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Abstract 

Both the observed and predicted ecological effects of climate change are threatening the 

environmental systems that support life on Earth. Currently, black carbon (BC) is contributing 

more to global warming than previously thought, and is second only to carbon dioxide in its 

contribution to the changing climate. Black carbon affects Arctic climate through multiple 

mechanisms that should be examined such as radiation, cloud reflectivity and stability. Through 

regression analysis, this study suggests that black carbon explains approximately 30% of the 

variation in Arctic temperature by interfering with solar radiation which causes dimming and 

cooling at the surface.  
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Chapter 1: Introduction 

The Earth’s climate is in a synergistic relationship with biological, chemical and physical 

processes and is an essential life supporting system (Solomon et al., 2007). In recent decades, 

there has been an increasing interest in anthropogenic influences on climate and the implications 

for human well-being as both the observed and predicted ecological effects of climate change are 

threatening these systems (Solomon et al., 2007). The Intergovernmental Panel on Climate 

Change (IPCC) determined that many of the changes to the global climate are “unprecedented 

over decades to millennia” which is supported by several key indicators (Cubasch et al., 2013). 

The global troposphere has warmed since the mid-20th century, and land-ocean temperatures are 

rising, with recent years being the warmest since 1880. Sea and land ice are declining and sea 

level rise has been larger since the mid-19th century than during the previous two millennia and 

is likely to continue into the late 21st century (Stocker et al., 2013). Precipitation events have 

increased in some locations, and decreased in others, while carbon dioxide and other greenhouse 

gasses have all increased due to human activity and are exceeding pre-industrial levels (Stocker 

et al., 2013) 

The Canadian Arctic climate has attracted much attention as the rate of climate change 

has been unprecedented during the past 50 years (Hassol, 2004). It has experienced the greatest 

regional warming on earth resulting in glacial melt, thawing permafrost, and the reduction of sea 

ice (Hassol, 2004). Furthermore, this trend is predicted to continue and even accelerate well into 

the future. Changes in Arctic climate are far reaching and effect the region’s ecology, culture, 

economy, food and national security (Meltofte, Huntington, & Barry, 2013). Arctic climate has 

global implications as changes in the Arctic climate affect the Earth’s energy balance, ocean and 

atmospheric circulation.  
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Many causes have been identified but most climate scientists agree that human 

perturbation of the carbon cycle is a main driver of climate change (Folger, 2008). The global 

carbon cycle is comprised of large magnitude carbon fluxes that cause for exchange among the 

land, water and atmosphere (Folger, 2008). Human activity is disturbing the natural fluxes by 

releasing additional carbon of various forms into the environment through such activities as the 

burning of fossil fuels and land use change (Cubasch et al., 2013). Most of the efforts 

surrounding climate change reduction are focused on CO2 emissions.  However scientists are 

now also paying attention to black carbon (Schmidt, 2011). Black carbon (BC) is a solid of 

mostly pure carbon and is formed by the incomplete combustion of fossil fuels, biofuels, and 

biomass and is said to be able to absorb a million times more energy than CO2 per unit mass in 

the atmosphere (Bond et al., 2013). In fact, the direct influence of BC on the warming climate 

could be as much as two times greater than previously thought. BC is believed to have a potential 

warming effect of as much as 0.8 W/m2 (watts per square meter) which is almost two thirds of 

the effect of CO2, the largest anthropogenic climate change driver (Cubasch et al., 2013) .    

BC affects the climate through multiple mechanisms including, direct effect, indirect 

effect, and snow and ice effects. Direct effects due to black carbon include atmosphere 

absorption and scattering of sunlight. Absorption of sunlight by BC heats the atmosphere but 

also reduces the sunlight that reaches the Earth’s surface where much of it is normally reflected 

back to space (Bond et al., 2013). Indirect effects influence the properties of clouds which results 

in radiative changes in the atmosphere causing either cooling or warming. The full effects and 

the role of BC in this process are still not fully understood nor are they well quantified (Bond et 

al., 2013). Snow and ice effects due to BC result in positive climate forcing as it strengthens the 
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snow-albedo feedback. When BC is deposited on snow and ice, its darkening effect enhances 

melting and results in warming (Bond et al., 2013). 

Black carbon is also co-emitted with other species and changes the sign of the short lived 

forcing (Bond et al., 2013). When co-emitted with organic carbon or sulfur species, black carbon 

is observed to have a cooling effect in some cases due to changes in the radiative forcing which 

are the imposed changes to the Earth’s energy balance (Ramanathan & Feng, 2009). However, it 

is thought that the overall global effect is still a warming influence, even when all cooling 

influences are considered (Rao, 2005). The effects of black carbon on climate forcing cause the 

troposphere and the top of the cryosphere to warm which has been shown to induce changes in 

clouds, circulation, surface temperature, and precipitation (Bond et al., 2013). The speed of 

Arctic climate change has drawn attention and has increased the demand for mitigation options 

for this area. In order to create effective mitigation strategies, it is important to have a strong 

scientific understanding of the interactions between climate and the biosphere (Schimel et al., 

2001). 

Research Questions 

This study will examine the relationships between black carbon and Arctic climate. More 

specifically, it will investigate the questions: a) How much variation in Arctic temperature can be 

explained by black carbon? b) What is the relationship between BC and other variables with 

respect to a changing Arctic climate?  

Study Rationale 

The purpose of the study is to contribute to the understanding of the function of black 

carbon and its relationship to Arctic climate. The research objectives were to first review the 
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literature regarding black carbon sources and then quantify the relationship between it and the 

resulting effects on Arctic temperature. The anticipated findings of this study may contribute to 

the understanding of variations in climate response explained by black carbon. 

It is expected that the study will reveal relationships of varying magnitude and that this 

information will have useful theoretical and practical applications. From a practical standpoint, 

when managing the effects of climate change, it is important to have a strong understanding of 

the interactions between the biosphere and the climate (Schimel et al., 2001). The information 

produced by this study can contribute towards a better understanding of these interactions and 

may be useful in educating decision makers and prioritizing actions to mitigate climate change. 

An example of this is seen when considering the species co-emitted with black carbon. At times, 

black carbon co-emitted with certain organic carbons or sulphur species can result in a net 

cooling. Therefore, it is necessary to carefully identify and address the sources and mitigation 

measures as “targeted reductions may have disproportionate benefits for these sensitive regions” 

(Bond et al., 2013). 

There has been growing interest in black carbon from a policy perspective given that 

scientific understanding has contributed to informed and more appropriate policies to mitigate 

the effects of climate change on human well-being (Folger, 2008). Arctic warming is of global 

concern and the policy implications are far reaching also. Much of the black carbon that is 

deposited in the arctic is from other countries, making this a global policy issue which has drawn 

considerable attention from G8 nations who are committed to taking action to reduce climate 

forcing agents (Bond et al., 2013). In 2012 Arctic sea ice dropped to the lowest level observed by 

satellite since 1986.Complete opening of the Northwest Passage has occurred during several 

Arctic autumns making this an international political issue (Huebert, 2012). Arctic temperatures 
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have increased double that of global averages over the past 100 years (Solomon et al., 2007). 

Since the Arctic Climate Impact Assessment of 2004, the region has had the highest surface air 

temperatures on instrumental record (Quinn et al., 2013).  

This not only has serious effects on the Arctic region itself, but also globally. The loss of 

Arctic ice reduces the Earth’s overall albedo, which creates positive feedback and increases 

further warming (Quinn et al, 2013). Increased melting of Arctic glaciers contributes to sea-level 

rise and a weakening of the thermohaline circulation. Furthermore, loss of Arctic sea ice has 

already shown signs of impacting atmospheric circulation patterns of much of the Northern 

Hemisphere (Overland & Wang, 2010).  Jennifer Francis from Rutgers University has identified 

some connections between a rapidly warming Arctic and the jet stream. She points out that when 

warming causes a reduction in ice cover, the open water absorbs increasingly more heat energy. 

In fact, the Arctic waters are currently absorbing heat energy that was once reflected by ice and 

in 2012 this energy was equivalent to what the United States would consume in 25 years 

(Francis, 2013). When it is released, it warms the surface temperature of much of the Arctic 

Ocean between 2 and 40 oC (Francis, 2013). This large influx of heat has observably caused 

serious changes to the jet stream as this extra heat has diminished the temperature difference 

between the Arctic and mid-latitudes. It is the difference in temperature that drives the west to 

east movement of the current and as it weakens, two main impacts are observed. First the 

westerly movement of the jet stream has slowed. Because the jet stream controls surface weather 

systems, it is predicted that if this trend continues, weather conditions will me more persistent 

and slow to change. Secondly, the northern ridges of the jet stream will move more northward 

and will elongate the north south distance of the waves.  This will allow cold air from the Arctic 
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to move south and more warm air from the tropics to move north, again, resulting in more 

persistent weather systems (Francis, 2013).  

Results from this Masters project may lead to an improved understanding of BC’s role in 

the Arctic and informing decisions that lead to more immediate results. Understanding the 

relationship between Arctic climate and BC can assist policy makers to better focus their efforts 

and to identify which countries should take actions that will result in the Arctic region warming 

reduction. While there has been a reduction of BC emissions in developed countries, the benefits 

of this may be overshadowed by the increase in BC emissions from developing countries. The 

synthesis study undertaken here can also be extended to other sampling sites.  It is not limited to 

the Arctic region. Black carbon is a short-lived contaminant so the effects of emissions 

reductions would be rapid, making regression analysis one of several tools useful in predicting 

and understanding other scenarios. 

 Chapter 2: Background 

The Canadian Arctic: Geography, Ecology, People and Climate 

The Arctic is often defined using political, climatic, biological zoning and varies greatly 

amongst Arctic nations. Using geophysical definition as the land and sea, north of the Arctic 

Circle and which experiences polar day from April to September, and polar night from October 

to February (Meltofte et al., 2013). Overall, Arctic climate varies greatly by location with annual 

mean surface temperatures of 4 °C in Reykjavic Iceland, to -28 °C at the crest of the Greenland 

Ice Sheet (Meltofte et al., 2013). Even within Canada there is much variation and the vastness of 

the Arctic make it difficult to generalize about its climate but some trends are observable. 

Overall, the three coldest months are January to March and are often considered to be winter. 

Summer is comprised of the three warmest months of June, July and August while spring is 
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characterised by a rapid warming throughout April and May. Autumn is a more gradual cooling 

into winter from September to December. The study site in Alert Nunavut, Alert is snow covered 

for ten months a year, and is characterized as a polar desert with little precipitation and an annual 

mean air temperature of -18 °C (Meltofte et al.,  2013).  

Ecologically, the Arctic is often considered to consist of the land north of the tree line 

which covers 7.1 million km2 of land and 14 million km2  of ocean (Meltofte et al., 2013). The 

ecology of the Arctic is often categorized as one of either terrestrial, fresh water or marine 

ecosystems and are all vulnerable to changing climate. Evidence indicates that a changing 

climate in the Arctic is already impacting its ecosystems and the indigenous people living there 

(Lemmen, Warren, & Lacroix, 2007).  

Sensitive to a changing climate, the cryosphere is composed of sea, river, and late ice, 

permafrost, glaciers, snow and ice caps, all of which are integral parts of the climate system 

(Meltofte et al., 2013). The cryosphere is an indicator of climate trends and is essential to climate 

feedbacks including energy, moisture, and gas flux. Atmosphere-Ocean General Circulation 

Models have projected that the Arctic will experience a loss of sea ice extent along with a 

decrease in the duration and volume of the other components of the cryosphere (Lenton, 2012). 

When the climate feedback systems are altered, changes in the ecosystem are predicted. For 

example, thawing of the permafrost may result in the release of the greenhouse gases currently 

contained within, thereby creating feedback to climate of unknown magnitude and direction 

(Hassol, 2004) 

The Arctic’s terrestrial ecosystems contain only 3% of the world’s plant species, but have 

an abundance of primitive moss and lichen species. Arctic fauna represent only 3% of the 

world’s total and are heavily represented by evolutionarily primitive species well suited to life in 
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the harsh climate (Meltofte, et al., 2013). Because terrestrial plant and animal species are so well 

adapted to cope with the Arctic Climate, they have a limited ability to respond to a changing 

climate (Meltofte et al., 2013). Historically, changes in environmental conditions resulted in 

species distribution changes rather than evolutionary changes.  However, future changes could 

make this difficult as Arctic climate change is predicted to create far-reaching and profound 

changes to existing ecosystems (Hassol, 2004). The shift in climate is expected to influence a 

northward migration and redistribution of species along with animal-transmitted diseases. There 

may be increased competition and disruption from the non-native species leading to stressors 

upon many of the native species. Where economically important species are impacted, so will the 

regional economies of the people who rely on them (Hassol, 2004). The projected changes to 

vegetation distribution and abundance are expected to affect water and energy exchange on a 

large scale, also resulting in a shift in climate regimes. Evidence already exists indicating a shift 

in the distribution of trees and shrubs in the circumpolar region (Meltofte et al, 2013) . 

According to the Arctic Biodiversity Impact Assessment, freshwater Arctic ecosystems 

are numerous and varied even in areas that receive little precipitation. Large rivers connecting 

the interior to the Arctic Ocean and smaller tundra streams transport heat, water, nutrients, 

contaminants, sediment, and biota and greatly affect the regional environments. There are 

permanent standing waters of various sizes that include small, shallow tundra ponds, and larger, 

deeper water bodies. Climate change is predicted to affect the structure and function of 

freshwater ecosystems including species richness, biodiversity, and range as the chemical and 

physical systems change (Meltofte et al., 2013). The authors report that this can trigger a 

cascading effect effecting food web and ecosystem productivity. There is a marked northward 

decrease in the diversity of algae and aquatic mosses and fish species; yet they remain an 
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important resource. It is likely that many local Arctic species will disappear from certain 

locations when they are no longer able to adapt to the changing conditions. Although an Arctic 

wide extinction is not anticipated, some species are expected to diminish (Meltofte et al. 2013). 

The report also points out that wetlands are the most abundant and productive aquatic 

ecosystems throughout the Arctic and in some cases, provide valuable carbon storage. They 

cover 11% of the Arctic land surface and have greater biodiversity than other Arctic freshwater 

ecosystems. Wetlands, along with the other aquatic ecosystems are home to hundreds of millions 

of migratory birds and are particularly sensitive to climate change (Meltofte et al. 2013) 

Marine ecosystems comprise approximately two thirds of the Arctic and are influential 

upon the global climate system through global circulation. They are influenced heavily by 

seasonal variations and greatly affect heat exchange between the atmosphere and water (Hassol, 

2004). The Arctic marine ecosystems are relatively simple and have low productivity and 

biodiversity. This, along with the highly specialized nature of its species, make the Arctic 

particularly susceptible to climate change which has the potential to affect the ecosystem 

services upon which inhabitants rely (Meltofte et al., 2013). In general, aquatic habitats are 

extremely dependent upon the relationship between temperature, permafrost, and precipitation. 

Species biodiversity and ecosystem services could drastically change if temperature was no 

longer a limiting factor in species number and distribution. Paleolimnological data has indicated 

that there has already been a shift in diatoms and other bioinidcators likely related to reduced ice 

cover and warming (Quinn et al., 2008).  

Canadian security and identity is also at stake as the marine ecosystem experiences 

diminishing sea ice and an expansion of navigable transportation networks. Northern Canada 

will be more accessible and an increase in shipping and passage is likely to follow. Increased 
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policing and surveillance of the area may be necessary and the effects of the opening of the 

Northwest Passage should be carefully considered as it invites increased traffic through a 

vulnerable and unguarded part of the country (Lemmen, Warren, & Lacroix, 2007.) 

Two to four million people live in the Arctic, with 100,000 of them being Canadian. The 

indigenous peoples of the Canadian Arctic have raised concerns over the effects of pollutants 

from afar and the implications they have on traditional lifestyles. Hunting, fishing, gathering and 

herding are highly important and sensitive to climactic shifts. Food sources are not only 

important for survival, but cultural and social systems as well. The adaptive capacity of 

indigenous peoples will depend greatly on the cumulative stresses they may face as the threat of 

climate change develops (Lemmen et al., 2007).  

Black Carbon Sources and Relationship with other Aerosols 

Black carbon is formed through the incomplete combustion of hydrocarbon based fuels 

and is found throughout the Earth’s atmosphere. It strongly absorbs solar radiation, is refractory 

and insoluble in water. During combustion, graphite particles, tens of nanometers in size are 

formed but rapidly change after emission as they collapse into dense clusters, take up water and 

combine with other co-emitted aerosols and gases (Quinn et al., 2008). Black carbon is naturally 

occurring but a large portion of atmospheric BC is the anthropogenic and transported to Alert by 

circulation systems which bring BC along with other aerosols from many other locations. Alert is 

primarily influenced by BC emissions from Siberia/ Europe during late winter and spring and 

regional sources in the summer (Sharma, Andrews, Barrie, Ogren, & Lavoué, 2006). These 

circulation patterns are created as winds travel along mostly persistent pressure centres. As 

Sharma et al. notes, the Arctic as a whole receives pollution through several of these circulation 

patterns. Alert, in particular, is mostly affected by the Siberian High, anti-cyclonic flow from 
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Greenland, and winds from the polar vortex which transports pollutants from the central Arctic. 

The majority of Arctic BC is due to distant sources originating from agricultural burning, 

wildfires, residential burning, off-road diesel, and industrial combustion (Sharma et al., 2013). 

Black carbon is never released in isolation, but instead, is often co-emitted along with 

many other aerosols, making it difficult to clearly understand the relationship between it and 

Arctic climate. Within hours after emission, black carbon will also coagulate and react with other 

particles and gasses in the atmosphere, leading to an ambiguous understanding of the effect it has 

on climate forcing. In addition to black carbon, aerosols include sulfates, nitrates, ammonium, 

heavy metals, and other chemicals both anthropogenic and natural. Both have impacts on climate 

forcing, which is defined as a driver of change in the Earth’s climate systems (Quinn et al., 

2011).  It is well known that black carbon absorbs incoming radiation and has a warming effect 

on the atmosphere. However, sulfate aerosols emitted from the incomplete combustion of fossil 

fuels is reflective and has a cooling, or negative forcing on climate. Yet, when sulfates are 

emitted over a highly reflective surface such as snow and ice, the net effect may be positive as 

they are less reflective than the surface below and can actually result in climate warming (Rao, 

2005). The challenge faced in this project is to understand the role of several aerosol chemical 

components in determining Arctic climate variability using Alert Nunavut as a study site.  

Previous Findings   

There has been a growing body of knowledge from the scientific community surrounding 

the role of black carbon and other aerosols in climate change. Historically, black carbon was 

thought to be of little importance, but is now regarded as one of the most influential 

anthropogenic climate change agents and has attracted much attention. More than 50 years ago, 

pilots flying in the Canadian and Alaskan Arctic noticed a strange haze, later referred to as 
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Arctic haze (Quinn et al., 2007). Originally thought to be comprised of ice crystals, the haze was 

later determine to be of anthropogenic origin, and intensive studies revealed that it was due to 

emissions from Europe and the former Soviet Union that were transported to the Arctic and 

trapped in the air mass (Quinn et al., 2007). The Arctic haze is composed of particulate organic 

matter, sulfates, nitrates, black carbon, heavy metals and dust. The particles within the haze have 

a mass median diameter of 0.2 microns or less, which is efficient at scattering visible solar light 

(Quinn et al., 2007). The black carbon is absorbing, which combined with the scattering effect, 

can reduce visibility by up to a few kilometers. The transport of aerosols and particulates to the 

Arctic has strong seasonal variability with meridional transport most intense in winter and 

spring. In the winter, a strong surface temperature inversion combined with polar night stabilizes 

the atmosphere and inhibits transfer between layers along with cloud formation and precipitation 

(Quinn et al., 2007). As April approaches, the polar dome warms and mixing of the layers 

begins. By May, the inversion breaks up, and wet deposition of the particulates begins (Quinn et 

al., 2007). During the summer months, transport from Eurasia and Russia is considerably less 

and regional transport brings aerosols to Alert and other areas in the Arctic. The particulates can 

be removed from the atmosphere through precipitation (wet deposition), or by deposition on 

solid surfaces (dry deposition).  The effects of wet deposition is usually more pronounced on an 

annual basis as contaminants found in snow often melt into rivers and the tundra (Quinn et al., 

2007).  

Since the discovery of the Arctic haze, there has been an increasing amount of research 

into the implications on climate change in the Arctic. Black carbon has drawn considerable 

attention as a short-lived climate forcer and research is focused on its role in climate change and 

possible mitigation strategies. Black carbon influences Arctic climate through a variety of 
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mechanisms namely: direct, indirect, cloud-albedo forcing, along with the radiative forcing that 

occurs outside the Arctic.  All impact climate by changing the energy transport and exchange by 

the atmosphere and ocean. Direct forcing occurs when black carbon absorbs incoming solar 

radiation that would normally be reflected back to space or absorbed by the surface. Warming 

occurs in the atmosphere and is greatest during the summer and least during polar winter. Arctic 

summer is characterized by long periods of sunlight and more insulation compared to winter, 

which is why direct forcing is more pronounced at this time (Quinn et al., 2011). Indirect forcing 

occurs when black carbon changes cloud droplet size, optical thickness, and cloud lifetime. 

These changes can lead to cooling at the top of the atmosphere increasing the amount of 

radiation being reflected back to space. However, aerosols containing black carbon can also 

increase droplet concentration, which leads to increased cloud emissivity, especially in the thin 

clouds of the Arctic. When emissivity increases, it leads to an increased net surface longwave 

flux and warming through all seasons (Quinn et al., 2007). Overall, BC indirect effects will cause 

cooling in the summer when reflection dominates, and warming in the winter when cloud 

reflectivity cooling effects are not a factor and longwave heating dominates. Current studies 

indicate that the combined climate forcing of the BC indirect and direct effects in the Arctic 

likely causes warming, but the actual sign, is yet to be confirmed (Quinn et al., 2007).  

Much attention has been focused on the relationship between black carbon deposition and 

snow and ice albedo, as changes can lead to large influences on climate and even alter the timing 

of snow and ice melt and triggering a feedback loop. The energy associated with this type of 

forcing is directly taken up by the cryosphere, a powerful earth system as well as Arctic climate 

component. The snow and ice forcing by black carbon is greater in the Arctic than the global 

mean.  
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When changes to radiative forcing are exerted upon the Arctic from global sources, it is 

of concern as it has the potential to amplify the impact of Arctic forcing on the regional climate 

(Serreze & Barry, 2011). The Arctic radiates more energy to space than it absorbs from the sun, 

indicating that there is energy transported to the area via the ocean and atmospheric systems. 

This again indicates that small changes in global energy transports may result in amplified 

changes in the Arctic energy budget and resulting climate (Quinn et al., 2011).  

Although the impacts of black carbon on climate are becoming ever more established, 

there are many unknowns surrounding how to distinguish and quantify these effects.  Quinn et al. 

2011 report that while models have been created and used to simulate a variety of conditions and 

have been able to quantify certain aspects of Arctic climate, there still remains opportunity for 

further study. For example, models have confirmed that aerosol climate forcing is influenced by 

seasonal transport, radiation, snow and ice melting and deposition. The transport of aerosols is 

most efficient in the winter and early spring and radiation is limited so a radiation balance is 

influenced by thermal fluxes. The thick clouds of the Arctic interact with aerosols such that 

longwave cloud emissivity increases, which contributes warming. Quinn et al. 2011 also state 

that when this type of interaction occurs, there is a positive forcing at the surface of  

3.3-5.2Wm-2, producing an estimated warming of 1-1.6°C. Furthermore, the study indicates that 

black carbon concentrations are heightened in the winter and spring months due to aerosol 

transport from the mid latitudes. Black carbon deposition onto snow and ice introduces a reduced 

albedo leading to a positive forcing of 0.53 Wm-2.  The corresponding increase in surface 

temperature is approximately 0.5°C. Finally, Quinn et al. 2011 also found that the shortwave 

climate forcing is more pronounced in the spring when both Arctic haze and solar radiation are 

present, and in the summer when radiation is high and fire plumes are transported to the region. 
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The result is a negative surface forcing in the spring of -0.72 Wm-2 and a change in surface 

temperature of -.93 oC. However, it is important to note that this is an instantaneous forcing and 

does not represent the change in temperature when the surface and the atmosphere equilibrate.  

The IPCC has quantified the total global warming or cooling effects of certain aerosol 

species according to particle type. Sulfate was found to be -0.4 (-0.6 to -0.2) Wm-1 , black carbon 

+0.4 ( +0.05 to +0.8) Wm-1 , nitrate -0.11 (-0.3 to +0.1) Wm-1 , organic aerosols   –0.12 (–0.4 to 

+0.1) W m–2
   , mineral dust at –0.1 (–0.3 to +0.1) W m–2 . The BC related forcings observed in 

the Arctic are within the range identified by the IPCC, but the longwave forcing in the spring is 

in within the higher range. This is expected as the Arctic is experiencing more pronounced 

warming than anywhere else on Earth (Stocker et al., 2013).  

Purpose of Study 

This thesis study will enhance the existing body of knowledge through exploratory 

statistical modeling because the regression analysis will provide insight into how much variation 

in the climate is explained by black carbon and other components of the Arctic haze including a 

range of aerosols. This study investigates a specific region within the Arctic further enhancing 

the body of knowledge. Alert, Nunavut is positioned so that it receives both regional aerosols, 

and those from Russia and Eurasia and is a component of the overall climate system of the 

Arctic. By examining a specific area within the Arctic, it provides more detail of one of the areas 

that make up the entire region which is helpful in understanding how they function together as a 

whole. The goal of this study will be to better understand how the aerosols within one specific 

region of the Arctic influence each other and the effect they have on the climate. The models 

created in this study are intended to provide a basis for further investigation into not only how 
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the aerosols work together, but how the different regions of the Arctic are affected, and how they 

affect one another.  

Study Site 

Alert, Nunavut (82°30′N 62°19′W), is the most northerly permanently inhabited location in 

the world and was established as a weather station in 1950 as part of the Joint Arctic Weather 

Station (JASWS). At that time, the Canadian Government was interested in Alert as a way to 

establish sovereignty in the High Arctic, especially given its close proximity to the former USSR 

during cold war times. The terrain is rugged with rolling hills and valleys and an irregular 

coastline with inlets and bays. There is pack ice present throughout the summer and frozen solid 

during the winter. During the summer, Alert experiences approximately 28 frost free days and 

the temperature reaches a maximum of roughly 10 oC, although the average temperature is 4 oC. 

Alert, like much of the High Arctic is considered a desert and receives an average of 17.5 mm of 

rain per year, most of which falls in July and August. Snow has been recorded to fall every 

month of the year with an annual average of 148.1cm (Lanken, 2000).  

 Chapter 3: Methodology   

Data Collection 

The data for this study is comprised the following data sets:  

Aerosol optical depth (AOD). 

  A coefficient representing the measure of the prevention of the transmission of a solar 

beam by absorption and/or scattering. It is indicative of how much of the light fails to reach the 

ground as a result of the aerosols. Values for AOD, typically decrease as wavelength increases 

and for this project, the wavelengths of 412, 500, 671, and 862 were used (Quick Look,  2009). It 

is a dimensionless number where a value of 0.01 represents an extremely clean atmosphere, and 
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0.4 would be very hazy (NOAA, 2014). AOD values are used to characterize aerosols as surface 

cooling varies with AOD and may lead to a better understanding of the effect they have on 

climate (Stone, 2002). The AOD values were obtained from August 2004 to September 2011 and 

were collected anywhere from 1 to 10 day increments and were provided with permission from 

Dr. Robert Stone from NOAA, and were collected using a Sun photometer. 

Black carbon ng m-3 (BC). 

Hourly black carbon values were obtained from the Environment Canada National 

Atmospheric Chemistry Database and were collected using a Magee Instruments Aethalometer.  

Aerosol light back scattering coefficient (ALBC). 

 Collected using a nephelometer and represents the light that is reflected backwards at 

angles less than 90 degrees from the source. The data was collected in two sets according to 

particle size. The first set, ALBC PM1 refers to particle phases in the size fraction of less than 1 

micrometre and the second, ALBC PM10 is a size fraction of less than 10 micrometres. This 

hourly data was obtained from The European Monitoring and Evaluation Programme (EMEP, 

2014). 

Aerosol light scattering coefficient (ALSC).  

Collected using a nephelometer and represents the light that is reflected at angles greater 

than 90 degrees from the source. The data was collected in two sets according to particle size. 

The first set, ALSC PM1 refers to particle phases in the size fraction of less than 1 mincrometre 

and the second, ALSC PM10 is a size fraction of less than 10 micrometres. This hourly data was 

obtained from The European Monitoring and Evaluation Programme (EMEP, 2014). 
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Aerosol absorption coefficient (AAC). 

 Represents the radiation that has been absorbed by the aerosol layer. The data was 

collected in two sets according to particle size. The first set, AAC PM1 refers to particle phases 

in the size fraction of less than 1 micrometre and the second, AAC PM10 is a size fraction of less 

than 10 micrometres. This data was collected hourly using a filter absorption photometer and 

was obtained from The European Monitoring and Evaluation Programme at (EMEP, 2014). 

Aerosol data (ug/m -3).   

Chloride (Cl), bromide (Br), nitrate (NO3), sulfate (SO4), sulfate non sea salt (NSS), 

sodium (Na), ammonium (NH4), methanesulfonic acid (MSA), lead (Pb), copper (Cu), aluminum 

(Al), calcium (Ca), iron (Fe), magnesium (Mg) and manganese (Mn) data was collected on 

anywhere from 3 to 10 day increments and were obtained from Environment Canada National 

Atmospheric Chemistry Database (Government of Canada, 2007). 

Climate metadata. 

All climate metadata variables were obtained from the Environment Canada Climate Archives 

(Canada, 2011) and included the following:  

Daily: mean temperature (T) (oC), total precipitation (mm) 

Hourly: dew point temperature (oC), relative humidity (%), wind direction (10s degree), 

wind speed (km/h), visibility (km), station pressure (kPa), wind chill (oC) 

Data Preparation 

Much of the data uploaded from the Environment Canada National Atmospheric 

Chemistry Database website was not ideal, and required preparation in order to make it suitable 

for analysis.  In some files, large portions of the data were missing, ranging from months to 

years. The aerosol data was collected on rather irregular basis and observations were taken 
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anywhere from 5 to 10 days during the years 1989 to 2006. Therefore, to compile the largest 

dataset possible, the climate data and black carbon observations, had to be selected on the same 

dates as aerosols. 

The data was first downloaded from each website and saved in Microsoft Excel to 

maintain consistency. Because the data were collected on either an hourly, daily, or on dates 

varying from 1 to 10 days, it was necessary to compile them in preparation for analysis. The 

hourly data was converted to daily and then those dates were matched with the dates of the 

aerosols using Microsoft Access.  

The final product consisted of two data sets: one containing climate and aerosol data, 

with 773 observations spanning 1989 to 2006. Another contained the radiation and climate data 

with 190 observations spanning from April 2005 until the end of 2006. Another data set 

containing all the variables was created but it contained only as it would contain only 29 

observations across all the variables from April 2005 until the end of 2006. Furthermore, after 

the missing values were removed, there were only 12 observations remaining. Therefore, this 

particular data set was dropped because it was not feasible. It then became apparent that it would 

be necessary to generate a number of models to create a broader overview of the relationship 

between the variables. Because of the limited date range of 1.5 years for the radiation data, it was 

included in a number of models but was interpreted with the understanding of the limitations of 

using a small data set. 

Preliminary Analysis 

In this study, the climate metadata and aerosol data were not normally distributed so all 

the data was transformed in order to improve the quality data for the statistical analysis. The 

common objective is to reduce extreme kurtosis and skewness and make it approximately 
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normally distributed. This required careful consideration as it presented some challenges. First, 

the variables were measured on hugely different scales. For example, the aerosol variables values 

were of the scale 10-5, but the black carbon values were in the hundreds. Climate variables were 

mostly above one in magnitude. Furthermore, some of the variables contained negative variables, 

which require a different transformation than strictly positive variables. Finally, because some of 

the variables are relatively small, transformations can reduce them to zero or close to zero, 

making them unusable. Therefore, it was necessary to apply the Box-Cox cubic root 

transformation to the data as it evens out the difference in scale, reduces skewness and kurtosis 

and does not affect the signum of the values (Osborne, 2010).   

The untransformed data set for black carbon, and radiation was taken from April 2005 

until the end of 2006 and included 190 observations. However, of those 190 observations, 

ALBC, AAC, and ALSC were each missing 35. The skewness and kurtosis values for the 

untransformed data were not within the acceptable range (Appendix A) but after the Box-Cox 

cubic root transformation was applied, the values for both skewness and kurtosis were within the 

acceptable range with the exception of: AAC, AOD D 500 nm, AOD D 675 nm, AOD D 862 nm 

(Appendix A). However, after examining the scatter plot for AAC, the data was approximately 

normal so it was not excluded.  

The untransformed data set for aerosols and climate was obtained from 1989 until 2006 

and contained relatively few missing observations with the exception of aluminum with 156 of 

773 variables missing, calcium with 484 of 773 missing, and magnesium with 484 of 773 

missing (Appendix A) . Pressure was missing 94 of 773 observations and while precipitation was 

missing only 4 observations, 528 observations had a value of zero and comprised 68.3% of the 

total observations.  
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 The transformed data also spanned the same date range and contained the same missing 

observations as the untransformed data did. The skewness and kurtosis values for many of the 

variables in the untransformed data were not within the acceptable range (Appendix A). 

However, after the Box-Cox cubic root transformation was applied, the values for both skewness 

and kurtosis were significantly reduced and brought within the acceptable range with the 

exception of: copper, aluminum, calcium, iron, and manganese shown in (Appendix A).  

Although these data sets had 773 observations, the regression analysis was conducted using 500 

to 513 observations because after the observations were compiled according to date, only a 

portion of the total observations overlapped completely and aligned according to the dates.   

  One of the goals of the preliminary data analysis is to investigate how strongly the 

variables in question relate to each other. For that purpose, correlation matrices were generated 

for both the untransformed and transformed data as shown in Appendix B. The tables within 

Appendix B summarized those variables that had a correlation coefficient of 0.90 or greater 

within the transformed data and the untransformed data.  

Because certain variables were highly correlated with each other, it was necessary to 

decide between them as it was not possible to use them together in the model due to the 

multicollinearity issue. Therefore, particle size PM 10 was chosen over PM1 because black 

carbon tends to form large particles after emission as it reacts with other aerosols and using PM 

10 could helpful in understanding these larger particles. The decision to eliminate sulfate and 

keep sulfate non sea salt was based upon the objectives of this study. Because the sulfate non sea 

salt is anthropogenic, there are likely more opportunities to reduce it by changes to practice 

compared to the sulfate from natural sources. This is more relevant to this study, making sulfate 

a candidate for exclusion. Temperature was selected to use as the only climate variable because it 
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is used frequently to represent climate in much of the literature, which can be used to support the 

conclusions. It was not necessary to decide between calcium and aluminum as they both had so 

many missing values, neither could be used in the models. Both ALBC and ALSC could not be 

used together as ALSC was found to be ALBC multiplied by the factor of 10, which does not 

bode well for the quality of the measurements. The decision was made to use ALBC because it 

was of more interest than ALSC as the relationship between backscattering and cooling is well 

established which could ease the interpretation of results. AOD wavelength selection was made 

after the transformed values were considered because according to the correlation matrix, as all 

of them except 862nm were candidates for exclusion. 862nm was not immediately selected as it 

was not the ideal wavelength to use because it is not as close to the peak wavelength as the 

others. Ideally, the peak wavelength of 550 nm is used to study radiation, because it represents 

peak solar radiation. However, none of the AOD wavelengths were measured at 550nm so the 

decision was made to use 412nm, as it was the best quality in terms of skewness and kurtosis 

after the transformation.    

The exploratory nature of this study meant that model selection was guided by the data, 

so variables were selected based in part, on known relationships supported by the literature, but 

were also dictated by their suitability in the analysis itself. For the sake of brevity, only the 

models included in the results and analysis will be included in the methodology. There were 

many models created that failed assumptions such as collinearity, missing values, or contained 

data that could not be adequately transformed and were therefore not meaningful and were 

excluded from the final selection.  
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Data Analysis 

To investigate the relationships between the variables, hierarchical stepwise multiple 

regression analysis was employed. This type of analysis is appropriate whenever there is an 

attempt to establish if there is a linear relationship between response and predictors, and to 

determine how much variation in the dependent variable can be explained by all the independent 

variables. It is also helpful in understanding the relative and unique contribution of each variable 

towards the total. It will result in a linear regression model, a statistical significance of the 

overall model along with each independent variable and will also measure effect size. 

Hierarchical regression was also selected for this project because the selection of predictors is 

based on past work and the order of entry is at the discretion of the researcher.  

In order to generate robust and meaningful models, it is necessary to meet the 

assumptions of multiple regression, which influenced the choice in variables (Cohen et al., 

2003). 

1. The dependent variable should be measured on a continuous scale.  

2. There must be two or more independent variables which are either continuous or 

categorical. 

3. There must be an independence of observations 

4. There must be a linear relationship between the dependent variable and each of the 

independent variables. 

5. The data must show homoscedasticity where the variances are similar as one moves 

along the line of best fit 

6. The data must not show multicollinearity which occurs when two or more independent 

variables are highly correlated with each other.  
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7. There must not be any significant outliers, high leverage points or highly influential 

points.  

8. The residuals must be normally distributed.  

The first two assumptions were satisfied as all the variables fall into those categories. In 

order to test for independence of observations, a Durbin-Watson test was conducted. If the values 

were close to two, the result was interpreted as no correlation between the observations was 

present and no further action was required (Laerd, 2014). This analysis did not require any 

further action as all the observations were independent.  

To test the assumption of a linear relationship, it was necessary to plot the studentized 

residuals against the unstandardized predicted variables to ensure that collectively, the 

independent variables were related linearly to the dependent variable, and also that each 

independent variable itself is related to the dependent variable. If the residuals formed a 

horizontal band when plotted, the relationship was considered linear.  

To check the assumption of homoscedasticity, is it necessary to evaluate the plots used to 

check for linearity and ensure that the observations are spread equally over the predicted values 

of the dependent variable and do not increase or decrease along the predicted values (Laerd, 

2014).  

It was necessary to check for multicollinearity to ensure that none of the independent 

variables are highly correlated with each other. In order to do this, the correlation matrices in 

Appendix B were inspected as well as the VIF values from each output. Any variables found to 

be in violation of this assumption were also dropped from the analysis as the methods to correct 

multicolinearity are complicated and beyond the scope of this study (Laerd, 2014).  
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In order to test for and identify any significant outliers during the analysis, it was 

necessary to perform a casewise diagnostics to highlight any cases with a standardized residual 

greater than ±3 standard deviations. To do this, the Mahalanobis distance, Cooks distance, and 

the leverage values were examined and summarized in Appendix C.   

The final test for the assumption of normality of the residuals was conducted to ensure 

that the observations are normally distributed. To do this, a visual inspection of the P-P plots was 

conducted and were accepted as they were approximately linear (Appendix D). Once the 

assumptions were met, the procedure for conducting the regression analysis was similar for each 

test and the null and alternate hypotheses for regression are as follows: 

Null Hypothesis: There is no relationship between the dependent variables (y) and the 

independent variables (x).  

Alternative Hypothesis: There is a significant relationship between the response and the 

predictors variables. 

 Within the model, each x variable added will change the fit of the regression equation 

more than what would be expected by chance. Once the regression model is created, an F-test 

was used to test it for significance. If the null hypothesis for the F test is rejected, it provides 

sufficient statistical evidence to conclude that there is a significant relationship between the 

dependent variable and one or more of the independent variables.  

 In all cases, it was also necessary to conduct a hierarchical stepwise multiple regression 

analysis where variables are added to the model based on their partial correlation coefficient 

which measures the variables importance as a predictor. A simple linear regression was also used 

to analyze the relationship between a dependent variable and one independent variable.   
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Chapter 4: Results   

Simple Linear Regression 

Before multiple regression took place, 14 simple linear regression models were created to 

gain a better understanding of the relationship between the variables before they were used as 

predictors in a multiple regression model. This was because there might be an interaction effect 

between the predictors.  Tables 1 and 2 summarize the results of the simple linear regression 

analysis of the variables before they were placed in any multiple regression models.  

Table 1  

Simple Linear Regression with Dependent Variable Temperature  

Predictor R R2 B t Sig VIF Durbin-

Watson 

Sulfate Non 

Sea Salt 

.627a 

 

 

.393 

 

-.627 

 

-18.227 

 

.000 

 

1.000 

 

.659 

 

Sodium .584a 

 

.341 

 

-.584 

 

-16.293 

 

.000 

 

1.000 

 

.793 

 

Black Carbon .568a 

 

.323 

 

-.698 

 

-15.641 

 

.000 

 

1.000 

 

.507 

 

AAC .297 .292 -.545 

 

-7.877 

 

.000 

 

1.000 

 

.527 

 

Bromide .536a 

 

.288 

 

-.536 

 

-14.388 

 

.000 

 

1.000 

 

.515 
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AOD 412 .516a 

 

.266 

 

-.516 

 

 -8.258 

 

.000 1.000 .425 

 

MSA .444a 

 

.197 

 

.444 

 

11.220 

 

.000 

 

1.000 

 

.556 

 

Chloride .404a 

 

.164 

 

-.404 

 

-10.016 

 

.000 

 

 1.000 

 

.559 

 

Ammonium .357a 

 

.127 

 

-.357 

 

-8.657 

 

.000 

 

1.000 

 

.448 

 

Nitrate  .330a 

 

.109 

 

-.330 

 

-7.914 

 

.000 

 

1.000 

 

.444 

 

Manganese .283a 

 

.080 

 

-.283 

 

-6.693 

 

.000 

 

1.000 

 

.452 

 

ALBC .147a 

 

.022 

 

.147 

 

1.809 

 

.072 

 

1.000 

 

.255 

 

Iron .136a 

 

.018 

 

-.136 

 

-3.102 

 

.002 

 

1.000 

 

.354 

 

Copper .082a 

 

.007 

 

-.082 

 

-1.858 

 

.064 

 

1.000 

 

.347 

 

Table 2.  

Simple Linear Regression with Dependent Variable Aerosol Absorption Coefficient (AAC), 

Aerosol Light Backscattering Coefficient (ALBC) 

Dependent 
 

Predictor R R2 B t Sig VIF Durbin 
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Variable Watson 

AAC Black 

Carbon 

.811 

 

.657 

 

.257 

 

-5.424 

 

.000 

 

1.000 

 

1.437 
 

ALBC Black 

Carbon 

.166 

 

.028 

 

-.221 

 

-2.055 

 

0.042 

 

1.000 

 

1.779 
 

 

The models that used temperature as the dependent variable were all significant with the 

exception of ALBC, iron, copper, which were not. Sulfate, sodium, black carbon, aerosol 

absorption coefficient, bromide and aerosol optical depth had the highest R2 values and each 

contributed and explained close to 30% of the variation in temperature within the simple linear 

regression models. MSA, chloride, ammonium, nitrate, manganese, nitrate explained between 10 

to almost 20% of the variation in temperature, whereas aerosol light backscattering coefficient 

iron, and copper explained less than 1% of the variation. The models that used AAC and ALBC 

as the dependent variables were both significant but had different R2 values. Black carbon 

explained 65% of the variation in AAC but only 2.8% of the variation in ALBC.  

Multiple Regression Models 

Model 1. Temperature versus Black Carbon, AOD at 412nm, AAC, and ALBC. 

 In this analysis, all the variables were tested to determine how, and the degree to which 

the factors influenced temperature. Results are shown in Table 3 below:   

Table 3. 

Model 1 Multiple Regression Analysis Results for Dependent Variable Temperature 

Model Standardized t Sig Collinearity 
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Coefficients b Statistics VIF 

(Constant)  4.852 .000  

CarbonblackBC_meanT -.436 -3.394 .001 4.022 

AOD 412_meanT -.255 -3.255 .001 1.497 

AAC_meanT -.027 -.210 .834 4.156 

ALBC_meanT .010 .148 .882 1.111 

 

Following this, hierarchical stepwise multiple regression was conducted to create the best model 

and the results are shown in Table 4 below.  

Table 4  

Model 1 Hierarchical Stepwise Regression Analysis Model Summary Results for Dependent 

Variable Temperature 

  Change Statistics  

Model 

 

 

R Square 

 

R Square 

Change F Change Sig. F Change 

 

Durbin-

Watson 

1 .362 .362 83.234 .000   

2 .409 .047 11.675 .001   

3 .409 .000 .063 .802   

4 .409 .000 .022 .882 .522 

 

a. Dependent Variable: MeanTempT.  
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b. Predictors: (Constant), BC_meanT 

c.   Predictors: (Constant), BC_meanT, D412_meanT 

d.   Predictors: (Constant), BC_meanT, D412_meanT, AAC_meanT 

e.   Predictors: (Constant), BC_meanT, D412_meanT, AAC_meanT, ALBC_meanT 

 
The first variable to be included was BC, followed by AOD 412 nm, AAC then ALBC, 

resulting in a significant model F(4, 144) =24.928, p<.05. The variables for the model were 

selected for inclusion based on the following factors: R2 in the simple linear models, the 

significance of the relationship using the t value, and the magnitude of the standardized B 

coefficient. The magnitude of each of the variables was reduced in this model compared to what 

they were in the simple linear models but the sign remained the same for each. As the first two 

variables were added into the model, the R2 continued to increase indicating that they were 

contributing to the model. However, AAC and ALBC appear to not be contributing factors.  

Temperature versus Climate Variables and Aerosols 

 In order to gain a better understanding of the relationship between these variables, an 

attempt was made to create a model using temperature as the dependent variable and aerosols as 

the independent variables. None of the other climate variables were included because the VIF 

factors i.e., the correlation between the other climate variables was too high between each other. 

At this point, average temperature was selected because it was of most interest with respect to 

climate change, and taking into consideration that this study could accommodate only one 

climate variable. This led to the creation of Models 2 and 3 below, which examined the 

relationship between temperature and aerosols without including any other climate meta 

variables. 
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Model 2. Temperature versus Aerosols.  

 In order to create the best model for this relationship, it was necessary to explore a 

number of models which guided the process leading to a final product. The first model to be 

created included: black carbon, calcium, chloride, copper, methanesulfonic acid, bromide, 

nitrate, lead, manganese, ammonium, sulfate non sea salt, aluminum, magnesium, sodium, iron, 

and sulfate. The results are summarized in Table 5 below:  

Table 5 

Model 2 Multiple Regression Analysis Standardized Coefficients, Partial Correlations and 

Collinearity Statistics for Dependent Variable Temperature 

Model 

Standardized 

Coefficients 

b      t Sig. 

Correlations 

Partial 

Collinearity 

Statistics 

VIF 

 (Constant)  

.262 

-.015 

.131 

-.971 

.393 

-.302 

.388 

.290 

-.220 

-3.649 .000  

.097 

-.012 

.115 

-.033 

.014 

-.088 

.223 

.325 

-.157 

 

22.586 

4.728 

3.986 

2748.457 

2562.375 

36.700 

9.038 

2.232 

6.016 

Cl 1.346 .180 

Br -.163 .871 

NO3 1.601 .111 

SO4 -.453 .651 

NSS .189 .850 

Na -1.216 .225 

NH4 3.151 .002 

MSA 4.739 .000 

Pb -2.195 .029 
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Cu .083 

-.553 

.282 

.074 

-.235 

.244 

-.053 

1.439 .152 .104 

-.183 

.151 

.016 

-.094 

.082 

-.043 

2.005 

27.635 

10.695 

64.218 

19.337 

27.683 

4.809 

Al -2.570 .011 

Ca 2.107 .036 

Fe .226 .822 

Mg -1.304 .194 

Mn 1.132 .259 

BC -.592 .555 

 

At this point, it was not necessary to proceed because the VIF values for chloride, 

calcium, magnesium, manganese, sodium, iron, and sulfate and sulfate non sea salt were too high 

to be included in the model. In an attempt to improve the model, the decision was made to 

remove calcium, aluminum and magnesium because they had missing values of 156, 156, and 

484 respectively, out of 617 total.  

Model 3. Temperature Versus Copper, MSA, Sulfate Non Sea Salt, Bromide, 

Nitrate, Ammonium, Iron, Manganese, Black Carbon. 

This model used hierarchical multiple regression and included: copper, methanesulfonic 

acid, sulfate non sea salt, bromide, nitrate, ammonium, iron, manganese, black carbon, and the 

results (Table 6) are as follows: 

Table 6.  

Model 3 Hierarchical Stepwise Regression Analysis Standardized Coefficients, Partial 

Correlations and Collinearity Statistics for Dependent Variable Temperature 
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Model 

Standardized 

Coefficients 

b t Sig. 

Correlations 

Partial 

Collinearity 

Statistics 

VIF 

1 (Constant)    -8.977 .000       

Cu -.082  -1.858 .064  -.082   1.000 

2 (Constant)    -14.757 .000       

Cu .004  .097 .923  .004   1.039 

MSA .445  11.017 .000  .438   1.039 

3 (Constant)    -4.877 .000       

Cu .104  3.213 .001  .141   1.072 

MSA .331  10.129 .000  .409   1.082 

NSS -.572  -17.454 .000  -.611   1.092 

4 (Constant)    -5.057 .000       

Cu .106  3.256 .001  .143   1.073 

MSA .333  10.212 .000  .412   1.086 

NSS -.501  -8.743 .000  -.361   3.343 

Br -.085  -1.515 .130  -.067   3.231 

5 (Constant)    -6.739 .000       

Cu .090  2.818 .005  .124   1.086 

MSA .330  10.271 .000  .414   1.086 

NSS -.544  -9.518 .000  -.389   3.445 

Br -.193  -3.192 .002  -.140   3.872 
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NO3 .201  4.382 .000  .191   2.217 

6 (Constant)    -7.470 .000       

Cu .063  2.083 .038  .092   1.099 

MSA .264  8.442 .000  .351   1.164 

NSS -.945  -12.912 .000  -.497   6.371 

Br -.132  -2.300 .022  -.102   3.939 

NO3 .082  1.799 .073  .080   2.473 

NH4 .494  8.091 .000  .338   4.427 

7 (Constant)    -6.232 .000       

Cu .070  2.350 .019  .104   1.102 

MSA .291  9.278 .000  .381   1.210 

NSS -.913  -12.628 .000  -.489   6.438 

Br -.147  -2.587 .010  -.114   3.952 

NO3 .107  2.363 .019  .104   2.513 

NH4 .473  7.860 .000  .330   4.455 

Fe -.129  -4.370 .000  -.191   1.067 

8 (Constant)    -6.325 .000       

Cu .072  2.430 .015  .107   1.103 

MSA .274  8.573 .000  .356   1.267 

NSS -.890  -12.270 .000  -.479   6.543 

Br -.134  -2.368 .018  -.105   3.982 

NO3 .111  2.473 .014  .109   2.516 
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NH4 .506  8.267 .000  .345   4.666 

Fe .151  1.338 .181  .059   15.895 

Mn -.304  -2.564 .011  -.113   17.445 

9 (Constant)    -5.950 .000       

COPPER .075  2.531 .012  .112   1.107 

MSA .255  7.588 .000  .320   1.411 

NSS -.832  -10.456 .000  -.422   7.915 

Br -.138  -2.434 .015  -.108   3.987 

NO3 .114  2.536 .012  .112   2.519 

NH4 .520  8.440 .000  .352   4.748 

Fe .139  1.232 .219  .055   15.955 

Mn -.292  -2.468 .014  -.109   17.500 

BC -.092  -1.733 .084  -.077   3.556 

Dependent Variable: MeanTempT  

a. Predictors: (Constant), COPPER 

b. Predictors: (Constant), COPPER, MSA 

c. Predictors: (Constant), COPPER, MSA, NSS 

d. Predictors: (Constant), COPPER, MSA, NSS, Br 

e. Predictors: (Constant), COPPER, MSA, NSS, Br, NO3 

f. Predictors: (Constant), COPPER, MSA, NSS, Br, NO3, NH4 

g. Predictors: (Constant), COPPER, MSA, NSS, Br, NO3, NH4, Fe 

h. Predictors: (Constant), COPPER, MSA, NSS, Br, NO3, NH4, Fe, Mn 
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i. Predictors: (Constant), COPPER, MSA, NSS, Br, NO3, NH4, Fe, Mn, BC 

 In this case, it was no longer necessary to proceed further because the VIF values for 

manganese and iron were too high to be included and were eliminated. Copper and bromide were 

also removed before the next iteration as their R2 were small and not significant.  

Model 4. Temperature Versus Black Carbon, Sulfate Non Sea Salt, MSA, 

Ammonium, Nitrate, Iron.  

This model included: black carbon, sulfate non sea salt, methanesulfonic acid, 

ammonium, nitrate, and iron with results (Tables 7 and 8) below: 

Table 7.  

Model 4 Hierarchical Stepwise Regression Analysis Standardized Coefficients, Partial 

Correlations and Collinearity Statistics for Dependent Variable Temperature 

Model 

Standardized 

Coefficients 

b t Sig. 

Correlations 

Partial 

Collinearity 

Statistics 

VIF 

1  (Constant)   2.386 .017   

BC -.568 -15.641 .000 -.568 1.000 

2  (Constant)  5.900 .000   

BC -.166 -2.787 .006 -.122 3.041 

NSS -.491 -8.238 .000 -.342 3.041 

3  (Constant)  -3.683 .000   

BC .012 .203 .839 .009 3.415 

NSS -.563 -10.083 .000 -.407 3.102 
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MSA .317 9.183 .000 .376 1.188 

4  (Constant)  -6.599 .000   

BC -.081 -1.477 .140 -.065 3.525 

NSS -.986 -14.552 .000 -.542 5.389 

MSA .228 6.886 .000 .292 1.288 

NH4 .561 9.592 .000 .391 4.016 

5  (Constant)  -6.278 .000   

BC -.083 -1.506 .133 -.067 3.527 

NSS -.998 -14.545 .000 -.542 5.526 

MSA .229 6.918 .000 .293 1.290 

NH4 .541 8.828 .000 .364 4.410 

NO3 .045 1.095 .274 .048 2.020 

6  (Constant)  -4.769 .000   

BC -.088 -1.623 .105 -.072 3.529 

NSS -.975 -14.380 .000 -.538 5.564 

MSA .252 7.607 .000 .320 1.326 

NH4 .526 8.690 .000 .360 4.428 

NO3 .065 1.581 .115 .070 2.047 

Fe -.122 -4.111 .000 -.179 1.061 

a. Dependent Variable: MeanTempT 

b. Predictors: (Constant), BC 

c. Predictors: (Constant), BC, NSS 



BLACK CARBON AND ARCTIC CLIMATE      44 
 
d. Predictors: (Constant), BC, NSS, MSA 

e. Predictors: (Constant), BC, NSS, MSA, NH4 

f. Predictors: (Constant), BC, NSS, MSA, NH4, NO3 

g. Predictors: (Constant), BC, NSS, MSA, NH4, NO3, Fe 

Table 8.  

Model 4 Hierarchical Stepwise Regression Model Summary for Dependent Variable 

Temperature 

Model 

 

 

R Square 

Change Statistics 
 

 

Durbin-Watson 

R Square 

Change 

 

F Change 

 

Sig. F 

Change 

1 .323 .323 244.631 .000 

.000 

.000 

.000 

.274 

.000 

 
2 .402 .079 67.867 

 
3 .487 .085 84.323 

 
4 .565 .078 92.007 

 
5 .566 .001 1.199 

 
6 .580 .014 16.900 1.052 

 

 The R2 values were increasing as each variable was added to the model and the 

magnitude of the slope decreased for black carbon, MSA, nitrate and iron, in this model 

compared to the simple linear models. The magnitude of the slope increased for sulfate non sea 

salt and ammonium compared to their slopes in the simple linear models. However, in this 
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model, the sign changed from negative to positive for ammonium, and nitrate. The model was 

significant F(6, 508) =117.034, p<.05. 

 Model 5. Temperature Versus Nitrate, Ammonium, Chloride, MSA, Bromide, 

Sodium, Sulfate Non Sea Salt, Black Carbon  

Upon examination of the simple linear regressions, another model was created to include 

those aerosols that had a sizeable effect on temperature based on R2 values, and used the 

following in a hierarchal multiple regression: nitrate, ammonium, chloride, methanesulfonic acid, 

bromide, sodium, sulfate non sea salt and black carbon (Table 9). 

Table 9.  

Model 5 Hierarchical Stepwise Regression Analysis Standardized Coefficients, Partial 

Correlations and Collinearity Statistics for Dependent Variable Temperature 

Model 

Standardized 

Coefficients 

b t Sig. 

Correlations 

Partial 

Collinearity 

Statistics 

VIF 

1 (Constant)  1.656 .098   

NO3 -.330 -7.914 .000 -.330 1.000 

2 (Constant)  2.450 .015   

NO3 -.159 -2.800 .005 -.123 1.918 

NH4 -.247 -4.354 .000 -.189 1.918 

(3 Constant)  1.808 .071   

NO3 .124 1.906 .057 .084 2.796 

NH4 -.332 -6.054 .000 -.259 1.997 
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Cl -.381 -7.778 .000 -.325 1.592 

4 (Constant)  -3.850 .000   

NO3 .050 .820 .413 .036 2.850 

NH4 -.303 -5.898 .000 -.253 2.006 

Cl -.211 -4.251 .000 -.185 1.883 

MSA .344 8.641 .000 .357 1.205 

5 (Constant)  -7.376 .000   

NO3 .234 3.955 .000 .173 3.165 

NH4 -.067 -1.278 .202 -.057 2.522 

Cl -.140 -3.028 .003 -.133 1.931 

MSA .327 8.944 .000 .369 1.208 

Br -.538 -9.853 .000 -.400 2.696 

6 (Constant)  -9.148 .000   

NO3 .205 3.830 .000 .168 3.173 

NH4 .115 2.279 .023 .101 2.843 

Cl .659 7.721 .000 .324 8.068 

MSA .304 9.180 .000 .377 1.213 

Br -.293 -5.393 .000 -.233 3.273 

Na -1.069 -10.732 .000 -.430 10.993 

7 (Constant)  -6.866 .000   

NO3 .183 3.598 .000 .158 3.184 

NH4 .420 6.723 .000 .286 4.813 
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Cl .139 1.310 .191 .058 13.808 

MSA .223 6.727 .000 .286 1.352 

Br -.105 -1.835 .067 -.081 4.025 

Na -.388 -2.981 .003 -.131 20.842 

NSS -.755 -7.623 .000 -.321 12.076 

8 (Constant)  -6.652 .000   

NO3 .180 3.543 .000 .156 3.191 

NH4 .432 6.809 .000 .290 4.956 

Cl .149 1.403 .161 .062 13.925 

MSA .213 6.168 .000 .264 1.464 

Br -.108 -1.891 .059 -.084 4.037 

Na -.392 -3.013 .003 -.133 20.862 

NSS -.716 -6.787 .000 -.289 13.706 

BC -.058 -1.071 .285 -.048 3.635 

a. Dependent Variable: MeanTempT 

b. Predictors in the Model: (Constant), NO3 

c. Predictors in the Model: (Constant), NO3, NH4 

d. Predictors in the Model: (Constant), NO3, NH4, Cl 

e. Predictors in the Model: (Constant), NO3, NH4, Cl, MSA 

f. Predictors in the Model: (Constant), NO3, NH4, Cl, MSA, Br 

g. Predictors in the Model: (Constant), NO3, NH4, Cl, MSA, Br, Na 

h. Predictors in the Model: (Constant), NO3, NH4, Cl, MSA, Br, Na, NSS 
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 Model 6. Temperature Versus Ammonium, Chloride, MSA, Bromide, Sodium, 

Sulfate Non Sea Salt and Black Carbon. 

At this point, nitrate was removed due to its small and non significant R2 value in this 

model and another multiple regression model was created and is summarized in Table 10 below: 

 

Table 10 

Model 6 Hierarchical Stepwise Regression Analysis Standardized Coefficients, Partial 

Correlations and Collinearity Statistics for Dependent Variable Temperature 

 

 

Model 

Standardized 

Coefficients 

b 

t Sig. 

Collinearity 

Statistics 

VIF 

(Constant)  1.045 .297  

NH4 -.357 -8.657 .000 1.000 

(Constant)  3.274 .001  

NH4 -.261 -6.435 .000 1.093 

Cl -.328 -8.080 .000 1.093 

(Constant)  -3.787 .000  

NH4 -.274 -7.239 .000 1.094 

Cl -.188 -4.591 .000 1.283 

MSA .348 8.843 .000 1.182 

(Constant)  -6.242 .000  

NH4 .022 .453 .651 2.060 
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Cl -.052 -1.271 .204 1.487 

MSA .348 9.491 .000 1.182 

Br -.470 -8.942 .000 2.428 

(Constant)  -8.204 .000  

NH4 .197 4.224 .000 2.343 

Cl .750 9.028 .000 7.443 

MSA .322 9.698 .000 1.188 

Br -.229 -4.373 .000 2.964 

Na -1.089 -10.795 .000 10.965 

(Constant)  -5.870 .000  

NH4 .501 8.484 .000 4.195 

Cl .206 1.949 .052 13.383 

MSA .237 7.112 .000 1.333 

Br -.043 -.779 .436 3.660 

Na -.386 -2.936 .003 20.841 

NSS -.775 -7.750 .000 12.037 

(Constant)  -5.663 .000  

NH4 .513 8.575 .000 4.311 

Cl .217 2.047 .041 13.480 

MSA .225 6.476 .000 1.450 

Br -.048 -.866 .387 3.679 

Na -.391 -2.975 .003 20.862 
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NSS -.730 -6.846 .000 13.687 

BC -.067 -1.227 .220 3.627 

a. Predictors: (Constant), NH4 

b. Predictors: (Constant), NH4, Cl 

c. Predictors: (Constant), NH4, Cl, MSA 

d. Predictors: (Constant), NH4, Cl, MSA, Br 

e. Predictors: (Constant), NH4, Cl, MSA, Br, Na 

f. Predictors: (Constant), NH4, Cl, MSA, Br, Na, NSS 

g. Predictors: (Constant), NH4, Cl, MSA, Br, Na, NSS, BC 

Table 11 

Model 6 Hierarchical Stepwise Regression Analysis Model Summary Results for Dependent 

Variable Temperature 

Model R Square 

Change Statistics 

Durbin-Watson 

R Square 

Change F Change 

74.950 

65.283 

78.193 

79.953 

116.529 

60.069 

1.506 

Sig. F Change 

1 .127 .127 .000 

2 .226 .099 .000 

3 .329 .103 .000 

4 .420 .091 .000 

5 .528 .108 .000 

6 .578 .050 .000 

7 .579 .001 .220 1.000 
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In this model, the R2 values increased as each variable was added to the model. The 

magnitude of the slope was reduced in the model compared to the simple linear models for each 

variable except ammonium. The signs for each variable remained the same with the exception of 

chloride and ammonium, which changed from negative to positive. The model was then tested 

and found to be significant F(7, 507)=99.635, p<.05.  

After considering the previous model, it was apparent that another model would have to 

be created because the VIF values were greater than 10, indicating that some of the variables 

covary too seriously. The variables chloride, sodium, and sulfate non sea salt covary both in the 

real world and in the statistical sense. The aerosol data was collected using ion chromatography 

so it is likely that sodium and chloride covary greatly because there are from the sodium chloride 

salt molecule and collected together. By removing the chloride molecule in the next model, this 

issue should be reduced and reflected in the VIF values. 

Model 7. Temperature vs Aerosols: Ammonium, MSA, Bromide, Sodium and Non 

Sea Sulfate.  

This model was created to better understand the relationship between temperature and 

aerosols without chloride present in order to reduce the effects of it covarying with sodium. The 

results of this are summarized in Table 12 below.  

Table 12.  

Model 7 Hierarchical Stepwise Regression Analysis Standardized Coefficients, Partial 

Correlations and Collinearity Statistics for Dependent Variable Temperature 

Model 

Standardized 

Coefficients t Sig. 

Correlations 

Partial 

Colinearity 

Statistics 
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Beta VIF 

(Constant)  1.045 .297   

NH4 -.357 -8.657 .000 -.357 1.000 

(Constant)  -6.438 .000   

NH4 -.324 -8.735 .000 -.360 1.006 

MSA .418 11.281 .000 .446 1.006 

(Constant)  -7.939 .000   

NH4 .026 .532 .595 .024 1.471 

MSA .365 10.643 .000 .426 1.006 

Br -.495 -10.127 .000 -.409 1.464 

(Constant)  -5.120 .000   

NH4 .055 1.167 .244 .052 1.520 

MSA .294 8.259 .000 .343 1.112 

Br -.338 -6.164 .000 -.263 1.666 

Na -.274 -5.654 .000 -.243 1.493 

(Constant)  -5.568 .000   

NH4 .530 9.262 .000 .380 4.889 

MSA .218 6.822 .000 .289 1.144 

Br -.028 -.518 .605 -.023 1.956 

Na -.145 -3.280 .001 -.144 1.513 

NSS -.905 -12.100 .000 -.473 6.191 

(Constant)  -5.278 .000   
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NH4 .542 9.295 .000 .381 4.980 

MSA .207 6.141 .000 .263 1.198 

Br -.032 -.582 .561 -.026 2.018 

Na -.138 -3.094 .002 -.136 1.531 

NSS -.872 -10.754 .000 -.431 6.916 

BC -.058 -1.054 .292 -.047 2.237 

a. Dependent Variable: MeanTempT 

b. Predictors: (Constant), NH4 

c. Predictors: (Constant), NH4, MSA 

d. Predictors: (Constant), NH4, MSA, Br 

e. Predictors: (Constant), NH4, MSA, Br, Na 

f. Predictors: (Constant), NH4, MSA, Br, Na, NSS 

g. Predictors: (Constant), NH4, MSA, Br, Na, NSS, BC  

Table 13 

Hierarchical Stepwise Regression Analysis Model Summary Results for Dependent Variable 

Temperature 

  Change Statistics  

Model R Square 

R Square 

Change F Change Sig. F Change 

Durbin-

Watson 

1 .127 .127 74.950 .000  

2 .301 .174 127.253 .000  

3 .418 .117 102.547 .000  
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4 .452 .034 31.966 .000  

5 .575 .122 146.420 .000  

6 .576 .001 1.111 .292 .987 

 

The R2 values increased as each variable was added to the model. The magnitude of the slope 

decreased for each variable except sulfate, which increased. None of the variables changed signs 

when they were added to the model. This model was significant also F(7, 507)= 114.822, p<.05 

Model 8. Black Carbon vs Aerosols. 

The last model was created to gain a better understanding of how the variables interact 

with each other where black carbon was entered into the model as the dependent variable. The 

results are summarized in Table 14 below.   

Table 14  

Model 8 Hierarchical Stepwise Regression Analysis Standardized Coefficients, Partial 

Correlations and Collinearity Statistics for Dependent Variable Black Carbon 

 

Model 

Standardized 

Coefficients 

B t Sig. 

Correlations 

Partial 

Collinearity 

Statistics 

VIF 

(Constant)  -2.067 .039   

NH4 .724 23.803 .000 .724 1.000 

(Constant)  -4.427 .000   

NH4 .651 21.824 .000 .694 1.092 
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Cl .252 8.455 .000 .350 1.092 

(Constant)  3.192 .001   

NH4 .661 23.901 .000 .726 1.094 

Cl .145 4.842 .000 .209 1.284 

MSA -.266 -9.262 .000 -.379 1.183 

(Constant)  4.494 .000   

NH4 .530 14.317 .000 .535 2.059 

Cl .085 2.695 .007 .118 1.488 

MSA -.266 -9.483 .000 -.387 1.183 

Br .208 5.166 .000 .223 2.429 

(Constant)  5.446 .000   

NH4 .444 11.695 .000 .460 2.342 

Cl -.310 -4.576 .000 -.199 7.447 

MSA -.253 -9.352 .000 -.383 1.189 

Br .089 2.090 .037 .092 2.965 

Na .535 6.516 .000 .277 10.971 

(Constant)  2.961 .003   

NH4 .179 3.750 .000 .164 4.195 

Cl .165 1.934 .054 .085 13.380 

MSA -.179 -6.654 .000 -.283 1.334 

Br -.073 -1.643 .101 -.073 3.660 

Na -.076 -.720 .472 -.032 20.836 
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NSS .676 8.368 .000 .348 12.028 

a. Dependent Variable: BC 

b. Predictors: (Constant), NH4 

c. Predictors: (Constant), NH4, Cl 

d. Predictors: (Constant), NH4, Cl, MSA 

e. Predictors: (Constant), NH4, Cl, MSA, Br 

f. Predictors: (Constant), NH4, Cl, MSA, Br, Na 

g. Predictors: (Constant), NH4, Cl, MSA, Br, Na, NSS 

Table 15 

Model 8 Hierarchical Stepwise Regression Analysis Model Summary Results for Dependent 

Variable Black Carbon 

  Change Statistics  

Model R Square 

R Square 

Change F Change Sig. F Change 

Durbin-

Watson 

1 .524 .524 566.565 .000  

2 .582 .058 71.484 .000  

3 .642 .060 85.776 .000  

4 .660 .018 26.687 .000  

5 .686 .026 42.462 .000  

6 .724 .038 70.029 .000 1.713 
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The R2 values increased as each variable was added to the model. The magnitude of the slope 

decreased for each variable except sulfate, which increased. Bromide and sodium were the only 

two variables that did not change signs when they were added to the model. This model was 

significant also F(6, 509)=222.777, p<.05.  

Standardized Mean Calculation 

The models provided an overview of general relationships and trends, which are useful in 

guiding further analysis focused on the variables that appear to have a pronounced influence on 

Arctic temperature. Based on R2 values the models indicate that black carbon, non sea salt 

sulfate, ammonium and MSA contribute considerably to the variation in temperature.  Because 

multiple regression explores linear relationships between variables, the beta values and means 

can be used in a linear equation to calculate the standardized means and use those to create ratios 

which can then be used to determine effect size and the magnitude of the effects of each variable 

on Arctic temperature.  

The fitted multiple regression model is:  

Y=b0+b1(x1)+b2(x2)+b3(x3)+…..bK(xK) 

Using this equation and inputting the standardized coefficients generated in the Model 8, along 

with the means for each variable.  

Model 4: Predictors black carbon, sulfate non sea salt, methanesulfonic acid , 

ammonium, nitrate, iron. 

Let Y be mean temperature noted as T 

T= (B1 x BC) + (B2 x NSS) + (B3 x MSA) + (B4 x NH4) + (B5 x NO3
- ) + (B6 x Fe)  

T = -0.792  
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= (- 0.088x3.18) – (0.975x0.687) + (0.252x0.156) + (0.526x0.361) + (0.065x0.385) – 

(0.122x0.31)  

= -0.279 - 0.661 + 0.039 + 0.189 + 0.025 – 0.037 

= -0.987 + 0.254 

= -0.733 

and -0.733/-.792 

= 0.919 

It is now possible to use the different components to derive ratios that will indicate magnitude.  

Black Carbon and Non Sea Salt Sulfate 

(- 0.088x3.18):( - 0.975x0.687) 

= -0.279: -0.661 

= 1: 2.36 

Therefore, the model indicates that non sea salt sulfate has approximately 2.5 times greater effect 

on cooling on Arctic temperature in Alert than does black carbon. The following ratios were 

created and are shown below and are compiled in Table 16.  

Model 7: Predictors ammonium, methanesulfonic acid, bromide, sodium, sulfate 

non sea salt, black carbon. 

T= (B1 x NH4) + (B2 x MSA) + (B3 x Br) + (B4 x Na) + (B5 x NSS ) + (B6 x BC)  

T = -0.792  

=  (0.542x0.361)+ (0.207x0.156) –(0.032 x 0.128) –(0.138 x 0.437) – (0.872x0.687)- 

(0.058x3.18) 

= 0.1957 + 0.0322 – 0.004 – 0.060 - 0.5999 - 0.1844 

= 0.556 
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And 0.620 / 0.792= 0.782 

Model 8:  Black Carbon vs NH4, Cl, MSA, Br, Na, NSS. 

Let Y be black carbon noted as BC 

BC= (B1 x NH4) + (B2 x Cl) + (B3 x MSA) + (B4 x Br) + (B5 x Na ) + (B6 x NSS)  

3.18= (0.179 x 0.361) + (0.165 x .455) - (.179 x 0.156)- (.073 x 0.128) - (.076 x 0.437) +  

(.676 x 0.687) 

= 0.0646 + 0.075 – 0.027 – 0.009 – 0.033 + 0.464 

= 0.533 

And 0.533 / 3.18 = 0.167 

 

Table 16.  

Standardized Means and Ratios Calculated for Model 4, 7 and 8 

Variables (Model 4)  Values Ratio 

BC: NSS -0.279: -0.661 1:2.5 

BC: NH4 -0.279: 0.189 1.5: 1 

BC: MSA -0.279: 0.039 7:1 

BC: Fe -0.279: -0.037 7: 1 

BC: NO3 -0.279: 0.025 11: 1 

NSS: NH4 -0.661: 0.189 3.5: 1 

NSS: MSA -0.661: 0.039 17:1 

Variables (Model 7)   

BC: NH4 - 0.184: 0.195 1:1 
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BC: NSS - 0.184: -0.599 1:3 

BC: Na -0.279: 0.060 4.5:1 

BC: MSA - 0.184: 0.032 5:1 

BC: Br - 0.184: – 0.004 46: 1 

NSS: NH4 -0.599: 0.195 3:1 

NSS: MSA -0.599: 0.032 18:1 

NSS: Br -0.599: – 0.004 149: 1 

Variables (Model 8)   

NH4: NSS 0.064: 0.464 7:1 

MSA: NSS – 0.009: 0.464 49:1 

 

The ratios calculated from each of Models 4 and 7 produced similar results as the ratios 

calculated were approximately the same. In terms of cooling, NSS has approximately three times 

greater effect on cooling than black carbon but black carbon as a cooling effect that is seven 

times greater than iron and 46 times greater than bromide. Black carbon also has a greater 

cooling effect compared to the warming effect of the other aerosols with the exception of 

ammonium, which is approximately equal. Model 8 examined the relationship between black 

carbon and aerosols. In this case, NSS has a seven times greater effect on BC compared to 

ammonium, and a 49 times greater effect on BC compared to MSA.  

Chapter 5: Discussion  

This study was as much about learning about statistical modeling and quantitative 

methods as it was about climate change in the Arctic. The data in this study required a great deal 
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of cleaning by deleting missing variables, removing outliers, transformations, and a great deal of 

experimentation to identify the models that provided an insight into the climate systems of the 

Arctic. Statistics can simplify complex data sets, demonstrate magnitude, aid in the comparison 

of data and reveal relationships. The goal in manipulating the data sets was to make it clearer and 

suited for analysis and not to change it fundamentally (Cohen, 2003). Relationships between 

variables are preserved through sound methodology and further identified and supported by 

literature. While statistics can create a quantitative overview of a system, it requires 

interpretation as it pertains to the real world. 

Through the process of creating the models, it was discovered that, as in the real world, 

the variables influenced each other statistically within the models, making it necessary to 

consider more than one model in order to gain a better understanding of the role of each variable 

in the Arctic climate system. For example, in Model 4 (Temp vs Aerosols), black carbon 

explains 32.3% of the variation in Arctic temperature, but in Model 7 (Temperature vs Aerosols), 

it explains only 0.1%. This is not to suggest that black carbon actually explains only 0.1%, rather 

when it is in a model with other variables, they influence its effects. Understanding this from a 

statistical perspective combined with support from the literature is necessary to gain a better 

understanding of the role of black carbon in Arctic climate. 

The final models were interpreted with the understanding that due to the strong 

interactions between variables, it may be difficult to fully quantify the role of each variable in the 

overall Arctic climate system. It is well established that aerosols interact with each other, making 

it difficult to discern and isolate the specific contributions of each. Despite this, the models are 

well suited to identify trends, relationships and their implications for Arctic climate. By using the 

cubic root transformation, the units of measure can no longer apply, leading to the creation of 
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ratios using the standardized means. These ratios provided insight into the relative mean 

contribution of each variable to either warming or cooling in the Arctic.  

Overall, it appears that black carbon has a role in influencing temperature in the Arctic by 

altering incoming solar radiation. Black carbon absorbs incoming solar radiation along with 

radiation reflected up from the surface but little is known about the sign or magnitude of the 

effects on climate (Bond et al., 2013). It is also well known that absorption of incoming solar 

radiation leads to heating of the atmosphere and dimming of the surface. But again, it is not 

confirmed in the literature if this leads to cooling or warming in the Arctic (Quinn et al., 2011). 

This study revealed a positive relationship between AAC and black carbon, and a negative 

relationship between AAC and temperature as well as a negative relationship between black 

carbon and temperature. This is indicative of dimming as an increase in black carbon creates 

greater absorption and dimming, which leads to cooling at the surface. The single variable linear 

models provide some insight into the relationships between each aerosol species and temperature 

but the multiple regression models are more representative of the real world relationships as 

aerosols are either co-emitted or mix in the atmosphere. The simple linear regression 

demonstrated that each of the variables clearly influences Arctic climate, yet when they are 

placed together in a multiple regression model, they more closely represent what is actually 

occurring in the atmosphere in that they interact with each other and influence their effects. 

Collectively however, the models can explain a certain percentage of the variability in Arctic 

temperature and by looking within each model, we can gain some insight into how this occurs.  

The first model to consider, Model 1, is temperature versus black carbon, aerosol optical 

depth at 412 nm, and aerosol absorption coefficient and aerosol light backscattering coefficient. 

These variables were selected in hopes of understanding how temperature is influenced by 
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radiation and black carbon. As presented in Table 4, the model explains 40.9% of the variation in 

Arctic temperature with black carbon explaining 36.2% and aerosol optical depth at 412nm 

explaining 4.7%. Neither aerosol absorption nor backscattering was influential in this model as 

they explained 0%. This is not to suggest that they have no effect on temperature, simply that 

when they interact with the other variables, their effects are diminished or masked through 

interaction effects. AOD and AAC are strongly positively correlated and have a Pearson’s 

correlation r value of 0.548. Because AOD is simply a measure of the number of particles in the 

atmospheric column, it would follow that as the number of particles increases, the absorbing 

particles would also increase thereby increasing the effect (Ramanathan & Feng, 2009). And as 

Ramanathan &Feng 2009 indicates, black carbon contributes to AOD as much as 11% in 

polluted areas such as India, so it is not surprising that this occurred. It should be noted that 

together they have a negative relationship with Arctic temperature. This may be explained with 

the concept of dimming over the Arctic. Global dimming has received a great deal of attention 

from the scientific community because of its influence on climate, but also because it can be 

misleading.  

Surface cooling due to aerosols is, however, not beneficial. As Ramanathan & Feng 2009 

asserts, anytime radiation is intercepted, the climate is fundamentally changed. He stated that 

black carbon dominates the effect of dimming by redistributing incoming solar radiation which 

may indeed cool the surface, but is balanced by a heating of the atmosphere. This heating of the 

atmosphere is known to amplify the effects of greenhouse warming of the atmosphere in the 2-6 

km range, so it is erroneous to link the cooling caused by dimming, with anything other than 

masking serious changes to the atmospheric thermal structure by enhancing GHG warming.  

Furthermore, black carbon cools the surface by changing cloud structure as it increases cloud 
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droplet number which leads to increased cloud reflectivity. The cooling from cloud brightening 

along with atmospheric dimming is said to mask the warming effect of greenhouse gasses by up 

to 50%, so it is effectively masking the effects of a longer-term issue. In fact, Ramanathan & 

Feng, 2009 suggests that if all aerosols were removed from the air, the masking effect would 

disappear and the temperature of the planet would increase by 2.4oC. The role of atmospheric 

aerosol pollution in masking greenhouse warming has attracted the attention of many 

international groups who are investigating this more closely using models and satellite data. The 

health impacts of anthropogenic aerosols are such that a reduction is necessary to protect human 

health so this cooling effect will not be long term or permanent. In fact, global climate modeling 

predicted that a reduction in absorbing aerosols including black carbon would stabilize cloud 

cover and lead to cooling (Koch et al., 2009).  

 Model 4 examined the relationship between aerosols and temperature. Black carbon was 

consistent in its contribution to the model at 32.3%. However, a comparison of this model to the 

simple linear regression results identifies differences between the effects of the aerosols, 

especially sulfate, ammonium, and nitrate. For example, in the linear regression model, 

ammonium was found to have a negative relationship with temperature, but when it was added to 

the model, the relationship became positive. This may be explained by its relationship with NSS 

when internally or externally mixed. When aerosols are emitted, they rarely remain in that state. 

Instead, they quickly mix with co-emitted species (internal mixing), or they mix with other 

species they encounter in the atmosphere (external mixing) (Rao, 2005).  Ammonium neutralizes 

the acidity of sulfate in the atmosphere, which can range from highly acidic to completely 

neutralized if there is adequate ammonium in the atmosphere. This neutralization is anticipated 

to have a warming effect due to the resulting changes to cloud indirect radiative forcing and 
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feedbacks (Fisher et al., 2011). In other words, a reduction of sulfate or an increase in 

ammonium can lead to warming by changing cloud properties. A study by Fisher et al., noted 

that Arctic air with higher sulfate concentrations are often lower in ice nuclei within the clouds. 

The result of this is an increase in large ice crystals and increased ice precipitation leading to 

“tropospheric dehydration”. The dehydration reduced longwave radiation which leads to cooling 

at the surface. This is known as the “dehydration greenhouse feedback” and can cool the Arctic 

by as much as 3oC. However, if sulfate is neutralized by ammonium, the resulting ammonium 

sulfate particles are solid and can serve as ice nuclei. This could reduce the effect of the feedback 

by increasing ice nuclei, decreasing tropospheric dehydration and, thus, leading to Arctic 

warming (Fisher et al., 2011). However, in this model, sulfate has an overall negative 

relationship with temperature and explains a greater portion of the variation compared to 

ammonium. This is likely caused by the fact that sulfate independent of ammonium, is a very 

powerful reflector of radiation and a cooling agent. The standardized mean ratios are supportive 

of the results of this model because non sea salt sulfate has a 3.5 times greater cooling effect than 

ammonium does warming. This may indicate that the net warming effect of sulfate and 

ammonium together is less than the cooling effect of sulfate alone. The ratio of the cooling 

effects of black carbon compared to NSS show that although black carbon is a cooling agent, it is 

not nearly as powerful as sulfate is in this respect. The ratios calculated using output from 

Models 4 and 7 show that NSS contributes 2.5 and 3 times more cooling to temperature 

respectively then black carbon does. This is consistent with the literature as black carbon is a 

known climate warmer and cooler, whereas sulfate is known to have only a cooling effect.   

MSA appears to have a positive relationship with temperature and explains about 8% of 

the variation observed. This is consistent with what is already known of MSA in the atmosphere 
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as it is commonly used to gain insight into climate over thousands of years (O’Dwyer et al, 

2000). MSA is the product of the atmospheric oxidization of dimethyl sulfide (DMS), which is 

emitted by marine phytoplankton. It is influenced by primary productivity, phytoplankton 

abundance and diversity, air-sea exchange of DMS, along with other climatic interactions. MSA 

concentrations have long been associated with warm sea-surface temperatures but have also been 

linked to cloud-condensation nuclei as it is a tracer for DMS emissions. DMS is known to 

increase cloud nucleation leading to an increase in scattering of solar radiation and cloud albedo 

(Charlson et al, 1987). These are said to produce a cooling effect on the climate, but there is little 

information regarding its role in Arctic climate as an increase in cloud albedo over a highly 

reflective surface may lead to a warming effect. The results of this study support the latter 

relationship but there is still much to be learnt about the relationship between MSA, DMS and 

climate as a whole. The ratios generated using the output from this model indicate that black 

carbon has a seven times greater cooling effect than MSA does on warming. Although MSA 

does influence temperature, its influence is much smaller than black carbon. Likewise, NSS has a 

17 times greater cooling effect than MSA does warming. These results also indicate that 

anthropogenic effects on temperature are greater than natural processes. The ratio calculations 

also indicate that nitrate and iron have a lesser effect on temperature compared to black carbon 

and sulfate, so mitigation efforts may be best placed on the latter two.  

Model 7, which also explored the relationship between temperature and aerosols, entered 

black carbon as the last variable, which drastically diminished its contribution in the model. This 

shows that the interactions among aerosols are sufficiently strong that each one influences the 

impact of the other. The ratios calculated using this model are similar to those from Model 4, 

providing further support for the above explanations. The effects of interacting aerosols on 
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temperature were further explored in Model 8, which focused on the relationship between black 

carbon and select aerosols.  Model 9 demonstrates that the variation in black carbon can be 

explained by the aerosols implying that they influence each other, which is in keeping with what 

is known about atmospheric chemistry associated with internal and external mixing. Black 

carbon is never emitted alone; instead, along with many other aerosols. As in the models, the 

aerosols counteract each other in the atmosphere and change the effects they would have if 

present alone. These interactions pose a challenge to precisely quantify the role of black carbon 

or any other aerosol on temperature in the Arctic. Yet, the models and ratios are useful in 

identifying trends and general relationships which are helpful in suggesting mitigation and policy 

options.  

Chapter 6: Conclusion  

 Despite the interactions of mixing aerosols, black carbon has a significant negative 

relationship with temperature and does so through its effects on the radiation balance, 

specifically through dimming. The statistical models developed in this study suggest that black 

carbon has a negative relationship with temperature, and explains approximately 30% of its 

variation. Black carbon has a positive relationship with the aerosol absorption coefficient, 

explaining 65% of its variation. Due to the limited number of available observations in the 

radiation data, it was not possible to develop a regression model with the aerosol absorption 

coefficient versus aerosols. To do so may have been helpful, as it would provide more detail 

regarding the mechanisms behind climate forcing as well as provide a better understanding the 

effects of interacting aerosols on radiation.  

It is also possible to conclude, by interfering with incoming solar radiation, that black 

carbon and sulphate have a cooling effect on the surface due to dimming. Black carbon absorbs 
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radiation in the atmosphere while sulfate is known to reflect incoming solar radiation away from 

the Earth. This is seen in all the models as sulfate always has a negative relationship with 

temperature. The two aerosols enhance each other’s effect on dimming as they both prevent 

radiation from reaching the surface.  

The models revealed that black carbon and sulfate contribute to dimming in the Arctic 

and explain 40% of the variation in temperature.  This may be an important contribution to the 

existing body of knowledge. Although dimming is not limited to source regions, the effect can be 

reduced by as much as a factor of 10 only a few thousand km away. The models show that black 

carbon and sulfate explain 40% of the variation in temperature suggesting that their dimming 

effects require further investigation. Furthermore, dimming in the Arctic and its effect on 

temperature at Alert, Nunavut have not, to my knowledge, been quantified until now.  

While black carbon is also known to have a net warming effect on climate, much of this 

is attributed to snow-ice albedo changes, which are beyond the scope of this study. This study 

focuses on the relationship between BC and other aerosols by examining climate variables 

(namely temperature), radiation and aerosol concentrations. Therefore, the scope of this study is 

limited to quantifying the effects of these short-lived climate forcers on climate through 

radiation.  

The fact that aerosol light backscattering coefficient has a positive relationship with 

temperature is not entirely in keeping with the literature, which indicates that increased 

backscattering should decrease surface temperature. However, one cannot ignore that the 

radiation related data available spans only 1.5 years; the remaining data span 17 years. It may 

also have been caused by the fact that the effect of light backscattering can have a warming 

effect if it is over a highly reflective surface such as ice and snow (Rao, 2005). Given that this is 
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an exploratory study intended to identify trends, it was included. Yet, the limitations of the small 

radiation data set indicate that the results may not be robust.  

The data and area of study provide possibilities for future work and further analysis. First, 

it is recommended that more data be collected and included in any further analysis. As more 

observations are obtained, the now small AAC, ALBC data sets could be enhanced and retested 

in other models. Another possibility may be to more fully investigate seasonal influence on the 

interactions between the aerosols and climate. It is well known that polar night and polar day are 

very influential in driving climate as is the temperature inversion that forms in the Arctic from 

winter to spring. During this time, winds slow near the ground and a layer of warm air lies over 

cool air at the surface limiting mixing of aerosols with the surface (Bond et al., 2013). The 

effects of polar night and polar day on radiation balances and temperature may also prove fruitful 

to consider.   

Because this study considered data from only one site, there are many other possibilities 

to extend the modeling to other sites within the Arctic. There may be an opportunity to obtain 

similar data from stations in other Arctic nations and conduct a similar analysis. The climate 

varies throughout the Arctic and source locations for emissions differ so creating a broader, pan 

Arctic understanding of the effects of black carbon on temperature would add to the existing 

body of knowledge.  

Multiple regression allows the researcher to determine the overall fit of a model and the 

contribution of each predictor in explaining the variation in the dependent variable, but it can 

also be used for prediction. The models can be put into the form of a regression equation and 

used to predict a dependent variable based on the independent variables. This can be a powerful 

tool in understanding a variety of climate scenarios. Future studies could investigate the effects 
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of sulfate and black carbon reduction on temperatures by manipulating the inputs for each. As 

Koch et al. 2009, stated, even the most powerful climate models have large uncertainties due to 

the dynamic nature of aerosols and climate systems.  

Implications and Recommendations  

Aerosols may have masked as much as 50% of the global warming by GHG’s and efforts 

to curb aerosol pollution may actually increase warming. However, the role of aerosols in 

masking GHG warming through diming and scattering is not justification to maintain the status 

quo, as air pollution poses a serious risk not only to climate, but also to human health and must 

be reduced. Black carbon is known to contribute to cardiovascular ailments along with asthma, 

bronchitis, and a reduction in lung function. It is estimated that black carbon exposure causes 

640 000 to 4 900 000 premature deaths annually (Weinhold, 2012).  

One objective of this study was to enhance decision making and prioritize actions to 

mitigate climate change. It is suggested, based on the findings of this study with support from the 

literature, in order to mitigate black carbon dimming impacts on Arctic climate, that reductions 

in sulfate, black carbon and GHGs must occur together. Because sulfate has a cooling effect, its 

removal could result in warming if GHG’s and black carbon are not also reduced. Because black 

carbon enhances the effects of GHG’s yet cools the surface, it is important to reduce both 

consistently to avoid an unmasking of the cooling.  At Alert, air pollution arrives from Russia 

and other parts of Northern Eurasia, requiring policies and actions to mitigate the effects of 

climate change on human well-being (Sharma et al., 2006). Because dimming due to black 

carbon is a global issue and has far reaching human health impacts, focusing only on the source 

regions for Alert is perhaps not the optimal way to proceed as it targets only a small number of 

nations, and is not really solving the bigger problem.  
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Aerosol source regions for the Arctic atmosphere are found in many countries, making 

this a complex international issue. Currently, the Climate and Clean Air Coalition to Reduce 

Short-Lived Climate Pollutants is focused on black carbon, methane and hydroflourocarbons and 

works toward raising awareness of short-lived climate forcers and mitigation strategies (CCAC, 

2014). The group also promotes best practice, improves scientific understanding of the field, and 

develops actions to reduce short-lived climate pollutants. It is comprised of approximately 40 

nations, including all of the member states of the Arctic Council, as well as 53 non-state entities 

from the private sector. The coalition has stated that reducing short-lived climate forcers is the 

best and most effective way to mitigate climate change in the near term. The results of this study 

confirm this is necessary since the statistical models indicate a strong relationship among the 

variables black carbon, sulfate, ammonium, and MSA with temperature. These relationships 

should not be ignored. There is a good deal of attention paid to the relationship between black 

carbon and the snow ice albedo effect in the Arctic.  Yet, it may be advisable to pay closer 

attention to dimming effects in the Arctic.  Further investigation is recommended in this area. 

The reduction of black carbon and several other pollutant aerosols is challenging as they are the 

product of incomplete combustion of fuels. As Ramanathan and Feng, 2009 point out, it is 

necessary to be aware of fuel type when evaluating the best way to reduce dimming in the Arctic. 

Coal was responsible for 78% of SO2 emissions worldwide and 41% of CO2 emissions in 2005. 

It is possible that there is a balance between the atmospheric cooling effect of sulfate and the 

warming effect of CO2 and black carbon. However, oil and natural gas produce less carbon 

dioxide per unit energy released, compared with coal but may be a larger contributor to global 

warming since sulfate is a lesser part of total emissions. Diesel exhaust contributes as much as 

20% of global black carbon emissions and also emits carbon dioxide but comparatively little 
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sulfate. Therefore, it is wise to focus efforts on evaluating which fuels will actually produce the 

largest magnitude change through reduction.  Much of the black carbon emitted into the 

atmosphere is from cook stoves in developing countries that burn wood, charcoal and other 

biomass (Ramanathan & Feng, 2009). The people who use these rely upon them heavily and 

receive some assistance from developed nations in the form of cleaner alternatives but there is 

much more that could be done in this regard. 

Overall, black carbon explains a significant fraction of Arctic temperature variation and 

affects it by way of the dimming process. This issue could become more problematic very 

quickly as the Arctic is warming faster than any other region in the world. Once short lived 

climate forcers are reduced, mitigation of global warming is expected to be rapid, although 

monitoring is necessary to ensure the resulting mitigation is, in fact, as expected. More research 

is needed to further quantify the relationships between black carbon, aerosols and Arctic climate 

to allow for the best possible mitigative decisions to be made. 
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Appendix A: Descriptive Statistics for Untransformed and Transformed Data
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Table A1: Untransformed Descriptive Statistics-Aerosols  

  
Cl 

ug/m3 
Br 

ug/m3 
NO3 

ug/m3 
SO4 

ug/m3 
NSS 

ug/m3 
Na 

ug/m3 
 NH4 
ug/m3 

MSA 
ug/m3 

Pb 
ug/m3 

Cu 
ug/m3 

Al 
ug/m3 

Ca 
ug/m3 

Fe 
ug/m3 

Mg 
ug/m3 

Mn 
ug/m3 BC 

N Valid 773 766 773 773 773 773 773 760 747 746 617 289 747 289 747 758 

Missing 0 7 0 0 0 0 0 13 26 27 156 484 26 484 26 15 

Mean .1824457 .0041396 .0675694 .5067195 .4713702 .1403677 .0588721 .0055145 .0007993 .0013877 .0335428 .1173573 .0469277 .0632447 .0008506 51.1861244 

Median .0621400 .0017450 .0557100 .3447900 .3039900 .0762900 .0406800 .0033000 .0003800 .0004100 .0176000 .0564300 .0235600 .0398400 .0005500 23.1648395 

Std. Deviation .3034186 .0075720 .0494623 .4940473 .4749338 .1745244 .0498144 .0060957 .0012366 .0043915 .0659433 .2336692 .0908627 .0771693 .0012086 67.3633022 

Skewness 3.954 7.470 2.242 1.327 1.422 2.510 1.499 2.436 5.164 9.464 6.631 5.866 6.858 3.768 5.528 2.743 

Std. Error of Skewness .088 .088 .088 .088 .088 .088 .088 .089 .089 .090 .098 .143 .089 .143 .089 .089 

Kurtosis 25.438 92.142 12.752 1.599 1.929 10.367 2.065 9.054 44.812 118.763 52.833 40.603 59.255 20.280 40.704 10.416 

Std. Error of Kurtosis .176 .176 .176 .176 .176 .176 .176 .177 .179 .179 .196 .286 .179 .286 .179 .177 

Range 3.404660 .119900 .528660 2.938550 2.862860 1.604560 .280680 .048040 .015190 .071810 .750030 2.260990 1.105380 .659180 .012520 524.331333 

Minimum .001870 .000100 .001250 .001450 .000550 .001630 .003830 .000030 .000010 .000050 .000120 .006020 .000640 .003330 .000010 1.179167 

Maximum 3.406530 .120000 .529910 2.940000 2.863410 1.606190 .284510 .048070 .015200 .071860 .750150 2.267010 1.106020 .662510 .012530 525.510500 

Percentiles 25 .0198600 .0002700 .0307750 .0965700 .0902500 .0186900 .0236500 .0014625 .0001300 .0001775 .0091300 .0314550 .0124200 .0173800 .0002900 8.83398200 

50 .0621400 .0017450 .0557100 .3447900 .3039900 .0762900 .0406800 .0033000 .0003800 .0004100 .0176000 .0564300 .0235600 .0398400 .0005500 23.1648395 

75 .2003000 .0053225 .0930500 .7933850 .7368400 .2064800 .0809400 .0078425 .0010200 .0008925 .0334200 .1080250 .0448400 .0818800 .0009700 69.6531815 
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Table A2: Untransformed Descriptive Statistics-Radiation  

  ALBCPM1_mean ALBCPM10_mean ALSCPM1_mean ALSC10PM_mean AACPM1_mean AACPM10_mean D412_mean D500_mean D675_mean D862_mean 
N Valid 155 155 155 155 155 155 190 190 190 190 

Missing 35 35 35 35 35 35 0 0 0 0 

Mean 16.220271 16.338327 161.631522 162.975625 -38.503579 -38.492907 .080111 .074249 .051159 .036169 

Std. Deviation 25.6290194 26.0347148 256.5338338 260.8046702 193.3677117 193.3698681 .0484252 .1515906 .1880784 .0548949 

Skewness 2.015 1.993 2.014 1.985 -4.829 -4.829 1.891 12.255 13.174 8.973 

Std. Error of Skewness .195 .195 .195 .195 .195 .195 .176 .176 .176 .176 

Kurtosis 3.334 3.147 3.328 3.118 21.603 21.603 4.300 161.474 178.512 98.837 

Std. Error of Kurtosis .387 .387 .387 .387 .387 .387 .351 .351 .351 .351 

Range 99.9725 99.9581 999.8045 999.7191 999.9035 999.8988 .2798 2.0476 2.5809 .6649 

Minimum .0275 .0419 .1955 .2809 -999.0000 -999.0000 .0307 .0236 .0098 .0097 

Maximum 100.0000 100.0000 1000.0000 1000.0000 .9035 .8988 .3105 2.0712 2.5907 .6746 

Percentiles 25 .365299 .431303 3.100913 3.182389 .016328 .023869 .046475 .035050 .017000 .017000 

50 4.267856 4.256310 42.398772 42.276619 .068356 .066937 .066100 .051900 .028700 .023600 

75 20.994037 21.057254 209.674074 210.230985 .296395 .308205 .094325 .076375 .045800 .037550 
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Table A3: Transformed Data Descriptive Statistics-Aerosols 

  Cl Br NO3 SO4 NSS NA NH4 MSA LEAD Cu Al Ca Fe Mg Mn BC 
N Valid 773 766 773 773 773 773 773 760 747 746 617 617 747 289 747 758 

Missing 0 7 0 0 0 0 0 13 26 27 156 156 26 484 26 15 

Mean .4556 .1281 .3850 .7076 .6874 .4375 .3612 .1559 .0780 .0852 .2775 .2775 .3100 .3562 .0848 3.1774 

Median .3961 .1204 .3819 .7012 .6724 .4241 .3439 .1489 .0724 .0743 .2601 .2601 .2867 .3415 .0819 2.8506 

Std. Deviation .23405 .06778 .09476 .26459 .26245 .20151 .10208 .05944 .03498 .04547 .10834 .10834 .12205 .12412 .02874 1.34312 

Skewness 1.027 .878 .171 .215 .264 .413 .452 .359 .887 2.569 1.913 1.913 1.828 .861 1.283 .802 

Std. Error of Skewness .088 .088 .088 .088 .088 .088 .088 .089 .089 .090 .098 .098 .089 .143 .089 .089 

Kurtosis .649 .997 .141 -.953 -.874 -.538 -.448 -.036 1.035 9.946 6.733 6.733 6.086 1.252 3.774 .068 

Std. Error of Kurtosis .176 .176 .176 .176 .176 .176 .176 .177 .179 .179 .196 .196 .179 .286 .179 .177 

Range 1.38 .45 .70 1.32 1.34 1.05 .50 .33 .23 .38 .86 .86 .95 .72 .21 7.01 

Minimum .12 .05 .11 .11 .08 .12 .16 .03 .02 .04 .05 .05 .09 .15 .02 1.06 

Maximum 1.50 .49 .81 1.43 1.42 1.17 .66 .36 .25 .42 .91 .91 1.03 .87 .23 8.07 

Percentiles 25 .2708 .0646 .3134 .4588 .4486 .2654 .2870 .1135 .0507 .0562 .2090 .2090 .2316 .2590 .0662 2.0672 

50 .3961 .1204 .3819 .7012 .6724 .4241 .3439 .1489 .0724 .0743 .2601 .2601 .2867 .3415 .0819 2.8506 

75 .5851 .1746 .4531 .9258 .9032 .5911 .4326 .1987 .1007 .0963 .3221 .3221 .3553 .4342 .0990 4.1145 
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Table A4: Transformed Descriptive Statistics-Radiation  

  ALBCPM1_meanT ALBCPM10_meanT ALSCPM1_meanT ALSC10PM_meanT AACPM1_meanT AACPM10_meanT D412_meanT D500_meanT D675_meanT D862_meanT 
N Valid 155 155 155 155 155 155 190 190 190 190 

Missing 35 35 35 35 35 35 0 0 0 0 

Mean 1.820246 1.831478 3.857606 3.877125 .031470 .062569 .417470 .389608 .322922 .307768 

Std. Deviation 1.2750054 1.2659401 2.8012100 2.7884481 2.0381874 2.0401261 .0746786 .0977681 .1066591 .0779857 

Skewness .674 .727 .650 .698 -4.684 -4.716 .989 4.343 5.462 3.066 

Std. Error of Skewness .195 .195 .195 .195 .195 .195 .176 .176 .176 .176 

Kurtosis -.729 -.662 -.778 -.721 20.685 20.889 .639 34.868 49.472 16.201 

Std. Error of Kurtosis .387 .387 .387 .387 .387 .387 .351 .351 .351 .351 

Range 4.3398 4.2942 9.4196 9.3451 10.9634 10.9617 .3640 .9879 1.1594 .6638 

Minimum .3018 .3474 .5804 .6549 -9.9967 -9.9967 .3131 .2868 .2140 .2133 

Maximum 4.6416 4.6416 10.0000 10.0000 .9667 .9651 .6772 1.2747 1.3734 .8770 

Percentiles 25 .714852 .755546 1.458243 1.470904 .253694 .287924 .359533 .327262 .257128 .257128 

50 1.622071 1.620607 3.486993 3.483641 .408877 .406027 .404328 .373011 .306165 .286838 

75 2.758663 2.761429 5.940845 5.946100 .666741 .675481 .455202 .424275 .357785 .334865 
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Table A5: Untransformed Descriptive Statistics-Climate  

  DewPointTemp°C_mean RelHum_mean WindDir10sdeg_mean WindSpdkmh_mean Visibilitykm_mean StnPresskPa_mean WindChill_mean MeanTemp Carbonblack_mean 
N Valid 190 190 190 190 190 190 143 190 190 

Missing 0 0 0 0 0 0 47 0 0 

Mean -9.087829 83.695603 21.544642 8.306245 13.397553 101.162835 -14.738186 -6.814737 21.144822 

Std. Deviation 12.2080948 10.3268796 5.9976785 6.6933173 2.4738486 .9926954 12.3494351 11.8008830 22.8635143 

Skewness -1.080 -.333 -.066 1.658 -1.918 .865 -.811 -.875 1.969 

Std. Error of Skewness .176 .176 .176 .176 .176 .176 .203 .176 .176 

Kurtosis -.187 -1.011 -.400 2.362 3.171 1.678 -.783 -.399 4.542 

Std. Error of Kurtosis .351 .351 .351 .351 .351 .351 .403 .351 .351 

Range 46.4708 39.6250 28.2500 32.7083 11.2208 5.7029 42.5000 47.1000 139.6783 

Minimum -40.5625 60.3750 7.2500 .2500 3.7792 99.1783 -43.5000 -37.6000 1.8400 

Maximum 5.9083 100.0000 35.5000 32.9583 15.0000 104.8813 -1.0000 9.5000 141.5183 

Percentiles 
 

25 -15.808333 74.781250 17.148810 3.822917 12.823958 100.489167 -24.100000 -14.500000 6.341842 

50 -3.633333 85.979167 21.414773 6.145833 14.558333 101.107500 -8.615385 -3.300000 9.970750 

75 .184375 91.437500 25.712500 9.552083 15.000000 101.633021 -4.611111 1.600000 29.123655 

 

 

 

 

 



BLACK CARBON AND ARCTIC CLIMATE      84 
 
 

Table A6: Transformed Descriptive Statistics-Climate  

  DewPointTempT RelHum_meanT WindDir10sdeg_meanT WindSpdkmh_meanT Visibilitykm_meanT StnPresskPa_meanT WindChill_meanT MeanTempT Carbonblack_meanT 
N Valid 190 190 190 190 190 190 143 190 190 

Missing 0 0 0 0 0 0 47 0 0 

Mean -1.240344 4.366607 2.756314 1.900927 2.363107 4.659462 -2.252086 -.792682 2.484167 

Std. Deviation 1.5412998 .1835682 .2736180 .4932489 .1740349 .0151998 .6933559 1.8250384 .8460576 

Skewness .448 -.445 -.577 .483 -2.365 .837 -.277 .261 .853 

Std. Error of Skewness .176 .176 .176 .176 .176 .176 .203 .176 .176 

Kurtosis -1.073 -.918 .119 .199 5.818 1.600 -1.205 -1.524 -.170 

Std. Error of Kurtosis .351 .351 .351 .351 .351 .351 .403 .351 .351 

Range 5.2437 .7186 1.3511 2.5762 .9086 .0871 2.5169 5.4680 3.9858 

Minimum -3.4359 3.9230 1.9354 .6300 1.5576 4.6288 -3.5169 -3.3501 1.2254 

Maximum 1.8078 4.6416 3.2866 3.2062 2.4662 4.7159 -1.0000 2.1179 5.2112 

Percentiles 25 -2.509738 4.213057 2.578761 1.563618 2.340670 4.649145 -2.888500 -2.438461 1.850994 

50 -1.537334 4.413648 2.776969 1.831723 2.441765 4.658661 -2.050021 -1.488197 2.152327 

75 .569013 4.505138 2.951536 2.121774 2.466212 4.666719 -1.664441 1.169607 3.076674 
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Appendix B: Correlation Matrices for Untransformed and Transformed Data 
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Table B1: Correlation Matrix Untransformed Climate and Aerosols 

  DewPointTemp°C_mean RelHum_mean WindDir10sdeg_mean WindSpdkmh_mean Visibilitykm_mean StnPresskPa_mean WindChill_mean TotalPrecip 

Pearson 
Correlation 

MeanTemp 
0.989 0.609 -0.35 0.242 0.163 -0.088 0.981 0.227 

Chloride ug/m3 
-0.418 -0.31 0.161 -0.021 -0.129 0.199 -0.435 -0.101 

Bromide-ug/m3 
-0.199 -0.258 0.086 -0.023 -0.094 0.207 -0.192 -0.057 

Nitrate-ug/m3 
-0.448 -0.339 0.091 -0.09 -0.163 0.206 -0.451 -0.163 

Sulfate-ug/m3 
-0.571 -0.406 0.125 -0.049 -0.054 0.051 -0.573 -0.145 

Sulfate: non-sea salt-
ug/m3 -0.55 -0.391 0.115 -0.051 -0.045 0.038 -0.551 -0.14 

Sodium, ion (Na1+)-
ug/m3 -0.528 -0.374 0.194 -0.006 -0.151 0.201 -0.547 -0.134 

Ammonium ion (NH4)-
ug/m3 -0.503 -0.28 0.077 -0.128 0.009 -0.013 -0.501 -0.143 

Methanesulfonic acid-
ug/m3 0.64 0.328 -0.203 0.107 0.153 0.035 0.653 0.048 

Lead-ug/m3 
-0.574 -0.347 0.083 -0.059 -0.111 -0.143 -0.585 -0.122 

Copper-ug/m3 
-0.103 -0.026 -0.032 0.065 0.191 -0.122 -0.133 -0.054 

Aluminum-ug/m3 
0.14 -0.087 -0.023 0.343 -0.013 -0.072 0.132 -0.027 

Calcium-ug/m3 
0.129 -0.083 -0.043 0.368 -0.006 -0.1 0.113 -0.031 

Fe-ug/m3 
0.146 -0.077 -0.034 0.351 -0.004 -0.087 0.135 -0.026 

Magnesium-ug/m3 
-0.147 -0.285 0.051 0.307 -0.056 -0.015 -0.172 -0.09 

Manganese-ug/m3 
0.092 -0.113 -0.025 0.343 -0.028 -0.082 0.079 -0.033 

BC_mean 
-0.619 -0.309 0.136 -0.112 -0.07 -0.005 -0.63 -0.097 

DewPointTemp°C_mean 
1 0.681 -0.352 0.249 0.162 -0.102 0.986 0.236 

RelHum_mean 
0.681 1 -0.246 -0.038 0.116 -0.124 0.648 0.225 

WindDir10sdeg_mean 
-0.352 -0.246 1 0.075 -0.164 0.071 -0.38 -0.105 

WindSpdkmh_mean 
0.249 -0.038 0.075 1 -0.138 -0.231 0.14 0.028 

Visibilitykm_mean 
0.162 0.116 -0.164 -0.138 1 -0.062 0.192 -0.263 

StnPresskPa_mean 
-0.102 -0.124 0.071 -0.231 -0.062 1 -0.06 -0.109 
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WindChill_mean 
0.986 0.648 -0.38 0.14 0.192 -0.06 1 0.22 

TotalPrecip 
0.236 0.225 -0.105 0.028 -0.263 -0.109 0.22 1 

Table B1 Continued 

  MeanTemp Chloride ug/m3 Bromide-ug/m3 NO3rate-ug/m3 Sulfate-ug/m3 
Sulfate: non-sea 

salt-ug/m3 
Sodium, ion 

(Na1+)-ug/m3 
Ammonium ion 
(NH4)-ug/m3 

Methanesulfonic 
acid-ug/m3 

Pearson 
Correlation 

MeanTemp 1 -0.416 -0.191 -0.444 -0.575 -0.554 -0.53 -0.515 0.644 

Chloride ug/m3 -0.416 1 0.168 0.588 0.151 0.089 0.904 0.136 -0.291 

Bromide-ug/m3 -0.191 0.168 1 0.445 0.495 0.481 0.392 0.365 0.292 

Nitrate-ug/m3 -0.444 0.588 0.445 1 0.455 0.416 0.73 0.49 -0.087 

Sulfate-ug/m3 -0.575 0.151 0.495 0.455 1 0.998 0.452 0.903 -0.124 

Sulfate: non-sea salt-
ug/m3 

-0.554 0.089 0.481 0.416 0.998 1 0.393 0.903 -0.109 

Sodium, ion (Na1+)-
ug/m3 

-0.53 0.904 0.392 0.73 0.452 0.393 1 0.381 -0.257 

Ammonium ion (NH4)-
ug/m3 

-0.515 0.136 0.365 0.49 0.903 0.903 0.381 1 -0.105 

Methanesulfonic acid-
ug/m3 

0.644 -0.291 0.292 -0.087 -0.124 -0.109 -0.257 -0.105 1 

Lead-ug/m3 -0.586 0.164 0.218 0.414 0.75 0.748 0.347 0.826 -0.293 

Copper-ug/m3 -0.125 -0.003 0.107 0.092 0.329 0.328 0.151 0.275 -0.032 

Aluminum-ug/m3 0.16 0.016 -0.073 -0.095 -0.105 -0.106 -0.024 -0.18 0.02 

Calcium-ug/m3 0.148 0.029 -0.095 -0.088 -0.143 -0.145 -0.028 -0.2 -0.027 

Fe-ug/m3 0.164 -0.003 -0.083 -0.112 -0.112 -0.112 -0.046 -0.183 0.026 

Magnesium-ug/m3 -0.129 0.418 0.102 0.242 0.121 0.096 0.394 0.032 -0.121 

Manganese-ug/m3 0.11 0.027 -0.047 -0.037 -0.018 -0.019 0.007 -0.087 0.013 

BC_mean -0.639 0.24 0.113 0.398 0.624 0.616 0.378 0.664 -0.397 

DewPointTemp°C_mean 0.989 -0.418 -0.199 -0.448 -0.571 -0.55 -0.528 -0.503 0.64 

RelHum_mean 0.609 -0.31 -0.258 -0.339 -0.406 -0.391 -0.374 -0.28 0.328 

WindDir10sdeg_mean -0.35 0.161 0.086 0.091 0.125 0.115 0.194 0.077 -0.203 

WindSpdkmh_mean 0.242 -0.021 -0.023 -0.09 -0.049 -0.051 -0.006 -0.128 0.107 
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Visibilitykm_mean 0.163 -0.129 -0.094 -0.163 -0.054 -0.045 -0.151 0.009 0.153 

StnPresskPa_mean -0.088 0.199 0.207 0.206 0.051 0.038 0.201 -0.013 0.035 

WindChill_mean 0.981 -0.435 -0.192 -0.451 -0.573 -0.551 -0.547 -0.501 0.653 

TotalPrecip 0.227 -0.101 -0.057 -0.163 -0.145 -0.14 -0.134 -0.143 0.048 
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Table B1 Continued 

 

  Lead-ug/m3 Copper-ug/m3 Aluminum-ug/m3 Calcium-ug/m3 Fe-ug/m3 
Magnesium-

ug/m3 
Manganese-

ug/m3 
BC_mean 

Pearson 
Correlation 

MeanTemp -0.586 -0.125 0.16 0.148 0.164 -0.129 0.11 -0.639 

Chloride ug/m3 0.164 -0.003 0.016 0.029 -0.003 0.418 0.027 0.24 

Bromide-ug/m3 0.218 0.107 -0.073 -0.095 -0.083 0.102 -0.047 0.113 

Nitrate-ug/m3 0.414 0.092 -0.095 -0.088 -0.112 0.242 -0.037 0.398 

Sulfate-ug/m3 0.75 0.329 -0.105 -0.143 -0.112 0.121 -0.018 0.624 

Sulfate: non-sea salt-
ug/m3 

0.748 0.328 -0.106 -0.145 -0.112 0.096 -0.019 0.616 

Sodium, ion (Na1+)-
ug/m3 

0.347 0.151 -0.024 -0.028 -0.046 0.394 0.007 0.378 

Ammonium ion (NH4)-
ug/m3 

0.826 0.275 -0.18 -0.2 -0.183 0.032 -0.087 0.664 

Methanesulfonic acid-
ug/m3 

-0.293 -0.032 0.02 -0.027 0.026 -0.121 0.013 -0.397 

Lead-ug/m3 1 0.277 -0.065 -0.058 -0.062 0.157 0.037 0.687 

Copper-ug/m3 0.277 1 0.036 0.027 0.036 0.103 0.071 0.232 

Aluminum-ug/m3 -0.065 0.036 1 0.969 0.992 0.861 0.986 -0.141 

Calcium-ug/m3 -0.058 0.027 0.969 1 0.981 0.871 0.962 -0.135 

Fe-ug/m3 -0.062 0.036 0.992 0.981 1 0.867 0.986 -0.142 

Magnesium-ug/m3 0.157 0.103 0.861 0.871 0.867 1 0.88 0.076 

Manganese-ug/m3 0.037 0.071 0.986 0.962 0.986 0.88 1 -0.075 

BC_mean 0.687 0.232 -0.141 -0.135 -0.142 0.076 -0.075 1 

DewPointTemp°C_mean -0.574 -0.103 0.14 0.129 0.146 -0.147 0.092 -0.619 

RelHum_mean -0.347 -0.026 -0.087 -0.083 -0.077 -0.285 -0.113 -0.309 

WindDir10sdeg_mean 0.083 -0.032 -0.023 -0.043 -0.034 0.051 -0.025 0.136 

WindSpdkmh_mean -0.059 0.065 0.343 0.368 0.351 0.307 0.343 -0.112 

Visibilitykm_mean -0.111 0.191 -0.013 -0.006 -0.004 -0.056 -0.028 -0.07 
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StnPresskPa_mean -0.143 -0.122 -0.072 -0.1 -0.087 -0.015 -0.082 -0.005 

WindChill_mean -0.585 -0.133 0.132 0.113 0.135 -0.172 0.079 -0.63 

TotalPrecip -0.122 -0.054 -0.027 -0.031 -0.026 -0.09 -0.033 -0.097 
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Table B2: Untransformed Correlation Matrix- Radiation, Climate  

  MeanTemp 
DewPointTemp°C_me

an 
RelHum_mean 

WindDir10sdeg_me
an 

WindSpdkmh_me
an 

Visibilitykm_mea
n 

StnPresskPa_mean WindChill_mean 
Carbo
nblack
_mean 

Pearson 
Correlation 

MeanTemp 1 0.991 0.775 -0.359 0.393 -0.165 -0.532 0.988 -0.74 

DewPointTemp°C_me
an 

0.991 1 0.834 -0.352 0.362 -0.221 -0.563 0.993 -0.766 

RelHum_mean 0.775 0.834 1 -0.278 0.017 -0.493 -0.566 0.82 -0.718 

WindDir10sdeg_mean -0.359 -0.352 -0.278 1 0.019 -0.094 0.068 -0.385 0.209 

WindSpdkmh_mean 0.393 0.362 0.017 0.019 1 0.028 -0.326 0.302 -0.172 

Visibilitykm_mean -0.165 -0.221 -0.493 -0.094 0.028 1 0.339 -0.183 0.253 

StnPresskPa_mean -0.532 -0.563 -0.566 0.068 -0.326 0.339 1 -0.525 
0

.588 

WindChill_mean 0.988 0.993 0.82 -0.385 0.302 -0.183 -0.525 1 -0.762 

Carbonblack_mean -0.74 -0.766 -0.718 0.209 -0.172 0.253 0.588 -0.762 1 

ALBCPM1_mean 0.231 0.23 0.23 -0.093 -0.044 0.021 -0.014 0.248 -0.194 

ALBCPM10_mean 0.23 0.229 0.222 -0.083 -0.038 0.026 -0.011 0.244 -0.189 

ALSCPM1_mean 0.232 0.232 0.231 -0.094 -0.044 0.021 -0.015 0.249 -0.195 

ALSC10PM_mean 0.232 0.231 0.225 -0.082 -0.038 0.022 -0.012 0.246 -0.191 

AACPM1_mean -0.698 -0.727 -0.691 0.176 -0.165 0.219 0.554 -0.722 0.948 

AACPM10_mean -0.691 -0.721 -0.692 0.16 -0.166 0.243 0.558 -0.714 0.937 

D412_mean -0.318 -0.333 -0.32 0.031 -0.137 0.249 0.396 -0.313 0.465 

D500_mean -0.382 -0.395 -0.362 0.067 -0.169 0.254 0.425 -0.376 0.496 

D675_mean -0.406 -0.419 -0.381 0.093 -0.169 0.233 0.434 -0.402 0.509 

D862_mean -0.22 -0.214 -0.155 0.026 -0.13 0.135 0.214 -0.205 0.184 
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Table B2 Continued 

  ALBCPM1_mean ALBCPM10_mean 
ALSCPM1_mea

n 
ALSC10PM_mean AACPM1_mean AACPM10_mean D412_mean D500_mean D675_mean D862_mean 

Pearson 
Correlatio
n 

MeanTemp 0.231 0.23 0.232 0.232 -0.698 -0.691 -0.318 -0.382 -0.406 -0.22 

DewPointTemp°C_m
ean 

0.23 0.229 0.232 0.231 -0.727 -0.721 -0.333 -0.395 -0.419 -0.214 

RelHum_mean 0.23 0.222 0.231 0.225 -0.691 -0.692 -0.32 -0.362 -0.381 -0.155 

WindDir10sdeg_mea
n 

-0.093 -0.083 -0.094 -0.082 0.176 0.16 0.031 0.067 0.093 0.026 

WindSpdkmh_mean -0.044 -0.038 -0.044 -0.038 -0.165 -0.166 -0.137 -0.169 -0.169 -0.13 

Visibilitykm_mean 0.021 0.026 0.021 0.022 0.219 0.243 0.249 0.254 0.233 0.135 

StnPresskPa_mean -0.014 -0.011 -0.015 -0.012 0.554 0.558 0.396 0.425 0.434 0.214 

WindChill_mean 0.248 0.244 0.249 0.246 -0.722 -0.714 -0.313 -0.376 -0.402 -0.205 

Carbonblack_mean -0.194 -0.189 -0.195 -0.191 0.948 0.937 0.465 0.496 0.509 0.184 

ALBCPM1_mean 1 0.986 1 0.986 -0.256 -0.233 -0.161 -0.156 -0.167 0.018 

ALBCPM10_mean 0.986 1 0.986 1 -0.251 -0.226 -0.194 -0.185 -0.184 -0.006 

ALSCPM1_mean 1 0.986 1 0.986 -0.258 -0.234 -0.161 -0.157 -0.168 0.018 

ALSC10PM_mean 0.986 1 0.986 1 -0.254 -0.229 -0.196 -0.187 -0.186 -0.007 

AACPM1_mean -0.256 -0.251 -0.258 -0.254 1 0.991 0.501 0.518 0.517 0.177 

AACPM10_mean -0.233 -0.226 -0.234 -0.229 0.991 1 0.485 0.5 0.5 0.167 

D412_mean -0.161 -0.194 -0.161 -0.196 0.501 0.485 1 0.968 0.9 0.348 

D500_mean -0.156 -0.185 -0.157 -0.187 0.518 0.5 0.968 1 0.967 0.504 

D675_mean -0.167 -0.184 -0.168 -0.186 0.517 0.5 0.9 0.967 1 0.46 

D862_mean 0.018 -0.006 0.018 -0.007 0.177 0.167 0.348 0.504 0.46 1 
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Table B3: Correlation matrix for Transformed-Climate and Aerosol 

  MeanTempT DewT WindChillT CL BR NO3 

Pearson Correlation 

MeanTempT 1 0.946 0.913 -0.411 -0.436 -0.387 

DewT 0.946 1 0.957 -0.451 -0.461 -0.414 

WindChillT 0.913 0.957 1 -0.5 -0.451 -0.456 

CL -0.411 -0.451 -0.5 1 0.337 0.641 

BR -0.436 -0.461 -0.451 0.337 1 0.654 

NO3 -0.387 -0.414 -0.456 0.641 0.654 1 

SULF -0.628 -0.665 -0.68 0.322 0.768 0.633 

NSS -0.613 -0.649 -0.662 0.266 0.76 0.607 

NA -0.587 -0.63 -0.663 0.885 0.603 0.766 

NH4 -0.441 -0.473 -0.492 0.236 0.665 0.63 

MSA 0.578 0.648 0.701 -0.435 -0.034 -0.225 

LEAD -0.572 -0.6 -0.636 0.34 0.537 0.554 

COPPER -0.255 -0.249 -0.272 0.178 0.236 0.215 

ALUM  0.003 0.049 0.074 0.125 -0.016 -0.002 

CALC 0.042 0.082 0.072 0.208 -0.086 0.026 

FE 0.026 0.073 0.091 0.091 -0.056 -0.043 

MAGN -0.346 -0.35 -0.377 0.66 0.336 0.458 

MN -0.097 -0.06 -0.05 0.174 0.084 0.107 

BC -0.597 -0.65 -0.705 0.399 0.496 0.556 

RELHUM 0.502 0.621 0.62 -0.377 -0.471 -0.389 

WINDDIR -0.42 -0.391 -0.422 0.227 0.104 0.092 
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WINDSPD 0.216 0.254 0.168 -0.007 -0.117 -0.122 

VIS 0.146 0.104 0.144 -0.142 -0.111 -0.16 

PRESS -0.144 -0.138 -0.107 0.132 0.24 0.202 

PRECIP 0.126 0.159 0.152 -0.072 -0.138 -0.142 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



BLACK CARBON AND ARCTIC CLIMATE      95 
 
Table B3 Continued 

  SULF NSS NA NH4 MSA LEAD 

Pearson Correlation 

MeanTempT 
-0.628 -0.613 -0.587 -0.441 0.578 -0.572 

DewT 
-0.665 -0.649 -0.63 -0.473 0.648 -0.6 

WindChillT 
-0.68 -0.662 -0.663 -0.492 0.701 -0.636 

CL 
0.322 0.266 0.885 0.236 -0.435 0.34 

BR 
0.768 0.76 0.603 0.665 -0.034 0.537 

NO3 
0.633 0.607 0.766 0.63 -0.225 0.554 

SULF 
1 0.998 0.676 0.883 -0.3 0.814 

NSS 
0.998 1 0.63 0.886 -0.281 0.813 

NA 
0.676 0.63 1 0.54 -0.432 0.57 

NH4 
0.883 0.886 0.54 1 -0.153 0.837 

MSA 
-0.3 -0.281 -0.432 -0.153 1 -0.367 

LEAD 
0.814 0.813 0.57 0.837 -0.367 1 

COPPER 
0.466 0.464 0.347 0.45 -0.155 0.552 

ALUM  
-0.025 -0.033 0.088 -0.155 0.107 0.013 

CALC 
-0.093 -0.106 0.117 -0.196 0.042 0.025 

FE 
-0.046 -0.052 0.052 -0.169 0.12 0.011 

MAGN 
0.37 0.337 0.656 0.214 -0.234 0.395 

MN 
0.144 0.137 0.188 0.028 0.034 0.21 

BC 
0.782 0.775 0.607 0.754 -0.504 0.801 

RELHUM 
-0.494 -0.479 -0.494 -0.321 0.413 -0.426 

WINDDIR 
0.19 0.178 0.255 0.092 -0.263 0.135 

WINDSPD 
-0.107 -0.107 -0.051 -0.161 0.129 -0.068 

VIS 
-0.056 -0.049 -0.127 0.038 0.137 -0.044 

PRESS 
0.111 0.099 0.182 0.017 -0.016 -0.089 
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PRECIP 
-0.173 -0.17 -0.148 -0.169 0.048 -0.14 
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Table B3 Continued 

  LEAD COPPER ALUM  CALC FE MAGN MN BC 

Pearson Correlation 

MeanTempT -0.572 -0.255 0.003 0.042 0.026 -0.346 -0.097 -0.597 

DewT -0.6 -0.249 0.049 0.082 0.073 -0.35 -0.06 -0.65 

WindChillT -0.636 -0.272 0.074 0.072 0.091 -0.377 -0.05 -0.705 

CL 0.34 0.178 0.125 0.208 0.091 0.66 0.174 0.399 

BR 0.537 0.236 -0.016 -0.086 -0.056 0.336 0.084 0.496 

NO3 0.554 0.215 -0.002 0.026 -0.043 0.458 0.107 0.556 

SULF 0.814 0.466 -0.025 -0.093 -0.046 0.37 0.144 0.782 

NSS 0.813 0.464 -0.033 -0.106 -0.052 0.337 0.137 0.775 

NA 0.57 0.347 0.088 0.117 0.052 0.656 0.188 0.607 

NH4 0.837 0.45 -0.155 -0.196 -0.169 0.214 0.028 0.754 

MSA -0.367 -0.155 0.107 0.042 0.12 -0.234 0.034 -0.504 

LEAD 1 0.552 0.013 0.025 0.011 0.395 0.21 0.801 

COPPER 0.552 1 0.18 0.188 0.202 0.35 0.272 0.477 

ALUM  0.013 0.18 1 0.928 0.982 0.726 0.957 -0.133 

CALC 0.025 0.188 0.928 1 0.935 0.762 0.896 -0.127 

FE 0.011 0.202 0.982 0.935 1 0.718 0.96 -0.143 

MAGN 0.395 0.35 0.726 0.762 0.718 1 0.787 0.298 

MN 0.21 0.272 0.957 0.896 0.96 0.787 1 0.034 

BC 0.801 0.477 -0.133 -0.127 -0.143 0.298 0.034 1 

RELHUM -0.426 -0.061 -0.079 -0.059 -0.04 -0.386 -0.149 -0.41 

WINDDIR 0.135 0.002 -0.032 -0.062 -0.05 0.125 -0.003 0.161 

WINDSPD -0.068 0.113 0.271 0.323 0.276 0.179 0.261 -0.12 

VIS -0.044 0.255 0.035 0.057 0.048 -0.042 -0.019 -0.037 

PRESS -0.089 -0.186 -0.008 -0.056 -0.04 0.046 -0.029 0.011 
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PRECIP -0.14 -0.114 -0.004 -0.003 -0.004 -0.08 -0.002 -0.108 
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Table B4: Correlation Matrix for Transformed Radiation and Climate 

  MeanTempT DewPointTempT RelHum_meanT 
WindDir10sdeg_mean

T 
WindSpdkmh_mean

T 
Visibilitykm_mean

T 
StnPresskPa_mean

T 
WindCh-ill_meanT 

Carbonbl-
ack_mean

T 

Pearson 
Correlatio
n 

MeanTempT 1 0.921 0.517 -0.231 0.473 -0.114 -0.414 0.867 
-

0.605 

DewPointTempT 0.921 1 0.677 -0.264 0.437 -0.232 -0.45 0.902 -0.687 

RelHum_meanT 0.517 0.677 1 -0.303 0.151 -0.464 -0.565 0.782 -0.732 

WindDir10sdeg_mean
T 

-0.231 -0.264 -0.303 1 -0.031 -0.081 0.087 -0.399 0.245 

WindSpdkmh_meanT 0.473 0.437 0.151 -0.031 1 -0.051 -0.375 0.37 -0.218 

Visibilitykm_meanT -0.114 -0.232 -0.464 -0.081 -0.051 1 0.316 -0.174 0.235 

StnPresskPa_meanT -0.414 -0.45 -0.565 0.087 -0.375 0.316 1 -0.487 0.523 

WindChill_meanT 0.867 0.902 0.782 -0.399 0.37 -0.174 -0.487 1 -0.748 

Carbonblack_meanT -0.605 -0.687 -0.732 0.245 -0.218 0.235 0.523 -0.748 1 

ALBCPM1_meanT 0.208 0.216 0.303 -0.154 0.012 -0.084 -0.043 0.31 -0.221 

ALBCPM10_meanT 0.181 0.215 0.283 -0.103 0.017 -0.082 -0.021 0.281 -0.222 

ALSCPM1_meanT 0.212 0.22 0.309 -0.157 0.014 -0.087 -0.047 0.315 -0.225 

ALSC10PM_meanT 0.182 0.217 0.288 -0.103 0.018 -0.087 -0.024 0.283 -0.227 

AACPM1_meanT -0.091 -0.129 -0.218 0.086 0.05 0.011 0.117 -0.176 0.271 

AACPM10_meanT -0.092 -0.13 -0.212 0.078 0.036 0.02 0.119 -0.172 0.264 

D412_meanT -0.429 -0.443 -0.37 0.059 -0.153 0.245 0.409 -0.397 0.544 

D500_meanT -0.463 -0.48 -0.404 0.086 -0.188 0.256 0.436 -0.445 0.563 

D675_meanT -0.464 -0.476 -0.427 0.103 -0.19 0.247 0.451 -0.46 0.575 

D862_meanT -0.396 -0.402 -0.34 0.094 -0.177 0.197 0.379 -0.406 0.42 
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Table B4 Continued 

  ALBCPM1_meanT ALBCPM10_meanT ALSCPM1_meanT ALSC10PM_meanT AACPM1_meanT AACPM10_meanT 

Pearson Correlation 

MeanTempT 0.208 0.181 0.212 0.182 -0.091 -0.092 

DewPointTempT 0.216 0.215 0.22 0.217 -0.129 -0.13 

RelHum_meanT 0.303 0.283 0.309 0.288 -0.218 -0.212 

WindDir10sdeg_meanT -0.154 -0.103 -0.157 -0.103 0.086 0.078 

WindSpdkmh_meanT 0.012 0.017 0.014 0.018 0.05 0.036 

Visibilitykm_meanT -0.084 -0.082 -0.087 -0.087 0.011 0.02 

StnPresskPa_meanT -0.043 -0.021 -0.047 -0.024 0.117 0.119 

WindChill_meanT 0.31 0.281 0.315 0.283 -0.176 -0.172 

Carbonblack_meanT -0.221 -0.222 -0.225 -0.227 0.271 0.264 

ALBCPM1_meanT 1 0.944 1 0.942 -0.032 -0.035 

ALBCPM10_meanT 0.944 1 0.942 1 -0.047 -0.05 

ALSCPM1_meanT 1 0.942 1 0.941 -0.035 -0.037 

ALSC10PM_meanT 0.942 1 0.941 1 -0.051 -0.053 

AACPM1_meanT -0.032 -0.047 -0.035 -0.051 1 0.997 

AACPM10_meanT -0.035 -0.05 -0.037 -0.053 0.997 1 

D412_meanT -0.168 -0.228 -0.17 -0.232 0.226 0.221 

D500_meanT -0.163 -0.214 -0.165 -0.217 0.219 0.214 

D675_meanT -0.189 -0.228 -0.191 -0.231 0.198 0.192 

D862_meanT -0.102 -0.135 -0.105 -0.138 0.155 0.147 
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Table B4 Continued 

  D412_meanT D500_meanT D675_meanT D862_meanT 

Pearson Correlation 

MeanTempT -0.429 -0.463 -0.464 -0.396 

DewPointTempT -0.443 -0.48 -0.476 -0.402 

RelHum_meanT -0.37 -0.404 -0.427 -0.34 

WindDir10sdeg_meanT 0.059 0.086 0.103 0.094 

WindSpdkmh_meanT -0.153 -0.188 -0.19 -0.177 

Visibilitykm_meanT 0.245 0.256 0.247 0.197 

StnPresskPa_meanT 0.409 0.436 0.451 0.379 

WindChill_meanT -0.397 -0.445 -0.46 -0.406 

Carbonblack_meanT 0.544 0.563 0.575 0.42 

ALBCPM1_meanT -0.168 -0.163 -0.189 -0.102 

ALBCPM10_meanT -0.228 -0.214 -0.228 -0.135 

ALSCPM1_meanT -0.17 -0.165 -0.191 -0.105 

ALSC10PM_meanT -0.232 -0.217 -0.231 -0.138 

AACPM1_meanT 0.226 0.219 0.198 0.155 

AACPM10_meanT 0.221 0.214 0.192 0.147 

D412_meanT 1 0.98 0.959 0.697 

D500_meanT 0.98 1 0.981 0.812 

D675_meanT 0.959 0.981 1 0.78 

D862_meanT 0.697 0.812 0.78 1 
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Appendix C: Pearson’s Correlation r Coefficients Over .90 for Transformed and 
Untransformed Data 
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Table C1: Pearson’s r Coefficient for Transformed Data  

Variable  Variable Pearson’s r coefficient 

DewPointTemp°C_mean MeanTemp 
 

.991 
 

WindChill_mean 
 

DewPointTemp°C_mean .993 
 

AACPM1_mean Carbonblack_mean 
 

.948 
 

AACPM10_mean 
 

Black Carbon .937 

ALBCPM10_mean 
 

ALBCPM1_mean 
 

.986 
 

ALSCPM1_mean 
 

ALBCPM1_mean 
 

1.000 
 

ALBCPM10_mean 
 

ALSC10PM_mean 
 

1.000 
 

ALSCPM1_mean ALSC10PM_mean 
 

.986 
 

D500_mean 
 

D412_mean 
  

.968 
 

D500_mean 
 

D675_mean 
 

.967 
 

DewPointTemp°C_mean 
 

MeanTemp 
 

.989 
 

WindChill_mean MeanTemp .981 

Sulfate: non sea salt-ug/m3 Sulfate-ug/m3 .998 

Manganese-ug/m3 Aluminum-ug/m3 .986 

Manganese-ug/m3 Calcium-ug/m3 .962 

Manganese-ug/m3 Iron-ug/m3 .986 
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Table C2: Pearson’s r Coefficient for Untransformed Data 

Variable  Variable Pearson’s r coefficient 

ALSCPM1_meanT ALBCPM1_meanT 
 

1.000 

ALSC10PM_meanT ALBCPM1_meanT 
 

.942 

ALSC10PM_meanT ALBCPM10_meanT 
 

.942 

AACPM1_meanT ALBCPM10_meanT 1.000 

ALBCPM1_meanT 
 

ALBCPM10_meanT .944 
 

AACPM1_meanT 
 

AACPM10_meanT 
 

.997 
 

D500_meanT D412_meanT 
 

.980 

D675_meanT D412_meanT 
 

.959 

D500_meanT 
 

D675_meanT 
 

.981 
 

DewT MeanTempT 
 

.946 

WindChillT MeanTempT 
 

.913 

DewT WindChillT 
 

.957 
 

NSS 
 

SULF 
 

.998 
 

Ca Al .928 

Fe Al .982 

Mn Al .957 
 

Mn Fe .960 
 

Ca Fe .935 
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Appendix D: Residual Statistics for Models 1-8 
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Table D1: Residual Statistics for Model 1 

 

  Minimum Maximum Mean 
Std. 

Deviation N 
Predicted Value -4.130431 .432460 -1.215126 1.0995353 149 
Std. Predicted 
Value 

-2.651 1.498 .000 1.000 149 

Standard Error of 
Predicted Value 

.137 .545 .233 .077 149 

Adjusted 
Predicted Value 

-4.219453 .423073 -1.217168 1.1067612 149 

Residual -2.3259559 2.9287570 .0000000 1.3213349 149 
Std. Residual -1.736 2.186 .000 .986 149 
Stud. Residual -1.763 2.260 .001 1.004 149 
Deleted Residual -2.3977542 3.1285777 .0020416 1.3681205 149 
Stud. Deleted 
Residual 

-1.776 2.293 .002 1.007 149 

Mahal. Distance .546 23.474 3.973 3.868 149 
Cook's Distance .000 .070 .007 .012 149 
Centered 
Leverage Value 

.004 .159 .027 .026 149 

 

Table D2: Residual Statistics for Model 2 

 

  Minimum Maximum Mean 
Std. 

Deviation N 
Predicted Value -4.90677738 1.07972348 -1.83385138 1.297503856 515 
Std. Predicted 
Value 

-2.368 2.246 .000 1.000 515 

Standard Error 
of Predicted 
Value 

.084 .280 .161 .040 515 

Adjusted 
Predicted Value 

-4.98770332 1.07616007 -1.83364870 1.300473828 515 

Residual -3.031348705 2.905440569 .000000000 1.034138921 515 
Std. Residual -2.897 2.777 .000 .988 515 
Stud. Residual -2.949 2.802 .000 1.000 515 
Deleted -3.141721964 2.960011244 -.000202676 1.058914496 515 
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Residual 
Stud. Deleted 
Residual 

-2.972 2.822 .000 1.002 515 

Mahal. Distance 2.308 35.736 11.977 6.531 515 
Cook's Distance .000 .024 .002 .003 515 
Centered 
Leverage Value 

.004 .070 .023 .013 515 

 

Table D3: Residual Statistics for Model 3  

 

  Minimum Maximum Mean 
Std. 

Deviation N 
Predicted Value -4.73833370 .88131273 -1.83385138 1.280594704 515 
Std. Predicted 
Value 

-2.268 2.120 .000 1.000 515 

Standard Error 
of Predicted 
Value 

.081 .273 .143 .039 515 

Adjusted 
Predicted Value 

-4.79057503 .94570905 -1.83381374 1.283405179 515 

Residual -3.099502087 3.044939280 .000000000 1.055005578 515 
Std. Residual -2.912 2.861 .000 .991 515 
Stud. Residual -2.964 2.877 .000 1.000 515 
Deleted 
Residual 

-3.210806847 3.079502821 -.000037641 1.074006207 515 

Stud. Deleted 
Residual 

-2.987 2.898 .000 1.002 515 

Mahal. Distance 1.961 32.830 8.983 5.596 515 
Cook's Distance .000 .032 .002 .003 515 
Centered 
Leverage Value 

.004 .064 .017 .011 515 

 

Table D4: Residual Statistics for Model 4 

 

  Minimum Maximum Mean 
Std. 

Deviation N 
Predicted Value -4.67388248 .89146280 -1.83385138 1.263870364 515 
Std. Predicted 
Value 

-2.247 2.156 .000 1.000 515 
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Standard Error 
of Predicted 
Value 

.062 .266 .122 .033 515 

Adjusted 
Predicted Value 

-4.73151350 .94927329 -1.83413378 1.266711214 515 

Residual -2.863695860 2.996783257 .000000000 1.074984311 515 
Std. Residual -2.648 2.771 .000 .994 515 
Stud. Residual -2.687 2.785 .000 1.001 515 
Deleted 
Residual 

-2.948866844 3.026687622 .000282398 1.089118038 515 

Stud. Deleted 
Residual 

-2.704 2.804 .001 1.002 515 

Mahal. Distance .714 30.185 5.988 4.059 515 
Cook's Distance .000 .031 .002 .003 515 
Centered 
Leverage Value 

.001 .059 .012 .008 515 

 

Table D 5: Residual Statistics for Model 5 

 

  Minimum Maximum Mean 
Std. 

Deviation N 
Predicted Value -4.93304729 .77109510 -1.83385138 1.273650519 515 
Std. Predicted 
Value 

-2.433 2.045 .000 1.000 515 

Standard Error 
of Predicted 
Value 

.074 .248 .137 .037 515 

Adjusted 
Predicted Value 

-5.01245594 .82264930 -1.83390234 1.276343582 515 

Residual -2.688315630 3.178106070 .000000000 1.063378541 515 
Std. Residual -2.508 2.965 .000 .992 515 
Stud. Residual -2.526 2.976 .000 1.000 515 
Deleted 
Residual 

-2.726418257 3.200204372 .000050958 1.079618698 515 

Stud. Deleted 
Residual 

-2.540 2.999 .001 1.001 515 

Mahal. Distance 1.469 26.413 7.984 5.010 515 
Cook's Distance .000 .019 .002 .002 515 
Centered 
Leverage Value 

.003 .051 .016 .010 515 
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Table D6: Residual Statistics for Model 6 

 

  Minimum Maximum Mean 
Std. 

Deviation N 
Predicted Value -4.64086294 .75812280 -1.83385138 1.262588089 515 
Std. Predicted 
Value 

-2.223 2.053 .000 1.000 515 

Standard Error 
of Predicted 
Value 

.070 .250 .130 .036 515 

Adjusted 
Predicted Value 

-4.69774532 .80938464 -1.83393060 1.264384228 515 

Residual -2.721005917 3.170743465 .000000000 1.076490076 515 
Std. Residual -2.510 2.925 .000 .993 515 
Stud. Residual -2.528 2.935 .000 1.000 515 
Deleted 
Residual 

-2.759364605 3.192778349 .000079225 1.090339398 515 

Stud. Deleted 
Residual 

-2.542 2.958 .001 1.001 515 

Mahal. Distance 1.125 26.345 6.986 4.672 515 
Cook's Distance .000 .014 .002 .002 515 
Centered 
Leverage Value 

.002 .051 .014 .009 515 

 

Table D7: Residual Statistics for Model 7 

 

  Minimum Maximum Mean 
Std. 

Deviation N 
Predicted Value -52.34770203 11.49764347 -15.95902913 10.988286133 515 
Std. Predicted 
Value 

-3.312 2.499 .000 1.000 515 

Standard Error 
of Predicted 
Value 

.446 3.440 .905 .463 515 

Adjusted 
Predicted Value 

-54.22903442 15.28306961 -15.96208703 11.091125314 515 

Residual -29.497644424 22.547700882 .000000000 8.666709799 515 
Std. Residual -3.384 2.586 .000 .994 515 
Stud. Residual -3.594 2.692 .000 1.004 515 
Deleted -33.283069611 24.429033279 .003057900 8.836876116 515 
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Residual 
Stud. Deleted 
Residual 

-3.637 2.709 .000 1.005 515 

Mahal. Distance .349 79.042 5.988 9.044 515 
Cook's Distance .000 .237 .003 .013 515 
Centered 
Leverage Value 

.001 .154 .012 .018 515 

 

Table D8: Residual Statistics for Model 8 

 

  Minimum Maximum Mean 
Std. 

Deviation N 
Predicted Value 1.2524 5.9565 3.1482 1.14792 516 
Std. Predicted 
Value 

-1.652 2.446 .000 1.000 516 

Standard Error of 
Predicted Value 

.038 .164 .080 .022 516 

Adjusted 
Predicted Value 

1.2480 5.9746 3.1488 1.14811 516 

Residual -1.82248 3.22541 .00000 .70837 516 
Std. Residual -2.558 4.527 .000 .994 516 
Stud. Residual -2.589 4.550 .000 1.002 516 
Deleted Residual -1.86754 3.25920 -.00056 .71890 516 
Stud. Deleted 
Residual 

-2.604 4.641 .000 1.005 516 

Mahal. Distance .448 26.350 5.988 4.180 516 
Cook's Distance .000 .031 .002 .004 516 
Centered 
Leverage Value 

.001 .051 .012 .008 516 
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Appendix E: P-P Plots for Variables Used in Models 
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