centimetre long melt feature affecting the whole core diameter. The observed 

melt features were then summed up per year to calculate the annual melt percent. 

4.3 Results and discussion 

The records of NO3- and NH4+ of the Lomo09 core both show the highest concentrations during 

the period of approximately 1940 to 1980 (Figure 4.3), similar to findings from other Arctic 
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sites (Goto-Azuma and Koerner, 2001). This clearly indicates a strong influence of 

anthropogenic emissions in recent decades on the chemical composition of aerosols reaching 

Lomonosovfonna. Both records show a significant decrease after 1980, a trend similarly 

observed in the NO3- and NH4+ records of ice cores from the Siberian Altai (Eichler et al., 2009, 

2011) (Figure 4.4) and Severnaya Zemlya (Opel et al., 2013; Weiler et al., 2005) influenced 

mainly by Eurasian pollution. In contrast, NO3- concentrations in records from Summit, 

Greenland, and Colle Gnifetti, Swiss Alps (see Figure 4.1 for locations), affected by Northern 

American and Western European air masses, respectively, kept rising into the 21st century 

(Figure 4.4). This suggests that the major sources for the increased concentrations of NO3- and 

NH4+ in the Lomo09 core are similar to those for the Siberian Altai and Severnaya Zemlya, 

whereas the influence of emissions in North America and Europe is of minor importance. We 

thus attribute the observed trend in NO3- to higher NOx emissions from traffic, energy 

production, and industrial activities, and in NH4+ to enhanced NH3 emissions from agriculture 

and livestock mainly in Eurasia (Eichler et al., 2009; Weiler et al., 2005). The anthropogenic 

impact is also seen in the NO3- and- less pronounced- in the NH4+ record of the Lomo97 core 

(Divine et al., 2011; Kekonen et al., 2005) (Figure 4.3), which underlines the spatial 

representativeness of the Lomo09 ice core data. The NO3- records of the Lomo09 and Lomo97 

cores agree well. This is not the case for the NH4+ records, where the Lomo97 shows higher 

concentrations, especially before 1900 (Figure 4.3). We cannot explain this difference, but NH4+ 

is known to be prone to contamination during analysis (Jauhiainen et al., 1999; Kaufmann et al., 

2010; Legrand et al., 1984, 1993, 1999; Udisti et al., 1994). The 300 year records of NO3- and 

NH4+ from Holtedahlfonna (Beaudon et al., 2013) are in reasonable agreement with the Lomo09 

data (Figure 4.3). 

In order to investigate sources of NH4
+ and NO3

- and other ionic species in the Lomo09 ice core 

we performed a principal component analysis (PCA). We used 10-year-averages to account for 

dating uncertainties and smoothing effects by melt-water relocation. Previous studies on the 

Lomo97 core suggested that the percolation lengths at the site can reach two to eight annual 

layers in the warmest years (Moore et al., 2005; Pohjola et al., 2002). Additionally, we included 

the 10-year-average record of melt percent in the PCA to examine the influence of melt on the 

NH4+ and NO3
- records. The PCA was performed only for pre-industrial times (1222-1859) to 

exclude anthropogenic influences on the ion concentrations. Sulphate (SO4
2-) from 

anthropogenic sources has been shown to increase already during the second half of the 19th 

century (Moore et al., 2006). 
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Figure 4.3 Records of NH4+ (green), NO3- (red), melt percent (light blue), Na+ (yellow), and MSA (dark blue) of the 
Lomo09 ice core. Bold lines are 40-year-lowpass-filtered (40-yr-LP); dashed lines are 10-year averages (10-yr-avg). 
Raw data are available in the supplementary material (Figures S4-2 and S4-3). Grey dashed lines are 40-year-
lowpass-filtered records of NH4+, NO3-, Na+, and MSA of the Lomo97 ice core (Kekonen et al., 2005) calculated with 
the updated chronology of Divine et al. (2011). Black dashed lines are 40-year-lowpass-filtered records of NH4+ and 
NO3- of the Holte05 ice core (Beaudon et al., 2013). 

We obtained six principal components (PCs) from the PCA (Table 4.2). PC1 has high loadings of 

sodium (Na+), potassium (K+), magnesium (Mg2+), and chloride (Cl-). This component explains 

38% of the total variance and contains species that are directly emitted by sea spray. PC2 has 
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high loadings of methane-sulphonate (MSA = CH3SO3-) and NO3-. MSA has a strictly marine 

biogenic source. It results from the oxidation of gaseous dimethyl-sulphide (DMS) which is 

produced by phytoplankton and emitted from the ocean to the atmosphere. This gas release 

across the sea-air interface differs distinctly from the way sea salt species are emitted to the 

atmosphere via sea spray because no droplets are involved (Stefels et al., 2007; Vogt and Liss, 

2009). PC3 has a high loading of NH4+, representing biogenic emissions. Calcium (Ca2+) is the 

only species that has a high loading in PC4. This suggests that PC4 represents a mineral dust 

component. The melt percent is the only parameter that has a high loading in PC5. This shows 

that decadal ion concentration averages are not influenced by melt, which is in agreement with 

Pohjola et al. (2002) and Moore et al. (2005). PC6 has a high loading of SO42-, indicating a 

volcanic source because the marine part of SO42- is covered by the sea spray component PC1. 

Table 4.2 Results of the principal component analysis (PCA) after VARIMAX rotation. Time period: 1222-1859; data: 
10-year averages; MSA = CH3SO3-; melt% = melt percent. Values >0.8 marked in bold. 

 PC1 PC2 PC3 PC4 PC5 PC6 

Na+ 0.97 0.06 0.05 0.11 -0.03 0.08 

K+ 0.88 0.18 0.00 -0.04 -0.07 0.16 

Mg2+ 0.82 0.37 0.02 0.27 0.07 0.19 

Cl- 0.97 0.08 0.06 0.12 0.01 0.08 

MSA 0.33 0.80 0.13 0.22 0.23 0.11 

NO3- 0.11 0.89 0.22 0.16 0.09 0.22 

NH4
+ 0.06 0.23 0.96 -0.02 0.17 0.02 

Ca2+ 0.18 0.27 -0.02 0.92 0.07 0.19 

Melt% -0.05 0.19 0.16 0.07 0.96 0.07 

SO42- 0.29 0.28 0.02 0.21 0.08 0.88 

Variance explained [%] 38 19 11 11 11 10 

 

The results of the PCA are in good correspondence with those of a correlation analysis of the 10-

year-averaged records of the ionic species and the melt percent for the pre-industrial period 

(Table 4.3). Strong correlation is observed for the sea spray related ions Na+, K+, Mg2+, and Cl- 

(0.59<r2<0.98). Furthermore, MSA and NO3- are highly correlated and share 60% of data 

variability. NH4
+, Ca2+, melt percent and SO4

2- are not significantly correlated with any other 

species. 
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Table 4.3 R2 values of the correlation analysis of the ionic species and the melt percent (Melt%). Time period: 1222-
1859; data: 10-year averages; MSA = CH3SO3-; 0.5<r2<1 marked in bold. 

r2 Na+ K+ Mg2+ Cl- MSA NO3- NH4+ Ca2+ Melt% SO42- 

Na+ 1          

K+ 0.71 1         

Mg2+ 0.71 0.59 1        

Cl- 0.98 0.67 0.78 1       

MSA 0.17 0.16 0.41 0.20 1      

NO3- 0.04 0.08 0.27 0.06 0.60 1     

NH4+ 0.01 0.01 0.03 0.02 0.14 0.19 1    

Ca2+ 0.09 0.06 0.27 0.10 0.26 0.21 0.00 1   

Melt% 0.00 0.00 0.02 0.00 0.15 0.11 0.13 0.04 1  

SO42- 0.16 0.18 0.33 0.17 0.26 0.26 0.02 0.24 0.04 1 

 

4.3.1 Nitrate and methane-sulphonate (NO3
- and MSA) 

In the Lomo09 ice core NO3- is highly correlated with MSA before around 1900. The records 

(Figures 4.3 and 4.5) are similar with shared peaks around 1395, 1475, 1560, 1645, 1695, and 

1795. After around 1900 there is a decoupling of both species with enhanced NO3- 

concentrations from anthropogenic Eurasian NOx emissions (see above) and strongly decreased 

MSA concentrations. Whereas marine biogenic sources for MSA in the Arctic are well known 

(Legrand, 1997), major pre-industrial NO3- sources in this region are still not fully understood 

(e.g., Wolff et al., 2008). 

Varying atmospheric MSA concentrations have been related to changing sea ice conditions. 

Studies from Arctic and Antarctic ice cores found positive (Becagli et al., 2009; Legrand et al., 

1997), but also negative correlations of MSA and sea ice extent (Rhodes et al., 2009; Sharma et 

al., 2012). After 1920 the Lomo97 core MSA correlates negatively with summer (August) sea-ice 

extent and sea surface temperature in the Barents Sea (O’Dwyer et al., 2000) and positively with 

the instrumental summer temperature record from Svalbard (Isaksson et al., 2005). During the 

period 1600-1920 Isaksson et al. (2005) detected a positive correlation of the Lomo97 MSA and 

winter (April) sea ice extent in the Barents Sea (Divine and Dick, 2006; Vinje, 2001). The 

Lomo97 MSA record reveals a pattern with twice as high values prior to about 1920 compared 
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to those of the later 20th century (Isaksson et al., 2005). They suggest that it results from a 

change of source and/or more favourable growing conditions for the DMS-producing 

phytoplankton in a more extensive sea ice environment before 1920. 

 

Figure 4.4 NO3- records from Lomo09 (red), Belukha (dark red; Eichler et al., 2009), Summit, Greenland (grey; Geng 
et al., 2014), and Colle Gnifetti, Swiss Alps (black; Sigl, 2009). Bold lines are 100-year-lowpass-filtered (100-yr-LP); 
dashed lines are 10-year averages (10-yr-avg). 

In the MSA record of the Lomo09 core we find a similar pattern as in the Lomo97 core with 

higher concentrations prior to the 20th century and a decreasing trend since around 1900 

(Figures 4.3 and 4.5). Hence, we investigate if a coupling of MSA with sea ice conditions around 

Svalbard exists, using three long-term reconstructions of sea ice extent. These reconstructions 

include the winter (April) ice extent in the Western Nordic Seas covering the last 800 years 

(Macias Fauria et al., 2010), the summer (August) location of the sea ice edge in the Barents Sea 

(BS) that covers the last 400 years (Kinnard et al., 2011), and the summer sea ice extent in the 

Arctic Seas extending back to the year 563 (Kinnard et al., 2011). The best agreement was 

observed between the 40-year-lowpass-filtered records of Lomo09 MSA and winter (April) 

Western Nordic Seas ice extent (Macias Fauria et al., 2010) (Figure 4.5; r=0.56, p<0.001). The 
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most striking feature in both records is the pronounced decrease starting around 1890 which is 

not seen in any of the summer (August) ice records before around 1910 (Figure 4.5). 

Furthermore, the pronounced minimum around 1710 and the peak around 1640 in the BS ice 

record are not reflected in the Lomo09 MSA record. Thus, our data do not support the 

connection of MSA at Lomonosovfonna and the BS ice extent stated in O’Dwyer et al. (2000) for 

the period 1920-1997, nor the assumption of Isaksson et al. (2005) that the MSA sources prior 

and after 1920 were the same, i.e. the BS. We explain the positive correlation of Lomo09 MSA 

and Western Nordic Sea ice extent as follows. The marginal ice zone is known to be the area of 

highest DMS production (Perrette et al., 2011). The larger the sea ice area, the more ice edge 

area is available for phytoplankton growth and thus DMS production. Furthermore, more ice 

leads to higher freshwater inflow by melting ice. This results in a stronger stratification of the 

ocean water (Perrette et al., 2011) which keeps the phytoplankton in the euphotic zone. The 

good correspondence of the Lomo09 MSA record with the Western Nordic Sea ice extent but not 

with that of the BS is well supported by the findings of Beaudon et al. (2013) pointing to the 

Greenland Sea as the main source for biogenic related MSA in Svalbard. 

The sources of pre-industrial NO3- in the Artic are not well understood. In previous studies NO3- 

was found to correlate with non-sea-salt-Ca2+ (nss- Ca2+) (Legrand et al., 1999; Röthlisberger et 

al., 2000, 2002), suggesting that nss-Ca2+ prevents NO3- from being re-emitted from the 

snowpack. However, those studies are from Greenland, consider glacial timescales, and include 

e.g. the last glacial maximum (LGM) with much higher nss-Ca2+ concentrations. Other studies 

observed a correlation of NO3- and Ca2+ in summer and with sea salt in winter but they 

considered only industrial times (Beine et al., 2003; Geng et al., 2010; Teinilä et al., 2003). The 

empirical orthogonal function (EOF) analysis performed on the ion data of the Lomo97 core 

suggests in general no correlation between Ca2+ and NO3
-, but in some parts of the last 200 years 

the two species are clearly associated (Kekonen et al., 2002). Kekonen et al. (2002) found NO3
- 

and NH4+ to covariate during the last 100 years. However, the EOF of the whole core did not 

show a clear association of NH4
+ and NO3-. Nevertheless, they suggested that before 1920 and 

after 1960 ammonium nitrate (NH4NO3) has been common at Lomonosovfonna. They explain 

this in recent years to be due to Arctic Haze and significant natural sources of NH4NO3 during 

the earlier period. At Holtedahlfonna, Svalbard, NH4+ was also associated with NO3- before 1880 

which Beaudon et al. (2013) interpreted as evidence for NH4NO3 to be present. Teinilä et al. 

(2003) also discovered a correlation of NO3
- and NH4

+ in recent times which they concluded to 

result from anthropogenic emissions. Our data neither support a correlation of NO3
- and Ca2+, 

nor of NO3
- and the sea salt species Na+, nor of NO3

- and NH4
+ in pre-industrial times. Instead, 

they clearly suggest an association of NO3- with MSA. Three hypotheses for the high correlation 
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are discussed: (1) post-depositional processes caused by melt water percolation affecting NO3- 

and MSA in the same way, (2) a common source of NO3- and MSA, and (3) NO3- fertilisation of the 

ocean which triggers phytoplankton growth and thus DMS and MSA formation. 

 

Figure 4.5 Records of Lomo09 MSA (dark blue), pre-industrial NO3- (red), Western Nordic Seas winter (April) ice 
extent (turquoise; Macias Fauria et al., 2010), Arctic summer (August) sea ice extent (light purple; Kinnard et al., 
2011), and August sea ice edge position in the Barents Sea (BS; dark purple; Kinnard et al., 2011). Bold lines are 100-
year-lowpass-filtered (100-yr-LP); dashed lines are 40-year-lowpass-filtered (40-yr-LP). 
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(1) The pre-industrial record of the melt percent does share some features with NO3- and MSA 

but there is no significant correlation with NO3- or MSA (r2=0.1 with either NO3- or MSA) 

(Table 4.3, Figure 4.3). This is also seen in the PCA where the melt percent and the two ionic 

species have their highest loadings in different PCs (Table 4.2). Thus, the correlation of NO3- and 

MSA is not a result of similar relocation during melt events on the decadal time scales 

considered here.  

(2) If both species have a common source this would have to be the ocean because MSA results 

only from marine DMS production and its oxidation in the atmosphere. NO3- is only a minor 

component in sea water with concentrations in the micro-molar range (Chester and Jickells, 

2012; Codispoti et al., 2013). The ice core NO3-/Na+ ratio of ~0.066 in the Lomo09 core is up to a 

factor of ten higher than the sea water ratio of 0.006 to 0.038 (Keene et al., 1986). Additionally, 

we can exclude NO3- to be derived from sea spray because NO3- and the major sea spray 

components Na+, K+, Mg2+, and Cl- (PC1) do not correlate as seen in the PCA and the correlation 

analysis (Tables 4.2 and 4.3). Thus, the major NO3- source is not the ocean which excludes a 

common source to cause the strong correlation of NO3- and MSA. 

(3) Elevated atmospheric NO3- concentrations due to high NOx emissions and/or enhanced 

transport to the Arctic in the end of winter lead to an increased amount of NO3- dissolved in the 

ocean surface water. Nutrient supply in the Arctic is known to be limited and nitrate depletion is 

common during the vegetative season (Codispoti et al., 2013). Hence, an increased nitrogen 

input by dissolved NO3- leads to a fertilisation of the phytoplankton (Duce et al., 2008). As soon 

as light becomes available this results in an enhanced production of DMS and finally higher MSA 

concentrations in the atmosphere. This process takes weeks to months (Codispoti et al., 2013; 

Sharma et al., 2012). However, such a potential short time lag cannot be resolved from our data.  

We suggest the fertilising effect to be the dominant cause for the high correlation of NO3- and 

MSA in pre-industrial times. In industrial times the records of NO3
- and MSA diverge with 

increasing NO3- and decreasing MSA concentrations. This reveals that during the 20th century 

the effect of decreasing MSA concentrations following reduction in ice extent in the Western 

Nordic Seas predominates compared to an expected MSA increase caused by enhanced 

anthropogenic NO3
- levels. 

The major NO3- source region for the industrial time is Eurasia indicated by the similarity of the 

NO3- records observed in the last 30-40 years in the ice cores from Lomo09, the Siberian Altai, 

and Severnaya Zemlya (Eichler et al., 2009; Weiler et al., 2005) (Figure 4.4). We assume that the 

source region has not changed from pre-industrial to industrial times. In the period 1250-1940 

NO3- in the Siberian Altai ice core was ascribed to forest fires and mineral dust as main pre-
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industrial sources (Eichler et al., 2011). That NO3- record shows a maximum between 1540 and 

1680 (see Figure 4.4), attributed to an increased mineral dust input from Central Asian deserts 

(1540-1600) and enhanced fire activity from Siberian boreal forests (1600-1680). This distinct 

peak in the 16th and 17th century is not observed in the Lomo09 NO3- record and also the general 

pre-industrial records do not correspond well. We cannot exclude that other regional scale NO3- 

sources in Eurasia had a significant impact on the low pre-industrial concentration level. From 

our data we can therefore not identify major pre-industrial NO3- sources for the Lomo09 core. 

4.3.2 Ammonium (NH4
+) 

The Lomo09 NH4+ record shows very low concentrations between the 13th and 18th century and 

an increasing trend from around 1750 onwards (Figure 4.6). The values are on the same order 

of magnitude as those from other Arctic sites and the Lomo97 ice core (Beaudon et al., 2013; 

Fuhrer et al., 1996; Kehrwald et al., 2012; Kekonen et al., 2005; Legrand and De Angelis, 1996; 

Legrand et al., 1992; Whitlow et al., 1994; Zennaro et al., 2014). Another Svalbard core from 

Holtedahlfonna that spans the last 300 years shows similarly a strong increasing trend in the 

NH4+ record from the 18th century on (Beaudon et al., 2013) (Figure 4.3). The authors interpret 

the rising concentrations from 1880 as result of anthropogenic mid-latitude pollution reaching 

the Arctic. However, the earlier increase in NH4+ concentrations in the Lomo09 and Holte05 ice 

core from the 18th century on cannot be related to anthropogenic emissions. As discussed above, 

anthropogenic NH3 emissions from Eurasia influence precipitation chemistry in Svalbard only 

after around 1940. 

Pre-industrial NH4+ was not studied in details in the Lomo97 core but Kekonen et al. (2002) 

suggested NH4NO3 to have been common at Lomonosovfonna before 1920. Similarly, Beaudon 

et al. (2013) postulated that at Holtedahlfonna natural NH4NO3 was a common aerosol. Our data 

do not support this hypothesis since NH4+ and NO3- are not significantly correlated in pre-

industrial times (Tables 4.2 and 4.3). In other studies pre-industrial NH4
+ was attributed mainly 

to biomass burning (e.g., Fuhrer et al., 1996; Kehrwald et al., 2010; Legrand et al., 1992; 

Whitlow et al., 1994). North America and Canada were identified as major sources for NH4+ in 

Greenland ice (Fuhrer et al., 1996), whereas Legrand and De Angelis (1996) and Zennaro et al. 

(2014) suggest an additional Eurasian source. A period of exceptional high fire activity around 

1600-1680 in Siberian boreal forests of Eurasia was detected in the ice core fire tracer records 

from the Siberian Altai and Greenland (Eichler et al., 2011; Zennaro et al., 2014). This unique 

period did not lead to a maximum in the Lomo09 NH4+ record. Therefore, we conclude that 

biomass burning is not a major source for NH4
+ arriving at Svalbard.  
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Figure 4.6 NH4+ records of the Lomo09 (green), Belukha (light green; Eichler et al., 2009), and the NEEM (grey; 
Zennaro et al., 2014) ice cores. Bold lines are 100-year-lowpass-filtered (100-yr-LP); dashed lines are the 10-year-
averages (10-yr-avg). 

The trend in the Lomo09 NH4+ record is very similar to that in the ice core from Belukha glacier 

in the Siberian Altai with increasing concentrations already from around 1750 (Eichler et al., 

2009) (Figure 4.6). Furthermore, both records show very low concentrations around 1680 to 

1750. At the Belukha site long-term NH4+ variations were related to temperature-induced 

changes of biogenic NH3 emissions from extended Siberian boreal forests (Eichler et al., 2009). 

The strong increase after the 18th century was caused by a rise of Siberian temperatures since 

that time. Hence, from the similarity in the Lomo09 and Siberian Altai NH4
+ concentration 

records we conclude that biogenic NH3 emissions from Siberian boreal forests are the dominant 

source for NH4
+ at Lomonosovfonna. Due to the larger distance to the emission sources the NH4+ 

concentrations in the Lomo09 core are about one order of magnitude lower than in the core 

from Belukha glacier. The NH4
+ concentrations in a Greenland ice core (NEEM, for location see 

Figure 4.1) do not show the increase after the 18th century (Zennaro et al., 2014) (Figure 4.6), 

implying that biogenic emission trends in Northern America and Eurasia differ. 
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4.4 Summary 

We presented the 800 year records of the two nitrogen species NO3- and NH4+ analysed in a new 

ice core collected from Lomonosovfonna, Svalbard, in 2009. In general, the NO3- and NH4+ 

records of the 2009 ice core reasonably agree with published data from two previous Svalbard 

ice cores, Lomonosovfonna 1997 (Kekonen et al., 2005) and Holtedahlfonna 2005 (Beaudon et al., 

2013). On the decadal time scale considered here melt related effects did not significantly alter 

the concentrations of the nitrogen compounds. Both species show a clear impact of 

anthropogenic pollution in the 20th century, with peak concentrations in the 1970s/1980s. This 

temporal trend points to source regions in Eurasia and the Siberian Arctic, since emissions in 

Northern America and Western Europe kept rising into the 21st century. In pre-industrial times, 

i.e. prior to the 20th century, the dominant source of NH4+ was biogenic NH3 emissions from 

Siberian boreal forests. During the same period NO3- was highly correlated to MSA on a decadal 

time scale. We explained this by a fertilising mechanism where higher atmospheric NO3- 

concentrations yield higher nitrogen input to the ocean, triggering the growth of DMS-

producing phytoplankton. Elevated DMS concentrations then result in enhanced concentrations 

of MSA in the atmosphere. Based on our data it was not possible to resolve major pre-industrial 

NO3- sources for Svalbard.  
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Supplementary Material 

Here, an example for the annual layer counting (ALC) for the core section between 0 and 

20 m weq (Figure S4-1) is displayed, followed by the raw data for the ionic species (Figure S4-2) 

and the melt percent (Figure S4-3) of the Lomo09 ice core along depth in m weq. 

 

Figure S4-1 Example for annual layer counting (ALC) for the core section between 0 and 20 m weq using the records 
of 18O and Na+. Data are five-point-moving averages. Grey vertical lines indicate the single counted years; numbers 
within the graph give the resulting year. 
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Figure S4-2 Raw data of concentrations of MSA (=CH3SO3-), Na+, NO3-, and NH4+ of the Lomo09 ice core versus depth 
in m weq. 

 

 

Figure S4-3 Annual melt percent of the Lomo09 ice core versus age. 
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Abstract 

We compare the two most recent ice cores from Lomonosovfonna, Svalbard, drilled in 1997 and 

2009 (Lomo97 and Lomo09), to test the spatial representativeness of past climate and 

environmental information from one ice core. Both cores were dated using a multiple 

parameter approach. Several major volcanic eruptions were identified in both cores, with the 

1783 Laki eruption having the most prominent impact on the SO42- records. The 1963 tritium 

peak was clearly imprinted in both cores. The tritium activity and the depth of the peak are in 

the same range. The largest discrepancy is the age of the deepest core sections, which results 

from the attribution of the SO42- peak detected in the deepest core section to two different major 

volcanic eruptions, the Hekla 1104 or 1158 for the Lomo97 and the Samalas 1257/58 for the 

Lomo09. The ion chemistry as well as the concentration trends in the ion records are very 

similar. The two cores are dominated by the sea salt species of Na+, Cl-, K+, and Mg2+ that 

contribute >70% to the ion budget. The anthropogenic influence is observed in both cores, 

especially in the NO3- and SO42- records. The correlation of MSA and NO3- observed in the 

Lomo09 core is not seen in the Lomo97, where NO3- is correlated with Ca2+. The annual 

accumulation rates at the sites differ by around 60%, which represents the high spatial 

variability in the area. The 18O records of the two ice cores are similar, thus the Lomo09 18O 

record is thought to correlate best with air temperature near Longyearbyen like the Lomo97 

18O record. The records of the stratigraphic melt index show great similarities in the common 

period from 1700 to1997. The records of the melt index ln(Na+/Mg2+) are comparable prior to 

around 1800. Afterwards, the Lomo09 record resembles more that of the Holtedahlfonna ice 

core drilled in 2005. This comparison of two ice cores from Lomonosovfonna shows that the 

climate and environmental reconstruction from one Lomonosovfonna ice core is representative 

of the glacier, but not necessarily of the entire region of Svalbard. 

5.1 Introduction 

Ice cores reveal the unique opportunity to reconstruct climatic and environmental history on 

long time scales. In the Arctic, the number of ice core studies is biased towards the large ice 

sheet of Greenland, at least partly because it is not affected by seasonal melt as other Arctic sites 

(e.g., Koerner, 1997). However, the small ice caps and glaciers outside of Greenland add 

important information to the palaeoclimate reconstruction of the Arctic because they are 

influenced by different air masses than the high altitude ice sheet of Greenland (AMAP, 2011; 

Hirdman et al., 2010). The low-altitude ice caps and glaciers receive pollutants from high-

latitude Eurasia by low-level transport (AMAP, 2011; Hirdman et al., 2010), in contrast to 

Greenland which is more connected to transport from lower latitudes (AMAP, 2011). 
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Additionally, the higher annual accumulation at sites outside of Greenland offers the possibility 

to gain high time resolved data (Van der Wel et al., 2011; Tarussov, 1992). Thus, ice cores from 

those sites are well suited to study the impacts and emission source histories during the last 

centuries.  

One of the most important issues for past climate and environmental reconstructions remains 

the question of the representativeness of a single ice core relative to a single glacier, to a sub-

region such as an archipelago, or to a greater region such as the Eurasian Arctic (Kotlyakov et al., 

2004). The best way to evaluate this representativeness is using highly-depth-resolved studies 

on multiple cores from the same location. In the Eurasian Arctic, often two or more cores were 

recovered from the same glacier (Fritzsche et al., 2002; Isaksson et al., 2001; Kotlyakov et al., 

2004; Pinglot et al., 2003; Uchida et al., 1996). However, in most cases the first drilling 

expeditions took place decades ago and those cores were not analysed in great detail (e.g., 

Fritzsche et al., 2002). This precluded an in-depth comparison of cores from the same glacier. 

Svalbard is located in an area influenced by shifting boundaries in atmosphere and ocean which 

results in a highly variable climate throughout the year (Isaksson et al., 2003). It is further 

relatively close to Eurasia, where some of the major sources of anthropogenic pollution are 

located. Lomonosovfonna is one of the highest ice fields (1250 m asl) in Svalbard and proven to 

be less affected by melt than other Svalbard glaciers, so that the signals are mainly preserved 

within an annual strata, but at least within eight annual layers (Gordiyenko et al., 1981; Moore 

and Grinsted, 2009; Moore et al., 2005; Pohjola et al., 2002a). So far four ice cores have been 

retrieved from Lomonosovfonna, in 1976, 1982, 1997 and 2009 (Gordiyenko et al., 1981; 

Isaksson et al., 2001; Kotlyakov et al., 2004). Only the cores drilled in 1997 and 2009 were 

studied at high resolution and in great detail. Here, we present a first comprehensive 

comparison of these two cores, retrieved just 4.6 km apart (Isaksson et al., 2001), to assess to 

what extent the parameters analysed in the cores agree. This comparison is thought to reveal 

whether the climate and environmental reconstruction from one ice core is representative of an 

entire region such as the archipelago of Svalbard. 

5.2 Drilling and methods 

In 1997, a 121 m long ice core was retrieved from the summit of Lomonosovfonna at 

78°51`53``N, 17°25`30``E, 1250 m asl (Figure 5.1) (Isaksson et al., 2001). This core almost 

reached bedrock which ground-penetrating radar measurements indicated to be at ~126.5 m 

depth. In 2009, a second 149.5 m long ice core from Lomonosovfonna was recovered, only 

4.6 km south of the 1997 core (Isaksson et al., 2001) at 78°49`24``N, 17°25`59``E, 1202 m asl 

(Figure 5.1). The 1997 drilling site was no longer suitable due to a large crevasse that had 
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opened in the area just before the 2009 drilling expedition and probably affected the records. 

Thus the drilling site further south was chosen. Bedrock at around 200 m depth- indicated by a 

radar survey- could not be reached (Petterson, unpublished data). Hereafter, the cores will be 

called Lomo97 and Lomo09.  

Both ice cores were sampled discretely for the analysis of water soluble major ions, water stable 

isotopes (18O and D), tritium, and 210Pb (details on the sampling methods in Isaksson et al. 

2001 and Eichler et al. 2000). The records of the major ions are used to reconstruct climate and 

pollution on historic time scales, whereas tritium and 210Pb are used for dating. The water stable 

isotope records are used for both dating and climate reconstruction.  

 

Figure 5.1 Maps showing the location of (A) Lomonosovfonna and (B) the drilling sites in 1997 (blue) and 2009 (red). 
Graph B modified after Isaksson et al. (2001). 

The Lomo97 core was sampled at a resolution of 5 cm for major ion analysis which resulted 

in >1000 samples (Kekonen et al., 2002). Part of the core was resampled, resulting in 2840 

samples for 18O analysis, with up to 23 samples per year in the uppermost part of the core 

(Divine et al., 2011). Tritium was analysed in 189 samples with a resolution of 5 cm (Van der 

Wel et al., 2011). For 210Pb analysis the Lomo97 core was sampled down to a depth of around 

40 m at a resolution of approximately 1-2 m weq (Pinglot et al., 1999).  

The Lomo09 core was sampled for major ion analysis and water stable isotope analysis at a 

resolution of 3-4 cm to account for layer thinning due to ice flow further down the core. This 

resulted in 3997 samples for both ion and 18O/ D analysis. In the uppermost part up to 32 

samples represent one year, and even in the deepest and oldest core part the sampling 



5.2 Drilling and methods 

141 

resolution results in at least one sample per year. For tritium the Lomo09 core was sampled 

between 21 and 43 m first at coarse (60-74 cm) and than at fine (~22 cm) resolution in order to 

identify the depth of the tritium peak. 210Pb was analysed between 6 and 89 m at a resolution of 

16 to 74 cm (one sample per core section).  

Both ice cores were analysed for the following major water soluble ions using liquid ion 

chromatography: the anions methane-sulphonate (MSA = CH3SO3-), chloride (Cl-), nitrate (NO3-), 

and sulphate (SO42-), and the cations sodium (Na+), ammonium (NH4+), potassium (K+), 

magnesium (Mg2+), and calcium (Ca2+). Details on the major ion and 18O analyses in the 

Lomo97 core are given elsewhere (Divine et al., 2011; Isaksson et al., 2001; Jauhiainen et al., 

1999; Kekonen et al., 2005). The major ions in the Lomo09 core were measured with a Metrohm 

850 Professional IC combined with a 872 Extension Module and an autosampler (858 

Professional Sample Processor). The anions were determined by a step-wise elution, with a 

lower concentrated eluent followed by a higher concentrated one. This resulted in the best 

separation of the single ions and reasonable measuring time. Details on the single components 

and chemicals care given in Table S5-1 in the Supplementary Material (SM). For every sample 

batch the instrument was calibrated with different dilutions of in-house reference solutions of 

10 ppm. Moreover, after approximately every 20th sample we analysed one of the reference 

solutions plus an in-house standard (snow from the high altitude research station of 

Jungfraujoch, Switzerland) to monitor potential drifts. The analysis of 18O and D for the 

Lomo09 core was conducted partly using isotopic ratio mass spectrometry (IRMS, Delta V 

Advantage, Thermo Fisher Scientific, Bremen, Germany), partly using wavelength-scanned 

cavity ring down spectrometry (WS-CRDS, Picarro L2130-i, Picarro Inc., Santa Clara, CA, USA). In 

both cases we analysed in-house standards covering the expected value range frequently to 

monitor stability and potential drifts of the setup. The tritium analysis was performed for both 

cores using liquid scintillation counting (Pinglot et al., 2003). For the Lomo97 core high-

resolution -spectrometry was applied for the analysis of 210Pb (Pinglot et al., 2003) and for the 

Lomo09 we used -spectrometry, measuring 210Pb indirectly via its decay product 210Po after 

chemical separation (Gäggeler et al., 1983). The melt features in the Lomo97 core were 

determined visually at 5 mm resolution in the top 81 m of the core which corresponds to the 

time period between around 1700 to 1997 (Grinsted et al., 2006). The melt features were 

classified into four categories to which a specific melt percentage was assigned (Grinsted et al., 

2006; Pohjola et al., 2002a). In the Lomo09 core the melt features were also identified visually 

and the melt percentage was calculated similar to the method described in Henderson et al. 

(2006). Different from Henderson et al. (2006) the melt features were not categorised but it was 

accounted for to which extent the melt affected the core diameter. Thus, the length of the melt 
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feature was multiplied with the percentage of the affected core diameter, summarising the 

observed melt features of one year to obtain the annual melt percent. 

5.3 Results and discussion 

In the following we discuss the different aspects of the comparison of the Lomo97 and the 

Lomo09 ice core. We focus on the dating, the ion chemistry, the accumulation rates, the water 

stable isotope ratio of 18O, and the melt indices of stratigraphic melt index and ln(Na+/Mg2+).  

5.3.1 Dating 

The two ice cores were dated applying a multiple-parameter approach. The Lomo97 was dated 

down to 76.2 m weq (= 1613) with a combination of the radioactivity peaks (Pinglot et al., 1999), 

volcanic reference horizons (Kekonen et al., 2005), and annual layer counting (ALC) using the 

pronounced 18O summer peaks (Divine et al., 2011). The dating uncertainty for this core 

section is ±1 year in the vicinity of the time markers and ±5 years in between (Divine et al., 

2011). For the older core part below 76.2 m weq a simple glacier flow model (Nye, 1963) based 

on an annual average accumulation rate of 0.36 m weq was applied. This results in an age of 

770 ± 150 at the bottom of the core (Figure 5.2; Divine et al., 2011). The Lomo09 core covers the 

time period from 1222 to 2009 (Figure 5.2; Wendl et al. 2014, submitted to Atmospheric 

Chemistry and Physics Discussions (ACPD)). Down to a depth of ~79.7 m weq (= 1750) the core 

was dated using a combination of the reference horizons of tritium and several major volcanic 

eruptions (Table 5.1), and ALC using the pronounced seasonality of the 18O and Na+ records. A 

two-parameter glacier flow model (Thompson et al., 1998) was fitted through the volcanic 

reference horizons, with a modelled average annual accumulation rate of ~0.58 m weq and a 

constant of 1.02. Below ~79.7 m weq ALC was limited due to strong layer thinning, so that the 

flow model was used to date the core. The dating uncertainty of the Lomo09 core ranges from 

±1 year within ±10 years of the reference horizons in the upper core part to ±10 years below 

~80 m weq, calculated using the difference of the year of the volcanic eruption and the 

modelled date.  
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Figure 5.2 Comparison of the dating of the Lomo97 (A; graph adopted from Divine et al. 2011) and Lomo09 core (B; 
Wendl et al. 2014, submitted to ACPD). ALC = annual layer counting. 

The major volcanic eruptions identified in the Lomo97 and Lomo09 core are given in Table 5.1. 

Several eruptions were detected in both cores with the approach of Moore et al. (2012) using 

the SO42- records. In particular, there is good agreement for the Laki eruption, Iceland, in 1783, 

which is reflected by the strongest peak in the SO42- records of the two cores. The chemical 

composition of tephra particles retrieved from the Lomo97 core around the depth of this large 

SO42- peak supports the attribution to the 1783 Laki eruption (Kekonen et al., 2005). The largest 

discrepancy is seen for the eruption identified in the deepest section of the cores. For the 

Lomo97 this is the eruption of Hekla, Iceland, in 1104 or 1158 at a depth of 117.7 m 

(= 99.8 m weq), and in the Lomo09 the eruption of Samalas in 1257/58 at a depth of 145.2 m 

(= 121.8 m weq). Moore et al. (2006) had previously identified the SO42- peak at 99.8 m weq in 

the Lomo97 also as the Samalas eruption. This was revised in Divine et al. (2011) and Moore et 

al. (2012), based on resampling of the core and an annual accumulation rate that would be far 

too high to reach 1257/58 at the depth of 99.8 m weq. However, the precise attribution of the 

SO42- peak at 99.8 m weq depth is hampered by discontinuities in the chemical stratigraphy in 

the bottom part of the Lomo97 core (Divine et al., 2011). In the Lomo09 core the attribution of 

the SO42- peak at a depth of 121.8 m weq to the 1257/58 eruption fits best to the two-parameter 

model (Thompson et al., 1998) used for the dating below approximately 79.7 m weq. Thus, in 

order to reach back to 1104 or 1158 for the eruption at 121.8 m weq, the accumulation rate 

below 79.7 m weq would have to be decreased substantially. We cannot resolve which 

attribution is to be preferred, because to assign the SO42- peak to the other respective eruption 

would imply an accumulation rate that is out of range for the particular dating. 
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Table 5.1 Major volcanic eruptions identified in the Lomo97 (Moore et al., 2012) and the Lomo09 ice cores. Volc. 
erupt. = volcanic eruption. Year = year of eruption. The difference of the year of the Kuwae eruption results from the 
updated attribution to the years 1458/49 by Sigl et al. (2013) which was incorporated in the Lomo09 dating. 

Lomo97 Lomo09 

Volc. erupt. Depth [m] Year  Volc. erupt. Depth [m] Year 

Pinatubo 6.5 1991 Agung/ 

Sheveluch 

32.3 1963/64 

Bezymianny 21.1 1956 Bezymianny 36.5 1956 

Kharimkotan 29 1934    

Kuril islands 31.5 1928    

Novarupta/ 

Katmai 

36.2 1912 Katmai 55.4 1912 

Krakatau 45.5 1883    

Tambora 62.3 1815 Tambora 83.9 1815 

Laki 67 1783 Laki 91.8 1783 

   Hekla 94.2 1766 

Fuji 80.5 1707    

Kuwae 107.5 1453 Kuwae 133.5 1458/59 

   Samalas 145.2 1257/58 

Hekla 117.7 1104 or 1158    

 

 

Figure 5.3 Results of the 210Pb analysis of the Lomo09 ice core, with the tritium peak indicated (red cross). The 
background corrected data (blue line) are included in Figure 5.2B. 
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The 210Pb analysis for the Lomo97 core was only conducted for the uppermost 25 m weq and 

did not reveal a decreasing trend (Pinglot et al., 2003). It was thus not used for dating. In the 

case of the Lomo09 core the 210Pb results show a decrease with time (Figure 5.3) and support 

the dating by the other methods (Figure 5.2B). 

 

Figure 5.4 Tritium (3H) records of (A) the Lomo97 (Van der Wel et al., 2011) and (B) the Lomo09 core with the 
counted years indicated on the right axes. The 3H activities are not corrected for decay since the year 1963. 

The tritium records of the two ice cores both reveal a clear peak, for the Lomo97 core at around 

18.5 m depth, and for the Lomo09 core at around 33 m depth (Figure 5.4). The depth of the 

tritium peak is comparable for the two sites regarding the 12 additional years of snow 

accumulation for the Lomo09 core. The 3H activity is also in the same range, the lower values in 

the Lomo09 core being caused by the longer time period between fallout and analysis.  

5.3.2 Ion chemistry 

In order to quantify the analytical quality of the ion data determined in the Lomo97 and 

Lomo09 cores, we consider the ion balances displayed in Figure 5.5. The high r2 values of the 

linear fits, 0.91 for Lomo97 and 0.92 for Lomo09, respectively, reveal that the analytical quality 

for both cores is very good. 
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Figure 5.5 Ion balance plots for Lomo97 (A) and Lomo09 (B). The cations considered include Na+, NH4+, K+, Mg2+, and 
Ca2+ for both cores; the anions include MSA, Cl-, NO3-, and SO42- for both cores, for the Lomo09 additionally fluoride, 
acetate, formate, and oxalate have been included in the ion balance.  

The ion records of the Lomo97 and the Lomo09 cores are in the same concentration range for 

all ionic species (Figures 5.6and 5.7). In particular, the records of NO3
- and SO4

2- are in very good 

agreement (r2 (10-year-avgs.) = 0.55 and 0.51, respectively). The dominant feature is the peak 

in concentrations between 1940 and 1990 for NO3- and 1920 and 1990 for SO42- caused by 

anthropogenic emissions. The large SO42- input by the Laki eruption is indicated by high SO42- 

concentrations around 1780 in both cores. The MSA records agree reasonably well from 1450 

onwards (r2 (10-year-avgs.) = 0.14). Before 1450 the Lomo97 MSA record reveals low 

concentrations that have previously been explained by potential runoff (Isaksson et al., 2005a; 

Kekonen et al., 2005). The records of Cl-, Ca2+, Mg2+, K+, and Na+ are in the same concentration 

range, but it is noticeable that the records of the Lomo97 core have lower concentrations in the 

upper- and lowermost part of the core compared to the Lomo09 core. This could be explained 

by the runoff effect as suggested by Kekonen et al. (2005). We cannot explain why this runoff 

should only affect the 1997 drill site, but do not find a similar effect for the Lomo09 records. The 

NH4+ records show large differences especially before 1950, with generally higher 

concentrations in the Lomo97 core. We cannot explain this difference, but NH4
+ is prone to 

contamination during analysis (e.g., Jauhiainen et al., 1999; Kaufmann et al., 2010).  
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Figure 5.6 Records of the ionic species analysed in the Lomo97 (light colours; data: Kekonen et al. 2005, recalculated 
with the updated chronology of Divine et al. 2011) and the Lomo09 (dark colours) ice cores. Data are annual averages. 
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Figure 5.7 Records of the ionic species analysed in the Lomo97 (light colours; data: Kekonen et al. 2005, recalculated 
with the updated chronology of Divine et al. 2011) and the Lomo09 (dark colours) ice cores. Data are 10-year-
averages. 

The concentrations of all ionic species have a log-normal mono-modal distribution, apart from 

NH4+ and MSA. Graphs of the frequency distributions can be found in Figures S5-1 and S5-2 in 

the SM. The broader frequency distribution of NH4
+ and MSA could be caused by contamination 

or secondary effects such as melting (Ginot et al., 2006). 
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We calculated median values for all ionic species in the time period covered by both ice cores 

(1222-1997) (Table 5.2). Additionally, we calculated the ratio of the medians of the Lomo09 to 

the Lomo97 core to resolve whether the ionic species behave similarly between the cores. 

Table 5.2 Median values [eq/L] for the ionic species determined in both ice cores. Further, the average annual 
accumulation rate [m/year] and the ratios of the values of Lomo09 to Lomo97 (ratio 09/97) are given. MSA = CH3SO3-. 
Ann. acc. rate = annual accumulation rate. Ann.acc. rate for Lomo97 from Divine et al. (2011). 

1222-1997 Lomo97 Lomo09 Ratio 09/97 

MSA 0.07 0.07 1.0 

Cl- 6.87 10.18 1.5 

NO3
- 0.63 0.58 0.9 

SO4
2- 2.25 2.35 1.0 

Na+ 6.18 8.50 1.4 

NH4+ 0.90 0.57 0.6 

K+ 0.14 0.23 1.6 

Mg2+ 1.26 1.87 1.5 

Ca2+ 0.94 1.29 1.4 

Ann. acc. rate 0.36 0.58 1.6 

 

The ion chemistry of both cores is dominated by the sea salt species of Na+, Cl-, K+, and Mg2+ that 

contribute >70% to the ion budget. The third most abundant ionic species is SO42- which has 

several sources: (1) sea salt, (2) mineral dust, and (3) anthropogenic and biogenic gases, and 

volcanic eruptions (Legrand and Mayewski, 1997). Overall, the median values in the Lomo09 

core are higher than in the Lomo97 core for all sea salt species and Ca2+, and the same for MSA, 

NO3- and SO4
2- in both cores. The difference of the NH4

+ ratio can be explained by the potential 

contamination effect mentioned above. The ratios of the medians of the Lomo09 to the Lomo97 

core range from 0.6 to 1.6, which is similar to the ratio of the annual accumulation rates of 1.6. 

Thus, we suggest the difference in annual accumulation rate to at least partly cause the 

differences in the concentrations of the ionic species in the two ice cores with larger ion 

deposition at a higher accumulation rate at the Lomo09 site. This suggests wet deposition to 

dominate in this region (Alley et al., 1995; Kreutz et al., 2000).  

We performed a principal component analysis (PCA) on the Lomo97 and the Lomo09 cores to 

investigate sources and/ or transport pathways of the ionic species (Table 5.3), similar to Wendl 

et al. (2014, submitted to ACPD). In order to account for dating uncertainties and smoothing 

effects by melt-water relocation we used 10-year-averages. We only considered the period 

1222-1859 to exclude anthropogenic influences on the ion concentrations. SO4
2- has been 
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shown to be influenced by anthropogenic emissions already during the second half of the 19th 

century (Moore et al., 2006).  

Table 5.3 Results of the principal component analysis (PCA) after VARIMAX rotation. Time period: 1222-1859; data: 
10-year averages; MSA = CH3SO3-. 

 Lomo09  Lomo97 

 PC1 PC2 PC3 PC4 PC5 PC6  PC1 PC2 PC3 PC4 PC5 PC6 

Na+ 0.97 0.07 0.09 0.04 0.11 -0.07  0.97 0.03 0.03 0.09 0.12 0.03 

K+ 0.88 0.16 0.01 0.00 0.14 0.38  0.38 0.29 0.18 0.17 0.82 0.15 

Mg2+ 0.81 0.39 0.27 0.03 0.22 -0.02  0.60 0.33 -0.01 0.37 0.45 0.33 

Cl- 0.97 0.11 0.11 0.06 0.12 -0.12  0.95 0.08 0.03 0.12 0.19 0.08 

MSA 0.31 0.84 0.20 0.16 0.16 -0.21  0.14 0.53 0.09 0.18 0.19 0.78 

NO3
- 0.09 0.87 0.19 0.24 0.22 0.22  0.01 0.86 0.24 0.15 0.24 0.20 

Ca2+ 0.18 0.27 0.93 -0.02 0.19 0.00  0.18 0.81 -0.09 0.36 0.11 0.22 

NH4
+ 0.05 0.23 -0.01 0.97 0.03 0.00  0.04 0.09 0.98 0.04 0.10 0.05 

SO4
2- 0.27 0.28 0.21 0.03 0.90 0.02  0.20 0.37 0.07 0.87 0.16 0.14 

Var. 

[%] 40 21 12 12 11 3 

 

28 24 13 13 12 10 

 

We obtained six principal components (PCs) from the PCA (Table 5.3). For the Lomo09 core the 

PCA results in a clear grouping of the ionic species. PC1 that explains around 40% of the 

variance is dominated by the sea salt species Na+, K+, Mg2+, and Cl-. PC2 has high loadings of MSA 

and NO3-, a correlation which suggests a link between NO3- deposition and ocean productivity 

(Wendl et al. 2014, submitted to ACPD). PC3 to PC5 are all dominated by a single species: Ca2+, 

NH4+, and SO4
2-, respectively. Ca2+ derives from terrestrial mineral dust, thus PC3 covers the dust 

component. The high loading of NH4
+ in PC4 suggests biogenic emissions to be represented by 

this component (details in Wendl et al. 2014, submitted to ACPD). PC5 is dominated by SO42- 

which indicates a volcanic source because the sea salt part of SO42- is covered already by PC1. 

PC6 gives a more diverse picture with higher loadings of K+, and partly NO3- and anti-correlated 

MSA. The source for this component cannot be defined clearly. The PCA for the Lomo97 core 

results in a similar picture (Table 5.3). PC1 is also dominated by the sea salt species Na+, Mg2+, 

Cl-, and K+ to a smaller extent. However, PC1 here only explains around 28% of the variance and 

thus is not as dominant as for the Lomo09 core. PC2 is represented mainly by NO3- and Ca2+ 

which indicates a terrestrial mineral dust source. PC3 has a high loading of NH4+, representing 

biogenic emissions. The high loading of SO42- in PC4 again indicates a volcanic source because 

the sea salt SO42- part is covered by PC1. PC5 has a high loading of K+, which, in combination with 
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higher loadings of Mg2+ and NO3- points to a marine, a mineral dust or a fire source. MSA has a 

high loading in PC6, representing marine biogenic emissions. 

Generally, the PCA for both cores supports the dominance of sea salt species reflected in the ion 

budget. The PCAs agree further for NH4+ and SO42- that occur separately from the other ionic 

species. The largest difference is seen for the correlations of MSA, NO3-, and Ca2+. In the Lomo09 

core MSA is clearly associated with NO3- (Wendl et al. 2014, submitted to ACPD), whereas in the 

Lomo97 core MSA occurs in a separate component and NO3- is associated with Ca2+. The latter 

agrees with previous findings (Beine et al., 2003; Geng et al., 2010; Legrand et al., 1999; 

Röthlisberger et al., 2000, 2002; Teinilä et al., 2003), but is contrary to the statement by 

Kekonen et al. (2002) that in general there is no clear association of Ca2+ and NO3- in the Lomo97 

core. The link between NO3- and ocean productivity (Wendl et al. 2014, submitted to ACPD) is 

thus only reflected in the Lomo09 and not in the Lomo97 core. 

5.3.3 Annual accumulation rate 

The annual accumulation rate of the Lomo97 core has been discussed in several studies. 

Isaksson et al. (2001) determined a mean annual accumulation rate of 0.36 m weq for the 

period 1963-1996, based on the depth of the 1963 radioactive layer. They further identified an 

accumulation gradient from several shallow cores drilled in the vicinity of the 1997 deep core. 

The lower accumulation rate at the summit of Lomonosovfonna, the Lomo97 drilling site, was 

attributed rather to a local precipitation feature than strong wind scouring (Isaksson et al., 

2001). Pohjola et al. (2002b) reconstructed the accumulation at the Lomo97 drilling site for 

three centuries based on the record of the water stable isotopes. They determined an average 

accumulation rate of 0.30 m weq from 1715 to 1950, and an increased accumulation rate of 

0.41 m weq on average for the period 1950 to 1997. Pälli et al. (2002) found the average annual 

accumulation rate at the Lomo97 drilling site with 0.45 m weq between 1986 and 1999 to be 

about 12% higher than for 1963-86 with 0.38 m weq, based on ground-penetrating radar 

measurements. They explained this with an increasing precipitation trend also seen in the 

instrumental records from Longyearbyen. Pälli et al. (2002) further observed a 40-60% spatial 

variability in snow accumulation on Lomonosovfonna over short distances. They stated this to 

be caused mainly by local topography, with bedrock depressions leading to increased 

accumulation. Divine et al. (2011) updated the Lomo97 chronology, based on a partial 

resampling of the core and a simple glacier flow model (Nye, 1963) fitted through the data. This 

resulted in the mean accumulation rates of 0.42, 0.32, 0.37, and 0.36 m weq for the time periods 

1997-1963, 1963-1903, 1903-1783, and before 1783, respectively. 
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The average annual accumulation rate for the Lomo09 core was determined to be 0.58 m weq, 

based on a simple glacier flow model (Thompson et al., 1998) fitted through the reference 

horizons (see chapter 5.3.1 for details). This model includes further a thinning factor (1.015 for 

the Lomo09 core) which accounts for layer thinning with depth. Thus, the accumulation rate at 

the 2009 drilling site is about 60% higher than at the site of the 1997 drilling, leading to higher 

deposition of the ionic species, as discussed in chapter 5.3.2. This variability in the accumulation 

rates within a distance of less than 5 km seems realistic. Previous studies already indicated a 

high spatial variability of the accumulation in the Lomonosovfonna area (Figures S5-3 and S5-4; 

Claremar, 2013; Isaksson et al., 2001; Pälli et al., 2002). 

5.3.4 Water stable isotope ratio 18O  

18O has been shown to be a valuable temperature proxy at Lomonosovfonna (Isaksson et al., 

2001, 2005b). Divine et al. (2011) used the 18O record of the Lomo97 core to reconstruct 

1000 years of winter temperature. The 18O record of the Lomo97 core was further observed to 

correlate best with the instrumental temperature record from Vardø covering the time back to 

1840 (Isaksson et al., 2005b), probably caused by the longer record from Vardø (Grinsted et al., 

2006). Grinsted et al. (2006) detected a better correlation for Lomo97 18O and the Svalbard 

airport (Longyearbyen) temperature record (Nordli et al., 1996) for the common period of both 

temperature records (1911 to 1997) than for Lomo97 18O and Vardø temperature. They 

interpreted this as temperatures near Longyearbyen being more representative of conditions 

on Lomonosovfonna than those from Vardø. 

 

Figure 5.8 Records of 18O of the Lomo97 (blue; Divine et al., 2011) and the Lomo09 ice core (red). Dashed lines are 
annual averages; bold lines are 10-year-averages. 
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The 18O records of the Lomo97 and the Lomo09 ice cores agree well with a decreasing trend 

from 1200 to approximately 1880, highest values between 1900 and 1950, lower values around 

1960 and increasing values since then (Figure 5.8). The most negative 18O values and thus the 

coldest temperatures occur between about 1760 and 1880, as previously noted by Isaksson et al. 

(2005c). The 18O values are normally distributed, as can be seen in Figure S5-2 in the SM. The 

great similarity of the two 18O records suggests that the conclusions drawn for the Lomo97 

18O record also apply for the Lomo09 18O record, although this remains to be studied in detail. 

5.3.5 Melt indices stratigraphic melt index and ln(Na+/Mg2+) 

Low-altitude glaciers in the Arctic are highly affected by seasonal melt (Koerner, 1997) that 

results in a modified distribution of the chemical species within the ice column, with some 

species being removed easier than others (Brimblecombe et al., 1985; Davies et al., 1982; Moore 

and Grinsted, 2009; Pohjola et al., 2002a; Virkkunen et al., 2007). The Lomo97 ice core was 

found to suffer from modest melt, with an average stratigraphic melt index of ~41% (Pohjola et 

al., 2002a). The melt index describes how much of an annual layer is affected by melt (Koerner 

and Fisher, 1990). Despite the high melt index of the Lomo97 core it could be shown that the 

chemical signals are preserved within two to eight annual layers (Moore et al., 2005; Pohjola et 

al., 2002a). The melt index of the Lomo09 core is on average 31%. Thus the maximal percolation 

length is thought to be at the most as high as in the Lomo97 core. On Nordenskjöldbreen, one of 

the outlet glaciers of Lomonosovfonna, van Pelt et al. (2012) observed that refreezing water 

contributes 0.27 m weq per year, which is equivalent to 69% of the annual snow accumulation. 

This is almost twice as high as the refreezing contribution for the Lomo97 and Lomo09 cores, 

with values of 0.15 and 0.18 m weq per year, respectively. This could be explained by the higher 

altitude of the drilling sites that are thus less affected by melt. 

Previous publications on the Lomo97 core have used either the stratigraphic melt index 

(Grinsted et al., 2006) or the ratio of Mg2+ to Na+ as index for summer melt (Beaudon et al., 2013; 

Iizuka et al., 2002). Figure 5.9 compares the stratigraphic melt records of the two cores. For the 

Lomo97 only 10- or 15-year-moving-averaged data were available (Grinsted et al., 2006; 

Kekonen et al., 2005). Thus, only a visual comparison was possible. The Lomo97 stratigraphic 

melt record covers only the time period between around 1700 and 1997, restricted by the 

applied method (Kekonen et al., 2005). Nevertheless, a reasonable agreement of the two records 

can be observed, with increased melt around 1790, 1850, 1900 and 1980. However, the highest 

value for the stratigraphic melt index in the Lomo97 occurs around 1790, whereas melt in the 

Lomo09 core was even more severe around 1900 than in 1990. Furthermore, the general 
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increasing trend seen in the Lomo09 record is not depicted in the Lomo97 record, probably due 

to the shorter time period covered. 

 

Figure 5.9 The records of the stratigraphic melt index. For the Lomo97 only 10- or 15-year-moving-averaged data 
were available (Grinsted et al., 2006; Kekonen et al., 2005). Data shown are 15-year-moving averages. Lomo97 data 
from Grinsted et al. (2006). 

We additionally compare the records of the natural logarithm of the ratio Na+ to Mg2+ in the 

Lomo97 and Lomo09 ice cores (Figure 5.10), an indicator for summer melt previously applied 

on the Lomo97 and the Holtedahlfonna ice cores (Beaudon et al., 2013). 

The records of ln(Na+/Mg2+) of the two ice cores agree reasonably well (r2 (10-year-

avgs.) = 0.09), with the most prominent feature being the increased values from 1810 to 1995 

(Figure 5.10). The absolute values and the trends are similar for the two cores. However, the 

Lomo97 record experiences more or less constantly increasing values for the melt indicator 

from 1810 to 1995, whereas the Lomo09 record reveals two peaks around 1920 and around 

1995. For the Lomo97 core Moore et al. (2005) found that more than 60% of the variance in the 

ion records is attributed to seasonal melting. In contrast, Wendl et al. (2014, submitted to 

ACPD), using the stratigraphic melt percent instead of ln(Na+/Mg2+), concluded that melt did not 

affect the ion records in the Lomo09 core on decadal timescales.  

The higher values for ln(Na+/Mg2+) around 1920 and 1995 in the Lomo09 record resemble 

those detected in the Holtedahlfonna core between 1915 to 1945 and around 1990 (Beaudon et 

al., 2013). Beaudon et al. (2013) observed a significant correlation of the ln(Na+/Mg2+) melt 

index with the summer air temperatures (June, July, August) recorded at Svalbard airport 

(Longyearbyen) since 1911, a correlation not seen for the Lomo97 record. So far we cannot 
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explain the greater similarity of the melt records of the Lomo09 and the Holtedahlfonna core 

compared to that of the two cores from Lomonosovfonna. 

 

Figure 5.10 Records of ln(Na+/Mg2+) of the Lomo97 (blue; data: Kekonen et al. (2005) calculated with updated 
chronology of Divine et al. (2011)) and Lomo09 (red) ice core. Dashed lines are annual averages; bold lines are 10-
year-averages. 

Additionally, we compare the two melt indices stratigraphic melt percent and ln(Na+/Mg2+) of 

the Lomo09 core (Figure 5.11). This reveals that the two melt indices do not necessarily give the 

same picture. The general increase in melt with time is visible in both records but the increase 

in the last 150 years is more pronounced in the ln(Na+/Mg2+) record. Hence the conclusions 

drawn on either melt index record cannot as such be transferred to the other. 
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Figure 5.11 Records of the two melt indices stratigraphic melt percent and ln(Na+/Mg2+) for the Lomo09 core. 
Dashed lines are annual averages; bold lines are 10-year-averages. 

 

5.4 Summary and conclusions 

In order to test the spatial representativeness of a climate and environmental reconstruction 

from one ice core we compared two ice cores from Lomonosovfonna, Svalbard, drilled in 1997 

and 2009 (Lomo97 and Lomo09). The results from the detailed analyses of the two cores are 

reasonably similar in most cases. The ion chemistry agrees well, as do the trends in the records 

of the ions, of 18O, and of the stratigraphic melt index. The ion budgets of the cores are 

dominated by the sea salt species of Na+, Cl-, K+, and Mg2+ that contribute >70%. The 
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anthropogenic influence is clearly seen in the NO3- and SO42- records, with maximum 

concentrations from 1940 and 1990 for NO3- and 1920 and 1990 for SO42-. Due to the great 

similarity of the two 18O records, 18O in the Lomo09 core is also thought to best correlate with 

Svalbard airport (Longyearbyen) air temperature. 

The differences between the cores appear mainly in the dating. Several major volcanic eruptions 

could be identified for both cores, but the attribution of the SO42- peak detected in the deepest 

core sections is ambiguous. The peak in the SO42- record at 99.8 m weq in the Lomo97 and at 

121.8 m weq in the Lomo09 core is assigned to Hekla 1104 or 1158 in the Lomo97 and to 

Samalas 1257/58 in the Lomo09 core. We cannot resolve whether one is more correct than the 

other, because in either case the annual accumulation rate to fit the other major volcanic 

eruption is out of range. Furthermore, the correlation of MSA and NO3- observed in the Lomo09 

core is not seen in the Lomo97, where NO3- is correlated with Ca2+. Thus, NO3- in the Lomo97 is 

not linked to ocean productivity as in the Lomo09 core. The annual accumulation rate at the two 

sites differs by 60%, which is explained by the high spatial variability already observed in 

previous studies. The records of the melt index ln(Na+/Mg2+) in the two cores diverge after 1800. 

The Lomo09 record then resembles more that of the Holtedahlfonna ice core drilled in 2005, 

with its two peaks between 1915 to 1945 and around 1990. So far, we cannot explain this 

resemblance of the Lomo09 melt record with that of the Holtedahlfonna core.  

This first comparison of the two most recent ice cores from Lomonosovfonna reveals that if 

sample resolution is high, i.e. at least annual, the climate and environmental reconstruction 

from one ice core may be representative of a single glacier, but not necessarily of an entire 

region such as Svalbard.  
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Supplementary Material 

In this supplementary material the details on the single components and chemicals for the ion 

chromatography (Table S5-1) are given, followed by the frequency distributions of the ionic 

species and 18O analysed in the Lomo97 and Lomo09 cores (Figures S5-1 and S5-2), and graphs 

modified after previous studies showing the spatial variability of the accumulation rates in the 

Lomonosovfonna area (Figures S5-3 and S5-4). 

 

Table S5-1 Components and chemicals used for major ion analysis with the Metrohm 850 Professional IC. 

 Cations Anions 

Eluent 2.8 mM HNO3 A: 1.5 mM Na2CO3 / 0.3 mM NaHCO3 

B: 8 mM Na2CO3 / 1.7 mM NaHCO3 

Flow rate 1 mL/min 0.9 mL/min 

Loop 500 L 500 L 

Separation column Metrosep C4 Metrosep A Supp 10 

Guard column  Metrosep A Supp 5 

Suppression - 0.05 M H2SO4 + 12 g oxalic acid 

Detection conductivity conductivity 
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Figure S5-1 Frequency distributions of the cations analysed in the Lomo97 and Lomo09 cores. The red line 

represents the Lomo09 core; the blue line represents the Lomo97 core. 
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Figure S5-2 Frequency distributions of the anions and 
18

O analysed in the Lomo97 and Lomo09 cores. The red line 

represents the Lomo09 core; the blue line represents the Lomo97 core. 
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Figure S5-3 Annual accumulation rates vs. distance of the profile along the Lomonosovfonna area. The approximate 

locations of the 1997 and 2009 drilling sites are indicated. Graph modified after Pälli et al. (2002). 
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Figure S5-4 Mean annual precipitation in Svalbard. Red contour lines show terrain heights with equidistance of 200 

m. The approximate locations of the 1997 and 2009 drilling sites are indicated. Graph modified after Claremar (2013). 
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6 Black carbon in the Lomonosovfonna 2009 ice core 

6.1 Introduction 

Light-absorbing impurities such as black carbon (BC) affect the Earth’s radiative balance and 

thus climate change. Black carbon is a by-product of incomplete combustion of biomass and 

fossil fuels. It has a two-fold climate effect: (1) direct heating of the atmosphere by absorbing 

the incoming radiation, (2) indirect when deposited on the Earth’s surface because it lowers its 

albedo. The latter effect is particularly important in areas mainly covered by white ice and snow 

surfaces such as the Arctic, where BC deposition leads to accelerated melt. The surface radiative 

forcing for the snow albedo effect of BC was estimated to be between 0.01 and 0.09 W/m2 (Bond 

et al., 2013). The efficacy of this forcing was identified to be up to three times greater than that 

by CO2 (Flanner et al., 2007). However, not many climate models cover the polar areas that are 

greatly affected by surface albedo change because of their vast white surfaces including sea ice. 

Shrinking areas of highly reflective sea ice expose larger areas of darker and more absorbing 

open water which results in a warming of the ocean (AMAP, 2011; Cubasch et al., 2013). This 

then leads to further sea ice melt and even more open water, resulting in a self-accelerating 

process, the so-called ice-albedo feedback (AMAP, 2011).  

BC in Arctic snow has been investigated extensively (Aamaas et al., 2011; Clarke and Noone, 

1985; Doherty et al., 2010, 2013; Forsström et al., 2009, 2013). The BC concentrations vary from 

a median of 1 ± 1 g/L in Greenland summer snow (Doherty et al., 2010) to a median of 88 g/L 

in northern Scandinavia (Forsström et al., 2013). The median values for Svalbard are 13 ± 9 and 

12-17 g/L, respectively (Doherty et al., 2010; Forsström et al., 2013). Those values were 

determined by filter-based methods, such as integrating-sphere/integrating-sandwich (ISSW) 

spectrophotometry (Doherty et al., 2010) and the thermal-optical technique (Forsström et al., 

2013). These methods require large sample volumes and can be biased due to analytical 

artefacts, such as charring of organic carbon (Soto-Garcia et al., 2011), dust interference (Wang 

et al., 2012), or filter efficiency (Torres et al., 2014).  

In the Arctic, only few long-term BC records exist from ice cores drilled in Greenland (McConnell 

and Edwards, 2008; McConnell, 2010; McConnell et al., 2007; Zennaro et al., 2014) and Svalbard 

(Ruppel et al., 2014). Apart from the BC record from NEEM, Greenland, that extends back to 

more than 2000 years ago (Zennaro et al., 2014), those BC records cover at a maximum the last 

300 years (McConnell and Edwards, 2008; McConnell, 2010; McConnell et al., 2007; Ruppel et al., 

2014). The Greenland records range from a mean value of 1.7 g/L for the D4 site prior to 1850 
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(McConnell et al., 2007) to a mean of around 6-8 g/L for the NEEM site for the last 2000 years 

and the ACT2 site for the last 230 years (McConnell and Edwards, 2008; Zennaro et al., 2014). 

The Svalbard record from Holtedahlfonna reveals mean BC concentrations from 23 ± 9 g/L 

prior to 1850 to 45 ± 19 g/L between 1950 and 2004 (Ruppel et al., 2014). 

All Greenland ice core records exhibit increased BC concentrations between around 1880 and 

1950 (McConnell and Edwards, 2008; McConnell, 2010; McConnell et al., 2007; Zennaro et al., 

2014). The core from Holtedahlfonna also shows elevated BC concentrations after 1850, with a 

peak around 1910 (Ruppel et al., 2014). In this record the BC concentrations increase again 

rapidly between 1980 and 2004 (Ruppel et al., 2014). This differs from the Greenland records 

and from atmospheric measurements at Alert (Canada), Barrow (Alaska), Zeppelin (Svalbard) 

since 1989 (Ruppel et al., 2014), and at Kevo (Finland) since 1964 (Dutkiewicz et al., 2014). 

They all indicate decreasing BC concentrations in the Arctic during the last decades. Ruppel et al. 

(2014) explain the recent rise in the Holtedahlfonna BC concentrations with an increased BC 

scavenging efficiency induced by rising temperatures. 

The differences observed between the BC records from Greenland and Svalbard ice cores may 

be attributed to varying source areas, dissimilar distance to the sources, and the unlike 

elevation of the sites (AMAP, 2011; Hirdman et al., 2010; Ruppel et al., 2014). Greenland is 

affected by pollution sources in the low latitudes, whereas sources in high-latitude Eurasia 

affect the low-altitude Arctic sites (AMAP, 2011; Hirdman et al., 2010). Thus, the emission 

trends in the respective BC source regions, that were shown to vary with time and latitude, will 

result in varying trends in the BC records at the different sites (AMAP, 2011; Skeie et al., 2011). 

Furthermore, varying methods were applied to determine BC in the ice cores, which may 

contribute to the diverse values (Ruppel et al., 2014) because the methods may be sensitive to a 

different part of BC. The Greenland cores were analysed using a Single Particle Soot Photometer 

(SP2, Droplet Measurement Technology, Inc., Boulder, CO, USA; Schwarz et al., 2006) 

incorporated in a continuous flow system (e.g., McConnell et al., 2007), whereas Ruppel et al. 

(2014) analysed filters with the thermal-optical method for the Holtedahlfonna core.  

The BC record of the Holtedahlfonna ice core is the only record on historical timescales from 

outside of Greenland up to now. In order to get a more complete picture of the past BC 

concentrations in the Arctic, BC was determined in an ice core from Lomonosovfonna, Svalbard, 

drilled at 1202 m asl in 2009 (hereafter called Lomo09). Details on the drilling and sampling are 

given in chapters 2.1 and 2.2. Discrete samples were analysed with a setup combining an SP2 

and a jet nebulizer system APEX-Q (High Sensitivity Sample Introduction System, Elemental 
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Scientific Inc., Omaha, NE, USA) (details on the method in chapter 3). Moreover, potential 

sources for BC in the Lomo09 ice core were tried to be identified.  

6.2 Results and discussion 

The BC record from the Lomo09 ice core reveals concentrations between 0.1 and 39.0 g/L in 

the period from 1950 to 2005, with a median of 1.7 g/L and an average of 2.6 ± 3.4 g/L. The 

concentrations vary with time, with maximum concentrations around 1980 (Figure 6.1). 

Furthermore, the Lomo09 BC record shows a decreasing trend from 1950 to 2005. 

 

Figure 6.1 Black carbon (BC) record of the Lomonosovfonna 2009 ice core in the time period 1950 to 2005. Dashed 
black line represents the raw data, bold red line the annual averages. 

Sub-annual variations in the BC records can be resolved, as shown by comparison with the 

records of 18O and Na+ (Figure 6.2). The 18O record shows pronounced minima in winter 

caused by lower temperatures, whereas the Na+ record reveals pronounced maxima in summer 

due to minimum sea ice extent leading to higher input of Na+ to the drilling site (Figure 6.2). 

Those records were used to count annual layers to date the ice core (see chapter 2.7.4). BC is 

expected to show elevated concentrations in the end of winter/ early spring due to the Arctic 

Haze phenomenon (Shaw, 1995). Thus, the maximum concentrations in the BC record are 

expected to correspond to the minima in the 18O record. Indeed, the BC record shows maxima 

at 18O minima for several years, such as e.g. in 1953, 1958, 1966, 1969, 1973, 1974, 1980, 1981, 

1982, 1990, and 1995. However, the seasonality is not as pronounced as in the 18O and Na+ 

records. 
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Figure 6.2 Records of concentrations of Na+, 18O, and BC in the time period between 1950 and 2005. Data shown are 
five-point-moving-averages. Vertical dashed lines indicate the single counted years. 

The median BC concentration of 1.7 g/L in the Lomo09 core is about a factor of ten lower than 

the values of 13-17 g/L observed in studies on BC in Svalbard snow (Doherty et al., 2010; 

Forsström et al., 2013). This can at least partly be explained by the different analytical methods 

used, because filter-based methods have the potential to over- or underestimate the BC 

concentrations due to analytical artefacts, see above. Interference with mineral dust as in Wang 

et al. (2012) can be excluded because Svalbard snow does usually not contain much dust. A bias 

due to filter efficiency (Torres et al., 2014) would result in lower concentrations with the filter-

based method, and thus can be ruled out. The lower values in the Lomo09 core could further 

result from the different time period considered. Forsström et al. (2013) analysed frequently 

sampled snow from the spring seasons at various locations in Svalbard in 2007, 2008 and 2009; 

Doherty et al. (2010) sampled snow near Ny-Ålesund, Svalbard, in spring 2007 and 2009. Those 

most recent years are not included in the BC record from the Lomo09 core that extends back to 

1950. However, the discrepancy in the BC concentrations is most likely explained by the fact 

that Forsström et al. (2013) and Doherty et al. (2010) only sampled snow in the spring season. 

Spring is expected to have the highest BC concentrations due to the Arctic Haze phenomenon 

(e.g., Shaw, 1995).  
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Figure 6.3 Elemental carbon (EC) concentrations in the Holtedahlfonna ice core during the last 300 years (Ruppel et 
al., 2014). Ruppel et al. (2014) use the term EC due to the thermal-optical measurement technique applied. The black 
line represents the concentration at sample resolution and the blue line the running 10-year-averages of samples 
with approximately 2 year resolution. The red dots and error bars indicate the average EC concentration and the 
absolute errors of samples from which multiple analyses were performed. 

In the period between 1950 to 2005 the average BC concentrations of the Lomo09 ice core of 

2.6 ± 3.4 g/L are further about a factor of 20 lower than the mean of 45 ± 19 g/L of the 

Holtedahlfonna ice core for the same time period (Ruppel et al., 2014). Moreover, the elevated 

concentrations in the last 30 years observed in the Holtedahlfonna BC record (Figure 6.3; 

Ruppel et al., 2014) are not reflected in the Lomo09 BC record. The mean of the Lomo09 core 

and the lack of the increase in BC concentrations in recent decades resemble rather the BC 

record of the D4 Greenland ice core with a mean 2.3 g/L for the period from 1952 to 2002 

(Figure 6.4; McConnell et al., 2007). The difference between the two Svalbard BC records could 

at least partly result from the different analytical methods applied, thermal-optical filter-based 

for the Holtedahlfonna (Ruppel et al., 2014) and SP2-setup for the D4 (McConnell et al. 2007) 

and the Lomo09 core. However, the D4 site is at ~2700 m asl and influenced by more low-

latitude sources, whereas the Lomo09 core as a low-altitude site is more affected by BC 

emissions from high-latitude Eurasia (AMAP, 2011; Hirdman et al., 2010). Moreover, the major 

pollutant sources for Greenland are North America and Eurasia, whereas Svalbard is affected 

mainly by Eurasian sources (e.g., Goto-Azuma and Koerner, 2001; Hicks and Isaksson, 2006). BC 

emissions from Eurasia have decreased constantly over the last 50 years, as shown by several 

studies (Figure 6.5; Bond et al., 2007; Dutkiewicz et al., 2014; Lamarque et al., 2010; Novakov et 

al., 2003; Riahi et al., 2011). This decrease is reflected in the Lomo09 BC record, but contrary to 

the increase observed in the Holtedahlfonna record. Therefore, the assumption of Ruppel et al. 

(2014) that the BC scavenging efficiency has increased in the last 30 years cannot be 
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generalised for Svalbard. It is rather likely that the BC concentrations at Lomonosovfonna are 

influenced mainly by BC emissions in the source region of Eurasia. 

 

Figure 6.4 Monthly (black) and annual (red) BC concentrations from 1788 through 2002 measured in the Greenland 
D4 ice core (modified after McConnell et al., 2007). 

 

Figure 6.5 Time series plot of [BC] measured at Kevo, Finland, for 1965-2010 compared to selected BC emission 
estimates given below: Novakov = BC emissions for UK+GER+USSR (Novakov et al., 2003) Bond = BC emissions for 
OECD Europe+USSR (Bond et al., 2007) RCP = BC emissions for Europe+USSR (Lamarque et al., 2010; Riahi et al., 
2011). Graph adopted from Dutkiewicz et al. (2014). 
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BC has previously been used as tracer for forest fires (e.g., McConnell et al., 2007; Zennaro et al., 

2014). The Lomo09 BC record displays a large peak around 1980 and a less prominent one 

around 1957 (Figures 6.1and 6.2). Large areas of Russian boreal forest burn every year (Conard 

and Ivanova, 1997; Dixon and Krankina, 1993). This is one of the potential sources for BC 

detected in Svalbard. In the particular time periods around 1957 and 1980 where elevated BC 

concentrations were measured in the Lomo09 core, no major fires could be identified, mainly 

because the data coverage is scarce, but also because the considered time periods in the studies 

are often too long to identify single fire events (Oris et al., 2013). However, the large area of 

boreal forest that burned around 1987-1991 (Conard and Ivanova, 1997; Dixon and Krankina, 

1993) is not reflected in the Lomo09 BC record. Anthropogenic emissions from Eurasia do not 

exhibit higher values for either peak in the Lomo09 BC record (Figure 6.5; Dutkiewicz et al., 

2014). Thus, the elevated BC concentrations could be caused by BC emissions from North 

America that cannot be excluded from affecting BC concentrations in the Lomo09 core. The peak 

in the Lomo BC record in 1995 (Figures 6.1and 6.2) resembles, for instance, the peak detected at 

Summit, Greenland which was attributed to forest fires in North America (Dibb et al., 1996). 

Furthermore, the BC emissions from North America were elevated around 1980 (Bond et al., 

2007), which could have contributed to the elevated BC concentrations around 1980 in the 

Lomo09 core. Local emissions from Svalbard can be excluded from having influenced the 

Lomo09 BC record, as shown in the snow pit study in chapter 7. 

 

Figure 6.6 Records of the Lomo09 annual BC concentrations and the annual melt percent. 
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The elevated BC concentrations in the Lomo09 record around 1957 and 1980 could also be 

caused by relocation of BC due to melt and aggregation at a certain depth. Comparing the 

records of annual averages of BC and the annual melt percent indicates that there was neither a 

period of particularly high melt after 1960 nor after 1980 that could have resulted in relocation 

of BC to greater depth (Figure 6.6). This is supported by the poor correlation of the two records 

(r2 = 0.12). Thus, melt can be excluded from having influenced the BC concentrations in the 

Lomo09 core on annual timescales. This is in agreement with Doherty et al. (2013) who state a 

10-30% relocation of BC due to meltwater percolation. 

6.3 Summary and outlook 

The BC record of the 2009 ice core from Lomonosovfonna (Lomo09) covering the time period 

between 1950 and 2005 is presented. Sub-annual variations can be observed, but a periodic 

seasonality is not depicted. The BC concentrations in the Lomo09 core are in the same range as 

those observed in Greenland, but a factor of 10 and 20 lower than those determined in Svalbard 

snow and the Holtedahlfonna ice core, respectively. This can partly be explained by the different 

analytical methods applied, SP2-setup for the Lomo09 and thermal-optical filter-based for the 

snow and the Holtedahlfonna core. The increase in BC concentrations in the Holtedahlfonna 

record in the last decades is not reflected in the Lomo09 BC record. The Lomo09 BC record 

rather resembles the records of the Greenland ice cores that agree with the decrease in 

atmospheric BC in the Arctic in recent decades. The decreasing BC concentrations in the 

Lomo09 core are probably due to decreasing BC emissions from Eurasia. The source for the 

elevated BC concentrations in the Lomo09 core around 1957 and 1980 could not be identified 

unequivocally. BC emissions from North America could have played a role, whereas emissions 

from Eurasia were not elevated in these particular years. Melt was shown to not have influenced 

the Lomo09 record on annual timescales. 

It is intended to extend the Lomo09 BC record further back in time, enabling a detailed 

comparison of the existing BC records from Arctic ice cores. In particular, a comparison of the 

two BC records from Svalbard is important to gain knowledge about past BC concentrations at 

low-altitude Arctic sites. In addition, the comparison of preindustrial to industrial BC 

concentrations may enable source apportionment, since forest fires are the only preindustrial 

source for BC. 

The samples for BC analysis were prepared for the entire core, but could not be analysed in the 

frame of this project due to limited access to the SP2 and the long process of method 

development. The present BC record lacks the last four years because the samples of the 

uppermost core part, covering the time period of 2005-2009, had been refrozen and thus were 
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unsuitable for analysis. However, the Lomo09 BC record will be extended to 2011 using BC 

samples from a short core drilled on Lomonosovfonna in 2011. 
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7 Snow pit study on black carbon concentrations in Svalbard 

7.1 Introduction 

In March/April 2010 a snow pit study was conducted in Svalbard, Norway, in order to analyse 

the winter snow pack of one year for concentrations of black carbon (BC) and water soluble 

major ions. The study intended to extend the black carbon (BC) record of the 2009 

Lomonosovfonna ice core to the year 2010 and to investigate the spatial variation of BC in 

Svalbard, similar to Aamaas et al. (2011) and Forsström et al. (2009) and (2013). This chapter 

describes the analysed species and the applied analytical methods only briefly, details can be 

found in chapters 2.5, 2.6, 3, and 5. 

BC, a by-product of incomplete combustion, has light-absorbing properties. This results in a 

reduction of the albedo when BC is deposited on ice and snow surfaces, which leads to 

accelerated melting. BC in Svalbard has local sources, such as mining activities, coal and diesel 

power plants and vehicles, as well as long-range sources in Eurasia (AMAP, 2011; Hirdman et al., 

2010). The water soluble ions enable the reconstruction of air composition and pollution 

history.  

 

Figure 7.1 Map of Svalbard with the location of Foxfonna, Tellbreen and Lomonosovfonna indicated (modified after a 
map by courtesy of the Norwegian Polar Institute). 
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Here, the concentrations of BC and Cl- are compared for three Svalbard sites (see Figure 7.1 for 

locations): Foxfonna, Tellbreen and Lomonosovfonna. Cl-, an ionic species derived mainly from 

sea salt, was chosen because it is one of the major ions in ice from Lomonosovfonna (see 

chapter 5 for details) and is thus thought to be representative of the total ion composition. 

Foxfonna and Tellbreen are located in the vicinity of Longyearbyen (12-15 km), the largest town 

in Svalbard, with a population of 2100, nearby coal mining and a coal and diesel power plant 

(Aamaas et al., 2011). Furthermore, those two glaciers are close to the ocean (11-15 km) and at 

an altitude of less than 800 m asl. Lomonosovfonna is a remote site, around 75 km distant from 

Longyearbyen and even farther from any other settlement. Lomonosovfonna is further located 

at around 1200 m asl and approximately 20 km from the ocean. 

7.2 Methods 

Five snow pits were dug in March/April 2010, two on Foxfonna (78°08’N, 16°09’E; 625 m asl), 

one on Tellbreen (78°15’N, 16°11’E; 460 m asl), and two on Lomonosovfonna (78°24’N, 17°53’E; 

1250 m asl). The depth of the snow pits was limited to the depth of the ice layer formed in the 

previous summer. Thus, the snow pits represent the winter snow pack of one year. On Foxfonna 

the ice layer was reached at a depth of 1.34 m and 1.48 m, respectively; on Tellbreen the pit had 

a depth of 1.40 m; and on Lomonosovfonna the ice layer was met in both snow pits at a depth of 

1.50 m. At all site, the snow samples were taken at 10 cm resolution according to the ITASE 

(International Trans-Antarctic Scientific Expedition) sampling protocol (Twickler and Whitlow, 

1997). The Tellbreen samples were collected in clean plastic bags, and sub-sampled in pre-

cleaned 50 mL polypropylene (PP) vials at UNIS, Svalbard. The samples from Foxfonna and 

Lomonosovfonna were collected directly in the 50 mL PP vials. All samples were then melted at 

room temperature and transported in liquid state to the Paul Scherrer Institut (PSI), 

Switzerland, for analysis. 

At PSI, the BC concentrations of the samples were determined with a setup including a Single 

Particle Soot Photometer (SP2, Droplet Measurement Technology, Inc., Boulder, CO, USA; 

(Schwarz et al., 2006) and an ultrasonic nebuliser (U5000AT, CETAC Technologies, Omaha, NE, 

USA), similar as in Kaspari et al. (2011); details can be found in chapter 3. The water soluble 

major ions were analysed with a Metrohm 850 Professional ion chromatograph combined with 

an 872 Extension Module and an autosampler (858 Professional Sample Processor); details are 

given in chapter 2.5. 
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7.3 Results and discussion 

The comparison of the BC concentration records at the three sites indicates that the 

concentrations at Lomonosovfonna are more than a factor of two lower than those at Foxfonna 

and Tellbreen (Figure 7.2). This difference probably results from the distance to the local BC 

sources, because long-range sources are expected to have a similar influence on all three sites. 

The influence of local BC emissions on sites located in the vicinity of large settlements has been 

shown previously (Aamaas et al., 2011). 

 

Figure 7.2 Records of BC concentrations at the three sampling sites: Foxfonna (red), Tellbreen (green), and 
Lomonosovfonna (blue). 

A similar effect is seen for the Cl- concentrations at the three sites, with the concentrations at 

Lomonosovfonna also being more than a factor of two lower than those at Foxfonna and 

Tellbreen (Figure 7.3). This is also valid for the other water soluble ions analysed (results not 

shown). The discrepancy of the concentrations can be explained by the different distance to the 

ocean. Additionally, the greater altitude of the Lomonosovfonna site has an effect. Air masses 

reaching the site may have partially lost their coarse sea salt particulate load during the rise due 

to rapid sedimentation. 

The median BC concentration of 0.26 g/L for Lomonosovfonna snow is more than a factor of 

two lower than those in snow from Foxfonna (1.02 g/L) and Tellbreen (1.36 g/L). Forsström 

et al. (2013) studied snow at various locations in Svalbard in 2007, 2008 and 2009. They found 
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median BC concentrations in the range of 1.4 g/L at Holtedahlfonna in 2007 and 634.0 g/L at 

Linnébreen in 2007, the latter being affected by local pollution. At Lomonosovfonna, the median 

BC concentrations varied between 5.9 g/L in 2009 and 64.4 g/L in 2007. The median values 

obtained in the present study are all well below those of Forsström et al. (2013). This can partly 

be explained by the different methods applied, with Forsström et al. (2013) using the filter-

based thermal-optical method. Furthermore, the snow samples collected at Foxfonna, Tellbreen 

and Lomonosovfonna in 2010 remained melted and were not stored at cold temperatures for 

several days before analysis. This results in BC loss as described in chapter 3. 

 

Figure 7.3 Records of the chloride concentrations at the three sampling sites: Foxfonna (red), Tellbreen (green), and 
Lomonosovfonna (blue).  

7.4 Summary 

This snow pit study conducted in 2010 compared concentration records of BC and water 

soluble ions in snow from three Svalbard sites: Foxfonna, Tellbreen, and Lomonosovfonna. Cl-, 

one of the sea salt species, is chosen as representative ionic species because it is one of the 

major components of the ion budget in ice from Lomonosovfonna. Both BC and Cl- 

concentrations are more than a factor of two lower at Lomonosovfonna than at the other two 

sites. This is explained by the greater distance to the ocean and to the local BC sources. The 

median values for the snow analysed in the present study are well below those previously 

determined. This is probably due to different analytical methods and inaccurate sample 

treatment.
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8 Outlook 

In this thesis many aspects for a reconstruction of the climate and environmental history from 

the 2009 Lomonosovfonna ice core (Lomo09) have been considered. Nevertheless, this work 

has not yet fully exhausted the potential of the Lomo09 core. Here, some ideas for future work 

are listed. 

8.1 Black carbon (BC)  

 Up to now, the BC record covers the time period 1950 to 2005 (chapter 6). Extending 

the BC analysis for rest of the core will enable not only the reconstruction of past BC 

deposition on Lomonosovfonna, but also a comparison of the Lomo09 BC record with 

the other records from Arctic ice cores, such as the D4, ACT2, and Humboldt cores from 

Greenland (McConnell, 2010; McConnell and Edwards, 2008; McConnell et al., 2007), 

and the Holtedahlfonna core from Svalbard (Ruppel et al., 2014) on longer timescales. A 

BC record covering a longer time period will enable the study of changes from pre-

industrial to industrial times. Furthermore, the albedo effect of BC could be investigated 

using the Lomo09 BC record. 

 The BC analysis on discrete samples using the APEX/SP2-setup as described in chapter 3 

is very time-consuming, at least for samples with low BC concentrations. Furthermore, 

the samples need to be changed manually. In the future, maybe an autosampler can be 

incorporated in the setup, although some challenges will arise, e.g. with sonication or 

time between sample melting and analysis. Maybe it will even be possible to modify the 

setup as such that a continuous flow device can be integrated, but incorporating a 

sonication step is also not trivial here.  

 In 2011 a Swedish team drilled a short 8 m firn core on Lomonosovfonna, which has 

been sampled for BC. Those samples are at present at the PSI, Switzerland. Their 

analysis could extend the Lomo09 BC record to 2011. 

8.2 Ice core chemistry  

 The water stable isotope ratios of 18O and D have been analysed for the whole Lomo09 

core. However, the interpretation of the records needs further work, as does the 

comparison with the records from the 1997 Lomonosovfonna (Lomo97) core. It would 

also be worth considering potential connections of 18O and the North Atlantic 

Oscillation or Arctic Oscillation index. Additionally, the deuterium excess (d = D -
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 8*18O) may be calculated and used as proxy for moisture source conditions (e.g., Jouzel 

et al., 2005), as done for the Lomo97 core by Divine et al. (2008).  

 The analysis of the trace elements in the Lomo09 core could help to further investigate 

past climate variations, because trace elements are important indicators for 

biogeochemical cycles, changes in the atmospheric circulation, and pollution sources 

(Kellerhals et al., 2010; Knüsel et al., 2003). 

8.3 Dating methods 

 In order to verify the dating of the Lomo09 core particular core sections with high SO42- 

concentrations indicating major volcanic eruptions could be analysed for tephra. The 

chemical composition and mineralogical characterisation of the tephra could then help 

to identify specific volcanic eruptions and verify the reference horizons. 

 The deepest part of the Lomo09 ice core was dated to 1222, i.e. more than 450 years 

younger than the deepest ice of the Lomo97 core (Divine et al., 2011). Radiocarbon (14C) 

dating (Jenk et al., 2009) of the lowermost Lomo09 core part may provide an 

independent dating method to shed light on this discussion on the age of the deepest ice 

on Lomonosovfonna. 
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9 Appendix 

On the following pages the density record of the Lomo09 ice core and those of the raw data of 

the ionic species and water stable isotopes analysed in the Lomo09 ice core are displayed. 

The density record displayed in Figure 9.1 is in agreement with Pohjola et al. (2002). 

 

Figure 9.1 Density profile of the Lomo09 core. Density was calculated for each core segment by weighing and 
measuring section length and diameter. Missing core parts were accounted for. 

 

Reference 

Pohjola, V. A., Moore, J. C., Isaksson, E., Jauhiainen, T., van de Wal, R. S. W., Martma, T., Meijer, H. 

A. J. and Vaikmäe, R.: Effect of periodic melting on geochemical and isotopic signals in an ice 

core from Lomonosovfonna, Svalbard, Journal of Geophysical Research, 107(10.1029), 2002. 
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