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Sammanfattning 
 
Sotets effekter på klimatet: kan vi ens säga något om dem? 
Anton Nygren 
 
Sot påverkar atmosfären, moln och albedot i snö. Dessa effekter av sot är ett faktum, 
men exakt vad de innebär är inte väl känt. Atmosfären, albedo i iskristaller och snö, 
uppvärmningen av snö och isytor, molns livstid och molntäckets utbredning påverkas 
av sot eftersom sot absorberar strålning, vilket förändra strålningsdrivningen och kan 
förånga moln, och att sot kan vara nuklider som kan skapa moln.  

Många modeller och mätningar har gjorts för att utvärdera effekterna av sot men 
de visar mycket olika resultat. Denna litteraturstudie undersöker artiklar för att se vad 
och hur mycket vi vet om sot och dess klimatpåverkan. Jag drar slutsatsen att det har 
finns stora skillnader i resultat vilket återspeglas i det stora intervall som sot tros 
ändra strålningsdrivningen i atmosfären (resultat som sträcker sig från 0,4 till 1,2 
Wm-2) och snö (0,007 till 0.054 Wm-2), liksom albedo i snö (resultat som sträcker sig 
från -0,02 till -0,17 Wm-2). Jag samt mång andra föreslår att modeller tenderar att få 
väldigt olika resultat eftersom de använder olika startvillkor, ekvationer och eftersom 
modellerna hanterar aerosoler och moln på olika sätt. Detta är till stor del på grund 
av bristande information, särskilt när det gäller aerosoler och moln. 
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Abstract 

Black Carbons Effects on Climate. Can We Even Say Something about Them? 
Anton Nygren 

Black carbon affects the atmosphere, clouds, and the albedo of snow. These effects 
of black carbon are a fact but exactly what they entail is not well known. The 
atmosphere, the albedo in ice crystals and snow (due to warming of the snows’ 
surface), clouds’ life time and cloud cover are all influenced because black carbon 
absorbs radiation, thus altering the radiative forcing (RF).  

Many models and measurements have been done to evaluate the effects of black 
carbon but they show very different results. This literature study examines papers 
and articles to see what and how much we know about black carbon and its climate 
effects. I conclude that there have been great differences in results that are evident 
due to the span that black carbon is thought to change the RF in the atmosphere 
(results ranging from +0.4 to +1.2 Wm-2), and snow (+0.007 to +0.054 Wm-2), as well 
as the albedo in snow (results ranging from -0.02 to -0.17, only including the results 
from studies with BC concentration of 1000 ng/g for increased comparability). I as 
well as many others suggest that models tend to get very different results because 
they use different starting conditions and equations and because models handle 
aerosols and clouds in different ways. This is largely because of a lack of information, 
especially concerning aerosols and clouds. 
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1. Introduction 

Black carbon (BC) is a light absorbing aerosol that can alter the RF and is considered 
to be the second largest contributor, after carbon dioxide, to the RF by anthropogenic 
emissions (Wang et al., 2014). Knox et al. (2009) writes that BC is such an efficient 
radiation absorber that it has a greater effect than carbon dioxide on the RF per 
mass. BC is emitted and transported at different altitudes which alters the RF and 
can increase or decrease the surface temperature (Ban-Weiss et al., 2011). BC at 
different altitudes can also affect clouds in different ways by being near clouds, which 
can change the cloud droplet or crystal albedo and change the concentration of cloud 
droplets or crystals (Bond et al., 2013), below clouds, BC can increase the 
temperature under clouds and the evaporation of clouds increase (Hill & Del Genio, 
2008) or above clouds (may decrease evaporation at the surface) (Koch & Del Genio, 
2010). 

BC is formed in incomplete combustion processes which are divided into 
two categories, controlled combustion and open burning (Gao et al., 2014 amongst 
others). When the particles are emitted from combustion processes to the 
atmosphere it has a wide range of sizes, shape and coatings (Wang et al., 2014).  

There is more incomplete combustion in some parts of the world and 
therefore black carbon emissions will not be distributed homogenous over the globe. 
80% of the global BC emissions come from the developing world. Africa contributes 
with 25%, India, China and the rest of Asia 39%, Central and South America 5% (C. 
Gao et al., 2014), and Europe and North America with 13% of the total global BC 
emissions between 160 and 180 Gg in the period between 2001-2008 (Skeie et al., 
2011). The emission sites which contribute the most to the global emissions are not 
always the sites where the largest concentrations of BC are observed. Observations 
have discovered two regions where BC concentrations in the atmosphere are 
especially high, one at the equator, because of biomass burning, and the other at 20 
degrees north, because of fossil fuel combustions in Asia. Annual averages of BC 
concentrations measured at the surface from 2000 to 2008 also show geographical 
differences in China: 1-14 µg/m3, Europe 0.5-5 µg/m3, United States 0.1-0.5 µg/m3 
and 0.01-0.1 µg/m3 for high northern latitudes (Skeie et al., 2011). This necessitates 
the need to measure BC at more locations, for example Himalaya, as that site is 
influenced by emissions from some of the largest BC emission sources (Kaspari et 
al., 2010), and more parts of China, as it is of the biggest BC producer (Cao et al., 
2006). 

BC can be transported to areas with snow, for example the Himalaya 
and the Arctic, and be deposited in the snow, decreasing the albedo, or whiteness, a 
dimensionless measure of reflexivity from 0 to 1. The negative albedo change will 
then increase the absorption of radiation and contribute to snow and glacier melt 
(Kaspari et al., 2011). 

This is a literature study and will evaluate the effects of black carbon in 
the atmosphere and how clouds are affected by it. BC emission sources and albedo 
change in snow because of BC will be described and the uncertainty of 
measurements methods and models will be discussed. 
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2. Methods 

This project is done by studying scientific literature and articles which mostly are 
references from Intergovernmental Panel on Climate Change (IPCC) fifth 
assessment report. It was used because it provides a clear and up to date view of the 
current state of scientific knowledge relevant to climate change. The literature that 
are not references from IPCCs fifth assessment report have been recommended by 
researchers or have been references of references from IPPCs fifth assessment 
report. The literature is compared and evaluated to get a general picture of values 
and facts.  

2.1 References 

In this chapter the type (measurements, models or a review article) of the key 
references are described. The type of measurements and models are shortly 
described. 

2.1.1 Background 

Measurements are done by Andreae and Gelencsér (2006) (thermal optical analysis), 
Knox et al. (2009) (thermal analysis (with sunset labs OCEC analyzer)) and Cappa et 
al. (2012) (CalNex study and the carbonaceous aerosols and radiative effects study 
(CARES)). 

The model study that was used was written by Ban-Weiss et al. (2011) 
and used an atmospheric general circulation model combined with a mixed layer 
ocean model (CAM3.1) and was used to explain the regressed RF. 

IPCC (2013), Ni et al. (2014) and Ramanathan & Carmichael (2008) 
wrote review articles and was used to describe RF, formation of BC and to explain 
the radiation absorption done by BC, respectively. 

SMHI (2014a,2014b), Arya (2001), Rohli and Vega (2013) and Seinfeld 
and Pandis (2006) wrote books and articles that describes meteorology (the different 
layers of the atmosphere, the boundary layer and so on). They were used to define 
the terms BC, organic carbon and elemental carbon, the coating of black carbon the 
radiation absorption by BC, the atmospheric layers and the stability of the 
atmosphere. 

2.1.2 BC emissions 

Wang et al. (2014) performed experiments with the single-particle soot photometer 
(SP2) while Bae et al. (2013), Kaspari et al. (2011), Babu et al. (2011) and Gao et al. 
(2014) performed measurements with thermal optical transmittance method, single-
particle soot photometer, aethalometer combined with a gondola and a zero pressure 
balloon and dichromate oxidation method, respectively. Gao et al. (2014) 
reconstructed historical trends of black carbon concentrations though peat records in 
Northeast China with the dichromate oxidation method. 

The references which are model studies are Gao et al. (2014), Nguyen et 
al. (2013), Skeie et al. (2011) and Cao et al. (2006). Gao et al. (2014) used 
generalized additive models (GAM), Nguyen et al. (2013) positive matrix factorization 
and a constrained physical receptor model (COPREM), Skeie et al. (2011) used an 
atmospheric chemistry transport model (Oslo CTM2) and Cao et al. (2006) used the 
latest data and statistics from the government agencies and a few new emission 
factors from local measurements to calculate black carbon emissions. 
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Ni et al. (2014) and U.S Environmental Protection Agency (EPA, 2012) 
wrote review articles about black carbon from peer-reviewed and other technical 
assessments to discuss black carbon.  

2.1.3 BC in the atmosphere 

The references Kravitz et al. (2012), Yang et al. (2014) and Ban-Weiss et al. (2011) 
are model studies and uses GISS ModelE2 (adding 1Tg of BC at different altitudes), 
community climate system model version 4 (CCSM4) and CAM3.1, respectively. 

2.1.4 BCs effects clouds 

The references Koch and Del Genio (2010) and Bond et al. (2013) are both review 
articles. The other references are model studies (which used the models ECHAM4 
and BR-LEM) written by Hendricks et al. (2005) and Hill and Dobbie (2008), 
respectively.  

2.1.5 BC in snow 

The references are Flanner et al. (2007) which used a model (snow, ice and aerosol 
radiative model (SNICAR) and a CAM3) study and Bond et al. (2013), see above 
2.1.4 BCs effects on clouds. 

3 Background 

3.1 Different parts of the atmosphere 

The closest layer of the atmosphere to earth is called the troposphere. The 
troposphere is 6-18 km high, depending on where on Earth you are. At the Polar 
Regions is it usually below 10 km while it at the tropics can be above 15 km, and the 
temperature usually decreases with height (Figure 1). The troposphere contains 70-
80% of the atmospheres mass and it is here all weather occur (SMHI, 2014a). The 
lower part of the troposphere is called the boundary layer and is formed by 
interactions between the surface of earth and the atmosphere. The interactions 
between the surface of the Earth and the atmosphere can be caused by friction of the 
surface and heat fluxes. When there is heating of the surface, for example day time, 
there will be a temperature decrease with altitude which will generate turbulence, and 
the other way around when the surface is cooled (Arya, 2001).  

The layer above the troposphere is called the stratosphere and extends 
from the top of the troposphere to about 50 km. The temperature is almost constant 
in the lower part of the stratosphere but then the temperature increases because of 
the ozone layer at the higher part of the stratosphere, which absorbs solar radiation 
and heats the atmosphere (SMHI, 2014a, Figure 1). 

The third layer is the mesosphere. It extends from the top of stratosphere 
to 80 km and the temperature decreases with height (SMHI, 2014a). After the 
mesosphere the menopauses is located. The mesosphere extends from 80 km to 
about 95km (Seinfeld and Pandis, 2006, Figure 1). 

The last layer is called the thermosphere and extends from the top of the 
menopauses to about 500 km (Seinfeld and Pandis, 2006, Figure 1). 
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Figure 1. Layers of the atmosphere. the altitude in km is on the left y-axis, the pressure 
in mbar is on the right y-axis and the temperature is on the x-axis. the graph shows how 
the temperature changes with the altitude 

 

3.2 Atmospheric stability 

The atmosphere generally present itself in three types of stratification: stable, 
unstable, and neutral. An unstable atmosphere is when the temperature is 
decreasing with more than 1 °C/100 m, from the earth’s surface up into the 
atmosphere. The instability is caused because the lapse rate (the rate at which 
atmospheric temperature decreases with increase in altitude) is super adiabatic and 
therefore enhance the turbulence. The super adiabatic lapse rate starts at the 
temperature decrease of 1 °C/100 m (Seinfeld and Pandis, 2006). When there is an 
unstable atmosphere air packages will rise (sink) until the air package will get cold 
(warm) enough, heavy (light) enough, and stay there. A stable atmosphere is the 
other way around, when the temperature decrease is smaller than 1 °C/100 m or 
when the temperature increases with altitude. When there is a stable atmosphere air 
packages will be slowed down and will rise or sink slowly (SMHI, 2014b).  When 
there is a neutral atmosphere the temperature decreases with 1 °C/100 m and air 
packages do not sink or rise spontaneously (Rohli & Vega, 2015). 

3.3  Nucleation 

For a cloud to form there is a need for a cloud droplet or ice crystal to form, this is 
done by nucleation. Nucleation is when a phase change, for example from vapor to 
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liquid, occurs. Nucleation can occur when there is a saturation equal to or above one 
(Seinfeld and Pandis, 2006).  

For the nucleation to begin there is a need of small nucleates of the first 
phase, vapor in the example studied here. The phase transformation is very slow 
during homogeneous nucleation, when the same element is used as nuclei. If a 
particle of another element is used as a nucleus the phase transformation is much 
faster (heterogeneous nucleation). When the first step has occurred the nuclei of the 
second phase will grow rapidly (Seinfeld and Pandis, 2006).  

3.4 Cloud Condensation Nuclei (CCN)  

Particles can be activated in a process when cloud droplets or ice crystals form 
(Bond et al., 2013) and grow to cloud droplets is called cloud condensation nucleus, 
CCN. A CCN has a minimum diameter of 0.05-0.14 µm and the number 
concentration vary from 100 cm-3in remote marine regions, to thousands cm-3 in 
polluted areas. The life time (the time a particle is in the atmosphere) of CCN in the 
atmosphere is about a week (Seinfeld and Pandis, 2006). 

3.5 Ice nucleating particle (INP) 

Particles that can be activated and grow to ice crystals are called ice nucleating 
particle (INP). Ice particles can be formed in three ways: the first is when there is 
absorption of water vapor onto the INP surface and the absorption transforms water 
vapor into ice crystals. The second is when super cooled water droplets transform 
into ice crystals. The last formation is when super cooled water droplets collide with 
INPs and transform to ice crystals (Seinfeld and Pandis, 2006).    

3.6 Radiation balance 

Radiation from the sun contains the energy that drives earth’s climate. The radiation 
balance is a balance between incoming radiation (shortwave radiation) from the sun 
and outgoing radiation from Earth (longwave and shortwave radiation). The 
shortwave radiation is reflected back to space by clouds, aerosols and the surface of 
the earth, and is affected by the albedo of these. If the albedo is high a high amount 
of radiation will be reflected. The shortwave radiation which is not reflected is 
absorbed by earth, clouds or aerosols. The absorbing particles will then emit 
radiation (longwave radiation) which is emitted back to Earth (by clouds or aerosols) 
or to space (by earth or clouds or aerosols). When radiation is absorbed by liquids 
there will also be latent heat, energy which is released or absorbed when there is a 
phase transformation (Rohli & Vega, 2015).   

3.7 Radiative forcing (RF) 

RF is a way to compare forcing agents (the emissions of BC for example). The RF 
describes the changes in the radiation balance of earth caused by the forcing agents, 
this assumes that the RF is a good predictor for the surface temperature. There are 
several different ways and methods to calculate the RF separated by changes in 
altitude and time (for example directly after the forcing agent is added).  

There are two different ways aerosols can affect the radiation balance 
(Figure 2). Firstly, the RF (direct effect and cloud albedo effect), aerosols reflect or 
directly absorbs and emits radiation and the effect aerosols has on the cloud 
condensation and ice nuclei (which changes the albedo of clouds). The reflection and 
absorption depends on the size of the particle and its chemical and physical mixture. 
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Secondly, rapid adjustment (semi-direct forcing and lifetime (including glaciation and 
thermodynamic) effects), the surface energy balance, atmospheric profile and clouds 
have been affected by aerosols. The rapid adjustment on clouds is a consequence of 
the RF which affects lifetime and thermodynamics of clouds (IPCC, 2013), (Figure 2).   

Regressed RF consists of changes in shortwave and long wave 
absorption, reflections from clouds (low clouds for short wave radiation reflection and 
high clouds for long wave radiation to space), vertical temperature profiles and 
vertical water vapor profiles. This can also be explained as the shortwave versus the 
long wave regressed RF (Ban-Weiss et al., 2011). 

 
Figure 2. radiative forcing and rapid adjustments. Yellow arrows are solar radiation, the 
brown arrows are terrestrial radiation and the red arrow is the interaction of the surface 
and the cloud layer (modified from IPCC, 2013) 

 

3.8 Organic carbon, black carbon and elemental carbon 

Organic carbon (OC) is a mix of many different organic carbon compounds and has 
in one stage been a part of an organism. OC has a particle diameter (Dp) of 0.01- 
about 1 µm (Seinfeld & Pandis 2006, Aamaas 2009). 

The term black carbon (BC) is used to describe a major light absorbing 
component of soot. Soot is formed in combustion processes and is black or brown. 
BC and soot carbon (carbon particles, with morphological and chemical properties of 
soot particles formed by combustion) are often used as synonyms (Andreae & 
Gelencsér, 2006). BC particles has a Dp of 0.05-1 µm and is an instrumental 
definition used when carbon is measured with a filter based optical method (Seinfeld 
& Pandis 2006, Aamaas 2009). The lifetime of BC and OC in the atmosphere is 
about a week (Ni et al., 2014). 

Elemental carbon (EC) is organic carbon which is oxidized in a 
combustion process and do not volatilize below 550 °C (Aamaas, 2009). The 
combustion needs to be in an atmosphere with oxygen for EC to form. The term is 
used for wet and thermal determinations which measures the refractory component 
of soot (Andreae & Gelencsér, 2006), just like BC this is an instrumental definition 
and is used when carbon is measured with a thermal-optical method (Aamaas, 
2009). EC has a diameter of 0.05-1 µm (Seinfeld & Pandis, 2006). 
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3.9 Formation of BC 

3.9.1 Controlled combustion (CC) 

The formation of BC occurs in combustion processes where there is a lot of fuel that 
is not completely burnt. When this occurs the volatiles in the fuel are not completely 
burnt, thus producing BC when fuel and air are not well mixed. Polycyclic aromatic 
hydrocarbons (PAHs) are formed in the same processes as BC and it is believed that 
BC is formed via PAHs.  Most combustions of solid, liquid fuel and non-premixed 
gaseous fuel provide an opportunity for BC to form. The formation and emission of 
BC is determined by the fuel in the combustion process, fuel type, flame temperature, 
resident time and air/fuel ratio. 

Different fuels have different volatiles content which will produce different 
amounts of BC. Higher volatiles content in fuels will produce more BC, but most of 
the volatiles will turn into OC. With longer resident time in the combustion process the 
level of complete combustion will increase. If BC is formed a longer resident time can 
re-burn the BC in the combustion process (Ni et al., 2014).      

PAHs and BC form via three parallel process: 
1. Molecules collide and stick together to form a larger sized molecule. PAH 
molecules also grow larger when they are with acetylene. As the molecules grow 
they will finally become solid particles.       
2. Particles collides and stick together to form a larger particle. 
3. When the particle grows, the surface of the particle grows as well. The surface 
growth accumulates the carbon mass and competes with oxidation of BC particles 
which occurs mostly by 02 molecules and O and OH radicals. 

3.9.2 Open burning (OB) 

Open burning includes burning of agriculture, grasslands, woodlands, forests and 
more for crop waste disposal, to stimulate growth, forest management or to clear land 
for other uses. Another important factor are natural wildfires. The combustion process 
of OB is inefficient and because of that the smoke will have a high OC/BC ratio (Ni et 
al., 2014).  

3.10 Absorption by BC 

BC absorbs incoming shortwave radiation. Shortwave radiation can be absorbed 
directly (RFari) or when it has been reflected by clouds (RFaci adjustments) or the 
surface of earth. BC which is located above clouds thus has an enhanced absorption 
rate because it can absorb both incoming and reflected radiation. 

BC in the atmosphere will cause a surface dimming (RFari adjustment). 
This means that aerosols absorb incoming solar radiation and therefore decrease the 
incoming radiation to the surface of Earth, cooling the surface. BC as well as other 
aerosols will contribute to this event. Dimming does not contribute to the TOA RF but 
it changes the distribution of radiation between the surface and the atmosphere. This 
in turn changes the convection in the atmosphere and decreases the evaporation 
and therefore the rainfall (Ramanathan & Carmichael, 2008). 

3.11 Coating of BC 

When BC is emitted into the atmosphere it is not pure BC, but it is mixed with other 
aerosols (for example carbonaceous organic matters) from the combustion plume 
(Knox et al., 2009). The BC particles will grow with time in the atmosphere, mainly 



 
 

8 
 

attributed to condensation of gases (Cappa et al., 2012). The longer the BC is in the 
atmosphere, the more it will gather further layers of coating. The coating itself will 
also depend on where the BC particle has been transported and which particles it 
has “met” on the way (Knox et al., 2009). 

The coating of BC can enhance the absorption of solar radiation, as the 
coating can act as a lens which focuses the light against the core of the particle (the 
BC) and increases the absorption of particles (Knox et al., 2009). BC absorption 
enhancements (Eabs) around large cities do not change much with the photochemical 
ageing, the time integrated exposure of an air mass to OH radicals. Instead, the air 
masses from large cities produce non-refractory particle matter, some of which is 
internally mixed with BC, increasing the Eabs. Eabs depends on the ratio between non-
refractory matter and BC, which increases with the photochemical aging. This means 
that photochemical aging will produce non-refractory matter and contribute to the 
growth of particles containing BC (Cappa et al., 2012).  

3.12 BC at different altitudes 

BC at different altitudes will have different effects on the radiation balance. If BC is 
added to the surface layer (about 10% of the boundary layer height) a positive 
regressed RF can be seen. When a model (NCAR Community Atmosphere Model 
(CAM3.1)) was used and 1 Mt BC was added at increasing altitudes the regressed 
RF decreased. When BC is added near the tropopause and in the stratosphere it 
gives negative regressed RF. At low altitudes positive regressed shortwave RF is 
dominating (BC absorbs shortwave radiation and reduces downward shortwave 
radiation) while at high altitudes negative long wave regressed RF does so (BC 
absorbs radiation and at higher altitudes a larger amount of the emitted longwave 
radiation will be lost to space) (Ban-Weiss et al., 2011).  

BC in the atmosphere will have a higher impact on the temperature 
increase at the Polar Regions than anywhere else. The higher impact in the arctic is 
due to the high albedo of the Earth surface in the Arctic.  

BC also heats the respective layer where it is located. For example, 
when BC is in the stratosphere, the troposphere will be pushed down by the heating 
that is caused (Kravitz et al., 2012).  

When the temperature changes in the atmosphere, the stability of the 
atmosphere will also change. The vertical stability will decrease if BC is added near 
the surface. This is so because the vertical lapse rate will be steepened. When the 
altitude of the added BC increases the steepened of the vertical lapse rate will 
decrease and therefore the vertical stability will increase. The changes in the stability 
then cause changes in convective transport (Ban-Weiss et al., 2011). 

3.13 Measurements methods 

The measurements methods that the literature has used is categorized and basic 
knowledge about them is explained in this chapter. The methods the literature used 
measured BC mass however, there are also instruments that can measure the 
amount of particles. That method is called incandescence but is not used often. The 
amount of particles is mostly used to see the distribution of the BC particle size (EPA, 
2012). 
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3.13.1 Single-particle soot photometer (SP2) 

The single-particle soot photometer, or SP2, is used to detect black refractory or 
elemental carbon by letting particles pass through an intense laser beam. When 
absorbing particles pass through the laser beam they will vaporize. The mass of the 
absorbing particle is then found by the detection of wavelength-resolved thermal 
radiation (Gao et al., 2007). 

3.13.2 Dichromate oxidation method 

There are different dichromate oxidation methods but the Walkley-Black is the most 
common. Potassium dichromate and sulphuric acid are added to 0.5 g and 1.0 g of 
the soil or sediment and are mixed and boiled at 150 °C for 30 minutes. After the 
solution has boiled it is cooled down and added water to. If the solution is not boiled a 
correction factor of 1.33 is used. After this the concentration of black carbon can be 
found with different methods, for example, manual titration (Schumacher 2002). 

3.13.3 Thermal optical analysis (TOAS)  

There are many thermal optical analyses methods and they may give different 
results. In TOAS aerosols are collected on a quartz filter where they are heated and 
oxidized to make carbonaceous elements volatilize. The result can vary depending 
on the heating process. The two most common TOAS are the thermal optical 
transmittance (TOT) method, which measures carbonaceous materials by the 
transmittance of the filters, and the thermal optical reflectance, which measures the 
reflectance of the filter (Ni et al., 2014).  

3.13.4 Aethalometer 

The aethalometer is used for optical measurements. The method has a quartz filter 
which collects particles cyclically with light going through the filter and then measures 
the transmittance. The black carbon concentration is then calculated (Ni et al., 2014). 

3.13.5 Particle soot absorption photometer (PSAP) 

PSAP collects particles on a filter, most common is quartz filters, which then is used 
for measuring absorption by particles. The concentration of BC is calculated with the 
absorption coefficients of BC (Arnott et al., 2006, Nguyen et al., 2013). 

3.14 Models  

The models that the literature have used is categorized and basic knowledge about 
them is explained in this chapter, there are many other models that can be used.  

3.14.1 Climate models and Atmospheric models  

The climate models that the literature have used are community climate system 
model version 4 (CCSM4) and European Center HAMburg 4 (ECHAM4). CCSM4 is a 
general circulation climate model which combines the atmosphere, land, ocean and 
sea ice (Gent et al., 2011). 

Goddard Institute for space science (GISS) with the modelE2 version 
and the community atmospheric model (CAM) with the versions CAM3 and CAM3.1 
have been used by references. GISS includes three different atmospheric 
compositions (one with a non-interactive that is prescribed and has a tuned aerosol 
adjustment of cloud, one with a full interactive aerosol, hole atmospheric chemistry 
and one which include more parameters to calculate the adjustment on clouds) 
(Nazarenko et al., 2015) and CAM is a three dimensional global atmospheric model 
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that includes a community land model, optional slab ocean model and a 
thermodynamic sea ice model (Collins et al., 2005).  

3.14.2 Global chemical transport model  

One global chemical transport model is used and it is called Oslo CTM2 and is an off-
line model that uses data from the European center for medium range weather 
forecasts integrated forecast system model (Amund Søvde et al., 2008)  

3.14.4 Mathematical models 

Generalized additive models (GAM) is a likelihood- based regression model (Hastir & 
Tibshirani, 1986) which was used to simulate BC emissions and BC emission 
sources. Constrained physical receptor model (COPREM) is a hybrid receptor model 
which combines mass balance and factor analysis (Wåhlin, 2003) which was used for 
source apportionment. 

3.14.5 Snow, ice and aerosol radiative (SNICAR) model 

SNICAR is a multilayer model that can calculate vertical heterogeneous snow 
properties, heating and influences from the ground under the snow. The model 
simulates snow surface albedo with good results and concentrations and radiative 
effects of aerosols (Zhao et al., 2014). 

4 Results 

4.1 Emissions of BC 

The total, global BC emitted in 2000 was 50-270 Tg/year from wildfires and 4.4 
Tg/year from fossil fuel, numbers that have increased every year. The total emissions 
are thus 54.4- 274.4 Tg/year, or 54400-274400 Gg/year of BC (Gao et al., 2014). The 
United States Environmental Protection Agency in turn estimate the 2000 global 
emission to be 7600 Gg of BC (EPA, 2012).  

The largest global emission source is OB (42% (Ni et al., 2014) and 35% 
(EPA, 2014) and the second largest is the residential sector (18 + 6% (Ni et al., 2014) 
and 25.1% (EPA, 2014)) (Figure 3, Figure 4, respectively).  

 
Figure 3. Global breakdowns of BC emissions by source (Ni et al., 2014) 

10%

18%

6%

14%
10%

42%

Industry and power (10)

Residential: Biofuel (18)

Residential: Coal and other
(6)

Mobile sources: Road (14)

Mobile sources: Off road (10)

Open burning (42)



 
 

11 
 

The rest of the emission sources have different ranks in Ni et al. (2014) 
and EPA (2014). The source which had the least contribution to BC emissions was 
industry and power and mobile sources: off road in Ni et al. (2014) paper (Figure 3) 
and other in EPA (2014) report (Figure 4). 
 

 
Figure 4. BC Emissions by Major Source Categories (EPA, 2014) 

 
Small-scale sources and transportation are dominant globally with 65% 

of the total emission and transportation-related emissions account for 24% of the total 
BC emission (Gao et al., 2014) while an estimated 40 % of the total global emissions 
were from biomass burning (Skeie et al., 2011). 

There is a diurnal pattern, mostly observed at continental sites and 
especially in seasons with a large temperature difference between night and day, 
which shows a higher BC concentration at one point in the morning and another in 
the evening. The increase of BC concentration in the morning is the cause by 
transportation and household burning (heating, cooking and likewise) while the 
higher concentration in the evening is caused by the atmospheric inversion layer that 
traps BC and primary emission sources. This can also happen during the morning 
(Bae et al., 2013). 

The most important variables of the monthly seasonality are residential 
heating and agriculture waste OB. In winter there is more need for heating in 
residents, heating for cooking and, in some parts of the world, use of coal or biofuel 
for the heating process. OB of agriculture waste in turn occurs when the harvests 
period has ended, making the crop harvest time the seasonal factor. In the rainforest 
there is also biomass OB during the dry season (Gao et al., 2014, Kaspari et al., 
2010). 

Atmospheric circulation has a seasonal variability as well, and will thus 
also change the BC concentration. For example, during the winter in the Himalayas, 
the atmospheric circulation is dominated by the westerlies which bring in air from 
India containing high concentrations of BC. The winter is also very dry, which 
increases the lifetime of BC. In summer there is a monsoon season, wet removal of 
BC, resulting in a lower concentration of BC in the atmosphere (Kaspari et al., 2010). 

Another example in winter is the Arctic lower troposphere that can 
become isolated from the other atmospheric layers. This will trap air with low 
potential temperature near the ground with BC and warmer air above it. There is also 
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very little deposition in winter in the Arctic and therefore the deposition removal of BC 
is minimal and BC and other aerosol concentrations will be higher (Nguyen et al., 
2012). 

4.2 Regional distribution of sources 

This chapter shows the emission sources in China and the contribution of BC in the 
Arctic from different regions. China was chosen because the country emits a large 
part of the global BC emissions and is interesting to evaluate because of recent 
economic growth. The Arctic was chosen because it is important to see which 
regions contributes most to the melting of the Arctic.     

4.2.1 Emissions of BC in china 

The BC emissions from China seem to vary. However, the emissions from China also 
seem to become less in the global perspective (Table 1). Table 1 depicts 
measurements from Gao et al. (2014) (dichromate oxidation method is used to 
measure BC in soils and General additive models was used to identify the factors 
that affect the BC depositions), Cao et al. (2006) (models was used for the estimated 
values), Ni et al. (2014) (estimates made by emission factors). The years in  
Table 1 are the years they have done measurements and simulations for, the years 
missing are because none of them did measurements or simulations those years. 
There is also one simulation for 2020 to see how BC emissions may change in the 
future.  
 
Table 1. Depicts the emissions of BC from China in Gg and percent of the global 
emissions. Values are taken from Gao et al. (2014)1 (dichromate oxidation method is 
used to measure BC in soils and General additive models was used to identify the 
factors that affect the BC depositions), Cao et al. (2006)2 (models was used for the 
estimated values), Ni et al. (2014)3 (estimates made by emission factors) 

Year Contributes 
to the 
Global 
emissions 

Total 
estimate 
of BC 
emissions 
(Gg) 

Total 
estimate 
of OC 
(Gg) 

2020  1224.4  
2009 18.97%1 18801  
2007  963.43  
2004 20%3   
2000  1499.22 4121.12 
1995  13423  

 
Chinas BC emissions can be divided into several sectors such as 

heating, industry and cooking. The sectors whom emit the most BC are rural 
residential consumption and cooking while the one that emits the least is believed to 
be thermal heating (Figure 5). 
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Figure 5. Emissions from China from different sectors in 2007 (NI et al., 2014) 

 
Cao et al. (2006) has estimated somewhat different sectors from Ni et al. 

(2014) and has also arrived at another mass of estimated emissions (Table 2). 
The sector which emits the most BC according to Cao et al. (2006) is, 

again, rural-residential consumption while the one that emits the least is power 
generation. 

 
Table 2. Estimated BC emissions from different sources in 2000 (Cao et al., 2006) 

Sectors BC (Gg) BC (%) OC (Gg) OC (%) 

Power 
generation 

7.9 0.5 9.8 0.2 

Transportation 26.8 1.8 38.4 0.9 
Resident 817.6 54.5 2650.8 62.5 
Biomass 
burning 

103.0 6.9 425.9 10 

Industrial 543.9 36.3 1116.1 26.3 
Rural 
industries 

374.7  830.1  

 
67% of China’s electrical energy is produced by coal combustion and 

22% from oil combustion. 95% of the aerosol particles are collected by electrostatic 
precipitators in power plants. High temperature in the combustion process in power 
plants also help lower the BC emissions. The transportation sector’s emissions from 
vehicles fuelled with gasoline are mostly pollutants as carbon monoxide, nitrogen 
oxides and hydrocarbons. However, emissions from vehicles fuelled with diesel emits 
more particulate matter than vehicles fuelled with gasoline. About 76-80% of the 
particulate matter from diesel emissions are carbonaceous aerosols. In 2000 a total 
of 16.1 million vehicles were being used in china, out of which 25% were fuelled with 
diesel (Gao et al., 2014). The transportation sector burned about 25.40 Mt diesel, 
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13.90 Mt petrol, and 5.40 Mt kerosene in 2000. Meanwhile, 67.70 Mt of diesel, 35.00 
Mt petrol and 8.70 Mt of kerosene were combusted in total in 2000 (Cao et al., 2006).  

Most of the emissions of BC and OC were from uncontrolled use of raw 
coal, coal briquettes and biofuel which were used for cooking and heating in rural 
China. Stoves in households are small but when they are in big numbers they 
contribute significantly to the emissions of BC. Agriculture residue and firewood in the 
country side in China were also large emission sources. Most of the emissions from 
biomass burning were from agriculture waste OB in fields after harvest or agriculture 
waste (Gao et al., 2014). The agriculture waste occurs in grain- producing regions, 
developed regions, and energy producing regions. 157.5 Tg is estimated to have 
been formed by OB in 2000. China does not have many forest resources which 
makes forest OB a small variable and in recent years the forest burning has been 
reduced (Cao et al., 2006). Research showed that most carbon produced by surface 
wildfires could not have been transported far. Instead, the surface wildfires are a local 
problem, especially in peat land, where it is high organic surface content. The 
wildfires may change in intensity and frequency due to climate change in the future 
(Gao et al., 2014). 

 The agriculture OB is common and is causing regional environment 
problems. The emissions from industry mostly comes from rural areas where 
uncontrolled and poor controlled coal-fired boilers, stoves and furnaces are often 
used (Cao et al., 2006). The largest BC emissions from energy consumption comes 
from coal (Figure 6), due to Chinas energy structure (Ni et al., 2014).  

 
Figure 6.  BC emissions from China for each fuel type for energy consumption in 2007 
(Ni et al., 2014) 

 
Biofuels are, among other things, agriculture residues used for cooking, 

heating and as an industrial energy source. In 2000, 291.43 Tg of agricultural residue 
and 136.44 Tg of firewood is estimated to have burned (Cao et al., 2006). 

Fossil fuel sources are oil, liquefied petroleum gas (LPG), and coal (Cao 
et al., 2006). As Ni et al. (2014) wrote, the major energy source in China is coal (63 
% of the total energy (Cao et al., 2006) and 46% in 2007 (Figure 6, Ni et al., 2014)). 
In 2000, 1.24 billion short tons (907 ton) of coal was burned in China. Most of the 
coal is used for electric power generation and industry. Motor vehicles, domestic, and 
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industrial sources are the BC emission sources of oil combustion, however, shipping 
and aviation emissions were not accounted for.  

4.2.2 BC in the Arctic      

North America was contributing with 60 % of the BC deposited in Greenland snow in 
2000, however, it has decreased in recent years due to a general decrease of 
emissions (Skeie et al., 2011). 

Europe contributed with 24 % of BC in snow in the whole Arctic and 
together with the countries of the former Soviet Union they contributed to half of the 
BC in snow in the whole Arctic, in 2000. The atmosphere was dominated by 
emissions from the former Soviet Union (24 % in 2000) followed by Europe (17 % in 
2000) and China (15 % in 2000). Russia is a major contributor of BC in spring due to 
wild fires (Skeie et al., 2011). 

Concentrations of BC in the Arctic increase with altitude because 
transportation of BC from lower latitudes towards the Arctic may not reach the 
surface, instead the emissions will stay in the atmosphere. A trend of increasing 
pollutant transport corresponding to a positive north Atlantic oscillation index has 
been found. This may be important when measurements and historical observations 
are compared (Skeie et al., 2011).     

4.3  BC in the atmosphere 

4.3.1 Absorption by BC 

The absorption BC stands for increases the top of the atmosphere (TOA) RF. The RF 
due to BC has been calculated by many and range from 0.4 to 1.2 W/m2 
(Ramanathan & Carmichael, 2008). The absorption by BC warms the global 
atmosphere by about 0.1 K (Yang et al., 2013).   

The dimming effect caused by BC are 0.9 W/m2at the TOA, 2.6 W/m2 in 
the atmosphere and -1.7 W/m2 at the surface, in 2001-2003 (Ramanathan & 
Carmichael, 2008).  

4.3.2 BC at different altitudes   

The regressed RF caused by BC is highest when BC is added near the surface, 2.78 
±0.26. The regressed RF caused by BC decreases with the altitude BC is added at 
and becomes negative at high altitudes, -1.19±0.33 (Table 3) 
 
Table 3. Regressed radiative forcing from Ban-Weiss et al. (2011). B Regressed 
radiative forcing is the sum of shortwave and long wave radiative forcing, c fluxes are 
positive downward, h uncertainty estimate is given by 95% confidence interval  

Simulation(approximate 
altitude with additional 
black carbon) 

0 km 1km 4km 12km 20 km 29km 

Regressed radiative 
forcing(W/m2)b,c 

2.78±0.36h  0.50±0.26 0.06±0.18 -0.50±0.29 -0.65±0.40 -1.19±0.33 

Regressed shortwave 
radiative forcing(W/m2)c 

2.81±0.42 0.98±30 0.12±0.17 -0.21±0.29 4.69±0.35 5.50±0.40 

Regressed long wave 
radiative forcing(W/m2)c 

-0.03±0.19 -0.48±0.19 -
0.06±0.12 

-0.29±0.15 -5.34±0.25 -6.69±0.19 
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If 1Mt of BC would be added near the surface the surface air 
temperature would increase by 2.22±0.07K. If BC instead would be added near the 
stratosphere the surface temperature will decrease with 0.97±0.07K according to 
Ban- Weiss et al. (2011) while Kravitz (2012) calculates a decrease of 0.28K.         

4.4  BCs effects on Clouds 

4.4.1 Radiative forcing (RFaci) 

BC can negatively change the albedo of cloud droplets. A chemical transport model 
study showed that BC in cloud droplets or ice crystals (Figure 2) can give an RFaci of 
0.07 Wm-2, while another model showed a RFaci of 0.02 and 0.01 Wm-2. Optical 
laboratory studies show that the RFaci is 0.05- 0.07 Wm-2 due to BC in cloud droplets 
or ice crystals and an average value of the forcing was later calculated to be 0.2 Wm-

2 (Bond et al., 2013). 

4.4.2 RFaci adjustments 

When more BC particles are present in the atmosphere there can be a change in 
concentration of cloud droplets or ice crystals that will affect the lifetime of clouds 
(Figure 2.) The change is driven by CCN and INP. All particles can form cloud 
droplets or ice crystals but the ones that activates the easiest will form cloud droplets 
and ice crystals first. This means that BC needs to be activated easier or as easy as 
the other aerosols to influence ice and mixed clouds. Ice activity increased with larger 
particles, to a certain level. BC has the most potential (good to moderate) to be INP 
when it’s not coated, however an uncoated BC particle is usually not seen in the 
atmosphere. CCN’s ability will instead increase with coated particles. The INP 
change in effectivity caused by coating is not certain due to studies that indicate that 
coating do not alter the effect. Because BC is coated in the atmosphere it was found 
that it has a small part of the INP and it is one of the least efficient INP particles in the 
atmosphere (Bond et al., 2013). 

The calculated adjustments of clouds ranged from -0.1 to -0.31 Wm-2, 
however the studies that have calculated the adjustment of clouds used different 
changes in emissions and may not be comparable to each other. It was also found 
that the adjustments of clouds were dependent on the size of BC (decreased with a 
factor two when the diameter of BC increased with 45% and increased with 30% 
when the diameter of BC decreased with a factor of two). This was calculated with 
two different BC reduction experiments (added fossil fuel BC and added BC from 
fossil fuel and bio fuel). The reason for the changes of the RFaci adjustments due to 
the size of BC is not certain (Bond et al., 2013). 

If BC would increase CCN can lead to more and smaller cloud droplets. 
Therefore, the cloud droplets will not collide as easily and clouds will have a longer 
lifetime. However, this is counteracted by another process which increased the 
heterogeneous INP (ice crystals are formed faster and the amount of ice crystals 
increases) and therefore increased the precipitation, which decreased the cloud 
cover. It is uncertain which of these processes are dominant (Bond et al., 2013). 

4.4.3 RFari adjustments 

4.4.3.1 BC below clouds and cloud burn-off 

When BC is located in or near a cloud layer BC will heat the layer and increase the 
evaporation of clouds and the humidity nearby, causing a secondary effect while BC 
will easier absorb radiation and decrease the cloud layer further (Figure 2). UK met 
office’s large-eddy-simulation model with bin resolved cloud microphysics (BR-LEM) 



 
 

17 
 

shows that BC in the boundary layer will reduce the relative humidity, decrease 
cumulus clouds and increases the stability of the boundary layer reduced liquid water 
path ways, cloud top altitude and increases the cloud based altitude, which 
decreased daytime cloud fraction with 25-40% (Koch & Del Genio, 2010). This 
caused a positive adjustment of clouds (Koch & Del Genio, 2010). The one- way 
nested gas, aerosol transport, radiation general circulation, mesoscale and ocean 
model (GATOR-GCMOM) (Jacobson, 2010) showed that fossil fuel increases the 
temperature of the boundary layer with 0.18K and fossil fuel, biofuel soot and gases 
together increase the temperature with 0.31K. This is equal to a forcing of 0.30 Wm-2 
from fossil fuel and 0.52 Wm-2 for fossil fuel, biofuel and gases, however this result 
may include effects from other aerosols than BC (Bond et al., 2013). 

4.4.3.2 BC above clouds 

BC above stratocumulus clouds will increase underlying clouds, due to the increase 
in stability above the cloud which increases the inversion, reduces the cloud top 
entrainment of overlying dry air, increases upper level convection, and thereby 
increases the low level convergence and the underlying clouds. However, BC above 
clouds can also reduce the cloud cover by reducing the down welling solar flux and 
latent heat flux. The Goddard Cloud Ensemble (GCE) model and MODIS observation 
study by Koren et al. (2004, 2008) calculated that reduction of clouds was mostly due 
to the stabilizing effect caused by BC (mentioned above). GCE simulated that BC 
reduced the temperature and increased the relative humidity at the surface and 
increases the stability and the cloud burn off above the cloud (Koch & Del Genio, 
2010).  

4.4.5 Precipitation 

Precipitation will increase when BC is added to the surface layer because the BC 
heats the surface and decreases the stability wich leads to an increased convection 
and increased evaporation (Koch & Del Genio, 2010). However, when Ramanathan 
et al. (2005) used the NCAR coupled ocean- atmosphere model they found that 
when BC is added to higher altitudes the stability will increase and therefore the 
precipitation will decrease (Koch & Del Genio, 2010). 

There was an increase of precipitation and liquid water paths over India, 
Africa and at the Atlantic coast of Africa due to BC above the boundary layer (Koch & 
Del Genio, 2010). 

4.4.6 BC effect on the global cloud cover 

BC increased the convection and therefore the cloud cover in the northern 
intertropical convergent zone. Meanwhile, it reduced the convection and cloud cover 
in the southern hemisphere. In total, the global cloud cover increased. Therefore a 
reduction of surface radiation due to the increase of low level clouds was found. The 
cloud forcing change (the difference between all sky and clear sky radiative flux) due 
to BC was calculated to -0.16 Wm-2 at the TOA and -0.17 Wm-2 at the surface of 
Earth (Koch & Del Genio, 2010). 

The model GRANTOUR GCM showed a reduction of upper level clouds. 
It was caused by BC above the cloud cover, resulting in a negative climate forcing 
and may be the result of cloud burn off or the reduction of relative humidity at high 
altitudes. BC added to the mid-troposphere increased low level cloud cover and 
reduced high level cloud cover. The net effect of these processes gives a negative 
cloud forcing response. The cloud forcing due to biomass burning was calculated to -
0.37 Wm-2. The study also show that BC added near the surface reduced the global 
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cloud cover. Simulations (SST GISS) calculated a negative adjustment of -0.08 Wm-2 
due to loss of high level clouds caused by biomass burning. A calculation from results 
from different studies found that BCs adjustment on cloud forcing was -0.1 to -0.4 
Wm-2 (Koch & Del Genio, 2010). Most models depict a negative forcing. Bond et al. 
(2013) found that an increase of BC would increase the high level clouds, especially 
over the poles and the tropical regions, and therefore increase the RF with 0.22 to 
0.39 Wm-2 (Bond et al., 2013). 

4.5 BC in snow 

BC can, even in small concentrations, significantly reduce the albedo of snow 
(Flanner et al., 2007). BC has a large impact on snow albedo because the albedo of 
snow is high and is a very effective scattering particle, which amplifies the absorbing 
effect (Bond et al., 2013). The albedo reduction is mostly due to the increase of 
absorption in the visible spectra (BC absorbs wave lengths shorter than 1 µm). The 
absorption rate is also very different between snow and BC (Flanner et al., 2007).  

The changes in albedo will increase the temperature in snow and with 
warmer snow the effective snow radius (ESR, the radius of the snow grains) 
increases. Larger ESR darkens the snow (decreases the albedo) and will therefore 
increase the snow surface temperature. Larger ESR will make it possible for a higher 
amount of visible radiation to penetrate deeper into snow. It can penetrate the snow 
deeper as a larger ESR has a smaller extinction coefficient and scatter the radiation 
more effectivity downwards. This increases the probability of radiation to be absorbed 
by BC, therefore a larger ESR increases the albedo reduction by BC (Flanner et al., 
2007, Bond et al., 2013). 

However, it is not the change in albedo that affects the climate the most, 
it is the rapid adjustments that follow. The rapid adjustments caused by BC are an 
increase in the ESR and that BC accumulates near the snow surface when snow 
melts (Bond et al., 2013). When BC is near the surface the visible absorption is 
modified closer to the snow surface and increases the snow surface temperature. If 
BC is homogeneously mixed at the surface the absorption 2 cm below will increase. 
A larger concentration of BC at the snow surface will increase the absorption (until a 
limit which depend on the effective snow radius) (Flanner et al., 2007). When there 
are higher temperatures near the snow surface the earth surface may be exposed 
earlier and increase the albedo more (Bond et al., 2013). When the snow cover is 10 
cm or less even small changes in snow cover will have a large impact on the albedo 
of snow (Flanner et al., 2007). However, when there is a thin snow layer or patches 
of non-snow areas (more patchiness increases the melting rate) BC will have a small 
influence on the albedo, instead dust or the albedo of the ground has a greater effect 
(Bond et al., 2013).  

At northern latitudes the atmosphere is stable (most of the time) and 
therefore the heat exchange is very low in the upper troposphere. The surface RF will 
therefore have a large impact on the surface temperature (Flanner et al., 2007). 

BC RF in snow is small compared to BC RF in the atmosphere. Surface 
RF from BC in snow is small globally but it is very effective locally. The maximum RF 
from BC in snow is observed when there is a high concentration of BC in the snow, 
high solar surface flux, a large snow cover, when snow is melting (due to the 
accumulation of BC and because the highest concentrations of it are seen at this 
time). The maximum RF from BC in snow moves north as spring is passing and the 
melting season begins, also depending on the zenith angle and direct radiation (Bond 
et al., 2013, Flanner et al., 2007). 
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 Table 4 shows the results from Flanner et al. (2007) snow albedo 
simulations (SNICAR) with different scenarios. The results depict that the RF at the 
surface and the temperature increase caused by BC in 2001 are higher or equal to 
those 1998. The highest surface RF (0.277 Wm-2 ±3%) and temperature (0.54 ±0.02 
°C) increase was when the model scenario 1998 10x (measured BC in 1998 times 
ten) was used and the least increase in surface RF (0.007 Wm-2) when 1998/2001 
low (low estimated BC emissions, for more information see Appendix) was used 
while the least temperature increase (0.10 °C) was observed at 2001 central (in 
between high and low estimated BC emissions, for more information see Appendix) 
(Table 4). 

 
Table 4. The change in radiative forcing and temperature due to BC in snow Fs, snow 

(surface forcing from BC in snow), ∆T2m (change in annual mean 2-meter air 
temperature), FF (Fossil fuel), BF (Biofuel), aGlobal annual mean of BC/snow 
instantaneous surface forcing, bEquilibrum change in global annual mean ∆T2m relative 
to control simulations without BC in snow. The configuration of the different model 
scenarios can be found in Appendix (Flanner et al., 2007). 

Model 
Scenario 

Fs, snow 
a, 

Wm-2 
∆Tb

2m, °C 

1998 low 0.007±8% ---- 
1998 
central 

0.054±7% 0.15±0.03 

1998 
high 

0.131±6% 0.23±0.02 

2001 low 0.007±9% ---- 
2001 
central 

0.049±7% 0.10±0.03 

2001 
high 

0.122±6% 0.16±0.03 

FF+BF 0.043±5% ---- 
FF 0.033±6% ---- 
1998 10x 0.277±3% 0.54±0.02 

 
Bond et al. (2013) calculated values for the adjusted forcing by BC in 

snow for all source and industrial era adjusted forcing caused by BC with a study 
comparing different model results from different studies. The all-source and industrial 
era adjusted forcing by BC in snow was reported at +0.04 Wm-2 and +0.035 Wm-2, 
respectively. 

Table 5 shows that albedo in snow is reduced more due to BC when the 
effective snow radius is larger and when there is a larger concentration of BC at the 
surface. The table also shows that there are different results depending on which 
model is used. The largest albedo reduction (-0.17) is when there are a concentration 
of 1000 ng/g and an ESR of 1000 µm and the least with a concentration of 20 ng/g, 
the ESR is not known.  
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Table 5. The albedo change for different BC concentrations, wavelengths and effective 
snow radius. achina, bUSA and Europe (Flanner et al., 2007, Bond et al., 2013) 

Albedo change  BC 
concentration 

Wavelength Effective snow 
radius 

-0.0079/0.0108 
(hydrophobic/hydrophilic) 

15 ng/g 500 nm 100 µm 

-0.17 1000 ng/g ---- 1000 µm 
-0.045 1000 ng/g ---- 50 µm 
-0.02-0.06 1000 ng/g NIR ---- 
-0.07-0.28 1000 ng/g Visible ---- 
->0.13a 1000 ng/g ---- ---- 
->0.03b  100 ng/g ---- ---- 
-0.006 20 ng/g ---- ---- 

 

5 Discussion 

5.1 Formation, emission sources and transport of black carbon 

BC emissions come from many sources and are not transported to one place. BC 
emissions from one country thus affects many countries, and in most cases it will 
also be transported to the Arctic. Some combustion processes, such as wild fires, 
happen naturally but they can be controlled in some ways. Take for an example 
some parts of Australia were authorities control wild fires by burning small parts now 
and then instead of waiting for a heat wave to start a fire that risks burning the whole 
forest down in a few days (Russel-Smith et al., 2009).  

The lack of information from some countries (especially China) about BC 
emissions makes it difficult to predict and estimate emission values. Also, there is a 
need for more measurements at different parts of the world to explore where the 
emissions come from and where they may be transported.  

From 2004 to 2009 there was a reported decrease of BC emissions from 
China, from 20% to 18.97% of the global total. This may be due to China’s fast 
development that may have come to decrease the cooking and heating with coal, 
replacing it with the use electricity. The largest emissions came from small heating 
and cooking devises and if the use of these decreases, the emissions decrease as 
well. However, at the same time more individuals have access to an increasing 
private economy and may start to drive cars or motorbikes fuelled with gas or diesel, 
however the newer cars and motorbikes has filters which prevents the emissions of 
particles. It can also be because the rest of the world have larger BC emissions in 
2009 than 2004 which makes it look like China has decreased the BC emissions, but 
instead it may be the same or an increase.  

The decreasing trend can also have appeared because of the sources of 
information, different measuring techniques, and/or modelling methods. This is a 
believable theory partly because of the big differences seen between EPA (2012) 
(7,600 Gg) and Gao et al. (2014) (54,400-274,400 Gg) values of the estimated 
emissions in 2000. It is hard to evaluate how it really is when there is such a huge 
difference between estimated values. The percentages presented for the different 
emission sources are more similar to each other, reported at: residential (24%1, 
25.1%2), open bio mass burning (42%1, 35.5%2), transport (14%1, 19%2), industry 
and power generation (10%1, 20%2), and other (10%1, 0.5%2) (M. Ni et al., 20141, 
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EPA, 20122). There is a difference in how the sources are separated but this shows 
that even when the global emissions of BC are estimated very differently the sources 
still show similarities. 

5.2 BC in the atmosphere 

There are variations in the values of RF between different studies, an indication that 
different models and places of measurement give very different values. There are 
four main reasons why the effect of BC can be overestimated, and mainly so 
because they might have not been accounted for in the models and measurements 
mentioned in this thesis: 

 Firstly, as BC is emitted, so are other aerosols which cool the Earth.  

 Secondly, the temperature change because of BC is different depending on 
the albedo of the surface, making it hard to calculate a global change in 
temperature.  

 Thirdly, the altitude at which BC is located at is important as it can have 
cooling or heating effects on the earth. 

 Fourthly, the coating of BC may also be a parameter. This coating increases 
the absorption of BC and so the temperature of earth, depending on the 
altitude. 

5.3 BCs effects on Clouds 

As previously mentioned, different models and geographical locations seem to get 
very different results, making global modeling more difficult. It is therefore very hard 
to say something certain about BC’s effect on clouds and if it actually effects the 
climate. Most of the models give a negative RF. This means that BC effects on 
clouds most likely decrease the global temperature. However, there are many 
uncertainties which means that more information about how particles affect clouds 
and apply it in climate models.  

There are also different cloud types to consider which will have different 
effects on the RF when they are effected by BC. It does not seem likely however, that 
BC effects the number of cloud droplets or ice crystals due to not being a good 
activation nucleus. So, the lifetime of clouds should not be affected by BC. This will 
also need to be better accounted for in calculations and climate models.    

5.4 BC in snow 

The RF addition by BC in snow seems to have decreased from pre-industrial to the 
industrial era. The reason may be because the contributors to the BC in Arctic snow 
has decreased the BC emissions due to particle filters in vehicles and power plants. 

The albedo change is larger when there is a higher concentration of BC 
and/or a higher effective snow radius. It has also been reported that the albedo 
reduction and the RF by BC in snow is not very well known because the different 
models give such different results. The models’ differences also depend on BC 
concentrations, effective snow radius, which coating the BC has and so on. 

Global warming has a positive feedback on snow melting by BC, which 
means that the BC emissions need to decrease even more in the future. 

5.5 Differences in models and measurements 

The lack of a standard method to measure BC will make different researchers use 
methods they devised by themselves. Different measuring methods will give different 
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results and results between different papers may not be comparable. There are also 
different ways to take measurements and to handle the samples before the 
measurements are taken. There is thus a need to have a standard method of 
measuring BC so that researchers use the same method and papers can be 
compared to each other. There is also a need of more measurements in new regions 
so models have something to be compared with. More ice cores that show how the 
concentrations of BC has been in the past may be of need to see how BC have 
changed from preindustrial times to the present. 

One more difficulty is that measurements taken in some countries, such 
as China, are not shared with the rest of the world or are hard to get your hands on. 
This makes calculations in some regions more uncertain than others. More 
cooperation is necessary between countries and organizations to get all the data that 
is available. 

Modeled BC in the atmosphere uses starting conditions which come from 
measurements and observations of BC emissions. The lack of such measurements 
and data for BC emissions make the modeling calculations worse due to bad 
estimated (starting) conditions. These starting conditions also apply for other 
modeled calculations. Problems include that: 

 The atmospheric conditions in different regions are hard to calculate and 
depending on the resolutions some of the real conditions may not be used in 
the model.  

 The meteorological measurements are done in some spots but are then 
approximated and may be too high or too low. 

 The coating and aging of BC are hard to predict and may cause errors. 
It seems hard to make a model that can calculate all of the different 

effects that BC, or other aerosols, can have on the climate. The modeling of clouds is 
less than well done and to then add the change of BC will make the model 
calculation even worse. Different models also have different ways to calculate clouds, 
different concentrations of BC, different regions and different resolutions which 
makes the calculations in different models vary and become partly incomparable. 
There have not been many measurements to see how BC changes the cloud cover, 
which means most of the calculations done are from models which may not represent 
the real values. 

The modeling of BC in snow is hard because there are many other 
particles which lowers the albedo of snow. They are hard to separate and the change 
of albedo done by BC is hard to pinpoint. To be able to get the right effective snow 
radius and to be able to calculate the correct change of the effective snow radius 
during the year is something that needs to be improved in models. 

6 Conclusions 

BC emissions mostly come from OB and residential use, where the OB is mostly 
accredited to wildfires. The calculated global emissions are very different depending 
on which model is used. The range of the global emissions is 7600-274400 Gg/year.  

BC in the atmosphere has an impact of between 0.4 and 1.2 Wm-2 on the 
RF and a diming effect of 0.9 Wm-2 (TOA), 2.6 Wm-2 (in the atmosphere), and -1.7 
Wm-2 at the surface of the earth. 

BC in clouds cause a change in the cloud droplet albedo that gives a RF 
inside the range of 0.01 to 0.2 Wm-2. The adjustment by BC on clouds gives a RF of 
(-0.1)-0.31 Wm-2. This means that the adjustment of clouds may cool or warm the 
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atmosphere. Cloud burn off increases the RF by 0.52 Wm-2 (other aerosols may be 
included). The total change in RF done by change in cloud cover due to BC is -0.16 
at TOA and -0.17 in the atmosphere. This all means that BC would probably cool the 
surface. 

The RF change caused by albedo change by BC in snow is not easy to 
calculate but from the data it is 0.007 to 0.054 depending on snow cover, effective 
snow radius, and BC concentration. The albedo change in snow due to BC is -0.02 to 
-0.17 with a BC concentration of 1000ng/g.  

Is seems like there are too many differences in measurement methods 
and models to give a good answer to whether BC emissions effect the climate or not. 
A measurement standard is needed, models need to be upgraded in order to be able 
to predict values in the future and recalculate present values. This will probably need 
more research about BC and other aerosols. There is also a need for more 
measurements and more cooperation between countries so that measurements and 
observations are available to everyone. 
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Appendix 
 
Table 6. The configuration for Flanner et al., (2007) model simulation. FF is fossil fuel, 
BF is biofuel and BB is biomass burning 

 Low Estimate 
(1998/2001) 

Central Estimate 
(1998/2001) 

High Estimate 
(1998/2001) 

FF+BF BC 
emissions 
(Global/N of 30° 
N), Tg/yr 

1.6/1.0 4.7/2.7 16.2/9.3 

1998 BB BC 
Emissions 
(Global/N of 30° 
N), Tg/yr 

2.1/0.4 4.1/0.8 6.5/1.6 

2001 BB BC 
(Global/N of 30° 
N), Tg/yr 

1.1/0.1 2.0/0.2 3.0/0.4 

BC MAC (fresh, 
hydrophobic), 
m2/g at 550 nm 

6.3 7.5 8.7 

BC MAC (aged, 
hydrophilic), 
m2/g at 550 nm 

9.5 11.3 13.1 

Snow Aging 
Scaling Factor 

0.5 1.0 2.0 

Snow Cover 
Fraction 

Oleson, K. W., et al. 
Technical 
description of the 
community land 
model, Tech Rep. 
Ncar TN-461+STR. 
2004. National 
center for 
atmospheric 
research.  
 

Romanov, P. and D. 
Tarpley. Estimation of 
snow depth over open 
prairie environments 
using GOES imager 
observations. 2004. 
Hydrol. Processes, 
18, 1073-1087, 
doi:10.1002/hyp.5508.  
 

Yang, Z-L., R. 
Dickinson, A. 
Robock, and K. Y. 
Vinnikov. Validation 
of snow submodel 
of the biosphere-
atmosphere transfer 
sche,e with Russian 
snow cover and 
meteorological 
observational data. 
1997. J. Clim,10, 
353-373. 
 

Hydrophilic 
Meltwater 
Scavenging Ratio 
(kphi) 

2.0 0.2 0.02 

Hydrophobic 
Meltwater 
Scavenging Ratio 
(kphi) 

0.3 0.03 0.003 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




