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Abstract. The record-breaking major stratospheric warm- actions between a dominant cyclonic polar vortex and one or
ing of northern winter 2009 (January—February) is studiedmore subsidiary anticyclones. These wintertime anticyclones
using BASCOE (Belgian Assimilation System for Chemical can be: (i) quasi-stationary, e.g., the Aleutian High in Arctic
ObsErvation) stratospheric water vapour analyses and MLSvinter (Lahoz et al., 1994; Harvey et al., 2002); a climato-
(Microwave Limb Sounder) water vapour observations, to-logical anticyclone to the South of Australia in late Antarc-
gether with meteorological data from the European Centreic winter (Mechoso et al., 1988; Lahoz et al., 1996, 2006;
for Medium-Range Weather Forecasts (ECMWF) and po-Harvey et al., 2002, 2004); or (ii) travelling, e.g., eastward
tential vorticity (PV) derived from ECMWF meteorological travelling anticyclones in mid Antarctic winter, vortex merg-
data. We focus on the interaction between the cyclonic win-ers during Arctic and Antarctic winter (Lahoz et al., 1996;
tertime stratospheric polar vortex and subsidiary anticyclonicManney et al., 2005).

stratospheric circulations during the build-up, peak and after- A particularly interesting dynamical event in the Arctic
math of the major warming. We show dynamical consistencywintertime stratosphere is the major stratospheric warming
between the water vapour analysed fields and the meteorqsee, e.g., Charlton and Polvani, 2007). These events dra-
logical and PV fields. Using various approaches, we use thenatically disrupt the typical wintertime circulation of the
analysed water vapour fields to estimate descent in the postratosphere. They can also affect tropospheric weather pat-
lar vortex during this period of betweer0.5kmday ! and  terns (e.g. Baldwin and Dunkerton, 2001). Climate change
~0.7kmday!. New results include the analysis of water induced changes in the frequency and characteristics of ma-
vapour during the major warming and demonstration of thejor stratospheric warmings are expected owing to changes in
benefit of assimilating MLS satellite data into the BASCOE the Brewer-Dobson circulation; such changes will in turn im-
model. pact stratospheric ozone loss and recovery, and tropospheric
climate (e.g. WMO, 2007; Charlton-Perez et al., 2008). Ma-
jor warmings can be classified as vortex displacement (also
wavenumber-1) or vortex split (also wavenumber-2) events.
During these events the polar vortex is strongly disrupted,

The main feature of the wintertime stratosphere is a strongd in the mid stratosphere (e.g. 10hPa) polar temperatures
cyclonic polar vortex that organizes the stratospheric flow; Ncréase dramatically over a few days and zonal mean zonal
anticyclonic circulations are also commonly present (Lahon'ndS reverse sign from westerly to easterly at latitudes pole-
etal., 2009 and references therein). The Arctic and Antarctidvard of 60 N.

winter stratosphere can be described in terms of vortex inter- The major warming that took place during January—
February 2009 was the strongest and most prolonged on

record (Labitzke and Kunze, 2009; Manney et al., 2009b);

Correspondence td. A. Lahoz it was a vortex-split event, and major stratospheric warming
BY (wal@nilu.no) criteria were met on 24 January: easterly zonally averaged
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zonal winds at 10hPa and R, and temperature gradi- It can be advantageous to fill in the observational gaps
ent reversal poleward of 80N at 10hPa. Only in the past between the viewing tracks, for example, to estimate ozone
few years have sufficient data been available to thoroughljoss, and compute vortex-averaged quantities of tracers that
study the dynamics and transport during a major strato-can be used to estimate vertical transport (e.g. identified by
spheric warming throughout the upper troposphere to thelescent of tracer isopleths). An objective method to fill in
mesosphere — see Manney et al. (2009b) and referencdke observational gaps is data assimilation (see, e.g., Kalnay,
therein for details. These papers have studied major stratoc2003; Lahoz et al., 2010). This combines the information
spheric warmings based on observations of tracers, meteordrom the observations and the a priori knowledge of the state
logical analyses of geopotential height, temperature and horef the atmosphere (and their associated error covariances),
izontal winds, and fields of potential vorticity (PV) derived the latter typically embodied in a numerical model. Data as-
from meteorological analyses. However, to our knowledge,similation has been used successfully to produce analyses of
major warmings have not been studied hitherto using analystratospheric constituents such as ozone and water vapour;
ses of stratospheric water vapour produced using data assinevaluate observations of stratospheric chemical constituents;
ilation, chiefly because it is only recently that such analysesand evaluate chemical models. Papers describing this work
have started to become available and be evaluated (Juckeisiclude (the list is not exhaustive) Fisher and Lary (1995),
2007; Lahoz et al., 2007a, b; McCormack et al., 2008; Eck-Khattatov et al. (2000), Errera and Fonteyn (2001), De-
ermann et al., 2009; Thornton et al., 2009). The lack of operthof and Holm (2004), Geer et al. (2006, 2007), Lahoz et
ational observations of stratospheric water vapour for NWPal. (2007a, b), Jackson (2007), McCormack et al. (2008),
(Numerical Weather Prediction) centres to assimilate conEckermann et al. (2009), Thornton et al. (2009) and Lahoz
tributes to the scarcity of published research on stratospheriand Errera (2010). The review by Lahoz et al. (2007a) in-
water vapour analyses. cludes a comprehensive list of references. Data assimila-
We use stratospheric water vapour analyses and obsetion has also been used to estimate stratospheric ozone loss
vations synergistically to study the spatial characteristics(see, e.g., Jackson and Orsolini, 2008; EI Amraoui et al.,
and temporal evolution of the cyclonic and anticyclonic cir- 2008; Rosevall et al., 2008; the World Meteorological Of-
culations prevalent during the major stratospheric warm-fice, WMO, website, http://www.wmo.int/pages/prof/arep/
ing that took place during January—February 2009. Watergaw/ozone/index.html
vapour analyses are from the state-of-the-art BASCOE (Bel- Section 2 describes the BASCOE chemical data assimila-
gian Assimilation System for Chemical ObsErvation) chem-tion system and the MLS water vapour data. Sections 3—4 de-
ical data assimilation system (Errera and Fonteyn, 2001scribe the evolution of the stratosphere for selected dates dur-
Errera et al., 2008; Viscardy et al., 2010). Water vapouring the January—February 2009 period, spanning the build-
observations are from MLS, the Microwave Limb Sounder up, peak and aftermath of the major warming. Section 3 pro-
(Lambert et al., 2007). Meteorological data (geopotentialvides a picture of the meteorology from ECMWF data. Sec-
height fields, PV fields) are from the ERA Interim anal- tion 4 provides, first, a comparison of 2-D water vapour anal-
yses [ttp://www.ecmwf.int/research/era/do/get/infigxo-  yses and 2-D gridded MLS water vapour observations, with a
vided by the European Centre for Medium-Range Weathefocus on the benefit of data assimilation compared to obser-
Forecasts, ECMWF. These data are described in, e.g., Simzations (Sect. 4.1); and second, a combined 2-D maps/1-D
mons et al. (2005). along-orbit pole-centred picture of the dynamics, looking at
Data used in this paper are analysed using a 1-D alongwater vapour observations and analyses, and PV fields, with
orbit picture (see Lahoz et al., 2009, and references thereing focus on consistency of the different dynamical pictures of
and a 2-D equivalent latitude-theta picture, where theta is pothe major warming (Sect. 4.2). The MLS orbits considered
tential temperature (see Manney et al., 2009b, and references Sect. 4.2 are chosen to cut through the cyclonic and anti-
therein). Data are also analysed with 2-D latitude-longitudecyclonic circulations present during the period of the major
maps at selected pressure or theta levels. The geometry efarming. Section 5 discusses vortex descent rates computed
the 1-D picture provides a physically meaningful (coordi- using various approaches. Section 6 provides conclusions.
nate independent) pole-centred picture of the stratosphere
and mesosphere. An advantage of the pole-centred picture is
that it retains the information content in the data without the2 BASCOE data assimilation system
blurring effect of gridding by interpolation between viewing
tracks and averaging along latitude circles. The 2-D equiva2.1 BASCOE set-up
lent latitude-theta picture involves some interpolation and av-
eraging, but since the averaging is done along PV contoursBASCOE is a 4D-Var (4-D variational) assimilation system
preserves much of the vortex-centred viewpoint; this picturedescribed in Errera et al. (2008). Its performance for various
provides information on the roles of quasi-horizontal trans-analysed species is described in several papers (Errera and
port and vertical transport in determining tracer distributions. Fonteyn, 2001; Geer et al., 2006; Lahoz et al., 2007b; Errera
etal., 2008; Thornton et al., 2009; Viscardy et al., 2010). The
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BASCOE system is based on a 3-D CTM (chemistry trans-68 hPa—0.01 hPa. The scientifically useful range of the data
port model) dedicated to stratospheric chemistry processess from 316 hPa to 0.002 hPa.

it uses a time step of 30 min. In this study, the CTM is driven

by ECMWF ERA Interim analyses of winds and tempera- 2.3 Validation of BASCOE water vapour analyses

tures on a subset of 37 of the 60 ECMWF model levels, from .
the surface to 0.1 hPa with a horizontal resolution set to°3.75 "€ BASCOE stratospheric water vapour analyses have

longitude by 2.5 latitude. Hence, the horizontal resolution PN Vverified against water vapour data from MLS (a self-
corresponds to a maximum ef415km in longitude and a consistency test), and validated against independent water

maximum of~277 km in latitude. The vertical resolution is VaPour data from the ACE-FTS (Atmospheric Chemistry
~1.5km in the mid stratosphere. Experiment — Fourier Transform Spectrometer) instrument

The BASCOE CTM includes a parametrization to take (Bernath et al., 2005). Figure 1 shows a comparison be-
into account the effect of Polar Stratospheric Clouds (PSCsfWeen the BASCOE water vapour a_nalyseg, _and the MLS
_ see Errera et al. (2008) for details. Although the BAS- and ACE-FTS water vapour data, with statistics calculated

COE model extends down to the surface, it does not includetor the period January—February 2009 and over the latitude

any tropospheric processes. Below the tropopause, mLgange 6GN-90C° N. From Fig. 1, bias differences between

water vapour profiles are not assimilated as the BASCOEBAhSCOE agdb!vlLSd_z;lfre less thgn 2% throughout the dstrato—
model fixes the tropospheric water vapour field to that of theSPNere, and bias di Oerences etween BASCOE and ACE-
ECMWF ERA Interim analyses. The thermal tropopause iSFTS are less than 5% throughout the stratosphere. BAS-

calculated in the BASCOE model using ECMWF ERA In- COE s slightly drier than ACE-FTS in the mid to upper
terim pressure and temperature fields mapped to the BAS:_stratosphere (10 hPa-1 hPa), and slightly moister in the lower
COE horizontal resolution stratosphere, chiefly around 50 hPa. The standard deviation

For the experiments described in this paper, the BASCOEbetWeen BASCOE analyses and both MLS and ACE-FTS

system assimilates over a 24-h window various MLS versionoIata (computed about the respective mean, i.e., bias, differ-

1 I 0,
v2.2 species within their useful vertical range (see Table 1_1ence), s typically less than 79 throughout the stratosphere

in the v2.2 Data Quality Document, Livesey et al., 2007). (100 hPa—1 hPa), with values being less than 5% in the mid

These species are: ,B, CIO, HCl, HNG;, N,O, Oz and and upper stratosphere (10 hPa—1hPa). The bias and stan-
OH. In particular, water vapour is a control variable in the dard deviation between BASCOE and MLS are within the

BASCOE 4D-Var system and its background errors are gi-Precision of the latter (see Sect. 2.2).

agonal (i.e., all off-diagonal elements are set to zero) with a

standard deviation equal to 20 % of the background humid-3  \eteorology

ity field. CO and NO observations were used by Manney et

al. (2009b) to study the major warming of 2009. This was The evolution of the temperature and zonal winds during
possible by considering averages of these observations. Ithe major warming is described in detail in Manney et
data assimilation observations are considered individuallyal. (2009b). To further understand the temporal evolution
and the relatively large observation error bars of MLS CO of the stratosphere before, during and after the major warm-
and NbO compared to the BASCOE background errors — foring, we consider Northern Hemisphere (NH) ECMWF 2-D
CO over the whole vertical domain of BASCOE (Pumphrey analysed fields of geopotential height at 12:00 UTC for four
et al., 2007), for MO above 10hPa (Lambert et al., 2007) dates spanning the period of the major warming: 8, 20, 24
— mean their weight in the analyses is insignificant. We January, and 1 February. We focus on geopotential height
thus exclude these species from this study. Instead, we usields at 100 hPa (lower stratosphere; right column, Fig. 2),
the MLS water vapour observations and the BASCOE waterl0 hPa (mid stratosphere; middle column, Fig. 2) and 1 hPa
vapour analyses. Their validation is discussed in Sects. 2.2upper stratosphere; left column, Fig. 2).

and 2.3, respectively. MLS orbits are chosen to cut through the cyclonic and an-
ticyclonic circulations present during the period of the major
2.2 Validation of MLS water vapour observations warming (Fig. 2). The starting point of the orbits indicated in

Fig. 2 is labelled with a closed circle. These orbits are used
The MLS v2.2 water vapour data have been validated byin Sect. 4.2 to produce line plots (1-D along orbit picture)
Lambert et al. (2007). Single-profile precision4$.2-0.3  comparing water vapour analyses and observations, and PV
parts per million by volume, ppmv (4-9 %) and vertical res- analyses, at various theta levels spanning the stratosphere.
olution is ~3-4 km in the stratosphere. Precision and ver-The temporal evolution of the geopotential height fields dur-
tical resolution gets worse with increasing height above theing the period 8 January—1 February 2009 is described below.
stratopause. Over the pressure range 0.1 hPa—0.01 hPa prefianney et al. (2009b) provides details of the evolution of

sion degrades from-0.4 ppmv to~1.1ppmv (6% to 34%)  the geopotential height fields for the period December 2008
and vertical resolution degradestd2-16 km. Accuracy is  March 2009 (see their Fig. 1).

estimated to be 0.2-0.5 ppmv (4-11 %) for the pressure range
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Fig. 1. Bias (left-hand plot) and standard deviation (right-hand %

plot), as a percentage of the observational data, between BASCOE ¢
water vapour analyses and MLS water vapour observations (red 2
line), and between BASCOE water vapour analyses and ACE-FTS o
water vapour observations (blue line). Statistics are computed for
the period January—February 2009 and overMo9(® N (see text

for further details). The x-axis is percent difference (%); the y-
axis is pressure (hPa). Positive values in the bias indicate that the%
BASCOE analyses are moister than the MLS and ACE-FTS data. £
To orient the reader, a rough equivalence between pressure level: T
and isentropic levels is as follows: 50 hPa (550 K); 10 hPa (850K);
1hPa (1900 K).

EENT T T

4243444546 47484950  27.5 285 295 305 315

On 8 January (Fig. 2, top row), the cyclonic polar vortex Fig. 2. NH ECMWF geopotential height field (km) at 12:00 UTC on
extends throughout the stratosphere from 100 hPa to 1 hPagarious dates in 2009 (8 January, top row, 20 January, second row;
with a westward tilt with height. It is roughly axi-symmetric, 24 January, third row; 1 February, bottom row) and various pressure
especially at 10hPa. At 10hPa and 1 hPa there is an anticyevels (1hPa, left column; 10hPa, middle column; 100 hPa, right
clone over Eastern Siberia. By 20 January (Fig. 2, secondx’lu,m”)' Red_ mdlca_ltes relatl\_/el)_/ high geopotentlal height vaIl_Jes
row), the polar vortex at 100 hPa comprises two cyclonic cir- (@nticyclonic circulation); blue indicates relatively low geopotential

. . height values (cyclonic circulation). Orbits indicated are used to
culations. There are two anticyclones at 10 hPa and 1 hPag : )
| d North A . dc | Siberia: th produce the plots comparing the analyses, measurements and PV in
O,C&te over Nort merlca} an entra ,' ena; t ey COn'Figs. 4-6. The starting point of each orbit is labelled with a closed
tribute to the vortex elongation, and cause it to split at 1 hPayj.cje.

(Manney et al., 2009b, states the vortex splite20 January

at 1700K,~2hPa). At 10hPa and 1hPa the geopotential

height pattern is of wavenumber-2 (vortex-split) type, andsplit type. At 10hPa, the anticyclones remain comparable
the anticyclones have strength comparable to that of the cym strength to the cyclonic circulations. At 1 hPa, there is a
clonic circulations. At this time the polar vortex is Sever6|y strong anticydone over the North Po|e, and the polar VOr-
distorted in the upper stratosphere. tex has split into three weak circulations located over East
By 24 January (Fig. 2, third row), the date when major Siberia, North West America and the Atlantic. At this time
warming criteria are met (Manney et al., 2009b), the an-the polar vortex is severely distorted in the mid and upper
ticyclone over the North Pacific at 100 hPa is weaker thanstratosphere.
on 20 January, and the polar vortex has elongated further. By 1 February (Fig. 2, bottom row), there are two distinct
At 10 hPa, the anticyclones have moved further toward thecyclonic circulations at 100 hPa, located over North America
North Pole, and split the polar vortex into two circulations lo- and Central Siberia, indicating a vortex split (Manney et al.,
cated over North America and Central Siberia (Manney et al. 2009b, states that the vortex split 6480 January at 520K,
2009b, states that the vortex split 124 January at 850K, ~50hPa); the timings of the vortex split in the upper, mid and
~10hPa). The circulation (cyclones and anticyclones) ex-lower stratosphere~<20 January;-24 January aneg-30 Jan-
hibits the wavenumber-2 pattern of a warming of the vortex-uary, respectively) are consistent with the typical top-down
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development of major Warmings. At 10hPa the antiCyC|0ne (1) BASCOE at 0 UTC (2) BASCOE at 6 UTC (3) BASCOE at 12 UTC
is strong and is located over the North Pole; the cyclonic cir- &
culations, located over North West America, Central Siberia
and South West Europe, have weakened (and are weaker tha
the anticyclone). At 1hPa the circulation is dominated by a {§\
broad but weak cyclonic system with two circulations, lo-
cated over Northern Canada and Central Siberia. At high
latitudes, there is no longer a signature of an anticyclone at
1 hPa. At this time the polar vortex has recovered in the up- -
per stratosphere, but is severely distorted in the lower and /@
mid stratosphere.
The evolution of the stratospheric polar vortex during |
February is described in Manney et al. (2009b). No sig- |*
nificant recovery of the lower stratospheric vortex occurs
after the major warming. By mid February, the vortex
has strengthened in the upper stratosphere and remain.
severely distorted in the lower and mid stratosphere. Zonal

mean zonal winds remain westerly in the upper mesosphergiq- 3. BASCOE water vapour analyses (ppmv) at 00:00, 06:00,
(~90km) until mid March and in the lower mesosphere 12:00, 18:00 and 24:00 UTC on 24 January 2009 at 850K (panels

N . - . 1-5, respectively); gridded MLS water vapour observations (ppmv;
;l 72(;((;3{);1”“' the end of March (see Fig. 1 in Manney et 24-h average) on 24 January 2009 at 850 K (panel 6). Red indicates

relatively high values; blue indicates relatively low values. White
areas in panel 6 indicate a lack of observations.

4 Evolution of water vapour analyses and PV fields

o o ) spatio-temporal evolution of the major warming and, thus, a
4.1 Data assimilation versus gridding picture better basis for quantifying descent in the vortex (as done in

.. . o ) Sects. 5.1-5.2).
We first illustrate the benefit of data assimilation with re-

spect to gridded observations. To do this we compare fog.2  Combined 2-D maps/1-D along-orbit picture
24 January BASCOE water vapour analyses with analogous
fields of gridded MLS water vapour observations at 850 K We now use a combined 2-D maps/1-D along-orbit picture
(~10hPa) (Fig. 3). The MLS data are linearly interpo- to study the period of the major warming using water vapour
lated onto the latitude-longitude gric® 2 5° as in Man-  analyses and PV fields. In Figs. 4—6 we present for selected
ney et al. (2007) — see their Fig. 4. BASCOE analyses arelates (8, 20, 24 January; 1 February) and theta levels (550K,
shown for five time-stamps (00:00, 06:00, 12:00, 18:00 and850 K, 1700K), the BASCOE water vapour analyses (left
24:00 UTC), panels 1-5, Fig. 3; gridded MLS data are a 24-hcolumns) and the ECMWF PV fields (middle columns). The
average, panel 6, Fig. 3. PV fields are shown in PV units, which is appropriate as
Figure 3 shows that at the time of the major warming bothin each case we focus on one isentropic level. The vortex
the gridded data and analyses show the same broad-scale fezdge (marked by the bold red contour in the left and mid-
tures; however, the analyses are more fluid-like than the griddle columns) is defined using the x40-4s~! scaled PV
ded observational data. In particular, the analyses do not havsPV) discussed in Manney et al. (2007) — the location of the
the signature of the orbits and other noisy features seen in theortex edge is superimposed on the water vapour analyses
gridded data. Because gridding of MLS data does not takeand the PV fields. Right columns show BASCOE analyses
account of observational error, noisy features in the data arand PV fields linearly interpolated to the orbit indicated in the
retained in Fig. 3 (panel 6). The spatial relationship betweereft/middle columns, which marks the location of MLS water
dynamical features (e.g. cyclonic and anticyclonic circula- vapour observations. Using PV fields derived from GEOS-5
tions, identified by relatively high and relatively low water (Manney et al., 2007/ttp://mis.jpl.nasa.gov/dmshows no
vapour values, respectively) becomes clearer in the analysesignificant differences in the results (not shown).
Figure 3 also shows that the BASCOE water vapour analy- Figure 4 concerns the 550K level 40 hPa, lower strato-
ses capture well the temporal evolution of the water vapoursphere); Fig. 5 the 850K levetL0 hPa, mid stratosphere);
field. Although the above features seen for 24 January (anénd Fig. 6 the 1700K level~2 hPa, upper stratosphere).
confirmed for 8 and 20 January, and 1 February — not shownYhe ECMWF PV fields shown in Figs. 4-6 are calculated
do not guarantee that the analyses are physically more raising ECMWF vorticity and temperature at a horizontal res-
alistic than the gridded observations, they suggest that thelution of 1° x 1°, and at 12:00 UTC. PV maps are shown at
analyses provide a more physically based description of thehis resolution, which means they are at a higher resolution

www.atmos-chem-phys.net/11/4689/2011/ Atmos. Chem. Phys., 11, 46832011
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Fig. 4. Plots of geophysical quantities at 550 K. (Left column) Fig. 5. As Fig. 4 but at 850 K. The PV field is depicted in2:0PV
NH BASCOE water vapour analyses, ppmv; (Middle column) NH units.
ECMWEF PV field (10<PV units); (Right column) MLS water
vapour measurements (black line, ppmv; on orbits indicated), and
BASCOE water vapour analyses (blue line, ppmv) and ECMWF Comparison of Figs. 2, 4-5 shows that during the period
PV fields (red line, 1& PV units) interpolated to the orbits indi- 8 January—1 February, throughout the lower and mid strato-
cated in left and middle columns. On right column plot, orbit pro- sphere, cyclonic circulations in geopotential height fields
file numbers are indicated at the bottom, and approximate latitudegre generally reflected in relatively high values in the water
are indicated at the top. Top row: 8 January 2009; second row: ZQ/apour analyses and ECMWF PV fields; anticyclonic circu-
January 2009; third row: 24 January 2009; bottom row: 1 Febru-|4iinng in the geopotential height fields are reflected in rela-
ary 20(_)9' In .Ieﬁ. and m'ddl'.a columns, red '_nd'cates relatively h'gh tively low values in the water vapour analyses and PV fields.
values; blue indicates relatively low values; bold red contours indi- . .

By contrast, during January in the upper stratosphere the re-

cate the vortex edge (see text for definition). In right column, greyI . hio b ial heiah d .
indicates the 1-sigma precision in the MLS water vapour measure ationship between geopotential height and water vapour is

ments. Dashed horizontal lines in the right column plots indicate Mainly opposite (Figs. 2, 6). In the period at the end of Jan-

regions of relatively high PV identified with the polar vortex. uary and beginning of February, this behaviour in the up-
per stratosphere is modified. On 1 February both correlation

and anti-correlation between,® and PV fields are seen in
than the BASCOE analyses. Note that Lahoz et al. (2009he polar vortex at 1700K (Fig. 6, bottom row): e.g., anti-
have tested the performance of the ECMWEF PV in the up-correlation just north of Eastern Siberia or over the Cana-
per stratosphere/lower mesosphere (in particular, the perfordian Arctic (low H,O, high PV); correlation over the Bering
mance at the 1900 K level0.8 hPa, was evaluated) and find straits (high HO, high PV). This behaviour is explained be-
it provides a realistic description of the large-scale dynamicslow.
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oSan 2009 / 6 1700 K e first 3—4 weeks of January,® and PV are anti-correlated,
ECMWE PV [10° PVU) N SON SN SN SN during late January/early February areas of correlation and
anti-correlation are present; during mid and late February,
H>O and PV are correlated (not shown). Several authors
(Feist et al., 2007; Lahoz et al., 2009; Harvey et al., 2009)
have commented on modification of PV/tracer correlations.
g ) Comparison of the fields at 550 K (Fig. 4; other orbit cuts
: 0 20 2, 0 2480 show similar behaviour) shows that, qualitatively, the water
20-Jan-2009 / 0= 1700 K ltude vapour analyses and water vapour observations track the PV
PO ) ren P A AT values, with relatively low values at low and mid NH lat-
7s itudes and high values at high NH latitudes on 8 January,
v when the polar vortex in the lower stratosphere is not very
) distorted and is centred roughly over the North Pole. This is
6 confirmed in the agreement between the location of the cy-
- clonic circulation in Fig. 2 (top row), the vortex identified by

BASCOE H20 [ppmv]

PV [10° PVU]

H20 [ppmv]

H20 [ppmv]
o —

PV [10° PVU]

55 0
2700 2720 2740 2760 2780

: 02 profile relatively high PV values in Fig. 4 (top row, middle column),

e e s e and the along-orbit cuts (Fig. 4, top row, right column). In
Figs. 4-6 (right column), the profiles and latitudes with rela-

. o tively high PV values are marked by dashed horizontal lines.

As the vortex elongates over the period 20-24 January, the
water vapour fields continue to track the evolving PV field,
. with relatively high/low values in the former corresponding
5360 oR0 1000 1020 1040 to relatively high/low values in the latter. This is confirmed

ST, “]"d in the agreement between the water vapour and PV analyses,
BASCOE H20 [ppm] ECMWE PV [10° PVU) SN SN SN SN 3N and the along-orbit cuts in Fig. 4: second row and third row,
2 “ right column. By 1 February, when the vortex has split into
’ : two, the split is seen in both the water vapour and the PV
field, with relatively high values in both fields correspond-
ing to cyclonic circulations, and relatively low values in both
e fields corresponding to air in between cyclonic circulations.
B e e B e ! This is confirmed in the agreement between the water vapour
and PV analyses, and the along-orbit cuts in Fig. 4, fourth
row, right column.

Inspection of the water vapour and PV along-orbit plots
at 850K (Fig. 5; other orbit cuts show similar behaviour)
shows that, qualitatively, the water vapour analyses and wa-

The temporal evolution and spatial distribution of the wa- ter vapour observations also track the evolving PV field dur-
ter vapour analyses and ECMWF PV fields described aboveéng the period of the major warming. This is confirmed in
is consistent with the strong diabatic descent typical of thethe agreement between the cyclonic circulations in Fig. 2,
Arctic autumn and early winter (e.g., Manney et al., 1994) and the vortex features identified by relatively high PV val-
and shown in other MLS trace gases during the 2005, 200@ies and relatively high water vapour values in Fig. 5, right
and 2009 northern winters by Manney et al. (2007, 2009acolumn. The PV maps on 8 January at 850K (and 1700 K;
b), with descent during January bringing down relatively dry see below) show pockets of relatively low PV inside the vor-
mesospheric air at high latitudes to the upper and mid stratotex, an example that PV and tracers may not both increase
sphere (where the ambient air is relatively moist), in regionsmonotonically into the polar vortex.
identified by higher PV values, i.e., the polar vortex. By Inspection of the water vapour and PV line plots at 1700 K
late January after major warming criteria are met on 24 Jan{Fig. 6; other orbit cuts show similar behaviour) shows that,
uary, the dry mesospheric air has not yet descended to thgqualitatively, the water vapour analyses and water vapour ob-
mid stratosphere. After late January, as the relatively dry airservations also track the evolving PV field during the period
mixes with the ambient moister air, the water vapour mixing of the major warming, but with an opposite relationship be-
ratios throughout the upper and mid stratosphere increasdyeen the water vapour data and the PV analyses until the
reflecting the larger extent of the ambient air mass. This hagnd of January, which can be understood in terms of the con-
the effect of modifying the relationship at 1700 K between fined diabatic descent characteristic of the Arctic vortex in
the relative moistness/dryness of the air masses and the regarly winter (see discussion above). This is confirmed in the
ative magnitude of the PV associated with them: during theagreement between the cyclonic circulations in Fig. 2, and

=
o

s o

H20 [ppmv]
o
[
oo =
PV [10° PVU]

10

PV [10° PVU]

H20 [ppmv]
&

0 5 10 15 20 25

Fig. 6. As Fig. 4 but at 1700 K. The PV field is depicted in*tgPV
units.
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the vortex features identified by relatively high PV values and  ime series of BASCOE Analyses H20 [ppmv] Averaged over NH Vortex using 1.4e—4 s—1 sPV contour
relatively low water vapour values for 8, 20 and 24 January [ "RA { aq 75
in Fig. 6, right column. For 1 February, the PV and water

vapour fields are not generally anti-correlated in the regions
of highest PV values (Fig. 6, right column, bottom row).

In Figs. 4-6, MLS observations show oscillations within
the 1-sigma random error bars (solid grey lines in the right
column show the estimated precision of the MLS water
vapour observations). Gaps in the MLS data identify partic- Date of 2009
U|ar|y poor MLS retrlevals (elther the retrleval dld nOt con- Time Series of BASCOE CTM H20 [ppmv] Averaged over NH Vortex using 1.4e—4 s—1 sPV contour
verge, or too few radiances are available for a good retrieval 20z~ \) ‘
— see Livesey et al., 2007). These data were not assimilated
Although MLS observations present a higher variability than
the BASCOE analyses, these two datasets agree within theZ
1-sigma MLS random error bars. The BASCOE analyses _%moﬁ\ :
and PV fields are smoother than the observations. At theg L ) el 5‘3},\/’:52555 s
large-scale, all three fields generally agree well, whereas at , Sa=t= = : o
the small-scale, the BASCOE ana|yS€S agree better with the  ovor oso1 1101 1601 2101 26@;{63/5)010905/02 10/02 15/02 20/02 25/02
PV fields. The reason the BASCOE water vapour analyses
and PV fle|dS are smoother than the Watel’ Vapour measure_Tix;ng{;gries oft‘he H20 Analyses—CTM [ppmv] Averaged over NH Vortex using 1.4e—4 s—1 sPV contour

Potential Temperature [K]

1500 g5

rature [

ments is likely owing to the assimilation that, by its nature, _ \ A mmﬁ 03
smoothes the observations, and the relatively higher horizon—? sool AR VAU
tal resolution of the PV fields. g : - I
E (2@ e A £ > <0 & Do 0
LTI A - B
. . g j SN -
5 Water vapour analyses: vortex descent during winter =R o ==
2009 500p e . [ppmv—]o.s

P S L L .
01/01 06/01 11/01 16/01 21/01 26/01 31/01 05/02 10/02 15/02 20/02 25/02
Date of 2009

5.1 Vortex descent: vortex average picture

Fig. 7. Times series of NH vortex-averaged water vapour (ppmv)
To estimate vortex descent during this winter we first presentfor 1 January—28 February 2009 and theta range 400 K—2000 K.
for 1 January—28 February 2009, a time series of the vortex{T0P) From BASCOE analyses; (Middle) from BASCOE CTM run
averaged water vapour throughout the stratosphere and low&P© assimilation), with chemistry; (Bottom) difference between top
mesosphere (400 K=2000K). The time series are compute nd middle plots. In top and middle plots, blue-green denotes rel-

- . . atively low values; red denotes relatively high values. In bottom
from analyses (Fig. 7, top), and a BASCOE CTM simulation plot, red denotes positive differences (analyses values higher than

without assimilation and ipcluding chemistry (Fig. 7, 'mid-' CTM values), blue denotes negative differences (analyses values
dle). The vortex average is computed for PV values identi-jower than CTM values). The vortex average is computed for PV
fied to be within the polar vortex; the vortex edge is definedvalues identified to be within the polar vortex. The vortex edge is

using the 1.4« 10~4s~1 scaled PV discussed in Manney et defined using the 1.4 10~4s~1 scaled PV discussed in Manney et
al. (2007). The white area in Fig. 7 corresponds to the regioral. (2007). The white area indicates where it is not possible to cal-
where the vortex is not defined according to this criterion. culate the vortex edge. The vertical black solid lines identify dates
The difference between the BASCOE analyses and the BASS, 20 and 24 January, and 1 February (left to right). The horizontal
COE CTM simulation is plotted in Fig. 7, bottom. Using PV black dashed lines identify theta levels 550 K, 850K anql 17Q0 K
fields derived from GEOS-5 shows no significant differences(P°ttom 0 top). A, B, C and D marked in the top plot identify
. features discussed in the text, and mentioned in Table 1 (for A, B
in the results (not shown). and C),

A BASCOE CTM simulation without assimilation and
without chemistry was also done, with results very similar
to those including chemistry (not shown), indicating that ad- ]
vection and not chemistry is the dominant process during®o'ms worse than the BASCOE analyses (against the ACE-
the period of the major warming. Comparison of the BAS- FTS data), although differences are small (between 2% and
COE CTM (run without assimilation) against independent5%)-
data (ACE-FTS) shows that in the stratosphere the model has Regarding the relative role of advection and chemistry on
a positive bias (within 5 %) and that differences have a stanthe water vapour stratosphere/mesosphere distribution, Mc-
dard deviation (about the mean difference) within 10%. In Cormack et al. (2008) have tested the representation and im-
general, the BASCOE CTM (run without assimilation) per- pact of chemistry on water vapour analyses and forecasts.
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They found that a new parametrization accounting for pho-vapour values (see Fig. 6 for 8, 20 and 24 January). During
tochemical sources and sinks of water vapour in height, latthe second half of February, as the vortex weakens, further
itude and season, improved global 10-day forecasts of upmixing between vortex and extra-vortex air masses slightly
per mesosphere water vapour in comparison to a simpler 1decreases water vapour mixing ratios in the lower mid strato-
D parametrization. Most of the improvement was seen atsphere (levels-600 K), contributing to the further drying of
high winter latitudes. We can infer that chemistry is likely to the air mass indicated by D.
play an important role in the wintertime distribution of water  The vortex average calculated from the CTM run (Fig. 7,
vapour in the mesosphere, and in determining the amount ofmiddle) generally shows the same broad-scale features as
dry mesospheric air descending into the stratospheric polathe vortex average calculated from the BASCOE analyses
vortex. However, results in this paper indicate that during(Fig. 7, top), but shows differences in the representation of
the period of the major warming, advection is the dominantlocalized features. The CTM-based estimate shows higher
process in determining the water vapour distribution. mixing ratios in the mid and upper stratosphere, and lower
The BASCOE water vapour analyses in Fig. 7 (top) showmixing ratios in the mid and lower stratosphere during the
four notable features: (i) an air mass characterized by wapeak of the major warming (20-24 January), and shows
ter vapour mixing ratios of~6 ppmv (yellow-green colours, higher mixing ratios in the upper stratosphere in the period
marked A), present in the lower mesosphere (2000 K) dur-after the major warming (late January/February). These dif-
ing early and mid January, which descends to the mid stratoferences can be as large as 0.5 ppmv in magnitude, as indi-
sphere (identified by green patches between 6.25 ppmv coreated by the difference plot in Fig. 7, bottom. A likely rea-
tours at~1500K and~1200 K — note another green patch son for the differences between the analyses and the CTM
can be identified between1100 K and~1000 K) by 24 Jan-  is that the latter generally has smoother tracer fields because
uary (the date major warming criteria were met), with de- the transport processes in the CTM allow more exchange be-
scent appearing to stop abruptly (there is, through most otween air masses (e.g. inside and outside the vortex), than
the vertical range and time period considered, still diabaticsuggested by other fields (geopotential height, PV). This
descent taking place, but strong mixing as the vortex breakshortcoming in the CTM might be remedied by increasing
up destroys the signature of confined descent in the traceits spatial resolution (see, e.g., Strahan and Polansky, 2006).
fields) — remnants of this descent continue to be present dur- As localized features seen in the BASCOE analyses are
ing late January/early February (e.g~at400K); (ii) an air ~ consistent with the meteorological data and other tracer data
mass characterized by water vapour mixing ratios greate(see Manney et al., 2009b; and Sect. 4, this paper), we infer
than 6.5 ppmv (red colours, marked B), present in the midthat vortex-averaged estimates calculated from the BASCOE
stratosphere~800 K) during early January, which descends analyses are more realistic than those calculated from the
to the mid/lower stratosphere-f00K) by 1 February and CTM runs (with and without chemistry). Examples include
then stalls; (iii) an air mass characterized by water vapourthe relative maximum at 1400 K seen during early February
mixing ratios greater than 6.5 ppmv (red colours, marked C),in the MLS CO field (Manney et al., 2009b, their Fig. 2, top),
present in the lower mesospherel@00 K) in 20 January, replicating the relative maximum seen in the BASCOE water
which descends to the upper stratospher@500K) by 15  vapour analyses; and consistency between the BASCOE wa-
February, with descent stalled afterwards; and (iv) an airter vapour analyses and the ECMWF PV fields (Figs. 4-6).
mass characterized by water vapour mixing ratios less thaThese results suggest forcing a CTM with ECMWF winds
6 ppmv (green-blue colours, marked D) present in the midand diabatic heating corresponding to the ERA Interim anal-
stratosphere during late January, which descends slowly, angses (and not using data assimilation) produces polar vortex
becomes drier during February. The origins of features A—Ctracer fields (dependent on transport and not chemistry) with
and their relationship to the major warming were discussediases of at most 0.25-0.5 ppmv — the sign of the bias can be
in Sect. 4.2. negative or positive depending on altitude. These biases are
The origin of the air mass indicated by D is likely to be estimated as the difference between BASCOE analyses and
mixing at mid stratosphere levels of extra-vortex air (associ-CTM fields without assimilation (see Fig. 7, bottom).
ated with low PV/low water vapour values) with vortex air ~ We now estimate vortex descent rates during January and
(associated with high PV/high water vapour values), whichFebruary 2009 using the vortex average picture by consider-
would result in drying of the original vortex air. This in- ing features marked A—C in Fig. 7 (top). In Sect. 5.2 we esti-
ference is supported by Fig. 5 (third and fourth row), which mate vortex descent rates for these features using the equiv-
generally shows within the polar vortex at 850 K air massesalent latitude-theta picture and information from Manney et
with correlated PV/water vapour values on 24 January andal. (2009b). Section 5.3 summarizes results from Sects. 5.1—
1 February, with PV values decreasing between 24 Januar$.2.
and 1 February. The observed correlation between PV and The feature marked A in Fig. 7 (top) is associated with typ-
water vapour values would discount descent within the po-ical early winter diabatic descent in the polar vortex (Manney
lar vortex of relatively dry air from the polar mesosphere, aset al., 1994, 2009a, b). This confined descent brings rela-
this air would have an anti-correlation between PV and watertively dry mesospheric air to the mid stratosphere, where the
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ambient air is moister. Figure 2 in Manney et al. (2009b) scent in the MLS CO observations. Focusing ofOHmix-
shows similar strong descent in the MLS CO observationsing ratios of 6.5 ppmyv, these isopleths descend from 2000 K
Focusing on HO mixing ratios less than 6.25 ppmyv, these on 20 January to~1500K on 10 February; after this time
isopleths descend (although not in a coherent fashion) fronthe isopleths stop descending. This implies a descent rate
2000K on 8 January te-1300K on 24 January (this level of ~25Kday ! (~50km to ~40km over 20 days, a de-
is selected as representative of a range of vertical levels tecent rate of~0.5kmday!) for this air mass. An alterna-
which air masses with these mixing ratios have descendetive approach focusing on isopleths greater than 6.75 ppmv
— see discussion in Sect. 5.1), when they appear to stofred colours) shows descent froril900 K (25 January) to
abruptly; on this date major warming criteria are met and the~1500 K (14 February), a descent rate~0 K day 1. This
vortex splits in the mid stratosphere (Manney et al., 2009b) suggests descent rates for this air mass between 20K day
resulting in strong mixing that eliminates the signature of and 25K day.
confined descent. This gives a descent rate of the isopleths
of ~40K day !, or ~0.7kmday?! (50km to 40km in 16 5.2 Vortex descent: equivalent latitude-theta picture
days). An alternative approach focusing on the green colours
(isopleths of~6 ppmv and less) around 12 January, showsTo estimate vortex descent during this winter, we now use the
descent from 2000 K (12 January)+d500K (25 January), €quivalent latitude-theta picture to look at the water vapour
a descent rate of40K day . This suggests descent rates fields for the following dates: 8, 20, 24 January; 1 Febru-
for this air mass ofw40Kda)r1, Here and elsewhere in ary (respectively, left, middle left, middle right and right
the paper, descent rates in units of KdAyre in terms of ~ columns, Fig. 8). We first compare the BASCOE water
d(theta)d:. vapour analyses (top row, Fig. 8) with two BASCOE CTM
The feature marked B in Fig. 7 (top) is associated with free runs (i.e., without data assimilation): one includes chem-
descent before the major warming (24 January) and the subistry (middle row, Fig. 8); the other excludes chemistry (bot-
sequent vortex split in the mid and mid/lower stratospheretom row, Fig. 8). We then estimate vortex descent rates from
(Manney et al., 2009b). This air does not mix with the rel- the BASCOE analysis information.
atively drier air of mesospheric origin immediately above. The CTM runs show little difference between including or
This descent of air brings relatively moist mid/upper strato- excluding chemistry (middle and bottom row, respectively;
spheric air to the mid stratosphere, where the ambient aiFig. 8), confirming that advection and not chemistry is the
is drier. Figure 2 in Manney et al. (2009b) shows sim- dominant process affecting the water vapour distribution dur-
ilar descent in the MLS DD observations. Focusing on ing the period of the stratospheric major warming (see dis-
H,O mixing ratios of 6.5 ppmv, these isopleths descend fromcussion in Sect. 5.1). The CTM runs capture the large-scale
~1000K in 1 January to-800K by 9 February; after this features of the BASCOE analyses (e.g. general location of
time the isopleths stall and stop descending. This implies anaxima/minima in the water vapour distribution), but are un-
descent rate of-5 K day ! for this air mass. An alternative able to capture localized features in the analyses, e.g., the rel-
approach focusing on the red colours between 6.5 ppmv andtively moist air in the mid stratosphere§50 K) seen on 24
6.75 ppmv shows descent from 850 K (1 Januaryy %0 K January and 1 February, and the pockets of relatively dry air
(22 January), also a descent rate~b K day ! (~30km  seenat-1500 K on 20 and 24 January poleward of 60 As
to ~20 km over 20 days, a descent rate~d.5 km day1). localized features seen in the equivalent latitude-theta repre-
During this descent, and especially after the peak of thesentation of the BASCOE analyses are consistent with the
warming in 24 January, the region of locally high mixing meteorological data (see Figs. 2, 5 and 6; and Manney et al.,
ratios (e.g. values greater than 6.5 ppmv) decreases, sugge009b), this illustrates the benefit from data assimilation with
ing mixing between extra-vortex and vortex air as the vortexrespect to the BASCOE CTM. Evidence for the benefit of
splits. data assimilation with respect to observations was presented
The feature marked C in Fig. 7 (top) is associated within Sect. 4.1.
strong descent after the major warming (24 January) and The equivalent latitude-theta maps for the BASCOE anal-
subsequent reformation of the vortex in the upper stratoyses show several notable features. First, they show rela-
sphere/mesosphere (Manney et al., 2009b). This descent éfvely dry air (mixing ratios less than 6 ppmv; marked A,
air brings relatively moist upper stratosphere/mesosphere aitop row, Fig. 8) in the mesosphere (theta values greater than
to the mid stratosphere, where the ambient air is drier. Note~2100 K) poleward of 50N on 8 January, identified to be
that mixing between relatively dry vortex air and relatively mainly within the polar vortex in terms of geopotential height
moist extra-vortex air at-1700 K during the warming con- (Fig. 2), or of water vapour or PV (Fig. 6). By 20 January,
tributes to the increase in mixing ratios seen after 24 Janthis air mass has descended~@500 K and by 24 January
uary; analogous mixing between vortex and extra-vortex airto ~1300 K, mainly remaining within the polar vortex (left
contributes to the slight increase in mixing ratios seen fromcolumn, second and third row; Fig. 2). By 1 February, no
21 January to 31 January betweed500 K and~1100K. mixing ratios lower than 6 ppmv can be seen poleward of
Figure 2 in Manney et al. (2009b) shows similar strong de-50° N and theta levels higher tharil200 K, suggesting these
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Fig. 8. Equivalent latitude-theta plots of water vapour fields at 12:00 UTC (ppmv). Top row: BASCOE analyses; middle row: BASCOE
CTM run (no assimilation), with chemistry; bottom row: BASCOE CTM run (no assimilation), no chemistry. Left column: 8 January 2009;
middle left column: 20 January 2009; middle right column: 24 January 2009; right column: 1 February 2009. Red indicates relatively high
values; blue indicates relatively low values. A, B and C in the top row plots identify features discussed in the text, and mentioned in Table 1.

air masses of mesospheric origin have mixed in with the rel- Third, the equivalent latitude-theta maps show poleward
atively moist ambient air at these levels (see discussion irtransport of relatively moist air (mixing ratios greater than
Sect. 4.2). This is consistent with the relatively weak latitu- 6.5 ppmv; marked C, top row, Fig. 8) at theta levels higher
dinal gradients in the polar vortex on 1 February at 1 hPa (lefthan~1300 K between 8 January and 1 February~AB00
column, bottom row; Fig. 2). These results suggest a descerK, the region of relatively moist air (located equatorward of
of ~600K between 8 January and 20 January (descent ratB0° N on 8 January) decreases in size during this period, and
of ~50K day 1), and a descent 6200 K between 20 Jan- by 1 February only remnants exist. The part of this air mass
uary and 24 January (descent rate~&f0 K day ! also). In  located at~1700 K descends frony1700 K (24 January) to
Sect. 5.1 we estimated descent rates for this relatively dry air-1600 K (1 February), a descent rate~af0 K day 1.
of ~40K day 1. We now compare descent rates estimated in this paper with
Second, the equivalent latitude-theta maps show an aiestimates based on Fig. 2 of Manney et al. (2009b), where
mass of relatively moist air (mixing ratios greater than we consider the motion of tracer isopleths of CO an®N
6.5 ppmv; marked B, top row, Fig. 8) in the mid stratosphereManney et al. (2009b) use an equivalent latitude-theta picture
(~600 K-~1000K) poleward of 60N on 8 January, iden- to study the wintertime evolution of the polar vortex during
tified to be within the polar vortex in terms of geopotential January—February 2009. Note that a comparison which con-
height (Fig. 2), or of water vapour or PV (Fig. 5). This air siders the motion of tracer isopleths of different tracers (as
mass remains coherent over the rest of January, although delone here) is likely to incur errors due to different strengths
creasing in extent both in the vertical and the horizontal, within the horizontal gradients of the tracers. In particular, since
its upper layers descending t6850K by 20 January (de- N2O and CO have stronger horizontal gradients in the strato-
scent rate of~10 Kday 1) and to~750K by 1 February sphere/lower mesosphere than water vapour, horizontal mix-
(descent rate of 10K day also). The lower layers of this ing would tend to modify these fields more significantly and
air mass remain at650 K during this period (8 January—1 mask the extent of the vertical descent within the vortex more
February). In Sect. 5.1 we estimated descent rates for thithan for water vapour. This would result in larger descent
relatively moist air of~5 K day 1. rates estimated using water vapour than those estimated from
Manney et al. (2009b).
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Table 1. Summary of vortex descent rates computed using various approaches. Descent rates are iri{éneta)di (unless indicated as
kmday1).

Wintertime feature Approach 1: Vortex averaged  Approach 2: Equivalent latitude- ~ Approach 3: Equivalent latitude-
picture (Sect. 5.1, Fig. 7, theta picture (Sect 5.2, Fig. 8, theta picture (Fig. 2, Manney et al.
this paper); HO analyses this paper);J® analyses , 2009b); CO and@ MLS data

Early winter diabatic descent ~40K day 1 ~50K day 1 ~30Kday 1

from the mesosphere (marked A, Fig. 7, ~Q.7 km da)Tl)
top; Fig. 8, top row)~ 8— ~24 January

Descent before the major warming ~5Kday ! ~10Kday 1 ~3Kday?!
(marked B, Fig. 7, top; Fig. 8, top row) ~0.5km day 1)
~1—~22 January

Strong descent after the major warming 20 Kd4y25 K day 1 ~10Kday ! ~20Kday 1
(marked C, Fig. 7, top; Fig. 8, top row) ~Q.5km. day'1) (this is estimated for the period
~ 20 January~-15 February ~24 January~1 February)

From Fig. 2 of Manney et al. (2009b) we estimate the fol- Fig. 7 (third column, bottom row of Table 1) shows (at first
lowing descent rates: (i) 700 ppbv (parts per billion by vol- glance) a lower descent rate than estimated from Manney et
ume) CO isopleth from-2000 K (8 January) te-1500K (24  al. (2009b). However, the reader should note that the time pe-
January), a descent rate 80K day ! (compare with the  riod used for the estimate in the third column, bottom row of
estimate of~40 K day ! from the vortex averaged quantity); Table 1 is different than that for the vortex average approach
(ii) 40 ppbv NLO isopleth from~700K (early January) to for region C (second column, bottom row of Table 1), and
~B00K (late January), a descent rate~8 K day ! (com-  than that for the estimate from Manney et al. (2009b) data
pare with the estimate of5 K day ! from the vortex aver-  for region C (fourth column, bottom row of Table 1). This is
aged quantity); and (iii) 350 ppbv CO isopleth fron2200 K noted in Table 1.

(late January) to~2000 K (mid February), a descent rate of  The descent rates presented in Table 1 assume diabatic de-
~20K day ! (compare with the estimate 6f20 K day* to scent of tracer isopleths and exclude quasi-horizontal mixing
~25K day ! from the vortex averaged quantity). The results (see discussion in Sect. 5.1). Estimating the contribution of
from the vortex-averaged quantities in Fig. 7 (top) and equiv-the latter is outside the scope of this paper. Therefore, the val-
alent latitude-theta picture in Fig. 8 (top row) agree qualita-ues of~0.5 km day 1— ~ 0.7 kmday ! should be regarded
tively with those from Manney et al. (2009b) in the nature as first-order estimates.

and timing of the descent, but tend to overestimate the de- Descent rates in the wintertime mesosphere and upper
scent rate based on Manney et al. (2009b). This is to bestratosphere have been estimated by many authors using
expected given the different characteristics of the horizontala number of methods (Lee et al., 2011, and references

gradients of CO, MO and water vapour. therein). Lee et al. themselves estimate a descent rate for
northern winters 2006 and 2009 (winters with major warm-
5.3 Summary of vortex descent ings) of ~0.5kmday? at 60 km, lower than the value of

~0.7kmday?! we estimate for the region between 50 km

Descent rates in the vortex of various air masses during th%nd 40km (Table 1). Note, however, that as Lee et al. dis-

major warming are estimated from BASCOE analyses Us-,s¢ caution must be used in interpreting their results, as

ing a v_ortex-averaged approach (Sect. 5.1), and an equiVashemical and/or dynamical processes not directly related to
lent latitude-theta approach (Sect. 5.2); they are shown 10 b@escent may affect the method they use to estimate descent

consistent with each other. These estimates are comparggtes (namely, changes in the maximum of the CO northern
with estimates based on Fig. 2 in Manney et al. (2009b)and southern annular mode indices).

(Sect. 5.2). Estimates using BASCOE analyses are consistent

with those based on Manney et al. (2009b), once considera-

tion is taken of the fact that different tracers are being useds Conclusions

and that these tracers have different horizontal gradients; this

suggests BASCOE water vapour analyses are a reasonablyle study the evolution of the record-breaking major
good basis for estimating vortex descent rates. Table 1 sumstratospheric warming of northern winter 2009 (January—
marizes these results. February) from synergistic use of MLS water vapour mea-

Note that the result for the equivalent latitude approachsurements and BASCOE water vapour analyses. These data

using the BASCOE water analyses for region marked C inare supplemented with meteorological data from ECMWF,
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