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Abstract

How healthy is the air in the villages during the summer fire seasons? Why does Fort Yukon always seem
to be colder than the surrounding villages in winter and spring? How healthy is the air we breathe in our
homes and workplaces? These are but a few of the questions asked by Alaska's Eastern Interior residential
village's IndigenousTribaI Governments. A tribal-owned network of aerosol monitors and meteorological
Stationswas installed atTs'aahudaaneekk'onh Denh, Gwichyaa Zheh, Jałgiitsik, and Danzhit Khànląįį in the
Yukon Flats, Alaska. To assess the exposure of residents in rural communities in the Yukon Flats to

particulate matter of 2.5 μm or less in diameter (PM2.5), both indoor and outdoor concentration
observations were carried out from spring 2017 through to August 2019. Surface-based-temperature

inversions occurred under calm wind conditions due to surface radiative cooling. In May, local emissions
governed air quality with worst conditions related to road and river dust. As the warm season progressed,

worst air quality was due to transport of pollutants from upwind wildfires. Absorption of solar radiation
in the smoke layer and upward scattering enhanced stability and fostered the persistence of the surface-

based-temperature inversions. Under weak large-scale forcing mountain-valley circulations develop that
are driven by the differences in insolation. During the long dark nights, surface radiative cooling occurs in
the near-surface layer of the mountain slopes of the Brooks, Ogilvie and White Mountains Ranges and at
the bottom of the valley. Here surface-based-temperature inversion - known as roof-top inversions form, while the cold air drains from the slopes. A frontal wedge forms when the cold air slides over the

relatively colder air in the valley. Drainage of cold air from the Brooks Range governed the circulation and

cold air pooling in the valley. At the site, which is closest to the mountains, concentrations marginally

changed in the presence of temperature inversions. Indoor concentrations were measured at 0.61 m in
homes and at 1.52 m heights both in homes and office/commercial buildings. Air quality was better at
both heights in cabins than frame homes both during times with and without surface-based-temperature

inversions. During summer indoor concentrations reached unhealthy for sensitive groups to hazardous

conditions for extended times that even exceeded the high outdoor concentrations. Indoor and outdoor
concentrations were strongest related for office/commercial buildings, followed by frame houses and

cabins. These are but a few of the answers found in this research of meteorology effects, unhealthy

locations for breathing PM2.5 air outdoors and in homes.
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1. Introduction

In the colder months of winter and spring, Fort Yukon always appears colder than the surrounding

villages; now we know why! Where you sleep at home should never be a worry of health! Sleeping on
the top bunk of a frame home is healthier than on the bottom bunk at night! Living in a cabin is far

healthier than in a frame home for the air you breath day and during the night! These are but a few of
the answers found in this research of meteorology effects, unhealthy locations for breathing

concentrations of dust or pollutants suspended in the air, which can be any multiple of hazardous

chemicals, crystalline salts, exhausts fumes, and even soil-dust; dusts when breathed in excess can be
hazardous to respiration processes of the lung. We know now which type of homes structures seam
safer than other types of the air within we breath.

Aerosol surface data has been nonexistent in the largest valley and watershed of two major

international rivers in Eastern Interior Alaska. Baseline aerosol and meteorological surface data is vital
for human health, prosperity, and ecosystem preservation in a rapidly changing world. A high

concentration of particulate matter of diameter ≤ 2.5 micrometer, is linked to respiratory illnesses and
contributes to health care costs (Pope et al. 1995, Janssen et al. 2012, Segersson et al. 2017). In Eastern
Interior Alaska, the health-costs are especially high as any severe case includes air travel by charter.

The Tribes of Arctic Village, Beaver, Birch Creek, Canyon Village, Circle, Chalkyitsik, Fort Yukon, Steven

Village, Venetia, and Rampart are all Tribal consortium members of the Council of Athabaskan Tribal

Governments (CATG). These ten Yukon Flats tribes are stepping up to fill a gap in atmospheric surface

data. The atmospheric data gap exists because research, in this sparsely populated area, has not been
considered to benefit enough taxpayers to justify federal funding. With advisory support from the

University of Alaska Fairbanks, they applied for funding from The Bureau of Indian Affairs to establish
the first Tribal Air Quality Network in Alaska (Edwin and Molders 2018).

This thesis shows that these meteorological and particulate matter data can be interpreted in
conjunction with satellite data, an emission inventory as well as Hybrid Single-Particle Lagrangian

Integrated Trajectory (HYSPLIT) backwards trajectories to determine the dynamic nature of particulate

matter flow and to trace the greatest anthropogenic contributors of aerosols within the Yukon Flats
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valley and individual villages are strategically adjacent to major river inlets into the Yukon Flats valley
along the Porcupine and Yukon River between the mountain ranges of Brooks, Ogilvie, and the White

Mountains. Meteorological data oftemperature, pressure, and relative humidity were recorded at both

2 m and 10 m height. In addition, particle matter concentration was recorded at 2 m, while wind speed

and direction were recorded at 10 m height, and at 5m height, precipitation and total incoming

radiation.

Within the villages, based on the research results, the Tribes can identify major sources and address

them with biomass, dusty road control programs, and modern fuel burning methods to mitigate health
adverse air quality.

With the assistance of climate change resilience grants from the Bureau of Indian Affairs, a system of
aerosol monitors and meteorological ground stations has been placed in four Yukon Flats villages to

gather regional data as a first phase research. A second phase was to address village sources of aerosol

within and outside of residential homes, so homes can be better constructed to reduce respiratory

intake of poor air.

This dissertation does not only fulfill a doctorial requirement but also provides a scientific based

document to allow the IndigenousTribes of Easter InteriorAIaska to take control over their own destiny.

1.1. Motivation

We have observed climate warming, an increase in fire incidents, and diminished air quality, especially
during the summer months (Wendler et al. 2011). However, no data has been collected about the poor

air-quality to which communities in the Yukon Flats are exposed each year especially during the wildfire
season of summer, or the effects that this increase is having on ecosystem balance. Climate change is

expected to increase wildfire activity (Calef et al. 2015; Liu et al. 2015). A recent study showed for
instance that in InteriorAIaska, relationship exists between dry deposition of nitrogen and the extent of

wildfires (Nagano and Iwata 2017). Note that this can act as a fertilizer and may be a burden also for
aquatic systems (Mölders and Kramm 2014). Wildfires also mean a change in land-cover (Molders and

Kramm 2007) and hence alter the habitats of game. Consequently, both the deposition of pollutants
(trace gases and particulate matter) as well as the land-cover changes impact the subsistence lifestyle.
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Another recent study showed that air pollution in Pan-Artic Cities is largest for communities under 1000
inhabitants, especially during the fire season (Molders and Kramm 2018). A systematic review revealed

that even non-occupational exposure to wildfire smoke can cause severe health impacts (Liu et al.
2015). This smoke contains particles of various kind, and among others black carbon (BC). While BC itself
is not health adverse, health adverse gases can adhere to it. These coated BC when inhaled may cause

health problems, cancer or even death (Janssen et al. 2012).

Besides wildfires, burning diesel emits BC (Evans et al. 2015). In the villages, diesel is burned by heavy

equipment, furnaces and for power generations. This means that even in winter, there might be

appreciable amounts of health-adverse particles due to accumulation under the frequent Arctic
inversions (Molders and Kramm 2010).

Other potential sources for pollutants are long-range transport. In the last decades, Arctic shipping has
increased due to the decline in sea-ice extend (Gong et al. 2018). Thus, it has to be expected that Arctic

shipping will further increase. Studies showed that emissions from Arctic shipping along the Norwegian
Coast in summer has affected pollutant concentrations on the local and regional scale (Marelle et al.

2015). The studies on Arctic haze that occurs in early spring, traced this phenomenon back to sources in
mid latitudes (Law and Stohl 2007, Quinn et al. 2007, Law et al. 2014).

Little is known about the poor air-quality to which communities in the Yukon Flats are exposed each
year during the wildfire seasons. In Alaska, barely any air-quality monitoring exists due to the sparse
population. The few existing sites are part of the Interagency Monitoring of Protected Visual

Environments (IMPROVE) network that has the mission to monitor air quality and visibility in National
Parks and wilderness areas. A National Oceanic Atmospheric Administration (NOAA) supported long

term monitoring site exists in Barrow on the North Slope. Furthermore, in the three major communities

Juneau, Fairbanks, and Anchorage some measurements were made for a limited time. Aircraft

measurements during Arctic Research of the Composition of the Troposphere from Aircraft and
Satellites (ARCTAS), and Aerosol, Radiation, and Cloud Processes affecting Arctic Climate (ARCPAC)

campaigns in April, June, and July 2008 suggested anthropogenic emissions from Asia and Europe as

major cause for the carbon monoxide (CO) concentrations found in the mid-troposphere of the North
American Arctic (Fisher et al. 2010). Unfortunately, no data was taken in the Yukon Flats.
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All this air pollution processes, some of which is in response to climate change, are of huge concern at
various levels for the communities in the Yukon Flats. Observations suggest that the number of wildfires

and acres burned per year increase with increasing summer temperatures. At Fort Yukon, Chalkyitsik,
and Beaver, for instance, a 1oC increase in June, July, August (JJA) temperature means an increase by
12.7%, 8.6%, 8.5% and 8.2%, 7.5%, 7.6% in the number of fires and acres burned, respectively. The

related increase in wildfire smoke not only means a direct climate related vulnerability with respect to
health (e.g. Pope et al. 1995; Jerrett et al. 2009), but also an indirect vulnerability related to the
traditional lifestyle. Pollutants affect vegetation, and the removal of the atmospheric contaminants by
precipitation and dry deposition on land and in waters may become a burden for the ecosystems

(Karlsson et al. 2013). In spring, the sudden release of pollutants accumulated in snow over winter may

affect fish and water quality with consequences for the health of the population as well. In addition, the
huge landscape changes associated with increased fire activity trigger changes in wildlife habitats and
water resources, and consequentlythreaten the sustainability of the traditional way of life.

The Yukon Flats watershed covers 35 million acres located 145 air miles northeast of Fairbanks, Alaska,

mostly above the Arctic Circle. Communities are located in the large valley enclosed by mountains on all
sides except at the narrow outlet of the Yukon River and the entrance of the Yukon and Porcupine
Rivers. The northern part of the valley is north of the Arctic Circle. The high latitude location leads to

frequent temperature inversions due to surface radiative cooling at night. Under the frequent, longlasting temperature inversions (Devasthale et al. 2010), pollutants may accumulate (Molders and

Kramm 2010), and degrade air quality and visibility (Molders and Gende 2015). Under humid conditions,
particles may swell and cause Arctic haze (Law and Stohl 2007, Tran and Molders 2011) thereby

reducing visibility (Pirhalla et al. 2014). In summer, the villages of the Yukon Flats suffer from road dust
during dry periods and from poor air quality due to wildfires.

Wildfires in summer, vehicles, and wood burning in winter lead to emissions of particle precursor gases
like sulfur dioxide (SO2), nitrogen oxides (NOx=NO+NO2 nitric oxide and nitrogen dioxide), volatile

organic compounds (VOC), and primary particulate matter (PM) including black carbon (BC) into the
atmospheric boundary layer (ABL). Here, chemical reactions and gas-to-particle conversion form
secondary pollutants like ozone (O3), and secondary particles (Seinfeld and Pandis 1997). Local lakes and

wildfire scars are known to release methane (CH4) which may produce secondary organic aerosol (SOA)
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particles. In addition, soil bacteria and vegetation emit NOx and VOC compounds that also contribute to

particle formation (Seinfeld and Pandis 1997).

In the Arctic, pollutant-removal processes are slow (Quinn et al. 2007). Due to the frequent inversions,

pollutants reside for a long time in the enclosed large valley of the Yukon Flats. Most likely, they deposit
onto the land and snow and finally reach the rivers.

Particulate matter (PM), mainly inhalable in the micron- to sub-micron fractions, O3 and VOC are major

pollutants of concern for health (Pope et al. 1995, Brook et al. 2004, Lan et al. 2004, Arif and Shah 2007,
Jerrett et al. 2009). Much of the previous research on PM2.5 (PM with aerodynamic diameters Iessthan

2.5 microns) exposure and health outcomes has focused on large urban centers in the US and megacities

(Samet et al. 2000, Dominici et al. 2006, Liu et al. 2015). These studies consistently linked aerosols with
increased risks of respiratory disease, cardiovascular diseases, and mortality.

Consequently, the lack of historical air-quality baseline data makes it difficult to assess vulnerability due
to climate caused decreases in air quality and health and to develop climate adaptation plans for the

future. To determine the vulnerability a better understanding of the triggers of air pollution has

important public health and traditional lifestyle implications.

1.2. Goals

In an effort to clearly identify the risks to our health and traditional way of life, the objectives of the

research project were threefold: (1) to establish a tribal air quality network to collect outdoor and
indoor air quality data and access exposure, pollutant sources and flow pattern in the Yukon Flats; (2)
collect and analyze the data to create a baseline of air quality that can be later used for assessment of

the vulnerability of communities in the Yukon Flats due to climate-change related air pollution; and (3)

to develop the basis for a first step in creating climate adaptation plans for the Tribes of Eastern Interior
Alaska.
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Figure 1.1. Regional and local village sites are shown, the yellow circles circumscribe the villages of each

phase of the aerosol research location sites. Bever (Beaver), Fort Yukon (Fyu), Chalkyitsik (Cik), Circle

(Cir).

1.2.1. Four Regional Villages of the Yukon Flats Valley

The objectives are to assess the vulnerability of communities in the Yukon Flats due to climate-change

related air pollution that affects health and traditional way of life; and to develop the basis for a first
step in developing climate adaptation plans. Emission, meteorological and chemical data were collected

to establish the baseline of current exposure to health-adverse air pollution and identify source

contributions. An automatic monitoring network was implemented for air-quality data collection and,
later, monitoring of air-quality for health advisories in the communities, as a first step towards climate

adaptation planning. This work was to establish the bases for addressing the problem of increases in air

pollution caused by increased wildfire incident activity and other sources due to climate change.
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These research objectives are to quantify the contributions of emissions from the various sources in the
Yukon Flats to build a baseline-emission inventory. This emission inventory permits programmatic

planning to develop adaptation plans. It serves to identify the contribution of individual sources, which
is an important pre-requisite for knowledgeable development of climate adaptation plans.

This research served also to create an air-quality baseline. A baseline is urgently needed to assess the

impacts of any emission changes on air-quality and health risks. Health professionals with expertise in
pollution related diseases can interpret these air-quality measurements of the monitoring networks in
terms of health risk in a similar manner as it is available in large communities in the contiguous United

States; thus, members of the communities can evaluate the health risks of activities during wildfires or

other pollution episodes.

1.2.2. Largest and Central Village of the Yukon Flats: Indoor-Outdoor

To address the vulnerability of communities in the Yukon Flats due to our traditional way of life indoor

particulate matter concentration data were collected in a second phase with simultaneous outdoor

measurements. The objectives were to assess differences and delays between indoor and outdoor air
quality and identify ways to reduce the exposure.

To accomplish these objectives the research was to take the following actions:
•

Deploy the four-air quality outdoor PM monitors and meteorological measuring devices of
the first phase and strategically locate them around the largest village of Ft Yukon which is
centrally located in the Yukon Flats. Note that the village was centrally located in both

research phases and networks. Further, aerosol indoor PM monitors were located within 20
homes and businesses.

•

Conduct a survey of home construction type and heating system.

•

Analyze the data to understand the related effects between indoor aerosol concentration

and the concentration gradient of outdoor variations over the whole village. This analysis
also served to identify under which conditions air quality changes for the better or worse.
This work also addresses the problem of increases in air pollution caused by increased

activity indoors and/or outdoors and other sources due to climate change.
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The data analysis can quantify the contributions of emissions from the various sources from within the
village and from outside. Measuring indoor concentration levels allows to quantify exposure levels to
assess exposure over a greater amount of time; correlation of concentration between indoor levels and

outside levels by building construction type may identify ways for mitigation of exposure for future

constructions. This analysis also permits identification of the greatest contribution of indoor exposure by
type of heating sources.

The data analysis can also create a personal air-quality exposure baseline based on a person's daily
village lifestyle. A baseline is urgently needed to assess the impacts of any emission changes on air
quality and health risks. Thus, members of the community can evaluate the health risks of planned
outside activities during wildfire or other pollution episodes like long lasting inversions, and their indoor

exposure levels based on home construction and heating sources.

1.3. Logistics for Research in Rural Alaska Areas

Monitoring in these rural areas is logistically difficult due to a lack of a road network, trained personal,

and lack of internet access for data retrieval. Furthermore, electricity for heating and instruments is
expensive and unreliable. Weight and bulkiness of equipment must be considered for transporting,

scheduled flights and possible weather delays. The design of the site must consider that the
construction can be made even when there is only one person. The assembly logistic must consider the

constant darkness and cold and windy weather. Also, since there is no store down the road, one must
take everything that might be needed for the unforeseen.

Cold is an often-underrated risk factor for health (Mercer, 2003). Studies show increases in

cardiovascular mortality associated with cold spells (Baker-Blocker, 1982). Therefore, it is important to

always dress for the harsh climate region for thermal comfort to avoid cold stress related health issues
(Molders, et al, 2019 ). Furthermore, one must always make sure to have food and lodging before even

getting to the plane! The number one rule in Alaska: Always prepare to minimize the risk of the
unexpected, it will occur in the most remote and harshest of climate; be adaptable!

Adaptability is a must, a mindset inevitability for any project, when you need to find equipment falling
into a set parameter and durability, as it also must fit to funding and the overall plan of your research
scope. Finding equipment that you need to do a certain job must also be affordable within your budget,
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number of locations required, and be operational with minimal maintenance and supervision over the
environmental

parameters of temperature,

pressure,

precipitation, electromagnetic radiation,

atmospheric dynamics, and wildlife, and perhaps human curiosity.

When the equipment that permits measurements within the environmental diversity of parameters is
identified, the next restriction is cost within the funding available and number of locations required. You
may find that your well laid out plan may need to be modified to meet the budget. This means that to

get everything you may want for an optimal, best observational network may have to wait for another
opportunity.

Setbacks due to outside factors beyond ones control must be adapted to such as in August 2017 the

instruments were determined as to which one to use and available parameters for the arctic region, was

ordered and due to setbacks of availability four months would pass until December before they were
received. This time was used to further plan site locations, mass for meteorology monitoring equipment

and design of protective housing based on air transportation restrictions of weight and size.

1.4. Instrumentation

The equipment chosen for the regional aerosol monitoring research is the MetOne BAM-1022 aerosol
,concentration by mass, monitor and a Decagon EM-50 meteorological data collection system, both will

be in-situ at the outdoor village sites. A third instrument for the indoor monitoring of aerosols is the
Dylos Air Quality Monitor, the DC-1700. Choosing the right instruments to do the job based on cost and
considerations that the instrumentation withstands the harsh winter weather conditions. EPA suggested
the equivalent method because of its minimal required maintenance during monitoring. Reliable
performance is needed given the high cost of getting to the sites. EPA's recommended monitoring

equipment list is available at www.epa.gov/ttn/amtic/criteria.html . EPA's suggested equivalent method
for measuring ambient concentrations of specified air pollutants has been designated as "reference

methods" or "equivalent methods" in accordance with Title 40, Part 53 of the Code of Federal
Regulations (40 CFR Part 53).
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1.5. Design Modification for Instrument Placement

1.5.1. In-situ Site Design for the FourViIIages, a Regional Monitoring of the Yukon Flats.

A 32 foot or 10 m mast was assembled with two sets of three anchoring cables (10 m and 5 m height)

and at 120-degree separation. The mast was anchored at three points at these heights to maintain the

stability of the mast. At 10 m, the Davis Cup Anemometer, VP-4 Barometric Pressure, Temperature and
Vapor Pressure instrument were mounted; at 5 m height, the ECRN-100 high-resolution rain gauge and
the PYR/QSO-S total solar radiation were located. Along one of the anchoring cables at 2 m, the LWS

Duration of Leaf Wetness instrument was attached.

Housing was constructed to hold the BAM-1022 and to protect the air intake vents of the pumps from

horizontal blown snow and dust, not to mention the Sun. The instrument has to be at above freezing
point temperatures. The housing was insulated so that the heat from the instrument could be used to

provide adequate conditions.

While this concept worked well during the late spring and early fall shoulder season, it failed during the

harsh deep winter conditions. Therefore, sites were upgraded with heating blankets once sites were
again accessible in late winter.

The particulate intake tube of the BAM-1022 extends out the top of the housing, and the 597 Ambient
Temperature/ Barometric Pressure/Relative Humidity combination sensor also sat outside the top of the
box along the particulate intake piping at 2 m height. The BAM-1022 draws air through the particulate

size selective inlet allowing only particulate matter of 10 micrometer or less in diameter (PM10)

through. Then the particulate and air enter a BGI VSCC Very Sharp Cut Cyclone (BX-808) particle size

separator. The instrument was set to measure particulate matter of 2.5 micrometer or less in diameter

(PM2.5).

To assess the amount of BC, aethalometer were placed for short episodes at Circle and Ft. Yukon and in
Fairbanksforcomparison (Appendix: Möldersand Edwin, 2018).
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The villages are all off the grid. Therefore, power is produced locally via generators or a small power
plant. Outages occurred frequently for various reasons. While short outages could be bridged with
batteries, the temperature conditions and high freight costs and limited availability of funding

prohibited this solution. Note that the batteries would have required heating to remain functioning and

would also have required a larger housing than could be cost-efficiently transported by air.

1.5.2.Single Village Monitoring: Modification of Indoor Monitors

The collection of air-quality data served to identify the magnitude of the air-pollution problem and to
address the changes occurring in natural emissions as well as home exposure in response to climate

change and anthropogenic emissions. We strategically located four EM-1022 and EM-50 to measure
outside concentration of PM2.5 around Ft. Yukon. We also place 20 indoor concentration meters in

homes and businesses that were around and within the limits of the outdoor sites.

1.6. Site Locations for Regional and Single Village

1.6.1.Four Regional Village Locations

To monitor the exchange of air between the Yukon Flats air shed and adjacent air sheds, sites were
installed in the downwind of the inlet and outlet of the Yukon River at Circle and Beaver respectively

(Fig. 1). A site at Chalkyitsik monitored the air at the inlet of the Porcupine River. At these sites, the

mountains narrow, and the valley carved by the rivers builds the connection for air exchange between
the Yukon Flats air-shed and other outside the Yukon Flats valley air-sheds. Further a site has been

installed at Fort Yukon as a representative for the center of the Yukon Flats. Though Venetie and Birch

Creek would have been representatives for communities affected by slope winds, funding had limited
our monitoring sites to four instead of seven.

Further, since temperature inversions suppress the exchange of polluted air in the ABL with clean air

from aloft (Molders et al. 2013), this fact depends on the pressure gradient force. It is known that

surface based temperature inversions are fragile and therefore susceptible to dynamic breakup. Arctic
Village which is at 2092 ft (637.6 m) height, would have been an ideal location to serve as a reference of
unpolluted air and/or aged polluted air from other regions sinking into the valley. Given that surface
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based-temperature inversions in the Arctic are relatively low (Wendler and Nicpon 1975), this site would
be above the surface-based-temperature inversions most of the time and gathering data from other
sources. A comparison of aerosol concentrations or meteorological data from this site with those at the

sites in the valley would have permitted us to determine the vulnerability caused by air pollution from
long-range transport.

Since the limited funding resources didn't allow carry out these measurements, aerosol optical depth

(AOD) data retrieved from Moderate Resolution Imaging Spectrometer (MODIS) data (Lyapustin, et al.

2019) were analyzed to examine the role of long-range transport of polluted air for air quality in the
Yukon Flats.

When AOD exceeded the typical background concentrations, HYSPLIT (Draxler, et al. 2010) modeling

was deployed to assess the locations of potential origin of the absorbing pollutants.

(Mayfield and Fochesatto, 2013) had studied the layered structure of the winter atmospheric boundary

layer over the Tanana Flats in Interior Alaska using radiosonde data. (Fochesatto 2015) developed a
method to determine multi-layered temperature inversions over the Tanana Flats by means of
radiosonde data. Unfortunately, no radiosonde site exists in the Yukon Flats to use the inversion layers

for assessment of the exchange of air in the Yukon Flats with air aloft. Therefore, data from the National

Weather Service at Arctic Village and Ft. Yukon were used to assess the vertical temperature profile for
the first 500 m above ground. Note that due to the steep mountains GPS radio-occultation methods
cannot be applied for this purpose.

To assess the flow in the Yukon Flats reanalysis data were analyzed for the cold season (October 1 to
April 30).

1.6.2.Single Village Locations for Indoor vs. Outdoor Air Quality

The four outdoor insitsu sites are distributed in a similar fashion as the 2017 and 2018 regional

monitoring of the four villages.
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For the indoor monitoring we are using 20-units of DC-1700 that measures PM2.5 and PM10 either by

particle count or by mass concentration. The 20 units of DC-1700 are located strategically throughout
the village t two heights above the floor. These heights are 0.61m or 2-ft and 1.5m or 5-ft, the levels of
the air we breathe when we sleep and when we're awake and standing.

15 residentials and 5 commercial/public office locations, further perimeter are instilled in site locations

for programing and mapping programs have been implemented, however the following restrictions

apply-

Forthe confidentiality and privacy of homeowners, both personal and cultural privacy as mandated by

the local Tribal government and agreement of participants, metadata of location, homeowner is known

only by the primary researcher. All data retrieved and recorded raw data is restricted completely!
Preservation, security and analysis of the raw data is entrusted to the primary researcher, where no raw

data will be available, ownership is completely of the Tribes of the Yukon Flats.

Secondary calculated statistics can be distributed or made available at the discretion of the primary

researcher: StanIeyG. Edwin.
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2.

Particulate Matter Exposure of Rural Interior Communities as Observed by the First Tribal Air Quality

Network in the Yukon Flat
1

Abstract
A tribal-owned

network of aerosol monitors and

meteorological stations was installed at

Ts'aahudaaneekk'onh Denh (Beaver), Gwichyaa Zheh (Fort Yukon), Jatgiitsik (Chalkyitsik), and Danzhit
Khànląįį (Circle) in the Yukon Flats, Alaska. Surface inversions occurred under calm wind conditions due

to radiative cooling. In May, local emissions governed air quality with worst conditions related to road

and river dust. As the warm season progressed, worst air quality was due to transport of pollutants from
upwind wildfires. During situations without smoke or when smoke existed at layers above the surface

inversion, concentrations of particulate matter of less than 2.5 micrometer in diameter or less (PM2.5)
were explainable by the local emissions; 24-h means remained below 25 μg∙m-3. Absorption of solar

radiation in the smoke layer and upward scattering enhanced stability and fostered the persistence of
the surface inversions. During smoke episodes without the presence of a surface inversion, daily mean

concentrations exceeded 35 μg∙m-3 often for several consecutive days, at all sites. Then concentrations

temporally reached levels considered unhealthy.

1 NOTE: This paper is published in Journal of Environmental Protection
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2.1. Introduction

In February 2007, the Alaska Rural Communities Emission Inventory Report No. SR2007-02-01 [1] that

was prepared for the Western Governors' Association, Western Regional Air Partnership, Alaska
Department of Environmental Conservation, pointed out that throughout the year, Alaska Interior

indigenous villages experience greater particulate matter, aerosol, and gaseous pollutant concentrations
than the major cities in Alaska. A recent study on air-quality in Arctic cities (north of 59.99°N) reported

that the long-term annual mean concentrations of particulate matter of 2.5 μm or less in diameter
(PM2.5) were 21.2 μg∙m-3, 17.6 μg∙m-3 and 11.9 μg∙m-3 at sites in North Pole (city in Alaska, 2,232

inhabitants [2]), 12.0 μg∙m-3 and 11.7 μg∙m-3 at sites in Fairbanks (32,751 inhabitants), and 6.4 in
Anchorage (298,192 inhabitants) [3]; highest concentrations occurred during winter under surface

inversion conditions and in summer when these cities were in the downwind of wildfires; typically
winter concentrations dominated the annual means [3]. Particulate matter with diameters of 10 μm or

less (PM10) had long-term mean concentrations of 12.4 μg∙m-3 in Fairbanks [3].
Residents of Interior Alaska experience extended episodes of wildfire-caused smoke in summer [3] [4]

[5] [6]. The Interior encompasses two major river valleys, the Yukon Flats with the Yukon and Porcupine,

and the Tanana Valley with the Tanana and its contributors (Figure 1). Over long periods of the year, the

topography drives the surface meteorology [7]. The location at the western edge of the Canadian High
means frequent subsidence inversions. The far north location favors radiative cooling and inversion

formation [8] [9] [10] [11]. Under both conditions, pollutants from local emissions can accumulate under
the inversion over extended time yielding low air quality [10] [11]. The surrounding mountains retain the

pollutants in the valley.
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Figure 2.1. Schematic view of the location of the Yukon Flats in Alaska; topography and location of the
four villages with sites of the Tribal Air Quality network.

The concentrations that establish in response to emissions also depend on meteorological effects (e.g.

mixing, transport, removal by sedimentation and washout, stability, inversion height if present), natural

sources of aerosols (e.g. mineral soils, pollen, gas-to-particle conversion, evaporation of hydrometeors,
haze, cloud and fog droplets) [12] [13] [14].

Wildfires are a mechanism of the landscape evolution in Interior Alaska. Air-quality model simulations

performed for the 2009 Minto Flats South wildfire in the Tanana Valley and the Crazy Mountain fire in
the Yukon Flats showed that locally concentrations of near-surface PM2.5 exceeded the U.S. National
Ambient Air Quality Standard (NAAQS) of 35 μg∙m-3 [15] [16] notably over several days.
Air-quality model simulations and observations during the winter 2008/09 field campaign in Fairbanks,

the largest city in Interior Alaska and the Tanana Valley showed local exceedances of the NAAQS over
several days and on a regular basis between October and March on days with inversions [17]. In

Fairbanks, emissions from wood burning contributed the majority of the PM2.5 in winter.
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In the Yukon Flats, the largest valley in Alaska, most villages use local wood as the major source for
heating and cooking, as any supply has to be flown in with small aircrafts [7]. In the Interior, PM2.5

concentrations ([PM2.5]) often exceeded the NAAQS at the sites at Gates of the Arctic (located west of
the Yukon Flats), in the cities of Fairbanks and North Pole (Tanana Flats), and Denali National Park Head

Quarters (southern Interior) in summer due to smoke from wildfires [3].
Nevertheless, and despite wildfires are part of the natural landscape evolution of the boreal forest

ecosystem, aerosol near-surface data are sparse in the Tanana Valley and were even nonexistent in the
Yukon Flats. In the sparsely populated Yukon Flats, most communities are off the Alaska road network

[7]. Thus, maintenance of an air-quality monitoring network by federal or state agencies would require

travel by boat or small aircrafts. Under limited funding conditions, such high maintenance costs for

closing the data gap is hard to justify under the argumentation of cost-benefit ratio aspects.
Various studies linked high concentrations of PM2.5 from wildfires and wood burning to respiratory and

cardiac illnesses especially in sensitive people with preconditions, children, and elderly [18] [19] [20]. In

the rural Interior, medical emergencies often require air travel by charter for medical care [7], which

contributes to elevated health care costs for rural villages.
Baselines of aerosol and meteorological surface data are vital for mitigation of air pollution, and any

cost-efficient implementation of emission-control measures, policies, and intelligent decision-making

processes. Such baselines can help identify sources and direct the search for emission-control measures
to mitigate health adverse air quality.

Recognizing the critical need of a baseline for improvement of human health, quality of life,
conservation of prosperity, and ecosystem preservation in a rapidly changing world, the Tribes in the

Yukon Flats decided to step up to fill a gap in atmospheric near-surface data on their own to assess the

quality of the air they are breathing. A system of aerosol monitors and meteorological ground stations

was placed in four Yukon Flats communities (Figure 2.1) and is managed by the Tribes of

Ts'aahudaaneekk'onh Denh (Beaver), Gwichyaa Zheh (Fort Yukon), Jatgiitsik (Chalkyitsik), and Danzhit
Khànląįį (Circle). The objective was to establish a baseline inventory of air quality in the communities

and to gain understanding of the sources of PM2.5 within these InteriorAIaska villages.
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2.2. Experimental Design and Methodology

2.2.1. Network Layout and Site Descriptions
Four Tribal villages were selected strategically to assess the summer air-quality situation in the Yukon

Flats (Figure 1). Two villages (Circle, Chalkyitsik) are located close to the major river inlets into the

valley at the Porcupine and Yukon River, respectively, one village (Beaver) is close to the outlet of the

Yukon between the mountain ranges of the Yukon Flats, and a fourth village (Fort Yukon) is located at

the Yukon in the center of the valley.
All communities follow a strong subsistence lifestyle. Except Circle, the communities are north of the

Arctic Circle (66.5631 1N) (cf. Figure 1). Woodstoves are the major choice for heating followed by diesel
furnaces - some with modem monitors. The air quality monitoring sites were set up close to the major

anthropogenic emission sources in these villages (Figure 2.2).

Figure 2.2. Maps of (a) Circle, (b) Chalkyitsik, (c) Beaver, and (d) Fort Yukon. The red cross marks the

monitoring site location. Gray buildings are public buildings like school, power plant, council buildings,

etc., yellow buildings are residencies.
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Circle (40 households, 104 inhabitants; 65.825N, 144.0639W, 179 m) is the only village with access to
the Alaska road network (Figure 2.2a). Its old part is along the upper end of the Yukon Rivers inlet from

Canada into the Yukon Flats valley. Its new part is located three miles away from the old part of Circle. It
is composed of residential private homes built along the Steese Highway, which is unpaved. The

monitoring equipment is located in the center of the old village (65.82569N, 144.0639W) where all the
permanent anthropogenic emission sources are located, such as the school, power plant, store,

washiteria, and clinic (Figure 2.2a). The main, new airport is close to this part of Circle as well.
Chalkyitsik (24 households, 69 inhabitants, seasonally 35 households; 66.65222N, 143.7258W, 160.5 m)

was built along the Draanjik River (formally Black River). The center and oldest houses are along the
banks of the Draanjik, newer residences are atop a hill on the other side of the airport (Figure 2.2b). In
the center, all the permanent anthropogenic emission sources are located, such as the Council Office,

washiteria, clinic, and heavy equipment (Figure 2.2b). The monitoring site is located in the center of the
village (66.65413N, 143.7229W). The school and power plant are on the hill.

Beaver (36 households, 84 inhabitants; 66.35972N, 147.3975W, 111 m) is located along the northern

banks of the Yukon River. Multiple roads exist parallel to the riverbank with the oldest homes along the
bank. The school, power plant, Tribal Council Offices, washiteria, clinic, and heavy equipment are in the
village center. The monitoring site (66.65413N, 143.7229W) was set up behind the Council Office to
capture pollution from the major, permanent anthropogenic emission sources (Figure 2.2c). The school
is further away from the riverbank and about 100 m away from the site. The airport is behind the village

(Figure 2.2c).

Fort Yukon (246 households, 583 inhabitants; 66.56667N, 145.2581W, 134 m) was Stablished in 1847 as
a Hudson Bay Trading Post at the formerly seasonal gathering place Gwichyaa Zheh of the Gwichin

people. It is one of oldest communities and the largest Athabascan community in Alaska. In summer, the
population increases due to fire-fighter stationed there and tourists. Fort Yukon is located on the north

bank of the Yukon River. In contrast to the other communities, it has a piped water and sewer system. In

the center of Fort Yukon, where the site was set up, there are stores, a post office, school, church,

community center, radio station, biomass power plant, and the regional health clinic (Figure 2.2d). The
airport is west of the monitoring site. During the fire season, the airport serves large retardant cargo

carriers for landing and takeoff.
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2.2.2. Instrumentation

The equipment used was the Met One Instruments' BAM-1022, and Decagon's EM50. This choice was

based on cost, EPA-suggested equivalent method, minimal required maintenance, and standalone
continuous monitoring with data storage. At each site, a 10 m mast was assembled with three anchoring
points of three cables at 10m and 5m height each, anchored at 120-degree separation (Figure 3), and
4.88 m distance at three points. Decagon EM50 meteorological monitors were used to measure

temperature,

pressure,

and

relative

humidity

at

10m

height.

At

2m,

a

597

ambient

temperature/barometric pressure/relative humidity combination sensor was used. Wind speed and
direction were measured at 10 m height. At 5 m height, precipitation and total incoming radiation were

observed. Met One Instruments BAM 1022 PM mass concentration monitors served to measure PM2.5

concentrations. The real-time time measurement interval was set to 5 minutes for all devices.

Figure 2.3. Pencil sketch of the mast and locations of its equipment (left) and photo of the monitoring

equipment at Circle. The same equipment is used in all four tribal rural villages.
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Each BAM-1022 was housed in a box to protect the air intake vents of the pumps from horizontally

blown snow and dust, and solar radiation. The air intake tube reached out of the box's top to 2 m

height. Air was drawn through a particulate size-selective inlet allowing only particulate matter of 10 μm
in diameter or less to pass. The air flow then entered a BGI VSCC Very Sharp Cut Cyclone (BX-808)
particle size separator that permitted only PM2.5 or less to pass. Table 1 lists the instruments' specifics.

Table 2.1. Instrument Charcteristics. All data were sampled at a 5 minute rate.
Specifications
Instrument

Davis Cup
Anemometer

VP-4

BAM-1022

Observable

Range

Wind direction

>0o to 360o

Wind speed

0.9 to 78 m∙s-1

Pressure

500 to 1100 hPa

Rel. humidity

0 to 100%

Airtemperature

-50C° to 70°C

PM2.5

0 to 10 000 μg∙m-3

Resolution

Accuracy

1°

+7°

0.04 m∙s-1

+5%

0.01 hPa

±0.30 hPa

0.1%

+0.8%

0.1°C

±0.1°C

0.1 μg∙m-3

±0.1 μg∙m-3

In 2017, measurements were made from April 13 to August 19 at Circle, July 11 to September 17 at

Beaver, and May 16 to November 13 at Ft. Yukon. At Chalkyitsik, observations were made from April 27,

2017 to February 10, 2018. For this study, we only used data from April to September to cover the
wildfire season between breakup and freeze-up.
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2.2.3. Quality Assurance/Quality Control and Data Processing

The data of BAM 1022 and the EM50 raw data were saved as two separate excel files. These data files
were synchronized for time and combined. A quality assurance/quality control (QA∕QC) protocol was

run. Missing data were tagged as such. Data indicated as false by the instrument and/or values beyond
the instrument's range were discarded and tagged as such. Only data with a common time tag were

retained.
For all quantities, hourly, daily and monthly means and standard deviations were calculated. Daily

means were compared with the 24-h average of 35 μg∙m-3 recommended by the U.S. Environmental

Protection Agency (EPA) and the 3-day mean of 25 μg∙m-3 recommended by the World Health
Organization (WHO) that should not be exceeded [21] [22]. The standard deviation is a good indicator of

the concentration temporal variation over the day [23].

In addition, we calculated daily and monthly concentration means as a function of wind direction using
the same algorithm as recommended by WHO and EPA [22] [13] [21]. Doing so permits assessment of

contributing sources.
For better comparison of meteorological and concentration data we normalized these quantities as

follows

Here the letter χ stands for the respective quantity, χmaxand χmin are the maximum and minimum

value observed in the timeframe under discussion. In case of concentrations and wind direction, χmin =

0 μg ■ m-3 and χmax = 360o and χmin > 0o, respectively.
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2.3. Results and Discussion

2.3.1. Emissions Sources in the Yukon Flats
Large emission sources with fixed locations are the power plant, laundry-mat, city office buildings,

corporation buildings, businesses, school and support buildings, the Tribal Council and Tribal

Consortium buildings; and if existent, the clinic. These sources burn grade-1 diesel fuel for heating

and power generation. Emissions depend on the time of day, day of the week, and time of the year
as well as outside weather conditions.

Residential emissions stem from furnaces burning grade-1 diesel fuel and/or woodstoves for heating
in winter; sporadic heating occurs in the other seasons. Burning patterns dependent on the season.
Most residents use a combination of both, when the woodstove goes out, the furnace kicks on,

mostly during the nights. In contrast to Circle, Beaver and Chalkyitsik, spatial heating with diesel fuel

dominates in the proximity to the monitor in Fort Yukon. In Fort Yukon, wood burning occurs only in the
outskirts.
The season of the year and subsistence seasons lead to highly variable anthropogenic sources of

aerosols and their precursors within a village and/or its surroundings.
Year round, residents burn wood outside to cook dog food using similar wood as for their woodstoves.

The time of cooking is season dependent. In summer, cooking takes place in the mornings as cooling of
the food takes longer than in winter. Low ambient temperatures shorten the cooling time, for which

cooking occurs more towards the evening in winter. In the shoulder seasons (April, May, September,
October), the time of cooking emissions varies strongest with some dependency on ambient

temperature.

The type of wood burned and whether the fire is enclosed or open affect the amount of emissions. Fires
in smoke drying caches burn rotten wood to produce smoke. Emissions from smoking vary depending on
the subsistence availability of fish and moose during the hunting season. Moose meat drying and
preservation through smoke caches occurs in fall in the villages, while fish drying occurs in summer
dependent on availability. Drying can occur in the village or out along the river in fish camps.

In most villages, automobiles exist even though they lack access to the Alaska road network. Ft. Yukon

and Circle have a large assortment of privately owned and municipal vehicles that are fueled with gas or

diesel. Cold starts lead to enhanced emissions [24] as compared to summer. In the cold and transition
28

seasons, idling of automobiles to warm up the engine also contribute to traffic emissions. Off-road

vehicles are mostly four-wheelers and snow mobiles. Snow mobiles are used as long as snow is on the

ground, while four-wheelers are used year-round.

The major transportation within Alaska is aircrafts and motorboats [7]. Aircrafts use leaded fuel due to
the high-octane requirement. Scheduled flights exist every day for Circle, Beaver, and Chalkyitsik. Ft.
Yukon has multiple scheduled flights daily. Here, the number of starts/landings is highest in the summer
during forest fire season, followed by fall due to the hunting season. Emissions from river traffic start

after river breakup and are highest during the fall moose-hunting season. Other sources of aerosols are
the village road systems and dust from river gravel bars [3].

Figure 2.4. Emissions of PM2.5 from wildfires during Mayto September (MJJAS) 2017. The black polygon

indicates the location of the Yukon Flats valley. Data from the Global Fires Emissons Database (GFED)

version 4 [25].
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As aforementioned, wildfires are a natural driver of the landscape evolution in the Yukon Flats. In 2017,
seven major wildfires burned in the Yukon Flats. The Campbell River, Seven Mile, Boulder Creek, Bear
Mountain, Deadman Island, Forty and One Half, and Chandelar fires started on June 26, June 29, July 2,

July 9, July 20, July 21, and July 24, respectively. These fires were still active September 27, 2017. There
also was a huge fire in Canada close to the border (Figure 2.4).
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Figure 2.5. Temporal evolution of observed surface inversions and their durations (a)-(e) from May to

September 2017 at Chalkyitsik, and (d) in September at Beaver. Plots for other communities look similar.

Therefore not shown.
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2.3.2. Common Features

At all four communities, [PM2.5] showed the following behavior. Surface inversions occurred under calm
wind conditions due to radiative cooling. Often more than one inversion formed per day (cf. Figure 5).
When smoke was transported at layers above the surface inversion, 2-m [PM2.5] remained low, and were

explainable by the local emissions; 24-h means remained below the WHO recommendation. Such
conditions occurred when the large-scale forcing was weak, i.e. near-surface winds were between 2 and
5 m∙s-1. Under these conditions, the inversion protected the community from the smoke (Figure 2.6a).
However, concurrently, all emissions below the inversion accumulated underneath the inversion with

time. The smoke aloft reduced the incoming insolation and heating of the surface; absorption of solar
radiation in the smoke layer and upward scattering may have contributed to the stability and fostered
the persistence of the inversion.

Figure 2.6. Schematic view of situations when the interaction of large-scale (calm wind, radiative

cooling) and meso-scale (topography) forcing led to local inversions, (a) Inversion condition that may
protect communities in the Yukon Flats from being affect by smoke from distant wildfires, and (b)

inversion conditions may cause accumulation of pollutants from local sources and, if applicable,
advection from smoke that existed below the inversion (e.g., by channeling effects along a river

between deep mountains).
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When winds were calm (< 1 m∙s-1) surface heating led to convection and mixing. Underthese condition,

24-h mean [PM2.5] exceeded the WHO recommended threshold of 25 μg∙m-3, but remained far beyond
unhealthy levels.
For all communities, daily mean concentrations exceeded the NAAQS on several days, often for several

consecutive days, when smoke from wildfires was advected. Individual 5-minutes means as well as the
values of temporal standard deviations were at levels considered as unhealthy.

When a cyclone governed the weather in the region, concentrations were lowest due to scavenging,
washout and rainout. After the end of precipitation, typically concentrations built up to about the

monthly baseline value in about one hour (e.g. Figure 2.7). In the following, the term "baseline value"
refers to the mean concentration in a community averaged over all days without fire backward

trajectory. An example of this type of concentration-precipitation behavior will be discussed in section

2.3.5.

Another common feature was that under weak wind, high pollution situations precipitation only
mitigated air quality during the event; concentrations went up immediately thereafter. This scenario

occurred when communities where downwind of a fire. See Section 2.3.5 for an example.
A further common feature found for all villages was that the wind direction change associated with a

frontal passage put a community immediately in the downwind of a fire. Then concentrations increased

as soon as the rain stopped. Observed concentrations exceed the baseline value and those prior to the
rain event (e.g. Figure 2.7a). For further discussion see Section 2.3.5.
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Figure 2.7. Normalized observed precipitation (P) and [PM2.5] to illustrate the impact of rain on pollutant

concentrations. Examples shown are for (a) Chalkyitsik on Augut 15, 2017, and (b) Circle on June 19,
2017. Plots for other times and communities look similar when precipitation occurred under baseline or

polluted conditions (therefore not shown).
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2.3.3. Circle

Daily mean [PM2.5] and their standard deviations remained typically below the 25 μg∙m-3 of the WHOrecommended 3-day mean except in July (Figure 2.8). A wildfire to the southeast (Figure 2.4) led to

exceed the NAAQS 24-h average of 35 μg∙m-3.
The high standard deviations reflect the high variability of pollutant concentrations on the short time
scale. As soon as roads and riverbanks were snow-free and in June, July, August (JJA), on a 5 minute by 5

minute basis, [PM2.5] exceeded 35 μg∙m-3 when wind came from the unpaved road or upper Yukon
River (not shown). This value was also exceeded when the site was in the downwind of the school,

generator plant, or washiteria, and during cooking time due to emissions from woodstoves in dog yards.

In July, a few peaks of daily mean [PM2.5] occurred (Figure 8). But none of the data available were in a
3-day sequence. All the monthly mean [PM2.5] remained below 25 μg∙m-3. The standard deviation

indicated that there were a number of short-term peaks over times less than a day (Figure 2.8).

Eliminating all daily mean [PM2.5] of days when Circle was in the downwind of a wildfire, suggests 2.0
μg∙m-3, 3.8 μg∙m-3, 8.6 μg∙m-3, and 6.2 μg∙m-3, as baseline values of the monthly means for May to

August, respectively (Table 2.2). This means that wildfires contributed about 0 μg∙m-3, 0.1 μg∙m-3, 2.1
μg∙m-3, and 1.3 μg∙m-3 to the observed monthly mean concentrations at Circle in 2017.
Figure 2.7 shows an event where the impact of a local emission source on the [PM2.5] was observed. An

inversion had trapped the local pollution. However, as wind took up and it started to rain, the inversion
dissipated.

High [PM2.5] were observed whenever the wind came from the immediate direction of a strong

emission source located in Circle.
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Figure 2.8. Temporal evolution of observed daily means of PM2.5 concentrations (solid lines) and

standard deviations (σ; dashed lines) at Circle (red), Chalkyitsik (blue), Ft. Yukon (green), and Beaver

(brown) from May to September, 2017. The horizontal lines show the WHO and EPA recommended 24h-

average not to be exceeded. The peaks on June 19, July 9, 20-21, and 24, August 12-15 at Circle, on
August 13 and 15, at Chalkyitsik, May 20 at Ft. Yukon, August 23 and September 11 at Beaver are
discussed in Sections 2.3.3 to 2.3.6.
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Table 2.2. Monthly means of baseline PM2.5 concentration values averaged over all days without
advection of smoke from wildfires, and in brackets monthly means averaged over all days with data.

Note -.- indicates no data available.

month

Ft.

Beaver

Chalkyitsik

Circle
Yukon

May

5.4 (6.5)

-∙-(-∙-)

1.9 (2.0)

5.4 (5.4)

8.7

June

-∙-(-∙-)

-∙- (-·-)

July

15.1 (34.8)

4.3 (5.5)

August

5.5 (13.2)

2.8 (3.2)

September

5.7 (14.2)

3.7 (3.8)
(12.7)

5.9
6.5 (8.6)

(20.3)
4.9 (6.2)

4.4 (5.7)

7.2
3.4 (3.5)
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-∙- (-·-)

(11.1)

2.3.4. Chalkyitsik
In Mayto early June, daily mean [PM2.5] boarder-lined 25 μg∙m-3 (Figure 2.8), but 5-min average [PM2.5]

exceeded often 35 μg∙m-3 due to heavy equipment idling for warm-up. May monthly means were 6.5
μg∙m-3. In June, a wildfire burned in close proximity (cf. Figures 2.1, 2.4), but the instrument had a

failure. The limited July data indicated daily averages of nearly 50 μg∙m-3 (Figure 2.8), which is deemed

unhealthy according to EPA standards [26]; 5-minute means reached up to 250 μg∙m-3 when winds came
from the direction of the fire (Figure 2.9a). In the last third of July, daily means and variations of [PM2.5]

remained below 25 μg∙m-3 except for July 23 (Figure 2.8) when smoke was advected from the Little Black
fire. In August and September, [PM2.5] varied around the monthly means of 3.2 and 3.5 μg∙m-3,
respectively except for around August 12 when smoke was advected from the Canadian Border fire
(Figure 2.4). In September, temperatures started to go down for which heating with woodstoves set on.

However, September 2017 was warmer than May 2017 for which September [PM2.5] were lower (Table

2.2), but day-to-day variations looked similar to those in May (Figure 2.8). This means Chalkyitsik's local
emissions caused a clearly identifiable pattern of [PM2.5] which depended on wind direction,
temperature and ground conditions (e.g. Figures 2.9).
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Figure 2.9. Examples of the pollution-meteorology relationships at Chalkyitsik, (a) Wind rose with

frequency (circles) of occurrence (in precent) of an observed [PM2.5] from the respective wind directions
on August 13, 2017. The value at the end of the bar gives the mean averaged concentration over the

time that wind came from the respective direction. The 24h-average was 8+8 μg∙m-3. No calm conditions

occurred, (b) Normalized observed precipitation [PM2.5] as a function of wind direction (Wdir) and wind
speed (Wind) on August 15, 2017. See Figure 2.7a for the precipitation-pollutant relationship.

Figure 2.9a exemplarily shows the response of [PM2.5] to local emissions on August 13, 2017. The rain

had little effect on the low [PM2.5]. This means these concentrations were the baseline values [PM2.5] in

the community. They broadly agree with the monthly mean determined for days without advection

from wildfire smoke (Table 2.2). Early in the morning, a weak temperature inversion trapped emissions
from the village and let to higher [PM2.5] than the baseline values. The increase in [PM2.5] in the early
afternoon was due to dust uptake by wind, vertical mixing, and convection, but stemmed from sources
within the village. The wind was blowing from the Porcupine inlet to the village.
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2.3.5. Beaver
In 2017, Beaver's air quality was influenced by a wildfire to the southwest in July, and by the Canadian
Border fire to the north in September (cf. Figure 2.4). During July 24-h average [PM2.5] reached more

than 100 μg∙m-3 and exceeded 35 μg∙m-3 for an entire week (Figure 2.8). In August, [PM2.5] exceeded 25

μg∙m-3 on all days, and 35 μg∙m-3 on 8 days. August 5-minutes values reached up to 120 μg∙m-3. In the

first half of September 24-h means exceeded 35 μg∙m-3 on all days, and reached an unhealthy

concentration of 80 μg∙m-3 on 9-14-2017; 5-minutes means reached upto 140 μg∙m-3.
The NAAQS was violated on six consecutive days in July (12-17), and on three consecutive days in August
(15-17) as well as September (6-8) (Figure 2.8). In total, there were 18 days with [PM2.5] exceeding 35
μg∙m-3. The July, August and September means averaged over all available data were 34.8 μg∙m-3, 13.2
μg∙m-3, and 14.2 μg∙m-3, respectively (Table 2.2).
On days with wind blowing up or down the river, [PM2.5] were elevated (36.9 + 120 μg∙m-3). The lower

Yukon River inlet into the Yukon Flats valley as seen from Beaver falls in the general direction of 225° +

45° from North (cf. Figure 2.1). The wind rose profile (e.g. Figure 2.10a) indicates that the largest wind

and directional frequency and concentration values originated from and heading to this general
direction towards and from the lower Yukon River inlet into the valley. The channeling effect pushed

smoky air from fires in the west and east of Beaver up and down the river, respectively (cf. Figures 2.1,
2.4, 2.10a).
On days with calm winds, Beaver's location between relatively steep mountains to the East and West

(Figure 2.1) favored the formation of inversions due to radiative cooling (Figure2. 5). The chimney of the

power generation plant (Figure 2.2) typically reached above the inversion. The sandy riverbanks heated
during the day. Occasionally, surface heating was sufficient enough to break the inversion (cf. Figure 5)

allowing air from aloft to be mixed down. Then exhaust from the plant enhanced the [PM2.5] (Figure 2.8,
Figure 2.10b).
On days with relative high wind speeds (v>6 m∙s-1), [PM2.5] varied less than on calm days. On calm days

without smoke advection, [PM2.5] were low and depended on the wind direction and elevated

concentrations were explainable by identified sources within the village. However, these concentrations

remained below the WHO recommended value.
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An example for the relation between pollution from distant sources and precipitation is August 28, 2017

(Figure 2.10a). On that day [PM2.5] were low in Beaver in the morning and increased after the rain. Prior

to the rain, wind was calm. No temperature inversion existed. At the onset of rain, wind speeded up and

now came from the direction of the river. This means that the community was exposed to pollutants

from its own emissions prior to the rain and later to smoke pollutants advected from outside.
The situation on September 11, 2017, is an example of build-up of [PM2.5] in Beaver under a
temperature inversion (Figure 2.10b). The rain caused the inversion to dissipate, and concentrations

went down. They stayed low and there was some light wind. After sunrise, however, the ground started
drying, and near-surface temperatures increased. A topography-driven local scale wind system
established blowing from the cool river to the community. At the same time, concentrations increased

due to advection of polluted air from outside the village. Note that wind from the river is the major wind
direction at Beaver.
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Figure 2.10. Examples of the pollution-meteorology relationships at Beaver, (a) Wind rose with

frequency (circles) of occurrence (in precent) of an observed [PM2.5] from the respective wind directions
on August 28, 2017. The value at the end of the bar gives the mean averaged concentration over the

time that wind came from the respective direction. The 24h-average was 41±42 μg∙m-3. No calm

conditions occurred, (b) Normalized observed [PM2.5] as a function of the temporal evolution of
normalized wind direction (Wdir), wind speed (Wind), 2m- and 10m-air temperature (Ta) and
precipitation (P) on September 11, 2017.

August 12, 2017 is an example for a pollution-precipitation situation (Figure 2.8) where under weak
wind, high concentration conditions, precipitation went up immediately after a precipitation event.

Hourly mean [PM2.5] of up to 45 μg∙m-3 decreased to 15 μg∙m-3 within 5 min after onset of precipitation.
After the rain, [PM2.5] went up to 30 μg∙m-3. This behavior was due to advection of polluted air from

fires.
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2.3.6. Fort Yukon

Over the monitoring period, [PM2.5] came from the city itself except for a week in July. Monthly mean
concentrations were lowest in May (5.4 μg∙m-3) and increased over the summer and fall (June 12.7 μg∙m3, July 20.3 μg∙m-3, August 5.7 μg∙m-3, September 11.1 μg∙m-3; Table 2.2). This pattern is consistent with
the use of diesel fuel for space heating and traffic. The temporal evolution of emissions is as follows. The

monitors used for space heating led to reduced heating and hence decreasing emissions as outside
warming progressed. In September, emissions increased as temperatures dropped. Traffic emissions

increased in summer as more people were in town due to the tourist season and for accommodation of

fire-fighters. Increased traveling on unpaved roads increased the amount of air-borne road dust, the
availability of PM precursor gases, the amount of emitted primary PM and secondary PM from

precursors. Frequent low-level inversions contributed to accumulation of [PM2.5]. As night-time
temperatures went below freezing in fall, dust uptake by wind and traffic decreased due to frozen

ground.

24-h means of [PM2.5] exceeded 25 μg∙m-3 on eight days between late May and early November (Figure

2.8). Daily means reached more than 180 μg∙m-3 only in July when smoke was advected form a wildfire
between Fort Yukon and Chalkyitsik (see Figure 2.4 for locations of fires). Such high concentrations are
considered very unhealthy [26]. Note that 5-minutes means reached up to 300 μg∙m-3.

At Fort Yukon, the site was surrounded by buildings (school, courthouse, gym, AC store, radio station,

post office, residences) to all sides (cf. Figure 2.2d). Thus, [PM2.5] hardly differed by wind direction as
long as no pollutants from fires were transported into the city. This means no matter whether there
existed a temperature inversion or not, or whether wind was calm or not, concentrations were

independent of wind direction when the pollutants were from local emissions within the city (Figure
2.11).
Under such conditions, the sources can be attributed. Under northwesterly, westerly to southwesterly

emissions from the airport and downtown were major contributors. When winds came from southwest,
south-south-west, south-south-east and southeast, emissions from the school, gym, radio station and
AC stores contributed to the concentrations. While for winds from the southeast to northeast sector

advected pollutants came from the uptown residences. Particles and dust from the road reached the
site under north-north-east winds.
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On June 1, 2017, pollutants stemmed from the direction of the AC store, road, AC store, school, radio

station, residences around 2, 3, 5,6, 8 and 9 and later at 13 LT, respectively (cf. Figure 2.2d, Figure 2.lib,
Figure 2.lid). On this day, an inversion built shortly after 1 LT and broke after 16 LT (Figure 2.lib).
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Figure 2.11. Hourly observed [PM2.5] at Ft. Yukon and wind direction for (a) May 20, 2017, and (b) June 1,

2017. On both days, a nighttime inversion was present. Numbers on the circle and on the end of the
bars indicate the frequency of occurrence of wind from that direction in percent, and the mean

concentration under wind from that direction in μg∙m-3. The colors indicate the concentration range as
coded in the legends. The length of the colored bars give the frequency of occurrence of concentrations

in the respective color coded concentration range.
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23.7. Comparison with Fairbanks and other Arctic communities

Fairbanks is the largest city in Interior Alaska and located in the Tanana Valley south of the Yukon Flats
valley. Fairbanks' crow flight distance is about 223 km, 170 km, 202 km and 272 km to Fort Yukon,
Beaver, Circle and Chalkyitsik, respectively. Like the communities in the Yukon Flats, Fairbanks

frequently experiences surface inversions [11] [27] [28] [29]. At the State Office Building in Fairbanks,
2017 June, July, August and September monthly means of daily 24-h [PM2.5] were 5.3 μg∙m-3, 6.3 μg∙m-3,
2.6 μg∙m-3 and 2.8 μg∙m-3, respectively. These concentrations are substantially lower than those we
found in the Yukon Flat communities (cf. Table 2.2). Note that in May 2017 only data were available for

May 1 (3.6 μg∙m-3).
The Arctic 1972-2016 air-quality climatology of Arctic cities reported annual means of 24h average
[PM2.5] of 3.6 + 11.9 μg∙m-3 and 4.6 ± 27.5 μg∙m-3 for communities with less than 1000 inhabitants and

similar Koppen-Geiger climate, respectively; the long-term Arctic background value (i.e. outside of
communities) was 2.6 ± 10.0 μg∙m-3 [3]. As compared to those data the communities in the Yukon Flats
were exposed to substantially higher concentrations.

A major reason was the advection of smoke from wildfires within the Yukon Flats as well as those in the
Yukon and Northwest Territories. Note these territories and Eastern Interiorfaced a record fire season

in 2017. Due to the vast space of Interior Alaska, wildfires are only fought when they pose an immediate

threat to human life, settlings and historic settings.
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2.4. Conclusion

We established a Tribal owned meteorology and aerosol monitoring network to understand the
exposure of eastern Interior Alaskan communities to the health adverse PM2.5 from local and wildfire
emissions. These sites were installed strategically in four communities of the Yukon Flats valley, two

close to the two major inlets each, one close to the Yukon outlet and one in the middle of the valley.

Measurements were made between May and September 2017 covering the time from breakup to the
end of the Alaska fire season and onset of ambient air temperatures below the freezing point.

As expected, the observations showed that radiative cooling under low surface wind (<1 m∙s-1) can lead
to inversion formation and accumulation of local pollutants until winds or heating break the inversion

and the pollutants are swapped out. Nevertheless, under these conditions, daily mean PM2.5
concentrations remained below or around the 25 μg∙m-3 threshold that the WHO recommended not to

be exceeded.
When communities were in the downwind of major wildfires, two different air quality situations
occurred for all villages except Beaver.
a)

If 2-m wind speeds were between 2 and 5 m∙s-1 in the presence of an inversion, the inversion

may protect the communities from wildfire smoke advected towards them at levels above the inversion.

Then communities only suffered from pollutants accumulated underneath the inversion that stemmed

from local emissions. Under these conditions, daily mean PM2.5 concentrations remained below or

around 25 μg∙m-3.
b)

When convection existed or wind was too strong for the formation of an inversion, smoke was

advected into the villages leading to daily mean concentrations that are deemed unhealthy according
the EPA guidelines.

At Beaver in addition the following situation occurred. Smoke was captured underneath an inversion
where the Yukon River had carved its way thru steep mountains near Beaver. Under these conditions,

Beaver experienced advection of smoke within the surface inversion and hence elevated concentrations.

When a cyclone governed the weather in the Interior, concentrations were lowest due to scavenging,
washout and rainout. After the end of precipitation, typically concentrations built up to about the

monthly baseline in about one hour. Occasionally, the change in wind direction associated with a frontal
passage advected smoke from upwind fires to the community.
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When concentrations aloft were higher than in the village breaking of the inversion led to strong

variations in concentrations due to the mixing processes of the two air masses of different degree of
pollution.
Based on the results of this monitoring study we may conclude that between April and September,

communities in the Yukon Flats breeze healthy air as long as their community is not impacted by smoke
from upwind wildfires.
Under inversion conditions, communities could reduce their local emissions by plugging in heavy

equipment and cars instead of idling them, or by keeping them in a hangar or garage when not in sue.
Long-term goals to improve air quality under inversion conditions could be to opt for heating devices

with the lowest emissions when old devices have to be replaced.
While communities have possibilities to mitigate local emissions, there are currently no measures at

hand to mitigate the emissions from wildfires that cause the very unhealthy conditions for often more
than a consecutive week several times during the wildfire season. Such measures would require

changing the current wildfire management policy. Currently, only fires are fought that are an immediate

threat for life, property, historic places and important infrastructure among Otherthings.
Fighting all fires in the valley could reduce the exposure to wildfire smoke. Removal of dead or old trees

and wood broken off by storm at a larger amount than just for local wood burning could reduce the

available fuel for wildfires and the risk of lightning to ignite fires. The removed wood could be converted
to pellets that burn more efficient and have lower emissions. Such a measure would require building a

plant for the processing, roads to transport the wood to the plant and distribute it to the consumers,
installations of pellet stoves and a much larger work force than it is currently available in the Yukon
Flats. Although it is well-known that as population increases in boreal forest the number of human-

caused fire increases.
However, changes in fire management are decisions made at the state level. Consequently, they would
require political negotiations between local and state decision makers. Such negotiations can take years
especially when the group of beneficiaries is comparatively small, and the involved costs are extremely
high. This fact is especially true under conditions of financial shortage. Nevertheless, even when the

policy would be changed communities could still be exposed to smoke from atmospheric long-distance
transport from boreal fires in Canada or even Siberia.
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3.

Mesoscale impacts on cold season PM2.5 in the Yukon Flats

2

Abstract
Near-surface PM2.5 and meteorological observations were performed in three rural communities in the

high latitude Yukon Flats valley at various times during the cold season (October to April). These data

were synthesized with data from other meteorological sites, NCEP reanalysis and MAIAC retrieved
aerosol optical depths data to analyze the role of mesoscale processes and radiation on air quality.
Under weak large-scale forcing mountain-valley circulations develop that are driven by the differences

in insolation. During the long dark nights, radiative cooling occurs in the near-surface layer of the

mountain slopes of the Brooks, Ogilvie and White Mountains Ranges and at the bottom of the valley.
Here surface-based inversion (SBI) - known as roof-top inversions - form, while the cold air drains from
the slopes. A frontal wedge forms when the cold air slides over the relatively colder air in the valley.

Drainage of cold air from the Brooks Range governed the circulation and cold air pooling in the valley.
Concentrations during times with and without SBI differed significantly (at 95% confidence) at two sites

indicating that local emissions were the major contributor. At the site, which is closest to the
mountains, concentrations marginally changed in the presence of inversions. At all sites, 24-h mean

PM2.5 remained below the National Ambient Air Quality Standard.
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3.1. Introduction

Being mostly located north of the Arctic Circle, the Yukon Flats in Interior Alaska receive little to no
insolation from late November to late January, for which radiative cooling may lead to multi-day

surface-based temperature inversions (SBI) wherein pollutants may accumulate over time [1] [2].
Besides such local causes, some large-scale synoptic conditions can cause temperature inversions. An

upper level thermal inversion, for instance, can exist at the top of the local atmospheric boundary layer
(ABL) [3]. A recent study using radiosonde data showed that in Interior Alaska, SBIs occurred 64% of the

time between January 2000 and December 2009 [4]. A SBI occurred with one, two, three, or four
simultaneous elevated inversions (EI) 84.86%, 48.49%, 21.23%, and 7.99% of the time, respectively. The

mean heights of SBI and the up to four Els were 377, 1231, 2125, 2720, and 3125 m, respectively. On
average, when a SBI was present, the first El layer occurred at 1249 m under anticyclonic conditions and
at 1049 m under warm-air-advection 35.8% and 22% of the time, respectively [4]. Another 23.4% of the

inversions occurred under combined synoptic situations, and 18.8% were unclassified. Furthermore,
inversion depth, temperature gradient, and frequency showed multi-decadal variations in InteriorAIaska
[5]. Based on tower observations, [6] found the height of the SBI below 16 m in Fairbanks, also located

in the Interior, but in the Tanana Valley south of the Yukon Flats. Note that this height is typically below
the first recordings from radiosondes.

Due to the large size of the Yukon Flats, all these different mechanisms for the development of SBI may
occur. The Yukon Flats valley is surrounded by mountain ranges with the Brooks Range to the north, and
the lower, in height, White Mountain Range to the south, and the Ogilvie Range to the east. Various

small indigenous communities reside in the Yukon Flats valley and practice a subsistence lifestyle. These
communities are the Onlyanthropogenic emission sources in a wide radius. The majority of the residents
in these villages use woodstoves and #1 diesel-burning heaters to heat their homes. Modern offices use
diesel furnaces, and electrical power is generated by diesel-burning generators. In the villages, gas

burning vehicles and snow mobiles are the main mean of transportation during winter. All these ways of
transportation, heat and energy generation emit particular matter of 2.5 μm or less in diameter (PM2.5)
along with precursor gases that may lead to formation of PM2.5. Obviously, the presence of a SBI reduces

or even suppresses the exchange of air with air aloft. Thus, the residents may be exposed to high

concentrations of PM2.5 ([PM2.5]) from their own activities.
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Various studies showed relationships between exposure to high [PM2.5] and health conditions [7]. Even

in high latitude cities, increases in emergency-room visits, hospitalization, and mortality in elderly

people as well as persons with cardiological and/or asthma related pre-conditions were found during
events with elevated [PM2.5] [8] [9] [10].

Despite the Yukon Flats are Interior Alaska's largest valley, no radiosonde sites and only three surface
meteorological sites exist. No pollution observations exist except for some recent PM2.5 measurements

performed at four sites and black carbon measurements at two sites during one wildfire season (mid

May to mid-September) [11] [12]. The reasons for the lack of air-quality measurements in the Yukon
Flats are manifold. The valley has sparse population. Most communities are off the Alaska road network

and hence difficult and expensive to reach. In winter, the only way to get into or out of the communities
is by air travel [13].

A recent study showed that north of 60N, winter air quality is worse in communities with less than 1000

inhabitants than in cities with population of 10 000 or more [14]. Fairbanks, a community of 31,644
inhabitants [15], is known to exceed the 2006 established US National Ambient Air Quality Standard
(NAAQS) [16] of 35 μg∙m-3 for the 24-h average PM2.5 concentration several times each cold season

(November to February) [17]. Thus, a major concern of the Yukon Flats residents is that during winter,
aerosol concentrations could increase to unhealthy level within their communities as well.
A recent climate assessment study reported that the Interior is affected harder and faster by the
changes in climate than other regions in the United States [18]. Consequently, due to the lack of

historical air-quality baseline data in the Yukon Flats, vulnerability assessment of climate-caused

decreases in air-quality and health, as well as developing climate-adaption plans for the future are very
difficult.

The goal of this study was to examine the role of mesoscale atmospheric conditions for PM2.5
concentrations ([PM2.5]) in the Yukon Flats, Alaska. To achieve this goal, concentrations of PM2.5 and

near-surface meteorological variables were measured in Ts'aahudaaneekk'onh Den (Beaver), Jatgiitsik
(Chalkyitsik), and Danzhit Khànląįį (Circle) during various months of the 2017 and 2018 cold seasons
(October 1 to April 30). The analysis of the measurements included the (a) determination of the

frequency and length of SBI occurrence, (b) determination of the PM2.5 concentrations during conditions

with and without SBI, and (c) identification of the meteorological mechanisms behind the causes of low
level SBIsforthese communities.
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3.2. Experimental Design

3.2.1. Air Quality Network and Site Equipment

The Yukon Flats valley has two major river drainages: The Porcupine, and Yukon; draining into the valley

from the north-east and out in the south-west; allowing a narrow surface entry and exit between the
mountain ranges (Figure 3.1). These three places are the only locations where air from neighboring

watersheds can enter or exit the Yukon Flats air shed except when air is mixed down from layers aloft.
Therefore, to assess the flow of air in and out of the Yukon Flats, the villages (Circle 65.82569N,

144.0639W, 179 m; Chalkyitsik 66.65222N, 143.7258W, 160.5 m) close to these major river inlets and

the outlet (Beaver 66.35972N, 147.3975W, 111 m) were chosen as observational sites for meteorology

and PM2.5. Except Circle, the communities are north of the Arctic Circle (66.56311N).
All three sites were equipped with Met One Instruments' BAM-1022, and Decagon's EM50, which are an
EPA-suggested equivalent method. To protect the air-intake vents from horizontally blown snow and/or

dust, and solar radiation, if any, the BAMs were housed in a box. A tube reaching outside the box took in
air at 2 m height. The BAM's BGI VSCC Very Sharp Cut Cyclone (BX-808) particle-size separator was set to
permit only particles of 2.5 μm or less to pass.

A Davis Cup Anemometer measured wind speed and direction at 10 m height. Air temperature,

pressure, and relative humidity were measured by Decagon EM50 monitors and by a 597 combination

sensor at 10 m and 2 m height, respectively. Total incoming radiation was observed at these levels as
well. Precipitation was observed at 5 m height. Met One Instruments BAM 1022 PM mass-concentration

monitors served to measure PM2.5 concentrations. Data accuracy of wind speed, wind direction, relative
humidity, air temperature, pressure, and [PM2.5] is ±5%, ±7%, ±0.8%, +0.1oC, ±0.30 hPa, and ±0.1 μg∙m-3,

respectively.
These instruments were chosen as they require minimal maintenance. This aspect is of great importance

in winter field campaigns in hard to reach locations [12] like the communities in the Yukon Flats. Except

Circle all communities are off the Alaska road network.
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Figure 3.1. Schematic view of the river drainage system in the Yukon Flats valley (brown lines) and the

Brooks Range, Ogilvie Range and White Mountain Range to its the north, east and south. Dots in the

crosses are locations of air quality and surface meteorological sites. Red and blue arrows indicate the

mountain-valley wind system and slope winds. See section 3 for discussion of wind circulations. Mean

distances are about 84 km in N-S and 180 km in W-E direction.
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3.2.2. Data and Data Processing

The real-time time measurement interval was set to 5 minutes for all devices. Due to the frequent

outages that are common in rural communities, many data were missing. Due to the harsh weather
conditions, the temperatures in the housing for the BAM 1022 PM became too low for reliable

measurements. After daylight returned, housings were upgraded with heating devices to ensure proper

operation.

Data files were synchronized and underwent the quality assurance/quality control (QA∕QC) protocol as
described in [11]. Data used in this study are April 13, 2017 0000 AKST to April 30, 2017, March 20, 2018
1100 AKST to April 30, 2018 2300 AKST for Circle; March 22, 2018 0000 AKST to April 30, 2018 2300

AKST for Beaver; and April 27, 2017 1300 AKST to April 30, 2300 AKST, October 1, 2017 0000 AKST to
October 17, 2017 0900 AKST and February 16, 2018 900 AKST to April 30, 2018 2300 AKST for
Chalkyitsik. Sporadically, data were available for the early part of the 2017/2018 cold season. They were

examined whether they showed similar behavior as those data that represented the conditions after the

Sun raised above the horizon after winter solstice.
Further data processing included calculation of hourly, daily and monthly means and standard
deviations for all observed parameters. We used the standard deviation to assess the diurnal variations
[19].

To distinguish between cases with and without SBI within the limits of our available data and monitoring
heights, the vertical temperature gradient between the temperature measurements at 10-m and 2-m

height was determined for every hour using the hourly data.
We used the NCEP reanalysis data to assess the impact of the synoptic scale forcing on the
meteorological situations in the valley. Since clouds affect, among other things, solar downward

radiation reaching the surface and near-surface temperature, we also examined the ceiling heights
observed at the National Weather Service sites in Arctic Village (Vashrqjj K'ρρ, 68.121828N,
145.527686W, 638 m) and Fort Yukon (Gwichyaa Zhee 66.56667N, 145.2581W, 138 m).
Multi-Angle Implementation OfAtmospheric Correction (MAIAC) retrieved aerosol optical depth (AOD)

data from Moderate Spectral Distribution Spectrometer (MODIS) [20] on board of the Aqua and Terra
satellites were downloaded from the LAADS archive for 150W to 143W, 65N to 67.8N for the total
2017/18 cold season (October 1 to April 30).
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3.2.3. Data Analysis

Daily 24-h averages of PM2.5 were examined for exceedance of the NAAQS of 35 μg∙m-3 recommended
by the US Environmental Protection Agency (EPA) [16] and the 3-day mean of 25 μg∙m-3 recommended
by the World Health Organization (WHO) [21].

The signs of the temperature gradient data were examined to distinguish between hours with (positive
sign) and without (negative sign) SBI. Then the PM2.5 concentrations during times with and without SBIs
were examined to assess the background concentrations and degree of pollution. Furthermore,

inversion length and frequency were calculated.

Due to the lack of winter radio-soundings, we compared the 2-m air temperatures observed at Arctic
Village and Fort Yukon to examine whether there were El over the Yukon Flats. The latter community is
in the center of the valley, while the former is on the foothills of the Brooks Range north of Ft. Yukon

(Figure 1).
During winter in Interior Alaska, so-called low roof-top inversions blanket small communities. Typically,

smoke from residential and commercial heating reaches above these inversions (Figure 2). To assess
whether in the Yukon Flats valley, these inversions retard accumulation of pollutants and/or shield the

communities from locally sourced and/or advected concentrations of PM2.5 ([PM2.5]) of hours with and
without temperature inversions between 10-m and 2-m height were compared. By using changes in

monitored physical properties between two heights as a comparative, the meteorological mechanism
for the inversions by location in the valley and their impacts on local winter air quality were examined.

The MAIAC data were used to assess the mean AOD and temporal and spatial distribution of aerosols

over the Yukon Flats over a cold season.
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Figure 3.2. Photo showing exemplarily a SBI at Chalkyitsik. At the top of the SBI, haze can be seen. The

exhaust from most chimneys is buyoant and hot enough to reach levels above the SBI. Photo taken

March 1,2018.

3.3. Results and Discussion

The Yukon Flats encompass about 28 490 km2 with extended wetlands and about 40,000 small lakes and

streams. The region is protected under the Yukon Flats National Wildlife Refuge. The Yukon Flats have
strong continental sub-arctic climate (Koppen-Geiger classification Dfc) [22]. Winters are very severe

with temperature often dropping below -57°C, while summers often see 35°C. The record low
temperature was -61.1°C in Ft. Yukon in December 1917; the highest temperature on record was 37.8°C
on June 27,1915.
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3.3.1. Emissions in the Yukon Flats
In the villages, fixed emission sources burning grade-1 diesel are the power plant, laundry-mat, city
office buildings, corporation buildings, businesses, school and support buildings, the Tribal Council

and Tribal Consortium buildings; and if existent, the clinic. Emissions from residential heating stem
from both furnaces burning grade-1 diesel and woodstoves. In addition, emissions from open wood

fires for cooking dog food exist; typically, they occur in the evening in winter. Emissions from heating
decrease with increasing air temperature and vice versa [11].

In Ft. Yukon, Beaver and Chalkyitsik, passenger cars, trucks and heavy equipment exist despite there is
no access to the Alaska road network. In all communities, traffic emissions stem from gas and diesel

engines. Given the low temperatures, cold starts lead to high emissions [23]; idling to warm up the

engine is common in the cold season. Off-road traffic emissions stem from four-wheelers and snow
mobiles. Typically, emissions from traffic decrease with increasing air temperature and vice versa [11].

Figure 3.3. Airport emissions of particulate matter precursor gases sulfur dioxide (SO2) and nitrogen

oxides (NOx) and primary PM2.5 and particulate matter less than 10 μm in diameter (PMw) in various
communities of the Yukon Flats for 2017. Units are metric tons.
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All villages have an airport with daily flights except Ft. Yukon where multiple flights occur daily. Aircrafts
use leaded fuel due to the high-octane requirement. Figure 3.3 exemplarily shows the annual emission

totals from airport emissions for various communities in the Yukon Flats. For details on the emission
sources see [11].

Other sources of aerosols are the village road systems, dust from river gravel bars [14] (in fall and late
spring) and secondary particles due to gas-to-particle conversion and sublimation/evaporation of haze,
cloud and precipitation particles.

3.3.2. Meteorological Conditions

3.3.2.1. Insolation
Figure 3.4a shows the solar climate at the top of the atmosphere (TOA) over the four villages in the Yukon

Flats, Arctic Village on the slope of the Brooks Range and for comparison Fairbanks (64.8378N,

147.7164W) calculated for the cold season (October 1 to April 30). Even Circle barely has any insolation
around winter solstice.
Figure 3.4b shows exemplarily the shortwave downward radiation at 2-m and 10-m height as observed

in Beaver, Chalkyitsik and Circle towards the end of the cold season. At all sites, incoming solar radiation

was lower when a low-pressure system went over the region. Slight temporal offsets occurred due to
the different locations. As expected, on average, near-surface solar radiation was higher in the farther

south than farther northern locations (Figure 3.1, Figure 3.4a).
The comparison of the near-surface shortwave downward radiation and that at the TOA revealed the
following. At all sites, the total amount of solar radiation absorbed between the TOA and 10-m above
the ground level (AGL) increased with increasing insolation (compare Figure 3.4a and Figure 3.4b). Even
during times without frontal passages, notable absorption of solar radiation occurred between the TOA

and the surface sites. On average over all available data, the near-surface shortwave downward
radiation was 75.2, 38.6 and 66.2 W∙m-2 lower than at the TOA for Beaver, Chalkyitsik and Circle,
respectively. This means at these sites, on average, near-surface shortwave downward radiation was
about 27,43 and 24% of the respective values at the TOA (Figure 3.4c).
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Figure 3.4. (a) Daily mean downward solar radiation at the top of the atmosphere (TOA) for the four

villages and for comparison Arctic Village located on the slope of the Brooks Range and Fairbanks
located south of the White Mountain Range in the Tanana Valley. (b) Zoom-in on daily mean solar

radiation as observed at selected sites at 2-m and 10-m after the Sun rises again above the horizon.

Ratios of (c) observed daily mean downward solar radiation at 10-m height over the daily mean
downward solar radiation at the TOA, and (d) observed daily mean downward solar radiation at 2-m

height over 10-m height. Values for Chalkyitsik represent a different time period than those for Beaver
and Circle.

Incoming solar radiation at 10-m and 2-m heights correlated about 90, 95 and 99% at Beaver, Circle and
Chalkyitsik, respectively. Typically, at all sites, incoming solar radiation at 10-m was notably higher than
at 2-m height above ground level (Figure 3.4d). Even during frontal passages differences occurred. On

average over all available observations, differences were 30.3, 28.1 and 24.7 W∙m-2 at Beaver, Circle and
Chalkyitsik, respectively. The percentage of solar radiation absorbed between 10-m and 2-m decreased
with increasingsolarradiation (Figure 3.4d).
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Together these observations suggest that notable amounts of absorbing gases, particles and potentially
water droplets and/or ice existed between 10-m and 2-m height. These findings can be explained by
local emissions of pollutants and water vapor that accumulated under SBIs (Figure 3.3, Figure 3.5, Figure

3.6).

3.3.2.2. Temperature Inversions

The gradient between the 2-m air temperatures at Arctic Village and Ft. Yukon served as a proxy for the

"vertical" temperature gradient over the Yukon Flats. Comparing the hourly meteorological conditions
at Ft. Yukon and Arctic Village revealed the following. During the October to April 2017/18 cold season,

mean 10-m wind speed and 2-m temperatures were 1.67 m∙s-1, -14.8°C and 1.62 m∙s-1, -16.4°C at the
sites in 138 m and 638 m above sea-level (ASL), respectively. Mean sea-level pressure was about

1019.43 hPa. In March and April 10-m wind speeds increased. Such increase in March wind speed was
also found for Fairbanks [24] [25] [26].

During inversions over the Yukon Flats, the mean temperature gradient was 1.07∙(100 m)-l, and 1.11(100 m)-1 otherwise. On average over all data, the temperature gradient was -0.63 K∙(100 m)-l, i.e.

close to the mean environmental lapse rate. During the times without insolation, the inversions

between 638 m and 138 m were the strongest reaching up to 3.76 K∙(100 m)-l (Figure 5). On cold
season average, the temperature gradient was 1.07 K∙(100 m-1) and -1.11 K∙(100 m-1) during times with

and without inversions, respectively. The strongest decrease of temperature with height was -3.66
K∙(100 m-1), which hints at conditions with nearly height-constant density.
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Figure 3.5. (a) Hourly mean vertical temperature gradient between the National Weather Service sites at

Arctic Village (638 m) and Ft. Yukon airport (138 m) from October 1, 2017 to April 30, 2018. (b) Daily

mean temperature gradient as observed between 10-m and 2-m during SBI at Beaver, Circle and
Chalkyitsik during various campaigns. The latter was expressed in K per 100 m for easy comparison of

inversion strengths.
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Figure 3.6. Temporal distribution of daily mean temperature gradient during SBI between 10 m and 2 m

as obtained for (a) February 1 to April 30 at various sites, and Hovmüller plots of inversion times (gray
shading) as observed at Circle in April (b) 2017, (c) 2018, (d) Beaver in April 2018, and (e) Chalkyitsik in

February 2018. Note that SBIs occurred daily. Days with missing data are left blank in (b) to (e).
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The frequency and duration of inversions over the Yukon Flats increased as insolation decreased
towards winter solstice and as time without insolation continued thereafter (cf. Figure 3.4, Figure 3.5).

Afterthe Sun raised above the horizon again, inversion duration and frequency decreased (cf. Figure 3.4,
Figure 3.6). Typically, the strongest and longest inversions coincided with no or only weak insolation at

the TOA (Figure 3.4, Figure 3.5, Figure 3.6). On daily average, the total duration of inversions between

638 m and 138 m was 3.8 h.
The 10-m to 2-m temperature-gradient data revealed that low SBIs developed daily over the villages in
the Yukon Flats through the night and lasted into late morning (e.g. Figure 3.6). The duration of SBIs
increased as insolation decreased. The opposite was true when the Sun raised again above the horizon

and insolation increased (cf. Figure 3.4, Figure 3.6). Note that this pattern also was found for the time

after and before summer solstice [11].
Daily mean durations of inversions were 9.43 h (Beaver), 10.60 h (Chalkyitsik) and 13.33 h (Circle).
During SBIs, the daily mean temperature gradients were 5.35∙(100 m)-1, 5.53∙(100 m)-1 and 7.19 K∙(100

m)1 for Beaver, Chalkyitsik, and Circle, respectively. On average, the strength and length of these SBIs
exceeded the strength and length of inversions found over the Yukon Flats.

The temperature gradients between Arctic Village and Ft. Yukon indicated temperature inversions,
isothermal and no inversion conditions for about 21%, 2% and 77% of the data, respectively (Figure 5a).
Obviously, in the Yukon Flats, the frequency for SBI was higher than the 68.5% and 74.9% reported for

Fairbanks during the November to February cold seasons of 1957-2008 [5] and 1999-2009 [17],
respectively. This finding can be explained by the farther north location and hence lower insolation and
greater radiation loss in the Yukon Flats than at Fairbanks during the cold season.

Over the Yukon Flats, about 2%, 8% and 11% of the observations showed an increase of temperature

with height under negative, no and positive vertical wind shear conditions. Isothermal conditions
occurred for 2% of the observations. In about 21%, 19% and 36% of the data, temperature decreased

with height under negative, no and positive wind shear conditions. Vertical wind shear was negative,
zero and positive 39%, 28% and 33%, respectively. The negative shear indicates the impact of

topography like channeling of the wind field.
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3.3.2.3. Ceiling

Analysis of the cloud ceiling data from Arctic Village and Ft. Yukon indicated cloud-free conditions for
about 57% of the time. Arctic Village is located 500 m higher than Ft. Yukon. Normalizing to height ASL

revealed that the percentage of cloud ceilings above 838 ASL showed quite different behavior, while
those between 638 and 838 m agreed well (Figure 3.7). When looking at ceilings with respect to height

above ground level (AGL), the percentage of ceilings above 700 m AGL showed similar decrease at both
villages. This finding can be related to large-scale systems and lifting/descending of the air mass
over/from the mountain range.

At Ft. Yukon, ceilings below 100 m occurred nearly three times as often than at Arctic Village, while
ceilings between 100 and 200 m had about the same percentage of occurrence (Figure 3.7). Such lowlevel haze layers may occur when relatively warmer, moist air is lifted over relatively colder air. At Arctic
Village, ceilings above 20 m and below 700 m AGL seemed to be governed by local topographic forcing.

Figure 3.7. Percentage of time with various ceiling heights at the National Weather Service site at Ft.

Yukon airport (138 m) and Arctic Village (638 m) from October 1, 2017 to April 30, 2018 (a) as reported

above ground level and (b) expressed with respect to sea level height.
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3.3.2.4. Air Motions and Cold Air Pooling
Under weak synoptic scale forcing, local classical mesoscale mountain-valley wind circulations systems

and downslope winds developed (Figure 3.1). According to the observations, cold air drained from the
slopes of the Brooks Range, the White Mountain Range and the Ogilvie Range and built a cold air pool in
the valley. Despite the low insolation (cf. Figure 3.4), reduced heat loss during twilight and increased
heat loss at night were sufficient to produce differential heating between the upper and lower part of

the valley floor. Thus, along the line of the Porcupine- and Yukon rivers a mountain-valley flow
established (Figure 3.1) that turned its direction after onset of twilight and after twilight ended (Figure

3.8).
Various large lakes exist close to Beaver and Chalkyitsik. All rivers and lakes were frozen, and snow

covered. The Yukon is more than 3.5 km wide at Circle, 3 km wide at Ft. Yukon, 6 km at Beaver; the

Porcupine is about 60 m at Chalkyitsik and about 800 m before it splits into its upper and lower mouth
at Ft. Yukon. Both rivers meander strongly and have many sloughs and bogs. Thus, the high albedo of

the snow-covered frozen waters and riverbanks as compared to the low albedo of the boreal forest

contribute to radiative cooling. Consequently, the cold air mass got channeled along the Porcupine to its
mouth and from there downstream along the Yukon (Figure 3.1).
Under weak large-scale forcing, mountain-valley wind systems formed parallel to the Ogilvie Range,

south slope of the Brooks Range and the north slope of the White Mountain Range (Figure 3.1). Figure

8a exemplarily shows the change in wind direction in the diurnal course during times with weak largescale forcing. Figure 3.8b exemplarily illustrates that such mountain-valley circulations occurred at
various times during the cold season.

Close to the outlet of the Yukon, as well as between Beaver and Ft. Yukon, and between Ft. Yukon and

Circle, the slope of the White Mountain Range is exposed broadly to the southwest, east-east north-east

and east-south east, respectively. Thus, before and after the total lack of insolation (Figure 3.4)
differences in surface heating may cause this mountain-valley wind system under weak synoptic forcing
conditions. For the mountain-valley wind system along the Ogilvie Range, the earlier onset and later

return of insolation at the northern than southern locations may cause the small temperature, density

and pressure differences that drive the system.
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Figure 3.8. Examples of 10-d timeseries of hourly wind direction at (a) various sites in the Yukon Flats

starting October 1, 2017, and (b) Beaver starting October 1-10, 2017, March 9, 2018 and April 1, 2018.

Plots for other sites and times look similar. Blue bars in (a) indicate times of distinct large-scale forcing.

Arctic Village is the only observational site located on a slope. On average, the 2-m temperatures at
Arctic Village were -5.5 K lower and 5.3 K higher than at Ft. Yukon for 77% and 21% of the time,

respectively. During inversions, a cold air pool formed on the valley floor. The limited vertical extend and

strong SBI (Figure 3.5) restricted the vertical motion.
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During night, air close to slopes cools faster than air at the same height over valley [27]. The cold air

drained down the slopes. This air slightly differed in density and/or temperature from that in the valley.

Thus, these two air masses of different characteristics formed a cold surface front wedge. Herein the
colder/drier air was pushed under the comparatively warmer/moister air, resulting in a SBI. Recall that

at Beaver, Chalkyitsik and Circle inversions existed for a couple of hours each day (e.g. Figure 3.5).
Obviously, the duration of the SBI and the constant wind just above) with a direction parallel along the

mountain range/valley boundary (Figure 3.1) depended on distance from the mountains. The distances

to the mountains in N, E, S, W directions are about 18, 76,16, and 17 km at Beaver, 25,1.6, 0,128 km at

Chalkyitsik, 29, 5,15, and 11 km at Circle, and 48, 64, 51 and 74 km at Ft. Yukon, respectively. A greater
distance from the mountains means a larger pool and reservoir of cold surface air as compared to close

to the White Mountain and Ogilvie ranges.
There were also cases of cold air downslope-flow inversions that occurred without the topography

channeling the winds along the valley surface as well as classic SBI due to radiative cooling.
The mountain-valley circulations were perpendicular to downslope flow (Figure 1). Thus, concurrent
existence of slope winds and mountain-valley winds may initiate vorticity [27]. Such vorticity generation

due to slope winds from the Alaska Range and mountain-valley winds was found to be one of the pre

requisites for ABL funnel clouds in the Tanana Flats Valley during summer [28].
In the Tanana Flats valley near Fairbanks, winter SBI were 16 m on average [6]. The three times higher

frequency of ceilings below 20 m at Ft. Yukon than Arctic Village (Figure 3.7) suggests that the cold air
pool on the bottom of the Yukon Flats valley most likely had only several tenth of meter in vertical
extension as well.
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Figure 3.9. April 1, OOOO Alaska Standard Time (AKST) to April 6 0000 AKST, 2018 hourly means of (a)

difference between 10-m and 2-m temperatures and (b) 10-m wind speeds at Beaver, Chalkyitsik and
Circle.

The reanalysis revealed five distinct situations of downslope cold flow and cold pooling. In the following,

we discuss exemplarily the five days from April 1 to April 5, 2018, which are representative of all the
meteorological situations when downslope drainage and cold air pooling created SBIs (Figure 3.9). The

2-m temperature reanalysis data showed a strong influence of the Chandalar River inlet into the Yukon

Flats Valley. It acts as a channel for the downslope cold air flow into the Yukon Flats off the southern
slope of the Brooks Range. The cold air moved towards Ft. Yukon. Therefore, Ft. Yukon typically had

colder conditions than the surrounding villages. Note that this river has no connection to an outside air
shed.
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Figure 3.10. Reanalysis data of 2-m height temperature on April 1, 2018 over the Yukon Flats, Brooks

Range, Ogilvie Range and White Mountain Range at (a) OlOO AKST, (b) 0400 AKST, (c) 0700 AKST, (d)
1000 AKST.

In the case of an SBI, the maximum difference between the measured 10-m and 2-m temperature

indicates the proximity to the meteorological cause of the SBI during the cold season. Figure 3.10 shows
the situation where cold air drainage from the Brooks Range occurred through the Chandalar River

canyon toward Ft. Yukon. In this case, the SBI occurred first in Chalkyitsik. Here the greatest difference

between the 10-m and 2-m temperatures was the largest of the three villages. The maximum difference
observed in Chalkyitsik during the cold season was 10 K.
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Figure 3.11. Reanalysis data of 2-m height temperature on April 2, 2018 over the Yukon Flats, Brooks

Range, Oglivie Ranage and White Mountain Range at (a) OlOO AKST, (b) 0400 AKST, (c) 7 AKST, (d) 1000

AKST, and (e) 1300 AKST.
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The SBI occurred on average an hour later in Circle with a slightly Iowertemperature difference between
the 10-m and 2-m temperatures due to mixing with the ambient air that was replaced by the cold air
drainage. Once reaching Beaver another hour later, the temperature difference was 5 K. This means that

the SBI strength decreased with increasing distance from the origin of the cold air drainage. In this type
of event, the 10-m wind speed was initially very weak (< 2 m∙s-1) when the cold air arrived at a village. In

Chalkyitsik and Circle, the wind speed was about 3.5 m∙s-1 when the SBI ended around noon (Figure 3.9).
On the contrary, at Beaver, the SBI ended about an hour later at similar 10-m wind speeds as observed

for Chalkyitsik and Circle.
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Figure 3.12. Reanalysis data of 2-m height temperature on April 3, 2018 over the Yukon Flats, Brooks

Range, Oglivie Ranage and White Mountain Range at (a) OlOO AKST, (b) 0400 AKST, (c) 7 AKST, (d) 1000

AKST, and (e) 1300 AKST.
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Figure 3.13. Reanalysis data of 2-m height tern perature on April 4, 2018 over the Yukon Flats, Brooks

Range, Oglivie Ranage and White Mountain Range at (a) 0100 AKST, (b) 0400 AKST, (c) 7 AKST, (d) 1000

AKST, (e) 1300 AKST and (f) 1600 AKST.
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However, the initial wind speed was less than for April 1. This type of event led to an earlier onset of the
SBI that was created by the drainage flow with a longer duration than for April 1. As the flow stopped, a
cold pool remained and prolonged the duration of the SBI (Figure 3.9). The SBI finally dissipated during
the day due to solar heating and a change in the overall wind direction in the Yukon Flats.
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Figure 3.14. Reanalysis data of 2-m height temperature on April 5 over the Yukon Flats, Brooks Range, Oglivie

Ranage and White Mountain Range at (a) 0100 AKST, (b) 0400 AKST, (c) 7 AKST, (d) 1000 AKST, (e) 1300 AKST and
(f) 1600 AKST.
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April 3, 2018 (Figure 3.12) is an example where cold air drainage occurred from all mountain ranges

(Brooks Range, Ogilvie Range, White Mountain Range). Thus, the relatively warmer air in the Yukon Flats
was lifted as a whole. The large scale near-surface winds were weak from the North. The SBI dissipated
when near-surface winds increased during the day (Figure 3.9).
April 4, 2018 (Figure 3.13) represents the case where cold pooling occurred right at the slope of the
White Mountain Range. At the beginning, cold air drained from the Brooks Range into the Yukon Flats.

The onset was seen at the same time in Chalkyitsik and Beaver. Once the drainage flow stopped, the SBI

remained due the cold pool. However, the cold pool occurred more to the southwest of Ft. Yukon than
on April 2 when the wind came from the northwest. On April 4, however, winds were sporadic and from

north easterly directions except for Circle where they were westerly right from the Yukon Flats.
April 5 (Figure 3.14) is similar to the cases with drainage from the Brooks Range and formation of a cold

pool. However, during this event temperatures decreased more than 10 K (Figure 3.9). The large-scale

near-surface wind came from east-northeasterly directions. However, the cold pool had its center with
the lowest temperatures between Ft. Yukon, Chalkyitsik and Circle in the early morning (Figure 3.14). In
the next three hours, the cold pool moved towards the Steven Village area, while warming notably due

to solar heating. Due to the extremely low temperature of the cold pool, the SBI lasted longer into the
day than for the other cases with a lasting cold pool after the drainage stopped. Relatively warmer air

moved along the Ogilvie Range northward around the cold pool and terminated the SBIs with Circle

being the first, Chalkyitsik next followed by Beaver.

The reanalysis revealed that during the cold season under weak large scale forcing, the Brooks Range
governs the duration of the SBIs and the mesoscale dynamics in the Yukon Flats. The direction of the
large-scale flow governs which of the circulation patterns establishes and hence the duration of the SBIs.

3.3.3. Concentrations of PM2.5 and Aerosol Optical Depth
Figure 3.15 shows the aerosol optical depth determined over the Yukon Flats for the length of the

2017/18 cold season. Typically mean AOD was between 0.2 and 0.5 except for a few times with distinct,

high values. Frequency of high AOD increased with progressing time. HYSPLIT [29] backward trajectories
and reanalysis data suggested transport of aerosol from mid-latitudes. Such impact of air mass
advection on AOD were also found over Gotland (Baltic Sea) [30].
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Daily means, medians and 98 percentile of AOD were smallest during polar night and slightly increased

with progressing time towards spring (Figure 3.15). In 12% of the cases, the daily median exceeded the
daily mean. Maximum AOD notably decreased as time progressed in the cold season. Daily standard
deviations of AOD showed no notable tendency. Area-averaged monthly means and standard deviations
were 0.08+0.07, 0.09+0.07, 0.08+0.07, 0.13+0.06, 0.13+0.07, 0.12+0.07 and 0.17+0.06 for October 2017

to April 2018, respectively; monthly means of daily maximum AOD were 1.14, 1.07, 1.07, 1.14, 1.30,
1.06, and 0.83. The high October mean of daily maximum AOD was due to some wildfires still burning in

Canada and the Yukon Flats, while the high February mean of daily maximum AOD was due to
advection. The cold season mean AOD over the area was 0.12+0.17.

Figure 3.15. (a) Temporal evolution of mean AOD over the area as determined from all Aqua and Terra

paths with valid data, (b) 2017/18 cold season mean AOD over the area.
On average, near-surface observed PM2.5 concentrations were higher in 2018 than 2017 (Table 3.1). In

Chalkyitsik, which is the closest to the mountains (cf. Figure 3.1), the variations in PM2.5 were higher in
2018 than 2017 as well. In April 2017 and 2018, mean overall PM2.5 concentrations were highest at
Chalkyitsik and about twice as high than in Circle (Figure 3.16). At Circle, concentrations decreased as
temperatures increased and decreased with increasing insolation during times without SBI. On the

contrary, at Chalkyitsik, concentrations decreased as temperatures increased and decreased with

increasing insolation in general.
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Table 3.1. Cold season mean PM2.5 concentrations based on all available data at the sites. Too few data
existed for Beaver in 2017 for a reasonable statistic (therefore not listed).
Characteristics of cold season hourly PM2.5 concentrations
Location

Overall (μg∙m-3)
Beaver 2018

11.1+10.7

Chalkyitsik 2017

8.6±1.3

Chalkyitsik 2018

9.6+17.1

Circle 2017

3.2±0.9

Circle 2018

3.7+1.2

No SBI (μg∙m-3)

During SBI (μg∙m-3)

11.5+11.4

7.9+10.0

7.4+0.7

9.8±0.6

9.5+22.0

9.7+10.3

2.6±0.5

4.0+0.7

2.7+0.6

4.6+0.6

In the presence of SBI, at Circle and Chalkyitsik, PM2.5 concentrations were on average 1.4 (1.3) μg∙m-3

and 2.4 (0.2) μg∙m-3 higher in 2017 (2018) than under conditions without SBI, respectively. Investigation
of daily means of concentrations during hours with SBI and without SBI at Circle revealed a correlation
of about 52% and 23% in 2017 and 2018, respectively. A two-tailed, paired Student t-test indicated

significant differences with 95% confidence. At Chalkyitsik, correlations of concentrations during times
of SBI and no SBI were about 91% and differences were statistically insignificant. This means that air

quality was dominated by local sources at Chalkyitsik and the mountain-valley circulation barely affected

the concentrations. At Circle, however, during times without SBIs concentrations were significantly

diluted.
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Figure 3.16. Examples of temporal evolution of daily (a) mean PM2.5 concentrations during SBIs and (b)

differences between PM2.5 concentrations during times with and without SBIs. Plots for other days and
Beaver look similar.

Monthly means of total aerosol concentration during inversions varied marginally among the months of
the cold season. Also monthly mean PM2.5 concentrations varied marginal between times when no SBIs

and when SBIs were present (Figure 16).
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3.4. Conclusions

Concentrations of PM2.5 and near-surface meteorological variables measured in Arctic rural communities
in the Yukon Flats in April 2017 and the 2017/18 cold season (October to April) were augmented with

surface meteorological data obtained from NCEP and the WRCC, NCEP reanalysis data, and MAIAC
aerosol optical depth data as well as simulated solar downward radiation at the TOA. Due to the harsh
winter conditions in the Arctic and frequent, often daily outages only sporadic data existed in the early

to mid-winter cold season. Based on these experiences, a heating blanket and battery system was

designed and first implemented at Circle and later at Beaver.
The reanalysis revealed that during the cold season under weak large-scale forcing, the Brooks Range
governed the duration of surface-based inversions and the mesoscale dynamics in the Yukon Flats. Cold

air drainage from the Brooks Range caused cold pooling in the valley. The direction of the large-scale

flow governed which of the circulation patterns established and hence the duration of the SBIs. The
strength of SBIs was determined by the distance from where the cold air drainage occurred.

The reanalysis and meteorological surface observations revealed that under weak large-scale forcing
mountain-valley circulations developed along the three mountain ranges that surround the Yukon Flats

valley. Radiative cooling led to formation of daily surface-based inversions. The duration of SBIs
increased towards winter solstice and decreased after the Sun raised again above the horizon. [PM2.5]
were significantly (at 95% confidence) higher during hours with SBIs than during hours without SBIs of

the same day at Beaver and Circle. Based on this finding, one may conclude that local emissions were
the major Contributorto the observed [PM2.5] except for Chalkyitsik. Here, differences in concentrations
were marginal between hours with and without SBIs.

In the Yukon Flats, the tops of SBIs are often visible due to haze or ice fog. Ceiling heights observed at Ft.
Yukon (138 m ASL) in the Yukon Flats and Arctic Village (638 m) in the Brooks Range were normalized to

sea-level height. This analysis showed that in the valley, ceilings below 20 m occurred more frequently
than in the mountains. On the contrary, high ceilings due to large-scale processes showed similar

distributions for both sites. Based on these findings one may conclude that in the Yukon Flats, SBIs
extended only several decameters in the vertical.
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Analysis of the reanalysis data together with the near-surface meteorological data of wind speed, wind
direction, shortwave downward radiation near the surface and 2-m and 10-m air temperatures
suggested that under weak large-scale forcing, radiative cooling over the mountain slopes yielded to

cold air drainage from the slopes.
Under weak large-scale forcing, the wind system in the valley was perpendicular to the downslope

descending cold air. This means that air was transported directly across the valley floor and vorticity was

generated. This prolonged transport of cold air accounted for the cold season SBIs that were
accompanied with increases in PM2.5 concentrations as compared to times without inversions at Beaver

and Circle. At Chalkyitsik, the polluted air mostly moved back and forth along the mountains. Note that
this community is much closer to the mountains than Beaver and Circle.

The analysis revealed that 24-h mean [PM2.5] remained below the NAAQS of 35 μg∙m-3. Also the WHO
recommended thresholds were not exceeded. The analysis of MAIAC aerosol optical depth featured the

presence of aerosols from long-range transport with distinct peaks often an order of magnitude higher

than the background values. Under weak large-scale forcing mean AOD was slightly higher in October

due to some of the 2017 wildfires still burning/smoldering in parts of the Yukon Flats and Yukon
Territory, Canada. Values also increased towards the end of the cold season due to Arctic haze. Daily
maximum AOD values reached up to 5 locally. No direct association with the emissions from the rural

communities could be made. Based on the measurements, one may conclude that the strong peaks in
AOD were due to aerosols at higher atmospheric levels because the concentrations found in the villages
well agreed with the local emission and meteorological patterns, but showed no correlation to that of

AOD.
Based on this study, the communities in the Yukon Flats still breathe healthy air. Obviously, advection of

polluted air from aloft or through the two inlets and the outlet of the Yukon Flat valley seemed not to
occur during the time for which data are available. However, if the communities and hence emissions
increase over time, measures to reduce accumulation of pollutants under the SBI might become

necessary given the daily occurring inversions. During this first study, unfortunately only sporadic data
were taken in deep winter (December, January). Since these are Climatologically the coldest months, a
study with winterized equipment is recommended.

85

Acknowledgements

We thank the anonymous reviewers for fruitful discussion and helpful comments, the Tribes of the
Yukon Flatvillages for permission to carry out the observations in their villages, and the Tribal Resilience

Program, NASA grant #80NSSC19K0981 and the State of Alaska for financial support of this study.
MODIS aerosol optical depth data were downloaded from the NASA Earth Observatory. The surface

meteorological data of the National Weather Service stations were downloaded from the historic global
dataset at NCEP.

References

[1]

Molders, N. and Kramm, G. (2010) A Case Study on Wintertime Inversions in Interior Alaska with

WRF. Atmospheric Research, 95, 314-332. doi: 10.1016∕i.atmosres.2009.06.002 .
[2]

Molders, N., Fochesatto, GJ., Edwin, S.G., and Kramm, G. (2019) Geothermal, Oceanic, Wildfire,

Meteorological and Anthropogenic Impacts on PM2.5 Concentrations in the Fairbanks Metropolitan Area.
Open Journal of Air Pollution, 8. doi: 10.4236∕ojap.2019.8200.

[3]

Fochesatto, GJ. (2015) Methodology for Determining Multilayered Temperature Inversions.

Atmospheric Measurement Techniques, 8, 2051-2060. doi: 10.5194∕amt-8-2051-2015.

[4]

Mayfield, J.A. and Fochesatto, J. (2013) The Layered Structure of the WinterAtmospheric

Boundary Layer in the Interior of Alaska. Journal OfAppIied Meteorology and Climatology, 52, 953-973.
doi: 10.1175∕jamc-d-12-01.1.

[5]

Bourne, S.M., Bhatt, U.S., Zhang, J., and Thoman, R. (2010) Surface-Based Temperature

Inversions in Alaska from a Climate Perspective. Atmospheric Research, 95, 353-366. doi:

10.1016∕j.atmosres.2009.09.013.

[6]

Wendler, G. and Nicpon, P. (1975) Low-Level Temperature Inversion in Fairbanks, Central

Alaska. Monthly WeatherReview, 103, 34-44. doi: 10.1175/1520-0493.
[7]

Sinkemani, R., Sinkemani, A., Li, X., and Chen, R. (2018) Risk of Cardiovascular Disease

Associated with the Exposure of Particulate Matter (PM2.5): Review. Journal of Environmental Protection,
9,12. doi: 10.4236∕jep.2018.96038 .

86

[8]

Halonen, J.l., Lanki, T., Yli-Tuomi, T., Kulmala, M., Tiittanen, P., and Pekkanen, J. (2008) Urban Air

Pollution, and Asthma and Copd Hospital Emergency Room Visits. Thorax, 63, 635-641. doi:
10.1136∕thx.2007.091371 .

[9]

Segersson, D., Eneroth, K., Gidhagen, L., Johansson, C., Omstedt, G., Nylen, A.E., et al. (2017)

Health Impact of PMw, PM2.5 and Black Carbon Exposure Due to Different Source Sectors in Stockholm,

Gothenburg and Umea, Sweden. International Journal of Environmental Research and Public Health, 14,
742. doi: 10.3390∕ijerphl4070742.
[10]

Asikainen, A., Parjala, E., Jantunen, M., Tuomisto, J.T., and Sabel, C.E. (2017) Effects of Local

Greenhouse GasAbatement Strategies on Air Pollutant Emissions and on Health in Kuopio, Finland.

Climate, 5, 43. doi: 10.3390∕cli5020043 .
[11]

Edwin, S.G. and Molders, N. (2018) Particulate Matter Exposure of Rural Interior Communities as

Observed by the First Tribal Air Quality Network in the Yukon Flat. Journal of Environmental Pollution, 7,
223-245. doi: 10.4236∕acs.2017.72016 .
[12]

Molders, N. and Edwin, S.G. (2018) Review of Black Carbon in the Arctic: Origin, Measurement

Methods, and Observations. Open Journal of Air Pollution, 7,181-213. doi: 10.4236∕ojap.2018.72010.
[13]

Edwin, S.G. (2016) Climatology and Forcing Mechanism of Funnel Clouds in Alaska. Department

of Atmospheric Sciences, UniversityofAIaska Fairbanks, Fairbanks, AIaska.
[14]

Molders, N. and Kramm, G. (2018) Climatology of Air Quality in Arctic Cities - Inventory and

Assessment. Open Journal of Air Pollution, 7, 48-93. doi: 10.4236∕oiap.2018.71004 .
[15]

Bureau, U.C. (2018) National Population Projections. Available from:

https://www.census.gov∕population∕Droiections∕data∕national∕2014.html.
[16]

EPA (2011) National Ambient Air Quality Standards (NAAQS). Available from:

http://www.epa.gov/air/criteria.html.
[17]

Tran, H.N.Q. and Molders, N. (2011) Investigations on Meteorological Conditions for Elevated

Pm2.5 in Fairbanks, Alaska. Atmospheric Research, 99, 39-49. doi: 10.1016∕i.atmosres.2010.08.028 .
[18]

Chapin, F.S.I. (2014) National Climate Assessment - Alaska. U.S. Government, United States of

America, 841.

87

[19]

Kim, J., Waliser, D.E., Mattmann, C.A., Mearns, L.O., Goodale, C.E., Hart, A.F., et al. (2013)

Evaluation of the Surface Climatology over the Conterminous United States in the North American
Regional Climate Change Assessment Program Hindcast Experiment Using a Regional Climate Model

Evaluation System. Journal of Climate, 26, 5698-5715. doi: 10.1175∕icli-d-12-00452.1 .
[20]

Lyapustin, A., Wang, Y., Korkin, S., and Huang, D. (2018) Modis Collection 6 MAIAC Algorithm.

Atmospheric Measurement Techniques, 11, 5741-5765. doi: 10.5194∕amt-ll-5741-2018.
[21]

WHO (2006) Who Air Quality Guidelines for Particulate Matter, Ozone, Nitrogen Dioxide and

Sulfur Dioxide. In: World Health Organization, Editor. Summary of Risk Assessment, World Health

Organization, Geneva, 22.
[22]

Molders, N. (2019) Outdoor Universal Thermal Comfort Index Climatology for Alaska.

Atmospheric and Climate Sciences, 9, 26. doi: 10.4236∕acs.2019.94036.
[23]

Weilenmann, M., Favez, J.-Y., and Alvarez, R. (2009) Cold-Start Emissions of Modern Passenger

Cars at Different Low Ambient Temperatures and Their Evolution over Vehicle Legislation Categories.

Atmospheric Environment, 43, 2419-2429. doi: 10.1016∕j.atmosenv.2009.02.005.
[24]

Shulski, M. and Wendler, G. (2007) The Climate of Alaska. 2007, Fairbanks, University of Alaska

Press, 216.
[25]

Molders, N. (2013) Investigations on the Impact of Single Direct and Indirect, and Multiple

Emission-Control Measures on Cold-Season near-Surface PM2.5 Concentrations in Fairbanks, Alaska.
Atmospheric Pollution Research, 4,87-100. doi: 10.5094∕APR.2013.009.
[26]

Malingowski, J., Atkinson, D., Fochesatto, J., Cherry, J., and Stevens, E. (2014) An Observational

Study of Radiation Temperature Inversions in Fairbanks, Alaska. Polar Science, 8, 24-39. doi:
10.1016∕j.polar.2014.01.002.
[27]

Molders, N. and Kramm, G. (2014) Lectures in Meteorology. 2014, Heidelberg, Springer, 591.

[28]

Edwin, S.G., Molders, N., Friedrich, K., Schmidt, S., and Thoman, R. (2017) Conditions Supporting

Funnel Cloud Development in Alaska. Atmospheric and Climate Sciences, 7, 223-245. doi:
10.4236∕acs.2017.72016 .
[29]

Draxler, R., Stunder, B., Rolph, G., Stein, A., and Taylor, A. (2009) HYSPLIT4 User's Guide. 231.

88

[30]

Zdun, A., Rozwadowska, A., and Kratzer, S. (2016) The Impact of Air Mass Advection on Aerosol

Optical Properties over Gotland (Baltic Sea). Atmospheric Research, 182,142-155. doi:

10.1016∕i.atmosres.2016.07.022.

89

90

4.Indoor and Outdoor Particulate Matter Exposure of Rural InteriorAIaska Residents
3

Abstract

To assess the exposure of residents in rural communities in the Yukon Flats to particulate matter of
2.5 μm or less in diameter (PM2.5), both indoor and outdoor concentration observations were

carried out from March to September 2019 in Ft. Yukon, Alaska. Indoor concentrations were

measured at 0.61 m (breathing level during sleeping) in homes and at 1.52 m heights (breathing level
of standing adult) in homes and office/commercial buildings. Air quality was better at both heights in

cabins than frame homes both during times with and without surface-based inversions. In frame

houses, concentrations were higher at 0.61 m than 1.52 m, while the opposite is true typically for
cabins. Differences between shoulder season and summer indoor concentrations in residences were

related to changes in heating, subsistence lifestyle and mosquito repellents. In summer, office and
commercial buildings, air quality decreased due to increased indoor emissions related to in-creased
use of equipment and mosquito pics as well as more merchandise. During summer indoor
concentrations reached unhealthy for sensitive groups to hazardous conditions for extended times

that even exceeded the high outdoor concentrations. Due to nearby wildfires, July mean outdoor
concentrations were 55.3 μg∙m-3 which exceeds the 24-h US National Ambient Air Quality Standard
of 35 μg∙m-3. Indoor and outdoor concentrations were strongest related for office/commercial

buildings, followed by frame houses and cabins. Office/commercial buildings with temperature

monitors had one to two orders of magnitude lower concentrations than those without.

3 NOTE: This paper is currently being submitted to Open Journal of Air Pollution for publication.
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4.1. Introduction
During the harsh winter conditions of the Yukon Flats as well as during smoke episodes of the fire
season in summer, residents of the villages of Eastern Interior of Alaska's Yukon Flats valley spend the

majority of their time indoors. Exposure to fine particulate matter of 2.5 μm or less in diameter (PM2.5) is
well known as health-adverse and can occur indoors as well as outdoors [1]. Poor indoor air quality was

linked to respiratory problems especially in children, cancer, sick-building syndrome, fatigue, headache

and about 6-9% reduced performance of office work, among others [2] [3].

Indoor emissions of PM2.5 stem from cooking, wood stoves, candles, household and office appliances,

smoking, incense, insect repellent coils, cleaning, animals and heating [1]. Fine particulate matter may
form by gas-to-particle conversion from precursor gases (e.g. nitrogen oxides, sulfur dioxide, volatile

organic compounds) that stem from wood smoke, outgassing of building material, and furniture or
vehicle emissions in houses with attached or built-in garages. Wear and tear also contributes to indoor

particles. Small amounts of silicates, mold and pollen may exist as well.

Indoor emissions of PM2.5 have less space to dilute and disperse as compared to emissions outside.
Indoor PM2.5 concentrations also depend on the duration and intensity of ventilation, number of
occupants and their activity, airflow as well as pollutant dynamics like first order removal and sorptive
interaction processes [4] [5]. The construction type affects both - indoor emissions from outgassing and

type Ofventilation (natural only, natural and mechanical). Mechanical ventilation encompasses kitchen

and bathroom exhaust fans or hoods. The flow rate differs among systems depending on their purpose,
size, building type and volume as well as the system's location. Natural ventilation occurs by air flow

through open windows or doors. It is driven by the pressure gradients between inside and outside
temperature differences and wind [6]. Natural ventilation varies with weather conditions and season. Its
impact on indoor air quality also depends on outdoor air quality.

Particle loss rates by Brownian diffusion, gravitational settling, interception, and impaction vary with

particle size [4]. Brownian diffusion dominates for ultrafine particles with diameters Smallerthan about
0.1 μm. Interception, impaction, and gravitational settling dominate the removal of particles exceeding

this diameter [5] [7]. Due to activities by the occupant's particles may re-suspend after deposition.
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The non-existence of other natural air cleansing mechanisms (e.g. removal by precipitation) contributes
to high indoor concentrations unless air-purifier or filter are used. A recent study showed that indoor
exposure to emitted PM2.5 (per unit mass) can exceed that of exposure to outdoor emissions by two to

three orders of magnitude [1].

The majority of indoor air quality studies have focused on residences in the contiguous U.S. and Europe.

Only few studies exist that examined air quality in industrial, school [8], office or commercial buildings
[1] [9] [10]. A recent study in New England revealed that homes with a woodstove had 20.6% higher
PM2.5 concentrations than those without. PM2.5 concentrations were higher in homes with old stoves,

non-EPA-certified stoves, and when burning wet or mixed (vs. dry) wood than those with new EPAcertified stoves burning dry wood [11]. In rural, tribal communities, especially when they are off the

road network, old, pot-bellied wood stoves still exist for heating and cooking.
Studies on wildfire smoke impacts mainly focused on urban communities in highly populated areas with
distinct firefighting in place [12]. Wildfires are a natural element of the landscape evolution of the

Interior and typically occur between May and September in Interior Alaska. Due to the sparse
population of the Eastern Interior and undeveloped road network, however, wildfires are watched and

only fought actively when they might endanger historic heritage places or burn properties. This so-called

"let burn policy" exposes residents to wildfire smoke - often at unhealthy concentrations - over
extended periods [13] [14]. Furthermore, studies suggested that the frequency and extend of wildfire

might increase in the future [15].
To assess the vulnerability of communities in the Yukon Flats, indoor aerosol concentration data were
collected in various types of buildings in conjunction with simultaneous outdoor measurements in the

largest community of the Yukon Flats (to ensure privacy). The objectives were to assess differences and

delays between indoor and outdoor air quality, and to identify ways to reduce exposure.
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4.2. Experimental Design
4.2.1. Network

To accomplish our goals, we conducted a survey of home and business construction type and heating
appliances in the communities of the Yukon Flats. Based on the survey results 15 representative homes

and five representative business buildings were chosen in Ft. Yukon. Fort Yukon is the largest and oldest
community in the Yukon Flats (66.56667N, 145.2581W, 134 m). It encompasses 583 inhabitants in 246
households. The number of people, more than quadruples in summer due to tourists and fire-fighters
who are stationed there during the May to September wildfire season [13]. Fort Yukon is located on the

north bank of the Yukon River in the center of the Yukon Flats.

To monitor the outdoor air quality and weather conditions, we deployed four EPA-suggested equivalent
method monitors and meteorological measuring devices strategically outside the city of Ft. Yukon

(Figure 4.1).

Aerosol indoor PM monitors were located in the five business buildings at 1.52 m (5 ft) and in the homes
at 0.61 m (2 ft) and 1.52 m (5 ft) height. These heights correspond to breathing height of adults when

sleeping and being up, respectively. Measurements were taken from 14 March 2019 to 30 September

2019.
Based on the survey two different home types - cabins and frame houses - were chosen for this
study. In Ft. Yukon, cabins are a combination of regional style endowed with modern anilities and
modern assembly changes. Frame homes are the common plywood, insulation, and tine structural

types normally seen everywhere in the US in rural areas. All homes used woodstoves and furnace
with temperature monitor for heating. Office/commercial buildings with and without monitor were
considered as well.
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Figure 4.1. Map of Ft. Yukon and its vicinity to show the locations of the outdoor monitoring sites (red

crosses). Note that locations of indoor monitoring sites cannot be shown for privacy reasons. Gray

buildings are public buildings like school, power plant, council buildings, etc., yellow buildings are
residencies. The dashed line indicates the Yukon River and Yolada slough bank. Solid lines are roads or

streets.

95

4.2.2. Specifications of the Instruments
A Met One Instruments' BAM-1022, Decagon's EM50 meteorological monitor, Davis cup anemometer,

VP-4 ambient temperature/barometric pressure/relative humidity combination sensor was deployed at
each of the four outdoor sites. The BAM-1022 were in an enclosed housing to protect the air intake vents
from horizontally blown snow and dust, and solar radiation. Air was taken in at 2 m height. BGI VSCC Very

Sharp Cut Cyclone (BX-808) particle size separator was set to let only particles equal to 2.5 μm or smaller
pass. The combination sensor recorded temperature, barometric pressure and relative humidity at 2 m
height. At 5 m height, precipitation and total incoming radiation were observed. The Decagon EM50
measured temperature, pressure, and relative humidity at 10 m height. Wind speed and direction were
measured at 10 m height as well. Table 4.1 summarizes the instrument specifications. The real-time

measurement interval was 5 min for all devices.

The Dylos DC-1700 indoor particle monitor is a highly accurate class 1 laser particle counter, and
complies with 21CFR1040.10 and 11 (Figure 4.3). The DC-1700 can display both actual particle

concentrations, which relates to the International Standard (ISO) for indoor air (Table 4.2), as well as
mass concentrations, which relates to EPA standards (Table 4.3). Herein, an indoor aerosol

concentration of 1,000 μg∙m-3, for instance, would correspond to 100,000 particles of 0.5 micron or
smaller in diameter, and would indicate very poor air quality.
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Table 4.1. Specifications of the deployed instruments.
Specifications
Instrument

Davis Cup
Anemometer

VP-4

BAM-1022

Observable

Range

Wind direction

>0o to 360o

Wind speed

0.9 to 78 m∙s-1

Pressure

500 to 1100 hPa

Rel. humidity

Resolution

Accuracy

I0

±7°

0.04 m∙s-1

±5%

0.01 hPa

±0.30 hPa

0 to 100%

0.1%

±0.8%

Airtemperature

-50C° to 70°C

0.1°C

±0.1°C

Outdoor PM2.5

0 to 10 000 μg∙m-3

0.1 μg∙m-3

+0.1 μg∙m-3

PYR Solar
downward

380 nm to
0 to 1000 W∙m-2

±1 W∙m-2
1120 nm

radiation

DC-1700

ECRN-100

collector surface

Precipitation

200 q cm-2

Indoor PM2.5

0 to 1000 μg∙m-3
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0.2 mm

±1 mm

0.1 μg∙m-3

±0.1 μg∙m-3

Figure 4.2. Photos of (a) one outdoor site and (b) the indoor monitor in the lab.

4.2.3. Quality Assurance/Quality Control and Data Processing

The data files of each of the outdoor sites were synchronized for time and combined. The same quality
assurance/quality control (QA∕QC) protocol as described in [13] was applied for both the indoor and

outdoor observations. Missing data were tagged as such; false and/or data beyond an instrument's

range were discarded and tagged as such.
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4.2.4. Data Analysis

To ensure the privacy of the home and business owners, we striped the data from all information that
could be used for identification (location, owner, renter, number of occupants, year of construction,

etc.). In doing so, we averaged the recorded data over all measurements from homes of same
construction and over all offices/commercial buildings with same heating appliance type. The indoor

concentrations served to quantify the long-term means of exposure.
For all quantities, we determined the hourly, daily, monthly and seasonal means and standard
deviations. We compared the 24-h means of indoor and outdoor PM2.5 concentrations to the ISO rating

scales (Table 4.2, Table 4.3) and concentrations found in the literature. Daily means were also assessed

using the current U.S. National Ambient Air Quality Standard (NAAQS) for 24-h average for PM2.5 of 35
μg∙m-3 [16] and to the World Health Organization (WHO) recommended 3-day average of 25 μg∙m-3 [17]

that should not be exceeded. In accord with [18], the standard deviations served as an indicator of the
temporal variations of PM2.5 and other quantities over a time interval of interest (hour, day, month,

season).

The outdoor concentration and wind direction data at individual sites were analyzed to assess the

contributions of emissions from the various sources from within the village and from outside.
Table 4.2. ISO for indoor air quality for particle concentrations.
Small Count Reading (per ISO)

Air Quality Chart 0.5 urn

Very Poor

3000+

Poor

1050-3000

Fair

300-1050

Good

150-300

75-150

Very Good

0-75

Excellent
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To attribute sources, we calculated hourly PM2.5 concentration means as a function of wind direction

usingthe WHO and EPA recommended algorithm [16] [17] [19].
To examine the relation of indoor and outdoor air quality and its dependence on the weather
conditions, we averaged the meteorological and air quality data of the four outdoor PM2.5 monitors as

well. The hourly means over the four outdoor PM2.5 concentrations were also used to identify surface

based inversions (SBI), their onset and dissipation as well as duration, and the air flow in and out of the
community following [13] [20]. These hourly means also served to examine differences in the degree of

pollution as compared to indoors.
Furthermore, we calculated monthly mean diurnal courses and 24-h means of PM2.5 concentrations for

the outdoors, residences at large, cabins, frame houses, office/commercial buildings as well as

office/commercial buildings with and without temperature monitor. Ratios indoor to outdoor (I/O)
concentrations were determined as well.

Table 4.3. Mass concentration and EPA 24-h outdoor standard.

Air Quality Rating (per EPA)

PM2.5

Good

0-12

Moderate

12.1-35.4
35.5-55.4

Unhealthyfor Sensitive Groups

55.4-150.4

Unhealthy
Very Unhealthy

150.5-250.4

Hazardous

250.5+
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4.3. Results and Discussion
4.3.1. Emission Sources

The National Emissions Inventory 2017 (NEI2017) reports only the annual totals of the YukonKoyukuk borough without distinction between the airsheds of the Yukon Flats and the Koyukuk region.

Annual total emissions of the borough were 8254, 8093, 402, 6054, 1825, 15 and 1 metric tons for
halocarbon (HC), carbon monoxide (CO), nitrogen oxides (NOx), particulate matter less or equal to 10 μm

in diameter (PMw), PM2.5, sulfur oxide (SOx) and ammonia (NH3), respectively.
In Ft. Yukon, large emission sources for PM2.5 and its precursor gases stem from burning grade-1

diesel for heating the city office buildings, corporation buildings, stores, businesses, the Tribal
Council and Tribal Consortium buildings, regional health clinic and laundry-mat [13]. These buildings

are all in the center of Ft. Yukon (Figure 4.1). Emissions vary with time of day, day of the week, time
of the year, holidays and outside weather conditions. Another source for emissions of PM2.5 and its

precursor gases is the biomass power plant.

Residences use furnaces burning grade-1 diesel fuel and/or woodstoves for heating in winter.

Typically, wood- and diesel burning occur during the day and night, respectively. Due to the far north
location sporadic heating may occur also in the other seasons. In addition, anthropogenic emissions
of fine particulate matter and precursors occur from outdoor cooking of dog food and during the

various subsistence seasons from smoking within the village and/or its surroundings [13] [20].
In Ft. Yukon, large vehicle fleets of private and municipal vehicles exist that use gas or diesel. Cold
starts cause higher emissions [21] in the cold season (October to April) than in the warm season

(May to September). Idling of vehicles to warm up the engine contributes to the cold and transition
seasons' traffic emissions. Off-road vehicles are mostly snow mobiles and four-wheelers. Traffic

emissions on the Yukon stem from boats in summer and snow mobiles in winter. Air traffic emissions

stem from multiple daily scheduled flights and during the fire season from large retardant cargo
carriers [13] [20]. These aircrafts burn leaded fuel. Sources for silicate aerosols are the city road systems

and dust-uptake by wind from river gravel bars [13] [20] [22].
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Figure 4.3. Daily mean outdoor meteorological and air quality conditions during the campaign averaged

over the four sites (a) 2 m temperature and 10 m wind speed, (b) 2 m relative humidity and solar
radiation, and (c) outdoor PM2.5 conditions.
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The analysis of the wind direction data and outdoor PM2.5 concentrations confirmed the findings of [13]
regarding the major contributors to local air concentrations.

Common indoor emission sources of particulate matter and its precursors are cooking, woodstoves, fur

and hide tanning, fireplaces, outgassing of building material, carpets and furniture and in houses with
built-in or attached garages, vehicle and engine emissions.

The indoor emissions vary by age of building, carpet and furniture types, type and age of heating and
cooking devices, number, age and activities of household members, among other things. No emission
data were recorded. Of course, the amount of indoor emissions and outdoor concentration and hence
vicinity to outdoor emission sources as well as the air exchange between inside and outside air affect

indoor concentrations. Measurements at two schools located in Hanoi, Vietnam, for instance, revealed
indoor average concentrations of PM2.5 and PMw of 49.4 μg∙m-3 and 59.7 μg∙m-3 in one neighborhoods

and 7.9 μg∙m-3 and 10.8 μg∕m3, respectively [29]. Note that in Ft. Yukon, outdoor and indoor air quality
also showed differences dependent on the vicinity to major emissions sources. Smoking and cooking
were found to increase indoor and kitchen PM2.5 concentrations rapidly to 1280 μg∙m-3 and 3000 μg∙m-3,

respectively [23].
4.3.2. Meteorological Conditions
Daily means of 10 m wind speed rarely exceeded 5 m∙s-1 (Figure 4.3a). At 10 m, daily means of

relative humidity varied between 33 and 96% and were 59% on average over all days. Daily means of
relative humidity at 2 m height ranged between 32 and 95%, but were on average around 57%
(Figure 4.3a). At this height, daily mean temperatures were between -11°C and 24.5°C (Figure 4.3a).

At 10 m height, these values were -11.4°C and 24.9°C, respectively. Total accumulated solar
downward radiation varied between 80 kW∙m-2∙h-1 and 1247 kW∙m-2∙h-1 depending on the day of year

and atmospheric conditions including cloudiness and aerosol optical depth (see Figure 4.3b).
4.3.3. Surface-Based Temperature Inversions

Following [20], we used hourly means of the outdoor temperature measurements at 10 m and 2 m

height as an indicator for the occurrence of surface-based temperature inversions during the
respective days of the study. For each day the start and end time as well as the duration of the

surface inversion were determined (e.g. Figure 4.4).
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All days with complete temperature data had surface-based boundary layer temperature inversion
(e.g. Figure 4.4). The duration throughout a day varied from March to September. The majority of all

SBI occurred through the late night and early morning, local time. Some multiday SBI occurred in the
shoulder season. Occasionally, more than one SBI formed per day. Durations of SBI were typically

shorter in April than in the other months due to increased wind speed. Furthermore, the onset of
melting led to differential heating and convection broke the SBI.
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Figure 4.4. Daily local times with (bars) and without inversions at Ft. Yukon as obtained from the hourly

averages of 10 m and 2 m temperatures differences over all four outdoor sites for (a) March, (b) April,
(c) May, (d) June, (e) July and (f) September. Days without bars indicate missing data. August is not
shown due to the high amount of missing data.
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4.3.4. Exposure to PM2.5
Our goal was to serve the entire community rather than assessment of individual residencies or

office/commercial buildings. Achieving this goal requires finding general relationships between

indoor and outdoor concentrations rather than for a specific residence or building. Thus, any changes
in indoor concentrations of PM2.5 must be assessed via the average over all indoor concentrations or

buildings of similar characteristics (frame house, cabin, office/commercial building and their heating
device). Doing so strips the data from the location where they were taken and guarantees the

privacy of residents and/or owners.
4.3.4.1. OutdoorAirQuaIity

The daily data of hourly means of temperatures and the derived onset, dissipation and duration of
inversions were utilized to separate the measured outdoor PM2.5 concentrations into two categories,

namely those (a) occurring during a surface-based inversion (SBI) event and (b) those occurring
during hours without a SBI (Table 4.4).

According the EPA guidance, we calculated the 24-h mean outdoor PM2.5 concentrations from hourly
mean concentrations. To assess the exposure on a monthly basis we averaged over the daily 24-h means
of the respective month (2nd column in Table 4.4). Since inversions only existed for parts of the day (see

e.g. Figure 4.4) and started or ended not necessarily to the full hour, means for times with and without

inversions were calculated for each month based on the 5-min mean raw data that where kept after the
QA∕QC. These monthly means for times with and without the presence of a SBI are up to about factor 2
higher than the monthly means calculated from 24-h means calculated in accord with the NAAQS (Table

4.4).
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Table 4.4. Monthly means and their standard deviations of daily 24-h mean outdoor PM2.5
concentrations averaged over all four sites, and means and standard deviations calculated from all hours
without (no inversion) and all hours with surface based inversions (SBI) using data from all four sites. See

Equation (1) for the relationship between monthly mean 24-h concentrations and the mean
concentrations during times with or without inversions in a respective month. Both cabins and frame

houses have woodstoves and monitor furnace heating.
Monthly mean PM2.5 concentrations and standard deviations (μg∙m-3)

Month

No inversion

Outdoor

SBI outdoor

outdoor
30.3+3.0

39.4+3.8

26.0+2.5

39.4+4.2

11.3+2.2

13.8+1.3

22.5+1.0

June

23.9+14.6

35.8+8.4

46.4+5.1

July

55.3+ 59.2

58.4+13.2

100.4+17.0

August

5.4±2.3

“·“

“·“

September

14.8+5.7

24.6+5.8

27.8+3.9

March

19.1+5.2

April

15.8+3.7

May
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The difference between the monthly mean of 24-h means and the monthly means for times with or
without inversions in the following tables is that the latter two cover not the full amount of hours of the

months. This means that they are expressed in terms of means for the times with or without inversions.
Note that multiplication of the concentrations during inversions, PM2.5sbi with the ratio of the time of
inversion to the time in the month, ΔtsB∣∕(ΔtsBI∣ + ∆tno), plus the ratio of the times without inversions to
the time in the month, Δtno∕(ΔtsBI + ∆tno), multiplied with the concentrations during inversion-free
conditions, PM2.5 no, yields the monthly mean of 24-h average PM2.5 concentrations

Note that ∆tsBI = 1-∆tno..
On average, outdoor air quality improved from March to May (Figure 4.5). Due to increasing air
temperatures emissions from heating went down as spring progressed. After the onset of the wildfire

season (end of May), ambient monthly PM2.5 concentrations increased in June (Table 4.4). Also wind

speeds increased as compared to the earlier months and picked up dusts from unpaved roads and the
Yukon and Porcupine riverbanks. Nevertheless, March to June monthly mean PM2.5 concentrations

remained below 25 μg∙m-3. Monthly mean outdoor PM2.5 concentrations reached 55.3 μg∙m-3 in July

due to wildfires (Table 4.4). This means the 24-h NAAQS was exceeded and led to unhealthy for sensitive

groups to hazardous conditions on various days. In August, the rain season set on for which outdoor air
quality improved. In September, outdoor air quality slightly decreased because decreasing air
temperatures caused emissions from heating. Furthermore, inversion durations increased (Figure 4.4).
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Table 4.5. Means of baselines of indoor PM2.5 concentration values at 0.61 m height averaged over all
hours without (no inversion) and all hours with surface based inversions (SBI) averaged over all
residences, cabins and frame houses within a month. Monthly means can be obtained from the listed

means during times of no inversions and inversions using Equation (1). Both cabins and frame houses

have woodstoves and monitor furnace heating. Note -.- indicates no data.
Monthly mean PM2.5 concentrations and standard deviations (μg∙m-3)

Month

Residences

Frame

Residences
no

SBI

Cabin no

inversion

Cabin
SBI

inversion
April

May

265.4+56.6

310.7+56.1

July

415.7+65.1

259.7+41.0

488.8+117.

63.5±1

488.5+10

3.7

6.8

9.1

50.30±8.

42.8+1

296.4+67

5

0.7

.5

42.8+10.

32.3±4.

137.2+29

7

1

.7

80.7+22.

31.9±0.

259.3+41

35

0

.1

-.-

-.-

-.-

-.266.8+73.5

ber

143.0+63.2

381.1+68.4

237.7+49.4

79.0+14.5

Septem

173.1+43
90.9+28.9

136.4+24.5

459.9+95.4

SBI

inversion

June

August

Frame house
house no

-.-

5

218.6+47.1

415.5+65.2
459.9+95.4

488.8+11

-.-

266.8+73.5
7.5

On average, monthly mean PM2.5 concentrations were higher during surface-based inversions than at

other times (Table 4.5, Table 4.6). During times with and without SBI, PM2.5 concentrations decreased

from March to May (Table 4.4) as less heating was need because of increasing outdoor temperatures. In

June, the wildfire season set on and led to increases in concentration during both SBIs and inversion-free
times. Concentrations during time with and without inversions differed least in September (3.2 μg∙m-3)
followed by May (8.7 μg∙m-3). The difference was largest (42.0 μg∙m-3) in July (cf. Table 5, Table 6) which
can be explained by advection Ofwildfire smoke.
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Table 4.6. Monthly means of baselines of indoor 24-h PM2.5 concentration values at 1.52 m averaged

over all hours without (no inversion) and all hours with surface based inversions (SBI) and their spatial
standard deviations for various types of residences. See Equation (1) for the relationship between

monthly mean 24-h concentrations and the mean concentrations during times with or without

inversions in a respective month. Both cabins and frame houses have woodstoves and monitor furnace
heating. Note -.- indicates no data available.

Monthly mean PM2.5 concentrations and standard deviations (μg∙m-3)

Office ∕

Frame

Month

houses

Residenc

Frame

Cabins

es no

no

houses

no

inversion

SBI

inversion

es SBI

inversion

SBI

256.3+53

226.6+31

buildings

commercial

no

buildings SBI

28.3±6.

491.3+56.

April

2.3±1.0

.8

.4

5

143.9+14

228.4+31

214.6+32

325.9+47.

5.2±1.8

5.6±0.8

12.4+1.5

137.7±1

5.6±0.8

.9

.2

.8

9

123.7+12

197.0+16

153.1+16

244.5+21.

June

28.7+9.0

6

.6
May

Office ∕

inversion

S

123.1+37

commercial

Cabins

Residenc

5.7

89.7+13

227.0+122.

.6

4

54.5+9.1

351.2+156.0

.4

.6

.6

2

98.7+10.

168.6+21

90.8±13.

186.1+26.

104.0+12

170.3+2

1677.5+35

3390.9+851.

0

.4

0

6

.0

4.0

7.0

8

July

277.2+57

August

-..9

51.7+8.

425.4+54.

-.-

-.0
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2

4019.7+983.

-.-

0

Over the timeframe of available data, the US NAAQS of 35 μg∙m-3 for the 24-h mean was exceeded

nearly 45% of the time. The WHO recommended 24h-value of 25 μg∙m-3 not to be exceeded for three

consequent days was violated as well. When looking at hourly means, PM2.5 concentrations were

higher than 25 μg∙m-3 nearly 91% of the time during SBI and about 80% of the time when no SBI
existed at Ft. Yukon. Like during the 2017 strong fire season in the Yukon Flats [13], 5-min mean
outdoor concentrations were occasionally a magnitude or more higher than the hourly means. The

maximum hourly mean PM2.5 concentrations over all four sites in March to September 2019 were
71.5 μg∙m-3, 79.8 μg∙m-3, 63.6 μg∙m-3, 289.3 μg∙m-3, 792.3 μg∙m-3, 22.8 μg∙m-3, and 66.7 μg∙m-3,

respectively. Outdoor air quality was on average better than in the record fire season of 2017 (cf.
[13]).
4.3.4.2. IndoorAirQuaIity
On average over all indoor sites, a diurnal course can be detected in office/commercial buildings and

at both heights for residences (Figure 4.5). Typically, indoor concentrations were higher during the

day than at night which broadly coincides times of no SBI and with SBI (Table 4.5, Table 4.6). This
finding is expected as people move around in their residences thereby re-suspending particles into

the air that had already settled on the floor or other surfaces. Furthermore, various daytime
activities like cooking, smoking or feeding the woodstove, for instance, lead to emissions of particles.

In late June and July, mosquitoes become an annoyances in the Yukon Flats and are fought with

mosquito pics. Mosquito pics contribute to PM2.5 concentrations in June, July and August (JJA). These
activities cannot be readily controlled nor documented due to privacy issues as well as indigenous

cultural distrust of being monitored.
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Figure 4.5. Temporal evolution of monthly mean diurnal course of PM2.5 concentrations averaged over

all (a) residences at 0.61 m height, (b) residences at 1.52 m height), and (c) office buildings. Y-axes differ
among panels.
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Obviously, the diurnal course strongly differs among months (Figure 4.5). In April, for instance,
concentrations decrease during night as the wood burns down. In the early morning concentrations

go up due to cooking. In the mid-morning concentrations go up again when the woodstoves are fed

and start emitting particles. This pattern was less visible at 0.61 m height. In May, the diurnal course

becomes less distinct as compared to April as the increasing temperatures resulted in reduced use of
woodstoves.

The monthly mean diurnal courses of PM2.5 concentrations in offices/commercial buildings all peak

around noon (Figure 4.5c). April and September concentrations increase after opening around 9 LT.
In May, June, July and August concentrations increase after 6 LT due to mosquito pics used when

employees restock shelves.
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Figure 4.6. Temporal evolution of monthly mean PM2.5 concentrations averaged over (a) all residences at

0.61 m and 1.52 m height, office/commericial buildings at 1.52 m height and outdoor sites, and (b) all
.cabins and all frame houses at both hights and all four outdoor sites.
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In residences, indoor monthly mean concentrations at 0.61 m were lowest in June and highest in July
(Table 4.7). Indoor concentrations at 1.52 m were lowest in July and highest in April and May. On

average over all residences, indoor concentrations were higher at 0.61 m than at 1.52 m height (e.g.
Figure 4.6a). Averaged over all residencies, monthly mean PM2.5 concentrations were 12.5 μg∙m-3,

40.1 μg∙m-3, 75.3 μg∙m-3, and 46.1 μg∙m-3 higher at 0.61 m than at 1.52 m in April, May July and

August, respectively. This distribution can be partly explained by gravitational settling. The hourly
mean values at those heights correlated 21%. These findings mean that exposure to high

concentrations was on average over all residences higher when laying down than when standing or
walking around (cf. Table 4.7).

The exposure at both levels is higher than the median of 6.65 μg∙m-3 found by [11] for households
with woodstoves in New England. The values of the lower and upper range of mean hourly indoor

PM2.5 concentrations (Figure 4.5) were lower than the 112 - 416 μg∙m-3 observed by [24] in homes in

Beijing, China in winter. At Ft. Yukon in office/commercial buildings, PM 2.5 concentrations were on
average very unhealthy for some hours on a daily basis in June and August (Figure 4.5) and were even

hazardous most of July (Figure 4.6). Exposure of employees, clients and customer was much higher
than found for this groups in other places. Measurements in an office building in Guangzhou, China,
for instance, showed only 3% and 1% of the time very unhealthy and hazardous condition in JJA [10].

In Dublin, Ireland, indoor PM2.5 concentrations during working hours were typically below 25 μg∙m-3
with highest values in naturally ventilated shops [9].

4.3.5.2. Indoorvs. OutdoorAirQuaIity

Indoor PM2.5 concentrations were influenced not only by continuous and temporal indoor emission
sources, the residents' activities and the degree of mixing related to the residents' motions, but also
by exchange between inside and outside air.

In contrast to all other months, June concentrations were lower (14.4 μg∙m-3) at 0.61 m than 1.52 m,

which can be explained by transport of polluted air from nearby wildfires into the community.

Typically, in wildfire smoke, PM2.5 concentrations decrease from the maximum values towards the
ground as well as with height. Consequently, outdoor air has higher concentrations at the heights of
vents than at the gaps between doors and the floor.
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In comparison to outdoors, indoor concentrations of PM2.5 were usually much larger in magnitude

(cf. Table 4.4, Table 4.5, Table 4.6). Monthly mean ratios of indoor to outdoor concentrations (I/O) in

residences were 4.8, 5.3 and 12.2 at 0.61 m in March, April and September, respectively. Ratios were
lowest in May, June and July with 1.4, 2.0 and 2.4, respectively. In August, I/O reached its maximum
with 21. In August, the increased humidity and rainfall scavenged particles from the air thereby

reducing outdoor concentrations while indoor emissions accumulated in empty homes. The
increased humidity also leads to swelling of particles. This means PM2.5 concentration may decrease,

when the grown particles exceed 2.5 μm in diameter. The high I/O ratios can be explained by indoor

emissions from wood burning for cooking and heating, recreational smoking and use of mosquito

pics. In Guangzhou and Dublin, for instance, I/O were below 1 [9] [24].
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Figure 4.7. Correlation between mean (over all sites) indoor and outdoor PM2.5 concentrations at various

time lags and heights for (a) all residences and offices, (b) cabins and frame houses. Note that in office

buildings no measurements were made at 0.61 m.
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In the analysis of the impact of inversions on indoor concentrations, the question of air exchange

arises. To compare indoor and outdoor concentrations of PM2.5 during times with and without a SBI

the temporal lag between indoor and outdoor concentrations has to be determined first. We applied
a lag-time correlation method [25] at various temporal lags using the means over the hourly outdoor
concentrations and those averaged over all hourly indoor concentrations as input data. The method

revealed a maximum correlation for a lag-time of 1-hour and 2 hours for residences at 0.61 m and

1.52 m height (e.g. Figure 4.7), respectively. It showed a time-lag of 1 hour for office/commercial
buildings.
When people are not home in their residents, the floor to door gaps, and other interior-to-exterior

connections (e.g. cooking hoods, vents) have a greater influence at floor levels where air settles and
is Coolerthan at 1.52 m. The 1.52 m level has a longer lag-time due to dead air and diffusion time.

Based on these findings and the determined onset and ending times of the SBIs within each 24-hour
period (e.g. Figure 4), we adjusted the timing of indoor concentrations to account for the lag-time for

the residences at both heights and the office/commercial buildings. Doing so synchronized the
indoor concentrations with those outdoors for times with and without inversions.
On average over all residencies, indoor concentrations were higher during times without inversions

than during SBIs at 0.61 m height in March, April and September (Table 4.5). From May to July,
indoor concentrations at 0.61 m height were lower during times without inversion than during times
with inversions. Averaged over the few available March days and all residences, the means were 33.8

μg∙m-3 and 137.4 μg∙m-3 under conditions of no inversions and SBIs, respectively. The mean of the few

available data in September during times of SBIs was 76.2 μg∙m-3, while not enough data existed to
calculate a mean for non-inversion conditions.
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These findings can be explained as follows. In April and September, heating is still and already again
needed. Woodstoves release PM2.5 and its precursor gases during operation. Typically, they are used
for heating during the day and are fed once more prior to bedtime. Once all wood is burned, these

emissions stop. When indoor temperatures fall below the monitor-set threshold, the furnace turns
on. The emissions from diesel heating mostly leave via the chimney. Furthermore, settled particles

are not re-suspended when the residents are sleeping. Consequently, PM2.5 concentrations were

lower during nighttime than daytime. Since, most inversions occurred at night (cf. Figure 4.4), indoor
concentrations were lower during inversions than no inversion conditions in the heating season

(Table 5). People are awake the majority of the time during the day when no surface inversion exists.

Consequently, due to their activities PM2.5 concentration levels were highest indoors during this
time.

4.3.5.3. Relation between IndoorAirQuaIityand BuiIdingType

To examine the relation between construction types and building use, we averaged the hourly mean
indoor PM2.5 concentrations for each construction type and measurement level. Furthermore, we
calculated hourly concentration means for residencies and office building by averaging over all

respective sites.

Typically, hourly mean values at 0.61 m and 1.52 m heights correlated 27.4% and 1.5% for frame
houses and cabins, respectively (Figure 4.7b). This means that indoor air quality of frame houses is

stronger related to outdoor air quality than indoor air quality of cabins. On average, in frame houses,
concentrations were higher at 0.61 m than 1.52 m, while the opposite was true in cabins (cf. Figure

4.6b, Figure 4.8). Daily 24-h mean indoor PM2.5 concentrations at both heights exceeded the NAAQS

frequently (Figure 4.8).
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Figure 4.8. Temporal evolution of 2-h mean PM2.5 concentrations averaged over all (a) cabins at 1.52 m

height, and (b) frame houses at 1.52 m height. Note Y-axes differ among panels.

On average, cabin indoor PM2.5 concentrations at 0.61 m height were higher during times without

inversions than during SBIs (Table 4.5). The same is true for frame houses in April and September,
while the opposite was true from May to August (Table 4.5).
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At 1.52 m height, means of both cabin and frame house indoor PM2.5 concentrations were higher for
times with than without inversions in all months (Table 4.6). Cabins provided the lowest exposure at
both heights (Table 4.5, Table 4.6). No data were available at 0.61 m height for cabins in March and

September. Only few PM2.5 data were available at 0.61 m height for frame houses in March. This
means the March values for frame houses are the same as those for residencies, namely 33.8 μg∙m-3

and 137.4 μg∙m-3 during times without and with SBI, respectively. The mean indoor PM2.5
concentration over all September data during inversions was 76.2 μg∙m-3 at .61 m height.

These insights suggest that in frame houses, sleeping on top-bunks seems to be beneficial for health

except during wildfires. Also cabins seem to be superior over frame houses in keeping outside PM2.5
concentrations at bay.
Recall no measurements were made at 0.61 m height in office/commercial buildings because nobody

sleeps in them. In April and May, concentrations at 1.52 m were higher in residences than
office/commercial buildings both during times with and without SBI (cf. Table 4.6). At night,
office/commercial buildings are closed meaning that particulate matter settled. Consequently, 1.52

m concentrations went down as compared to the times without SBI, i.e. during the day. The higher
concentrations in residences than office/commercial buildings during times without SBI can be

explained by the different kind of indoor activities, emissions sources and emission rates at home

and work.
In JJA, monthly mean and 24-h mean PM2.5 concentrations in office/commercial buildings exceeded

those in residences (cf. Table 4.6, Table 4.7, Figure 4.8, Figure 4.9). For both, concentrations were

higher during SBI than during times without SBI (Table 4.6). The reasons for this shift in concentration
behavior are as follows. In JJA, residents were involved in activities related to the various harvest
seasons (e.g. fishing, berry picking, hunting). Hence, they stayed less time inside or even stayed
outside of town in seasonal camps. Consequently, resuspension due to inside activities were reduced

in residencies as compared to April and May, when residents spent more time inside. Absence also

meant less emissions from mosquito pics as compared to offices/commercial buildings.

As aforementioned, in summer, the population quadruples due to tourists and fire fighters stationed
at Ft. Yukon. Thus, office and commercial buildings have not only more public traffic in JJA than April

and May, but also longer business hours to serve the increased demand. Furthermore, more
emissions occur inside due to increased amounts of merchandise, use of equipment and cooling.
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Mosquito pics serve to hold mosquitoes at bay during the day. The increase in customers also leads

to an increase in activities for restocking. During the day, customer traffic led to air exchange

between indoor and outdoor air. At night, no such ventilation existed. Thus, the increased indoor
emissions accumulated inside. Consequently, inside concentrations during the nighttime SBI
exceeded those observed at daytime.
4.3.5.4. Impact OfTemperature Monitors in Office/Commercial Buildings
Various studies indicated that in Fairbanks, wood burning is the major cause for exceedances of the

outdoor NAAQS (e.g. [26] [27]). Simulations with the Weather Research Forecast model coupled with
chemistry packages (WRF-Chem) showed that using both low sulfur fuel and EPA certified wood

stoves reduced the concentrations of PM2.5 as compared to the old devices used in Fairbanks [27].
Therefore, we examined the impacts of temperature monitors on indoor air quality of

office/commercial buildings. Note that all residences used both wood stoves and temperature

monitors for their furnace.
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Table 4.7. Monthly means of baselines of indoor PM2.5 concentration values averaged over all days, all
hours and their standard deviations at 1.52 m averaged over all offices/commercial buildings and

offices/commercial buildings with and without temperature monitor as well as all residences, cabins and
frame houses at 0.61 m and 1.52 m height. All residences had a monitor and burned both wood and

diesel, while office/commerical buildings only burned fuel. Note -.- indicates no data available.

Monthly mean PM2.5 concentrations and standard deviations (μg∙m-3)

Office ∕
comme
Office ∕

Frame

Mont

Residenc

Cabins

Frame

Residen

Cabins

h

es at

at 0.61

houses at

ces at

at 1.52

0.61 m

m

0.61m

1.52 m

m

Office ∕

rcial

Commercia

buildin

I buildings

gs

Commercia

houses

at 1.52

I buildings

m

monito

no monitor

r

86.1±

57.3+39

April

146.8+95
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.0

.2

.3

113.6+10

16.1+7.

137.0+12

73.5+51

43.5+20

104.8+7

7.4

9

9.2

.0

.5

3.1

48.8+44.

24.6+15
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31.6+23

80.3+35

6.0

0.5

4.4+ 2.6

4.8+3.4
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4
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133.5+12
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.9

0
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1036.7+14

41.7+3

4834.4+51
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.1

.3
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8.3

36.5

96.4+53.

66.9+59
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.7

1

0.4
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-.-
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1.9
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4.9+3.0
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66.9
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12.5+2
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8.3+6.0

.6
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97.3

982.0+721.

7.4±7.2

5

In office/commercial buildings without temperature monitor, monthly and 24-h mean PM2.5
concentrations were up to more than two orders of magnitude higher than in office buildings with

monitors during JJA (Table 4.7, Figure 4.9). This means that using a temperature monitor could
reduce exposure of employees, clients and customers in summer. In April, office and commercial

buildings without monitor have lower PM2.5 concentrations than those with monitor. This finding can
be explained by the monitor and hence furnace reacting to changes in indoor temperature caused by

opening and closing of doors during business hours. However, in both cases, PM2.5 concentrations
remain in the healthy range.

Figure 4.9. Temporal evolution of 24h-mean PM2.5 concentrations averaged over all office ∕ commercial

buildings with and without temperature monitor. Note Y-axis differs from Figure 4.8 and has a
logarithmic scale.
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4.4. Conclusions and Recommendations

To assess the exposure of rural communities in the Yukon Flats to PM2.5, concentrations were

measured at 20 indoor and four outdoor sites during March 2019 to September 2019 using Ft Yukon
as a testbed. This community was chosen because it is largest in size. Thus, sufficient cabins and
frame houses as well as office/commercial buildings exist to strip the data and ensure privacy of the

residents and/or owners by averaging over the respective construction groups (cabins, frame houses,
office/commercial buildings with and without monitor heating). In residences, PM2.5 was measured
at 0.61 m and 1.52 m, height which corresponds to the breathing level during sleeping and in upright

position; while in office/commercial buildings, data were taken at 1.52 m. Outdoor observations
included meteorological data in addition to PM2.5.
On average, PM2.5 outdoor concentrations decreased from March to May due to decreasing inversion

durations and heating. They were well below 25 μg∙m-3. In June, nearby wildfires led to exceedance of
this value several times. Nevertheless, on average, June outdoor PM2.5 concentrations remained below
this value as well. In July, outdoor PM2.5 concentrations exceeded the US NAAQS of 35 μg∙m-3 for the 24

h mean several times with 5-min means being often an order of magnitude larger than the daily means.
In some hours, conditions were hazardous. The July mean outdoor PM2.5 concentration even was 55.3
μg∙m-3. This means that when a community is downwind of wildfires, outdoor PM2.5 concentrations
often exceed the 24-h NAAQS and range between unhealthy for sensitive people and hazardous for

all depending on the vicinity to the fire and meteorological conditions.
In March, indoor air quality was moderate. Indoor air quality decreased towards summer to hazardous
levels on monthly means. In summer, indoor PM2.5 concentrations also exceeded those observed
outside and reached hazardous levels for notable amounts of time for all building types. On average,

concentrations were lower in cabins than frame houses. In frame houses, PM2.5 concentrations were

higher at 0.61 m than 1.52 m, while the opposite was true in cabins.
Based on these findings one has to conclude that the new log cabins in Fort Yukon provide better
indoor air quality conditions for the health of their residents as compared to modern frame homes.

Furthermore, sleeping on bunk beds would be beneficial for health in frame houses. Overall one has
to conclude that residents of the Yukon Flats are exposed to hazardous indoor PM2.5 concentrations

all summer.
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Differences between indoor and outdoor PM2.5 concentrations were assessed using the hourly means
of outdoor concentrations averaged over all four outdoor sites. On average, there was a one hour

time-lag between changes of indoor and outdoor air quality conditions. Indoor and outdoor
concentrations correlations differed among building types. Cabins had the lowest correlation

between indoor and outdoor PM2.5 concentrations followed by frame houses. Office/commercial
buildings had the highest correlation between interior and exterior concentration. There, one has to
conclude that frame homes have a higher ventilation and air exchange than cabins, and that frequent

opening and closing of doors during hours of customer traffic causes the high correlation found for
offices/commercial buildings. In summer, the additional emissions from increased amounts of

merchandise and/or increased use of equipment in office/commercial buildings and mosquito pics
led to the hazardous PM2.5 concentrations at breathing level. Implementation of a temperature

monitor can significantly reduce indoor PM2.5 concentrations by about two orders of magnitude.
A change-out program for wood and cooking stoves could be an emission control measure to be
considered to mitigate indoor air pollution in homes in the Yukon Flats. A study in Libby, Montana,

for instance, showed that a wood stove change-out improved indoor air quality by 53% [28].

Installation of mosquito screens in windows and as an additional door at entrances could reduce or
even make the use of mosquito pics unnecessary.
A previous study [13] found that surface-based temperature inversions can yield increases in air

pollution, but also can protect communities from polluted air advected at levels above the top of the

SBI. This aspect could not be further examined in our study because there exist no radiosonde
soundings and no 100 m tower at Ft. Yukon or in its immediate vicinity. The former would permit
determining the heights of the SBIs, and the latter would permit measuring a vertical profile of PM 2.5.

Thus, no definite statements about the degree of protection of air quality during situations of smoke

advections could be made. Future work should use a higher mast with concentration and
meteorological measurements to assess the impact of smoke advection at levels above the
inversions on indoor and outdoor air quality at breathing level.
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5. Conclusion

A committee member asked a question during my advancement to candidacy committee presentation;

further it was asserted that I include the response into this research dissertation. The question was

generally: How do the Indigenous peoples of Interior Alaska, whom still live their ancestral culture of
subsistence, also integrating and living in a modern technological society, view climate change,
pollution, and aerosols? Personally, at first, as an indigenous individual practicing and living their
ancestral culture, I was personally offended by the question; as time passed and with further evaluation

as a scientist, and a viewpoint outside my culture. I was viewing the question from and emotional
viewpoint based on historical misunderstanding of modern societies principle values and the cultural

values of my culture as a people in nature, controlled by nature. A people no better than the animals

that live in nature, just another specie interdependent and linked together for mutual survival and the
promise of tomorrows sunrise.

After giving it some thought! I can think of no better question to ask, an idea with no better fit to initiate
this conclusion.

The largest watershed valley of two major rivers, circumscribed by some of Alaska's most accessibly

difficult mountain ranges. An Arctic environment of seasonal extremes, a state with boreal forests
stretching as far as one can see, distances too great to travers on foot. Rivers are the freeways of Alaska,

mountain ranges that can only be flown over. The majority of the population is still largely indigenous,
living in small communities along the major rivers. Each of Alaska's interior indigenous communities live

their ancestral subsistence culture by integrating the best of modern society to enhance living standards

and health. The main responsible government body overseeing social concerns is the indigenous Tribal
Government holding their ancestral sovereignty of self-governance.
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Research proposals must meet the government's two-tier policies ensuring taxpayers funds are utilized
for the benefit of the greatest number of people. Population density of Alaska is the crutch that
prevents scientific research, or government sponsored continuous monitoring of the interior. Alaska's

Eastern interiors largest valley; the Yukon Flats is a data void. No historical baselines to compare the

climate changes effects on the land's geology, hydrology and changes to the rivers; nothing to compare
atmospheric meteorology changes occurring today. There are no roads in the Interior, factories or strip
mining that can be the cause of Alaska environmental, atmospheric, and hydrologic changes. Alaska

suffers the front-line effects of climate change, an effect that originated half a globe away.

Though the Tribes did not have such a large responsibility for the changes occurring, nor can they readily

control its development from worsening. What can be controlled is to understand and adapt to such

changes, as the indigenous peoples have always done. Thus, (this is how this research was born); to

understand the changes we cannot control, and control what we can by knowing what the changes

are!

In general, the surface boundary layer of the Yukon Flats is less influenced by global and synoptic

weather patterns, with exception of southwesterly airflow to the northeast or vice versa channeled by
the orientation of the mountain ranges surrounding the Yukon Flats.

Surface boundary layer meteorology is influenced more by topography of the valley and adjacent
mountain ranges and the major rivers flowing into and out of the valley.

We can conclude that a surface-based boundary layer temperature inversion exists, and is a natural
phenomenon present literally every day throughout the year and changing seasons with the exception
of Nov to Jan due to missing data. But, based on the physics governing such phenomenon and research

done elsewhere in Alaska Nov to Jan SBI should also be present. As an indigenous person from this
valley, I can safely say it is there as well in the colder months.
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The surface boundary layer surface-based-temperature inversion is close to being of a constant length
throughout the day, just rocking back and forth through the seasons throughout the days. During the

colder months the surface boundary layer surface-based-temperature inversion begins in the evening
and ending early morning the following day, as the temperature rise towards the warmer months the
inversion sort of migrates forward to begin in the early hours of the new day and lasts into midday. As

fall approaches and Coldertemperatures it swings back.

The underlying meteorological condition that exists for the surface-based-temperature inversion to
occur throughout the changing seasons is quite different. In the colder months downslope cold air flow

and cold pooling account for the surface boundary layer, and during the warmer months sensible and

adiabatic heating are the major parameters for the surface boundary layer surface inversions. What we
have also found is that the wind perpendicular along a mountain slope during a downslope cold airflow
during the colder months, can form into a wedge like surface airmass and create a SBI, this occurs quite

a lot in Circle. This could be interpreted as a result of cold outbreak creating elevated inversions,

however we would require further study due to the fact that this is a surface based boundary layer
phenomena.

The layering of the surface boundary layer during the colder months places the surface boundary layer
inversion just above the rooftops of resident's homes. Wood smoke from heating stoves are mostly

trapped by the inversion layering and thus transported away from the source by winds aloft. During the

warmer months the surface boundary layer at times act as a shield preventing particle matter from aloft
settling under the layer, however if the source of the particle matter is under this layer, that is where it

will stay until the inversion dissipates.

Outdoor has minimal influence within log cabins, more so than frame houses, thus making frame homes
overall Unhealthier throughout the 24-hour days.

Only single-story homes were investigated, thus it is found that sleeping air at 2-ft height is best in
cabins, so we would recommend sleeping on the top bunk in frame homes as healthier.
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Office buildings, public/commercial offices, are influenced by outdoor meteorological changes greater

than any other buildings, residential especially. A closer look at open windows and in and out usages of

door traffics is suggested, as well as inside open garage pathways into offices.

This dissertation has baseline monthly mean particle matter concentration levels of size 2.5 micrometer

or less in Chapters 2, 3 and 4.

Mountain range downslope airflow, valley and mountain winds are better understood and proven also
in the chapters of 3 and 4.

Future research and software weather mapping have a bases to work off of today than previously,
further the locations and placement of this researches monitoring equipment, both indoors and out,
regionally and locally have been strategically placed considering future computer mapping. However,
this data identifies participation of tribal individuals so is restricted but does exist.

Thus, this is the conclusion and closing of this current research. Mahsii Choo!!! Stanley Gene Edwin
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Dedication

Took a lifetime to get here!

I dedicate this dissertation to two women whom, at this time, should be here!
I know in spirit they are!!!

Mom:

Bessie ("BB") Elisabeth Biederman

Sister:
Annie ("Gh'aa") Romania Flitt
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Abstract
Current knowledge about black carbon (BC) emission estimates, state-of-the-art
measurement methods, near-surface BC concentrations ([BC]), and mixing
ratios in snow is consolidated for the Arctic. Since no direct method exists to
measure [BC], results from modern indirect methods differ among devices.
Pan-Arctic wide [BC] and changes are hard to access; monitoring often ends
once national ambient air quality standards are met. Few remote sites have
long records. Past measurements showed distinct differences among the vari
ous Arctic climate regions. Past and own observations in communities permit
qualitative discussion of the diurnal course, response to weather, season, or
different emission situations like weekdays and weekends at a given site
and/or among sites. Comparison of data from collocated aethalometer indi
cated more similar accuracy than found in mid- and low-latitudes despite of
much lower ambient temperatures and [BC]. Snow samples give an incom
plete glimpse at the removal and input into ecosystems.

Keywords
Black Carbon Emissions in the Arctic, Arctic Black Carbon Observations,
Measuring Black Carbon in the Arctic, Black Carbon Deposition in the Arctic

1. Introduction
In this Millennium, black carbon (BC) in the Arctic has gained huge public in

terest [1]. In general, BC results from incomplete combustion of carbonaceous

fuels. Different fuel types produce different amounts of BC. Natural gas and di

esel fuels are on the low and high amount side, respectively. Bottom-up inven
tory methods estimated the 2000 total global BC emissions to be 7500 Gg∙yr-1

with an uncertainty of 2000 - 29,000 Gg∙yr-1 [2].
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The major concern of the public is the impacts of BC on the local radiation
budget. Numerous studies discussed its direct and indirect impacts on the radia
tion budget in depth [2] [3] [4] [5]. In the interest of brevity, we renounce re
peating them here.
BC is also long known to affect the water cycle; while BC alone is insoluble in
water, aged BC aerosols can act as cloud and ice nuclei [6]. Consequently, cloud

and precipitation formation as well as atmospheric removal processes might
change with changing BC concentrations [7]. Changes in cloudiness, cloud-life

time, coverage and precipitation again impact the energy cycle via changes in the
radiation budget (e.g. [6] [7] and work cited therein).
An aspect of BC, which the public is often unaware of, is its role in the forma
tion of particulate matter (PM), which at sizes less than 2.5 μm in diameter

(PM2.5) is health adverse (e.g. [8] [9] [10] [11] [12]). PM2.5 can enter the lungs,
pass thru human skin, and may cause cardiovascular problems, respiratory dis
eases, and even cancer. For a comprehensive review on the health adverse effects
of short and long-term exposure to PM2.5 see [13] [14]; see [15] for a BC impact

study on health with focus on the Sub-Arctic.
PM is a composite of various species which can include BC, elemental carbon
(EC) and organic carbon (OC), among other things. BC and EC themselves have
negligible impacts on human health. However, upon emission, BC particles un
dergo complex processes with co-emitted OC, toxic semi-volatile organics, in
organic salts from both nitrogen dioxide (NO2) and sulfur dioxide (SO2), as well
as atmospheric water. These species may deposit on hygroscopic carbonaceous
particles; also other aerosol components can join BC during particle growth [6].
This so-called aging process means that a particle rarely is pure BC, and BC
containing aerosols may carry toxic and/or health adverse constituents.
Ambient air samples of BC-aerosol contain up to more than 90% other con
stituents. Thus, BC mass concentration (in ng∙m-3) cannot be measured directly
by weighing the BC in an air sample; BC mass must be determined indirectly by
measuring optical, and/or thermal properties of BC. For instance, BC has high
sp2-bonded carbon content and Raman spectroscopic responses similar to gra
phite. The physical relationship between the measured property and the amount
of BC then permits deriving the BC concentration, hereafter written as [BC].
Typical atmospheric residence times of BC-containing PM are 4 to 7 days de
pending on weather conditions; during transport, atmospheric species from
emission sources along the way may attach to BC particles [6]. Transport of BC
emitted in mid latitudes contributes a substantial fraction to Arctic BC [16] [17]

[18] [19].
Recent research showed that air quality in Arctic cities differs not only due to
their emissions, size, and the advection of pollutants from downwind regions,
but also due to their local climate. Cities located in temperate mesothermal cli
mate according to the Koppen-Geiger classification [20] typically have better air

quality than cities in continental microthermal climates [21].
Given the huge variability of BC-containing aerosol, and the fact that the
DOI: 10.4236/ojap.2018.72010

182

Open Journal of Air Pollution

N. Molders, S. G. Edwin

chemical composition of PM may affect light-absorbing (soot/BC/EC) and/or

may cause light-scattering (organics, inorganics) many different indirect optical
measurement techniques and thermal optical analysis methods were developed.
Some of them permit continuous, or semi-continuous (online) observations,

while others work offline. Those instruments have been successfully applied in
mid- and low-latitudes.

As of today, no overall Pan-Arctic comprehensive assessment of BC from
emissions to removal exists. Emission inventories and measurements of concen

tration baselines, however, are pre-requisites to assess impacts from anticipated
increases in Arctic shipping on human and ecosystem health as well as subsis
tence lifestyle. The goal of this paper is to 1) assess Arctic BC emissions; 2) re
view, evaluate current state-of-the-art BC measurement methods for Arctic ap

plication and consolidate knowledge on past; 3) Arctic BC concentrations at

breathing level, 4) BC removal in the Arctic; and 5) identify gaps in knowledge
and steps for further investigations. Here, we consider the region north of 59.9N

as “Arctic”.

2. Black Carbon Emissions
Often countries report emission data at the state, province, borough or country
level. Generally, estimates of BC emissions base on PM2.5 emissions from com

bustion processes multiplied by the fraction of BC in the PSM2.5 for the particu
lar emission source [22]. AU eight Arctic countries (Canada, Denmark, Finland,
Iceland, Norway, Russia, Sweden, United States) have also territory outside the
Arctic. Consequently, assessment of Arctic BC emissions is difficult. In the fol

lowing, we discuss emission estimates for the Arctic countries at-large, and re
strict us to the region north of 59.9 N when possible.
2.1. Arctic Emission Sources

Major Arctic BC-emission sources are shipping [23] [24] [25] [26] [27], boreal
wildfires and biomass burning [28]. In the new Millennium, Arctic ship traffic
and hence BC emissions from shipping have seen notable increases due to the
long record of, on average, decreasing sea-ice extend, increased last-chance
tourism, and shipping of supply for offshore oil/gas extraction activities [1] [29]

[30] [31]. Further emission sources for BC are space heating [32], solid fuel

based power generation [33], traffic [34], on and off road diesel vehicles [35]
[36] [37], and flaring [38] [39]. Small contributions stem from exploratory drill

ing, fire places, cook stoves, municipal waste-burning, as well as meat and fish
smoking by indigenous people. In the European Arctic, sauna stoves are strong
contributors to [BC]. In boreal regions, residential wood combustion is a major
source of BC in winter [32].
2.2. Emission Inventories

Generally, BC-emission measurements barely exist and lack a common standard.
DOI: 10.4236/ojap.2018.72010

183

Open Journal of Air Pollution

N. Molders, S. G. Edwin

Sweden, for instance, measures in stacks, while Denmark, Norway, and Finland

apply emission factors based on dilution tunnels. This means available emissions
measurements are hard to compare. See [40] [41] for reviews on US and Euro
pean BC source apportionment studies, and [37] for BC emissions in Russia.
Many emissions inventories only report PM10 and PM2.5 without specification

of constituents. Out of the inventories reporting carbon emissions, only few dis
tinguish between EC, OC and BC. Even then, emission estimates differ among

inventories due to the assumed partitioning of PM, assumed emission factors,
and whether these data are activity based or from reported data. Emissions in

ventories differ due to the method of creating them (e.g. bottom-up, top-down),
their spatial and temporal resolution, and the base-years used [46] [47] [48]. For

differences between bottom-up and top-down emissions inventories see [47]
[49] [50].
Figure 1 shows exemplarily gridded Arctic BC emission totals for 2008 from

different inventories [39] [42] [43] [44] [45]. The Emissions Database for Global
Atmospheric Research version 4.1 (EDGARv4.1) is based on worldwide consis

tent emission and activity factors, while EDGAR-HTAP (Hemispheric Transport

of Air Pollution) inserted nationally reported emissions where available.
Discrepancies among emissions inventories occur from 1) different national

classifications of BC sources, data collection methods (bottom-up vs. top-down);
2) differences in accounting for sources as point-, area-, or line-sources; and/or
3) lumping of emission sectors. Some inventories lump, for instance, residential
and commercial space heating, while others lump residential space heating and
power generation as one emissions sector.
Even within an emissions inventory spatial discrepancies of emissions from

the same sector may occur due to data reporting requirements prescribed by re

gional and/or national agencies, and how they allocate (point-, area-, or

line-sources) and/or lump data. Figure 2 illustrates the consequences of such
agency/law related discrepancies by two examples. Figure 2(a) reveals that in
some Canadian provinces, agencies assign BC emissions from off-road transport
to the entire province (see purple area), while others assign them to the actual
mining area. In the North American Arctic, inland and coastal ship/boat traffic
is accounted for as off-road transport. The Yukon, Mackenzie, and the shipping

lanes along the coast and into Hudson Bay are clearly visible; some frozen rivers

serve as ice roads in winter. On the contrary, Russian and European agencies
report BC release from coastal shipping as ship emissions; the shipping lanes are

clearly visible in the annual total emissions shown in Figure 1(a) (mostly green
lines). Figure 2(b) illustrates consequences of lumping and spatial allocation.

Including space heating into the energy sector makes the emissions of power
generation facilities to areal sources. Reporting at county/borough/city levels
leads to spatially heterogeneous distribution of emissions (e.g. Scandinavia); re
porting at the province/state level leads to more homogeneous, and seemingly

low emissions over a large area (e.g. southern part of the Northwest Territories).
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Figure 1. Comparison of 2008 annual total anthropogenic BC emissions except from flares and fires as reported by (a) The

EDGAR-HTAP [42], and (b) Technology based [43] emission inventories; 2008 annual total BC emissions from (c) Flares [39],
and (d) Fires [44] [45]. Annual emission totals of other years look similar (therefore not shown). One metric ton equals 0.001 Gg.

Accounting for emissions over the region instead of at their actual area of oc
currence leads to too high emissions everywhere, but too low emissions where
they actually occur. Concentration ratios of competing reactants affect various

chemical reactions. Thus, reaction products will differ notably if, as in the
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Figure 2. Examples of artifacts in emission inventories due to regional differences in classification, spatial allocation, and lumping

of emission sources. Shown are the total 2008 BC emissions associated with (a) Transportation, and (b) The energy sector in the

EDGAR-HTAP inventory (Figure 1(a)). Note that similar spatial discrepancies exist for other emissions sectors and emission
inventories using reported emissions data (therefore not shown).

example above, the total off-road emissions are equally distributed over the re
gion while the actual real world emissions are released in an open-pit mine. Note
that inversions in open-pit mines are a major air quality issue. In case of lump
ing areal sources like residential/commercial heating with point sources like
generation of electrical power, local maxima are smoothed out. Lumping of
emission sources also leads to incorrect emission factors and temporal alloca
tions for n - 1 of the n lumped emission sources.

Besides fuel-type, ship emissions depend on speeds, engine load and size.
These factors cause uncertainty in estimated BC emissions from Arctic shipping
[51] [52] especially when ships cruise in an area with partial sea-ice occurrence
and/or ice-breaking mode. The use of automatic identification system marine
traffic data (position, speed, ship characteristics) could improve accuracy of BC
ship emissions [52].

Russia’s 2010 annual anthropogenic BC emissions were estimated as 223.7 Gg
with 81.0, 56.0, 45.3, 29.3, and 12.1 Gg from gas flaring, residential emissions,
transportation, industries, and power plants, respectively [39]. The Evaluating

the CLimate and Air Quality ImPacts of ShortlivEd Pollutants version 4.0
(ECLIPSE) reports the 2010 Russian BC emissions from residential heating,

transportation, power, industry, and agriculture waste as 22.4, 52.0, 20.6, 5.64

and 24.6 Gg, respectively. These inventories differ mainly in their estimates of
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contributions from gas flaring, residential, and industrial emissions. Russia’s

2014 anthropogenic BC emissions were estimated at 688 Gg with uncertainty

between 401 and 1453 Gg; the mean annual total BC emitted by the 2002-2015

wildfires (forests, grasslands, other natural land) and 2003-2009 agricultural
burning amounted 569 Gg (345 - 790 Gg) and 9 Gg (2 - 22 Gg) [37]. Here the
values in brackets give the range of uncertainty. Russian space heating uses raw
coal, light brown coal, briquettes, kerosene, residual fuel oil, liquefied petroleum
gas, natural and refinery gas, coke-oven coke, firewood, peat, and charcoal [39].

The 2014 BC emissions from this sector and power generation were estimated
between 11.9 and 26.7 Gg with a mean of 16.4 Gg [37]. BC emissions from the
domestic sector were between 15 and 468 Gg centered at 26.7 Gg. The 2010 and

2014 BC emissions from other stationary sources were estimated at 238.1 Gg and
192.2 Gg, respectively. BC emissions from industry were 5.2 Gg with huge un

certainty (1.0 - 51.3 Gg) [37]. Estimates of total BC emissions in Russia due to
transportation (diesel and gasoline vehicles, railroad, ships) range from 16.3 Gg

to 41.2 Gg with a mean of 29.8 Gg [37]. For a comprehensive discussion of Rus
sian BC emissions uncertainties see [39].

According to Swedish government reports [53], their total annual BC emis
sions were 4.81 Gg, 5.1 Gg, 4.2 Gg and 3.67 Gg in 2000, 2005, 2012, and 2013,
respectively. Industrial processes, road traffic, off-road vehicles, energy sectors,
and residential biomass burning contributed about 0.210 Gg, 0.714 Gg, 0.756 Gg,

0.798 Gg, and 1.134 Gg in 2012.
The same source lists the Norwegian total annual BC emissions at 5.1 Gg in
2011. Wood stoves are the primary device for space heating with 1.581 Gg. Na
tional shipping, diesel vehicles, and the transport sector contributed about 0.867,

2.04, and 3.06 Gg. In the Norwegian Barents region, BC emissions were about
0.408 Gg [53].

In the Finish Barents region, BC emissions were about 0.77 Gg. The total an
nual mean Finish BC emissions were 6.46 Gg. Besides boilers and stoves, maso
nryheaters and sauna stoves are common in Finland [53].
In Canada, BC emissions are calculated using PM2.5 emissions and BC∕PM2.5

ratios. In 2015, they were assessed as 38 Gg [54].
Many emission inventories lack BC emissions from flaring. These emissions

depend on the gas flared (e.g. ethane, propane), its fraction of heavy hydrocar
bons, its purity, flare size, and velocity across the flare tip [37] [39]. Hydrocar

bons can cause soot; impurities cause incomplete combustion. Flare gases with

higher energy content than methane produce more BC. Russian flares are larger
than Alaska flares. In recent years, flaring declined in Russia. In 2014, BC emis

sions from flaring in Russia were between 10 and 54 Gg centered at 32 Gg [37].
Appreciable differences in total wildfire BC emissions exist among years de

pending on the severity of the wildfire season, type of land-cover and area
burned [45]. Boreal fires, for instance, can emit BC from the belowground or
ganic layer (e.g. peat, moss, lichen), litter layer, and the forest; black spruce BC
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emissions differ from white spruce, larch, birch or alder. The Global Fire Emis

sions Database version 3s (GFED3s), for instance, reported the 2000 biogenic BC
emissions north of 60N in Alaska as 50.414 Gg; GFED4s reports BC emissions

from North American, Asian and Finnish boreal forest fires as 0.5 Gg [45].

3. Measuring Near-Surface Black Carbon Concentrations
As of today, no standardized method to measure [BC] exists [13] [55] [56]. [BC]
are operationally defined as the light absorbing and thermal refractory fraction
of carbonaceous aerosol, respectively [57]. Health and atmospheric scientists ap
plied aethalometers, particle soot absorption photometers (PSAP), single particle
soot photometers (SPS), Continuous Light Absorption Photometers (CLAP),
Integrating Spheres (IS), Hybrid Integrating Plate Systems (HIPS), Multi-Angle
Absorption Photometers (MAAP), continuous soot-monitoring systems
(COSMOS), thermal desorption techniques, and acoustic detection. Not all of
these devices have been applied in the Arctic.
Data from these instruments are hard to compare. Results from thermal de
sorption techniques depend on the applied protocol. AU filter-based instruments
provide time-integrated values for the chosen sampling interval, which may dif
fer among sites. Unit-to-unit variability can reach up to 30% for PSAPs and aethalometer, and is lowest (<5%) for MAAP; PSAP and MAAP have lower in

strument noise than aethalometer. Sources of systematic errors differ among in
strumental designs; inlets may cutoff particle size at different diameters [58].
Light scattering by accumulated particles affects all filter-based absorption
photometers (e.g. aethalometers, PSAP, CLAP, SPS, HIPS, MAAP). These effects
are (incorrectly) termed apparent absorption. Their impact on light transmission
causes overestimated absorption. Often empirical factors serve to correct for
these effects reducing uncertainty to 20% - 30% for the PSAP, IS, HIPS, and ae
thalometers, and 12% for the MAAP [59] in labs and/or outside the Arctic. Un
certainty also exists due to electronic noise, instrument variability, and calibra
tion. Optical interaction between particles and filter matrix may yield positive
bias for uncorrected filter-based measurements; otherwise, bias can be positive
or negative [2].
Brown carbon and dust influence absorption at the same wavelengths as BC.
Aging of BC alters the absorption properties of BC-containing aerosol. Increas
ing coating of BC enhances particle size and causes uncertainty in the mass at
tenuation cross section (MAC) [16]. The bias in optical measurements of [BC],
equivalent black carbon mass concentrations ([EBC]) and [EC] caused by coat
ing material depends on the wavelength used; typically 630 nm is least affected
except for high dust concentrations [2]. Unfortunately, dust concentrations are
often high in the North American Arctic due to unpaved roads and
non-managed rivers [21].
Uncertainty in [EBC] is about 36% for aethalometer in the Arctic, 28% (Arctic
haze) to 80% (summer) for thermal desorption techniques, 28% - 40% for SPSs,
and 10% - 20% for PSAP [16].
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In the following, we elucidate the principles of 1) filter-based absorption in
struments exemplarily by the aethalometer, briefly describe; 2) thermal desorp
tion techniques; 3) acoustic detection; 4) summarize results from instrument
comparisons; and 5) evaluate the suitability of these methods for Arctic applica
tions.
3.1. Aethalometer

Aethalometer use optical absorption for in-situ (online) EBC detection. They

sample ambient air with typical flow rates of ~6.7 liter∙min-1. At high flow rates
(>3.5 liter∙min-1), diffusion losses remain below 4%. Non-size specific inlets
permit sampling the total aerosol-size distribution during fog periods. In the
Arctic, typically, a snow-hood and stainless steel-duct inlet are used. The sam

pled air should reach laboratory temperature ( 21°C) prior to entering the ac
tual measurement device to ensure relative humidity is less than 20% [57].

Particles accumulate over a given time interval (e.g. 5 min) on a quartz fiber
filter. A light source illuminates the sample and a blank filter on one side. On the
other side, detectors measure real-time attenuation of light transmitted through
the two filters. Typical operational effective wavelengths are 370, 470, 520, 590,

660, 880, and 950 nm. Multispectral (370 - 950 nm) absorption coefficients can
give information about the chemical composition.

The sample attenuation is

where Is and Ir are the light transmitted through the sample and blank reference,

respectively. Their ratio is the filter transmittance, W. The temporal change in

attenuation is proportional to the attenuation coefficient

Here, A, Q, and t are the filter spot size area (m2), sample flow rate (m3∙s-1),
and time between light intensity measurements (collection time). The attenua
tion coefficient depends on the cross-section of light interactions with the col

lected particles.

The filter spot must advance to a clean filter spot after 2 to 5 min of sampling
to avoid that transmission drops too much. This time span is the inner data

processing cycle. The internal software provides a temporal mean at the end of
this cycle. When collection time is set to values above an aethalometer’s upper

time limit of the inner cycle, sampling occurs on various spots; data are averaged

at the end of the set collection time. This so-called boxcar averaging increases
the detection limit with one over the square root of the sampling time at the cost

of temporal resolution. Best practice is to sample at the upper limit, and perform
post-processing offline as needed for improved signal-to-noise ratio.
Despite aethalometer measure VATN, the output is [EBC]. Equivalent black
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carbon encompasses BC plus other light-absorbing material. To convert VATN
to [EBC] a wavelength-dependent mass-specific absorption coefficient or short
specific absorption coefficient Vap (m2∙g-1) is used. It is defined as absorption

per mass concentration. The aethalometer mass-specific absorption coefficient
relates optical attenuation through the filter with equivalent black carbon mass
concentration,

Typically, the specific absorption coefficient is based on calibrations and
theoretical calculations performed during instrument development. The rec
ommended conversion for the Magee aethalometer, for instance, is
=

14625∕Λ. This value corresponds to 39.5, 31.1, 28.1, 24.8, 22.2, 16.6 and 15.4
m2∙g-1 EBC at λ = 370,470, 520, 590, 660, 880, and 950 nm, respectively.
Figure 3 shows data collected at College, Alaska (64.8594N, 147.8508W) be
tween September 11 and October 30, 2017 at 370 and 880 nm. The aethalometer

pulled air from a parking lot behind the International Arctic Research Center.
[EBC] maximum, mean, standard deviation, skewness and kurtosis were 65.9
ng∙m-3, 6.0 ± 6.2 ng∙m-3, 2.1, and 7.0 at 370 nm, and 137.3 ng∙m-3, 12.3 ± 12.5
ng∙m-3, 2.2, and 8.1, at 880 nm. Data correlation between the two channels was

88% (0.936). The much higher kurtosis than 3 indicates that the size distribution
was non-Gaussian and outliers occurred more frequently for high concentra
tions than in a normal distribution. The spread in the scatter plot of measure
ments at 370 nm and 880 nm (Figure 3) indicates the presence of cofounding

aerosol at increasing concentrations.
Besides wavelength, the specific absorption coefficient depends, among other
things, on season, filter interaction, environment, and filter loading effects re
lated to particle aging. Values of Vap range from 5 to 20 m2∙g-1, but are constant
for a given atmospheric environment [60]. During the 1989 to 2007 [EBC] mea
surements at Alert, Canada (82.45083N, 62.34167W), for instance, the manu
facturer-recommended conversion factor of Vap = 19 m2∙g-1 was applied [61].
Multiplication of aethalometer data with the applied conversion factor and di
viding by a conversion factor X permits using X instead. See [62] [63] for com
prehensive reviews of absorption coefficient measurements.

Quality Assurance/Quality Control
Even though all scientists apply quality assurance/quality control (QA∕QC) and

flag data following their national agency’s requirements, no Pan-Arctic standar
dized method exists for flagging BC data. The same is true for corrections related
from scattering. Particles in the upper layers of a sample scatter the light beam.
The reduced beam diminishes absorption in deeper layers, and [EBC] is unde

restimated. The manufacturer recommended attenuation coefficient,
ac
counts for this shadowing effect at low to moderate filter loads. At high filter
loads, optical measurements of light absorption require additional corrections [61].
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Figure 3. Black carbon concentrations derived from aethalometer measurements at Col
lege, Alaska between September 11 and October 30, 2017. (a) Temporal evolution of

5-min mean [EBC]. Data for 880 nm look similar (therefore not shown), but are higher
than at 370 nm. (b) Scatter plot of 5-min mean [EBC] as obtained at 370 and 880 nm.

High values of the filter-loading parameter in the infrared indicate EBC of lo
cal sources, while low filter-loading parameters indicate aged BC coated by am

monium sulfate and/or secondary organics during long-range transport. This
means the filter-loading effect can provide a proxy for particle coating, and dif

ferentiation between local/fresh and transported/aged particles [64].
Various empirical correction methods exist to calculate the absorption coeffi
cient, Vap from the attenuation coefficient, Katn [65]. A simple approach de

rived from observations at three Finnish sites is [65].

where >EBC

cor

, and >EBC

non

are the corrected and non-corrected >EBC ,

and k is the shadowing correction aka aethalometer-correction factor. Negative

k-values mean overestimation of >EBC

by >EBC

. At the three Finnish

sites, k varied between 0 and 0.015 with a mean of 0.0018 [65].

Unfortunately,

values vary seasonally because of higher EBC to total aerosol
k-

ratios in winter than summer; in summer, k depends on wavelength. Correction
factors also differ with filter type. At Kevo, Finland (69.75N, 27.033E), for in

stance, k = 0.025 and k = 0.0021 were found for Whatman-42 and glass-fiber
filters, respectively [61]. In the European Arctic, annual shadowing correction is

around 20% [61].
In laboratory studies, aethalometers have shown notable drift on timescales
from hours to days. Unfortunately, magnitudes of drift differ among instru

ments. To determine instrument drift in the field, an absolute filter could serve
to capture pressure changes in the sampling line relative to changes in ambient

pressure, and relative humidity on a pristine filter. This method might be appli
cable also to loaded filters of various loadings. Drift testing for 24 h or more on a

pristine filter minimizes influences from semi-volatile species; the absolute filter
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may itself impact the sample. Uncertainty due to in-field drift found for five in
struments in the Arctic was about 0.01 - 0.1 Mm-1.
Measurements of [BC] are challenging. BC varies highly at high altitude as

well as in coastal and Polar Regions. During clean periods, concentrations can be
below the detection limit. Post-processing methods serve to increase the signal-to-noise ratio. They lower the detection limit at the cost of temporal resolu
tion. Most often boxcar averaging [66] is applied. The averaging time varies

among instruments, and sometimes with application. In aethalometer applica
tions, for instance, the typical averaging time is 5 min.

Some data-processing methods are instrument specific. To keep temporal res
olution as high as possible, some scientists use the aethalometer equation and a
temporal attenuation change threshold; post-processing only occurs when the
threshold is exceeded [67]. This method known as Optimized Noise-reduction
Averaging (ONA) expands (reduces) averaging windows at low (high) filter

loads. In contrast to the boxcar averaging, the temporal resolution at high aero
sol concentrations is barely affected; temporal resolution is only low at small
concentrations. ONA permits displaying notable trends at minimum distortion.

Applying an attenuation-threshold criterion, aethalometer were able to detect
attenuation > 2.1 - 6.7 Mm-1 at six Arctic sites in 2012 to 2014.
Figure 4 exemplarily shows the mean diurnal course of 5-min [EBC] averaged

over the aforementioned 50-d period. The means reveal peaks around noon and
at night that correspond to lunch break and the nighttime inversion that fre
quently builds in the shoulder season. The differences indicate coated BC. For

the 50-d period, hourly means of [EBC]370nm and [EBC]880nm correlated 90% (R =
0.949); daily means of [EBC]370nm and [EBC]880nm correlated 63% (R = 0.795).
Correlations of 5-min means at 370 and 880 nm were 88%, 89% and 88% over
the entire period, on weekdays, and weekends, respectively (Table 1).
On week days, [EBC] were higher during the day and lower during the night
than for these times on weekends (Figure 4). Overall, weekdays saw lower 5-min
means than weekends. Differences between [EBC]370nm and [EBC]880nm were
greater on weekdays, while variance was largest on weekends. These differences
can be explained by the different traffic patterns and heating behaviors on
weekdays and weekends. On weekends and on weekdays in the evening, house
holds with furnace and woodstove prefer using the less expensive wood instead
ofheating fuel. The higher than 3 kurtosis (Table 1) indicated that the size dis
tribution approached zero frequency slower than a Gaussian normal distribution
meaning more outliers. The distribution was skewed towards few, but large BC
particles. Skewness on weekdays and weekends barely differed indicating similar
co-founders for the College site.
Similar was found, for instance, for September-October data collected at Tiksi
(Russia 71.633N, 128.867E) in 2010 (Table 1). Despite Tiksi’s population was
only 5063 at that time, its [EBC] was about six times higher than at College. At
Tiksi, ship emissions in port and along the shore of the Buor-Khaya Gulf of the
Laptev Sea contribute to the [BC].
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Figure 4. Examples of offline post-processing of observations at College, Alaska, (a)
Timeseries of hourly means of [EBC] for a 50-d period from September 11 to October 30,
2017 shown at 880 nm, (b) 50-d mean diurnal course of [EBC] at 370 and 880 nm, (c)

Mean diurnal course of [EBC] averaged over all weekdays and weekends of the 50-d pe
riod both at 370 and 880 nm, (d) Period averaged 5-min means of [EBC] at 370 nm vs.

880 nm on weekdays and weekends.

3.2. Other Photometers (PSAP, CLAP, COSMOS, MAAP)

Like the aethalometer, PSAP and CLAP instruments measure transmission of
light through a light-diffusing filter while particles accumulate on the filter [68]

at various wavelengths (467 to 660 nm). The optical designs are quite similar.
Silicon photodiodes measure the intensity of diffuse light transmitted through

the sample spots (Is) and clean (non-sampled) area (Ir) of the filter.

Both PSAP and CLAP typically use E70-2075W filters. Solenoid valves ad
vance to the next sample spot once filter transmittance reaches 0.7. The PSAP

uses a single sample spot on a 10-mm filter. The CLAP has two reference clean
filter spots and eight sample filter spots on a 47-mm filter. This eight-spot design

permits the CLAP to run at ideal conditions (τ< 0.7) eight times as long as the
single-spot PSAP making the CLAP more suitable for remote Arctic sites.
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Table 1. September to October statistics for selected [BC] mean 5-min values derived
from aethalometer measurements in the Arctic. R2, R, Max, and StDev are the correlation

between between 5-min [BC]370nm and [BC]880nm in percent, correlation coefficient, maxi
mum concentration and the standard deviation for the respective sites. Regular and Italic

values are at 370 nm and 880 nm, respectively. Data for Tiksi are 2010, College 2017.
Correlations, extreme values, means and higher moments
Site

R2 %

R

College, Alaska

88%

0.936

Week days

89%

0.942

Weekends

88%

0.938

Tiksi, Russia

71%

0.844

Week days

76%

0.874

Weekends

64%

0.801

Max
ng∙m-3

Mean, StDev
ng∙m-3

Skewness

Kurtosis

65.9

6.0 ± 6.2

2.1

7.0

137.3

12.3 ± 12.5

2.2

8.1

65.9

5.8 ± 5.8

2.1

7.8

51.7

6.5± 7.0

1.9

5.1

137.3

12.3 ± 12.5

2.3

9.0

103.5

12.4 ± 12.6

1.9

5.9

512.0

36.3 ± 46

4.2

24.9

609.0

39.4 ± 49.2

4.6

33.3

512

32.3 ± 42.0

4.6

30.5

511

45.8 ± 53.2

3.6

17.5

597

37.3 ± 48.9

4.7

33.5

609

44.2 ± 49.4

4.5

33.8

Typical flow rates and averaging times are 0.5 - 1 liter∙min-1 and 3 s-1, respec
tively. The response depends on PM size and cross-sensitivity to particle scat
tering, which can be measured simultaneously by a nephelometer.
Redistributed Iiquid-Iike OC can cause bias as it affects light scattering and
absorption. Bias in PSAP absorption coefficients can reach up to 50% - 80% at

high (15 - 20) organic aerosol to BC ratios [2]. Non-absorbing aerosols and
suspended particles can yield overestimates of absorption at 550 nm of about
20% - 30% that can be corrected for [69].
In contrast to PSAP and/or CLAP, COSMOS samples ambient air thru a

heated inlet. The heat removes most of the volatile aerosol components prior to
particle accumulation on the filter [70]. Charring Oflowvolatility organic species

may cause bias in COSMO measurements.
The MAAP is the only real-time absorption photometer that corrects for arti
facts from scattering by its design. It namely measures both the radiation trans
mitted through and scattered back from particles on a glass-fiber tape, and ir
radiation at various detection angles. Doing so, determines radiation fields in
forward and backward direction and permits correction for enhanced absorption
by filter loading, back- and multiple-scattering by PM and the filter matrix. A

two-stream radiative transfer model calculates the absorption coefficient σΑΤΝ.

MAAPs typically sample with a flow rate of 16.7 liter∙min-1.
Mass-specific absorption coefficient σap can be determined by dividing the

MAAP absorption coefficient by the [EC] obtained from co-located thermal
methods; at 550 nm and 670 nm, for instance, the recommended specific ab
sorption coefficients are 8 m2∙g-1 and 6.5 m2∙g-1, respectively [55].
The manufacturer specified MAAP minimum detection limit is <0.1 μg∙m-3
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for 2-min sampling times. Organic carbon can modify particle morphology,
which causes bias.
Absolute uncertainty of PSAP and MAAP measurements are typically 0.02
and 0.06 Mm-1 for 5-min averages [71]. The MAAP seems to be less prone to
interpret light scattering (Ksp) as light absorption than a PSAP or aethalometer.

3.3. Thermal Techniques
The SPS uses laser-induced incandescence, i.e. visible thermal radiation to detect
the refractory BC (rBC) mass of individual particles. An IR intra-cavity laser
heats individual particles to vaporization temperature (about 400°C). The SPS

permits continuous, real-time observation of rBC over a wide range of concen
trations. Calibration to ambient rBC material is the major cause of bias. Limita
tion of the size range may add uncertainty. In remote areas, the SPS captures the

size range, i.e. most of the rBC mass and about 50% of the rBC number [2]. The
SPS may fail to detect particles less than 160 nm in diameter.
Several thermal desorption techniques exist. AU of them are offline. They

measure total OC, as they fail to distinguish between organic material (e.g. pol
len, spores, yeasts) and primary emitted combustion-related OC aerosol.
The most common thermal methods for BC-OC separation use that BC is
non-volatile while OC is volatile. First, the sample filter is heated in helium gas
to Volatilize OC at temperatures ≤ 550°C. Some protocols ask for a cooling time
thereafter. Next the sample is heated in a 98% helium, 2% oxygen (O2) mix to ≥
550°C. IR absorption or flame ionization serves to detect carbon dioxide or me
thane formed from the released gases [2].
Overestimates of [EC] may occur when some OC undergoes pyrolysis or
charring, which convert OC to EC at high temperatures [2]. Further uncertainty
exists from 1) interpreting OC as EC, or vice versa, 2) sample compounds re
tarding OC volatilization, or 3) sample compounds facilitating EC release.
Obviously, analytical results are an operational definition depending on the
measurement protocol. Any data comparison would require using the same
protocol at aU sites. Unfortunately, used protocols differ by temperature ramp
ing, correcting for OC charring during pyrolysis, and sample treatment. In the
VDI 2465/1 protocol, for instance, filter samples reside for 24 h in a 1:1 mixture
of toluene and 2-propanol to extract OC. After drying, filters are heated for 1
min at 200°C and 7 min at 500°C. Carbon evolving during this process counts as
non-extractable OC. Combustion at 650°C in an O2 atmosphere provides the
[EC]. Minimum detectable carbon mass loading is 9 μg C. The scientific com
munity has started a discussion on a standardized thermal-optical protocol for
measuring OC and EC [72].

Some thermal methods monitor the optical reflectance of the sample filter [2]
to correct for charring and pyrolysis effects. Thermal optical reflectance (TOR)
or thermal optical transmittance (TOT) methods provide apparent elemental
carbon (ECa). They collect PM on quartz-fiber filters. Thermal-optical analysis
monitors OC charring by the change in a laser signal either reflected from or
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transmitted through a filter punch. These methods define the carbon evolving
after the detected optical signal attains the value it had prior to heating as EC.
All other carbon count as OC [73]. Uncertainty in thermal measurements may
results from inaccurate correction for charred OC and catalytic oxidation of BC
when the sample contains metals or metal oxides.
The integrating sphere method measures attenuation. A calibration curve es

tablished with commercial BC (Elftex 124, Cabot Corporation) permits conver

sion of the decrease in signal to [BC]. The analysis requires homogeneous sam
ples either from a rotating impactor, or suspensions in liquid. In the former case,
the sample filter is placed at the entrance port between the light source and

sphere. The sphere behaves as a diffuse detector. The change in transmission
between the loaded and reference filters is interpreted as caused by absorption.
In the latter case, the loaded filter is dissolved in a suitable solvent (e.g. chloro

form for polycarbonate filters). The refractive indices of the solvent and most

aerosols are similar. Thus, non-BC aerosols cause no enhanced light absorption
even when not fully dissolved. After placement of the dissolved sample in the

center of the sphere, light from the source and the light uniformly distributed

within the sphere irradiate the sample. Any absorbing substance in the sample
decreases the signal. In this kind of spheres, the detector is at the bottom port
and a second diffuse detector is at the entrance port of the light beam. This setup

also permits analysis of samples on filters [74]. Uncertainty results from the as

sumptions of no scattering losses and homogeneous optical filter properties.

3.4. Acoustic Detection Method
Photoacoustic spectrometers (PAS) draw particles into an acoustic cavity at typ

ical flow rates of 1 liter∙min-1. Here a power-modulated laser irradiates them.
When particles absorb laser light, they transfer heat to the surrounding gas. Sen
sitive microphones detect the sound wave caused by heating and cooling. The
intensity of the wave is interpreted as PM light absorption by calibration with

NO2 absorption. Typical averaging times are 3 to 4 s. Uncertainty results from
gas-phase absorbers interfering with the BC detection. Overall uncertainty is
about 5% [75]. A recent study demonstrated that the sensitivity of PAS is too
coarse to capture typical [BC] of the high Arctic.
3.5. Instrument Comparison and Cross-Calibration

Due to their design the various instruments may provide different concentra
tions. Recommendations for calibration and inter-comparison of filter-based

visible light absorption instruments can be found in [69]. Most instrument in
ter-comparisons took place in mid-latitude urban environments. A comparison

of thermal and thermal-optical methods (TOT) using Sunset instruments, the IS
method, and MAAP in Vienna, for instance, revealed 44% and 17% lower [EC]

with the TOT than the mean of all observed [EC] including the TOT data; IargDOI: 10.4236/ojap.2018.72010
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est discrepancy occurred for large contributions of brown carbon to total carbon

[76]. Mean [BC] from filter and impactor samples collected for 3 weeks analyzed

with a thermal method, a thermal-optical method, the VDI method, a filter
transmission method and IS method agreed with the mean [BC] from co-located
aethalometer and MAAP within their standard deviations [55]. Co-located (si
dewalk level in Vienna in June 1998) [BC] measurements revealed that the ae

thalometer provided only about 50% of the [BC] obtained with the IS method
[55], i.e. a factor of 2 difference.

In urban environments, [BC] can be several orders of magnitude higher than
in the Arctic. At low concentrations, a small difference among measurements

can already mean a factor of 2 differences, while at high concentrations, a factor
two difference requires a large difference in [BC] [77]. This means at the typical
Arctic [BC], distinguishing between signals, noise and inter-instrument uncer

tainty may become challenging.
Aethalometer, thermal desorption and SPS measurements at Alert between
March 2011 and December 2013 showed that typically, [EBC] was 2.7 and [EC]

was 3.1 times higher than [rBC] [58]. At Zeppelin station, Norway, annual mean

[BC] from aethalometer observations in 1991, and 2001-2007 [57], and an opti
cal method on W41-filters between 1991 and 2004 [78] agreed well during over

lapping times [61].

[BC] determined by COSMOS, thermal-optical measurements, and SPS la

ser-induced incandescence agreed within 10% [70]. CLAP and PSAP attenuation
coefficients co-measured at 17 sites agreed within 8%, i.e. measurement uncer
tainty; CLAP and PSAP noise levels are similar within a factor of 2 [68].
Corrected TOR data provide the same OC/EC splits for most temperature

protocols. For identical temperature protocol, simultaneous thermal/optical
transmittance (TOT) corrections provide 30% lower [EC] than TOR; for proto

cols with high temperatures and short residence times, [EC] can be 70% - 80%
lower than TOR. This behavior occurs for samples dominated by anthropogenic

combustion and wildfires [73]. Aethalometer derived [BC] were only 30% of
those obtained by an IS method; the IS method suggested a 21% overestimation
compared to a thermal method [55].
Figure 5 compares measurements from two calibrated, co-located aethalome
ter performed at College, Alaska. For the time shown, at 370 nm, [BC] mean,

standard deviation, skewness, and kurtosis were 8.4 ± 8.8 ng∙m-3, 7.5, and 116.8
for aethalometer 545, and 7.7 ± 7.5 ng∙m-3, 7.2, and 98.1 for aethalometer 361,
respectively. This means that these moments were 10%, 17%, 5% and 20% lower
for 361 than 545. Measurements had a correlation coefficient of 0.909, i.e. 83%
correlation. At 880 nm, correlation was 87% (R = 0.932). Mean, standard devia
tion, skewness, and kurtosis were 15.0 ± 16.1 ng∙m-3, 5.5, and 41.5 for aethalo

meter 545, and 13.9 ± 13.8 ng∙m-3, 5.5, and 49.1 for aethalometer 361; i.e. aetha
lometer 545 provided an 8% and 16% higher mean and standard deviation, a
15% lower kurtosis, but same skewness than aethalometer 361.
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Figure 5. Comparison of [EBC] as obtained by two co-located aethalometer in College.

Data shown are for 1-8-2018 1230 LT to 1-16-2018. Temporal evolution as obtained by
aethalometer 361 (purple) and 545 (green) at (a) 370 nm, (b) 880 nm, scatter plot of

[EBC] obtained from aethalometer 545 vs. 361 for (c) 370 nm, and (d) 880 nm.

Observations at 370 and 880 nm correlated 83% (R = 0.923) for aehalometer
545, and 87% (R = 0.939) for aehalometer 361. During the time period, 5-min
mean and maxima of [BC]370nm were 196.1 ng∙m-3 and 148.5 ng∙m-3 (24% differ
ence) and those of [BC]880nm were 208.9 ng∙m-3 and 220.7 ng∙m-3 (5% difference)
for instrument 545 and 361, respectively.
Discrepancies may be due to local emissions, heterogeneous distribution of
BC in air, discrepancies in the onset of a new measurement cycle, and aforemen
tioned differences from one instrument to the other. Heterogeneous distribu
tions may occur due to segregation effects [79]. The skewness, and kurtosis val
ues hint at discrepancies from size distribution. The tails approach zero fre
quency more slowly than a Gaussian, i.e. there are more outliers. Once a large
particle enters one device, the other device cannot pick it up and large differenc
es occur (Figure 5).
3.6. Normalization of Data from Various Sites
When applied to different sites, aethalometer-correction algorithms often fail to
remove the ATN-dependence from shadowing effects [80]. Values of Vapare
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about constant in the same environment, but differ among regions. Aging of BC
aerosol namely not only depends on co-emissions, but also on meteorological
conditions due to temperature and/or moisture dependent reactions, transport

and removal processes [6]. Unfortunately, climatological conditions in the Arc
tic range from temperate maritime climate along the Norwegian coast, over
warm summer continental (hemiboreal), sub-arctic and boreal climates to tun
dra climate along the North American and Siberian coasts of the Arctic Ocean

[20]. Consequently, even when measurement protocols, filters, sampling times,
flow rates, and instrument types are the same, [BC] data from sites in different

Arctic environments are not necessarily comparable due to site-dependent cor
rections [80].
Temporary co-location of filter-based absorption photometers (e.g. PSAP,
MAAP, CLAP) can provide a site-dependent normalization factor

That permits comparison of BC measurements by identical aethalometer at
different sites. This factor gives how much greater the attenuation coefficient is
when compared to the light absorption coefficient of the co-located filter-based
absorption photometer that had been corrected for loading and scattering arti
facts (see Section 3.2). This normalization avoids statistics to be concentra
tion-weighted. Recall filter-based absorption photometers are accurate within
20% - 30% of the true σap.
Using data from co-located filter-based absorption photometers at Alert
(Canada), Summit, Barrow (Alaska), Tiksi, Pallas (Finland), and Zeppelin
(Norway) yielded a normalization factor of 3.45 for Arctic aethalometer mea
surements at low elevation; this factor fails for high elevation (Summit). Typi
cally, uncertainty of Cfexceeds uncertainty from measurement noise. At Alert,
for instance, [BC] was determined for 1989 to 2007 using an aethalometer
cross-calibrated to a two-step thermal method. Consistent with common prac
tice, an effective attenuation coefficient of 19 m2∙g-1 and no loading corrections
were used [55]. At Barrow, and Ny-Alesund, for instance, long-term PSAP ob
servations of light absorption coefficient σΑΤΝ exist. However, σΑΤΝ has been
converted to BC mass concentration ([BC] = σATNσap) using different σap values
[81]. During 2012-2015, COSMOS measured σATNat these sites. COSMOS de
rived [BC] (using a σap determined in previous studies) agreed within 9% with
[EC] at Barrow over the 11-mon of PSAP and COSMOS co-location [81]. PSAP
light absorption coefficients exceeded those of COSMOS by 22% and 43%, at
Barrow (PM1) and Ny-Alesund (PM10), respectively [2]. COSMOS σΑTΝserved to
derive [BC] from the PSAP σΑΤΝmeasurements made since 1998 [81].

4. Arctic Black Carbon Observations
4.1. Black Carbon Vertical Profiles

Few vertical profiles of [BC] exist. A 2-years (2011-2012) campaign with 200
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vertical profiles up to 1200 m above ground level from tethered balloons at
Ny-Alesund showed the following major behaviors [82]: Background conditions
showed homogeneous [BC] profiles, while transport caused strong vertical gra
dients. Surface inversions and/or local emissions led to high [BC] close to

ground. Ground-based plumes of secondary aerosol formed from local emis
sions of pollutants led to decreasing [BC] with height dependent on size [82].
During the Arctic Climate Change Economy and Society (ACCES) campaign,
vertical profiles of BC mass mixing ratios (MMR) up to 11 km height were de
rived from SP2s flown onboard of two aircrafts over Iceland, West Greenland
both in 2012 and 2013, as well as Scandinavia up north to Svalbard in 2012; BC
MMR were ~10 ng/kg and nearly independent of height as expected given weak
local sources/sinks and far distant source regions [83]. Data collected in the

North American Arctic during the April and June-July 2008 Arctic Research of
the Composition of the Troposphere from Aircraft and Satellites (ARCTAS)

campaign also showed that transport efficiency, source region and season de
termined [BC] profiles; on average over all Arctic flights, [BC] was 107 ± 55
ng∙m-3 and 9.9 ± 5.7 ng∙m-3 in spring and summer, respectively.
4.2. Black Carbon in the Near-Surface Atmosphere
Arctic BC measurements are scarce. At Kevo, atmospheric [BC] were derived
from weekly filter samples using optical and thermal-optical methods from 1964
to 2010. This dataset is the longest Arctic [BC] record. At the research stations
Alert, Barrow, Ny-Alesund, Summit, Nord (Greenland), Pallas, and Tiksi, data
exist from long-term monitoring of [BC] with aethalometer. At some places, da

ta exist from individual research projects or field campaigns. At five background
sites in Finland, [BC] observations from MAAPs and aethalometer exist; an
nual mean [BC] was highest at Virolahti (385 - 460 ng∙m-3), followed by Hyytiälä (250 - 370 ng∙m-3), Uto (230 - 270 ng∙m-3), Puijo (225 - 230 ng∙m-3), and
Pallastunturi (60 - 70 ng∙m-3) [84]. Typically, PM2.5 contained between 5 and
10% BC with highest percentage at Virolahti located close to the Russian border.
Figure 6 summarizes mean [BC] in the sense of a climatology following [21]

[85] with samples of [BC] taken for periods of different length, at different times
and locations between 1969 and 2017 as found in the literature and calculated
from publically available data.
At Tiksi, 2-yr observations showed distinct seasonality in [BC] (8 - 302
ng∙m-3); biomass burning contributed 19% - 73% to [BC] [58]. At Kevo, winter,
spring, summer, and fall 1964-2010 mean [BC] were 339, 199, 127, and
213 ng∙m-3, respectively. Wood burning contributions to [BC] were marginal
[61]. At the five Finish sites, spring and winter concentrations were highest due
to long-range-transport of BC, increased domestic wood burning and reduced
atmospheric boundary-layer heights. Summer [BC] was lowest due to more ef
fective vertical mixing. At all sites, highest [BC] occurred under southerly winds.
Backward trajectories indicated Central and Eastern Europe as source regions.
During these episodes, non-fire anthropogenic sources and open biomass
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Figure 6. Composite of mean near-surface [BC] derived from monitoring, field cam
paigns or projects with various devices as reported in the literature [5] [15] [16] [57] [58]

[84] [86]-[91] and EBAS. Data are means over periods of different lengths and/or years.

Data of the RV Akademik Mstislav Keldysh cruises were digitized from Figure 2 in [91].

burning contributed about 62% and 36% to total [BC], respectively; biomass
burning occurred most often in spring [84].

In the summers and winters from 1990 to 1992, [BC] were about 11 and 93
ng∙m-3 at Zeppelin (475 m ASL); in summer/fall and winter/spring 1979 to 1990,
[BC] was 5 and 66 ng∙m-3 at Gruvebadet (0 m ASL), respectively. It is unclear
whether the different elevation, time, changes in circulation, and/or emissions
caused the quite different [BC]; generally, measurements at Zeppelin represent
the free troposphere [57]. At Zeppelin, the 1998-2007 annual mean and median

[BC] based on thermo-optical calibration were 39 and 27 ng∙m-3, respectively.

Calculation of mean annual courses of [BC] revealed stronger day-to-day var
iation and an order of magnitude or so higher concentrations in winter than

summer (Figure 7(a)). [BC] data indicated strong relationships to upwind local
emissions, meteorological conditions, and climatological regimes. In the tempe
rate maritime climate along the Norwegian Coast, for instance, frontal passages
occur frequently and remove particles by scavenging; in sub-arctic climates, fre

quent inversions yield accumulation of particles [21]. Multi-year annual mean
diurnal courses differ strongly from monthly or seasonal mean diurnal courses

(Figure 7(b), Figure 7(c)). Distinct differences exist in weekend and weekday
hourly means and diurnal courses (Figure 7(d), Figure 7(e), Table 1).
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Figure 7. Examples of temporal variability as obtained from aetholometer measurements
at selected sites. Alert 1989-2012 (a) Mean annual course of hourly means of [BC], (b)

Mean diurnal course of hourly means of [BC], and (c) Mean September October (SO)

1989-2012 diurnal course of hourly means of [BC]. Mean annual cycles at Barrow, and
Ny-Alesund show simular behavior as Alert. Mean diurnal course of 5-min means of

[BC] on weekdays and weekends both at 370 and 880 nm at (d) Tiksi during SO 2010,
and (e) Circle, Alaska 1-23-2018 to 3-13-2018 (LT).

Figure 7(d), Figure 7(e) and Figure 4(c) also reveal that Tiksi, Circle and Col
lege have similar mean diurnal courses with higher concentrations around noon
and at night than in the morning and evening. Hourly means of [BC] also reflect

the different typical work hours in the US (9 to 5 LT) vs. Russia (7-4 LT). Besides
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seasonal, daily, and diurnal variability, tropical and mid-latitude long-term re
gimes govern Arctic [BC]. At Alert, for instance, observed [BC] was 40% higher
during positive than negative phases of NAO [16].
Various studies indicated changing [BC]. In Finland, for instance, annual
mean [BC] decreased by 9.5 ng∙m-3 per decade between 2001 and 2007; this de

crease is similar to the detection limit [57]. According to a Mann-Kendall trend
test, Kevo annual mean [BC] decreased significantly by 78% with about 1.8%
yr-1 from about 300 to 82 ng∙m-3 between 1970 and 2010. This decrease showed

peaks around 1976-1977,1985-1987, and 1999 that well correlated with observed
nickel in air concentrations. Obviously, emissions from extensive ore smelting
on the Kola Peninsula contributed notably to PM during these years [61]. At
Alert, [BC] decreased 61% with 3.4% yr-1 from 90 ng∙m-3 to 35 ng∙m-3 between

1989 and 2007; in the 1990s, net decreases of [BC] were about 54% and 27% at
Alert and Barrow, respectively [16]. Various authors attribute the decreasing
[BC] to the collapse of the economy in the former USSR [91] [92].

At Alert and Barrow, [BC] began to increase around 2000-2001 [16]. At Alert,
relative contributions from Eurasia to observed [BC] have declined from greater
than 90% to about 75%; concurrently, those from North America have increased
from less than 10% to nearly 25% [92].

4.3. Black Carbon in Snow

Nucleation-scavenging is the major process for removal of BC-containing aero
sol from the atmosphere [93]. Thus, cloud and precipitation formation and ul
timately precipitation affect BC’s lifetime. Examining aqueous deposition for
[BC] is uncommon.

Sampling snow to determine its BC mixing ratios started in the 1980s; it be
came more frequent since the 1990s. Figure 8 summarizes BC in snow mixing
ratios found in the literature. In the European Arctic, 484 surface samples and 24
column samples (covering the accumulation season) were collected from 2007 to
2009. Mixing ratios were up to 88 ng of black carbon per gram of snow (ng∙g-1)
in Scandinavia; mixing ratios decreased with increasing latitude: 11-14 ng∙g-1
in Svalbard (74N - 81N, 10E - 34E), 7-42 ng∙g-1 in Fram Strait, and 9 ng∙g-1 in

Barrow [97]. In Svalbard, the 2007 median of 81 samples was 4.1 ng∙g-1 with
values from 0 to 80.8 ng∙g-1. The 2010 snow samples collected over the Canada
Basin and Arctic Ocean north of 65N showed mean and median of 13.6 ng∙g-1
and 10.7 ng∙g-1 with mixing ratios ranging from 1.4 to 164.6 ng∙g-1 [4]. Snow
samples on sea-ice collected in spring 2008-2013 between Greenland, Ellesmere
Island, and the North Pole (82N - 89N, OW - 100W) had medians of 4 ± 3 ng∙g-1
[94]. Observed [BC] in snow on sea-ice decreases from Arctic coastal regions to
the center of the Arctic Ocean [4] (cf. also Figure 8).
According to 36 snow samples from sites across the Arctic (Alaska, Canada,
Greenland, Russia, Arctic Ocean near the North Pole) from 2007 to 2009, often
more than 75% of the BC in snow stemmed from biomass or biofuel combustion
[98].
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Figure 8. Composite of BC in snow mixing ratios found in [94] [95] [96].

These mixing ratios give a glimpse at the input into ecosystems after snowmelt
from both sedimentation and removal by precipitation related processes. Some
of the snow mass sublimates over winter. Thus, the mixing ratios found in snow

samples at the end of winter, most likely exceed the ratios present in snowflakes
at the time of snowfall.

Like atmospheric [BC], BC in snow mixing ratios or [BC] in snow decreased
over time. In Alaska, Canada, and on Arctic Ocean sea-ice, for instance, [BC] in
snow decreased from 15 - 30 ppb to 5 -10 ppb within 20 years.

5. Conclusions and Recommendations
Meteorological (e.g. temperature, humidity, inversions, stability, snow, storms,
haze, prevailing wind systems) and oceanic conditions (e.g. open water vs.
sea-ice) influence BC emissions, [BC], aerosol formation, accumulation, aging
and removal. Since these conditions occur with regularity in a region, we con
clude that [BC] mitigation measures in response to the anticipated increase of
Arctic shipping have to be assessed with air quality models, which need spatial
and temporal emission data as input.
Our study revealed that the actual amount of BC emitted in the Arctic was
among minor reasons, uncertain due to 1) lack or inconsistent legislature for
reporting requirements among Arctic countries, and even within countries at
state/province levels; 2) no common standards for stack emissions measure
ments, 3) classification of emission sources, and 4) spatial allocation of emis
sions. Consequently, emission inventories using reported data show artifacts.
We conclude that standardized definitions of emission sectors, spatial allocation,
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as well as emission measurement and reporting protocols are needed when air
quality models are to be deployed in the search for Arctic-wide mitigation. En
forcement ofPan-Arctic wide consistent reporting would involve (time-consuming)
negotiations among the eight Arctic countries. In the meanwhile, a comparison
campaign could deploy the different emissions measurement devices concur
rently at the same sample of stacks to provide a basis for homogenizing existing
BC emissions datasets.

Unfortunately, [BC] can only be derived by indirect methods. Consequently,
existing [BC] data are inconsistent due to 1) systematic differences in measure

ment errors among different types of devices, 2) correction procedures, 3) dif

ferent measurement protocols, 4) inlet size, 5) different QA/QC methods, and 6)
methods to improve the signal-to-noise ratio. We conclude that establishing

generally accepted measurement protocols, and QA/QC standards for each of
the indirect methods could improve consistency of measurements performed by
the same equipment. If raw data from past measurements still exist, they should
be stored together with the processed data in public databases including meta

data on instrument settings, changes, QA/QC, corrections applied online, as well
as information on co-located instruments (if available). If possible, raw data
from the past have to be re-flagged according to an agreed-upon standard.
Doing so would allow scientists to create a homogenized picture of past Arctic

[BC] as a baseline for health and other impact studies, as well as determination

of trends.
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Abstract
The characteristics and climatology of funnel clouds in Alaska were examined
using operational radiosondes, surface meteorological observations, and reana
lysis data. Funnel clouds occurred under weak synoptic forcing between May
and September between 11 am and 6 pm Alaska Daylight Time with a maxi
mum occurrence in July. They occurred under Convective Available Potential
Energy >500 J∙kg-1 and strong Iow-Ievel wind shear. Characteristic atmospheric
profiles during funnel cloud events served to develop a retrieval algorithm based
on similarity testing. Out of more than 129,000 soundings between 1971 and
2014, 2724,442, and 744 profiles were similar to the profiles of observed funnel
cloud events in the Interior, Alaska West Coast, and Anchorage regions. While
the number of reported funnel clouds has increased since 2000, the frequency of
synoptic situations favorable for such events has decreased.

Keywords
Alaska Funnel Clouds, Funnel Cloud Climatology, Similarity Retrieval
Algorithm, Mesoscale Fordng for Funnel Cloud Formation in Alaska

1. Introduction
Over the last decade, Alaska funnel douds received increasing attention from the

media and public because of the increase of funnel doud reports and interest in
climate change [1]. Most reports come from the public in populated areas,
weather forecasters or trained spotters, and passengers and pilots within flight
corridors. Less than 2% of Alaska is developed (Figure 1), meaning that proba*Corresponding author.
DOI: 10.4236∕acs.2017.72016
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Figure 1. White circles denote the location of funnel cloud sightings in Alaska from 1955
to 2014. Yellow stars indicate radiosonde launch sites. Chartreuse lines are the paved

roadnet. Names refer to locations mentioned in the text. SARS is the Small Arms Range

Alaska. The Brooks Range is North of the map.

bility is high for events to remain unreported in unpopulated areas [2]. Fur

thermore, only eight operational Weather Surveillance Radar 88 Doppler
(WDR-88D) radars exist in Alaska leaving large areas without radar coverage.
Alaskans have followed the reports of funnel clouds with great interest and

concern as funnel clouds mean a threat to air traffic [1]. Due to Alaska’s vast
land and low population density (0.5 persons per square kilometer), many vil

lages are off the road network (Figure 1). Using small aircrafts to reach one of

the three major cities (Anchorage, population 300,950, Fairbanks 32,324, Juneau
32,660) for shopping, medical care, or visiting is as common to Alaskans like

using subways, trams, taxis, and busses for metropolitan residents elsewhere in
the United States. These aircrafts, which fly below 3 km above ground level, also

deliver general supply, mail service, and medical transport to/from remote set
tlements [1].
Three major mountain ranges, the Brooks Range, White Mountains, and

Alaska Range, run from west to east. The Brooks Range is the northernmost, and
the Alaska Range, the southernmost (Figure 1). Between the ranges are boreal
forest-covered wide valleys.
This complex topography of high glacier-covered mountains, steep mountain

passes, and wide, low populated valleys exposes aviation to several threats. In

mountainous terrain, like along the coast, weather can change quickly [3]. Fog
can close mountain passes and valleys, and thunderstorms may build in air cor

ridors, and in-cloud icing may occur [4]. Funnel clouds add another potential
flight hazard [1].
No forecasting system exists for funnel clouds in Alaska [1]. The sighting and
software detection protocols for tornadoes used by the National Weather Service

(NWS) were developed for the Central United States. There, the majority of
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♦♦t; Scientific Research Publishing

S. G. Edwin et al.

funnel clouds are associated with tornadoes and develop in high-reaching severe
thunderstorms [5] [6]. As our analysis showed, none of the funnel cloud sight
ings in Alaska were associated with these types of mesoscale systems [1]. Con
sequently, the applied protocols may of limited or no use for Alaska.
Understanding the characteristics, forcing, formation and climatology of
Alaska funnel clouds is vital towards forecasting them. The goal of this study was
to establish a funnel cloud climatology based on radiosonde and reanalysis data

to shed light on the characteristics and forming mechanisms. We hypothesized
the following: a) Funnel clouds occur under distinct weak synoptic scale condi
tions that permit formation of topography induced mesoscale systems; b) The
vorticity required to generate funnel clouds is due to interaction of the synoptic

scale wind field and local wind systems. Consequently, similarity criteria can be
determined to identify past and future potential funnel cloud events. While the
latter is of interest for forecasting, the former permits assessment of frequency of
funnel cloud occurrence to evaluate the increase in funnel cloud reports events

since 2000.

2. Datasets and Methods
2.1. Funnel Cloud Reports
The Alaska NWS has collected funnel cloud reports since 1955 [7]. This dataset
excludes tornadoes except for persuasive purposes on radar detection capabili
ties. The dataset encompassed 43 funnel cloud reports between 1955 and 2014.
Most reports came with broad location descriptions instead of geographic coor
dinates. We discarded two sightings due to missing date, time, and location data.
We excluded water sprouts or funnel clouds spotted over ocean from our study.
AU remaining 41 funnel cloud events occurred near populated areas, along air
corridors, along the coasts and within major valleys (Figure 1). Under consider

ation of the Alaska climate divisions [3] [8], we grouped the 41 reported events
into three regions of similar atmospheric and landscape characteristics: a) The
Interior with Fairbanks and McGrath characterized by the Tanana Valley with
mountains to the North and South; b) the Alaska West Coast with Nome and
Bethel influenced by the Beaufort Sea; and c) the Anchorage area governed by
mountains and the northern coast of the Gulf of Alaska.

2.2. Soundings, Weather Radar, Reanalysis, and
Surface Observations
In Alaska, operational twice daily (00 UTC, 12 UTC) radiosonde launches

started in the 1940s. Archiving started 1948. The launch time changed in 1957.
Since then, radiosonde data are available in winter at 2 pm Alaska Standard
Time (AKST = UTC-8 h) the previous day and 2 am the same day, and in sum
mer at 3 pm the previous day and 3 am Alaska Daylight Saving Time the same
day (AKDT = UTC-9 h). The soundings provide pressure, height, temperature,

wind speed and direction, and dew-point temperature.
Prior to 1971, most dew-point temperature data are missing. Due to technical
Scientific Research Publishing
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issues, there are periods of missing dew-point temperature data or otherwise in

complete radiosonde data between 1989 and 1999. Out of the 41 funnel cloud
reports, 32 events occurred within ±6 hours of the launch. Of these 32 sightings,
19 occurred within ±2 hours of a launch, and inside a 40-km radius of the site

(Figure 1).
In Alaska, operational radar observations started in 1993, archiving in 1997.
Between 1997 and 2014, ten funnel cloud events occurred within the 230-km ra
dar range (four at Anchorage, two at Fairbanks, two at Bethel, two at Nome).
Only four of them had latitude and longitude coordinates [7] for locating and
analysis in radar data.
In Alaska, surface observations are sparse. Hourly observations of near-sur
face wind direction from the National Climate Data Center were available for
some locations for limited time. We used the National Center for Environmental
Protection/National Center for Atmospheric Research global reanalysis data [9]
[10] at 300, 500 and 1000 hPa.
2.3. Data Processing
Progress in measurement techniques, digital possibilities, and radiosonde-loca
tion retrieval increased the accuracy and data resolution over time [11]. Conse
quently, the radiosonde dataset is inhomogeneous with respect to data quality,
accuracy, and quantity. The increased data quantity means an increase in vertical
and temporal resolution during an ascent.
Investigations of climatology and changes in climatology require data of same
or at least comparable resolution, accuracy, and quality [2]. We homogenized
the radiosonde dataset by introducing mandatory pressure ranges (Table 1), in
which we analyzed the observed funnel cloud events to determine profile cha
racteristics and later to retrieve profiles like those observed during funnel cloud
events.
To identify the synoptic scale situations under which funnel clouds occurred,
we analyzed the reanalysis maps at 300, 500 and 1000 hPa for all 41 observed
events. We made composite maps of synoptic situations of observed funnel
cloud events for each region.
We also calculated composite maps using the reanalysis data of those days
identified by the similarity retrieval algorithm (see Section 2.5) as potential fun
nel cloud events. Comparison of the composites of retrieved and observed fun
nel cloud events served to evaluate whether the retrieved events represented
synoptic conditions in a mesoscale sense (weak synoptic forcing, strong wind
shear in ABL, close to or saturated air in the lower troposphere with strong wind
shear in the ABL) like on days with funnel cloud events. If so, the retrieval algo
rithm could identify synoptic situations suitable for funnel cloud events in nu
merical weather prediction (NWP) data.

2.4. Characteristics of Observed Funnel Cloud
Events-Baseline Profiles
Theoretically (cf. [5] [12] [13]), the concentration of funnel cloud reports over
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Table 1. Baseline profile limits based on the sounding analysis: Mandatory pressure (p) ranges required to have valid measure
ments for being considered in the determination of the baseline profile limits of funnel cloud characteristics for the three regions

for air temperature (T), dew-point temperature (Td), and wind speed (v). The closest radiosonde site in a region was used except
for events that fell between two sites. Baseline profiles and limits were then determined for the same event for both sites. In the
columns named “events between Fairbanks and McGrath” and “events between Bethel and Nome,” the first and second columns

refer to the first and second mentioned sites. For further details see text.
Regions
Sounding

site

Interior
Fairbanks

McGrath

Anchorage area

Alaska West Coast

Fairbanks and McGrath

Bethel

Bethel and Nome

Anchorage

T (∙c)

p(hPa)
250 - 150

-60.8 - -43

-71.2 - -54

-63.9 - -50.5

-66.2 - -58.6

-71.4--52.8

-70 - -57.4

-71.7 - -56.4

-78.0 - -63.0

350 - 250

-52.2 -44

-55.4 - -48

-56.6 - -40

-53 - -49.1

-58.2 - -45.3

-57.7 - -49.6

-58.7 - -47.3

-77.5 - -42.0

350 - 250

-52.2 - -44

-47.8 - -26

-50.8 - -28.6

-36.6--31.2

-53.9 - -32.2

-41.7 - -32.9

-43 - -33.7

-50.0 - -38.3

550 - 450

-24.1 - -16

-27.9 - -21

-53.1 - -14.9

-47.9 - -10.3

-48.1 - -18.9

-31.1--19.7

-40.4 - -17.4

-42 - 25.7

738 - 650

-6.4 - -1

-11.6--5

-14.5 - -2.1

-4.4 - -7.5

-14.5 - -5.5

-12.6 - -4.6

-18.2 - .5

-36.0--1.2

888 - 813

4.4-11

-1.6-7

-4.6 - 3.4

-0.5 - 1.7

-0.5 - 1.5

-1.1 -3.6

-0.8 - 5.7

-12.0 - 6.4

963 - 888

9.1-12

6-11

2-6.8

-0.5 - 6.7

1.1 -9.2

1.6 - 7.8

2.1 -9.8

-9.0 - 4.2

>963

10.8-21

14 - 21.3

5.3 - 9.9

5.1-9.7

6.5 - 12.3

5.6 - 9.6

2.7 - 12.9

-0.8 - 9.4

Td(°C)

P (hPa)
250 - 150

-77.6 - -53

-57.5 - -43

-56.7 - -51.4

-57.3 - -50.3

-57.2 - -45.1

-49 - -45

-56.7 - -42

-53.8 - -42.0

350 - 250

-61 - -50

-45.3 - -45

-47.6 - -45.2

-47 - -45.1

-48.3 - -38.4

-51.9 - -42.6

-48.3 - -45

-53.5 - -45.3

350 - 250

-61 - -50

-30.3 - -20

-32.3 - -29

-32.2 - -29.1

-33.4 - -25.7

-37.6 - -29.6

-34.9 - -30.7

-44.0--31.4

550 - 450

-27.8 - -21

-20 - -16

-23.2 - -16.3

-24.4 - -16.2

-22.6 - -13.7

-26 - -17.5

-23.8 - -18.4

-32.0--19.6

738 - 650

-9.5 - -1

-2.3 - 0

-8.9 - -2.2

-9.9 - -3.2

-6.6 - -0.6

-9.2 - -3.7

-7.3 - -2

-13.0 - -4.0

888 - 813

0.2-7

8.2 - 12

2.6-8.3

-0.4 - 5.6

1.7-8.8

-0.4 - 6.4

2.2 - 7.2

-2.4 - 5.4

963 - 888

4.4 - 12

14.2 - 16

6-13.9

3.9 - 11.2

4.4 - 13.9

3.7 - 10.6

7.2 - 12.6

-0.2 - 13.3

>963

9.6 - 15

6.8 - 29

6 - 17.5

5.9 - 13.5

9 - 22.5

8.19 - 18.7

9.7 - 20.8

9.5 - 15.3

v (m∙s-1)

P (hPa)
250 - 150

0.8 - 12

0.9-11

1.3 - 13.5

6.6 - 25.9

7.8 - 42

0.6-9

0 - 18.3

2.2 - 23.4

350 - 250

5.2-6

5.6-6

0-13.5

5.2-31.7

9.4 - 42.4

2.6 - 20.8

0-26

26.9 - 31.7

350 - 250

5.2-6

1 - 11

4-11.4

4.1 - 26

8.2 - 27.5

3.4 - 14.5

0.7-21

5.0 - 20.2

550 - 450

0-8

0-12

1 - 15.7

3.2 - 24.5

4.6-21.2

2 - 12.5

2.4 - 14.6

1.8 - 15.2

738 - 650

0-8

0.9-5

0-21.9

2.4 - 14.3

1.6-13.5

3.5 - 10.4

1.5 - 14.6

1.6-8.0

888 - 813

2.4-4

0.4-2

0 - 16.3

0 - 15.4

2.7 - 6.3

2 - 12.2

2.4 - 7.1

0.0-11.0

963 - 888

0.0- 1.7

0-8

0 - 14.8

2 - 16.8

1.1 -3.5

2.3 - 12.4

0.9 - 6.6

0.0 - 18.4

>963

1.6-4

0-3

0-4.6

0-9.5

0.7 - 3.1

0.8 - 7.3

2.3 - 5.5

2.0 - 6.4

the summer and between 11 am and 6 pm AKDT as well as the lack of thun
derstorms near the reported location suggested that terrain- and ocean-induced
circulations may be key in funnel cloud formation. During funnel cloud events,

lifting condensation levels were between 1000 and 800 hPa. Close to or saturated
conditions existed in a layer of 500 m to 2 km thickness (Figure 2).
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Figure 2.

Examples of radiosonde profiles on days with funnel cloud sightings (a) at

Fairbanks in the Interior on July 22, 2010 12 UTC; (b) at Bethel in the Alaska West Coast
region on July 29, 2004 00 UTC and (c) close to Anchorage on July 1, 2012 00 UTC. At

the time of the radio soundings, convective available potential energy (CAPE) values were

1403 J∙kg-1, 1234 J∙kg-1, and 939 J∙kg-1, lifting condensation levels were at 950 hPa, 928
hPa, and 868 hPa and cloud precipitable water was 3 cm, 2 cm, and 1 cm at Fairbanks,

Bethel, and Anchorage, respectively. The actual funnel clouds occurred in Fairbanks on
2010-07-22 9:47 am, and between Bethel and Nome on 2004-07-28 at 1:25 pm AKDT. No

exact time was reported for the funnel cloud in the Anchorage region.

To understand the interaction of forcing at the synoptic scale and smaller
mesoscale, we used the soundings closest to the observed funnel cloud event to
assess the typical atmospheric conditions. Since dew-point temperatures were
widely unavailable in the dataset prior to 1971, the number of funnel cloud
events reduced to a total of 26 events with 8 for the Anchorage, 13 for the Inte
rior, and 5 for the Alaska West Coast area.

In these regions, air and ground temperature conditions vary widely from
May to September [3]. Given the small sample sizes for each region, means and
standard deviations failed to represent the range of funnel cloud conditions and
to create a representative baseline profile.
Therefore, for any pressure level within the limits of one of the pressure
ranges, the associated height, air and dew-point temperature were stored for the

Scientific Research Publishing
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funnel cloud events for each radiosonde site. In case of funnel cloud sightings
between two radiosonde stations (Fairbanks and McGrath, Bethel and Nome),
we stored baseline profiles for both sites.
In a next step, the maximum and minimum limits of the stored variables were
determined from all data available for that pressure range and radiosonde site.

Table 1 lists the resulting minimum and maximum profiles that give the range
ofbaseline profiles of funnel cloud events in the respective regions.
Since the events occurred in different places (Figure 1) with different topo

graphy (e.g. valley height, slope direction, steepness), wind direction differed
largely among events in the atmospheric boundary layer (ABL). Therefore, no
baseline profile ranges were determined for wind direction.

2.5. The Similarity Retrieval Algorithm
Once the baseline profile limits were derived, we applied the following retrieval

algorithm for similarity testing. We searched the entire sounding database be
tween May and September between 1971 and 2014 for other days with profiles
that fulfill the baseline profile limits given in Table 1.
For profiles fulfilling these conditions, CAPE was calculated. Since reported
funnel cloud events that were close in time or space to the launch time and site
had CAPE about 500 J∙kg-1 or higher (Figure 3(a)), all those profiles falling

within the baseline profile limits (Table 1) with CAPE > 500 J∙kg-1 were consi
dered as having atmospheric conditions that could potentially lead to a funnel
cloud event. Note that the atmospheric conditions during the funnel cloud
event, which occurs close to the site and close to the launch time, are represented
better by the observed profile than the atmospheric conditions of events farther

away or with a large difference between the time of the sounding and event.
In the case of funnel clouds between two sites, the similarity retrieval algo
rithm screened for potential events using the data of both radiosonde sites and
the baseline profile limits determined for funnel clouds between the sites (Table

1). For atmospheric conditions to be considered as being like those during fun

nel cloud events occurring between the two sites, at each site, the profile had to
fall within the limits identified for that respective site for “events between sites,”
and CAPE had to exceed 500 J∙kg-1 at one site. For more details, see [1].

3. Frequency of Funnel Clouds
Four funnel cloud events occurred between 1950s and 1960s, 12 in the 1980s and
1990s, and 26 between 2000 and 2014 [7]. AU events that occurred close in space
or time to the location of the radiosonde site or time of the sounding had CAPE
of about or more than 500 J∙kg-1 (Figure 3(a)). Most funnel cloud events oc

curred between May and September with a peak in July (Figure 3(b)), and be
tween 11 am and 6 pm AKDT. Since funnel clouds occurred in various months
and at different times in the diurnal cycle, the ambient conditions during these
events varied over a broad range of air and dew-point temperatures (Table 1).
In the Interior, 13 funnel clouds were reported between 1955 and 2014. Near
230
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Figure 3. Frequency of observed funnel cloud events (circles) and their CAPE (a) within
2 hours of the radiosonde sounding or close to the site; (b) all events for which radi

osonde data were available no matter of the temporal or spatial distance from the launch
time and site. A circle corresponds to one event each. The gaps between 1989 and 1999

are due to erroneous dew-point temperature data and missing data.

Fairbanks, three funnel events occurred in the 80s and two in the new Millen
nium. One event occurred in May, three in July, and one in August. Near
McGrath, two funnel cloud sightings occurred in July. Six funnel cloud events,
three in July, and August each occurred between Fairbanks and McGrath. Here,
all events, but one were between 9 am and 6 pm AKDT.
In the Alaska West Coast area, five funnel cloud events occurred near Bethel
in the new Millennium, in the afternoon to early evening, with one in June, three
in August, and one in September. Two of the five sightings were on the same day
late in August. Six events occurred between Bethel and Nome, of which all but
one were in the new Millennium.
Eight funnel cloud events were reported between May and August near An

chorage. AU events occurred between 7:30 am and 6 pm AKDT.
Scientific Research Publishing
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The similarity retrieval algorithm identified 2724, 442, and 744 profiles like
those of funnel cloud events in the Interior, Alaska West Coast, and Anchorage
region, respectively (Figure 4). In the Interior, 1303, 417, and 1004 potential
funnel cloud events were found when searching the radiosonde data of Fair
banks, the combined data of Fairbanks and McGrath, and those of McGrath. In
the Alaska West Coast region, 404 potential funnel cloud events were retrieved
from the radiosonde data of Bethel, and 38 in the combined data of Bethel and
Nome.

Figure 4. Frequency of retrieved funnel cloud events (circles) and their CAPE for the (a)
Interior; (b) Alaska West Coast; and (c) Anchorage region between 1971 and 2014. A cir
cle corresponds to one event each. The gaps between 1989 and 1999 are due to erroneous

dew-point temperature data and missing data. Legends differ from Figure

232
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The retrieval algorithm identified more funnel cloud events prior to 1989
compared to after 2000. However, the number of observed funnel clouds has in
creased after 2000. If the retrieval algorithm works, these findings suggest that
the NWS’ funnel-cloud observation record is certainly biased by the increase in
population and availability of devices for documentation.
No circulation pattern in the Doppler velocity could be found in the radar ob

servations mainly due to the coarse temporal or spatial resolution of the radar
and due to the blocking of the radar beam in the complex terrain. Nevertheless,
the radar data indicated that no thunderstorms were present during the time and
near the funnel cloud location.

4. Environmental Conditions during Observed and
Retrieved Funnel Cloud Events
We analyzed the synoptic (mesoscale a) and mesoscale β∕γ conditions during
reported funnel cloud events and compared those to the synoptic and mesoscale

βlγ conditions during retrieved funnel cloud events. The goal of this analysis was
twofold: a) Evaluate the similarity retrieval algorithm and determine if the algo
rithm might be useful for identifying days of potential funnel cloud occurrence;
and b) understand under which synoptic and mesoscale conditions funnel
clouds might form, which could guide a more detailed analysis in the future.

4.1. Interior

During the observed funnel cloud events, the synoptic scale forcing was weak
over the Interior throughout the troposphere. At 300 hPa, a common feature was
a strong gradient in geopotential height south of the Alaska Range over the
northern Gulf of Alaska and a weak gradient over the Interior (Figure 2(a)). The

polar jet was located far south over the Gulf of Alaska with a west to east orien
tation parallel to the northern coast of the Gulf of Alaska. Per the reanalysis, at
500 hPa, the gradient winds came from the south, advecting air from the Gulf of
Alaska across the Alaska Range towards the Tanana Valley, while near-surface
winds blew west to east, up the Tanana Valley (Figure 5(a)). Conditions were

zonal and quasi-stationary with respect to the temperature conditions above the
ABL. Inversions were visible at different heights between 700 and 500 hPa in the
Skew-T diagrams of all observed funnel cloud events (e.g. Figure 2(a)).
In all observed funnel cloud events, the lower troposphere was moist or satu

rated; while the upper troposphere was relatively dry (e.g. Figure 2(a), Table 1).
The radiosonde profiles showed strong wind shear, but no common wind direc
tion in the ABL and mid-troposphere. The latter is because the observed events
occurred at different locations with different exposure and steepness of slopes.

The composite surface synoptic maps of retrieved and observed funnel cloud
events were similar in a mesoscale sense (e.g. Figure 5(a) and Figure 5(b)). In
dividual mid- and upper air maps suggested two weak synoptic scale weather
conditions were favorable for funnel cloud events in the Interior: a) A highpressure system over the Beaufort Sea including the North Slope with low pres-

S. G. Edwin et al.

Figure 5. Composites of reanalysis data showing geopotential heights at 300 hPa (top panel), 500 hP (middle panel), and 1000 hPa
(lower panel) on days of (a) observed; and (b) retrieved funnel cloud events in the Fairbanks region of the Interior. The synoptic

situations for events around McGrath, and between McGrath and Fairbanks look similar in a mesoscale sense (therefore not

shown).

sure over the Gulf of Alaska or b) a low off the Pacific Northwest coast with

marginal pressure differences north of the Alaska Range. Consequently, discre
pancy between the composites from retrieved and observed events in the midand upper troposphere was expected (e.g. Figure 5(a) and Figure 5(b)).
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4.2. Alaska West Coast

On days with funnel cloud events, all radiosonde temperature profiles, but one
showed an inversion in the ABL (Figure 2(b)) suggesting the involvement of a

sea-breeze system at least for events observed close to the coast (Figure 1). Un
fortunately, the few surface meteorological sites in the Alaska West Coast area
were a) too far away from the coast to examine for landward penetration of a sea

breeze, b) too far away from the funnel cloud event, or c) missing data during

the event.

On all days with funnel cloud events, the synoptic scale forcing at 1000 and
500 hPa was weak (Figure 6(a)). The surface map showed high pressure over the

Gulf of Alaska and low pressure over the Chukchi Sea. Depending on the posi
tion of these pressure systems, a northerly or southerly wind blew parallel to the

Alaska West Coast. At 500 hPa, winds blew seawards, near-surface winds came

from the South. Landward winds at 500 hPa coincided with near-surface winds
from the North.

At all levels, individual and the composite synoptic maps of retrieved (e.g.
Figure 6(b)) and observed funnel cloud events (e.g. Figure 6(a)) were similar in
a mesoscale sense. This finding suggests that the retrieval algorithm can identify
synoptic situations like those observed during observed funnel cloud events.
This means the NWS could use NWP data and the retrieval algorithm to identify

these synoptic situations.
4.3. Anchorage

The Skew-T diagrams for days with observed funnel cloud events suggested a
500 m to up to 2 km deep layer of close to saturation or saturated air and wind
shear around this level in the ABL (Figure 2(c), Table 1). AU reported funnel
cloud events had synoptic scale forcing at 300 and 500 hPa over the region, the

southern Yukon Territory and British Columbia (Figure 7(a)). The polar jet was
located south of the Gulf of Alaska. At the surface, a low occurred in the Gulf of
Alaska.

For the Anchorage region, for most retrieved profiles, the corresponding

synoptic maps appeared like the composite synoptic maps of the observed funnel
cloud events at all levels. This finding suggests that the algorithm captured situa

tions of same synoptic influence. The composite surface synoptic maps of both

retrieved (Figure 7(b)) and actual funnel cloud situations (Figure 7(a)) were

similar in a mesoscale sense.
Only a few retrieved profiles showed a different synoptic situation at 300 and

500 hPa than the composites of observed funnel cloud events. However, their

synoptic scale forcing was still weak like for the composites of observed funnel
cloud events.

These few different synoptic situations may be false alarms. A comparison of
the synoptic situation of each retrieved potential funnel cloud situation with the
composite synoptic situation of observed funnel cloud events permits discarding

S. G. Edwin et al.

Figure 6. Composites of reanalysis data showing geopotential heights at 300 hPa (top panel), 500 hP (middle panel), and 1000 hPa
(lower panel) on days of (a) observed; and (b) retrieved funnel cloud events around Bethel in the Alaska West Coast region. The
synoptic situations for events between Bethel and Nome look similar in a mesoscale sense (therefore not shown).

them. Note that these few different synoptic situations cause some of the differ
ences between the composites of retrieved and observed synoptic conditions

(Figure 7(a) and Figure 7(b)).
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Figure 7. Composites of reanalysis data showing geopotential heights at 300 hPa (top panel), 500 hP (middle panel), and

1000 hPa

(lower panel) on days of (a) observed; and (b) retrieved funnel cloud events for the Anchorage area.

5. Discussion on Possible Formation Mechanisms
Since the observed funnel clouds were unlinked to severe thunderstorms, and
occurred during weak synoptic conditions, we hypothesize that mesoscale dy
namics might cause enough shear instability to generate vorticity for funnel
cloud formation. Shear instabilities along the leading edge of density currents,
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such as frontal boundaries, sea-breeze fronts, thunderstorm outflow boundaries

or gust fronts can produce small-scale vertical vorticity maxima and areas of
enhanced updraft motion or “misocyclones” [14]-[24]. Studying 11 thunders
torm gust fronts with radar and rawinsonde data showed that the intensity of

misocyclones was most closely related to the strength of horizontal wind shear
across the gust front [22]. Here a series of small-scale (2-4 km) vertical vorticity

maxima spaced at 3 - 7-km intervals occurred. Numerical studies on misocyc
lone development along thunderstorm outflow boundaries showed that miso
cyclones distort the horizontal wind field by producing local maxima of
low-level convergence northwest and southeast of each circulation center [25]

[26]. These low-level convergences can result in enhanced updrafts.
Alternatively to misocylones, as air descents the mountains into a valley with

mountain-valley circulation, it generates horizontal vorticity rolls, which when
tilted upward lead to vertical vorticity [5]. Such lifting may be due to an updraft,
a barrier in the terrain like a hill, or the ascending branch of a sea breeze [24].

5.1. Interior
Our analyses of available data suggest terrain-induced mesoscale βlγflow inte

racting with large-scale synoptic flow under weak synoptic scale forcing (Figure
5(a)) as the vorticity producing mechanism for funnel clouds in the Interior.
AU observed funnel cloud events showed weak to calm winds over the Interior
up to 500 hPa in the reanalysis and radiosonde data (cf. Table 1, e.g. Figure
2(a)). Under such weak wind conditions, thermally-driven circulations such as
up- and down-valley flow can develop [5] [13] [24] [27]. The landscape of the
Interior permits differential surface heating due to local differences in vegeta
tion, terrain elevation, slope orientation and surface properties [4]. Consequent

ly, updrafts (small-scale), slope wind-systems (mesoscale y), and mountain-val
ley wind systems (mesoscale βlγ) may form.
Figure 8 exemplarily shows the 10 m wind direction on 22 July 2010 at three
sites (Fairbanks, Small Arms Range Alaska, Salcha; see Figure 1 for locations).

Figure 8. Diurnal course of wind direction (y-axis) in the Interior at three sites on July
22,2010. The funnel cloud occurred at 9:47 am AKDT. See text for discussion.
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The Salcha site is ~60 km up-valley from the Fairbanks site. The Small Arms
Range Alaska site is ~15 km from Fairbanks. The valley has a West-East direc
tion at Fairbanks and the range, and a West-Northwest to East-Southeast direc
tion at Salcha. An up-valley flow developed after sunrise (4:17 am AKDT) blow
ing from westerly directions at Fairbanks and Small Arms Range (Figure 8). The

funnel cloud occurred at 9:47 am AKDT over Fairbanks. The valley-mountain
wind system broke down in the Fairbanks area around 3 pm. Up-valley flow was
also found for other funnel cloud events in the Interior.
Given the weak to calm winds (cf. Table 1), any updraft would experience
only slight offset from its source at the ground, which constrains the updraft.
Chances are good for cloud development when saturation is reached [5]. The

dew-point-temperature profiles of the observed funnel cloud events suggested
high moisture in the ABL and cloud tops in the upper ABL to mid-troposphere

(e.g. Figure 2(a)). The different direction of the wind systems was key in gene

rating the vorticity for the funnel clouds (e.g. Figure 5(a), Figure 8), while the
mixing of cool air with warm valley air became essential in cloud formation
(Table 1).
The available data suggest the following mechanism for funnel cloud forma
tion in the Interior (Figure 9). Moist air from the Gulf of Alaska is slowly lifted

over the glacier-covered Alaska Range. It cools while flowing over the glaciers.
Once this cold air descends to the valley floor, it warms, but remains cooler than

the warm air that flows up the valley floor (Figure 5(a)). In addition, cold air
from above the White or Kuskokwim Mountains (see Figure 1 for locations)
may drain down the slopes into the valley (Figure 9). The valley near-surface

Figure 9. Potential mechanism for funnel cloud formation in the Interior. Gray letters

indicate the near-surface conditions of air temperature. Black letters indicate the temper
ature conditions aloft. The red arrow indicates the up-valley flow with red to pink indi
cating relatively higher and lower temperatures along the valley. The thick blue arrows

indicate the leading edge of the descending air. The thin blue arrows represent downslope
winds. Black spirals indicate vorticity tubes.
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winds and cool air moving downslope cause the wind shear. At the same time,

air of different hydrothermal properties mixes, which modifies stability and may
lead to cloud formation. The wind shear forces the air to rotate in horizontal
tubes parallel to the direction of the valley (Figure 9). Buoyancy due to differen

tial heating or slight terrain elevations lifts a rotating tube upward and a rotating
updraft forms. Once the lifted air reaches saturation, the rotation becomes visi

ble as funnels.
Alternatively, the cool descending air can act as a density current interacting

with the ambient warm up-valley flow forming maxima in vertical vorticity or

misocylones along the leading edge of the descending air (Figure 9).
5.2. Alaska West Coast
In the Alaska West Coast area, two different scenarios were found: a) An inland
wind at the surface with northerly wind at 500 hPa, and b) a seaward near-sur

face wind with southerly wind at 500 hPa flowing parallel to the coast.
Temperature contrasts between land and water may induce a sea-breeze cir

culation under weak synoptic forcing during the day [5] [13] [24] [27]. Most ra

diosonde data suggested an inversion in the ABL (e.g. Figure 2(a)). Cold air

drainage from mountains or hills can cause a frontal surface along their leading
edge [5] [13] [24].

The radiosonde profiles and reanalysis maps of funnel cloud events suggest
two scenarios: Funnel clouds form when weak northerly flow exists at mid and

upper tropospheric levels and near-surface winds blow from the sea. These con

ditions are favorable for sea-breeze development (Figure 10). The related wind
shear creates the vertical vorticity along the leading edge of the sea-breeze front.

During the long daylight hours (white nights), the circulation is barely disrupted.

Figure 10. Potential mechanisms for funnel cloud formation in the Alaska West Coast
area.
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Funnel clouds also form under weak southerly flow in the mid and upper
troposphere when cool air drains down the Nulato Hills or the Kilbuck Moun
tains and flows into the comparatively warm Yukon River Delta (see Figure 1

for locations). The density current interacts with the relatively lighter, warmer
air in the Yukon River Delta forming wind-shear instability, which enhances
vertical vorticity or misocylones along its leading edge. Once condensation oc
curs, funnel clouds can form in areas of enhanced vertical vorticity (Figure 10).

5.3. Anchorage Region
The Anchorage region has glacier-covered mountains to one side and ocean to
the other. It combines the terrain features that produce horizontal and vertical
vorticity in the Interior and Alaska West Coast area. As aforementioned, under

weak synoptic scale forcing, mountainous terrain can support formation of
slope-wind and mountain-valley systems including katabatic downslope winds

[27], while land-ocean contrasts can lead to sea-breeze systems [5] [13] [27].
These systems can interact [28] [29].
Per the reanalysis data and their composites from the observed funnel cloud

events (Figure 7(a)) weak synoptic scale forcing is an important pre-requisite
for funnel cloud formation in the Anchorage region. Weak synoptic forcing
permits development of local mesoscale wind systems that can create vorticity.

In the coastal regions, mountain valley circulations interact with the sea
breeze zone to generate horizontal vorticity. At the upward branch, the horizon
tal vorticity tube is tilted to form vertical vorticity. Farther inland, differential
heating of the steep, often glacier-covered mountains causes slope winds and

mountain-valley circulations. These wind systems create horizontal shear and
vorticity. Cool descending air can act as a density current interacting with the
ambient warm up-valley flow forming maxima in vertical vorticity or misocy
lones along the leading edge of the down-flowing air. Alternatively, terrain in
duced upward motions or buoyancy turn the horizontal vorticity tube vertical.
During ascend cooling can lead to condensation, and rotation becomes visible as
funnels.
Unfortunately, all reported funnel cloud events in the Anchorage area were far

apart from each other in location (Figure 1) and far away from surface meteo
rological sites. Thus, examination of the diurnal behavior of wind direction was
not possible.

6. Conclusions
Funnel cloud reports, surface meteorological, radiosonde, reanalysis and radar
data were analyzed to determine the climatology, characteristics, and forming

mechanism of funnel clouds observed in the Interior, Alaska West Coast and
Anchorage area. Between 1955 and 2014, a total of 43 funnel clouds occurred.
Most sightings occurred between 11 am and 6 pm AKDT between May and Sep
tember with July having the highest number of events. All funnel cloud events
close to the launch time and site had CAPE of ~500 J∙kg-1 or more.
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In all three regions, funnel clouds occurred under weak synoptic scale forcing
throughout the troposphere over the respective region. All radiosonde Skew-T/
log-p diagrams and radar analyses indicated that Alaska funnel clouds are
non-supercell thunderstorm clouds and owe their vorticity to wind shear in the
ABL Here, an approximately 500 - 2000 m thick layer of moist air was present
while air was dry aloft.

Interaction between mesoscale dynamics of different scales created wind shear
and the required vertical vorticity for funnel cloud formation in the ABL under

specific weak synoptic scale (mesoscale a) forcing conditions. These synoptic
situations depend on the region and can be identified from surface observations,
mid- and upper-level synoptic maps, and radiosonde profiles.
Local scale dynamics creates horizontal vortex tubes either by a combination

of a valley wind with slope winds (Interior) or a combination of slope or moun
tain-valley wind systems and sea-breeze circulation (Anchorage region). Diffe

rential heating due to the spatial patchiness of the land-cover, land-sea contrast,
and different insolation of slopes creates buoyancy. Updrafts or forced lifting in
uneven terrain or at surface discontinuities tilt the horizontal vortex tube into a
vertical one. Adiabatic cooling during lifting and mixing of air cool, dry, des
cending air with moist, warm, ascending air lead to saturation and cloud forma

tion at the top of the ABL, i.e. Alaska funnel douds are boundary layer clouds.
In the Alaska West Coast area, two situations occur: a) The synoptic-scale
wind field and land-sea contrast create the horizontal vortex tube that is tilted by

the upward branch of the sea breeze. b) The synoptic-scale wind field and densi

ty flow from cold air drainage off the Nulato Hills or Kilbuck Mountains create
the vertical vorticity.

A similarity retrieval algorithm was introduced by defining limits for temper
ature, dew-point temperature, and wind profiles and a minimum CAPE from
soundings during funnel cloud events. Soundings that met the limits and re

quirement were considered retrieved funnel cloud events. In the Interior, 2% of

the soundings between May to September 1971 to 2014 indicated potential fun

nel cloud events between Fairbanks and McGrath, a mostly unpopulated area.

Potential for funnel cloud events was less in all other regions. Given the large
fraction of unpopulated areas in Alaska, events may occur, but remain unob
served.
Alaska’s population increased from 547,160 in 1989 to 736,732 in 2014 [30].

Based on the results of the similarity retrieval algorithm, the number of potential

funnel cloud situations decreased after 2000 as compared to prior to 1989. This
finding suggests that the increase in reported funnel cloud events after 2000 may

be due to the increase in population and devices for documentation. Our results

further suggest that the NWS record certainly under-represents past events.
The resolution of operational radars is too coarse to serve for funnel cloud
warnings unless the event occurs close enough to the radar. However, the simi

larity of composites based on retrieved and observed funnel cloud events sug
gests that the retrieval algorithm can identify synoptic situations suitable for
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funnel cloud development. This finding is very important for development of
funnel cloud forecasts and warnings. Forecasters could use radiosonde data to
gether with synoptic analysis maps to identify days favorable for funnel cloud
formation. In addition, the retrieval algorithm could be modified to run with
NWP model forecasted vertical profiles to test whether the forecasted synoptic

situation may be suitable for funnel cloud formation. However, as to what extent
in lead-time such forecasts would be possible, would be subject to further re
search.
Future field studies should focus on vorticity development in the ABL to as
certain the exact forcing and winds necessary for funnel cloud development.
Given the scarcity of reported and potential funnel cloud events, a targeted field
campaign is rather difficult. Since such campaigns need at least a year or more in
lead-time, we suggest establishing a monitoring network of at least nine wind
profilers between Fairbanks and McGrath where most of the observed (Figure

1) and retrieved potential funnel cloud events occurred. For synoptic situations
identified as supportive for funnel cloud formation in this area, the data could be
screened for vorticity. Data from the cloud radar at Ft. Greely (Figure 1) that

became available in 2015 could serve to examine cloud microphysical properties
and cloud vertical extension where the beam is not blocked by mountains. Ana
lyses of such data together with the radiosonde data at McGrath and Fairbanks
could shorten the lead-time for the forecast of funnel clouds.
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