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SUMMARY

The Arctic is an i mportant component
region dynamically coupled to climate phenomena at lower latitudes, through both
atmospheric and oceanic paths. The coupling has significant effects on the hydroclimate
variablity in the Arctic, including effects on sea ice and Arctic precipitation. In this
dissertationwe explore the coupling of the lower latitudes and the Arctic hydroclimate
through atmospheric mechanisms with dynamical and thermodynamical components, with
afocus on the following examples of variability: i) the decadal variability of boreal winter
Arctic precipitation, ii) the variability of the strength of the stratospheric polar vortex in
boreal winter, and iii) the initial melt of Arctic sea ice in latedal spring. The goal of the
research is to understand what drives the Arctic hydroclimate variability in each of these
examples through improved knowledge of the mechanisms linking them to the tropics and
Northern Hemisphere midlatitudes.

In the first @rt of the analysis, we explore the mechanisms responsible for the
decadal variability of boreal winter Arctic precipitation. YWel that the decadal variability
of coolseasonArctic precipitation is at least partly connected to decadal modulation of
tropical central Pacifisea surface temperatures related tdehdifio-Southern Oscillation
(ENSO). The modulation can be describedtss oscillation between periods favoring
central and eastern Pacific warming eee{CPW and EPW, respectively], which ane
common types of ENSO variabilitBy analyzing a collection of CPW and EPW events in
reanalysis data, we establish the following connecting mechakRissh. the increase of
central Pacific SSTs drive a Rossby wave train that destructitelfereswith the zonal

wavenumber 1 component of the background extratropical planetary wave in the subpolar

XVi
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region. Next, as a result ofishinterference, thenagnitude of thevertical Rossby wave
propagation from the troposphere to the stratosphere decredse atratospheric polar
vortex strengthens. Finally, the strengthening of the vortex transtates tendency
towards a positivérctic Oscillation AO) in the troposphere and a poleward shift of the
Northern Hemisphere midlatitude storm tracks, insirgga moisture transport from lower
latitudes andncreasing totaRrctic precipitation.

In a further investigation of a crucial component ofaheve mechanisrnthe initial
response of the stratospheric polar vortex to the influence of CPW and ERM&igyated.

A 20-member ensemble run of adealized model experimenh the NCAR Whole
Atmosphere Community Climate Model (WACCM) is conductdgth prescribed CPW

and EPW pattern SST anomali@ath CPW and EPW events weaken the polar vortex in
the ensemle mean. The weakening is mainly tied to changes in the-éxdgn mean
meridional circulation, with some contribution from eddy momentum flux convergence.
There is a significant spread between ensemble members with identical CPW and EPW
forcing, where dew of the ensemble members exhibit a weak strengthening response. The
initial conditions of the extratropical atmosphere and subsequent internal variability after
the introduction of the CPW and EPW forcinglp drive the spreath responsédetween
individual members.

In the last part of the analysis, using MERRA reanalysis tiaaneans by which
atmospheric eddies affettte trend and variability of the initial melt éfctic sea ice are
explored We focus specifically on the effects of lower troposphere (i.e.-5000mb
average) meridional heat transport by atmospheric eddies, a dynamical component of the

atmospheric eddy mechanism, and eddyperated surface downwelling shortwave and

Xvii



longwave adiation anomalies, a thermodynamical componenAlthough in a
climatological senseatmospheric eddies all major frequency bandBansport heat
polewardnto the Arctic, we find thathelower-troposphere eddy meridional heat transport
does notcontribute to the trend @nearlier initial melt date. Howeveeddy heat transport

still plays an important role in the initialization of individual episodes of initial meth

large areal coveragén the investigation ofwo specific episodeghe neridional heat
transport term that represents the interaction between the eddy wind and mean temperature
fields (i.e. the product of the meridional eddy wind &mel meartemperaturdields) is

most associated with the initial meft both episodesAdditionally, melt in one of the
episodes is also associated wstirface downwelling longwavand shortwave radiation
anomalies, a result of eddyenerated cloud cover anomali@$erefore, in individual melt
events, the combination of direct eddy meridioredtitransport and surface longwave and
eddydriven shortwave radiation anomalies may significantly contribute to the initial melt
of Arctic sea ice. This combination may be especially important in episodes where

significant initial melt occurs over a largeea and over a period of a few days.
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CHAPTER 1
INTRODUCTION

1.1 The Arctic climate system

The Arctic is the region encompassing the North Pole and the highest northern
latitudes(Figure 1.1) There aranany definitions of the southern boundary of the Arctic
region that depend on geography, biology, and the characteristics of the cryosghere (
Huntington et al2009. The Arctic, for the purposes of thisssertationis defined as all
areas north of 70 degrees North latitude. In the following subsections, the important
components of the Arctic climate system during the warm and cool season are described,
including the characteristics that are important in describyaigdaynamic variability in

the Arctic region.

ARCTIC REGION

\\\\\\\

¢ (50°F) isotherm,
July

RRUSSIA

''''''''

PLeU

‘ &5 Tadls -
Figurel.1. Map of the Arctic region with boundary used for the definition of the Arctic
region in thisdissertatiorhighlighted in red(Source: UT PerrCastaneda Library)



1.1.1 Cool Season (Octobekpril)

In the cool season, the Arctic climate system is dominated by the presence and
growth of the cryosphere, particularly sea ice, and the low incoming solar radiation flux.
Both phenomena have crucial effects on the surface water and energy b8dgetse
cover rapidly increases in areal coverage in the months of Oc¢tbloember, and
Decemberand reaches peak coverage in early M@fogure 1.2 and 1.3a). The presence
of sea icdimits the exchange of heat and moisture between the surface ocean and the
atmosphere. Local heat andater vaporsurface fluxes from the ocean are confined to
smalkscale fissures in the ice, called leads, that are the result of the local divergence of the
ice due to local differential wind stress on the ice (Amdreas et al. 979). Also the
presence of sea ice cover greatigreaseshe surface albedo over the ocean, increasing
the amount of incoming solar radiation reflected and reducing the amount aobsidéion
absorbed at the surfac8ea ice has a much higher albedo than the ocean surface
(approximately 0.75 fodry snowcovered ice versus Ofbr open waterAgarwal et al.

2011]). Because of the low values of incoming solar radiation, the direct effect of the high
albedo on the surface energy budget is srHalvever, the high albedo is important in the
consideration of the net surface radiative impact of clonds.to the presence of sea ice
and snow cover, the cloud radiative forcing is positive during the cool seasonecasrdh

of the Arctic covered byce and snow (e.dntrieri et al. 2002, since thereflection of
incoming solar radiation by clouds is not much greater than the reflegttbe Ixe surface.

Thus, in combination with the low incoming solar radiation #und high surface albedo
clouds have little overall effect in the shortwave surface radiation budget, and their effects

are primary found in the longwave radiation budget.
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Because of the limited heat and moisture exchanges between the surface ocean and
the atmosphere under the cover of sea ice, influenereste to the Arctiplay a craial
role in the cool seas@urface energy and water buddatparticularthe transport of heat
and moisture from lower latitudes by atmospheric eddiaa important term in the Arctic
surface energy budgéPeixoto and Oort 1992By definition, dmospheric eddies are
disturbances on the timmean flow. Heat and moisture is transported through the
interaction of the eddy wind and heat/moistiieéds. Several examples of eduhjluence
on the surfacenergyand water budget exist across the Arctidhia Atlantic sector of the
Arctic (60°W-30°E longitude), higlirequency eddy (i.e. cyclone) meridional heat and
moisture transport ia crucial source of heat and moisture in the region. The increased
meridional moisture transport into the Arctit the Atlantic sectorcorresponds to the
northeastern flank of the Atlantic storm track, an area of climatoldgicakeased cyclone
activity (Simmonds et al. 2008In the Arctic Ocean north of Alaska, atmospheric blocking
patterns, a manifestation of lefnequency atmospheric transient eddies, have been shown
to be associated with intrusions of moisture from lower latit@désods et al. 2013

Anotherimportant dynamical componenttbie Arctic climate dynamics in the cool
seasornis low-frequency modesyhich aredefinedanomalous patterns that exist in the
geopotential height om other fieldsand that exp&in part of the observed climate
variability. Of particular importance to the Arctic is the Northern Annular Mode (NAM)
(Thompson and Wallace 199800. The NAM is manifested as the Arctic Oscillation in
the troposphere anthé stratospheric polar vortex in the stratosphere. By definition, the

Arctic Oscillation loading pattern is the leading mode of variability in the monthly mean



1000mb heigh(CPC definition) with a negative center over the Arctic Ocean and positive
centes over the subpolar and midlatitudes in the North Atlantic and North Pacific. AO
variability has been linked toool season sea ice variabilifirigor et al. 2002 and is
positively orrelated with North Atlantic cyclone activi{$perreze et al. 199Bimmonds

et al. 2008. The stratospheric polar vortex is a cyclonic vortex found in the polar
stratosphere during the cool season and is characterized by strong westerly winds
maximizedaround 65°N longitude and above 250 mb (Awdrews et al. 1987; Black
2002). The strength of the vortex is variable, constantly perturbdatrdskingstationary
Rossby wave activity propagiag) from the troposphetemparting easterly momentum on

the vortex(Waugh and Polvani 2010These Rossby waves are the primary source of
intraseasonal variability of the strength of the polar vortex, and in the extreme, can force
complete breakdown of the vorted a sudden stratospheric waing (e.g. Matsuno
1970. These Rossby waves originate in the tropics and midlatitudes and are forced by
eitherorographic or thermal forcing #étese latitudes, such as from anomalous tropical
convection. The exact connecting mechanism that extendofsyRrwave influence from

the Tropics to the Arctiwill be discussed in section 1.3.

1.1.2 Warm Season (Ma$eptember)

In the warm season, the characteristics of the important features of the Arctic
climateare much differentelative to their state in the cool seas@manges includ@
increased downwelling shortwave radiation at the sudacki) reduction of area of the
ocean surface covered by sea ice (Figure In8jeased downwelling shortwave radiation
at the surfae results in the cloud radiative forcing becomliegs positivde.g Intrieri et

al. 2012 as clouds reflect more incoming solar radiateord their cooling effect in the



shortwave component of the surface energy budget incradsgéionally, the increased
solar input raises surface temperatures such that the surface ice and snow begins to melt.
During the early part of the warm season, meanperatures across the Arctic increase
rapidly and plateau to near freeziffggure 1.4) As a result of thencreased surface
temperaturesmelt begins to occur over the ice and snow surfaces. Subseqtientiyean
surface albedo in the Arctic decreasesreasing the absorption of incoming solar
radiation at the surfagé\garwal et al. 201)1 Melting and the appearance of open ocean
waters significantly reduces tisaerface albeddrom 0.85 for snow covereade to 0.3 for
meltwater and 0.Xor open oceanPerovich and Polashenski 2Q1Rigure 1.5) The
meltingleadsto more absorption of inoeing solar radiation at the surface and more melt,
leading to thace-albedopositivefeedback. Later in the melt seasafter the icealbedo
feedback has initiated, largeeas of open oceappear across the Arctic basin. As a result,
the area where thecean and atmosphere can more fully interact increases, increasing the

transfer of heat and especially moisture from the ocean surface to the atmosphere.
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As a result of the combination of the increases in shortwave radiation and loss of
sea ice cover, the importance of local dynamic and thermodynamic processes ctithe Ar
increaseln the cool season, with mean temperatures well below freezing across most of
the Arctic Ocean outside of the Atlantic sector, positive temperature anomalies do not
result in appreciable melting. Thus, the surface albedo is not sensitteenperature
anomalies driven by atmospheric dynamical processes or local surface radiative anomalies.
In contrast in the warm season, with mearfacetemperatures near the melting point of
snow and icetemperature anomalies or anomalous inputs of heratthe atmosphere can
initiate or increase the rate of melting, significantly reducing the surface albedo.
Additionally, with a more interactive ocean, new sources of heat and especially moisture
exist within the Arctic, which represent a local contribntio the heat and moisture budget
in the Arctic that does not exist over a large spatial scale in most of the Arctic basin during
the cool season.

Supporting the shift to the increabk importance of local dynami@and
thermodynamic processes are the cleartg the dominant larggeale climate features and
the distribution of cyclone activity in the Arctic. In the warm season, the stratospheric and
tropospheric components of the Northern Annular Mode are much weaker than in the cool
season. The stratosphepolar vortex breaks down at the end of the cool season and is
replaced with weaker easterly winds (éAgdrews et al. 1987 The signature of the AO
pattern still exists ithe warm seasoim the tropospherebut the index describing it does
not reach the extremelsat are seen in the cool seasohud the influence of the AO on

Arctic climate is weaker. Additionally, cyclone count decreases approximatell{%0



relative tothe number of cool season cyclon€&mmonds et al. 2008 The areal
distribution of the cy@ne activity is not concentrated preferentially in the Atlantic sector,
near the northeastern flank of the Atlantic storm traskin the cool season, but is more
evenly distributed across the Arctic Océ&mmonds et al. 2008Also cyclones local to
the Arctic form across eastern Siberia and Ala@&reze et al. 2001Summer Arctic
cyclones have a slightly longer lifesp@hang et al. 2004nd still contribute significantly
to the transport of heat and moisture from lower latitudes into the Arctic (Peixoto and Oort
1990).

The key differences between tAectic cool and warm seasatimate conditions

are summarizeth Table 1.1.



Table 1.1. Summary of the important differences in the state of the Arctic climate in the
warm season (Mageptember) relative to the cool season (Octéipei).

Warm Season Conditions Relative to Consequences

Cool Season
Increased Downwelling Shortwave
Radiation

Increased surface temperatures
Cloud radiative forcing becomes
less positive (i.e. clouds warm th
surface less than the cool seaso

Increased Sensitivity of Surface Albed 1 Temperature anomalies have
to Temperature duringVelt greater effects on surface energy

budget, especially in the initial

melt season (latborealspring)

1 Shortwave feedback mechanism
prevalent (decreased albedo
>more SW absorpticermore
warming and meit-decreased
albedo)

Increased Area of Open Ocean 1 Atmosphere and surface ocean
are more coupled, with greater
exchange of heat and moisture ¢
the surface

Weaker AO and Disappearance of 1 Less influence of cool season
Stratospheric Polar Vortex Rossby wave train dynamical
mechanismcrucial to climate
variability in the cool season

= =

More Uniform Distribution of Cyclone 1 Cyclones, and their associated
Activity heat and moisture transport from
lower latitudes, affect the entire
Arctic basin

1.2 Trend Characteristics of Sedce and Temperaturesacrossthe Arctic

Much of the focus on recent changes in the Arctic climate has been on the trends in
sea ice cover, particularly the trend of the September minimum extent, and the surface
temperatures across the Arctic in both the warm and cool seasons. Since 1978irgdecli
trend in sea ice cover has been observed in all months, but the magnitude of the trend is

greatest in the warm season, in the months of June, July and Afgukinson and

1C



Cavalieri 2008. In the coolseason, the greatest negative trend has been observed across
the Atlantic sector of the Arctic (i.e. the Greenland, Norwegian, Barents, and Kara Seas
Figure 1.63 The trend isiear zer@cross the central Arctic Ocean and marginal seas north

of eastern Beria and North America, which remains completelydogered in the cool
season(Parkinson and Cavalieri 20P8Conversely, in the warm season, the trend is
greatest across the central Arctic Ocean, and thrginsaof the Arctic north of eastern
Siberia and northwestern North Ameri¢igigure 1.6b) In both seasons, the greatest
declining trend in sea ice concentration is located on the margins of the sea ice, where the

sea ice edge meets an area of open water.
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Figure1.6. Trend in sea ice concentration in the 12084 period for the month @)

Februaryand b) Augustunits % per decade). A positive (negative) trend is shaded in red
(blue). Source: NSIDC.
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The decreased sea ice cover is a visible manifestation of the temperature trends
across the Arctic. Relative to annual mean surface temperature increases in other regions
in the world, the Arctic exhibits a positive trend approximately double the magmtude
the other regions in both observations (&grrreze and Barry 20LaAnd IPCC models
(e.g.Winton 2006. This phenomenon in the recent trend in mean surface temperature is
known as Arctic amplificgon. Contributions to Arctic amplification include sea ice loss
and the extra absorption of incoming solar radiation during the summer by the ocean mixed
layer and subsequent release during the cool s§&soreze and Barry 20} 1surface
albedo feedbacks (e.Berovich et al. 20Q7increased horizontal atmospheric and oceanic
heat flux convergence (e.Ghylek et al. 2009; Yang et al. 201@&nd cloud cover and

water vapor feedbacks.g.Graversen and Wang 2009

1.3 Remote Atmospheric Influences on Arctic Climate Variability

Arctic hydroclimate variability is initiated by phenomena originating locally within
the Arctic and outside of the Arctiegion. For climate phenomena outside of the Arctic
region to influence Arctic hydroclimate variability, a connecting physical mechanism is
required to facilitate the communication between regidtrémary mechanisms that
facilitate the communication betwethe lower latitudes and the Arciiclude midlatitude
cyclones, described in section 1.1, and Rossby wave trains, a set ofsyatianes that
extend from the fopics to the middle and high latitudasoth hemispheres n t he Ear tr
climate systemas a whole, the connections between the lower latitudes and the Arctic
directly and indirectly support Arctic amplification, defined the increased warming trend
of the Arctic relative to other regions o

Wetheratl 1975.
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1.3.1 The Rosshy Wavedin

Rossby waves are a type of atmospheric wave important for-daeje
mechanismghat link the lower latitudes to the Arctiespecially in winter season. The
interaction between the mean atmospheric flow and both thermal and orographic forcing
results in an atmospheric Rossby wave response. In the tropics, anomalous upper
troposphei heating due to persistent anomalous tropical convection, such as associated
with ENSO, is a primary source of Rossby waves (e.g. Hoskins and Karoly 1981). The
characteristics of the response in terms of propagation and magnitude is highly dependent
on the vertical profile of the forcing, the location and strength of westerlies in the subtropics
and midlatitudes, the wavelength of the forced Rossby wave, and the location of the
anomalous convection (e.g. Sardeshmukh and Hoskins).1®88&sistent convection
anomalies in the tropics result in a relatively stationary pattern of crests and troughs, which
is defined as a Rossby wave tréiiigure 1.7) Rossby wave trains with a long wavelength
tend to have a significant poleward propagatiomponent when originating from the
tropics, while shorter wavelength Rossby wave trains remain trapped within the
midlatitudes(Hoskins and Karoly 1981

Because of the poleward propagation of the longwave Rossby wave trains, these
Rossby wave trains are an importaméchanism opathway by which the tropics can
communicate with the midlatides and polar regions, in a lagmale dynamical sense.
Directly, the geopotential height anomalies can propagate into the Arctic and change the
largescale atmospheric flovaffecting the amount and distribution of heat and moisture
transport into thérctic. A projection of this direct propagation appears in the indices of

importantlow-frequency modes the Northern Hemisphere cool seasbor example,

13



ENSO generates a Rossby wave train that projects onto the positive phase of the Pacific
North Amercan (PNA) patterr{(Horel and Wallace 1981 Indirectly, the Rossby wave

train affects the strength of the stratospheric polar vortex, which indirectly affects the
Arctic climate. This occurs though the projection of the Rossby wave train on the
climatological wave pattern of waves that preferelytipfopagate into the stratosphere.

The projection and subsequent interference chahgeamount of wave propagation into

the Arctic stratosphergdhe amount of wave breaking perturbation of the vortex, and
ultimately the strength of the stratosphericgpolortex €.g. Garfinkel and Hartmann
2008).In the troposphere, the change in the strength of the vortex projects onto the AO

pattern and thus affectioposphericeat and moisture transport into the Arctic.

Figure1l.7. Schematic of global Rosshyave train pattern forced by warm sea surface
temperatures in the equatorial Pacific in Northern Hemisphere winter. (Figure 11 from
Horel and Wallace 1981).

14



The Rossby wave trains that affect the Arctic climate are most prevalent in the cool
seasonThe jet streams in the Northern Hemisphere weaken and shift northward in the
warm season, reducing the ability for forced Rossby waves to propagate poleward and
weakening the projection onto lefrequency modeg¢Ding et al. 201} Additionally,

ENSO and the cool seaspersistentanomalous convective patterns are weaker in the
warm season relative to the cool seasdnus,the influence of Rossby wave trains on
Arctic climate generated from the Tropics is decreased in the warm season, relative to the

cool season.

1.3.2 Polar Warming Amplification

On longer timescales, the connecting mechanisms that link lower latitudes to
varability in Arctic hydroclimate variability have been implicated as driving mechanisms
in polar warming amplification. Both heat transport from lower latitudes into the Arctic
and the distribution of cloud cover across the Arctic can be directly or itigineadified
by Rossby wave trains and atmospheric eddy actitdgat transport and the radiative
effects of cloud cover have been implicated as components leading to polar warming
amplification. Increased heat transport from lower latitudes to thecArat been shown
to be an important contributor to polar warming amplification. For example, Cai (2005)
attributed approximately 25% of higatitude warming to enhanced atmospheric heat
transport in an idealized climate model experiment. Cloud feedlheasie also been shown
to contribute to the polar warming amplification, particularly through downwelling
infrared radiation (e.g. Taylor et al. 201Additionally, a mechanism has been suggested
where the direct propagation of Rossby waves propagating from the Tropics directly results

in Arctic warming through adiabatic processes, with the warming enhagceib®equent
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increasing in downwkng LW radiation from enhanced warming and cloud cover (i.e. the
TEAM mechanism, Lee 201llee 2012 Rossby wave trains generated by tropical

convection are a crucial component of this proposed mechanism.

1.4 Summary of Research Objectives

In this dissertation we explore the coupling dhe Arctic hydroclimate and the
Tropics andmidlatitudes through atmospheric dynamical mechanidre. coupling is
explored in both the cool and warm seasons, with a focus on the following important
examples of Arctic hydimate variability: i) the decadal varmlity of boreal winter
Arctic pregpitation, ii) the variability of the strength of the stratospheric polar vortex in
boreal winter, and iii) the initial melt of Arctic sea ice in late boreal spring. The goal of the
research presented here igrioreaseour understanding offhat drives each example of
Arctic variability through better understanding of the mechanisms linking them to
variability in lower latitudes. The following list highlights the science questions that will
be explored within the manusgti, and the steps that will be taken to answer the science

guestions.

91 Describe the relationship between the decadal modulation of ENSO and the decadal
variability of Arctic precipitation. How does decadal SST variability directly and
indirectly contributeto the decadal variability of Arctic precipitation? What
atmospheric processes are involved in the connection? (Chapter 2)

1 Quantify the response of the stratospheric polar vortex to CPW and EPW warming.

What are the differences in the initial respons¢hefstratospheric polar vortex to
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the SST anomalies associated with central and eastern Pacific warming (CPW and
EPW, respectively)? (Chapter 3)

Determine the importance of initial conditions of the extratropical and polar
atmosphere in the sign and magnitude of the change in the strength of the polar
stratospheric vortex in response to CPW and EPW warming. How is the response
of the vortex to CPVand EPW dependent on the initshteof the extratropical
circulation? (Chapter 3)

Investigate episodes of large areal initial sea ice melt in the late boreal spring across
the Arctic. Through whiclprocessedo atmospheric eddies contribute to the ahiti

melt of Arctic sea ice? Is the dynamicadmponent of the atmospheric eddy
mechanism through the transport of heat from lower Iatitudes, or the
thermodynamicomponent of the atmospheric eddy mechantbmough changes

in downwelling longwave and shwerave radiatiorvia eddydriven anomalies in

cloud cover more important to the initial melt? (Chapter 4)
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CHAPTER 2

DYNAMICAL INFLUENCE OF TROPICAL PACIFIC SEA
SURFACE TEMPERATURES ON THE DECADAL -SCALE
VARIABILITY OF COOL -SEASON ARCTIC PRECIPITATION

2.1 Motivation and Background

The accumulation of snow agdowth of ice cover in the Arctiduring the Northern
Hemi sphere (NH) winter are important to th
the amount of precipitation that falls within the ficc As noted in the introductiorthe
Arctic cool season isharacterized by low temperatures and broadceaover that limit
local evaporationthus moisture influx from lower latitudes provides the most important
source of moisture for Arctic prectption. The meridional transport of moisture into the
Arctic is known to be primarily associated with synostale edeks Peixoto and Oort,

1992; McBean et al., 20Q%hat tend to organize themselves intstidct storm tracks in
winter (Blackmon 197% Significant correlations are found tixeen the activity of
midlatitude cyclones (i.e., surface signatures of synoptic eddies) and the total moisture
transport into the Arctic and by extension, total Arctic precipita¢eng. Sorteberg and
Walsh 2008. It is also well established thaynoptic eddy activity within major storm
tracks such as the ones over the North Pacific and North Atlastidynamically coupled

to various atmospheric lefvequencymodes,including the North Atlantic Oscillation
(NAO) and the Arctic Oscillation (AQ(ke.g. Thompson and Wallace 199Both the NAO

and AO variability proe to be crucial in modulating winter cyclone activity north of 60°N
(Serreze et al. 199and determininghe variability in seace cover andgeaice motion

across the Arctic Ocegeser et al. 200Mickson et al. 200(Rigor et al. 200R
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Variability in the AO/NAO has been directly and indirectly linked by previous
studies to SST varmlity in the tropical Pacific (i.e. ENSO), with the Rossby wave train
as a dynamical intermediafEhe seasonality of the AO and decadahle changes in the
NAO have been linked to SST variability in the western tropical Pgbiéitveen 140°E
170°W) (Jia et al. 2009King and Kucharski 20Q&ucharski et al2009. Jia et al. 2009
and Kucharski eal. 2006establish the linkhroughthe direct propagation of anomalous
Rossby waves from the tropical Pacific to the AO/NAO action center in the North Atlantic
and Arctic Oceanand projectioronto the AO/NAO patternd he indirect link where the
anomabus Rossby wave propagation does not directly propagate and proje¢chento
AO/NAO, can be distilled from studies that linkEt Nifio/Southern Oscillatio(ENSO)
variability to the increased oerence of sudden stratospheric warmings (SSWSs) in the NH
polar region during boreal wintée.g. Taguchi 203,0raguchi and Hartmann 200G hese
studies suggest that SST anomalies in the tropical Pacific due to El Nifio result in an
increased upward propagation of wave energy associated with the waverilumber
component of the extratropical plangtawave. The enhanced wave forcing in the
stratosphere leads to the breakdown of the NH stratospheric polar vortex and an increase
in the occurrence of SSWs. Although the index of the AO is typically defined from loading
patterns in the sea level pressug. ) and tropospheric geopotential height field, the
variability of the AO has been shown to reflect the changes in the NH stratospheric polar
vortex (Baldwin and Dunkerton 1999 hompson and Wallace 1998

However, not all warm ENSO evenisad toa weakened polar vortex, adding
complexity to the indirect connection between ENSO and the AO/NAT@. response

depends on the phase of the Qtmsnnial Oscillation (QBO) and ultimately the specific
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type of extratropical teleconnection patterns exdigthe tropical Pacific SST anomalies.
Garfinkel and Hartman008showed that the weakening effect of El Nifio on the polar
vortex is maximized when the stationary Rossby wave forced by the SST anomalies project
onto the PacifidNorth America (PNA) patter@Wallace and Gutzler 19831The deepening

of the Aleutian Low (AL), characteristic of the positive PNA phase, significantly enhances
the climatological wavenumbdr component of the planetary wave and the subsequent
upward propagationf@lanetary wave energy into the stratosphere. The projection of the
atmospheric response to the SST anomaly onto other extratropical teleconnection patterns,
including the Western Pacific (WP) and tropical Northern Hemisphere (TNH) pattern, does
not havethe same weakening effect on the polar vortex due to the lack of a significant AL
signal that constructively interferes with the climatological wavenushhgttern.

Given the direct ashindirect mechanisms by which Rossby wave tréonsed by
tropicd SST anomalies can affect cool season Arctic precipitation and the complexity of
the indirectmechanism it remains unclear how thieopicatextratropical connections
discussed abovmanifestthemselves in cool season Arctic precipitation variabdityl
which mechanisnfacilitates the connectiols an initialinvestigation this study focuses
on precipitation and aims guantify the temporal and spatial characteristics of decadal
scale variations in thieH coolseason Arctic precipitation, atalidentfy tropical forcing
factorsbehind such variation¥he direct and indirect effects of tropical SST variability on
the Arctic climate, as discussed above, are explored further andamgraredFollowing
the introduction Section 2describes thelata andmethods used in the analysis. Major
results are reported in SectiomBere the significance of the exact character of the warm

ENSO events is emphasized. Section 4 givesdheluding remarks.
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2.2 Data and Methods

Monthly precipitation data from lb the Climate Prediction Center Merged
Analysis of Precipitation (CMAP}Xie and Arkin 1997 and the Global Precipitation
Climatology Project (GPCP) Version 2.1 dadts(Adler et al. D03 areused to calculate
the total Arctic precipitation during each ceelason from 1979/1980 to 2008/20A%otal
precipitation index is computed as the angaghted average over all the grid points in
each dataset north of the Arctic Cir¢e6.5’N). To isolate the decadatale signals, a-7
year movingaverage is applied to the Arctic precipitation index as well as other standard
atmospheric fields being analyzed, all of which come from NW&SA Modern Era
RetrospectivéAnalysis for Research anspplications (MERRA) reanalysis dataset on a
0.5°latitude x 0.67 longitudegrid (Bosilovich et al. 2008Rienecker et al. 20)1The 7
year movingaverage has been used in previous studies thatessldiecadadcale
variability (e.g.,King and Kucharski 2006and the resultskdained in our analysis are
gualitatively similar despite small changes in the definition of the filter, eygpabversus
7-year movingaverage.

The application of the -year movingaveragereddens the time series under
consideration anceduces theffectivenumber of degrees of freeddmg. Garfinkel et al.
201Q Naoe and Shibata 201LA Monte Carlo approach is adopted to derive statistical
significance for all the correlation and regression results that uslzeothed data
(Woollings et al. 2010 Using the correlation calculation as an example, for eatheof
two smootled time serie®f observationwe createa hypotheticaltime seriesof equal
sample size with itelementsdrawn randomly and independentifrom a Gaussian

distribution characterized byhe same mean and standard deviawdrthe original,
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unsmoothedime seriesof observation. The two hypothetical time series lae@ smoothed

by the samé&-year movingaverage filteand the correlation coefficient between these two
time series is calculated. This drawing and smoothing process is repeated 5000 times to
obtain an empirical probability distribution function (PDF) of the correlation coefficients.
The pvalue of the correlation coefficient calculated from the original, smoothed time series
of observation is finally obtained based upon the percentiles of tipisieah distribution.

To quantify the effect of storm track activity and eddy moisture transport on Arctic

precipitation, tle meridional moisture transp@s$sociated with synoptic eddi{aﬁi}, and
the synoptic eddy kinetic energy (KE), %]u'z +v?), are both derived from the daily

MERRA data, whereu,v,gare the zonal wind, meridional wind and specific humidity,
respectively. The overbar indicates averaging over the cool season and the prime
corresponds to synoptsrale fluctuations obtained through & 2lay Butterworth band
pass filter.{ } indicates maswgveighted vertical averaging between 1000 mb and 600 mb.
To identify the remote (tropical) forcing factors of the Arctic precipitation change,
we examined the-year smoothed SST field from th#adley Center Sea Ice andaSe
Surface Temperatur@ladISST)datase{Rayner etal. 2003 and the outgoing longwave
radiation (OLR) field from the NOAAnterpolatedOLR datase{Liebmann and Smith
1996. The twadimensionalvave activity flux

F, = 0.5* (p/1000* < F, ,F, >

o 1 2 2,1 o 1 ~2 - 2, ,1

aw'e . aw/ @A 'd (2.1)
S U SR V- VAl AL

CHX+ X e Sy 27 gy

(Plumb 1985 Takaya and Nakamura 200talculated at 250 mb with MERRA wiggdis

adopted to reveal the horizontal propagationtatienary Rossby wagefrom the Tropics
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as excited by the SST and associated diabatic heating hnoreas . p and y ar
in mb and the streamfunction, respectively. The primes in this equation represent the
deviation from the zonal mean. Based upon monthly MERRA winds and temperature, the
vertical propagation of planetary wave energy is diagddsrough the quagjeostrophic

form of the Eliassei?alm (EP) flux that includes spherical geometry considerations,

F=<F,,F,> F =-rcosf)Vu, F,= fr,cos¢)Vq'/q, (2.2)

(Equations3.1a and 3.1b dtdmon et al. 1980 The primes represent the deviation from

the zonal mean and the overbars represent the zonal he#ime Coriolisparameter, and

e

a,r, and d are the |l atitude, the mean radi

respectivel y. The subscript ApO0 is the v
Fourier Transform (FFT) is applied tcetbOGmb geopotential height field at each latitude

to quantify the changes in the planetary wave power spectrum across different zonal
wavenumbers. Similarly calculated are the contributions from the individual wavenumber

components to the total anomalafssertical wave propagation.

2.3 Decadalscale variability in cookseason Arctic precipitation

Figure 2.1a shows the ceséason Arctic precipitation anomalies (bars) for the
period 1979/80 to 2008/09 in GPCP, CMAP and MERRA datasets. Feeaih mean
values removed from the three datasets are substantially differemgtmoolseason
total Arctic precipitation irGPCP(188.9756mm) is about1.93(1.2)times larger than the
correspondindCMAP (MERRA) mean.Despite the differences in the nmiigide of the
climatology, distinctdecadaiscalevariations (smoothed solid curves) exist in all three

datasets with above normal precipitation found during 1888 and below normal
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precipitation occurring in 1992001. The correlation coefficiestamorg the smoothed
curvesarein the range of 0.70.78 ancdare allsignificant at the @% level,demonstrating

the robustness of the decadahle signal in the Arctic precipitation. In addition, the
correlation coefficients between the unsmoothed Arctic precipitation values of the three
datasets range from 0.73 to 0.78 and are all significant 88#tdevel, demonstrating the
similarity of the representation of interannual variations of the Arctic precipitation in all
three datasets, despite the differences in the magnitude of their respective climatology. All
three precipitation time series are pwsly correlated with the smootheflO index
(r=0.5345 for GPCP, r= 0.6356 for CMAP, r=0.4744 for MERRWith the correlation
coefficients for GPCP, CMAP and MERRA significant at the 85%, 90% and 80% level,
respectively. Though the length of the obseaoratl record severely limits the level of
statistical significance derived here, it is fairly evident thateagng Arctic precipitation

is typically accompanied by a tendency toward the positive phase ofQlenAlecadal
timescales. In the remaining rpaf this paper, only results based on the GPCP are
presented since the choice of the precipitation data does not affect the conclusions

qualitatively.
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Figure 2.1. a) Annual anomalies of the total ces#ason (Octobédvlarch) Arctic
precipitation in GP@ (blue), CMAP (green), and MERRA (red) (in mm). The bars
represent the unsmoothed precipitation anomalies, and the solid curves represent
precipitation anomalies smoothed by-gear running mean filter. Also plotted is the AO
index (purple dashed), smbedd by a #Aear running mean filter. b) Distribution of the
inter-decadal standard deviation of the GPCP Arctic precipitation in mm (blue) and
meridional eddy moisture flux in (m/s)*(g/kg) (red) across different longitude sectors.

The lreakdown of le signal in thetotal Arctic precipitation into different
longitudinal sectorgFigure2.1b) reveals thaamplitudes of the decadstale variations in
precipitation andn the meridional moisturdlux associated with synoptic eddias the

Arctic Circle are bothgreatestn the Atlantic sector of the Arctic (i,ethe Greenland,
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Norwegian, and Barents Se8y absolute valueht largeststandard deviation dhe 7

year smoothegrecipitationoccurs in the sectorrB0°E, corresponding to the Norwegian

Sea By percentage of the sector mean precipitation, the largest standard deviation is found
in the sector 3860°E, corresponding to the Barents Sé# collocation of the maximum
inter-decadaktandard deviatiaof precipitation and the synoptic eddyigure transport
demonstrates the importance of synoptic eddies, as part of the North Atlantic storm track,
in modulating the decadaktale variability in Arctic precipitation. Figure 2.2a and 2.2b
show respectively the regression of the 889 SEKE and lowetropospheric synoptic

eddy moisture transport onto the Arctic precipitation index. Associated with high values of
Arctic precipitation are an elevated level of synoptic eddy activity north of the Arctic Circle
and an increase of poleward eddy moistua@gport in the Atlantic sector of the Arctic.
Thus the variability of coeseason Arctic precipitation is directly tied to the storm track
variability on decadal timescales and the f
2.1a, is established thugh the coupling between AO variability and storm tracks. The
northward shift of the zonal wind jets that accompanies the positive phase of the AO tends

to steer more cyclones into the Arctic and leads to a poleward shift of the storm tracks.
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Figure2.2. a) 850 mb synoptic eddy kinetic energy (SEKE, in J/kg) and b) lower troposphere
moisture transport by synoptic eddies (in (m/s)*(g/kg)) regressed onto the Arctic precipitation
index. The moisture transport is vertically averaged over 1®I® mb. Aras with values
significant at the 90% level are hatched.

The fact that the decadsatale variability in Arctic precipitation and the associated
synoptic eddy moisture transport is more pronounced in the Atlantic sector of the Arctic
compared to the PHic sector is largely due to the differences in the mean latitudinal
position and intensity of the Pacific and Atlantic storm track. FPheific storm track is
primarily zonally orientedvith an exit regionin the Gulf of Alaskasouth of the Arctic
Circle. On the other hand, the Atlantic storm track hakséinct southweshortheast tilt
with an exit region extending northward acrake Arctic Circle. In addition, the
climatological Pacific storm track is weaker than the Atlantic stoaicktm boreal witer
(e.g. Chang et al. 200Deng and Mak 2005, 20R6When for example,a zonally
symmetric mode, such &0, shifts toward a positivgphase, it is coupled to poleward

movement of both thatlantic and Pacific storm trackslowever, more (intense) cyclones
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and lowerlatitude moisturecan reach the interior Arctic in the Atlantic sector due to a
stronger and morpolewardpositioned Atlantic storm track. As a result, the strongest
coupling among the Arctic precipitation, synoptic eddy moisture transport and storm track

occurs in theitlantic sectorather tlan in the Pacific sector.

2.4 Connectionsbetween the decadakcale variaility in Arctic precipitation and in
tropical Pacific SSTs

Figure 2.3a shows the coefficients of regression between the tropical SST and the
7-yearsmoothed Arctic precipitation index. Statistically significant positive vahres
found across théropical central Pacific(east of165°F), centeredon the equatorand
extending northeastwardto the coast of Baja Californigd nearly identical pattern is
found when the tropical SST is regressed onto the smoothed OMabgrmean AO
index.This SST regression pattern across the tropical Pdwfeas some similagitto the
SST anomaly pattern typical ah El Nifio Modoki event (e.gFigure % of Ashok et al.
2007h Figure 3bof Weng et al. 2000 The extension of positive SST anomalies towards
Baja California closely matches the SST anomaly pattern associated with ritral Ce
Pacifictype of warming discussed ¥u and Kao 200and Kao and Yu 200%un and Yu
2009reported a decadalale nodulation ofENSO variability that is characterized by
SSTpattern also similar to that in Figure 2.3a. Urities modulation, weak (stron§NSO
periods correspond to a situation where central (eastern) Pacific warming events are
favored and the ascending branch of the Walker circulation shifts toward the central
(easteripPacific.Thewestern and central Pacifilipole in theOLR regressiofield (Figure

2.3p) is also consistent with this shift of the Walker circulation.
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Figure2.3. a) Sea surface temperature (SST, in K) and b) outgoing longwave radiation
(OLR, in W/n?) regressed onto the Arctic precipitationdex. The purple box in a)
corresponds ttheregion over which the central Pacific warming (CPW) index is defined.
Areaswith valuessignificantat the @% level are hatched.

The SST and OLR regression results suggeshnectiorbetweerthe coolseason
Arctic precipitation andthe modulation of theEl Nifio/Southern Oscillation (ENSO)
variability on decadal timescase with the AO likely acting as a dynamical medium
Specifically, an increase (decrease) of the -sealson Arctic precipitation on chxlal
timescales imssociated witmore frequent central (eastern) Pacific warming events and
weak(strong)ENSO intensity periodsccording to the ENSO modulation discussesiun
and Yu 2009 For example, the earl§990s is characterized by abewermal Arctic
precipitation, and central Pacific warming events were much more common in this period.

According toYu and Kim 2010Qevery year during the period 192095 can be identified
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as a Central Pacific (CP) Hlifio. Conversely, during the late 1990s, the Arctic
precipitation was belomormal and strong eastePacific warming events, such as the
1997/98EI Nifio, occurred. The connection between the Arctic precipitation and the central
Pacific SSTs is further confirmed by the-cocurrences of th@eakvaluesof Arctic
precipitationandlow values of an index describing the ENSO modulatfeigure 1c of

Sun and Yu 2009 In the next step, we examine in detail the potential dynamical
mechanismshrough which the central Pacific SST anomalies project onto the variability
of the AO, which is irturn coupled to the variability in storm track activity and synoptic
eddy moisture transport into the Arctic. It is also important to recognize that regression
results presented here do not exclude the possibility of cold phase ENSO (i.e., La Nifia)
contributing to the observed Arctic precipitation variability, however results of the
composite analysis shown in section 2.3.4 indicate that La Nifia does not play a critical role

here.

2.4.1 Direct projection of the tropicatentral PacificSST focing orto AO variability

To illustrate the dynamical implications of central Pacific warming for the
extratropical circulation, we define a central Pacific warming (CPW) index as the SSTs
averaged over the purple bad¢S15°N, 165°E130°W) in Figure 2.3a. The correlation
between the smoothed CPW index and the Arctic precipitation index (Odtiaveh
mean AO index) is 0.78 (0.61) and significant at the 95% (85%) level. In other words,
warm SSTs over the tropical central Pacific are astatiaith increased total Arctic

precipitation and a positive tendency of the AO.
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Figure2.4. a) 250 mb streamfunction (in%\), b) 250 mb zonal wind (in m/s), and c)
250 mb wave activity flux (in fts?) values regressed onto the CPW indereas ofvalues
significantat the 9% level are hatcheoh a) and b) and vectors with either component
significant at the 90% level are shown in c).

The coefficients of regression between theyedrsmoothed 256nb
streamfunction anthe CPW index are displayed in Figure 2 Aatationary Rossby wave

train emanating from thieopicalcentral Pacific ishe primary feature oFigure 2.4. The
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origin of the wave train is located between 180° and 150°W, consistent with the longitudes
where the maxnum SST signals are identified (Figure 2.3d)e wave train appears to
propagate into the Arctic and project onto a positive AO pattern, i.e., negative
streamfunction anomalies over the Arctic. Consistent with the streamfunction anomalies is
a poleward shift of the upper tropospheric zonal jetshasvs in Figure 2.4b. The
regression of the stationary wave activity flux onto the CPW index (Figure 2.4c), however,
indicates a horizontal pathway of wave propagation originating from the tropical central
Pacific and diminishing around the Aleutian Islamgghout reaching the interior region

of the Arctic. This suggests that the direct stationary Rossby wave response in the North
Pacific is not necessarily the most important mechanism responsible for projecting the

tropical Pacific SST forcing onto the A@riability.

24.2 Indirect projection of the tropical central Pacific SST forcingaofO variability

Following the discussion in Section 2.1, the positive AO phase can also be a
tropospheric response to a strengtheNelstratospheric polar vorteje.g. Baldwin and
Dunkerton 1999Black 2002. As a prominent feature of the hidatitude atmospheric
circulation in boreal winter, the stratospheric polar vortex is characterized by an area of
strong zonamean westerly winds and low zofrakan temperatures in the polar
stratosphere. Fluctuations in the strength of this vortex aggeanomalies in the zonal
mean zonal winds and zonal mean temperature. When regressed onto the CPW index
defined in the previous section, the zermmadan zonal wind field shows positive values, i.e.,
strengthened westerly winds throughout the stratosrederoposphere north of 50°N
(Figure 2.5a). The increase in zonal wind speed is collocated with the climatological

position of the NH winter stratospheric polar vortex, thus representing a strengthening of
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the vortex. The regression of the zenaan temperature onto the CPW index (Figure
2.5b) indicates negative anomalies below the-stidtosphere north of 60°N, consistent
with a poleward shift of the large meridional temperature gradient and the strengthening of

zonalmean zonal winds.
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Figure2.5. a) OctobetMarch-averaged zonahean zonal wind (in m/s) regressed onto the
OM CPW index. b) OM average zonal mean temperature (in K) regressed with the OM
CPW index. Aeas of values significaat the 9% level are hatcheid both figures.

Since a important source oVariability in the stratospheripolar vortexis the
vertical propagation dRossby wavenergyinto thestratosphere (e.g. Polvani and Waugh
2004 we next examine the impact of the tropical central Pacific warming on the upward
propagation of tropospheric planetary wavéée vertical propagatiorof waves is
quantified in terms of the EP flux vector described in Section 2. Here we compare the
composite EP flux for a-gear period (1990994) of relatively high values of the
smoothed CPW index to that of ey&ar period (1992001) with relativelydw values of

the smoothed CPW index. The selection of the compositing periods is independent of the
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specific smoothed index used (i.e., CPW or Arctic precipitation) due to the high correlation

between the two. Figure 2.6a shows the differences in thauERdttor between the two

periods (i.e., 1990994 minus 1992001), and the vectors have been scaled by a factor of

5 above the 10@nb level following the plotting convention @arfinkel and Hartmann

2008 Pronounced downwaspdointing vectors exist ithe lower and middle stratosphere

between 50°N and 75°Mbince this region isccupied by upwargointing EP flux vectors

in the coolseasortlimatology(not shown)thedownwardpointing vectors in Figure 2.6a

indicates suppressgutopagation ofropospheric planetary wavedo the stratosphere at

the NH high latitudes during periods of elevated tropical central Pacific SSTs (i.e.,

increased occurrence frequency of central Pacific warming).
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Figure2.6. a) Difference of the composite EP flugctors (ycomponent in (fis?)*m, z-
component in (fis?)*Pa) between a-§ear period (1990994) of abovenormal Arctic
precipitation and a-year period (1992001) of belownormal Arctic precipitation. Only

vectors with at least one component signifidca a t
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are plotted. b) The composite difference of the power spectrum of theezsdn 500nb
geopotential height (in m, averaged over 48MNN) between the two-fear periods

defined in a), shown as a functiohzmnal wavenumber.
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Zonal wavenumber is a key factor that determines whetéical propagaon of
waves is plausible in a westerly environment characteristic of the upper troposphere and
lower stratosphere in the NH cool seas@harney and Drazin 19§1Since wavesvith
thelargest zonal wavelength and smallest zonal wavenumber (typically 1 and 2) have the
best chance of propagating into the stratosphere, we examine further which component of
the planetary wave is responsible for the suppressed propagation giveguia Ei6a.
Figure 2.6b shows the differences of the composite power spectrum of the monthly cool
season 500nb geopotential height north of 45°N between the period-199@ and 1997
2001. What stand out are a significant reduction of the wavenuimaeipitude and a
moderate increase of the wavenumbemmplitude in association with the tropical central
Pacific warming. Extraction of the wavenumiderand-2 components from the total
composite EP flux anomalies (Figure 2.6a) indeed shows suppressed upmpaghagon
of wavenumbedl waves (Figure 2.7a) and enhanced upward propagation of waverumber
2 waves (Figure 2.7b). Since the amplitude of decrease of the former is significantly larger
than the amplitude of increase of the latter, the net result (sune divo, Figure 2.7c) is
suppressed upward propagation of tropospheric planetary waves and a strengthened

stratospheric polar vortex accompanying the tropical central Pacific warming.
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Figure 2.7. Difference of the ompositeEP flux vectors (same unitss in Figure 6a)
associated wita) wavenumbel and b)wavenumber2 component of thplanetary wave
between the period 1991994 and the period 192001.c) is the sum of a) and bl
vectors are plotted.

2.5 Differences in effects of CPW and canonicdENSO warming on the NH
stratospheric polar vortex

The effect of CPW on the polar vortex discussed above is the exausitgppf
what previous studies(g. Taguchi and Hartmann 20D6ave suggested for canonical

warm ENSO events, where eastern Pacific warming (EPW) results in a weakening of the
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polar vortex. Given the close link discovered between the Arctic precipitation and the
relative occurrence frequency of CPWJd&PW events (i.e., the decadal modulation of the
ENSO variability), it is necessary to investigate why these two types of warming events
leave different dynamical fingerprints in the polar vortex. As noteanfinkel and
Hartmanr2008§ the ability of canonical ENSO to affect the polar vortex ultimately depends
on the specific type of extratropical teleconnection excited by the tropicahi@Sialies.

The deepening of the AL and effective projection onto the PNA pattern proves to be the
most effective way of enhancing the wavenuribectomponent of the extratropical
planetary wave, increasing its upward propagation into the stratosphere wsd th
weakening the polar vortex. Here we compare therBb@eopotential height anomalies

in DecembedanuaryFebruary (DJF) associated with classical EPW (Figure 2.8a) and
CPW (Figure 2.8b) events. The deepening of the AL is the most pronounced fedtare in t
EPW height composite, while in the CPW composite, a positive anomaly south of Alaska

indicates a weakening of the AL.
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The composite anomalies shown in Figure 2.8 are decomhpide their
wavenumbetl and wavenumbe2 components and displayed in Figure 2.9 together with
the NH winter climatological planetary waves. It is clear that the deepening of the AL in
the EPW case creates wavenumbemnomalies (Figure 2.9a) that intedeonstructively
with the climatological wavenumbdr pattern (Figure 2.9c) while the CPW generates
wavenumbetl anomalies (Figure 2.9b) that interfere destructively with the climatological
wavenumbetl pattern. This discrepancy is consistent with theoeje effects CPW and
EPW exert on the vertical propagation of waves and the resulting changes in the strength
of the polar vortex. On the other hand, the wavenur@bmmponents of the composite
height anomalies (Figure 2.9d and 2.9¢e) tend to reducern(eshthe amplitude of the

climatological wavenumbe2 waves in the EPW (CPW) case.
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Figure2.9. Wavenumbetl (ac) and wavenumbe (d-f) components othe composite
anomalies of the DJB00-mb geopotential height (in m) corresponding to the HRW)
andCPW (b,e) case.le wavenumér-1 and-2 components of the climatological (1979
2009) DJF planetary wave are shown in c¢) gndekpectively.

Considering a composite of canonical CPW winters, based upon the same set of
CPW winters used in derivingpé height composite in Figure 2.8b, we display in Figure
2.10 the CPWwinter anomalies with respect to a -®ihter (1979/862008/09)
climatology in zonamean zonal wind, zonathean temperature, power spectrum of-500
mb height and EP flux vectors. Thesdts aregenerallyconsistent witithose in Figures
2.5 and 2.6 and it shows that accompanying the occurrence of a canonical CPW event are
increased zonal e zonal winds north of 50°N (Figure 2.10d¢creased zonal mean

temperatures ithe stratosphereomnth of 60°N(Figure2.10b), an ircrease (decrease) of
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wavenumbetil (2) planetary waveamplitude (Figure 2.10c), and a net decrease in the
upward propagation of wave energy into the lower stratospfiegeire 2.10d).The
anomalies shown in Figure 2.10c ar2d10d further confirm thedestructive and
constructive interference of CPW with ttienatological waenumberl and-2 component

of the extratropical planetary wave, respectively. The similarity between the canonical
CPW winter anomalies and the previoysliscussed caposite differencebetween two
periods indicatethat the occurrence of multiple CPWsringthe period 0f199019% is

at least partly responsible for the signaken in Figure2.5 and2.6. The increased
occurrencefrequency of individualCPW events duringone period thus contributes
positively to an increase in the Arctmrecipitation,through accumulated effects of

individual CPWs on the stratospheric polar vortex.
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Figure2.10. Composite anomalies associated with a canonical @mWer (October
March) in a) zonamean zonal winds (in m/s), b) zonal mean temperature (in K), c) the
power spectrum of 56b geopotential height (in m) and d) the EP flux vecter (y
component in (fis)*m, z-component in (fisY)*Pa). The CPW winters useth
constructing the composites are the same as those in Figure 8 and 9.

The differences between the impact of the CPW (as discussed in 2.3.4) and EPW
(as discussed in previous studies) on the stratospheric polar vortex and AO variability are
ultimatelya result of the different teleconnection patterns that the CPW and EPW excite in

the extratropics. The transition from one period (e.g., 119881), when the CPW events
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are more common, to another period (e.g., 12901), when the EPW events occur more
often, characterizes the decadable modulation of ENSO variability and contributes
significantly to the transition from one period of a strengthened polar vortex (positive AO)
to another period of a weakened polar vortex (negative AO). With the additmszling
between AO variability and storm track activity, the tropical Pacific SSTs are able to leave

distinct dynamical fingerprints in the Arctic precipitation.

2.6 SectionSummary and Conclusions

Pronounced decadatale variations in the coskason Arctic precipitation are
identified in two observaticbhased precipitation datasets (GPCP and CMAP) and one
high-resolution reanalysis product (MERRA). Despite the discrepancies in the magnitude
of ther climatological values of Arctic precipitation, all three datasets clearly show above
normal precipitation in the period 199894 and belowormal precipitation in the period
1997-2001. This decadaicale oscillation, significantly correlated with thecddalscale
variations in the AO, is partly driven by the tropical central Pacific SST changes across
decadal timescales. The tropical Pacific SST anomalies tied to the Arctic precipitation
variability closelyresembles the SST anoneal representative die decadal modulation
of ENSOvariability (Sun and Yu 2009 suggesting that the more frequent occurrence of
CPW events might have contributed to theréase of Arctic precipitation in the early
1990s and after 2003 (Figure 2.1a).

Dynamically, the diabatic heating induced by the CPW drives a stationary Rossby
wave train that extends northward into the North Pacific. The direct projection of the CPW
forcing onto the AO variability is limited, given that the wave activity originating from the

tropical central Pacific does not reach the interior of the Arctic. However, théd8&:
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stationary Rossby wave destructively interferes with the wavenuinbempment of the
extratropical planetary wave, leading to suppressed upward propagation of waves into the
polar stratosphere, a strengthened stratospheric polar vortex and a positive tendency in the
AO index. The tropical Pacific SSTs thus project indirectipdhe AO variability through
modifying the structure of extratropical planetary waves. The effects of CPW and EPW on
the polar vortex (AO variability) are exactly opposite, with the wavenwhlmemponent
of the planetary wave strengthened in an EPW evdm¢ decadascale modulation of
ENSO variability, characterized by transitions between periods favoring CPW and those
favoring EPW, ultimately generates discernable dynamical fingerprints in the decadal
scale AO variability.

The positive AO tendency py induced by CPW is coupled with a poleward shift
of the upper tropospheric zonal wind jets and storm tracks. The elevated synoptic eddy
activity north of the Arctic Circle increases the amount of moisture transported into the
Arctic by synoptic eddieand contributes directly to the decadahle variations in Arctic
precipitation. The strongest signal of the storm track response with regard to the Arctic
precipitation variability is found over the Atlantic sector of the Arctic, a region
characterized Yothe greatest decadal variations in both precipitation and eddy moisture
flux into the Arctic. On decadal timescaldse AO and North Atlantic storm track thus act
asa bridge connecting the tropidahcific SSTgo thestrength of the coedeason Arctic
hydrological cycle. However, it is recognized by the authors that the direct and indirect
(stratosphericinechanismsliscussed here only account for a portion of the decaddd
variance in the AO and in the Arctic precipitation index, and the lengtie abservational

record, particularly of the precipitation datasets, places a limit on the level of statistical
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significance we may derive here. Future investigations will focus on 1) testing the
hypothesis formulated in this study with controlled gehenaulation model (GCM)
experiments and 2) identifying other dynamical processes contributing to the tropical
PacificArctic connection. Of particular importance for the latter is the need to quantify the
synoptic eddy (e.qg., vorticity and heat flux) déack onto the intedecadal AO variability

at the storm track regions. Preliminary analysis of Chem@Glimate Model Validation
Activity (CCMVal, http://www.pa.op.dlr.de/CCMVal/ model output shows that the
connection described in this paper is capturedGCM simulations forced with the

observed SST field. Details of the model analysis will be reported in the future.

The work presented in this chapter is published in Geophysical Research [e&gys

and Deng 201
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CHAPTER 3

RESPONSE OF THE WINTER POLAR STRATOSPHERIC VORTEX
TO IDEALIZED EQUATOR IAL PACIFIC SEA SURF ACE
TEMPERATURE ANOMALIE S IN THE NCAR WACCM

3.1 Motivation and Background

The results in Chapter 2 highlight the difference in response of the polar vortex to
CPW and EPW in the cool season, a difference that results in an ofgigséd response
in total Arctic precipitation in CPW and EPW years. Because thdtseare from a
representation of observed conditions in previous years in reanalysis, it is difficult to
attribute the differencem vortex responseurely to CPW and EPW. Other factors not
related to CPW and EPW could be driving the difference in voegponse. For example,
the subtle differences of the CPW and EPW pattern between individual years may have an
important role in thelifferences in theesponse of the vortexTherefore, a idealized
model experiment is conducted to isolated better défe the differences in thenitial
response of the vortex to CPW and ERwWthese model experiments, a fixed pattern of
SST anomalies for GF and EPW is utilized to help remove the variability of vortex
responses that are a result of subtle differencd®i®ST anomaly pattern. Additionally,
a suite of model runs with the fixed CPW and EPW patterns are run with varying
atmospheric initial conditions (i.e. an ensemble of model runs) to test how the initial

response of the vortex is affected by varyingatreospherignitial conditions.

As discussed in the introduction in the description of the cool season Arctic climate,

the stratospheric polar vortex is an important elemeArctic and Northern Hemisphere
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wintertime climate. Changes in the strengththe vortexare driven by the upward
propagatiorand breakingf wave activity from the troposphere, and these chaofjes

project ond tropospheric variabilitythus impadhg surface climate over high latitudes
(Baldwin and Dunkerton 1998lack 2002 and Europ€Bell et al. 2009Ineson and Scaife
2009. The El NifieSouthern Oscillation (ENSO) is among seledifferent climate
phenomena that affedie strength of the polar vortex through modulating the magnitude
of upward wave propagation into the stratospliEne magnitude of the anomalous upward
propagation of wave activiipto the stratospheie esperlly sensitive to the phase of the
forced anomalous Rossby waves in relation to the phase of the climatological planetary
wave in the high latitudes of the Northern Hemisphere, i.e. via linear interfefeigce
Fletcher and Kushner 20;1Mishii et al. 2009. When the wave anomaly iis phasewith

the climatological wave (constructive interference), the upward wave propagation from the
troposphere to the stratosphere is enhanced. Linear interference has been shown to be an
important concept in understanding the interaction among severalghgpzsphenomena

and the stratosphere, including the interaction between stratospheric variability and
blocking highs(Nishii et al. 201} It also has been shown to be important in describing
the link between stratospheric variability and autumnal Eurasian snow(&wéh et al.

2010. In the case of the interaction between ENSO and the polar stratosphere, the
constructive interference of the-Rifio-forced tropospheric geopotential height anomalies
(primarily over the North Pacific) with wavenumber 1 and 2 components of the
climatological planetary waves leads to a net increase in the upward wave propagation and
a weakened polar vortdarfinkel and Hartmann 200&arfinkel et al. 201)) through

the effect of enhanced wave forcing on the stratogphenal mean zonal wind.
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As a follow-up to the results presented in Chaptem2 conduct a series of
numerical experiments using the National Center for Atmosphesearch (NCAR)
WACCM in which idealized SST anomaly patches are superimposed upon a climatological
DJFmean distribution of SSTs. The patches are designed to represent canonical CPW and
EPW patterns, respectively, thereby isolating the effects of epehofywarming on the
polar vortex. The purpose of our model experiments is to document the similarities and
differences of the initial transient response (i.e. the response within the first 40 days) of the
stratospheric polar vortex to central (CPW) anstera Pacific warming (EPW) events.

We investigate the initial and transient response of the vortex, in contrast to the equilibrium
state response that was the main target of previous studies, to facilitating the understanding
of the vortex response that eality also occurs within a short, ss&asonal time period.
Specifically, these idealized experiments allow us to assess the relative significance of the
SST forcing patterns versus the initial state of the extratropical circulation in determining
the vortex responses across ssgasonal timescales. Following the introduction, section

3.2 describes the model experiment design and the analysis tools employed. Key results
from the model experiments are presented in section 3.3 while concluding remarks are

given in section 3.4.

3.2 Data and Methods

3.2.1 Model Experiment Setup

We employ the NCAR Whole Atmosphere Community Climate Model Version 4
(WACCM4) in this studyGarcia et al. 2007 WACCM4 is run as a component set within
the NCAR Community Earth System Model Version 1.0.2 (CESM 1.0.2). The WACCM

model is specifically designed to investigate the coupling between the stratosphere and the
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troposphere and is thus appropriate for expents exploring the effects of tropical SSTs

on the stratosphere. Versions of the WACCM model have been used in several previous
studies of stratosphetsoposphere interactiofe.g. Calvo and Marsh 2011Sassi et al.

2004 Taguchi 201Q)Importantly, with 66 vertical levels and a model top at approximately
150 km, WACCM4 has a wetksolved stratosphere. It also includes an opioimpose

a realistic QuasBiennial Oscillation (QBO) on each model run. In our set of WACCM
runs, perpetual Januar$ ¢onditions are selected in order to eliminate the impact of solar
forcing and remove the seasonal cycle from each experiment. Twesach QBO was

turned off, resulting in weak stratospheric easterly winds in the QBO region.
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Figure3.1. Patches of idealized positive SST anomaly used to represent the tropical central
Pacific warming (a) and tropical eastern Pacific warming Qhitside of the patch area,
anomalies are identically zero.
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A control run with climatological SSTs was performed first. The control run
consists of a 100@ay simulation forced by 1872009 DJFaverage SSTs taken from the
Hadley Center Sea Ice and Sea &cef Temperature (HadISST) data@deayner et al.

2003). The control run was used to (i) provide a source of initial conditions and (ii) serve
as a basis for comparisons with the two emdes of CPW and EPW patch runs. In the
second step, two 2@ember ensembles of @&y simulations forced by idealized tropical

SST anomaly patterns were conducted. To create the prescribed SSTs for each set of forced
runs,theidedlz ed SST amraema l \B.lappdctdls Wwere added to the DJF
average climatological SSTs used in the control run (thus these ensemble members are
referred to as the fApatcho runs). I n the
Pacific mimicking the canooal pattern of CPW. In the second ensemble, the patch is
applied in the eastern Pacific to represent EPW events. Each ensemble member is
initialized using unique initial conditions drawn from the control run. The initial conditions
were chosen to cover anety of the strength of the stratospheric polar vortex that is
typically measured by the zonal mean zonal wind at 10 hPa and 60°N. All the ensemble
members have values of this intensity index in the initial conditions ranging between 22.5
and 27.5 m/s, hich are average November values of this index in reanalysis data. The
effects of the patches are assessed by comparing the patch run results with the
corresponding 9@ay period in the control run (the first day of this period is identical to

the day fran which the initial condition of the patch run is drawn). As a consequence, the
control state used for comparison is different for each ensemble member with different
initial conditions. The same 20 initial conditions were used for the CPW and EPW

ensemblgeallowing also for direct comparisons across the two ensemble groups. Statistical
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significance of the ensemble average anomalies relative to the control run wéstezhlcu

throughatwet ai | ed -®student 6s t

The SST patches used in the patch enseswidge created using a cossguared

function identical to the function used in Barsugli and Sardeshmukh (2002)

To(/ /) =Bcos (§72) cos (5 77) (3.1)

Tw

The SST patch equation is a function of latitutde & nd | ongi t ud earda) .

w represent the center point of the patch and the width parameter of the patch, respectively.
The parameteB represents the maximum amplitude of the patch. The CPW (EPW) patch
was centered at 165°W and 0°N (110°W and 0°N). Each patch is an ellipse witbra m

axis of 20 degrees in length in the nesthuth direction and a major axis of 60 degrees in
length in the eastvest direction, and a maximum amplitude of B=3.0 K. The latitude and
longitude width parameters were set to 40 degrees and 27 degreesjwelypdéor each

patch, to create a more gradual decrease of the SST anomaly values when moving away
from the center of the patch. Outside of the patch areas, the SST anomalies are equal to the
climatological SSTs used in the control run. With these petems, the average SST
anomaly over each patch is 1.383 K. The bounds of the EPW patch are designed to cover
most of the Nino 3 and Nino 1+2 regions and to extend eastward to the South American
coast. The bounds of the CPW patch are very similar to theat&acific anomaly box

used in the definition of the Modoki index in Ashok et al. (2QG¥ixh the only difference

being that the CPW patch is extended 5 degrees eastward to match the size of the EPW

patch.
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3.2.2 Analysis Method

The basis for our analysis of the model results is the-ggastrophic (QG), zonal

mean zonal momentum equation (e.g., Holton 2004, Andrews et al. 1987):

% = f,v- “(‘;;/V') +X (32

where overbars represent the zonal average and primes represent the deviation from the

zonal average. Accondg to Equatior8.2, the net tendency of the zonal mean zonal wind
— is equal to the sum of the convergence of the eddy momentum flux—+), the

Coriolis force exerted on zonal mean meridional wiig[, and the drag ternj. The

zonal mean meridionalind U and the vertical velocityd are tied together through the
continuity equation. Thus, these terms represent the mean meridional circulation (MMC),
and we may cathe Coriolis force term in Equatidh2the contribution to the zonal mean
zonal wnd tendency by the edebyriven mean meridional circulatiom the results section,

we thus focus our discussion on the roles of the two components of the eddy foheing
eddy MMC forcing and eddy momentum forcing, in generating the simulated resgonse
the vortex to the specified CPW and EPW events. Specifically, we investigate the
contributions of anomalies in these two eddy forcing terms to the changes in the evolution
of the stratospheric polar vortex during the first 40 days after the CPW or ERNNdhis

switched on.

Additionally, we also make an attempt to compare the relative importance of the
initial atmospheric state, internal variability, and the CPW/EBWed variability in

determining the transient response of the vortexdd that, we first define the following
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nomenclaturé variable (b)) from any model run is labeledas € i® f, whereCTL
denotes the control ruRCH denotes the patch run ahéhdicates the time after the patch

is introduced. Thenitial condition is thugb . Given the design of the model experiment,
this value is identical for a control run and the corresponding EPW and CPW patch run.

Following these definitionsgny variable in the patch run can be written as the following:

XPCH,[ = >(o +(XPCH,1‘ - XCTL,I)+(XCTL,1‘ - Xo) =IC+FV +IV (3-33

where® , the initial condition, is denoted as IC; the difference between the patch run and
control run (the term inside the first bracket) is referred to as forced variability (FV); and
the difference between the variable valugatd the initial value in theontrol experiment

(the term inside the third bracket) is considered the internal variability (IV) of the system.

Similarly, any variable in the control run can be written as the following:
Xere = Xo+ (X - Xo) =1C+IV (3.3)

Following Equations3.3a and3.3b, we decompose the eddy zonal and meridional

wind in the eddy momentum flux ternd 0 . Taking the difference of this quantity

between the patch and the corresponding control run yields:

uv :“'_V"pcm - u_v‘ =FV,FV, +FV,(IV, +IC,) + FV,(IV, +IC,) (3.4)

CTLt

The subscripts hereepresent the variable used to calculate each term, with the primes
omitted in the notation (e.00w 02 | 0@ ). In our discussion, we consider the
first term onthe right hand side (RHS) of EquatiBr the nonlinear heating component

since it is purely a product of forced variability (FV) terms associated with the imposed
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CPW or EPW forcing. The secorahd third term on the RHS of Equati@¥ are
considered linear components as they are both products of forced variability (FV) and
internal variability (IV) or initial condition (IC). The relative importance of the nonlinear
and linear components in generating the CPW/HBKd vortex response will be

discussed for the eddy momentum forcing.

Finally, to explicitly diagnose the tralest difference of the stratospheric zonal
mean zonal wind between the patch run &edcontrol run, we integrate Equati®2from
time 0 to timet, neglect the drag terd, and take the difference of the integrated equation

between the patch and caritrun to obtain the final diagnostic equation:

g - R - - alg,
f{upchs - Uctie )d/ = foAf{VecH. - Vet )d/ dt- %Sﬁuvbz -UV|/.1)dt (3.9
Ji 0/ G0

In Equation3.5, the left hand side (LFT) corresponds to the difference of the vortex
strength between the patch run and the control run at anyf timkere thevortex strength

is obtained by averaging the zonal mean zonal wind between two latkudesd

* (taken to be 50°Nrad 80°N in our calculation). Equatidh5 simply states that the
instantaneous difference in the vortex strength between the pattheacaintrol run can

be attributed to two components of the eddy forcing: the -edidgn MMC forcing (tke

first term on the RHS of Equation 3.&nd the eddy momentum forcilidne last term on

the RHS of EquatioB.5), where the eddy momentum forcing canfbrther decomposed

into nonlinear and linear components accordingdaation3.4.
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3.3 EnsembleAveraged Response to CPW and EPW

The ensemble average of the EPW and CPW patch runs shows evidence of a
weakened vortex in respongelioth CPW and EPMércing (Figure 3.2). What is plotted
in Figure3.2 are the differences of the zonal mean zonal wind between the patch run and
the corresponding control run averaged over 580RN as a function of pressure and time
(in terms of the number of days sinte tCPW/EPW heating is switched on). The 50°N
80°N latitudinal range corresponds to where the winter stratospheric polar vortex resides
in the Northern Hemisphere. There are negative anomalies present starting from day 22 in
both the CPW and EPW case. Thwmalies extend throughout the stratosphere in both
cases, but extend lower into the upper troposphere in the CPW case than in the EPW case.
The anomalies peak in intensity around day 35 in the CPW case, and day 37 in the EPW
case. Despite these minorfdiiences, the vortex weakens with a similar magnitude and
timing when CPW or EPW forcing is imposed. The 10 mb zonal mean zonal winds
decrease 8.8449 (10.0793) m/s in the CPW (EPW) ensemble average during the peak of
the initial response. In addition, thasemble spread is 10.9558 (12.5669) m/s in the CPW

(EPW) ensemble average, as measured by thenmgerber standard deviation.
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Figure3.2. Ensemble average of daily8D°N average zonal mean zonal wind anomalies

in the a) CPW and b) EPW patch ruAsomalies are calculated relative to the zonal mean
zonal wind value in the corresponding control run. Positive (negative) values are denoted
by solid (dashed) contours, and the zero contour is bolded. 95% significance of the
anomalies in the ensemble aage in each panel is hatched.

Figure 3.3 shows the corresponding ensemble averages of the anomalies in the
eddydriven MMC and eddy momentum flux forcing. For the CPW case (upper panels),
consistent with the initial vortex weakening starting from dayelarge negative eddy
driven MMC anomaly emerges in the middle angempstratosphere (Figu&3a). A
weaker negative anomaly of the eddy momentum forcing also appears in the stratosphere
a couple of days earlier, relative to thgaeve MMC forcing aomaly (Figure8.3b). Thus
both components of the eddy forcing act to weaken the vortex in the CPW case with the
eddydriven MMC forcing being greater in magnitude when compared to the eddy

momentum forcing. In the EPW case, the negative anomaly of thedesden MMC
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forcing occurs at a mudhater time (around day 30) (Figug3c). The negative anomaly

of the eddy momentum forcing therefore plays a more important role in the initial
wealening of the vortex in EPW (Figurg3d), while the negative eddlfiven MMC
forcing anomaly dominates during the peak of the vortex weakening. The slight timing
differences in the occurrences of the eddy forcing anomalies may explain the slight
differences in timing of the vortex weakening between the CPW and EPW cdke. In
ensemble average, although both the eddy momentum anddedely MMC forcing
contribute to the initial and transient weakening of the vortex, the-eéddsn MMC

forcing has a larger magnitude and clearly dominates the process.
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Figure3.3. Ensemle average of daily 580°N average contribution of the eddsiven

mean meridional circulation (MMC) and eddy momentum flux anomalies to anomalies in
the zonal mean zonal wind in the CPW [a) and b), respectively] and EPW patch runs [c)
and d), respectivg]. Positive (negative) values are denoted by solid (dashed) contours,
and the zero contour is bolded. 95% significance of the anomalies in the ensemble average
in each panel is hatched.

Interestingly, as shown in Figu@®4, if the eddy momentum forcing is further
broken down into the nonlinear and linear parts as definggkeation 3.2.2 following

Equation 3.4the linear part shows a negative contribution to the zonal mean zonal wind
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tendency. This is consistent withet overall influence of the eddy momentum forcing on
the vortex strengthHigures3.4b and 3.4d). The nonlinear part actually has a positive
contribution that tenglto strengthen the vortex (Figuda and 3.4c). The nonlinear part

is slightly weaker imagnitude compared to the linear part and this is the main reason why
the overall eddy momentum forcing is weakly negative. For both the CPW and EPW cases,
it is clear that the linear part of the eddy forcing, which represents the interactions between
the CPW/EPWforced variability and the initial condition/internal variability of the

extratropical atmosphere, contributes to a significant weakening of the vortex.
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Figure3.4. Ensemble average of daily-80D°N average contribution of the nonlinear and
linear components of the eddy momentum flux to the totht etbmentum flux anomalies
(Figures 3b and 3d) in the CPW [a) and b), respectively] and EPW patch runs [c) and d),
respectively]. Positive (negative) values are denoted by solid (dashed) contdutise an

zero contour is bolded. 95% significance of the anomalies in the ensemble average in each
panel is hatched.

Figure 3.5 shows the ensemble averaged anomalies of the two components of the
linear part of the eddy momentum forcing, namely;IE\interaction between SSfbrced

variability and the initial atmospheric condition) and-RX (interaction between SST
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forced variability and the internal variability of the atmosphere}l€Vesults in a positive
anomaly in the stratosphere starting frday 14 and extending to day 25 (&igs3.5a and

3.5¢). The positive anomaly is slightly stronger initially in response to CPW than in
response to EPW. FW, on the other hand, produces negative anomaliestmthe CPW

and EPW cases (Figur8s$b and &d). These anomalies appear at a similar time as the
FV-IC anomalies, but have a much larger magnitude and are consistently negative,
ultimately making the total linear part of the eddy momentum forcing negative. This result,
together with the overall sigicance of the linear component of the eddy momentum
forcing as demonstrated in Figug#, lends support, from a transient response perspective,
to the linear interference mechanism proposed by earlier studies in an attempt to explain
the connection beteen the tropical Pacific warm SST events and the weakening of the
stratospheric polar vortex. It suggests that the interaction between the extratropical wave
response to the tropical Pacific warming and the initial state/internal variability of the
extratopical atmosphere largely determines the tendency of the zonal mean zonal winds
in the polar stratosphere, and thus the anomalous transient evolution of the stratospheric

polar vortex.
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Figure 3.5. Ensemble average of daily ®0°N average contributionfdhe initial
condition and internal variability parts to the linear componenteétidy momentum flux

term (Figure<ib and 4d) in the CPW [a) and b), respectively] and EPW patch runs [c) and
d), respectively]. The initial condition (internal variabi)ifyart represents the interaction
between the forced variability and the initial condition (internal variability). Positive
(negative) values are denoted by solid (dashed) contours, and the zero contour is bolded.
95% significance of the anomalies in tmsemble average in each panel is hatched.
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3.3.1 Diversity ofVortex Responseés CPW and EPWh Individual Ensemble Members

Despite the consistency in the ensemble average, there is much variability in the
initial, transient vortex response to CPW d&aEW forcing in the individual ensemble
members. This diverse response is a reflection of the importance of the initial atmospheric
state and the subsequent internal variation of the extratropical atmosphere in determining
the overall response of the votte a tropical SST anomaly. For example, although the
vortex initially weakens in response to CPW and EPW in most individual ensemble
members (marked by U¥ squares and asterisks in Fig@é), the vortex initially
strengthens in response to CPW or ERWA few of the individual ensemble members
(marked by ed squares and asterisks in FigBu@). This is consistent with the distribution
of vortex responses iBarfinkel et al2012 where a few of the ensemble members show
a strengthened vortex in response to CPW and EPWE.vortex initially strengthens in
response to both CPW and EPW in case 4, and the vortex initially weakens in response to
CPW and strengthens in response to EPW in case 20. We also document the longitudinal
position of the zonavavenumber 1 and 2 wave in Figud®. These planetary waves are
most likely to propagate up from the troposphere to the stratosphere and affect the strength
of the polar vortex. In these cases, the longitudes where peak values wfitid
wavenumber 1 and 2 components of the tropospheric planetary waves are found to deviate
significantly from the corresponding ensemble averaged values édebgtthe black
asterisk in Figur8.6). Specifically, the cases where the vortex respsmsa consistently
weakening tend to have a wavenumber 1 wave in the initial state whose peak value is found
at a longitude far away from the longitude of approximately 165°E in the ensemble average.

Given the importance of the linear part of the eddy eatoim forcing in determining the
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vortex response, it is plausible that the observed diverse vortex response arises from the
differences in the way how the CPW/EFW@/ced waves interact with the initial and the
subsequent internal variation of the extraitapplanetary waves. We therefore conduct a

more detailed investigation of two anomalous cases, hamely case 4 and case 20.

N=1 and N=2 location, Initial Conditions @ 500mb
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4 g
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Figure3.6. Day 05 average position of maximum positive value of zonal wavenumber 1
and 2 in the 500 hPa geopotential heifigitd, averaged over the latitude range&DN.

The sign of the day 280 averaged vortex response, as measured with the 60°N, 10 hPa
zonal mean zonal wind is shown with the color shading of each scatter point (red=increased
zonal mean zonal winds/strehghed vortex, blue=decreased zonal mean zonal
winds/weakened vortex). The CPW (EPW) response is shown by the square (asterisk) at
each scatter point, and the average position and magnitude in thedaydGAodel
climatology is marked by a black asteriskcEg@oint is numbered for reference within the

text.

In case 4, the vortex initially strengthens slightly starting from about day 22 in
reponse to both CPW and EPW (FiguBga and 3.8a). The strengthening is quite brief
in the sense thait lasts only approximately 3 to 4 days and weaker in magnitude than the

initial strengthening in the ensemble CPW and EPW response. In this case, the initial
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strengthening response (day-22 zonal mean zonal wind anomaly at 10 mb) has a
magnitude of 3.637 m/s and 4.4224 m/s to CPW and EPW, respectively. The magnitude
of these strengthening responses is about 40% of the ensemble average response, and
within 1.15 standard deviations from the mean, based on the ensemble spread. The
strengthening is largelelated to a positive anomaly of the edthwen MMC farcing in

the stratosphere (Figur&s7b and 3.8b). Following the initial strengthening, the vortex
weakens starting from about day 28, as a pronounced negative anomaly of the eddy
momentum forcing emges (Figures3.7c and 3.8c). In the EPW case, the eddyen

MMC forcing also switches to a strong negative anomaly around day 34, contributing to
the subseque weakening of the vortex (FiguB8b). Just like in the ensemble average,

the interactions lhereen the CPW/EPWbrced variability and the initial state and internal
variability of the extratropical atmosphere, i.e., theadr part of the forcing (Figur&s7e

and 3.8e) largely contribute to the negative anomaly of the eddy momentum forcing. The
nonlinear part of the forcing due to CPW/EHW@/ced variability alone tends to be positive

and leads to eengthening of the vortex (Figur8s7d and 3.8d). Thus the main difference
between case 4 and the ensemble average is that in case 4 the initisd positnaly of

the eddydriven MMC forcing lasts much longer, pattlarly under CPW forcing (Figure

3.7h).
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Figure3.7. a) Daily 5680°N average zonal mean zonal wind anomalies in the CPW patch
run for case 4 in Figure 6. HD°N average contributiord the eddy momentum flux and
eddydriven mean meridional circulation (MMC) anomalies to the zonal mean zonal wind
anomalies in this case are shown in b) and c), respectively. T8@°BDaverage nonlinear

and linear parts of the eddy momentum flux arengshim d) and e), respectively. Positive
(negative) values are denoted by solid (dashed) contours, and the zero contour is bolded.
95% significance of the anomalies in the ensemble average in each panel is hatched.
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Figure3.8. Same as Figurg.7, exceptor the EPW patch run in case 4.

In case 20, the vortex initially strengthens slightly at about day 20 in response to

EPW am CPW (Figures8.9a and 3.10a). However, the initial strengthening in the CPW
case is much weaker than that in the EPW case nitied strengthening response (day 18

24) zonal mean zonal wind anomaly at 10 mb) has a magnitude of 2.7413 m/s and 10.1181
m/s to CPW and EPW, respectively. The magnitude of these strengthening responses is
about 30% (100%) of the CPW (EPW) ensemble ayerasponse, and within 1.06 (1.61)
standard deviations from the CPW (EPW) mean, based on the ensemble spread. Since we
define the sign of the transient response in this study using the anomalous 10hPa zonal
mean zonal winds averaged over the period dato2iay 30 (see the caption of Figure

3.5), the transient response of the vortex to CPW in case 20 is denoted as a weakening in
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Figure 3.6, due to the weakening that occurred a few days afternthal iminor
strengthening (Figure 3.9a). Figu®8b and3.10b indicate that positive anomalies of the
eddydriven MMC forcing in the stratosphere are responsible for the strengthening of the
vortex in both CPW and EPW cases that start at day 20. The positive anomaly of the eddy
driven MMC forcing is much largem magnitude in the EPW case (FiguBelOb)
compaed to that in the CPW case (Fig@®@Db). This is the primary reason why the eddy
driven MMC forcing can overcome the negative anomaly associated tinatheddy
momentum forcing (Figur8.10c) and lead to the overall transient strengthening of the
vortex in response to EPW. In the CPW case, the weak positive anomaly of tkdrigddy

MMC forcing (Figure 3.9b) is eventually dominated by the negativeyedtbmentum
forcing anomaly (Figure3.9c), resulting in the vortex weakening following timial

minor strengthening (Figur@9a). Consistent with case 4 and the ensemble average, the
negative anomaly of the eddy momentum forcing found in case 20 is largely associated
with its linear part and the nonlinear part of the forcing due to CPW/EeWwed
variability produces a positive anomaly (Figu®8d,e and 3.10d,e). Additionally, in both
case 4 and case 20, the negative anomaly in the linear part of thmedwyntum forcing

is primarily driven by the interaction between S®Fced variability and the internal
variability of the extratropical atmosphere (i.e., the-IW\Vterm), while the interaction
between SSTorced variability and the initial condition of the atmosphere (i.e., théG-V

term) remains largely positive, especially in the lower stratosphere (figures not shown).
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Figure3.10. Same as Figur.7, except for the EPW patch run in case 20.

3.4 SectionSummary and Conclusions

The purpose of this study is to identify the similarities and differences in terms of
the initial, transient response of the stratospheric polar vortex to the central and eastern
Pacific warming events. In our idealized nebdg experiments, we introduce an elliptic
patch of positive SST anomalies in the tropical Pacific to roughly mimic the mean structure
and amplitude of a canonical CPW or EPW evéiwo 20member ensembles of @y
simulations forced by these idealizedpical SST anomalies are conducted. The transient
responses of the stratospheric polar vortex (defined in terms of the 10ha zonal mean zonal

winds averaged over 5028D°N for the period day 20 to day 30) in the patehs where
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SST anomalies have beenpled are compared against those in the control run where
climatological SSTs have been used. The differences in the transient response between the
patch and the control runs argerpreted in a framework based on the qesistrophic

zonal mean zonal nmeentum equation on a beta plane.

Two important results arise from this analy$isst, we find that in the ensemble
average, both the CPW and EPW forcing result in a transient weakening of the vortex. This
response is the same sign as what has been shatudies investigating the equilibrium
response to CPW and EPW (e.g. Garfinkel et al. @B&h the eddy momentum forcing
and the eddylriven MMC forcing contribute to this weakening. Despite a few minor
differences between the CPW and EPW ensemble average, the weakerurg at a
similar time (starting approximately 22 days after the SST anomaly is imposed) and
location (throughout the stratosphere and the upper troposphere) under both types of
warming events. Thus in an ensemble average sense, the transient respoas®moéx
to the CPW and EPW is very similar. Negative anomalies in the eddy momentum and eddy
driven MMC forcing jointly contribute to the initial weakening of the vortex. The eddy
driven MMC forcing is higher in magnitude thus plays a more significdat Separating
the eddy momentum forcing into a linear and a nonlinear component reveals that in the
ensemble average, the nonlinear part, which involves only the extratropical wave response
to the CPW/EPW forcing, contributes positively to the zonalmemal wind tendency.

The linear part, which quantifies the interaction between the extratropical wave response
to the CPW/EPW forcing and the initial state/internal variation of the extratropical
atmosphere, is responsible for producing negative an@nelighe eddy momentum

forcing. This contrast is consistent under both CPW and EPW forcing and the presence of
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two terms of similar magnitude but opposite signs leads to the total eddy momentum
forcing being weakly negative. It is further shown that thgatige anomaly associated

with the linear part is primarily a result of the interaction between thef&8é&d
variability and the internal variability of the vortex. These facts lend further support (from
the perspective of the initial transient resporiedhe linear interference mechanism that

has been proposed to explain the connection between the stratospheric polar vortex

variability and the tropical Pacific warming.

Second, although consistent initial weakening of the vortex is identified in the
ersemble average of the CPW and EPW cases, not all of the individual ensemble members
show this weakening. There are a few cases where the vortex initially strengthens in
response to both the CPW and EPW forcing. The magnitude of this strengthening is equal
to or less than the ensemble average (e.g302@verage anomaly in 10 mb zonal mean
zonal winds is 2.7413 m/s (10.1181) m/s in the CPW (EPW) case 20, compared to 8.8449
(10.0793) m/s in the CPW (EPW) ensemble average during the peak initial decrahse), an
approximately 11.6 standard deviations from the ensemble mean. The time scale of these
strengthening events,-& days, is shorter than the initial weakening in the ensemble
average, which is more than 15 days. In case 4 and 20 where the vortex strgaljthens
slightly, a positive anomaly in the eddyiven MMC forcing plays a critical role in driving
this strengthening, in contrast to the largely negative anomaly found in the ensemble
average. Since the only differences between different indiveshsmble members is the
initial state of the atmospheric flow, the diverse response exhibited by individual members
suggests that when initial transient response is considered (compared to the equilibrium

response), the initial atmospheric state when3Bd@ anomalies start emerging and the
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subsequent intrinsic evolution (internal variability) of the atmospheric flow also plays a
nontrivial role in determining the timdependent response of the vortex. In some cases,
e.g., case 4, the importance of thial state could outweigh the effect of a tropical Pacific

SST anomaly.

In addition to the initial state affecting the wave forcing in the troposphere, which
we highlighted in this manuscript, the initial state also affects the vertical propagation of
tropospheric wave activity into the stratosphériee distribution of potential vorticity in
the basic flow, an important term in the squared wave refractive iftekews et al.

1987 Matsuno 197Dis crucial in determining the pathways of the vertical propagation of
Rossby waves and the wave (eddy) forcing of the zonal mean flow in the stratosphere.
Differences in e distribution of potential vorticity in the initial basic flow, and thus the
favored pathways for vertical propagation of Rossby waves, between ensemble members

could also explain the different vortex responses.

An immediate implication of thisesult is that in any individual year, knowledge
about the tropical Pacific SST alone is not enough to make a skillful seasonal forecast for
the state of the polar stratosphere. The initial state of the extratropical atmosphere must
also be considered in der to understand the ssbasonal evolution of the polar
stratosphereTherefore mediuanange forecasts of the stratospheric response to tropical
SST anomalies are likely to be sensitive to the initial atmospheric state in the model, along
with other facbrs such as the @Bphase (Garfinkel and Hartmag@07). The response is
much more complicated than a simple consistent weakening effect across all CPW and
EPW events. This may partly explain the contradictory regultthe literature for the

effects of CPW and EP\(¢é.g. Graf and Zanchettin 2012egyi and Deng 2011; Xie et al.
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2012, especially in reanalysis studies where only a limited sample size of CPW and EPW

events are available. The initial state of the extratropical floweawve structure in a given

cool season when CPW or EPW occurs differs from year to year, and this difference likely

translates into differences in how CPW or EPW modulates the strength of the stratospheric
polar vortex in an individual season. Only whea@é number of seasons are considered

or longterm model integrations are used we may be able to identify an averaged weakening

effect of CPW and EPW on the vortex strength, as shown in the ensemble average here.

Finally, we emphasize that the analysiaducted here only serves as a first step to
understand how the polar atmosphere responds to the emerging tropical SST anomalies.
There are a variety of related questions that cannot be addressed without a substantial
amount of additional modeling and draggis work. These include questions related to the
method that we used to isolate the effects of CPW and EPW, such as the sensitivity of the
results to the slight changes in the magnitude/structure of the prescribed SST anomalies,
the impact of Pacific cdl events on the polar atmosphere, the sensitivity of the choice of
the date from which the perpetual conditions of the model experiments are taken, and the
potential complications when we incorporate into the analysis additional factors such as
EPW eventdeing stronger in amplitude compared to CPW events. There are also still
some questions unanswered related to the dynamical mechanism that we propose here to
explain the initial, transient vortex response to CPW and EPW. Although we present here
the relatve importance of the contributions of the edlfiven MMC and eddy momentum
flux to the initial vortex response, along with the contributions of the initial condition (IC),
internal variability (IV), and forced variability (FV) components of the eddy mdoomen

flux term, how exactly these components interact to produce the differences in response
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between ensemble members is subject for further study. Also, the relative importance of
the effect of the initial state on the tropospheric wave forcing (e.g. d~8&) and the
vertical wave propagation from the troposphere to the stratosphere is another important

consideration left to be explored in future work.

The work presented in this chapter is published in the Journal of ClifHaigyi etal.

2014).
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CHAPTER 4

DYNAMIC AND THERMODY NAMIC IMPACTS OF HIG H AND
LOW FREQUENCY ATMOSP HERIC EDDIES ON THE INITIAL
MELT OF ARCTIC SEA | CE

4.1 Motivation and Background

In chapter 4, the focuef the investigatiorshifts from the cool seasoto the
beginning of the warm seasoWe apply the sam&amework of investigation used in
Chapters 2 and 3 to tievestigation of thenelt of Arctic sea ice by looking at tirdluence
of the tropics and Northern Hemisphere midlat#sidn the variability of the initial melt
date of sea ice across the Arctic and in smaller subreditiesinitial melt of Arctic sea
ice in the boreal spring is the start of the melt season that extends through the warm season
until September, when theeml coverage of sea ice is at a minimum (Figure 1.2). Recent
years have exhibited record minimum September extents (e.g. 2007, 2012), relative to all
other years in the satellite record of sea ice extent, and an accelerated trend of decline in
the minimumSeptember exterfComiso et al. 2008 Additionally, it has been noted that
the melt season leading up to the September minimum has become longer, with a trend
towards both an earlier initial date of melt andrlatste of autumn freezgp (Belchansky
et al. 2004 Markus et al. 2009Stroeve et al. 2034 A consequence of the longer melt
season is an increased amount of incomingrgaldiation absorbed at the surface during
the length of the melt seas@erovich et al. 2007 Thus the earlier onset of melt has been
proposed to explain the trend in the September minimum sea ice extent, since the extension
of the melt season increases the cumulative amount of solar radiation absorbed at the

surfaceand the energy available to melt Arctic sea(eeg. Stroeve et al. 2014
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To help explain the decrease in the Seyiiter minimum, many studies have
focused on physical processes that may explain the observed sea ice variability, the
decreasing sea ice extent, or that help trigger extreme minimum years in the September
minimum extentProposedmportant physical processeccurring during the melt season
include direct ocean influences (e.g. Shimada et al. 2006) taednodynamicand
dynamical atmospheric influences on the Arctic sea ioeportant atmospheric
thermodynami@rocessescludeanomalies in components of the surface energy budget,
such as positive neaurface downwelling shortwave (Kay and Gettelman 20@&d
longwave (Dong et al. 2014 radiation anomaliesimportant atmospheric dynamical
processefcludeanomalous poleward energy transport into the Argiaversen et al.

20117, anomalous transport of sea ice out of the Arctic basin by persistent anomalous winds
(Ogi et al. 2008,Zhang et al. 2008 Ogi and Wallace 2012), anomalous regional
atmospheric circulation patterrf§Vang et al. 2009 abnormal summer storm activity
(Screen et al. 20)1 and the influence of important lefrequency modes and
teleconnection patterns (e.g. the PadNiorth American pattern [PNAL, 6 Heur eux et
2008). A complicating factor tancorporatinghese atmospherfrocesses into a physical
mechanism that explainsea ice variability is that the thermodynamic and dynamic
processeslo not act independently. For example, cloud cover is a crucial source of
downwelling shortwave and longwave radiation anomalies that are associated with sea ice
anomalies, and the effects are dependent on the type of cloud cover present (Eastman et al.

2010). The distribution of cloud cover over the region is affected by the-$aaje
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dynamics, and thuthe thermodynamic and dynamic processed help force sea ice
anomalies can be coupled through the presence of clouds.

Given the potential importae of the lengthening of the melt season, particularly
the trend toward an earlier mean mele investigate the role of atmospheric eddies in
triggering the initial melt.The purpose of this chaptes to explore how these eddies
contribute to the interarual variability and trend in initial melt of Arctic sea ice in late
boreal spring, throughoth the eddy influence on meridional heat transport from lower
latitudes (a dynamical atmospherreechanism componénand through changes in the
downwelling longvave and shortwave radiation at the surface (a thermodynamic
atmospherienechanism compon@nBy looking at both the dynamic and thermodynamic
components to the physical mechanism involving atmospheric eddies, we take an
integrative view of the mechanisrhat is responsible for the variability and trefide
focus on the influence of higlgw, and seasonflequency eddiedHF LF, and SF eddies,
periods of 27, 10-30 days, and 300 days, respectively) arabsociate the influence of
these eddies with speicifepisodes of initial melfThe eddies may originate both inside
and outside of the Arctic. Theddiesoriginating outside of the Arcticepresent a
mechanismby which lower latitudes may influence Arctic sea ice variabgihd the
declining September mimum sea ice extenthus eddies originating outside of the Arctic
can be considered as a fAbridgeo influence
variability in lower latitudes to Arctic sea ice variabilifyollowing the introductionwe
outline the dta and methodim section 4.2and we preséithe major results in section 4.3

and 4.4 A summary of the results and concluding remarks are presented in se&tion 4
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4.2 Data and Methods

The initial melt datelata is taken from a dataset archived atdgonal Snow and
Ice Data Center (NSIDC) and the data was created using a technique described in Drobot
and Anderson (2001)Yhe dataset contains melt dates that are derived from microwave
brightness temperatures from the Scanning Multichannel MicroRademeter (SMMR)
and the Special Sensor Microwave/Imaggecial Sensor Microwave Imager/Sounder
(SSM/ESSMIS) satellites, and covers the period 120%92. The data exist on an Equal
Area Scalable Earth (EASE) grid with a spatial resolution &r@5Ths datasetcontairs
an area of missing data around the pole north of 84.5°N lafilndiee periodl9731987
and north of 87.2°N fothe periodafter 1987. For consistency, whealculatingthe trend
in initial melt dateover the 1972012 period, we conséd only the initial melt date data
southof 84.5°N for all yearsThe temporal resolution of the data is daily after 1987 and 2
days prior to 1987. When quantifying the total melt on a given day in a particular region,
we count thdotal number of grid boxes that exhibit melt on that date in the dataset. For
dates before 1987, the daily count is calculated as half of the total count in the raw data if
data exists on that date, and as half of the count recorded on the previousdizsihot.
The mean melt date at any location is simply the mean of the time series of melt dates at
that location. The mean melt date over a defined area is mean of the collection of mean
melt dates over the defined area.

Two datasets are used for thelculation of atmospheric quantities. For heat
transport, temperature and wind quantities, we use the NASA Modern Era Retrospective
Analysis for Research and Applications (MERRA) reanalysis dataset on a 0.5° latitude by

0.67° longitude grigRienecker et al. 20)1The MERRA reanalysis dataset represents the
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state of the atmosphere ovhetArcticvery well, and it has been shown to be among the
reanalysis datasets that best masthdependent observations of atmberic conditions
in the Arctic(Lindsay et al. 2014 For longwave and shortwave radiative flux data, we use
datasets from the NASA Clouds and projece Ear t
(Wielicki et al. 1996 that contain ailsky longwave and shortwave surface fluxes. This
daily data existsm 1° latitude by 1° longitude grid and covers the period Z04. The
data is derived frombservations bthe Terra and Aqua satellites, part of the NASA Earth
Observing System (EQOS).

From the MERRA reanalysis data, walculate the lower tropospheareeridional
heat transport, defined here as the nvasightedvertical average of meridional heat
transport (i.e. the product of V and Trpm 1000 to 500mbA 203weight Lanczos
bandpass filter over daily data from 1920912 is used to isolate the hiflequency (HF)
eddy component of the heat transport. The filtering is applied to wind and temperature
components of the heat transport firbgfore the vertical and spatial averaging
performed Three separate bandpass filters are applied to isolategh#réquency, low
frequency, and subseasonal frequency eddies (HF, LF, and SF, respetiivedgiliesn
this studyare defined as eddies with the period af®@days LF eddies are defined as
eddies with the period 180 days, and SF eddies are defiasceddies with period 380
days.

When calculating spatial averages, we define the Arctic polar cap as all points north
of 70°N latitude. This latitude boundary is also the boundary over which we calculate the
meridional heat transport. The Arctic capan melt date is the average noeltursacross

this polar cap. When looking at individual sectors across the latitude circle, we
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longitudinally average over-8egree sectors before plotting the data. The deatémean
(i.e. the mean melt date over thetee) andmelt count (i.e. the number of grid boxes that
exhibit melt for that datejpre done over thesedegree longitude sectors and bounded by
70°N and 90°N, except in the tish@ngitude plots for individual years. For theelt date
mean, we focus othe boreal spring melSubsequentlymelt dates before day 9Qe.

before March 31are discarded before calculating the mean.

4.3 Trend in mean melt date and eddy heat transport climatology

There is a strong association between the mean melt date over the entire Arctic
polar cap and the September minimum sea ice extent. Mduishows the scatter plot
between the September minimum sea ice extent and the mean melt date across the polar
cap rorth of 70°N. A strong positive correlation (R=0.7420, significant at the 99% level)
exists between the mean melt date and the September minimum for the entig91979
period, such that lower September minimum sea ice extent values are associated with
ealier polar cap mean melt dates. The correlation is mainly driven by the decreasing trend
in both the September minimum and the mean melt date. This is consistent with the
hypothesis put forth by previous studies about the relationship between the éarly me
season and the September minimum extent (e.g. Stroeve et gl. RAddionally, when
we divide the 34year period of the data into two halves, the earliest melt dates and smallest
September extent valuese found in the second half of the period (marked by blue

diamonds in Figur8.1). Thus, both the Arctic polar cap mean melt date and the September

8C



minimum extent show similar declines in recent years, and their correlation is mainly

driven by the trench both time series.
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Figure4.1. Scatter plot of Arctic polar cap mean melt datexis, in days after January
1) and the September minimum sea ice extefix(y, in km”"2) for each year from 1979
2012. Polar cap is defined as area above 70 deli#s latitude. Values for 1979996
(19972012) are denoted by red dot (blue diamond) markers.

A closer look at the longitudinal distribution of the mean initial melt date reveals
that the trend in the mean initial melt date is not evenly distdbateoss all longitudes. In
Figure4.2a, the values shown are the mean values tdegtee longitude sector, bounded
by 70°N and 90°N latitudes. Two interesting features exist in this figure. First, there is a

clear decreasing trend in the melt date f&OAE to 130°W, which corresponds to an area
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that extends eastward from the central Siberian coast to the Beaufort Sea. Throughout this
manuscript, we will refer to this sector as the Siberian sector. Interestingly, the trend in this
sector is not consisteracross the entire time period Rather, the decrease is most
pronounced around and after 1990. Second, there is large interannual variability, with years
that show consistently early or late initial melt across large longitude sectors (e.g. 1990,
2000, 200), relative to surrounding years. These two characteristics also appear when
plotting the mode (Figurd.2b). The mode is calculated in each of the sardedsee

sectors as in the mean and for each year. Since there is one initial melt date at each grid
point in the sector, the mode represents the most common initial melt date incessyie®
longitude sector for a particular year. A close inspection of Fig2te reveals that there

are many bands of similar or identical mode dates oriented horizoatatigs the plot.

Nearly identical and adjacent mode dates in the bands can be interpreted as the signature
of a large melt event, which is sufficiently large in spatial extent to appear as the maximum
in several sectors for that particular year. Such largk events are possibly initiated by a
common largescale atmospheric or oceanic feature. Additionally, there is a decreasing
trend in the mode of the melt date across the Siberian sector, meaning that the most
common date of the initial melt signaturas also been occurring earlier in recent years,

similar to what is observed for the mean melt date.
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Figure4.2. a) Mean melt date across the polar cap (north &iy@r each year in the
19792012 period. Each value plotted is the average acrésdegree longitude sector,
starting from 180 egrees West (i.¢he value plotted at 100 degrees East longitude is the
average in the box bounded by 100 degrees East and 105 degrees East inwhst east
direction and 70 degrees North and 90 degrees Nortgitude in the nortilsouth
direction).b) Same as a), but the mode of the melt date in each 5 degree longitude sector.

Climatologically, at the time of the initial melt, the magnitude of the direct eddy
heat transport by the different frequency ediesmilar and positive. Figur3a shows
the climatological meridional heat transport directly by high, low, and subseasonal
frequency eddies. Heat transport in each frequency band is of similar magnitude and almost
exclusively positive, peaking around®E (20°W). In the Siberian sector (90°E to 230°E
in Figure4.3), the HF and LF heat transport is similar magnitude and larger than the
subseasonal frequency transport in the western part of the Siberian sector. In the eastern
part of the sector, all theecomponents are of similar magnitude. The climatological

magnitude of the cross terms, which represent the interaction of eddies in the three defined
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frequency band with each other and seasonaimean(i.e. the 3@day average centered

on that date)wind and temperature fields, is presented in Fighi@b. The greatest
magnitude cross term is the product of the subsea$@ugiency wind and mean
temperature near 0°E, denoted here as VS*Tbar. Within the Siberian sector, this quantity
peaks around 180°Endgitude. The product of the high frequency wind and seasonal mean
temperature (i.e. the VH*Tbar term) is also climatologically positive in some parts of the
Siberian sector. As we will later show, these two terms are important and associated with
the initialization of significant initial melt episodes that we explore in section 3.3, even
though the high frequency cross term is lower magnitude in the climatology than the other
terms. The product of the low frequency wind and seasonal mean temperatube (i.e. t
VL*Tbar term) is climatologically positive in some parts of the Siberian sector, and is the
second largest cross term in the climatology in terms of magnitude. However, we will show
later that is plays a more minor role in the initialization of sigaiftanitial melt episodes.

The remaining cross terms have very small magnitudes (magnitudes of less than 1 K*m/s)

relative to the terms presented in Figdi&b, and thus are not shown in the figure.
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Figure4.3. a) Climatology of lower troposphere ndional heat transport across 70°N by
high, low, and subseasonal frequency eddies (H, L, and S, respectively), averaged from
day 110 to 140, corresponding to date range ApfiltB0May 20". Heat transport values

are massveighted and vertically averagéwm 1000 to 500 mb, and the data are binned
similarly as in Figure 4.2. b) Climatology of significant cross terms of the lower
troposphere meridional heat transport across 70°N. Date radd@raning is identical as

in a). The bar term in each cross terapresents the seasonal mean (i.ed&f) average
temperature.

4.3.1 Connection between eddy heat transport and mean melt date trend

To investigate the relationship between the trend in the initial melt and the
temperature and lower troposphere heatdport quantities, we explore the time evolution

of each quantity in more detail. In the time evolution of the date of the initial melt each
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year in the Siberian sector (Figutda), there is a steady trend towards an earlier melt date,

in both the meaand in the extreme early and late dates in the initial melt season. The mean
melt date decreases from day 167 (June 16th) to day 138 (May 18th) from 1979 to 2012, a
decline of 29 days over 34 years. After 1987, both the earliest and latest initial ried dec

at a similar rate to the mean, so that the length of the period over which the initial melt is
occurring in this sector is nearly constant. The initial melt occurs over a period when the
mean surface temperature in the Siberian sector is increasajlgtand plateauing to

near and slightly above freezing by the end of the initial melt period (comparing Figures

4.4a and4 4Db).
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Figure4.4. a) Total count of number of 25km*25km grid boxes exhibiting the melt signal

for each day and year in teector of interest (902E30°W). b) Average surface (dfeter)
temperature in the sector of interest (units: K), averaged overd0°N. Dashed lines in

both figures represent the mean melt date over the same sector for each year in-the 1979
2012 periodThis line is identical to the white line in a). c) Total daily lovirepposphere
meridional heat transport (units K*m/s) into the sector of interest acroNs@0each year

in the 19792012 period. d) Total lower troposphere meridional heat transpodsa¢ON

in each longitude sector, summed over day-140, which corresponds to the start of the
initial melt in this sector. The date range is identical to the date range used in Figure 4.3b.
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