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ABSTRACT

Much of our understanding ofi¢ terrestrial carbon cycle com&®m measurements of
atmospheric C@mixing ratios on continental towers and the inferred terrestrial fluxes needed to
match the observations. The surface flux information retrieved froexc@G@entrations at tower
sites contain an integrated signal of S&change representing footprint areas o¥10* km?.
Atmospheric C@concentrations are modified not only by surface sources and sinks, but also by
horizontaladvection and vertical mixingn the way to the measurement towldre capability of
transport modelto accurately represent air parcel trajectoaesl concentration footprints is
crucial in inverse analysi$his study employs the Stochastic Thim¥erted Lagangian Transport
model (STILT) driven by meteorological inputs from the North American Regional Reanalysis
(NARR), and coupled with th€arbonTracker data assimilation system (CT2Gb33imulate
atmosphericCO, concentrationsn the Hudson Bay awlands. The primary objectivesclude:

(1) Characterize daily, seasonal and interannual variations of atmoptefar a 5year (2008
2012) period; (2) Evaluate the performance of the STILT moded, @arbonTracker flux
estimatesSTILT-modelled CQ concentrations compare reasonablyainst observations. The
mean model biagas-0.57 ppmat Churchill, and-2.44 ppm at Fraserdale. Smoothed seasonal
curves fitted to theaily afternoordata revealed that model bias was highest during summertime,
particularly over the Fraserdale regiddverall, thedisparity between modelled and observed

resultsare attibuted to transport errors related to advection and PBL mixing.
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1.0 INTRODUCTION

1.1Long-Term Monit oring of Atmospheric Greenhouse Gases

In recent years, our understanding of the climate system hasviatpgignificantly.
Several areas of research have focusedrmterstanding and explainingetdynamicnature of
atmospheric processexeans, and land surfaces, as well as toenplexphysical, chemical and
biological interactions There have been bettand moreobservations, further advancement in
climatemodelling and increased understanding of climate system feedlfaaktbermorethere
has been remarkable progressinterpreting and quantifying observed changes in global and
regional climateFor example, new evidence abounds frobservations of the climate system,
paleoclimate archives, theoretical studies of climate proceamdssimulations using climate
modelghatthe atmosphere and ocean have warmed, the amounts of snow and ice have diminished,
and sea level has ris¢fPCC, 2013). These alterations in the climate systame attributed to
changes inatmospheric composition, particularly in tle®ncentrations of cadm dioxide,

methane, and nitrous oxide

Accuratelong-term monitoringof atmosphericmixing ratios of greenhouse gases is
essentiato better interprepast and presemiobal carbon cycke This will facilitate predictions
of future atmospheric levels tdiese greenhouse gases for given scenarios of various sources and
sinks. Carbon dioxide has been monitored for several decades by an increasing number of
measuremergtationsaround the world, with careful attention to the calibration and rdetbgy
of the measurements (Masarie and Tans, 1995). Initially, mtlsesé measurements were made

primarily in the marine boundary layeremote loations and on mountain tops, mantinental



areas were considerahinderrepresented (Tans, 1994ile such measements were useful for
estimatingCO; exchange on a global scdfean et al., 1998; Bousquet et 2000; Gurney et al.,

2002), continental and regional scale assessment had very large uncertainties. Several studies
suggested thatreewnetwork of site®ver the continents were indispensable to improve estimates

of regional atmosphetieiosphereCO, exchange (Tans ai., 1996; Gloor et al., 2000). Of great
importarce was the approach proposed bBgns (1991) to determin€O, mixing ratios
representative focontinental areas. These methods were designed to capture regionally
representative atmospheric concentrations, with minimal interference from local sources and sinks
(Tans et al., 1996 5ubsequent studietemonstrated the relevance of continuous mangoof

CQO; on tall continental towers (Bakwin et al., 1995; Bakwin et al., 1988me of the extensively

studied sites includéBakwin et al., 2004)the 447m tall WLEF television transmitter tower in
Northern Wi sconsi n, USA ( Habrar® borebt, EnviloOmetal - W,
Measurement Site in Central Massachual®owvers, US/
located in eastern North Carolina (35.37°N, 77.39°W), the Old Black Spruce site of the BOREAS
Northern Study Area near Thompson, Mami b a , Canada (55.88¢°N, 98.

Hegyh'ats'al, Hungary,teewr si t e (46. 95 N, 16.65°E, HUN)

The Global Atmosphere Watch (GAW) programmoé the World Meteorological
Organization (WMO) has continued to play a crucial role in promoting systematic and reliable
observations of the globatmosphereThrough its partership with the Members of WM@nd
several contribution networks and collakiorg organizations, the GAW programme helps
coordinate the measurement, analysis and dissemination of reliable scientifichitangterm

information about thehanging composition of the atmosphleedps to advancscientific research



geared towardthe understanding ofarboninteractionsand exchangbetween thetmosphere,
oceans and biosphere.
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1.2 Atmospheric CO2 Concentrations and Carbon Flux Studies

Annual accumulation of atmospher@0O, has varied significantly from year to year,
ranging from about 1 GtC per year to as high as ® f&r year (Conway et al., 1994 his
variation is mainly due to variations in the ocean and land fluxes, with the global carbon sink
ranging from about 1 Gt@er year to as much as 5 GtC per year (Keeling et al., 1995; Francey et
al., 1995). To determine the spatial distribution of these carbon sources and sinks, a wide range of
methods have been employed, each covering specific spatial Hitesesinclud&ddy-covariance
(EC) measurements (Baldocchi et al., 2001), and atmospheric inversions of mé&zSginaicting

ratios (Gloor et al., 2001; Gurney et al., 2002).

Direct measurements of terrestrial carbon flux using eddy covariance (EC) techniques have
been wilely used to interpret and predict the role of terrestrial ecosystems in the global carbon
balance (Baldocchi et al., @D). Currently, there are oveb@ sites across the world where eddy
covariance and other methods are being used to continuously eadess balancgJ. M. Chen
et al., 200Y. The ECapproach provides information on a fine temporal and spatial scale {Law e
al., 2002), bwever, theseneasurements are limited because the average fdptprimfluence
area of upwindsurface flux does nidypically exceed B kn? (B. Chen et al., 2008)Therefore,
much of our current understanding of the global carbon cycle is derived from -teng
observations and analysis of atmosph@@ mixing ratios.These studies employ atmospheric
transportmodels to link observed mixing ratios to spatially resolved surface fluxes, thereby
retrieving information on atmosphebgosphere exchang&lobal scale (~51 x Tkm?) carbon
balance estimates using data from global flask networks have been extenmgemseted and
significantly improved through atmospheric invemsedelling(Keeling et al., 1989Tans et al.,

1990;Conway et al., 1994nting et al., 1995; Fan et al., 1998; Bousquet et al., 1999; Gurney et

4



al., 2003. This progress in carbon budget studies have been restricted to the extreme ends of the
spatialscale spectrum, either the global invensedellingor the EC measuremenSomplex

terrain and landscape heterogeneityomplicates extrapolation from eddy caoeace
measurements to the regional scalad limited spatial coveradey the global observational
networks restrict dowrscaling fromglobal to the regional scale (Gurney et al., 2002; Helliker et

al., 2004) Consequentlygarbon esthates at the intermede level the regional scale ($@o 16

km?)- is still an active area of research interest that requires further develogRedinble
estimates ofegional carborfluxes are essential tomproving ourunderstandingf the carbon

cycle, as well aspredicing the feedback between clineatchange and the carbon cycle

(Friedlingstein et al., 2003; Fung et &005 Crevoisier et al., 2006

Measurements aditmosphericCO, mixing ratios on continental towergavebeen very
usefulfor inverse model studs at the regional scalgvpfsy and Harriss, 2002 Surface flux
information retrieved fron€CO, concentration data measured at tall towei31(30 m providea
power f ul conswupaindtl uan mobelt somThi s cont@natbec aus
integrated signal €O, exchange representingoiprint areas of up to 2&m? (Gloor et al., 2001;

Lin et al., 2008), which are several orders of magnitude larger than the direct flux measurements
using EC technique$n addition, sudies ofthe CO, balance of the ABL have greatiyproved

our understanding of regionabrbon balance of theerrestrialsurface(Helliker et al., 2004).
Previously, several papers focused on describing the scalar rate of change in the ABL during its
nonlinear daytime gwth (De Bruin, 1983; McNaughton and Spriggs, 1986; Denmead et al., 1996;
Raupach, 1995, 2000, 2001; Levy et al., 1999; Kuck et al., 2000; Lloyd et al., 2001; Styles et al.,
2002) and the stable nocturnal accumulation (Pattey et al., 2002). This apprdiacited to

daytime estimates of surface fluxes and is impractical for-teng CO, balance estimates



(Fitzjarrald, 2002). Subsequently, other studies examined longer time penedages using
continuous observations afmospherienixing ratics. Bakwin et al. (2004) examingdO, mixing
ratiosand atmosphersurface exchange data from four temperate continental sites in the Northern
Hemisphere. Their analysis focused on processes influencing the bu@gtinfthe continental
atmosphere on monthly asg¢asonal time scales. They employed a simple approach involving a
parameterization of atmospheric transport by approximating advection as vertical exchange
between the atmospheric boundary layer (ABL) and free troposphere (FT). The resulting estimates
of surface exchange @O, from CO; mixing ratio measurements are representative of a regional
scale (i.e. ~19km?). Upon comparison with direct, loeatale eddy covariance measurements of
net exchange with the ecosystems around the towers, the redlukeg were in reasonable
agreementSimilarly, Helliker et al. (2004) applied a quasjuilibriumapproactior the terrestrial

ABL to measurements &8O, and water vapor made within the ABL from a 38@&all tower in
Wisconsin. This concept is based oa #ngument that lontgrm (monthly) averages of continuous
measurement d€O, mixing ratios in the ABL from tall towers show distinct differences from the
backgroundCO; in the Marine Boundary Layer (MBL) (Bakwin et al., 1998). The study
demonstrated thahese distinct differences @O, reveal a balance between the surface fluxes
and the exchange with the free troposphere. The resulting estimate<Cé@hrfketx was in close

agreement with eddy covariance measurements (Helliker et al., 2004).

However, theabove studies attempted to interpret the signal of regiof@alexchange
using tall tower concentration data by focusing on simpledamensional atmospheric boundary
layer budgets that rely on gradient<i@, concentrations between the boundary layer tae free
troposphereThese methods are restricted to monthly resolution by the need to smooth and average

over several synoptic evendoreover, the freéroposphericCO, mixing ratios above the towers



were represented by proxy measurements fronmtagne boundary layer, because of limited
observations over the continents (Matross et al., 20083 approach has beemangly criticized

by Gerbig et al. (2003and Lin et al. (2006), whose studies demonstrated that free tropospheric
COe concentratios differ significantly from the MBL reference over the continent, leading to
biases in calculations of region@d; flux. These differences resytimarily from the time lag

for vertical propagation of marine boundary layer concentration changes upwandbé surface

into the free troposphere, as well as from meridional transport via meandering of the polar jet, and
deep convective events (Gerbig et al., 2003a)ce, there hdseen some remarkable progress in

the development ahore reliablemethods ltat quantify and validate estimates of carbon balance

at regional scale using atmospheric observatibimset al., 2006 Matross et al.2006; J. M. Chen

et al., 2007B. Chen et al., 2008

A 'receptororiented’ analysis framework was introduced3gybig et al. (2003) which was
designed to quantitatively interpret the atmospheric signatures of surface processes by linking
concentrations at measurement locations (receptors) to surface fluxes in upwind regions. This
modelling framework typically consis of three components: (1) an atmospheric transport model
that quantatively link spatially andtemporally resolvedupwind surface sources/sinks to
concentration measurements at the measurement location; (2) an obsdras¢idnlateral
boundary conditin for CO, resolving vertical and meridional gradients; andg3)riori CO.
inventories and/or a model for surface fluxes (Gerbig et al., 2003b; Matross et al., 2006; Lin et al.,
2006; Pathmathevan et al., 2006). Applications of this framework po&itiasis to address the
problems encountered when using data collected over the continent, including representation and
aggregation error (Lin et al., 2006; Gerbig et al., 2003b; Kaminski et al., 2001), as well as the

rectifier effect(Denning et al., 1996b).



Similarly, a number ofapproaches have been explored to extract the gross primary
productivity (GPP) from atmospherf€O, concentration measuremeni. Chen et al. (2008)
developed and compared two independent methods to extract the gross praaiacyiyity (GPP)
from atmosphericCO, concentration measurements. Employing an integrated ecosystem
boundary layer model for simulating ecosystem fluxes and atmospheric diffBsiGhén et al.,

2004), the first method involves a PBL carbon budget apprtizat allows the estimation of
regional GPP on a daily basis from the analysis of the h@f@y concentration measured at
several heights (30 m, 122 m, and 396 m) on the Wisconsin tall tower (B. Chen et al., 20063,
2006b; J. M. Chen et al., 2007). Thecaed method involves retrieving regional GPP by
superimposing the daily concentration footprint on the underlying daily GPP field simulated using
a spatially explicit ecosystem model driven by remote sensing inputs (B. Chen et al., 2008). The
comparisons fothese two independent regional GPP estimates, i.e., one is concerteati@u

and the other is concentration footp#integrated, have been conducted for arvR®wer at an old

black spruce site near White Swan Lake, Saskatche@amada (B. Chen etl., 2008). Both
methods agree well and the model used for GPP estimation within the footprint had good
agreement with eddy covariance (EC) flux measurements, suggesting that these two methods are

both useful for obtaining information on regional carbax f{B. Chen et al., 2008).



1.3Global Warming and the fiMissing Carbon Sinko

Climate changes, perhaps, the most pressing environmental issue facing humans. The
warming in the climate system is unequivocal and since the 1950s, many of the observed changes
are unprecedented over decademiitennia (1PCC, 2013). Furthmore, there islear evideoe
that the continuedncrease in the atmospherimurden of CO; is caused by anthropogenic
emissions. However, what remains unclear is the understanding of the mechanisms and dynamics
responsible fothe removal ofinthropogeni€O; from the atmospheréndeed, significant inter
annual changes in the global growth rate @D, have often occurred (Keeling et al., 1989;
Conway et al., 1994)and are attributed to both human activities and seasonal otoygear
variations in biosperic fluxegKeeling etal., 1976. To a large extent, the distribution, magnitude
and prospects of anthropogefi©, emissionsarefairly well understood, butot so for the ocean
and land fluxesOur understanding of the response of global ecosystems to climate changes and
anthropogenic perturbains isconsequent upon accurate interpretation of the spatial distribution
and magnitude ofiaturalcarbon sources and sinks. This will help explain the mechanisms for
carbon sequestration and improve predictions of future trendsaspheridcCO, concentrations

(Enting et al., 1995; Enting, 1999; Wofsy and Harris, 2002

Severalcarbon cyclestudies have concluded thatlarge net sink forCO, exists at
temperate latitudes of the Northern Hemisphetmatance the global carbon cycleitially, it was
uncertain whether the sink was pradnantly oceani¢Keeling et al., 1989r terrestrial (Tans et
al., 1990) Further atmospheric measurements, stable isotope analysis, and inverse modelling from
a globally distributed network of satmg stations have unanimously recognized the terrestrial
biosphere of the northern midtitudes as the major component of this carbon sink (Tans et al.,

1990; Denning, 1994; Ciais et al., 1995; Fan et al., 1998; Bousquet et al., 1999; Guahgy et
9



2002. However, uncertatresstill abound and several other questions remain unsolved by the
scientific community. For example: How is the northern carbon sink partitioned between Eurasia
and North America (Fan et al., 1998; Bousqeletl., 1999)? What are the feedbachkgnitude
mechanisms between the natural carbon cycle of northern terrestrial ecosystems and the global
climate system (Pacala et al., 2001; Caspersen et al., 2001; Field and Fung, 1999)? And how can
we accurately estiate and predict the processes by which anthropo@®dids sequestered in

nature (Heimann and Reichstein, 2008)?

The current capacity of North American ecosystems to absorb about 0.4 + 1.3 'RgC yr
Petagram Carbon equals!i@C, or 1 billion metridon C, or 3.67 billion metric to€0Q,) is not
guaranteed to rise along with human emissions or to even remain stable at its present levels. The
North American natural sink offsets about 20% of the emissions from the burning of fossil fuels
in the U.S.A., @nada and Mexico combined (1.8 Pg&)yPrimarily, about 32% of this estimated
sink is located in the deciduous forests along the East Coast, and 22% in the boreal coniferous
forests (Peters et al., 2007). However, there are significantgsyaar varability in this terrestrial
carbon budget depending on climate variations that alter regional temperatures, moisture
conditions, and consequently, growing season length (Pacala et al., 2001; Zeng et al., 2005; J.M.
Chen et al., 2006). For instance, widesal droughts in the U.S. west and Canada in 2002 resulted
in land ecosysims being approximately neutraheither a source nor a sink @0». In contrast,

2011 and 2012 were the periods with the largest net annual inP@.db the atmosphere from
North Americaeven though fossil emissions remained generally steady (1.7 and 1.9 gQeyr
this period ConsequentlyNorth American terrestrial ecosystems may have been a net source of

CQO to the atmospheri@ 2011 and 201¢Peters et al., 2007).
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Furthermore there is high uncertainties in the response of boreal forests to projected
changes in climate, though evidence from field observations and biogeochemical modelling make
it scientifically conceivable that boreal forest regions could tip intiffarent vegetation state
under global warming (Lenton et al., 2Q0@8len et al., 2010; IPCC, 2013Some studies (Black
et al., 2000) found that warming increased carbon uptake more than release in a boreal forest, while
others (Goulden et al., 1998)msted the opposite. Indeed, the effect of temperature on the forest
carbon cycle is highly variable depending on species, age and stand hlsteryChen et al.,

2003).

l4Car bon 1 n Canadandte HuadsoneBaylLowfands e s t

About 28% (552million hectares) of the world's boreal zone lie within Canada's borders
(Brandt et al., 2013). It extends from the Alaska border and northern British Columbia in the west
to Newfoundland and Labrador in the east, within which some 3.0 kmiDare coveed by
forests and other wooded land (Price et al., 2013). This zone is bordered to the north by treeless
arctic tundra and to the south by temperate forest or grassland. In addition, much of Canada's boreal
zone features thousands of lakes, rivers andames$, with substantial areas underlain by
permafrost (Price et al., 2013)ndoubtedly, he Canadian boreal zone plays a vital role in the
gl obal carbon cycle (Kurz et al . 201 3; Lempr i
boreal forest has acted C sink of 28 Tg C yedr removingCO, from the atmosphere to replace
the 17 Tg of C annually harvested and store an additional 11 Tg of C iyeacosystentC pools
(Kurz et al., 2013). Carbon uptake from net primary production and carbon release during

heterotrophic respiration are the two main fluxes that determine the net carbon balance in this zone.

11



In some years or in certain areas, carbon release can be high @ugetdlman or natural
disturbances (Kurz et al., 2013). Uncertainties about the present and datioos balance of
Canada's boreal forest are high, as well as their response to global climate change. It is clear,
however, that due to the decreasing seg shorter periods of winter snow cover, and the
associated atic amplification, northern circumpolar boreal forests and tundra will continue to
experience greater exposure to warming than other terrestrial biomes (Chapin et al. 2005; Foley

2005; Meehl eal. 2007; Trenberth et al. 2007).

The Hudson Bay Lowlands (HBLegion of Canada an ecologically significant and
widely studied boreal wetland region (Riley, 1982; Mortsch, 1990; Glooschenko et al., 1994). It is
the second largest sewontinuous weand region in the world (320, 0&n?) accounting for an
estimatedl2% of the Eartls total wetlands (Glooschenko et al., 1994; Wang et al., 2008). The
HBL region features a succession of wetland types including coastalhes, fen and bog
peatlands. Fainermore, he HBL climate is significantly influenced by the moderating effects of
the Hudson Bay. It's anomalously cold temperatures in comparison with other regions at similar
latitudes reflect the presence of ice cover over the Hudson Bay, which uveslergmmplete
cryogenic cycle each year. (Rouse, 19@ijnilarly, the presence of permafrost in the region,
which is the southernmost extent of pafrost in North Americds attributed to the Hudson Bay
(Gough and Leung, 2002 onsequently, thimportance of the Hudson Baywlands, both in
global climatemodellingand carbon studies, caot be overemphasizg@agnon and Gough,

2005%; McLaughlin and Webster, 2014)

Two longterm continental tower sites are strategically located within the HuBagn
Lowlands to provide regional scale information on greenhouse gas emissions and sinks. The

Fraserdale tower site is located on the southern edge of the HBL and on the northerempeiimet
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the boreal forest at 49°52'N, 81”87 The Churchill tower sités located at the northern edge of

the HBL (58°45N, 9404'W) and on an ecotone between the Arctic tundra to the northwest and
the boreal forest to the soutlumerous research studies have been conducted using atmospheric
CO, data from the Fraserdale site (Higuchak, 2003 Chan et al., 2004; B. Chen et al., 2005; J.

M. Chen et al., 2006; B. Chen et al., 2006a, 2006b).

The diurnal, seasonal and ingamnual variations in atmosphef©; at the Fraserdale 40
m tall towersite have been well described and analyzed (Higuchi et al., 2003). These variations
are attributedo the complex and dynamic interactgimetweerthe biospheric carbon fluxes and
the daily evolution of the planetary boundary layer, particularly during the growing season.
Averaged over the-yr period from 1990 to 1996, Higuchi et al. (2003) observed diurnal variations
in atmosphericCO, on the orde of 50 ppm or more. This observed diur@D, amplitude is
attributed to changes in radiative fluxes which results in ftighe CO, accumulation in a stable
nocturnal boundary layer. Furthermore, the-ttagay variations in th€CO, mixing ratios is
detemined mainly by the daily changes in the PBL dynamice@ated with different synoptic
weather systems or events. Climatologically, the seasonal minimum occurs in early August at
Fraserdale, and the amplitude of the annual cycle is about 20 ppm,ngtbkalstronger influence
of a seasonal vegetative cycle than those observed at background stations at similar or higher

latitudes (Higuchi et al., 2003).

Using al3-year (19961996, 19992004)hourly record, J. M. Chen et al. (2006) retrieved
carbon cycle information from atmosphe@€, concentration measurements at the Fraserdale
tower site. Based on their results, the retrieved Gross primary productivity (GPP) and ecosystem
respiration (ER)alues suggest that boreal ecosystemtbe region around the Fraserdale tower

were collectively aarbon sink of 10.8 + 14.2 g CHytin the study period. In addition, the study
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demonstrated an interesting temperadependent ecosystem signidde results showed that in
warmer years the planetary boundary layas more depleted withO;, andthat boreal ecosystem

photosynthesis increased more than ecosystem respiration in those years (J. M. Chen et al., 2006).

1.5Research Objectives

It is important to note that while sevesdlidies have focused on the Fraserdale site, only a
few have been carried out at the Churchill tower site. In fact, to the best of my knowledge, there
is no existing research work that uses the atmospk&dcmeasurement data at the Churchill
tower site to retrieve carbon cycle information in the regidrerefore, m this research work,
atmosphericCO;, data from the 60 m Churchill tower (58.75°N, 94.07°W) in northern Maaito
(Canada) are analyzed. Th®, data from the 40 m tower in Fraserdale, Ontario are used for

spatial comparison.

First, the seasonal and intannual variations of atmosphefO, mixing ratios for a 5
year (20082012) weekly flask measurement record are described. In addition, the danaal
daily (dayto-day) patterns are explored using continuous (hourly) atmospbéxiclata for the
year 2012The overall aim is to characteridaily, seasonal anidterannual variations a0 in
the region, and to quantify the relative influence ajetation on atmospher€O, mixing ratios
at Churchill and Fraserdale. Thudy aims to derive carbon cycle information from atmospheric
CO, measurementsand consequently, demonstrate the influence of Hoegional biospheric
emissions and sinksn thecarbon balance of the Hudson Bay Lowlands (HBL). Indeed, the
concentratiorfootprints of tower observations aseveral orders of magnitude larger than the

conventional direct flux measurements using eddyariance (EC) techniques. Therefoby
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retrieving an integrated signal 6fO, exchange representing footprint areas ¢10* km? (Lin

et al., 2003), thistudy will help improve our understanding of carbon balance in the codtal H

Second, a Lagrangian Particle Dispersion Model (LPDM) frameworkmiglayed to
simulate atmospheri€O, concentration at the Churchilhd Fraserdal®wer sites. Model results
are compared with CarbonTracker measurements, as well as tower observations. Differences
between all three results are assessed with respect torsiai#e characteristiosf the CO,
seasonal cycldj) timing of the asonal minimum; (ii) rgnitudeof the seasonal minimum, and
(iif) seasonal amplitudédere,the main objectives are to ass#ssaccuracy of the 30T model,
and examine various sources of model errbings study seeks to addressgtions such as: What
factors might beespmsible forbiases in simulate@O, concentration8How would uncertainties
in a priori surface flux fields influence model results? Do thedel biasewvary significantly

between Churchill and Fraserdale? And what is the seasonal pattern of these biases?

Finally, the influence of the Hudson Bay on STILT model performance is briefly explored.
It is anticipated that environmental conditions such as wind speeds and direction would have
noticeable impact on simulated atmosph@@ concentrations. This is bacse, #amosphericCO,
concentratios aremodifiednot only by surfaceources and sinkbut also by horizontal advection
and vertical mixing, on the way to the measurement tower. This study seeks to determine how

model transport errors may be exacerbétethe advective influence of the Hudson Bay.
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2.0THEORETICAL BACKGROUND

2.1 Atmospheric Concentration of Chemical Species

The structure, ompositionand dynamic®f the Earth atmospherare some oits most
defining attributesvhencompared to other planets time solar system. fis uniqgue atmosphere
drivesthe weather systemislocks (some ofy h e otentiallgharmful radiation, providefree
oxygen, and indeed, sustaall life formsonEarth Mostof the atmosphere is made up of Nitrogen
(78%) and oxygen (21%), and themaining 1% of the atmospheric gases are nedieio as trace
gaseslinterestinglysome oftheseso-calledtrace gases, despite their relatihmrtageplay a very
crucialroleintheEarth s r adi ati ve b al an swaterv&oorecaribohdiodidee gas
methane, nitrous oxide, and ozomelp regulate th&arti s t e mbyetra@ingoutgoing
thermalinfrared radiationtherebymaintainingan averagesurfaceaemperaturef about 15°C. The
net result is an upward transfer of infrared radiation from warmer levels nesartfies s ur f ac e
colder levels at higher altitudedl/ithout this secalled greenhousefetct,Earthi s s woufda c e

be 30 degrees Celsius cooler, perhaps making it todaolife to thrive.

However,since the miel8th century,the atmospheric concentrations ©0,, CHs, and
N20 haveincreagd substantiallyln 2011the concentrations of these greenhouse gases were 391
ppm, 1803 ppb, and 324 ppb, exceedhng preindustrial levels by about 40%, 150%, and 20%,
respetively (IPCC, 2013. The rising concentratiaof these heatrapping gaseresult in higher
opacity ofthe atmospherencreasedabsorption of infrared radiatipmnd consequentlyyarmer
surface air temperature§.his outcomeis called the enhanced greenhouse effectd is

characterized by complex climatgstem responses and feedbacks.
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The central objective of atmospheric chemistry has long been to understand the factors
controlling the concentrations of chemical species in the atmosphere. Gertbealtyare four
main processes that determine the atmospheric composition of any gigeengas; emissions
(sources), chemistry, transport, and deposition (sinks). With rising atmospheric abundances of
greenhouse gases being linked to the imbalance between their sources andssw&l,as
distribution by transport processes, there i@e urgent need to apply simple principles of

physics and chemistry to describe a complex system such as the atmosphere.

2.2 Atmospheric Transport and the Planetary Boundary Layer

The troposphere is the lowest layer of dagths atmosphere, extendifigm the surface
upward to about-87 km. It is the most important portion of the atmosphere accounting for about
80% of the total mas3 he troposphere also contains the bulk of atmospheric water vapor, the
majority of clouds and almost all weather adies. Furthermore, transport processes and their
associated transfer of heat, mass, and momentum modify the attributes of the lowest few
kilometers of the atmosphere. This lowest part of the troposphere that typically responds to
temporal and spatial chageg)in surface properties is called the planetary (atmospheric) boundary
layer (PBL). The height of the PBL is abou8Xkm, ranging from its maximum over deserts and
boreal forests, to a minimum over wetland regions. It is turbulentmiréid, and is chacterized
by the emission, transport and dispersion of trace gases and air polltkenefore the PBL is

of great significance in atmospheric chemistry, and dispersion modelling.

When trace gases pollution plumes are emitted into the PBL, they subjected to both

horizontal dispersion by the mean wind and vertical dispersion by turbulent ddeatsg and
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friction at theEartH surface creates atmospheric turbulence irPfBe which move trace gases
such a<CO, and CH toward (deposition/sink)r away (emission/source) from the surface. Eddy
motions generated by friction related to the roughness of the ground or irregular topagephy
commonly calld mechanical turbulence. The dtibnal drag of the surface causes rapid
fluctuations in windspeed and direction, and influences the transport and dispersion of
atmospheric trace gases and pollutabtsreover surface heating causes atmospheric instability
which generatesonvectiveturbulence that extends to even greater altitudes in the ateresph
The strength of this scalled thermal turbulence depends on the irtepn§surface heating, which

in turnis determined by the time of day or season. Dyigiaytime (in summer)nterse solar
heatingincreasesurfaceair temperature resulting irtraospheric instabilitynd the development

of the convective boundary lay@CBL). Buoyancy in this unstable atmosphere accelerates both
upward and downward movements of air promotstgong vertical mixing of atmospheric
constituents (sucl€O, and CH). At ni ghtti me, t he Eaand btable sur f
conditions develomear the surface. Particuladyiring calm conditions, the nocturnal boundary
layer(NBL) is typically shallow, rarely exceeding 300 Thus the stable stratification in the NBL
suppresses turbulence and vertical mixirgsulting in accumulation of pollutants or increased
concentration of greenhouse gases near the ground. Above the NBL, remnants of the daytime CBL
form a residual layer, which remains weiixed, but disconnectedrom the surface.
Consequently, there sgrong vertical gradients in atmospheric mixing ratibsace gaseduring

calm winter nights, for examplé& is therefore evident that accurate diagnosis of emissions and
sinks of greenhouse gasiesm atmosphec concentratiorrequiresa realisic representation of
PBL dynamics.In order toaccomplish this enormous taske capacity to model atmospheric

(turbulent)flow is crucial.
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2.3Lagrangian Modelling of the Atmosphere

Atmospheric transport models are employed in an attempt to provide a quantitative
understanding of physical and chemical processes in the atmosphere. This approach offers realistic
approximations necessary @adaptthe real, complex atmosphergo a modekystem.There are
two basic types of model refeims used in atmospheric scier€aterian and LagrangigiByers,

1974; Dutton, 1986)Characteristically, the Eulerian perspective describes the composition and
dynamics of the atmosphere within fixed dansain spacewhile the Lagrangian perspective
follows an air parcel as it moves with the flow, describing its trajectory as well as observed changes

in its compositionThe Lagrangian reference frame can be expressed as:
l\% (a)

Where ¢ is any state variable associated with the air parcel (i.e., trace gas concentration,
temperature or moistureandSis a generic source term. Therefore, equation (a) represents the
rate of change of a specified air parcel variable as it moves with theSlawilarly, using the

definition:
0 .
— Oh (b)
0 denotes the location of the air parcel, &nd the velocity. Since the equation represents the rate
of change of the air par cddverwwriopsdima stepsovithark i nt e g
out its trajectoryThe resulting simplestfirst r der ( “zer o accel eration”)

1998);
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X(to Y=x(l)+u(t 38Y ©

In order words, guations (a), (b), and (c) shawat Lagrangianmodellingcan be employetb
track greenhouse gases by determining the trajectory of the air paftelsand the trace gas
concentrations (whergr = C) at the different location® and timest. Accordingly, Lagrangian

modellingar e al so r ef ermodelingt o as “trajectory

With advances in computenodellingin the early 1990s, trajectory models were used to
study a wide variety of atmospheric phenomena, for example: in synoptic meteorology, to
investigate airmasg$low around mountains (Steinacker, 1984); in climatology, to identify
pathways of water vapor transport (D'Abreton and Tyson, 1996); and in environmental science, to
establish soureeeceptor relationships of air pollutants (Stohl, 1996a). Today, thegangian
models have grown in popularity anelevance with over a hundred scientific papers currently
published every year (Lin, 2013uchstudies utilize diverse types of Lagrangian models which

can be broadly categorized into four approaches bastittmnmepresentations of air parcels.

Mean trajectory models assume that air parcels retain their individual identitiea, and
single lIine is adeqguat ¢gLint2012) Ehis assumiien ischenvever, p ar c
problematic becausthe boundedes of an air parcel are not weléfined (Bohren and Albrecht,

1998). Typically, a parcel of air is unable to preserve its identity due to molecular and turbulent
diffusion. As a resultmean trajectory models track the path of air parcels by focuslgguorhe
mean velocity componemt, but neglect theurbulent, stochastic componamtin the Reynolds

decompositiorof u (Reynolds, 1895):

u=1 + ux (d)
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For dimensionless Reynolds number (Re) greater than a critical vaks®0®, smooth laminar
motion undergoea transition to turbulent motion, which is inherently unstable. Since this critical
Reynolds number is almost always exceedathin the troposphereatmospheric motion is
inevitably turbulenin nature (Salby, 2012Y.herefore mean trajectory models poorly represent
average transport within the planetary boundary layer (PBL), where turbulestaenig, but may

be valid in the stratosphere or in laminar flow regimes (Stohl and Wotawa, 1993).

In an attempt to solvéaé identity preservation problem, Lagrangian box moegisesent
several air parcels as an aggregAteariant of this approacis the column model which follows
the chemical evolution of a wathixed column of air travelling along the surface and extend
vertically to some specified mixing deptiipically the top of the PBLHliassen et al., 1983acob,
1999).Examples of the Lagrangian box models which have been applied to simuteispheric
chemistry include, the single trajectdmgsed ELMG2 madel (Strong et al., 2010) and the
multiple trajectorybased CiTTZAT model (Pugh et al., 2012)his modelling approach still has
large uncertainties due to distortion of the box by intense turbulent mixing and strong wind shear

(Seaman, 2000).

Gaussian puff models provide a more accurate trajectory information by accounting for the
effects of turbulent dispersion. Here, air pa
continue to grow in size. Followin@. .Tay | or ' s rk(Taylersl9A) which describes
plume dispersion in stationary homogeneous turbuletiee,puffs normally adopGaussian
distributions in all three dimensions. Gaussian puff models such as CALPUFF have been used for
a wide variety opollution dispersiomndair qualityassessment studies (Scire et210Q Walcek,

2002. However, such models anmable to satisfactorily resolve the complex interaction between
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turbulence and wind shear in tR8L, and thus, require supplementary parameterizations such a

puff splitting (Walcek, 2002).

Particle models simulataaby representing air parcels as particles of equal mass that are
transported with random velocities generated by a Markov pr¢themson and Wilson, 2012)
Thus, an ensemble of particlesach undergoing random impacts in the field of eddies and
following diverse dispersion pathis, simulated to capture the stochastic effects of turbulence.
Theselagrangian particle dispersion models (LPDMs) are the most accurate and sophisticated of
the Lagrangian models, trackinthousands to hundreds of thousands of particles in three
dimensions, in order to provide awelle pr esent ati ve characterizati
This modelling approach is often referred to as onsingleparticle malelling, since it treats the
motion of each particle as completely independent of that of other particles by employing a set of
stochastic differential equations for velocity and position incremé&amples of the most
commonly used LPDMs include HYPACWalko et al., 2001)STILT (Lin et al., 2003),

FLEXPART (Stohl et al., 2005), andAME (Jones et al., 2007).

2.4Backward-Time Lagrangian Particle Dispersion Models

Since Tayl or ' s ( 19 2AA4gyangidnaamalysisa of kthe pamtpm@ous o n
movements of particles in stationary homogeneous turbulence, there has been significant
improvements in Lagrangian stochastiodelling (Sawford, 1985; Thomson, 1987; Wilson and

Sawford, 1996; Rodean, 1998homson andVilson, 2012). In particular, backwatoine LPDMs
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have been developed to derive the trajectories of air parcels by usingratengednethod This

is achievedy integrating equation (c) backward in time:
X(tozY) =x(L)Zu(lo 13 8Y ©

Lagrangian modellinginvolvingtime ever sed si mul ati ons, wh-ich ar
oriented?” ( G &)rhbve beeneiricreasimgly appli2dot® & wide varietpaéntific
endeavorsSuchstudies benefit from the computatiordficiency of the backwartime method
compared to their forwartime counterpartsespecially when the number of upwind elements (e.qg.
sources and sink&r exceed the number of receptors (e.g. measurement tower site). The approach
presentglifferentinb r mat i on i ncluding 9fodten(Sohpddlmelsi’n

2003) and “touchdown velocities” (Flesch et a

Backwardtime LPDMs have been particularly useful in inverse studies for diagnosing
emissions otrace gases from atmospheric concentrationssd h&DMshave been applied at
local, regional, and global scales to retrieve information about sultxes of greenhouse gases
(GHGs) from anthropogenic sources and natural systems. This is possiblesdd¢bau PDMs
running backward in time have the capability dompute andmap out the sensitivity (i.e.

“f o ot)wl dbsenvéd GHG mixing ratios at a particular measurement location (i.e. the
“receptor ”) tsok lacgions (Lid et al9 RO0FBedert and Frank, 2004 he
resulting surfaceatmosphere exchange fluxesrve as regional or continental constraints in
inverse model calculations (Gerbig et al., 2003b; Lin et al., [20Kdrt et al., 2008Stohl et al.,

2009;Kort et al., 2010Gourdjiet al., 2013Miller et al., 2014.

Introducinga “ r e@reipe ettnasghérianodelling(ROAM) framework, Gerbig et

al. (2003)constrained regionacale terrestrial carbon fluxes with atmospheric observations over
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the North American continenfThis ROAM analysis framework includes a transport model,
parameterizations for biosphere and fossil fuel fluxes, and a statistical tnaideate the lateral
boundary conditions. ROAM was applied to observations collected during@h®&udget and
Rectification Airborne (COBRA) studyn the year200Q allowing quantitative comparison
between the topown constraint on fluxes from airborne observationS©f with the bottoraup
constraint of measurements from eddy covariance in a Baysgiahesis inversionThey
calculated vegetation signals along the COBRA flight track as the difference between measured
CO; and the sum of advected boundary mixing ratios and fossil fuel combustion Jigaal.
measurementierived vegetation signals werbet used to constrain largeale biosphere
atmosphere exchange fluxes from upscaling of AmeriFlux measurerstitsates of net fluxes

at continental scale were obtained from the optimized biosphere model, constrained to be

consistent with the COBRA ohsations and with the AmeriFlux data (Gerbig et al., 2003b).

Emissions of two noi€O, greenhouse gases over large areas of the U.S. and southern
Canada were constrained using a backwané Lagrangian particle dispersion model, and
airborne measurements methane and nitrous oxid@ort et al., 2008). The atmospheric
measurements were obtained from @@, Boundary Layer Regional Airborailorth America
(COBRA-NA) campaign in May and June, 2003. Air parcel trajectories as webrasentration
footprints were calculated using the Stochastic Tinwerted Lagrangiarfransport (STILT)
model, driven with meteorological fields from the Weather Research and Forecasting (WRF)
model. To compute the associatedrfaceflux contributions to the mixing teos at the receptor,
the footprints were multiplied bya priori emission fields from' J K’ wetl and I N
(Bergamaschi et al., 20Qihe EDGAR 32FT2000 inventory (Olivier et al., 2005), and the GEIA

(Bouwman et al., 1995)he mixing ratio enhancemerdse to surface fluxes was then added to

24



a background concentration advected from the domain boundary. Results sugG43Ghie
inventory for CH accurately accounts for emissions over much of the U.S. and southern Canada
(accurate to 8 £ 14%), whileoth EDGAR and GEIAunderestimated (by factors of 2.62 + 0.50

and 3.05 = 0.61, respectively)® emissions (Kort et al., 2008).

Keller et al. (2012) derived European isgsions of nine representative halogenated
greenhouseasges (CF€ll, CFG12, Halon 1211HCFG141b, HCFC142b, HCFG22, HFG125,
HFC-134a, HFC152a) for the year 2009. The spatial cogeraf the emission estimates were
significantly increased by combining campaigreasurements from Hungary witbnigterm
atmospheric observations in Switzedartaly, and Ireland. Backward simulations with the
Lagrangian particle dispersion model FLEXPART were used to obtain the seuasgsor
relationship (Stohl et al., 19882005). The FLEXPART model, driven by 3 hourly wind fields of
the European Centreif MediumRange Weather Forecasts (ECMWF) calculates the trajectories
of tracer particles using the mean winds interpolated from the analysis fields plus random motions
representing turbulence (Stohl and Thomson, 1999). A Bayesian inversion methodldsabfui
leastsquares optimization was employed to link atmospheric observations with model
calculations. The results provided estimates of the spatial emission pattern over the area
influencing the four measurement sites. Overall, the aggregated haloesmgsions over the
study arear@ estimated at 125 (188650) Tg of CO» equiv/y, of which the hydrofluorochons

(HFCs)account for the largest@portionwith an average contribution of 41@eller et al., 2012).

It is clear from the above study examplést backwardime Lagrangian particle
dispersion modelfiave played a significant role in regioisgiale surface flux estimations of
various greenhouse gas€grtainly, the importance ahese timeeversed PDM simulations to

inverse modelling framewoks cannot be overemphasized@he availability of trajectory
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information which incorporates atmospheric phenomena such as nii§ongpka et al., 2012
transport barriergSulman et al., 2092 turbulent eddiefThomson and Wilson, 20})2and
convection Haertel, 201}, is one of thgorime advantages of Lagrangienodelling Additionally,
LPDMs can provide subgridcale information, thereby resolving the fiseale heterogeneity
absent in Eulerian models (Lin et al., 2003). They hbsee the capabilityotcapture the physics

of turbul ent t r-faineslpdo™r tr e gni mehecl “orseeart o t he

nondiffusive (Lin et al., 2012).

However,some uncertainties are inherent in transport model simulations. The dominant
errors in trajectory aculations typically come from errors in the wind fields themselves (type 1
errors) orfrom type 2 errorslue tothe limited spatial and temporal resolution of thelded wind
fields (Stohl et al., 2001Lin and Gerbig, 2008Bowman et al., 2013Dthersevergroblems arise
from vertical transport errors through convective transport in clouds and mixing i
planetary boundary layer (Gerbig et al., 20RBtschmer et al., 20}2It has been demonstrated
that equally increasing both the spatial aathpora resolutions of the wind fields improve
trajectory accuracy, compared to marginal improvements from solely higher spatial resolutions
(Stohl, 199&; Pisso et al., 2010; Bowman et al., 2013). Furthermore, LPDMs benefit appreciably
from the use ofitne-averagedconvective masfluxes and timeaveraged velocitiegstead of
instantaneouwinds. This has been shown in a number of diagnostic studies including Nehrkorn

et al. (2010)Brioude et al. (2012), and Hegarty et al. (2013).
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3.0METHODOLOGY

3.1Study Region

In Canada, longerm observations network for atmospheric measuremer@©OgfCH,
CO, NO, H and Sk provide the necessary data to identify seasoaahbility and spatial
distribution of greenhouse gases. Environment Canada's Greenhouse Gas Measurement Program
began in 1975 and constitutes Canada’s contri
(WMO) Global Atmosphere Watch Program. The measuremetibrstaare carefully located
across the country to collect local and regional scale information on greenhouse gas emissions
from both natural (forests, wetlands) andmatural (coal, oil and gas, agriculture, waste) sources.

Currently, there are over leamsurement sites, including the Churchill and Fraserdale tower sites.

3.1.1Churchill, Manitoba

Churchill, Manitoba $8°45N, 94°04¢W) is a small port city located at the nome
perimeter of the Hudson Bayilvlands (HBL), and on an ecotone between the Arctic tundra to
the northwest and the boreal forest to the south. Overall, the HBL is poorly drained, flat and
dominated by extensive wetlands. Most of the region lies in northern Ontariodtsdnéaches
into Manitoba and, to a lesser extent, Quebec. In particulaiChinechill area lies within the
Coastal Hudson Baydwland ecoregion, along theesterncoast of Hudson Bay. This ecoregion

is marked by short cool summers and very cold winters, with a meamalaemperature of about

27



-4 °C (ranging from 10.8C in summer an€ll9 °C in winter. Precipitation is between 400 mm in

the northwest and 600 mm in the east.

Furthermore, the Coastal Hudson Bagwiland region is part of the broad area of tundra
and boreal forest transition where the latitudinal limit of tree growth is reached. The vegetation
features very open stands of stuntddte spruce and tamarack with secondary quantitidsamk
spruce. h addition, a shrub layer of dwarf birch, willow or ericaceous shrubs, and a ground cover

of sedgeor lichen and moss is predomindBSWG, 1995)
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Up to about 8000 years ago, the region was covered by the Laurentide Ice Sheet, a massive
sheet of ice that repeatedly coveradst of northern North Americgarticularly Canadaluring
the Quaternary glacial epochs. After deglaciation, the region was inundated by the Tyrrell Sea and
covered by marine sediments, raising water levels to as high as 150 m above the preseit coast an
extending about 100 km inland (Dredge, 1992; Johnson, 1987). Subsequently, the continent began
to recover from the huge weight of the ice sheet resulting in continued uplifting of the land surface,
thesecal | ed “i sostati c rsgbitemmebtiate andrblaively rapidduedd u p |
the elastic response of the earth crust to glacial unloading. The following uplift phase proceeded
slowly, and continued to decrease exponentially. Today, the typical uplift rates are of the order of

1 cm per gar (Johnson, 1987).

Overall, the posglacial rebound process has contributed to the formation of a wide variety
of new coastal habitats. Here, the wetland dominated landscape features fens, bogs, marshes, as
well as shallow ponds and lakes which are about 0.25 to 2 m de#pntH1992; Roulet et al.,
1994). Along the Hudson Bay coast east of the Nelson Rmwenerousarallel, welldrained
raised beaches present a striking pattern of successive white-spuagced ridges, alternating
with fens, polygonal peat plateaus, quedt plateaus. North of the Nelson Rj\®¥aches are more
subdued and the terrain is dominated by fens, polygonal peat plateaus, and peat plateaus (ESWG,
1995). Also, permafrost with low to high ice content is wmlead throughout the ecoregion; a
meanannual ground surface temperature of ab®aC to-4 °C provides an idea environment for

permafrosbccurrencéJohnson, 1987).

Characteristic wildlife includes barrgground caribou, polar bear, arctic fox, brown
lemming, snow and Canada goose, swaa,d&eks, and shorebirdBelugawhale and seal are

found in coastal waters. Human activitinsludetrapping and hunting, marine mammal hunting,
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fishing, recreation, and tourism. With a total population of approximately 1600 in 1995, the major

communitiedn the ecoregion include Peawanuck, Fort Severn, and Churchill (ESWG, 1995).

Churchill has a borderline subarefiow Arctic climate (Rouse, 1991 The major
influence on the climate is the freezing and thawing of the HudsonTpically, ice formation
begins inlate October and November, the ice cover reaches its peak thickness in April and May,
and breakup is usually complete by the first week of August (Markham, 1986; Saucier and
Dionne, 1998 Gagnon and Gough, 2006 In winter, the complete ice cew nullifies the
moderating effects of the Hudson Bay waters. However, the occurrence of sea ice until late July
in the southern and western shoresHudson Bay contributes to the presence of continuous
permatfrost in the Churchill area (Gough and Leuri)2}. This has significant effects on the
climate of the area, maintainirige ground temperature below O,°and inhibiting surface water
penetration from rain and snow melt. Thie energy that would otherwise be used to warm the
surface is expended avaporation (Maxwell, 1986) he averageair temperature in July, the
warmest month of the year, is 42, and only four months have monthly mean temperatures above
the freezing poin{Gagnon and Gough, 2006 Interestingly, the local ecosystem of Hudson Bay
still thrivesin this harsh climate. In particulgoplar bears have agted to the seasonality eéa
ice cover. In winters and springs, the bears live on the ice platforms feeding or hibernating. Seal
pups are the primary source of food for the year. Dusngimerwhen the sea ice begins to
disappear, the polar bears migrate to the land surface where they bear and raise theipgaing
dens Food sources over land are inadequate to sustain them asdguently, the bears lose on
average 0.85 kg per day while on land (Stirling and Derocher, 1993; Stirling et al., 1999).
Consequently, there are @amns about the potential influenaieclimate change on the cryogenic

cycle of the Hudson Bay ice covendits associated impacts on th@pulation ecology of the
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polar beas (Stirling et al., 1999). Churchill is one of the few locations where polar bears can be
observed in the wild. As a result, it has become a favorite destination for tourists intarested i
seeing these fascinating animals. Typically, prime viewing times are in October and November; at
the onset oice freezeup on Hudson Bayvhen the polar bears commence their migration back to

seathunt territory.

3.1.2Fraserdale, Ontario

Fraserdald 4 9 ° 5 2 ' \N),is |lo8atetl Suthwesf James Bay in norétn Ontario and
on thesouthern perimeter of the Hudson Bay Lowlantise measuremersite is on a large
clearing (about 36@00 m across) in the boreal forest, withiregion that has extensiveetland
coverageThe area isltaracterized by a relatively smooth shallow valley covered by tall grasses
and several small tree&.2 km x 2 km region around the site is characterized mainly by forest
(50%), the Abitibi River (18%) and a logged afetiguchi et al., 2003)According to a Landsat
TM image at a 30 m resolutigiSchut et al., 1994 the 3600 kn? landscape around the tower
comprises of 66% black spruce (Picea mariana) and Jack pine (Pinus banRi&napen land
after forest fires andbgging, and 11% aspen (Populus tremuloide$he closest town to the
Fraserdale site is Smooth Rock Falls (populad@b600) located about 70 km south of the Site.
the north, thelosest town is Moosonee (populatibh500) located about 200 kaway.Timmins
(populationD50 000) is the closest major city, located about 150 km south of Fras@htatay

et al., 1998).
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The climate of Fraserdale has been wadiscibed by Higuchi et al. (2003.he region is
characterized by onthly mean temperatures below @ for about 6 months of the yedn
wintertimeg meant e mper at ur e s Ca(witt a mfgeoti-t 2 8- 2t068C); ant 5n
summertimemeantemperatures agbout 17C (with a rang®f 15 to 18°C). The growing season
(defined as starting after five consecutive days with temperatures abGyeXends on average
from 5 May to 15 September (133 e seasonal precipitation pattern over the Fraserdataregi
is controlled by the movement of the Arctic frowhile annual precipitations about 800 mm
summertime values could be as high as 100 mm per month when the Arctic front is located just
north of Fraserdale. Overall, the regioncimatologically infuenced alternately by Arctic,
maritime tropical and modified Pacific air masses (Bryson, 196R)is resultsin four main
different seasonal circulation patterns: (1) a winter pattern between November and February that
brings air from the northwest, (2paring pattern between March and June that transports air from
the north, (3) a summer pattern between July and September that brings air from the north as well
as from the southwesdnd (4) a short transitional fall pattamOctoberthat brings air from the
west.The winter and spring circulation patterns bring clean air from the north to Fraserdale, while
anthropogenic influence on the sampled air is more likely associated with the summer circulation

(Jobson et al., 1994).
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3.2Data Description and Measurement Procedures

3.2.1Data Sources

This study uses a-fearweekly CO, flask measurement recoficom 20082012 as well
as continuous (hourly) atmosphe@©, mixing ratios for the year 2012. The study focuses on the
Churchill and Fraserdale tower sites, and measurement data are provided by Environment Canada
(http://www.ec.gc.ca/mgeghgm/). All data were accessed from the Worldtd Centre for

Greenhouse Gasdhttp://ds.déa.jma.go.jp/gmd/wdcgyy/

Churchill 58.798H, 94,8674 35n co2 {flask}) event
418

T T T T T T T
HHO HDCGG F JHA Data subnitted by EC
4495

488 -

395
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398

385
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Figure 34. Time series of @eekly flaskCQ measurements at Churchill, Manitoba, from 2007 to 2014.
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Figure 36. Time series diourlyCQ measurements at Fraserdal@ntarig fromJanuary to December, 2012.



3.2.2Measurement Instrumentations

The ChurchillNorthernStudiesCentre(located 23 km east of the town of Churchill) was
founded in 19760 foster scientific research in the region and is located at the site of the former
Rocket Range established during the International GeophysicalAteayspheric greenhougas
measurements began at the 60 m tower site with weekly flask sampling in 2007. Hourly
measurements were initiated in October, 2011. Air samples are collected in pairs approximately
weekly using flasks that have dual glass barreled valves with VitemR)seals. A pumping unit
is used to first flush the flasks, and then fill them in parallel tpsLBAll samples are analyzed by
Environment Canada in Toronto for carbon dioxide, methatreus oxide, sulphur hexafluoride
carbon monoxide antlydrogen,by a Gas Chromatography equipped with a Flame lonization
Detector (GGFID). The flask analysis system is fully automated via the HP Chemstation software.
Ambient and standard gas samples are bradkst two working tanks, and instrument response
of the smples are compared to two standards of knG®ncontent. Measurements are reported

in units of ppm of dry air relative toéhVMO CO, standard scale (Worthy et al., 1998).

At Fraserdale, observation G, mixing ratios began at the top of the 40 m tower in 1990.
Here, atmosphericCO, is continuously measured using roispersive infrared (NDIR)
methodology (Trivett and Kohler, 1999). Ambient air is supplied to the NDIR using a vacuum
pump that drawsir through a sample linextendng to the top of the 40 m tower. To permit the
analysis on a dry air basis, the sample air is passed through a pressure relief valve set at 1 atm to
release excess pressure (and air) and then through a largéllbdaglass tr@ immersedn a

cryogenic batlset at-=70 °C (Higuchi et al., 2003).
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At each site, 11 standard tanks are used; 5 station tanks (~350, 365, 380,395 and 410 ppm), 4
working tanks (~355, 370, 385 and 400 ppm), one target tank (~365 ppm) and one zero tnk (~34
ppm). At the top of every hour, a calibrated target gas and a zero gas are supplied to the NDIR
analyzerfor 5 minutes each. The working tanks are sequentially passed through the analyzer (for
5 minutes each) every 5 hours after the hourly target andaeks havéeen passed through the
systemA Campbell Scientific data logger is used to control the automated injection sequence, and
processes 5 minute averaged data records generated from the 1 second output signal voltages from
the analyzer. A localesver collects the data from the logger and transfeia VP to the server

at Environment Canadan Toronto. All CO> measurements are directly traceable to the
international absolute WMO mole fraction scale maintained by the WMO Central Calibration
Laboratory at the Earth Systems Research Laboratory (ESRL) in Boulder, Colorado. There are 15
WMO primary standard gasedibaated at regular intervals, between 1 and 2 years, by the ESRL
manometric system (Zhao et al., 1997). The uncertainty of the WMOT@(@ fraction scale is

estimated to be approximately 0.07 ppm (Zhao and Tans, 2006).

Figure 37. Environment Canada analytical measurement systen€@uusing the nordispersive infraed (NDIR) methodology.
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Figure 39. Analytical equipment useat ECfor measuring the amount of selected trace gases in the flask air samples

39



3.2.3Data Processing

At the Churchill site, the automated control and sampling protocolthéoIiGC Fask
analysis system aggogrammed in methods and sequences within the ChemStation software. An
injection protocol is typically comprised of a series (~15) of alternating standard tank (High and
Low) injections to ensure system stability. The tstr flask sample analysis includes two
injections from a single flask followed by single injections from the two working tanks. §his i
then followed by two injections from the next flask and then repeated until all flasks have been
analyzed. Overall, efd to ten flasks are attached to the system during a singlbloamally, the
entire sequence is repeatgadoviding 4 individual sample analyses from each flask. To track
potential biases and system errors, targets flasks of known concentration amelatte in the

sequence.

At the Fraserdale site, four separate processing modules written in MS Visual Basic are
employed to calculate the final ambient concentrai@ mixing ratio values. The modules are

run sequentially on the data collection server to perform various tasks:

First, Module 1 appends the most recently collected data with the previously collected data
every 6 hours. There is one raw data file contaialhgaw data information collected by the logger
for each year and for each site. This module also scans the entire file and extracts all the working

(calibration every 11 days) and station tank calibration data.

Next, Module 2 automatically runs all thedividual calibrations on the 4 working and
target tanks (that take place every 11 days). This module also generates a historic calibration table
that includes final valid calibration values. All the processed calibration files and the historic

calibraton table file are erased and regenerated after each data collection interval.
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Subsequently, Module 3 isolates all the historic calibrations for each individual working
and target tank (from the historic calibration table file) and fits a quadratic eqtaticton
through all the individual valid calibration values for each tank. This module also generates a new
figure (one for each tank based on serial number) that includes the quadratic curve function and
all the individual valid calibration values. Aft¢he calibration tank figures are generated, the
module then updates (overwrites) the quadratic coefficients for the working and target tank

equations, including historic tanks, in the station initialization file.

Finally, Module 4 calculates the ambieartd target tank mixing ratios based on the four
calibrated working tanks extracted from fitted curves. The mixing ratios are calculatedhotive

blocks between sweeps of working tanks.

3.3Data AnalysisFramework

3.3.10verview

This study employs an analysis framewatksigned to quantitatively interpréie
influence of locat to regionatscalebiospheridluxeson atmospheri€O, concentration, by using
spatially resolved "footprints” to link towaneasurementto upwind regiors. The modelling
framework incorporates thremain components: (1An LPDM, the Stochastic Timiverted
Lagrangian Transport (STILT) model that simulates air parcel trajectories and computes
spatially/temporally resolved surfafmotprints; (2) Meteorol@ical fields from the North
American Regional ReanalysiBIARR), and the Global Data Assimilation System (GDAS) to
drive the STILT model; (3) Aarbonmeasurement arassimilation system (CarbonTracker) that
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providesestimates ofCO, sources and sinks ovehe continents and ocear@verall, he aim of
this modelframeworkis to help address the primary objective of this study, which is to determine
the biospheridlux contributionto the observed atmosphe@©, mixing ratios inthe Churchill

area of the Hdson Bay Lowlands

3.3.2The STILT Model

The Stochastic Timénverted Lagrangian Transport (STILT) model is a "near field" tool
for simulating the upwind influence of atmospheric observations (Lin et al., 2003). This is
particularlyrelevantbecause anthropogenic and biogenic emissions of trace gases at the surface
cause large variations of atmospheric concentrations in the planetary boundary layer (PBL) from
the ‘" ‘near field’”’”, where upwind s ouwnrsjlels and
is designed with the capability to represent #fedd influences, transforming this noise to signal
useful in diagnosing surface emissions. The model simulates atmospheric transport by following
the time evolution of a particle ensemble, ipt#ating meteorological fields to the subgrid scale
location of each particle. Additionally, turbulent motions are represented by a Markov chain
processbased statistically on obs/ed meteorological parameterdlost importantly, the
trajectories of air paels are derived in a timeversed manner thalyy saving significant
computational effort and time since the influence of upwind emissions at different times is
modelledusing a single article backward simulation. This trajectory analysigerformedstarting
at the receptor (i.e. the measurement tower) towards the upwind regions, and sampling only the

portion of the domain that influences the observatidhgren lies the advantage ofie STILT

model as a powerful tool within ti€0O, surface fluxframeworkanalysis.
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Figure 310. Comparison of backward time and forward time simulati@nsingle backward time
release of particles marks out the potential source region that influences the receptor, yielding
the spatial andtemporal dependence of the influence function,t(X x,t), while numerous
forward time runs from the entire model domain at multiple time steps are necessary. An
empirical test for assessing time reversibility of the STILT model was carried out layirggmul
particles back in time from a box centred at the receptor location (%,yr,z). Then numerous
forward time runs were conducted, starting from each potential source region,t). The
number of particles from the backward run which endruthe source box is compared with the
number from the forward run that is found in the receptor box, after taking into account the
differences in air density at the source and the receptor. STILT has been demonstrated to provide

results consistent with it®rward time counterpar{Lin et al., 2003).
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STILT addresses two main challengessociated withtenospheric transpornodelling
(1) fnebd” variability i n concentr aadfithen dat
distribution of surface fluxes, and (2) inadequate representation of PBL dynamics and transport.
The term near field refers to the surface with which PBL air has come in contact ~4 days before
arrival at the observation location or receptor (Co#tbal., 1995)Thus, the neafield domain
affected by PBL processes may extend ovéel@ km, i.e., regional or even continental scale

(Lin et al., 2003).

The STILT model is built upon the source code from Hybrid StRgldicle Lagrangian
IntegratedTrajectory (HYSPLIT) system (Draxler and Hess, 1998), using the mean advection
scheme from HYSPLIT but employing a different turbulent module. Also, because of the common
unavailability of PBL height in meteorological fields, the parameterization for IRBght has
been modified from the s i-mwhithepetifesathe®BL heighteas h o d ”
the level where the virtual potential temperature is greater than the surface value -bya K
modified Richardson number method that generalizemstable, neutral, and stable conditions
(Vogelezang and Holtslag, 1996). Furthermore, to satisfy thenaieéid criterion in the strongly
inhomogeneous environment of the PBL, STILT adopismigue way oftransporting particles
between vertical levelbasel on the reflection/transmission scheme for Gaussian turbulence
(Thomson et al., 1997)n addition, @rticles in STILT are treated as air parcels with constant
mass, and changes in air density are accounted for in order to conserve the amount of mass each
vertically transported particle peesents. This ensures that thienulatiors retainwell-mixed

particle distributiosin an environment with Gaussian turbulence.
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According to Gerbig et al. (2003), some of the prime advantages of using an LPDM such
as JILT include: (1) The capability of the model to run backward in time makes it very efficient,
such that only a single reverseghe model run is needed to extract the spatially and temporally
resolved footprint for emissions at all previous times; (2) @ube actual stochastic nature of air
parcels transported by turbulence, modelling turbulent transport as the ensemble of stochastically
transported particles is a more accurate representation than typical parameterizations such as
diffusion coefficients (3) Representation errors are avoided since influence is represented with
particle distribution; (4) Interpolation of winds down to the exact location of a measurement
enables footprints to be derived at much higher spatial resolution than the driveayotogical

data (Gerbig et al., 2003b).

The STILT modelyields realistic simulations of trajectories and associated footprints of
air particles by satisfying the physical criteria of wmikedness, resolutionfdhe decay in
autocorrelationfepresentation of close coupling between windshear and vertical turbulence, and
consistent treatment of particles as air parcels with equal mass in both the mearbaiedt
transport component s (-fevensibiligyand aulitabily fora@plcdtipns ST L
to inverse analysis has been wadimonstrate by a wide variety of studid&erbig et al., 2003b;

Kort et al., 2008; Zhao et al., 2009; Nehrkorn et al., 2010; Hegarty et al., 2013; Mallia et al., 2014).
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Figure 311. The receptooriented analysis framework and the role played by the STILT model.
Particle ensembles simulated by STILT provide the influence funflidr, t) that link

receptor measuremerx, tr) to upstream surface fluxégx, y,t) and initial tracer field(x, to).

The particle ensembles are released at downstream receptors, and their locations prior in time

mark out the upstream igions influencing the receptors (Lin et al., 2004b).
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3.3.3Meteorological Fields

Wind fields, along with other meteorological variables are required to drive the STILT
model. This study uses gridded data frohetNational Weather Service's National Centers for
Environmental Prediction (NCERyhi ch are archived by NMNMAA s A
(ARL). The NCEP North American Regionak&nalysis (NARR) is a loatgrm dynamically
consistent, higitesolution, highHfrequency, atmospheric and land surface hydrology dataset for
the North American domaifMesinger et al.,, 2006 The NARR was deveped as a major
improvement upon the earlier NCHRCAR Global Reanalysis (Kalnay et al.996; Kistler et al.
2001) with lateral boundary conditions provided by the NAEPE GR2 (Kanamitsu et aR002).
Other essatial components of the NARR ggen include the NCEP regional Eta model and its
Data Assimilation System, an upgraded Noah {Jamdace model, and other improvezhtures
such as precipitation assimilation and direct assimilation of radiancesalQthe NARR dataset
providesbetter analysis dind hydrology and laréitmosphere interaction, as well as improved

atmospheric circulation throughout the troposplibtesinger et al., 2006

The NARR meteorological data coverperiod of about 35 years (194%esent), and is
available on a 3 hour)y32 km horizontal grid spacing, with 24 vertical levels. ARL downloads
the NARR data in GRIB1 format from NOAA's National Operational Model Archive &
Distribution System (ftp://nomads.ncdc.noaa.gov/NARR/) and converts to ARL format. The
processed fileare aggregated into monthly files and made available via NOAA's ARL FTP Server

(ftp://arlftp.arlhg.noaa.gov/ndrr
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ftp://arlftp.arlhq.noaa.gov/narr

Outside the NARR domainboundary conditions arg@rovided by the GlobaData
Assimilation Sysem (GDAS, available on a 3 hourly, degree latitudéongitudehorizontal grid

with 24 vertical levelsThe dataset is available fab://arlftp.arlhg.noaa.gov/pub/archives/
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Figure 312. The NCEP North Anigan Regional ReanalygiSARRylomain.
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Coordinates Values
Vert. Coordinate 2

Pole Lat. 90.00
Pole Lon. 0.00
Ref. Lat. 50.00
Ref. Lon. -107.00
Ref. Grid 32.46
Orientation 0.00
Cone Angle 50.00
Sync X 1.00
SyncY 1.00
Sync Lat. 6.98
Sync Lon. -143.76
Special 0.00
Numb. Lat. 309
Numb. Lon. 237

Table 31. Description of the NARR data grid
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Fields Units Label
Accumulated precipitation (3 h accumulation) m TPP3
Downward short wave radiation flux W/m2 DSWF
PBL height m HPBL
Latent heat net flux at surface W/m2 LHTF
Pressure aurface hPa PRSS
Pressure reduced to mean sea level hPa MSLP
Sensible heat net flux at surface W/m2 SHTF
Total cloud cover % TCLD
Temperature at 2m AGL K TO2M
U-component of wind at 10 m AGL m/s Ulom
V-component of wind at 10 m AGL m/s V10M
U-component of wind with respect to grid m/s UWND
V-component of wind with respect to grid m/s VWND
Geopotential height gpm HGTS
Temperature K TEMP
Pressure vertical velocity hPa/s WWND
Specific humidity o/Kg SPHU
Turbulent kinetic energy Joul TKEN

Table 3. 2. NARR meteorological fields.

50




Levels Height (hPa) | Variables

Surface 0.0000 TPP3 DSWF HPBL LHTF PRSS MSLP SHTF TCLD T02M U10M V10}
level 1 1000.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 2 975.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 3 950.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 4 925.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 5 900.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 6 875.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 7 850.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 8 825.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 9 800.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 10 775.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 11 750.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 12 725.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 13 700.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 14 650.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 15 600.0 UWND VWND HGTS TEMP WWND SPHU TKEN
level 16 550.0 UWND VWND HGTS TEMP WWND SPHU

level 17 500.0 UWND VWND HGTS TEMP WWND SPHU

level 18 450.0 UWND VWND HGTS TEMP WWND SPHU

level 19 400.0 UWND VWND HGTS TEMPWWND SPHU

level 20 350.0 UWND VWND HGTS TEMP WWND SPHU

level 21 300.0 UWND VWND HGTS TEMP WWND SPHU

level 22 200.0 UWND VWND HGTS TEMP WWND SPHU

level 23 100.0 UWND VWND HGTS TEMP WWND SPHU

Table 33. NARR vertical layers and variables
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3.3.4C0O2 Mole Fraction and Surface Flux Fields

Carbon estimates are required to represent sources and sinks that affect atm@€pheric
concentration on regional spatial and temporal scales. This study employs a carbon measurement
and assimilation system, CarbonTracker that provides quantitative estimates of atmospheric

carbon uptake and release for North &roa and the rest of the wo{@arbonTracker CT2013

http://carbontracker.noaa.goWlhe surface fluxes produced in CarbonTracker are consistent with
observedylobalpatterns ofCO; in the atmosphere. By design, the assimilation procegasby
forecasting global atmosphe@O, mole fractions from a combination 6O, surface exchange
models and an atmospheric transport model (TM5) driven by meteorological fields from the
European Centre for MediuRange Weather Forecasts (ECMWBubsequently, the model
forecast results are optimized by minimizing tbdference betweerthe resulting three
dimensionalCO; distribution and observations (Peters et al., 2004). surface flux fields in

CarbonTracker are availaldeery 3 h from 2006 2012, at a 1° x 1° horizontal grid resolution.

The analysis framework used in this study extracts terrestoisplvere fluxes, fossil fuel
sources, and wildfire emissions from the CarbonTra2kds3 flux fields. The biospheric model
used in CarbonTrker is theCarnegieAmes Stanford Approach (CASA) biogeochemical model.
This model calculates global carbon fluxes using input from weather models to drive biophysical
processes, as well as satellite observed Normalized Difference Vegetation Index (dlD&dk
plant phenologyPotter et al., 1996, 1999; Potter and Klooster, 1924t the fossil fuel module,
CarbonTracker uses two different fossil fu@D, emissions datasets: The Miller fossil fuel
emission inventoryBoden et al.2013, and the ODIACemissions datasé¢dDda and Maksyutov,
2011) The fire module currently used in CarbonTracker is based on the Global Fire Emissions

Database (GFED), which uses the CASA biogeochemical model to estimate the carbon fuel in
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various biomass poal$8ackgroundCO, concentrations areetrieved from CarbonTracker 3D
mole fraction fields, which havetamporal resolution of 3,lwith agridded resolution of 3x 2°

at the globakcale and 1x 1° for North America

CarbonTracker 1°x1° land fluxes
2001-2012 mean

CEENT [ flux (GC m-2 yr-)

-120 -80 -40 0 40 80 120

NOAA Earth System Research Laboratory @
CarbonTracker CT2013B release V

Figure 313. The pattern of net ecosystem exchange (NEE ®for the North Americaiand biosphere. The fluxes shown

above are the longerm averagsover the time period 2002012, as estimated by CarbonTracker. This NEE represert®{and
atmosphere carbon exchaadrom photosynthesis and respiration in terrestrial ecosystems, as well as contribution from fires.
Fossil fuel emissions are excluded. Negative fluxes (blue colors) ref@€septake by the land biosphere, while positive fluxes
(red colors) indicateegions where the land biosphere is a net sourc@@to the atmosphere
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North American Boreal annual total emissions
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Figure 314. Annual totalCQ emissions estimated by CarbonTracker. Four types of stidaatenosphereexchangeare shown:
fossil fuel emissions, terrestrial biosphere flux excluding fires, direct emissions from fires-seadgds exchange. Negative
emissions indicate that the flux remove€§) from the atmosphere, and such sinks have bars that extend below Heeonet
surface exchange is the sum of all four compondajsNorth American Boreal region. (b) North American Temperate region.
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CarbonTracker total CQOroncentration at Churchill, Manitoba
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Figure 315. Time series of Carb®rackertotal atmospheridCQ concentrations at Churchill, Manitoba from 2@2812.

CarbonTracker total COroncentration at Fraserdale, Ontario
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Figure 316. Time series of CarbonTracker total atmosph€concentrations aFraserdale, Ontaritrom 2008,2012.
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CarbonTracker biospheric GOoncentration at Churchill, Manitoba
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Figure 3.17. Time sdes of the component of totalQ due to terrestrial biosphere exchange with the atmosphere (excluding
wildfires), as estimated by CarbonTracker for Churchill, Manitoba 2008).
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Figure 3.18. Time series of the component of to@D due to terrestrial biosphere exchange with the atmosphere (excluding
wildfires), as estimated by CarbonTracker for Fraserdale, Ontarioq2008).
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3.3.5Analysis Procedures andCore Functions

The STILT modelpackage is freely availablen http://www.stiltmodel.org/ with

installation details, system requirements and additional setup procedures. A working copy of the
STILT repository can be retrieved viubversionhttps://subversion.apache.org/). The STILT
program is written iFORTRAN code however, in oder to make computation more efficiea

layer of code written irhigherlevel language has been designed and implemented to interact
directly with the core FORTRN model.These scripts are written in the R langeié@penSource
implementation ofthe Sstatistical analysis language)hd source code, inslation files, and
documentation onR can be downloaded from the R Project for Statistical Computing:

http://www.rproject.org/

Analysis, plots \

CONTROL
SETUTCFG
X Particle positions,
Sl » variable values
hymodele “PARTICLE.DAT”
Compilation

Figure 319. Schematiof how the FORTRAMd the R code interact with one another in STHolrce: Lin and Gerbig, 2010).
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A typical STILT simulation begins by configuring tEONTROLandSETUP.CFJiles.
Somekey parameters include; starting times and location, measurement height (agl), number of
particles, number of hours to run the model (backwards), specified fractioBlLoh&ght,
integration timestep, and the total number of output variables. The main model inputs are the

meteorological fields, 3D moleaction fields, and surface flux fields.

Given input meteorological data from NARR and boundary conditions by GDAS, the
STILT model transportan ensemble of(®0 particles (aiparcels) 3 days backward in timehe
trajectories are computed using frajeccore function. This workhorse function runs the STILT
model by calling thFORTRAN executablehymodel¢ and uses th€ ONTROLand SETUP
configuration files to generate an output file calARTICLE.DAT Then Trajec reads in the
PARTICLE.DATiile, matching it with the other specified outpvariables. The final outpditom
the run iswritten to an external file ilRDataformat. The details of thi$rajec output can be
retrieved from the .Rdata file to create map aftcle trajectories, agxported as ASCII/CSV data

for further analysis.
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1 #CONTROL

12 6 30 21 #yr (‘07=>2000), mon, day, hr [UTC]

3 1 #number of starting locations

4 49,88 —-81.57 40 #starting location: lat, lon, height [m AGL]

5 =72 #number of hcours to run model (-ve sign denotes backward run)
6 0] #vertical motion option (O:data l:iscbh Z2:isen 3:dens 4:sigma)
7 25000.0 #top of model domain [m AGL]

8 10 #number of input meteorological data

2 /olalekan/model_input/ #meteorclogical data directory
10 NARRZ01Z06A #meteorclogical filename
11 /olalekan/model _input/

1z NARRZ201206B
/olalekan/model_input/
14 NARRZ201206C

15 /clalekan/model_input/
16 NARR201206D

17 /olalekan/model_input/
18 NARRZ(01Z06E

19 /clalekan/model_input/
20 gdasl.junlz.wl

21 /olalekan/model input/
22 gdasl.junl2.w2

23 /olalekan/model_input/
24 gdasl.junl2.w3

25 /clalekan/model input/
26 gdasl.junlZ.wd

27 /olalekan/model_input/
28 gdasl,junl2, w5

29 1

30 test

31 1

32 0.01

33 00 00 00 00 QO

34 1

35 0.0 0.0

36 0.5 0.5

37 30.0 30.0

38 i

39 cdump

40 1

41 100

42 00 00 00 00 00
43 00 00 00 00 00

44 00 2 00

45 1

46 0.0 0.0 0.0

17 0.0 0.0 0.0 0.0 0.0
8 0.0 0.0 0.0

49 0.0

50 0.0

Table 3. 4Structure of the CONTROL filleSTILTVarious parametersan be changed to modify the STILT run.
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1 #SETUP
2 TRATIO=0.75,
3 INITD=0,
4 KHMAX=9999,
5 NUMPAR=3000,
6 QCYCLE=0,
7 KRND=6,
8 FRMR=0.0,
9 DELT=30,
10 IS0T=0,
11 QUTFRAC=0.9,
12 NDUME=0,
13 RANDOM=1,
14 OUTDT=0,
15 VEGHT=0.5,
16 NTURB=0,
17 ICONVECT=1,
18 ZICONTROLTF=0,
19 WINDERRTF=0,
20 IVMAX=11,
21 VARSTWANT="time', 'indx','lati', 'long', 'zagl', 'zsfc', 'foot', 'samt', "dmas', 'mlht', 'pres’,
22 /
Table 3. 5Structure of SETUP ffler STIL® {9¢! t &/ CD Aa | Wyl YStAaidQ FAfS:

having to recompile itExplanation of each parameter is given below.
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NUMPAR—number of particles to be run (default: 100)

DELT—integration timestep [min]; if set to 0.0, then timestep is dynamically determined

TRATIO—maximum fraction of gridcell to be traveled by a particle in a single integration timestep.
This determines the timestep is DELT is set to be dynamic (default: 0.75)

IS0T—tlag used to set the isotropic turbulence option. The default value of 0 results in the
computation of horizontal turbulence from wind field deformation. Setting this flag to 1
results in the horizontal turbulence to be the same in both the U- and V- directions. (default:
0)

TLEFRAC—the fraction of T (Lagrangian timescale) to set as timestep in dispersion subroutine. The
smaller this fraction is, the more finely the turbulence is resolved. (default: 0.1)

NDUMP—is a flag that can be set to dump out all the particle/puff points at the end of a simulation to
a file called PARDUMP. This file can be read at the start of a new simulation to continue the
previous calculation. Valid NDUMP settings: 0 - no I/O, 1- read and write, 2 - read only, 3 -
write only (default: 0)

RANDOM—flag that tells random number generator whether to have a different random sequence each
time model is run (0-FALSE; 1-TRUE); if set FALSE, then generates same random sequence
each time, which is useful for debugging purposes (default: 1)

OUTDT—interval to output data to PARTICLE . DAT [min]; 0.0 means output is written every
timestep (default: 0.0)

NTURB—No Turbulence flag; 1 sets run to simulate mean trajectories, O sets run to include
turbulence (default: 0)

VEGHT—height [fraction of PBL ht or m] below which a particle’s time spent is tallied; useful if
want to specify a certain ht as ‘seeing’ ground vegetation. If <=1.0, then specifies fraction of
PBL ht (default: 0.5)

OUTFRAC—the fraction of particles that are allowed to leave model domain (given by met. data); if
exceeded, model stops (default: 0.9)

ICONVECT—Ilag for convection. If set to 1, then runs excessive convection as described in Gerbig
et al., J Geophys. Res., 108 (D24), 4757, doi:10.1029/2003JD003770, 2003. For specialized
RAMS output, the particles will be vertically redistributed according to the outputted
convective mass fluxes (default: 0)

WINDERRTFEF—flag that specifies whether to have particle motions be affected by horizontal wind
errors. (default: 0) Ifsetto 1, then STILT looks for file called “WINDERR” that has four
lines, with one number on each line: 1. Standard deviation of errors [m/s] 2. Correlation
timescale of errors [min] 3. Vertical correlation lengthscale of errors [m] 4. Horizontal
correlation lengthscale of errors [km]. All the statistical properties specified in 1.~4. are
applied equally to the U- and V- wind components.

ZTICONTROLTF—I{lag that species whether to scale the PBL heights in STILT uniformly in the
entire model domain. (default: 0) Tf set to 1, then STILT looks for file called “ZICONTROL’
that species the scaling for the PBL height. The first line of ZICONTROL indicates the
number of hours that the PBL height will be changed, and each subsequent line indicates the

scaling factor for that hour. A sample ZICONTROL file could contain:
2

1.5

0.4
This file would alter the PBL heights for the first two hours of the model runtime, increasing
the PBL height by 50% during the first hour and decreasing it to only 40% of the original

value.
IVMAX—the total number of variables to be outputted (see VARSIWANT) (default: 5)
VARSTIWANT—a list of 4-letter codes specifying variables to be outputted. See next section for
complete list of variables that can be outputted (default: ‘time’, ‘indx’, ‘long’, ‘lati’, ‘zagl’)

Table 36. Explanation of parameters in SETUP.(&6@rce: Lin and Gerbig, 2010).
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List of Variables that can be Outputted from STILT

time
indx
long
lati
zagl
sigw
tlgr
zsfc
icdx
temp
samt
foot
shtf
lhtf
tcld
dmas
dens
rhfr
sphu
solw
lcld
zloc
dswt
wout
mlht
rain
crai

time since start of simulation; negative if going backward in time [min]

particle index

longitude position of particle [degrees]

latitude position of particle [degrees]

vertical position of particle [m above ground level]

standard deviation of vertical velocity; measure of strength of vertical turbulence [m/s]
Lagrangian decorrelation timescale [s]

terrain height [m above sea level |

cloud index when using RAMS (Grell scheme) [1=updraft, 2=environment, 3=downdraft |
air temperature at lowest model layer [K]

amount of time particle spends below VEGHT (see section on SETUP.CFG) [min]
“footprint’, or sensitivity of mixing ratio to surface fluxes [ppm/(umole/m?/s)]
sensible heat flux [W/m’]

latent heat flux [W/m?]

total cloud cover [%]

particle weight changes due to mass violation in wind fields [initial value = 1.0]
air density [kg/m’]

relative humidity fraction [0~1.0]

specific humidity [g/g]

soil moisture

low cloud cover [%]

limit of convection heights [m]

downward shortwave radiation [W/m’]

vertical mean wind [m/s]

mixed-layer height [m]

total rainfall rate [m/min]

convective rainfall rate [m/min]

Table 3. 7The 4letter codes of variables that could be specified for VARSIWANT in SETUP.CFG to produce the corresponding
outputs. These data will be written to a text file cdlRARTICLEAT (Source: Lin and Gerbig, 2010).
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time index lat lon agl grdht foot sampt dmass Zi pres

-30 1 58.828 -94.0715 133.3932 27.9799 0.062311 6.1011 1.03 250 994.1
-30 2 58.8387 -94.0922 195.9706 27.9799 0.084767 8.2998 1.006 250 985.87
-30 3 58.8026 -94.0192 17.7542 27.8799 0.306495 29.9999 1.19 250 1009.42
-30 4 58.8281 -84.0734 2217818 27.979% 0.153197 15 1.041 250 982.52
-30 5 58.8232 -94.062 69.2069 27.8799 0.167509 16.3944 1.091 250 1002.56
-30 6 58.8151 -94.0431 124.0398 27.9799 0.276812 27.0956 1.056 250 995.33
-30 7 58.8337 -94.0822 170.1579 27.879% 0.090871 8.8975 1.037 250 989.26
-30 8 58.8059 -94.0254 38,5508 27.9799 0.306495 29.9999 1.188 250  1006.65
-30 9 58.8164 -94.0456 83.4246 27.9799 0.282285 27.6295 1.083 250 1000.68

-30 10 58.8074 -94.0278 90.8192 279799 0.3064%4 29.9999 1.176 250 999.7
-30 11 58.8186 -94.0517 136.9626 27.979% 0.257084 25.1652 1.036 250 993.63
-30 12 588173 -94.048 104.437 279799 0.217449 21.2869 1.046 250 997.91
-30 13 58.8081 -94.0346 76.1401 27.979% 0.306454 29.9999 1.165 250 1001.64
-30 14 58.8806 -94.1357 351.7918 27.9799 0.037627 3.6842 0.99 250 965.72
-30 15 58.8205 -94.0508 167.2242 279798 0.19772 19.3565 1.048 250 989.65
-30 16 58.8184 -94.0514 183.0464 279799 0.212561 20.8087 1.056 250 987.57
-30 17 58.8178 -84.0501 164.798 27.979% 0.242243 23.7131 1.039 250 989.97
-30 18 58.8048 -94.023 52.2207 27.979% 0.306485 29.9999 1.188 250 1004.82
-30 19 58.8563 -94.1153 245.8038 27.979% 0.026962 2.64 0.99 250 979.42
-30 20 58.8283 -94.069 156.8661 27.9799 0.102846  10.0699 1.037 250 991.01
-30 21 58.8161 -94.0459 177.5183 27.9799 0.242243 23.7131 1.059 250 988.29
-30 22 58.8045 -54.0239 58.2385 27.9799 0.3064S5 25.9999 1.188 250 1004.02
-30 23 58.8045 -94.0273 38.9646 27.9799 0.306495 29,9999 1.188 250  1006.59
-30 24 58.8186 -94.0587 43.6607 27.9799 0.202462 19.8139 1.102 250 1005.96
-30 25 58.8026 -94.0181 16.2613 27.9799 0.306495 29.9999 1.189 250 1009.62
-30 26 58.8053 -94.0349 56.3125 27.9799 0.306495 29.9999 1.188 250 1004.28
-30 27 58.8056 -94.0245 15.9264 27.9799 0.306495 29.9999 1.188 250 1009.66
-30 28 58.834 -94.0876 197.7939 27.9799 0.060858 5.9588 1.027 250 985.63
-30 29 58.861 -94.1031 342.9727 27.9799 0.061778 6.0488 0.996 250 966.86
-30 30 58.8552  -94.099 296.4706 27.9799 0.099135 9.7066 1.008 250 972.87
-30 31 58.8073 -94.0316 60.1035 27.9799 0.306495 29.9999 1.188 250  1003.77
-30 32 58.8566 -94.112 308.4452 27.9799 0.060933 5.9661 0.993 250 971.32
-30 33 58.8392 -94.0932 151.2814 27,9799 0.044523 4.3594 1.018 250 991.75
-30 34 58.8184 -94.05 101.9825 27.9799 0.306495 30 1.03 250 998.23
-30 35 58.8174 -94.0523 113.1072 27.9799 0.306495 30 1.041 250 996.77
-30 36 58.8057 -94.0286 47.2061 27.9799 0.306495 29.9999 1.188 250 1005.49
-30 37 58.8192 -94.0546 56.1353 27.9799 0.216224 21.1614 1.123 250 1004.3
-30 38 58.8172 -94.0529 168.8228 27.9799 0.247632 24.2404 1.063 250 989.44
-30 39 58.8091 -94.0362 63.9958 27.9799 0.306495 29.9999 1.188 250 1003.25
-30 40 58.8041 -94.022 28.7479 27.9799 0.306495 29.9999 1.189 250 1007.95
-30 41 58791 -93.8816 50.3259 27.9799 0.306495 29.9999 1.195 250 1005.08
-30 42 587976 -94.007 24.0805 27.9799 0.306485 29.9999 1.192 250 1008.57
-30 43 58.9017 -94.1179 396.4691 27.9799 0.019178 1.8778 0.986 250 960
-30 44 58,8209 -94.0562 145.6566 27.9799 0.153197 15 1.045 250 992.49
-30 45 58.8357 -94.0882 172.5677 27.9799 0.062674 6.1366 1.027 250 988.95
-30 46 58.8008 -24.0277 61.0487 279799 0.3064S85>  29.9999 1.188 250 1003.65

Table 3. 8STILT particle trajectorgsult Each column of PARCLE.DAT outplbidsbeen matched to th¥ ARSIWANT specified in
SETUP.CFG. The figure shtnere is onlya sample of the first 30 min®f 72 h) trajectory of 46 particle®f 3000) where:
time=time, indxindex, lati=lat, long=lon, zagl=agl, zsfc=grdht, foot=foot, samt=sampt, dmas=dmass, mlht=zi, pres=pres.
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The rext step is to calculate the footprint, which represents the sensitivity of the receptor
(tower) to surface fluxes. Put differently, the footprint of an atmospheric concentration
measurement is its responsiveness to a unit emission in upwind source.régmifsotprint is
calculated using the STILT core functidmajecfoot This is done by counting the number of
particles in a surfacmfluenced region (defined a4 of the estimated PBL height) and the time
spent in the region. Therefore, the footppnivides anestimate of the fraction abserved short
term variability in mixing ratio at the tower that can be explained by localized fliikesunit of

the calculated footprint is ippm/pumol n¥ s?.,

Subsequently, the footprint is multiplied laypriori fields of CO, surface fluxes from
CarbonTrackef013 to compute the associated contribution to the mixing ratio at the receptor. As
previously explained, the CarbonTracker (CT) surface flux fields used in this study include
biospheric fluxes, fossil fuel emissions, amitbfire sourcesThe extracted surface fldields are
converted to units gimol m? s prior to being multiplied by the footprinppm/umol n? s%).

Thus, the resulting model flux estimates are in pponcompare with observatienthe mixing

ratio e@hancements due to surface fluxes must be added to a background concentration advected
from the doman boundary. CarbonTrack&0133D fields of CO, were applied as background
concentrations by taking the dpoints of the3000 particle ensemble members amigrpolating

them to the corresponding grid &(I72 h backward in time) and their associated inii&»
concentratioa Particles that end over North American CT domains use the 1° x 1° dataset while
particles falling outside use the global CT 3° x@itls. These concentration values at the trajectory
endpoints are then simply advected to the receptor location, and an a@&adackground

concentration is calculated. Finally, the STILT simulation is completed by summing all the
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different componentéBiosphere, Fossil fuels, Wildfires, and Backgro@@, values) to derive

the finalCO, concentration at the measurement tower (i.e. receptor).
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Figure 320. STILT air particle trajectories map. The figumews is forthe Churchill 60 m tower site, on March 14, 2012, 21:00
UTC. Here, the STILT model transported 3000 particles backward in time over a 72 T peraadresponding footprint map is
shown in Figure 22.
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Figure 321. STILT aiparticle trajectories map. The figure shown is for therCHili 60 m tower site, on October,12012, 21:00
UTC. Here, the STILT model transported 3000 particles backward in time over a 72 T peraadresponding footprint map is
shownin Figure 323.
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Figure 322. STILTootprint map The figure shown is for the Churchill 60 m tower site, on March 14, 2012, 21:0DhgTC.
footprint representghe sensitivity of the mixing ratio at threeasurementocation to anygiven surface flux in upwind regions.
It is derived from the locations and times of particles found close to the grohisfiootprint links atmospheric observations to
upwind fluxes, yieldinthe concentration change (ppm) for a unit surface fltméle/m?/s).
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Figure 323. STILTootprint map The figure shown is for the Churchill 60 m tower sitéQctober 112012 21:00 UTCThe
footprint represents the sensitivity of the mixing ratio at the measurement locatianyt@iven surface flux in upwind regions.
It is derived from the locations and times of particles found close to the ground. This footprint links atmospheric obs¢ovati
upwind fluxes, yielding the concentration change (ppm) for a unit surface fhote/m?/s).
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Figure 324. STILT air particle trajectories map. Therfggshown is for the Fraserdal® # tower site, odune 132012, 21:00
UTC. Here, the STILT model transported 3000 particles backward in time oveperitigl. The corresponding footprint map is
shown inFigure 3. 26

69



2012-07-12-2100

o
0
o _|
I~
o _|
© ©
k]
=
©
o |
o _|
0
Receptor
) ® -06 hours
S - ™ ® -12 hours
A » -18 hours
® -24 hours
-36 hours
) -48 hours
® -60 hours
S - “ , ® -72 hours
I I 1 I | |
-140 -120 -100 -80 -60 -40

Longitude

Figure 325. STILT air particle trajectories map. Therfggshown is for the Fraserdal® # tower site, oduly 122012, 21:00
UTC. Here, the STILT raeblansported 3000 particles backward in time over a 72 h period. The corresponding footprint map is
shown inFigure 3. 27
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Figure 326. STILTootprint map The figure shown is for the Fraserdale 40 m tower site, on1Ryri201221:00 UTCThe
footprint represents the sensitivity of the mixing ratio at the measurement location to any given surface flux in upwimgl regi
It is derived from the locations and times of particles found close to the ground. This foatgsrdtihospheric observations to
upwind fluxes, yielding the concentration change (ppm) for a unit surface fhodd/n?/s).
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Figure 327. STILTootprint map The figure shown is for the Fradate 40 m tower site, oduly 122012 21:00 UTCThe

footprint represents the sensitivity of the mixing ratio at the measurement location to any given surface flux in upwimgl regi
It is derived from the locations and times of particles found close to the ground. This fdetRsimtmospheric observations to
upwind fluxes, yielding the concentration change (ppm) for a unit surface fhodd/n?/s).
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3.4Model Sensitivity Analysis

3.4.1Sensitivity of STILT Simulations to Particle Number

The STILT model simulates backward trajectories as an ensemble to account for random
air turbulence. Ideally, an extremely large number of air particles are required to represent the
ensemble properties of model transport. This is because an insuffigrebenof particles could
lead to incomplete sampling of air parcel trajectories and surface fluxes. Consequeddiled
atmospheric concentrations tend to fluctuate depending on the size of the particle ensemble, and
typically, the fluctuation is inveedy proportional to the particle number. This is thecatbed
"sampling error" or the "statistical variaricavhich is defined as the error due to the stochastic
nature of the transport model (Gerbig et al., 2003; Mallia et al., 2014). However, moteieun
increases proportionally to the number of simulated air particles thereby requiring additional
computational resources. Thus, in order to simultaneously minimize the model run time and the

sampling error, a sensitivity analysis was performed.

Keepingall other model parameters constéag. duration of backward simulation-72
hours) particle number was varied between 100 and 5000, and the model was run 100 times for
each ensemble size on July 15, 2012 at 2100UTC. This particular day was choserthdue
substantial biospheric contributiof@bout-14 ppm)toward CO, mixing ratios at that time. To
guantify the sensitivity of the STILT model, and assess the magnitu@®ofiuctuations, the
standard deviation of the simulated concentrations wasalaged for each ensemble sigure
3.28. The result shows that model fluctuations decreased as the particle number increased, with

the standard deviation varying from 1.05 ppm to 0.20 ppm for 100 particles and 5000 particles
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respectively(p < 0.05,Tade 3.9. Also, the result demonstrates that the model is most sensitive to
biospheric flux contributions, and that the variationsniadelledtotal CO, are mainly due to
fluctuations inthe sampled upwind (vegetative) influence regions. Ehexpected becau§,
emissionsink from the biosphere ithe most important surface flux contribution to the observed
mixing ratios in the Churchill are@n the other hand, simulated contributions from fossil fuel and
wildfire sources were largely unggsnsive to ensemble size. In addition, very limited sensitivity
was observed in the background concentratipriably due tats smaller spatial variability and

the welldisperse®TILT particlesat the end of the 72 h simulati@vallia et al., 2014)Following

the sensitivity analysis described abovwe gasemble sizef 3000 was chosen sintdeappears to

be the most reasonable particle number to both minisaagling erroand model run time.

Sensitivity of STILT simulations to particle number
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Figure 328. Fluctuationdn STIL‘modelledCQ concentrations as a function of particle number. For each particle ensemble size,
the standard deviation of 100 different STILT risrsalculated. Results for the different components of the simulated
atmosphericCQ concentrationsare shown as fossil fuel, wildfires, biosphere, background, and modelTbialrun is for July

15, 20122100UTCat Churchill.
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F-Test Two-Sample for Variances

100 Particles 5000 Particles
Mean 376.5746611 376.7953644
Variance 1.106747707 0.039972706
Observations 100 100
df 99 99
F 27.68758535
P (F<=f) one-tail 3.28163E-45
F Critical one-tall 1.394061257

Table 3. 9Statistical test to determineshether the variability in STHmodelledCQ concentrations as a function of particle
number is statistically significanthe null hypothesistisat there is no significant difference betwethre variances of the two
samplesThe alternative hypothesis is thiitictuations in STILModelledCQ concentrations were stronger when using smaller
particle ensemble sizes than larger sizes. Since-ttadue of thetest is <0.05, the null hypothesis is rejected

3.4.2Sensitivity of STILT Simulations to Duration of Backward Trajectory

A second testvas conducted to determine how STILT simulations would respond to
changes in the duration of the backward runsvas anticipated that model fluctuations would
decrease as the mier of hours increased, since air parcel trajectories would be more adequately
represented in longer backward simulations, and the particles would have been highly dispersed
over alargersurface influence region in upwind locatiofiis should be partidarly important
in a continental tower measurement site such as Churchill wheiatéggated sigal of CO;
exchange represerfeotprint areas ofip to10* km? (Lin et al., 2003)Therefore, in an attempt to
assess the magnitude@®; fluctuationswith trajectory duratiora sasitivity analysis was carried
out. Hereall other model parameteese heldconstante.g. number of particles = 200@vhile
number of hours for the backward simulatwas varied between 24 h and 120 h. Again, 100
STILT smulations forCO, concentration at Churchill were run for each given duradioduly

15, 2012 at 2100UTCGand thestandard deviation wasl|calated.Figure3.29shows the result of
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this sensitivity testlt is important to note that unlike particl®semble size, model simulations
show very limited sensitivity to the duration of backward trajectorygnefor biospheric
contributions; the model fluctuation was merel@®ppm(p > 0.05, Table.10) For the purpose

of this study, th&2 h time periodvaschoserfor all backward trajectoriesince it had the lowest
standard deviation (though marginally). Also, using 72 h instead of 120 h helps to maximize

computation resources and time.

Sensitivity of STILT simulations to duration of backward trajectory
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Figure 329. Huctuations in STIkModelledCQ concentrations as a function of trajectory duration. For each length of time, the
standard deviation of 100 different STILT runs is calculated. Results for the different components of the simulated &mospher
CQ concentations are shown as fossil fuel, wildfires, biosphere, background, and model total. This run is for July 15, 2012,
2100UTCat Churchill.
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F-Test Two-Sample for Variances

120 Hours 24 Hours
Mean 376.7184912 376.6883033
Variance 0.107501119 0.098458476
Observations 100 100
df 99 99
F 1.091842204
P (F<=f) one-tail 0.331433865
F Critical one-tail 1.394061257

Table 3. 10Statistical test to determineshether the variability in STHilodelledCQ concentrations as a fiction of trajectory
duration is statistically significanThe null hypothesisftisat there is no significant difference betwettre variances of the two
samplesThe alternative hypothesis is thidictuations in STILModelledCQ concentrations weretenger over shorter time
periods. Since the-yalue of the test is 8.05,the null hypothesis is accepted.

77



4.0 MEASUREMENT OF ATMOSPHERIC CONCENTRATION OF CO2 IN THE
HUDSON BAY LOWLANDS: AN APPLICATION OF A LAGRANGIAN PARTICLE

DISPERSION MODEL

4.1 Preliminary Analysis

4.11 Seasonal and Interannual Variations

Figure 4.1 and 4.2 showeekly flaskCO, concentration values (2088012) for Churchill
and Fraserdale. The seasonal cycle is an indication of biospheric flux contributions to the observed
CO: mixing ratios in the region. Carbon uptake by vegetation during the growing season is
responsible for the summer minimu@O, values, while wintertime is characterized by higher
atmospheriaCO, concentrations due to little/no terrestrial carbon sinkcofparison between
concentration values at the two towers reflects a stronger vegetative influence at Fraserdale.
(Figure 4.3). This is evident in the relatively lower summerti@@, values at Fraserdale.
Additionally, in Figure 4.4 and 4.5 morning (09:@0TC) and afternoon (21:00 UTQ3O;
concentrations are differentiated to revélaé relative influence of biological activities on
atmosphericCO, concentrations in the two regiorie an environment where anthropogenic and
wildfire carbon sources are negligible, vegetative respiration and photosynthesis play an important
role in atmospheri€O, changes. Characteristically, there is a@@ uptake during the day, and
net release amight. The drawdown irCO, by plant photosynthesis results in a decrease in
atmospheri€€ O, content during the daytime, while autotrophic respiration at night incr€&3es

in the atmosphere. Also, at any given time, the magnitude of this terrestriahrdlis controlled

78



by the rate of biological activities, which varies spatially. It is expected that regions with more
vegetation will have higher rates of photosynthesis and respiration, and therefore, produce stronger
CO; fluxes The Fraserdale data (fuge 4.4) show a stronger variability (p < 0.05) in morning and
afternoonCO; values with a mean concentration of 392.86 + 8.97 ppm compared to 390.76 + 7.20
ppm at Churchill (Table 4.1). To eliminate the contribution of diurnal bias on seasonal and
interamual timescales, afternoon data for Fraserdale and Churchill are compared in Figure 4.6.
The maximum regional representation of biological activities around the two sites can be
distinguished using this approach. Atmosph&t@ concentration reaches a nmmum value of

367 ppm and 370 ppm at Fraserdale and Churchill respectively. Furthermore, the mean afternoon
COz concentration in summer (Juré&eptember) is 380 ppm at Fraserdale compared to 384 ppm

at Churchill (p < 0.05, Table 4. 2). This differencatmospheric€O, concentration over the two

sites can be explained in terms of their vegetation characteristics, which are also constrained by
the climate. Lower atmosphei@O; values at Fraserdale, particularly during summer afternoons,
reflect the preseare of more plant growth around the area. The measurement site at Fraserdale is
located in a boreal forest region consisting predominantly of black spruce (Picea mariana), Jack
pine (Pinus banksiana), and aspen (Populus tremuloides). Conversely, Chuiohallregion of

tundra and boreal forest transition. The main features of the vegetation are dwarf birch, sedges,
grasses, mosses, and lichens, with patches of stunted black spruce and tamarack. The higher
atmosphericCO, concentrations at the Churchiltes are due to lower carbon uptake over the

region.
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Churchill weekly C@concentrations (20082012)
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Figure 41. WeeklyCQ concentrations from 20082012, measured at the top of a 60 m tower in Churchill Manitoba.
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Figure 42. WeeklyCQ concentrations from 20082012, measured at the top of a 40 m tower in Fraserdale Ontario.
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Churchill and Fraserdale weekly €€ncentrations (20082012)
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Figure 43. Churchill vs Fraserdale wee&l§ concentrations from 20082012.
FTest TweSample for Variances
FSDCQ CHLCQ

Mean 392.860542 390.762439

Variance 80.45274807 51.79365219

Observations 369 369

df 368 368

F 1.553332207

P(F<=f) oneall 1.30853ED5

F Critical ongail 1.187332995

Table 41. Variability in morning and afternoddQ values for Churchill and Fraserdale. The null hypothesis is that there is no
statistically significant difference in the variability in diur@&b concentrations between Churchill and Fraserdale; while the
alternative hypothesis is that at FraserdalemaispheriaCQ values vary significantly between morning and afternoon periods,
and this variability is statistically stronger than that at Churchill. Since-tr@yg is <0.05, the null hypothesis is rejected.
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Figure 44. Comparison between morning (9:00 UTC) and afternoon (21:000@¥ €)ncentrations at Churchill Manitoba.
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Figure 45. Comparison between morning (9:00 UTC) and afternoon (21:000@'&)ncentrations at Fraserdale Ontario.
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Figure 46. Churchill vs Fraserdale wee&l§ concentrations from 2008 2012, afternoon values only. This eliminates the
contribution of diurnal bias on seasonal and interannual timescales.

t-Test: TweSample Assuming Unequal Variances
CHLCQ FSDCQ

Mean 384.0590123 379.9675309
Variance 42.48160651 36.83737883
Observations 81 81
Hypothesized Mean Difference 0
df 159
t Stat 4.134609749
P(T<=t) on4alil 2.87018ED5
t Critical onetail 1.654493503
P(T<=t) twetail 0.00005740
t Critical twotail 1.974996213

Table 42. Statistical test of mean afternod®Q concentration in summer (JueSeptember) between Churchill and

Fraserdale. The null hypothesis is that there is no statistically significant difference in the means of the two sitesndtiea
hypothesis is that the mean afterno@Q concentration in summer is higher at Churchill compared to Fraserdale, and that this
difference is statistically significant. Since thegtue is <0.05, the null hypothesis is rejected.
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Figure 4.7shows the 2008012 mean seasonal cycle obtained for Fraserdale and
Churchill. The amplitude of the seasonal cycle is about 22 ppm and 19 ppm at Fraserdale and
Churchill respectively, indicating a stronger influence of vegetative activities at Fraserdale.
Between January and March when respiration exceeds photosyn@@sispncentrations are
higher at Fraserdale (about 2 ppm greater than Churchill). Also, an €hieptake in midApril
is evident at Fraserdale compared to4Miay at Churchill. In JulyCO;, uptake by vegetation is
on the order of 5 ppm more at Fraserdale than Churchill. Atmosg@siconcentration remains
relatively lower at Fraserdale throughout the summer months with a seasonal minimum in early
August, compared to midugust at Chuhill. Moreover, the faster rate of increaseGid, at
Fraserdale after the seasonal minimum, and subsequently, higher atmospben@lues
beginning in early October demonstrate a rapid response to the growing dominance of autotrophic
respiration over Ipotosynthetic activity around the Fraserdale site. Throughout thegnoaning
seasonCQO, concentrations remain relatively higher at Fraserdale reaching a seasonal maximum

of about 8 ppm in December compared to 4 pp@hatrchill (Table 4.3).
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Mean seasonal cycle (2068012)
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Figure 4.7. Mean seasonal cycle calculated for Churchill and Fraserdale fronqZ008B The vital statistics of the graph are
highlighted in the table below.

Month CHL Mean Seasonal Cycle FSD Mean Seasonal Cycle Diff
Jan 4.36 6.59 2.23
Feb 4.11 6.15 2.04
Mar 4.52 5.84 1.31
Apr 6.12 6.71 0.59
May 4.89 2.98 -1.91
Jun 0.38 -4.05 -4.42

Jul -6.49 -11.91 -5.41
Aug -12.83 -13.84 -1.00
Sep -7.90 -10.32 -2.42
Oct -1.64 0.68 2.33
Nov 4.39 7.05 2.66
Dec 4.23 8.24 4,01

Table 4.3. Mean seasonal cycle values atmosphericCQ concentrations at Churchill and Fraserdale (2308 mH 0 ® &5 A T F¢
represents the mean difference@® values between the two sites. All values are in ppm.
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4.1.2 Diurnal and day-to-day Variations

Figure 4.8shows 2012 hourlfCO» concentration values for Churchill and Fraserdale.
Stronger diurnal and dap-day variations in atmosphei@O;, are clearly evident at the Fraserdale
site, particularly during the growing season. This higher variability is indicative of the substantial
regional biospheric influence around Fraserdale. The diurnal cy€l@®aé produced by the daily
cycle of the atmospheneegetationCO, exchange, as well as the daily evolution of the planetary
boundary layer. Atmospheri€€O, accumulation begins at nigimte in the absence of
photosynthesis when soil and plant respiration promotes a net tran€féy tf the atmosphere.

This accumulation is further enhanced by the development of a stable nocturnal boundary layer
(NBL) created by rapid surface radiativeoting and its associated temperature inversion
conditions. Vertical air motion is inhibited as the inversion acts like a lid causing a rapid buildup
of atmospheri€O, within the shallow NBL. After sunrise, surface heating and thermal turbulence
graduallyerodes the stable atmosphere resulting in vertical mixing of surface air. This instability
promotes the development of a high mixing depth, @@d concentrations decreases in the so
called convectional boundary layer (CBL). Indeed, the decreaS®4mixing ratios during the
daytime is also due to the net uptake by vegetation during photosynthesis, particularly in the
growing season. A typical summer day in Fraserdale and Churchill is illustrated in Figore 4.9
July 20, 2012. Diurnal increase in atmospbCO; (~382 ppm) begins at about 10pm local time.
The accumulation continues through the night and early morning reaching a maximum (~402 ppm)
at about 8am. Subsequently, a rapid declir@®acan be observed, persisting throughout the day.

It is impottant to note the stronger influence of the vegetative cycle on the diurnal variations at
Fraserdale compared to Churchill. Nightti@&, mixing ratios are higher at Fraserdale (higher

autotrophic and heterotrophic respiration), while daytd values aranuch lower during the
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daytime (higher rate of photosynthesis). Also, Fraserdale exhibits a more distirictcdgy
variability in the diurnalCO; cycle (Figure 4.10) Overall, much of the daily variations ©O;
concentrations at the two sites are likéle to synoptic weather events, as well as changes in air

masses and carbon sources/sinks in upwind influence regions.

Churchill and Fraserdale Hourly €&bncentrations for 2012
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Figure 48. HourlyCQ concentration at Churchill and Fraserdale for 2012. Hourly data provide information on diurnal and day
to-day variations in atmospherfcQ mixing ratios.
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Diurnal cycle of C@at Churchill and Fraserdale
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Figure 49. Diurnal cycle of atmosphei@Q at Churchill and Fraserdale. The example shown is for July 20, 2012, and time is local
time at Churchill.

Daily cycle of COat Churchill and Fraserdale
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Figure 410. Daily cycle of atmosphei@Q at Churchill and Fraserdale. The example shown is for July, 2012.
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4.2 Results

4.21 STILT-Modelled CO2 Concentrations (20082011)

The STILT model was used to simulate atmosph@&a concentrations at Churchill and
Fraserdale sites. Modelled concentrations were compared with observed weekly mixing ratios
from 2008-2011.The results for Churchill show good agreement between simulated and observed
CO: concentrations, with the regression model accounting for about 87% of the variability (Figure
4.11). The coefficients of determination?)fRare 0.87, 0.89, 0.76, and 0.87 fr&@008-2011.
(Figure 4.12ad). At Fraserdalethe simulatedCO, concentration values compare reasonably
against observations, though thesguared values are much lower. The results show that about
56% of the variation of the modell&D, values around thmean are explained by the observed

values(Figure 4.13). Rsquared values range from 0.43 in 2010 to 0.66 in 2011 ((Figure-d)14a

To examine the effect of uncertainties in mixing heights and the growth/decay of the PBL
on model performance, morning (0:@WTC) and afternoon (21:00 UTC) data were analyzed
separately. The results show that mode@&y concentrations in the afternoon were closer to the
observed concentrations. For the study period 20081, afternoon results at Churchill have a
higher Rsquared value of about 0.90 compared to 0.85 in the morning (Figure 4.15a and b). At
Fraserdale, the difference in thesBuared values is even much higher; 0.82 in the afternoon and
0.08 in the morning (Figure 4.16a and Bhis indicates that the STILT mebperformed better

during daytime, but could not adequately resolve the diurnal evolution of the PBL.
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Observed vs STILT modelled f&0ncentrations at Churchill 2068011
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Figure 411. Observed vs STILT model®d concentrations at Churchill from 2008011.
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Figure 412. Observed vs STILT modelled €@@centrations at Churchill; (a) 2008 (b) 2009 (c) 2010 (d) 2011.
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Observed vs STILT modelled &0Oncentrations at Fraserdale 20e8011
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Figure 413. Observed vs STILT mode(l# concentrations at Fraserdale from 2008011.
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Figure 4. 14. Observed vs STILT modelledd@®@entrations at Fraserdale; (a) 2008 (b) 2009 (c) 2010 (d) 201
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a) Observed vs STILT modelled AM @0ncentrations at Churchill 2008011
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Figure 4. 150bserved vs STILT model@@ concentrations at Churchill 20®11; (a) Morning, 9:00 UTC (Bjternoon, 21:0!
uTC

a) Observed vs STILT modelled AM @0ncentrations at Fraserdale 2063011
€
8 420 7y = 0.2063x + 275.35 — .
\g’ 400 R2 =0.0807 ® oo | S
"H "‘ « o® ~%
3 380 ®° % 40 90 00 T o0 J° %
()
T 360
= 375 380 385 390 395 400 405 410 415 420 425 430
Observed CQO(ppm)
b) Observed vs STILT modelled PM,€6ncentrations at Fraserdale 2068011
g— 420 1.1557% 61.597
S 400 | YT L 90X ®
R2?=0.8167
3’ 380 2
3 360
3 340
S 365 370 375 380 385 390 395 400 405 410

Observed CQ(ppm)

Figure 4. 160bserved vs STILT modell@@ concentrations aFraserdale20082011; (a) Morning, 9:00 UTC (b) Afternoon,
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Further analyses were carried out to examine the bias in the model results and how much
the simulatedCO; concentration values deviated from the actual observations. Obsefxed
values for eacimeasurement time were subtracted ftbemodelled values to derive the bias (or
error) in the model results. Table 4.4 shows the mean difference between modelled and observed
CQ; values for Churchiiand Fraserdale from 2088011 The mean model bias for 2008 was
0.36 £ 2.56 ppm anel.55 £+ 7.59 ppm, for Churchill and Fraserdale, respectively. The results
reveal that the STILT model underestimated atmosph@fz concentrations at both sites
throughout the study period. Moreovéine model bias was significantly higher at Fraserdale
compared to Churchill (Table 4.5). The box plot in Figure 4.17 proddesre detailed analysis
of the model bias. For the study period at Churchill, the values of thep@Bentile (lower
quartile) the 50" percentile (median), and the'7percentile (upper quartile) ar¢.00,-0.02, and
0.58 ppm, respectively. Thus, 50% of the data points fall within a small interquartile range.
Similarly, the whiskers extend over a small range with the valtleedfottom and top whisker of
-3.31 and 2.84, respectively. This denotes that overall, modelled and obSépeahcentrations
have a high level of agreement with each other. At Fraserdale, the distribution of the data is more
widespread, with a lower quile, median and upper quartile €f.40,-0.78, and 1.00 ppm,
respectively, for the study period. Also, the bottomd #op whiskers indicate arfger range of
about-12.43 and 8.63 ppm, respectively. It is evident, therefore, that the model biafisasitin
higher at Fraserdale. In addition, model bias was examined for morning and afternoon data. At
Churchill, the biases in the modelled morning and aftern@@s valuesare small, and the
afternoon data show good agreement with observed valuetsyeres in the study period (Figure
4.18). In contrast, model biases are higher at Fraserdale, particularly in the morning, with a median

of 0.37 and1.18 ppm for afternoon and morning, respectively, in 2008 (Figure 4.19).
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Mean Model Bias
Year CHL FSD
2008 -0.36 £ 2.56 -2.55+7.59
2009 -0.88 £ 2.34 -1.64 £6.70
2010 -0.89 + 2.96 -3.75+7.78
2011 -0.14 £ 2.32 -2.03 +5.69

Table 44. Mean model bias; calculated by finding the average of the difference between mdad@lleohcentrations and
observed concentrations.

t-Test: Two-Sample Assuming Unequal Variances

FSD 2008 CHL 2008
Mean -2.550348254 -0.357899007
Variance 57.64984752 6.579129761
Obsenvations 71 71
Hypothesized Mean 0
df 86
t Stat -2.305118305
P(T<=t) one-tall 0.01178402
t Critical one-tail 1.662765449
P(T<=t) two-tail 0.02356804
t Critical two-tail 1.987934206

Table 45. Statistical test to determine the difference in the mean model bias between Churchill and Fraserdale. The null hypothesis
is that there is no statistically significadifference in the model bias between the two sites. The alternative hypothesis is that the
mean model bias is higher at Fraserdale, and that this difference is statistically significant. Singaltleefpr the itest is <0.05,

the null hypothesis is @gted.
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Figure 4. 17. Box plots showing model bias for Churchill and Fraserdale2@08The box extends from the 25th percentile
(lower quartile) to the 75th percentile (upper quartile), with a line at the 50th percentile (median). The ramdgesffrom the
lower to upper quartile is referred to as the interquartile range, which represents the middle 50% of the data. The exitésicers
from the box to the bottom and top bars, and represent the lowest and highest data values respectivaljngtice extreme
values. The outliers are those values that are far away from most of the other values, and they are represented as.black dots
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Figure 4. 18. Box plots showing morning (9:00 UTC) and afternoon (21:00 UTC) model bias for Chur20ill (008
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42.2 STILT Model Assessment

Another approach to assess the results of this study is to compare the STILT n©0elled
concentrations against measurements from CarbonTracker (CT). Daily afternoon (21:00 UTC)
atmospheri€CO; concentrations at Churchill and Fraserdale were obtained from GT2lth a
1° x 1° horizontal grid resolution. At Churchill, statistical evaluatiomeealthat there is good
agreement (87%) between STILT and CarbonTracker @@alconcentrations (Figure 4.20a). In
addition, STILT was able to adequately represent contributions from the biosphere (Figure 4.20b),
with 88% of the variation in the modedl values around the mean being explained by the CT
measurements. Figure 4.20c shawsme series for both STILT and CT total atmosph€&
concentration at Churchill, from January to December 2012. SSimllated CO, values
compare reasonably agairdT concentrations, capturing both the timing and magnitude of the
day-to-day variations in atmosphei@O,. The mean value of the CT measurement is 395.28 ppm
with a standard deviation of 7.64 ppm, while those of STILT are 394.67 ppm and 6.87 ppm,
respectvely. Further analysis continues to show a close match between STILT and CT
measurements. From January to April, maximum and minir@@xnconcentrations for CT are
405.67 ppmand 397.67 ppm, respectively, with a standard deviation of 1.38 ppm. For STELT, th
maximum and minimur@O; values are 402.55 and 395.87, respectively, with a standard deviation
of 1.29 ppm (Figure 4.21a). Between May and August, CT maximum and minimum concentrations
are 403.80 ppm and 361.97 ppm, respectively, with a standard dewh8of8 ppm. Similarly,

STILT captures a maximum concentration of 401.63 ppm, however, with a relatively higher
minimum value of 370.02 ppm, and a standard deviation of 8.04 ppm (Figure 4.21b). In the
September December period, maximum and minimu@0; concentrations for CT are 410.19

ppm and 382.55 ppm respectively, with a standard deviation of 6.56 ppm; while STILT obtains

96



maximum and minimun€O; values of 406.49 ppm and 383.17 ppm, respectively, with a standard

deviation of 5.75 ppmHigure 4.21}
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Figure 4. 20. STILT model@@® concentrations compared against CarbonTracker measurements obtained from a 1° X 1°
horizontal grid. The results shown here are daily afternoon (21:00 UTC) data for 2012. (a) STILT \G@tawmtaintration at
Churchill (b) STILT vs CT biosphere contributions to@&d®ncentrations at Churchill. (c) Time series from January to
December 2012, showing comparison between STILT and CT@tancentrations at Churchill.
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a) STILT vs CT total &ncentrations (CHL)
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Figure 4. 21Time seriesf STILT modelled €&ncentrations compared against CarbonTracker measurements, using 20
afternoon (21:00 UTC) data at Churchill. (a) January to April. (b) May to August (c) September to December
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At Fraserdale, STILTCO. simulations were also in reasonable agreement with CT
measurements, with an-$uared value of 0.86 for both total concentration and biospG&¥c
contributions (Figure 4.22a and b). STILT to@D. concentrations are plotted against CT values
in a time series as shown in Figure 4.22c. The mean atmosgi@rmoncentrations for CT and
STILT in 2012 are 394.92 + 8.54 ppm and 392.33 + 11.84 ppm, respectively. Throughout the year,
there is strong corlation between STILT and CTO, values (Figure 4.23a and c), particularly in
January- April (CT max =407.11, CT min = 398.11, CT SD = 1.92; STILT max = 407.65, STILT
min = 397.46, STILT SD =1.91) and SeptembBrecember (CT max =414.02, CT min = 381,.2
CT SD = 7.37; STILT max = 410.95, STILT min = 377.52, STILT SD = 7.44) periods. However,
the results differ in the period from May August when maximum and minimum GJO;
concentrations are 403.36 ppm and 374.61 ppm, respectively, compared to ad@B05fppm
and a min of 344.09 ppm for STILT. Figure 4.23b reveals that, though there is reasonable
agreement in the timing of the dé&y-day variations in atmospheri@O, concentrations, there is
considerable disparity in the magnitude of the daily vianat between CT and STILT, with a

standard deviation of 8.06 ppm and 12.28 ppm, respectively.
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a) STILT vs CT total €€dncentrations b) STILT vs CT biospheric &0ntributions
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Figure 4. 22STILT modelledQ concentrations compared against CarbonTracker measurements obtained froma 1° X 1
horizontal grid. The results shown here are daily afternoon (21:00 UTC) data for 2012. (a) STILT MS@Tawtantration at
Fraserdalgb) STILT vs CT biosphere ¢bations towardsCQ concentrations at Fraserdaléc) Time series from January to
December 2012, showing comparison between STILT and CT@tahcentrations aFraserdale
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a) STILT vs CT total C&ncentration (FSD)
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Figure 4. 23Time seriesf STILT modelled €éncentrations compared against CarbonTracker measurements, u
2012 afternoon (21:00 UTC) data at Fraserdale. (a) January to April. (b) May to August (c) September to Decel
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4.2.3 Evaluation of STILT and Carbon Tracker CO2 Concentrations

Smoothed curves fitted to the daiffternoon data derived from the digital filtering
technique of Nakazawa et al. (1997) are shown in Figure 4.24a and b, for Churchill and Fraserdale,
respectively.This modified digital filtering approachncludesFourier harmonics, Reinsdkipe
cubic spline and Butterworth filtelt was developed at Tohoku University, and has been applied
extensively taCO,, CHs, and isotopic flask measurements (Nakazawa et al., 1999ab, 1992,

1993; Higuchi et al., 2003; Patra dt, 2008; Saeki et al., 2013}{ere, STILT-simulatedCO;
concentrations and Cineasurements are evaluated with obse®@€d mixing ratios from the

tower sites. Both STILT and CTO; values agree well witlthe observations at Churchill,
capturing both the maximum and minimum concentrations. There is a slight disparity (~1 ppm) in
the fitted curves between January to April, and in December, with the STILT values being
relatively closer to the tower observaits The mean values of the fitted curves are 395.14 + 6.13
ppm, 395.58 + 6.70 ppm and 395.25 + 6.34 ppm for STILT, CT, and observed measurements,
respectively. Also, there is reasonable agreement at Fraserdale, but with more disparity in the fitted
data. h January, the STILT model appears to slightly underestimate atmospbéic
concentration, while CT measurements record a little above observed values. Between March and
May, both STILT and CT overestima@0O, concentrations by about 2 ppm. An earlieridap
decline in atmospheric€O; is simulated by STILT, deviating considerably from the CT
measurements which are in strong agreement with the tower observations. Consequently, the
STILT minimum atmospheri€O, concentration is about 5 ppm lower, althoughrttean values

of the fitted curves are quite comparable at 393.06 + 10.11 ppm, 394.96 £ 8.71 ppm, and 394.01
+ 8.15 ppm, for STILT, CT and observation, respectively. MaxinfD@ values occur in

December; about 406 ppm for STILT, 407 ppm for CT, and 404fppthe tower observation.
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a) CQ concentrations at Churchill (2012)
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Figure 4. 24. Fitted curves to the daily afternoon (21:00 UTC) data for STILT, CarbonTracker (CT), and tower obse®yations (OB
obtained via the curwitting procedue described in Nakazawa et £1997). In this study the number of harmonictor

seasonal cycléné is set equal t@, and the cutoff period of Butterworth filter for short term variation is set to be 4 months to
attenuate the highesbrder componenbf the Fourier harmonics to 50 per cefat) Churchill. (b) Fraserdale.
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In order to further assess the difference between STILT, CT, and observation (OBS), their
performances are examined with respect to three features of the s€&xSpowgtle: () timing of
the seasonal minimum; (ii) magnitude of the seasonal minimum, and (iii) seasonal amplitude.
Indeed, the seasonal cycle of atmosphé&@ concentration is basically a reflection of the
photosynthetic decay cycle of the terrestrial biospheigure 4.25shows a comparison of the
smoothed seasonal cycles obtained for STILT, CT and OBS data by applying thdittngre
procedure of Nakazawa et al. (1997). The timing of the 2012 seasonal minimum at Churchill shows
that there is good agreement beén STILT, CT, and OBS, with the minimu@©;, occurring on
August 19, August 18, and August 16, respectively. The magnitude of the seasonal minimum at
Churchill is-12 ppm for STILT, and13 ppm for CT and OBS. The seasonal amplitude, which is
defined opertionally as the difference between the maximum and minimum concentration values
in the same year, is well captured at Churchill by STILT (19 ppm for both STILT and OBS) and
CT (21 ppm). At Fraserdale, the seasonal minin@@a occurs on July 20, July 30, drugust
5, according to STILT, CT, and OBS, respectivélig(re 4.25p. This indicates that STILT and
CT were unable to adequately resolve the timing of the seasonal minimum, with an occurrence of
about 6 (CT) to 16 (STILT) days earlier than OBS. Alke, hagnitude of the seasonal minimum
varies from-15 ppm for OBS to-19 ppm for STILT, demonstrating that the STILT model
overestimates photosynthetic carbon uptake at Fraserdale. Consequently, the seasonal amplitude

is about 6 ppm (2 ppm) higher for STITT) than OBS.
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a) Seasonal Cgxycle at Churchill (2012)
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b) Seasonal CSxycle at Fraserdale (2012)
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Figure 4. 25. Comparison of the smoothed seasonal cycles obtained for STILT, CT and OBS data by applying the digital filterin
techrique of Nakazawa et al1997). In this studythe number of harmonicr seasonal cycléné is set equal t@, and the cut
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105



4.3 Discussions

4.3.1 Model Biases

STILT-modelled results for the 2068011 study period (Figure 4.314.14) indicate that
the simulatedCO; values compare reasonably against observations, although the model performs
better in Churchill (R= 0.87) compared to Fraserdale ¢R0.56). The mean model bias, defined
as the average difference between modelled and obs@@ed/alues, revealed that STILT
underestimated atmosphefi©, concentrations throughout the study period (Table 4.4 and 4.5,
Figure 4.17), with a greater biasFaserdale-2.50 ppm) compared to Churchifo(57 ppm).
Furthermore, analysis of the 2012 daily afternoon data, as well the smoothed s€&sanale
demonstrated that model bias was greatest during summer, particularly at Fraserdale (Figure 4.24
and4.25). This study seeks to address questions such as: What factors are responsible for these
model biases? Are the biases caused by inherent model errors, or inaccurate surface flux estimates
from CarbonTracker? Why do the model biases reach a maximungduwnnmertime, mostly at
Fraserdale? Generally, discrepancies between modelled and observed values exist due to a number
of influences, including uncertainties in advection, PBL mixing, a priori surface fluxes, and

background values.
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4.3.2 Errors in Hor izontal Velocities

Errors in atmospheric transport based on uncertainties in horizontal winds may lead to
errors in estimates of surface flux contributions to the receptor. The magnitude of errors in wind
fields, and their spatial and temporal covariantaave been quantified using direct comparison of
assimilated winds to radiosonde observations (Lin and Gerbig, 2005). The uncertainty in modelled
CQO: concentration due to advection errors could be as large as 5.9 ppm, particularly during the
growing season (Gerbig et al., 2008). Thus, the bias in the STtdelledCO;, can be partly
explained in terms of uncertainties in the NARR wind fields, and didveerror. Fraserdale
incurred a greater magnitude of error due to its location in the boreal forest. A very close
relationship exists between biospheric fluxes and atmospheric concentrations, and therefore, errors
in model particle trajectories and siratdd footprints will be amplified in regions with greater
vegetative influence. In additigrstronger spatial variability in biospheric fluxesharacteristic
of a region such as Fraserdaleauses stronger variability in atmospheric mixing ratios, and
conseuently, larger biases in modell€®, results (Gerbig et al., 2003a; Lin et al., 2004a). During
summer months, in the presence of active vegetation, model transport uncertainties due to
advection lead to errors in simulat€®, from biospheric fluxes witin the neaifield (surface
influence region within ~3 days of the measurement location). In this study, S$rdd€lled
summer (afternoon) minimur@0, concentration at Fraserdale was ~5 ppm lower than tower

observations (Figure 4.24b); a value consistettt thie findings of Lin and Gerbig, 2005.

107



4.3.3 Uncertainties in Vertical Mixing Processes

In addition to errors in horizontal velocities, biases in simul@®s concentrations also
exist due to uncertainties in vertical mixing and velocities (Deneingl., 1996b). Inaccurate
model representation of vertical mixing processes may cause significant biases in the vertical
redistribution of the influence from surface fluxes to a measurement site located within the PBL
(Gerbig et al., 2008). It is difficulto quantify the uncertainties in vertical transport, and to
propagate these errors in mixing heights to derive uncertainti@®imixing ratios. Typically,
deeper vertical mixing causes smaller atmospheric signals since thpliB& becomes diluted
ard therefore, the surface flux influence is considerably diminished. However, strong diurnal
variations in mixing depth further complicates the uncertainties between daytime and nighttime
mixing heights. Indeed, the nocturnal boundary layer (NBL) is chenaetl by larger
uncertainties in the mixing layer, and consequently, much more biases in modelled mixing ratios.
To examine the effect of uncertainties in mixing heights and the growth/decay of the PBL on
STILT-modelledCO; concentration, morning (9:00 T and afternoon (21:00 UTC) data were
analyzed separately-gjuared values shown in Figure 4.15 and 4.16 indicate that throughout the
study period (2002011), the variations in the modell€®, values around the mean were better
explained by the obserdevalues during afternoon periods. Also, the times series of STILT
modelled CO, concentrations compared against observations revealed there was stronger
agreement in the afternoon data (Figure 4.26 and 4.27). Improved model simulations in the
afternoon wasmore clearly evident at Fraserdale due to the stronger diurnal variations in
biospheric surface fluxes. During the nighttime (and early morning), atmosp@é€rc
concentration increases not only because of plant respiration, but also becaG€® of

accumuation in the shallow nocturnal boundary layer. Stable atmospheric conditions develop at

108



night as the earth’s surface cools rapidly,
mixing is suppressed and there is a buildu@@f concentrations. The results of this study show
that modelled atmospher@O, concentrations during the night are almost consistently lower than
observed values (Figure 4.26), disclosing that the nocturnal mixing height is overestimated. The
deeper mixinglepth causes a smaller surface flux influence, as well as the dilution of the PBL
plume. The overall effect is an underestimation of the actual atmosg@siconcentration.
Uncertainties in mixing heights can also affect model results during the dap@amieular in
summer (Figure 4.27). However, model biases are significantly larger during nighttime compared
to daytime as shown in Figure 4.18 and 4.19. At Fraserdale for example, the mean model bias in
2008 was-3.93 + 8.98 ppm for the morning data, amdy -1.13 + 5.62 ppm in the afternoon.
Other studies have shown that biases in mod€lfégconcentrations due to discrepancies in PBL
mixing, could have an average uncertainty of about 40% for the daytime, and much larger values
as high as 100% for naghal mixing layers, with bias errors greater than 50% (Gerbig et al., 2008;
Mallia et al., 2015). Comparing between radioseddeved mixing heights and mixing heights
obtained from ECMWF meteorological data during Mayne 2005 in Europe, Gerbig et(2008)

estimated that uncertainties 860, mixing ratios was on average 3.5 ppm.
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Figure 4. 26. Times series of Obse@€xconcentrations compared against SThddelledCQ, using weekly morning (9:00 UTC)
data from20082011. (a) Churchill. (b) Fraserdale.
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a) Observed vs STILT modelled PM,€6ncentrations at Churchill 2068011
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Figure 4. 27. Times series of Obser@€pconcentrations compared against STihddelledCQ, using weekly afternoon (21:00
UTC) data from 2068011. (a) Churchill. (b) Fraserdale.
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4.3.4 Uncertainties in Surface Fluxes and Background Concentrations

A priori surface flux estimates a@D, mole fractions used in this study are obtained from
Carbon Tracker (CT2013). The CT data assimilation framework involves forecasting atmospheric
CO: mole fractions from a combination d®O, surface exchange models and an atmospheric
transport model (TM5) driven by nesrological fields from the European Centre for Medium
Range Weather Forecasts (ECMWF). Subsequently, inverse modelling techniques are employed
to minimize the difference between model fore
magnitude of the stace fluxes (Peters et al., 2007). The-@3rived netlCO, exchange between
the terrestrial biosphere and the atmosphere may differ from actual observations. Therefore, small
inconsistencies ia priori surface flux fields may result in considerable biaseésTILT-modelled
atmospheri€CO, concentrations. To examine this potential source of error, S$itlatedCO,
concentrations and CT measurements are evaluated with ob&Pyadixing ratios from the

tower sites.

Smoothed curves are fitted to the 2@Ea using daily afternoon values at Churchill and
Fraserdale. The cunéting method is derived from the digital filtering procedure of Nakazawa
et al. (1997). This statistical technique serves as an important tool for the quantification of several
features of atmosphericO, measurements, as well as the interpretation of carbon cycle dynamics.
Some of the most prominent features include: (i) the presence of a seasonal cycle produced mainly
by photosynthetidecay processes of the terrestrial biosphéie;an upward secular trend,
produced largely by fossil fuel combustion; (iii) shtetm fluctuations superimposed on the
seasonal cycle, and; (iv) interannual variations in all of the above three features (Nakazawa et al.,

1997).
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Fitted curves to the daily afternoon data for STILT, CT, and tower observations (OBS) are shown
in Figure 4.24. All three curves are in good agreement at Churchill, indicating that atmospheric
COr concentrations are properly calculated by both CT and STIlhEre is also reasonable
agreement at Fraserdale; however, the STILT curve deviates considerably from the observed
values during the summer, while CT concentrations remain consistent with OBS values. This
reveals that the large biases in STHiibdelled &mosphericCO, concentrations during summer
cannot be attributed terrorsin thea priori CT CO; estimates. Biases in the STILT results are
more likely due to model transport errors associated with uncertainties in horizontal velocities
from NARR wind fidds. Figure 4.24b shows that the difference between model and observed
values increases radically at the onset of the growing season when transport uncertainties and their
associated errors in simulated atmosph@(s are amplified in the presence of aetivegetation.

The maximum bias of about 5 ppm at Fraserdale irJuld is consistent with the 5.9 ppm value
reported by Lin and Gerbig (2005). This error is barely noticeable at Churchill because of the
smaller vegetative influence, and a weaker spa#iehbility in biospheric fluxes, particularly in

the neadfield region.

Furthermore, comparisons of the smoothed seasonal cycles obtained for STILT, CT, and
OBS daily afternoon data are shown in Figure 4.25. Here, the major objective was to examine the
performance of STILT and CT based on three notable characteristics of the s€&Qpngtle:
(i) timing of the seasonal minimum; (ii) magnitude of the seasonal minimum, and (iii) seasonal
amplitude. The disparities between the smoothed curves for Chisctelyligible, demonstrating
that all three results are in good agreement with regards to the timing and magnitude of the seasonal
minimum (Figure 4.25a). Also, results for the seasonal amplitude are remarkablagnes@ent

between STILTand observedCO: values {9 ppm), while CT follows closelat 21 ppm.
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At Fraserdale, however, the timing of the seas@®@ minimum calculated by STILT (CT) is

about 16 (6) days earlier than the actual observation (Figure 4.25b). In addition, the magnitude of
the seasonal minimum 4%9,-16, and-15 ppm, for STILT, CT, and OBS, respectively. Assuming

that model transport isgpfect, STILT results should be roughly the same as the CT values. In that
instance, any large biases between mod&égconcentrations and observation values could be
simply ascribed to inherent biases in theriori CO, estimates obtained by STILT froCT

surface flux and mole fraction fields. Thus, based on the seasonal minimum vall®sif, and

-15 ppm, for STILT, CT, and OBS, respectively, errors dua puiori surface fluxes and mole
fractions are about 25% (1ppm), while transport model nmioéies represent an error of about

75% (3ppm).

114



4.35 Model Transport Errors and Meteorological Inputs

It is important to note that transport model uncertainties such as errors in advection and
PBL mixing are the dominant sources of uncertainty is shildy. This is because, given the same
surface fluxes, the modelled surface influence on the mixing ratios at the tower depends on the air
parcel trajectories and footprints computed by STILT. These transport information are largely
influenced by horizotal advection and vertical mixing. The offline transport simulation approach
employed by STILT requires the use of profiles of temperature, humidity, and horizontal winds
from the North American Regional Reanalysis (NARR). The meteorological data isaised t
calculate the profile of turbulent mixing within the PBL (i.e. the mixing height). Studies have
shown that weather information from forecasted or analyzed meteorological fields may deviate
considerably from observations (Lin and Gerbig, 2005). Furtherapproach used by weather
forecast/reanalysis systems in the assimilation of temperature, humidity and winds from
radiosonde observations does not guarantee that the vertical profile of the atmosphere is retained.
For example, the level at which an insien occurs in the assimilated data (and thus also in

forecasts) is not necessarily the level at which an inversion was obgeembig et al., 2008).

Operational forecasts and reanalysis systems are also limited by their spatial and temporal
resolutiongStohl et al., 2001; Lin and Gerbig, 2005; Bowman et al., 2008 3hourly NARR
fields with a 32km horizontal grid spacing used in this study mayseamodel transport errors
due to spatial and temporal interpolation of wind fields. The coarse temporal resolution
undersamples the wind field in time relative to space thereby impacting on -&iddé&lled air
parcel trajectories and footprints. Pissole(2010) demonstrated that using customized outputs
from the ECMWF model at 0.51° horizontal resolution, reconstructions of stratospheric ozone

profiles are significantly improved when wind field frequency is increased frotm &hourly
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resolution. Snilarly, Brioude et al. (2012) used meteorological inputs from antl 12km
resolution mesoscale forecast, and reported that the dispersion model benefited immensely when
increasing the temporal resolution from 2 h to 1 h and 30 mins. The wind field&N#&RR used

in this study to drive the STILT model are only available atheo@rly resolution, and thus, the

uncertainties in the meteorological inputs have been discussed in this section.

4.3.6 The Influence ofthe Hudson Bay on STILT Model Rerformance

It was hypothesized that environmental conditions such as wind speeds and direction would have
significant impact on simulated atmosphe@O, concentrations, since atmosphe@O,
concentrations are modified by horizontal advection and vertical mixing, on the way to the
measurement tower. The advective influence of the Hudson Bay on STILT model performance
was consideredJsing afternoonCO; data at Churchill, each trajectory arabfprint mapin the

2012 study periodvas examined to identify measureménieswith a substantial Hudson Bay
(offshore winds) influence. The corresponding model biasesi( differences between modelled
CO: concentrations and observealues)were examied and compared with other measurement
times without the Hudson Bay influence. The result suggests tidglrtransport errors showed

no significant difference when the winds came off the Hudson(Balyle 4.6) Thus, there is no
noticeable impact of thedaective influence of the Hudson Bay on STikimulated atmospheric

COr concentrations during the 2012 study period.
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t-Test: Two-Sample Assuming Unequal Variances

HB OTHERS
Mean -0.40706906 -0.65723017
Variance 2.48945396 6.55362723
Observations 81 201
Hypothesized Mean Difference 0
df 234
t Stat 0.99399409
P(T<=t) one-tall 0.16062624
t Critical one-tall 1.65139147
P(T<=t) two-tall 0.32
t Critical two-tall 1.97015364

Table 4. 6Statistical test to determinthe advective influence of the Hudson Bay on model transport efifoesnull hypothesis
isthat there is o significant difference in model biases when the winds came off the HudsohhBaglternative hypothesis is
that model transport errors arexacerbated by the adveee influence of the Hudson B&ince the gvalue of the test is 8.05
the null hypothesis is accepted.
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5.0 CONCLUSIONS

5.1 Summary

Seasonal and intemnualvariability in the atmospheric concentration of greenhouse gases
(GHGs) play a vital role in regulating global climate. In recent yedw@nges in atmospheric
burden ofCO, and other GHGs have resulted in noticeable modificatdiiise climate gstem.
These statistically significant variation§the mean state of the climate or of its vatigbhave
persisted for decades, and are maattyibuted to anthropogenic emissionsGii,. In addition,
terrestrial ecosystenase responsible faignificant interannual changein the global growth rate
of COp, and there are still large uncertainties in gpatial distribution and magnitude cdtoral
carbon sources and sinkheresponsdand feedbackof global ecosystems to climate changes
and anthropogenic perturbatiossan active area of scientific research. Interestingbghrof our
understanding of the terrestrial carbon cycle comes fram direct measurements of
photosynthesis angspirationby eddy covariance (EC) methodisit ratheyfrom measurements
of atmospheri€€O, mixing ratios on continental toweand theinferred terrestrial fluxes needed
to match the observation$he suface flux information retrieved fronr€O, concentrationsat
tower sites contain aintegrated signal o€, exchange representing footprint areas ot10*
km? Inverse modelling and isotope analysis/e recognized thegmperate and boreal ecosystems

in the Northern hemisphere sequestegé amounts of carbon annuallgs much as 2 Pg Cly
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In the Hudson Bay LowlandHBL) region Envi r on ment Canada’ s Gr
Measurement Program coordinates a network of tgitesto monitor carbon emissions and sinks
from terrestrial ecosystemin this study two measurement towers are employed to provide
information on the carbon balance of the HBL): The Churchill sitelocated at the northern edge
of the HBL ( 5)arddnsah ddgtondbétive@rithe Wrctic tundralamboreal forest
and (2) The Fraserdale sitecated on the southern edge of the HBL and on the northern perimeter

of the boreal forest at 49°52'N, 81°37'W.

Preliminary analyses were carried out to describe and extpseasonal and intannual
variations of atmospheri€O, concentratiorior a 5year (20082012)weekly flaskmeasurement
record Diurnal and dailypatterns were examinaging hourlyCO, datafor the year 2012The
seasonal cycle revealed the influence of the terrestrial biosphere on olis&swatking ratios in
the region. Summertime was characterized by &@etuptake due to plant photosynthesis during
the growing season, while wintertinfeatureshigher atmospheri€O, concentrations due to
little/no terrestrial carbon siniSimilarly, CO, concentration values were lower during the day and
higher at night. The diurnal cycle 60 is produced not only by the daily cycle of the atmosphere
biosphere carbon exchange, but also by the daily evolution of the planetary boundary layer (PBL).
AtmosphericCO, accumulation occurs at nighttime due to plant and soil respiration, as well as a
weakly developed (stable) nocturnal boundary layer. Overatiserdale exhibita stronger
variability in CO than Churchill, particularly during the growing season. Differences in the
timing, variations, and magnitude of atmospheZi®, concentrations over the two sites are

explained in terms of their vegetationacacteristics.

The Stochastic Timénverted Lagrangian Transport model (STILT), driven by the North

American Regional Reanalysis (NARR) meteorological dataset, and coupled with the
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CarbonTracker data assimilation system (CT2013), was used to simulate atmospheric
concentrations o€0; in the Hudson Bay awlands. The primary objectives wereevaluate the
performance of the STILT modednd to examine the accuracy of CarbonTrackefasarflux
estimates. WeeklgO; flask measurements from 2088011 wereaused for temporal analysis, and

two measurementteis—Churchill and Fraserdalewereused for spatial comparison. In addition,

2012daily afternoorCO, data werenalyzed for a more defied evaluation of the seasonal cycle.

STILT was run in backward mode, releasing 3000 particles (air parcels) from the
measurement tower (receptor) toward upwind regions, and calculating air parcel trajectories over
a period of 72 hour&ach particle wasansported by both advective wind fields from NARR and
turbulent velocity component represented by a Markancprocess. The footprints weratained
from the simulated trajectory information providing estimates of the surface influence region and
the sensitivity of the atmospheric concentration measurement to surface fluxes. These STILT
generated footprints which are in unitsppim/pumol m? s*wereaveraged every 3 hours at a 1° x
1° horizontal grid resolutierthe same temporal and spatial resolution as th€CGaItlux fields
(umol nm2 s1). The total surface flux contributions (ppm) to the measunedng ratios at the
receptor wasomputed by comlving the STILT particle footprints with known flux estimates
from CT, and then averaging over thelY@eriod. To compare with observations, the mixing ratio
enhancements due to surface fluxes wiren added to a background concentration advected from
the domain boundary.hE background concentrations weedculated by taking the endpoints of
the 3000 particle ensemble (72 h backward in time) and interpolating them to the corresponding
grid cells and their associatedO, concentrations. The sum of the/esage background

concentration and the surface flux contribution constitutes the total mo@&lechixing ratio at
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the receptor. These model results werealuated with observations from the Churchill and

Fraserdale measurement sites.

STILT-modelled resiis demonstrate that the simulated atmosph@&@g concentrations
compare reasonably against observations. The mean model bias suggested that STILT
underestimate€O, values throughout the study period. At Churchill, the mean model bias was
-0.57 ppmwhile Frasedale had a greater bias-@.44ppm. Smoothed seasonal curves fitted to
the 2012 daily afternooRO; data revealed that model bias was highest during summertime,
particularly over the Fraserdale region. Overall, disparity between modelleobaatd/edCO;,
concentrations are attributed to errors in horizontal advection and PBL mixing, as well as
uncertainties in surface fluxes and background concentrations. During the growing season, model
transport uncertainties due to advection lead to emossmulatedCO, from biogenic surface
fluxes within the neafield. Such errors yielded model biases of up to 5 ppm at Fraserdale.
Moreover, inadequate model representation of vertical mixing processes cause considerable biases
in the simulated concentrah footprints. Model errors were greater at nighttime when
uncertainties in the mixing height are larger in the nocturnal boundary laygtoved model
simulations during daytime was more noticeable at Fraserdale due to the stronger vegetative
influence.At Fraserdalethe mean model bias in 2008 w893 + 8.98 ppnin themorning, and
only -1.13 + 5.62 ppm in the afternodfurthermore STILT-simulatedCO, concentations and
CarbonTracker (CT) measurements wevaluated with observe@0O, mixing ratios(OBS) to
assess the uncertainties anpriori surface fluxesBoth STILT and CT agree well with the
observations at Churchill, capturing both the maximum and minimum concentrafibns
Fraserdale, the timing of the 2012 seasonal minimum suggested thdt &1dLCT were unable

to adequately resolve the timing of the seasonal cycle, with an occurrence of about 6 (CT) to 16
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(STILT) days earlier than OBS. Besides, the magnitude of the seasonal minimum varigkbfrom
ppm for OBS ta19 ppm for STILT, demonstiag that the STILT mdel overestimates terrestrial
carbon sinkat Fraserdale. As a result, the seasonal amplitude is about 6 ppm (2 ppm) higher for

STILT (CT) than OBS.

Finally, the influence of the Hudson Bay on STILT model performance was briefly
consideed. The Hudson Bay has no noticeable impact on simulated atmosg@sic
concentrations during the 2012 study period. Model transport errors showed no significant

difference when the winds came off the Hudson Bay.

5.2 Synthesis and Future Studies

Amongseveral other objectives, the primary aim of this study was to examine the accuracy
of the Stochastic Timiverted Lagrangian Transport (STILT) model. Atmospheric transport
models playa vital role in inverse analysiand consequently, in aumderstandig of the terrestrial
carbon cycleThe capability of dransport model to accurately represent air parcel trajectories is
largely dependent on the simulated horizontbwities and vertical mixing ithe PBL. In
inversion studieghe inferred terrestl fluxes are adjusted by minimizing the difference between
observations and model predictions. This "optimization" is achieved by using a first guess of the
flux component and its associated uncertainty, and tuning a set of linear scaling factorgrblat con
the magnitude of the surface fluxds.is important to note that thquality of theoptimized
biosphericsurface fluxes in any inversmalysis is only as good as the atmosplieitsport model
used. Inaccurate air parcel trajectories and/or foetprestimations will inadvertently and

inevitably result inerroneous spatial distributicof surface flux estimates. The net effect is the
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misinterpretation of regional carbon cycle dynamics and the magnitude of terrestrial carbon
sources and sink3 herefore, this study is a crucial first step to further inverse analysis. STILT
mo d e | performance in this study has been
Research Division, whemggorousstudies are routinely carried out on inverse modglbhCO;

and CHacrossEnvi ronment Canada’ s gr e®PRPrdsentyswe haya s
applied STILT to more than 8 ma&rement sites, comparing STHTodelled trajectorieand
footprints to othelLagrangian Particle Dispersion ModdlsPDMSs). Inter-model comparisons

offer an importanbpportunity to evaluatgansport simulations, as well as meteorological forecast

input fields.

The next stefn this study will be to further investigate the influence of upwind biospheric
surface flux contribution to the observed atmosph@&@ mixing ratios in the Hudson Bay
Lowland region. This will involve a detailed analysis of air parcel trajectoriesaama of
influence by dividing the study regiomto six sectors based mainly on a combination of the

seasonal wind directigmatternsanda priori CO» source distribution.

Additionally, 1t woulreceptore r i e analps fameworlg t o
to methangCHs4) tower measurements in the HBLhere are still large uncertainties about the
CHa emissiorfrom this region presently, estimatesmge from 0.28 to 8.5 Tg C yr Accordingly,
there is need for more comprehensive andurate researcfihis is relevant since theorthern
boreal wetland regions are estimated to hold half of all wetlands and soil carbon in the world
(~1700 Pg C), which is twice the amount of carbon ctiyemeld in the atmospherélore
importantly, thee regions are sensitive to global warming and there are concerns about the

possible emissions of GHrom changing wetlands and thawing permafrost.
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