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Quantifying the Potential for
Low-Level Transport of Black Carbon
Emissions from Cropland Burning in
Russia to the Snow-Covered Arctic

Joanne V. Hall* and Tatiana V. Loboda

Department of Geographical Sciences, University of Maryal, College Park, MD, United States

Short lived aerosols and pollutants transported from nortern mid-latitudes have
ampli ed the short term warming in the Arctic region. Among hose black carbon
is recognized as the second most important human emission irregards to climate
forcing, behind carbon dioxide, with a total climate forcig of C1.1 Wm 2. Studies
have suggested that cropland burning may be a large contribtor to the black carbon
emissions which are directly deposited on the snow in the Attic. However, commonly
applied atmospheric transport models rely on estimates of lack carbon emissions
from cropland burning which are known to be highly inaccura in both the amount
and the timing of release. Instead, this study quanti es theotential for the deposition
of hypothetical black carbon emissions from known croplandburning in Russia,
identi ed by the Moderate Resolution Imaging Spectroradimeter (MODIS) active re
detections, through low-level transport to the snow in the Actic using wind vectors from
the European Centre for Medium-Range Weather Forecasts' ERInterim Reanalysis
product. Our results con rm that Russian cropland burning $ a potentially signi cant
source of black carbon deposition on the Arctic snow in the sping despite the low
injection heights associated with cropland burning. Appreimately 10% of the observed
spring (March—May) cropland active res (7% annual) likelyontribute to black carbon
deposition on the Arctic snow from as far south as at least 40N. Furthermore, our results
show that potential spring black carbon emissions from crofand burning in Russia can
be deposited beyond 80 N, however, the majority ( 90%-depending on injection height)
of all potential spring deposition occurs below 75N.

Keywords: low-level atmospheric transport, black carbon, c
Imaging Spectroradiometer (MODIS)

ropland burning, Russia, Moderate Resolution

INTRODUCTION

Over the past 30 years, the Arctic surface air temperature isas at rates more than double
of those anywhere else on EartR@QAA, 2017. This has resulted in the drastic loss of sea ice,
increased release of stored carbon and methane from medgngafrost, and substantial impacts
on migratory patterns of birds and animals among many otherinmental changesHPA, 2016;
NOAA, 2017 NSIDC, 201%). However, arguably one of the most important consequencéiseof

Lhttps://nsidc.org/cryosphere/arctic-meteorology/index.htit¢essed Mar 11, 2017).
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ampli ed warming of the Arctic is its impact on the Earth's the Arctic region (e.g.\WWarneke et al., 2010; Quinn et al., 2011;
radiation budget through the decrease in snow and icé&harma et al.,, 2013; Cheng, 2014, Liu et al., R(Héwever,
albedo which further drives increases in regional and dlobahe relative importance of these various sources is deperaent
temperatures via a positive feedback loop within the climatéheir seasonal patterns as the timing of the burning plays a key
system (Vexler, 1953; Chapin et al., 200While the reported role in determining the e cacy of BC in the Arctic [foherty
increases in annual and especially cold-season temperaturgisal., 201k The largest impact on the snowl/ice albedo in the
(NOAA, 2017 are large enough to directly result in the loss ofArctic from BC deposition occurs during spring when the solar
surface snow and sea ice, atmospheric pollutants—and edpecianergy is increasing while still retaining the maximum snow
black carbon (BC) deposition on the snow and ice surface—hawmver extent Quinn et al., 201). Despite the vast circumpolar
contributed to the changes in snow/ice albedo and the sullessty  extent of the boreal forest, the majority of forest res ocduring
accelerated rate of meltingRémanathan and Carmichael, 2008;the summer months Groisman et al., 2007 whereas cropland
Dou and Xiao, 2016 burning in Russia predominantly occurs within spring and fall
While remote and largely inaccessible, the Arctic is anonths—related to the harvest cycl&sgure 1).
known pollutant receptor region as the majority of pollution  Russia is the world's fth-largest wheat exporter with a
is transported via oceanic and atmospheric circulation fromcropland area of approximately 21510 km?, primarily located
outside source regions, yet there are also important loasces  between 40 and 58! (FAOSTAT, 2015). Although federal laws
including pollution from gas and oil exploration, shipping, and banning open-source burning are established in Russia iilis st
emissions from boreal forest res.fw and Stohl, 2007; Arnold a common practice often used to clear, predominantly wheat,
et al., 2018 The release of long-lived greenhouses gases, suchrasidue after harvest and before the next plantidgl(J. V. etal.,
carbon dioxide, are responsible for the longer-term warmafig 2016. Grains, speci cally spring and winter wheat, are the major
the Earth, however, emitted short-lived aerosols and patitga crop types in Russia and account for the majority of crop residu
are key drivers impacting the Arctic climate. Speci callypgh  burning (USDA FAS, 201 Typically, winter wheat is sown in
lived pollutants, for example methane and BC, primarily emittedall, while spring wheat is sown in April and the burning of crop
from open-source biomass burning have a large in uence omesidue stubble usually occurs before planting to removesxc
regional warming EPA, 2015 BC—the absorptive byproduct of waste and pests from the eld/{cCarty et al., 201)2
the incomplete combustion of carbonaceous fuels—has redeiv  Unlike forest res, crop residue res are typically low
a great deal of attention due to its absorptive e ciencyuinn  intensity, short-lived events with low injection heightanging
et al., 201)Land its fairly complex in uence on the climate with between 500 and 1,500 ntljoku and Kaufman, 2005; Martin
both direct (increased absorption of shortwave radiatiorthe et al., 2010; Soja et al., 2012Although forest res produce
atmosphere) and indirect (changes in the surface albedaoggds® substantially more emissions than cropland res due to higher
in emissivity; and impacts on the distribution and propertiesbiomass loading, Russian cropland burning occurs during the
of clouds) e ects. The short atmospheric lifetime of BC, oncrucial time period for impacts on the Arctic snow/ice albedo.
average approximately 1 weekgch and Hansen, 2005; Cape Despite the ongoing scienti ¢ progress, major challengesnlie
et al.,, 201}, uctuates with variations related to the type of the inability to accurately simulate the temporal and spatial
deposition (wet or dry) and atmospheric processes, for ingancvariations in Arctic air pollution and to accurately quantif
mixing with other aerosol compounds. Atmospheric removalthe contribution of air pollution from these source regions
of BC occurs within several days to weeks and the mixing ofShindell et al., 2008; Hirdman et al., 2010; Monks et al.,
BC with other substances occurs within 1-5 dayacpbson, 2015. For example, a recent study focused on Siberian Arctic
2001; Bond et al., 20).3Although air pollution in the Arctic BC sources Winiger et al., 201y found gas aring and
is comprised of several other components, including, ozondyiomass burning to be far less signi cant than transportatio
sulfate aerosols, and methane, BC is of particular importancend domestic emissions— ndings which are in contrast to
primarily due to the e ectiveness of its absorptive properties. Aother BC source contribution studies (e.g\MAP, 2015.
new international initiative PACES (air Pollution in the étic: =~ The majority of previous studies have utilized atmospheric
Climate Environment and Societies) under the partnershigchemical-transport models to quantify the contribution of BC
of the International Global Atmospheric Chemistry Projectemissions from northern mid-latitude source locations teet
and the International Arctic Science Committee emphasizearctic (e.g.,Qi et al., 201). Some have focused on modeled
the importance of studying processes controlling Arctic airtrajectories from atmospheric trajectory model outputs,sas
pollution with a focus on accurately identifying the poteht®BC  NOAAS Hybrid Single Particle Lagrangian Integrated Tcapey
source locations and the relative contributions to the po&n (HYSPLIT) model, to identify potential source regions (eSgohl
deposition on the Arctic snowArnold et al., 201} et al.,, 2007; Larkin et al., 201Both atmospheric chemical-
Biomass burning (forests, grasslands, and croplands), gasnsport models (e.g., GEOS-Chem) and trajectory modeis, (e.
aring, and transportation emissions within East- and SouthHYSPLIT) incorporate cropland burning emissions estimates,
Asia and Russia have been identi ed as the dominant sourceshich are quite uncertain in the amount and timing of emissso
of BC within the Arctic (e.g.Klonecki et al., 2003; Stohl et al., At present, crop residue emission estimates are notoriously
2006; AMAP, 2015; Evangeliou et al., 2016; Winiger et al7)201 di cult to quantify accurately. Typically, emission estirtes are
Speci cally, several studies have indicated that biomassitg
sources as far south as #Dare assumed to signi cantly impact 2http:/faostat3.fao.org/browse/T/TP/E (Accessed Aug P253.
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FIGURE 1 | Average monthly MODIS active re counts (2003—2015) within Rasian grasslands, shrublands, forest and croplands as de nd by the International
Geosphere-Biosphere Programme (IGBP) land cover type datayer (MCD12Q1;Friedl et al., 2010.

calculated following the equation originally developeddwjler Fuel loads (B) are typically derived from yield statistics gsin
and Crutzen (1980) a yield-to-residue coe cient factor. The accuracy of thetsa
. ) are dependent on both the data source and the spatial resalutio
EmissionsD A B CE & () For Russia, the yield data are typically produced at the oblast

Here, A represents the extent of burned area, B is the fuel lod@dministrative regions) level; however, variations tew state
estimate, CE is the combustion e ciency, aetis the emission 0 cial statistics and local expert data (compiled by USDA
factor for the speci ¢ species of interest. Cropland burnecaare Foreign Agricultural Service, Mark Lindeman pers.comm.$ ha
(A) is a key requirement in the calculation; however, as show been identi ed in the yield tables. Finally, the values foet
Hall J. V. et al. (2016)global publicly available and regionally- combustion e ciency (CE) and the emission factor for species
adjusted coarse resolution burned area products are unable t (&) are usually based on laboratory and experimental analyses
map burned area even within comparatively large and contiguo With @ number of emission based studies (e/gedinmyer et al.,
Russian croplands. Cropland burns dier dramatically from2011; McCarty et al., 20} Bsing the value quoted in a study by
other types of natural and managed re events and requiré\ndreae and Merlet (200hich is de ned by the authors as

a high frequency of observation which currently can only bebestguess.”

met by coarse resolution satellite systems. Furthermdre, t Atmospheric chemical-transport models (e.g., GEOS-Chem)
relatively small scale of individual burns (0.005-4%mand the utilize biomass burning emission estimates from sourceshsu
low pre- re biomass accumulations lead to comparatively mino as the Global Fire Emissions Database (GFEDjlio et al.,
changes in surface re ectance within coarse resolution Ipixe2013. The updated GFEDv4 has been released to include
following a re event, which are easily masked by bidireatib small res (detailed in Randerson et al.,, 20)2and crop

re ectance-induced changes in the recorded signahl( J. residue coe cient factors fromAkagi et al. (2011)however,

V. et al., 2015 In addition, all satellite-derived burned area the underlying cropland burned area and emission coe cients
maps carry an uncertainty of several days around the datare still plagued with the previously addressed uncertasntie
of mapping resulting from missed observations due to cloudAtmospheric trajectory models (e.g., HYSPLIT) are the other
cover and high concentrations of atmospheric aerosélsy( main type of model used in studies identifying potential BC
et al., 2008; Giglio et al., 2009; Hall J. V. et al., 0TRis  emission transport to the Arctic through simulating atmospicer
inability to map cropland burned area accurately has largérajectories, primarily back trajectories, and dispersioBss(n
implications in both the magnitude and timing of calculatedet al., 201 However, these models also rely on emission
emissions. estimates to monitor air pollutant concentration informati
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over the course of the trajectory and require accurate edtis1 eventual deposition of a hypothetical parcel of BC emissions,
of the timings of those emissions to allow for proper transportwhich originates from cropland res, to the snow above
and dispersion patterns within rapidly changing atmospheric60 N. This approach combines satellite-derived observations
conditions. of cropped areas (0.5km grid cell), re occurrence I(km
This inability to accurately quantify crop residue emissi@r  grid cell), and snow cover (0.09rid cell) and climatological
determine their spatial and temporal variability is a key wesds ERA-Interim reanalysis (0.75grid cell) data between 2003
in these atmospheric transport models. The added complexitgnd 2015. The transport model is driven by ERA-Interim
produces a sense of precision and accuracy which cannot e easneteorology and operates at a 0.7&solution between 0—
veri ed at any level. Furthermore, although numerous estiss 180 E and 30—90N. Other components are incorporated into
of BC emissions from cropland burning in Russia have appearettie model at their native resolution (re and cropped areas)
in the scienti c literature (e.g.McCarty et al., 2012; Hao et al., or as a fractional representation within the 0.7§rid (snow
2016, the inaccuracies within the current emission estimategover). Sections Cropland Burning Source Locations, Arctic
inputs (e.g., burned area) lead to an imprecise representation Snow Cover Extent, and Transport Algorithm Development
the timing and amount of cropland burning emissions. Givenbelow detail the development of the modeling framework asd it
the combination of uncertainty surrounding the cropland im&d  components.
area estimates, the yield values, and the coe cient fagtors
this study does not attempt to include any quanti cation of Cropland Burning Source Locations
the magnitude of successfully transported cropland emissiomhe active re (MCD14ML;Giglio et al., 2008 collection 6
estimates to the Arctic. Instead, the purpose of this study iproduct was used to identify ongoing burning within the
to quantify the fraction of cropland burning in Russia that Russian croplands between 2003 and 2015. As discussed in the
potentially contributes to the deposition of BC onthe Arctimsv  introduction, current burned area products provide very poor
with a particular focus on the spatial and temporal variabilityestimates of the magnitude and timing of cropland burning
of the transport patterns. Here we present a simple transportHall J. V. et al., 2006 While active re detections o er no
model based on wind elds and the precipitation estimates ofmprovement over the burned area products in the amount of
the European Centre for Medium-Range Weather Forecastarea burned, they accurately estimate the timing of burraisg
ERA-Interim Reanalysis producBegrrisford et al.,, 20)1 The the aming front is detected during the satellite overpass. |
model ingests the locations of known aming cropland burning this study, the MODIS active re dataset represents a fraction
events and transports the “potential” BC emissions of unspti - of burning within the Russian croplands observable by s#tslli
amount following established wind patterns at varying itjgec ~ The MODIS orbital overlap provides the opportunity for much
heights. Using the developed transport trajectories, we Ale a more frequent observations of re activity on the land swéa
to quantify the potential for contribution of BC generated by than the nominal twice daily (from each of the two MODIS
cropland burning in Russia observed between 2003 and 2013struments) temporal scales. The date and time of re detest
to deposition on snow and ice above 8Dtaking into account were utilized to create hourly depictions of cropland burning
the spatio-temporal dynamics of both re occurrence and snowbetween 30-90N and 0-180E within the 0.75 grid. Each
cover. 1km MODIS active re detection that intersected the 500 m
cropland layer was considered a “cropland re event.” The
speci c time of each detection was rounded to the nearest full
hour. Finally, the number of active re detections withineh
0.75 grid was recorded in hourly layers depicting both binary

This study focuses on the contribution of cropland burning in . .
; . . . re/no re and number of events attributes. These sourceioes
Russia to the snow in the Eastern Hemisphere of the circumpolar

region between 0-18& and 60—90N. The Russian croplands ;Tp;?iiﬁr:]t the starting burn locations and times for the tfzors
are de ned by the MODIS land cover classi cation dataset 9 )

(MCD12Q1;Friedl et al., 2010cropland and cropland/natural ;

vegetation mosaic classes (IGBP legend classes 12 and ﬁ%ctlc Snow Cover Extent

. . The goal of this assessment is to quantify the potential dépasi
respectively). While cropped areas are found across Russia . . .
. . ; L oVer snow and ice covered ground in the Arctic (here de ned as
including regions above 60, the majority of croplands ( 70%)

. above 60N). Therefore, daily Arctic snow layers were developed
are distributed along the southern boundary of the countryfor the period between January 1. 2003 and December 31
roughly between 40 and 55 N (Figure 2). In this study, Arctic P y - ’

. 2Q15 using the standard daily, MOD/MYD10C1 collection 6
snow and ice are de ned as any permanent or seasonal snow a . . .
; DIS snow cover product at climate modeling grid (0.p5
ice cover over land above 60.

resolution Hall D. et al.,, 2016 Primarily the Terra-based
product (MOD10C1) was used in the construction of the snow
DATA AND METHODS layers while the Aqua-based product (MYD10C1), impacted by
the non-functional detectors in band 6(ggs and Hall, 2005
Our main research objective is to evaluate whether largéesc was used to supplement any missing dates.
wind patterns in the low levels of the troposphere coupled with The Arctic region remains snow-covered during a large
observed precipitation patterns can support the transport angbortion of the year with a relatively short snow-free season,

STUDY AREA
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FIGURE 2 | Russian cropland area as de ned by the IGBP cropland/ naturalegetation mosaic.

except for regions surrounding the pole where permanent iceonsidered snow covered. All grid cells not impacted by thie lac
and snow cover are present. The spectral signature of snow¥ solar irradiance were subsequently classi ed as:
and ice is distinct and allows for strong di erentiation from
other land surface cover®(zier, 1989; Satterwhite et al., 2D03
However, the daily MODIS snow cover estimates are strongly
impacted by gaps in observations: amongst the most substantia
is the absence of solar irradiance during the polar nights and
the substantial cloud cover in the Arctic regions during the
sunlit period Echi er and Rossow, 1933In this analysis, snow
cover is considered absent until ve consecutive clear, (het
impacted by cloud cover) land surface observations within a
given grid cell remain snow-free. A 5 day window was chosen
based on the observed persistent cloud cover patterns with the
need to avoid late spring and early fall snow events which do no
represent established seasonal snow cover. Similarly, som®y ~ Snow melt date is recorded within each 0.@fid cell as the
is considered present until ve consecutive clear land stefa rst date of a ve consecutive clear (not cloud impacted) period
observations within a given grid cell show the presence ofvsno of observations where land surface is reported as snow-ree.
These two periods are subsequently referred to as “snow cowvgrid cell is considered permanently covered by snow if it does
melt” and “snow cover establishment” with the details of thenot reach the snow melt criteria by October 1 (Day of Year
methodology developed to extract these values described/bel 274 or 275 for leap year) after the sea ice extent in the Arctic
Creation of the snow cover extent required the snow covereaches its lowest annual extent in mid-September and bégins
percentage (DayCMGSnowCover), cloud cover percentaggow (NSIDC, 2017 The snow establishment date must follow
(DayCMGCloudObscured) and the quality assessmerthe snow melt date and is recorded as the rst date of a ve
(SnowSpatialQA) layers from the MOD/MYD10C1 datasets. Theonsecutive clear period of observations where land suiface
daily snow cover percentage layer was ltered using the qualitreported as snow covered. If the algorithm fails to deterntivee
assessment layer to retain only values of “best” and “goodlity
(QA  2). All grid cells impacted by polar night conditions were 3nttp://nsidc.org/arcticseaicenews/sea-ice-tools/ (&sed July 9, 2017).

Snow (1): Itered snow layer value 50% (majority snow
cover).

Cloud (2): Itered snow layer value<50% and cloud
percentage 50%.

Water (3): values in any of the 3 original layers that were
agged as ocean, cloud obscured water, inland water, or lake
ice.

Fill (4): QA> 2 or any of the layers that were agged as Il, no
retrieval, or not mapped.

No Snow/Clear (5): Itered snow layer valse50% and cloud
percentag& 50%.
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snow establishment date by Day of Year 360, it is automaticalsource locations, which continues until the cumulative &im
assigned a snow establishment date of 365 (or 366 for leap yedas crossed the following day's threshold when meteorcdbgic
The output contains values for each grid cell that represehtei  parameters and snow date are extracted from the following.dat

a Day of Year or a reserved value indicating water or permanenthis process continues until the parcel reaches snow-covered
snow cover. The values of 0.0§rids are scaled up to 0.75%0  ground beyond 60N (within the allowed 96 h period). The time
match the resolution of the meteorological variables froR¥E  at this point would be recorded in the starting source grid
Interim Reanalysis product where the median Day of Year valueell in the mapped output. If no precipitation was encountered
for the date of snow melt and establishment of the 185 0.05  or if the time had not exceeded 96 h, then the trajectory will
snow layer grid cells is recorded into the corresponding 0.75be continuously tracked until the 96 h threshold is reachiéd.

grid cell. precipitation was encountered or if the parcel did not reach
_ snow above 6N within 96 h, then it is assigned a Il value and
Transport Algorithm Development considered a “failed” transporting event.

Our simpli ed transport algorithm takes into consideration a  This analysis was carried out at the hourly time step between
variety of potential injection heights, wind speed, wind diien, 2003 and 2015 for each of the ve pressure levels (1,000, 975,
and precipitation provided within the European Centre for 950, 925, and 900 mb). The nal outputs of the transport model
Medium-Range Weather Forecasts' daily, 0.i&solution ERA- include: (1) a binary successful/failed transport eventdach
Interim Reanalysis producBerrisford et al., 20)1Speci cally, cropland burning source grid cell, (2) time (up to 96 h) from bac
we ingest U- and V-Wind layers at the following ve pressurecropland burning source grid cell to the rstinstance of reaun
levels: 1,000mb (110m altitude), 975mb (323 m altitude), snow-covered ground in the Arctic; (3) 96 h transport trajgaes
950mb ( 540m altitude), 925mb (762m altitude), and from the cropland burning source grid cells.

900 mb ( 914 m altitude) to account for the reported variability

of cropland burning emission injection heightsclioku and

Kaufman, 2005; Martin et al., 2010; Soja et al., 20T?tal RESULTS

Precipitation (mm) was evaluated at the surface level oniyyD Our results show that a substantial fraction of individual

averages of wind direction (d, units: rad) and speed (s, units . . )
ms 1) were computed using the U- and V-Wind vectors. cropland burning events can be deposited on the Arctic

. . . ._snow. As expected, this fraction is the greatest (7.2%-
The transport algorithm was designed to quantify potential . A ;
. T . annual average over 13 years) at higher injection heights
low-level, long distance transport within 96 h. This 96 h cut o o
e . - 900 mb) and diminishes gradually from 7.0% (925 mb), to 6.4%
re ects the atmospheric lifetime of BC used in a previous stud L
) ._(950mb), to 5.3% (975mb) to 2.9% at the lowest injection
(Larkin et al., 201pfocused on transport of BC from Russia ;. - .
. . . height (1,000 mb). Our analysis on the seasonal fractions of
to the Arctic. The algorithm records the transport time (har . . .
. . ; successful cropland burning events illustrates the impargan
from each cropland burning source grid cell to the rst instzn of spring (March, April, and May) buming contributions to
of reaching snow-covered ground in the Arctic. Furthermore pring AP, Y 9

. . . deposition on the Arctic snowTable 1 summarizes the total
the algorithm records the trajectory of the parcel, estirdaty . .

. . . cropland active res and the successful active re counts per
connecting the center points of the 0.7grid cells, beyond

. o atmospheric pressure level averaged between 2003 and 2015.
the rst instance of arriving on snow-covered ground above nnual tables are available in the Supplementary Material
60 N. The trajectory is tracked until either 96 h has elapse(i P y

or if the parcel encounters precipitation. For all analyses, w: able S1).
. ' .~ Based on these values, on average between 2003 and 2015,
assume a total washout of BC from the atmospheric column if

o - ..~ . approximately 4—-10% of the March, April, and May observed re
precipitation of any amount is encountered. If the precipitatio ! S ; . .
. occurrences (depending on injection height) are within ce
is encountered over snow-covered ground aboveNgOthe . .
. . . . with successful transport to the Arctic. These results reprea
transport will be terminated; however, the mapped output will

S - unique quanti cation of the fraction of observed burningtivin
indicate a successful event (assumed wet deposition on saiv) ) . . .

. . - . Russian croplands which are potentially able to contribute ® th
the time to that snow-covered grid cell will be recorded in the

deposition of BC on the Arctic snow. The observed decrease
source cell.

The time of travel is calculated using the daily average'n successful transport events is likely the result of inadas

computed from 6h ERA-Interim data, wind speed (m and ihteraction with the surface layer at 1,000 mb as compared to

. . ... 900 mb, causing lower horizontal wind speeds, and therefore
the great circle distance (m) between the center longitudé - . . o

. - . increased likelihood of trajectories failing to reach theow
and latitude values of the starting grid cell and the next

grid cell. The longitude and latitude values of the next” the Arctic within 96 h. Figure 3 illustrates the change in

grid cell were determined through the wind direction using ggir;:téofthe successful trajectories at varying assumedtion

the following directional criteria: north X337.5 to 22.5);
north-east $22.5 to 67.5); east $67.5 to 112.5); south-
east £112.5 to 157.5); south ¥157.5 to 202.5); south- S€asonal Patterns of Successful Transport

west &202.5t0 247.5); west & 247.5t0 292.5); north-west Potential

(>292.5t0 337.5). The time (distance/speed) is then added toOur analysis reveals a large inter-annual and seasonabilétyia
the starting UTC time taken from the hourly cropland burning in the success rate of transport of hypothetical BC emission
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TABLE 1 | Monthly average (2003-2015) successfully transported antbtal active While in general, spring cropland burning appears to have
re counts within the Russian croplands. the greatest potential to result in BC deposition on the Arctic
snow, there is a considerable di erence in the amount and gpati

All active res Successful active re counts
patterns of trajectory densities among March, April and May. |
Total 9rgg ?ﬁg gﬁ? 217b5 %%00 March, the hotspot in the density of overlapping trajectories is
typically located along the western edge of Russia. This hbtspo
Jan 109 5 4 3 1 0 migrates east with time and reaches BOby May. By June,
Feb 763 79 85 74 50 32 the number of successful transport trajectories is subg&ibyt
Mar 11,840 062 843 774 668 389 reduced (on average 18 yedy with the highest density located
Apr 66,335 7840 7066 7395 6285 3.677 around 90E. July and August on average have very few successful
May 44,994 4076 3953 3493 2735 1,154 transport events, depending on the pressure level and year (on
Jun 5,545 49 .8 28 11 5 averages 1 succegsful event per year). The number of successful
Jul 10,621 0 0 0 0 0 events gradgally increases in September (on average 51year
Aug 16,564 3 3 1 0 0 gnd has a minor peak in October (on average 77 y8awhich
Sep 13,623 28 " 9 o o is mostly gssomated with a rapid establlshmer_n of snow cover
oot 16,027 206 300 238 209 119 in the Arctlc. The total number of successf_ul trajectoriescily
Nov 2385 2 20 - 08 17 drops in N.ovember (.on average 15 yedrdriven by the overall
decrease in crop residue burning.
Dec 189 4 2 2 1 1

Further analysis of the full extent of the transport trajedtsr
within the 96 h window show that BC emissions from cropland
burning in Russia can be transported beyond 80 This
parcels to the Arctic. The largest overall number of sucaéssfpotential for reaching far into the Arctic indicates that pland
trajectories (4,645 at 925mb) were recorded in 2008 and theurning has animpact not only on snow-covered land but also on
least (107 at 1,000 mb) in 2013 with the largest (2,246 at )0 msea ice. To determine how far north these successful tmajest
monthly contribution of successful trajectories recorded\pril ~ can reach, the northern most latitude for each trajectoryswa
2010 (Table S2). This variability is driven by the con uertde recorded and summed over several latitude bands (60NG5
respective variabilities in atmospheric conditions, reisity, 65-70N, 70-75N, 75-80N, and 80—90N) for every month
and snow cover extent (Figure S1). In this part of the analysisetween 2003 and 2015. The starting latitude was also retorde
we assess generalized monthly patterns of transport potentitd help identify how far south within Russia a potential cropdan
through trajectory densities at various injection heigbht®r the  burning emission source could be located to potentially deposit
13 year time frameKigure 4 and Figures S2-S5). The generaBBC within each of these latitude band&idure 5. In this
temporal pattern of successful transport events is stablesa@ib section we discuss only the results for March, April, and May—
injection heights, therefore, in this section we discusdimgs for  months with the larger number of successful transport evests
trajectory patterns only at 925 mb. Monthly snow extent mapsompared with other months.
are also produced to help interpret these successful transport The results show that BC emissions from as far south as
patterns (Figure S1). 45 N (in March at the highest injection height) and 59 (April

Generally, in December, January and February the feawand May at almost all injection heights) can potentially be
(on average 1, 2, and 19, respectively) successful evetr@nsported as far north as 80-90. Deposition of BC this far
predominantly originate in the south-western regions of Raiss north has importantimplications for the permanent sea ice cove
in the Northern Caucasus (45 N, 40 E). The few res that inthe Arctic. Furthermore, the trajectories indicate tltabpland
occurred in the winter months are unlikely to represent cropburning BC from as far south as 40—4% can be transported
residue burning in preparation for planting; however, they mayand deposited on the Arctic snow (in some cases up to 7NY5
be associated with other types of burning, including bon s  during March, April and May and for nearly all injection heitgh
pile burning of agricultural waste. March, April and May saveth
largest number of successful transport events (on average 19 .

1,197, and 839, respectively), often several orders of magni SPatial Patterns of BC Transport to the
higher than other months. The very large number of succéssflArctic Snow
trajectories in the spring result from not only the overalida Quantifying the transport time is an important element in
amount of residue management res (on averagd2,000, identifying the relative importance of the burning sourcgians
66,000, and 45,000 for March, April, and May, respectively) to their potential contribution to the BC deposition on snow
but also largely from the coincidental maximal extent of wno in the Arctic. The exact impact of deposited BC on Arctic
cover above 6. In contrast, while the total monthly cropland snow relies on the microphysical properties of the BC particle
burning activity in August (monthly average 17,000 per year and the various chemical and turbulent processes within the
between 2003 and 2015) begins to increase in response atmosphere; however, as a general rule, the longer a molecule
the wheat harvest cycles, snow extent in the Arctic is at iteemains in the atmosphere the more mixing and alterations
minimum (Figure S1), hence, substantially limiting the pdtal it will undergo before it is ultimately removed via wet or dry
for cropland burning-resultant BC deposition on snow. deposition.
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FIGURE 3 | Transport trajectory line maps for successful events for Qober 2007 at ve different pressure levels: 900 mb(A); 925 mb (B); 950 mb (C); 975 mb (D);
1,000 mb (E). For illustration purposes only October 2007 is shown, buttte pattern is representative of the generally observed deease in the number of successful
events with shallower injection heights across all monthsral years.

We analyzed the average transport time (hours), the succei® snow-covered Arctic on average within approximately 50 h
(%) of each starting location, and the number of active res(January)and 40 h (February), depending on the injectioghei
within each grid cell of origin for a successful transportve By March, the total number of cropland res increased to
to quantify the fraction of the potential contributions of BC approximately 5-15 active res per successful grid cell, whsle al
deposition and to characterize the cropland burning sourcéncreasing in spatial extent{gure 6). As expected the success
regions. While we discuss the ndings of this analysis for alfrate of potential crop residue emission transport decreasglew
months (Figures S6-S14), we graphically show only resoits fr transport time increases with lower injection heights; hoarev
March, April, and May (2003-2015) at 900 mb and 1,000 mb aan interesting anomalous pattern occurs in March in the north-
the majority of the successful res occur during these manth west region (centered on 5§, 45 E) of the transport map.
(Figures 6-8). The 900 and 1,000mb results are shown tdnstead of the transport time increasing with lower injectio
illustrate the two extremes of the injection height rangedign  heights, the transport time actually decreases from approtdima
this study. 40-50h to approximately 10-30h on average to the Arctic.

On average, re occurrence in January and February ig\nalysis of the transport pathways found this anomalous patter
very low with only 1 active re per grid cell per year on resulted from longer trajectories at higher injection Heig
average between 2003 and 2015 predominantly located in tlseemingly associated with a more circular pattern as compared
south-western region of European Russia (4550 E). The to more straight northerly trajectories at lower injection
few locations with successful transport were able to reacheights.
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FIGURE 5 | Total number of successful events (monthly) between 2003 &h2015 that reach snow cover between 60-65 N (A), 65-70 N (B), 70-75 N (C), 75-80 N
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In April, the successfully transported re load reached a pealnjection heights, successful transport of potential eroissican
(100-130 active res per grid celtigure 7) between 70 and originate at least as far south as approximatelyNi@vhich is the
80 E. Although this area has low success rates, the transpdimnit of the Russian croplands.
time to the Arctic remains relatively low in comparison to the In May, the success rate along the southern edge of the
surrounding regions even at low injection heights. A sllght Russian croplands, particularly at lower injection heightapdr
smaller peak in re occurrence is located in the north-westsigni cantly except for the region located between 70 andeBO
corner (approximately 58N, 35 E) with a coincidental increase (Figure 8). As with April, this same area has slightly lower
in success rate. Transport times for both clusters vary batwe transport times to the Arctic as compared to the surrounding
<10 and 50h, therefore the emissions from these higher reaegions. Analysis of the transport pathways does not explan th
loads will likely encounter less mixing and fall out than esions  decrease in transport time in that region. A possible explamati
with longer atmospheric residence times. Furthermore, ghbr  lies in the higher number of successful burning locationse(s
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bottom map inFigures 7, 8) in that area as compared to other DISCUSSION
areas in the Russian croplands. These maps show the averﬁe .
transport times which are more likely to be in uenced by oats  ources of Uncertainty
within the regions with fewer successful res as comparedhto t Quantifying the fraction of BC emitted from cropland burning
region located between 7@nd 80E. in Russia that is deposited on snow in the Arctic is a di cult
The highest density of cropland res occurs in the spring in thetask due to the inherent challenges associated with thenlyidg
southern portion of the cropland in the Far East (approximatelyinput datasets. As previously mentioned, existing satellitsel
between 40-58 and 110-13CE); however, there are very estimates of area burned in croplands are very pdoall( J.
few res with successfully transported emissions withinsthi V. et al., 201) which results in highly inaccurate cropland
region. Speci cally, the success rate of res east ofE9&re burning emissions inventories. This study assumes entissb
severely reduced with lower injection heights in comparison a hypothetical parcel of BC of unknown amount from cropland
the cropland res within European Russia at similar latitudes.burning using the MODIS active re detections. The orbital
Analysis of the trajectories originating in the Far Eastptamds  overlap thatis achieved at the latitude of Russian croplandeal
reveal short pathways often owing toward the east over the Sefor more frequent observations of re activity than the namai
of Okhotsk (away from the snow extent), whereas the Europeatwice daily from each of the two MODIS-carrying satellites.
Russian trajectories are much longer and tend to ow north.While it has not been established quantitatively (becabhseet
These dierences are likely due to the varying atmospheri@re currently no accurate estimates of cropland area burnee)
circulation patterns observed across Russia. assume active re observations to be generally representafi
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FIGURE 7 | 900 and 1,000 mb April 2003—2015 average transport (hours)percent successful and active res potentially contributig to BC deposition on snow in the
Arctic. The dark gray color in the percent successful maps (iddle) represents the starting re locations which were unsecessful at reaching the snow in the Arctic
within 96 h.

the spatio-temporal patterns of biomass burning within Russiarwind and precipitation data would more accurately represent
croplands. the actual meteorological conditions throughout the trangpo
The spatial scale of the meteorological data used in thipathway, it is di cult to quantify how much actual precision
transport model determines the spatial granularity of resndt is lost in using daily vs. 6 hourly data within a 0.7§rid cell.
trajectories which were restricted to tracking the centefs The general weather patterns across Russia’s mid-latitudes a
the individual grid cells rather than the actual locatiorfstibe  primarily in uenced by cyclonic and anticyclonic activity \idin
active res. While very coarse compared to the 1km MODISmost frequently last more than 1 dayd€bedeva et al., 201L5
active re pixels, ERA-Interim meteorological data (at 0.)5 Itis likely that the aggregation of meteorological paramete
records parameters at a ner scale than the more commonly daily temporal scale has impacted trajectories for re esent
used, in previous studies, 2.gesolution NCEP/NCAR (National that occurred during the stages when the weather patterns
Centers for Environmental Prediction—National Center forwere shifting between cyclones and anticyclones. Howéver,
Atmospheric Research Global ReanalyEisinay et al., 1996 expected that most of the burning occurs during anticyclonic
dataset. For example, the coarser NCEP/NCAR meteorologicakather patterns when the meteorological conditions produce
data is frequently used to drive HYSPLIT trajectory modeldrier fuels (a particularly limiting parameter for re spread
(e.g.,Tre eisen et al., 2007; Huang et al., 2010; Larkin et al.during post snow-melt conditions in the spring) that can support
2012. Additionally, 6 h ERA-Interim wind and precipitation re spread more readily. Furthermore, this simpli ed transport
data elds were aggregated to daily values. While ideatiyrly  model assumes the only vertical transport occurs at the point
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FIGURE 8 | 900 and 1,000 mb May 2003—-2015 average transport (hours), peent successful and active res potentially contributinga® BC deposition on snow in the
Arctic. The dark gray color in the percent successful maps (iddle) represents the starting re locations which were unsecessful at reaching the snow in the Arctic
within 96 h.

of BC injection from cropland burning and all subsequent(calculated as the median of the 0.0§rid cells—see section
transport occurs via horizontal wind vectors. Due to the i@t  Arctic Snow Cover Extent) and the dates of the individuaB0.0
atmospheric strati cation and dominant horizontal advemti  grid cells found that on average (2003-2015) the dierence
motions, this assumption is not a severe constraint on the elod was<1 day for both the snow melt and snow establishment
however, future work focusing on the variability within the periods with a standard deviation of 6 and 7 days, respectively
planetary boundary layer could be undertaken to improve thewvith the majority of the variability stemming from grid cells
understanding of how BC is transported from cropland burningbelow 65N.
in Russia to the Arctic snow. Finally, transport trajectories and the resultant outputs
An additional source of uncertainty is related to the satelli generated by this methodology are consistent (although not
based estimates of snow cover extent used in this study. Tlgrectly comparable) with those produced within previously
high northern latitudes are plagued with persistent clouderov published studies. Several previous studies have indicated
during the sunlit period and an absence of solar irradiancehat biomass burning sources from northern mid-latitudes
during the polar nights. Therefore, several assumptions hasligni cantly impact the Arctic region (e.g.Warneke et al.,
to be dened in order to create snow melt and snow2010; Quinn et al., 2011; Larkin et al., 2012; Sharma et al.,
establishment layers. The inability to observe surfacalitoms  2013; Cheng, 2014; Liu et al., 2n1Gomparison of this study’s
due to cloud presence introduces a considerable amount ¢esults with previous studies (focused on air pollution traog
uncertainty in identifying the exact date of snow melt andfrom northern mid-latitudes to the Arctic) has demonstrated
snow establishment. Quantifying the dierence between thdhat the simple form of the transport model, developed within
0.75 aggregated snow establishment and snow melt datdbis study, has represented the key meteorological drivers
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appropriately and that the interpretation of the results isCONCLUSION

meaningful.
Crop residue burning has been reported to constitute a
considerable source of BC deposited in the Arctic. However,
Signi cance of BC Deposition from previous studies relied on highly inaccurate estimatesrimseof
Cropland Burning on the Arctic Snow the amount and timing of cropland burning emissions resudtin

A key attribute of this study is focused on BC deposition on théfom uncertainties in estimates of burned area, biomassidpa
snow in the Arctic. This nuance has important implications forand emission factors. This study introduces a simple approach
the timing of burning. Although forest res produce substéaity ~ to assess the potential for BC deposition in the Arctic based
more emissions than cropland res due to higher biomas$n reanalysis data of observed meteorological conditior an
loading (e.g.Hao et al., 201) the timing of the burning largely €on rmed cropland burning. In addition, we speci cally asses
determines the relative importance of these source emisgion the impact of BC deposition on snow when the impact on
BC deposition on Arctic snow. Forest res [yp|ca||y occur in surface albedo from deposition is the hlghest with considierab
the summer, when high temperatures, low humidity, and litleconsequences for snow melt and establishment. Although our
precipitation drive the increase in forest ammability. Onegh approach does not allow for quantifying the amount of BC
other hand, crop residue burning in Russia usually follows th&leposited on the snow surface, it provides the baseline etgtima
crop planting and harvest cycles. Analysis of the active amdet  Of the spatio-temporal patterns of BC transport resulting from
between 2003 and 2015 found two peaks in cropland res — ongon rmed cropland burning and the potential for BC deposition
in April/May and another smaller peak in August/Septemberon the snow.
(Hall J. V. et al., 20)6consistent with winter and spring It is clear based on the results of this study that cropland
planting and harvesting dates in RussidSDA FAS, 201 burning has the potential to signi cantly impact the Arctic
Despite the peak in summer cropland res, the contribution toVia BC deposition. We estimate that approximately 10% of
BC deposition on the Arctic snow is negligible. Based on thighe observed cropland burning in March, April and May (7%
analysis, it seems the coincidental timing of burning andwsn annual) has the potential to contribute to the BC deposition
cover extent is a linking factor in determining the importanc on the Arctic snow. Despite the low injection heights, this
of crop residue-related BC emissions and their impact on iarct study has shown that potential BC emissions from at least
albedo. 40 N can be deposited on the Arctic snow. Furthermore, during
This study con rmed the importance of springtime cropland the spring, which is the most vulnerable period for sea ice
burning in relation to the deposition on the Arctic snow. Bdse Melt, potential cropland burning emissions can reach areas
on the analysis of the transport time and the success percentageyond 80N. Analysis of the successful transport pathways
it is clear that despite the low injection heights, potentialidenti ed areas containing concentrated trajectories pararly
BC emissions from cropland burning can be transported an@®ver European and Central Russia. These clusters of trajestori
deposited onto Arctic snow in the spring from at leastMOThis ~ May be in uenced by persistent wind patterns over these areas.
study also identi ed that the cropland regions within Europea The magnitude of this impact, however, cannot be quanti ed
Russia contained the highest percentage of successful transp@ell due to current inaccuracies surrounding cropland emiss
to the Arctic snow. Although this study makes no attemptinventory calculations.
to quantify emissions, these regions contain the highestavh ~ Complex chemical-transport model outputs should be applied
yields within Russia (yield data compiled by USDA Foreigrivith caution, particularly when considering impacts from
Agricultural Service, Mark Lindeman pers.comm.), therefor cropland burning. Additional improvements are needed to
they are likely to also contain the highest volumes of crogccurately represent the spatial and temporal cropland enmissio
residues and larger BC emissions. A recent interest in exipgnd Uxes. Future work should be focused on improving the
arable land through reclaiming Post-Soviet abandoned amgbl  de ciencies associated with current cropland burning eroiss
(e.g., Schierhorn et al., 2014; Meyfroidt et al., 2pland inventories. Improvements to all components of emission
in particular, a large concentration of cropland in Europeaninventories, including area burned, the precise timing ofriing
Russia is located along the fertile Chernozem soil belt whicfdt least to the date), biomass loading, and emission factor
stretches from the southern tip of Russia (43 44 E) toward are absolutely essential to deriving meaningful estimates
Moscow (55N’ 37 E)-a region with h|gher wheat yie|ds’ raisesthe amount of BC depOSiIEd on the snow. Future studies
concerns for associated increase in BC deposition on Anstizys ~ Should also investigate the causes behind these conceditrat
Although an expansion of cropped area does not necessariBpllution pathways to the Arctic, revealed in this study,
lead to an increase in re activity, it does give rise to anwith a focus on large-scale atmospheric patterns that can act
increased opportunity for burning crop residue in the regionsto enhance atmospheric transport of pollutants from lower
of higher transport potential. Moreover, if this increase inmid-latitudes.
cropland area expands further north toward B0 and leads
to additional re activity then based on the results of the AUTHOR CONTRIBUTIONS
northern extent analysis, there could also be an increagedn
deposition from cropland burning emissions on the permanentIH was the primary developer of the low-level transport
seaice. algorithm which was a key component of her doctoral
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