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Abstract. The transportable ground based microwave ra-means of the Whole Atmosphere Community Climate Model

diometer MIAWARA-C monitored the upper stratospheric with Specified Dynamics (SD-WACCM). The average value

and lower mesospheric (USLM) water vapor distribution of the SD-WACCM TEM vertical wind is 325 md while

over Sodanky, Finland (67.4N, 26.6 E) from January to  the along trajectory vertical displacement is 335Th.dThe

June 2010. At the end of January, approximately 2 weekssimilar descent rates found indicate good agreement between

after MIAWARA-C's start of operation in Finland, a strato- the model and MIAWARA-C’s measurements.

spheric sudden warming (SSW) disturbed the circulation of

the middle atmosphere. Shortly after the onset of the SSW

water vapor rapidly increased at pressures between 1 and

0.01 hPa. Backward trajectory calculations show that thisl Introduction

strong increase is due to the breakdown of the polar vor-

tex and meridional advection of subtropical air to the Arc- Water vapor enters the stratosphere from the equatorial tro-

tic USLM region. In addition, mesospheric upwelling in the Posphere through the tropical tropopause layer from where

course of the SSW led to an increase in observed water vapdt IS transported upward into the mesosphere following the

between 0.1 and 0.03 hPa. Brewer-Dobson circulationAndrews et al. 1987). As the
After the SSW MIAWARA-C observed a decrease in tropical tropopause layer acts as a cold trap the whole mid-

mesospheric water vapor volume mixing ratio (VMR) due dle atmosphere is extremely digrewer, 1949. The positive

to the subsidence of #D poor air masses in the polar re- vertical gradient throughout the stratosphere is due to the sec-

gion. Backward trajectory analysis and the zonal mean wa®nd source of KO in the middle atmosphere, the oxidation

ter vapor distribution from the Microwave Limb Sounder of methane while the negative vertical gradient in the meso-

on the Aura satellite (Aura/MLS) indicate the occurrence of SPhere is mainly caused by photo-dissociation due to the ab-

two regimes of circulation from 3N to the North Pole: sorption of solar Lymaw radiation Brasseur and Solomen

(1) regime of enhanced meridional mixing throughout Febru-2009.

ary and (2) regime of an eastward circulation in the USLM The chemical lifetime of water vapor is in the order of

region reestablished between early March and the equinoxNonths in the lower mesosphere and in the order of weeks in

The polar descent rate determined from MIAWARA-C’s 5.2 the upper mesospherBrasseur and SolomoB003. This is

parts per million volume (ppmv) isopleth is 33040 m ! long with respect to dynamical processes and water vapor is

in the pressure range 0.6 to 0.06 hPa between early Fepridberefore a tracer for atmospheric transport. The zonal mean

ary and early March. For the same time interval the de-distribution of water vapor in December 2009 as measured

scent rate in the same pressure range was determined usify Aura/MLS Waters et al.200 is displayed in Figl. As

Transformed Eulerian Mean (TEM) wind fields simulated by the vertical BO gradient is negative throughout the meso-
sphere, dry air from the upper mesosphere can be used to
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5414 C. Straub et al.: SSW 2010: transport of mesospheric D

H20 December Manney et al(2008 2009ab) investigated transport of the
trace gases CO, 4D and NO during the warmings in 2006
and in 2009 using satellite data from Aura/MLS, ACE/FTS
and TIMED/SABER and model outputs from SLIMCAT,
GEOS5 and ECMWEF. These trace gases showed values char-
acteristic of low and mid-latitudes extending to Polar Re-
gions and extremely weak gradients throughout the hemi-
sphere. Approximately 3 weeks after both the 2006 and 2009
SSWs, the vortex in the upper stratosphere and lower meso-
sphere (USLM) reformed, reestablishing the mixing barri-
ers and strong diabatic descent developed, echoing the pat-
tern of descent typically seen in fall, see eSjskind et al.
(2007, Orsolini et al.(2010, Smith et al.(201]) and refer-
ences therein.

pressure [hPa]
H20 vmr [ppmv]

80 -60 -40 -20 0 20 40 60 80 ) ]
latitude [°] The fall and winter descent in the USLM vortex can be

regarded as a part of the mesospheric branch of the Brewer-

Fig. 1. Zonal mean distribution of middle atmospheric water vapor Dobson circulationBrewer, 1949. The determination of the
as measured by EOS/MLS through December 2009. Red indicates y .

velocity of polar winter descent is of scientific interest as
it provides important information for the characterization of
the meridional circulation.

Fall descent rates for the upper stratosphere in both hemi-
investigate polar winter descent and humid air from aroundspheres have been modeledMdgnney et al(1994 who ob-
the stratopause for polar summer ascent. The polar winter deained a value of approximately 260 mdfor the 1992/1993
scent induces horizontal gradients in theQHvolume mix-  Arctic vortex. In addition there have been studies investi-
ing ratio (VMR) as the mesospheric air descending within gating the descent rate in the Arctic/Antarctic middle atmo-
the polar region is much dryer than the air outside of it. Duesphere using ground based measuremdraskman et al.
to this horizontal gradient water vapor is a valuable tracer for(2009 determined fall descent rates of up to 30074 it
short term mixing in the winter hemisphere, e.g. in the courser5 km altitude at 60N using CO and KO data whileAllen
of stratospheric sudden warmings. Around the stratopauset al.(2000 found Antarctic fall descent rates of 250 m'd
H,0 is not a good tracer due to its local maximum in the at 60° S and 330 md? at 8¢ S in the upper stratosphere us-
upper stratospheréée et al, 2017). ing CO data.

Stratospheric sudden warmings (SSW) are extreme events There have only been few studies investigating USLM de-
in the middle atmosphere characterized by a fast and strongcent rates after SSWs. Using observations of Aura/MLS and
increase of stratospheric temperature (usually at least 25 KEmpirical Orthogonal Function analysise et al.(2011])
in a week or less) and simultaneous cooling of the meso-determined descent rates of approximately 1500t alt
sphere. The main cause for SSWs are planetary waves e80km decreasing linearly to 500 mH at 60km for the
cited in the troposphere propagating up into the stratospheréme after the 2006 and 2009 SSWSalmi et al.(2011)
where they interact with the mean floM#étsung 1971 Liu found mesosphere to stratosphere descent rates of approxi-
and Roble2002). Dissipation of planetary waves decelerates mately 700 md? after the 2009 SSW using NQlata from
the polar night jet and induces a pole ward residual circula-ACE/FTS and the FinROSE chemical transport model. After
tion, which produces adiabatic heating due to downward flowthe SSW of February 200Massar et al(2009 estimated a
in the high latitude stratosphere and adiabatic cooling due talescent rate of 150 ntd in the upper stratosphere from GH
upward flow in the high latitude mesosphere. The forcing byand HO measurements of ACE/FTS.
planetary waves can be strong enough to reverse the polar There have been previous studies using data of ground
night jet. based microwave radiometers to investigate the stratospheric

In the course of SSWs the stratospheric polar vortex isand mesospheric response to SS\V8eele and Hartogh
strongly distorted and either shifted off the pole (vortex dis- (2000 demonstrated that ground based measurements of
placement event) or even split in two pieces (vortex splitmesospheric water vapor can be used to monitor transport
event), Charlton and Polvan2006. There has been a strong processes during dynamical events such as SSWSs. During a
vortex displacement event in 2006 and a strong vortex splitSSW in February 1998 a northward flow transported moist
event in 2009. Both SSWs were used to thoroughly study dy-air from lower latitudes to northern Scandinavia resulting in
namics and transport processes during SSWsGaget al, an increase in mesospheric water vapdury et al. (2009
2009 Harada et a).201Q Siskind et al, 201Q Funke et al. investigated ozone depletion and water vapor enhancement
2010. The weakening of the high-latitude transport barrier in at mid-latitudes during the SSW 2008 using trajectory cal-
the course of a SSW can lead to strong mixing of air massesculations. They showed that the water vapor enhancement

relatively higher values and blue relatively lower values.
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was associated with meridional transport while the observedotational emission line (seStraub et al.201Q 2011 for
ozone depletion was mainly due to temperature-dependerdetails on MIAWARA-C). Here, data from 10 January to
photochemistry in the upper stratosphere (above 5hPa) an81 March 2010 is considered and analyzed to yield daily es-
mainly due to transport of polar air to mid-latitudes in the timates of water vapor profiles in an altitude range between
lower stratosphere (below 5hPa)e Wachter et al(2011) 10 and 0.02 hPa (approximately 30 to 75km) with a verti-
observed a decrease in mesospheric water vapor over Seowal resolution of approximately 12 km. The uncertainty on
South Korea, during the SSW 2008 which they attributed toMIAWARA-C'’s profiles is typical for ground based 22-GHz
polar air being transported to such low latitudes when thewater vapor radiometers as shown Sitraub et al.(201Q
polar vortex was shifted towards Europe in the course of the2011). The simulated accuracy (determined as the &ys-
SSW. tematic error arising from uncertainties in a priori temper-
In this paper we investigate horizontal transport through-ature, in calibration and in spectroscopy) is below 16 % at
out the mesosphere during and after the SSW 2010 usingll altitudes, while the simulated precision (determined by
backward trajectory calculations at several mesospheric alpropagation of Is measurement noise) degrades from 5%
titudes. In addition we present post SSW Arctic mesospheriat altitudes up to 50 km to 18 % between 50 and 75 km.
descent rates determined from ground based and space borne
water vapor measurements and TEM vertical wind and tra2.2 Aura/MLS
jectory calculations. To our knowledge this is the first study

investigating polar descent after a SSW using ground basedN€ Second source of data is the Microwave Limb Sounder
data. (MLS) aboard the Aura satellite described\Waters et al.

The article is organized as follows. Sections 2 and 3(2000. Daily zonal averages of #0 VMR and temperature

present the measured and modeled data sets used. SectiofYS acquired in the northern hemisphere over the time in-
introduces the trajectory computations. Section 5 gives arjerval 10 January to 31 March 2010 are considered here. The
overview about dynamical changes during the SSW of Janhighest latitude accessible to the satellite is 8BRI5MLS

uary 2010. Section 6 presents the measured water vapor di¥1€lds water vapor as one of its version 2.2 level 2 data
tribution and discusses influences of the SSW upon it. SecProducts covering the pressure range of 316 to 0.002hPa.
tion 7 shows conclusions drawn from this study. The vertical resolution of this retrieval version is 3—4 km

in the stratosphere but degrades to approximately 12 km at
0.1 hPa and above. The single profile precision (fehdom
error estimated from the level 2 algorithms) is 4-9 % in the
stratosphere and degrades from 6 to 34 % between 0.1 and
8.01 hPa. The accuracy (likely magnitude of Zystematic
error) is estimated to be 4 to 11 % for the pressure range 68
to 0.01 hPal(ambert et al. 2007). The Aura satellite is in

a Sun-synchronous orbit passing through two local times at
any given latitude. For this analysis zonal mean water va-
por at 67 N is used in order to complement MIAWARA-C's

The first source is measurements of the vertical distributionP®int measurements with zonal mean profiles. When using
of H,O VMR over Sodanky, Finland (67.2N, 26.6 E) mean val'ues.of a number of. profilest is assumed that the
recorded by the ground based Middle Atmospheric WAterSYyStematic bias (accuracy) is the same as for a single pro-
vapor RAdiometer MIAWARA-C belonging to the Univer- file while the 1e random uncertainty decreases by a factor
sity of Bern, Switzerland. The instrument has been oper—l/ n.

ated at the Finnish Meteorological Institute Arctic Research

Center from mid-Janua_ry to mid-Jur_1_e in the frame of theg  \10del data

Lapland Atmosphere-Biosphere Facility (LAPBIAT2) cam-

paign. MIAWARA-C has been specifically designed formea- 3.1 ECMWE

surement campaigns. The instrument has two main functions;

it serves as a traveling standard for inter-compari€iralb ~ Meteorological operational reanalysis data (geopotential
et al, 2011 Leblanc et al. 2012, Stiller et al, 2012 and height, horizontal and vertical wind) from the European Cen-
it is used in measurement campaigns focusing on dynamiter of Medium-range Weather Forecast (ECMWF) are used
processes. The instrument is of a compact design and hasfar the description of the 2010 SSW in Figd.and 3 and
simple set up procedure. It can be operated as a standalorier the Lagrangian trajectory calculations. The documenta-
instrument as it maintains its own weather station and a caltion of the cycle 36r1 data used in this study can be found in
ibration scheme that does not rely on other instruments noECMWF (20123. This data set has 91 vertical levels with
the use of liquid nitrogen. Water vapor profiles are retrieved9 mesospheric levels (above 1hPa) and the upper limit at
from measured spectra of the pressure broadened 22 GH2.01 hPa. The grid spacing is 1.22k latitude and 4.5

2 Measurement data

Water vapor data from two sources, a ground based and
space borne microwave radiometer, are used in this study.

2.1 Ground based microwave radiometer
MIAWARA-C

www.atmos-chem-phys.net/12/5413/2012/ Atmos. Chem. Phys., 12, 58427, 2012
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zonal mean Temperature MLS at 60 N

2
10 : 280 ;
‘V‘ 2 280 _
- <
‘ 260 - o 260 )
< 240 5 5 ' 220 3
[ © 7]
@ - £
2107 | g & m 202
220 & s a b -
g | E 10 : e 180
' l 200 = %240- b 14 zonal mean 10 hPa, 60°N
LBMLS 80°N 150 g 2%0 ‘
] Y g 220
, g N ‘ NS o 2010
_ 13 210»,:'““/«»; / . ‘ . ’ 1| 2009
% s
= £
5,0 2
g'° s IS e
s = 0 A~
V c o
o O 8 20|
5| ECMWF 60°N_ d [ NI " 10 hPa, 60°N
: , 50 -
—_— d - 4 <
g J £ g ™
e A 0 g =
210 [ 0 & _ Pa, 60°N
o 2 E |
s v g =,
v 0 50 S
WACCM 60°N_ g
g AN
12 01 03 04 ‘ / ‘ \m,/fJ\
month of 2009/2010 01 02 03 04
month of 2009/2010

Fig. 2. MLS zonal mean temperature at°d89 and ECMWF and
SD-WACCM zonal mean zonal wind at B0I. Top panel: red rela-  Fig. 3. This figure follows loosely the style of Fig. 1 iManney
tively higher values and blue relatively lower values. Middle panel: et al.(20091). (a) MLS zonal mean temperature as function of time
red eastward winds and blue westward winds from ECMWF. Bot-and pressure at 80 in 2010 (red relatively higher values, blue
tom panel: red eastward winds and blue westward winds from SD+elatively lower values)(b) MLS temperature(c) ECMWF zonal
WACCM. The vertical lines indicate the following dates (from the wind, (d) altitude wave 1 from ECMWF an¢e) altitude wave 2
left): 24 January (wind reversal mesosphere), 30 January (maximunmrom ECMWF. The red curves indicate temperature, zonal mean
temperature at 60N and 10 hPa), 24 February (end of the time of zonal wind, wave 1 and wave 2 for 2010 while the blue curve in-
enhanced meridional mixing) and 21 March (equinox). dicates corresponding values for the 2009 SSW which occurred at
the almost same time of the year (major SSW criterion was fulfilled
on 24 January). For details see text. The vertical lines indicate the
in longitude. On 26 January 2010 ECMWF's operational following dates (from the left): 24 January (wind reversal meso-
data set was update from version T799 to TL2Z@NWF,  sphere), 30 January (maximum temperature &h\6@nd 10 hPa),
20121, i.e. the horizontal resolution has been increased from@4 February (end of the time of enhanced meridional mixing) and
25 to 16 km. However, before any new operational imple- 21 March (equinox).
mentation, the old and new versions are run side by side. In
order to avoid discontinuity in the analyzed data T1279 is
used during the whole time. cal core that is adopted from the NCAR Community Atmo-
The mesospheric levels of ECMWF are relatively close toSphere Model (CAM) and a chemistry module that is an ex-
the model top. However, the model still maintains a goodtension of version 3 of the Model of OZone And Related
representation of gravity wave drag processes and it produces/acers (MOZARTS3), e.gKinnison et al(2007). In a recent
a relatively realistic Brewer-Dobson circulation as shown by Validation effort, WACCM was shown to perform very well

Monge-Sanz et a{2007). in comparisons with many other chemistry-climate models
(SPARG 2010. For the specified dynamics (SD) runs de-
3.2 SD-WACCM scribed inLamarque et al(2012, wind and temperature

fields are nudged, at each model time step, using the God-
This study presents results from the NCAR Whole Atmo- dard Earth Observing System 5 (GEOS-5) analysis. The use
sphere Community Climate Model with Specified Dynam- of the specified dynamics option of WACCM facilitates the
ics (SD-WACCM). WACCM uses a free-running dynami- comparisons with observations of trace chemical species.

Atmos. Chem. Phys., 12, 5413427, 2012 www.atmos-chem-phys.net/12/5413/2012/
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The gravity wave parameterization in WACCMNRithter  tudes. ECMWF data and Lagrangian backward trajectories
etal, 2010 determines the mean flow forcing from a discrete are only presented up to 0.1 hPa.
spectrum of gravity waves that are forced interactively in the
troposphere by topography, convection (mostly in low lati-
tudes), and frontal dynamics (middle and high latitudes). The*
parameterization also gives a coefficient for vertical eddy dif—_l_hiS paper presents two different trajectory computation
fusion that affects heat and the mixing ratios of trace species,

In the current study, SD-WACCM is nudged with 1% of n};:]c?gi t\;\g z:rllvfl\g?d ?rlgzr(ig:iégfgtrg:,?;:jogvg?gt:?; : (}r)] La-
the GEOS-5 meteorological fields (e.g. temperature, zonaf"&"9 ) drgying

L ; .“Information on horizontal (zonal and meridional) and vertical
and meridional winds, and surface pressure) every 30 min, .. .
. o . origin of air parcels sampled by MIAWARA-C and (2) zonal
The nudging alters the model predictions by effectively com- : . N .
- X : . mean trajectories started at°@¥ following the transformed
bining 0.99x the model predicted field with.01x the value Eulerian mean (TEM) circulation giving information on large
from the assimilation model, i.el, = 0.99x T (WACCM) + gving 9

0.0 T(GEOS-) I apled blow 50km and apers to 3718 T4 et ehecton of s osses et
zero between 50 and 60 km. The GEOS-5 analysis is ava"'momentum transport y 9
able with a time resolution of 6 h and is interpolated to the port.

. L . . . In general the TEM trajectories are regarded as more reli-
30-min nudging intervals. Latitude and longitude resolution able than the Laaranaian traiectories especially in the meso-
for these WACCM runs is.® x 2.5° and there are 88 pres- grang ) P y

sure levels from the surface to 150 km altitude. The nudg_sphere. The reason is that zonal mean winds are used for the

. . calculation of the TEM trajectories while for the calculation

ing allows SD-WACCM to perform as a chemical transport . ; . . . L

model in the troposphere and stratosphere. The model enech-f the Lagrangian trajectories 4 dimensional wind fields are
posp P ) 9eNeY cededNezlin et al.(2009 point out that scales smaller than

ates mesospheric dynamical fields, in effect performing as 3 . .
) . otal horizontal wavenumber 10 are not well represented in
free-running model above 60 km except that the forcing from S
. : the mesosphere by any data assimilation system. As the La-
below is based on observations. ) . ;
grangian trajectories are calculated on scales much smaller
than wavenumber 10 this introduces a large uncertainty.
However, the authors understand that additional informa-

Lower mesospheric winds are poorly observed and therefor(taIon about mixing pracesses can be gained from the La-

models with assimilated data are probably our best way ograngian trajectories despite their large uncertainties.
determining 4 dimensional wind fields at these altitudes. The, 4 Lagrangian backward trajectories
two models used in this study, ECMWF and SD-WACCM,

assimilate data or are nudged with assimilated data, respecrhe Lagrangian backward trajectories are computed using
tively, in the lower and middle stratosphere and are unconthe LAGRangian ANalysis TOol LAGRANTO described in
strained in the upper levels. Therefore, the inaccuracy of theifyernli and Davieg1997) together with the wind fields pro-
wind fields increases with altitude in the mesosphere. How-jided by ECMWF operational dat& CMWF, 20123.

ever,Liu et al. (2008 show that in WACCM error growth  Daily 3-day backward trajectories are calculated for every
is limited when the lower atmosphere is continually reini- USLM pressure level of MIAWARA-C's retrieval grid below
tialized, as it effectively is in the SD-WACCM. In addition 0.1 hPa. As the photo-chemica| lifetime of@ is in the or-
WACCM includes a physically based gravity wave source der of months in the lower mesosphere and weeks in the up-
parameterization which realistically simulates zonal meanper mesosphere, its VMR is assumed to be conserved along

winds Richter et al. 2010. Still, the mesospheric winds of the trajectory. The trajectories give the geographical origin
ECMWEF and SD-WACCM suffer under large uncertainties of the air masses measured by MIAWARA-C.
and need to be handled with care. A comparison between the As there is no observational information on upper strato-

zonal mean zonal winds from the two models is given in thespheric and mesospheric water vapor in the ECMWEF system
middle and lower panels of Fig.(the discussion of this fig-  the water vapor values along the trajectories are determined
ure, which in addition shows MLS zonal mean temperaturefrom MLS observations. For each trajectory point (each alti-
in the top panel, follows in Sec’). The plots illustrate that  tude and day) the MLS profiles withia 1° in latitude,+ 10°

below 0.1 hPa there is a good qualitative agreement betweej |ongitude andt 0.5d in time are searched. This search re-
the two data sets while there are major differences even in theuits in one or two profiles per trajectory point. TheGH

wind directions above that level. At altitudes above 0.1 hPaVMR values at the altitude closest to the trajectory point are
the zonal mean winds of SD-WACCM are regarded as morehen averaged (if there is more than one profile) and used for
reliable than those of ECMWEF since the upper model bound+the analysis.

ary of WACCM (approximately 150 km) is higher than the

one of ECMWF (approximately 80 km). Therefore, WACCM

outputs are used to illustrate zonal mean winds at these alti-

Data analysis

3.3 Mesospheric wind in the two models

www.atmos-chem-phys.net/12/5413/2012/ Atmos. Chem. Phys., 12, 58427, 2012
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4.2 TEM backward trajectories els b, ¢, d and e of Fig3. As the two warmings occurred

at a similar time of the year (in 2009 the major SSW cri-
The TEM circulation describes the bulk motion of large terion was fulfilled on 24 January) the same axis showing
scale air masses as it closely approximates the net air pamonth of 2008/2009 or 2009/2010, respectively is used for
cel displacement in the latitude-pressure plakedfews and  both lines. This figure is loosely based on Fig. 1Nkan-
Mcintyre, 1979. The TEM trajectories are calculated us- ney et al (20098 comparing the SSWs of 2006 and 2009. In
ing daily TEM velocities determined from daily averaged January 2009 the anomalous increase in stratospheric tem-
WACCM model output. The approach used for the trajec-perature was faster and slightly stronger than in 2010. The
tory computations is the same asSmith et al.(2011). For ~ same is true for the deceleration of the zonal mean zonal
the analysis presented in this paper the daily backward trawind at 60 N and 10 hPa. In 2009 the zonal wind reversal
jectories are started at 6K for every USLM pressure level was accompanied by strong geopotential height wave 2 am-
of MIAWARA-C's retrieval grid. For the illustration of short plification (vortex split event) while geopotential height wave
term vertical motion 3-day backward trajectory calculations 1 was strong in December but weakened in the beginning of
are shown and 20-day backward TEM trajectories are predanuary. A few days after the maximum temperature slight
sented in order to illustrate the residual meridional circula-wave 1 amplification was evident. In the beginning of win-
tion (Brewer-Dobson circulation). ter 2009/2010 geopotential height wave 1 was weaker than

at the same time of the previous year but it amplified before

the SSW in January at the same time as the zonal mean zonal

5 The SSW 2010 wind decelerated. This indicates that the January 2010 SSW
was a vortex displacement event. The amplitude of wave 2
5.1 Dynamical overview had a peak in mid-December when a minor SSW occurred

but stayed fairly weak for the rest of the winter.

The temperature and wind evolution of the 2010 SSW was
similar to the major SSW of late January 2009 described in5.2 Zonal mean water vapor distribution indicating
Manney et al.(20098. The polar stratopause dropped and horizontal mixing and vertical motion
broke down (nearly isothermal middle atmosphere) and then
reformed at a high altitude~(0.03 hPa). As this effect is An overview of the northern hemisphere water vapor zonal
most pronounced at latitudes north of Mthe temperature mean distribution as observed by MLS before, during and af-
evolution at 80N is displayed in the upper panel of Fig.  ter the SSW 2010 is shown in Figtogether with WACCM
The lower panel shows the temporal evolution of ECMWF zonal mean zonal wind. On 15 January, before the SSW, the
zonal mean zonal wind at the approximate latitude of themixing barrier given by the polar night jet is clearly visible
polar night jet (60 N). In December and January the polar in the form of a maximum in eastward wind at°@0 and
night jet is visible as an eastward circulation centered around. hPa and a strong horizontal gradient in mesospheric water
60° N and 1hPa. By the end of January the wind rapidly vapor VMR with dry air north of 60 N and humid air south
decelerates, the polar vortex shifts towards Europe and thef it (panel a). During the SSW, on 30 January, the day of the
zonal mean temperature at 10 hPa an@iM0Oncreases by maximum warming/cooling in the stratosphere/mesosphere,
approximately 25 K with the maximum on 30 January (sec-the situation has reversed: now the middle atmospheric zonal
ond vertical line in the figures). The zonal mean latitudinal wind in the Arctic has changed to westward and the meso-
temperature gradient is positive in that time. The zonal mearsphere (at altitudes above 0.1 hPa) is more humid north of
wind reverses at altitudes above 10 hPa and latitudes north @0° N than south of it (panel b). This situation is short lived
60° N on 24 January (first vertical line in the figures) with and only persists for 3 days. Itis linked with the strong meso-
maximum westward wind speeds of 60 st 0.3hPa and  spheric upwelling in the course of the SSW leading to the
65° N on 29 January. After the 2010 SSW the zonal wind in observed cooling above 0.1 hPa.
the stratosphere stays weak and the polar vortex does not re- For approximately three weeks after the warming the mean
cover at its original latitude before the circulation reverses tohorizontal water vapor distribution in the mesosphere at lat-
summer easterlies in the end of March (Ftjy).In the meso- itudes between 45 and 828 is close to uniform and the
sphere an eastward circulation returns approximately 10 daysaximum in zonal mean eastward wind is situated at approx-
after the wind reversal and by the end of February a USLMimately 40 N in the mesosphere (panel ¢ shows 19 Febru-
vortex forms reestablishing a weak mixing barrier. This is ary as an example). The disappearance of meridion& H
similar to the evolution observed after the SSW 20018ug- gradients indicates strong horizontal mixing between mid-
ney et al, 20098 except that in 2010 the post SSW USLM latitudes and the Arctic. Approximately four weeks after
vortex remained weaker than in 2009. the SSW the horizontal #D gradient at around 8N has

In order to point out similarities and differences a direct reappeared indicating that the mixing barrier has reformed
comparison between the SSW of January 2010 (red linelpanel d shows 10 March). However, the zonal mean zonal
and the SSW of January 2009 (blue line) is given in pan-eastward wind does not show any distinct maxima indicating

Atmos. Chem. Phys., 12, 5413427, 2012 www.atmos-chem-phys.net/12/5413/2012/
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Fig. 4. Evolution of MLS zonal mean D VMR (colors, red relatively higher values, blue relatively lower values) and WACCM zonal mean
zonal wind (contours, contour interval20 m ™1, bold black= 0, white= eastward, black: westward) during the 2010 SS\d) before the
SSW (15 January)p) during the SSW (30 January(}) during the time of enhanced mixing (19 February) é&hdwhen the USLM vortex

has reestablished (10 March). The black dashed vertical line marks the latitude of Séadankyl

that the polar vortex did not recover to its original strength. danky as measured by MIAWARA-C. The upper panel
The mid-latitude mesosphere especially at altitudes betweeshows the 67N zonal mean water vapor obtained from MLS
0.1 and 0.03 hPa is now dryer than before the warming. measurements. The plots indicate that, over Sodardeydl in

Vertical motion of air along WACCM TEM backward tra- zonal mean, mesospheric water vapor significantly increases
jectories started at 8N is shown in Figh. The plot displays by the end of January in the course of the SSW before it
altitude changes per day against time and pressure 1, 2 andd&creases throughout February. The temporal evolution of
days before the air reaches®@N. The reason to display the water vapor at different altitude levels as well as similari-
data three days backward instead of just one is to show théies and differences in the two time series, MIAWARA-C’s
similarity of the plots which indicates that the vertical dis- point measurements and MLS’s zonal mean, are described in
placement is nearly linear during the three days. Polar mid-Sect.6.1 In Sect.6.2we show that the observed changes in
winter 2010 is mostly dominated by subsidence of air (redmesospheric water vapor during and after the SSW 2010 can
colors) with the exception of the time during the SSW when be attributed to transport processes. The humidification be-
upwelling in the mesosphere is evident from the blue col-tween 1 and 0.03 hPa at the onset of the SSW is partly due
ored area between 24 January and 7 February ing=ighe  to horizontal advection from lower latitudes and partly due
upwelling appears to start in the upper mesosphere on apo vertical transport from lower mesospheric levels. The ob-
proximately 27 January (approximately 0.03 hPa) and therserved decrease in mesospheric water vapor after the SSW is
propagates down towards the stratopause (in the lower mes@hown to be caused by downward transport of air in the polar
sphere it starts at 30 January). region.

6.1 Temporal evolution of water vapor
6 Water vapor in the polar middle atmosphere

A direct comparison between the time-series of water va-
MIAWARA-C'’s water vapor observations of winter 2010 por as observed by MIAWARA-C and MLS at stratopause
support the above described scenario of horizontal mixingheight (1 hPa, approximately 46 km) and three mesospheric
and vertical transport. The lower panel of Fgydisplays  pressure levels (0.3, 0.1 and 0.03 hPa, approximately 54, 63
the time series of middle atmospheric water vapor over So-and 70 km), is given in Fig7. As expected the daily point

www.atmos-chem-phys.net/12/5413/2012/ Atmos. Chem. Phys., 12, 58427, 2012
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Fig. 6. Water vapor distribution in zonal mean atéN as measured

by MLS (top) and over Sodank¥las measured by MIAWARA-C

(bottom). Red indicates relatively higher values and blue relatively

lower values. The black line marks the polar descent of dry meso-

spheric air. The descent rate is estimated as described in7Skt.

ear fit to the 5.2 ppm isopleth of # VMR for the time interval 5

February to 5 March. Descent rates are 3507h fbr MIAWARA-

C and 360md? for MLS zonal mean. The vertical lines indicate

the following dates (from the left): 24 January (wind reversal meso-
| i sphere), 30 January (maximum temperature 4tN6é@nd 10 hPa),

day -3 to day -2 24 February (end of the time of enhanced meridional mixing) and

02 03 21 March (equinox).
month of 2010

Fig. 5. Vertical motion along WACCM TEM backward trajectories
started at 67N. Daily altitude changes against time and pressure 1¢uUrs around 30 January in both times series. It is noteworthy
day (top), 2 days (middle), and 3 days (bottom) backward, red indi-that at the time of the maximum warming in the stratosphere
cates descent and blue ascent. The vertical lines indicate the follow{30 January, second vertical line) there is a rapid increase of
ing dates (from the left): 24 January (wind reversal mesosphere)nearly 1 ppmv at 0.1 and 0.03 hPa over Sodahlayld of ap-
30 January (maximum temperature at 60and 10 hPa), 24 Febru-  proximately 0.5 ppmv at 0.03 hPa in zonal mean.
ary (gnd of the time of enhanced meridional mixing) and 21 March  after 30 January water vapor gradually decreases at meso-
(equinox). spheric altitudes while it stays approximately constant at
stratopause level. At the highest level (0.03 hPa) the decrease
from approximately 4 ppmv at the time of the maximum
measurements of MIAWARA-C (&-random uncertainty 5—  warming to less than 2 ppmv in mid-February is very rapid
18 % depending on altitude) show more variability than theboth over Sodanki and in zonal mean. From the beginning
zonal mean values of MLS (on average 56 profiles, ten-  of March the humidity starts to increase again. At 0.1 hPa
dom uncertainty 1-5 % depending on altitude). This variabil-the H,O VMR decreases from more than 6 ppmv to less
ity is due to a combination of measurement uncertainty and tg@han 4 ppmv during February. In early March MIAWARA-
small scale atmospheric fluctuations (eg non UnifOI’;Ijﬁ)H C still observes a S||ght decrease over Sodﬂ]bﬂfore HO
distribution in combination with wind). Future investigations starts to increase in mid-March while in zonal average the in-
will be dedicated to the distinction between measurement uncrease already starts in the beginning of March. At the lowest
certainty and atmospheric fluctuations as it is very difficult to of the mesospheric levels (0.3 hPa) theCHVMR only de-
separate the two sources of variability. creases slightly throughout February. Here the dehydration
The effects of the 2010 SSW on mesospheric water vapostarts in early March when humidity decreases from more
are most pronounced at pressures between 0.3 and 0.1 hRfan 6 ppmv to less than 5 ppmv. At the stratopause (1 hPa),
Before and during the warming the humidity at 0.1 hPawater vapor stays more or less constant after the SSW with a
(0.3 hPa) rapidly increases from approximately 5 to 7 ppmvsjight decrease starting by mid-March. This is in agreement
(5.5 to 7 ppmv) over Sodankyland from approximately 5  with the fact that at stratopause levei®lis not well suited
to 6 ppmv (6 to 6.5 ppmv) in zonal mean. Whereas over So-s a tracer for horizontal or vertical advection due to the max-
dankyh the time of the increase coincides well with the time imum in VMR at these altituded e et al, 2011).
of the zonal wind reversal (24 January, first vertical line)
the increase in zonal mean occurs a few days earlier. At 0.1
and 0.03 hPa the peak value in mesospheric water vapor oc-

Atmos. Chem. Phys., 12, 5413427, 2012 www.atmos-chem-phys.net/12/5413/2012/
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Fig. 7. Water vapor evolution on pressure levels at the stratopausd-ig. 8. Water vapor VMR along the trajectories on pressure lev-
(1 hPa) and in the mesosphere (0.3, 0.1 and 0.03 hPa) as observets at the stratopause (1 hPa) and in the mesosphere (0.3, 0.1 and
by MIAWARA-C at 67.4 N, 26.6 E (blue) and MLS zonal meanat 0.03hPa). Curves arej® VMR on the day of MIAWARA-C'’s
67° N (red). The vertical lines indicate the following dates (from the measurement (blue) and the value of MLS 3 days earlier at the lo-
left): 24 January (wind reversal mesosphere), 30 January (maximungation found by the trajectories (green). The vertical lines indicate
temperature at 60N and 10 hPa), 24 February (end of the time of the following dates (from the left): 24 January (wind reversal meso-
enhanced meridional mixing) and 21 March (equinox). sphere), 30 January (maximum temperature &tN6é@nd 10 hPa),
24 February (end of the time of enhanced meridional mixing) and
21 March (equinox).

6.2 Discussion of SSW-induced changes in dynamics

and water vapor
latitudes north of 60N and orange and red colors south of it.

In Fig. 8 water vapor values of MIAWARA-C are com- The plots show that before the SSW stratospheric and lower
pared to MLS data along the backward trajectories 3 daysnesospheric air over Sodan&yWas already in the Arctic re-
prior to MIAWARA-C’s measurement. The MLS data along gion 3 days prior to the measurement while the origin of up-
the backward trajectories is found in the way described inper mesospheric air parcels is mostly in mid-latitudes. This is
Sect4.1 The two data sets are in good agreement indicatingconsistent with the winter mean circulation transporting up-
that the evolution of mesospheric water vapor can be mainlyper mesospheric air from low towards high latitudes where
attributed to transport processes (horizontal and vertical). Ast descends into the polar vortex (compare &mith et al,
mesospheric air within the vortex is dryer than outside of it 2011). During the SSW (around 26 January) the origin of
the good agreement in the water vapor data sets indicates thatiddle atmospheric air over Sodan&ythanges to subtrop-
the Lagranto/ECMWF mesospheric trajectories allow to dis-ical regions which is a sign of strong meridional advection
tinguish whether the air comes from inside or outside of thetowards the Arctic. At the same time water vapor over So-
polar region. dankyh starts to increase indicating meridional advection of
The meridional origin (1, 2 and 3 days back, determinedair from mid-latitudes. Between 30 January and late February
from Lagranto/ECMWEF trajectories) of air masses sampled(third vertical line: 24 February) there was still air from lower
over Sodankyd against time and pressure is displayed inlatitudes being transported to Sodar&kyHowever, during
Fig. 9. Yellow and white colors indicate air transported from this time the water vapor at the highest altitudes (0.1 and

www.atmos-chem-phys.net/12/5413/2012/ Atmos. Chem. Phys., 12, 58427, 2012
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Fig. 9. Geographical origin (latitude) of measured air mass deter- 1 hra Feb 25

mined using Lagrangian trajectory calculations. Latitude of the air __ . .
1, 2 and 3 days before MIAWARA-C samples it over Sodagkyl Fig. 10.3-day LAGRANTO backward trajectories started over So-

White/yellow indicates polar latitudes and orange/red middle andd@nkyB at 0.1hPa (right) and 1 hPa (left). Starting d'a'Fes are divided
subtropical latitudes. The black contour marks BD The vertical ~ according to the three periods @e_fmed in SB. Top: time of the
lines indicate the following dates (from the left): 24 January (wind SSW (10-30 January), middie: time of enhanced meridional mix-

reversal mesosphere), 30 January (maximum temperaturé &t 60 N9 (31 January—24 February), bottom: time of the USLM vortex

and 10 hPa), 24 February (end of the time of enhanced meridiona425 February—21 March). The colors of the trajectories indicate the
mixing) and 21 March (equinox). starting date, blue being the earliest, red the latest. The black circle

marks 60 N.

0.03hPa in Fig7) has already started to decrease indicat-mid air from the subtropics to SodankyIThe reason for the
ing polar descent. From early to mid-March the air over So-increase in lower mesospheric water vapor occurring earlier
dankyh is mostly of polar origin indicating that a (weak) inzonal mean than over Sodanéys that before the SSW the
mixing barrier has reformed and mesospheric water vapor igolar vortex with its dry mesospheric air was shifted towards
still decreasing at the lower altitudes (0.3 and 0.1 hPa) due td&curope. Between the SSW and late February the circulation
polar descent. is still disturbed with trajectories originating at mid-latitudes
Polar projections of the 3-day backward trajectoriesfollowing no distinct circulation pattern. This indicates large
started over Sodankglat 1 hPa (left column) and 0.1 hPa scale mixing of polar and mid-latitudinal air. In the period
(right column) are displayed in Fig.0. Trajectories follow-  from early to mid-March a regular circulation has reestab-
ing an oval shape within the polar region indicate the ex-lished (USLM vortex).
istence of a regular eastward circulation (the polar vortex). Latitude-altitude cross section of TEM trajectories start-
Trajectories originating in low latitudes show low latitude air ing at altitudes of 3, 1, 0.3, 0.1 and 0.03 hPa and latitudes of
being transported towards Sodarikyhdicating that the po- 67° N are displayed in Figl1l. They are used to gain further
lar vortex has either been shifted away from northern Europanformation about longer term (20 day) large scale horizontal
or broken down. advection and vertical transport. Panel a (15 January) indi-
The plots pinpoint the circulation changes describedcates that before the SSW large scale air masses from high
above. In mid January at both altitudes the air reachingmesospheric altitudes in mid-latitude and even subtropical
Sodankyh is following a regular circulation (polar vortex) regions are transported into the Arctic mesosphere. The air at
which is disrupted by the SSW in the end of January. The disthe stratopause and in the upper stratosphere is of polar meso-
ruption of the circulation is associated with advection of hu- spheric origin. At the time of the SSW (panel b, 30 January)

Atmos. Chem. Phys., 12, 5413427, 2012 www.atmos-chem-phys.net/12/5413/2012/
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T reversal mesosphere), 30 January (maximum temperaturé at 60
and 10 hPa), 24 February (end of the time of enhanced meridional
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c) 3 d)
0 20 40 60 8 0 20 40 60 80 daily mesospheric maps (not shown). Horizontal trajectories
latitude ['N] latitude ['N] follow the wave but there will be no net meridional trans-

Fig. 11. Latitude-altitude cross section of 20-day backward TEM port (and therefore no TEM) unless the conditions for non-

Trajectories started on 15 January, 30 January, 19 February and jipteraction are ViqlatEd-_ In m?d-_MarCh the USLM vortex has
March for the altitudes 3, 1, 0.3, 0.1 and 0.03 hPa and the latitudd€turned and a circulation similar to before the SSW, only

67° N. The end point of the backward trajectories is marked with a Weaker, is present.
star. A qualitative comparison between the downward advec-

tion as observed in MIAWARA-C'’s water vapor and the ver-
tical coordinate of the 6N TEM trajectories in the time

the circulation changes. Now the meridional transport ofthey stay in the polar region is given in Fig2. The up-

mesospheric air is less pronounced while at the same time th&elling seen in the WACCM output before 30 January at

air masses reaching the polar stratopause region have th@ltltudes qbove 0.1hPa is in qualitative agreement Wlt!’\ the

20-day back origin at the subtropical stratopause. This effecticrease in MIAWARA-C's water vapor at the same time

is associated with the strong stratospheric downwelling and?"d altitude. The polar descent at altitudes above 0.1hPa

simultaneous mesospheric upwelling in the polar region durthroughout February observed by MIAWARA-C is con-

ing the SSW. The short term water vapor increase at 0.03 anfirmed by the vertical motion seen from thg TEM trajectories.

0.1hPa (Fig7), coinciding with the time of the maximum There are two complementary explanations for the delayed_

warming in the stratosphere on 30 January, is correlated witifvater vapor decrease at 0.3 hPa: (1) the polar descent at this

the mesospheric upwelling (Figi1b). Thus this water vapor altl_tude is slow throughout February, ewden_t from the TEM

increase is due to humid air transported upward from below.trajectories, (2) above 0.3 hPa water vapor is uniformly dis-
By 19 February (panel c) the pre-warming circulation hastnbut(_ed f':lfte_r the humidification, evident from the water va-

started to reestablish above 0.01hPa with air masses beirPr distribution. Therefore at 0.3 hPa the slow polar descent

transported from higher altitudes at mid-latitudes. At the cannot be seen in#D VMR before the beginning of March

lower levels the TEM trajectories indicate no transport to- due to a lack of a vertical gradient.

wards Arctic regions. This is in contrast to the Lagrangian

trajectories in Fig.10 which have their 3-day back origin

in mid-latitudes throughout February. This apparent contra-

diction is attributed to the presence of a planetary wave.

Indications for such a wave can be seen in the Aura/MLS

www.atmos-chem-phys.net/12/5413/2012/ Atmos. Chem. Phys., 12, 58427, 2012
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Fig. 13. Descent (or during the SSW ascent) rates &Mand over Sodankgl determined from TEM trajectories (red) (green) and
MIAWARA-C water vapor measurements (blue horizontal lines in the left panel and blue dot in the right panel). Left panel: daily vertical
motion at the indicated altitude levels; positive values indicate descent, negative values ascent. The vertical lines indicate the following dates
(from the left): 24 January (wind reversal mesosphere), 30 January (maximum temperatdy®l &ré10 hPa), 24 February (end of the

time of enhanced meridional mixing) and 21 March (equinox). Right panel: mean value and standard deviation of daily descent rates between
5 February and 5 March. The solid part of the red and green curve indicates the altitude range covered by the 5.2 water vapor isopleth. The
green asterisk, red and blue dots are the mean descent rates in that range found from TEM vertical wind and trajectories and determined fron
MIAWARA-C’s measurements, respectively.

masses. The vertical motion along the backward trajectories
is calculated by taking the difference between the along tra-
The descent rate of air after the 2010 SSW over Sodankyl jectory altitudes on day 0 and day3.
and at 67 N is determined on one hand from TEM vertical Assessment of errors in the atmospheric circulation of
motions and on the other hand from MIAWARA-C and MLS the WACCM model is subject to current research. Valida-
water vapor observations. tion of the polar descent rate with direct measurements of
From the water vapor observations the descent rate ishe atmospheric wind field is difficult as winds between
found by a least squares linear fit to the 5.2 ppmv water vapoA0 and 80 km are poorly observed with only ground based
isopleth. Assuming a relative uncertainty of 10 % (1.2 %) for radars providing profiles at altitudes between approximately
MIAWARA-C’s point measurements (MLS's zonal mean) 60 and 100 km. In addition, wind measurements from satel-
we get an uncertainty of the isopleth altitude of 2.5km lites are possible between approximately 80 and 100 km, e.qg.
(0.2km) . The determined descent rates and uncertainties arelDI/TIMED, but suffer under large uncertainties of between
350+ 40md* for MIAWARA-C at Sodankyh and 360 7 and 15ms! (Killeen et al, 2006. For that reason no errors
5md-! for MLS zonal mean (valid for the interval 5 Febru- are provided for the descent rates determined from WACCM
ary to 5 March 2010 and the pressure range 0.6 to 0.06 hPajlata.
The results of the polynomial fits together with the original The descent rates from the TEM winds are displayed
data are displayed in Fig. The values found are an aver- in Fig. 13 together with the value determined from
age over altitude and time. Therefore the attribution of theMIAWARA-C’s measurements. The left panel shows daily
descent rates to a certain altitude is imprecise. values at three different altitudes (0.6, 0.2 and 0.06 hPa)
The vertical motion from the TEM wind fields is given by within the range covered by the 5.2 ppmv water vapor iso-
either the vertical windv* or the vertical displacement along pleth. The mean descent rate determined from water vapor,
the trajectories. The information contentwof and the along  shown as blue horizontal line, is an altitude average and
trajectory altitude change is slightly different;* indicates  therefore shown on all three pressure levels.
vertical displacement at a fixed latitude while the TEM tra-  The right panel shows the profiles of the temporal mean of
jectories follow the latitude change of the bulk motion of air descent rates with standard deviatiarf,in green and along

7 Determination of the polar descent rate
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trajectory altitude change in red, for the time period in which the 335 m d! altitude change along the TEM trajectories and
the water vapor data has been considered for the linear fithe 325 m d! residual vertical wind from SD-WACCM. This

(5 February to 5 March). The plot shows that the values ofshows that point measurements obtained from ground based
the two profiles are comparable. The descent rates from thenicrowave radiometers are well suited to detect and quantify
TEM wind fields increase from approximately 80 m'dat dynamical large scale phenomena such as polar descent.
0.6 hPa to approximately 700 m# at 0.06 hPa. The linear The combination of ground based and space borne mi-
fit to the 5.2 ppmv HO isopleth provides a mean descent crowave radiometers, Lagrangian trajectories from ECMWF
rate for the covered altitude range which is shown as blueoperational data and SD-WACCM model data gave detailed
dot in the right panel of Figl3. In order to make the de- results on transport processes in the polar winter atmosphere
scent rates determined from the TEM wind fields comparablebefore, during and after the SSW of January 2010. There
to those from water vapor the mean value is taken over thas a good agreement between polar descent as observed in
same altitude range. This results in 335M dor the along  MIAWARA-C’s water vapor and the vertical component of
trajectory altitude change (red dot) and in 325 dor w* the 67 N TEM trajectories (shown in Figl2). The simi-
being in good agreement with the 35@0 m d-1 found from lar mean descent rates indicate that the dynamics in the SD-

MIAWARA-C’'s measurements. WACCM model is consistent with thed® observations.
The lower mesospheric descent rates determined are This study shows that the main features of transport dur-
slightly smaller than the values of 500 to 700 mtd.ee etal.  ing the SSW 2010 are reflected in the water vapor measure-

(2017 andSalmi et al.(2011) found after the 2009 SSW. In  ments by MLS as well as by MIAWARA-C. Ground based
addition, the upper stratospheric descent rates in 2010 armicrowave radiometers can be used to study short term dy-
slightly smaller than those ddassar et al2009 who deter-  namical phenomena such as SSWs if their data is comple-
mined values of 150 md after the 2004 SSW. The smaller mented with global fields from space borne instruments or
descent rates after the 2010 SSW compared to the two othenodels. Instrumental improvement of the ground based ra-
years could indicate that the vortex recovery was weaker afdiometers operated by the microwave group in Bern achieved
ter the 2010 SSW than after the 2004 and 2009 SSW's. in the past year has led to an increase in temporal resolution.

The radiometers now deliver profiles approximately every 4 h

which allows future studies of even shorter term phenomena
8 Conclusions such as atmospheric tides.

This paper presents and interprets the evolution of meso- _ _
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