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Abstract. Statistical relationships between the variability of stratospheric water vapour after 2001 is mirrored by a step
the area covered by double tropopause events (DTs), thike increase in the tropical upwelling.
strength of the tropical upwelling, the total column ozone
and of the lower stratospheric water vapour are analyzed.
The QBO and ENSO signals in the double tropopause and
tropical upwelling as well as their influence on the statisti- 1 ~ Introduction
cal relationships are also presented. The analysis is based on
both reanalysed data (ERA-Interim) and satellite data. Stratospheric ozone accounts for about 90 % of the total col-
Significant anticorrelations were found between the areg/Mn 0zone (TCO) and controls the amount of damaging UV
covered by DTs and the total column ozone in the mid- radiation reaching the earth surfacdehelin et a.2001).
latitudes of the Northern Hemisphere. This relationship is The vertical profile of stratospheric ozone is also important
confirmed by a large positive correlation between the areador Earth’s radiation budget, and thus climate change, since it
covered by ozone laminae and double tropopause events absorbs both ultraviolet and terrestrial infrared radiation and
found in the HIRDLS satellite dataset. Significant anticorre- 2N adjustment in the ozone distribution can change the mean
lations were also found between the global area of doublde@mperatures of both the stratosphere and tropospMere (
tropopause events and the near globaP &e50 N) water Farlane 2008. Water vapour with its associated feedbacks
vapour in the lower stratosphere. is another radiative driver of the climate system. Recent re-
The correlations of DT variables with total column ozone Search has highlighted this such as work3mlomon et al.
and ozone laminae are both consistent with the poleward2010 that showed how stratospheric water vapour fluctua-
displacement of tropical air with lower ozone mixing ratio tions may modulate the decadal global surface warming. The
and with tropospheric intrusions of tropical tropospheric air distribution and redistribution of these species in the strato-
into the lower extratropical stratosphere. The association ofPhere are controlled by a variety of mechanisms such as the
DTs with the poleward displacements of the tropical air is Brewer-Dobson Circulation (BDC), quasi-horizontal mixing,
also consistent with a strong positive correlation betweer@nd tropopause folds, to name a few. The distributions of
the area covered by DTs and the wave activity in the lowerboth ozone and water vapour strongly impact the radiative
most stratosphere, between the first and second lapse rafi¢ating field and stratospheric dynamics, which, in turn, has
tropopauses, as found in the ERA-Interim reanalysis. been shown to be important for long range weather forecasts
Finally, a significant anticorrelation was found between and climate (e.gRoff etal, 2011 Sigmond et al.2008 and
the tropical upwelling and the near global lower stratosphericréferences therein).

water vapour. Moreover, the step like decrease in the lower N the lower and middle stratosphere, the BDC is forced
mainly by the breaking of planetary-scale Rosshy waves
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generated in the troposphere due to topography and landt2:00 UT from 1979 to 2010, on total column ozone (TCO)
ocean thermal contrastdidlton et al, 1995. From the observed from three satellite instruments (Earth Probe, Nim-
early fall to the late spring in each hemisphere chemicalbus 7 and OMI), and on water vapour data from the Halo-
constituents are transported from the upper tropical tropo-gen Occultation Experiment (HALOE) and Aura Microwave
sphere to the extratropical lower stratosphere by the BDCLimb Sounder (MLS). The water vapour data were kindly
Water vapour enters the stratosphere through the tropimade available by William Randel and are the same as used
cal tropopauseMote et al, 1996. It is then transported in Randel(2010. An independent assessment of the rela-
poleward by quasi-horizontal isentropic mixing, i.e., mix- tionship between ozone and DTs was done using observa-
ing along constant potential temperature surfaces, and théons from the High Resolution Dynamics Limb Sounder
BDC. It is difficult to separate the contributions of these (HIRDLS) satellite instrument.

two transport processes because both the residual circulation Nimbus 7 and Earth Probe TCO data were downloaded
and quasi-horizontal mixing are the result of wave breakingfrom the TOMS web pagéehftp://toms.gsfc.nasa.gov/ozgne
(Bonisch et al.2011 Homeyer et a].2011). However, ade- and were analyzed for the periods January 1979 to Decem-
tailed understanding of the two contributions is required tober 1992 and August 1996 to November 2005, respectively.
assess how well Climate Models simulate stratospheric dy-OMI ozone data (level 3, version 8) were downloaded from
namics and tracer transport, and to increase the confidence fitp://toms.gsfc.nasa.gov/pub/omi/datald cover the period
their projections. from October 2004 to December 2010. Satellite data from

Castanheira and Gimen{@011) andPeevey et al(2012 HALOE covering January 1992 to August 2005 (version
showed that double tropopause events (DTs) are associated9) were combined with Aura MLS for the period June
with Rossby waves in the subtropics and midlatitudes. Thes004 to May 2010 (v2.2), to produce a single time series by
waves can produce intrusions of tropical tropospheric air intoadjusting the data using the overlap period during 2004—2005
the extratropical lower stratosphefRRandel et al.2007 Pan  (seeRande] 2010 for more details). HIRDLS data (level
et al, 2009. If these waves break they will contribute to 2, version 5) were available from January 2005 to Decem-
the exchange of trace gases, such as ozone or water vapolwer 2007. An overview of both the HIRDLS temperature
between the troposphere and the stratosphere through irrend ozone products, along with further references contained
versible mixing Pan et al. 2009. According Castanheira  within, is available fronGille and Gray(2010.
and Gimend2011) andPeevey et al2012 the variability in
the frequency of double tropopause events should reflect th@.2 Fraction of area covered with DTs
variability seen in the Rossby wave activity. Changes in this . ]
subtropical wave activity may ultimately be associated with The first and, if present, second thermal lapse rate
changes in the tropical upwellingi6lton et al, 1995. Con-  {ropopauses were identified using the conventiovao
sidering such possible links, it is reasonable to expect that thé1957) criteria:
variability of double tropopause events will be related with
the variabilities of the BDC strength and the mixing ratios of
ozone and stratospheric water vapour.

Many studies have analyzed the relationships between the
BDC, ozone and stratospheric water vapour, and the effects
of the QBO on those relationships (see, for examphd-
win etal, 2001 Fujiwara et al.201Q Rande] 2010 Bonisch b. If above the first tropopause the average lapse rate be-
etal, 2011, and refereces therein). In this study we reassess  tween any level and all higher levels within 1km ex-
those relationships and introduce a new variable: the occur-  ceeds 3 Kkm? then asecond tropopausis defined by
rence of double tropopause events. Our main goal is t0 €x-  the same criterion as in (). This tropopause may be ei-
plain how horizontal advection and quasi-horizontal mixing ther within or above the 1 km layer.
associated with DTs can impact the variability of ozone and
stratospheric water vapour, and the dynamical relationshifBecause of the low ~ 1km) vertical resolution in the
between DTs and the ascending branch of the BDC at th&JTLS, condition (b) in the above definition was reduced to
tropical tropopause level. 2.5Kkm~1 when analyzing the ERA-I data. A similar proce-

dure was applied bRandel et al(2007), who reduced condi-
tion (b) to 2 Kknt 1 in their analysis of the ERA40 data. The

a. The first tropopauseis defined as the lowest level at
which the lapse rate decreases to 2 KKnor less,
provided also that the average lapse rate between this
level and all higher levels within 2 km does not exceed
2Kkm1L.

2 Data and method criteria used to find the tropopauses were applied using an
algorithm that is similar to that used Bjrner (2010 (which

2.1 Satellite and reanalysis data in turn is a slight variation of the algorithm used Bgichler
et al, 2003.

The present study is based on ERA Interim (ERA-I) reanal- For each reanalysis timeg, we calculated the fraction of
ysis data Dee et al. 2011) on isobaric levels at 00:00 and area(FAnH) of the latitudinal band 20—63N, where double
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tropopause (DT) events occur, using the following equation: Area fraction covered with DTs

N* (@
Zn* ) COS(@n* (#i)) «
> cosgy)

whereN is the number of grid points in latitudinal band 20— 0.3f
65° N, andN*(z;) is the number grid points inside that latitu- :
dinal band where DTs were identified at timeg,«(¢;) are
the latitudes of grid points where DTs were identified.

A similar time series, FA4, was obtained for the lat-
itudinal band 20-65S. The mean of the two time series
[FA = (FAnH + FAsh) /2] represents the fraction of area of :
the two latitudinal bands where DTs occur. -0.31

FANH (1) = 100 ® O

0.1} :

area anomaly (%)

2.3 Anomaly time series o5l

Ozone and water vapour were available as (calendar) 1980 1985 1990 1995 2000 2005 2010

monthly means. Other variables with hourly resolution were year

averaged into calendar monthly means. The seasonal cycle .
g . y . . Y l§|g. 1.The blue curve represents the monthly anomalies of the frac-

of each variable was removed by subtracting the mterannuql

hi f h h Th i h ion of area(FA) associated with DTs within the 20-8Bl and
monthly mean from each month. The anomalies were t €065 S latitude bands. The red curve represents the multilinear

smoothed by a 5-month running mean. Because of the shotgression of the FA anomalies onto the time series of the QBO,
length of the ozone time series from the Earth Probe and OMENSO and solar cycle. Both curves were smoothed by a 5-month
instruments, all time series analyzed in conjunction with ei-running average. The correlation between the two time series is
ther of those two instruments were smoothed by a 3-month- = 0.63.

running mean to maintain an adequate number of statistical

degrees of freedom. The treatment of the HIRDLS data will o o _ _
be explained in the next section. The statistical significance of correlations between time

Figure 1 shows a 5-month running average of the FA series, which were smoothed by a 5-month running mean and
anomalies. The figure also shows the multilinear regressio®Y @ 3-month running mean, were assessed adopting the con-
of the FA anomalies onto the time series of the QBO, ENSOServative assumption that only 2 and 3 degrees of freedom
and solar cycle. The QBO is represented by the monthlyPer year remained after the smoothing, respectively. A two-
mean of the equatorial zonal mean zonal wind at 30 ancfided parametric t-test was considered for all cases.
70hPa (U30 and U70, respectively). These two time se-
ries are nearly orthogonal (their correlationris= —0.08),
and allow the strength and phase of the QBO to be ac3 Results
counted for. The ENSO is represented by the Multivariate3 1 DT Rossb vt
ENSO Index (MEI) that was obtained from the NOAA web ™ S VErsus Rossby wave activity

site _(http:// www.esrl.noaa.gov/_psd/enso/ n)eWh_e solar cy- As already mentionedzastanheira and Gimer{@011) and
cle is represented by the adjusted time series of the SOlaIBeevey et al(2012) showed that double tropopause events

lgl.7cr'1‘;tftlu'>;/observeg In Penncto/nJ,[ ?I’I'[IISh/f(I': °|uhT£;?.’ avail- (DTs) are associated with Rossby waves in the subtropics
avle altip-//www.ngdc.noaa.govistp/solarfiux. In- and midlatitudes. This association is analyzed here by cal-

dices are available as (calendar) monthly means and Wer((?ulating the correlation between the monthly mean anoma-

s_r_noothed using a 5-month running average be_fore thg mul es of the area covered with DTs in the NéFAny) and
tilinear regression was applied. The area associated with D he monthly mean anomalies of the area weighted average

events does not show a correlation= —0.05 with the so- of the quasi-geostrophic wave activity in the latitudinal band

I(?r CyCIC?thheI;egS ItS_COF(;eA%tIOH dvalgeg g/volth the EtNSIO "N"30-50 N. The wave activityA, was calculated byXndrews
ex and the Q are= —0.40 and|r| = 0.50, respectively. etal, 1987 chapter 3)

The multilinear regression coefficients show that DTs events
are more frequent during the easterly phase of the QBO —

at 70 hPa. Because the relationships between BDC, doublg = }plogli , 2
tropopauses, ozone and stratospheric water vapour may be 2 5 —Z

sensitive to the phases of ENSO and the QBO, we performed

the calculations for both the total data anomalies and for thewvherepg(z) = ps e~/ is the reference density;is the log-
time series with the signals of the QBO, ENSO and solar cy-pressure altitudeg are the zonal mean quasi-geostrophic
cle removed using a multilinear regression. potential vorticity andg’ is its deviation from the zonal
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mean;p is the latitude; and is the earth radius. The quasi- Wave activity versus DTs
geostrophic potencial vorticity is given by S allyear \
30} —*— winter
1 d 1o
g=f+—vioq 200 (P00 ©)
fo po 9z \ N§ 9z s0f
where® is the geopotential deviation from the isobaric mean @ or
in the latitudinal band 30—-6MN, f is the Coriolis parameter % 100}
(fo = 2Q2sin(45°%)), anng is the stability parameter 5 150
2 1500
R (dTy  «Tp & 200}
M= (B 7) @
< 300}
The variablelp is the basic state reference temperature which [
depends only on pressurg;is the specific gas constant of ~ 509[
dry air; H is a mean scale height; ard= R/c,, wherec), is 70— —— 0T o6
the specific heat of air at constant pressure. r

In the limits of the linear approximation, wave activity is
proportional to the zonal variance of the Lagrangian merid-
ional displacementsy’, of the atmospheric particles (see for
example Andrews et al.1987 eq. 3.6.10)

Fig. 2. Correlation between the area covered with DTs in the NH
and the area weighted average of the quasi-geostrophic wave activ-
ity, A, in the latitudinal band 30-8N. The blue curve represents
the correlations considering all months, and the red curve represents
the correlations for the winter (November—March) months. The hor-
(5) izontal dashed lines mark the mean log pressure height of the first
and second lapse rate tropopauses in the latitudinal band 3850

A= 7
2a ¢

This relationship between wave activity and the meridional

displacements;’, of atmospheric particles and the interpre-

tation of DTs as the result of a meridional overlap of the trop- mean ozone in the lower extratropical stratosphere. Because
ical and extratropical tropopauses is a clear reason to expect@uch of TCO is concentrated in the lower stratosphStag-
relationship between wave activity and DTs. The proportion-helin et al, 2001), we expect the signal of DTs also to be
ality constant between wave activity and the zonal variancedetectable in the total ozone.

7’2, of the meridional displacements of atmospheric particles Castanheira and Gimer(@011) andPeevey et al(2012

is (po/2a)3G/d¢. Therefore, in order to make the monthly showed that the variability of the meridional extension of
wave activity comparable between different years, we usedhe tropical tropopause over the extratropical tropopause, and
the calendar monthly climatologies & /d¢ in Eq. (2). therefore the variability of the area where DTs occur, is as-

The association between DTs and Rossby waves found jgociated with Rossby wave variability. That association be-
this study is highlighted in Fig2. Correlations in this Fig- tween DTs and Rossby wave activity was also demonstrated

ure were calculated using calendar month anomalies without? the above subsection. _ .
smoothing using a moving average. The blue curve repre- Waves associated with DT events may be reversible, with

sents the correlation using all months, and the red curve give§©Pical air moving to the extratropics and returning back the
the correlation for the winter (November—March) months. 'OPICS without mixing into the midlatitude){(sen et al.
Both curves show clear peaks in the region between the firsg010- A higher correlatlon betvyeen the.fractlonal area of
and second lapse rate tropopauses, demonstrating an as¢g!S and the TCO is expected, if we define the ozone time
ciation between Rossby wave activity and the frequency ofS€"€S Using the weighted area average of TCO, in the extrat-

DTs. ropical latitudinal band where the occurrence of DTs is more
frequent. Figure 1 o€astanheira and Gimerfa011) shows
3.2 Ozone versus DTs that the maximum frequency of DT events occurs in the lati-

tudinal band 30—45N. Although, Fig. 1 ofCastanheira and
Randel et al(2007), Pan et al(2009 andCastanheira and Gimeno(2011) shows results during NH winter, a similar re-
Gimeno(2011) showed observational evidence that double sult is obtained considering the full year. Therefore, ozone
tropopause structures could result from excursions of thdime series were constructed using the area weighted aver-
tropical tropopause and tropical air over the extratropicalages of column ozone anomalies within the previously men-
tropopause. In general, 0ozone mixing ratios in the lower mostioned latitudinal band (30—43). Figure 3 shows a scat-
stratosphere (LMS) increase from the tropics to extratropicder plot of the mean ozone anomalies as a function of area
so large positive anomalies in the area associated with DTenomaly of DTs in the NH (FAy). The plot shows signifi-
should be associated with negative anomalies of the zonatant anticorrelation between the anomalies of TCO and the
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O3 versus DTs O3 ERA-Interim versus DTs
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Fig. 3. Anomalies of column ozone in the 30-48 latitude band  Fig. 4. As in Fig. 3 but with column ozone from ERA Interim re-
as a function of the anomalies of the fraction of areapfFhas- analysis (1979-2010). A 5-yr running mean was removed from both
sociated with DTs in the NH. Ozone data were derived from threetime series. The correlation is statistical significant at the 99 % level
satellite platforms: Earth Probe (EP), Nimbus 7 (N7) and OMI. Us- (see the text).
ing the conservative assumption that there are only three degrees of
freedom per year and for a two-sided t-test, the correlation for OMI
data is statistically significante at the 95% level, and the correla-
tions for Earth Probe and Nimbus 7 data are statistically significantd€€n assessed only in the ERA-I data, it is worth to note that
at the 99 % level. the TCO of ERA-I compares quite well with observational
data, at least for averaged values betweehsand 50 N
(Draganj 2011).
area of DTs. The correlations values are —0.74, —0.63 The relationship between ozone and DTs was tested in-
and—0.74 for the ozone data derived from the Earth Probe,dependently by using variables derived from the HIRDLS
Nimbus 7 and OMI satellites instruments, respectively. Fig-instrument data for the period 2005-2007. The analysed
ure 4 shows a similar plot but for the ozone column from variables were the areas associated with ozone laminae and
the ERA-I reanalysis (1979-2010). The correlation value isDTs in the NH. Ozone laminae are identified following the
r = —0.64. In order to reduce the possible effects associateanethod ofOlsen et al(2010. However, we do not restrict
with chemical ozone depletion, the time series of Nimbusthe lamina thickness nor require continuity across adjacent
7 (1979-1992) was linearly detrended, and a 5-yr runningprofiles as originally presented Isen et al.(2010. In
mean was removed from the ozone series derived from thaddition, the vertical range is expanded, spanning 340K to
ERA-I reanalysis. The correlation for OMI data is statisti- 550K on 5K increment potential temperature surfaces. For
cally significant at the 95 % level, and the correlations for consistency with the method of ozone laminae identification,
Earth Probe, Nimbus 7 and ERA-I data are statistically sig-HIRDLS temperature profiles were averaged within 2 degree
nificant above the 99 % level. latitude bins between 22—-7R, and the DTs were identi-
Because the ERA-I TCO data are available for a longerfied as inPeevey et al(2012. Next, two daily time series
period (1979-2010) than those from satellite instruments, weepresenting the areas of DTs and ozone laminae were cal-
calculated also the correlation between the ERA-I TCO andculated. The areas of each ozone lamina profile and each
the area covered by DTs in the NH (kA) after removingthe DT profile are represented by the cosines of the latitude of
variabilities associated with the QBO, ENSO and solar cyclebins where they are found. Daily time series for both the ar-
from both TCO and DTs time series. Variability associated eas of the laminae and DTs were then calculated by a sum
with the QBO, ENSO and solar cycle was obtained usingof the cosines of the latitudes of all bins where laminae or
a multilinear regression. The correlation value between theDTs were found each day. During this process two restric-
ERA-I TCO and DTs residual time seriesris= —0.59 and  tions were implemented: (1) the second tropopause must be
is statistically significant above the 99 % levgl = 0.01). between 70hPa and 150 hPa and (2) the potential tempera-
This result suggests that the ozone anomalies associated withre of the ozone minimum is below the maximum poten-
the DTs anomalies are intrinsic to the DTs variability and tial temperature of the restricted second tropopause or below
not imposed by the co-variability with the QBO or the solar 400K if no second tropopause is present. This helps to en-
cycle. Because the effects of the QBO and solar cycle hasure that both the DT and ozone lamina are characteristic
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HIRDLS data the exchange of trace gases, e.g., water vapour, between the
20 ' ' ' tropics and extratropic®06nisch et al(2011) suggested that
sl 0.68 <, ] the stratospheric water vapour drop after 2001 was a conse-
¢ guence of an enhanced quasi-horizontal (isentropic) mixing
10} accompanied by an intensification of the residual circulation

° in the lower most stratosphere (LMS).

Considering the above results and assuming that large
anomalies in the FA time series for DTs may be associated
with guasi-horizontal mixing events in the LMS, we ana-
lyzed the correlation between FA and the mixing ratio of
water vapour on isobaric levels. A step like decrease of wa-
ter vapour in the lower stratosphere after 2001 has been ob-

area of DTs
o

_lo.
served in instrument data (e.gRandel et al.2006 Rande)
-15¢ 2010. Because the relationships between water vapour, DTs
. . . . . . and tropical upwelling must be observable on the intersea-
-30 -20 -10 0 10 20 30 40 sonal and interannual time scales, we removed the signal of

area of laminae the 2001 water vapour drop as follows. For the HALOE-Aura
Fig. 5. Correlation between the area covered with DTs and the ared/ILS instruments the periods November 1991 to December
covered with ozone laminae in the latitude band 22-¥2s ob- 2000 and January 2001 to May 2010 were subtracted by
served by the HIRDLS satellite instruments. Only November to their respective means before beginning an analysis of cor-
June anomalies are plotted. The correlation is statistically signifi-relations. In the case of the longer time series from ERA-I
cant at the 99 % level (see text). the interdecadal variability was removed by subtracting a ten
year (121 months) moving average. Hereafter, unless other-
wise explicitly mentioned, only interseasonal and interannual
of tropospheric intrusions. We deseasonalize the time seriegariability will be analyzed. Additionally the QBO, ENSO
by first finding the average areas of DTs and ozone lamina&nd solar flux signals were always computed using the origi-
for each day of the year and smoothing using a 29-day movhal anomaly time series.
ing average. That time series, which represents the seasonal Figure 6 shows lagged correlations between the FA time
cycle, is removed from the original data. This is done for series and the water vapour time series derived using near
both the DT and ozone lamina area time series. The anomalglobal (50 S-50 N) water vapour data from the HALOE
time series were then smoothed by a 5-day running mearand Aura MLS instruments. Figurgshows the same kind
Additionally, because both DT and ozone laminae frequencyof correlations but with water vapour from ERA-I reanaly-
are small during the summe®l[sen et al.201Q Peevey et  sis. The correlation patterns show the typical “tape-recorder”
al,, 2012, only anomalies between November and June weresignal of the BDC, which is apparently stronger in the ERA-I
analyzed. As seen in Fi§, there is a strong correlation be- reanalysis than in the observations, as was already noted by
tween the area of DTs and the area of ozone laminae. This iDee et al(2011). Additionally, the left panels in both figures
consistent with negative anomalies of TCO associated wittshow a clear QBO signal. The right panels show the corre-
positive anomalies in the area of DTs due to both the north4ations between the residual variability, i.e., with the vari-
ward displacement of lower stratospheric tropical air with ability associated with the QBO, ENSO and solar cycle re-
low ozone mixing ratio and tropospheric intrusions of tropi- moved from the original time series using a multilinear re-
cal tropospheric air into the lower extratropical stratospheregression, of the two time series. Statistical significant (above
Again, using a conservative assumption that there are onlghe 95 % level) anticorrelations near the zero lag (Right pan-
three degrees of freedom per month and a two-sided test, thels in Figs. 6 and 7) remain after removing the signal of the
correlation between ozone laminae and DTs is statisticallyQBO and the ENSO, which suggests that at least part of the
significant above the 99 % level. Because the HIRDLS datacorrelation between the DT and water vapour anomalies is
are available for the 3-yr period 2005-2007, only a crudeinherent to the mechanism producing the DTs. High anti-
estimate of the seasonal cycle can be made. However, catorrelations betweery 150- and~ 100-hPa isobaric levels,
culating the correlations for each month separately and themvhere the patterns show a vertical elongation, may partially

averaging gives qualitatively similar results. be due to subsidence of the first tropopause associated with
DT events Afel et al, 2008 Peevey et al.2012. Because
3.3 Lower stratospheric water vapour versus DTs the water vapour mixing ratio drops very rapidly through the

tropopause layer, subsidence of the first tropopause will in-
If waves associated with the tropopausal overlap have largeluce large negative anomalies in the water vapour mixing
amplitudes they could break, resulting in the mixing of tropi- ratio at fixed isobaric level near the tropopause. Moreover,
cal and extratropical ailRan et al.2009 and contributingto  the nearly vertical orientation of the correlation pattern is
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Fig. 6. Lagged correlations between the area covered with DTs, i.e.Fig. 7. As in Fig. 6 but using water vapour from the ERA-I reanal-
the time series FA, and the area weighted mean of specific humidysis for the period 1979-2010. Absolute correlation values greater
ity in the latitudinal band 50S-50 N derived from the HALOE  than 0.3 are statistically significant above the 99 % level (see text).
and Aura MLS instruments. The right panel shows the correlations

between the two time series after the QBO, ENSO and solar cycle

signals have been removed by a multilinear regression. Absolute The ERA-I mean residual vertical velocit@*), in the
correlation values greater than 0.3 are statistically significant aboveropical region bounded by the latitudespg and ¢g, was

the 95 % level (see text). Positive lags mean that DTs are leading. computed using the downward control principle aRandel

et al.(2002
also consistent with a higher vertical residual velocity in the<w*)(z) _ 1
16-18km layer, as shown by the resultsSathoeberl et al. 2 po(z) Singg
(2010. o o %o
The left panels of Figs6 and7 (see also Figs9 and 10) / |:COS§0 V-F—po(z )Bm/az} d ’ ©)
show three vertical layers with distinct phase relationships om/d¢ 0
to the QBO. These correlation patterns must be associated %o

with the vertical amplitude modulation of the water vapour where F is the Eliassen-Palim (E-P) flux,m =
anomalies by the residual circulation associated with thescosy (7 4+ aQ2cosp) is the zonal mean absolute angu-
downward progression of the QBO (e.Bandel et al.1998  |ar momentum. All variables were defined as in Sect. 3.5 of
Fig. 21). The same kind of modulation is also observed inAndrews et al(1987), and the subscripiz means that the
both the ozone (e.gBaldwin et al, 2001, Fig. 22) and tem-  integral was evaluated along contours of constant angular

perature anomaliesiliang et al.2008. momentumjz (e, z). In this study, the residual velocity was
] . calculated at the log pressure altitude of the 100 hPa level.
3.4 Tropical upwelling versus water vapour and DTs In the remaining analysis, results will be shown for the

The main sources of stratospheric water vapour are metha pean residual verticgl veIoc?ty within the tropical baqd
N .5 S-22.8 N. For wider tropical bands the results remain

OX|d_at|on and transport_ fr_om _the troposphe_r_e through thequalitatively the same. On the other hand, for smaller lat-

ftroplcal tropopauge. This implies Fhat variability and trendsitude limits, the calculation of the integral along contours

m_the stratospheric vyater vapour field may be caused by tw%f constant'm(qa, z) Is problematic because the condition

thm_gs, (1) changes in the fraction qf oxidised me.th.alne ( 91 /3¢ # 0 is violated a large number of times,

Texier et al, 1988 and (2) changes in the entry mixing ra-

tios of methane and water vapour as well as by their transg 4 1 Tropical upwelling versus DTs and QBO

port associated with the diabatic meridional circulation, i.e.,

the Brewer-Dobson circulation, and the irreversible quasi-The residual velocity is forced by the divergence of the E-P

horizontal mixing Mote et al, 1996. In this subsection, flux, which, in the linear quasi-geostrophic approximation,

the variability of the near global lower stratospheric water js proportional to wave activity. Because of this relationship

vapour will be related to the variability in upwelling through and the association of double tropopauses with Rossby wave

the tropical tropopause which is placed near 100 hPa. activity, it is reasonable to expect a relationship between

the residual velocity in the lower stratosphere and the area
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Total variability: V\}JVS DTs Total anomalies Residual anomalies
T 45
T T T ‘

w N

[/ 40

10

Sl e

standardized anomaly
11
WNFPORFRNWDS

1980 1985 1990 1995 2000 2005 2010
year
Residual variability: w'vs DTs

20
30

pressure (hPa)

T T 50

70

100

150

200 " A A A A A A 10

-15-10 -5 0 5 10 15 -15-10 -5 0 5 10 15
lag (month) lag (month)

A
[ T T [
2010 -0.7-0.6-05-0.4-03-0.2-01 0 01 02 03 04 05 06 0.7

' 4

standardized anomaly
11
WNFRPORFRLNWD

1980 1985 1990 1995 2000 2005
year

] ] ) ] ) . Fig. 9. Lagged correlations between the tropical upwelling and the
Fig. 8. Time series of the mean residual vertical velogity;), in the  area weighted mean of the water vapour mixing ratio within the
tropics (22.5 S-22.5 N) and of the fraction of area covered with i inal band 50S-50 N derived from the HALOE and Aura
DTs (FA) derived from ERA-l reanalysis. Both time series were \| g instruments. Both time series were smoothed by a 5-month
smoothed by a 5-month running mean and normalized by their réynning mean. The right panel shows the correlations between the
s_pectlve standard devna_tlons. T_he bottom panel shows the correlgy,q time series after the QBO, ENSO and solar cycle signals have
tions between the two time series after the QBO, ENSO and solaggen, removed from the original anomaly time series by a multilinear
cycle signals have been removed from the original anomaly t'meregression. Positive lags mean thiat) is leading.

series by a multilinear regression.

Total anomalies Residual anomalies

T 45
|
‘ 40

covered by double tropopauses. As seen in Bj@ strong 2 .
linear relationship exists between DTs and the vertical resid- 3

ual velocity at the tropopause level. Moreover, the curvesin = 5

Correlation calculations between the residual velocity ands
the QBO, the ENSO and the solar flux showed that there %0
is no significant correlation between the ENSO 4nd)

the lower panel of Fig8 show that the relationship between i ‘ 35

DTs and the vertical residual velocity is intrinsic to themand g *© ; ! -
not due to “external” factors like the QBO, the ENSO or the £ } ; g
solar cycle. 2 22 | | L5

100

(r = —0.19) and no significant correlation between the so- 15
lar flux and(w*) (- = —0.03). On the other hand, there isa o0 1

strong correlatior(|r| = 0.63) between the QBO anfiv*). e e i 10
As referred in the data section, the time series of the equa- % S — lag (month)

torial zonal mean zonal wind at 30 and 70hPa (U30 and -0.7-06-05-04-03-02-01 0 01 02 03 04 05 06 0.7

U70, respectively), used to represent the QBO, are nearly or- . ) _
thogonal. The single correlations (@) with U30 and U70 ~ 19: 10.Asin Fig. 9 but with the area weighted mean of of ERA-!
arer = 0.05 and- = —0.63, respectively. These results indi- specific humidity in the latitudinal band 5&-50 N.

cate that, in the mean, the residual velocity is stronger dur-

ing the easterly phase of the QBO at 70 hPa. Moreover, thyqse models, westerly shear zones of the QBO are associ-
correlation between U70 and the vertical shear of the equagieq with sinking anomalies of the residual circulation at the

torial zonal mean windju/dz, is positive in the LMS, with o at0r, whereas the easterly shear zones are associated with
a value ofr = 0.79 at the 100 hPa isobaric level. This means rising anomalies.

that the easterly U70 is associated with easterly zonal mean

wind shear in the LMS. Therefore the value found for the 3.4.2 Tropica| upwe”ing versus water vapour

correlation between U70 arfd*) is consistent with the the-

oretical results using two-dimensional models of the QBOAs shown in Sect3.3, the signal in the correlation pattern
(Baldwin et al, 2001, and references therein). According to found for water vapour and DTs anomalies is propagated
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HALOE-MLS ERA-I tions being mostly a model field produd@€e et al. 2017,
T T 45 .. g . . .
they reproduce well the minimum specific humidity in the
lower most stratosphere in the tropics as seen in the observa-
tions (see, for example, Figs. 2a and vhan et al.2008.

w N

Ul

3 35 In fact, for the purpose of our analysis, it is not crucial that
= 10 | . the ERA-I stratospheric water vapour data closely reproduce
£ | 305 the observations. What is important is that the ERA-I strato-
% 20 ; £ spheric water vapour data have a seasonal cycle and a spatial
g 30 E 52 distribution that indicate it is an adequate tracer for advection

associated with DTs andv*). Nevertheless, a recent evalu-
ation of the ERA-I water vapour data against high resolution
airborne water vapour data (FISH measurements) suggests
that in the upper troposphere (in regions above the subtropi-
cal jet stream) and the stratosphere the data sets agree fairly

~N
o O

100

150

I
|
|
I
I
|
|
I
|
|
|
|
|
|
|
I
I
|
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1
1
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1
1
200 ‘

W UL I S
B ey Y T ey, well (A. Kunz, personal communication, 2012). Therefore it
T [ [ [ is possible that the negative correlations in the right panel

TO7T00708704T03T02704 D 04 02 03 04 05 08 o7 of Fig. 11 reflect the effect of the horizontal advection of

Fig. 11.Lagged correlations between the area covered with DTs and¢hat minimum and the subsidence of the first tropopause as-
the area weighted mean of the water vapour mixing ratio within thesociated with DT eventsAfiel et al, 2008 Peevey et a).
latitudinal band 50S-50 N derived from the HALOE and Aura 2012 The left panel of Figll, HALOE-MLS data, shows
MLS instruments (left) and ERA-I reanalysis (right). Both panels g stronger reduction in the correlations compared to the right
show the correlations between the respective time series after sulsane| of that figure. The difference between DTs correlations
trac_:tlng the variabilities regressed upon the tropical upwelling time, 1 satellite water vapour and with ERA-I data is not nec-
series. essarily a consequence of the degraded quality of the water
vapour in the lower stratosphere from the reanalysis product.
Other factors may make the differences reasonable. For ex-
upwards in the lower stratosphere by the residual circulationample, we are aware that the time and zonal averages of the
On the other hand, the anomalies of the residual vertical vesatellite observations may fail to sample regions where DTs
locity at the tropopause level are positively correlated with events were identified in the reanalysis, whereas for each DT
the DTs anomalies. Therefore, it is important to assess thevent there is always a collocated ERA-I water vapour da-
contribution of the tropical upwelling variability to the cor- tum.
relation signal found between the DTs and the lower strato- The correlation signals of DTs and tropical upwelling (the
spheric water vapour. strength of the upward branch of the BDC in the lower strato-
Figures9 and 10 show lagged correlations between the sphere) can be well separated within the TCO anomalies.
residual vertical velocity, at 100 hPa, and the near global wa+igurel2 shows the lagged correlations of the area weighted
ter vapour. The correlation patterns are quite similar to theaverage of TCO in the band 30-48 with the DTs(FANH),
respective correlation patterns obtained for the DTs (Fdgs. with the tropical upwelling((F)) and with the residual
and7). The large correlation between the tropical upwelling variability of the DT time series after removing the vari-
and the fraction of area covered with DTs (F#§), and abilities linearly regressed upon the tropical upwelling. As
the large correlation between tropical upwelling and waterin Sect.3.2, the time series were smoothed by a 3-month
vapour may indicate that much of the water vapour and DTsmoving average. The TCO anomalies associated {with
correlated variabilities are also covariant with the tropical up-should represent a time integrated effect of the anomalies
welling. The correlations in Figl1l show that such an as- in the residual Lagrangian transport. Therefore the maxi-
sociation is in fact true. The correlations between the DTmum correlation between TCO ard*) anomalies should
and water vapour time series, in the lower stratosphere, areccur with the tropical upwelling anomalies leading as it
strongly reduced when we subtract the variability regresseds observed in Figl2. The correlations between the TCO
on the tropical upwelling time series. This result shows thatand the DTs have a maximum at zero lag, consistent with
it is difficult untangle the effects due to the transport by the a fast transport by horizontal advection. The correlation at
residual circulation and to the quasi-horizontal motion in the zero lag remains statistically significant above the 99 % level

observed dataBpnisch et al.2011). (p =0.01) even after removing the variabilities associated
The right panel of Figll shows that statistical signifi- with the tropical upwelling.
cant correlation{ > 0.3 for p = 0.01) in the ERA-I data re- Finally, we analyze the step like decrease of water vapour

mains after removing the variability associated with the trop-in the lower stratosphere after 2001, which has been re-
ical upwelling. Although, the ERA-I water vapour analysis ported in the recent literature (e.gRandel et al. 2006
at stratospheric levels has very little influence from observa-Rande] 2010. Given the strong correlation between tropical
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Lagged correlations with O3 ERA-I Fourier power spectra of HALOE and Aura MSL H,O anomalies
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Fig. 12.Lagged correlations of the area averaged TCO in the ban

30-45 N with the DTs(FAw) (red), with the tropical upwelling dFlg. 14.Fourier power spectra of the water vapour time series shown

in Fig. 13 (the HALOE and AURA water vapor anomalies in the

«ﬁ)) (que) and with _the_ r_gsidgal variability of the DT time seric_es lower stratosphere, 82 hPa). The red curve shows the spectrum of
after removing the variabilities "T‘ea”y r(_agressed upon the trOplcalthe original time series, and the blue curve shows the spectrum of
upwelling (dashed black). The time series were smoothed by a 3:

. . . ’ the residual time series, i.e., the water vapour time series after the
month moving average. Negative lags mean that TCO is leading. QBO, ENSO and solar cycle signals have been removed by a multi-

linear regression. The spectra were normalized by the total variance

. Total anomalies - HALOE & Aura MLS of the original time series.
‘_E" b ozpay T =072 o
e 2r : ' ' '
< 1
E upwelling and water vapour in satellite data, if the observed
E decrease in stratospheric water vapour after 2001 was due
% , , to a change in the transport through the tropical tropopause
? 1995 2000 2005 2010 as argued byRandeI et al(2006 anc_zl _byR_andeI(Z_OlQ, _
‘ ~ year then a clear signal should be also visible in the time series
Residual anomalies — HALOE & Aura MLS of the tropical upwelling. To see this signal we use the origi-

nal time series without removing the means before and after
2001. Figurel3 shows an increase in the mean tropical up-
1\ 3 ; welling (upward branch of the BDC) after 2001. Moreover,
LN RTATAVIYR SUNANY R WyouNy) SN, N the lower panel shows that the increase is not covariant with
o B B the QBO, the ENSO or the solar cycle. This increase of the
: : : mean tropical upwelling is consistent with a higher, colder
and drier tropical tropopause leading to a decrease of wa-
ter vapour in the lower stratospheiRgnde] 2010 Plate 6).

Fig. 13. Time series of mean residual vertical veloc(ﬁy,*), in the Dhomse et al(2008 had also related the sudden decrease
tropics (22.8 S-22.5 N) and the near-global (36-5C0 N) water  in lower stratospheric water vapour after 2001 with a sud-
vapour anomalies at 82 hPa. Water vapour data were derived frongien rise in the strength of the BDC. Those authors used the
the HALOE and Aura MLS instruments. Both time series were 50 hpa eddy heat flux averaged fronf 46 75> and added
smoothed by a 5-month running mean and normalized by their re.qm poth hemispheres to represent the strength of the BDC.

spective standard deviations. The time series of the residual vertical It is interesting to note that a QBO signal is yet discernible
velocity leads the water vapour by 3 months. This means that the . ; .

. S . , ._in the residual time series for the water vapour (lower panel
vertical velocity time series was shifted three months to the left in

the plot. The bottom panel show the two anomaly time series aftermc Fig. 13). This indicates that thg variability of lower strato-

the QBO, ENSO and solar cycle signals have been removed fronsPhere water vapour has a nonlinear response to the QBO. In

the original anomaly time series by multilinear regressions. fact, the saturation pressure of water vapour entering in the
lower stratosphere is a nonlinear function of the tropopause
temperature and, additionally, the water vapour anomalies do
not vary linearly with the tropopause temperature anomalies

[ ——H,0 (82hPay

standardized anomaly
11
W NP OFLNW
T
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associated with the QBO. Although a QBO signal seems disference being the stronger BDC in the ERA-I reanalysis that
cernible in the residual time series of water vapor shownhas already been reported bge et al(2011).
in the lower panel of Figl3, a Fourier spectral analysis The significant anticorrelation between the tropical up-
(Fig. 14) revealed that the fraction of variance associatedwelling and the near global lower stratospheric water vapour
with the QBO period has been strongly reduced by the subis consistent with an uplift of the tropical tropopause accom-
traction of the linear signal of the QBO. Moreover, a similar panying a strengthening of the upward branch of the BDC.
spectral analysis applied to the time series anomalies of thé higher tropopause will be colder and drier, leading to neg-
ERA-I water vapour, DTs, and tropical upwelling revealed ative anomalies in the input of water vapour into the strato-
also a stronger reduction in the fraction of variance associsphere. The results are consistent with the findingRamndel
ated with the QBO period in the residuals of those time se-et al. (200§ and Randel(2010 which suggest that the de-
ries (see Appendix A). In the Appendix we also discuss thecrease in the stratospheric water vapour after 2001 is linked
ENSO signal in the water vapour. to changes in the tropical tropopause and the Brewer-Dobson
circulation. In fact, the results here show that the step like de-
crease in the lower stratospheric water vapour after 2001 is
4 Concluding remarks mirrored by a step like increase in the tropical upwelling.
As a final note, we remark that our analysis revealed that
This study presents a statistical analysis of relationships bebTs are an important factor in the variability of stratospheric
tween the upward branch of the BDC (tropical upwelling), ozone and lower stratospheric water vapour, both important
the area covered by DTSs, stratospheric ozone and lowespecies for Earth’s climate. Moreover, this study shows that
stratospheric water vapour. The influence of the QBO andhe variability in DT events is associated with the variability
the ENSO signals on these relationships was also assessed.ohthe upward branch of BDC at the tropical tropopause level
clear signal of the QBO and the ENSO within the frequencythrough Rossby wave dynamics, adding to the current under-
of DTs is demonstrated. The existence of a strong correlatiorstanding of the mechanisms responsible for DT formation.
between the strength of the upward branch of the BDC, as de-
termined by the downward control principle, and the area of
DTs was also demonstrated. The finding€aktanheiraand Appendix A
Gimeno(2011) and Peevey et al(2012 suggesting an as-
sociation between DTs and Rossby waves were also demori-ourier power spectra
strated here by the positive correlation between the DTs and
the area weighted average of the quasi-geostrophic wave adhe Fourier power spectra of the detrended time series
tivity in the latitudinal band 30-30N. In fact, because both anomalies of the ERA-I water vapour, DTs, and tropical up-
the BDC and DTs are associated with wave activity in sub-welling used in Figs7, 8, 10 and11 are shown in FigsAl,
tropics, the existence of a relationship between them couldA2 and A3. The time series were previously detrended by
be anticipated. subtracting a 10-yr (121 months) running average. In order
Negative correlations between the area covered by DT$0 make the spectra comparable, the spectra were normalized
and the TCO or the lower stratospheric water vapour may bdy the variance of the original detrended time series, i.e., both
understood as a consequence of the poleward displacemet’ﬂe spectra of the original detrended time series and residual
of tropical air within the upper troposphere/lower strato- detrended time series were presented as fractions of the vari-
sphere (UTLS) region that occurs during a DT event. This isance of the original detrended time series.
likely the case because the lower most tropical stratosphere All residual time series in the previous sections were cal-
is drier and has a smaller ozone mixing ratio; therefore, theculated with no lag for the ENSO time series. This seems ad-
poleward displacement of tropical UTLS air will produce equate when examining the fraction of area covered with DTs
negative anomalies in the lower stratospheric water vapoufFA) and the tropical upwelling(w*)). In fact, the resid-
and TCO at midlatitudes. The anomalies in the water vapouual spectra of FA andw*) have amplitudes smaller than
may also be partially attributed to an observed subsidencéhat of the original spectra for periods around four years (48
of the first lapse rate tropopause associated with DTs eventsnonths). The opposite is observed for the residual spectrum
Additionally, the poleward motion of tropical UTLS air with  of the ERA-I water vapour (the blue curve in Figl). How-
the tropical tropopause overlying the extratropical one mustever after calculating the residual time series of the ERA-I
be accompanied by an increase in the frequency of tropowater vapour anomalies with the ENSO index leading by six
spheric intrusions into the lower extratropical stratospheremonths the Fourier spectrum (the green curve in RAig)
This is confirmed by the positive correlation between DTs has amplitudes smaller than that of the original spectrum for
and ozone laminae found in the HIRDLS data. periods around four years (48 months). This behaviour may
The above results were based on the analysis of both inbe understood if we take into consideration that we are us-
strumental data and ERA-I reanalysis data. Results froming near global (59S-5C N) isobaric averages of the wa-
these two types of datasets are consistent, with the main difter vapour mixing ratios, and that there is a lag between the
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) ) Fourier power spectra of <w*> anomalies
Fourier power spectra of ERA-I HZO anomalies

normalized spectral density (%)

normalized spectral density (%)
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Fig. A3. As in Fig. A2 but for the tropical upwelling.
Fig. Al. Fourier power spectra of the detrended time series anoma-
lies of the mean specific humidity of ERA-I at the 100- and 70 hPa
levels. We computed the mean of these two levels to have a mor@nomalous input of water vapour in the tropical stratosphere
direct comparison with the spectra shown in Fig, which were ~ and the propagation of the anomalies to extratropical lati-
computed for satellite water vapour data at 82 hPa. The blue curvéudes. A more detailed investigation of the lags between the
shows the spectrum of the residual time series, i.e., the water vapoUENSO index and the water vapour time series will be con-
time series after the QBO, ENSO and solar cycle signals have beegjdered in a future analysis. In such analysis we must take
removed by a multilinear regression. The dashed green curve repnto account the fact that the lag would likely be different for

resents the spectrum of the residual time series of the ERA-I wateyifferent isobaric levels. and that it may be useful to analyse
vapour anomalies calculated with the ENSO index leading by sixover shorter latitudinal t,)ands

months. The spectra were normalized by the total variance of the
original detrended time series.
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