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ABSTRACT 

 
BLACK CARBON MEASUREMENTS OF SNOW AND ICE USING THE 

SINGLE PARTICLE SOOT PHOTOMETER: METHOD DEVELOPMENT  

AND AN AD 1852-1999 RECORD OF ATMOSPHERIC BLACK  

CARBON FROM A MOUNT LOGAN ICE CORE 

 
by 

James Andrew Menking 

June 2013 

 
Black carbon (BC), produced by the combustion of fossil and biofuels, 

warms the climate by absorbing solar radiation when in the atmosphere and by 

reducing the albedo of snow and ice when deposited. Measuring BC in snow and ice 

is important for estimating albedo reduction and developing historical records of BC 

concentration. Experiments were conducted to further develop a method for 

measuring BC in snow and ice using the Single Particle Soot Photometer (SP2). 

Results suggest the optimal procedures for sample storage, treatment, and 

nebulization, and analysis and calibration of BC concentrations measured using the 

SP2 coupled to a CETAC ultrasonic nebulizer. The methods were then used to 

develop an AD 1852-1999 record of BC using an ice core from Mt. Logan in the 

Yukon Territory, Canada. The BC recorded at Mt. Logan is predominantly from 

biomass burning in Alaska, the Yukon Territory, and Siberia. Climatic implications 

of the BC record are discussed. 
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CHAPTER I 

 
INTRODUCTION 

 
Black carbon (BC) is the strongest light-absorbing component of the particle 

commonly known as soot. The climate is affected by BC because it absorbs solar 

radiation strongly in the visible spectrum, affecting the global radiative budget. The 

radiative effects of BC are direct and indirect; BC absorbs solar radiation in the 

atmosphere and when deposited on the surface of snow and ice (direct effects) (Chung 

et al., 2012; Ghan et al., 2012; Ocko et al., 2012; Ramanathan and Carmichael, 2008), 

and it influences climate by affecting cloud-forming processes (indirect effect) 

(Bahadur et al., 2012; Chen et al., 2010; Feichter and Stier, 2012; Ghan et al., 2012). In 

2007, BC was identified as a large source of uncertainty in our physical understanding 

of climate change (IPCC, 2007) primarily due to our lack of knowledge concerning its 

absorption of solar radiation (direct and indirect effects), the timing, magnitude, and 

source of its emission, and its spatial distribution and temporal variability. This study 

has two objectives that address the latter uncertainties regarding BC’s distribution in 

space and time: (1) to optimize a method of measuring the mass concentration of BC in 

snow and ice samples using relatively new instrumentation, and (2) to develop a record 

of historical BC in the atmosphere using an ice core from Mount Logan in the Yukon 

Territory, Canada. 

The incomplete combustion of fossil and biofuels results in the emission of BC 

particles. Coal power plants and diesel engines are common sources of fossil fuel-
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derived BC emissions, and forest fires and residential wood burning (for cooking or 

heating homes) are examples of BC emissions from biofuel burning. The amount of fuel 

combusted contributes to the amount of BC emitted, but the consumption practices, or 

the efficiency with which fuels are burned, may be equally important in determining BC 

emissions (Bond et al., 2013; Bond et al., 2004). Since BC has an atmospheric 

residency on the order of ~ 1 week (compared to years for greenhouse gases like CO2), 

mitigation efforts could quickly remove the BC component of radiative forcing from the 

climate system, slowing global warming (Ramanathan and Carmichael, 2008). 

BC entrained in the atmosphere has the capacity to alter the Earth’s climate 

because it absorbs solar radiation. BC is a major component of atmospheric brown 

clouds, which are known to cool the surface (dimming), warm the atmosphere, and 

influence cloud formation (the aerosol indirect effect) (Ramanathan and Carmichael, 

2008). Studies show that aerosol pollutants in the atmosphere, of which BC is a 

significant player, are reducing Asian crop yields (e.g., Chameides et al., 1999), causing 

earlier and more intense onset of the Indian summer monsoon (e.g., Lau et al., 2006), 

influencing radiative transfer in the Arctic (e.g., McCarty et al., 2012; Zhou et al., 

2012), and resulting in other regional climate changes (e.g., Chakrabarty et al., 2012; 

Menon et al., 2002; Pere et al., 2012; Qian et al., 2003).  

 BC also affects the climate when deposited on snow and ice because it reduces 

the albedo, or reflectivity, causing increased absorption of incident solar radiation and 

leading to accelerated melt (Brandt et al., 2011; Hadley and Kirchstetter, 2012; Ming et 

al., 2009; Qian et al., 2009; Warren, 1984; Warren and Wiscombe, 1985). Snow and ice 
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coverage is closely linked to Earth’s climate system because of its high albedo, and 

changes in snow and ice extent account for over half of the observed changes in 

planetary albedo (Budyko, 1969; Qu and Hall, 2005). Reductions in snow and ice cover 

by BC reduce the planetary albedo, causing a positive feedback. Additional feedbacks 

are at play when BC is deposited on snow; BC can accelerate snow grain growth, 

increasing the radiative effects of BC on the snow, and snowmelt can concentrate BC at 

the surface, causing larger albedo reductions (Flanner et al., 2007). Modeling results 

suggest that surface cooling (dimming) by carbonaceous aerosols in the atmosphere is 

outweighed by the darkening effect of impurities in snow (Flanner et al., 2009). 

Carbonaceous aerosols (of which BC is a major player) exert a net warming effect on 

snow and ice, which amounts to a net warming effect on global climate (Bond et al., 

2013). This is true even in light of a recent study that found BC particles in snow tend 

to be larger than atmospheric BC particles, implying lower absorption efficiency and 

overestimation of the radiative effect of BC in snow in various climate models 

(Schwartz et al., 2013). The effect of BC on snow and ice albedo may account for a 

significant fraction of observed global warming, including the trend toward earlier 

springs in the Northern Hemisphere and thinning Arctic sea ice (Hansen and 

Nazarenko, 2004).  

Snowmelt by BC (and other impurities) is also significant on a regional scale 

because it may impact basins where the snowpack is an important source of freshwater. 

Studies of snow in the Sierra Nevada Mountains, CA found sufficient BC 

concentrations to perturb the snowpack (Hadley et al., 2010; Sterle et al., 2009; Sterle et 
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al., 2012), and similar conclusions have been drawn from studies of BC in snow from 

other regions including the Himalayas (Ming et al., 2009; Xu et al., 2009b; Yasunari et 

al., 2010). A study of the snowpack in the San Juan Mountains, CO found that albedo 

reductions due to dust deposition shortened snow cover duration by 21-51 days (Skiles 

et al., 2012). The case of dust deposition in the San Juan Mountains is an extreme 

example of albedo reduction by light absorbing impurities, but it is estimated that BC 

deposition is also shortening snow cover duration in the western United States (Qian et 

al., 2009). 

The best estimate of the net radiative forcing attributable to BC is 1.1 W m-2 

with a 90% uncertainty range of 0.17 to 2.1 W m-2 (Bond et al., 2013). This estimate 

makes BC the second most important anthropogenic climate-forcing agent, second only 

to CO2 with a radiative forcing of 1.56 W m-2. The total radiative forcing by BC 

includes the direct forcing of atmospheric BC (0.71 W m-2), the forcing from BC cloud 

effects (0.23 W m-2), and the forcing of BC in snow and ice (0.13 W m-2) (Bond et al., 

2013). 

Model calculations currently underestimate the absorptive effect of BC in the 

atmosphere by a factor of 2.9 because they under-represent (1) the effect of BC mixing 

with other materials and (2) the amount of BC in the atmosphere (Bond et al., 2013). 

This study empirically addresses uncertainties related to (2). Previous studies estimated 

global BC emissions based on assessment of the fuels consumed regionally or on a 

country-by-country basis (e.g., Bond et al., 2007; Bond et al., 2004; Novakov et al., 

2003; Streets et al., 2003; Streets et al., 2001). Problems with these estimates include 
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(1) uncertainties related to the consumption (particularly residential) of biofuels, and (2) 

estimation of emissions factors that account for the combustion practices (efficiency) 

employed (Bond et al., 2013; Ramanathan and Carmichael, 2008). These uncertainties 

highlight the need for empirical measurements of BC in the atmosphere, snow, and ice 

in order to constrain BC’s abundance and spatial variability. In addition, records of 

BC’s temporal variability may further constrain its climatic effects by providing insight 

into changes in the amount of BC in the climate system through time. 

Ice cores present a tool for reconstructing the historical composition of the 

atmosphere. Annual accumulation of snow on glaciers preserves records of the dry and 

wet deposition of BC and other aerosols. Many other chemical constituents (e.g., major 

ions, trace elements, stable isotopes, and trace gases) are preserved through deposition, 

precipitation, or by preservation in air bubbles that become trapped within the ice. 

Variations in these records with depth are considered proxies for changes in their 

atmospheric concentrations through time. A number of previous studies have developed 

ice core records of BC, including records from Mount Everest (e.g., Kaspari et al., 

2011; Ming et al., 2008), Greenland (e.g., Chylek et al., 1995; Chylek et al., 1992a; 

McConnell et al., 2007), the European Alps (e.g., Lavanchy et al., 1999; Legrand et al., 

2007), Siberia (e.g., Eichler et al., 2011), East Antarctica (e.g., Bisiaux et al., 2012a), 

West Antarctica (e.g., Chylek et al., 1992b), China (e.g., Liu et al., 2008; Xu et al., 

2009a), and British Columbia (e.g., Neff et al., 2012). 

This study presents a qualitative record of changes in atmospheric BC that spans 

AD 1852-1999 and that was developed from an ice core retrieved from Mount Logan in 
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the St. Elias Mountains, Yukon Territory, Canada. The ice core was collected in the 

summers of 2001 and 2002 from the Prospector-Russell (PR) Col on the summit plateau 

of Mt. Logan (60°35’N, 140°30’W; 5300 m.a.s.l.) (Fisher et al., 2004). The core is 186 

m long and spans the time period 8000 BP-AD 1998. The core is unique in that the 

summit plateau is situated within the free troposphere > 5000 m.a.s.l, and the summit 

has previously been shown to capture Asian emissions that undergo trans-Pacific 

transport (e.g., Osterberg et al., 2008). 

As scientific interest in BC persists, new methods and instrumentation for 

characterizing BC and measuring its concentration in the atmosphere and in snow and 

ice have been developed. The Single Particle Soot Photometer (SP2) is one such 

instrument, and it employs laser-incandescence to measure the optical diameter of 

individual BC particles (Filippov et al., 1999; Schwarz et al., 2010; Slowik et al., 2007; 

Stephens et al., 2003). The SP2 is promising for work with snow and ice cores because 

it requires low sample volumes (thereby providing higher temporal resolution from ice 

cores since available sample volumes are low), and it is not affected by other absorbing 

impurities like dust. Despite these advantages, BC concentrations measured in liquid 

samples with the SP2 have been shown to underestimate actual BC concentrations due 

to BC losses during sample storage and nebulization (Kaspari et al., 2011).  Other 

methodological uncertainties include the choice of a calibration material, sample 

treatment prior to analysis, and the repeatability of the instrument setup. In addition to 

the record of BC from Mt. Logan, this study presents the results of experiments that 

address the aforementioned methodological uncertainties. 
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The primary objectives of this study are to (1) present the results of laboratory 

experiments that address methodological uncertainties in the BC analysis of liquid 

samples using the SP2, and (2) present a record of atmospheric BC from Mount Logan 

spanning the time period AD 1852-1999. The method development is discussed in 

detail in Chapter II including the presentation of results and explicit recommendations 

for SP2 users wishing to measure BC in snow and ice. Chapter III presents the BC 

record from Mount Logan including a discussion of the sources of BC, the record’s 

variation through time, and its significance to climate. Chapter IV summarizes the 

conclusions of this work. 
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CHAPTER II 
 
 

BLACK CARBON ANALYSIS OF LIQUID SAMPLES USING THE SINGLE 

PARTICLE SOOT PHOTOMETER: METHOD DEVELOPMENT 

 
Introduction 

Since 2004, black carbon (BC) has been increasingly recognized by the 

scientific community for its absorptive effects, which have contributed and continue to 

contribute to climate warming (Hansen and Nazarenko, 2004; IPCC, 2007; Ramanathan 

and Carmichael, 2008). In order to understand BC aerosol’s influence on climate, 

researchers have made measurements of BC concentrations, BC mixing state, and BC 

particle morphology in the atmosphere (e.g., Schwarz et al., 2006). Measurements of 

BC in snow and ice have also become desirable since BC affects the climate when 

deposited on glacier and snow surfaces (Flanner et al., 2007). Uncertainty in climate 

analyses due to lack of understanding of BC’s spatial and temporal variability led 

researchers to develop ice core records of BC concentrations (e.g., Bisiaux et al., 2012b; 

Kaspari et al., 2011; McConnell et al., 2007), which also requires measuring BC 

concentrations in ice samples. All measurements of BC in snow and ice require melting 

the sample to liquid so that the BC can be aerosolized or filtered. Other measurements 

of BC in liquid samples include rainwater (e.g., Ohata et al., 2011), lake water, and 

runoff (e.g., Bisiaux et al., 2011). This chapter explores the measurement of BC 

concentrations in liquid samples using the Single Particle Soot Photometer (SP2, 

Droplet Measurement Technologies, Boulder, CO, USA), an instrument traditionally 
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used to measure BC in the atmosphere but that has recently been applied to studies of 

BC in snow and ice. 

The SP2 measures the refractory mass of BC particles (Laborde et al., 2012), but 

other methodologies differ in terms of the mass that they designate as “black carbon.” 

As such, the term black carbon is operationally defined depending on the measurement 

technique employed; the most common (and most relevant to this work) terms are black 

carbon (BC), denoting a measurement based on optical properties of the soot, and 

elemental carbon (EC), denoting a measurement based on its thermal properties 

(Andreae and Gelencser, 2006; Laborde et al., 2012). The SP2 measurement is of the 

former type, and the term BC as used in this manuscript refers to the mass of refractory 

BC that is optically detectable by SP2 laser-induced incandescence. The term BC is also 

used in this manuscript to describe soot more generally when not specifically in the 

context of a thermal- or optical-based measurement. 

Both optical and thermal-optical methods are currently used to measure BC and 

EC concentrations, respectively, and each method has its advantages and disadvantages. 

The thermal-optical method (Sunset Laboratories, Portland, OR), which has 

traditionally been used for measurements of BC in snow and ice samples, directly 

measures EC mass by combusting carbon that is pre-loaded on a quartz fiber filter. The 

filter is heated at different temperatures in different atmospheres (helium and oxygen), 

and the amount of combusted carbon is monitored by a flame ionization detector 

(Boparai et al., 2008). One advantage of the thermal-optical method is that a 

measurement of both organic carbon (OC) and elemental carbon (EC) are obtained. 
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This is possible because the reflectance of the filter is monitored, allowing the user to 

correct for the amount of OC that is charred during the heating process. When the filter 

returns to its original reflectance after charring has occurred, it is assumed that the 

remaining combustion is from EC. This is typically called the OC/EC split (Boparai et 

al., 2008). Another advantage of the thermal-optical method is that filters can be 

prepared in the field, allowing for the collection of samples from remote locations. The 

thermal-optical measurement has the drawbacks of potentially overestimating EC mass 

due to charring when organic carbon is present (Andreae and Gelencser, 2006; Chow et 

al., 2004; Schmid et al., 2001) and being affected by high dust loadings that interfere 

with the optical correction for charring (Kaspari et al., 2011). Additionally, preparing 

the samples relies on mechanical trapping of BC on filters, which usually requires large 

sample volumes (~0.1-1 L of liquid) and may introduce errors associated with filtering 

efficiency. Another tool that relies on sample filtration, the Integrating Sphere/ 

Integrating Sandwich Spectrophotometer (ISSW), characterizes the optical absorption 

of particulates on a filter and allows determination of BC concentration by comparison 

of the absorption measurements to laboratory standards of known BC mass (Grenfell et 

al., 2011). The method has the advantages of providing information about non-BC 

absorbing impurities on the filter and allowing for sample collection from remote 

locations. Filtering may still be problematic with the ISSW, however the pore size of 

the filters are well defined compared to that of the quartz-fiber filters used for the 

Sunset thermal-optical analysis. The absorption measurement of BC has the added 

drawbacks of being sensitive to dust loadings, to the size distribution of BC in the 
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sample, and to the mixing state of the BC particles (Schwarz et al., 2012). Relative to 

the aforementioned optical and thermal-optical techniques, the SP2 has the advantages 

of being unaffected by the presence of OC, being unaffected by BC mixing state 

(Moteki and Kondo, 2007), having the ability to characterize the BC size distribution in 

samples, and being minimally affected by the presence of dust. Schwarz et al., (2012) 

found that very concentrated dust samples (~ 5x104 µg/L) increased the SP2 BC 

measurement by 15 µg/L, but dust loadings of this magnitude are not relevant to the ice 

core samples or the laboratory experiments in this study. Another key advantage of the 

SP2 relative to the thermal-optical and ISSW methods is that it does not require a 

filtration step, allowing measurements to be made with substantially less sample volume 

(~ 2-5 mL versus ~ 100 mL, depending on BC concentration). This makes the SP2 

promising for ice core studies, in which high temporal resolution is desired. Drawbacks 

of using the SP2 for liquid measurements of BC primarily have to do with (1) requiring 

an aerosolization step to suspend the BC particles in air before introducing them into the 

SP2, and (2) lacking an agreed-upon BC standard for calibration of the SP2 and for 

correction of the measurement to account for BC losses in the aerosolization step. 

The SP2 has been used previously to measure BC concentrations in ice core, 

snow, and lake samples (e.g., Bisiaux et al., 2011; Bisiaux et al., 2012a; Bisiaux et al., 

2012b; Kaspari et al., 2011; McConnell et al., 2007; Sterle et al., 2009), but further 

methodological development is needed with regard to several areas of the analysis. For 

one, there are the aforementioned uncertainties related to the use of a standard to correct 

for BC losses that occur during sample nebulization. These include (1) the choice of BC 
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material to use as a standard, (2) the response of the SP2 to different BC standard 

materials, and (3) the stability of standards over time. The best methods of sample 

treatment for BC analysis are also unknown. Lastly, repeat analyses of samples stored 

in the liquid phase indicate that BC concentrations are not stable over time, but the 

magnitude and rate of the BC losses are uncharacterized and the best storage 

techniques/sample treatments to preserve/recover BC concentrations in liquid samples 

have not been determined. Uncertainties related to sample storage are not relevant to 

studies that use a continuous flow system for ice core analysis (e.g., McConnell et al., 

2007), but they are relevant for analyses of archived samples, samples that melt during 

extraction from the field, and samples that are discrete for any other reasons. 

This chapter continues with a description of how the SP2 functions and the 

whole-system instrumental setup for liquid sample analysis including discussions of 

optimal nebulizer settings, the calculation of BC concentration, the methods for 

monitoring sample flow rates to determine BC concentration, and the efficiency of the 

CETAC U5000 AT+ ultrasonic nebulizer at Central Washington University (CWU). 

Data that characterize the CWU whole-system repeatability are also presented. This is 

followed by information about the internal and external calibration of the SP2 for liquid 

sample analysis including the choice of BC material to use as a standard and the 

stability of that standard over time. Then, results of experiments are presented that 

characterize (1) the best sample treatments for BC analysis, (2) the behavior of BC 

concentrations of liquid samples stored in a variety of conditions, and (3) the 

effectiveness of various treatments at recovering BC concentrations in samples that 
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experienced losses. The various methodological experiments are summarized in table 1. 

The discussion of method development concludes with a summary of the best protocol 

for determining BC concentration in liquid samples using the SP2. 

Table 1 – Summary of SP2 methodological experiments discussed in Chapter II.  

Experiment Variables Tested Associated Figure(s) 
 

Nebulizer Parameters 
Heating temperature  

Figure 2 Cooling temperature 
Inlet pump flow rate 

Air flow rate 
Nebulizer Efficiency Particle size Figure 5 

Data Processing Method for handling input 
and aerosol drain flow 

rates 

 
Figures 3, 4 

Instrument Repeatability N/A Figure 6 
External Calibration 

(correction for nebulizer 
losses) 

Calibration material  
Figures 7, 8, 9 Repeatability of standards 

 
Sample Storage 

Concentration  
Figure 10 Vial type 

Storage temperature 
BC material 

 
Sample Treatment 

Agitation  
Figures 11, 12, 13, 14, 

15 
Refreezing 

Acidification 
Surfactant 

 
 

 
Instrumental Background 

The SP2 measures the diameter and mass of individual BC particles by laser 

incandescence (Filippov et al., 1999; Schwarz et al., 2006; Slowik et al., 2007; Stephens 

et al., 2003). BC particles are passed through a laser chamber (figure 1B) in which they 

heat to their boiling point and emit incandescent light. The peak intensity of light that a 

particle emits is linearly proportional to its size and mass (Schwarz et al., 2006; Slowik 
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et al., 2007). The light is imaged by two photo-detectors (figure 1) that are configured to 

sense light in broadband (~350-800 nm) and narrowband (~630-800 nm) wavelength 

spectrums. The instrument also has a detector that senses light scattering from particles 

(useful for studying coatings on BC particles or purely scattering particles in 

atmospheric studies), but this detector is not used to measure particles in liquid samples. 

The ratio of the broadband to narrowband incandescent signals is related to the boiling 

point of an incandescent particle, which provides a constraint on the particle’s 

composition (Schwarz et al., 2006; Schwarz et al., 2010). The signals of the broadband 

and narrowband detectors in the SP2 are electronically amplified through high and low 

gain channels in order to expand the detection size range of BC particles. In order to 

measure the widest range of BC particle sizes, we monitor the peak intensity of emitted 

incandescent light as sensed by the combined broadband-high gain and narrowband-low 

gain channels. The resulting detection limits of the SP2 are BC particles of size ~ 70-

800 nm volume-equivalent-diameter (VED) (corresponding to particles of mass ~ 0.32-

483 fg assuming spherical shape and BC density 1800 kg/m3 (Moteki and Kondo, 2010; 

Slowik et al., 2007)). The total BC mass contribution by particles < 70 nm is estimated 

by fitting a lognormal function to the BC mass-size distribution.  

Regarding the SP2 at CWU specifically, the instrument is calibrated up to 650 

nm using a differential mobility analyzer and scanning mobility particle sizer at 

Washington State University (discussed below). For reasons related to the use of a 

nebulizer to extract dry BC particles from liquid samples and carry them to the SP2 

(discussed below), the instrumental setup at CWU does not measure particles > ~ 500 
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nm VED (> ~ 118 fg) efficiently. Some particles at the upper end of the calibration are 

measured, but at much lower efficiency than particles < ~ 500 nm VED.  

 

 
 

Figure 1 - Instrument schematic of Central Washington University (CWU) setup 
showing (A) the whole system including pumps (Ismatec peristaltic pumps), liquid flow 
monitors (Gas Expansion TruFlow), air flow monitor (Alicat Flow Logger), and 
CETAC U5000 AT+ ultrasonic nebulizer, and (B) the laser cavity of the SP2 where the 
peak intensity of incandescent light is measured as individual particles pass through a 
laser beam. Panel B is modified from Schwarz et al. (2006). Although four 
photodetectors are shown in panel B, the SP2 at CWU uses only two when measuring 
BC mass concentration. 
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Due to differences in the SP2 configuration during certain experiments, some of 

the measured BC concentrations reported in this chapter were determined by the 

combined broadband-high gain/ narrowband-high gain channels and excluded particles 

> ~ 400 nm. Additionally, data capture was triggered by the narrowband-high gain 

channel and particles < ~ 100 nm VED were excluded. The distinction between channel 

combinations is noted where necessary below, but the difference between the BC mass 

concentrations as determined by the combined broadband-high gain/ narrowband low 

gain versus the broadband-high gain/ narrowband-high gain combination is negligible 

for the purposes of this chapter in which reported BC concentrations are used 

exclusively for relative comparison between experimental laboratory samples. 

 
 

CETAC U5000 AT+ Ultrasonic Nebulizer 
 

The primary difference in the SP2 instrumental setup for liquid sample analysis 

versus atmospheric analysis is the use of a nebulizer to carry BC particles from the 

liquid sample to the SP2 as dry aerosol (figure 1). At CWU, we use the CETAC 

ultrasonic nebulizer (U5000 AT+, CETAC Technologies, Omaha, NE), which has been 

used in several previous studies for SP2 analysis of BC in liquid samples (e.g., Bisiaux 

et al., 2011; Bisiaux et al., 2012a; Bisiaux et al., 2012b; Kaspari et al., 2011; McConnell 

et al., 2007; Ohata et al., 2011; Schwarz et al., 2012; Sterle et al., 2009). In the CETAC 

system, the liquid sample is pumped (Ismatec peristaltic pump, polyfluoralkoxy-

polymer (PFA) tubing) to a glass aerosol chamber where contact with an ultrasonic 

transducer causes the liquid containing the solid BC particles to become suspended as 
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aerosol. A carrier gas (compressed air, laboratory grade) transports the aerosol through 

a heating and a cooling element, removing the liquid and leaving only dry aerosol to be 

introduced into the SP2. 

Results of experiments suggest that the optimal settings on the CETAC system 

are 0.75 L/min purge airflow, 0.5 mL/min liquid sample inflow, 140°C heating 

temperature, and 3°C cooling temperature (figure 2). The operating temperatures are 

based on recommendations from the manufacturer and are restricted because of the need  

Figure 2 – Changes in measBC (BC mass concentration measured by the SP2, not 
calibrated for nebulizer losses, discussed below) that resulted from altering various 
nebulizer parameters (shown on horizontal axis). The values of particular settings (e.g., 
heating temperature, inlet pump rate, etc.) are indicated by the number above each bar. 
Dotted lines mark ±10% deviation from BC concentrations determined under normal 
operating conditions (heating element 140°C, cooling element 3°C, inlet pump 0.5 
mL/min, purge air flow 0.75 vlpm). These measurements were performed using a ~ 5 
µg/L sample of Aquadag (a BC standard material, product information in table 2). 
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to fully dry the aerosol before introducing it into the SP2. Minor temperature 

adjustments (140-160°C heating element, 2-3°C cooling element) did not result in 

significant changes in the signal of the SP2 (figure 2). Altering the airflow to higher and 

lower values resulted in lower SP2 signals (10-33% reduction in BC concentration from 

normal flow, figure 2). Similarly, liquid sample inlet flows of 0.55 mL/min and higher 

caused steadily greater reductions in BC concentration of up to 34% (figure 2). Altering 

these parameters may lead to inefficient nebulization of BC particles or inefficient 

transport of aerosolized BC particles to the SP2. The liquid flow rate described here is 

higher than that reported by Ohata et al., (2011) (0.18-0.42 mL/min). 

The primary benefit of using the CETAC nebulizer as opposed to other 

nebulizer systems (e.g., APEX Q jet nebulizer, Collison-type nebulizer) is that the user 

is able to quantify the fraction of the sample that is nebulized. The CETAC (and APEX 

Q) also requires considerably less sample volume than the Collison-type. The efficiency 

of all nebulizers is dependent on particle size, but a drawback of the CETAC nebulizer 

is that the efficiency is more size-dependent relative to other nebulizers, and particles > 

~ 500 nm VED are nebulized at much lower efficiency relative to smaller sizes 

(Schwarz et al., 2012). The CETAC nebulizer efficiency is discussed in more detail 

below. 

 
 

Determination of BC Concentration 
 

The SP2 allows users to calculate the BC mass concentration in liquid samples. 

This is obtained by summing the masses of the individual BC particles detected in a 
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sample and dividing by the volume of liquid that was analyzed. For the particular 

combination of flow monitors and pumps at CWU, the BC mass concentration in a 

liquid sample is calculated by the equation: 

               
C  µg( )

time min( ) × water  flow L
min

"
#$

%
&'
×% H2O ×

SP2 flow cc
min

"
#$

%
&'

nebulizer  flow cc
min

"
#$

%
&'

           (1) 

where C is the total mass of carbon (BC) measured by the SP2, time is the amount of 

time over which data were recorded, water flow is the flow rate of the inlet pump, % 

H2O is the fraction of nebulized (analyzed) liquid sample (determined by the methods 

described below), SP2 flow is the air flow rate of dry aerosol into the SP2 inlet, and 

nebulizer flow is the flow rate of compressed air into the CETAC ultrasonic nebulizer. 

The SP2 at CWU is typically operated with water flow = 5 x 10-4 L/min, SP2 flow = 120 

cc/min, and nebulizer flow = 750 cc/min. 

The CETAC does not nebulize BC particles with perfect efficiency, and 

measured BC concentrations are often on the order of ~ 56% lower than known BC 

concentrations at least in part due to the loss of BC particles in the nebulizer. Some of 

these losses are size-dependent, and larger particles are known to be nebulized less 

efficiently (Schwarz et al., 2012). In addition to the preferential loss of larger particles, 

it is possible that small particles (< 200 nm VED) are also not nebulized as efficiently as 

particles 200-500 nm VED (Ohata et al., 2012; I. Wendl, Ph.D. Candidate at the Paul 

Scherrer Institut, Villigen, Switzerland, 2011, personal commun.). The CETAC 

efficiency is discussed in greater detail below. For now, it is noted that measured BC 
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concentrations that are uncorrected for losses in the nebulizer are referred to as measBC 

while measured BC concentrations that are corrected for nebulizer losses using 

calibration standards are referred to as calBC. The former designation is typical of data 

presented in this chapter, whereas the latter is used in the following chapter when BC 

concentrations in ice core samples are reported. When referring to known BC 

concentrations of liquid samples that were determined by mass, the designation massBC 

is used. 

 
 

Determination of the Fraction of Sample Nebulized 
 

The CETAC nebulizer allows the user to quantify the fraction of liquid analyzed 

(% H2O in equation (1)) and correct for it in the calculation of measBC and calBC. This is 

necessary because the performance of the ultrasonic transducer may vary during use. 

Although having to account for drift in the fraction of sample nebulized is specific to 

ultrasonic nebulizers that rely on transducers to aerosolize the liquid, the ability to 

quantify the fraction of sample nebulized may represent an advantage over other 

nebulizers where the efficiency is assumed to be constant. The fraction of nebulized 

sample may be quantified in two ways: (1) by monitoring (using Gas Expansion 

TruFlow monitors) the flow of sample into the nebulizer and by monitoring the flow of 

sample that drains from the aerosol chamber (not nebulized) (figure 1), or (2) by 

collecting and measuring the mass of nebulized sample that drains from the drying 

element (figure 1) and the aerosol chamber in vials and determining the ratio between 

the two. Method (2) also involves characterizing the inlet pump rate before and after 
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analysis, and assuming steady linear drift of the inlet pump flow through the duration of 

the analysis (pump flow drift is primarily due to stretching of the PFA tubing). The 

liquid that drains from the aerosol chamber includes sample that is not aerosolized by 

the ultrasonic transducer as well as sample that condenses on the glass walls of the 

aerosol chamber before reaching the heating and cooling elements. In order to properly 

characterize the flow rate from the aerosol chamber using the electronic flow monitor, 

the user must closely observe the rate at which sample drains and adjust the peristaltic 

pump as often as needed to account for changes in the flow of sample out of the 

chamber. The liquid that drains from the drying element is assumed to represent 

nebulized (analyzed) sample, although the system is not entirely closed and some small 

portion of the nebulized sample may be lost (J. Schwarz, Research Scientist III at 

NOAA Earth System Research Laboratory, 2012, personal commun.). The fraction of 

sample nebulized as determined by methods (1) and (2) is fairly consistent, so the losses 

in the drying element are likely minimal. One disadvantage of method (2) is that the 

system must run for a sufficiently long time to collect a measurable volume of liquid to 

determine the fraction of sample nebulized. Additionally, method (2) provides a coarse 

measure because it assumes linear drift in the inlet pump rate and constant efficiency of 

the ultrasonic transducer. 

When using method (1), the user may process the flow rate data from the 

TruFlow monitors in one of three ways: (a) by determining the average flow rates 

during the exact time interval that the sample data was recorded using the time stamps 

from the SP2 raw data, (b) by assuming one-directional, linear drift in the nebulizer’s 
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efficiency over time and calculating the flow rates between end member instances, or 

(c) by fitting more than one linear segment to capture multi-directional drift in nebulizer 

efficiency and calculating the flow rates accordingly. Figure 3 shows typical inlet pump 

flow data and graphical representations of the methods for processing them. Method (1-

a) provides the most accurate characterization of flow rates, however it is very time 

consuming to match SP2 time stamps to output data from the TruFlow monitors. 

Method (1-b) is much less time-intensive, but changes in nebulizer efficiency may not 

be accounted for if the changes are not simply linear or steady over the duration of the 

analysis. Method (1-c) is something of a compromise between (1-a) and (1-b) in which 

the user can capture positive and negative changes in nebulizer efficiency, but some 

detail may still be missed. A comparison was performed in order to estimate how much 

error could be introduced by characterizing flow rates using the different methods. Flow 

rates were calculated by methods (1 a-c) and data were processed using the Paul Sherrer 

Institut SP2 Toolkit for Igor Pro. Figure 4 shows that measBC in environmental snow, 

Aquadag (Aqueous Deflocculated Acheson Graphite, Acheson Industries Inc., Port 

Huron, MI, a graphite suspension more commonly used as an industrial lubricant that 

incandesces similarly to BC, more information in table 2), and Mt. Logan ice core 

samples do not (in most cases) vary significantly due to the method used to calculate 

flow rates. All BC concentrations determined using method (1-c) differed by < 10% (the 

estimated whole system repeatability, discussed below) from measBC determined using 

method (1-a), except for one Aquadag sample massBC ≈ 16 µg/L and one Aquadag 

sample massBC ≈ 4 µg/L (figure 4A). All measBC in Mt. Logan ice core samples  
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Figure 3 – (Top) Typical inlet pump and (bottom) typical aerosol drain flow rate data 
with graphics to illustrate how the user might interpret the data to determine water flow 
and % H2O for calculating BC concentration using equation (1). The graphics illustrate 
how detail may be missed depending on the method chosen. Blue illustrates an average 
flow rate, orange illustrates the assumption of steady drift between end member data 
points (method 1-b), and red illustrates fitting multiple segments to capture more detail 
about the fraction of the sample that is nebulized (method 1-c). Averaging the input and 
drain flow for the duration of time that each individual sample was measured (method 
1-a) is not illustrated in this figure. The very high and low flow rates are due to air 
bubbles passing through the flow rate monitors (more common in the inlet pump when 
samples are changed). The inlet pump was recalibrated at ~ 7500 s. 
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Figure 4 – measBC as determined by the various methods of characterizing nebulizer 
flow rates discussed in the text. Measurements were for (A) environmental snow 
samples (collected at Blewett Pass, WA) and Aquadag (AD) samples, and (B) Mt. 
Logan ice core samples (labeled with arbitrary numbers). 
 
calculated using method (1-c) differed by < 5% from BC concentrations of the same 

samples calculated using method (1-a) (figure 4B). Because it saves time relative to 

method (1-a) and reasonably characterizes the nebulizer’s efficiency, method (1-c) is 

the preferred procedure for handling flow rate data from the TruFlow monitors. The 

user should take care to monitor the nebulizer efficiency frequently during each analysis 

and inspect the flow rate datareturned from the TruFlow monitors. If drastic changes in 

nebulizer efficiency are evident by visual inspection of the aerosol chamber or the 
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TruFlow data, or the user desires the most accurate characterization of flow rates, he or 

she may use method (1-a) to ensure that the nebulizer efficiency is determined 

accurately. If flow rates appear steady throughout the duration of the analysis, it is 

possible to average the flow data and use a constant value when calculating the BC 

concentration of each sample (figure 3). 

 
CETAC Ultrasonic Nebulizer Efficiency 

 
The CETAC U500AT+ ultrasonic nebulizer does not nebulize particles of 

different sizes with uniform efficiency. A previous study used gravimetric standards of 

the material Aquablack 162 (Tokai Carbon Co. Ltd., Tokyo, Japan, table 2) to 

determine that the CETAC nebulized particles with 11.4% efficiency, though this 

number is highly dependent on the air flow, liquid flow, and the individual nebulizer 

used (Ohata et al., 2011). More recently, a study demonstrated that the efficiency of the 

CETAC nebulizer is size-dependent, and that particles > ~ 500 nm VED were not 

nebulized efficiently (Schwarz et al., 2012). Since the size-dependence of the efficiency 

of CETAC ultrasonic nebulizers is not necessarily the same for each device, this was 

tested for the CETAC at CWU using methods described by Schwarz et al., (2012). 

Standards of polystyrene latex spheres (PSLs) of sizes 220 nm, 356 nm, 505 nm, 771 

nm, and 1025 nm (provided by J. Schwarz, 2012) were diluted to number 

concentrations ~1-4 x 105 particles per milliliter (determined gravimetrically). The 

standards were analyzed immediately after dilution using the CETAC-SP2 system. In 

order to detect the PSL spheres, the SP2 was configured to record data using the 

scattering detector (with high and low gains to amplify the signal), and the laser power 
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was reduced when measuring PSLs of sizes > 505 nm to avoid saturating the optics. 

Number concentrations were determined from the SP2 measurement using the 

following equation: 

          
n
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min
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where n is the number of PSL particles detected, and the variables time, water flow, % 

H2O, SP2 flow, and nebulizer flow are the same as equation (1). The number of PSL 

particles detected, n, was determined by first fitting a Gaussian function to the 

distribution of scattering peak heights to determine a reasonable range for the signal 

from a given size PSL, then by counting the number of particles whose scattering peak 

heights fell within that range. Efficiency was determined by dividing the resulting 

measured number concentration by the known number concentration of the standard. 

PSL particles of sizes 220 nm, 356 nm, and 505 nm nebulized with ~ 18% efficiency. 

PSL particles > 505 nm nebulized with substantially lower efficiency (figure 5), similar 

to the results of Schwarz et al., (2012). Other studies indicated a drop in the efficiency 

of the CETAC for particles < ~ 350 nm (e.g., Ohata et al., 2012), but equal nebulizing 

efficiency for 220 nm, 356 nm, and 505 nm PSLs was observed in this study. Smaller 

PSLs were not available for testing, so it is currently unknown if the efficiency of the 

CETAC at CWU drops for particles < 220 nm. 

Previous studies have assumed that PSL spheres nebulize similarly to BC 

particles (e.g., Schwarz et al., 2012), and that the size-dependent efficiency shown in 
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figure 5 applies to measurements of BC in snow and ice. If this is true, then the measBC 

of samples with particles > ~ 505 nm (and perhaps < 220 nm) is likely to be inaccurate 

when using the CETAC ultrasonic nebulizer. Schwarz et al. (2013) determined that 

~28% of the BC mass in snow was from particles > 600 nm based on BC size 

distributions measured in snow samples from Denver, CO. It is noted, however, that the 

effect of the nebulizer efficiency on measBC will depend highly on the size distribution 

of the BC particles in the sample, which is a function of (1) the distance from and type 

of BC emissions, (2) the number of freeze-thaw cycles in the snowpack that lead to  

 
Figure 5 – The efficiency (relative to 220 nm PSLs) of the CETAC ultrasonic nebulizer 
for various size PSL spheres. Average mass-size distributions of BC in Aquadag, Mt. 
Logan ice core samples, and snow from Blewett Pass, WA are shown on the right axis. 
The size distributions were determined using the CETAC ultrasonic nebulizer and were 
therefore subject to its size-dependent efficiency. The size dependency of BC particle 
MAC is shown on the blue axis. Data may be found in Appendix A. 

 

agglomeration of BC particles, and (3) the processes of deposition to the snowpack 

(Schwarz et al., 2013). It is also noted that the mass absorption cross section (MAC), a 
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metric used to estimate BC’s absorptive effects, is dependent on the size of the BC 

particle (figure 5). The largest MAC is associated with ~ 125 nm BC particles based on 

Mie theory (Schwarz et al., 2013). The MAC of 500 nm BC particles (above which the 

CETAC efficiency drops rapidly) is ~ 30% of the MAC of 220 nm BC particles (where 

CETAC efficiency is maximum), and the MAC continues to decline with increasing BC 

particle size (Schwarz et al., 2013). Thus, underestimates of measBC that occur due to 

inefficient nebulization of large particles will likely be due to exclusion of BC mass that 

falls in a less optically relevant size range. 

 
 

Whole-system Repeatability 
 

In order to further characterize the behavior of the SP2 at CWU, a whole-system 

repeatability experiment was performed to determine the natural variability that might 

be expected when repeatedly analyzing the same sample. Figure 6 shows the averages 

of repeat measurements of two Aquadag samples that took place on three different 

occasions. The samples were sonicated prior to analysis and analyzed while a stir bar 

agitated the liquid to prevent settling of BC particles or biased uptake of BC particles by 

the inlet pump tubing. Although the instrument was largely stable throughout the 

duration of this analysis, some measurements drifted toward higher values in the earlier 

part of 04-21-2012 (figure 6). The reason for this drift is unknown, but sources of 

variability in the system may include (1) unsteady BC particle losses in the nebulizer, 

(2) unsteady BC losses to pump tubing, (3) variation in SP2 response due to changes in 

laser power, optics, or electronics, and (4) variability in the sample. Excluding 
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measurements prior to 12:00 on 04-21-2012 the standard deviation of all measured BC 

concentrations was < 10% of the mean measBC for both samples, which suggests that ~ 

68% of measurements will fall within 10% of the mean. The value 10% is taken as an 

estimate of the natural variability of the SP2-CETAC system. The use of a laboratory 

standard for repeat measurements is advised in order to track measBC and identify rare 

instances of drift in the instrument similar to that on 04-21-2012. A snow sample has 

been used for this purpose at CWU. 

 
Figure 6 – Mean measBC for repeat measurements (~ 50 measurements every ~ 25 
minutes) of two Aquadag samples (higher and lower concentration). Approximately 
1000 individual measurements were made for each sample. 

 
 

SP2 Internal Calibration 
 

The SP2 requires empirical calibration with BC particles of known size. The 

SP2-CETAC system also requires calibration with BC standards of known 

concentration to correct for losses in the nebulizer. The former is referred to as the 
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internal calibration, and the latter is referred to as the external calibration. The internal 

calibration is discussed first. 

Once a relationship is built between SP2 response and BC particle size, the mass 

of particles may be calculated by assuming that the BC particles are spherical and that 

BC density does not vary (Gysel et al., 2011; Schwarz et al., 2006). To perform the 

internal calibration, a differential mobility analyzer (DMA) is used to size-select 

particles from a high concentration mixture of polydisperse BC particles and milli-Q 

water (MQ). The polydisperse BC standard is made from Aquadag (table 2), which we 

use because its polydisperse size distribution includes the range of BC particle sizes 

across which we wish to calibrate (70-650 nm, figure 7), and the SP2 response to 

Aquadag BC particles is similar to the response to BC in environmental snow samples 

(M. Gysel, Scientist at the Paul Scherrer Institut, Villigen, Switzerland, 2012, personal 

commun.). Recently, the SP2 community has adopted Fullerene Soot (table 2) as an 

internal calibration material for measurements of atmospheric BC, where historically 

Aquadag had been used (Baumgardner et al., 2012). Currently there is not consensus 

among SP2 users about the best calibration material for measurements of BC in liquid 

samples. During the internal calibration, the DMA is used to introduce particles into the 

SP2 of specific sizes (the sizes are 70 nm, 80 nm, 90 nm, 100 nm, 110 nm, 120 nm, 130 

nm, 140 nm, 150 nm, 170 nm, 190 nm, 210 nm, 240 nm, 270 nm, 300 nm, 330 nm, 360 

nm, 390 nm, 420 nm, 450 nm, 480 nm, 500 nm, 550 nm, 600 nm, and 650 nm). It is 

preferable to not size-select in continuously increasing or decreasing increments so as to 

offset any drift that may occur in the DMA system. The SP2 response to particles of 
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each size is monitored, and quadratic splines that relate the average incandescent peak 

height to particle size are fit to generate the calibration curves. This procedure is used to 

calibrate the incandescence channels of the SP2 (broadband high gain, broadband low 

gain, narrowband high gain, and narrowband low gain). During the calibration, a  

Table 2 – Various BC materials mentioned in this manuscript. 
 

Material 
and Lot # 

(if 
available) 

 
Manufacturer 

and Source 

 
BC 

Material 

 
BC 

(EC) 
Portion 
of Solid 

Mass 

 
Source of BC 

Content 
Information 

 
Confidence 

in BC 
Portion 

 
 

Aquadag 
# N/A 

 
Acheson 

Industries Inc., 
Port Huron, MI 

 
 

graphite 

 
 

0.70 

Sunset thermal-
optical analyses 

(Gysel, 2012, 
personal 

commun.; 
Subramanian, 
2011, personal 

commun.; 
Wendl, 2011, 

personal 
commun.) 

 
 

High due to 
multiple 

results from 
different 

laboratories 

 
Aquablack 

162 
# N/A 

 
Tokai Carbon 

Co. Ltd., Tokyo, 
Japan 

 
carbon 
black 

 
0.74 

Sunset thermal-
optical 

analysis, CWU 

Low due to 
large spread 
in data (σ = 

0.1) 
 

Cabojet 200 
# 1312497 

 
Cabot Corp., 
Boston, USA 

 
carbon 
black 

 
0.88 

Sunset thermal-
optical 

analysis, CWU 

High due to 
small spread 
in data (σ = 

0.01) 
 

Fullerene 
Soot 

#F12S011 
(filtered) 

 
Sigma-Aldrich 

Corp., St. Louis, 
MO, USA 

 
carbon 

black and 
fullerenes 

 
 

1.0 

(Gysel, 2013, 
personal 

commun.; Gysel 
et al., 2011; 
Ohata, 2013, 

personal 
commun.) 

 
Not analyzed 
by thermal-

optical 

 
 
Flame Soot 

Lawrence-
Berkeley 
National 

Laboratory  

 
flame-

generated 
soot 

 
 

1.0 

(Kirchstetter, 
2012, personal 

commun.) 
(Kirchstetter and 
Novakov, 2007) 

 
Not analyzed 
by thermal-

optical 
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Collison-type nebulizer is used to aerosolize the BC particles, and a condensation 

particle counter is run in parallel to assess the counting efficiency of the SP2. The Paul 

Scherrer Institut Toolkit for Igor Pro is used to process the calibration data. 

Thermal-optical analysis of Aquadag indicates that ~ 70% of the solid material 

is EC (M. Gysel, Scientist at the Paul Scherrer Institut, Villigen, Switzerland, 2012, 

personal commun.; R. Subramanian, Research Scientist at the Carnegie Mellon 

University, Pittsburgh, PA, USA, 2011, personal commun.), which introduces an  

 

 
Figure 7 – Average mass-size distributions of various BC materials - Aquadag, Cabojet 
200, Aquablack 162, Flame Soot, Fullerene Soot (BC materials information in table 2), 
and environmental BC in snow. The shaded region indicates the mass fraction of the 
size distributions > 500 nm where the nebulizer efficiency decreases. Large particles 
were allowed to settle out of the Fullerene Soot prior to measurement according to 
Schwarz et al. (2012) for the purposes of testing the external calibration (discussed in 
text). The environmental snow trace was obtained by analyzing snow samples from 
Blewett Pass, WA. The lower limit of the horizontal axis is set at 80 nm because this is 
the lower limit of the internal calibration of the SP2. Note that the internal calibration is 
extrapolated > 650 nm. Data may be found in Appendix B. 
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overestimate of ~ 30% to measurements made with the SP2 when internally calibrated 

using Aquadag. This occurs because the non-EC mass is integrated into the Aquadag 

particles (M. Gysel, Scientist at the Paul Scherrer Institut, Villigen, Switzerland, 2013, 

personal commun.). During internal calibration, a 400 nm Aquadag particle, for 

example, is size-selected by the DMA, and the incandescence of the particle is 

measured by the SP2. The calibration curve assigns that incandescent peak height 

response to BC particles of size 400 nm, but the original 400 nm Aquadag particles used 

for the internal calibration were only 70% BC. An environmental particle of smaller 

size that is 100% BC could incandesce similarly to Aquadag particles of 400 nm, and its 

mass would be overestimated by the Aquadag calibration. Users may elect to account 

for this when processing SP2 data, but it is unnecessary if performing an external 

calibration to correct for BC losses in the nebulizer (discussed below) because the 

correction factor simply cancels out of the calculation. 

 
 

Whole-System External Calibration 
 

In addition to the internal calibration, the SP2 measurement requires external 

calibration with standards of known concentration in order to correct for BC losses that 

occur in the CETAC nebulizer. Previous BC in snow and ice studies used BC standards 

to correct for losses in the CETAC nebulizer, but the BC material used for this purpose 

has varied between studies. BC materials used previously for external calibration were 

glassy carbon suspensions called Cabojet 200 (e.g., McConnell et al., 2007) or 

Aquablack 162 (e.g., Bisiaux et al., 2011; Ohata et al., 2011) (table 2). However, 
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significant portions of the mass of Aquablack 162 and Cabojet 200 fall below the 

detection limits of the SP2, which may affect the external calibration (figure 7). 

Furthermore, the incandescence monitored by the SP2 is known to vary for different BC 

materials (Laborde et al., 2012), but the relative effect that different materials have on 

the calibration of liquid sample measurements is unknown. Experiments were 

performed to determine how various BC materials affect the external calibration of SP2 

measurements of liquid samples. Standards of the BC materials Aquadag, Aquablack 

162, Cabojet 200, Flame Soot, and Fullerene Soot were created gravimetrically and 

analyzed using the SP2. The BC content of each material was accounted for using the 

information in table 2. Fullerene Soot was previously allowed to settle before making 

the gravimetric standards, essentially removing large particles that do not nebulize 

efficiently in the CETAC system (Schwarz et al., 2012). 

Figure 8 shows that, on average, Aquadag standards give the highest measBC for 

a given standard massBC. Changes in the CETAC nebulizer efficiency between analyses 

forbid the direct comparison of Fullerene Soot to the other calibration materials in 

figure 8, however the Fullerene Soot results are still reported below (figure 9). 

Differences in measBC for the same massBC of Aquadag versus Cabojet 200 or Aquablack 

162 (evident in figure 8, also noted in other studies (e.g., Brandt et al., 2011) may be 

due to the fact that contributions to the mass of Cabojet 200 and Aquablack 162 are 

from particles that are too small to be seen by the SP2 (figure 7). A previous study 

noted that 17% of the mass of Aquablack 162 fell below the SP2 detection limits (Ohata 

et al., 2011). However, differences in particle size distributions cannot explain all of the 
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differences in measBC. For example, Cabojet 200 standards return higher measBC than 

Flame Soot standards, even though the particle size distribution of Flame Soot falls 

almost entirely within the SP2 detection range (figure 7). Differences in the sensitivity 

of the SP2 to the different BC materials, which has to do with the physical, chemical, 

and optical properties of the particles, are likely also responsible for the observed 

discrepancies in measBC (Baumgardner et al., 2012; M. Gysel, Scientist at the Paul 

Scherrer Institut, Villigen, Switzerland, 2012, personal commun.; Laborde et al., 2012). 

Because the SP2 response to Aquadag is most like the response to BC in environmental  

 
 

Figure 8 - Calibration curves created by linear regression of data from measurements of 
Aquadag, Cabojet 200, Aquablack 162, and Flame Soot. The Flame Soot calibration 
curve is not visible because it has approximately the same slope as the Aquablack 162 
calibration curve. The measurements of each material were made on dilution series 
(standards of massBC ≈ 0.5, 2.5, 4-6, 6-8, and 9-14 µg/L) that were created on different 
days from a stock mixture. The calibration curves shown here are the best-fit lines to all 
of the data from a given calibration material. 
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snow and ice samples (M. Gysel, Scientist at the Paul Scherrer Institut, Villigen, 

Switzerland, 2012, personal commun.) and the size distribution of Aquadag falls 

withinthe detectable range of the SP2, Aquadag is chosen as the preferred BC material 

for external calibration of SP2 snow and ice measurements. Figure 8 demonstrates that 

using other calibration materials will result in a higher calBC relative to using Aquadag 

(12.6% higher for Cabojet 200, 35.9% higher for Aquablack 162, and 37.1% higher for 

Flame Soot). It is important to note that the spread of the BC concentrations externally 

calibrated by each material (σ = 16% of the mean) is greater than the estimated 

variability of the system (10%). The spread in the data for each calibration material and 

reasons for the variability between each standard series are addressed below. 

 
 

Reproducibility of Standards 
 

In order to determine the reproducibility and stability of BC standards for use in 

the laboratory, an experiment was conducted in which standards of known 

concentration were created from single stock mixtures (massBC ≈ 1500 µg/L) on multiple 

occasions over the course of two months. Standards were created by mass in 1 L glass 

jars with massBC approximately 0.5, 2.5, 5.0, 7.5, and 12.0 µg/L. The BC content of each 

material (table 2) was accounted for when creating the original stock concentration and 

subsequent dilutions. The stock mixtures from which standards were created were 

stored in a refrigerator to reduce BC degradation over time (storage procedures and 

experiments discussed in more detail below), and standards were analyzed immediately 

after creation. 
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Importantly, the response of the SP2 scales linearly with the massBC of the 

standards (figure 9). The fact that measurements of dilution series did not drift in one 

direction over time indicates that the stock mixtures were stable over at least two 

months (figure 9). Repeat trials of standard creation and analysis indicate that the slopes 

of the calibration curves (best-fit lines, not shown) varied for each calibration material 

from day to day (figure 9). This variability is likely due to errors associated with 

standard creation, drift in nebulizer BC losses, or natural variability in the SP2 response 

due to changes in laser power, optics, or electronics. Snow samples were measured as 

independent standards each day that dilution series were created and analyzed. The 

snow samples were kept in glass containers in the refrigerator to minimize sample 

degradation over time (sample storage procedures discussed in more detail below). The 

fact that the measurements of snow were largely stable from day to day (figure 9) 

indicates that the variability in the calibration curves is likely due more to errors in 

standard creation than changes in the instrumentation. Although stock mixtures were 

agitated for 20 minutes in a sonicator, it is possible that the BC particles in the stock 

mixtures or the intermediate dilutions were not homogenously mixed, or that BC 

particles were not transferred uniformly when aliquoting. 

Fullerene Soot was not originally tested in this experiment, but measurements of 

standards created from filtered Fullerene Soot were appended in an effort to create a 

calibration curve using a BC material that has minimal mass contribution from particles 

> 500 nm since the efficiency of the CETAC declines for large particle sizes (figure 5). 

Fresh Aquadag standards were also created and analyzed at the same time. Analysis of 
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the Aquadag standards in April and May 2013 resulted in calibration curves with lower 

slopes than the Aquadag calibration curves from the original experiment conducted 

June-August 2012 (figures 9E and 9A). It is possible that changes in the CETAC 

efficiency occurred during the time between analyses, perhaps due to aging of the 

transducer, resulting in lower calibration curves than before. Of course this makes the 

direct comparison between Fullerene Soot calibration curves and calibration curves 

from the other BC materials problematic since differences may be due largely to 

differences in nebulizer efficiency rather than the physical properties of the materials. 

As such, the Fullerene Soot results are not shown in figure 8. Changes in nebulizer 

efficiency are not likely problematic for comparison of calibration curves from the BC 

materials originally tested in this experiment (Aquadag, Flame Soot, Cabojet 200, and 

Aquablack 162) because one-directional drift in the slopes of the curves was not 

observed (i.e. consecutive calibration curves did not have only smaller or larger slopes), 

and the analyses were conducted within a relatively small time frame (< 2 months). 

Although the direct comparison of Fullerene Soot calibration curves from 2013 

to other BC material calibration curves from 2012 is problematic, some useful 

information may be gleaned about using Fullerene Soot for external calibration of the 

SP2 measurement of liquid samples. It is known that the SP2 is less sensitive to 

Fullerene Soot than to Aquadag by 23-29% (Baumgardner et al., 2012) due to physical 

and chemical properties of the material that affect how it incandesces. However, the 

Fullerene Soot calibration curves were not significantly offset from the Aquadag curves 

created at the same time (figure 9E). Large particles were allowed to settle out of the 
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Figure 9 – measBC of standards of (A) Aquadag, (B) Aquablack 162, (C) Cabojet 200, 
and (D) Flame Soot. Each color indicates a different day that a standard dilution series 
was created and analyzed, and the color scheme is consistent for all panels A-D. The 
measurements of the dilution series are indicated by open symbols. All SP2 analyses 
occurred the same day the standards were created so that measurements reflected BC 
concentrations of fresh standards without degradation. The black line indicates the best-
fit line to all calibration data for a given BC material, and the slope mean reported in 
each panel is the mean of the slopes of linear regressions of each individual dilution 
series (lines not shown). Sigma is one standard deviation of those slopes. Bold colored 
diamonds and squares in panels A-D indicate measurements of snow from 
Jungfraujoch, Switzerland and Blewett Pass, WA, respectively. The bold color of the 
diamond or square symbol corresponds to the color of the standard series symbol and 
indicates the day that the snow was analyzed. The snow measurements are plotted on 
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the calibration curve that was generated on the same day from analysis of the standards 
(individual calibration curves not shown), indicating the calibrated BC concentration of 
the snow (read off the horizontal axis). Panel (E) shows measBC for Fullerene Soot 
standards and Aquadag standards that were analyzed at the same time. The 
color/symbol scheme is similar to panels A-D except that bold colors indicate 
measurements of Aquadag dilution series. Measurements of snow from Blewett Pass, 
WA are indicated by square symbols, and these are plot on the calibration curve that 
was generated on the same day using the Fullerene standards (individual calibration 
curves not shown). Data may be found in Appendix C. 
 
Fullerene Soot prior to standard creation and analysis (Schwarz et al., 2012), but this 

treatment was not used for Aquadag. It is possible that the removal of large particles 

that would otherwise be inefficiently nebulized affects the calibration curve enough to 

offset the sensitivity differences between Aquadag and Fullerene Soot. That is, perhaps 

a significant portion of the mass of Aquadag is not seen by the SP2 due to poor 

nebulizer efficiency for particles > ~ 500 nm, which depresses the calibration curves to 

appear more similar to those of Fullerene Soot.  

This experiment does not provide sufficient evidence to persuade the use of 

Fullerene Soot versus Aquadag, but it does demonstrate that (1) the choice of 

calibration material significantly affects the correction of measBC, (2) certain materials 

may be preferable to others given their size distributions, the detection limits of the SP2, 

and the size dependence of the nebulizer efficiency, (3) standards should be used often 

to monitor changes in the nebulizer efficiency, and (4) stock mixtures are stable over 

the course of 1-2 months if stored in glass containers in a refrigerator, and they may be 

used for repeat creation of standard series. 
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Sample Storage 
 

Repeat measurements of previously melted snow samples indicate that the 

measBC of samples stored in the liquid phase may not be stable over time (Jenkins, 

2011). In some cases it might be desirable to measure the BC concentration of liquid 

samples that have been previously melted (e.g. archived samples that weren’t analyzed 

for BC). It is logistically challenging to keep samples frozen when they are retrieved 

from remote locations, and investigators may want to measure the BC concentration of 

samples that melted during retrieval. Furthermore, if BC standards remain stable it 

would be possible to store them in the liquid phase for repeat use. Experiments were 

designed to assess the stability of samples stored in the liquid phase, and to determine 

the most stable conditions for their storage prior to SP2 analysis. 

Liquid dispersions of the BC materials Aquadag, Aquablack 162, Cabojet 200, 

and Flame Soot, as well as environmental snow samples from Blewett Pass, WA were 

stored in polypropylene and glass vials at 25°C and 2°C. Teflon vials were not used in 

the experiment because samples stored in Teflon vials did not nebulize properly after 

sonication (M. Gysel, Scientist at the Paul Scherrer Institut, Villigen, Switzerland, 2012, 

personal commun.). The BC concentration of the samples was measured immediately 

after standard creation or melting for the various BC-like materials and the snow, 

respectively. The samples were re-measured for BC concentrations over a time span of 

18 days to assess sample stability under the various conditions and over different time 

periods. All samples (including samples in other experiments discussed elsewhere in 

this text) were sonicated ~20 minutes and analyzed while a magnetic stir bar agitated 
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the sample to keep BC particles homogenously mixed in suspension. These experiments 

were performed using the CETAC-SP2 system, so measurements were subject to the 

nebulizer efficiency issues discussed previously. 

Sample stability for Aquadag and environmental snow samples over an 18-day 

period suggests that storing samples at 25°C in polypropylene vials results in substantial 

BC losses compared to storage in glass vials or storage at cold temperature (figure 10). 

Samples stored in glass vials at cold temperatures remained nearly stable for 18 days 

(figure 10). Samples stored in glass vials at 25°C and polypropylene vials at 2°C 

experienced variable BC losses (figure 10). These results were consistent for Aquadag 

and environmental snow samples. 

In addition, these experiments indicate that the magnitude of BC losses in 

storage may be related to sample concentration. After 18 days, Aquadag samples stored 

in polypropylene vials at 25°C showed 80 %, 65 %, and 40 % losses for low 

concentration (massBC ≈ 3 µg/L), medium concentration (massBC ≈ 10 µg/L), and high 

concentration (massBC ≈ 15 µg/L) samples, respectively (figure 10). This result would 

imply that the magnitude of losses is higher for low concentration samples compared to 

high concentration samples, but note that the total BC mass lost in the low 

concentration samples (massBC ≈ 1 µg/L equivalent) is less than the mass of BC lost in 

the medium and high concentration samples (massBC ≈ 3 µg/L 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 
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that relative differences between samples might appear smaller than they actually are if 

the samples have undergone BC losses in storage.  

It is assumed that BC losses in liquid samples are due to particles adhering to 

vial walls or agglomerating to larger sizes outside of the SP2 detection range. These 

results indicate that snow and ice samples are best kept frozen until just prior to BC 

analysis with the SP2 in order to avoid losses that occur while the samples are stored in 

the liquid phase. 

Since researchers may want to analyze liquid samples for BC concentration that 

have been archived for months or years, it is necessary to see if BC losses in storage 

continue over longer periods of time. An experiment similar to the one described above 

was carried out in order to track BC concentrations in Aquadag, Aquablack 162, 

Cabojet 200, Flame Soot, and environmental snow samples for 210 days. Due to 

changes in the SP2 configuration during the experiment, measBC could not be tracked for 

all samples without running into issues comparing measBC values that represented 

different size ranges of BC. For this reason, general conclusions that may be drawn 

from the experiment are stated, but data are not shown. Contrary to results shown in 

figure 10, tracking samples for a longer period of time indicated that BC losses might 

occur in samples stored in polypropylene vials at 2°C and in glass vials at 25°C, 

although these losses were neither as rapid nor as great as the losses in samples that 

were stored in polypropylene vials at 25°C. BC losses up to 95% in polypropylene vials 

stored at 25°C appeared to level off after 55 days in storage. These losses were apparent 

in Aquablack 162, Cabojet 200, and Flame Soot samples in addition to Aquadag and 
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Figure 10 – Percent change in measBC in (A) environmental snow, (B) Aquadag massBC ≈ 
15 µg/L, (C) Aquadag massBC ≈ 10 µg/L, and (D) Aquadag massBC ≈ 3 µg/L samples 
tracked for 18 days in various storage conditions. The bars express the measBC on a 
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given day as a percentage of the measBC (before any losses due to storage, not shown). 
Each bar represents one sample. Black dotted lines indicate ±10% natural variability 
expected in the SP2-CETAC system. Data may be found in Appendix D. 
 
environmental snow. As stated previously, it is advised that samples be melted just prior 

to BC analysis with the SP2. However, if storage of liquid samples is necessary before 

the analysis, it is recommended that the samples be stored in glass vials at ~ 2°C and 

analyzed as soon as possible to minimize potential BC losses. 

Melted ice core samples are often refrozen in order to provide stable conditions 

for ions, trace elements, and other chemical species of interest for future analyses. 

Liquid samples of environmental 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 up to 60% (figure 11). 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 sizes larger than the SP2 detection range) when the 

  

 
Figure 11 - measBC of environmental snow samples that underwent freeze-thaw cycles. 
Each colored line/ symbol represents a different snow sample. Snow was collected at 
Blewett Pass, WA. 
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particles are rejected by the matrix of ice crystals (Schwarz et al., 2013). However, like 

Schwarz et al. (2012), significant shifts in the mass size distribution of samples that 

underwent freeze-thaw cycles were not observed. It is possible that agglomeration 

occurs, but that the larger particles fall out of the detectable range of the SP2 or are too 

large to be nebulized by the CETAC ultrasonic nebulizer. It is also possible that 

refreezing somehow increases plating of BC particles to the vial walls. In either case, it 

is advised not to refreeze melted samples for future BC analysis. 

An experiment was also designed to test whether acidification affected sample 

stability during storage. Environmental snow and Aquadag samples (massBC ≈ 10 µg/L) 

were acidified to 0.5 M using 68.5% Suprapur nitric acid immediately after melting 

(snow) or creating (Aquadag) the samples. The BC concentration of each sample was 

measured directly after acidification and was tracked over 13 days to monitor stability. 

It was found that acidification did not halt or slow BC losses when those samples were 

stored in the liquid phase (figure 12). Additionally, acidification caused immediate 

losses of up to ~35% in all of the Aquadag samples before any losses due to storage 

(figure 12).  

It is strongly advised to keep snow and ice samples frozen until just prior to BC 

analysis with the SP2. If this can’t be done, samples should be stored in glass vials at 

cold temperature (~2°C). It is also advised to avoid refreezing or acidifying samples 

since these procedures led to BC losses in the described experiments. Even if samples 

are stored under these conditions, it will be necessary to account for changes that do 
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occur to the samples while stored in the liquid phase, which is challenging and/ or 

impossible to do quantitatively. In all scenarios, BC concentrations of snow or ice 

samples that were not melted just prior to analysis must be interpreted with the caveat 

that BC losses may have occurred. 

 

 
Figure 12 – Repeat measurements of BC concentrations in (A) Aquadag (massBC ≈ 10 
µg/L) samples and (B) environmental snow samples for acidified, not acidified, glass, 
and polypropylene storage conditions. All samples were stored at ~25°C. Error bars 
represent ± 10% of the measurement. 
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Recovery of BC in Stored Samples and Other Sample Treatments 
 

In addition to testing vial type and storage temperature, various agitation, 

acidification, and other treatments were performed on samples that had experienced BC 

losses during storage to find out if any particular treatment could recover the lost BC. If 

BC recovery was possible, archived samples could potentially be analyzed without the 

aforementioned uncertainties. The treatments that were tested included (1) acidification, 

(2) addition of a dispersing agent (sodium pyrophosphate decahydrate), (3) agitation in 

a sonicator, and (4) agitation with a magnetic stir bar. The results of these experiments 

are presented below. 

Kaspari et al. (2011) suggested acidifying samples in order to recover BC lost 

during refreezing, but further testing in this study points against acidification. Sixteen 

samples were acidified to 0.5 M with 65% suprapur nitric acid, of which six responded 

with between 10-100% recovery of the lost BC, and ten samples showed no recovery or 

further losses of 10-40% (figure 13). Schwarz et al. (2012) noted a shift toward smaller 

particle sizes after acidification and surmised that acid helped to break up agglomerated 

particles. Significant shifts in the particle size distributions of samples after acidification 

are not observed. However, it was observed that all samples for which acidification 

caused some BC recovery were stored in polypropylene vials, whereas all samples 

stored in glass vials showed no recovery of lost BC or further losses. Since vial type 

seems to addition of HNO3 helped to free BC from the walls of the polypropylene vials. 

No distinct difference in BC recovery after acidification was evident based on different 

sample composition (Aquadag and snow samples). 
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Figure 13 - Results of an experiment to test the recovery effect of HNO3. BC 
concentrations were first measured for Aquadag of varying massBC and environmental 
snow samples (red bars), then measured after the samples had been stored for 18 days 
and experienced BC losses (green bars), and measured once again after acidification to 
0.5M HNO3 (orange bars). Each bar represents an individual measurement of a sample, 
and individual samples are grouped by thin black boxes. Error bars indicate ±10% of 
the measurement. 
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As for fresh samples, it is not recommended to acidify prior to BC analysis on 

the SP2 due to the varied effects of acidification on BC concentration seen in this study 

and the shift in particle size distribution observed by others (e.g., Schwarz et al., 2012). 

Similar to acid, treatment with the dispersing agent sodium pyrophosphate decahydrate 

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 either. 

In addition to testing the ability to recover lost BC using acid and dispersant, 

experiments were conducted to determine the effect of agitating samples in a sonicator 

and with a magnetic stir bar. Results do not definitively indicate that sonication and 

stirring improve the BC measurement (figure 14 and 15), although previous work  

 
Figure 14 – measBC of snow samples (Blewett Pass, WA) that underwent agitation 
treatments before analysis. Samples were analyzed (1) without sonication or stirring 
(magnetic stir bar), (2) without sonication but with stirring, and (3) with sonication and 
stirring treatments. Each colored line indicates a separate snow sample. 
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Figure 15 – measBC of snow samples (A) and Aquadag samples massBC ≈ 15 µg/L (B) 
after samples were sonicated for varying lengths of time (1-60 minutes). Individual 
samples are indicated with boxes. The experiment was performed three times to allow 
BC losses to occur in the samples, which were stored in polypropylene vials at room 
temperature. Error bars indicate ±10% of the measurement. 

 
suggests that they do (Jenkins, 2011; Kaspari, Assistant Professor at Central 

Washington University, Ellensburg, WA, USA, 2011, personal commun.), particularly 

in samples with high dust loadings. Although much of the increase in measBC that 

occurred after agitation treatments is within the estimated 10% variability of the 

instrument, it is encouraging that measBC increased for most of the snow samples (figure 

14). The results presented in figure 15 indicate that varying the amount of time in a 

sonicator (1-60 minutes) may increase measBC in some instances and decrease the 
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measurement in others, but the differences are largely within the estimated variability of 

the instrument (± 10%). Though these results do not strongly suggest that agitation 

treatments make a significant difference in the BC measurement, the use of a magnetic 

stir bar and a sonicator are simple procedures that do not hurt the BC measurement. As 

such, sonication for ~ 20 minutes prior to analysis and the use of a magnetic stir bar 

during sample analysis are procedures adopted at the SP2 lab at CWU. 

 
 

Summary of the Protocol for BC Analysis of Liquid Samples Using the SP2 
 

 This chapter concludes with a summary of the protocol for BC analysis of liquid 

samples using the SP2 at CWU. The steps are listed in an approximate order assuming 

that the user begins with a frozen ice or snow sample. The protocol is based on the 

experimental results and interpretations described above. 

 
1. Create Aquadag standards of massBC ≈ 0.5, 2.5, 5.0, 7.5, and 12.0 µg/L. If 

diluting from a stock mixture, sonicate the stock mixture for 20 minutes prior to 

aliquoting. Keep the stock mixture stored in glass at cold temperature (in a 

refrigerator). If making the standards from scratch, be sure to account for the 

moisture content of the BC material and the portion of non-BC solid mass. 

2. Melt the snow or ice sample at room temperature, in an oven, or in a warm bath 

(sonicator). 

3. Sonicate all liquid samples for 20 minutes to ensure homogenous mixing of BC 

particles and break-up of agglomerated BC particles. If standards are allowed to 
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sit for multiple hours after creation, it is advised to sonicate them for 20 minutes 

prior to analysis. 

4. Establish consistent liquid flow rates into and out of the CETAC ultrasonic 

nebulizer. It is particularly important to establish a consistent flow rate for the 

liquid draining from the aerosol chamber since the user must closely monitor 

that the peristaltic pump is set to the same rate that liquid sample is draining 

from the aerosol chamber if accurate characterization of the aerosol drain flow 

rate is desired. 

5. Establish consistent nebulization in the CETAC aerosol chamber. If the aerosol 

cloud looks thin or inconsistent, the CETAC may need maintenance. 

6. Establish low enough background in the system (using MQ) appropriate for the 

analysis. 

7. Use a magnetic stir bar to agitate the liquid sample while it is introduced into the 

CETAC at a flow rate of 0.5 mL/min. 

8. Establish a steady signal on the SP2 before recording data. 

9. Record at least 10,000 particles over a period of at least one minute to ensure a 

statistically robust measurement of the BC mass concentration. 

10. Use the best-fit line to the Aquadag standard data to generate a calibration curve 

for correcting the BC concentration measurements. It is preferable to use an 

average calibration curve (the best fit line to data from at least 5 separate 

analyses of standard dilution series) if the user is certain that the nebulization 

efficiency has not changed drastically from the time the average calibration 
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curve was determined. Using an average of multiple calibration curves is 

preferable because errors in standard creation cause calibration curves to vary 

from day to day. Running at least one standard (an Aquadag sample or a snow 

sample) is useful for monitoring the nebulizer efficiency. 

11. Characterize the background BC concentration in the system and subtract this 

from the measurements. 

12. If samples are to be stored for later BC analysis, store them in glass containers at 

cold temperature (in a refrigerator). Do not refreeze or acidify samples. While 

these conditions may preserve BC concentrations for up to 18 days, it is 

important to stress that BC concentrations measured by the SP2 should only be 

trusted when samples are analyzed immediately after the first melt. If samples 

that have been stored in the liquid phase are to be analyzed, it is useful to 

compare them to fresh samples (if they are available) to assess the BC losses 

that may have occurred (e.g., ice core samples from the same core and the same 

depth that are kept frozen until just prior to analysis). If fresh samples are not 

available for such a comparison, the user may proceed with the analysis 

knowing that differences in BC concentrations between samples may only 

reflect qualitative differences if the samples have undergone BC losses.
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CHAPTER III 

 
AN AD 1852-1999 ICE CORE RECORD OF BLACK CARBON  

FROM MOUNT LOGAN, YUKON TERRITORY, CANADA 

 
 

Introduction 

 Black carbon (BC), a byproduct of the combustion of fossil and biofuels, is 

considered the second most important climate-forcing agent next to CO2 (Bond et al., 

2013). Studies have shown that BC directly affects the climate system when it is 

suspended in the atmosphere (e.g., Ramanathan and Carmichael, 2008) and when it is 

deposited on glacier and snow surfaces (e.g., Flanner et al., 2007; Hadley and 

Kirchstetter, 2012; Hansen and Nazarenko, 2004). Because it reduces the surface albedo 

of snow and glacier surfaces, BC is leading to increased melt of snow and ice with 

important implications for water resources (Qian et al., 2009). Despite having a 

significant influence on climate and hydrology, there are large uncertainties associated 

with the amount of BC distributed in space and through time (IPCC, 2007), highlighting 

the need for empirical records to constrain historical fluxes of BC in the atmosphere and 

on glaciers and snow. Ice cores offer a means to reconstruct records of BC in the 

atmosphere (and on the glacier surface), which allows the study of the historical 

variability of BC, identification of trends in BC concentrations through time, attribution 

of the BC to specific sources, and estimation of the effect of BC on climate. 

 This chapter presents a record of BC concentrations that spans AD 1852-1999 

and was developed using an ice core retrieved from Mount Logan in the Yukon 
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Territory, Canada. Mount Logan is the highest mountain in Canada and is located in the 

heavily glaciated St. Elias Mountains at the end of the main North Pacific storm track 

where moisture arrives to Northwest Canada (Moore et al., 2002a; Rupper et al., 2004). 

Mt. Logan is the coldest site in the region (Holdsworth et al., 1996), which minimizes 

snowmelt and allows the retrieval of long-term (> 8000 year) records with which to 

study the atmospheric circulation and the paleoclimate of the North Pacific (Osterberg 

et al., 2008). Records in Mt. Logan ice are climatologically interesting because they 

capture decadal trends in North Pacific climate variability and have significant 

teleconnection signatures of climate patterns like the El Niño Southern Oscillation 

(Moore et al., 2001; Rupper et al., 2004). Most previous work on ice cores from Mt. 

Logan has sought to understand the paleoclimatology of the North Pacific through the 

recent Holocene including changes in atmospheric circulation, and past variability of 

the El Niño Southern Oscillation, the Pacific Decadal Oscillation, and the Pacific North 

America pattern (Fisher et al., 2008; Fisher, 2011; Kang et al., 2005; Moore et al., 

2002a, 2003; Moore et al., 2001, 2002b; Rupper et al., 2004). Other work has used Mt. 

Logan ice to study atmospheric pollution in the North Pacific (e.g., Holdsworth et al., 

1984; Monaghan and Holdsworth, 1990; Yalcin and Wake, 2001), including the 

identification of Asia as an upwind source for pollution in the region (Osterberg et al., 

2008). A record of BC from Mt. Logan is important because it potentially furthers 

understanding of atmospheric pollution (anthropogenic and naturally-sourced) in the 

North Pacific, and because BC may have climate implications for a region of 

established climatological interest. 
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Sources of BC emissions that could be recorded at Mt. Logan include (1) forest 

fire emissions, (2) industrial emissions (including emissions from manufacturing, power 

production, and the transportation sector), (3) emissions from the residential use of coal 

and biofuels (e.g., smoke from residential heating/ cooking), and (4) emissions from 

open biomass burning (e.g., land clearing). Because of the geographic location and 

prevailing atmospheric circulation patterns, Mt. Logan is situated to record locally 

sourced BC in addition to BC that is transported across the Pacific Ocean from Asian 

sources (Hadley et al., 2007; Jaffe et al., 1997; Osterberg et al., 2008). The relative 

attribution of the BC signal in the ice core to various sources is discussed more 

thoroughly in a following section of this chapter. Contextual information for the 

aforementioned sources of BC is provided below followed by a description of the ice 

core and the location of its retrieval. 

 
 

Forest Fires 

 The scientific community has recognized that forest fires are of large 

consequence to the natural world because they shape the landscape, influence forest 

structure and composition, and affect the ecology of forested regions (Behling et al., 

2004; Flannigan et al., 2000). Trends in forest fire frequency allow scientists to make 

inferences about changes in vegetation, forests, and biogeochemical cycles through time 

(Behling et al., 2004; Eichler et al., 2011; Higuera et al., 2009). Trends in forest fire 

frequency are also indicative of trends in human activity including land use changes 

(e.g., Marlon et al., 2008) and human occupation of specific regions (e.g., Behling et al., 
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2004). Broadly speaking, forest fires have increased in the latter half of the Holocene in 

association with increases in human populations and practices (Carcaillet et al., 2002).  

The occurrence of forest fires is tightly linked to regional climate (Flannigan et 

al., 2000; Gillett et al., 2004; Han et al., 2012; Schoennagel et al., 2004; Stocks et al., 

1998). Forest fire emissions affect regional meteorology (Youn et al., 2011), and studies 

have also identified parallels between longer-term global warming/ cooling trends and 

increases/ decreases in the frequency of forest fires (e.g., Gillett et al., 2004; Lynch et 

al., 2004; Marlon et al., 2008; Pierce et al., 2004). The area burned each year in North 

America has been linked to changes in the dynamics of teleconnections associated with 

climate patterns (e.g., the Pacific Decadal Oscillation, the El Niño Southern Oscillation, 

and the Arctic Oscillation) that cause prolonged drought and rapid drying of biofuels 

(Fauria and Johnson, 2006, 2008). Fires are also linked to climate because they are 

natural sources of aerosols and greenhouse gas emissions (Keywood et al., 2013; Youn 

et al., 2011), and they are an important player in the global carbon flux (Flannigan et al., 

2000). The effect of forest fires on carbon cycling and climate is estimated to be the 

greatest in the carbon-rich boreal zone (Stocks et al., 2002), and the interaction between 

forest fires and climate is compounded by the fact that models predict increasing forest 

fire frequency, severity, and extent in a warming climate (Flannigan et al., 2000; 

McCoy and Burn, 2005; Stocks et al., 1998). 

Because of geographical proximity and/or being located upwind of Mt. Logan 

(atmospheric circulation at Mt. Logan is discussed in more detail below), the likely 

source regions of fire emissions captured at Mt. Logan include the boreal forests in 
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Alaska, the Yukon Territory, and Siberia. Information about past forest fires in these 

regions comes primarily from charcoal in lake sediments (e.g., Lynch et al., 2004; 

Marlon et al., 2008), fire spatial statistics from land management bureaus (e.g., 

Kasischke et al., 2002), and glaciochemical records from ice cores (e.g., Eichler et al., 

2011; Legrand et al., 1992; Whitlow et al., 1994; Yalcin et al., 2006). According to 

analyses of spatial statistics, Canadian annual burn area has increased over the past four 

decades (Gillett et al., 2004; Weber and Stocks, 1998) with the frequency and intensity 

of forest fires being linked to changes in climate (Fauria and Johnson, 2006; McCoy 

and Burn, 2005). In Alaskan lakes, charcoal accumulation over the past 1000 years has 

been highest since AD 1850, implying more frequent and larger Alaskan forest fires, 

although the past 1000 years have been characterized by low charcoal accumulation 

rates relative to the rest of the Holocene (Lynch et al., 2004). Analysis of the spatial 

statistics of Alaskan fires since AD 1950 indicates that most burn area occurs in a 

relatively small number of high fire years occurring every ~ 4 years, and that average 

burn area has changed little between the 1960s and 1990s (Kasischke et al., 2002). 

Unlike Alaskan fires, Siberian forest fires have increased in frequency over the past 

century (Kawamura et al., 2012), which is consistent with fire statistics and a recent 

trend toward more frequent extreme fire years (Soja et al., 2007). These trends are 

evident in ice core records of vanillic acid and dehydroabietic acid (biomass burning 

tracers) from the Ushkovsky ice cap in the Kamchatka Peninsula, but they are 

inconsistent with ice core records from the more central Siberian Altai that suggest no 

significant increase in forest fire frequency in the last 300 years (Eichler et al., 2011). 
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The differences between these records may be explained by the fact that different 

chemical species were being interpreted and that the ice cores were retrieved from 

different geographic locations. 

Studies have also invoked forest fires as an explanation for trends in the 

variability of BC concentrations observed in ice core records (e.g., McConnell et al., 

2007) and lake sediments (e.g., Han et al., 2012), and these records allow researchers to 

make inferences about the timing and magnitude of forest fire events and emissions. A 

BC record from Mt. Logan will potentially provide more information about the size and 

frequency of forest fires in Alaska, the Yukon Territory, and Siberia. 

 
 

Industrial Emissions 

The abundance of many atmospheric constituents has increased since pre-

industrial times due to anthropogenic emissions associated with industrialization. 

Different chemical species have multiple and contrasting effects on climate (IPCC, 

2007), but BC in particular is extremely absorptive of shortwave radiation and has a 

high potential to cause climate warming (Bond et al., 2013). The scientific consensus is 

that there is a very high probability BC has warmed the climate since pre-industrial 

times and continues to do so, and this consensus is based on the high absorption 

efficiency of black carbon and the change in the amount of BC in the atmosphere during 

the industrial era (AD 1750-2000) (Bond et al., 2013). The increase observed during 

this time is largely due to BC emissions from the industrial combustion of fossil fuels, 

including emissions related to manufacturing, coal power plants, and diesel engines. 
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The United States and Europe are estimated to have contributed substantially to global 

BC emissions at the turn and the early part of the 20th century, but developing regions 

such as East Asia are estimated to be the largest emitters of BC in the present day (Bond 

et al., 2007; Ramanathan and Carmichael, 2008) with Asian BC emissions having 

doubled since 1950 (figure 16) (Novakov et al., 2003; Wang et al., 2012). China alone 

is estimated to contribute one fourth of the global anthropogenic BC (Streets et al., 

2001). Although records of black carbon in ice cores have been used previously to  

 

 

Figure 16 – Estimated historical BC emissions from burning of fossil fuels for various 
parts of the world. Figure from Novakov et al. (2003). 
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constrain the timing and magnitude of industrial emissions of BC (e.g., Kaspari et al., 

2011; McConnell et al., 2007), most of our understanding of BC emissions related to 

industrial practices comes from estimates based on inventories of combustible fuels 

(Bond et al., 2007; Bond et al., 2004). Calculations that estimate BC emissions are 

based on fuel consumption data and BC emissions factors that vary regionally 

depending on fuel type, combustion type, and emission controls (Bond et al., 2004). 

Observational records are still needed to address uncertainties in the spatial extent and 

temporal variability of BC from industrial sources. 

 
 

Other BC Emissions Sources 

Other important sources of BC in the atmosphere besides forest fires and 

industrial emissions include the residential use of biofuels and coal for cooking and 

heating homes (Rehman et al., 2011), and the open burning of land for agricultural 

purposes (e.g., clearing of forests for pastureland or planned removal of debris from 

cropland) (McCarty et al., 2012). BC emissions from these sources are extensive and 

globally significant, perhaps comprising over 35% of total global BC emissions (U. S. 

Environmental Protection Agency, 2012). Residential BC emissions are estimated to be 

greater in developing parts of the world, and they are particularly prevalent in China 

where the residential burning of coal and biofuel were estimated to be the two largest 

sources of BC in 2007 (Wang et al., 2012). Open land burning (including forest fires) is 

estimated to be greatest in Africa, South America, and Asia (U.S. Environmental 

Protection Agency, 2012). Despite making up such a large contribution to the global 
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BC, these types of emissions are the most poorly quantified. Poor constraints on 

residential and agricultural BC emissions result primarily from the lack of accurate 

information to characterize the extent to which these practices occur and the extent to 

which they produce BC (Bond et al., 2007; Bond et al., 2004; Ramanathan and 

Carmichael, 2008).  

 
 

The Prospector Russell Col Ice Core 

 In the summers of 2001 and 2002, the Canadian Geological Society collected a 

186 m ice core from the Prospector Russell (PR) Col near the summit of Mount Logan 

in the St. Elias Mountains, Yukon Territory, Canada (60°35’N, 140°30’W, 5300 

m.a.s.l., figure 17) (Fisher et al., 2004). Mt. Logan is located ~100 km from the Gulf of 

Alaska and is unique in that the summit plateau is situated within the free troposphere > 

5000 m.a.s.l. The ice core spans the time period 8000 BP - AD 1999, so pre- and post-

industrial periods are represented in the ice. 

 
 
Atmospheric Circulation and Sources of Air Masses and Moisture at Mt. Logan 

Previous work on Mt. Logan included the analysis of stable isotopes of oxygen 

and hydrogen (Fisher et al., 2008; Fisher et al., 2004; Fisher, 2011; Holdsworth et al., 

1991; Holdsworth and Krouse, 2002) and concentrations of major ions and trace 

elements (Osterberg et al., 2008; Osterberg et al., 2006). Stable isotope records suggest 

that the PR Col has been influenced by different airflow regimes over the last 8000 

years that shifted between more zonal and more mixed transport of moisture 
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Figure 17 – Maps of ice core drill sites and the collection sites of other records 
mentioned in this manuscript including arrows to indicate the prevailing wind direction. 
The lower panel is an enlarged map of Mt. Logan and the surrounding area. The 
Prospector Russell (PR) Col and Northwest (NW) Col sites are located 5300 m.a.s.l. 
and 5430 m.a.s.l., respectively, near the summit of Mt. Logan. The Eclipse Icefield is ~ 
45 km distant, and ice cores from that site were retrieved ~ 3000 m.a.s.l. (e.g., Kelsey et 
al., 2012; Yalcin and Wake, 2001). These maps were generated using the USGS Woods 
Hole Scientific Center map generator (http://woodshole.er.usgs.gov/mapit/). 
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(Fisher et al., 2008; Fisher et al., 2004). The shifts are likely related to large-scale 

changes in the El Niño Southern Oscillation, the most recent (AD 1840) initiating a 

regime characterized by mixed southerly and westerly sources of moisture delivery, and 

that shift predates the record of BC examined here (Fisher et al., 2004). A distinct 

characteristic of the Mt. Logan stable isotope records is that a discontinuous, stair-step 

pattern is evident in the variation of isotopes with altitude. The accepted interpretation 

is that the atmosphere is multi-layered with distinct air masses from different sources, 

and that Mt. Logan precipitation samples different layers depending on the elevation 

(Holdsworth et al., 1991). The layers are segregated into a lower region < ~ 3 km that is 

more locally influenced, an upper region > ~ 5.3 km elevation associated with more 

distal sources of moisture, and a mixed layer that extends 1-2 km in between, each with 

distinct glaciochemistry (Holdsworth and Krouse, 2002). The PR Col (5300 m.a.s.l.) 

samples the upper layer, so a distal source must be considered when interpreting records 

from Mt. Logan. 

More recently, Asia was identified as a distal source for the air masses sampled 

at Mt. Logan because a time series of Pb recorded in the PR Col core was interpreted to 

reflect rising Asian Pb emissions associated with recent industrialization, the burning of 

leaded gasoline, and less strict regulations of toxic emissions relative to European and 

North American policies (Osterberg et al., 2008). Mt. Logan is situated to record Asian 

emissions that undergo trans-Pacific transport (figure 17), thus fossil and biofuel 

emissions from large population centers in Asia must be considered as possible sources 

when interpreting the BC records preserved at the PR Col. The influence from Asian 
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industrial emissions makes the PR Col core interesting for BC analysis because East 

Asia is thought to be the largest contributor of global BC (e.g., Bond et al., 2007; Bond 

et al., 2004; Novakov et al., 2003; Ramanathan and Carmichael, 2008; Streets et al., 

2003; Streets et al., 2001) with known climate effects, including influence on 

temperatures and the timing and magnitude of precipitation (Lau et al., 2006; Menon et 

al., 2002; Qian et al., 2003), which in turn alters flood regimes and negatively affects 

agriculture for over 20% of the world’s population (Auffhammer et al., 2006; 

Chameides et al., 1999; Menon et al., 2002).  

 
 
Potential Sources of Black Carbon Recorded at Mt. Logan 

 Given its high elevation and geographical position relative to the predominant 

atmospheric circulation patterns (figure 17), Mt. Logan is likely influenced by some 

combination of both distal and local sources of BC. Local sources are likely dominated 

by Alaskan and Yukon forest fires with minimal contribution from anthropogenic 

sources given the sparse populations in those regions; however, it is noted that local 

shipping traffic in the Gulf of Alaska is a potential BC source. Hadley et al. (2007) 

modeled long-range transport of BC aerosols in the year 2004 and suggested that BC 

from Asia totaled 77% of the estimated BC emissions for North America. The majority 

of the BC was transported at high elevation (> 2 km) in the mid-troposphere (Hadley et 

al., 2007), where the PR Col is known to sample atmospheric pollutants (Holdsworth et 

al., 1991; Osterberg et al., 2008). Distal BC is likely dominated by Asian emissions 

from all of the emissions sources discussed previously in this chapter, but Asia is 
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expected to deliver more anthropogenically-sourced BC compared to Alaska and the 

Yukon Territory given its large population centers and high level of industrial activity. 

This includes BC from the industrial sector (including manufacturing, power 

production, and transportation), residential emissions including coal and wood burning, 

and BC from agricultural land burning.  Asian forest fires are also an important 

potential source of BC recorded at Mt. Logan. 

Interpretations of other chemical records in ice from Mt. Logan and nearby sites 

indicate that forest fires are an important source of the delivery of chemical species to 

the region. NH4
+ peaks in the Northwest (NW) Col ice core record (AD 1750-1979, 

location shown in figure 17) were interpreted to represent individual biomass burning 

events that likely occurred in Siberia (Whitlow et al., 1994). Records from nearby 

locations have also been interpreted to record Local forest fires; for example, CO2 and 

limited soot measurements (measured by thermal-optical method described in Chapter 

II, (Chylek et al., 1992a)) in the NW Col record revealed a late 19th century increase in 

biomass burning associated with the Pioneer Agriculture Revolution, a period of 

episodic biomass burning (AD 1860-1890) associated with land clearing and 

agricultural practices in North America (Holdsworth et al., 1996). Yalcin et al. (2006) 

identified similar increases in Alaskan and Yukon biomass burning at the turn of the 

19th century in ice core records from the Eclipse Icefield (location shown in figure 17). 

 Studying BC in the ice core from the PR Col on Mt. Logan is scientifically 

interesting because it furthers our understanding of forest fire frequency and intensity in 

Alaska, the Yukon Territory, and Siberia, and it provides insight into the effects that 
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fire-born light-absorbing impurities have on climate. BC at Mt. Logan may also reflect 

East Asian BC from industrial and biofuel emissions that undergo trans-Pacific 

transport (Berntsen et al., 1999; Hadley et al., 2007; Heald et al., 2006; Jaffe et al., 

1997; Jaffe et al., 2003; Osterberg et al., 2008; Primbs et al., 2007). Lastly, the BC 

record in the PR Col ice core allows us to estimate the albedo reduction by BC particles 

in the St. Elias Mountains. 

 This chapter continues with a brief discussion of sampling and analytical 

methods followed by the presentation of the AD 1852-1999 BC record from the PR Col 

ice core. The best judgment of source attribution for the BC is presented along with 

evidence to support the interpretation. Comparisons between the BC record from the PR 

Col and other relevant records are made including discussion of the factors controlling 

BC preservation at Mt. Logan that could cause differences between the records. The 

chapter concludes with an assessment of the climate impacts due to albedo reduction 

that could have occurred at the PR Col given the observed BC concentrations in the ice. 

 
 

Sampling Methods 

The 186 m ice core from the PR Col was sampled using a continuous melter at 

the Climate Change Institute at the University of Maine (Osterberg et al., 2006). The 

sampling resulted in 6900 total samples at 1-5 cm/sample depth resolution, and 5-30 

samples/year for the ~ 8,000 continuous years represented in the core (Osterberg et al., 

2008). The core was dated prior to this work by annual layer counting of the oscillations 

in δ18O, [Na+], and [U], and by identification of historic volcanic eruptions in the crustal 
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element records (Osterberg et al., 2008). The samples used for BC analysis in this study 

were previously analyzed for major ions (ion chromatography (IC)), trace elements 

(inductively coupled plasma mass spectrometry (ICPMS)), and stable isotopes (mass 

spectrometry (MS)) at the Climate Change Institute, University of Maine (Osterberg et 

al., 2008; Osterberg et al., 2006), and many of these (and other) chemical records are 

used in this study for assessment of the BC record (table 3). 

Two thousand sixty nine samples were analyzed for BC concentration to create a 

high-resolution record of BC that spans AD 1852-1999. Every available sample was 

analyzed for BC for the period AD 1939-1999 resulting in 20-40 samples/ year for the 

period AD 1939-1989 and 5-15 samples per year for the period AD 1990-1999. Every 

other sample was analyzed prior to AD 1939 due to the large number of samples and the 

amount of time demanded by the analysis, which resulted in 10-20 samples/ year. BC 

concentrations in the PR Col were measured at CWU using the Single Particle Soot 

Photometer (SP2) coupled to a CETAC U5000 AT+ ultrasonic nebulizer. The protocol 

for liquid sample analysis of BC concentrations outlined in Chapter II was followed for 

all samples. Each sample was sonicated for 20 minutes prior to analysis and agitated 

with a magnetic stir bar while introduced into the CETAC nebulizer. Data for ten 

thousand BC particles were recorded over multiple minutes of integration time when 

possible, but this was not always allowed by sample volume limitations (typical sample 

volumes 1-3 mL). Measured BC concentrations (measBC) were calibrated using Aquadag 

standards following the methods described in Chapter II. The calibrated BC 
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concentrations are hereafter reported as calBC. It is important to note that calBC does not 

reflect a true BC concentration since the measurement includes BC losses that occurred  

Table 3 – Chemical records from ice cores and lake sediments presented in this chapter 
or discussed for comparison to the BC record in the PR Col ice core. Previously 
unpublished data are indicated with an asterisk. Published data was obtained from the 
NOAA National Climatic Data Center (http://www.ncdc.noaa.gov/paleo). BC analysis 
was performed at Central Washington University, Ellensburg, WA, USA. The analyses 
of major ions and trace elements in the PR Col and Eclipse ice cores were performed at 
the University of Maine, Orono, ME, USA. The analyses of major ions and trace 
elements in the Bulkha Glacier core were performed at the Paul Scherrer Institut, 
Villigen, Switzerland. The location of the analysis of charcoal in sediments from 
Ninisith Lake, Alberta, Canada is unknown. The analyses of BC and Vanillic Acid in 
the Greenland D4 ice core and BC in the Mt. Waddington ice core were performed at 
the Desert Research Institute, Reno, NV, USA. 

 
Record Analysis Core, Region, 

or Site 
Reference 

calBC* SP2 PR Col This Work 
[K+]* IC PR Col (Osterberg et al., unpublished data) 
[NO3

-]* IC PR Col (Osterberg et al., unpublished data) 
[Pb] ICPMS PR Col (Osterberg et al., 2008) 
[SO4

2-] IC PR Col (Osterberg et al., 2008) 
[Fe]* ICPMS PR Col (Osterberg et al., unpublished data) 
[Al] ICPMS PR Col (Osterberg et al., 2008) 
[Na+]* IC PR Col (Osterberg et al., unpublished data) 
[U]* ICPMS PR Col (Osterberg et al., unpublished data) 
δ18O MS PR Col (Fisher et al., 2004) 
[NH4

+] IC Eclipse (Yalcin et al., 2006) 
[K+] IC Eclipse (Yalcin et al., 2006) 
[NO3

-] IC Eclipse (Yalcin et al., 2006) 
[K+] IC Belukha (Eichler et al., 2011) 
[NO3

-] IC Belukha (Eichler et al., 2011) 
BC SP2 D4 (McConnell et al., 2007) 
Vanillic Acid MS D4 (McConnell et al., 2007) 
BC SP2 Waddington (Neff et al., 2012) 
Burn Area - Alaska (Kasischke et al., 2002) 

Burn Area - 
Yukon (Yukon Wildland Fire 

Management) 
Charcoal counting Ninisith Lake (Larsen et al., 2000) 
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in the samples due to treatments and storage procedures that are standard for the 

previous IC and ICPMS analyses (described below). The designation calBC simply 

refers to a measurement that has been corrected for losses in the CETAC nebulizer 

using Aquadag standards according to the procedure described in Chapter II. 

Because of the other analyses performed on the PR Col samples, the samples 

had been acidified, refrozen, melted, and stored in the liquid phase in polypropylene 

vials at room temperature for multiple years prior to BC analysis at Central Washington 

University (CWU) (E. Osterberg, Research Assistant Professor, Dartmouth College, 

2011, personal commun.). The results of experiments conducted at CWU indicated that 

each of the aforementioned treatments could cause BC losses (agglomeration or losses 

to vial walls), resulting in underestimated BC concentrations in measured samples (see 

Chapter II for thorough discussion of methodological experiments). Because of these 

treatments, the BC concentrations in the PR Col samples represent minimum estimates 

of actual BC concentrations, but a qualitative record of BC changes in the atmosphere is 

still preserved. Such a record is useful for assessing the timing and relative magnitude 

of changes in the amount of BC in the atmosphere. The evidence that a qualitative 

record of BC is preserved in the archived core comes from the BC analysis of samples 

that were cut from segments of fresh ice that had been stored frozen since the retrieval 

of the core in 2002 and 2003. Samples were cut at ~ 5 cm/sample resolution in 

December 2012 from multiple sections of the core that totaled ~ 8 m in length. The 

samples were analyzed using the SP2 at CWU following the protocol outlined in 

Chapter II. Importantly, samples were kept frozen until just prior to analysis. Almost 
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every calBC peak in the archived record is reflected by a calBC peak in the record 

developed from the fresh ice (figure 18). The calBC measurements from fresh ice 

samples were consistently higher than calBC in the archived samples, but the magnitude 

of the difference in calBC is not consistent enough to allow correction of the entire 

archived record (figure 18). Linear regression of the data indicate that 39% of the 

variation in the fresh ice calBC may be explained by variation in the calBC measured in 

archived samples (n = 148, R2 = 0.39, p < 0.001) (figure 19). The records were 

resampled to the same depth resolution in order to perform the regression. A direct 1:1 

correlation is not expected for the two records because of small-scale variability in the 

ice, potential depth offsets that could occur naturally between the two slabs, or depth 

offsets that resulted from using different sampling procedures for the archived and fresh  

 

Figure 18 – calBC measured in the archived PR Col samples compared to calBC 
measured in fresh PR Col samples that were kept frozen until just prior to analysis.  
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samples. Importantly, every peak in calBC in both the archived and fresh ice records is 

comprised of multiple samples (figure 18), suggesting that the archived PR Col core 

preserves a real (albeit qualitative) record of BC concentrations through time, and that 

the observed changes in calBC in the archived record (and the fresh ice record) are 

indicative of real fluctuations in the deposition of BC to the PR Col drill site. 

Fluctuations in the deposition of BC are considered a proxy for BC concentrations in 

the atmosphere, although quantitative determination of true atmospheric BC 

concentration is not possible from the ice core record regardless of the BC losses in the 

archived samples because BC deposition is influenced by other factors besides the 

amount of BC in the atmosphere (e.g. atmospheric circulation, precipitation, scavenging 

efficiency, and post-depositional processes), and a reliable model to back out 

 

 
Figure 19 – Linear regression of 148 calBC measured in fresh ice (no BC losses) and 
archived samples (experienced BC losses). The calBC depth series were resampled to 5 
cm resolution. 
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atmospheric BC concentrations from ice core records does not exist. The timing and 

magnitude of changes in calBC and the source of the BC observed in the record are 

explored below. 

 
 

Results and Discussion 
 
 

The BC Record from the Prospector-Russell Col, Mt. Logan 

Parts of the BC record appear to preserve a seasonal signal, which is also reflected in 

the [K+] record, however seasonality in the BC signal is not evident in the majority of 

the time series (figure 20). The BC seasonality is most obvious during the period AD 

1970-1980 (figure 20C), although the seasonality during that period is less apparent in 

the [U] and [Na+] records that were used to date the ice core by annual layer counting 

(Osterberg et al., 2008). Annual layer counting of seasonal oscillations in chemical 

records is often sufficient for delineating the depth-age relationship at yearly timescales, 

but it can be insufficient for defining the sub-annual temporal scale if the seasonality is 

not well preserved in the chemical records. Since the seasonality in the [U] and [Na+] 

records does not appear similar to the seasonality preserved in the calBC record for the 

best section of BC seasonality (figure 20C) and because much of the core was analyzed 

for BC at lower resolution than the major ions and trace elements with which the core 

was dated, the interpretation of sub-annual trends in the BC record is avoided. 
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Figure 20 - (A) Detailed records of 
calBC from the PR Col ice core, and (B) 
log calBC. The time series in (A) and 
(B) were resampled to the same 
resolution (7 samples/yr) because of 
layer thinning that occurs with depth in 
the core. (C) AD 1970-1980 section of 
the BC record at high resolution 
compared to [K+], [U], and [Na+] 
records also from the PR Col core. The 
records in (C) are high-resolution data 
that were not resampled to 7 
samples/yr. 
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The Logan PR Col calBC record is characterized by low BC concentrations 

(mean calBC = 0.25 µg/L, max calBC = 6.1 µg/L) punctuated by peaks in calBC from 

0.47-6.1µg/L (Fig 20A). The detailed calBC record was resampled to the same resolution 

(7 samples/yr) because of thinning of layers that occurs at depth in the core due to 

glacier flow. The record indicates 5-10 year periods of elevated calBC (figure 20A). 

These periods of time are most apparent in the 1850s, 1880s, 1930s, 1940s, and 1980s 

(figure 20A). A rise in the background calBC is also evident during these time periods 

(figure 20B). 

 
 

BC Source Attribution 

In order to separate and weigh the relative importance of different sources of the 

BC observed in the PR Col ice core, various technique are employed to partition the BC 

broadly into biomass burning and industrial sources. These techniques include a 

statistical method called empirical orthogonal function (EOF) analysis that associates 

various chemical time series depending on their co-variance (Meeker and Mayewski, 

2002), the examination of other relevant chemical records from Mt. Logan and 

neighboring locations (listed in table 3), analysis of individual peaks in the BC record 

and peaks in other chemical records that coincide at depth in the PR Col core, and 

examination of satellite imagery to identify smoke plumes over Mt. Logan. 
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Co-Variance of BC and other Chemical Records 

EOF analysis (Meeker and Mayewski, 2002) was performed to analyze the co-

variance of multiple chemical records from the PR Col (listed in table 3) through time 

and determine whether and to what extent the records vary together. The results of the 

EOF analysis indicate that variation in calBC is primarily associated with two function 

groups (EOF 2 and EOF 5) that explain 15% and 7.4% of the total variance in the 

dataset of all records, respectively (table 4). EOF analysis is useful because associations  

 
Table 4 –EOF analysis on the suite of available chemical records from the PR Col ice 
core listed in table 3. Only the five function groups that explain the most variation in the 
dataset are shown. The EOF analysis was run on the high-resolution datasets prior to 
resampling. High co-variance is highlighted in each function group. 
 
 EOF 1 2 3 4 5 
 Total 

Variance 
Explained 

38.8 15 10.6 7.7 7.4 

 
 

Variance 
in 

Chemical 
Signal 

Explained 
by EOF 

[Pb] 
[Al] 
[Fe] 
[K+] 

[NO3
-] 

[Na+] 
δ18O 
[U] 

[SO4
2-] 

calBC 

27.4 14.7 10.7 9.2 16.7 
56.2 -14.1 1.1 -13.8 1.4 
71.1 -13.4 0.9 -6.1 0.7 
19.4 27.8 -14.8 0 -14.1 
38.2 11.9 -1.7 -6.9 -7.1 
51.5 -1.6 -0.1 13.9 -7.4 
0 8.6 75.1 -0.3 -12.2 
73.9 -6 0.2 0.1 -0.2 
40.9 0.2 -0.9 19.4 1.2 
9.1 51.3 -0.4 -7.5 13.3 

General 
Interpretation 

Mixed 
Seasonal 

Biomass 
Burning 

Precipitation Marine Fossil 
Fuel 

 
 
between chemical species become apparent when high portions of their variance are 

loaded in the same function group. BC is associated in such a way with [K+] in EOF 2 
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and [Pb] in EOF 5 (table 4). The function groups relevant to BC are discussed in more 

detail below with justifications for their interpretation, but for now it is noted that the 

general interpretations of EOF 2 and 5 are biomass burning and fossil fuel emissions, 

respectively. A third function group (EOF 1) that explains 38.8% of the variation in the 

whole dataset is likely a mixed seasonal signal particularly influenced by dust because 

of the high loadings of the crustal elements Al, Fe, and U (table 4). EOF 3 and 4 are 

generally interpreted as precipitation and marine signals because of the high loadings of 

δ18O and Na+, respectively (table 4). 

 
 
Biomass Burning Source 
 
 Previous studies have noted the usefulness of ice core records of [K+], [NO3

-], 

and [NH4
+] as tracers of biomass burning events (e.g., Eichler et al., 2011; Whitlow et 

al., 1994; Yalcin et al., 2006). Nitrogen oxides are emitted during forest fires, which are 

quickly converted to HNO3 and NO3
- aerosols (Eichler et al., 2011). Elevated [K+] has 

also been identified in aerosol plumes associated with biomass burning events (e.g., 

Owega et al., 2004; Song et al., 2005). The relationship between the [K+] and [NO3
-] 

records and the calBC record from the PR Col is explored below. [NH4
+] was not 

measured in the PR Col ice core. 

EOF 2, in which there are high loadings of calBC and [K+] (table 4), is suggestive 

of a biomass burning source and is interpreted as evidence that the BC signal in the PR 

Col ice core is in part due to BC emitted from biomass burning events. [NO3
-] plays a 

relatively minor role in EOF 2 and is loaded less heavily than [Pb], but it is noted that 
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Pb is also known to be emitted during biomass burning events (Hegg et al., 2009), and 

the amount of variance in [NO3
-] (and [Pb]) is not insignificant in EOF 2 (table 4). 

Periods of elevated [K+] and [NO3
-] coincide with periods of elevated calBC in the 

1880s, 1930s, 1940s, and 1980s (figure 21). Visual inspection of the detailed records 

indicates that individual peaks in calBC are coincident with peaks in [K+] and [NO3
-] 

(figure 21), which may be indicative of co-emission with BC during biomass burning 

events. An analysis of individual peaks in calBC was performed in order to examine how 

many peaks in the [K+] and [NO3
-] records were preserved at the same depth as peaks in 

calBC and to assess whether those calBC peaks were indicative of emissions from 

biomass burning events by their association with [K+] and [NO3
-]. Peaks in the calBC, 

[K+], and [NO3
-] time series were defined as concentration elevated above the mean 

plus one standard deviation (calBC > 0.68  µg/L, [K+] > 5.2 ppb, [NO3
-] > 80.3 ppb). 

Samples with calBC > 0.68  µg/L that were adjacent at depth in the core were not 

counted as individual peaks since they likely resulted from the same event during which 

BC deposition was elevated. Forty-four peaks were identified in the calBC record, 60% 

of which occurred coincidentally with peaks in [NO3
-] or [K+] and likely indicate 

increased fire emissions. These events are marked in figure 21, and the statistics of the 

peak analysis are summarized in table 5. If peaks were defined more loosely 

(concentration elevated above the mean plus one half the standard deviation), the 

number of calBC peaks that occur coincidentally with peaks in [NO3
-] or [K+] is 72% of 

the total peaks in calBC (table 5). The fact that the majority of peaks in the calBC record  
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Figure 21 – The record of calBC from the PR Col compared to other glaciochemical 
records relevant to biomass burning including records from the PR Col, the Eclipse 
Icefield, and Belukha Glacier in the Siberian Altai (described in table 3). A charcoal 
record from Ninisith Lake, Alberta, Canada, and annual fire spatial statistics from the 
Yukon Territory and Alaska are also included (also described in table 3). Individual fire 
events identified by analysis of peaks in the calBC, [NO3

-], and [K+] records from the PR 
Col are marked with black boxes. Detailed glaciochemical records (resampled to 7 
samples/year) are shown in light colors, and annual records are shown in bold colors. 
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Resolution of the records from the Belukha Glacier and Ninisith Lake are 1 sample/10 
years and 1 sample/6 years, respectively. 

 
Table 5 – Summary of analysis of peaks in the calBC, [K+], and [NO3

-] records. Peaks 
were either defined as concentration > mean plus one standard deviation (calBC > 0.68 
 µg/L, [K+] > 5.2 ppb, [NO3

-] > 80.3 ppb) or concentration > mean + one half standard 
deviation (calBC > 0.47  µg/L, [K+] > 3.9 ppb, [NO3

-] > 38.8 ppb). The number of peaks 
in calBC is reported along with the number of those peaks that are coincident with peaks 
in [K+] and [NO3

=] and the number of calBC peaks coincident with either [K+] or [NO3
-]. 

calBC peaks coincident with peaks in [Pb] were not counted, even if there were 
coincident peaks in [K+] or [NO3

-]. The portion of calBC peaks denotes the fraction of 
the total peaks identified in calBC. 

Chemical Species # peaks portion of calBC peaks 
peak = concentration > mean + σ 

calBC 44  
calBC with [K+] and [NO3

-] 13 0.3 
calBC with [K+] or [NO3

-] 26 0.6 
peak = concentration > mean + ½ σ 

calBC 71  
calBC with [K+] and [NO3

-] 28 0.4 
calBC with [K+] or [NO3

-] 51 0.72 
 

are coincident with peaks in [K+] or [NO3
-] is interpreted as evidence that some portion 

of the BC signal in the PR Col is related to biomass burning. 

More evidence for a biomass burning source for the BC observed in the PR Col 

core comes from observations of forest fire smoke plumes over Mt. Logan. Holdsworth 

et al. (1988) noted that from the Eclipse Icefield (location shown in figure 17) “Mount 

Logan was almost obscured by blue haze on 4 July [1986]” (Holdsworth et al., 1988) 

and that snowfall occurring at the same time exhibited elevated concentrations of NO3
-. 

Although the ceiling of the smoke was estimated at < 4000 m elevation, below the PR 

Col drill site, other plumes have been observed at Mt. Logan with ~ 5000 m ceilings 
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(Holdsworth et al., 1996), and the observers concluded that the impact of forest fire 

smoke on Mt. Logan snow chemistry must be considered when interpreting chemical 

records from Mt. Logan ice cores (Holdsworth et al., 1988). Satellite imagery of smoke 

from forest fires occurring in Alaska and Western Canada in 2004 also suggests a 

biomass burning source for the BC observed in the PR Col ice core (figure 22). 

Interestingly, the haze observable in figure 22B extends into Siberia. Although the fire 

smoke captured in that image was sourced by forest fires in Alaska and the Yukon 

Territory, the extent of the smoke suggests that Siberian forest fires may also be a 

source for BC at the PR Col. Future examination of satellite imagery from periods of 

time that overlap with the BC record from the PR Col might be valuable for matching 

peaks in calBC to individual forest fire events. 

If BC recorded at Mt. Logan indeed originates from biomass burning, it is likely 

that forest fires in Alaska, the Yukon Territory, and Siberia are the predominant source 

regions. Other records interpreted as forest fire records must be examined in order to 

identify the similarities and differences between those records and the record of calBC 

and to determine how the source regions interpreted for those records relates to the 

record of calBC. Records will not appear identical to the records from the PR Col ice 

core because of differences in atmospheric circulation that transport emissions to the 

various sites, but similarities between records might be interpreted as large-scale fire 

activity and/or atmospheric circulation patterns that transported BC (and other chemical 

species) over wide areas. Whitlow et al. (1994) identified peaks in the [NH4
+] record 

from the NW Col ice core, which is located on Mt. Logan 5430 m.a.s.l. near the PR Col  
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Figure 22 – Satellite imagery of smoke over Mt. Logan. Image (A) was captured by the 
NASA Moderate Resolution Imaging Spectroradiometer (MODIS) on June 27, 2004. 
The boundaries of individual fires are delineated in red. Image (B) is aerosol optical 
depth interpreted by the NASA Total Ozone Mapping Spectrometer (TOMS) on June 
30, 2004. Areas with the greatest amount of particles in the atmosphere are colored red. 

A 

B 
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Mt. Logan is marked with a blue star in both images. Images were downloaded from the 
NASA Earth Observatory (http://earthobservatory.nasa.gov). 
 
 
(location shown in figure 17). Peaks in [NH4

+] were associated with peaks in [K+] and 

[NO3
-] (data not shown) and were attributed to individual biomass burning events 

(Whitlow et al., 1994). [NH4
+] peak frequency was high for the periods AD 1850-1870 

and AD 1930-1980, which are periods of time that coincide with elevated calBC 

observed in the PR Col ice core (figure 21). Whitlow et al. (1994) noted that there is not 

a one-to-one correspondence between [NH4
+] peaks and documented large fires. This is 

also the case for peaks in the calBC record from PR Col, although it is noted that there is 

some coincidence between years of documented high burn area in Alaska and the 

Yukon Territory and high calBC in the PR Col record (figure 21). Differences between 

the NW Col [NH4
+] record and records of [NH4

+] in Greenland ice cores led to the 

interpretation that the source region for biomass burning emissions was different for the 

two sites and that the NW Col was more influenced by Siberian forest fires (Whitlow et 

al., 1994). The PR Col likely also records emissions from Siberian fires, but it is 

probable that the factors controlling the transport and deposition of BC to the PR Col 

cause the source region to change depending on the conditions (e.g. sometimes more 

local, sometimes more distal). Factors controlling BC deposition to Mt. Logan are 

described in more detail below. 

Similar to Whitlow et al. (1994), peaks in the [NH4
+] and [K+] records from the 

Eclipse Icefield (location shown in figure 17) were interpreted to represent periods of 

high fire activity in the 1860s, 1880s, 1890s, 1920s-1940s, and 1980s (Yalcin et al., 
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2006). The Eclipse Icefield is located at lower elevation (3000 m.a.s.l.) than the PR Col 

(5300 m.a.s.l.) and may sample different air masses with different source regions. 

Detailed records of [NH4
+], [K+], and [NO3

-] were only available from the Eclipse 

Icefield for the period AD 1894-1997, but time periods when these records are elevated 

show some coincidence with time periods when calBC is elevated in the PR Col ice core, 

particularly for the periods AD 1930-1950 and AD 1960-1990 (figure 21). The records 

from the Eclipse Icefield resembled ice core records from Greenland more closely than 

the records from the nearby NW Col ice core, and the investigators concluded that the 

Eclipse Icefield was likely more influenced by local Alaskan and Yukon fires while Mt. 

Logan was more influenced by Siberian fires (Yalcin et al., 2006).  

Ice core records of [NO3
-] and [K+] from the Belukha Glacier were used to 

reconstruct a history of Siberian forest fires (Eichler et al., 2011). The authors 

concluded that there was no significant rise in forest fire activity in Siberia over the past 

300 years, however the records from Belukha Glacier do indicate elevated [NO3
-] and 

[K+] for the period AD 1960-1980, which is coincident with elevated calBC in the PR 

Col core (figure 21). Ice core records of vanillic acid and dehydroabietic acid (biomass 

burning tracers) from the Ushkovsky ice cap in Northern Siberia (figure 17) suggest that 

forest fires have increased in frequency over the past century (Kawamura et al., 2012). 

This is consistent with fire statistics that indicate a recent trend toward more frequent 

extreme fire years (Soja et al., 2007) but inconsistent with the aforementioned records 

from the Siberian Altai. The Belukha Glacier in the Siberian Altai is geographically 

located in central Asia and likely does not record all fires in Northern Siberia that are 
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important for BC delivery to Mt. Logan (figure 17), whereas the Ushkovsky ice cap is 

downwind of boreal forests in Northern Siberia and is more likely to record similar 

events as Mt. Logan. Although the BC record from the PR Col core does not suggest 

rising forest fires frequency over the last century, some large fire events recorded in the 

Ushkovsky records are reflected in the Logan BC record, particularly large fires 

identified in AD 1883, 1915, and 1949 (Kawamura et al., 2012). Additionally, 

comparison to a charcoal record from Ninisith Lake, Alberta, Canada (Larsen et al., 

2000) also reveals some coincidence between elevated calBC and high charcoal counts 

in the lake sediments in the 1880s (figure 21). 

The similarities and differences between other records and calBC presented in 

this study suggest that BC, K+, and NO3
- delivery to the PR Col and the other sites 

discussed here is complex with a number of factors likely controlling the transport of 

biomass burning emissions to Mt. Logan. It is also unlikely that biomass burning is the 

sole source for the BC observed in the PR Col core (other sources are discussed below). 

Several general conclusions may still be drawn at this point. For one, biomass burning 

is a source of the BC deposited at the PR Col, and the BC measured in the PR Col ice 

core that is attributed to biomass burning is likely sourced by a combination of forest 

fires from Alaska, the Yukon Territory, and Siberia. Prevailing wind conditions, the 

amount of convective energy available to lift BC particles to > 5000 m.a.s.l., and the 

occurrence of precipitation events to scavenge the BC from the atmosphere and 

preserve it in snow at the PR Col are all processes that could affect the preservation of 

BC in the PR Col ice core and lead to differences between the calBC record and other 
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records that have been interpreted as forest fire records. Other sources of BC (e.g. 

industrial emissions) could also influence the calBC record from the PR Col, and 

different sources could have been more influential at different times in the past. The 

possibility of an industrial source for the BC measured in the PR Col ice core is 

evaluated below. 

 
 
Industrial Source 

 Possible industrial sources of BC deposited at the PR Col include activities like 

manufacturing, power production, and shipping and transportation. These emissions 

could be sourced from Asia or more locally (e.g. Alaska and the Yukon Territory), but 

Asia is the more likely source region because of the higher number of large population 

centers and greater amount of industrial activity. Similar to the assessment of a biomass 

source in the previous section, a variety of techniques are employed to determine the 

likelihood of an industrial source for the BC observed in the PR Col ice core. These 

include EOF analysis, an analysis of individual peaks in the calBC record to identify 

coincident peaks in chemical species associated with industrial emissions (e.g. [Pb]), 

and comparison to other time series that have been interpreted as industrial emissions 

records. This section continues with the presentation of results that suggest an industrial 

source for the BC in the PR Col ice core and discussion of the source regions for 

industrial BC. 

 Statistical EOF analysis indicates that there is a linkage between calBC in the PR 

Col core and industrial emissions because EOF 5 is characterized by relatively high 
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loadings of calBC and [Pb] (table 4). Although it has been associated with forest fire 

emissions (e.g., Hegg et al., 2009), Pb is predominantly an industrial pollutant that is 

emitted from metal smelting, fossil fuel burning, and the use of leaded gasoline 

(Osterberg et al., 2008; Pacyna and Pacyna, 2001). It is also noted that [NO3
-] and [K+] 

are negatively loaded in EOF5, indicating that when [Pb] and calBC increased, [NO3
-] 

and [K+] decreased. The inverse association between [NO3
-], [K+], and [Pb] in EOF 5 is 

evidence that EOF 5 is representative of an industrial source, and the positive 

association between [Pb] and calBC and in EOF 5 is evidence that BC recorded at the PR 

Col is to some extent sourced by industrial emissions. 

Individual peaks in the calBC record were analyzed to see if peaks in [Pb] were 

coincident at depth. Peaks in calBC coincident with [Pb] could indicate times when 

conditions were right for the trans-Pacific transport of industrial emissions from Asia or 

periods of higher industrial activity in Asia or locally. Significantly fewer peaks in calBC 

are coincident with peaks in [Pb] relative to the number of peaks in calBC that are 

coincident with peaks in [K+] or [NO3
-] (tables 5 and 6). It is noted that all of the 

coincidental peaks in the [Pb] and calBC records are also concurrent with peaks in [K+] 

and/or [NO3
-], which are known to be associated with forest fire smoke plumes (see 

previous section and Eichler et al., 2011). The peaks with simultaneously elevated [Pb], 

calBC, [K+] (and/or) [NO3
-] were not counted in the previous analysis when interpreting 

elevated biomass burning emissions (results in table 5) because of the conclusion of 

previous investigators that [Pb] observed in the PR Col ice core is largely attributed to 

Asian industrial emissions (Osterberg et al., 2008). However, it is noted that Pb is also 
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known to be associated with forest fire smoke plumes, particularly in Russian forest 

fires (Hegg et al., 2009), which means that the possibility of simultaneous peaks in 

calBC and [Pb] reflecting increased biomass burning rather than industrial emissions 

cannot be ruled out. In either case, the number of such peaks is small compared to the 

number of peaks in calBC and [K+] or [NO3
-] in which there is no elevated [Pb] (tables 5 

and 6). The small number of peaks in calBC coincident with elevated [Pb] could simply  

 
Table 6 - Summary of analysis of peaks in the calBC and [Pb] records. Peaks were either 
defined as concentration > mean plus one standard deviation (calBC > 0.68  µg/L, [Pb] > 
59.7 ppb) or concentration > mean + one half standard deviation (calBC > 0.47  µg/L, 
[Pb] > 38.8 ppb). The number of peaks in calBC is reported along with the number of 
those peaks that are coincident with peaks in [Pb]. The portion of calBC peaks denotes 
the fraction of the total peaks identified in calBC. 

 
Chemical Species # peaks portion of calBC peaks 

peak = concentration > mean + σ 
calBC 44  
calBC with [Pb] 2 0.05 

peak = concentration > mean + ½ σ 
calBC 71  
calBC with [Pb] 11 0.15 
 

be a function of the nature of industrial emissions, which do not necessarily fluctuate in 

distinct events and are typically reflected in ice core records by changes in signal 

background rather than sharp peaks (e.g., McConnell et al., 2007; Osterberg et al., 

2008). Such a change in background calBC is evident for certain periods of time, but not 

in such a way that reflects gradual and large-scale changes in regional industrialization 

(figure 20B). The association of calBC and [Pb] in EOF 5 (table 4) is still strong 

evidence that some of the BC signal is associated with industrial emissions regardless of 



 

 

91 

having few coincident peaks in the signals. The sources of industrial BC recorded at Mt. 

Logan are examined below. 

Likely industrial sources for the BC recorded in Mt. Logan ice include (1) local 

industrial emissions such as exhaust from shipping traffic in the Gulf of Alaska, and (2) 

industrial emissions from Asian factories, coal power plants, and the transportation 

sector that are transported across the Pacific Ocean. Previously, elevated [Pb] in the PR 

Col ice core during the period AD 1980-1999 (figure 23) was interpreted to reflect 

increases in Asian industrial activity and the increased use of leaded gasoline (Osterberg 

et al., 2008). The Pb observed in the PR Col was linked to Asian sources by three lines 

of evidence: (1) The trends in [Pb] are distinct from other ice cores that were interpreted 

to record European and North American sources of industrial emissions, (2) the 

migration of dust plumes from Asia to the Yukon Territory has been observed in 

satellite imagery, and (3) Asia was the only region to increase its Pb emissions during 

the period AD 1980-1999 (Osterberg et al., 2008). The calBC record from the PR Col 

does not reflect the trend of rising [Pb] during the last 20 years of the record, although 

some years do show elevatedcalBC (figure 23). calBC also does not reflect estimated BC 

emissions from East Asia or the Former USSR (figure 23), but some times of elevated 

calBC parallel times when BC emissions from the Former USSR were estimated to be 

relatively high (AD 1930-1950 and AD 1980-1990, figure 23). 

Other ice core records have shown long-term trends associated with the timing 

of industrialization of different regions. For example, elevated BC concentrations from 

~ AD 1890-1950 in a record from a Greenland ice core (figure 23) were attributed to  
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Figure 23 - The record of calBC from the PR Col compared to other glaciochemical 
records relevant to industrial emissions including records from the PR Col, the D4 site 
in Greenland, and Mt. Waddington, British Columbia, Canada (locations shown in 
figure 17). The resolution of the detailed records (light colors) from the PR Col and Mt. 
Waddington is 7 samples/year. The resolution of the records from Greenland is 1 
sample/year. Estimated BC emissions based on documented fuel consumption are 
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shown for relevant source regions (Bond et al., 2007). More information about the 
records including references provided in table 3. 

 
 
rising (and then falling) BC emissions in North America (McConnell et al., 2007). The 

BC was interpreted to be largely industrially sourced because BC concentrations that 

were in concert with vanillic acid concentrations (a tracer for forest fires) prior to the 

turn of the century distinctly rose out of phase with the vanillic acid beginning in the 

late 19thcentury (figure 23) (McConnell et al., 2007). The same trend is not reflected in 

the record from the PR Col, but this is expected since different source regions influence 

Mt. Logan andGreenland. Greenland is more ideally situated to record emissions from 

North America than Mt. Logan, which is upwind of most North American population 

centers (figure 17). 

It is more surprising that BC observed in the PR Col ice core does not resemble 

the [Pb] record since (1) Pb and BC are known industrial pollutants, (2) Asia has been 

identified as an important source region upwind of Mt. Logan (e.g., Osterberg et al., 

2008; Whitlow et al., 1994; Yalcin et al., 2006), and (3) East Asia is estimated to have 

emitted more BC in recent decades than other regions in the world (figure 16) (Bond et 

al., 2007; Bond et al., 2004; Novakov et al., 2003; Ramanathan and Carmichael, 2008; 

Streets et al., 2001). It is also surprising that the calBC time series does not more closely 

resemble the BC emissions estimates for the Former USSR since this region is also 

upwind of Mt. Logan and has had high BC emissions in the past (figure 23).  

Although the calBC record from the PR Col is distinct from these records and 

estimates, the EOF analysis of other chemical records from the PR Col ice core 
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indicates that there is some linkage between BC and industrial emissions at Mt. Logan. 

This raises the question, why is an industrial signal not stronger in the BC record from 

Mt. Logan? Feasible explanations include (1) that BC is not transported across the 

Pacific Ocean or deposited at Mt. Logan as efficiently as Pb, (2) that the industrial 

signal in calBC is weak enough to be overwhelmed by inputs from other sources such as 

biomass burning, or (3) that an industrial BC signal is complicated by the emission of 

BC from the residential use of coal and biofuels and/or open land burning in Asia. This 

study has thus far not touched on these two critical sources of BC. Both of these sources 

are likely more influential from Asia than more regional sources given the lack of large 

populations or extensive agriculture in Alaska or the Yukon Territory. The residential 

use of biofuel and coal is particularly important in Asia since the residential sector is 

estimated to contribute a considerable portion of the total Asian BC emissions (Bond et 

al., 2007; Bond et al., 2004; Ramanathan and Carmichael, 2008). It is possible that 

preservation of BC from the Asian residential sector was occurring prior to 

industrialization and that changes in the relative amount of BC from the residential and 

industrial sectors over time mask an otherwise apparent industrial signature in the 

record. The best assessment of the relative contribution of various sources to the BC 

record is briefly summarized in the following section. 

 
 
Relative Contribution of Sources to BC at Mt. Logan 

The contribution of biomass burning and industrial sources to the BC observed 

at Mt. Logan cannot be quantitatively determined from the analyses presented here, but 
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the results of the EOF analysis and the comparison to other records shed light on the 

relative contribution of these broad types of emissions to the calBC record. The EOF 

analysis suggests that a biomass burning source is more influential than an industrial 

source. More of the variation in calBC is associated with the biomass function group 

(EOF 2, also associated with variation in [K+]) than with the industrial function group 

(EOF 5, also associated with variation in [Pb]) (table 4). The biomass function group 

also explains more of the total variation in all of the data that were analyzed by the EOF 

method (table 4). Furthermore, peaks that were coincident in the calBC, [K+], and [NO3
-] 

records were suggestive of increased biomass emissions. These peaks occurred more 

frequently than calBC peaks coincident with elevated [Pb] that might suggest increased 

industrial emissions. In addition, more similarities can be drawn between the calBC 

record and other biomass burning records compared to the similarities that can be drawn 

between calBC and industrial emissions records. Thus, the conclusion is drawn that the 

calBC record is more influenced by emissions from biomass burning than industrial 

emissions, although it is noted that BC emissions from industry (as well as the 

residential use of coal and biofuels and open land burning) likely contribute to the BC 

signal. 

BC from biomass burning that is recorded in Mt. Logan ice is likely sourced 

from local forest fires in Alaska and the Yukon Territory and distal forest fires in 

Siberia. Delivery of BC from these source regions is geographically logical (figure 17) 

and consistent with previous interpretations of other records preserved in the ice (e.g., 

Osterberg et al., 2008; Whitlow et al., 1994; Yalcin et al., 2006). More information and 
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further study are required to determine the relative importance of each source region.  

Though less influential than forest fires, industrial emissions still contribute to the BC 

signal observed in the PR Col core. Asia is likely the dominant source of industrial 

emissions, but the possibility that more local sources of industrial emissions (e.g. 

shipping in the nearby Gulf of Alaska) influence the BC record cannot be eliminated. 

 
 

BC Transport to Mt. Logan 

This study has focused on identifying the possible regions and emissions sources 

for the BC recorded in the PR Col ice core, however the BC record is likely also 

influenced by changes in atmospheric circulation that enhance or inhibit the transport of 

BC to Mt. Logan. Changes in atmospheric circulation that have implications for BC 

transport are investigated in this section with particular emphasis on climate variability 

related to the Pacific Decadal Oscillation (PDO). 

 The PDO has been identified as a pattern of large-scale variability in Pacific 

oceanic and atmospheric conditions that varies on inter-decadal timescales with its 

largest climatic signature in the North Pacific Ocean (Hare et al., 1999; Latif and 

Barnett, 1996; Mantua et al., 1997). The “warm” or positive phases of the PDO are 

characterized by anomalously cool sea surface temperatures in the central North Pacific 

and warmer sea surface temperatures along the west coast of the Americas (Mantua and 

Hare, 2002). During these warm phases, lower sea level pressure over the North Pacific 

causes enhanced westerly and counter-clockwise winds that could enhance the trans-

Pacific transport of BC and other chemical species to Mt. Logan (figure 24) (Mantua et 
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al., 1997). “Cold” or negative phases of the PDO are characterized by the opposite of 

the conditions described above. Large-scale shifts in the PDO were identified in 1925, 

1947, and 1977 (figure 25) (Hare et al., 1999; Mantua and Hare, 2002; Mantua et al., 

1997).  

 

Figure 24 – Wind stress anomalies associated with the positive phase of the PDO. The 
largest vectors represent a wind stress of 10 m2/s2. Figure from (Mantua and Hare, 
2002). 

 
Comparing the historical PDO index to the BC record reveals that elevated BC 

concentrations are coincident with positive phases in the PDO, particularly in the 1930s, 

1940s, and 1980s (figure 25). Negative PDO occurred in the 1950s and 1960s when 

relatively low BC concentrations are observed in the ice core (figure 25). It is possible 

that changes in the PDO altered the efficiency with which BC was transported across 

the Pacific Ocean, causing the variation in BC concentrations observed in the ice core 

record. It is also possible that changes in the scavenging efficiency of BC at Mt. Logan 

explain some of the variation in the BC record since positive PDO is correlated with 

increased precipitation along the coast of the Gulf of Alaska (Mantua and Hare, 2002).   
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Figure 25 – Detailed and smoothed PDO indices based on sea surface temperature 
anomalies in the North Pacific (upper panel). PDO index data are from (Mantua et al., 
1997), and downloadable at http://jisao.washington.edu/pdo/PDO.latest. The calBC 
record from the PR Col ice core is shown resampled to 7 yr-1 and 1 yr-1 resolution 
(lower panel). 

 
However, the PDO cannot explain the entire BC signal given that relatively low BC 

concentrations are coincident with positive PDO phases, particularly in the 1990s. It is 

likely that some combination of changes in BC source and transport are responsible for 

the variations observed in the BC record from the PR Col ice core. 

 
 

Comparison of Mt. Logan and Mt. Waddington BC Records. 

Because of the geographical similarity, the Logan calBC record is briefly 

compared to a BC record from Mt. Waddington (3000 m.a.s.l.), British Columbia 

(figure 17). There may be some coincidence of elevated BC concentrations in the earlier 

part of each record, but similarities between the two are not obvious (Fig. 23). BC at 
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Mt. Waddington was attributed to a mix of Asian pollution, local forest fires, and 

proximity to Vancouver (Neff et al., 2012). It is possible that the BC record at Mt. 

Logan is influenced by all of these sources except for a nearby metropolitan center. 

 
 

Climate Implications of the BC Record from Mt. Logan 

BC affects the climate directly by absorbing solar radiation while entrained in 

the atmosphere and after deposition on glacier and snow surfaces. The ice core record 

of BC from Mt. Logan allows a general assessment of the climate impacts of BC 

deposited on glaciers and snow surfaces in the St. Elias Mountains. The maximum 

albedo reduction due to BC would have occurred at the time when BC concentrations 

are highest in the ice core record. For reasons related to sample treatments (discussed 

previously), BC losses in the ice core samples prevent quantitative determination of the 

maximum concentrations in the record. These concentrations may still be estimated 

based on the measurement of calBC in fresh ice samples; the highest calBC measured in 

the fresh ice samples was 20.3 µg/L, but most peak BC concentrations did not exceed 8 

µg/L (figure 18). Although a linear relationship does not explain all of the differences 

between calBC in fresh and archived samples, it predicts a maximum concentration of 

62.2 µg/L for an archived sample that was deposited at the PR Col in late 1946 (calBC = 

13.9 µg/L, not shown in figure 20 due to resampling). The relationship also predicts a 

mean BC concentration of 1.6 µg/L. Any added impurities will reduce the albedo of 

glaciers and snowpacks and potentially trigger feedbacks associated with the 

metamorphosis of snow and ice crystals (Flanner et al., 2009), but the BC 
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concentrations observed in the PR Col core are (except perhaps for select high 

concentration samples) not typically considered high enough to significantly reduce 

snow albedo. It is likely that the PR Col on Mt. Logan is located at high enough 

elevation and at great enough distance from major sources of BC that the annual 

accumulation at the site dilutes the BC load, minimizing the albedo reduction.  

An important caveat with this simple interpretation is that calBC as measured and 

reported in this study is not directly comparable with BC concentrations and 

accompanying estimates of albedo reduction reported in other studies. calBC largely 

excludes particles > 500 nm, which have lower mass absorption cross sections and are 

less efficient at reducing albedo (see Chapter II for more details). Mie theory predicts 

that the smaller particles comprising the measurements of calBC are more efficient 

absorbers (Schwarz et al., 2013), thus calBC likely represents a measurement of the BC 

that is more optically (and climatically) relevant and may be associated with a greater 

reduction of albedo per unit concentration. Although quantitative determination of 

albedo reduction is not possible using the ice core record presented here, the record 

does indicate that the 1850s, 1880s, 1930s, 1940s, and 1980s were periods of time when 

albedo reduction due to BC was of highest magnitude at the PR Col and surrounding 

region. 

The calBC record also indicates periods of time when atmospheric warming due 

to BC was greatest. Similar to albedo reduction, quantitative determination of the 

amount of atmospheric warming due to BC is not possible because true atmospheric BC 

concentrations cannot be determined from calBC. Nevertheless, changes in the record 



 

 

101 

reflect qualitative changes in the amount of atmospheric BC and suggest that BC in the 

atmosphere was elevated during the 1850s, 1880s, 1930s, 1940s, and 1980s. During 

these periods, atmospheric BC likely had the greatest climatic effects in terms of its 

direct warming of the atmosphere, its cooling of the surface by dimming, and its 

indirect warming and cooling through its interaction with clouds. 

 
 

Conclusions 

 A North Pacific BC record spanning AD 1852-1999 indicates that BC 

deposition at the PR Col on Mt. Logan (> 5300 m.a.s.l.) is controlled by complex 

factors, and the majority of the BC is likely attributable to forest fires that occurred in 

Alaska, the Yukon Territory, and Siberia. Industrial emissions from Asia are another 

possible origin of the BC, albeit with less influence than local and Siberian forest fires. 

Because scientific interest in the trans-Pacific transport of Asian pollutants persists 

(e.g., Hadley et al., 2007; Jaffe et al., 2003; Osterberg et al., 2008), it is important to 

emphasize that the BC signal recorded at Mt. Logan does not appear to be driven by 

Asian industrial emissions. This is despite the fact that Pb in the ice core was previously 

interpreted as having an Asian industrial source (Osterberg et al., 2008). Other Asian 

sources of BC also have less influence on the record but cannot be ruled out; these 

include the residential burning of coal and biofuels and the burning of land for 

agricultural purposes.  

Periods of elevated BC, namely the 1850s, 1880s, 1930s, 1940s, and 1980s, 

indicate times when forest fires were larger and more frequent, or times when other 
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sources of BC were more influential because of increases in emissions or enhanced 

delivery of BC to the PR Col due to atmospheric conditions. Although quantitative 

determination of the climate effect is not possible from the record, the periods of 

elevated BC correspond to times when the climate effects of BC were greatest, 

including the warming of the atmosphere and melting of snow and ice by direct 

radiative transfer, or through the indirect influence of BC particles on cloud-forming 

processes. 
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CHAPTER IV 

 
CONCLUSIONS 

 
 In the last decade, black carbon (BC) has become recognized by the scientific 

community as a significant contributor to the recently observed global warming, but 

large uncertainties associated with BC prohibit fully understanding its role in the 

environment. The work presented in this study addressed analytical uncertainties related 

to the measurement of BC in snow and ice samples and uncertainties related to BC’s 

spatial extent and temporal variability in the North Pacific over the period AD 1852-

1999. The main results and implications are summarized in this concluding chapter. 

 Method experiments were conducted to inform the protocol for measuring BC 

concentrations in liquid samples using the Single Particle Soot Photometer (SP2) at 

Central Washington University (CWU). The protocol is summarized in Chapter II, and 

much of the experimentation is of interest to the wider SP2 community seeking to 

measure BC in liquid samples, especially the community that uses the CETAC 

ultrasonic nebulizer. The finding of widest interest is that the correction of BC 

measurements of liquid samples using gravimetrically prepared BC standards varies 

depending on the type of BC material chosen as a standard. The experiments presented 

in this manuscript suggest that Aquadag standards are preferred over BC standard 

materials that were used for the calibration of liquid sample measurements in previous 

studies (including Aquablack 162 and Cabojet 200). Further experimentation is needed 

to see if Fullerene Soot, a BC material accepted as a standard by the atmospheric SP2 
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community, is more appropriate than Aquadag for the calibration of liquid sample 

measurements.  

Also of wider interest to the BC community are experimental results that 

highlight the importance of keeping samples frozen prior to SP2 analysis. Samples 

stored in the liquid phase at room temperature and in polypropylene vials exhibited up 

to 80% BC losses over a period of 18 days with losses of up to 30% after only 3 days. 

Samples stored in glass vials in a refrigerator were stable over the same length of time. 

These results may not apply to ice core measurements that use a continuous melter, but 

they are significant for investigators who measure BC concentrations in samples that 

have been previously melted, such as discrete snow and ice samples retrieved from 

remote field locations or archived samples. For information and findings from other 

experiments that explored sample treatment, sample nebulization, standard stability, 

system stability, and data processing, the reader is referred to Chapter II. 

In addition to addressing analytical uncertainties related to the measurement of 

BC concentrations, a record of BC concentrations spanning AD 1852-1999 was 

developed using an ice core from the PR Col located on Mt. Logan in the Yukon 

Territory, Canada. The record indicates periods of elevated BC deposition (1850s, 

1880s, 1930s, 1940s, and 1980s) indicative of higher atmospheric concentrations in the 

North Pacific region. Assessment of the possible sources of BC preserved in the ice 

core indicated that BC delivery to Mt. Logan is complex with multiple sources likely 

affecting the BC record at different times. Interpretation of empirical orthogonal 

function analysis suggested that the BC deposited at Mt. Logan was associated 
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primarily with biomass burning, and secondarily with industrial emissions. Individual 

peaks in the BC record were linked to elevated BC emissions from forest fires because 

of associations with the forest fire tracers [K+] and [NO3
-]. Satellite imagery confirmed 

the boreal forests in Alaska, the Yukon Territory, and Siberia as possible source regions 

for BC from forest fire emissions. Comparison of the BC record with geographically 

similar glaciochemical, spatial-statistical, and sedimentological records of forest fires 

indicated that certain periods of elevated forest fire activity in the possible source 

regions were coincident with periods of elevated BC, although no record was identical 

to the BC record. Reasons for differences include differences in geographic location, 

differences in the chemical species measured, or complex factors affecting the 

transportation of BC including atmospheric circulation and precipitation in the region. 

Though forest fires were interpreted as the dominant source of BC captured at Mt. 

Logan, other sources could not be ruled out as contributing to the BC signal. Statistical 

analysis indicated an association between BC and industrial emissions, but long-term 

industrial trends were not evident in the BC record. Because scientific interest in the 

trans-Pacific transport of Asian pollutants persists, it is important to emphasize that the 

BC signal recorded at Mt. Logan does not appear to be driven by Asian industrial 

emissions. Since an Asian industrial signal is not apparent in the record, it is likely that 

other Asian emissions sources including residential emissions and open land burning for 

agricultural purposes are also secondary to more local biomass burning sources in terms 

of their contribution to the BC signal in the PR Col ice core. 
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With many potential sources of BC and complex factors controlling its 

deposition, it is difficult to attach a single causal explanation to periods of elevated BC 

in the record. Since the majority of changes in the BC signal are associated with 

biomass burning, periods of elevated BC in the record (1850s, 1880s, 1930s, 1940s, and 

1980s) likely reflect times of increased forest fire activity in Alaska, the Yukon 

Territory, and Siberia. On the other hand, these periods may be indicative of times when 

conditions were appropriate to maximize BC transport from industrial emissions or 

other sources. Preliminary investigations suggest that elevated BC concentrations are 

associated with periods of positive PDO when westerly atmospheric circulation is 

enhanced. Future work will explore the degree to which large scale atmospheric 

changes may have affected BC transport to Mt. Logan in the past. Regardless of the 

reason, periods of elevated BC concentration in the ice core are indicative of elevated 

BC in the North Pacific atmosphere and elevated BC deposition to the PR Col and 

surrounding snow and ice. These are periods when the climate impacts of BC were 

greatest in the region surrounding Mt. Logan, including enhanced albedo reduction of 

glaciers and snowpacks in the St. Elias Mts. and enhanced atmospheric warming due to 

BC absorption and radiative transfer. 
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APPENDIXES 

 
APPENDIX A 

NEBULIZER EFFICIENCY DATA 

 
PSL Size 220	   356	   505	   771	   1025	  

 
Efficiency 
SCHG (%) 

17.32	   18.06	   17.23	   3.37	   0.76	  
18.75	   18.68	   17.49	   	   	  
18.22	   19.13	   17.95	   	   	  

 
Efficiency 
SCLG (%) 

19.63	   17.70	   18.00	   3.37	   0.75	  
19.59	   20.69	   20.21	   3.19	   	  
18.57	   18.00	   18.11	   3.16	   	  

Mean 
Efficiency 

(%) 18.68	   18.71	   18.17	   3.27	   0.75	  
Relative 

Efficiency 1.00	   1.00	   0.97	   0.17	   0.04	  
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APPENDIX B 

MASS-SIZE DISTRIBUTION DATA OF VARIOUS BC MATERIALS 

Aquablack 162 Cabojet 200 
Mass 

Distribution 
(Dm/dlog 

DMEV) 
(µg/L)	  

Normalized 
Mass 

Distribution 
(µg/L)	  

Diameter 
(nm)	  

Mass 
Distribution 

(Dm/dlog 
DMEV) 
(µg/L)	  

Normalized 
Mass 

Distribution 
(µg/L)	  

Diameter 
(nm)	  

1.46	   0.91	   80.38	   2.08	   0.93	   80.16	  
1.41	   0.88	   80.94	   2.15	   0.96	   80.75	  
1.44	   0.90	   81.51	   2.14	   0.95	   81.35	  
1.44	   0.90	   82.08	   2.08	   0.92	   81.95	  
1.39	   0.87	   82.65	   2.07	   0.92	   82.55	  
1.39	   0.87	   83.22	   2.14	   0.95	   83.16	  
1.38	   0.86	   83.80	   2.16	   0.96	   83.78	  
1.37	   0.86	   84.39	   2.11	   0.94	   84.39	  
1.34	   0.83	   84.98	   2.12	   0.94	   85.02	  
1.30	   0.81	   85.57	   2.05	   0.91	   85.64	  
1.31	   0.82	   86.17	   2.08	   0.92	   86.28	  
1.29	   0.80	   86.77	   2.10	   0.94	   86.91	  
1.25	   0.78	   87.37	   2.04	   0.91	   87.56	  
1.28	   0.80	   87.98	   2.09	   0.93	   88.20	  
1.26	   0.79	   88.60	   2.09	   0.93	   88.85	  
1.18	   0.74	   89.21	   2.06	   0.92	   89.51	  
1.22	   0.77	   89.84	   1.97	   0.88	   90.17	  
1.22	   0.76	   90.46	   1.94	   0.86	   90.84	  
1.18	   0.74	   91.09	   2.03	   0.90	   91.51	  
1.16	   0.72	   91.73	   1.96	   0.87	   92.18	  
1.10	   0.69	   92.37	   1.85	   0.82	   92.86	  
1.09	   0.68	   93.01	   1.91	   0.85	   93.55	  
1.10	   0.69	   93.66	   1.85	   0.82	   94.24	  
1.05	   0.66	   94.31	   1.84	   0.82	   94.93	  
1.03	   0.65	   94.97	   1.87	   0.83	   95.64	  
1.03	   0.64	   95.63	   1.81	   0.80	   96.34	  
0.99	   0.62	   96.30	   1.70	   0.76	   97.05	  
0.97	   0.61	   96.97	   1.75	   0.78	   97.77	  
1.00	   0.62	   97.65	   1.76	   0.78	   98.49	  
0.96	   0.60	   98.33	   1.71	   0.76	   99.22	  
0.96	   0.60	   99.02	   1.69	   0.75	   99.95	  
0.88	   0.55	   99.71	   1.68	   0.75	   100.69	  
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0.82	   0.51	   100.40	   1.68	   0.75	   101.43	  
0.84	   0.52	   101.10	   1.60	   0.71	   102.18	  
0.83	   0.52	   101.81	   1.52	   0.67	   102.94	  
0.77	   0.48	   102.52	   1.48	   0.66	   103.70	  
0.76	   0.48	   103.23	   1.57	   0.70	   104.46	  
0.74	   0.46	   103.95	   1.44	   0.64	   105.23	  
0.77	   0.48	   104.68	   1.48	   0.66	   106.01	  
0.70	   0.44	   105.41	   1.33	   0.59	   106.79	  
0.66	   0.41	   106.14	   1.35	   0.60	   107.58	  
0.64	   0.40	   106.88	   1.28	   0.57	   108.37	  
0.62	   0.39	   107.63	   1.24	   0.55	   109.17	  
0.61	   0.38	   108.38	   1.22	   0.54	   109.98	  
0.58	   0.36	   109.13	   1.23	   0.54	   110.79	  
0.61	   0.38	   109.89	   1.19	   0.53	   111.61	  
0.56	   0.35	   110.66	   1.19	   0.53	   112.43	  
0.53	   0.33	   111.43	   1.10	   0.49	   113.26	  
0.51	   0.32	   112.21	   1.01	   0.45	   114.10	  
0.45	   0.28	   112.99	   0.96	   0.43	   114.94	  
0.47	   0.29	   113.78	   0.90	   0.40	   115.79	  
0.42	   0.26	   114.57	   0.90	   0.40	   116.65	  
0.37	   0.23	   115.37	   0.88	   0.39	   117.51	  
0.36	   0.23	   116.18	   0.77	   0.34	   118.38	  
0.41	   0.25	   116.99	   0.75	   0.33	   119.25	  
0.37	   0.23	   117.80	   0.77	   0.34	   120.13	  
0.34	   0.21	   118.62	   0.76	   0.34	   121.02	  
0.32	   0.20	   119.45	   0.75	   0.33	   121.91	  
0.31	   0.19	   120.29	   0.75	   0.34	   122.81	  
0.28	   0.17	   121.12	   0.64	   0.29	   123.72	  
0.27	   0.17	   121.97	   0.59	   0.26	   124.63	  
0.24	   0.15	   122.82	   0.59	   0.26	   125.55	  
0.22	   0.14	   123.68	   0.54	   0.24	   126.48	  
0.22	   0.14	   124.54	   0.50	   0.22	   127.41	  
0.22	   0.14	   125.41	   0.46	   0.20	   128.35	  
0.20	   0.13	   126.28	   0.43	   0.19	   129.30	  
0.16	   0.10	   127.16	   0.44	   0.20	   130.25	  
0.16	   0.10	   128.05	   0.42	   0.19	   131.22	  
0.17	   0.10	   128.94	   0.38	   0.17	   132.18	  
0.17	   0.11	   129.84	   0.34	   0.15	   133.16	  
0.14	   0.09	   130.75	   0.36	   0.16	   134.14	  
0.11	   0.07	   131.66	   0.34	   0.15	   135.13	  
0.14	   0.09	   132.58	   0.32	   0.14	   136.13	  
0.11	   0.07	   133.50	   0.31	   0.14	   137.14	  
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0.12	   0.08	   134.43	   0.24	   0.11	   138.15	  
0.13	   0.08	   135.37	   0.19	   0.09	   139.17	  
0.13	   0.08	   136.31	   0.16	   0.07	   140.20	  
0.09	   0.06	   137.26	   0.19	   0.08	   141.23	  
0.09	   0.05	   138.22	   0.23	   0.10	   142.27	  
0.09	   0.05	   139.19	   0.20	   0.09	   143.32	  
0.06	   0.04	   140.16	   0.16	   0.07	   144.38	  
0.06	   0.04	   141.13	   0.15	   0.07	   145.45	  
0.05	   0.03	   142.12	   0.12	   0.05	   146.52	  
0.06	   0.04	   143.11	   0.12	   0.06	   147.60	  
0.05	   0.03	   144.11	   0.13	   0.06	   148.69	  
0.04	   0.02	   145.11	   0.12	   0.05	   149.79	  
0.05	   0.03	   146.12	   0.08	   0.03	   150.90	  
0.04	   0.03	   147.14	   0.09	   0.04	   152.01	  
0.04	   0.03	   148.17	   0.08	   0.03	   153.13	  
0.05	   0.03	   149.20	   0.05	   0.02	   154.26	  
0.06	   0.04	   150.24	   0.04	   0.02	   155.40	  
0.05	   0.03	   151.29	   0.07	   0.03	   156.55	  
0.05	   0.03	   152.35	   0.05	   0.02	   157.71	  
0.03	   0.02	   153.41	   0.05	   0.02	   158.87	  
0.03	   0.02	   154.48	   0.05	   0.02	   160.04	  
0.03	   0.02	   155.55	   0.04	   0.02	   161.23	  
0.03	   0.02	   156.64	   0.05	   0.02	   162.42	  
0.04	   0.03	   157.73	   0.01	   0.01	   163.61	  
0.05	   0.03	   158.83	   0.02	   0.01	   164.82	  
0.03	   0.02	   159.94	   0.02	   0.01	   166.04	  
0.04	   0.02	   161.05	   0.02	   0.01	   167.27	  
0.02	   0.01	   162.18	   0.02	   0.01	   168.50	  
0.02	   0.01	   163.31	   0.01	   0.01	   169.74	  
0.03	   0.02	   164.45	   0.02	   0.01	   171.00	  
0.04	   0.03	   165.59	   0.01	   0.01	   172.26	  
0.03	   0.02	   166.75	   0.05	   0.02	   173.53	  
0.02	   0.01	   167.91	   0.03	   0.01	   174.81	  
0.02	   0.01	   169.08	   0.01	   0.00	   176.10	  
0.02	   0.01	   170.26	   0.01	   0.00	   177.40	  
0.02	   0.02	   171.45	   0.02	   0.01	   178.71	  
0.03	   0.02	   172.64	   0.02	   0.01	   180.03	  
0.01	   0.01	   173.85	   0.01	   0.00	   181.36	  
0.01	   0.01	   175.06	    
0.02	   0.01	   176.28	  
0.01	   0.01	   177.51	  
0.01	   0.00	   178.75	  
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0.00	   0.00	   180.00	  
0.01	   0.00	   181.25	  
0.01	   0.01	   182.52	  
0.01	   0.00	   183.79	  
0.01	   0.01	   185.07	  
0.01	   0.01	   186.36	  
0.02	   0.01	   187.66	  
0.02	   0.01	   188.97	  

 
Flame Soot Aquadag 

Mass 
Distribution 

(Dm/dlog 
DMEV) 
(µg/L)	  

Normalized 
Mass 

Distribution 
(µg/L)	  

Diameter 
(nm)	  

Mass 
Distribution 

(Dm/dlog 
DMEV) 
(µg/L)	  

Normalized 
Mass 

Distribution 
(µg/L)	  

Diameter 
(nm)	  

1.16	   0.39	   80.17	   0.26	   0.15	   80.30	  
1.18	   0.40	   80.79	   0.25	   0.14	   81.23	  
1.23	   0.42	   81.41	   0.25	   0.14	   82.18	  
1.23	   0.42	   82.04	   0.25	   0.14	   83.13	  
1.22	   0.41	   82.68	   0.25	   0.14	   84.10	  
1.22	   0.41	   83.32	   0.27	   0.15	   85.07	  
1.33	   0.45	   83.97	   0.29	   0.17	   86.06	  
1.26	   0.43	   84.62	   0.29	   0.17	   87.06	  
1.27	   0.43	   85.27	   0.30	   0.17	   88.07	  
1.39	   0.47	   85.93	   0.33	   0.19	   89.09	  
1.37	   0.46	   86.60	   0.34	   0.19	   90.13	  
1.42	   0.48	   87.27	   0.33	   0.19	   91.18	  
1.41	   0.48	   87.95	   0.34	   0.19	   92.23	  
1.46	   0.49	   88.63	   0.34	   0.20	   93.31	  
1.46	   0.50	   89.32	   0.38	   0.22	   94.39	  
1.58	   0.54	   90.01	   0.39	   0.23	   95.48	  
1.64	   0.56	   90.71	   0.39	   0.22	   96.59	  
1.60	   0.54	   91.41	   0.41	   0.24	   97.72	  
1.60	   0.54	   92.12	   0.42	   0.24	   98.85	  
1.71	   0.58	   92.83	   0.43	   0.25	   100.00	  
1.77	   0.60	   93.55	   0.45	   0.26	   101.16	  
1.81	   0.61	   94.27	   0.46	   0.26	   102.33	  
1.71	   0.58	   95.00	   0.47	   0.27	   103.52	  
1.83	   0.62	   95.74	   0.51	   0.29	   104.73	  
1.81	   0.61	   96.48	   0.53	   0.30	   105.94	  
1.87	   0.63	   97.23	   0.55	   0.31	   107.17	  
1.88	   0.64	   97.98	   0.58	   0.33	   108.42	  
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2.08	   0.70	   98.74	   0.62	   0.35	   109.68	  
1.97	   0.67	   99.51	   0.62	   0.35	   110.95	  
1.96	   0.66	   100.28	   0.61	   0.35	   112.24	  
1.95	   0.66	   101.06	   0.67	   0.38	   113.54	  
2.17	   0.73	   101.84	   0.70	   0.40	   114.86	  
2.20	   0.75	   102.63	   0.72	   0.41	   116.19	  
2.11	   0.71	   103.43	   0.77	   0.44	   117.54	  
2.14	   0.73	   104.23	   0.81	   0.46	   118.91	  
2.29	   0.78	   105.04	   0.82	   0.47	   120.29	  
2.24	   0.76	   105.85	   0.79	   0.45	   121.69	  
2.30	   0.78	   106.67	   0.85	   0.48	   123.10	  
2.29	   0.78	   107.50	   0.91	   0.52	   124.53	  
2.32	   0.79	   108.33	   1.01	   0.58	   125.97	  
2.40	   0.81	   109.17	   0.99	   0.56	   127.44	  
2.46	   0.83	   110.01	   0.99	   0.57	   128.92	  
2.41	   0.82	   110.87	   1.02	   0.59	   130.41	  
2.61	   0.88	   111.73	   1.09	   0.62	   131.93	  
2.54	   0.86	   112.59	   1.15	   0.66	   133.46	  
2.60	   0.88	   113.46	   1.14	   0.65	   135.01	  
2.58	   0.87	   114.34 1.22 0.70 136.58 
2.58 0.87 115.23 1.26 0.72 138.17 
2.56 0.87 116.12 1.20 0.69 139.77 
2.64 0.90 117.02 1.31 0.75 141.39 
2.67 0.91 117.93 1.35 0.77 143.03 
2.66 0.90 118.84 1.33 0.76 144.70 
2.58 0.87 119.77 1.31 0.75 146.38 
2.55 0.86 120.69 1.36 0.78 148.08 
2.56 0.87 121.63 1.38 0.79 149.80 
2.60 0.88 122.57 1.38 0.79 151.54 
2.78 0.94 123.52 1.46 0.84 153.30 
2.60 0.88 124.48 1.49 0.85 155.08 
2.49 0.84 125.44 1.44 0.82 156.88 
2.69 0.91 126.42 1.47 0.84 158.70 
2.86 0.97 127.40 1.43 0.82 160.54 
2.69 0.91 128.38 1.51 0.86 162.41 
2.69 0.91 129.38 1.53 0.87 164.29 
2.52 0.86 130.38 1.54 0.88 166.20 
2.56 0.87 131.39 1.57 0.90 168.13 
2.53 0.86 132.41 1.59 0.91 170.08 
2.75 0.93 133.43 1.56 0.89 172.06 
2.47 0.84 134.47 1.58 0.91 174.06 
2.43 0.82 135.51 1.56 0.89 176.08 
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2.42 0.82 136.56 1.62 0.93 178.12 
2.34 0.79 137.62 1.56 0.89 180.19 
2.40 0.81 138.69 1.57 0.90 182.28 
2.04 0.69 139.76 1.59 0.91 184.40 
2.16 0.73 140.84 1.60 0.92 186.54 
2.15 0.73 141.94 1.61 0.92 188.71 
1.96 0.67 143.04 1.66 0.95 190.90 
2.07 0.70 144.14 1.58 0.90 193.12 
2.03 0.69 145.26 1.54 0.88 195.36 
1.75 0.59 146.39 1.50 0.86 197.63 
1.62 0.55 147.52 1.67 0.96 199.92 
1.66 0.56 148.66 1.57 0.90 202.24 
1.67 0.57 149.82 1.58 0.90 204.59 
1.66 0.56 150.98 1.57 0.90 206.97 
1.44 0.49 152.15 1.46 0.83 209.37 
1.41 0.48 153.33 1.44 0.82 211.80 
1.28 0.44 154.51 1.45 0.83 214.26 
1.19 0.41 155.71 1.56 0.89 216.75 
1.31 0.45 156.92 1.48 0.85 219.27 
1.25 0.42 158.14 1.61 0.92 221.81 
1.01 0.34 159.36 1.58 0.90 224.39 
1.01 0.34 160.60 1.55 0.89 227.00 
0.88 0.30 161.84 1.50 0.86 229.63 
0.82 0.28 163.09 1.36 0.78 232.30 
0.78 0.27 164.36 1.44 0.82 235.00 
0.72 0.24 165.63 1.43 0.82 237.73 
0.58 0.20 166.92 1.42 0.81 240.49 
0.57 0.19 168.21 1.41 0.81 243.28 
0.66 0.22 169.51 1.40 0.80 246.11 
0.66 0.22 170.83 1.39 0.80 248.96 
0.41 0.14 172.15 1.38 0.79 251.85 
0.51 0.17 173.48 1.38 0.79 254.78 
0.48 0.16 174.83 1.37 0.78 257.74 
0.51 0.17 176.18 1.36 0.78 260.73 
0.34 0.12 177.55 1.35 0.77 263.76 
0.46 0.15 178.92 1.34 0.77 266.82 
0.38 0.13 180.31 1.33 0.76 269.92 
0.35 0.12 181.71 1.27 0.72 273.06 
0.36 0.12 183.12 1.28 0.73 276.23 
0.35 0.12 184.54 1.36 0.78 279.43 
0.19 0.07 185.97 1.46 0.83 282.68 
0.26 0.09 187.41 1.29 0.74 285.96 
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0.18 0.06 188.86 1.16 0.66 289.28 
0.18 0.06 190.32 1.07 0.61 292.64 
0.21 0.07 191.80 1.14 0.65 296.04 
0.19 0.06 193.29 1.17 0.67 299.48 
0.17 0.06 194.78 1.05 0.60 302.96 
0.19 0.06 196.29 1.03 0.59 306.47 
0.17 0.06 197.81 1.19 0.68 310.03 
0.13 0.04 199.35 1.18 0.67 313.63 
0.07 0.02 200.89 1.19 0.68 317.28 
0.07 0.02 202.45 0.93 0.53 320.96 
0.11 0.04 204.02 1.00 0.57 324.69 
0.12 0.04 205.60 0.94 0.54 328.46 
0.08 0.03 207.19 0.98 0.56 332.27 
0.04 0.01 208.80 0.97 0.55 336.13 
0.02 0.01 210.42 0.95 0.54 340.04 
0.08 0.03 212.05 0.80 0.45 343.98 
0.07 0.03 213.69 0.73 0.42 347.98 
0.05 0.02 215.35 0.76 0.44 352.02 
0.05 0.02 217.02 0.85 0.49 356.11 
0.06 0.02 218.70 0.69 0.39 360.25 
0.05 0.02 220.39 0.72 0.41 364.43 
0.03 0.01 222.10 0.79 0.45 368.66 
0.06 0.02 223.82 0.79 0.45 372.94 
0.01 0.00 225.56 0.72 0.41 377.27 
0.01 0.00 227.30 0.57 0.33 381.65 
0.03 0.01 229.06 0.62 0.36 386.09 
0.03 0.01 230.84 0.58 0.33 390.57 
0.02 0.01 232.63 0.55 0.32 395.11 

 0.71 0.40 399.69 
0.88 0.50 404.34 
0.82 0.47 409.03 
0.72 0.41 413.78 
0.46 0.26 418.59 
0.46 0.26 423.45 
0.44 0.25 428.36 
0.40 0.23 433.34 
0.51 0.29 438.37 
0.43 0.25 443.46 
0.54 0.31 448.61 
0.49 0.28 453.82 
0.59 0.34 459.09 
0.45 0.26 464.42 
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0.27 0.15 469.82 
0.39 0.23 475.28 
0.53 0.30 480.79 
0.47 0.27 486.38 
0.36 0.20 492.03 
0.35 0.20 497.74 
0.47 0.27 503.52 
0.34 0.19 509.37 
0.20 0.11 515.28 
0.31 0.18 521.27 
0.20 0.12 526.95 
0.37 0.21 533.44 
0.44 0.25 539.64 
0.06 0.04 545.90 
0.11 0.06 552.24 
0.06 0.04 558.66 
0.11 0.06 565.15 
0.30 0.17 571.31 
0.37 0.21 578.35 
0.34 0.20 585.07 
0.15 0.09 591.86 
0.24 0.14 598.17 
0.11 0.06 605.68 
0.06 0.03 612.72 
0.00 0.00 619.84 
0.02 0.01 627.03 
0.84 0.48 634.32 
0.32 0.18 641.68 
0.06 0.03 649.14 
0.12 0.07 655.78 
0.15 0.08 664.30 
0.24 0.14 672.01 
0.72 0.41 679.14 
0.00 0.00 687.72 
0.00 0.00 695.70 
0.00 0.00 703.78 
0.00 0.00 711.95 
0.00 0.00 720.21 
0.32 0.18 728.58 
0.14 0.08 737.05 
0.83 0.48 745.61 
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Fullerene Soot BC in Snow 
Mass 

Distribution 
(Dm/dlog 

DMEV) 
(µg/L) 

 
Normalized 

Mass 
Distribution 

(µg/L) 

 
 
 

Diameter 
(nm) 

Mass 
Distribution 

(Dm/dlog 
DMEV) 
(µg/L) 

Normalized 
Mass 

Distribution 
(µg/L) 

Diameter 
(nm) 

0.41 0.33 80.51 1.41 0.47 80.07 
0.42 0.34 81.39 1.41 0.47 80.93 
0.41 0.33 82.27 1.45 0.48 81.80 
0.42 0.34 83.17 1.47 0.49 82.67 
0.44 0.36 84.07 1.50 0.50 83.55 
0.47 0.38 84.99 1.54 0.51 84.45 
0.47 0.38 85.91 1.53 0.51 85.35 
0.50 0.41 86.85 1.57 0.52 86.26 
0.52 0.42 87.79 1.59 0.53 87.19 
0.52 0.42 88.75 1.61 0.54 88.12 
0.52 0.42 89.72 1.66 0.55 89.06 
0.56 0.45 90.69 1.69 0.56 90.01 
0.55 0.45 91.68 1.72 0.57 90.97 
0.58 0.47 92.68 1.73 0.58 91.95 
0.57 0.47 93.69 1.73 0.58 92.93 
0.61 0.50 94.71 1.74 0.58 93.92 
0.65 0.53 95.74 1.79 0.60 94.93 
0.67 0.54 96.78 1.81 0.60 95.94 
0.63 0.51 97.83 1.87 0.62 96.97 
0.62 0.51 98.90 1.87 0.62 98.01 
0.71 0.57 99.98 1.96 0.65 99.05 
0.66 0.54 101.07 1.98 0.66 100.11 
0.72 0.58 102.17 1.98 0.66 101.18 
0.73 0.60 103.28 1.98 0.66 102.27 
0.72 0.58 104.40 2.04 0.68 103.36 
0.73 0.59 105.54 2.03 0.68 104.46 
0.76 0.62 106.69 2.07 0.69 105.58 
0.79 0.64 107.85 2.06 0.69 106.71 
0.79 0.64 109.02 2.09 0.70 107.85 
0.83 0.67 110.21 2.16 0.72 109.00 
0.82 0.67 111.41 2.22 0.74 110.17 
0.80 0.66 112.62 2.25 0.75 111.35 
0.86 0.70 113.85 2.29 0.76 112.54 
0.83 0.68 115.09 2.33 0.78 113.74 
0.86 0.70 116.34 2.35 0.78 114.96 
0.86 0.70 117.61 2.37 0.79 116.19 
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0.88 0.72 118.89 2.37 0.79 117.43 
0.90 0.74 120.18 2.46 0.82 118.68 
0.93 0.76 121.49 2.48 0.83 119.95 
0.90 0.73 122.81 2.47 0.82 121.24 
0.91 0.74 124.15 2.52 0.84 122.53 
0.96 0.78 125.50 2.51 0.84 123.84 
0.97 0.79 126.87 2.60 0.87 125.17 
0.97 0.79 128.25 2.63 0.88 126.50 
1.01 0.82 129.65 2.71 0.90 127.86 
1.02 0.83 131.06 2.71 0.90 129.22 
1.03 0.84 132.49 2.69 0.90 130.61 
1.05 0.86 133.93 2.72 0.91 132.00 
1.04 0.84 135.39 2.74 0.91 133.41 
0.95 0.77 136.86 2.79 0.93 134.84 
1.01 0.82 138.35 2.81 0.94 136.28 
1.03 0.84 139.86 2.76 0.92 137.74 
1.07 0.87 141.38 2.75 0.92 139.21 
0.99 0.80 142.92 2.80 0.93 140.70 
1.07 0.87 144.47 2.73 0.91 142.21 
0.97 0.79 146.05 2.65 0.88 143.73 
1.02 0.83 147.64 2.67 0.89 145.26 
1.12 0.91 149.24 2.77 0.92 146.82 
1.02 0.83 150.87 2.85 0.95 148.39 
1.01 0.82 152.51 2.90 0.97 149.97 
1.06 0.87 154.17 2.88 0.96 151.57 
1.08 0.88 155.85 2.84 0.95 153.20 
1.00 0.82 157.55 2.76 0.92 154.83 
1.03 0.84 159.26 2.83 0.94 156.49 
1.01 0.82 161.00 2.71 0.90 158.16 
1.01 0.82 162.75 2.70 0.90 159.85 
0.96 0.78 164.52 2.66 0.89 161.56 
0.97 0.79 166.31 2.59 0.86 163.29 
0.93 0.76 168.12 2.54 0.85 165.04 
0.88 0.72 169.95 2.55 0.85 166.80 
0.91 0.74 171.80 2.54 0.85 168.58 
0.85 0.69 173.67 2.53 0.84 170.39 
0.80 0.65 175.56 2.38 0.79 172.21 
0.87 0.70 177.48 2.42 0.81 174.05 
0.77 0.63 179.41 2.47 0.82 175.91 
0.74 0.60 181.36 2.39 0.80 177.79 
0.83 0.68 183.34 2.28 0.76 179.69 
0.84 0.68 185.33 2.30 0.77 181.61 
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0.75 0.61 187.35 2.33 0.78 183.56 
0.71 0.58 189.39 2.27 0.76 185.52 
0.73 0.60 191.45 2.14 0.71 187.50 
0.66 0.54 193.53 2.27 0.76 189.51 
0.67 0.54 195.64 2.33 0.78 191.53 
0.71 0.58 197.77 2.16 0.72 193.58 
0.77 0.63 199.92 1.97 0.66 195.65 
0.75 0.61 202.10 2.07 0.69 197.74 
0.61 0.50 204.30 2.05 0.68 199.86 
0.69 0.56 206.53 1.97 0.66 201.99 
0.71 0.58 208.77 1.98 0.66 204.15 
0.66 0.54 211.05 2.03 0.68 206.34 
0.70 0.57 213.35 1.99 0.66 208.54 
0.72 0.59 215.67 2.09 0.70 210.77 
0.69 0.56 218.02 1.88 0.63 213.03 
0.60 0.49 220.39 1.71 0.57 215.30 
0.60 0.49 222.79 1.76 0.59 217.61 
0.70 0.57 225.21 1.80 0.60 219.93 
0.64 0.52 227.67 1.67 0.56 222.28 
0.62 0.50 230.15 1.57 0.52 224.66 
0.59 0.48 232.65 1.59 0.53 227.06 
0.56 0.46 235.18 1.60 0.53 229.49 
0.53 0.43 237.74 1.52 0.51 231.94 
0.51 0.41 240.33 1.52 0.51 234.42 
0.48 0.39 242.95 1.52 0.51 236.93 
0.45 0.37 245.59 1.49 0.50 239.46 
0.42 0.35 248.27 1.46 0.49 242.02 
0.36 0.29 250.97 1.43 0.48 244.61 
0.36 0.30 253.70 1.40 0.47 247.23 
0.37 0.30 256.46 1.37 0.46 249.87 
0.42 0.34 259.26 1.34 0.45 252.54 
0.40 0.33 262.08 1.31 0.44 255.24 
0.35 0.29 264.93 1.28 0.43 257.97 
0.29 0.23 267.82 1.15 0.38 260.73 
0.38 0.31 270.73 1.08 0.36 263.52 
0.36 0.30 273.68 1.11 0.37 266.34 
0.33 0.27 276.66 1.10 0.37 269.18 
0.32 0.26 279.67 0.91 0.30 272.06 
0.29 0.24 282.72 0.90 0.30 274.97 
0.31 0.25 285.80 0.87 0.29 277.91 
0.26 0.21 288.91 0.92 0.31 280.88 
0.33 0.26 292.05 0.77 0.26 283.89 
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0.23 0.19 295.23 0.82 0.27 286.92 
0.26 0.21 298.45 0.80 0.27 289.99 
0.24 0.19 301.69 0.67 0.22 293.09 
0.30 0.25 304.98 0.73 0.24 296.22 
0.37 0.30 308.30 0.67 0.22 299.39 
0.19 0.16 311.66 0.65 0.22 302.59 
0.14 0.11 315.05 0.67 0.22 305.83 
0.27 0.22 318.48 0.65 0.22 309.10 
0.32 0.26 321.95 0.61 0.20 312.40 
0.27 0.22 325.45 0.56 0.19 315.74 
0.23 0.18 328.99 0.51 0.17 319.12 
0.16 0.13 332.58 0.47 0.16 322.53 
0.20 0.16 336.20 0.44 0.15 325.98 
0.15 0.12 339.86 0.48 0.16 329.46 
0.09 0.07 343.56 0.59 0.20 332.99 
0.16 0.13 347.30 0.59 0.20 336.55 
0.18 0.15 351.08 0.57 0.19 340.14 
0.14 0.11 354.90 0.31 0.10 343.78 
0.30 0.25 358.76 0.32 0.11 347.46 
0.18 0.15 362.67 0.38 0.13 351.17 
0.11 0.09 366.62 0.46 0.15 354.93 
0.11 0.09 370.61 0.30 0.10 358.72 
0.15 0.12 374.64 0.34 0.11 362.56 
0.23 0.19 378.72 0.40 0.13 366.43 
0.18 0.15 382.85 0.41 0.14 370.35 
0.15 0.12 387.02 0.41 0.14 374.31 
0.13 0.10 391.23 0.31 0.10 378.32 
0.08 0.07 395.49 0.27 0.09 382.36 
0.03 0.03 399.79 0.22 0.07 386.45 
0.05 0.04 404.15 0.26 0.09 390.58 
0.05 0.04 408.54 0.33 0.11 394.76 
0.07 0.06 412.99 0.18 0.06 398.98 
0.09 0.07 417.49 0.14 0.05 403.24 
0.04 0.03 422.03 0.23 0.08 407.55 
0.06 0.05 426.63 0.11 0.04 411.91 
0.09 0.07 431.27 0.10 0.03 416.32 
0.03 0.02 435.97 0.19 0.06 420.77 
0.02 0.02 440.72 0.14 0.05 425.27 
0.02 0.02 445.51 0.23 0.08 429.81 
0.02 0.02 450.37 0.33 0.11 434.41 
0.01 0.01 455.27 0.12 0.04 439.05 
0.10 0.08 460.22 0.13 0.04 443.57 
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0.16 0.13 464.42 0.03 0.01 448.49 
0.00 0.00 470.30 0.06 0.02 453.29 
0.01 0.00 475.42 0.06 0.02 458.13 
0.06 0.05 480.59 0.05 0.02 463.03 
0.07 0.05 485.82 0.10 0.03 467.98 
0.01 0.01 491.12 0.19 0.06 472.99 
0.00 0.00 496.47 0.07 0.02 478.04 
0.05 0.04 501.87 0.07 0.02 483.16 
0.00 0.00 507.33 0.15 0.05 488.15 
0.00 0.00 512.86 0.00 0.00 493.54 
0.00 0.00 518.44 0.12 0.04 498.82 
0.00 0.00 524.08 0.04 0.01 504.15 
0.00 0.00 529.79 0.00 0.00 509.54 
0.00 0.00 535.56 0.00 0.00 514.99 
0.00 0.00 541.39 0.09 0.03 520.50 
0.00 0.00 547.28 0.11 0.04 525.93 
0.00 0.00 553.24 0.09 0.03 531.69 
0.10 0.08 559.27 0.09 0.03 537.09 
0.13 0.10 565.36 0.00 0.00 543.12 
0.00 0.00 571.50 0.00 0.00 548.93 
0.00 0.00 577.73 0.00 0.00 554.80 
0.00 0.00 584.03 0.00 0.00 560.73 
0.00 0.00 590.38 0.00 0.00 566.72 
0.00 0.00 596.80 0.00 0.00 572.78 
0.00 0.00 603.31 0.00 0.00 578.91 
0.00 0.00 609.88 0.31 0.10 585.10 
0.00 0.00 616.51 0.16 0.05 591.36 
0.00 0.00 623.21 0.00 0.00 597.67 
0.00 0.00 630.01 0.00 0.00 604.07 
0.00 0.00 636.87 0.00 0.00 610.53 
0.00 0.00 643.80 0.00 0.00 617.05 
0.00 0.00 650.80 0.00 0.00 623.65 
0.00 0.00 657.90 0.00 0.00 630.32 
0.00 0.00 665.06 0.00 0.00 637.06 
0.00 0.00 672.30 0.00 0.00 643.87 
0.00 0.00 679.61 0.00 0.00 650.75 
0.00 0.00 687.02 0.00 0.00 657.72 
0.00 0.00 694.50 0.22 0.07 664.75 
0.00 0.00 702.05 0.41 0.14 670.22 
0.00 0.00 709.70 

 
0.00 0.00 717.43 
0.00 0.00 725.24 
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0.00 0.00 733.13 
0.00 0.00 741.11 
0.00 0.00 749.19 
0.00 0.00 757.35 
0.04 0.03 765.58 
0.39 0.32 773.92 
0.20 0.16 782.35 
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APPENDIX C 

BC STANDARDS DATA  

measBC and massBC units are µg/L. 

Aquadag 

6/22/12 
measBC 0.27 0.94 2.35 2.89 5.45 
massBC 0.52 2.05 5.19 7.26 11.75 

6/25/12 
measBC 0.17 0.91 1.71 2.70 4.25 
massBC 0.53 2.63 5.31 7.89 12.29 

6/25/12 
measBC 0.36 1.31 2.21 3.59 5.36 
massBC 0.54 2.36 4.61 7.55 10.79 

6/29/12 
measBC 0.15 0.86 1.58 2.20 4.25 
massBC 0.58 2.60 5.17 7.45 12.56 

6/30/12 
measBC 0.22 1.55 2.73 4.31 6.36 
massBC 0.46 2.72 5.19 7.43 12.18 

7/4/12 
measBC 0.36 1.36 3.08 4.30 6.62 
massBC 0.56 2.54 5.24 7.40 11.87 

7/5/12 
measBC 0.27 1.29 2.63 3.88 5.91 
massBC 0.52 2.51 5.19 7.64 12.64 

7/10/12 
measBC 0.28 0.99 2.29 3.60 4.69 
massBC 0.57 2.46 5.18 7.44 12.53 

7/27/12 
measBC 0.16 0.73 1.54 2.30 3.59 
massBC 0.49 2.35 5.20 7.24 10.99 

4/26/13 
measBC 0.17 0.76 1.14 2.43 3.24 
massBC 0.60 2.85 4.27 8.80 10.90 

4/30/13 
measBC 0.27 1.25 2.04 2.86 3.61 
massBC 0.67 2.88 5.52 7.41 12.11 

5/1/13 
measBC 0.19 0.75 1.19 1.56 2.88 
massBC 0.65 2.91 4.68 6.52 11.64 

5/3/13 
measBC 0.22 0.70 1.42 2.10 3.53 
massBC 0.67 2.37 4.48 6.38 10.62 

5/8/13 
measBC 0.30 0.93 2.37 3.05 3.31 
massBC 0.69 2.43 5.04 6.77 8.82 

 
Flame Soot 

6/22/12 
measBC 0.41 1.23 2.59 3.83  
massBC 0.95 3.86 8.77 13.85  
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6/25/12 
measBC 0.17 0.74 1.54 2.00 3.61 
massBC 0.57 2.58 5.51 7.28 12.46 

7/10/12 
measBC 0.20 0.79 1.51 2.21 3.67 
massBC 0.56 2.47 5.19 7.38 11.23 

7/27/12 
measBC 0.17 0.78 1.66 2.13 3.51 
massBC 0.50 2.49 4.92 6.92 12.01 

8/6/12 
measBC 0.24 0.71 2.30 3.03 5.23 
massBC 0.54 2.52 5.02 7.31 12.81 

 
Cabojet 200 

6/25/12 
measBC 0.26 1.21 2.27 3.37 4.87 
massBC 0.70 3.18 6.24 9.70 15.15 

7/13/12 
measBC 0.16 0.68 1.24 2.24 2.67 
massBC 0.47 2.13 4.13 6.19 8.73 

7/27/12 
measBC 0.18 0.71 1.42 2.24 3.27 
massBC 0.49 2.25 4.44 6.41 9.87 

8/6/12 
measBC 0.31 1.40 2.51 3.30 5.09 
massBC 0.44 2.37 4.71 6.48 10.78 

8/7/12 
measBC 0.23 1.22 2.15 2.97 3.94 
massBC 0.43 2.44 4.96 6.96 10.60 

 
Aquablack 162 

6/29/12 
measBC 0.47 1.37 2.05 3.28  
massBC 0.61 2.65 5.92 7.76  

7/13/12 
measBC 0.15 0.68 1.15 1.62 2.57 
massBC 0.46 1.86 3.84 5.47 9.42 

7/27/12 
measBC 0.18 0.73 1.49 2.05 3.52 
massBC 0.38 1.86 3.58 5.11 9.69 

8/7/12 
measBC 0.24 0.95 1.78 2.37 3.32 
massBC 0.42 1.83 3.55 5.31 8.81 

8/10/12 
measBC 0.09 0.35 0.53 0.86 1.28 
massBC 0.38 1.79 3.48 5.64 8.97 

 
Fullerene Soot 

4/26/13 
measBC 0.20 0.77 1.85 2.74 3.63 
massBC 0.73 2.93 6.27 9.41 12.30 

4/30/13 
measBC 0.26 1.03 1.48 2.08 3.72 
massBC 0.74 3.13 5.42 7.73 12.64 

5/1/13 measBC 0.26 0.54 1.26 1.62 2.66 
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massBC 0.59 2.62 5.24 6.80 11.42 

5/3/13 
measBC 0.22 0.68 1.01 2.32 3.09 
massBC 0.70 2.93 4.30 7.24 11.32 

5/8/13 
measBC 0.26 1.05 1.55 1.98 3.22 
massBC 0.62 2.67 3.95 5.73 8.72 
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APPENDIX D 

STORAGE EXPERIMENT DATA 

Sample 
BC 

material Vial Type 

Storage 
Temp. 
(°C) 

measBC after days in storage 
(indicated in italics) (µg/L) 

0 1 2 3 11 18 
1 Aquadag polypropylene 2 1.39 1.49 1.46 1.30 1.47 1.28 
2 Aquadag polypropylene 2 1.36 1.46 1.39 1.32 1.48 1.29 
3 Aquadag polypropylene 25 1.32 1.54 1.39 1.19 0.62 0.29 
4 Aquadag polypropylene 25 1.39 1.54 1.43 1.07 0.59 0.26 
5 Aquadag polypropylene 2 4.97 4.74 4.93 4.37 4.57 4.14 
6 Aquadag polypropylene 2 4.86 4.82 5.11 4.37 4.70 4.44 
7 Aquadag polypropylene 25 4.59 4.90 4.54 3.77 3.11 1.55 
8 Aquadag polypropylene 25 5.24 5.16 4.76 3.75 3.62 1.81 
9 Aquadag polypropylene 2 6.26 6.61 7.05 5.92 6.14 5.48 
10 Aquadag polypropylene 2 7.04 6.67 6.89 6.03 6.30 6.01 
11 Aquadag polypropylene 25 7.10 6.98 6.28 4.94 4.81 3.90 
12 Aquadag polypropylene 25 7.26 6.93 6.16 5.14 4.82 4.56 

13 
BC in 
snow polypropylene 2 2.43 2.81 2.78 2.84 2.74 2.64 

14 
BC in 
snow polypropylene 2 2.51 2.91 2.57 2.71 2.75 2.59 

15 
BC in 
snow polypropylene 25 2.26 2.53 2.25 1.89 1.00 0.68 

16 
BC in 
snow polypropylene 25 2.51 2.52 2.47 1.77 0.94 0.51 

17 Aquadag glass 2 1.34 1.42 1.37 1.33 1.33 1.33 
18 Aquadag glass 2 1.34 1.39 1.35 1.27 1.32 1.35 
19 Aquadag glass 25 1.36 1.27 1.37 1.18 1.36 1.21 
20 Aquadag glass 25 1.63 1.63 1.53 1.33 1.43 1.38 
21 Aquadag glass 2 4.41 4.29 3.86 3.76 4.12 4.24 
22 Aquadag glass 2 4.87 4.89 4.51 4.02 4.17 4.36 
23 Aquadag glass 25 4.49 4.72 4.18 3.51 3.67 3.56 
24 Aquadag glass 25 4.67 4.60 4.51 3.90 4.19 4.28 
25 Aquadag glass 2 7.23 6.63 6.58 5.75 6.43 6.46 
26 Aquadag glass 2 6.80 6.71 6.62 5.65 5.96 6.53 
27 Aquadag glass 25 7.80 6.57 6.65 5.76 6.33 5.94 
28 Aquadag glass 25 6.45 6.68 6.37 5.78 6.45 6.01 

29 
BC in 
snow glass 2 2.24 2.40 2.17 2.14 2.28 2.16 

30 BC in glass 2 2.48 2.66 2.67 2.53 2.66 2.67 
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snow 

31 
BC in 
snow glass 25 2.25 2.47 2.15 2.05 2.22 2.03 

32 
BC in 
snow glass 25 2.95 3.29 3.09 2.77 2.51 2.67 
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APPENDIX E 

HIGH RESOLUTION ICE CORE DATA  

Sample 
Depth 

(m) 
AD 

Year 
measBC 
(µg/L) 

calBC 
(µg/L) 

Mean 
Background 
calBC (µg/L) 

calBC Minus 
Background 

(µg/L) 
6404 2.149 1999.42 0.081 0.186 0.038 0.148 
6405 2.246 1999.32 0.190 0.437  0.399 
6406 2.344 1999.22 0.116 0.267  0.229 
6407 2.441 1999.12 0.047 0.108  0.070 
6408 2.538 1999.02 0.122 0.280  0.242 
6409 2.636 1998.92 0.115 0.264  0.226 
6410 2.733 1998.83 0.094 0.216  0.178 
6412 2.928 1998.63 0.135 0.310  0.272 
6413 3.025 1998.53 0.068 0.156  0.118 
6414 3.114 1998.44 0.039 0.090  0.052 
6415 3.193 1998.36 0.120 0.276  0.238 
6416 3.273 1998.28 0.125 0.288  0.250 
6417 3.352 1998.20 0.130 0.298  0.260 
6418 3.432 1998.12 0.098 0.226  0.188 
6419 3.511 1998.04 0.100 0.231  0.193 
6420 3.591 1997.95 0.182 0.418  0.380 
6421 3.670 1997.86 0.168 0.387  0.349 
6423 3.829 1997.66 0.062 0.144  0.106 
6424 3.909 1997.57 0.093 0.214  0.176 
6425 3.988 1997.47 0.118 0.272  0.234 
6426 4.067 1997.37 0.141 0.323  0.285 
6428 4.225 1997.18 0.180 0.413  0.375 
6429 4.304 1997.10 0.054 0.124  0.086 
6430 4.383 1997.00 0.283 0.650  0.612 
6431 4.462 1996.92 0.124 0.285  0.247 
6433 4.620 1996.75 0.049 0.113  0.075 
6434 4.699 1996.66 0.032 0.074  0.036 
6435 4.778 1996.58 0.064 0.148  0.110 
6436 4.857 1996.49 0.053 0.121  0.083 
6437 4.936 1996.41 0.068 0.157  0.119 
6438 5.015 1996.34 0.036 0.082  0.044 
6439 5.094 1996.25 0.060 0.137  0.099 
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6440 5.173 1996.17 0.094 0.215  0.177 
6441 5.252 1996.08 0.061 0.140  0.102 
6442 5.331 1996.00 0.072 0.165  0.127 
6443 5.409 1995.92 0.081 0.186  0.148 
6444 5.486 1995.83 0.081 0.186  0.148 
6445 5.563 1995.76 0.046 0.107  0.069 
6446 5.640 1995.67 0.046 0.106  0.068 
6448 5.794 1995.52 0.036 0.082  0.045 
6449 5.871 1995.43 0.065 0.150  0.112 
6450 5.948 1995.35 0.060 0.137  0.099 
6451 5.998 1995.29 0.096 0.220  0.182 
6539 6.050 1995.24 0.077 0.177  0.139 
6540 6.131 1995.16 0.065 0.149  0.111 
6541 6.212 1995.07 0.044 0.102  0.064 
6542 6.292 1994.98 0.032 0.073  0.036 
6544 6.454 1994.70 0.040 0.092  0.054 
6546 6.615 1994.40 0.176 0.404  0.366 
6547 6.696 1994.26 0.065 0.150  0.112 
6548 6.777 1994.12 0.039 0.090  0.052 
6549 6.858 1993.99 0.043 0.099  0.061 
6550 6.938 1993.89 0.068 0.156  0.119 
6551 7.019 1993.79 0.024 0.055  0.017 
6452 7.091 1993.71 0.083 0.192  0.154 
6453 7.154 1993.63 0.104 0.239  0.201 
6454 7.217 1993.55 0.193 0.445  0.407 
6455 7.279 1993.48 0.064 0.147  0.109 
6456 7.342 1993.40 0.119 0.274  0.236 
6457 7.405 1993.32 0.062 0.143  0.105 
6459 7.531 1993.17 0.065 0.149  0.111 
6462 7.719 1992.94 0.145 0.334  0.296 
6465 7.908 1992.72 0.026 0.060  0.022 
6466 7.971 1992.66 0.050 0.115  0.077 
6467 8.034 1992.59 0.045 0.103  0.065 
6468 8.097 1992.51 0.040 0.091  0.054 
6469 8.159 1992.44 0.026 0.061  0.023 
6470 8.222 1992.37 0.050 0.114  0.076 
6471 8.285 1992.29 0.041 0.095  0.057 
6472 8.348 1992.22 0.071 0.163  0.125 
6473 8.411 1992.15 0.099 0.227  0.189 
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6474 8.474 1992.08 0.113 0.260  0.222 
6475 8.537 1992.00 0.089 0.206  0.168 
6477 8.663 1991.76 0.050 0.114  0.076 
6478 8.725 1991.62 0.077 0.176  0.139 
6479 8.790 1991.50 0.077 0.177  0.139 
6481 8.923 1991.24 0.082 0.188  0.150 
6482 8.989 1991.10 0.034 0.079  0.041 
6485 9.189 1990.73 0.100 0.229  0.191 
6486 9.255 1990.60 0.043 0.100  0.062 
6487 9.322 1990.49 0.052 0.119  0.081 
6488 9.388 1990.36 0.086 0.199  0.161 
6489 9.455 1990.25 0.040 0.092  0.054 
6490 9.521 1990.13 0.035 0.081  0.043 
322 9.365 1990.34 0.062 0.143 0.081 0.062 
323 9.396 1990.29 0.126 0.289  0.208 
324 9.427 1990.24 0.094 0.216  0.135 
325 9.457 1990.20 0.103 0.237  0.156 
326 9.488 1990.15 0.017 0.040 0.029 0.011 
327 9.519 1990.10 0.018 0.040  0.011 
328 9.549 1990.06 0.017 0.040  0.010 
329 9.580 1990.01 0.067 0.153  0.124 
330 9.610 1989.96 0.056 0.128  0.099 
332 9.672 1989.87 0.050 0.114  0.085 
333 9.702 1989.82 0.266 0.613  0.584 
334 9.733 1989.78 0.102 0.235  0.206 
335 9.764 1989.73 0.022 0.050  0.021 
336 9.794 1989.68 0.031 0.071  0.042 
337 9.825 1989.64 0.034 0.078  0.049 
338 9.856 1989.59 0.022 0.050  0.021 
339 9.886 1989.54 0.020 0.047  0.018 
340 9.917 1989.50 0.035 0.080  0.050 
341 9.948 1989.45 0.070 0.160  0.131 
342 9.978 1989.40 0.115 0.264  0.234 
344 10.040 1989.31 0.018 0.041  0.012 
345 10.070 1989.26 0.030 0.070  0.041 
346 10.101 1989.22 0.060 0.138  0.109 
347 10.132 1989.17 0.037 0.085  0.056 
348 10.162 1989.12 0.027 0.062  0.033 
349 10.193 1989.08 0.031 0.071  0.042 
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350 10.224 1989.03 0.059 0.135  0.106 
351 10.254 1988.98 0.069 0.159  0.129 
353 10.316 1988.89 0.061 0.141  0.112 
354 10.346 1988.84 0.134 0.307  0.278 
355 10.377 1988.80 1.330 3.059  3.030 
357 10.437 1988.71 0.962 2.214  2.184 
358 10.466 1988.66 0.598 1.375  1.346 
359 10.495 1988.62 0.381 0.876  0.847 
360 10.523 1988.57 0.220 0.505 0.020 0.485 
361 10.552 1988.53 0.025 0.057  0.037 
362 10.581 1988.49 0.025 0.057  0.037 
363 10.609 1988.44 0.014 0.033  0.013 
364 10.638 1988.40 0.026 0.060  0.040 
365 10.667 1988.36 0.040 0.092  0.072 
366 10.695 1988.31 0.025 0.057  0.037 
367 10.724 1988.27 0.046 0.105  0.085 
369 10.781 1988.18 0.083 0.192  0.172 
370 10.810 1988.14 0.265 0.609  0.588 
371 10.839 1988.09 0.152 0.350  0.330 
372 10.867 1988.05 0.069 0.159  0.139 
376 10.982 1987.88 0.040 0.091  0.071 
377 11.011 1987.83 0.044 0.101  0.081 
378 11.039 1987.79 0.025 0.058  0.038 
379 11.068 1987.74 0.156 0.359  0.339 
381 11.125 1987.66 0.038 0.088  0.068 
382 11.154 1987.61 0.049 0.113  0.092 
383 11.183 1987.57 0.028 0.064  0.044 
384 11.211 1987.53 0.025 0.057  0.037 
385 11.240 1987.48 0.023 0.052  0.032 
386 11.269 1987.44 0.031 0.072  0.052 
387 11.297 1987.40 0.035 0.081  0.061 
388 11.326 1987.35 0.028 0.065  0.045 
389 11.355 1987.31 0.064 0.148  0.128 
390 11.383 1987.26 0.034 0.078  0.058 
391 11.412 1987.22 0.063 0.146  0.126 
392 11.441 1987.18 0.029 0.067  0.047 
393 11.471 1987.13 0.037 0.086  0.066 
395 11.530 1987.04 0.177 0.407  0.387 
396 11.559 1987.00 0.122 0.280  0.260 



 

 

146 

397 11.589 1986.95 0.027 0.062  0.042 
398 11.618 1986.91 0.036 0.083  0.063 
399 11.648 1986.86 0.022 0.052  0.032 
400 11.677 1986.82 0.093 0.214  0.194 
401 11.707 1986.77 0.164 0.377  0.357 
402 11.736 1986.73 0.570 1.312  1.292 
403 11.766 1986.68 0.141 0.324  0.304 
404 11.795 1986.64 0.022 0.050  0.030 
406 11.854 1986.55 0.026 0.060  0.040 
407 11.884 1986.50 0.029 0.067  0.047 
408 11.913 1986.46 0.044 0.101  0.081 
409 11.943 1986.41 0.084 0.194  0.174 
410 11.972 1986.37 0.129 0.296  0.276 
411 12.002 1986.32 0.039 0.089  0.069 
413 12.061 1986.23 0.012 0.029  0.009 
414 12.090 1986.19 0.020 0.045  0.025 
415 12.120 1986.14 0.030 0.069  0.049 
416 12.149 1986.10 0.015 0.033  0.013 
418 12.208 1986.01 0.010 0.023  0.003 
421 12.297 1985.87 0.075 0.172  0.152 
422 12.326 1985.83 0.053 0.122  0.102 
423 12.356 1985.78 0.031 0.072  0.052 
425 12.400 1985.50 0.051 0.117 0.023 0.094 
426 12.445 1985.47 0.028 0.065  0.041 
427 12.475 1985.42 0.033 0.077  0.053 
428 12.505 1985.39 0.032 0.073  0.050 
429 12.535 1985.35 0.028 0.065  0.042 
431 12.595 1985.28 0.030 0.068  0.045 
433 12.655 1985.21 0.033 0.075  0.052 
434 12.685 1985.18 0.049 0.114  0.091 
436 12.745 1985.11 0.057 0.130  0.107 
437 12.775 1985.07 0.069 0.158  0.135 
438 12.805 1985.04 0.082 0.189  0.165 
439 12.835 1985.00 0.093 0.215  0.191 
440 12.866 1984.95 0.024 0.055  0.032 
441 12.896 1984.91 0.057 0.130  0.107 
442 12.926 1984.86 0.137 0.314  0.291 
443 12.956 1984.82 0.120 0.276  0.253 
444 12.986 1984.77 0.037 0.085 0.033 0.053 
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446 13.046 1984.68 0.167 0.385  0.352 
447 13.076 1984.63 0.158 0.363  0.330 
448 13.106 1984.58 0.110 0.254  0.221 
449 13.136 1984.54 0.041 0.095  0.062 
450 13.166 1984.49 0.116 0.267  0.235 
453 13.256 1984.35 0.079 0.183  0.150 
455 13.316 1984.26 0.221 0.509  0.476 
456 13.346 1984.22 0.044 0.101  0.069 
458 13.406 1984.12 0.095 0.217  0.185 
459 13.436 1984.08 0.054 0.125  0.093 
460 13.466 1984.03 0.174 0.399  0.367 
461 13.496 1983.99 0.123 0.282  0.250 
462 13.526 1983.95 0.182 0.418  0.386 
463 13.556 1983.92 0.470 1.082  1.049 
464 13.586 1983.88 0.188 0.432  0.400 
465 13.617 1983.85 0.055 0.126  0.093 
466 13.647 1983.81 0.438 1.008  0.976 
468 13.711 1983.74 0.148 0.341  0.309 
469 13.743 1983.71 0.204 0.470  0.437 
470 13.776 1983.66 0.278 0.639  0.606 
471 13.809 1983.62 0.418 0.962  0.929 
472 13.841 1983.59 0.139 0.319  0.286 
473 13.874 1983.55 0.023 0.052  0.019 
474 13.907 1983.51 0.051 0.118  0.085 
475 13.939 1983.47 0.116 0.268  0.235 
476 13.972 1983.44 0.161 0.370  0.338 
477 14.005 1983.40 0.112 0.258  0.225 
478 14.038 1983.35 0.101 0.232  0.199 
479 14.070 1983.32 0.084 0.192  0.160 
480 14.103 1983.28 0.087 0.200  0.167 
481 14.136 1983.24 0.096 0.222  0.189 
482 14.168 1983.20 0.172 0.395  0.362 
483 14.201 1983.16 0.254 0.583  0.551 
484 14.234 1983.13 1.213 2.791  2.759 
485 14.266 1983.09 0.859 1.975  1.943 
486 14.299 1983.05 0.541 1.244  1.211 
487 14.332 1983.01 0.264 0.607 0.017 0.591 
488 14.364 1982.96 0.368 0.846  0.829 
489 14.397 1982.89 0.143 0.329  0.312 
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490 14.430 1982.84 0.150 0.345  0.328 
491 14.463 1982.79 0.071 0.164  0.147 
492 14.495 1982.71 0.135 0.310  0.293 
493 14.528 1982.66 0.161 0.371  0.354 
494 14.561 1982.61 0.031 0.071  0.054 
495 14.593 1982.55 0.103 0.237  0.221 
496 14.626 1982.48 0.071 0.163  0.147 
497 14.659 1982.43 0.066 0.151  0.134 
498 14.690 1982.38 0.107 0.245  0.229 
499 14.721 1982.32 0.303 0.696  0.679 
500 14.752 1982.27 0.266 0.613  0.596 
501 14.783 1982.21 0.197 0.452 0.022 0.431 
502 14.814 1982.16 0.298 0.686  0.665 
503 14.845 1982.11 0.306 0.704  0.682 
504 14.876 1982.04 0.256 0.589  0.567 
505 14.907 1981.98 0.299 0.687  0.665 
506 14.938 1981.93 0.695 1.600  1.578 
507 14.969 1981.87 2.193 5.045  5.023 
508 15.000 1981.81 4.307 9.907  9.886 
510 15.061 1981.70 1.681 3.868  3.846 
511 15.092 1981.65 0.087 0.200  0.178 
512 15.123 1981.59 0.034 0.077  0.056 
513 15.154 1981.54 0.033 0.076  0.055 
514 15.185 1981.47 0.038 0.088  0.067 
515 15.216 1981.41 0.033 0.076  0.054 
516 15.247 1981.35 0.164 0.378  0.356 
517 15.278 1981.30 0.099 0.227  0.205 
518 15.309 1981.24 0.147 0.338  0.317 
519 15.340 1981.19 0.097 0.222  0.201 
520 15.370 1981.13 0.135 0.310  0.288 
521 15.401 1981.07 0.041 0.094  0.072 
522 15.432 1981.02 0.040 0.092  0.070 
523 15.463 1980.96 0.038 0.089  0.067 
524 15.494 1980.89 0.034 0.078  0.056 
525 15.525 1980.83 0.044 0.102  0.080 
526 15.556 1980.74 0.143 0.330  0.308 
527 15.587 1980.67 0.069 0.158  0.136 
528 15.618 1980.61 0.156 0.359  0.338 
529 15.649 1980.54 0.134 0.309  0.287 
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530 15.680 1980.48 0.041 0.094  0.072 
531 15.710 1980.41 0.029 0.066  0.044 
532 15.741 1980.35 0.336 0.774  0.752 
533 15.772 1980.28 0.863 1.984  1.963 
534 15.802 1980.22 0.117 0.268  0.247 
535 15.832 1980.15 0.012 0.027  0.005 
536 15.862 1980.09 0.013 0.029  0.007 
537 15.891 1980.02 0.024 0.055  0.033 
538 15.921 1979.96 0.015 0.034  0.013 
539 15.950 1979.91 0.109 0.250  0.229 
540 15.980 1979.86 0.120 0.276  0.254 
541 16.009 1979.80 0.030 0.070  0.048 
542 16.039 1979.75 0.031 0.071  0.049 
543 16.068 1979.70 0.157 0.360  0.339 
544 16.098 1979.64 0.033 0.076  0.055 
545 16.127 1979.59 0.019 0.043  0.021 
546 16.157 1979.54 0.059 0.135  0.114 
547 16.186 1979.48 0.031 0.071  0.050 
548 16.216 1979.43 0.052 0.120  0.098 
549 16.245 1979.38 0.020 0.047  0.025 
550 16.275 1979.34 0.028 0.065  0.043 
551 16.304 1979.29 0.044 0.102  0.080 
552 16.334 1979.23 0.071 0.164  0.143 
553 16.363 1979.18 0.092 0.211  0.189 
554 16.393 1979.13 0.111 0.256  0.234 
555 16.422 1979.07 0.135 0.310  0.288 
556 16.452 1979.02 0.166 0.383  0.361 
559 16.540 1978.89 0.035 0.081  0.060 
560 16.570 1978.85 0.076 0.175  0.154 
561 16.600 1978.81 0.137 0.314  0.293 
562 16.629 1978.77 0.131 0.301  0.279 
563 16.659 1978.73 0.107 0.246  0.224 
564 16.688 1978.69 0.020 0.045  0.023 
565 16.718 1978.65 0.095 0.219  0.198 
566 16.747 1978.58 0.105 0.240  0.219 
567 16.777 1978.52 0.064 0.148  0.126 
568 16.806 1978.53 0.142 0.326  0.304 
569 16.834 1978.49 0.100 0.230  0.209 
570 16.862 1978.46 0.119 0.273  0.251 
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571 16.890 1978.42 0.203 0.466  0.444 
572 16.917 1978.38 0.113 0.260  0.238 
573 16.945 1978.35 0.129 0.298  0.276 
574 16.972 1978.31 0.183 0.420  0.399 
575 17.000 1978.27 0.262 0.603  0.581 
576 17.027 1978.23 0.312 0.719  0.697 
577 17.055 1978.20 0.108 0.249  0.227 
578 17.082 1978.16 0.140 0.323  0.301 
579 17.110 1978.12 0.185 0.426  0.404 
580 17.138 1978.08 0.033 0.077  0.055 
581 17.165 1978.04 0.421 0.968  0.946 
582 17.193 1978.01 0.043 0.100  0.078 
583 17.220 1977.97 0.017 0.039  0.017 
584 17.248 1977.92 0.040 0.092  0.070 
585 17.275 1977.88 0.041 0.093  0.071 
586 17.303 1977.85 0.298 0.686  0.664 
587 17.330 1977.80 0.104 0.240  0.218 
588 17.358 1977.76 0.365 0.839  0.817 
589 17.385 1977.71 0.060 0.138  0.117 
590 17.413 1977.68 0.034 0.078 0.025 0.053 
591 17.440 1977.64 0.104 0.240  0.215 
592 17.468 1977.59 0.068 0.157  0.132 
594 17.523 1977.52 0.033 0.075  0.050 
595 17.551 1977.47 0.023 0.053  0.028 
596 17.578 1977.42 0.149 0.343  0.318 
597 17.606 1977.38 0.095 0.218  0.193 
598 17.633 1977.35 0.142 0.327  0.302 
599 17.661 1977.30 0.274 0.631  0.606 
600 17.688 1977.26 0.773 1.779  1.754 
601 17.716 1977.21 0.285 0.657  0.632 
602 17.743 1977.18 0.264 0.607  0.582 
603 17.771 1977.14 0.114 0.262  0.237 
604 17.798 1977.09 0.094 0.216  0.191 
605 17.825 1977.06 0.148 0.341  0.316 
606 17.852 1977.02 0.236 0.543  0.518 
607 17.878 1976.97 0.196 0.450  0.425 
608 17.905 1976.92 0.043 0.099  0.073 
609 17.932 1976.89 0.019 0.044  0.019 
610 17.959 1976.84 0.036 0.083  0.058 
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611 17.986 1976.80 0.132 0.303  0.278 
613 18.039 1976.72 0.059 0.137  0.112 
614 18.066 1976.67 0.125 0.288  0.263 
615 18.093 1976.64 0.215 0.494  0.469 
616 18.120 1976.59 0.252 0.579  0.554 
617 18.147 1976.55 0.083 0.191  0.166 
618 18.174 1976.52 0.167 0.384  0.359 
619 18.200 1976.47 0.203 0.466  0.441 
620 18.227 1976.42 0.125 0.287  0.262 
621 18.254 1976.39 0.032 0.073  0.048 
622 18.281 1976.34 0.042 0.098  0.073 
623 18.308 1976.30 0.079 0.181  0.156 
624 18.335 1976.27 0.131 0.302  0.277 
625 18.361 1976.22 0.052 0.120  0.095 
626 18.388 1976.17 0.063 0.145  0.120 
627 18.415 1976.14 0.068 0.155  0.130 
628 18.442 1976.09 0.231 0.531  0.506 
629 18.469 1976.05 0.172 0.395  0.370 
630 18.495 1976.00 0.158 0.363  0.338 
631 18.522 1975.96 0.085 0.195  0.170 
632 18.549 1975.91 0.185 0.425  0.400 
633 18.576 1975.85 0.132 0.304  0.278 
634 18.603 1975.81 0.623 1.433  1.408 
635 18.630 1975.76 0.164 0.378  0.353 
636 18.656 1975.70 0.129 0.298  0.273 
637 18.683 1975.67 0.227 0.521  0.496 
638 18.710 1975.61 0.173 0.398  0.373 
639 18.737 1975.56 0.032 0.073  0.048 
640 18.764 1975.51 0.059 0.135  0.110 
641 18.791 1975.46 0.014 0.033  0.008 
642 18.817 1975.41 0.024 0.055  0.030 
643 18.844 1975.37 0.025 0.057  0.032 
644 18.871 1975.31 0.035 0.081  0.056 
645 18.898 1975.26 0.151 0.348  0.323 
646 18.926 1975.20 0.251 0.577  0.552 
647 18.953 1975.17 0.538 1.237  1.212 
648 18.980 1975.11 0.207 0.476  0.451 
649 19.007 1975.06 0.094 0.215 0.023 0.192 
650 19.034 1975.02 0.347 0.799  0.776 
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651 19.061 1974.97 0.077 0.177  0.154 
652 19.089 1974.92 0.125 0.287  0.263 
653 19.116 1974.86 0.030 0.069  0.046 
654 19.143 1974.83 0.031 0.072  0.048 
655 19.170 1974.78 0.059 0.136  0.113 
656 19.197 1974.73 0.100 0.229  0.206 
657 19.224 1974.69 0.032 0.073  0.050 
658 19.252 1974.64 0.045 0.104  0.081 
659 19.279 1974.59 0.079 0.181  0.158 
660 19.306 1974.54 0.129 0.298  0.275 
661 19.333 1974.51 0.178 0.409  0.386 
662 19.360 1974.46 0.108 0.248  0.225 
663 19.387 1974.41 0.511 1.175  1.152 
664 19.415 1974.37 0.060 0.139  0.116 
665 19.442 1974.32 0.042 0.098  0.074 
666 19.469 1974.27 0.066 0.151  0.128 
667 19.496 1974.22 0.116 0.267  0.244 
668 19.523 1974.19 0.164 0.378  0.355 
669 19.551 1974.14 0.183 0.420  0.397 
670 19.578 1974.08 0.111 0.255  0.232 
672 19.632 1974.00 0.045 0.104  0.080 
673 19.659 1973.95 0.069 0.159  0.136 
674 19.686 1973.90 0.031 0.071  0.048 
676 19.714 1973.81 0.029 0.066  0.043 
677 19.741 1973.76 0.079 0.181  0.158 
678 19.768 1973.72 0.056 0.128  0.105 
679 19.823 1973.68 0.115 0.265  0.242 
680 19.851 1973.63 0.068 0.156  0.133 
681 19.879 1973.58 0.156 0.359  0.336 
682 19.907 1973.53 0.322 0.740  0.717 
683 19.935 1973.49 0.348 0.801  0.778 
684 19.963 1973.44 0.154 0.355  0.332 
687 19.991 1973.29 0.094 0.216  0.193 
688 20.074 1973.25 0.116 0.266  0.243 
689 20.102 1973.20 0.023 0.052  0.029 
690 20.130 1973.15 0.034 0.078  0.055 
691 20.158 1973.10 0.018 0.041  0.018 
692 20.186 1973.05 0.014 0.033  0.010 
693 20.214 1973.02 0.018 0.041  0.018 
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694 20.241 1972.96 0.024 0.055  0.032 
695 20.269 1972.89 0.027 0.062  0.039 
696 20.297 1972.82 0.044 0.102  0.079 
697 20.325 1972.76 0.074 0.171  0.148 
698 20.353 1972.71 0.268 0.617  0.594 
699 20.381 1972.64 0.296 0.681  0.658 
700 20.409 1972.58 0.090 0.207  0.183 
701 20.436 1972.51 0.072 0.166  0.143 
702 20.464 1972.47 0.025 0.057  0.034 
703 20.492 1972.40 0.014 0.032  0.009 
704 20.520 1972.33 0.015 0.035  0.012 
705 20.548 1972.27 0.023 0.054  0.031 
706 20.576 1972.20 0.031 0.072  0.049 
707 20.604 1972.16 0.017 0.038  0.015 
708 20.632 1972.09 0.018 0.042  0.018 
709 20.659 1972.02 0.014 0.033  0.010 
710 20.687 1971.96 0.198 0.455  0.432 
711 20.715 1971.90 0.319 0.735  0.712 
712 20.743 1971.86 0.442 1.017  0.994 
714 20.799 1971.73 0.220 0.507  0.484 
715 20.826 1971.67 0.107 0.247  0.224 
716 20.854 1971.63 0.127 0.292  0.269 
717 20.881 1971.57 0.238 0.547  0.524 
718 20.909 1971.51 0.061 0.140  0.117 
719 20.936 1971.45 0.062 0.143  0.120 
720 20.964 1971.41 0.039 0.089  0.066 
721 20.991 1971.35 0.038 0.086  0.063 
722 21.019 1971.29 0.039 0.089  0.066 
723 21.046 1971.22 0.068 0.156  0.133 
724 21.074 1971.18 0.032 0.074  0.051 
725 21.101 1971.12 0.029 0.068  0.045 
726 21.129 1971.06 0.046 0.107  0.084 
727 21.156 1971.00 0.067 0.154  0.131 
728 21.184 1970.98 0.032 0.073  0.050 
729 21.211 1970.94 0.029 0.067  0.044 
730 21.239 1970.90 0.069 0.158  0.135 
731 21.266 1970.87 0.055 0.126  0.103 
733 21.321 1970.81 0.158 0.363  0.340 
734 21.349 1970.77 0.060 0.137  0.114 
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735 21.376 1970.74 0.042 0.098  0.075 
736 21.404 1970.71 0.029 0.067  0.044 
737 21.431 1970.68 0.053 0.122  0.099 
738 21.459 1970.64 0.088 0.202  0.179 
739 21.486 1970.61 0.128 0.294  0.271 
740 21.514 1970.58 0.082 0.188  0.165 
741 21.542 1970.55 0.119 0.274  0.251 
742 21.569 1970.51 0.041 0.093  0.070 
743 21.597 1970.48 0.073 0.167  0.144 
744 21.624 1970.45 0.113 0.260  0.237 
745 21.652 1970.42 0.490 1.128  1.105 
746 21.679 1970.38 0.244 0.560  0.537 
747 21.707 1970.35 0.014 0.033  0.010 
748 21.734 1970.32 0.025 0.058  0.035 
749 21.762 1970.29 0.074 0.170  0.147 
750 21.789 1970.25 0.119 0.274  0.251 
751 21.817 1970.21 0.128 0.293  0.270 
752 21.844 1970.19 0.148 0.341 0.031 0.310 
753 21.871 1970.15 0.019 0.044  0.014 
754 21.898 1970.12 0.059 0.136  0.106 
755 21.925 1970.08 0.036 0.082  0.051 
756 21.952 1970.06 0.041 0.095  0.065 
757 21.979 1970.02 0.100 0.230  0.200 
758 22.006 1969.99 0.037 0.084  0.053 
759 22.033 1969.96 0.047 0.108  0.078 
760 22.060 1969.92 0.124 0.285  0.254 
762 22.114 1969.86 0.064 0.147  0.117 
763 22.141 1969.82 0.129 0.296  0.265 
764 22.168 1969.78 0.037 0.086  0.055 
765 22.195 1969.76 0.022 0.050  0.020 
766 22.222 1969.72 0.047 0.107  0.077 
767 22.249 1969.68 0.024 0.055  0.025 
768 22.276 1969.65 0.040 0.091 0.034 0.058 
770 22.330 1969.58 0.041 0.093  0.060 
771 22.357 1969.55 0.034 0.079  0.045 
772 22.384 1969.52 0.028 0.064  0.030 
773 22.411 1969.48 0.060 0.138  0.104 
774 22.438 1969.44 0.140 0.323  0.289 
775 22.465 1969.42 0.034 0.079  0.045 
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776 22.492 1969.38 0.033 0.076  0.043 
777 22.519 1969.34 0.037 0.086  0.052 
778 22.546 1969.30 0.059 0.135  0.101 
779 22.572 1969.28 0.085 0.196  0.162 
780 22.599 1969.24 0.170 0.390  0.356 
781 22.626 1969.20 0.040 0.093  0.059 
782 22.653 1969.18 0.066 0.152  0.118 
783 22.680 1969.14 0.120 0.276  0.243 
784 22.707 1969.10 0.099 0.229  0.195 
785 22.734 1969.08 0.066 0.152  0.119 
786 22.761 1969.04 0.161 0.369  0.336 
787 22.788 1969.00 0.032 0.073  0.039 
788 22.814 1968.97 0.080 0.184  0.151 
789 22.839 1968.94 0.039 0.091  0.057 
790 22.864 1968.82 0.150 0.346  0.312 
791 22.889 1968.74 0.104 0.239  0.206 
792 22.913 1968.69 0.062 0.142  0.108 
793 22.938 1968.62 0.307 0.706  0.672 
795 22.988 1968.49 0.068 0.157  0.123 
796 23.013 1968.44 0.214 0.493  0.460 
797 23.038 1968.36 0.624 1.435  1.402 
798 23.062 1968.31 0.900 2.071  2.037 
799 23.087 1968.23 0.289 0.664  0.630 
800 23.112 1968.18 0.046 0.106  0.072 
801 23.137 1968.10 0.021 0.048  0.014 
802 23.162 1968.05 0.030 0.070  0.036 
803 23.187 1967.98 0.088 0.203  0.169 
804 23.212 1967.93 0.112 0.258  0.225 
805 23.236 1967.87 0.030 0.069  0.035 
806 23.261 1967.82 0.080 0.185  0.151 
807 23.286 1967.76 0.120 0.276  0.242 
808 23.311 1967.71 0.130 0.298  0.264 
809 23.336 1967.64 1.060 2.439  2.406 
810 23.361 1967.60 0.353 0.812  0.778 
811 23.385 1967.53 0.111 0.256  0.223 
812 23.410 1967.49 0.034 0.079  0.045 
813 23.435 1967.42 0.056 0.128  0.094 
814 23.460 1967.38 0.619 1.424  1.390 
815 23.485 1967.33 0.632 1.455  1.421 
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816 23.510 1967.27 0.199 0.457  0.424 
817 23.534 1967.22 0.133 0.306  0.272 
818 23.559 1967.16 0.139 0.319  0.285 
819 23.584 1967.11 0.058 0.134  0.100 
820 23.609 1967.04 0.025 0.058  0.025 
821 23.634 1967.00 0.018 0.042  0.008 
822 23.659 1966.93 0.043 0.099  0.065 
823 23.683 1966.88 0.032 0.074  0.041 
824 23.708 1966.80 0.027 0.062  0.028 
825 23.733 1966.75 0.048 0.110  0.077 
826 23.758 1966.68 0.051 0.118  0.084 
827 23.783 1966.63 0.072 0.166  0.132 
828 23.809 1966.55 0.265 0.610  0.576 
829 23.836 1966.48 0.102 0.234  0.201 
830 23.863 1966.43 0.043 0.099  0.066 
831 23.890 1966.35 0.092 0.212  0.178 
832 23.917 1966.28 0.026 0.060  0.026 
833 23.944 1966.23 0.037 0.085  0.052 
834 23.970 1966.15 0.049 0.114  0.080 
835 23.997 1966.08 0.045 0.103  0.070 
836 24.024 1966.03 0.114 0.262  0.228 
837 24.051 1965.99 0.120 0.276  0.243 
838 24.078 1965.96 0.045 0.105  0.071 
839 24.105 1965.93 0.072 0.166  0.132 
840 24.132 1965.80 0.059 0.135 0.026 0.110 
841 24.159 1965.73 0.114 0.262  0.236 
844 24.240 1965.57 0.020 0.045  0.019 
845 24.267 1965.51 0.026 0.060  0.034 
846 24.294 1965.47 0.034 0.079  0.054 
847 24.321 1965.41 0.051 0.117  0.091 
848 24.348 1965.35 0.040 0.092  0.067 
849 24.375 1965.31 0.112 0.257  0.231 
850 24.402 1965.24 0.065 0.150  0.124 
851 24.429 1965.18 0.056 0.130  0.104 
852 24.456 1965.12 0.079 0.182  0.157 
853 24.483 1965.07 0.101 0.232  0.207 
854 24.510 1965.02 0.074 0.170  0.145 
855 24.537 1964.98 0.045 0.104  0.078 
856 24.564 1964.95 0.189 0.436  0.410 
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858 24.618 1964.88 0.036 0.082  0.057 
859 24.645 1964.85 0.047 0.107  0.082 
860 24.672 1964.81 0.038 0.088  0.062 
861 24.699 1964.78 0.029 0.067  0.041 
862 24.726 1964.74 0.025 0.056  0.031 
863 24.750 1964.72 0.108 0.248  0.222 
864 24.774 1964.69 0.179 0.412  0.386 
865 24.797 1964.65 0.033 0.076  0.051 
866 24.821 1964.63 0.069 0.159  0.134 
867 24.844 1964.60 0.040 0.093  0.067 
868 24.867 1964.57 0.063 0.144  0.119 
869 24.891 1964.54 0.052 0.120  0.095 
870 24.914 1964.52 0.052 0.120  0.094 
871 24.937 1964.48 0.145 0.333  0.307 
872 24.961 1964.46 0.059 0.136  0.110 
873 24.984 1964.43 0.095 0.218  0.192 
874 25.007 1964.40 0.033 0.075  0.049 
875 25.031 1964.37 0.175 0.403  0.377 
876 25.054 1964.35 0.080 0.184  0.159 
877 25.077 1964.31 0.026 0.059  0.033 
878 25.101 1964.28 0.413 0.950  0.924 
879 25.124 1964.26 0.134 0.308  0.282 
880 25.147 1964.22 0.164 0.377  0.351 
881 25.171 1964.20 0.080 0.184  0.158 
882 25.194 1964.17 0.089 0.205  0.180 
883 25.217 1964.14 0.077 0.177  0.152 
884 25.252 1964.11 0.082 0.189  0.163 
886 25.287 1964.05 0.058 0.132  0.107 
887 25.311 1964.02 0.081 0.187  0.162 
889 25.357 1963.95 0.106 0.244  0.219 
890 25.381 1963.92 0.079 0.181  0.156 
891 25.404 1963.89 0.058 0.133  0.108 
892 25.427 1963.84 0.331 0.762  0.737 
893 25.451 1963.80 0.063 0.144  0.118 
894 25.474 1963.77 0.029 0.066  0.041 
895 25.497 1963.72 0.100 0.230  0.204 
896 25.521 1963.69 0.049 0.113  0.087 
898 25.567 1963.61 0.101 0.231  0.206 
899 25.591 1963.57 0.034 0.079  0.053 
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900 25.614 1963.54 0.021 0.049  0.023 
901 25.637 1963.50 0.060 0.138  0.112 
902 25.661 1963.46 0.378 0.869  0.843 
903 25.684 1963.43 0.042 0.096  0.070 
904 25.707 1963.38 0.066 0.153 0.024 0.129 
905 25.731 1963.34 0.106 0.245  0.221 
906 25.755 1963.30 0.095 0.218  0.195 
908 25.804 1963.23 0.457 1.052  1.029 
909 25.828 1963.18 0.135 0.311  0.287 
911 25.878 1963.10 0.040 0.092  0.068 
912 25.902 1963.07 0.063 0.146  0.122 
913 25.927 1963.02 0.035 0.080  0.056 
915 25.976 1962.94 0.031 0.071  0.047 
916 26.001 1962.90 0.111 0.256  0.232 
917 26.025 1962.86 0.111 0.254  0.231 
918 26.050 1962.83 0.072 0.165  0.141 
919 26.074 1962.79 0.065 0.149  0.125 
920 26.099 1962.75 0.054 0.124  0.100 
921 26.124 1962.71 0.083 0.190  0.166 
922 26.148 1962.67 0.032 0.073  0.049 
923 26.173 1962.63 0.039 0.091  0.067 
924 26.197 1962.59 0.058 0.133  0.110 
925 26.222 1962.56 0.042 0.097  0.073 
926 26.246 1962.51 0.155 0.356  0.332 
927 26.271 1962.48 0.061 0.141  0.117 
928 26.296 1962.44 0.085 0.195  0.172 
929 26.320 1962.40 0.062 0.143  0.119 
930 26.345 1962.37 0.065 0.151  0.127 
931 26.369 1962.32 0.052 0.121  0.097 
932 26.394 1962.29 0.088 0.202  0.179 
933 26.419 1962.24 0.056 0.129  0.106 
934 26.443 1962.21 0.052 0.119  0.095 
935 26.468 1962.16 0.250 0.575  0.551 
936 26.492 1962.13 0.261 0.600  0.576 
937 26.517 1962.08 0.271 0.624  0.600 
938 26.542 1962.05 0.166 0.383  0.359 
939 26.566 1962.00 0.146 0.335  0.312 
940 26.591 1961.97 0.217 0.499  0.476 
941 26.615 1961.92 0.116 0.267  0.243 
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942 26.640 1961.88 0.248 0.570  0.546 
943 26.665 1961.85 0.060 0.139  0.115 
944 26.689 1961.80 0.039 0.089  0.065 
945 26.714 1961.77 0.041 0.093  0.070 
946 26.738 1961.72 0.037 0.086  0.063 
948 26.788 1961.63 0.073 0.168  0.144 
949 26.813 1961.60 0.047 0.107  0.083 
950 26.837 1961.55 0.042 0.097  0.073 
952 26.887 1961.47 0.080 0.184  0.161 
953 26.911 1961.43 0.277 0.638  0.614 
954 26.936 1961.38 0.095 0.219  0.195 
955 26.961 1961.35 0.180 0.413  0.389 
956 26.986 1961.30 0.034 0.079  0.055 
957 27.010 1961.27 0.127 0.292  0.268 
958 27.035 1961.22 0.375 0.864  0.840 
959 27.060 1961.18 0.432 0.993  0.969 
961 27.109 1961.10 0.184 0.424  0.400 
963 27.159 1961.02 0.155 0.356  0.333 
964 27.183 1960.98 0.088 0.202  0.178 
965 27.208 1960.90 0.101 0.233  0.210 
967 27.258 1960.79 0.246 0.567  0.543 
968 27.282 1960.74 0.098 0.226  0.203 
970 27.332 1960.62 0.238 0.547  0.523 
972 27.381 1960.50 0.042 0.097  0.074 
973 27.406 1960.43 0.043 0.099  0.075 
974 27.431 1960.38 0.027 0.062  0.038 
975 27.455 1960.31 0.025 0.058  0.034 
976 27.480 1960.26 0.023 0.054  0.030 
977 27.505 1960.21 0.038 0.088  0.064 
979 27.554 1960.10 0.031 0.071  0.047 
980 27.579 1960.02 0.022 0.050  0.026 
981 27.604 1959.98 0.019 0.044  0.020 
984 27.678 1959.84 0.024 0.056  0.032 
985 27.703 1959.80 0.033 0.076  0.052 
986 27.727 1959.75 0.023 0.054  0.030 
987 27.752 1959.71 0.092 0.211 0.032 0.178 
988 27.777 1959.65 0.046 0.106  0.074 
989 27.802 1959.62 0.059 0.135  0.102 
990 27.826 1959.56 0.034 0.078  0.045 
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991 27.851 1959.53 0.060 0.138  0.105 
992 27.876 1959.47 0.035 0.080  0.047 
993 27.900 1959.44 0.173 0.397  0.365 
994 27.925 1959.38 0.085 0.196  0.164 
995 27.950 1959.35 0.107 0.246  0.213 
996 27.975 1959.31 0.176 0.405  0.373 
998 28.024 1959.22 0.183 0.420  0.388 
999 28.049 1959.16 0.358 0.823  0.790 

1000 28.074 1959.13 0.142 0.326  0.294 
1001 28.098 1959.07 0.413 0.950  0.917 
1002 28.123 1959.04 0.453 1.043  1.011 
1003 28.148 1958.98 0.751 1.727  1.694 
1004 28.172 1958.93 0.438 1.008  0.975 
1005 28.197 1958.86 0.172 0.397  0.364 
1006 28.222 1958.82 0.170 0.390  0.358 
1007 28.247 1958.75 0.099 0.228  0.196 
1008 28.271 1958.70 0.215 0.496  0.463 
1009 28.296 1958.64 0.056 0.130  0.097 
1010 28.321 1958.59 0.065 0.149  0.117 
1011 28.346 1958.52 0.021 0.048  0.016 
1012 28.370 1958.48 0.066 0.152  0.119 
1013 28.395 1958.41 0.534 1.227  1.195 
1014 28.420 1958.36 0.099 0.227  0.195 
1015 28.444 1958.32 0.209 0.482  0.450 
1016 28.469 1958.25 0.170 0.391  0.358 
1017 28.494 1958.20 0.055 0.126  0.094 
1018 28.519 1958.14 0.029 0.067 0.042 0.025 
1019 28.534 1958.10 0.025 0.057  0.015 
1020 28.550 1958.06 0.047 0.108  0.066 
1021 28.566 1958.02 0.023 0.053  0.011 
1022 28.590 1957.98 0.054 0.125  0.083 
1024 28.637 1957.90 0.167 0.384  0.342 
1025 28.660 1957.86 0.373 0.859  0.817 
1026 28.683 1957.83 0.583 1.342  1.300 
1027 28.707 1957.78 0.257 0.591  0.550 
1028 28.730 1957.74 0.100 0.230  0.188 
1030 28.777 1957.66 0.247 0.568  0.526 
1031 28.801 1957.62 0.514 1.183  1.141 
1032 28.824 1957.59 0.552 1.270  1.228 
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1033 28.848 1957.53 0.218 0.502  0.460 
1034 28.871 1957.50 0.037 0.085  0.043 
1035 28.894 1957.47 0.052 0.120  0.079 
1036 28.918 1957.41 0.349 0.803  0.761 
1038 28.965 1957.34 0.111 0.256  0.214 
1039 28.988 1957.29 0.125 0.288  0.246 
1040 29.012 1957.26 0.207 0.475  0.433 
1041 29.035 1957.21 0.136 0.313  0.271 
1043 29.082 1957.14 0.047 0.109  0.067 
1045 29.129 1957.05 0.269 0.618  0.577 
1046 29.152 1957.01 0.249 0.574  0.532 
1047 29.176 1956.96 0.068 0.158  0.116 
1048 29.199 1956.93 0.066 0.153 0.015 0.137 
1050 29.246 1956.84 0.073 0.167  0.152 
1051 29.270 1956.80 0.128 0.295  0.279 
1053 29.316 1956.71 0.027 0.062  0.047 
1054 29.340 1956.67 0.032 0.075  0.059 
1055 29.363 1956.64 0.032 0.074  0.058 
1057 29.410 1956.55 0.043 0.099  0.083 
1059 29.457 1956.45 0.068 0.156  0.141 
1060 29.481 1956.41 0.021 0.048  0.032 
1061 29.504 1956.37 0.023 0.053  0.038 
1062 29.528 1956.33 0.024 0.055  0.039 
1063 29.551 1956.29 0.030 0.070  0.054 
1065 29.598 1956.20 0.043 0.099  0.084 
1066 29.621 1956.16 0.073 0.169  0.153 
1067 29.645 1956.12 0.086 0.198  0.183 
1068 29.668 1956.07 0.040 0.092  0.077 
1070 29.715 1955.98 0.019 0.044  0.029 
1072 29.762 1955.89 0.018 0.041  0.026 
1073 29.785 1955.83 0.029 0.067  0.051 
1074 29.809 1955.78 0.089 0.205  0.190 
1075 29.832 1955.74 0.100 0.229  0.214 
1077 29.879 1955.63 0.030 0.070  0.055 
1079 29.914 1955.55 0.075 0.172  0.157 
1080 29.950 1955.48 0.042 0.096  0.081 
1081 29.973 1955.43 0.041 0.095  0.079 
1082 29.996 1955.37 0.015 0.033  0.018 
1083 30.020 1955.33 0.013 0.031  0.016 
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1084 30.043 1955.28 0.011 0.026  0.011 
1085 30.067 1955.22 0.030 0.070  0.054 
1086 30.090 1955.17 0.080 0.185  0.170 
1087 30.114 1955.13 0.081 0.187  0.171 
1088 30.137 1955.07 0.057 0.131  0.116 
1089 30.161 1955.02 0.046 0.107  0.091 
1090 30.184 1954.98 0.050 0.116  0.101 
1091 30.207 1954.93 0.056 0.129  0.114 
1092 30.231 1954.90 0.076 0.176  0.160 
1093 30.254 1954.86 0.019 0.045  0.029 
1094 30.278 1954.81 0.041 0.094  0.079 
1095 30.301 1954.78 0.035 0.080  0.065 
1096 30.325 1954.75 0.030 0.069 0.017 0.052 
1098 30.372 1954.66 0.025 0.057  0.040 
1099 30.395 1954.61 0.036 0.082  0.065 
1101 30.417 1954.57 0.047 0.109  0.091 
1102 30.439 1954.54 0.079 0.182  0.165 
1103 30.460 1954.51 0.074 0.170  0.153 
1104 30.482 1954.47 0.025 0.058  0.041 
1107 30.546 1954.36 0.025 0.057  0.040 
1108 30.568 1954.32 0.019 0.043  0.026 
1109 30.589 1954.29 0.026 0.060  0.042 
1110 30.611 1954.25 0.911 2.096  2.079 
1111 30.632 1954.22 0.156 0.358  0.341 
1112 30.653 1954.19 0.073 0.168  0.151 
1113 30.675 1954.15 0.032 0.074  0.057 
1114 30.696 1954.10 0.046 0.106  0.089 
1115 30.718 1954.07 0.071 0.162  0.145 
1116 30.739 1954.03 0.037 0.084  0.067 
1117 30.761 1954.00 0.034 0.078  0.061 
1118 30.782 1953.96 0.026 0.060  0.042 
1119 30.804 1953.92 0.054 0.125  0.107 
1120 30.825 1953.86 0.022 0.050  0.033 
1121 30.846 1953.82 0.038 0.088  0.070 
1122 30.868 1953.78 0.040 0.091  0.074 
1123 30.889 1953.74 0.026 0.059  0.042 
1124 30.911 1953.70 0.020 0.045  0.028 
1125 30.932 1953.66 0.017 0.039  0.022 
1126 30.954 1953.62 0.036 0.082  0.065 
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1127 30.975 1953.56 0.022 0.051  0.034 
1128 31.007 1953.52 0.023 0.053  0.036 
1130 31.039 1953.44 0.039 0.089  0.072 
1131 31.061 1953.40 0.025 0.057  0.039 
1132 31.082 1953.36 0.019 0.045  0.027 
1133 31.104 1953.32 0.044 0.101  0.084 
1134 31.125 1953.26 0.017 0.040  0.023 
1135 31.147 1953.22 0.080 0.185  0.168 
1136 31.168 1953.18 0.037 0.085  0.067 
1137 31.190 1953.14 0.026 0.060  0.043 
1139 31.233 1953.06 0.013 0.030  0.013 
1140 31.254 1953.02 0.010 0.022  0.005 
1143 31.318 1952.91 0.052 0.120  0.103 
1147 31.383 1952.82 0.026 0.060 0.019 0.041 
1148 31.404 1952.79 0.038 0.087  0.068 
1149 31.426 1952.75 0.016 0.037  0.017 
1150 31.447 1952.72 0.057 0.132  0.113 
1151 31.468 1952.69 0.400 0.920  0.901 
1152 31.490 1952.66 0.236 0.544  0.524 
1153 31.511 1952.63 0.036 0.083  0.064 
1154 31.533 1952.60 0.062 0.143  0.124 
1155 31.554 1952.57 0.041 0.094  0.075 
1156 31.576 1952.52 0.045 0.104  0.084 
1157 31.597 1952.49 0.040 0.091  0.072 
1158 31.619 1952.46 0.045 0.103  0.083 
1159 31.640 1952.43 0.025 0.058  0.039 
1160 31.661 1952.40 0.094 0.216  0.197 
1161 31.683 1952.37 0.174 0.401  0.382 
1162 31.704 1952.34 0.054 0.124  0.105 
1163 31.726 1952.30 0.025 0.059  0.040 
1164 31.747 1952.27 0.076 0.176  0.157 
1165 31.769 1952.24 0.065 0.149  0.130 
1166 31.790 1952.21 0.032 0.075  0.056 
1167 31.812 1952.18 0.056 0.128  0.109 
1168 31.833 1952.15 0.044 0.102  0.083 
1169 31.854 1952.12 0.016 0.037  0.018 
1170 31.876 1952.07 0.164 0.377  0.358 
1171 31.897 1952.04 0.147 0.339  0.320 
1172 31.919 1952.01 0.028 0.064  0.045 
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1173 31.940 1951.98 0.017 0.040  0.021 
1174 31.961 1951.95 0.058 0.134  0.115 
1175 31.982 1951.92 0.016 0.038  0.018 
1176 32.003 1951.89 0.033 0.077  0.058 
1177 32.024 1951.85 0.011 0.025  0.006 
1178 32.045 1951.81 0.154 0.354  0.334 
1179 32.065 1951.77 0.078 0.179  0.160 
1180 32.086 1951.74 0.071 0.163  0.143 
1181 32.107 1951.71 0.051 0.117  0.098 
1182 32.128 1951.68 0.037 0.085  0.066 
1183 32.148 1951.65 0.033 0.076  0.056 
1184 32.169 1951.61 0.021 0.048  0.029 
1185 32.190 1951.58 0.017 0.040  0.021 
1186 32.211 1951.55 0.027 0.063 0.017 0.046 
1187 32.232 1951.52 0.027 0.063  0.046 
1188 32.252 1951.48 0.019 0.044  0.027 
1189 32.273 1951.45 0.072 0.167  0.150 
1190 32.294 1951.42 0.037 0.085  0.068 
1191 32.315 1951.39 0.046 0.105  0.088 
1192 32.335 1951.34 0.023 0.052  0.035 
1193 32.356 1951.31 0.025 0.059  0.042 
1195 32.398 1951.24 0.071 0.162  0.145 
1196 32.419 1951.21 0.143 0.329  0.313 
1197 32.439 1951.18 0.091 0.209  0.192 
1198 32.460 1951.15 0.057 0.132  0.115 
1199 32.481 1951.11 0.019 0.044  0.027 
1200 32.502 1951.08 0.062 0.143  0.126 
1201 32.522 1951.05 0.058 0.135  0.118 
1202 32.543 1951.02 0.020 0.047  0.030 
1203 32.564 1950.98 0.062 0.142  0.125 
1204 32.585 1950.95 0.037 0.084  0.067 
1205 32.606 1950.89 0.044 0.101  0.084 
1206 32.626 1950.86 0.052 0.119  0.102 
1207 32.647 1950.82 0.048 0.111  0.094 
1208 32.668 1950.79 0.154 0.355  0.338 
1209 32.689 1950.75 0.047 0.109  0.092 
1210 32.709 1950.72 0.027 0.063  0.046 
1211 32.730 1950.68 0.047 0.108  0.091 
1212 32.751 1950.65 0.066 0.151  0.134 
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1213 32.772 1950.61 0.018 0.042  0.025 
1214 32.793 1950.58 0.029 0.067  0.050 
1215 32.813 1950.54 0.018 0.041  0.024 
1216 32.834 1950.51 0.018 0.042  0.025 
1217 32.855 1950.47 0.096 0.222  0.205 
1218 32.876 1950.42 0.051 0.118  0.101 
1219 32.896 1950.39 0.030 0.069  0.052 
1220 32.917 1950.35 0.027 0.063  0.046 
1221 32.938 1950.32 0.013 0.029  0.012 
1222 32.959 1950.28 0.053 0.123  0.106 
1223 32.980 1950.25 0.072 0.165  0.148 
1224 33.000 1950.21 0.036 0.083  0.066 
1225 33.021 1950.18 0.054 0.123  0.107 
1226 33.042 1950.14 0.046 0.106  0.089 
1227 33.063 1950.11 0.329 0.757  0.740 
1228 33.084 1950.07 0.169 0.388  0.371 
1229 33.104 1950.04 0.029 0.067  0.050 
1230 33.125 1949.98 0.018 0.041  0.024 
1231 33.146 1949.94 0.034 0.079  0.062 
1232 33.167 1949.90 0.077 0.177  0.160 
1233 33.187 1949.86 0.041 0.094  0.077 
1234 33.208 1949.82 0.032 0.073  0.056 
1235 33.229 1949.78 0.069 0.159  0.142 
1236 33.250 1949.75 0.069 0.160  0.143 
1237 33.271 1949.71 0.022 0.051  0.034 
1238 33.291 1949.67 0.016 0.036  0.019 
1239 33.312 1949.63 0.023 0.054  0.037 
1240 33.333 1949.59 0.085 0.195  0.178 
1241 33.354 1949.55 0.053 0.121  0.104 
1242 33.374 1949.51 0.138 0.318  0.301 
1243 33.395 1949.45 0.242 0.556  0.539 
1244 33.416 1949.41 0.231 0.530  0.513 
1245 33.437 1949.37 0.215 0.495  0.478 
1246 33.458 1949.33 0.150 0.345  0.328 
1247 33.478 1949.29 0.035 0.081  0.064 
1248 33.499 1949.25 0.097 0.224  0.207 
1251 33.561 1949.14 0.101 0.232  0.215 
1252 33.582 1949.10 0.240 0.553  0.536 
1253 33.603 1949.06 0.195 0.448  0.431 
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1254 33.624 1949.02 0.084 0.194  0.177 
1255 33.645 1948.98 0.047 0.107  0.090 
1256 33.665 1948.90 0.094 0.216  0.199 
1257 33.686 1948.85 0.040 0.092  0.075 
1258 33.707 1948.80 0.044 0.101  0.084 
1259 33.728 1948.76 0.154 0.354  0.337 
1260 33.748 1948.71 0.061 0.139  0.122 
1261 33.769 1948.66 0.044 0.101  0.084 
1262 33.790 1948.61 0.053 0.121  0.104 
1263 33.811 1948.56 0.075 0.173  0.156 
1264 33.832 1948.51 0.062 0.142  0.125 
1265 33.852 1948.46 0.066 0.152  0.135 
1266 33.873 1948.41 0.051 0.117  0.100 
1267 33.894 1948.37 0.046 0.106  0.089 
1268 33.915 1948.32 0.023 0.053  0.036 
1269 33.936 1948.24 0.076 0.175 0.048 0.127 
1270 33.956 1948.20 0.212 0.487  0.439 
1271 33.977 1948.15 0.030 0.068  0.020 
1272 33.998 1948.10 0.057 0.132  0.083 
1273 34.019 1948.05 0.141 0.323  0.275 
1274 34.039 1948.00 0.038 0.088  0.040 
1275 34.060 1947.97 0.043 0.100  0.052 
1276 34.081 1947.94 0.021 0.049  0.001 
1277 34.102 1947.91 0.021 0.048  0.000 
1278 34.123 1947.88 0.033 0.076  0.028 
1279 34.143 1947.84 0.017 0.040  -0.008 
1280 34.164 1947.81 0.026 0.061  0.013 
1281 34.185 1947.78 0.341 0.784  0.736 
1282 34.206 1947.73 0.383 0.881  0.832 
1283 34.226 1947.70 0.328 0.755  0.707 
1284 34.247 1947.67 0.163 0.375  0.327 
1285 34.268 1947.64 0.087 0.201  0.153 
1286 34.289 1947.61 0.102 0.235  0.187 
1287 34.310 1947.58 0.085 0.196  0.148 
1288 34.330 1947.55 0.063 0.144  0.096 
1289 34.351 1947.52 0.589 1.355  1.307 
1290 34.372 1947.48 0.625 1.437  1.389 
1291 34.393 1947.45 0.056 0.129  0.081 
1292 34.413 1947.42 0.031 0.072  0.024 
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1293 34.434 1947.39 0.073 0.167  0.119 
1294 34.455 1947.34 0.056 0.129  0.081 
1295 34.476 1947.31 0.026 0.061  0.013 
1296 34.497 1947.28 0.111 0.254  0.206 
1297 34.517 1947.25 0.087 0.200  0.152 
1298 34.538 1947.22 0.058 0.133  0.085 
1299 34.559 1947.19 0.355 0.817  0.769 
1300 34.580 1947.16 0.690 1.586  1.538 
1301 34.600 1947.13 0.280 0.644  0.596 
1302 34.621 1947.09 0.344 0.791  0.742 
1303 34.642 1947.06 0.199 0.457  0.409 
1304 34.663 1947.03 0.123 0.283  0.235 
1305 34.684 1947.00 0.233 0.535  0.487 
1307 34.726 1946.93 1.183 2.721  2.673 
1308 34.747 1946.90 6.061 13.943  13.894 
1309 34.768 1946.87 4.345 9.994  9.946 
1310 34.789 1946.85 1.035 2.381  2.333 
1311 34.810 1946.82 0.281 0.646  0.598 
1312 34.831 1946.79 0.387 0.890  0.841 
1313 34.852 1946.76 0.407 0.936  0.888 
1314 34.873 1946.73 0.206 0.474  0.426 
1316 34.915 1946.68 0.103 0.236  0.188 
1317 34.936 1946.63 0.243 0.559 0.095 0.464 
1318 34.957 1946.61 0.303 0.696  0.601 
1319 34.978 1946.58 0.323 0.742  0.647 
1320 34.999 1946.55 0.132 0.304  0.209 
1321 35.020 1946.52 0.157 0.361  0.266 
1322 35.041 1946.49 0.053 0.122  0.027 
1323 35.062 1946.46 0.102 0.234  0.139 
1324 35.083 1946.44 0.270 0.620  0.525 
1325 35.104 1946.41 0.402 0.926  0.831 
1326 35.125 1946.38 0.498 1.145  1.049 
1327 35.146 1946.34 0.086 0.199  0.103 
1328 35.167 1946.31 0.087 0.201  0.106 
1329 35.188 1946.28 0.060 0.137  0.042 
1330 35.209 1946.25 0.074 0.169  0.074 
1331 35.230 1946.23 0.277 0.637  0.542 
1332 35.251 1946.20 1.101 2.534  2.439 
1333 35.272 1946.17 1.411 3.247  3.151 
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1334 35.293 1946.14 0.325 0.747  0.652 
1335 35.314 1946.11 0.133 0.305  0.210 
1336 35.335 1946.08 0.202 0.465  0.370 
1337 35.356 1946.04 0.057 0.131  0.036 
1338 35.377 1946.01 0.084 0.194  0.099 
1339 35.398 1945.98 0.212 0.487  0.392 
1340 35.419 1945.94 0.135 0.311  0.215 
1341 35.440 1945.91 0.095 0.218  0.123 
1342 35.461 1945.87 0.114 0.263  0.168 
1343 35.482 1945.83 0.445 1.024  0.928 
1344 35.503 1945.79 0.310 0.712  0.617 
1345 35.524 1945.75 0.220 0.507  0.412 
1346 35.545 1945.71 0.093 0.214  0.119 
1347 35.566 1945.66 0.089 0.204  0.109 
1348 35.587 1945.62 0.036 0.084  -0.012 
1349 35.608 1945.58 0.140 0.323  0.227 
1350 35.629 1945.55 0.364 0.838  0.743 
1351 35.650 1945.51 1.196 2.751  2.656 
1352 35.671 1945.47 0.692 1.593  1.498 
1353 35.692 1945.43 0.198 0.455  0.360 
1354 35.713 1945.40 0.108 0.248  0.153 
1355 35.734 1945.36 0.225 0.517  0.422 
1357 35.776 1945.26 0.643 1.478  1.383 
1358 35.797 1945.23 0.394 0.905  0.810 
1359 35.818 1945.19 0.239 0.549  0.454 
1361 35.860 1945.11 0.284 0.654  0.558 
1362 35.881 1945.08 0.317 0.729  0.634 
1363 35.902 1945.04 0.225 0.519  0.423 
1364 35.923 1945.00 0.552 1.270  1.175 
1365 35.944 1944.97 0.416 0.956  0.861 
1366 35.965 1944.92 0.397 0.914  0.818 
1367 35.986 1944.89 0.135 0.312  0.216 
1368 36.007 1944.86 0.144 0.331  0.235 
1369 36.028 1944.83 0.530 1.218  1.123 
1370 36.049 1944.80 1.304 2.999  2.903 
1371 36.070 1944.77 0.122 0.281  0.185 
1372 36.091 1944.73 0.098 0.226  0.131 
1373 36.112 1944.70 0.155 0.356  0.261 
1374 36.133 1944.67 0.219 0.504  0.409 
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1375 36.154 1944.63 0.120 0.277  0.182 
1376 36.175 1944.59 0.079 0.183  0.088 
1377 36.196 1944.56 0.129 0.298  0.203 
1378 36.217 1944.53 0.066 0.151  0.056 
1379 36.238 1944.50 0.132 0.304 0.086 0.217 
1380 36.259 1944.47 0.044 0.100  0.014 
1381 36.280 1944.44 0.040 0.093  0.007 
1382 36.301 1944.41 0.153 0.351  0.265 
1383 36.322 1944.38 0.218 0.502  0.415 
1384 36.343 1944.34 0.458 1.054  0.968 
1385 36.364 1944.31 0.166 0.381  0.295 
1386 36.385 1944.27 0.081 0.187  0.101 
1387 36.406 1944.23 0.157 0.362  0.276 
1388 36.427 1944.20 0.180 0.414  0.328 
1389 36.448 1944.17 0.063 0.145  0.058 
1390 36.469 1944.14 0.117 0.268  0.182 
1391 36.490 1944.11 0.559 1.287  1.201 
1392 36.511 1944.08 0.156 0.359  0.272 
1393 36.532 1944.05 0.093 0.214  0.127 
1394 36.553 1944.02 0.084 0.193  0.107 
1395 36.574 1943.98 0.043 0.099  0.012 
1396 36.595 1943.94 0.245 0.564  0.478 
1397 36.616 1943.91 0.468 1.077  0.991 
1398 36.637 1943.88 0.186 0.429  0.343 
1399 36.658 1943.84 0.091 0.209  0.123 
1400 36.679 1943.81 0.211 0.484  0.398 
1401 36.700 1943.78 0.125 0.287  0.201 
1402 36.721 1943.75 0.068 0.156  0.069 
1403 36.742 1943.72 0.064 0.147  0.061 
1404 36.763 1943.69 0.285 0.656  0.570 
1405 36.784 1943.66 0.263 0.605  0.519 
1406 36.805 1943.61 0.593 1.364  1.278 
1407 36.826 1943.58 0.206 0.474  0.388 
1408 36.847 1943.55 0.286 0.659  0.573 
1409 36.868 1943.52 0.581 1.337  1.251 
1410 36.889 1943.48 1.350 3.106  3.020 
1411 36.910 1943.45 0.893 2.054  1.968 
1412 36.931 1943.42 0.412 0.948  0.861 
1413 36.952 1943.39 0.404 0.929  0.843 
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1414 36.973 1943.36 0.720 1.657  1.570 
1415 36.994 1943.33 0.315 0.724  0.637 
1416 37.015 1943.28 1.564 3.598  3.512 
1417 37.036 1943.25 0.402 0.925  0.839 
1418 37.057 1943.22 0.853 1.963  1.877 
1419 37.078 1943.19 0.741 1.705  1.619 
1420 37.099 1943.16 1.765 4.061  3.975 
1421 37.121 1943.13 0.496 1.142  1.055 
1422 37.142 1943.09 0.173 0.398  0.312 
1423 37.163 1943.06 0.103 0.236  0.150 
1424 37.184 1943.03 0.080 0.185  0.099 
1425 37.205 1943.00 0.088 0.203  0.117 
1426 37.226 1942.94 0.165 0.380  0.294 
1427 37.247 1942.91 0.032 0.075  -0.012 
1428 37.268 1942.87 0.032 0.073  -0.013 
1429 37.289 1942.83 0.040 0.092  0.006 
1430 37.310 1942.79 0.073 0.168  0.082 
1431 37.331 1942.75 0.078 0.179  0.093 
1432 37.352 1942.72 0.052 0.118  0.032 
1433 37.373 1942.68 0.038 0.088  0.002 
1434 37.394 1942.64 0.159 0.365  0.279 
1435 37.415 1942.60 0.082 0.189  0.103 
1436 37.435 1942.57 0.088 0.202  0.116 
1437 37.455 1942.53 0.078 0.181  0.094 
1438 37.475 1942.49 0.064 0.147  0.061 
1439 37.495 1942.45 0.152 0.349  0.263 
1441 37.534 1942.38 0.069 0.158  0.072 
1442 37.554 1942.34 0.051 0.117  0.031 
1443 37.574 1942.30 0.048 0.110  0.023 
1444 37.594 1942.26 0.041 0.095  0.009 
1445 37.614 1942.23 0.626 1.440  1.354 
1446 37.634 1942.19 2.091 4.809  4.723 
1447 37.654 1942.15 0.340 0.782  0.696 
1448 37.674 1942.11 0.180 0.414  0.328 
1449 37.693 1942.08 0.156 0.360  0.273 
1450 37.713 1942.04 0.169 0.389  0.302 
1451 37.733 1942.00 0.127 0.293  0.207 
1452 37.753 1941.96 0.143 0.330  0.243 
1453 37.773 1941.92 0.090 0.208  0.122 
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1454 37.793 1941.88 0.393 0.905  0.819 
1455 37.813 1941.84 0.216 0.497  0.410 
1456 37.833 1941.80 0.163 0.376  0.289 
1457 37.852 1941.76 0.068 0.157  0.070 
1458 37.872 1941.72 0.117 0.269  0.182 
1459 37.892 1941.68 0.062 0.143  0.057 
1460 37.912 1941.64 0.141 0.324 0.052 0.272 
1461 37.932 1941.60 0.033 0.076  0.024 
1462 37.952 1941.56 0.046 0.105  0.053 
1463 37.972 1941.52 0.081 0.187  0.135 
1464 37.992 1941.48 0.036 0.082  0.030 
1465 38.012 1941.44 0.093 0.214  0.162 
1466 38.031 1941.40 0.088 0.202 0.040 0.161 
1467 38.051 1941.36 0.060 0.138  0.097 
1468 38.071 1941.32 0.031 0.072  0.032 
1469 38.091 1941.28 0.086 0.199  0.158 
1470 38.111 1941.24 0.038 0.088  0.048 
1471 38.131 1941.20 0.041 0.094  0.053 
1472 38.151 1941.16 0.107 0.245  0.205 
1473 38.171 1941.12 0.406 0.934  0.893 
1474 38.190 1941.08 0.733 1.686  1.646 
1475 38.210 1941.04 0.467 1.075  1.035 
1476 38.230 1941.00 0.141 0.325  0.285 
1477 38.250 1940.96 0.082 0.189  0.148 
1478 38.270 1940.92 0.048 0.110  0.070 
1479 38.290 1940.88 0.041 0.095  0.054 
1480 38.310 1940.84 0.058 0.134  0.094 
1481 38.330 1940.80 0.142 0.326  0.285 
1482 38.349 1940.76 0.135 0.311  0.271 
1483 38.369 1940.73 0.141 0.324  0.284 
1484 38.389 1940.69 0.066 0.152  0.112 
1485 38.409 1940.65 0.288 0.663  0.623 
1486 38.429 1940.61 0.263 0.604  0.564 
1487 38.449 1940.57 0.095 0.218  0.178 
1488 38.469 1940.53 0.114 0.263  0.222 
1489 38.489 1940.49 0.094 0.217  0.177 
1490 38.508 1940.45 0.113 0.260  0.219 
1491 38.528 1940.41 0.050 0.115  0.074 
1492 38.548 1940.37 0.054 0.123  0.083 
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1493 38.568 1940.33 0.059 0.136  0.096 
1494 38.588 1940.29 0.056 0.129  0.088 
1495 38.608 1940.25 0.068 0.155  0.115 
1496 38.628 1940.22 0.056 0.129  0.089 
1497 38.648 1940.18 0.043 0.098  0.057 
1500 38.707 1940.06 0.146 0.335  0.294 
1501 38.727 1940.02 0.059 0.137  0.096 
1502 38.747 1939.99 0.063 0.145  0.104 
1503 38.767 1939.96 0.048 0.111  0.070 
1505 38.807 1939.90 0.057 0.131  0.091 
1506 38.827 1939.87 0.100 0.230  0.189 
1507 38.846 1939.84 0.131 0.301 0.036 0.265 
1508 38.866 1939.81 0.154 0.355  0.319 
1510 38.906 1939.76 0.123 0.283  0.247 
1511 38.926 1939.73 0.172 0.396  0.359 
1512 38.946 1939.70 1.532 3.524  3.488 
1514 38.986 1939.64 0.198 0.456  0.420 
1515 39.005 1939.61 0.133 0.307  0.271 
1516 39.025 1939.59 0.124 0.284  0.248 
1517 39.045 1939.56 0.160 0.368  0.332 
1518 39.065 1939.53 0.113 0.261  0.224 
1519 39.085 1939.51 0.110 0.253  0.217 
1520 39.105 1939.49 0.341 0.783  0.747 
1521 39.125 1939.46 0.325 0.747  0.710 
1522 39.145 1939.43 0.463 1.065  1.029 
1523 39.164 1939.40 0.130 0.299  0.263 
1524 39.184 1939.37 0.120 0.277  0.241 
1525 39.204 1939.34 0.201 0.463  0.427 
1527 39.244 1939.29 0.101 0.232  0.196 
1528 39.264 1939.26 0.086 0.198  0.162 
1529 39.284 1939.23 0.085 0.196  0.160 
1530 39.323 1939.20 0.067 0.154 0.021 0.133 
1533 39.363 1939.11 0.500 1.150  1.129 
1534 39.383 1939.09 0.126 0.290  0.269 
1535 39.403 1939.06 0.716 1.648  1.627 
1536 39.423 1939.03 0.336 0.774  0.753 
1537 39.443 1939.00 0.060 0.137  0.116 
1539 39.473 1938.93 0.032 0.073  0.052 
1540 39.502 1938.89 0.076 0.175  0.154 
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1542 39.542 1938.82 0.048 0.110  0.089 
1544 39.582 1938.75 0.020 0.046  0.025 
1547 39.642 1938.65 0.127 0.292  0.271 
1549 39.681 1938.58 0.301 0.692  0.672 
1551 39.721 1938.51 0.068 0.156  0.135 
1553 39.761 1938.44 0.016 0.037  0.016 
1555 39.801 1938.37 0.045 0.104  0.083 
1557 39.840 1938.30 0.017 0.039  0.018 
1561 39.918 1938.16 0.136 0.313  0.293 
1564 39.976 1938.05 0.073 0.168  0.147 
1566 40.015 1938.00 0.013 0.031  0.010 
1568 40.053 1937.90 0.011 0.025  0.004 
1570 40.092 1937.80 0.010 0.023  0.002 
1572 40.130 1937.71 0.043 0.098  0.077 
1574 40.169 1937.61 0.022 0.050  0.030 
1576 40.207 1937.51 0.099 0.227  0.207 
1578 40.246 1937.41 0.081 0.186  0.165 
1584 40.361 1937.15 0.142 0.327  0.307 
1588 40.438 1936.96 0.560 1.288  1.267 
1590 40.477 1936.89 0.275 0.632  0.611 
1592 40.515 1936.82 0.149 0.342  0.322 
1594 40.554 1936.76 0.049 0.113  0.092 
1596 40.592 1936.69 0.045 0.104  0.084 
1598 40.631 1936.62 0.299 0.687  0.666 
1600 40.669 1936.55 0.024 0.055  0.035 
1604 40.746 1936.40 0.059 0.136  0.116 
1606 40.785 1936.35 0.019 0.043  0.022 
1608 40.823 1936.27 0.018 0.041  0.021 
1610 40.862 1936.20 0.005 0.012  -0.008 
1612 40.900 1936.13 0.015 0.035  0.014 
1616 40.977 1935.98 0.043 0.100  0.079 
1618 41.016 1935.90 0.185 0.426  0.405 
1620 41.054 1935.84 0.262 0.603  0.583 
1622 41.093 1935.76 0.097 0.222  0.201 
1624 41.131 1935.67 0.106 0.244  0.223 
1626 41.170 1935.59 0.161 0.370  0.349 
1628 41.208 1935.51 1.040 2.393  2.373 
1630 41.247 1935.43 0.327 0.752  0.731 
1632 41.285 1935.35 0.064 0.146  0.126 
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1634 41.324 1935.29 0.094 0.216  0.195 
1636 41.363 1935.20 0.088 0.202  0.181 
1638 41.401 1935.12 0.483 1.112  1.092 
1640 41.440 1935.04 0.037 0.085  0.064 
1642 41.478 1934.96 0.012 0.027  0.006 
1644 41.517 1934.88 0.012 0.027  0.006 
1646 41.555 1934.80 0.071 0.164  0.143 
1648 41.594 1934.74 0.246 0.565  0.544 
1651 41.651 1934.62 0.062 0.143  0.122 
1653 41.690 1934.54 1.324 3.046  3.025 
1655 41.728 1934.46 0.449 1.034  1.013 
1657 41.767 1934.38 0.134 0.308  0.287 
1659 41.805 1934.30 0.120 0.276  0.256 
1661 41.844 1934.24 0.041 0.095  0.075 
1663 41.882 1934.16 0.094 0.217  0.196 
1665 41.921 1934.08 0.033 0.077  0.056 
1667 41.959 1934.00 1.283 2.952  2.931 
1669 41.998 1933.94 0.147 0.337  0.317 
1671 42.036 1933.89 0.105 0.241  0.220 
1673 42.075 1933.83 0.141 0.325  0.305 
1675 42.114 1933.79 0.289 0.665  0.645 
1677 42.152 1933.74 0.984 2.264  2.243 
1679 42.191 1933.68 0.548 1.260  1.239 
1681 42.210 1933.63 0.341 0.785  0.764 
1683 42.248 1933.57 0.099 0.227  0.206 
1685 42.287 1933.51 0.065 0.150  0.129 
1687 42.325 1933.47 0.670 1.542  1.521 
1689 42.364 1933.42 0.633 1.456  1.435 
1691 42.402 1933.36 0.294 0.676  0.655 
1693 42.441 1933.31 0.412 0.947  0.926 
1695 42.479 1933.25 0.079 0.182  0.161 
1697 42.518 1933.19 0.206 0.474  0.454 
1699 42.556 1933.14 0.799 1.838  1.817 
1700 42.575 1933.13 0.170 0.392 0.016 0.376 
1702 42.613 1933.07 0.024 0.055  0.039 
1704 42.651 1933.01 0.057 0.132  0.116 
1706 42.689 1932.95 0.071 0.163  0.147 
1708 42.727 1932.88 0.206 0.474  0.458 
1710 42.765 1932.83 0.612 1.407  1.391 
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1713 42.822 1932.72 0.063 0.145 0.019 0.126 
1715 42.859 1932.66 0.035 0.080  0.061 
1717 42.897 1932.59 0.087 0.199  0.180 
1719 42.935 1932.53 0.022 0.050  0.031 
1721 42.973 1932.47 0.042 0.096  0.077 
1723 43.011 1932.40 0.148 0.339  0.320 
1725 43.049 1932.33 0.044 0.102  0.083 
1727 43.087 1932.26 0.052 0.120  0.101 
1729 43.125 1932.21 0.324 0.745  0.726 
1731 43.163 1932.14 0.094 0.216  0.197 
1733 43.200 1932.07 0.052 0.120  0.101 
1735 43.238 1932.00 0.070 0.161  0.142 
1737 43.276 1931.90 0.072 0.165  0.146 
1739 43.314 1931.83 0.074 0.171  0.152 
1741 43.352 1931.73 0.055 0.126  0.107 
1743 43.390 1931.63 0.267 0.615  0.596 
1746 43.418 1931.46 0.140 0.321  0.302 
1748 43.447 1931.40 0.087 0.201  0.182 
1750 43.504 1931.30 0.286 0.658  0.639 
1752 43.560 1931.20 0.116 0.266  0.247 
1753 43.579 1931.15 0.084 0.193  0.174 
1755 43.617 1931.05 0.056 0.130  0.111 
1757 43.655 1930.98 0.081 0.186  0.167 
1759 43.693 1930.88 0.340 0.781  0.762 
1761 43.731 1930.78 0.066 0.152  0.133 
1763 43.769 1930.68 0.042 0.097  0.078 
1765 43.807 1930.58 0.034 0.078  0.059 
1767 43.845 1930.50 0.009 0.021  0.002 
1769 43.883 1930.40 0.014 0.032  0.013 
1771 43.920 1930.30 0.016 0.036  0.017 
1773 43.958 1930.20 0.018 0.042  0.023 
1775 43.996 1930.10 0.023 0.053  0.034 
1777 44.034 1930.03 0.323 0.743  0.724 
1779 44.072 1929.94 0.120 0.275  0.256 
1781 44.110 1929.86 0.409 0.940  0.921 
1783 44.148 1929.78 0.287 0.659  0.640 
1785 44.186 1929.73 0.036 0.082  0.063 
1787 44.205 1929.65 0.217 0.500  0.481 
1788 44.224 1929.61 0.492 1.133  1.114 
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1790 44.280 1929.53 2.028 4.665 0.104 4.561 
1792 44.318 1929.45 0.146 0.337 0.030 0.307 
1795 44.375 1929.35 0.071 0.163  0.134 
1798 44.432 1929.24 0.121 0.279  0.250 
1801 44.489 1929.12 0.470 1.082  1.053 
1802 44.508 1929.08 0.020 0.045  0.016 
1805 44.565 1928.98 0.102 0.234  0.205 
1807 44.602 1928.89 0.045 0.103  0.074 
1809 44.640 1928.81 0.012 0.029  -0.001 
1811 44.678 1928.72 0.011 0.024  -0.005 
1813 44.716 1928.64 0.057 0.132  0.103 
1815 44.754 1928.57 0.016 0.037  0.007 
1817 44.792 1928.49 0.027 0.063  0.034 
1819 44.830 1928.40 0.034 0.079  0.049 
1821 44.868 1928.32 0.151 0.347  0.317 
1823 44.906 1928.26 0.037 0.086  0.056 
1825 44.943 1928.17 0.018 0.042  0.013 
1828 45.000 1928.04 0.016 0.037  0.008 
1830 45.038 1927.94 0.019 0.044  0.014 
1832 45.057 1927.83 0.039 0.090  0.061 
1834 45.114 1927.74 0.008 0.019  -0.011 
1836 45.152 1927.63 0.007 0.017  -0.013 
1839 45.209 1927.46 0.006 0.014 0.017 -0.004 
1841 45.247 1927.34 0.006 0.013  -0.004 
1843 45.266 1927.26 0.009 0.021  0.003 
1845 45.322 1927.14 0.009 0.021  0.004 
1847 45.360 1927.03 0.005 0.011  -0.007 
1849 45.397 1926.93 0.028 0.065  0.047 
1851 45.435 1926.86 0.231 0.532  0.515 
1853 45.472 1926.76 0.687 1.580  1.562 
1855 45.510 1926.67 0.149 0.342  0.325 
1857 45.547 1926.57 0.099 0.228  0.211 
1859 45.585 1926.50 0.069 0.158  0.141 
1861 45.622 1926.40 0.019 0.043  0.026 
1863 45.660 1926.31 0.048 0.111  0.094 
1865 45.678 1926.23 0.013 0.030  0.013 
1864 45.697 1926.26 0.021 0.049 0.022 0.027 
1866 45.725 1926.19 0.059 0.136  0.114 
1868 45.753 1926.10 0.020 0.046  0.024 
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1869 45.800 1926.05 0.018 0.042  0.020 
1871 45.847 1925.97 0.062 0.142  0.121 
1873 45.903 1925.84 0.034 0.079  0.057 
1876 45.922 1925.70 0.070 0.160  0.138 
1877 45.960 1925.65 0.049 0.114  0.092 
1879 45.997 1925.54 0.038 0.086  0.065 
1881 46.035 1925.45 0.176 0.406  0.384 
1883 46.072 1925.35 0.066 0.151  0.130 
1885 46.110 1925.24 0.118 0.272  0.250 
1887 46.147 1925.14 0.045 0.104  0.082 
1889 46.222 1925.03 0.013 0.029  0.008 
1893 46.260 1924.89 0.089 0.204  0.183 
1895 46.297 1924.82 0.166 0.383  0.361 
1897 46.335 1924.78 0.463 1.066  1.045 
1899 46.372 1924.70 0.046 0.106  0.085 
1901 46.410 1924.63 0.033 0.077  0.055 
1903 46.447 1924.56 0.155 0.357  0.336 
1905 46.485 1924.49 0.044 0.102  0.080 
1907 46.522 1924.44 0.017 0.039  0.017 
1909 46.560 1924.39 0.180 0.414  0.392 
1911 46.578 1924.30 0.131 0.302 0.062 0.239 
1913 46.635 1924.23 0.074 0.171 0.040 0.131 
1915 46.672 1924.18 0.049 0.112  0.072 
1917 46.710 1924.11 0.106 0.245  0.205 
1919 46.747 1924.04 0.047 0.108  0.068 
1921 46.785 1923.96 0.149 0.344 0.069 0.274 
1923 46.822 1923.89 0.076 0.176  0.106 
1925 46.860 1923.80 0.076 0.175  0.105 
1927 46.897 1923.74 0.137 0.315  0.246 
1929 46.935 1923.63 0.055 0.127  0.058 
1931 46.953 1923.57 0.346 0.795  0.726 
1933 46.991 1923.48 0.044 0.101  0.031 
1935 47.047 1923.39 0.054 0.125  0.056 
1937 47.141 1923.30 0.030 0.068  -0.001 
1942 47.160 1923.11 0.239 0.549  0.480 
1944 47.178 1923.02 0.021 0.049 0.020 0.029 
1946 47.197 1922.98 0.047 0.109  0.089 
1948 47.216 1922.90 0.047 0.107  0.087 
1950 47.291 1922.84 0.015 0.035  0.015 
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1952 47.328 1922.77 0.009 0.022  0.001 
1954 47.366 1922.72 0.015 0.034  0.013 
1957 47.422 1922.62 0.011 0.024  0.004 
1959 47.460 1922.56 0.013 0.029  0.009 
1962 47.516 1922.48 0.011 0.024  0.004 
1964 47.553 1922.41 0.023 0.053  0.032 
1966 47.591 1922.34 0.009 0.021  0.001 
1968 47.628 1922.28 0.551 1.266  1.246 
1970 47.666 1922.23 0.172 0.395  0.375 
1972 47.703 1922.16 0.021 0.048  0.028 
1974 47.741 1922.10 0.014 0.031  0.011 
1976 47.778 1922.03 0.019 0.043  0.023 
1978 47.816 1921.97 0.112 0.257  0.236 
1981 47.872 1921.82 0.302 0.696  0.675 
1983 47.907 1921.75 0.184 0.423  0.403 
1985 47.942 1921.63 0.046 0.106  0.085 
1987 47.976 1921.55 0.043 0.099  0.078 
1989 48.010 1921.45 0.066 0.151  0.131 
1991 48.043 1921.37 0.055 0.126  0.106 
1993 48.077 1921.29 0.022 0.051  0.031 
1995 48.094 1921.18 0.082 0.188  0.168 
1997 48.144 1921.11 0.014 0.032  0.011 
1999 48.178 1921.03 0.030 0.068  0.048 
2001 48.211 1920.93 0.014 0.033  0.013 
2004 48.239 1920.81 1.016 2.336  2.316 
2006 48.268 1920.73 0.070 0.162  0.142 
2007 48.296 1920.69 0.055 0.127  0.106 
2012 48.396 1920.50 0.017 0.039  0.018 
2014 48.430 1920.40 0.041 0.093  0.073 
2016 48.464 1920.33 0.077 0.177  0.156 
2018 48.497 1920.26 0.039 0.090  0.070 
2020 48.531 1920.17 0.031 0.071  0.051 
2022 48.565 1920.10 0.018 0.041  0.021 
2024 48.598 1920.00 0.011 0.026  0.006 
2026 48.632 1919.93 0.039 0.090  0.070 
2028 48.666 1919.86 0.022 0.052  0.031 
2029 48.674 1919.82 0.044 0.100  0.080 
2030 48.682 1919.77 0.090 0.208  0.187 
2033 48.754 1919.66 0.070 0.162  0.141 
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2035 48.791 1919.57 0.041 0.094  0.074 
2037 48.827 1919.48 0.106 0.245  0.224 
2039 48.864 1919.41 0.016 0.037  0.016 
2041 48.900 1919.32 0.056 0.128  0.108 
2043 48.936 1919.25 0.085 0.196  0.176 
2046 48.991 1919.11 0.028 0.064  0.043 
2048 49.027 1919.02 0.035 0.082  0.061 
2050 49.045 1918.93 0.018 0.042  0.021 
2052 49.082 1918.79 0.011 0.025  0.005 
2053 49.118 1918.72 0.017 0.039  0.019 
2055 49.154 1918.62 0.036 0.083  0.063 
2057 49.191 1918.48 0.095 0.218  0.197 
2060 49.245 1918.29 0.030 0.069  0.048 
2063 49.300 1918.10 0.034 0.078  0.057 
2067 49.373 1917.88 0.054 0.124  0.104 
2073 49.482 1917.56 0.038 0.087  0.066 
2075 49.518 1917.44 0.023 0.054  0.033 
2077 49.555 1917.35 0.024 0.055  0.035 
2079 49.591 1917.24 0.015 0.034  0.014 
2081 49.627 1917.12 0.044 0.102  0.082 
2083 49.664 1917.03 0.042 0.097  0.076 
2085 49.700 1916.94 0.018 0.040  0.020 
2087 49.736 1916.82 0.049 0.113  0.092 
2089 49.773 1916.71 0.010 0.022  0.002 
2091 49.809 1916.59 0.029 0.066  0.046 
2093 49.845 1916.50 0.105 0.241  0.220 
2095 49.882 1916.38 0.031 0.072  0.052 
2097 49.918 1916.26 0.026 0.060  0.040 
2099 49.955 1916.18 0.020 0.046  0.025 
2101 49.991 1916.06 0.026 0.060  0.040 
2103 50.027 1915.95 0.012 0.027  0.007 
2107 50.100 1915.77 0.023 0.052  0.032 
2109 50.136 1915.69 0.067 0.155  0.134 
2111 50.173 1915.59 0.016 0.036  0.016 
2114 50.227 1915.44 0.064 0.148  0.127 
2119 50.318 1915.21 0.013 0.030  0.009 
2121 50.355 1915.13 0.012 0.028  0.008 
2123 50.391 1915.03 0.025 0.057  0.036 
2126 50.446 1914.88 0.499 1.147  1.127 
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2134 50.595 1914.44 0.123 0.282  0.262 
2136 50.634 1914.32 0.034 0.078  0.058 
2138 50.672 1914.21 0.015 0.034  0.013 
2140 50.711 1914.09 0.010 0.022  0.002 
2143 50.769 1913.93 0.072 0.165  0.145 
2145 50.807 1913.84 0.173 0.399  0.379 
2147 50.846 1913.76 0.123 0.284  0.263 
2149 50.884 1913.69 0.102 0.235  0.214 
2151 50.923 1913.60 0.146 0.335  0.315 
2153 50.962 1913.51 0.224 0.515  0.495 
2155 51.010 1913.42 0.025 0.058  0.037 
2158 51.058 1913.29 0.084 0.194  0.173 
2160 51.097 1913.20 0.015 0.034  0.014 
2164 51.174 1913.04 0.010 0.022  0.002 
2165 51.193 1913.00 0.022 0.051  0.031 
2167 51.232 1912.93 0.028 0.064  0.044 
2170 51.290 1912.83 0.013 0.031  0.011 
2173 51.348 1912.72 0.025 0.058  0.038 
2176 51.406 1912.64 0.042 0.096  0.076 
2178 51.444 1912.57 0.117 0.270  0.249 
2180 51.518 1912.43 0.020 0.047  0.026 
2182 51.633 1912.24 0.091 0.209  0.189 
2185 51.693 1912.14 0.049 0.112  0.092 
2187 51.733 1912.07 0.028 0.064  0.043 
2189 51.773 1912.00 0.019 0.044  0.023 
2191 51.813 1911.93 0.069 0.160  0.139 
2193 51.853 1911.86 0.121 0.277  0.257 
2195 51.873 1911.78 1.571 3.614  3.594 
2197 51.893 1911.73 0.324 0.744  0.724 
2199 51.973 1911.66 0.114 0.263  0.243 
2201 52.013 1911.59 0.097 0.223  0.203 
2203 52.053 1911.53 0.144 0.330  0.310 
2205 52.093 1911.46 0.173 0.398  0.378 
2207 52.134 1911.39 0.044 0.102  0.082 
2211 52.174 1911.25 0.096 0.221  0.200 
2213 52.249 1911.20 0.097 0.223  0.202 
2214 52.267 1911.15 0.193 0.443  0.423 
2217 52.304 1911.07 0.079 0.181 0.020 0.160 
2219 52.359 1911.00 0.027 0.063  0.042 
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2221 52.377 1910.94 0.018 0.042  0.021 
2223 52.432 1910.87 0.010 0.024  0.003 
2225 52.468 1910.79 0.044 0.101  0.081 
2227 52.505 1910.73 0.046 0.105  0.085 
2229 52.541 1910.65 0.160 0.368  0.348 
2231 52.577 1910.58 0.356 0.820  0.799 
2236 52.669 1910.40 0.036 0.082  0.062 
2238 52.705 1910.35 0.080 0.183  0.163 
2241 52.760 1910.23 0.053 0.122  0.102 
2245 52.833 1910.10 0.050 0.115  0.094 
2247 52.869 1910.02 0.058 0.134  0.114 
2250 52.924 1909.92 0.018 0.041  0.021 
2252 52.960 1909.84 0.022 0.050  0.029 

10001 52.987 1909.81 0.095 0.219 0.046 0.174 
10003 53.014 1909.75 0.037 0.086  0.040 
10005 53.048 1909.67 0.128 0.295  0.250 
10007 53.083 1909.61 0.086 0.199  0.153 
10009 53.100 1909.53 0.044 0.102  0.057 
10011 53.127 1909.47 0.239 0.550  0.505 
10013 53.154 1909.41 0.348 0.800  0.754 
10015 53.222 1909.33 0.079 0.182  0.136 
10017 53.256 1909.27 0.038 0.087  0.042 
10019 53.291 1909.20 0.028 0.064  0.019 
10021 53.308 1909.14 0.037 0.085  0.039 
10023 53.360 1909.06 0.052 0.120  0.075 
10025 53.395 1909.00 0.076 0.174  0.128 
10027 53.430 1908.93 0.231 0.532  0.486 
10029 53.464 1908.88 0.062 0.144  0.098 
10031 53.482 1908.81 0.035 0.080  0.035 
10033 53.516 1908.76 0.065 0.150  0.105 
10035 53.551 1908.69 0.049 0.112  0.067 
10037 53.595 1908.64 0.026 0.061  0.015 
10039 53.639 1908.58 0.020 0.045  0.000 
10041 53.676 1908.53 0.029 0.066  0.020 
10043 53.712 1908.46 0.068 0.157  0.112 
10045 53.724 1908.37 0.120 0.276  0.231 
10047 53.737 1908.32 0.040 0.093  0.047 
10049 53.749 1908.27 0.031 0.070  0.025 
10051 53.858 1908.20 0.029 0.066  0.021 
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10053 53.895 1908.15 0.245 0.564  0.519 
10055 53.919 1908.08 0.035 0.080  0.035 
10057 53.944 1908.01 0.023 0.054  0.008 
10059 53.968 1907.97 0.118 0.270  0.225 
10061 53.993 1907.92 0.118 0.272  0.226 
10063 54.017 1907.84 0.076 0.175  0.130 
10065 54.114 1907.79 0.047 0.109  0.064 
10067 54.151 1907.72 0.023 0.054  0.008 
10069 54.160 1907.66 0.036 0.084  0.038 
10071 54.169 1907.59 0.078 0.180  0.134 
10073 54.222 1907.54 0.038 0.088  0.042 
10075 54.275 1907.48 0.041 0.094  0.048 
10077 54.328 1907.41 0.024 0.056  0.011 
10079 54.381 1907.34 0.207 0.476  0.430 
10081 54.419 1907.28 0.038 0.087 0.037 0.050 
10083 54.458 1907.21 0.026 0.060  0.023 
10085 54.497 1907.15 0.092 0.212  0.174 
10087 54.516 1907.10 0.144 0.331  0.293 
10089 54.560 1907.04 0.351 0.808  0.770 
10091 54.603 1906.98 0.083 0.191  0.154 
10093 54.647 1906.88 0.035 0.080  0.043 
10095 54.690 1906.80 0.029 0.067  0.029 
10097 54.729 1906.72 0.254 0.583  0.546 
10099 54.768 1906.64 0.126 0.290  0.252 
10101 54.806 1906.56 0.100 0.230  0.192 
10103 54.826 1906.50 0.076 0.174  0.137 
10105 54.869 1906.40 0.159 0.366  0.328 
10107 54.913 1906.34 0.304 0.700  0.662 
10109 54.961 1906.26 0.235 0.541  0.504 
10111 55.000 1906.18 0.062 0.142  0.105 
10113 55.019 1906.10 0.056 0.128  0.091 
10115 55.058 1906.02 0.027 0.062  0.024 
10117 55.077 1905.96 0.036 0.082  0.045 
10119 55.097 1905.90 0.056 0.129  0.091 
10121 55.104 1905.81 0.035 0.080  0.043 
10123 55.111 1905.75 0.058 0.134  0.097 
10125 55.119 1905.69 0.201 0.463  0.426 
10127 55.126 1905.63 0.125 0.288  0.251 
10129 55.134 1905.57 0.137 0.316  0.279 
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10131 55.141 1905.51 0.094 0.217  0.179 
10133 55.149 1905.45 0.046 0.105  0.068 
10135 55.156 1905.39 0.036 0.082  0.045 
10137 55.164 1905.33 0.029 0.066  0.028 
10139 55.171 1905.27 0.045 0.104  0.066 
10141 55.178 1905.21 0.059 0.136  0.098 
10143 55.186 1905.16 0.066 0.153  0.115 
10145 55.193 1905.10 0.081 0.186  0.149 
10147 55.696 1905.03 0.147 0.339  0.302 
10149 55.735 1904.97 0.079 0.181  0.144 
10151 55.774 1904.83 0.306 0.703  0.666 
10153 55.793 1904.70 0.071 0.163  0.125 
10155 55.851 1904.57 0.033 0.075  0.038 
10157 55.890 1904.43 0.096 0.221  0.183 
10159 55.928 1904.33 0.063 0.146  0.108 
10161 55.966 1904.18 0.074 0.171  0.133 
10163 56.004 1904.07 0.041 0.094  0.056 
10165 56.041 1903.99 0.018 0.041  0.003 
10167 56.079 1903.86 0.016 0.037  -0.001 
10169 56.116 1903.81 0.014 0.033  -0.005 
10171 56.154 1903.70 0.022 0.050  0.013 
10173 56.163 1903.64 0.016 0.037  -0.001 
10175 56.228 1903.52 0.018 0.041 0.031 0.010 
10177 56.266 1903.44 0.024 0.055  0.024 
10179 56.303 1903.36 0.030 0.069  0.038 
10181 56.316 1903.25 0.145 0.333  0.302 
10183 56.328 1903.18 0.594 1.366  1.335 
10185 56.341 1903.11 0.143 0.329  0.298 
10187 56.453 1903.02 0.088 0.203  0.172 
10189 56.491 1902.94 0.041 0.095  0.064 
10191 56.509 1902.86 0.025 0.058  0.027 
10193 56.565 1902.80 0.112 0.258  0.226 
10195 56.603 1902.72 0.102 0.235  0.204 
10197 56.640 1902.64 0.022 0.050  0.019 
10199 56.678 1902.56 0.035 0.080  0.049 
10201 56.715 1902.50 0.143 0.329  0.297 
10203 56.753 1902.42 0.082 0.188  0.156 
10205 56.771 1902.32 0.038 0.087  0.056 
10207 56.821 1902.16 0.019 0.045  0.013 
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10209 56.922 1902.08 0.043 0.098  0.067 
10211 56.958 1902.00 0.020 0.046  0.015 
10213 56.993 1901.94 0.032 0.073  0.042 
10215 57.006 1901.89 0.024 0.054  0.023 
10217 57.018 1901.79 0.016 0.037  0.006 
10219 57.059 1901.70 0.091 0.209  0.178 
10221 57.100 1901.65 0.135 0.311  0.280 
10223 57.171 1901.56 0.057 0.132  0.100 
10225 57.207 1901.50 0.030 0.070  0.039 
10227 57.243 1901.42 0.021 0.049  0.018 
10229 57.278 1901.33 0.177 0.407  0.376 
10231 57.314 1901.27 0.168 0.386  0.354 
10233 57.349 1901.19 0.043 0.100  0.069 
10235 57.367 1901.13 0.024 0.054  0.023 
10237 57.403 1901.04 0.018 0.042  0.011 
10239 57.447 1900.99 0.014 0.033  0.001 
10241 57.492 1900.89 0.016 0.037  0.006 
10243 57.527 1900.80 0.044 0.101  0.069 
10245 57.563 1900.73 0.105 0.242  0.211 
10247 57.599 1900.64 0.055 0.126  0.095 
10249 57.634 1900.57 0.063 0.145  0.113 
10251 57.670 1900.48 0.074 0.171  0.140 
10253 57.705 1900.41 0.404 0.929  0.898 
10255 57.723 1900.32 0.033 0.077  0.046 
10257 57.759 1900.25 0.036 0.083  0.052 
10260 57.812 1900.11 0.067 0.155  0.124 
10261 57.848 1900.07 0.024 0.055  0.024 
10263 57.865 1900.00 0.035 0.079  0.048 
10267 57.954 1899.82 0.041 0.094 0.018 0.076 
10271 58.026 1899.64 0.042 0.096  0.078 
10273 58.035 1899.55 1.226 2.820  2.802 
10275 58.043 1899.46 0.025 0.057  0.039 
10277 58.132 1899.36 0.013 0.029  0.011 
10280 58.159 1899.18 0.014 0.033  0.015 
10282 58.186 1899.10 0.020 0.046  0.028 
10284 58.269 1899.00 0.016 0.037  0.019 
10286 58.306 1898.88 0.014 0.033  0.015 
10288 58.325 1898.73 0.019 0.045  0.027 
10290 58.371 1898.58 0.013 0.030  0.012 



 

 

185 

10292 58.418 1898.42 0.037 0.084  0.066 
10294 58.455 1898.31 0.085 0.196  0.178 
10296 58.492 1898.15 0.344 0.790  0.772 
10298 58.529 1898.06 0.063 0.144  0.126 
10300 58.566 1897.94 0.041 0.095  0.077 
10302 58.603 1897.86 0.028 0.065  0.047 
10304 58.640 1897.78 0.020 0.047  0.029 
10306 58.659 1897.69 0.058 0.132  0.114 
10308 58.696 1897.63 0.031 0.071  0.053 
10310 58.752 1897.55 0.060 0.139  0.121 
10312 58.771 1897.47 0.161 0.371  0.353 
10314 58.798 1897.38 0.047 0.107  0.089 
10316 58.826 1897.33 0.094 0.215  0.197 
10318 58.902 1897.24 0.066 0.153  0.135 
10320 58.922 1897.16 0.099 0.228  0.210 
10322 58.984 1897.08 0.016 0.036  0.018 
10324 59.025 1896.97 0.011 0.026  0.008 
10326 59.072 1896.81 0.014 0.031  0.013 
10330 59.119 1896.56 0.011 0.025  0.007 
10332 59.195 1896.47 0.014 0.032  0.014 
10334 59.233 1896.34 0.037 0.085  0.067 
10336 59.271 1896.22 0.016 0.038  0.020 
10338 59.310 1896.09 0.012 0.027  0.009 
10340 59.348 1895.97 0.014 0.032  0.014 
10342 59.386 1895.88 0.010 0.022  0.004 
10344 59.424 1895.76 0.020 0.046  0.028 
10346 59.462 1895.64 0.096 0.220  0.202 
10348 59.500 1895.52 0.270 0.622  0.604 
10350 59.538 1895.39 0.185 0.427  0.408 
10352 59.576 1895.27 0.066 0.151  0.133 
10354 59.614 1895.18 0.063 0.145  0.127 
10356 59.652 1895.06 0.046 0.106  0.088 
10358 59.690 1894.92 0.069 0.160  0.141 
10360 59.730 1894.81 0.055 0.127  0.109 
10362 59.769 1894.62 0.054 0.123  0.105 
10364 59.808 1894.46 0.075 0.172  0.154 
10366 59.828 1894.27 0.092 0.211  0.193 
10368 59.848 1894.15 0.105 0.242  0.224 
10370 59.927 1894.00 0.049 0.114  0.096 



 

 

186 

10372 59.967 1893.88 0.019 0.044  0.026 
10376 60.039 1893.59 0.112 0.258  0.240 
10378 60.086 1893.47 0.062 0.143  0.125 
10379 60.125 1893.41     
10380 60.135 1893.37 0.06 0.14  0.12 
10381 60.145 1893.32     
10382 60.185 1893.26     
10383 60.195 1893.21 0.03 0.06  0.04 
10384 60.205 1893.15 0.02 0.05  0.03 
10385 60.244 1893.09     
10386 60.264 1893.03 0.01 0.03  0.01 
10387 60.284 1892.98     
10388 60.344 1892.92 0.01 0.02  0.01 
2254 60.405 1892.78 0.05 0.12  0.10 
2256 60.465 1892.59 0.06 0.13  0.11 
2258 60.526 1892.35 0.02 0.04  0.02 
2260 60.567 1892.25 0.18 0.41  0.39 
2262 60.588 1892.09 0.04 0.08  0.06 
2264 60.608 1891.97 0.07 0.15  0.13 
2267 60.703 1891.78 0.30 0.70  0.68 
2269 60.795 1891.64 0.31 0.70  0.68 
2272 60.858 1891.47 0.06 0.15  0.13 
2274 60.900 1891.36 0.10 0.23  0.21 
2276 60.942 1891.25 0.06 0.15  0.13 
2281 61.047 1890.97 0.03 0.07  0.05 
2283 61.068 1890.90 0.07 0.16  0.14 
2285 61.131 1890.83 0.04 0.09  0.07 
2287 61.152 1890.69 0.02 0.05  0.03 
2289 61.173 1890.59 0.02 0.05  0.03 
2291 61.309 1890.52 0.02 0.05  0.03 
2293 61.342 1890.34 0.07 0.17  0.15 
2296 61.457 1890.19 0.13 0.31  0.29 
2298 61.545 1890.10 0.02 0.04  0.02 
2302 61.609 1889.98 0.05 0.11  0.09 
2304 61.673 1889.89 0.03 0.06  0.04 
2306 61.716 1889.80 0.02 0.05  0.03 
2308 61.759 1889.73 0.02 0.04  0.02 
2310 61.802 1889.66 0.03 0.08  0.06 
2312 61.823 1889.57 0.02 0.04  0.02 



 

 

187 

2314 61.934 1889.39 0.08 0.19  0.16 
2316 62.046 1889.21 0.10 0.22  0.20 
2318 62.092 1889.13 0.05 0.12  0.10 
2320 62.139 1889.05 0.14 0.32  0.30 
2322 62.185 1888.94 0.04 0.10  0.08 
2324 62.232 1888.83 0.05 0.10  0.08 
2326 62.278 1888.69 0.10 0.22  0.20 
2328 62.325 1888.54 0.22 0.50  0.48 
2330 62.371 1888.43 0.05 0.11  0.09 
2332 62.418 1888.29 0.13 0.30  0.27 
2334 62.464 1888.14 0.15 0.33  0.31 
2336 62.511 1888.03 0.20 0.45  0.43 
2338 62.557 1887.93 0.08 0.19  0.17 
2340 62.604 1887.84 0.07 0.17  0.15 
2342 62.651 1887.75 0.03 0.07  0.05 
2344 62.721 1887.64 0.54 1.23  1.21 
2346 62.763 1887.56 0.13 0.30  0.28 
2348 62.804 1887.47 0.33 0.76  0.74 
2350 62.846 1887.40 0.10 0.24  0.22 
2352 62.888 1887.33 0.13 0.30  0.28 
2354 62.930 1887.25 0.24 0.54  0.52 
2356 62.951 1887.16 1.01 2.32  2.30 
2358 62.971 1887.11 0.21 0.47  0.45 
2360 63.055 1887.02 0.10 0.23  0.21 
2362 63.097 1886.94 0.07 0.15  0.13 
2364 63.138 1886.87 0.23 0.52  0.50 
2366 63.180 1886.80 0.11 0.26  0.24 
2369 63.243 1886.69 0.12 0.28  0.26 
2371 63.297 1886.57 0.50 1.16  1.14 
2373 63.351 1886.50 0.43 0.98  0.96 
2375 63.405 1886.39 0.46 1.06  1.03 
2377 63.445 1886.31 0.13 0.30  0.28 
2379 63.485 1886.24 0.14 0.32  0.30 
2381 63.525 1886.17 0.21 0.47  0.45 
2384 63.585 1886.06 0.08 0.19  0.17 
2386 63.625 1885.98 0.17 0.40  0.38 
2388 63.665 1885.89 0.06 0.13  0.11 
2390 63.705 1885.81 0.11 0.25  0.23 
2393 63.765 1885.68 0.04 0.09  0.07 



 

 

188 

2395 63.805 1885.60 0.04 0.09  0.07 
2397 63.845 1885.51 0.07 0.15  0.13 
2399 63.885 1885.43 0.04 0.10  0.07 
2401 63.925 1885.34 0.04 0.08  0.06 
2403 63.965 1885.26 0.10 0.22  0.20 
2405 64.005 1885.11 0.29 0.66  0.64 
2407 64.028 1885.02 1.13 2.60  2.58 
2409 64.051 1884.93 0.12 0.28  0.26 
2412 64.150 1884.80 0.60 1.38  1.36 
2414 64.210 1884.70 0.62 1.42  1.40 
2416 64.249 1884.61 0.20 0.47  0.45 
2418 64.289 1884.52 0.12 0.28  0.26 
2420 64.329 1884.43 0.10 0.22  0.20 
2422 64.368 1884.34 0.10 0.22  0.20 
2424 64.408 1884.25 0.04 0.08  0.06 
2426 64.448 1884.16 0.10 0.23  0.21 
2428 64.487 1884.07 0.03 0.07  0.05 
2432 64.566 1883.87 0.09 0.22  0.19 
2434 64.606 1883.77 0.04 0.09  0.07 
2436 64.646 1883.67 0.04 0.08  0.06 
2438 64.685 1883.56 0.63 1.44  1.42 
2440 64.725 1883.49 0.06 0.15  0.13 
2443 64.785 1883.33 2.16 4.96  4.94 
2446 64.844 1883.18 0.22 0.52  0.50 
2448 64.884 1883.08 0.12 0.28  0.25 
2450 64.923 1882.98 0.12 0.28  0.26 
2452 64.963 1882.91 0.06 0.14  0.12 
2454 65.003 1882.84 0.12 0.27  0.25 
2456 65.042 1882.76 0.07 0.16  0.14 
2458 65.082 1882.69 0.12 0.27  0.25 
2460 65.122 1882.62 0.35 0.81  0.79 
2462 65.161 1882.55 0.32 0.74  0.72 
2465 65.221 1882.44 0.11 0.25  0.23 
2467 65.260 1882.36 0.06 0.14  0.12 
2469 65.300 1882.29 0.11 0.26  0.24 
2471 65.340 1882.22 0.12 0.27  0.25 
2473 65.379 1882.15 0.25 0.58  0.56 
2475 65.419 1882.07 0.06 0.14  0.12 

10392 65.459 1881.88 0.04 0.10 0.03 0.07 



 

 

189 

10394 65.483 1881.77 0.11 0.25  0.22 
10396 65.507 1881.66 0.05 0.12  0.09 
10398 65.532 1881.55 0.02 0.04  0.02 
10400 65.682 1881.45 0.06 0.14  0.12 
10402 65.725 1881.33 0.05 0.12  0.10 
10404 65.768 1881.23 0.03 0.07  0.04 
10406 65.811 1881.13 0.04 0.09  0.07 
10408 65.854 1881.00 0.04 0.09  0.07 
10410 65.897 1880.92 0.12 0.27  0.24 
10412 65.940 1880.84 0.02 0.05  0.02 
10414 65.983 1880.73 0.10 0.22  0.20 
10416 66.026 1880.67 0.15 0.35  0.32 
10418 66.069 1880.57 0.05 0.12  0.10 
10420 66.112 1880.33 0.16 0.36  0.33 
10422 66.170 1880.22 0.08 0.18  0.15 
10424 66.227 1880.16 0.04 0.10  0.08 
10426 66.306 1880.08 0.10 0.22  0.19 
10428 66.346 1880.00 0.12 0.28  0.25 
10430 66.365 1879.87 0.04 0.08  0.06 
10432 66.385 1879.79 0.04 0.08  0.06 
10434 66.464 1879.68 0.03 0.07  0.04 
10436 66.504 1879.56 0.01 0.03  0.01 
10438 66.544 1879.44 0.30 0.68  0.65 
10440 66.563 1879.32 0.10 0.24  0.21 
10442 66.623 1879.21 0.28 0.63  0.61 
10444 66.662 1879.09 0.11 0.25  0.22 
10446 66.702 1878.98 0.03 0.07  0.05 
10448 66.742 1878.89 0.05 0.10  0.08 
10450 66.781 1878.81 0.03 0.07  0.04 
10452 66.821 1878.72 0.02 0.04  0.02 
10454 66.861 1878.64 0.02 0.05  0.02 
10456 66.900 1878.55 0.01 0.03  0.01 
10458 66.940 1878.47 0.02 0.04  0.01 
10460 66.960 1878.38 0.03 0.06  0.04 
10462 67.019 1878.30 0.04 0.10  0.07 
10464 67.059 1878.21 0.02 0.04  0.02 
10466 67.098 1878.13 0.02 0.06  0.03 
10468 67.138 1878.04 0.06 0.15  0.12 
10470 67.177 1877.96 0.04 0.10  0.07 



 

 

190 

10472 67.217 1877.88 0.04 0.09  0.06 
10474 67.257 1877.80 0.02 0.04  0.01 
10476 67.296 1877.72 0.01 0.03  0.00 
10478 67.336 1877.64 0.02 0.04  0.01 
10480 67.376 1877.56 0.15 0.35  0.32 
10482 67.415 1877.50 0.05 0.11  0.09 
10484 67.455 1877.42 0.06 0.14  0.11 
10486 67.494 1877.34 0.04 0.08  0.06 
10488 67.534 1877.26 0.18 0.41  0.38 
10490 67.574 1877.18 0.05 0.12  0.10 
10493 67.633 1877.06 0.04 0.08  0.06 
10495 67.673 1876.97 0.02 0.05  0.03 
10497 67.713 1876.83 0.08 0.18  0.15 
10499 67.753 1876.69 0.08 0.19  0.16 
10502 67.813 1876.48 0.37 0.85  0.83 
10504 67.853 1876.34 0.05 0.11  0.09 
10506 67.873 1876.21 0.29 0.67  0.64 
10508 67.933 1876.07 0.10 0.24  0.21 
10510 67.973 1875.95 0.18 0.42  0.39 
10512 68.013 1875.84 0.14 0.32  0.29 
10514 68.053 1875.74 0.17 0.39  0.36 
10516 68.093 1875.63 0.24 0.54  0.52 
10518 68.132 1875.53 0.30 0.70  0.67 
10520 68.172 1875.42 0.12 0.28  0.26 
10522 68.212 1875.32 0.03 0.08  0.05 
10524 68.253 1875.18 0.03 0.07  0.05 
10526 68.298 1875.08 0.04 0.08  0.06 
10528 68.342 1874.96 0.02 0.05  0.03 
10530 68.386 1874.83 0.03 0.06  0.03 
10532 68.430 1874.72 0.11 0.25  0.22 
10534 68.475 1874.58 0.16 0.36  0.34 
10536 68.519 1874.47 0.22 0.50  0.47 
10538 68.563 1874.33 0.09 0.21  0.18 
10540 68.607 1874.22 0.03 0.08  0.05 
10542 68.652 1874.11 0.05 0.11  0.09 
10544 68.696 1873.97 0.07 0.16  0.13 
10546 68.740 1873.85 0.09 0.22  0.19 
10548 68.784 1873.71 0.33 0.76  0.73 
10550 68.828 1873.59 0.08 0.19  0.16 



 

 

191 

10552 68.873 1873.47 0.15 0.35  0.32 
10554 68.917 1873.32 0.13 0.30  0.27 
10556 68.961 1873.21 0.12 0.27  0.24 
10558 68.972 1873.07 0.16 0.37  0.34 
10560 68.983 1872.93 0.03 0.07  0.04 
10562 69.091 1872.79 0.03 0.08  0.05 
10564 69.112 1872.64 0.08 0.18  0.15 
10566 69.174 1872.46 0.03 0.06  0.04 
10568 69.216 1872.32 0.04 0.09  0.06 
10570 69.258 1872.18 0.03 0.07  0.04 
10572 69.300 1872.04 0.02 0.06  0.03 
10574 69.342 1871.93 0.03 0.06  0.03 
10576 69.383 1871.85 0.02 0.05  0.02 
10578 69.425 1871.74 0.02 0.05  0.02 
10580 69.467 1871.65 0.02 0.04  0.02 
10582 69.509 1871.57 0.04 0.08  0.05 
10584 69.550 1871.48 0.05 0.12  0.09 
10586 69.592 1871.39 0.06 0.13  0.10 
10588 69.634 1871.30 0.03 0.06  0.03 
10590 69.676 1871.20 0.08 0.17  0.15 
10592 69.720 1871.11 0.03 0.06  0.04 
10594 69.745 1870.97 0.03 0.08  0.05 
10596 69.820 1870.85 0.03 0.06  0.04 
10598 69.845 1870.72 0.02 0.04  0.02 
10600 69.921 1870.59 0.02 0.03  0.01 
10602 69.971 1870.46 0.05 0.12  0.09 
10604 70.021 1870.33 0.02 0.04  0.02 
10606 70.071 1870.21 0.01 0.03  0.00 
10608 70.122 1870.08 0.02 0.04  0.01 
10610 70.172 1869.95 0.03 0.07  0.05 
10612 70.222 1869.83 0.01 0.03  0.00 
10614 70.272 1869.72 0.04 0.10  0.07 
10616 70.323 1869.59 0.04 0.09  0.07 
2479 70.373 1869.34 0.02 0.05 0.03 0.02 
2482 70.488 1869.20 0.02 0.04  0.01 
2484 70.529 1869.10 0.02 0.05  0.02 
2486 70.570 1869.00 0.04 0.10  0.06 
2488 70.611 1868.88 0.02 0.05  0.02 
2490 70.652 1868.76 0.02 0.05  0.02 



 

 

192 

2492 70.693 1868.64 0.07 0.15  0.12 
2494 70.734 1868.52 0.13 0.29  0.26 
2496 70.774 1868.39 0.03 0.06  0.02 
2498 70.815 1868.24 0.04 0.10  0.07 
2500 70.856 1868.12 0.02 0.05  0.02 
2502 70.897 1868.00 0.20 0.47  0.44 
2504 70.938 1867.86 0.06 0.13  0.10 
2506 70.979 1867.72 0.11 0.25  0.22 
2510 71.061 1867.45 0.13 0.30  0.27 
2512 71.102 1867.31 0.03 0.08  0.04 
2514 71.153 1867.14 0.03 0.06  0.03 
2516 71.193 1867.00 0.08 0.19  0.15 
2518 71.233 1866.90 0.02 0.05  0.01 
2520 71.240 1866.75 0.02 0.04  0.00 
2522 71.247 1866.60 0.05 0.12  0.09 
2524 71.253 1866.45 0.03 0.06  0.03 
2525 71.433 1866.40 0.09 0.21  0.18 
2531 71.518 1866.08 0.08 0.18  0.15 
2533 71.581 1865.98 0.03 0.07  0.04 
2536 71.666 1865.80 0.02 0.05  0.01 
2539 71.729 1865.66 0.02 0.05  0.02 
2541 71.772 1865.56 0.05 0.11  0.07 
2543 71.814 1865.44 0.02 0.04  0.00 
2545 71.856 1865.34 0.02 0.04  0.00 
2547 71.898 1865.27 0.02 0.05  0.01 
2549 71.941 1865.15 0.01 0.03  -0.01 
2551 71.982 1865.05 0.01 0.03  -0.01 
2553 72.032 1864.94 0.02 0.03  0.00 
2555 72.081 1864.74 0.03 0.06  0.03 
2557 72.129 1864.62 0.02 0.04  0.00 
2558 72.153 1864.53     
2559 72.177 1864.47 0.03 0.08  0.04 
2560 72.201 1864.41     
2561 72.224 1864.32 0.03 0.06  0.02 
2562 72.248 1864.26     
2563 72.272 1864.18 0.05 0.11  0.08 
2565 72.296 1864.06 0.04 0.08  0.05 
2567 72.381 1863.95 0.08 0.17 0.01 0.16 
2570 72.465 1863.64 0.05 0.13  0.11 



 

 

193 

2572 72.550 1863.45 0.04 0.09  0.08 
2574 72.591 1863.34 0.04 0.08  0.07 
2576 72.633 1863.24 0.02 0.05  0.03 
2578 72.674 1863.13 0.03 0.06  0.05 
2580 72.716 1863.00 0.04 0.09  0.08 
2582 72.757 1862.89 0.03 0.06  0.05 
2584 72.799 1862.77 0.04 0.10  0.08 
2586 72.840 1862.66 0.03 0.07  0.06 
2588 72.881 1862.54 0.03 0.07  0.06 
2590 72.923 1862.43 0.01 0.03  0.02 
2592 72.964 1862.29 0.28 0.65  0.63 
2594 72.985 1862.17 0.09 0.20  0.19 
2596 73.047 1862.06 0.11 0.26  0.25 
2598 73.089 1861.96 0.12 0.27  0.25 
2600 73.130 1861.89 0.31 0.71  0.70 
2602 73.172 1861.81 0.08 0.19  0.18 
2605 73.234 1861.70 0.04 0.10  0.09 
2608 73.396 1861.39 0.03 0.07  0.05 
2610 73.558 1861.09 0.01 0.02  0.00 
2612 73.604 1861.00 0.03 0.06  0.05 
2615 73.671 1860.80 0.25 0.59  0.57 
2617 73.764 1860.52 0.16 0.36  0.35 
2619 73.856 1860.17 0.02 0.04  0.03 
2621 73.896 1860.03 0.02 0.05  0.04 
2623 73.917 1859.93 0.03 0.07  0.06 
2625 73.977 1859.84 0.46 1.06  1.05 
2627 73.997 1859.76 0.05 0.11  0.10 
2629 74.058 1859.67 0.01 0.02  0.01 
2631 74.098 1859.58 0.02 0.04  0.02 
2633 74.138 1859.49 0.03 0.06  0.05 
2635 74.178 1859.40 0.05 0.11  0.10 
2637 74.219 1859.31 0.11 0.25  0.24 
2639 74.259 1859.22 0.04 0.10  0.09 
2641 74.299 1859.13 0.02 0.05  0.03 
2643 74.340 1859.04 0.08 0.19  0.18 
2645 74.380 1858.95 0.09 0.20  0.19 
2647 74.420 1858.85 0.01 0.03  0.02 
2649 74.460 1858.74 0.06 0.13  0.11 
2651 74.501 1858.64 0.09 0.22  0.20 



 

 

194 

2653 74.541 1858.54 0.21 0.48  0.46 
2655 74.581 1858.44 0.04 0.09  0.08 
2657 74.622 1858.33 0.02 0.05  0.03 
2659 74.662 1858.23 0.24 0.56  0.55 
2661 74.703 1858.13 0.06 0.13  0.12 
2663 74.745 1858.00 0.02 0.05  0.03 
2665 74.786 1857.87 0.03 0.07  0.05 
2667 74.827 1857.74 0.15 0.34  0.33 
2669 74.868 1857.61 0.07 0.15  0.14 
2671 74.909 1857.48 0.13 0.31  0.30 
2673 74.950 1857.35 0.17 0.39  0.37 
2675 74.991 1857.23 0.06 0.15  0.13 
2677 75.032 1857.10 0.11 0.24  0.23 
2679 75.073 1856.98 0.06 0.13  0.12 
2681 75.114 1856.88 0.02 0.04  0.03 
2683 75.155 1856.76 0.04 0.09  0.07 
2685 75.196 1856.66 0.17 0.40  0.39 
2687 75.237 1856.56 0.05 0.12  0.10 
2689 75.278 1856.46 0.08 0.19  0.18 
2691 75.319 1856.37 0.07 0.17  0.16 
2693 75.361 1856.27 0.18 0.41  0.40 
2695 75.402 1856.17 0.03 0.07  0.06 
2697 75.443 1856.07 0.12 0.28  0.27 
2699 75.484 1855.97 0.11 0.26  0.25 
2704 75.586 1855.69 0.02 0.05  0.04 
2707 75.648 1855.54 0.04 0.10  0.09 
2709 75.689 1855.44 0.08 0.18  0.16 
2712 75.751 1855.28 1.81 4.17  4.15 
2715 75.812 1855.13 0.15 0.35  0.32 
2716 75.833 1855.08 0.09 0.21 0.03 0.17 
2717 75.853 1855.03 0.06 0.15  0.12 
2719 75.894 1854.93 0.16 0.37  0.34 
2721 75.935 1854.82 0.09 0.20  0.17 
2723 75.976 1854.73 0.08 0.18  0.15 
2725 76.018 1854.64 0.03 0.07  0.04 
2727 76.059 1854.56 0.12 0.28  0.25 
2729 76.100 1854.47 0.07 0.16  0.13 
2731 76.141 1854.38 0.19 0.44  0.41 
2734 76.202 1854.24 0.12 0.28  0.25 
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2736 76.243 1854.16 0.78 1.80  1.77 
2738 76.284 1854.07 0.17 0.39  0.36 
2740 76.326 1853.96 0.11 0.25  0.22 
2742 76.367 1853.87 0.41 0.95  0.92 
2744 76.408 1853.79 0.13 0.30  0.27 
2746 76.449 1853.70 0.12 0.28  0.25 
2749 76.510 1853.57 0.04 0.10  0.07 
2751 76.551 1853.49 0.11 0.25  0.22 
2753 76.592 1853.40 0.05 0.12  0.09 
2755 76.634 1853.32 0.06 0.13  0.11 
2757 76.675 1853.21 0.02 0.04  0.02 
2760 76.736 1853.09 0.04 0.09  0.07 
2762 76.777 1853.00 0.05 0.11  0.10 
2764 76.818 1852.91 0.03 0.07  0.05 
2767 76.880 1852.77 0.14 0.32  0.31 
2769 76.921 1852.68 0.20 0.47  0.45 
2774 77.024 1852.45 0.04 0.09  0.07 
2776 77.065 1852.34 0.05 0.12  0.10 
2778 77.106 1852.25 0.05 0.11  0.09 
2783 77.208 1852.02 0.04 0.08 0.02 0.07 
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APPENDIX F 

FRESH ICE DATA 

Sample 
Length 

(cm) 
Depth 

(m) 

Adjust-
ed 

Depth 
(m) 

measB
C 

(µg/L) 
calBC 

(µg/L) 

Mean 
Back-

ground 
from LBC 

Blanks 
(µg/L) 

calBC 
Minus 
Back-

ground 
(µg/L) 

LBC-1 5 12.425 12.425 0.121 0.279 0.036 0.242 
LBC-2 5 12.475 12.475 0.114 0.261  0.225 
LBC-3 5 12.525 12.525 0.150 0.345  0.308 
LBC-4 5 12.575 12.575 0.186 0.429  0.392 
LBC-5 5 12.625 12.625 0.090 0.207  0.171 
LBC-6 5 12.675 12.675 0.150 0.345  0.308 
LBC-7 5 12.725 12.725 0.217 0.500  0.463 
LBC-8 4 12.770 12.770 0.264 0.608  0.572 
LBC-9 5 12.815 12.815 0.263 0.605  0.569 
LBC-10 4 12.860 12.860 0.037 0.085  0.049 
LBC-11 4 12.900 12.900 0.528 1.214  1.177 
LBC-12 5 12.968 12.988 0.236 0.542  0.506 
LBC-13 5 13.018 13.038 0.321 0.739  0.703 
LBC-14 4 13.063 13.083 0.333 0.766  0.730 
LBC-15 5 13.108 13.128 0.385 0.886  0.850 
LBC-16 4 13.153 13.173 0.164 0.378  0.342 
LBC-17 4 13.193 13.213 0.120 0.276  0.240 
LBC-18 4 13.233 13.253 0.282 0.649  0.612 
LBC-19 5 13.278 13.318 0.776 1.785  1.748 
LBC-20 4 13.323 13.363 0.253 0.581  0.545 
LBC-21 6 13.373 13.413 0.321 0.739  0.703 
LBC-22 5 13.428 13.488 0.520 1.197  1.161 
LBC-23 5 13.478 13.538 1.987 4.570  4.534 
LBC-24 4.5 13.526 13.586 1.102 2.536  2.499 
LBC-25 4.5 13.571 13.631 0.113 0.259  0.223 
LBC-26 5 13.687 13.687 0.152 0.349 0.043 0.306 
LBC-27 4.5 13.735 13.735 0.355 0.816  0.772 
LBC-28 4.5 13.780 13.780 0.951 2.188  2.145 
LBC-29 6 13.832 13.832 0.423 0.973  0.929 
LBC-30 5 13.887 13.887 0.086 0.198  0.154 
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LBC-31 5 13.937 13.937 0.107 0.246  0.202 
LBC-32 5 13.987 13.987 0.187 0.430  0.387 
LBC-33 5 14.037 14.037 0.148 0.340  0.296 
LBC-34 5 14.087 14.087 0.158 0.365  0.321 
LBC-35 4.5 14.135 14.135 0.162 0.372  0.328 
LBC-36 4.5 14.180 14.180 0.503 1.157  1.113 
LBC-37 5 14.257 14.197 3.839 8.832  8.788 
LBC-38 5 14.307 14.247 5.205 11.974  11.931 
LBC-39 5 14.357 14.317 2.239 5.149  5.106 
LBC-40 5 14.407 14.367 0.958 2.203  2.159 
LBC-41 5 14.457 14.437 0.740 1.702  1.659 
LBC-42 5 14.507 14.487 0.793 1.823  1.780 
LBC-43 4 14.552 14.532 0.921 2.120  2.076 
LBC-44 4 14.592 14.572 0.383 0.880  0.837 
LBC-45 4 14.632 14.612 0.534 1.229  1.185 
LBC-46 5 15.195 15.195 2.584 5.944  5.901 
LBC-48 5 15.285 15.285 0.644 1.481  1.438 
LBC-49 4 15.330 15.330 0.579 1.333  1.289 
LBC-50 4 15.370 15.370 0.532 1.225  1.181 
LBC-51 4 15.410 15.410 0.303 0.697  0.654 
LBC-52 4 15.450 15.450 0.367 0.844  0.801 
LBC-53 4 15.490 15.490 0.126 0.290  0.246 
LBC-54 3.5 15.528 15.528 0.310 0.713  0.670 
LBC-55 4 15.565 15.565 0.304 0.700  0.656 
LBC-56 4 15.605 15.605 0.375 0.862  0.819 
LBC-57 4 15.645 15.645 0.333 0.766  0.723 
LBC-58 4 15.685 15.705 0.066 0.152  0.109 
LBC-59 5 15.813 15.793 0.157 0.360  0.317 
LBC-60 5 15.863 15.863 0.042 0.096  0.052 
LBC-61 5 15.913 15.913 0.283 0.651  0.608 
LBC-62 5 15.963 15.963 0.348 0.801  0.757 
LBC-63 4 16.008 16.008 0.099 0.228  0.185 
LBC-64 4 16.048 16.048 0.567 1.303  1.260 
LBC-65 4.5 16.091 16.091 0.557 1.281  1.237 
LBC-67 5 16.188 16.238 0.041 0.093  0.050 
LBC-68 5 16.238 16.288 0.073 0.167  0.124 
LBC-69 5 16.288 16.338 0.293 0.673  0.630 
LBC-70 5 16.338 16.388 0.338 0.778  0.735 
LBC-71 5 16.388 16.438 0.431 0.991  0.947 
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LBC-72 5 16.438 16.488 0.459 1.057  1.013 
LBC-73 5 16.488 16.536 0.438 1.008  0.965 
LBC-74 4.5 16.536 16.581 0.590 1.357  1.313 
LBC-75 4.5 16.581 16.643 0.570 1.311  1.268 
LBC-76 4 16.623 16.683 0.629 1.448  1.404 
LBC-77 4 16.663 16.723 0.759 1.745  1.702 
LBC-78 4 16.703 16.826 0.670 1.540  1.497 
LBC-79 5 16.846 16.876 0.455 1.046  1.003 
LBC-80 5 16.896 16.926 0.428 0.985  0.942 
LBC-81 5 16.946 16.996 1.099 2.528  2.484 
LBC-82 5 16.996 17.046 1.150 2.645  2.601 
LBC-83 5 17.046 17.091 0.355 0.816  0.772 
LBC-84 4 17.091 17.136 0.558 1.284  1.240 
LBC-85 5 17.136 17.186 1.845 4.243 0.062 4.181 
LBC-86 5 17.186 17.231 1.964 4.519  4.475 
LBC-87 4 17.231 17.276 0.731 1.681  1.619 
LBC-88 5 17.276 17.324 1.278 2.940  2.878 
LBC-89 4.5 17.324 17.369 0.912 2.099  2.036 
LBC-90 4.5 17.369 17.416 1.123 2.583  2.521 
LBC-91 5 17.416 17.466 0.151 0.348  0.286 
LBC-92 5 17.466 17.516 0.128 0.295  0.233 
LBC-93 5 17.516 17.566 0.334 0.769  0.706 
LBC-94 5 17.566 17.616 0.646 1.486  1.424 
LBC-95 5 17.616 17.666 0.657 1.512  1.450 
LBC-96 5 17.666 17.711 3.572 8.216  8.154 
LBC-97 4 17.711 17.751 3.405 7.833  7.770 
LBC-98 4 17.751 17.790 1.573 3.618  3.555 
LBC-99 5 17.810 17.823 0.814 1.872  1.809 
LBC-100 5.5 17.863 17.878 0.647 1.489  1.426 
LBC-101 5.5 17.918 17.930 1.222 2.810  2.748 
LBC-102 5 17.970 17.980 0.570 1.311  1.249 
LBC-103 5 18.020 18.030 1.114 2.563  2.501 
LBC-104 5 18.070 18.135 2.779 6.392  6.330 
LBC-105 4 18.115 18.175 1.341 3.086  3.024 
LBC-106 4 18.155 18.220 3.401 7.823  7.761 
LBC-107 5 18.200 18.270 0.974 2.241  2.179 
LBC-108 5 18.250 18.313 0.636 1.462  1.400 
LBC-109 3.5 18.293 18.348 0.289 0.665  0.602 
LBC-110 3.5 18.328 18.328 0.532 1.224  1.162 



 

 

199 

LBC-111 5 18.883 18.883 0.805 1.853  1.790 
LBC-112 4 18.928 18.928 1.602 3.685  3.623 
LBC-113 4 18.968 18.968 1.292 2.972  2.909 
LBC-114 4 19.008 19.008 0.655 1.506  1.444 
LBC-115 5 19.053 19.053 0.348 0.800  0.738 
LBC-116 5 19.103 19.103 0.346 0.795  0.733 
LBC-117 5 19.153 19.153 0.447 1.028  0.966 
LBC-118 5 19.203 19.223 0.524 1.205  1.143 
LBC-119 5 19.253 19.313 0.453 1.041  0.979 
LBC-120 5 19.303 19.363 1.610 3.704  3.641 
LBC-121 5 19.353 19.413 2.810 6.463  6.401 
LBC-122 5 19.403 19.463 0.201 0.462  0.400 
LBC-123 5 19.453 19.513 0.358 0.823  0.761 
LBC-124 4 19.498 19.558 0.607 1.397  1.334 
LBC-125 5 19.543 19.603 0.384 0.883  0.821 
LBC-126 5 19.593 19.653 0.121 0.278  0.216 
LBC-127 5 19.643 19.703 0.228 0.525  0.463 
LBC-128 4 19.688 19.748 0.279 0.641  0.579 
LBC-129 4 19.728 19.788 0.222 0.512  0.449 
LBC-130 5 19.807 19.807 0.355 0.816  0.753 
LBC-131 5 19.857 19.817 0.616 1.418  1.356 
LBC-132 3 19.897 19.857 0.761 1.750  1.688 
LBC-133 3 19.927 19.887 0.818 1.882  1.819 
LBC-134 5 19.967 19.927 8.846 20.348  20.286 
LBC-135 4.5 20.015 19.975 1.405 3.231  3.169 
LBC-136 4.5 20.060 20.020 0.593 1.364  1.302 
LBC-137 5 20.107 20.067 0.357 0.821  0.759 
LBC-138 5 20.157 20.157 0.224 0.516  0.454 
LBC-139 5 20.207 20.207 0.211 0.486  0.424 
LBC-140 5 20.257 20.257 0.297 0.682  0.620 
LBC-141 5 20.307 20.307 0.511 1.175  1.113 
LBC-142 5 20.357 20.357 1.640 3.773  3.710 
LBC-143 4 20.402 20.402 1.621 3.730  3.667 
LBC-144 4 20.442 20.442 0.212 0.488  0.425 
LBC-145 5 20.487 20.487 0.151 0.348  0.285 
LBC-146 5 20.537 20.537 0.114 0.261  0.199 
LBC-147 5 20.587 20.587 0.151 0.347  0.285 
LBC-148 5 20.637 20.637 0.115 0.264  0.201 
LBC-149 5 20.687 20.687 0.273 0.628  0.565 



 

 

200 

LBC-150 5 20.737 20.737 1.569 3.610  3.548 
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