1 DECEMBER 2015

ORBE ET AL.

9105

Air-mass Origin in the Arctic. Part II: Response to Increases in Greenhouse Gases

CLARA ORBE,* PAUL A. NEWMAN,* DARRYN W. WAUGH," MARK HOLZER,*® LUKE D. OMAN,*

FENG LL,¥ AND LORENZO M. POLVANI®#¥

* Laboratory for Atmospheric Chemistry and Dynamics, NASA Goddard Space Flight Center, Greenbelt, Maryland

* Department of Earth and Planetary Sciences, Johns Hopkins University, Baltimore, Maryland

# Department of Applied Mathematics, School of Mathematics and Statistics, University of New South Wales, Sydney,

New South Wales, Australia
@ Department of Applied Physics and Applied Mathematics, Columbia University, New York, New York

& Goddard Earth Sciences Technology and Research, Universities Space Research Association, Columbia, Maryland

** Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York

(Manuscript received 23 April 2015, in final form 16 July 2015)

ABSTRACT

Future changes in transport from Northern Hemisphere (NH) midlatitudes into the Arctic are examined
using rigorously defined air-mass fractions that partition air in the Arctic according to where it last had contact
with the planetary boundary layer (PBL). Boreal winter (December—February) and summer (June-August)
air-mass fraction climatologies are calculated for the modeled climate of the Goddard Earth Observing
System Chemistry—Climate Model (GEOSCCM) forced with the end-of-twenty-first century greenhouse
gases and ozone-depleting substances. The modeled projections indicate that the fraction of air in the Arctic
that last contacted the PBL over NH midlatitudes (or air of ‘‘midlatitude origin’’) will increase by about 10%
in both winter and summer. The projected increases during winter are largest in the upper and middle Arctic
troposphere, where they reflect an upward and poleward shift in the transient eddy meridional wind, a robust
dynamical response among comprehensive climate models. The boreal winter response is dominated by
(~5%-10%) increases in the air-mass fractions originating over the eastern Pacific and the Atlantic, while the
response in boreal summer mainly reflects (~5%) increases in air of Asian and North American origin. The
results herein suggest that future changes in transport from midlatitudes may impact the composition—and,

hence, radiative budget—in the Arctic, independent of changes in emissions.

1. Introduction

There is mounting observational evidence of drastic
climate change in the Arctic, ranging from considerable
sea ice loss (e.g., Rothrock et al. 1999; Wadhams and
Davis 2000; Comiso 2002; Serreze et al. 2003) to rapid
surface warming (e.g., ACIA 2004; Serreze and Francis
2006; TPCC 2013). Still more changes are expected to
occur in future decades, with comprehensive climate
models projecting that Arctic surface air temperatures
will warm by about 5°C by the end of the twenty-first
century—faster than any other region on Earth (IPCC
2013)—and that there will be a complete disappearance
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of summer Arctic sea ice by midcentury (Holland
et al. 2006).

While climate change in the Arctic is driven largely by
increases in long-lived greenhouse gases (GHGs), in-
creases in shorter-lived trace species and aerosols have
also accelerated warming by altering the radiative and
chemical properties of the Arctic. For example, in recent
decades increased black carbon deposition on snow and
ice has significantly enhanced surface longwave fluxes
over the Arctic and may have been twice as effective as
carbon dioxide at warming the Arctic surface (Koch and
Hansen 2005). Simulations with comprehensive climate
models also indicate that increased levels of ozone
precursors, including nitrogen oxides and volatile or-
ganic compounds, have contributed as much as 30% to
the observed positive trends in twentieth-century Arctic
surface temperatures by increasing high-latitude tropo-
spheric ozone (Shindell et al. 2006). Therefore, a com-
prehensive understanding of the current and future
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distributions of chemical and particulate tracers in the
Arctic is key for understanding climate.

It is now well appreciated that nearly all of the pollu-
tion in the Arctic originates over Northern Hemisphere
(NH) midlatitudes (Law and Stohl 2007). Since the dis-
tributions of trace species reflect the full interplay be-
tween emissions, chemistry, and transport, Arctic pollution
in the future will reflect not only changes in species’
emissions and chemistry, but also changes in the large-
scale circulation. However, while the climate-change
signature on large-scale dynamics has been examined in
both models and observations [e.g., shifts in the mid-
latitude tropospheric jets (e.g., Yin 2005; Miller et al.
2006; Barnes and Polvani 2013), the expansion and
weakening of the Hadley cell (e.g., Lu et al. 2007), and
trends in atmospheric variability (e.g., Hurrell 1995;
Thompson et al. 2000; Zhou et al. 2001)], relatively little
attention has been paid to assessing the large-scale re-
sponse of transport into the Arctic.

Here we quantify tropospheric transport using ideal-
ized tracers that partition the air in the Arctic according
to the regions where it last contacted the planetary
boundary layer (PBL). In Orbe et al. (2015, hereinafter
Part I), we presented the first model climatology of
Arctic air-mass origin in terms of rigorously defined air-
mass fractions f(r | {);) that quantify the fraction of air at
location r that last contacted the PBL over the origin
region ();. (Note that the term “origin” is used in ref-
erence to the region where air last contacted the PBL.)
In practice f(r | £),) is calculated as a simple equilibrated
tracer mixing ratio that shows where in the Arctic, and
with what dilution, the air from an origin region can
be found.

Air-mass origin climatologies for NH winter
[December-February (DJF)] and NH summer [June—
August (JJA)] were presented in Part I based on cal-
culations from a time-slice integration of the Goddard
Earth Observing System Chemistry—Climate Model
(GEOSCCM) subject to forcings representative of the
present-day climate [i.e., fixed 2010-19 time-averaged
GHGs and ozone-depleting substances (ODS)]. It was
shown that the Arctic middle and upper troposphere
(i.e., above 700hPa) consists largely of air that last
contacted the PBL over latitudes between 25° and 60°N,
defined herein as NH midlatitudes. Last contact at the
midlatitude PBL occurs primarily over the oceans dur-
ing NH winter and over land during NH summer, con-
sistent with ventilation of the midlatitude boundary
layer by the storm tracks and large-scale convection,
respectively. It was also shown that during NH winter
last contact at the midlatitude surface occurs primarily
over the eastern Pacific, where strong poleward flow
ensures that air is efficiently transported to the Arctic
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with little chance of reencountering the PBL. By com-
parison, during summer air of NH midlatitude origin
last contacts the PBL primarily over Asia, consistent
with strong convection and mean poleward flow over
Siberia.

In Part I different features of the large-scale circula-
tion were used to interpret the seasonal cycle of air-mass
origin in the Arctic and its partitioning with respect to
the different PBL regions. Here we ask how future
changes in the midlatitude storm tracks, large-scale
stationary waves, and large-scale vertical motions over
NH midlatitudes will affect transport into the Arctic in
terms of the regions where air last contacts the PBL. In
particular, recent studies have shown that, while com-
prehensive climate models project that the zonal-mean
midlatitude tropospheric jet will shift poleward by the
end of the twenty-first century, the longitudinally vary-
ing response is highly variable across basins and between
seasons, at places featuring robust equatorward shifts
(Barnes and Polvani 2013; Simpson et al. 2014). And yet,
while strong longitudinal variations in the jet response
may have large impacts on regional transport and cli-
mate (Simpson et al. 2014), these transport changes have
yet to be assessed.

In addition to future changes in the tropospheric mid-
latitude jet, comprehensive models also indicate that dry
static stability over midlatitudes will increase in response
to GHG-induced warming, with the largest increases
occurring during NH summer (Wetherald and Manabe
1988; Frierson 2006). Although increases in tropospheric
stability have been linked to the projected weakening and
delayed onset of the North American monsoon in a
warmer climate (Cook and Seager 2013), a systematic
examination of the corresponding transport response in
the Arctic has not been performed.

Here we examine how transport into the Arctic will
change by the end of the twenty-first century by exam-
ining differences in the climatological air-mass fractions
between two time-slice integrations of GEOSCCM: the
present-day or reference (REF) integration presented
in Part I and a future (FTR) integration forced with
greenhouse gases and ozone-depleting substances rep-
resentative of the end of the twenty-first century. After
briefly describing the model and simulation in section 2,
we present the model’s dynamical large-scale response
to changes in greenhouse gases in section 3 and the
projected changes in the air-mass fractions in section 4,
followed by conclusions in section 5.

2. Model simulation and diagnostic tracers

Air-mass fractions for the future climate are calculated
using a 20-yr-long time-slice integration of GEOSCCM
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subject to 2080-2100 time-averaged greenhouse gases
and ozone-depleting substances under the SRES A1B
and Al scenarios respectively. As for the present-day
integration presented in Part I, which was also integrated
for 20 model years, sea surface temperatures and sea ice
concentrations are taken from an integration of the
NCAR Community Climate System Model, version 3.0,
subject to A1B GHG forcing, except that time averages
have now been taken over the model years 2080-2100.
For more details about the model we refer the reader to
section 2 in Part I.

For both the REF and FTR integrations, air-mass
origin regions are defined with respect to the model’s
PBL, which is first partitioned into three zonally sym-
metric origin regions: a “‘southern latitude patch” (Qstg)
spanning latitudes south of 25°N, a “‘midlatitude patch”
(Qumip) between 25° and 60°N, and an “Arctic patch”
poleward of 60°N (Qarc; Fig. 1in Part I). In addition, six
nonoverlapping origin regions within Qyp are defined
over the eastern Pacific, North America, the Atlantic,
Europe, Asia, and the western Pacific, denoted through-
out using the labels EPAC, NAM, ATL, EUR, ASI, and
WPAC, respectively.

Following spinup of the dynamical variables, nine
tracers, corresponding to the nine (); origin regions, are
integrated for 20 years for the future (FTR) integration.
Once air masses have reached equilibrium, their annual
(ANN), wintertime (DJF), and summertime (JJA)
climatological mean fractions are calculated over
Egemhast 10 yezg)sjg)f the integrat{c;JrlA, and are denoted as
@), f (x|Q), and £ (r|€), where the
overbar denotes time averaging over the respective
time period. Furthermore, for consistency with Part I,
the air-mass fraction corresponding to the region (); is
referred to throughout as ““(); air”’. For example, Qgsty
air (also ‘“‘southern air” or “air of southern origin”)
refers to the air-mass fraction at r that last encountered
the PBL south of 25°N.

Climate changes in the air-mass fractions are expressed
in terms of the differences between the FTR and REF
10-yr averaged climatologies and denoted throughout
using the notation Af(r | ;) (where A = FTR — REF).
Note that throughout we refer to the FTR — REF
changes as the responses to “increases in greenhouse
gases’’ since the circulation changes at NH high latitudes
incurred only by changes in ozone-depleting substances
are relatively weaker. Statistical significance of the di-
agnosed climate changes in the air-mass fractions and the
dynamical variables is assessed based on an independent
two-sample Student’s ¢ test using the local standard de-
viation at each grid point o, =[N ’122\[:1()2" - X)z]l/z,
where N = 10 and %, denotes the (ANN, DJF, or JJA)
average of variable x in year »n within the last 10 years of
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the integration. Regions in the atmosphere where the
climate change A is statistically significant at the 90%
confidence level are shaded in all figures and represent
regions where the climate changes are robustly detected
and not obscured by natural variability.

3. Climate change in large-scale dynamics

During boreal winter the air in the Arctic that last
contacts the midlatitude surface originates primarily over
the oceans, owing to vigorous isentropic transport asso-
ciated with the midlatitude storm tracks; by comparison,
during summer, when the storm tracks weaken and large-
scale convection over land intensifies, Qpp air originates
primarily over land (Part I). We therefore analyze the
large-scale dynamical response to changes in greenhouse
gases in terms of changes in the DJF and JJA climato-
logical zonal winds, meridional transient eddies, and con-
vective cloud fraction (Figs. 1 and 2). As with the air-mass
fractions, differences in the dynamical variables are
taken between 10-yr REF and FTR climatologies and
statistical significance is assessed at the 90% confidence
level.

The zonal-mean changes in the wintertime zonal
winds, A[u] ~ (Fig. 1a), show a poleward and upward
shift in the midlatitude jet in response to increases in
greenhouse gases, where brackets denote zonal aver-
ages. Consistent with phases 3 and 5 of CMIP (CMIP3
and CMIP5) multimodel mean projections the largest
zonal wind anomalies are located in the upper tropo-
sphere and lower stratosphere, while smaller anomalies
near the surface reflect a weaker poleward shift at the
surface (e.g., Yin 2005; Woollings and Blackburn 2012;
Barnes and Polvani 2013). Owing to the large inter-
nal variability of the NH circulation, however, the
zonally averaged surface response is not statistically
significant.

By comparison, the response aloft is statistically sig-
nificant and collocated with an intensification in the
transi%rjllg eddy variance of the meridional velocity
A[v'v'] 7 in the upper troposphere (Fig. 1b), especially
on the poleward flank of the tropospheric jet, where
eddy activity increases by about 10%. (Primes denote
deviations from the time mean and have been calculated
using daily mean data, as in Part I.) Similar responses to
increases in greenhouse gases have been found in other
transient eddy statistics (e.g., transient eddy momentum
and heat fluxes), %SJFdescribed in Wu et al. (2011). Note
that while A[v'v/] " has not been bandpass filtered to
retain variability on synoptic time scales of 2-8 days as in
Wu et al. (2011), we have checked that doing so does not
result in a qualitatively different response compared to
the unfiltered eddy variance (not shown).
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FIG. 1. (a) FTR — REF changes (color shading) in the DJF zonal-mean zonal winds AmDJF. Black contours denote
the DJF climatology for the reference climate (contour interval: 10ms ™). (b) FTR — REF changes (color shading)

in the zonally averaged wintertime variance of the meridional eddy velocity A[v'v/]

. Climatological values for the

REF climate are shown in the black contours (contour interval: 30 m?s ™). In both (a) and (b) the REF and FTR
wintertime zonal-mean thermal tropopause is shown in the solid blue and dashed red lines, respectively. (¢) FTR —
REF changes (color shading) in the 300-900-hPa cosine-weighted and column-integrated DJF zonal winds. Thick
black contours denote the DJF climatology for the REF climate (contour interval: 3 X 10*kgm™!s™!). Regions
where the diagnosed climate changes are statistically significant at the 90% confidence level are shown with the gray

hatching.

While the zonal-mean response in GEOSCCM indi-
cates that the midlatitude winter circulation will undergo
a poleward shift with global warming, an examina-
tion of the changes in the DJF 300-900-hPa column-
integrated zonal winds reveal strong zonal asymmetries,
including a poleward shift over the Atlantic but an equa-
torward shift over the Pacific (Fig. 1c). Both responses
are statistically significant relative to the model’s in-
ternal variability, although the significance of response
over the eastern Pacific is weaker and confined to nar-
row regions at around 40°N and around 25°N where the
zonal winds weaken and intensify, respectively. This
response in the model is consistent with projected
changes in the NH midlatitude jet among the CMIP5
models (Barnes and Polvani 2013; Delcambre et al. 2013;
Simpson et al. 2014).

The response in the NH summer zonal-mean zonal
winds, A[u] ™ (Fig. 2a), reveals a weakening of the jet
throughout the midlatitude troposphere that is mainly

significant in the upper troposphere. Changes in the JJA
300-900-hPa column-integrated zonal winds (Fig. 2c),
however, show that the zonally averaged changes
T—IIA . . .
Afu]™ reflect the near-cancellation of poleward intensified
zonal winds over North America and western Europe
and a weakening of the jet over the Pacific, consistent
with comprehensive climate model projections (Simpson
et al. 2014). Of these responses, however, only the
weakening of the Pacific jet over the eastern coast of
Asia and its intensification over North America are
significant relative to the model’s internal variability.
Changes in the summertime convective cloud frac-
tion provide a gross sense for how large-scale stability
and convective transport over midlatitudes changes in
the future climate (preferable to discerning changes in
noisier fields, like the vertical velocity w). The zonal-
mean response to changes in greenhouse gases
(Fig. 2b) shows a statistically significant decrease in
convective cloud fraction throughout the troposphere
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FIG. 2. (a) FTR — REF changes (color shading) in the JJA zonal-mean zonal winds AmJJA. Black contours denote
the REF JJA climatology (contour interval: 3ms ™). (b) The FTR — REF changes (color shading) in the JJA zonally
averaged convective cloud fraction, expressed as a percentage (%). Thick black contours denote the JJA REF
climatology (contour interval: 5%). (c) FTR — REF changes (color shading) in the 300-900-hPa cosine-weighted and
column-integrated JJA zonal winds. Thick black contours denote the REF JJA climatology (contour interval: 3 X
10*kgm~'s™!). Regions where the diagnosed climate changes are statistically significant at the 90% confidence level

are shown with the gray hatching.

as large-scale vertical motions over the lower and
middle troposphere weaken in concert with an in-
crease in tropospheric static stability (Wetherald and
Manabe 1988; Senior and Mitchell 1993; Zelinka et al.
2013). In addition, the positive cloud fraction anom-
alies that extend down from the tropopause poleward
of 60°N reflect a poleward shift in the REF climatol-
ogy, while positive anomalies at the tropopause reflect
a deepening of the troposphere as the high-latitude
tropopause rises by approximately 10hPa, consis-
tent with CMIPS5 multimodel projections (Zelinka
et al. 2013). Finally, smaller-scale convective cloud
fraction changes are not discussed as they are not sta-
tistically significant and more likely to hinge on model-
specific cloud parameterizations and cloud-radiative
feedbacks.

4. Climate change in transport to the Arctic

The air-mass fractions have characteristic seasonal-
mean climatological distributions and responses to

changes in greenhc_)g%;e gases EhJaAt we examine systemati-
cally in terms of Af ~ and AfI . When interpreting the
air-mass fraction changes Af, recall that the air-mass frac-
tions corresponding to last PBL contact over Qgry, Omip,
and Qagrc sum to unity at every point [Eq. (3) in
Part I]. Therefore, the sum of their climate changes
Af is, by construction, zero: »,Af(r|Q;) = 0. Climate
change for the air-mass fractions therefore means a
change in the relative proportions of the air masses,
with an increase in any single air mass always being
compensated by decreases in one or more of the other
air masses.

During boreal winter and summer, Arctic mid- and
upper-tropospheric air originates primarily over the
NH midlatitude surface, with f(r|Qup) accounting
for 62% (DJF) and 57% (JJA) of the 300-700-hPa
column-integrated atmospheric mass poleward of
60°N (Part I). The seag%r}gl-mean responseg}g increases
in greenhouse gases, Af ~ (r| Qmp) and Af™ (¢ | Qmip),
reveal that approximately 10% more air will last con-
tact the midlatitude PBL in the future climate both
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Arctic, therefore, are most likely the responses to cir-
culation changes in the upper troposphere, not merely
shifts in isentropes.

b. NH summer (JJA)

In contrast to winter, the summertime response to
. . —IJA
increases in greenhouse gases, Af ~ (r | Qmip), features a
dipole of statistically significant positive anomalies in
the lower Arctic flanked by negative anomalies aloft
(Fig. 3b, middle panel). In the middle and upper Arctic,
the reduced fractions of Qyp air are mainly compen-
sated by positive anomalies in AfJJA(r|QARC) that
extend down to the lower troposphere along the
equatorward edge of Qarc. These increases in Qarc
air, when compared to the climatological distribution of
j_””A(r | Qarc) for the reference climate (Fig. Alb, top
panel), reflect the tendency for air labeled on the equa-
torward edge of Qarc to penetrate farther across isen-
tropes into the upper troposphere in the warmer climate.

To interpret the changes AfJJA(r | Ovip) we fur-
ther partition fHA(r | Omip) into air that last contacted
the PBL over ocean and over land. Recall from Part I
that during boreal summer midlatitude air origi-
nates primarily over land, with ]_‘JJA(r|QASI) and
f " (r| Qnam) respectively accounting for 41% and
24% of the 300-700-hPa column-integrated Qyp air-
mass fraction poleward of 60°N. Thus, not surprisingly,
the anomalies in A]_‘JJA(r|QMID) primarily reflect
changes in the air-mass fractions originating over North
America and over Asia (Fig. 4b). In particular, the
positive anomalies in A]T"UA(r | Qmip) that span the lower
and middle Arctic poleward of 70°N mainly reflect an
increase in f”A (r| QOnam) that is statistically significant;
by comparison, the positive anomalies in ]_‘JJA(r | Qas)
are weak and not significant over the polar cap. As dis-
cussed further in section 5b, the fact that the lower
Arctic changes in A]T'UA(I’ | Qas1) appear weaker, how-
ever, is due mainly to zonally averaging large compen-
sating negative and positive anomalies over different
longitudinal bands in the Arctic. In fact, localized in-
creases in () 5qp air at places exceed 15%.

By comparison, the negative anomalies in AfJJA (r| Qvm)
equatorward of 70°N that extend into the upper Arctic
primarily reflect a decrease in the air-mass fraction
originating over Asia. These decreases in Asian air are
statistically significant poleward of 60°N and are in-
terpreted partly as the response to the poleward shift in
convection. That is, as convection shifts poleward in
the warmer climate, there is stronger (weaker) con-
vective transport of Qarc (Qasy) air into the upper
troposphere over middle and high latitudes. Similar
responses to a weakening in large-scale convection
over midlatitudes can be seen in the response of
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the Qgyr air-mass fraction (Fig. 4b). However, these
anomalies barely penetrate north of 60°N and are not
discussed further.

Finally, the thin band of large (~7%) and statistically
significant anomalies in Af  (r| Qup) at the Arctic tro-
popause (Fig. 3b, middle panel) is compensated pri-
marily by negative anomalies in the Qgry air-mass
frg(j&ion (Fig. 3b, bottom panel). Further partitioning
Af" (x| Qstn) into PBL origin over the tropics and
over the NH subtropics reveals that the increases in Qyp
air are compensated primar%lX by negative anomalies in
air of tropical origillJ A]_" (r| Qrrp) (Fig. Sb, right
panels). Given that f (r|Qrrp) features strong ver-
tical gradients in the Arctic upper troposphere/lower
stratosphere and that the anomalies in Af"*(r| Qrgp)
are more or less confined to the tropopause, the changes
Af'”A(r | Qmip) most likely reflect the 10-hPa rise in
tropopause height in the warmer climate.

5. Changes in PBL origin of Arctic air: Large-scale
circulation constraints

To aid in the interpretation of the air-mass-fraction
responses to future warming, we now discuss changes
in the large-scale circulation over the midlatitudes,
including changes in large-scale stationary waves,
transient eddy variance, and large-scale convection.
Throughout, we focus on circulation changes that
GEOSCCM represents with fidelity compared to
other comprehensive climate models subject to A1B
GHG forcing (i.e., the dynamical changes discussed in
section 2).

a. Enhanced oceanic PBL origin during NH winter

Recall from Part I that the Qpp air-mass fraction in
the lower Arctic reflects transport by large-scale sta-
tionary waves over NH midlatitudes that control the
low-level convergence and poleward transport of re-
cently labeled Qyyp air into the Arctic. More precisely,
it is shown that the individual Qyp air-mass fractions
originating over regions of mean cyclonic flow tend to be
large over their corresponding origin regions (), since
low-level convergence ensures that air is less likely to
relabeled elsewhere at the PBL. In addition to modify-
ing the conditions under which air is (re)labeled at
the PBL, changes in large-scale stationary waves also
affect meridional transport into the Arctic. Thus, when
interpreting the changes A]_‘DJF(r | ) in the lower tro-
posphere it is important to consider both changes in low-
level convergence and the meridional flow aloft relative
to the underlying surface origin regions.

To begin, we examine the NH winter sea level pres-
sure (SLP) response to increases in greenhouse gases.
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Greenland, consistent with CMIP3 and CMIP5 multi-
model mean projections, which results in lower pres-
sures over the poles and higher pressures over
midlatitudes (i.e., a trend in the northern annular mode
toward its high index polarity) (Thompson et al. 2000)
(Fig. A2a, right panel). This is associated with stronger
westerlies over the North Atlantic, a statistically signif-
icant response relative to the model’s internal variability
(Fig. A2b, right panel, and Fig. 1c). Correspondingly,
stronger westerlies ensure that Q5 air is less likely to
encounter its origin region and more likely to be ad-
vected east over Europe, where 1t 1s relabeled, resulting
in the negative anomalies in Af (r|QATL) over the
Atlantic (Fig. 5b and Fig. A2c, right panel).

As over the Pacific, the stationary wave response over
the Atlantic is not confined to the surface but rather is
related to a barotropic anticyclonic anomaly that ex-
tends throughout the lower and middle troposphere
over the eastern Atlantic and western coast of Europe.
This circulation feature appears as positive anomalies in
the 300-700-hPa column-integrated eddy geopotential
height and projects strongly onto the REF climatology
(Fig. 6a). Corjrespondlngly, enhanced longitudinal gra-
dientsin ®* " (i.e., stronger geostrophic meridional
flow) over the North Atlantic ensure that Qarp air
is more likely to be transported poleward and less
likely to be advected eastward by the mean westerlies,
resultlnl_g in lower-tropospheric positive anomalies
in Af (r|QarL) that span the polar cap (Fig. 6b,
right panel).

Finally, while changes in large-scale stationary waves
over the NH appear to control much the response of
the (); air-mass fractions in the lower and middle tro-
posphere, in the upper Arctic (i.e., above 500 hPa) in-
teractions with the PBL are weaker and the poleward
transport of (); air during winter is largely mediated by
the transient eddy variance of the meridional velocity
(Part I). More precisely, by recasting the passive tracer
equation in terms of the residual mean circulation
we show iSJFPart I that the eddy transport term
' f'(Q;)/ay  is much larger than the transport by the

: . . = DIF

mean circulation, that is, v*9[f({);)]/dy ~ , where stars
denote deviations from the zonal mean. For that reason,
it is useful to compare the changes in these individual
terms when interpreting upper-level changes in the
Qgpac and Q7 air-mass fractions. (Note that, as in
Part I, we are not performing rigorous budget calcu-
lations. We are merely interested in comparing changes
in the relative importance of the two meridional
transport terms).

A comparjlgon of  Ad[v'f'()]/ay and

Av*I[f (Y )]/ay (Fig. 7) for the Qppac air-mass frac-
tion reveals that future changes in eddy-driven transport

DIJF
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largely dominate changes in transport by the advec-
tive component of the flow. Positive changes in
Ad[v'f'(€);)]/dy ~ are more or less confined to the mid-
latitude and Arctic upper troposphere, where transient
eddies of the meridional wind increase in the future
climate. We also find a similar response in the budget of
the Q7 air-mass fraction throughout the troposphere,
although this comparison is not shown for sake of
brevity. These results suggest that the enhancement of
oceanic air in the upper Arctic is most likely a response
to more vigorous meridional eddies, which shift upward
and poleward in response to increases in greenhouse
gases (Fig. 1b).

b. Enhanced land PBL origin during NH summer

Air that is labeled over Qg1 and convectively lifted
out of the PBL during boreal summer is either trans-
ported equatorward to the subtropical upper tropo-
sphere via the Asian monsoon or eastward across the
Pacific by the mean westerly flow (see Fig. 11, left panel,
in Part I). As shown in Part I, strong poleward flow over
Siberia ensures that () agy air that is convectively trans-
ported out of the PBL first enters the Arctic before
crossing the Pacific, resulting in the large fractions
of Qg air that dominate the Arctic middle and upper
troposphere. By comparison, QOnanm air is deflected
southward away from the Arctic by mean equatorward
flow and is more likely to be relabeled at the PBL, re-
sultmg in weaker fractions f (r | Onam) compared to
f (r | Qas1) (see Fig. 11, right panel, in Part I).

In response to increases in greenhouse gases, con-
vection shifts poleward into the equatorward edge
of Qarc (Fig. 2b), with most of this shift occurring over
Europe and Asia (not shown). Correspondingly, as
convection shifts poleward less Qg air is vertically
lofted away from the PBL into the upper tro/Posphere
consistent with an overall reduction in f (r| Qasi)
throughout most of the NH midlatitude and subtropical
troposphere (Fig. 4b). As convection shifts over the
Arctic, the negative anomalies in Af (r|Qasy) are
compensated by increased fractions of ) s rc air (Fig. 3b,
top panel).

To interpret the positive anomalies in f (r|QASI)
that overlie the Arctic lower and middle troposphere we
consider not only changes in transport out of the Asian
PBL but also changes in the meridional transport
of Qagp air into the Arctic. In response to increases in
greenhouse gases the large positive and negative
anomalies of the 500-900- ?E’a column-integrated eddy
geopotential height A®* " (Fig. 8a) over northern
Russia imply stronger poleward flow over Slberla Cor-
respondingly, large positive anomalies in Af (r | Qasi)
over Siberia extend over the polar cap, representing at
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