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ABSTRACT

The first climatology of airmass origin in the Arctic is presented in terms of rigorously defined airmass

fractions that partition air according to where it last contacted the planetary boundary layer (PBL). Results

from a present-day climate integration of the Goddard Earth Observing System Chemistry–Climate Model

(GEOSCCM) reveal that the majority of air in the Arctic below 700mb last contacted the PBL poleward of

608N. By comparison, 62% (60.8%) of the air above 700mb originates over Northern Hemisphere mid-

latitudes (i.e., ‘‘midlatitude air’’). Seasonal variations in the airmass fractions above 700mb reveal that

during boreal winter air from midlatitudes originates primarily over the oceans, with 26% (61.9%) last

contacting the PBL over the eastern Pacific, 21% (60.87%) over the Atlantic, and 16% (61.2%) over the

western Pacific. During summer, by comparison, midlatitude air originates primarily over land, over-

whelmingly so over Asia [41% (61.0%)] and, to a lesser extent, over North America [24% (61.5%)]. Sea-

sonal variations in the airmass fractions are interpreted in terms of changes in the large-scale ventilation of

the midlatitude boundary layer and the midlatitude tropospheric jet.

1. Introduction

Long-range transport frommidlatitudes plays a key role

in setting the distributions of trace species and aerosols

in the Arctic (e.g., Raatz and Shaw 1984; Barrie 1986).

Aircraft observations going back several decades, for ex-

ample, have shown that during late winter and early spring

there is a significant buildup of midlatitude aerosols in the

Arctic, often referred to as ‘‘Arctic haze’’ (e.g., Mitchell

1957; Rahn and McCaffrey 1980). More recently, studies

have also linked high levels of black carbon in the Arctic

during summer to boreal forest fires that occur at mid-

latitudes (e.g., Stohl 2006; Law and Stohl 2007).

Understanding how constituents are transported from

Northern Hemisphere (NH) midlatitudes into the Arctic

becomes ever more pressing in light of strong evidence

that Arctic composition affects climate. Increases in

aerosols, for example, have increased surface longwave

fluxes over the Arctic by an average of 3.4Wm22 in

recent decades by altering the microphysical properties

of clouds (Hansen and Nazarenko 2004; Lubin and

Vogelmann 2006; Garrett and Zhao 2006). Still other

constituents affect climate through photochemistry,

with decades’ worth of observations showing that the

wintertime buildup of halocarbons of midlatitude origin

in the Arctic unequivocally leads to rapid ozone pro-

duction during spring (Atlas et al. 2003; Klonecki et al.

2003). Therefore, a comprehensive understanding of the

seasonally varying transport from NH midlatitudes to

the Arctic is key for understanding climate.

The distributions of trace species in the Arctic are

ultimately determined by the complex interplay of their

emissions, chemistry, and transport. Hence, disen-

tangling transport from species’ emissions patterns and

chemistry is important for our understanding, and ac-

curate modeling, of Arctic composition. However, while

transport uncertainties have led to significant spread
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among modeled distributions of carbon monoxide and

ozone (Shindell et al. 2008), there have been few rigor-

ous efforts to understand these uncertainties, largely

because diagnostics that can parse out the underlying

transport are lacking.

Transport uncertainties become still more concerning

when making projections of the future distributions of

chemical species, whose emissions and chemical lifetimes

will also change as the large-scale atmospheric circulation

responds to future warming. And yet, while the climate

changes in atmospheric patterns have been assessed in

terms of changes in the position and strength of the

midlatitude tropospheric jets (e.g., Yin 2005; Miller et al.

2006; Barnes and Polvani 2013), changes in the frequency

and intensity of extratropical cyclones (e.g., Hoskins and

Hodges 2002; Bengtsson et al. 2006; Lambert and Fyfe

2006; Bengtsson et al. 2009; Catto et al. 2011; Chang et al.

2012), and changes in the strength and width of the

Hadley cell (e.g., Lu et al. 2007; Seidel et al. 2007), rela-

tively little attention has been paid to assessing the large-

scale transport response in the Arctic.

A natural approach to quantifying transport into the

Arctic is using tracers that capture a fundamental aspect

of the atmosphere’s advective eddy-diffusive transport

operator, independent of any particular trace species (i.e.,

herein referred to as ‘‘tracer independent’’). Here we fo-

cus on the spatial distribution of rigorously defined air

masses in the Arctic, which are defined with respect to

their origin in the planetary boundary layer (PBL). More

precisely, the PBL airmass fraction at point r, whose PBL

originwas in the geographic regionVi, is simply defined as

themass fraction of the air at r that had its last contactwith

the PBL in region Vi, as shown schematically in Fig. 1.

In practice, airmass fractions are calculated as equili-

brated tracer mixing ratios with boundary conditions

specified so that they reveal where in the Arctic, and with

what dilution, the air from various sources can be found.

A simple application of the concept of airmass fractions

to the atmosphere was performed by Orbe et al. (2013)

using a dynamical core general circulation model (GCM)

for the purposes of assessing the airmass origin response

to an idealized warming that mimicked the response of

comprehensive climate models to end-of-twenty-first-

century warming (Meehl et al. 2007; Wang et al. 2012).

The climate of the dynamical core circulation and its re-

sponses to a prescribed heating were ideal for the pur-

poses of illustrating the utility of airmass fractions as

diagnostics of tropospheric transport. Here, we extend

the approach developed in that study to examine seasonal

variations in Arctic airmass origin using a comprehen-

sive climate model.

Our goals are twofold: 1) to construct a baseline

Arctic ‘‘transport climate’’ (Holzer and Hall 2000;

Holzer and Boer 2001) in terms of airmass origin and 2)

to assess the response of airmass origin in the Arctic to

future warming. In this study we address the first goal

by presenting model climatologies of airmass origin for

boreal winter and summer, calculated from a time-slice

integration of the Goddard Earth Observing System

Chemistry–Climate Model (GEOSCCM) subject to at-

mospheric forcings representative of the current climate.

In the second part of this study to be published, we will

assess the airmass response to future warming using a

separate time-slice integration of GEOSCCM forced with

future greenhouse gases and ozone-depleting substances.

Following a brief exposition of the theory and meth-

odology in sections 2 and 3, we present the airmass

origin climatologies in section 4. The interpretation of

the airmass fractions in terms of the large-scale circu-

lation is reserved for section 5, followed by discussions

and conclusions in sections 6 and 7, respectively.

2. Theory of airmass fractions

To identify where Arctic air last contacted the PBL,

we first we subdivide the PBL volume, denoted by V,

into smaller geographic regions Vi (e.g., zonal strips of

fixed width; see section 3b for a description of the

FIG. 1. Schematic illustration of the PBL airmass fractions

f (r jVi). The thick black line indicates theDJF climatological mean

thermal tropopause. The airmass fractions partition air at point r

according to where last contact occurred with the planetary

boundary layer (PBL). Shown here, for illustrative purposes, are

the PBLVi regions of fixed zonal width,VSTH (green),VMID (red),

and VARC (blue), which are illustrated using the DJF climatolog-

ical mean PBL. Note that the horizontal axis is restricted to the

Northern Hemisphere (NH).
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regions used here). By definition, the mass fraction that

had last contact with the PBL in region Vi, and not

elsewhere, is equal to unity inVi and equal to zero in the

complement of Vi (the rest of V), denoted by Vc
i (Orbe

et al. 2013).

In practice, the airmass fraction is calculated as the

interior mixing ratio of a passive tracer f that is in sta-

tistical equilibrium with boundary conditions of f 5 1

inVi and f5 0 inVc
i , without any other sources or sinks.

By labeling a fluid element (i.e., ‘‘particle’’) when it is

in Vi as being 100% Vi PBL air, and removing this label

(setting it to zero) as soon as the particle finds itself in

the PBL outside of Vi, the boundary conditions ensure

that f(r, t jVi) is the mass fraction of air that had last

contact with the PBL on Vi and not elsewhere (Orbe

et al. 2013). Formally, f is computed as the solution to

the passive tracer advection–diffusion equation

(›t 1T )f (r, t jVi)5 0, (1)

where T denotes the linear advection–diffusion trans-

port operator, which in a model context includes pa-

rameterized subgrid-scale processes such as convection.

At the PBL (i.e., for all points rV 2 V) the fraction f

satisfies the boundary condition

f (rV, t jVi)5D(rV,Vi) , (2)

where D(rV, Vi) 5 1 if rV 2 Vi and D(rV, Vi) 5 0 if

rV 2 Vc
i .

The boundary conditions on f ensure that the sum of

the fraction is always held at unity over the entire PBL

so that, after all initial conditions have decayed, the sum

of the fractions must be equal to the boundary value

throughout the entire atmosphere. By construction,

therefore, when equilibrium with the boundary condi-

tions has been reached, the airmass fractions satisfy

�
V

i

f (r, t jVi)5 1 (3)

at every point r and time t. Physically, Eq. (3) states that

the air at (r, t) had to have last contacted the PBL

somewhere in its history and provides a useful numerical

check for whether equilibrium has been reached.

3. Experimental design

a. The model

We use GEOSCCM version 2, which is an update from

theGEOSCCMversion 1 (Pawson et al. 2008) and couples

the GCM GEOS-5 (Rienecker et al. 2008) with a com-

prehensive stratospheric chemistry package (Douglass

et al. 1996). The model has a horizontal resolution of 28

latitude by 2.58 longitude, with 72 vertical levels ex-

tending from the surface to 0.01mb (1mb 5 1 hPa).

Airmass fractions are calculated from one integration of

the model forced with annually repeating 2000–19 time-

averaged greenhouse gases (GHGs) and ozone-depleting

substances (ODSs) under the SRES A1B and A1 sce-

narios, respectively (Houghton et al. 2001; WMO 2007).

Sea surface temperatures and sea ice concentrations are

2000–19 time averages taken from an integration of the

NCAR Community Climate System Model 3.0 subject

to A1B GHG forcing. Solar forcings are held constant,

and there is no representation of the quasi-biennial

oscillation (QBO).

Spinup to a statistically stationary state for the dy-

namical variables (not the tracers) takes 10 years, after

which we introduce our diagnostic tracers that are pas-

sively advected for an additional 20 years using a flux-

form semi-Lagrangian transport scheme (Lin and Rood

1996). As in most GCMs, convective transport is re-

alized both on resolved scales by the large-scale flow and

through subgrid-scale processes that are parameterized

using the relaxedArakawa–Schubert convective scheme

(Moorthi and Suarez 1992), a modified version of the

original Arakawa–Schubert scheme (Arakawa and

Schubert 1974). There is no explicit diffusion applied to

tracers either in the horizontal or vertical.

Airmass origin regions are defined with respect to the

model’s PBL, which is calculated online as the height of

the lowest model layer in which the total eddy diffusion

coefficient of heat falls below 2m2 s21. Overall, the

modeled PBL agrees well with summertime and win-

tertime climatologies of PBL height derived from re-

analysis (von Engeln and Teixeira 2013) by capturing

gross height differences between land and ocean, as well

as smaller-scale features, including wintertime minima

over Canada and Greenland and summertime maxima

over the west coast of the United States (see appendix

Fig. A1). Owing to underlying model biases in surface

sensible heat fluxes, however, the modeled PBL tends to

be too high in summer, compared to independent

radiosonde-based estimates of PBL height (McGrath-

Spangler and Molod 2014). As discussed in section 6,

however, we do believe that this bias significantly affects

the qualitative nature of our findings.

To preface the exposition of the airmass fractions in

section 4, we first briefly describe the modeled large-scale

circulation in the NH extratropics. Seasonal mean clima-

tologies of the 300–900-mb column-integrated zonal winds

(Fig. 2a) provide a gross sense for the position of the storm

tracks and warm conveyer belts (hence, the ventilation of

the midlatitude boundary layer) and reveal that during

winter the midlatitude jet is strongest over the Pacific

Ocean and over theAtlanticOcean, where it extends back
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to the central United States and over Europe (Fig. 2a,

top). By comparison, during summer the jet is relatively

weaker and maximizes over the Atlantic Ocean and

western Europe (Fig. 2a, bottom).

It is important to note that although the modeled zonal

winds at 300mb compare well with the ensemble mean

among comprehensive climate models participating in

phases 3 and 5 ofCMIP (CMIP3 andCMIP5, respectively;

Delcambre et al. 2013; Barnes and Polvani 2013), sig-

nificant intermodel spread renders the ensemble mean

not truly representative of any single model or the ob-

served climate. In particular, like most GCMs, GEOS-5

tends to overestimate the seasonal cycle of jet latitude

about its mean, with themidlatitude jet positioned too far

equatorward and poleward during December–February

(DJF) and June–August (JJA), respectively (Molod et al.

2012). Consistent with the other CMIP5 models, these

biases are largest in the North Atlantic and the Southern

Hemisphere (Barnes and Polvani 2013).

While the tropospheric jet crudely constrains the venti-

lation of themidlatitude boundary layer during winter, the

summertime distribution of convective clouds provides a

gross sense for the large-scale vertical motions over mid-

latitudes that is preferable to other diagnostics that are

inherently noisier and more difficult to interpret (i.e.,

the vertical velocity v). Large-scale convection is con-

centrated at midlatitudes over land during summer

(Fig. 2b, bottom), particularly over North America and

Eurasia, where large cloud fractions span the poleward

and southward edges of Asia.

By comparison, the wintertime convective cloud frac-

tion pattern aligns broadly with the Pacific and North

Atlantic storm tracks (Fig. 2b, top). Large cloud fractions

over the Norwegian Sea are collocated with an anoma-

lously high PBL during winter (Fig. A1) and therefore

most likely reflect the strong surface winds in that region

that stem from the deformation of the Atlantic jet by high

topography over Greenland (Moore and Renfrew 2005;

Moore 2012). These detailed features aside, convective

cloud fraction is mainly interpreted throughout as a

qualitative measure of the large-scale vertical motions in

the extratropics.

b. The diagnostic tracers

We first partition the PBL into three zonally sym-

metric origin regions Vi, the colored bands shown in

Fig. 3a. The Vi consist of a ‘‘southern latitude patch’’

(VSTH) spanning latitudes south of 258N, a ‘‘midlatitude

FIG. 2. (a) Seasonally averaged climatological mean zonal winds, column integrated over the free troposphere (300–900mb) for (top)

DJF and (bottom) JJA. (b) As in (a), but for the convective cloud fraction, which is used throughout as a proxy for large-scale ascent over

NH midlatitudes.
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patch’’ (VMID) between 258 and 608N, and an ‘‘Arctic

patch’’ (VARC) poleward of 608N. In addition, we fur-

ther subdivide VMID into six nonoverlapping origin re-

gions over the eastern Pacific, North America, the

Atlantic, Europe, Asia, and the western Pacific, which,

for convenience, are referred to throughout using the

labels EPAC, NAM, ATL, EUR, ASI, and WPAC, re-

spectively. These regions have been defined in order to

distinguish between last-PBL contact over land and

ocean as well as to broadly identify regions of high in-

dustrial emissions (hence the separation of the Eurasian

continent into VEUR and VASI).

In total, we carry nine passive airmass fraction tracers

f(r, t jVi), one for eachVi region. Tracers are integrated

for 20 years after the dynamical variables are spun up to

climatology in order to ensure that equilibrium has been

reached everywhere in the Arctic [i.e., Eq. (3) is satis-

fied]. In particular, the long integration time accom-

modates air that receives its origin label over VSTH and

takes approximately 2–3 years to reach a statistically

stationary state in the Arctic, much longer than the

equilibration time for the VMID airmass fraction

(Fig. 3b). (As shown in section 4a, this 2–3-yr time scale

reflects the fact that air that is first labeled at VSTH

passes through the lower stratosphere en route to the

Arctic.) Once air masses have reached equilibrium, their

annual (ANN), wintertime (DJF), and summertime

(JJA) climatological mean fractions are calculated over

the last 10 years of the integration, and are denoted as

fANN(r jVi), f
DJF(r jVi), and f JJA(r jVi). Hereafter all

10-yr climatologies are denoted using an overbar.

For convenience, the airmass fraction corresponding

to the region Vi will be referred throughout as ‘‘Vi air.’’

Note that the term ‘‘origin’’ is used throughout in refer-

ence to the region where air last contacted the PBL. For

example, ‘‘VSTH air’’ (also southern air or air of southern

origin) will refer to the airmass fraction at r that last

encountered the PBL south of 258N. Finally, in order to

keep Vi physically meaningful, we have not constrained

the Vi airmass origin regions over midlatitudes to be

equal in surface area. However, separate calculations, in

which the airmass fractions have first been normalized by

the area of their origin region, show that, qualitatively,

our results do not hinge on patch size.

4. Origins of Arctic air masses

We now examine systematically the climatological

airmass fractions fANN(Vi), f
DJF(Vi), and f JJA(Vi). First

we present the airmass fractions that last contacted the

FIG. 3. (a) The Vi regions where airmass fractions in the Arctic last contacted the PBL. Zonal

strips of fixed width span the NHmidlatitudes over 258–608N (VMID, red), latitudes to the south of

VMID from908S to 258N(VSTH, green), and latitudes to the north ofVMID poleward of 608N(VARC,

blue). Red colored patches indicate the regions where VMID has been further partitioned between

the EPAC, NAM, ATL, EUR, ASI, and theWPAC. (b) The evolution of the zonal mean fraction

f(r, t jVi) evaluated at 400mb and 708Nfor air that last contacted the PBLoverVMID (red) and over

VSTH (green). Annually and seasonally averaged airmass fraction climatologies are presented in the

following figures and have been calculated over model years 10–20 (i.e., post equilibrium).
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PBL over VSTH, VMID, and VARC. We then examine

the VMID airmass fraction in more detail, further dis-

tinguishing between last PBL contact at midlatitudes

over land and over ocean. Because the budgets for

spring [March–May (MAM)] and fall [September–

November (SON)] are found to be, approximately, in-

terpolations between NH winter and summer, the

airmass fractions are only presented for DJF and JJA.

Seasonal variations in the airmass fractions are then

interpreted in section 5 in terms of the large-scale

circulation. Throughout, statistical significance in the

airmass fractions is quantified using the standard deviation

s
f
(r jVi)[ fN21�N

n51[
~f n(r jVi)2 f (r jVi)]

2g1/2, where

N 5 10 and ~f n(r jVi) denotes the (ANN, DJF, or JJA)

average of f(r, t j Vi) in year n within the last 10 years of

the integration. (Significance is denoted throughout us-

ing 6s
f
notation.)

a. Origin over VSTH, VMID, and VARC

Vertical profiles of the annually averaged airmass

fractions in the Arctic, f ANN
ARC (p jVSTH), f ANN

ARC (p jVMID),

and f ANN
ARC (p jVARC) (Fig. 4), reveal that the air in the

Arctic free troposphere (i.e., 300–900mb) originates

primarily over VARC and over VMID. (The subscript

ARC denotes the average over latitudes poleward of

608N.) Note that, because VSTH, VMID, and VARC span

the entire PBL (V), Eq. (3) ensures that the sum of their

corresponding f ANN
ARC (p jVi) equals 100% at each pres-

sure level.

The VARC and VMID airmass fractions make roughly

equal contributions to the Arctic free troposphere [40%

(60.87%) and 51% (60.70%), respectively]. Differ-

ences in the vertical profiles of fANN(r jVARC) and

fANN(r jVMID), however, reveal that 70% of the air be-

low 700mb (hereafter referred to as the ‘‘lower Arctic’’)

last contacted the PBL overVARC, while the majority of

air [62% (60.82%)] in the ‘‘middle Arctic’’ (i.e., 300–

700mb) originated over NH midlatitudes. Interestingly,

there is a surprisingly large (;12%) contribution of

southern air in the middle Arctic.

Climatologies performed separately for DJF and JJA

reveal that the annual mean and column integrated bal-

ance of VSTH, VMID, and VARC air in the Arctic is to first

order unchanged between boreal winter and summer

(Table 1). Nonetheless, there are large seasonal variations

within the troposphere, especially above 700mb, where air

is approximately 11% less likely to last have contacted the

PBL in the Arctic during winter compared to summer.

Seasonal variations are more easily interpreted by com-

paring the zonal mean distributions of fDJF(r jVi) and

f JJA(r jVi), which reveal that during boreal winter

fDJF(r jVARC) is more or less confined to pressures

below 500mb (Fig. 5, top left). During boreal summer, by

comparison, contours of f JJA(r jVARC) extend into the

upper troposphere as warmer Arctic temperatures and

reduced stability at the surface enhance the rate with

which VARC air is mixed away from the boundary layer

(Fig. 5, top right).

For both winter and summer the VARC airmass

fraction is flanked aloft by f (r jVMID) (Fig. 5, middle

panels), effectively rendering the lower Arctic a ‘‘polar

dome’’ (Klonecki et al. 2003; Law and Stohl 2007).

During winter, contours of fDJF(r jVMID) indicate that

transport away from the midlatitude PBL occurs pri-

marily along isentropes, although there is some sug-

gestion of cross-isentropic transport over the pole,

induced by diabatic cooling. Independent analysis re-

veals that this flattening of contours does not merely

reflect changes in the isentropes overlying the Arctic,

although this is not shown, for sake of brevity.

During summer there is less air of midlatitude origin in

the Arctic, as contours of f JJA(r jVMID) penetrate across

isentropes into the upper subtropical and midlatitude

troposphere (Fig. 5, middle right). In particular, the

airmass fraction at the equatorward edgeofVMID is steered

into the subtropical upper troposphere by the upwelling

branch of the summertime Hadley cell, by which we

mean the zonally averaged meridional overturning cir-

culation in the tropics and subtropics, overlaid in Fig. 5

(bottom panels) in terms of the streamfunction.

Still stronger signatures of upwelling associated with the

Hadley cell appear in the distributions of fDJF(r jVSTH)

and f JJA(r jVSTH) (Fig. 5, bottom panels), which account

for a surprisingly large (.10%) fraction of air in the Arctic

FIG. 4. Vertical profiles of the annual mean climatological mass

fraction of the Arctic that last contacted the PBL over Vi,

f ANN
ARC (p jVi), where the subscript ARC denotes the average over

latitudes poleward of 608N. Profiles are shown for the origin re-

gions VSTH (green), VMID (red), and VARC (blue). The black

dashed lines at 700 and 300mb, respectively, bound the lower and

middle Arctic.
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free troposphere above 500mb. The VSTH airmass

fraction increases dramatically upon crossing the tropo-

pause, reflecting the fact that the main pathway that

connects the PBL south of 258N to the Arctic intersects

the tropical and subtropical lower stratosphere. More

specifically, the monthly evolution of f(r, t jVSTH) (not

shown) reveals that VSTH air is transported into the

tropical upper troposphere and lower stratosphere over

the SH (NH) subtropics during boreal winter (summer)

(i.e., the ascending branches of the Hadley cell).

Thereafter, VSTH air is quasi-isentropically transported

the Arctic during boreal summer, coincident with the

relaxation of the tropical/extratropical mixing barrier in

the lower stratosphere (Chen 1995).

The pathway that connects VSTH air to the Arctic is

broadly consistent with strong evidence from models

and observations that significant two-way mass and

tracer exchange occurs at the NH subtropical tropo-

pause, where quasi-isentropic mixing around the sub-

tropical jet stream enhances transport between the

tropical upper troposphere and extratropical lower

stratosphere (e.g., Sprenger and Wernli 2003; �Skerlak

et al. 2014). Because the focus of this study is on the

Arctic free troposphere, however, we reserve further

discussion of this transport pathway to future work.

b. Origin over NH midlatitudes

The vertical profiles f DJF
ARC(p jVi) and f JJAARC(p jVi) for

the Vi spanning VMID (Fig. 6) reveal large seasonal dif-

ferences in the regions where Arctic air last contacted the

midlatitude PBL. Above 700mb the Vi airmass fractions

each vary by as much as about 20%–30%between boreal

winter and summer, while seasonal variations below

700mb are relatively weaker, albeit statistically signifi-

cant. Note that in Fig. 6 the airmass fractions have first

been normalized by fARC(p jVMID) in order to ensure

that their sum is 100% at each pressure level.

During winter, most of the air below 700mb in the

Arctic originated over the eastern Pacific and over

Europe, with f DJF
ARC(p jVEPAC) and f DJF

ARC(p jVEUR)

respectively comprising 25% (61.6%) and 20% (62.3%)

of all midlatitude air in the lower Arctic (Table 2). By

comparison, during boreal summer, last contact at the

midlatitude PBL occurred primarily over North Amer-

ica [23% (61.4%)], the Atlantic Ocean [16% (62.0%)],

and Asia [29% (60.85%)].

Above 700mb, seasonal variations in the airmass

fractions are relatively larger. Midlatitude air is primarily

of ocean origin duringwinter, when themidlatitude storm

tracks are strongest and when contours of fDJF(r jVMID)

extend isentropically back to the midlatitude eastern

Pacific and Atlantic PBL (Fig. 7a). Correspondingly,

f DJF
ARC(VEPAC) and f DJF

ARC(VATL) respectively explain 26%

(61.9%) and 21% (60.87%) of the 300–700-mb column

integrated mass f DJF
ARC(VMID) (Table 2). By comparison,

during summer 41% (61.0%) and 24% (61.5%) of

midlatitude air above 700mb originated over Asia and

North America (Table 2) and contours of f JJA(r jVASI)

and f JJA(r jVNAM) penetrate across isentropes into the

midlatitude upper troposphere (Fig. 7b). Interestingly,

f JJA(r jVASI) extends still higher into the lower strato-

sphere during boreal summer, a signature that persists in

the Arctic lower stratosphere into the following winter.

This persistence of Asian air is discussed inmore detail in

the next section, where we interpret the airmass fractions

in terms of the large-scale circulation.

5. Large-scale circulation constraints on Arctic
airmass origin

To aid in the interpretation of the airmass fractions,

we now examine seasonal variations in the large-scale

circulation. A discussion of the fidelity of the modeled

circulation compared to observations, and implications

for our interpretations, is reserved for section 6.

a. Lower Arctic

It has long been appreciated that large-scale station-

ary waves play a key role in accumulating and trans-

porting pollutants from midlatitudes into the Arctic

TABLE 1. The DJF and JJA climatological mean fraction of the Arctic that last contacted the PBL over VARC, VMID, and VSTH.

Airmass fractions corresponding to theVi origin regions have been averaged over latitudes poleward of 608N (hence, the subscript ARC)

and column integrated over the free troposphere (300–900mb; column 2), the lower troposphere (700–900mb; column 3), and themiddle-

to-upper troposphere (300–700mb; column 4). The denominator fARC(V) corresponds to the mass fraction of the Arctic irrespective of

where air last contacted the PBL.

PBL origin

region Vi

Free troposphere,
fARC(Vi)

fARC(V)

Lower troposphere,
fARC(Vi)

fARC(V)

Middle troposphere,
fARC(Vi)

fARC(V)

DJF JJA DJF JJA DJF JJA

ARC 37% 47% 70% 75% 23% 34%

MID 51% 46% 28% 23% 62% 57%

STH 12% 6.5% 1.7% 1.6% 16% 8.6%
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(e.g., Iversen and Joranger 1985; Barrie 1986; Law and

Stohl 2007). Correspondingly, large fractions of VMID

air in the lower troposphere overlie regions where mean

cyclonic flow (i.e., low-level convergence) drives VMID

air out of the boundary layer and into the middle tro-

posphere (Fig. 8). In particular, during winter when

strong cyclonic flow prevails over the North Pacific

(Aleutian low) and over the North Atlantic (Icelandic

low), the largest contributions to fDJF(r jVMID) origi-

nate over the oceans. Conversely, air that last contacted

the PBL over land encounters mean low-level di-

vergence and is rapidly stripped of its Vi label over the

neighboring PBL.

After escaping the boundary layer, VMID air is trans-

ported efficiently into the Arctic during winter by strong

poleward flow over the North Pacific and over Canada

(Raatz and Shaw 1984; Barrie 1986). Whereas these

motions ensure that VEPAC air is efficiently transported

into the Arctic, anticyclonic flow associated with the

Azores high draws VATL air southward, where it risks

being relabeled at the PBL, resulting in a distribution

fDJF(r jVATL) that is relatively weaker at high latitudes

than fDJF(r jVEPAC) (Fig. 7a). A similar southward

transport pattern over the Atlantic has been observed in

the distributions of pollutants emitted over Europe

(Duncan and Bey 2004).

FIG. 5. The fraction of air that last contacted the PBL over (top) VARC, (middle) VMID, and (bottom) VSTH. DJF

and JJA climatological mean airmass fractions fDJF(r jVi) and f JJA(r jVi) are shown in the left and right panels,

respectively. The zonally averaged seasonal mean thermal tropopause is indicated by the thick black line. Seasonal

mean isentropes are overlaid in black [20-K contour interval for isentropes between 270 and 390K (DJF) and be-

tween 290 and 390K (JJA)]. The mean streamfunction (contour interval: 603 109 kg s21) has also been overlaid on

fDJF(r jVSTH) and f JJA(r jVSTH) in order to provide a sense for the zonally averaged tropospheric circulation in the

tropics and subtropics.
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By comparison, during boreal summer mean anticy-

clonic motions over the oceans ensure that air that is

labeled over VEPAC, VWPAC, and VATL diverges out-

ward at the surface over Europe and North America,

where its Vi label is stripped upon recontact with the

boundary layer (not shown). Meanwhile, VMID air that

originates over land is driven away from the boundary

layer, consistent with mean low-level convergence and

ascent over NorthAmerica andAsia, although low-level

poleward motions over midlatitudes are relatively

weaker in summer compared to winter. Hence, overall,

there is less air of midlatitude origin in the lower Arctic

during summer (i.e., ;5%; Table 1).

Seasonal changes in the thermal structure of the Arctic

may also explainwhy there is less air ofmidlatitude origin

in the Arctic during summer. At 800mb large values of

f JJA(r jVARC) are collocated with convective clouds

(Fig. 9a), consistent with warmer temperatures and

weaker thermal stratification that enhance the vertical

mixing ofVARC air away from the Arctic surface. Hence,

the confluence of both weaker poleward motions over

midlatitudes and enhanced vertical mixing near the

Arctic surface reduce the amount of midlatitude bound-

ary layer air in the Arctic during boreal summer.

Finally, it is worth briefly commenting on the strong

vertical gradients in fDJF(r jVATL) at 608N that seem to

FIG. 6. (a) Vertical profiles of the DJF climatological mean airmass fractions in the Arctic

that last contacted the PBL over the WPAC, EPAC, ATL, NAM, EUR, and ASI origin re-

gions. Airmass fractions have been averaged over latitudes poleward of 608N and normalized

by the Arctic fraction that last had PBL contact over NH midlatitudes f DJF
ARC(p jVMID), which

during winter accounts for 51% (62.2%) of the Arctic free troposphere (i.e., the 300–900-mb

column integrated mass fDJF(V); Table 1). (b) As in (a), but for JJA. The midlatitude airmass

fraction in the normalization f JJAARC(VMID) contributes 46% (61.1%) of the total mass of the

Arctic free troposphere during summer (Table 1).

TABLE 2. The DJF and JJA climatological mean fraction of the Arctic that last contacted the midlatitude PBL over the western Pacific,

the eastern Pacific, the Atlantic, North America, Europe, and Asia. Airmass fractions corresponding to the Vi origin regions have been

averaged over latitudes poleward of 608Nand column integrated over the free troposphere (300–900mb; column 2), the lower troposphere

(700–900mb; column 3), and the middle-to-upper troposphere (300–700mb; column 4). The denominators f DJF
ARC(VMID) and f JJAARC(VMID)

correspond to the DJF and JJA climatological mean fraction of the Arctic that last contacted the PBL over NH midlatitudes.

PBL origin region Vi

Free troposphere,
fARC(Vi)

fARC(VMID)

Lower troposphere,
fARC(Vi)

fARC(VMID)

Middle troposphere,
fARC(Vi)

fARC(VMID)

DJF JJA DJF JJA DJF JJA

WPAC 16% 9.1% 13% 10% 16% 9.0%

EPAC 26% 6.2% 25% 9.8% 26% 5.7%

ATL 20% 9.0% 15% 16% 21% 8.0%

NAM 13% 24% 16% 23% 12% 24%

EUR 13% 12% 20% 13% 12% 13%

ASI 12% 40% 12% 29% 12% 41%
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indicate the presence of a transport barrier over the

North Atlantic during boreal winter (Fig. 7a). Further

examination of fDJF(r jVATL) at 608N (Fig. 9b, left) re-

veals that the strongest gradients are concentrated to the

southeast of Greenland, where there are large convec-

tive cloud fractions and an elevated PBL (Fig. 2b; see

also Fig. A1). Both high clouds and an elevated PBL are

consistent with enhanced turbulent mixing by strong

surface winds in that region that stem from the de-

formation of the Atlantic jet by topography over

Greenland (Moore and Renfrew 2005; Sampe and Xie

2007). Correspondingly, strong surface winds tend to

enhance the turbulent mixing ofVARC air away from the

ocean surface as well as the rate with which VATL air is

relabeled at the PBL upon entering the Arctic.

It is also possible that strong vertical gradients in

fDJF(r jVATL) are partly maintained by diabatic heating

within the Atlantic storm track, consistent with previous

studies that have linked the cross-isentropic ascent of

midlatitude pollutants at high latitudes to heating within

warm conveyer belts (Klonecki et al. 2003; Sinclair et al.

2008; Madonna et al. 2014). Whereas this heating helps

to maintain strong vertical gradients in fDJF(r jVATL)

that persist well above the PBL, weak gradients in

fDJF(r jVEUR) (Fig. 9b, right), by comparison, reflect

cooling over the Eurasian snow and ice pack asVEUR air

is relabeled at the PBL (Barrie 1986).

b. Middle Arctic

In the middle and upper Arctic, where interactions

with the boundary layer are considerably weaker, it is

instructive to recast the tracer Eq. (1) in terms of the

residual mean circulation as in Andrews et al. (1987).

We assume that the influence of boundary condition

[Eq. (2)] is relatively weak so that a comparison of the

terms (i) ›y0f 0(Vi)/›y and (ii) y*›f (Vi)/›y provides a

sense for the relative roles that meridional transient

eddies and advection by the residual mean circulation

play in transporting VMID air into the middle and upper

Arctic. (Asterisks and primes denote deviations from

zonal and time means, respectively; transient eddies

have been calculated using daily mean data.)

During winter the climatological mean variance of the

eddy meridional velocity y0y0DJF is strongly coupled to

the midlatitude tropospheric jet (Fig. A2). Transient

eddies maximize over the northwest coast of North

America and over the western and central Atlantic ba-

sin, coincident with the outflow regions of warm con-

veyer belts (Eckhardt et al. 2004; Sinclair et al. 2008;

Madonna et al. 2014). Correspondingly, we find that the

FIG. 7. (a) The DJF climatological mean airmass fractions fDJF(r jVi), corresponding to air that last contacted the

PBL over the land and ocean origin regions spanning NH midlatitudes. The zonally averaged DJF mean thermal

tropopause is indicated by the top thick black line; the bottom black line denotes the DJF mean planetary boundary

layer, averaged over longitudes spanningVi. Wintertimemean isentropes have also been averaged over longitudes in

Vi and are overlaid in the thin black contours (contour interval: 20K). (b) As in (a), but for JJA. Note the different

color bar.
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eddy-induced transport ofVEPAC air is much larger than

transport by the residual mean meridional velocity, with

term (i) exceeding (ii) by, at places, a factor of 2

(Fig. 10a). Vertical profiles of (i) and (ii), averaged over

258–608N and evaluated for the VWPAC and VATL

airmass fractions, reveal that transport by transient eddies

also dominates the poleward transport of western Pacific

and Atlantic boundary layer air (Fig. 10b).

During summer, by comparison, y0y0 decreases sig-

nificantly (not shown), coincident with a reduced fre-

quency of warm conveyer belts (Eckhardt et al. 2004) as

well as decreases in other eddy statistics over mid-

latitudes, including heat and momentum fluxes as

documented inWu et al. (2011). Rather, the distribution

of f JJA(r jVMID) is more consistent with boundary layer

ventilation via large-scale convection associated with

the North American and Asian monsoons.

In particular, f JJA(r jVNAM) evaluated at 300mb

(Fig. 11) reveals large fractions of VNAM air over the

southwest coast of North America that spread eastward

over the Atlantic with the midlatitude jet. Similarly, the

300-mb distribution of f JJA(r jVASI) reveals that VASI

air is confined within the Asian monsoon anticyclone

and drawn eastward over the Pacific and into the Arctic

by the mean westerly flow. Moreover, the upper-level

divergent flow in summer, quantified in terms of the

300-mb eddy geopotential height F*
JJA

, reveals strong

mean equatorward motions over Canada and North

America that deflect recently labeled VNAM air away

from the Arctic, enhancing its likelihood of being rela-

beled at the PBL. By comparison, VASI air north of the

subtropical anticyclone travels eastward at the northern

edge of VASI where, coincident with strong longitudinal

gradients in F*
JJA

, air is efficiently transported pole-

ward over Siberia.

Finally, we comment on the large fractions ofVASI air

that span the Arctic lower stratosphere during winter

(previously mentioned in section 4b). The monthly

evolution of f(r, t jVASI) (Fig. 12) reveals that large

fractions of VASI air in winter stem from transport that

occurred during the previous summer monsoon. Be-

tweenApril andAugustVASI air is lofted out of the PBL

into the extratropical upper troposphere and lower

stratosphere, followed by quasi-horizontal transport to

FIG. 8. TheDJF climatological mean fraction of air at 800mb that last contacted the midlatitude PBL over (top) the western Pacific, the

eastern Pacific, and the Atlantic and (bottom) North America, Europe, and Asia, overlaid by the DJF mean sea level pressure (contours

are shown for pressures between 980 and 996mb; contour interval is 4 mb). Note that a nonlinear color bar has been used in order to

highlight the spatial patterns of the Vi airmass fractions over the Arctic. In addition, recall that the sum of the six fDJF(r jVi) is

fDJF(r jVMID). The thick blue circle denotes the equatorward edge of VARC at 608N.
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NH high latitudes during fall, where it lingers until

the end of winter. By comparison, monthly profiles for

the other midlatitude airmass fractions do not reveal

any significant transport within the lower stratosphere

(not shown).

The transport of VASI air into the lower stratosphere

is consistent with growing evidence that the Asian

summer monsoon plays a key role in the troposphere-

to-stratosphere transport of pollutants emitted over

midlatitudes (Rosenlof et al. 1997; Park et al. 2004; Li

et al. 2005; Randel and Park 2006). The horizontal

structure of f JJA(r jVASI) in the lower troposphere (not

shown) reveals that VASI air is transported upward

primarily over the Tibetan Plateau and organized aloft

within the monsoon anticyclone, consistent with

Bergman et al. (2013) and �Skerlak et al. (2014). A de-

tailed look at this transport pathway, however, is be-

yond the scope of this study and will be examined in

future work.

6. Discussion

The air masses defined and computed here quantify

transport in a tracer-independent manner and provide

an easily computed model metric for assessing tropo-

spheric transport in the Arctic. Unlike the usual basic

flow diagnostics (mean winds, streamfunctions, and

mean eddy diffusivities) airmass fractions represent the

integrated effects of advection and diffusion and their

interactions with the PBL. Although the airmass frac-

tions can be interpreted, as we have done here, in terms

of basic circulation diagnostics, we stress that we could

not have deduced the patterns and seasonalities of the

airmass fractions, let alone their quantitative magni-

tudes, without explicitly computing them.

When interpreting airmass fractions one must keep

their physical definitions firmly in mind. By construc-

tion, the air masses defined here track air since last PBL

contact. Therefore, transport pathways within the PBL

FIG. 9. (a) The JJA climatological mean (left) convective cloud fraction evaluated at 800mb and (right) airmass fraction at 800mb that

last had PBL contact at VARC. The thick blue circle denotes the equatorward edge of VARC at 608N. (b) Cross sections of the DJF

climatological mean airmass fraction (left) fDJF(r jVATL) and (right) fDJF(r jVEUR) at 608N. The thick black line denotes the DJF

climatological mean PBL, also evaluated at 608N.
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are not captured by our diagnostics as Vi air is stripped

of its label when it recontacts the boundary layer.

Nonetheless, the boundary conditions not only ensure

that fmay be interpreted as a fraction, but also recognize

thatmany trace species lose their characteristic chemical

signatures in the PBL through processes such as turbu-

lent mixing and scavenging, rendering airmass origin

with respect to the PBL a particularly meaningful

transport measure.

Before concluding we briefly discuss possible impli-

cations that biases in the modeled large-scale circulation

may have on our interpretations. We begin with the

position of the midlatitude tropospheric jet, which, as in

other GCMs run at similar horizontal resolutions, is too

far equatorward and poleward in winter and summer,

respectively (Molod et al. 2012). The fact that jet biases

are largest over the Atlantic Ocean may impact our con-

clusion regarding the relative importance of the VEPAC

andVATL origin regions in supplying boundary layer air

to the Arctic during winter. While we can speculate that

an equatorward bias in the Atlantic jet may lead to an

underestimate in the magnitude of fDJF(r jVATL) (i.e.,

the jet is shifted off theVATL origin region compared to

its observed position), a quantitative understanding for

how sensitive airmass origin is to jet location and

strength can only be determined by explicitly calculating

the airmass fractions. This investigation is beyond the

scope of this study and will be pursued in future work.

Another issue is the fidelity of the model’s represen-

tation of convective transport. Convective transport

realized by the large-scale flow will reflect model biases

in, for example, the location and strength of the Asian

monsoon. Indeed, a comparison of the model’s JJA

climatological mean velocity potential at 200mb with

MERRA reanalysis indicates that that the monsoon is

approximately 108 too far east, a bias that is also present

FIG. 10. (a) Comparison of the DJF climatological mean meridional advective- and eddy-induced transport terms (top) y*›f (Vi)/›y
DJF

and (bottom) ›y0f 0(Vi)/›y
DJF

for air that last contacted the PBL over the eastern Pacific. TheDJF residual meanmeridional velocity y*
DJF

is overlaid on the top panel with the black contours (contour interval: 0.3m s21). DJF climatological mean isentropes are overlaid on the

bottom panel with the black contours (contour interval: 10K). The DJF mean thermal tropopause is indicated in both panels by the thick

black line. (b) Comparison of the advective and eddy transport terms (dashed and solid lines respectively) for the airmass fractions that

last contacted the PBL over the eastern Pacific (cyan), the Atlantic (blue), and the western Pacific (red). The transport terms have been

averaged over the midlatitude origin region (i.e., latitudes 258–608N) and have been expressed in terms of their absolute magnitudes.
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in other atmosphere GCMs (Neale et al. 2010; Molod

et al. 2012). If anything, however, this bias implies that

our results underestimate the overwhelmingly large

amount of VASI air in the Arctic during boreal summer

and our main conclusions are unchanged.

Subgrid-scale transport will also reflect additional

uncertainties in the model’s parameterized convection.

However, as shown in Ott et al. (2011), ensembles of

integrations usingGEOS-5 reveal that carbonmonoxide

(CO) profiles are only weakly sensitive to perturbations

in the convectivemass flux andmoist physics parameters

that inform the model’s relaxed Arakawa–Schubert

convection scheme. In particular, global sensitivities in

modeled CO distributions are found to be only 3%, or

less than the model internal variability. Hence, we do

not expect that uncertainties in unresolved convective

transport will significantly change our conclusions.

Finally, one possible concern is that the modeled PBL

is biased high during boreal summer because it fails to

properly collapse (i.e., cool) at night (McGrath-Spangler

and Molod 2014). This bias notwithstanding, however,

McGrath-Spangler andMolod (2014) show that transport

sensitivities to PBL definition in GEOS-5 are large only

on daily and instantaneous time scales and become neg-

ligible on the seasonal and annual time scales of interest

in the present study. Hence, we do not worry that our

results hinge on the particularities of the modeled PBL.

7. Conclusions

Uncertainties in trace species distributions in the

Arctic stem partly from the lack of available diagnostics

that quantify the underlying advective–diffusive trans-

port, independent of their emissions and/or chemistry.

Here, we have used airmass fractions to identify the re-

gions where Arctic air last had contact with the PBL.

Specifically, the mixing ratio f(r, t jVi) quantifies the ad-

mixture of air with Vi and Vc
i labels (ones and zeros, re-

spectively), which allows us to interpret f as the desired

mass fraction. Origin regions in the PBL have been de-

fined with a focus on assessing where Arctic air last

contacted the midlatitude PBL and have been calculated

for a comprehensively modeled flow (GEOSCCM)

forced under GHG and ODS scenarios representative of

the ‘‘current’’ climate. Annual and seasonal mean cli-

matologies reveal the following:

1) For all seasons, the lowerArctic is dominated by air that

last contacted the PBL poleward of 608N. By compar-

ison, the air above 700mb is primarily of midlatitude

origin, although a relatively smaller but significant

fraction last contacts the PBL south of 258N (;12%).

Seasonal variations in the airmass fractions are largest

above 700mb, where there is less air of midlatitude

origin during boreal summer compared to winter.

2) There are large seasonal differences in the midlatitude

regions where Arctic air last contacted the PBL.

During winter, the air above 700mb originates primar-

ily over the oceans, with 26% (61.9%) and 21%

(60.87%) of midlatitude air last having contacted the

PBL over the eastern Pacific and the Atlantic re-

spectively. By comparison, during summer air is pri-

marily of Asian [41% (61.0%)] and North American

[24% (61.5%)] origin. Seasonal variations in the lower

Arctic are smaller, albeit statistically significant.

3) Seasonal variations in the airmass fractions below

700mb are interpreted largely in terms of changes

in large-scale stationary waves over midlatitudes.

FIG. 11. The climatological mean airmass fraction corresponding to last PBL contact over (left) North America

and (right) Asia, evaluated at 300mb during NH summer. The thin black contours show the JJA climatological mean

eddy geopotential height F*
JJA

which provides a sense for the upper tropospheric divergent circulation (contour

interval: 24m).
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During winter, mean cyclonic flow over the oceans

and strong poleward motions over the west coast of

North America transport VEPAC air efficiently out

of the boundary layer and into the Arctic. By

comparison, during summer anticyclonic flow

prevails over the oceans. When coupled with re-

duced stability in the lower Arctic that enhances the

vertical mixing ofVARC air away from the boundary

layer, this leads to an overall reduction in the

amount of midlatitude air in the middle and

upper Arctic.

4) Seasonal variations in the airmass fractions above

700mb largely reflect changes in the large-scale

ventilation of VMID air out of the boundary layer.

During winter, VMID air is vigorously transported

along isentropes out of the oceans by extratropical

cyclones; by comparison, during summer, as the

storm tracks weaken over the oceans, midlatitude

air is preferentially transported across isentropes

over land via large-scale convection.

Throughout, our focus has been exclusively on trans-

port. A natural extension of this study will be to assess

how the airmass fractions are modified when in-

formation about chemistry and/or emissions is included

to better approximate Arctic species with tropospheric

lifetimes spanning a few days (e.g., black carbon) to

several months (e.g., CO). One way to address this in-

vokes the relationship, not needed for the purposes of

this paper, that mass fractions are also equal to the

transit-time integrated boundary propagator for mixing

ratios specified on V (Haine and Hall 2002; Holzer and

FIG. 12. The monthly evolution of f(r, t jVASI), the airmass fraction that last contacted the PBL over Asia, shown for a model year after

tracers have reached equilibrium. Monthly mean isentropes [contour interval: 10 K (40K) for isentropes less than (greater than) 360K]

and the monthly mean thermal tropopause are overlaid in the thin and thick black lines, respectively. Note that the vertical axis extends

from 50 to 400mb in order to highlight the extension ofVASI air into the lower stratosphere that occurs during NH summer and fall and is

associated with the Asian summer monsoon.
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Primeau 2010). To approximate real tracers, the boundary

propagator may be calculated for the different

regions Vi, weighted with decay functions that ap-

proximate idealized chemistry and/or deposition and

then integrated over the range of transit times since last

PBL contact to yield the fraction of the Arctic that

originates over Vi, subject to the effects of idealized

physics and chemistry.

Another important implication of the relationship

between f and the boundary propagator is that airmass

fractions may not only be computed with transport

models, as done here, but they can also be estimated

from observable tracer data. This has already been

demonstrated for the oceans using simple mixing ma-

trix (e.g., Tomczak 1981) as well as maximum-entropy

approaches (Holzer et al. 2010; Khatiwala et al. 2009,

2012). Extending these inversion techniques to esti-

mate boundary layer airmass origin for the Arctic is

left for future research.

By interpreting airmass origin in terms of the large

scale circulation we have set the stage for examining

how airmass origin in the Arctic will respond to future

warming. Specifically, how will projected shifts in the

tropospheric midlatitude jets and weakened large-

scale convection in the extratropics change the re-

gions where Arctic air last encounters the boundary

layer? This will be addressed in the second part of this

study to be published later, where we assess the

climate-change response of airmass origin in the

Arctic using an integration of GEOSCCM subject to

A1B GHG warming.
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APPENDIX

Supporting Figures: Modeled Planetary Boundary
Layer Height and Mean Variance of the Eddy

Meridional Velocity

Seasonal changes in PBL height (Fig. A1) reveal an

elevated (reduced) PBL over land (ocean) during boreal

summer. Gross differences between land and ocean, as

well as wintertime PBL minima over Canada and sum-

mertime maxima over the western United States, are

consistent with PBL estimates derived from radiosonde

observations (McGrath-Spangler and Molod 2014).

The modeled boreal winter variance of the eddy

meridional velocity (Fig. A2) is strongly coupled to

the midlatitude tropospheric jet. Transient eddies

maximize over the northwest coast of North America

and over the western and central Atlantic basin, co-

incident with the outflow regions of warm conveyer

belts (Eckhardt et al. 2004; Sinclair et al. 2008;

Madonna et al. 2014).
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