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Abstract. The relatively warm 2009-2010 Arctic winterwas 1 Introduction
an exceptional one as the North Atlantic Oscillation index

attained persistent extreme negative values. Here, selecteﬂ] fthis studv is t t a brief . fth
aspects of the Arctic stratosphere during this winter inspired € purpose ot this study 1S to present a briet overview of the

by the analysis of the international field experiment REC- evolution of the Arctic stratospheric polar vortex during the

: : 2009-2010 winter, to discuss the quality of the stratospheric
ONCILE are presented. First of all, and as a kind of refer forecasts of the European Centre of Medium Range Weather

ence, the evolution of the polar vortex in its different phases i i
is documented. Special emphasis is put on explaining the for!:OrecaStS (ECMWF) numerical weather prediction model

1 " : .
mation of the exceptionally cold vortex in mid winter after a ”:r?] ' e:n? rto arr]\azsi mOL\J/ntragrwar\]/le r:r(;duge(:i:tr?rt]ospz)gggc
sequence of stratospheric disturbances which were caused gmperature anomalies ove eeniand. uring the N

upward propagating planetary waves. A major sudden strato- 10 Arcgc V\tnngzr, a_urbctJ;ne_ (?[bser;/_atlo?;E\égeNs(ggsphere
spheric warming (SSW) occurring near the end of Januar))Nere conducted during the internationa m-

2010 concluded the anomalous cold vortex period. Waveohigg' rgh:asa];oBréyssigfigicreﬁcra?'{:'c'[e\,\;sdI:jneﬁflrzgn;e(;s?
ice polar stratospheric clouds were frequently observed b); ’ : pfk rl E)/ nin I,\A/r tic ozon ' d Ilvti nl
spaceborne remote-sensing instruments over the Arctic duJations of kEy processes governing Arctic ozone depletion.

ing the cold period in January 2010. Here, one such casé‘s a main research tool, the Russian high-altitude research

observed over Greenland is analysed in more detail and an
attempt is made to correlate flow information of an opera- n
tional numerical weather prediction model to the magnitude, ~ 'he Integrated Forecast System (IFS) —tsi://www.ecmwf.

of the mountain-wave induced temperature fluctuations Fjint/research/ifsdocs is a primitive equation model based on a two-

nally, it is shown that the forecasts of the ECMWF ensemble!Me-1evel: semi-implicit, semi-Lagrangian spectral transformation
dynamical core with a linear Gaussian transform grid and a triangu-

pr_edlctlon system for the onset of the major SSW were Ve€Yjar truncation. A finite element discretization is employed in the ver-

skilful and the ensemble spread was very small. Howeveryicy) girection, see also Hortal (2002) and Untch and Hortal (2004).

the ensemble spread increased dramatically after the major 2 «gaconciliation of essential process parameters for an en-

SSW, displaying the strong non-linearity and internal vari- hanced predictability of Arctic stratospheric ozone loss and its cli-

ability involved in the SSW event. mate interactions” — a multinational project funded under the Eu-
ropean Commission 7th Framework Programme;eges://www.
fp7-reconcile.eu
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aircraft M55 GEOPHYSIKA (Stefanutti et al., 1999) was culated to demonstrate the long-distance impact local wave
deployed in two distinct phases, with eight flights from 17— sources can have on the temperature history of air parcels.
28 January 2010 and four flights in the second phase from For the first time, and in addition to the familiar usage
27 February—5 March 2010. For both phases, the aircraft wasf deterministic forecasts, the operational forecasts of the
based in Kiruna, Sweden. The GEOPHYSIKA was equippedECMWF ensemble prediction system (EPS) are analysed to
with sophisticated in-situ and remote-sensing instruments tgrovide quantitative measures of the reliability of the strato-
probe the chemical composition and particle distributionsspheric forecasts. As stratospheric research flights usually
and properties in the polar stratosphere. Additionally, duringrequire meticulous planning and preparation several days in
this winter spaceborne CALIPSO (Cloud-Aerosol Lidar and advance, we assess the quality of the 120 h and 240 h fore-
Infrared Pathfinder Satellite Observations) measurements ofasts by all of the 50 ensemble members.
polar stratospheric clouds (PSCs) revealed remarkable prop- The paper is divided into five parts. After this Introduc-
erties in cloud extent and structure; see e.g. Pitts etal. (2011}jon, the methodology and the data sources are explained.
Koshrawi et al. (2011) and other papers, e.g. Kuttippurath eSection 3 deals with thermodynamic aspects of the vortex
al. (2010). evolution and the quality of the ECWMF forecasts. Section 4
The northern polar vortex exhibits remarkable interannualpresents the investigation of a particular mountain wave pe-
variability. During the 2009—-2010 winter, the sequence of ariod at the beginning of the very cold vortex period, and the
cold mid-winter vortex followed by a major sudden strato- final Sect. 5 presents conclusions.
spheric warming (SSW) near the end of January 2010 led
to a variety of interesting phenomena during the two field
phases of RECONCILE. From a dynamical viewpoint, prob-
abI)_/ the most interesting questioq of this stratospheric win;?.1 Meteorological analyses and forecasts
ter is why such a strong and persistent polar vortex evolve
from mid December 2009 until the end of January 2010 al-n this study, different datasets are used. The “truth” is rep-
though many disturbances occurred earlier in November andesented by either operational analysis or by ERA-Interim
December 2009 (e.g. Wang and Chen, 2010; Cohen et alyeanalysis data (Dee et al., 2041)Moreover, short- and
2010). This question will be answered by investigating themedium-range forecasts from two different sources are used:
evolution of the Western Pacific teleconnection patterns agperational high-resolution deterministic forecasts and the
described by Orsolini et al. (2009) and Nishii et al. (2010). jgwer-resolution control forecasts from the ECMWF ensem-
We will investigate the subsequent major SSW, classify itspje prediction system. In addition to the control run, the
development according to the zonal-mean diagnostics develeps consists of 50 differently initialised members. Dur-
oped by Charlton and Polvani (2007, hereafter CP07) as ghg the 2009-2010 winter (on 26 January 2010, to be pre-
displacement or splitting type of warming, and, finally, an- ¢jse), ECMWF upgraded the horizontal resolutions of its
swer the question: was the 2009-2010 Arctic stratospherigjeterministic forecast and data assimilation systems and of
winter really unusually cold? the EPS. The resolution of the deterministic model was in-
A refined classification of the CALIPSO observations by creased fronf 799L91 (25 km grid, prop = 0.01 hPa) to
Pitts et al. (2011) enabled the identification of wave ice PSCs; 1279191 (16 km, ptop = 0.01 hPa); the EPS resolution
Especially, during January 2010, wave ice PSCs were frechanged fronf; 399L62 (~56 km, prop = 5 hPa) to7; 639
quently observed over and downstream of orographic ob1 62 (~32 km, prop = 5 hPa) for the first 10 days of the fore-
stacles in Greenland, northern Scandinavia, and Novay@asts. For further details on how the operational forecasting
Zemlya. Pitts et al. (2011) juxtaposed CALIPSO wave ice system evolved before this update, see, for example, Tables |
observations with a flow diagnostic derived from operationaland Il in Jung and Leutbecher (2007) or consult the ECMWF
ECWMF analyses, namely horizontal divergence DIV, fre- web site http://www.ecmwf.in}. In addition to the ECMWF
quently used as a dynamical indicator of internal gravity data, the analysis of the Western Pacific (WP) index was per-
waves, see for example Plougonvon et al. (2003). For a seformed using the reanalysis data of the Japan Meteorological
lected time period in January 2010, reasonable corresponagency (JMA) and the Central Research Institute of Elec-

dence was found by Pitts et al. (2011) between wave ice PSGic Power Industry (CRIEPI), JRA25 reanalysis, see Onogi
detections and local divergence/convergence whose magnkt al. (2007).

tude exceeds a certain threshold. Here, we explore one case

of CALIPSO mountain-wave induced PSC observations in

more detail and investigate the quantitative relationship be-

tween DIV magnitude and stratospheric temperature anoma- 4 Era-interim is the latest ECMWF global atmospheric reanal-

lies. Furthermore, forward and backward trajectories are calysis of the period 1989 to the present. Information on the resolu-

tion, the data assimilation system, the observations and the bound-
3There exists an old web page about the M55 GEOPHYSIKA: ary forcing of the ECMWEF-Interim reanalysis project can be found

http://www.geophysica-eeig.eu/index.php at http://www.ecmwf.int/research/era/do/get/era-interim

2 Methodology
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2.2 Measures for gravity wave activity particles have lower colour ratios (Liu et al., 2004). Over
most of the ice PSC domain, the maximum number of ob-
Locations of stratospheric gravity wave activity are derived servations occurs at colour ratios from 0.75 to 1.0, indicat-
from the ECMWEF horizontal wind divergence (DIV) at ing large particles. But for ice PSCs withR3, < 0.02,
30 hPa. As discussed in Plougonven et al. (2003), the identhe maximum in the number of observations shifts abruptly
tified waves may not have the correct wavelengths and freio colour ratios of 0.25 to 0.435 (see Fig. 2 in Pitts et al.,
guencies (due to the limited spatial and horizontal resolu-2011). As shown by Pitts et al. (2011), this behaviour is con-
tion), but the time and location of the waves as well as theirsistent with mountain-wave induced PSCs having high ice
phase orientation are expected to be relevant for studyingarticle number densities~L00 % ice activation from the
their generation and propagation processes. In contrast tbackground aerosol) but relatively small particles (1-1.5um
earlier studies using DIV to provide some qualitative indica- radius). Therefore, and because of their correspondence with
tions of the horizontal structure of the waves, we attempt tothe location of a dynamical indicator of mountain waves, the
relate the magnitude of the horizontal wind divergence to theCALIPSO ice cloud observations withRg¢3» < 0.02 are in-
temperature fluctuations relevant for the generation of PSCgerpreted as mountain wave PSCs. Note that the CALIPSO
see Sect. 3.3. As an additional diagnostic tool for determinwave ice PSC class is not all-inclusive; other CALIPSO ice
ing the temperature fluctuations due to the adiabatic cooling?SC observations may be associated with mountain waves,
and warming in mountain-wave induced temperature anomabut do not meet the strict (R53»> < 0.02) wave ice identi-
lies, we analyze ensembles of trajectories calculated witHication criterion, e.g. observations immediately upwind or
the Lagrangian trajectory model LAGRANTO (Wernli and downwind of the location of peak backscatter.
Davies, 1997).

2.3 CALIPSO Data 3 Results

For the case study provided in Sect. 3.3, spaceborne lidaB.1 Polar vortex evolution
measurements from CALIPSO provide the different PSC
compositions observed along the selected orbits. The priThe temporal evolution of the minimum temperati@iggy at
mary instrument on CALIPSO is a lidar (CALIOP, or Cloud- the 50 hPa pressure surface betweenNand 90° N during
Aerosol Lidar with Orthogonal Polarization) that measuresthe 2009-2010 Arctic winter is compared to the recent 21-
backscatter at wavelengths of 1064 nm and 532 nm, with ther climatology in Fig. 1. Cooling of the Arctic polar vortex
532-nm signal separated into orthogonal polarization com-generally followed the 21-yr ECMWF climatological mean
ponents parallel and perpendicular to the polarization planghrough mid November 2009, wheR,n had dropped to
of the outgoing laser beam. A description of CALIOP and its about 200 K (Fig. 1). From mid November until mid Decem-
on-orbit performance can be found in Hunt et al. (2009), andber 2009 7Iiyn was well above the climatological mean. This
details on calibration of the CALIOP data are provided by period was characterized by downward propagating temper-
Powell et al. (2009). CALIOP has proven to be an excellentature anomalies in the stratosphere (see Fig. 4 in Wang and
system for observing PSCs (Pitts et al., 2007, 2009, 2011). Chen, 2010 and Sect. 3.2). As a consequence of these distur-
The CALIPSO PSC algorithm as defined by Pitts et bances, the polar vortex split into two unequally strong lobes
al. (2009) defined four CALIPSO PSC composition classes:during the first ten days of December. Figure 2a, b illustrates
supercooled ternary solution (STS), water ice, and twothe corresponding flow and temperature structure of the po-
classes (Mix 1 and Mix 2) of liquid/nitric acid trinydrate lar vortex. The associated minor warming prevented a further
(NAT) mixtures. Mix 1 denotes mixtures with very low decline ofTyyn, resulting in the observeliyn values above
NAT number densities (from about-310~* to 10~ cm~3), the climatological mean. The stronger and colder vortex lobe
while Mix 2 denotes mixtures with higher-(l03cm~3)  located over the Canadian sector of the Arctic survived this
NAT number densities. Prompted by CALIOP observationsearly warming event, recovered and cooled gradually through
during the recent winters, Pitts et al. (2011) defined two newmid-January 2010. There was a significant droffjfin be-
PSC classes. Besides one additional NAT PSC class as réew Tnar and Trrost during this period, to values as much
ferred to as Mix 2 enhanced, Pitts et al. (2011) found that in-as 9 K below the climatological mean (Fig. 1). Typical flow
tense mountain-wave induced PSCs can be distinguished @@d temperature fields from this exceptionally cold period
a subset of CALIPSO ice PSCs through their distinct opticalare shown in Fig. 2c, d, depicting a coherent polar vortex
signature inRs3p, the ratio of total to molecular backscat- centred near the North Pole. An analysis for the physical
ter at 532 nm, and the lidar colour ratio, the ratio of 1064- mechanisms leading to this period is presented in Sect. 3.2.
nm particulate backscatter to 532-nm particulate backscat- During the second half of January 2010, a planetary wave-
ter. In general, lidar colour ratio is an indicator of the par- number-one event displaced the polar vortex towards the Eu-
ticle size; cirrus and tropospheric clouds have colour ratiosropean sector of the Arctic (see Fig. 3a, b). This major warm-
of around 1, indicating large particles, while smaller aerosoling event marked the start of the gradual break-up of the polar
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Fig. 1. Minimum temperature@jyn (K) between 65 to 90N at

the 50hPa pressure surface: Black line denotes the mean valu
from 1989-2009, the red line thByy evolution from August
2009 through May 2010; shaded area encompasses the min
mum/maximuniyyn between 1989 and 2009. Blue solid line: cli-
matological mean polar cap (50 to9N) temperaturdpo| AR CAP;
dotted blue line: mean polar cap temperature from August 200¢
through May 2010. Source: ECMWF reanalyses interim (ERA- i w w s m o o w0 s w ——— s 8 70 10m 210 1m0 s 20n 740 0 20 00
Interim) data provided at 6 hourly temporal resolutions, ddgn:
/Iwww.ecmwf.int  The PSC formation temperatur@sar and
TrrosTare calculated assuming volume mixing ratios of 5 ppm for
water vapour and 10 ppb for nitric acid trihydrate (NAT); Hanson
and Mauersberger (1988).

Fig. 2. Panelqa) and(c): absolute Temperature (K, colour shaded)
and geopotential height (m; black contour lines) at the 50 hPa pres-
sure surface. Pane{b) and(d): scaled or modified potential vor-
ticity PV -(©/420 K)~9/2 (PVU; colour shaded) a = 425K (see

Lait, 1994). Operational ECMWF analyses interpolated at a regular
0.5 x 0.5° latitude/longitude grid for 10 December 20Q8 b) and

. ) 9 January 201(c, d).
vortex. Although the vortex rapidly lost its symmetry and the

cold region progressively shifted away from the vortex cen-
tre (resulting in an increasing baroclinicity and susceptibility the flow across Greenland. A case study will be discussed in
for instabilities), Tiyn inside the vortex remained below the detail in Sect. 4.
climatological mean until the end of January 2010 at 50 hPa According to the WMO definitioh, a sudden stratospheric
(Fig. 1). However, the intense and long-lasting disturbance ofwarming occurs when the zonal mean zonal wind at B0
the polar vortex through the planetary wave activity resultedon the 10 hPa pressure surface becomes easterly. The first
in a continuous warming in February 2010. Figure 3c, d de-day on which the daily zonal-mean zonal wind at 80and
picts the stratospheric flow and temperature fields in earlyl0 hPais easterly is defined as the central date of the warming
February 2010, several days before the final vortex break-up— s

It must be noted that the so called WMO definition of sudden

The mear_1 pollar (?ap temperatmOLARCAP |_n 200.9_. stratospheric warmings has been interpreted differently in details by
2010 (blue lines in Fig. 1) evolved in a qualitatively similar different authors. Andrews et al. (1987, p. 259) writdsis'defined

evolution as did7yn. However, and in contrast B, somewhat arbitrarily, to be a major warming if at 10 mb or below
TroLarcap indicated the onset of the warming earlier as athe zonal-mean temperature increases poleward froflgttude
result of the vortex displacement from the pole. Further-and the zonal-mean zonal wind reverses. If the temperature gradi-
more, the mean polar cap temperature remained above thent reverses there but the circulation does not, it is defined to be a
climatological mean for a longer period, until the end of minor warming’. Kriiger et al. (2005) specify the North pole as the
March 2010. This means, that the Arctic stratosphere as &xactlocation where the temperature gradieiit= Too- N—T60° N
whole was warmer than usual, but that there were small rehas to be calculatedMajor warmings are associated with a break-

gions within the vortex wittTiun below the climatological down of the polar vortex as well as a warming of the polar region
mean in March 2010 and the reversal of the meridional temperature gradient between

: ] ) ) . 60° latitude and the Pole. The vortex breakdown is defined by the
Another interesting feature during this period was the fre-eyersal of the mean zonal westerlies poleward 6f Bfitude into
quent occurrence of wave-like structures, discernable as Uneasterlies, at least down to 10 hPaOn the other hand, Limpasu-
dulations of the geopotential height fields in the extreme coldvan et al. (2004) modified the criteria three ways by taking 185
region over Greenland’s east cost (Fig. 2c, d). The associand adding a 5 days period for whichT = Tgso \ — Tge N has
ated regional cooling resulted from the adiabatic expansiorto be positive and shifting the latitude from 60 to°8% for cal-
in updrafts induced by orographic gravity waves excited byculating the wind criteria: According to the WMO definition,
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Fig. 4. Criteria of a major warming: time series of 120 h forecasts at
10 hPa of the meridional temperature differef@gand the zonally
averaged zonal velocity at 60l (b) for the winter 2009/2010. Re-
sults are shown for high-resolution deterministic (dotted lines) and
lower-resolution EPS control forecasts (dashed lines). Also shown
Fig. 3. Panelga) and(c): absolute Temperature (K, colour shaded) is the verifying operational analysis (solid lines)T is computed
and geopotential height (m; black contour lines) at the 50 hPa presfrom zonally averaged temperature differences betwe&iNgind
sure surface. Panefb) and(d): scaled or modified potential vor-  60° N. The grey shaded column marks the 5 day period after the
ticity PV -(©/420 K)~%/2 (PVU; colour shaded) @ = 425K (see  mean temperature gradient betweefi B%nd 60 N is positive and
Lait, 1994). Operational ECMWF analyses interpolated at a regu-the thick solid line marks the central date of the major warming
lar 0.5x 0.5° latitude/longitude grid for 24 January 20({# b)and  event on 26 January 2010. The dashed vertical line marks the end
5 February 201(c, d). of the 20 day period after the central date of the SSW.

(CPO7). During the Arctic winter 2009-2010, the central | addition to the operational ECMWF analyses, Fig. 4
date was determined to be 26 January 2010 (see Fig. 4byso displays the temporal evolution of the operational deter-
Additionally, the WMO definition requires that the 10hPa mjnjstic and the EPS control forecasts for a lead time of 120 h
zonal-mean temperature gradient betweehf6@nd 85° N for hoth of the SSW criteria. Although the operational fore-
be positive for an event to be designated as major warmingasts predict the onset of the major SSW event accurately,
(see Limpasuvan et al., 2004, p. 2588). This condition washere exist some discrepancies between the forecasts and the
already satisfied exactly 5 days before the central date (Seerifying analyses, especially after the major SSW end of
Fig. 4a). CP0O7 used 90 as the northernmost reference lati- janyary, which will be discussed in Sect. 3.3.

tude to calculate the meridional zonal-mean temperature gra- gssed on a composite analysis, CP07 classified SSWs into
dient; conducting the same analysis with temperatures take( ey displacement and splitting events. Figure 5 depicts the

at this latitude does not change our results. No days withinoqng_2010 polar cap temperature anomkpor ar capfor
20 days of the central date can be defined as SSW (Vert'ca(!lifferent pressure levels in a manner analogous to Fig. 6 in

dashed lines _at. ;5 Febrqary 2010 .in Fig. 4). According tocpo7. Here ATpoLarcap is calculated as the deviation to
the WMO definition, the final warming occurred during the 4, temporal mean of the zonally average arcap be-
second half of February when the zonal-mean zonal wind be,een 56 N and 96 N for the winter months DJFM. The
came (_aasterly and did not returln t.o \_Nesterly for 10 days fromg, o 1ution of ATroLarcap at 10hPa (black solid line in

16 until 26 February 2010. This is in agreement WllN  Fig. 5) corresponds qualitatively to the characteristic curve,
and7poLarcap at 50 hPa being well above the climatologi- cpg7 calculated for the vortex displacement type as a com-
cal mean. posite average. During the growth phase of the anomaly,
a stratospheric warming occurs when the latitudinal gradient in the mm'mumATPOLARCAPﬁCCWS about 25ddays bef_orehthe
10-hPa zonal-mean temperatures betweehMand 60 N is posi- max'mumATP_OLARCAP' The ATpoLarcap decrease in the
tive for more than 5 days. If the 10-hPa zonal-mean zonal wind atd€c@y phase is within 3K of the values found for the vor-
65° N is concurrently easterly, the warming event is categorized ast€x displacement composite of CP07. However, the strength
a “major warming”; otherwise, the warming event is categorized Of the anomaly withATpoarcap” 17 K is about twice the

as “minor” (see Andrews et al., 1987). values calculated by CPQ7. This certainly reflects the fact
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Absolute Temperature T (K) at 050 hPa Absolute Temperature T (K) at 050 hPa
AT for December 2009 and <T> from 1989 - 2009 AT for January 2010 and <T> from 1989 - 2010

—-

—_

ATsoue cw/K
5 o o o o o

Dec Jan Feb Mar

Fig. 5. Polar cap temperature (50 to98) anomalyATpo| AR CAP )
at 10 hPa (solid line), 20 hPa (dotted line), 50 hPa (dashed line) ant. pupee—
100 hPa (dashed-dotted line) for the winter months December, Jan-" " = = ® =" ° " * * * 7 T EEa e Ee e
uary, February, and March 2009-2010. The grey shaded area Mark s o resmary 2.0 ana < from 1955~ 2010 a7 for Mareh 5016 and <1 from 1999 2010
the 5 day period after the mean temperature gradient betwéevw 85 2 s ==

and 60 N is positive and the thick solid line marks the central date

of the major warming event on 26 January 2010.

that the composite diagnostic of CP07 is an average over 15
events. Also astonishing is the temporal shift of the posi-
tive anomaly after the central date of the major SSW unlike
in the CP0Q7 analysis where it occurred exactly at the central
date. In contrast to CP07, we do not observe an extended
decay phase at lower levels (see dashed line in Fig. 5). In-
stead, the polar cap anomalies are amplified in the seconfig. 6. Anomaly patterns of the absolute temperature (K; color
half of February 2010. This is consistent with the splitting of Shaded) and the monthly mean temperature (K; solid lines) at
the polar vortex in this time period; see the Supplement. Inthe 50hPa surface .for December 2009,_January, F(_ebruary, and
summary, we conclude that the SSW end of January 2010 rel\_/larch 2010, resgect_lvely. Data_lz ERA-!nterlm analyses interpolated
sembles the displacement type. The eventual vortex break u?)n aregular & 1 latitude/longitude grid.

into two lobes occurred in the second half of February 2010,
. . . ; Table 1. Monthly mean polar cap (50 to 90N) temperatures (K)
A climatological analysis to explore the question of

at 30 hPa calculated from the ERA-Interim data. Last two columns:

whether this winter was exceptionally cold revealed the sur-ier means from November to February and December to Febru-

prising result that the 2009-2010 winter was the secondyry respectively. Red (blue) colours denote unusually warm (cold)
(third) warmest winter in the last 21 yr at 30 hPa (50 hPa), arctic winter.
see Tables 1 and 2, respectively. Only the period from the
end of December 2009 until the end of January 2010 was Winter Nov Dec Jan Feb NDJF DJF
colder than the climatological mean. This result is also con- 1989/1990 210.677 206.686 207.556 216.460 210.345 212.571
firmed by the negative stratospheric temperature anomalies 1990/1991 209.437 208.077 213802 215983 211825 212.370
i the different wint h h i Fia 6. T 1991/1992 209.401 208523 214.181 215521 211.906 212241
In the different winter months as shown In Fig. 6. TWO 199511993 211212 208522 207.099 213.191 210006 211.529
pronounced cold temperature anomalies exist in December 1993/1994 210.584 210.759 212.366 211.931 211.410 211.301
and January over Canada and the European-Asian sector, re1994/1995 210650 205039 209.960 216460 210527 212.153
) ; . . “1095/1996 209.493 203.882 206.729 210.934 207.760 208.811
spectively. These temperature anomalies are associated Withygg/1997 210731 209.330 207.742 207.845 208.912 208.938
stronger than normal vortices in these regions (see negative1997/1998 209.215 211510 212547 214574 211.961 212.468

i i i H i i i 1998/1999 209.259 213.483 209.268 212.279 211.072 211.825
anomalies in the geOpOtentlal helghth6|dS In Flg 7) 1999/2000 208.426 206.466 205.583 211.830 208.076 209.638

2000/2001 211.865 212.939 209.091 218.908 213.201 215.655
3.2 Strong vortex event of early January 2001/2002 208.673 211.560 214.141 214.429 212201 212.272
2002/2003 208.654 208.786 214.632 214.950 211.755 211.835

. . . 2003/2004 209.550 210.723 215200 212540 212.003 211.338
The first phase of the RECONCILE flight campaign took 50045005 210577 204927 205195 211.026 207.931 209.389

place from the middle to end of January 2010. In the lower 20052006 210514 208535 215574 213.876 212.125 211.700
stratosphere, the coldest conditions in the entire winter oc- 2006/2007  207.768 208839 211530 ~ 214.749  210.721  211.526
d then. in a brief beriod betw the t ¢ trato. 2007/2008 210160 206310 209313 216015 210449 212.125
curred then, In a briet period between the two Strong Stralo- 50082009 210033  208.275 211.989 220629 212732  214.892
spheric warming events of December and late January. We 2009/2010 212.599 210.022 208.875 218.695 212.548 215.003
now examine in some details the origin and development of wean  200.975 208.723 210416 214.654 210.927 211.885
this pronounced cold vortex event. The vortex averaged tem-
peratureTpoLarcap at 50 hPa was anomalously cold from

late December to early January, and local temperatures fell

8 -7 6 -4 -3 -2 -1 0 1 2 3 4 6 7 8 -7 -6 -4 -3 -2 -1 0 1 2 3 4 6 7
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Table 2. Monthly mean polar cap (50 to 9N) temperatures (K) ,  Sereuig G 2 (s 5imre 0 T ool o o am oo~ 2010
at 50 hPa calculated from the ERA-Interim data. Last two columns:

Winter means from November to February and December to Febru:
ary, respectively. Red (blue) colours denote unusually warm (cold)
Arctic winter.

Winter Nov Dec Jan Feb NDJF DJF

1989/1990 212.140 208.599 208.247 214.767 210.938 212.568
1990/1991 210.825 209.581 212.712 216.153 212.318 213.178
1991/1992 211.283 209.673 213.153 214.852 212.240 212.665
1992/1993 212.601 209.662 207.524 211.092 210.220 211.112
1993/1994 212.378 211.974 212.739 212.322 212.353 212.249 s —

1994/1995 212.083 207.162 209.263 214.934 210.861 212.278 |, s - CUNENE— | UANm— L iwm—
1995/1996 211.591 206.898 207.450 210.050 208.997 209.647 o o

Geopotential Height Z (m) at 050 hPa Geopotential Height Z (m) at 050 hPa

1996/1997 212.717 211.691 209.556 208.981 210.736 210.593 4z for February 2010 and <Z> from 1989 — 2010 AZ for March 2010 and <Z> from 1989 - 2010

1997/1998 211.244 212.444 213.319 214126 212.783 212.985 T
1998/1999 211.390 213.564 211.334 212.276 212.141 212.376 :
1999/2000 210.623 208.584 206.527 210.619 209.088 210.111
2000/2001 213.035 213.281 210.019 218.567 213.726 215.862
2001/2002 210.693 211.824 214.385 214.364 212.816 212.811
2002/2003 211.040 210.092 213.542 214.791 212.367 212.679
2003/2004 211.555 211.307 215.177 214.479 213.129 212.955
2004/2005 212.082 207.610 205.990 210.117 208.950 209.981
2005/2006 211.971 210.146 214.778 215.848 213.185 213.453
2006/2007 210.166 209.734 211.579 213.991 211.368 211.971
2007/2008 212.208 208.745 209.572 214.865 211.347 212.671
2008/2009 211.873 210.139 211.560 221.520 213.773 216.263 ~ e -
2009/2010 214.335 211.312 209.902 217.921 213.368 215.372 N (. H

-336-288-240-192-144 96 48 0 48 96 144 192 240 288 -306-288-240-192-144 -96 -48 0 48 96 144 192 240 288

MEAN 211.802 210.191 210.711 214.237 211.748 212.561

Fig. 7. Anomaly patterns of the geopotential height (m; color
shaded) and the monthly mean geopotential height (m; solid lines)
at the 50 hPa surface for December 2009, January, February, and
below Tnar, and even beloWrrosrtfor a few days (Fig. 1).  March 2010, respectively. Data: ERA-Interim analyses interpolated
This period was the only occurrence of minimum vortex on a regular X 1° latitude/longitude grid.
temperatures beloWnar during the entire winter (Fig. 1).
On two occasions between December and February, the
zonal-mean zonal winds at 10 hPa and BOstrengthened polar stratosphere cooled by up to 5K on average at levels
markedly to over 40 mst (Fig. 4b). The polar stratospheric between 10 hPa and 30 hPa within 5 days of the peak of the
cooling and vortex strengthening were likely a response ofWP event, and the cooling persisted for a month.
the weakened planetary wave activity which is indicated by Calculation of a standardized WP index using an Empir-
the zonally-averaged meridional eddy heat flux decreasingcal Orthogonal Function approach applied to the JRA re-
well below its climatological average. Indeed, a period of analyses reveals that the period from December 2009 to early
anomalous low heat flux prevailed from mid-December to January 2010 was characterized by a positive WP index, with
early January in similar manner as in the previous wintera first maximum occurring around 13 December and a sec-
2008/2009 (Fig. 8). ond, stronger maximum around 3 January (Fig. 9). In agree-
These two events when the polar stratosphere cooled anghent with the ECMWF data, the heat flux anomalies with re-
the vortex strengthened correspond to the development o$pect to the 1980-2007 JRA climatology over mid and high
a positive phase of the Western Pacific (WP) teleconneciatitudes were negative during this period, and the coldest 50-
tion pattern in the troposphere, as described by Orsolini ehPa polar temperatures were found within a week of the peak
al. (2009) and Nishii et al. (2010). Generally, the West- in the WP index; see Figs. 8 and 9. Anomalously cold tem-
ern Pacific pattern is characterized by a north-south orientegberatures lasted slightly less than 3 weeks, before the return
dipole of geopotential anomalies in the troposphere, with ato anomalously warm temperatures; see Fig. 1.
high over the North Pacific in its positive phase. The WP  Five-day averaged geopotential heights for 1-5 January
typical development and influence on the stratospheric circuand 6-10 January are shown in Fig. 10, at 250hPa and
lation is revealed by the composites of 18 strong events in th80 hPa, separately, along with their anomalies from the
JRA re-analyses over the years 1979 to 2008, as described it980-2007 JRA climatology. In early January, a north-
Nishii et al. (2010). It involves the westward retrogression south dipole anomaly exists at 250 hPa over the North Pa-
of the high over the North Pacific, where it interacts and ulti- cific/Eastern Eurasia region that project strongly onto the WP
mately suppresses the climatological planetary wave trouglpattern in its positive phase (Fig. 10a). Additionally, a promi-
over the Far East, giving rise to a decrease in upward waveent positive tropospheric height anomaly (blocking high) is
fluxes into the stratosphere. In the composite analysis, théocated over southern Greenland leading to tropospheric as
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Fig. 8. Daily 100 hPa zonally-averaged meridional heat flux as a
function of time for the climatology (black line) and 2008/2009
(dotted line), and 2009—-2010 (gray shading); compare to Fig. 5 in
Hinssen and Ambaum (2010). !
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I
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I . Fig. 10. Geopotential height (m; contour lines) and anomaly (m,
0 Y

colour shading) from its climatology (1980—2007) at 250 fée)
! "du W L 4 and 30 hP4b, d). (a, b) Average for 1-5 January 201(, d) aver-
age for 6-10 January 2010.

"1 6 11 16 21 26 1 6 11 16 21 26 . i
December 2009 | January 2010 the North Atlantic (Fig. 10c). The upward propagation of the
planetary waves into the stratosphere tends to be weakened
Fig. 9. Time series of the WP index (red; left axis), heat flux by blocking highs over the Far East and western North Pa-
anomaly (V- T]a) from the 8-day low-pass filtered fields of merid- - ¢ific hut enhanced by blocking highs over the Euro-Atlantic
lonal wind (V) and temperaturel) at the 100hPa surface (4510 gector, see Nishii et al. (2011). In other words, the Arctic
85N mean, 10Kms*; black, right axis) as a measure of up- stratosphere would have been cooled even stronger if the At-

ward planetary wave propagation. Polar stratospheric temperaturg ™ . . . h
anomalyT at 50 hPa (70 to 90N mean, K: purple, right axis). The fantic blocklngl hafj not formed simultaneously with the WP
apattern; see Nishii et al. (2011).

anomalies are calculated with respect to the JRA 1979-2007 clim
tology. The interaction of the Pacific blocking high with the plan-

etary wave trough appears clearly in the evolution of the po-

tential vorticity (PV) depicted at the 300K isentropic sur-
well as stratospheric westerly winds. As they are nearly perface from late December 2009 to early January 2010 in
pendicular to Greenland’s east coast, the Atlantic block genFig. 11, where the PV =2 contour has been chosen to distin-
erated favourable flow conditions for the excitation and prop-guish stratospheric (P¥ 2) from tropospheric air (P 2).
agation of mountain waves; see Sect. 4. At stratospheric alOver the Far East, the westward-propagating block leads to
titudes, the reinforcing polar vortex is still slightly elongated a strong inward and poleward planetary wave breaking ex-
and shifted off the pole (Fig. 10b and compare to Fig. 2a). truding an elongated high-PV filament into mid-latitudes. A

From 6-10 January, following the peak in the WP index, Similar pattern was found in the composite diagnostics by

the polar stratosphere at 30 hPa is characterised by loweNishii et al. (2010). Planetary wave breaking is the essence
heights than normal and a strong zonal circulation (Fig. 10d) of the developing blocking high over the western Pacific and
Such an anomaly, or in other words such a strong vortextig. 11 illustrates how the breaking weakened the trough over
event, is consistent with a damped planetary-wave-inducedhe Far East that is usually observed in winter seasons (Or-
poleward heat flux as indicated in Figs. 8 and 9. The re-solini etal., 2009; Nishii et al., 2010).
sulting reduction on the upward planetary wave flux by the Following this strong stratospheric cooling event, the tran-
positive WP pattern in early January 2010 might be partiallysition to the major SSW came abruptly, without a precondi-
offset by the influence of the prominent blocking high over tioning and weakening of the polar vortex (Fig. 4b; see also
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AT/K

Standard Deviation/K

Fig. 11. Potential Vorticity (PVU, color shading) on 300K poten-

tial temperature level. Yellow: PV less 2 PVU (tropospheric air),
blue: PV larger 2 PVU (stratospheric airfa) 30 December 2009; (b)
(b) 1 January 201Qc) 3 January 2010.

U/ms™

Standard Deviation/ms™

Ayarzadiena et al., 2011). This particular SSW event was . :
marked as an extreme positive anomaly of wave-activity in-
jection into the stratosphere in referring to Figs. 8 and 9.

(©
4 Forecast quality

Based on the operational analyses in association with thi
ERA-Interim climatology from 1989-2009, the research air- R Y 3
craft GEOPHYSIKA was deployed in anomalously cold Nov Dec Jan Feb
stratospheric temperatures in January and under climato-

. e . . Fig. 12. Major warming criteria for a forecast lead time of 240h.
logically average conditions in March 2010 during the two (a) Meridional differenceAT of the zonally averaged temperature

phf’ises of th_e RECONCILE campaign. During this CaMm-petween 85 and 6N at 10 hPa.(b) Zonally averaged zonal wind
paign, operational forecasts were provided regularly to guidey 4t 6> N and 10hPa. Red and blue lines(&) and (b) denote
the operations of the GEOPHYSIKA. The flight planning for the verifying analyses, respectively. The gray shaded area encloses
an aircraft operating in the stratosphere proceeds in succeshe minimum and maximum values of all EPS members, the solid
sive steps starting about 5 to 6 days before take-off. Thereblack line mark the ensemble mean, and the dotted lines the respec-
fore, the medium-range forecasts of the ECMWF constitutedive standard deviationsy7 andoy defined among the ensemble
a valuable tool for flight planning. During the daily weather members around the corresponding ensemble mdajslit rates
briefings, the reliability of the operational deterministic fore- (solid lines) and false alarm rates (dott_ed I_ines) assigned _to the fore-
casts was often discussed. Subjectively, the impression aro&@sted days of the EPS members satisfying the SSW critertd for
that the variability of the 6—10 day forecasts for the strato—(blue) andAT (red), respectively.
sphere was exceptionally high and that the ECMWEF IFS pre-
dicted the SSW too early for longer lead times.

In order to quantify the variability of the IFS forecasts,  For both lead times, the ensemble spreagds and oy
we analysed the performance of the 50 members of the EP&re nearly uniform until the onset of the SSW. Typical val-
for two different lead times during the winter 2009-2010. yes in this pre-SSW period ase. 7 ~ 3K (0.8 K) andoy ~
First, we consider the variability of the EPS forecasts beforesms (1ms™?) for the 240h (120h) forecasts, respec-
evaluating the forecast's skill. Figures 12 and 13 show timetively. As expected, the EPS spread decreases significantly
series of the SSW criteria7 andU as well as the ensemble  for the shorter lead time in accordance with results by Jung
spreads, calculated as the standard deviaosandoy  and Leutbecher (2007), compare Figs. 12 and 13. During
(dotted lines in panels a and b) at 10 hPa for forecast leaghe SSW,oo7 andoy decrease or remain nearly the same
times of 240 h and 120 h, respectively. Additionally, the false whereas after the SSW the ensemble spreads increased by up
alarm and hit ratésof the EPS are shown for the period from to 500 %. This means, the forecasts containing the SSW pe-
November 2009 till February 2010 (Figs. 12¢ and 13c). riod produce a larger uncertainty of flow regimes after the

simulated SSW events occurred in the model simulations.

6 The false alarm rate is the ratio of false positive predictions to Fu.rt.he.rmore, the. EPS forecasts also show a significant vari-
the sum of false positive and true negative predictions of the SS\AFb'I'ty in the period Of_ abOUt 20 days after the cgntral ‘?'ate
criteria AT > 0 andU < 0, respectively. The hit rate is the ratio of ©Of the SSW. Summarizing, the forecast spread is relatively
true positive predictions to the sum of true positive and false neg-Smaller for forecasts that start before the vortex weakening.
ative predictions of the SSW criteriaT > 0 andU < 0, respec-  In contrast, it is larger for forecasts that start when the ob-
tively. served vortex is weakening (late January). This means, the

Hit / False Alarm Rate
=)
>
1
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EPS forecasts. For shorter lead times, the EPS forecasts have

30

bers (hit rate = 1) predict the onset and evolution of the SSW
for the criteriaAT > 0 very accurately, whereas about half
of the members satisfy the criterfa < 0. This surprisingly
uniform performance of the EPS holds for both lead times.

] o0 In this period, the ensemble mean follows very closely the
(b) ] W Fiss  verifying analyses and the false alarm rate is low. Prior to

AFN 12 the SSW, the false alarm rate is small for both criteria and re-

i stricted to a short period before the central date of the SSW.
In contrast, the period after the SSW is characterized by large
uncertainty, with alternating periods of high hit rates and high
false alarm rates.

A closer inspection of the time evolution of the ensemble
means for a lead time of 240 h reveals nearly regular oscil-
lations with a period of about 7 days in the forecagt and
U fields. The reason for these oscillations remains unclear
as they do not seem to be associated with the oscillations
seen in the meridional heat flux. This leads to the question as
to how realistic the forecasts are. Generally, the EPS mem-
bers underestimate the strength of the polar vortex as the U-
Fig. 13. Major warming criteria for a forecast lead time of 120h. Values of the operational analyses are almost always larger
(a) Meridional differenceAT of the zonally averaged temperature than the ensemble mean (the only exception is the SSW pe-
between 85 and 6(N at 10 hPa.(b) Zonally averaged zonal wind  riod). This may be a result of the reduced horizontal resolu-
U at 60° N and 10hPa. Red and blue lines(m) and (b) denote  tion of the EPS, as a comparison with Fig. 4b shows a satis-
the verifying analyses, respectively. The gray shaded area enclosggctory agreement between the U-values of the more highly
the minimum and maximum values of all EPS members, the solidresglved deterministic forecasts and the analyses.
t_)lack line mark th_e gnsemble mean, apd the dotted lines the respec- In order to quantify the deviations between the 120 h and
tive standard deviationsp7 andoy; defined among the ensemble 240h (EPS as well as deterministic) forecasts and the ver-

members around the corresponding ensemble mdapsiit rates ifying analyses, we calculated the meridional temperature
(solid lines) and false alarm rates (dotted lines) assigned to the fore- 9 ySes, P

casted days of the EPS members satisfying the SSW criterid for differenceA 5o as zonally averaged temperature differences
(blue) andA T (red), respectively. between the polar cap (75 to9g) and the mid-latitudes (50

to 65> N) at 50 hPa for NDJF, see Fig. 14. Except for minor
deviations, theATsg curves show the characteristic proper-

) ties of theAT curves depicted in Figs. 12a and 13a for the
forecast system can capture well when the vortex begins (Qggpective lead time. As already indicated, the largest devia-

weaken, butitis difficult fpr the systerr_1 to fore.cast how |C_>ng tions (A Tsolmax =~ 10 K) between the forecasts and the veri-
the vortex weakening will last by using rapidly changing fying analyses occur in two periods from mid-November un-
fields as initial values for the forecasts. til mid-December 2009 and after the SSW in February 2010.
Surprising conclusions can be drawn from the analysis ofThis finding holds for both of the lead times considered (see
the evolution of the hit and false alarm rates; see Figs. 12d=ig. 14c) and is in accordance with the high false alarm rates
and 13c. First of all, two distinct periods characterized ei-for the criterionAT > 0 during these periods. As above, en-
ther by high false alarm rates or high hit rates can be distin-hanced planetary wave activity and incorrect flow responses
guished: the first period lasts from mid November until mid of the model simulations to the stratospheric warming are
December 2009, and the second period covers the SSW. For@ossible causes. The high-resolution deterministic forecasts
lead time of 240 h, the false alarm rates for predicting a SSWseem only to deviate from the EPS control run in periods
in the first period are high, often equal to 1, i.e. all membersof enhanced planetary wave activity. From mid-December
of the EPS predict a positivAT between the polar cap and 2009 until the end of January 2010, both forecasts are close
mid latitudes. For the U-criterion, the false alarm rates aretogether.
smaller, i.e. a significant portion of the EPS members does Finally, we turn to the predictability of the strong vortex
not predict flow reversal. Recall that this period was char-events, which followed the high WP positive phases. At a
acterized by higher than normal planetary wave activity (sedead time of 120 h, the intensification of the negative merid-
Fig. 8), which might be responsible for the uncertainty in the ional temperature gradient and of the jet strength are well

~10 -

(a) =0 g higher skill and the false alarm rates are limited to shorter
10 5 periods in November (Fig. 13c).
S & Turning the attention to the SSW period, all EPS mem-

—20 -

U/ms™

1
Standard Devi

—20 -

()

Hit / False Alarm Rate

Nov Dec Jan Feb
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Fig. 15. Stratospheric gravity waves: locations of moun-
tain wave occurrence (number of six-hourly events) as indi-
cated by regions ofDIV|>2x 10~4s~1 at 30hPa for Octo-
ber/November/December 2009 (left panel) and for January 2010
(right panel). Operational ECMWF analyses interpolated at a regu-
lar 0.5 x 0.5° latitude/longitude grid.

5}
Standard Deviation/K

—_~
)
~

Deviation /K

ning of January 2010. As shown indihbrack and Leut-

becher (2001), nearly unidirectional winds in the troposphere

! and stratosphere are one essential criterion for mountain

- . waves propagating upward into the stratosphere. Indeed, be-
sides synoptic-scale ice PSCs inside the cold polar vortex,

Fig. 14. Time series of 240Ka) and 120h(b) forecasts of the  CALIPSO frequently observed wave ice PSCs with distinct

meridional temperature differenat7so at S0hPa for the winter . ynerties in backscatter ratio, aerosol depolarisation, and

2009—20_10. Results are_shown for high-resolution determlm_snccolour ratio during the exceptionally cold period in January
(blue solid), lower-resolution EPS control forecasts (green SOIId)’%OlO

and the ensemble mean (black solid). The area between the minim
and maxima ofA Txq from all 50 EPS members are shaded in grey.  Pitts et al. (2011) found a reasonable agreement of the
The dotted lines in the upper panels are the standard deviations dbcations of these wave ice PSCs and extreme values of
AT of the ensemble predictions. Also shown is the verifying op- DIV for a limited period from 31 December 2009-14 Jan-
erational analysis (red solid). The meridional temperature gradienuary 2010. In a hydrostatic model such as the IFS, local-
ATso is computed from zonally averaged differences between thejzed anomalies of the divergence above a certain threshold,
polar cap (75 to 90N) and the mid-latitudes (50 to 6W). The e.g. DIV| =2 x 10-4s~1 at 30 hPa, are suitable dynamical
bottom pane(c) shows the deviations between the verifying anal- i qicai0rs of updrafts and downdrafts. Most of the events
yses and deterministic forecast (blue), the control forecast (green),

and the ensemble mean (black), respectively. Solid lines are for th(ledem'fled in early January 2010 could be directly linked to

5-day, dotted lines for the 10-day forecast. The grey shaded (:olumtX(ertlcally propagating mountain waves as their geographical

marks the 5 day period after the mean temperature gradient betwedCations are in close proximity to steep orographic obsta-
85 and 60 N is positive and the vertical thick solid line marks the Cles. F_Igure 1_5 (left panel) shows mountain wave events also
central date of the major warming event on 26 January 2010. occurring during the months October/November/December

2009. However, compared to the signature found in Jan-

uary 2010 (Fig. 15, right panel) their locations are more
predicted in the EPS forecasts both at 50 hPa (Fig. 14b) anwidespread and the frequency is smaller. Furthermore, there
10 hPa (Fig. 13a, b), with little spread among members. Atare no CALIPSO reports of wave ice PSCs during the months
the lead time of 240h, the second, strongest WP event inn 2009. If we accept the given threshold of the horizontal di-
early January is well predicted, but the first event in Decem-vergence as indicator of mountain waves, Greenland, north-
ber is predicted to occur a few days too late by nearly allern Scandinavia, Iceland, and Novaya Zemlya can be iden-
members. tified as the most active locations for stratospheric mountain

waves during the 2009-2010 winter.

Figure 16 shows CALIPSO observations of mountain-
5 Mountain wave-induced temperature anomalies wave induced PSCs over the east coast of Greenland on
4 January 2010 for two different orbit tracks, one parallel
As already indicated in Sect. 3.2, west winds dominated(Fig. 16a) and the other nearly perpendicular (Fig. 16b) to
the tropospheric as well as stratospheric flow at the beginthe coast line (see Supplement of Pitts et al., 2011 for plots
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Fig. 16. Stratospheric gravity waves: CALIPSO PSC composition (blue: wave ice; light blue: ice, red: mixed 2 enhanced, orange: mixed
2; yellow: mixed 1; green: STS according to Pitts et al., 2011). ECMWF operational analyses interpolated at a r2gular2%°

are superimposed: potential temperature (K, grey lines) and absolute temperature (K, blacKdn€#)LIPSO orbits at 05:03:43 UTC

and(b) at 13:18:09 UTC on 4 January 2010.

of the orbit track$). The general wind direction is west, In order to investigate the relationship between the diver-
i.e. Fig. 16a shows PSC observations almost perpendiculagence and the corresponding temperature fluctuations quanti-
and Fig. 16b observations nearly parallel to the prevailingtatively, we consider the months of December 2009 and Jan-
westerly wind8. Superimposed a® and7 interpolated in  uary 2010. A stratospheric box was defined to cover parts
space and time along the orbit tracks from the ECMWF oper-of Greenland from 60 to 8N and 60 to 20W and isen-
ational analyses. Both the wavy structuredirand the tilted  tropic surfaces between 430K and 610 K. ECMWF opera-
stratospheric temperature minimum as well as the verticallytional analyses were interpolated to the isentropic surfaces
tilted coherent ice region reveal patterns of mountain wave-on latitude/longitude grids with two different horizontal res-
induced PSCs as observed over Scandinavia by airborne lielutions of 0.25 and 2.50, respectively. The time series of
dar (Ddrnbrack et al., 2002). The PSC composition changedhe minimum temperaturgyn and the minimum/maximum
along the orbit track and along the main wind direction (wind horizontal divergence DIM )y and DIViyax and the standard

is blowing from right to left in Fig. 16b): upstream the PSC deviation§ op)y andor in this particular domain are plot-
was dominated by liquid STS clouds whereas NAT mixturested for selected isentropic levels in Fig. 17. Periods of en-
occur downstream of the ice PSCs. A similar compositionhanced magnitude of Dy and DIVyax are associated
change was also observed by airborne lidar measurementsith a temporal decrease ifiyy and increased tempera-
see for example Fig. 10 in @nbrack et al. (2002). Fig- ture standard deviationg . Generally, the negative Diyn

ure 16a illustrates this finding along the south-north orientedvalues have a larger magnitude than the positive Nl
cross-section parallel to Greenland’s coastline. Dependindor both plotted resolutions. However, the magnitude of
on the distance of the track from the upstream mountains th®1V min/max andTvin is larger for the higher resolution of
composition changes from south to north: directly over the0.25. Especially in the period at the beginning of January
mountains ice clouds formed, further north and downstrean2010, enhanced values @IV min /max | > 2x 10“4s1cor-

from Greenland’s mountains ice and NAT mixtures domi- respond to stratospheric temperature decreases associated
nated whereas liquid STS clouds existed at the northernmostith mountain wave induced cooling (compare the period
part of the orbit which was not influenced by the mountainsaround 4 January 2010 and Fig. 16). Based on these re-
of Greenland. sults, the period 2 to 4 January 2010 has been selected to
study the relationship of DIV and@ in more detail as an-
other mountain wave event of similar strength was also ob-
acp-11-2161-2011-supplement.zip served by CALIPSO on 2 January 2010, see Supplement in

8 |t must be noted that both orbits are not completely aligned P'tt&_" etal. (2011). ] )
with the tropospheric and stratospheric winds which are nearly uni- Figure 18a and b presents correlations between the min-
directional in this period. Therefore, the mountain wave-inducedimum temperature/yyn and the minimum and maximum
temperature anomalies and undulations in potential temperature in
Fig. 16 do not represent maximum possible values. Furthermore, a 9 Here, the standard deviation is defined spatially based on local
determination of the horizontal and vertical wavelengths is difficult. deviations from the domain average.

7 http://www.atmos-chem-phys.net/11/2161/2011/
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Fig. 17. Stratospheric gravity waves: top panelByn and standard deviationsy (K) above Greenland (60 to 8%, 60 to 20 W) at
isentropic surfaces (colour coded: blue: 410K, green: 470K, yellow: 530K, red: 590 K) for December 2009 and January 2010. Bottom
panels: same as above but for minimum and maximum horizontal divergenggplahd DIViyax and the standard deviationg)y

(s_l). The standard deviationgr andop)y are calculated spatially in the analysed domain. The gray shading encloses DIV values below
the threshold used for identifying stratospheric gravity waves. ECMWF operational analyses interpolated at a.Bsgula26 (a) and

2.50x 2.50° (b) latitude/longitude grid, respectively.

horizontal divergences, Diyin and DIViyax over Green-  treme values of DIVAT = Ty — Tave = f(ADIV ™) and
land for equidistantly distributed isentropic levels between AT = f(ADIV™) with ADIV~™ =DIVyN — DIV ave and
430K and 610K in the period from 2—4 January 2010 on ADIV' =DIV yax — DIV ave, Where DIVaye is the mean
two regular latitude/longitude grids with 2.5@&nd 0.25 divergence in the sample domain. Here, the correlation
resolution, respectively. As already indicated abdfigy coefficients are 0.54 and0.82, respectively. Therefore,
reaches lower (more extreme) values at the higher resolvedxtreme values of the magnitude of horizontal divergence
grid, especially, at the uppermost stratospheric levels. TheDIV yn/max | above a certain threshold (for examplex 2
magnitude of the correlation coefficients for the regressionl0-*s~1) can serve as a suitable dynamical indicator of
functions Tyin = f(DIVmin) and Ty = f(DIVwax) in- gravity wave-induced temperature anomalies in the strato-
crease from 0.34 and0.27 for 2.50 to 0.46 and-0.42 for ~ sphere. Especially, Fig. 18d shows that the magnitude of
0.25 resolution, respectively. Thus, there is a correlationthe anomaliesAT increases nearly linearly with growing
between the minimum temperature and the magnitude of théADIV*|. The separation of points by isentropic levels found
divergence whereb{yn remains stronger correlated with in panels (a)—(c) is due to the temperature decrease for in-
DIVmin. The correlation betweefivin and DIVyin /max creasing altitude. It disappears when we plot the anomalies
can be increased in two ways: by restricting the analysis toAT, and the random distribution of points demonstrates the
upper stratospheric levels or by reducing the sample domaiirregular impact of gravity-wave induced cooling and warm-
to the region where the mountains waves actually occurreding in the height range under consideration (Fig. 18d).
For example, if one only considers stratospheric levels be- | agrangian forward and backward trajectories were calcu-
tween 570K and 610K, the magnitudes of the correlation|ated for the mountain wave event of 4 January 2010 over
coefficients increase to 0.76 anrdd.74, respectively (not  Greenland. Figure 19 shows the multiscale response of the
shown) whereas the domain reduction to an area betweegtitude and temperature histories along the trajectories start-
60°Nto 70° N, 40° W to 20 W results in an increase t0 0.53 ing at 20 hPa (Fig. 19a) and 40 hPa (Fig. 19b) in the reduced
and—0.62 (see Fig. 18c). sample region which covers that of the observed PSCs de-
Finally, Fig. 18d shows the same data for the reducedpicted in Fig. 16. As 4 January 2010 is approached, the
sample domain as in Fig. 18c but plotted for regional parcels’ temperatures decrease although there is no signifi-
anomalies of the minimum temperatufigyny and the ex-  cant rise in altitude. This synoptic-scale cooling is due to
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Fig. 18. Stratospheric gravity waves: correlation between the minimum temperBjgeand DIViyin and DIViyax over Greenland (60

to 85° N, 60 to 20 W) for isentropic levels from 430K, 450K, ..., 610K (from blue to red) in the period 2 to 4 January 2010. ECMWF

operational analyses interpolated at a regul&0 2.50° (a) and 025 x 0.25° (b) latitude/longitude grid, respectively. The correlation

coefficientsTyyny = f(DIVmiN) and Ty = f(DIV max ) amount to 0.34 and-0.27 for(a) and 0.46 and-0.42 for(b). Panel(c): same

data as for(b) taken from a limited domain at the east coast of Greenland (60 Y1780 to 20 W); here, the correlation coefficients

amount to 0.53 and-0.62. Pane(d): same data as in pangd) but for AT = Tyyn — Tave = f(ADIV ™) and AT = f(ADIV ™) with

ADIV~ =DIV N — DIV ave andADIVT =DIVyax — DIV ave. Here, the correlation coefficients amount to 0.54 a:8d32.

the cold area of the polar vortex the parcels gradually ap6 Conclusions
proach. Additionally, mountain wave-induced cooling and
warming and the associated displacements in the parcels’ althe EC funded project RECONCILE explored essential
titudes are the most prominent features over the east coaghysical and chemical processes for improving the pre-
of Greenland on 4 January 2010. The ensemble of trajectodictability of Arctic stratospheric ozone loss by means of
ries as a whole undergoes vertical oscillations with an am-an aircraft field experiment during the Arctic winter 2009—
plitude of about 2000 m. These vertical displacements of the2010. The campaign forecasts for the research flights into
air parcels lead to enhanced heating and cooling rates reacthe stratosphere as well as the post-campaign analyses of the
ing up to£7 K h~1in this period. The minimum temperature in-situ and remote-sensing observations inspired most of the
attains extreme values, here, especially for the trajectories reopics investigated in this paper.
leased at 20 hPa. Altogether, the structure of the temperature Here, we overview and document the evolution of the
fluctuations changes from the time before the gravity waveArctic polar vortex employing high resolution operational
event to the time after. In the mean, the maximum and mini-ECMWF analyses. We found that the stratospheric winter
mum heating and cooling rates show larger magnitudes aftegvolved in different phases: planetary wave disturbances in
the wave event. This means, disturbances due to the wavovember/early December prohibited a quick early cooling
event propagate with the mean wind and might impact theand kept the minimum stratospheric temperatures well above
PSC formation/evolution downstream. the climatological mean. After a vortex split in early Decem-
ber, the formation of a strong and cold polar vortex dom-
inated the evolution from mid-December 2009 to the end
of January 2010. It was shown that the formation of this
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Fig. 19. Stratospheric gravity waves: time series of selected quantities of forward and backward trajectories launched &) 20hdPa

40 hPab) on a 1x 1° latitude/longitude grid between 68 to7H and 30 to 20 W on 4 January 2010 12:00 UTC. Maximum and minimum

values of the ensemble of all trajectories enclose the gray-shaded area of parcels altitude (top row), absolute temperature (middle row), anc
heating and cooling rate (bottom row. The thick black lines denote the mean value of the respective quantities for the trajectory ensemble.

exceptionally cold and strong mid-winter polar vortex could ments. Here, a typical CALIPSO observation of a mountain-
be traced back to the intensification of the WP teleconnectiorwave event over Greenland was analysed in more detail. The
pattern. A major SSW marked the end of the cold period. Af- currently available spatial resolution of about 16 km provided
ter being markedly displaced from the pole, the vortex even-by the operational ECMWF numerical weather prediction
tually split into two lobes, with one lobe surviving until mid- model IFS? allows estimates of the temperature anomalies,
March 2010 when the second phase of RECONCILE cam-cooling rates and their persistence downstream of the moun-
paign concluded. A climatological analysis revealed that thetains for resolved gravity waves with horizontal wavelengths
2009-2010 winter was one of the warmest overall winterslarger than about 100 km. In particular, a correlation between
in the last 21yr. Only the period from the end of Decem- stratospheric temperature anomalies and the magnitude of
ber 2009 until the end of January 2010 was colder than theéhe horizontal divergence could be derived. It was shown
climatological mean. that the magnitude of the divergence is directly proportional
For the first time, the ensemble prediction system has beetp the temperature anomaly in a limited area surrounding the
analysed to investigate the forecast skill of the ECMWF IFS.resolved mountain waves.
It was shown that the 240 h forecasts provide a reliable means The authors are aware that the different topics presented
to predict the onset and the process of the SSW. The falséh this paper have not been completely explored and that all
alarm rate was low and almost all members of the ensembl@ossible details have not been elaborated. Each of the top-
predicted the correct evolution (high hit rate). However, af- ics investigated could be the subject of a research paper on
ter the warming happened, the ensemble predictions deviateis own. For example, to elucidate the contributions of the
significantly leading to a high ensemble spread. In accor-
dance with the findings of Jung. and Leutbecher (2007), we 10 This horizontal resolution of an operationglobal model
also found a rgmarkable reduction of ensemble spread for mounts approximately to the resolution which was used for study-
reduced lead time of 120 h. ing regionalmesoscale effects on the dynamics and chemistry of the
During mid-winter, especially in January 2010, wave ice polar vortex some years ago, see Carslaw et al. (199&ntdack
PSCs were frequently identified in the CALIPSO measure-et al. (1998), and Eckermann et al. (2006).
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different planetary wave numbers to the stratospheric warm- C., de Rosnay, P., Tavolato, C., paut, J.-N., and Vitart, F..
ing event and its subsequent evolution more precisely could The ERA-Interim reanalysis: configuration and performance of
be one topic to be explored. More case studies relating the the data assimilation system, Q. J. Roy. Meteor. Soc., 137, 553
magnitude of the horizontal divergence field to stratospheric 597,d0i:10.1002/qj.8282011. .
temperature anomalies could lead to simple parameterizanr”braCk’ A. a_nd Leutbecher, M.: Re!evance of mountaln_wav_es
tions of gravity-wave induced impacts on particle formation for the formation of polar stratospheric clouds over Scandinavia:

. . . . A 20 year climatology, J. Geophys. Res., 106, 1583-1593, 2001.
for use in global circulation models. Nevertheless, we thmkambrack, A. Leutbecher, M., Volkert, H.. and Wirth, M.:

that_this papgr might be a useful referenpe for all those who Mesoscale forecasts of stratospheric mountain waves, Meteorol.

participated in the RECONCILE campaign and those who Appl., 5, 117-126, 1998.

are interested in the different subjects of the paper. Dornbrack, A., Birner, T., Fix, A., Flentje, H., Meister, A., Schmid,
H., Browell, E. V., and Mahoney, M. J.: Evidence for inertia
gravity waves forming polar stratospheric clouds over Scandi-

Supplementary material related to this article is navia, J. Geophys. Res., 107, 828i:10.1029/2001JD000452
available online at: http://www.atmos-chem-phys.net/12/ 2002.
3659/2012/acp-12-3659-2012-supplement.zip Eckermann, S. D., Brnbrack, A., Vosper, S. B., Flentje, H., Ma-

honey, M. J., Bui, T. P,, and Carslaw, K. S.: Mountain wave-
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