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Abstract. MIPAS, on ENVISAT, has made high quality ob- Michelson Interferometer for Passive Atmospheric Sound-
servations of ozone, methane and water vapour. Griddeihg (MIPAS) instrument on the ENVISAT(Fischer and Oel-
fields, at 4 hourly intervals and, have been calculated for allhaf, 1996 Tsidu et al, 2003 Glatthor et al. 2005 was op-
of 2003 using data assimilation with isentropic advection as aerational at full resolution for 20 months. The central 12
constraint. The gridded fields are validated against indepenmonth period (January to December 2003) had near contin-
dent measurements (from 7 other instruments in the case afous global coverage. This gives unprecedented resolution
ozone, 3 for water vapour and one for methane). For ozon®f the day to day evolution of these key gases. This pa-
the results are in agreement with previously published re-per presents assimilated fields of ozone, methane and water
sults. For water vapour the bias relative to HALOE is below vapour. The assimilation algorithm is exactly as described in
10% between 20 and 48 km, and the standard deviation is be}uckeg2006 (hereafter J2006). Isentropic advection is used
low 12% in this range. Departures from SAGE Il and POAM as a constraint. No account is taken of vertical structure: the
Il are substantially larger. The methane analysis has a biasnalysis is carried out independently on each of 15 isentropic
of less than 5% relative to HALOE between 23 and 40 km, surfaces.
with a standard deviation less than 10% in this height range. Assimilation of MIPAS ozone data has been discussed in
The water vapour field clearly reflects the upward motion Geer et al(2006§ and J2006. Here, new results for methane
in the lower tropical stratosphere, while both water vapourand water vapour are introduced. These two gases are im-
and methane show the signature of advection higher up. Iportant in their own right as significant players in the radi-
the polar regions the descent in the vortex is clearly visible,ation budget (e.gShine 1993, but also serve to illustrate
with strong descent in autumn giving way to weaker descenthe stratospheric circulation. The role of the polar vortex
through the winter. Descent rates of arounddfs ! are  as a distinct air mass with special chemical properties has
found during the formation of the polar vortices, slowing to been a matter of special interest since the development of the
around 3x 10~*ms1 during the winter. Ascent of around Antarctic polar ozone holeFarman et a).1985 Solomon
2 x 107*ms~t in the tropics is revealed by the water vapour et al, 2005. The observation track of MIPAS crosses the
and total observed hydrogen fields (4 times the methane plupole every orbit, giving exceptional coverage of this key re-
twice the water vapour concentration). The total observedgion of the stratosphere.
hydrogen is depleted in the polar upper stratosphere when The next section summarises the methods used. Section 3
air is advected down from the upper mesosphere. then describes the validation against independent measure-
ments. Section 4 looks at the annual cycle in the 3 assimi-
lated species. Section 5 looks at the evolution on shorter time
1 Introduction scales, showing how the assimilated fields faithfully track a
strong disturbance to the polar vortex. Section 6 looks at
Stratospheric water vapour and methane are important greeequivalent zonal means and introduces the total observed hy-
house gases. Methane has been increasing steadily due @sogen.
anthropogenic emissions. Water vapour has also been in-
creasing, in part due to oxidation of the increasing methane
content (e.gRosenlof et al.200%, Rind and Lonergar995
Shindell 2001, but see als®Randel et al.2006).
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Fig. 1. Time sequence of observation minus assimilation on theFig. 1. Continued.

850K isentropic surfacga) The mean for each day, taken over all

observations on that day, is plotted as solid lines, with dashed lines

at plus/minus one standard deviatigh) monthly means and stan- perature profiles and linear interpolation with respect to po-
dard deviations by latitude bands. Each latitude band is divided intatential temperature.

12 months, with April, May, June and October, November, Decem-  The assimilation uses meteorological fields from the

ber shaded. For each month, where data is present, a vertical b%uropean Centre for Medium-Range Weather Forecasts
marks the mean observation minus analyses, and the arrows plu(%CMWF) operational analyses
< .

and minus one standard deviation. A bar without arrows occur: As in J2006. th imilation i ted th L
when there is a single validating observation in that month and lat- Sin » (€ assimiiation 1S computed as the minimi-

itude band. Bars are drawn dashed when they overlap bars high&t@tion of a single cost function:

up the graphic. In (a) and (b), SAGE Il [L] is the data from the 2
lunar occultation mode of SAGE Ill. Sondes [S] is data from the 7 = Zg&)zsi [ Xobsi — X (Aobsi, Pobsi, fobsi) ]
WOUDC ozone sondes which has been vertically smoothed with a i

l
2Km running mean.
+ // { Wap[x: +U- V12

(”5’ V) (clﬁ v X)
The MIPAS level 2 offline productHSA, 2004 was used,
versions 4.59 (2772 profiles), 4.61 (213284) and 4.62where x is the tracer mixing ratio in units of ppmv (parts
(25328). The offline product has been found to be signifi-per million by volume), A, ¢,¢ are longitude, latitude
cantly improved over the near-real time product (Eanteyn  and time respectivelyy is the horizontal wind velocity,
et al, 2004. The fields are interpolated onto isentropic sur- o2 .. is the observation error variance, with the subscript

obsi
faces prior to assimilation using the MIPAS retrieved tem-i here and elsewhere labeling the observation. Constants

2

2 Methodology and data
} dAdt Q)

+ Wnum
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[s)]

used here arec1=0.5 days per radian=0.0068sntl,
wap=50day ppmv2=3.7 x 10"’ ppmv?, and -
wnum=1.45 x 10~ radiarf ppmv2=9.7 x 103*m® ppmv 2.

The summation is over all observations, and the integra-
tions are over the spherel/{=cospdrd¢) and over an
assimilation window of around 50 days. The large value
of the wnym In S units reflects the scale-selectivity of this
term, which ensures the solution is well behaved on the grid
scale. There are no prescribed error covariance structures

o

Haloe

I
o O o

L
Mipas

lyllppmVJ
o

o

scale . N . g Poam III
in this formulation: the variational problem is completely S _ :
defined by the constants quoted above and the observational< , -|-__ L TE ey
data (obsi, oobsi, i =1, Nops Where Ngps is the number of N RS ALVEINL N CEN AL St / Sage IT
observations).x is the tracer mixing ration and the error -0.5 \Jf\f\ JVL\Z M "vavs/\/"?

I,.',' \",\ |,|,‘ “ “/\ ,‘lll"\'

2

variance estimate.

The solution is found by solvingd[x]=0, where A is
the differential operator resulting from the first variation of
Eq. (1) with respect tq. The solution method and the choice

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months
(b)

FAJAOD FAJAOD FAJAODFAJAOD FAJAODFAJAOD
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of constants;, wap andwnym is discussed in more detail in . . .
J2006. 0.5} ‘ ‘

The spatial and temporal discretisation used here are 1.875  2-0 Haloe
degrees and 4 h respectively, with longitudinal thinning of the 5 =%+
grid towards the pole as described in J2006. The analysis pes. °*> Mipas
riod is split into 12 monthly assimilation windows, each ex- — 0 g
tending around 50 days from the 21st of the previous month > 0:5
through to the 10th of the subsequent month. Two excep-g 0 Poam III
tions to this rule are the January window, which startson 12 _, 5
January, and the December window, which ends on 31 De~ 5
cember. As described in J2006, the analysis from the ends of 0 Sage II
each assimilation window (with the exception of the start of  -o0.5

January and end of December) is discarded.

90s-60S 60S-30S 30S-Eq EQ-30N 30N-60N 60N-90N

Latitude Bands and Months

3 \Validation
o ) ) 2. As Fig. 1, except for water vapour.
Validation data was employed from the following instru-
ments (with level 2 data version in square brackets): Solar
Backscatter Ultraviolet (SBUWlanet et al.2001)[61610],

Stratospheric Aerosol and Gas Experiment (SAGE Il and Ill; tri;—vr;:ed \{Ezlrlga’g:);ufrlgldsroaftirlgslnvtlirgga;ia/giI\;vglré t(r:) ezl(r):;’\g;r:g(;s
Thomason and Tah&003[6.2], Polar Ozone and Aerosol P P '

Measurement (POAM IllLumpe et al, 2003 Pierce et al. HALOE), temperature profiles distributed with the data

. . (SAGE, POAM, both of which use NMC temperatures), or
tzeoncq)a([(‘)l]s’||(:\3|pst!\(ig:qssp:v(i:trr?gr;p2] Zgg:-;?{rg]re:r:ngglno g eSnys— with ECMWF temperatures interpolated to the profile posi-
IRIS,von savigny et &).29v9LL.-<], 98N tion (SBUV and OSIRIS).
Occultation Experiment (HALOEBruhl et al, 1996[19]. )
In addition ozonesonde data provided by the World Ozone J2006 validated 6 months of ozone data. Here, that anal-
and Ultraviolet Radiation Data Centre (WOUD&)rom 38 ysis has been extended to 12 months. The results for ozone
stations listed in the appendix of J2006, was used. Table fo not differ significantly from those reported earlier. Fig-

shows the average number of profiles per day used form eacj® 1 Shows a summary of the ozone validation against in-
instrument (and each mode of operation for SAGE IIl) in this déPendent observations on the 850 K isentropic surface. The
study. assimilated MIPAS field shows no significant drift relative to

SBUV, HALOE, SAGE Il or SAGE lll. There is large vari-

2 \WOUDC is one of five World Data Centres which are part of ability relative to OSIRIS _3”9' ozone sondes, but thi§ does
the Global Atmosphere Watch programme of the World Meteoro- N0t @ppear to be systematic (it should be noted that this level,
logical Organization. The WOUDC is operated by the Experimen-850 K — approximately 30 km, is towards the upper limit of
tal Studies Division of the Meteorological Service of Canada (webthe sondes’ range). Overall, the majority of comparisons sup-
addresshttp://www.woudc.ory port the view that the bias in MIPAS is small and without

www.atmos-chem-phys.net/7/1879/2007/ Atmos. Chem. Phys., 7, 18992007
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Table 1. Average number of profiles per day [ppd] used in this study.

Instrument  Ozone ppd Water Vapour ppd  Methane ppd Comments
Haloe 13.2 12.4 10.9
Mipas 650 622 625
Osiris 165 - -
Poam Ill 14.3 144 — High latitude only
SBUV 1021 - - Daytime only
Sage Il 12.5 12.5 -
Sage Il 24.2 - — High latitude only
Sage llI(L) 0.9 - -
WOUDC Ozonesondes 3.2 - - Up to 850K
(@) figure reflects the localised nature of POAM Il and SAGE
Il (in solar occultation mode), both of which only observe
at high latitudes. In most latitude bands, the OSIRIS obser-
T 1 Sy vations reflect the pattern seen in the daily, all-observation,
. means of Fig. 1la. South of 30 S, however, the mean depar-
g 0.0 Haloe tures from the analysis are consistently small. The sondes
SR AN N S WA AR VA show best agreement in the 30-60N band, with near zero
> mean anomalies. Well over half the sonde profiles are in this
TR i s band with, on average, over 50 profiles per month, whereas
§ 0 SR ___|Mipas the other latitude bands average between 6 (60 N to 90 N) and
< 13 profiles per month (30 S to Equator). However, even in
I the 30-60 N band the standard deviations (0.4 to 0.74 ppmv)
are generally larger than those relative to HALOE (0.12 to
Jan Feb Mar Bpr May Jun Jul Rug Sep Oct Nov Dec 0.44 ppmv), POAM lII (0.16 to 0.3ppmv) and SAGE Il
(0.18 t0 0.28 ppmv).
Months . . .
(b) _ Figure 2 show the same dlagn_ostu_:s for the wate_r vapour
fields. The closest agreement is with HALOE, with stan-
FAJAOD FAJAODFAJAOD FAJAOD FAJAOD FAITAQD dard deviations around 0.25 ppmv. Both HALOE and SAGE
BRI R R Il measure consistently low values relative to the analysis.
I e I SR IE I SN I POAM Il (observations at high latitudes only) measures
g 0.0 373} L} 73 37}73 L}”} v 4 | galoe high_ relative t(_) th_e apalysis. There is no significant drift
a N b S N | ) B against the validation instruments.
R BT W W W el R Figure3 shows the comparison for methane: there is only
H: 0.1 H ,3, ,H,i, ,H,i, ,H,i, ,H,i, ,H,i, one validation instrument, HALOE. The amplitude of the
& ol TR BT s oA oy SRS sl Mipas mean differences increases slightly through the year, ending
& O e U 7P LS CTEC T ELECE with HALOE reading 0.05 ppmv lower than the MIPAS as-
IUEY S Bt IR I T S similation.
3 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ In Figs. 1-3 the orange curve shows the mean and stan-
905-60S 60S-30S 30S-Eq Eg-30N 30N-60N 60N-90N

Latitude Bands and Months

Fig. 3. As Fig.1, except for methane.

systematic drift.

dard deviation of the MIPAS observations minus analysis.
The global mean is very close to zero in all cases, as ex-
pected from the construction of the analysis (J2006). There
is a mean difference in the methane observations minus anal-
ysis in the 90S-60S band during the southern winter (Fig. 3b).
This is a period where coverage in the southern vortex is low:
658 profiles in that latitude band in June compared with 3952
in March. The standard deviations increase significantly both
in June and July in the Southern hemisphere (the 90S to

Figure 1b shows mean and standard deviations for 6 lati60S and 60 S to 30 S bands) and in November and Decem-
tude bands (each covering 30 degrees). Unlike Fig. 1a, thiker at high Northern latitudes (the 60 N to 90 N band). This is

Atmos. Chem. Phys., 7, 1879897 2007
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Fig. 4. Vertical profile of ozonda) mean error (observation minus ——— WOUDC Ozonesondes (smoothed)
assimilation) andb) standard deviation (root mean square differ- — WOUDC Ozonesondes
ences after subtraction of the mean) against potential temperature. Osiris Haloe
The shading shows 1-5% (dark) and 5-10% (light) of the mean Sage III Mipas
gssimilqtioh profile (averaged over all the va.Iida.tion points). Addi- Sage III(L) Poam III
tional thin lines show nearest-neighbour validation profiles. These sage 11 -

are the mean difference between MIPAS level 2 profiles and those
of the other instruments taken over all pairs occurring within 2.5 de-
grees and 6 h of each other. The corresponding standard deviatior]sg_ 4. Continued.
of near-neighbour pairs are not shown as their inclusion makes the

figure too noisy.

studied here is essentially the same as the 6 month period

analysed in J2006. Mean differences are small between 500
visible in all three species, but is strongest in the water vapoutaind 1250K (i.e. approximately from 20 to 40 km — heights
(Fig. 2b). Water vapour also has low coverage in the southof isentropic surfaces can be read from Figpelow). Above
ern winter vortex (1083 profiles in the southern latitude bandand below that range it appears that MIPAS is measuring low.
in June), though not as bad as for methane. Where there are The water vapour mean and standard deviation profiles
validating HALOE retrievals, in June and July, 60 S to 30 S, (Fig. 5) are ambiguous. MIPAS has higher water vapour val-
the assimilation has a lower standard deviation relative to thqies than HALOE but is close to POAM Il in the upper strato-
independent HALOE data than it does relative to the Obser'sphere (around 1000 to 2000 K; this Study was |n|t|a||y done
vations used as input. The high level of noise in the data hagyith POAM Il version 3 data which was closer to HALOE,
been commented on tyahoz et al(200§. The comparison in the diagnostic presented in Fig. 5, than to MIPAS: but
against POAM Ill shows enhanced bias and variability. It canyersion 4 is substantially moister in this region). Between
be seen from seasons and latitude bands where both HALOBQQ K and 850 K the biases relative to SAGE Il and HALOE
and POAM Ill are compared against MIPAS that the standardare small (around 5%), but there are larger biases relative
deviations of the comparison against POAM Ill are system-to POAM lII in the mid and lower stratospher#/ilz et al.
atically higher than those against HALOE, so not all of the (2005, using MIPAS data with a different retrieval process,
variance in the POAM llI residuals can be attributed to the found smaller biases relative to HALOE below 35 km, but
MIPAS analysis. biases exceding 10% from 40 to 45 krRan et al.(2002

Figure 4 shows vertical profiles of the isentropic mean andevaluated ILAS water vapour profiles and found values 10%

standard deviation of the observations minus analysis for théo 20% higher than HALOE in the 800K to 1800K height
ozone data (global and annual average, taken over all avaiFange.Payne(2005 analysed possible sources of a high bias
able observations). The structure over the 12 month periodn MIPAS water vapour in the retrieval algorithm, but did not

www.atmos-chem-phys.net/7/1879/2007/ Atmos. Chem. Phys., 7, 18992007
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Fig. 5. As for Fig. (), except for water vapour.

find anything which could explain the offset between MI-
PAS and HALOE. This issue is discussed further below in
Sect. 6.2.

As with the 850K time series shown in Fig. 2, the stan-
dard deviation of the difference between the HALOE mea-

M. N. Juckes: Stratospheric gases from MIPAS

than the standard deviation of the difference between the as-
similation and the observations which were used to create
it (this is not the case for the root-mean-square difference).
One possible explanation is that the assimilation of the data
is reducing the random error present in the input data through
the smoothing effect inherent in the variational assimilation
of noisy data (e.gJuckes and Lawrenc2006. In terms of

the standard deviation, the agreement with HALOE is sub-
stantially better than that with POAM Il at all levels and
better than that with SAGE Il above 500 K.

Figure 6 shows profiles of mean anomaly and standard de-
viation of the methane analyses relative to HALOE observa-
tions. There is a positive relative bias in the analyses at all
heights, less than 5% between 600 K and 1700 K. The stan-
dard deviation is under 10% over this height range.

For both water vapour and methane, Figsand 6 also
show results of a nearest neighbour comparison between the
MIPAS profiles used as input for the assimilations and the
validating data. The mean differences are very similar to
those found with the assimilated data, but the standard de-
viation are larger in the nearest neighbour comparisons. This
may be due to the ability of the assimilation to accurately rep-
resent spatial and temporal changes and to filter out noise, as
indicated above.

All the validation data (in the form of differ-
ences between analyses and validating observations)
are available as netcdf files (see supplementary ma-
terial http://www.atmos-chem-phys.net/7/1879/2007/
acp-7-1879-2007-supplement.xip

4 Annual cycle

The annual cycle of methane and water vapour has been
discussed byRandel et al.(1998; Dunkerton(2001), us-
ing HALOE data. The evolution of the present data through
the year reproduces the main features highlighted in previ-
ous studies. Figuré shows time-height sections of ozone,
water vapour and methane, averaged in 3 equivalent latitude
bands.? Averaging around equivalent latitude bands results
in greater continuity because the averaging volume follows
the short period dynamical displacements of the airmass. A
9 day period at the end of May during which there are no
MIPAS observations is blanked out of the plots.

The equivalent zonal mean water vapour in the tropics
(Fig. 7h) shows a very clear “tape recorder” signMdte
et al, 1996 1998 Randel et al.1999: that is, a pattern
imprinted on the air at the tropopause is carried upwards in
the rising branch of the Brewer-Dobson circulation, rising at
around 2< 10~*ms™1 (the slope of the red arrow in Figh),

3The equivalent latitude gequiv, is defined to be constant
on contours of Ertel's potential vorticity,PV, and valued
such that the total area over whicRV=>PVy is given by

surements and the assimilation is less at one level (1250 K}z {1. — cos[¢equiv(P V0)]}-

Atmos. Chem. Phys., 7, 1879897 2007
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consistent with the value given by Mote et al. for the north-
ern summer. The higher value they quoted for the northern (@)

winter (4x 10~4ms~! = 1 km/month) is not seen here (their ) I 1‘ | T
analysis covered more years and extended lower than the data
presented here, so there is no contradiction). The ascent rate ‘ |
seen here is very close to the 0.7 km/monti L0~ ms™1) - 2200 | ]
given byRandel et al(1998. = (1

In the tropical mid and upper stratosphere (35km and g \
above) methane and water vapour show the semi-annual os- ~ + 2000F ‘ 1
cillation seen inRandel et al(1998. At these heights, in o J “
contrast to the lower stratosphere, the isolines of these two % 0
species follow each other closely. This reflects the fact that & 1500} 1
the anomalies in this region are controlled by a balance be- e
tween advection and chemical relaxati@ufkerton 2007), 4;4'
so that the structure in the anomalies represents the variation % 1000f ‘ |
in the upward advection. In the lower stratosphere the pres- & /
ence of the tropical tape-recorder reflects the fact that the |
chemical relaxation is slower and the anomalies reflect the sook " \ ]
air mass history. i L

-0.2 0.0 0.2

The polar regions show a larger annual cycle and greater
short term variability, primarily in the winter months. The
evolution of the temperature structure is shown in Bi(see
also Fig. 10 below). In the lower stratosphere, southern hemi-
sphere, the coldest temperatures are reached in July and Au-
gust. At 40km, by contrast, the coldest temperatures occur
just after the equinox. The onset of gradual warming after
that date coincides with an increase in variability, as shown
in Fig. 9. At the end of the winter there is a sharp rise in the
pressure, such that there is a sudden drop in potential temper-
ature towards the end of the winter (this shows up as a step in
the green isentropes in Fifa). This is somewhat counter-
intuitive, as it coincides with rising temperatures: however,
at this height, the affect of the rising pressure on the potential
temperature outweighs that of the temperature.

Returning to the tracer fields shown in Fig. in Fig. 7a
we see the onset of chemical ozone loss at 20km in late
SeptemberKarman et a).1985 Crutzen and Arnold1986
Crutzen and Lelieveld200]) in the southern vortexGeer
et al. (2009 show that MIPAS underestimates the extent of 500 F .
this loss, but it is nevertheless clearly distinguishable from 0 ;) 0.1 (; 5 0.3
the midwinter maximum in ozone seen in the northern hemi- Methane: Standard deviation [ppmv]
sphere. The ozone loss is preceded by drying out of the lower
stratosphere in late June (Fith). Fig. 6. As for Fig. (), except for methane.

In the mid stratosphere, the polar methane shows strong
descent in the late summer and autumn followed by weaker
descent throughout the winter. The overall pattern is as re-
ported byRandel et al(1998, but the present data resolve discuss the southern hemisphere event in more detail in the
this with better temporal resolution than HALOE and it is context of downward transport of N@nd conclude that that
possible to see marked switch in behaviour between the authe initial minimum is the result of air descending from the
tumn and winter regimes. In the upper stratosphere [40 tanesosphere. The winter season in the northern hemisphere is
50 km] there is a pronounced minimum, in both hemispheresnot illustrated as clearly here because the study period only
around the equinox at the start of the winter season, withincludes the end of one winter and the start of the next. It
mean values falling below 0.1 ppmv (Mar. in Fige, Sep. in  is, however, clear that the seasonal minimum methane con-
Fig. 7f). This coincides with the onset of variability and the centration in the upper stratosphere [45-50 km] is, similarly,
temperature minimum seen in Figs.9. Funke et al(2009 shortly after the equinox.

Methane: Mean residual [ppmv]
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Fig. 7. Time height sections of analyses averaged over equivalent latitude bands. The fields areaodpgg (vater vapourlg, e, h)

and methanec( f, i). The equivalent latitude bands are: South of 80S (a, b, c), north of 80N (d, e, f) and 5S to 5N (g, h, i). For each
species the colour scale is given at the top of the column. The contour intervals are: 0.8 ppmv (ozone), 0.5 ppmv (water vapour) and 0.2 ppmv
(methane). Isentropes are contoured in green, at 450, 520, 650, 850, 1200, 1650 and 2300 K. In (a—f) red arrows slope downwards at a rat
of 103 ms~1. In (g—i) red arrows slope upwards at a rate of 2074 ms 1.

From March to May the descent rate in the Southern polarof October 1991. They concluded that the 15 to 20km layer
vortex at 30 km is around T8 ms~1 (the slope of the red ar-  of the southern polar vortex was flushed out in one month,
rows in Figs.7b, ). This is somewhat faster than cited in, for corresponding to around. 4 x 103ms1. Such descent
exampleRandel et al(1998, but the difference is due to dif- rates are suggested by the isopleths descending rapidly in
ference in vertical coordinates. Here, height has been usedhat layer in mid-October, but this rapid descent is short lived.
whereas Randel et al. (1998) use log-pressure coordinateSchoeberl et a[1995; Rosenfield et ak1994) looked at the
Fig. 8 shows that the pressure surfaces descend at about 1kdescent rates using calculated heating rates. These calcula-
per month in the Autumn. When this is taken into account thetions produced a substantially lower descent rates, consistent
descent rates here are consistent with those in the literaturaith the longer term descent at arouns B-4ms™1 seen
(see als@schoeberl et al1995 Rosenfield et al.1994). in Fig. 10c (arrow C). The observations analysedRussell

et al.(1993 nevertheless imply significant outward transport

The rapid descent rates seen in early October here matchf air from the base of the vortex towards the end of the win-
those deduced bRussell et al(1993 from the distribution  ter. McIntyre (1995 points out that mean isentropic outflow
of water vapour and methane observed by HALOE at the end
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Fig. 8. As Fig. 7, but showing temperature. Pressure contoursFig. 9. As Fig. 8, but showing intensity of high pass temperature
are shown (black dashes on white) for 1,2,5,10,20,50,100¢a. variability (/L P[(H P[T1)2]), where the operatdt P is a low pass
South of equivalent latitude 80 §9) North of equivalent latitude filter (a 10 day running mean) arilP is a high pass filter, taken as
80 N. Data taken from ECMWEF operational analyses. the residual from. P.

is not possible because of dynamical constraindsickes Engel et al.(2009 observe a layer of mesospheric air in
(2001, 1997 show an alternative flow configuration is possi- the arctic descending from 30 km in late January to 25km
ble: mean outflow on the stratospheric portion of isentropedn early March, 2003, and report a modelling study which
balanced by mean inflow on the tropospheric portions of theshows this air descended during the previous autumn. This is
same isentropes. highly consistent with the picture shown in Fige,f (lower
From August the water vapour and methane fields at 40 knfeft red arrow), where a tongue of low methane, high wa-
start to return to midlatitude stratospheric values as the vorfer vapour air persists and descends at a time when the lay-
tex is broken up. This process starts later at lower altitudes€rs higher in the stratosphere are returning to more typical
The overlay of the potential temperature contours shows tha$tratospheric values. A similar pattern is seen in the southern
the spring descent is a different dynamical process to that ochemisphere methane (Figc). The dynamics of this top-
curring in the autumn. In the autumn the air mass is clearlydown vortex breakup is discussed Ibghoz et al(1996.
crossing the isentropes, whereas in the spring the isentropes The methane fields in both hemispheres suggest that there
are also descending at a significant rate. Unlike the radiativéias been descent of around 20 km through the year, bringing
cooling in autumn, which caused isentropes to rise and maair down from 40km to 20 km while preserving its chemi-
terial contours to sink, the spring is a time of dynamically cal composition. This compares with an estimate of 13km

forced descent, carrying both isentropes and material conmade byRex et al.(1999 based on a comparison between

tours downwards? air inside and outside the vortex.

The water vapour shows a similar pattern, with the notice-
4 Such dynamically forced descent occurring below the level of able exception of anomalous loss in the southern winter as

forcing is often cited as evidence of “downward contrdfiafynes

et al, 1991, but the papers presenting this idea fail to distinguish between diagnostic determination and causal determination.
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Fig. 10. Close up of(a) Fig. 8a,(b) Fig. 7b and(c) Fig. 7c, show-
ing evolution through the end of the southern winter up to 30 km.
Arrows in (b) and (c) show descent rates of (Ay fans~1, (B)
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the vapour freezes out (e.Benson et a).2006. At 18 km
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ers when, in October, the methane fields show that the air
mass is no longer being preserved. At 20 km, however, there
appears to be a recovery in the water vapour concentrations in
mid-September (Fig. 10b) at a time when the methane show-
ing no signs of mixing (Fig. 10c). This may be caused by
evaporation.

5 Meteorology

The equivalent latitude means give a useful overview of the
annual cycle. This section looks at variability on shorter
timescales. Figurdl shows the analysed tracer fields dur-
ing a break up of the northern polar vortex at 850K (around
10 hPa, 30km at the pole). The corresponding flow field is
illustrated using the potential vorticity in Fig2. The vortex
is displaced from the pole and splits into two halves while
an anticyclonic circulation is established over the pole. The
ozone field at first mirrors the potential vorticity field, with
the low ozone in the vortex core being advected around in
the disturbed vortex. On 19 April, however, a new low cen-
tre appears in a region of low potential vorticity. The dy-
namical anomaly is a response to rapid meridional transport.
This particular anomaly is discussed in more detailllay
hoz et al.(2007) as an example of a “frozen-in-anticyclone”
(Manney et al.2006. At this level ozone is subject to sig-
nificant chemical evolution, and the ozone advected over the
polar cap is being destroyed. The assimilation code used here
does not have any explicit representation of chemistry but the
consequences of the chemistry are nevertheless present in the
analysis through the observations.

The methane and water vapour fields (Fid) also show
the break up of the vortex, but unlike the ozone field we see
no evidence of chemistry. In the previous section it was noted
that the chemistry of these species in the upper stratosphere
starts to compete with vertical advection, but the faster hori-
zontal advection can still be viewed as nearly conservative.

The analysis clearly shows the preservation of air mass
properties as the vortex breaks up. It was shown in J2006
that the typical information retention time of the analysis was
around 2 days. Beyond this time information from earlier ob-
servation is replaced by new observations. Thus, continuity
of air mass properties for longer time scales must reflect con-
tinuity in the observations.

6 Equivalent zonal means

6.1 Water vapour and methane

the water vapour does not reappear when temperatures ris&e now look at latitude-height sections of fields averaged
in September: in the last 2 weeks of September the temperaat constant equivalent latitude, referred to here as equiva-
tures are above 200 K. The methane fields in this period imdent zonal means. Similar structures are visible in the simple
ply that the air mass is conserved. The lack of recovery inzonal mean fields, but some of the detail is lost or blurred.
water vapour concentrations suggesting that the condensate Mean fields are shown for January, April, July and Octo-
has settled out to some extent. The water vapour only recovber. The structure in the water vapour and methane fields is

Atmos. Chem. Phys., 7, 1879897 2007
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N
D))

(j)Apr 19

Fig. 11. Ozone &, d, g, j: contour interval 0.5 ppmv), water vapolr, € h, k: contour interval 0.2 ppmv), and methane (c, f, i, I: contour
interval 0.1 ppmv), on the 10th to 19 April 2003 (in steps of 3 days, starting at the top), on the 850K isentropic surface, Northern polar
stereographic projections. Ozone, water vapour and methane are assimilated from MIPAS level 2 data as described in the text. Each analysi

is valid at 00:00 GMT.
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Potential Vorticity
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Fig. 12. As Fig. 11, except showing Ertel potential vortic-
ity from the ECMWF operational analyses, contour intervak 8

107°Kkg~1s~1. The colour scale (top) is labeled in units of
10 8k kg—1s1.
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consistent with that shown HByandel et al(1998, based on
HALOE and MLS data, even though that paper shows results
from fitting an annual cycle to 7 years of data (1991 to 1997)
rather than individual months as shown here.

Relative to that paper, the peaks in the water vapour fields
shown in Figs. 13, 14 data are at about the same altitude but at
higher concentrations (typically around 7.4 ppmv compared
to 6.4 ppmv inRandel et a].1998. Le Texier et al.(1998
model low water vapour concentrations being drawn down
from the mesosphere into the winter polar vortex, with val-
ues as low as 4.5 ppmv at 40 km at the winter pole. At this
time and locatiorRandel et al(1998 show around 5.6 ppmv
compared to around 6.5 ppmv in the present analysis. Part
of this difference may be explained by the high bias of MI-
PAS relative to HALOE. The extreme values are likely to in-
clude a contribution from the high noise in the MIPAS water
vapour, especially at the summer poles (Fig. 2b hadoz
et al, 2006.

There is also detailed agreement between the methane
fields of Fig. 13, 14 and Randel et al. In April methane con-
centrations below 0.6 ppmv are drawn down to around 20 km
in a small area at the centre of the northern vortex. This is
also visible in Randel et al., although the 0.6 ppmv contour
ends slightly higher there. There is also agreement in the
lower part of the southern surf-zone: between 20 and 30 km
and between 20 and 60S in Fig. 14b, e, latitudinal gradi-
ents have been weakened by strong horizontal mixing; there
are also weak vertical gradients. Higher up there is a slight
difference in structure, especially in July (Fig. 14b): here a
broad region of level isopleths from 45 S almost to the equa-
tor. In Randel et al(1999 the region of horizontal isopleths
does not extend so far northwards. Another difference con-
cerns the buckling of contours in the methane field at 30 S,
30 km in July, and the matching pattern in the water vapour.
There is a slight southward displacement of the isopleths at
25km, 30 S between April (Fig. 13d, e) and July (Fig. 14a,
b), but the southward displacement is substantially faster at
30km. Between April and July there is also a slight south-
ward displacement of the isopleths at 25 km, 30 N, such that
the methane isopleths here are also buckled. A similar buck-
led structure is visible in the January methane field at 40 km,
20N (Fig. 13b). The absence of such details frRandel
et al. (1998 is consistent with some loss of detail due to the
smoothing which might be expected from the lower data vol-
ume then available and the consequent need to merge 7 years
of data. This buckling is consistent with differential horizon-
tal transport.

6.2 Total observed hydrogen

The main reactions affecting water vapour and methane in
the stratosphere convert methane to water vapour, such that
the the quantity “total observed hydrogen”:

Hro ' 20 H,01 + 4(C Ha), @)
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Fig. 13. Monthly, equivalent latitude means of water vapour, methane and total observed hydigggfo¢ January, April. Fields shown
are water vapourg d), methanel§, €) and Hro (c, f). Green contours show the heights of isentropic surfaces (these figures are generated
from data on isentropic levels).
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Fig. 14. As for Fig. 13, except for July, October.

is approximately conserved (e@arcia and SolomQqri994). compared to Fig. 8 oRandel et al(1998, showing Hro/2
Molecular hydrogen is also a significant component of the to-from HALOE, CLAES and MLS for 1991-1997: that study
tal hydrogen budget in the mesosphere, but is not included iriound Hr, to be nearly constant with height. The higher up-
the observations used here. The last column in figLiBesd per stratospheric water vapour values found in the present
l4displays the equivalent zonal meHh,. Figure 13fcanbe analysis are also reflected in highéfo.
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13f). The sharp horizontal boundaries in the water vapour
field reflect, in part, the effect of differential vertical advec-
tion on the strong vertical gradients. In tt&, field the
absence of strong vertical gradients rules out this mecha-
nism. Figurel5 showsH+ fields corresponding to the water
vapour and methane fields of Figy. The H+o “tape-recorder”
signal is also clearly visible in Fig.5c. However, the signal

to noise ratio in the field is generally low.

The large band of positive anomalies across the upper
stratosphere is an unexplained structure in Fig. 13c,f and
Fig. 14c,f, with Ho values exceding 15ppmv over large re-
gions. Nassar et al(2005 present data from the ACE-FTS
instrument for February to April 2004. They show a fall in
Hro (presented as “equivalent water” which is exactly half
H-o) above 60 km, averaged over 30N to 66 N. Figure 1 of
Nassar et al(2005 also shows a weak peak i, between
50 and 60 km, however, the amplitude is less than the er-
ror bars and the altitude is higher than the peak found here
(around 40 km at that time and latitude, albeit for a differ-
ent year). HALOE observation®andel et a|.1998 do not
show any such upper stratospheric maximum. The maximum
in the MIPAS analysis might be due do observational error.
An alternative, suggested byannegan et a(1998, is that
there is a significant source (of the order or 2 Tg/year) of wa-
ter vapour in the upper atmosphere from cometary material.
This would be advected into the stratosphere in the form of
H> and then mixed out. Some support for the latter theory is
seen in the high values observed in the mid-stratosphere po-
lar vortex during the winter. Figurg6 illustrates how high

Hyo values coincide with the centre of the vortex and very
low ozone values (2.75 ppmv), where it would be advected
by the mean descent, suggesting that there is some truth in
the high values. Figurekr shows an equivalent snapshot in
the southern hemisphere. THe, field is noisier here. There

is again a contrast between the tropics and high latitudes, but
here the change takes place mainly across the sub-tropical
barrier, not across the vortex boundary. The time height sec-
tions (Fig.15a, b) do not, however, show smooth descent
comparable with that seen in the methane fields. The low
signal to noise ratio of théf;, field prevent a clear picture
Month from emerging.

There is an alternative explanation for the apparent mate-
rial advection of exces#l;o. Geer et al(2006 show that
MIPAS ozone fields have a positive bias in the centre of
the ozone hole: the retrieval is unable to reproduce the near

In both the winter poles there is a strong low anomaly in zero values measured there by sondes and by HALOE. The
the mesosphere where there is known to be downward advesalues of methane in the centre of the vortex are also ex-
tion. This is due to photo-dissociation of water vapour in thetremely small (Figs16, 17), following oxidation to water
upper mesosphere into hydrogen and oxydearfies et al.  vapour in the mesosphere. It is possible that the retrieval is,
1996. As the air is advected down the hydrogen is oxidized as with ozone, introducing a small positive bias in these cir-
back to water vapour, explaining the recoveryHb. cumstances. Such a bias would be co-located with the low

In the tropics the alternating maxima and minima of the methane values and so would appear to be advected conser-
“tropical tape-recorder” are visible. The anomalies have avatively.
broader structure, especially in April, than the correspond- The high Hyo could also result from an error in water
ing features in the water vapour field (compare Figs. 13d andrapour, but it is not clear why such an error should occur

[km]
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Fig. 15. As Fig. 7, but showing total observed hydrogen.
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Fig. 16. (a)Ozone,(b) water vapour(c) methane(d) Ertel potential vorticity ande) Hro on 20 December 2003. All are northern polar
stereographic plots on the 850 K isentropic surface.
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Ozone [ppmv] Water Vapour [ppmv]

Methane [ppmv] Potential Vorticity

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 -960 -800 -640 -480 =-320 -160

Fig. 17. As Fig. 16, except southern polar stereographic plots for 20 April 2003.
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both in the upper stratosphere and the winter polar vortex. may be due to instrumental biases. To explain the measure-
ments any such error must have the property of being con-
served following the mesospheric air mass as it descends in
7 Conclusions the nascent stratospheric polar vortices. A (hypothetical) bias

associated with extremely low methane would satisfy this
The MIPAS ozone, water vapour and methane fields have.gndition.

been used to construct gridded fields for the whole of .
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