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Abstract

The statistical relationships among the variability of the area covered by double
tropopause (DT) events, the strength of the tropical upwelling, the variabilities of to-
tal column ozone and of lower stratospheric water vapour are analyzed. The QBO and
ENSO signals in the double tropopause and tropical upwelling as well as their influ-5

ence on the statistical relationships are also presented. The analysis is based on both
reanalysed data (ERA-Interim) and satellite data.

Significant anticorrelations were found between the area covered by double
tropopause events and the total column ozone in the midlatitudes of the Northern Hemi-
sphere. This relationship is confirmed by a large positive correlation between the areas10

covered by ozone laminae and double tropopause events as found in the HIRDLS
satellite data. Significant anticorrelations were also found between the global area of
double tropopause events and the near global (50◦ S–50◦ N) water vapour in the lower
stratosphere.

The correlations of DT variables with total column ozone and ozone laminae are both15

consistent with the poleward displacement of tropical air with lower ozone mixing ratio
and with tropospheric intrusions of tropical tropospheric air into the lower extratropical
stratosphere.

Finally, a significant anticorrelation was found between the tropical upwelling and
the near global lower stratospheric water vapour. The step like decrease in the lower20

stratospheric water vapour after 2001 is mirrored by a step like increase in the tropical
upwelling.

1 Introduction

The distribution of ozone and water vapour in the stratosphere strongly impacts the
radiative heating field and the stratospheric dynamics. Stratospheric ozone accounts25

for about 90 % of the total column ozone and controls the amount of damaging UV
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radiation reaching the earth surface. Water vapour with its associated feedbacks is
the main radiative driver of the climate system, and, recently, Solomon et al. (2010)
showed that stratospheric water vapour fluctuations may modulate the decadal global
surface warming. Stratospheric dynamics have been shown to be important for long
range weather forecasts and climate (e.g., Roff et al., 2011; Sigmond et al., 2008, and5

references therein).
Water vapour enters in the stratosphere through the tropical tropopause (Mote et al.,

1996). It is transported poleward by the Brewer-Dobson Circulation (BDC) and by
quasi-horizontal mixing (e.g., Bönisch et al., 2011, and references therein). It is dif-
ficult to separate the contribution of these two transport processes because both the10

residual circulation and mixing are the result of wave breaking. However, a detailed
understanding of the two contributions is required to assess how well climate models
simulate stratospheric dynamics and tracer transport, and to increase the confidence
in their projections.

Castanheira and Gimeno (2011) and Peevey et al. (2012) showed that double15

tropopause events (DTs) are associated with Rossby waves in the subtropics and mid-
latitudes. These waves can produce intrusions of tropical tropospheric air into the extra-
tropical lower stratosphere (Randel et al., 2007; Pan et al., 2009). If these waves break
they will contribute to the exchange of trace gases between the troposphere and the
stratosphere through irreversible mixing. It is reasonable to expect that the variability20

in the frequency of double tropopause events will reflect variability in the Rossby wave
activity. Changes in the subtropical wave activity may ultimately be associated with
changes in the tropical upwelling. Guided by such possible links, this study will show
statistical relationships among the BDC, double tropopauses, ozone and stratospheric
water vapour, based on reanalyzed and instrumental data. The obtained relationships25

are expected to increase our understanding of the meridional transport of trace gases.
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2 Data and method

The present study is based on the ERA Interim (ERA-I) reanalysis data (Dee et al.,
2011) on isobaric levels at 00:00 and 12:00 UT from 1979 to 2010, on the total column
ozone observed from three satellite instruments (Earth Probe, Nimbus 7 and OMI),
and on water vapour data from the HALOE and Aura MLS. The water vapour data5

were kindly made available by Dr. William Randel and are the same used in Randel
(2010). An independent assessment of the relationship between ozone and DTs was
done using observations by the High Resolution Dynamics Limb Sounder (HIRDLS)
satellite instrument.

The first and, if present, second thermal lapse rate tropopauses were identified using10

the conventional WMO criterion:

(a) The first tropopause is defined as the lowest level at which the lapse rate de-
creases to 2 Kkm−1 or less, provided also that the average lapse rate between
this level and all higher levels within 2 km does not exceed 2 Kkm−1.

(b) If above the first tropopause the average lapse rate between any level and all15

higher levels within 1 km exceeds 3 Kkm−1 then a second tropopause is defined
by the same criterion as in (a). This tropopause may be either within or above the
1 km layer.

Because of the low (∼ 1 km) vertical resolution in the UTLS, condition (b) in the above
definition was reduced to 2.5 Kkm−1 when analyzing the ERA-I data. A similar proce-20

dure was applied by Randel et al. (2007), who reduced condition (b) to 2 Kkm−1 in their
analysis of the ERA40 data. The criteria used to find the tropopauses were applied us-
ing an algorithm that is similar to that used by Birner (2010) (which in turn is a slight
variation of the algorithm used by Reichler et al., 2003).

For each reanalysis time we calculated the fraction of area (FANH) of the latitu-25

dinal band 20–65◦ N, where double tropopause (DT) events occur. A similar time
series, FASH, was obtained for the latitudinal band 20–65◦ S. Monthly means were
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then calculated. Time series of monthly mean anomalies were obtained by subtract-
ing the interannual mean of each calendar month. The mean of the two time series
[FA = (FANH+FASH)/2] represents the fraction of area of the two latitudinal bands where
DTs occur.

Figure 1 shows a 5-month running average of the anomalies of FA. The figure also5

shows the multilinear regression of the FA anomalies onto time series of the QBO,
ENSO and solar cycle. The QBO is represented by the monthly mean of the equatorial
zonal mean zonal wind at 30 and 70 hPa. These two time series are nearly orthog-
onal (their correlation is r = −0.08), and allow to account for the strength and phase
of the QBO. The ENSO is represented by the Multivariate ENSO Index (MEI) from10

the NOAA website (http://www.esrl.noaa.gov/psd/enso/mei/). The solar cycle is rep-
resented by the adjusted time series of the solar 10.7 cm flux observed in Penticton,
British Columbia, available at http://www.ngdc.noaa.gov/stp/solar/flux.html. All indices
are available with a (calendar) monthly mean time resolution and a 5-month running
average was applied before the multilinear regression was performed. The area asso-15

ciated with DT events does not show any correlation (r = −0.05) with the solar cycle,
whereas the correlation values with the ENSO index and the QBO are r = −0.40 and
|r | = 0.50, respectively. The multilinear regression coefficients show that DTs events
are more frequent during the easterly phase of the QBO at 70 hPa. Because the re-
lationships among BDC, double tropopauses, ozone and stratospheric water vapour20

may be sensitive to the phases of ENSO and the QBO, we performed the calculations
for both the total data anomalies and for the time series with the signals of the QBO,
ENSO and solar cycle removed using a multilinear regression.

Ozone and water vapour were available as (calendar) monthly means. Other vari-
ables with hourly resolution were averaged into calendar monthly means. The seasonal25

cycle of each variable was removed by subtracting the interannual monthly mean from
each month. The anomalies were then smoothed by a 5-month running mean. Because
the short length of the ozone time series from the Earth Probe and OMI instruments,
all time series used in the analysis of the relationships with ozone were smoothed
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by a 3-month running mean to maintain an adequate number of statistical degrees of
freedom. The treatment of the HIRDLS data will be explained in next section.

The statistical significance of correlations between time series which were smoothed
by 5-month running means and the statistical significance of correlations between time
series which were smoothed by 3-month running means were assessed adopting the5

conservative assumption that only 2 and 3 degrees of freedom per year remained after
the smoothing, respectively. A two-sided parametric test was considered for all cases.

3 Results

3.1 Ozone versus DTs

Randel et al. (2007), Pan et al. (2009) and Castanheira and Gimeno (2011) showed10

observational evidence that double tropopause structures could result from excursions
of the tropical tropopause and tropical air over the extratropical tropopause. In the
lower stratosphere, ozone mixing ratios are poleward increasing from the tropics to
extratropics so large positive anomalies in the area associated with DTs should be
associated with negative anomalies of the zonal mean ozone in the lower extratrop-15

ical stratosphere. Because much of total column ozone is concentrated in the lower
stratosphere, we expect the signal of DTs also to be detectable in the total ozone.

Castanheira and Gimeno (2011) and Peevey et al. (2012) showed that the variability
of the meridional extension of the tropical tropopause over the extratropical tropopause,
and therefore the variability of the area where DTs occur, is associated with Rossby20

wave variability. Such waves may be reversible, with tropical air moving to the extra-
tropics and returning back the tropics without mixing into the midlatitudes. Higher cor-
relation between the fractional area of DTs and the total column ozone is expected, if
we define ozone time series given by the weighted area average of total column ozone,
in the extratropical latitudinal band where the occurrence of DTs is more frequent. Fig-25

ure 1 of Castanheira and Gimeno (2011) shows that the maximum frequency of DT
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events occurs in the latitudinal band 30–45◦ N. Although, Fig. 1 of Castanheira and Gi-
meno (2011) shows results for the NH winter, a similar result is obtained considering
the full year. Therefore, ozone time series were constructed using the area weighted
averages of column ozone anomalies within the previously mentioned latitudinal band
(30–45◦ N). Figure 2 shows a scatter plot of the mean ozone anomalies as a function5

of area anomaly of DTs in the NH (FANH). The plot shows significant anticorrelation
between the anomalies of total ozone and the area of DTs. The correlations values
are r = −0.74, −0.66 and −0.74 for the ozone data derived from the Earth Probe, Nim-
bus 7 and OMI satellites instruments, respectively. Figure 3 shows a similar plot but
for the ozone column from the ERA-I reanalysis (1979–2010). The correlation value10

is r = −0.61. In order to reduce the possible effects associated with chemical ozone
depletion, the time series of Nimbus 7 (1979–1992) was linearly detrended, and a 5-yr
running mean was removed from the ozone series derived from the ERA-I reanalysis.
The correlation for OMI data is statistically significant at the 95 % level, and the corre-
lations for Earth Probe, Nimbus 7 and ERA-I data are statistically significant above the15

99 % level.
The relationship between ozone and DTs was tested independently by using vari-

ables derived from the HIRDLS instrument data for the period 2005–2007. The ana-
lysed variables were the areas associated with ozone laminae and DTs in the NH.
Ozone lamina are identified following the method of Olsen et al. (2010). However, we20

do not restrict the lamina thickness nor require continuity across adjacent profiles as
originally presented by Olsen et al. (2010). In addition, the vertical range is expanded,
spanning 340 K to 550 K on 5 K increment potential temperature surfaces. For con-
sistency with the method of ozone lamina identification, HIRDLS temperature profiles
were averaged within 2 degree latitude bins between 22◦–72◦ N, and the DTs were25

identified as in Peevey et al. (2012). Next, two daily time series representing the areas
of DTs and ozone laminas were calculated. The areas of each ozone lamina profile
and each DT profile are represented by the cosines of the latitude of bins where they
are found. Daily time series for both the areas of the laminae and DTs are then calcu-
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lated by a sum of the cosines of the latitudes of all bins where laminae or DTs were
found each day. During this process two restrictions were implemented: (1) the second
tropopause must be between 70 hPa and 150 hPa and (2) the potential temperature
of the ozone minimum is below the maximum potential temperature of the restricted
second tropopause or below 400 K if no second tropopause is present. This helps to5

ensure that both the DT and ozone lamina are characteristic of a tropospheric intru-
sions. We deseasonalize the time series by first finding the average area for each day
of the year and smoothing using a 29-day moving average. That time series, which rep-
resents the seasonal cycle, is removed from the original data. This is done for both the
DT and ozone lamina area time series. The anomaly time series were then smoothed10

by a 5-day running mean. Additionally, because both DT and ozone laminae frequency
are small during the summer (Olsen et al., 2010; Peevey et al., 2012), only anoma-
lies between November and June were analyzed. As seen in Fig. 4, there is a strong
correlation between the area of DTs and the area of ozone laminae. This is consistent
with negative anomalies of total column ozone associated with positive anomalies in15

the area of DTs due to both the northward displacement of tropical air with low ozone
mixing ratio and tropospheric intrusions of tropical tropospheric air into the lower ex-
tratropical stratosphere. Again, using a very conservative assumption that there are
only three degrees of freedom per month and a two-sided test, the correlation between
ozone laminae and DTs is statistically significant above the 99 % level.20

3.2 Lower stratospheric water vapour versus DTs

If waves associated with the tropopausal overlap have large amplitudes, they may
break resulting in a mixing of tropical and extratropical air (Pan et al., 2009), contribut-
ing for the exchange of trace gases between the tropics and extratropics. Bönisch et al.
(2011) suggested that the stratospheric water vapour drop after the year 2001 was a25

consequence of an enhanced quasi-horizontal (isentropic) mixing accompanied by an
intensification of the residual circulation in the lower most stratosphere (LMS).
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Considering the above and assuming that large anomalies in the FA time series for
DTs may be associated with quasi-horizontal mixing events in the LMS, we analyzed
the correlation between FA and the mixing ratio of water vapour on isobaric levels.
Figure 5 shows these correlations with a time series of near global (50◦ S–50◦ N) water
vapour data derived from the HALOE and Aura MLS instruments. There is a significant5

(above the 99 % level) anticorrelation between FA and the stratospheric mixing ratio
in the lower stratosphere. The anticorrelation is found both in the total variability and
the residual variability, i.e., with the variability associated with the QBO, ENSO and
solar cycle removed from the time series using a multilinear regression. The large
variation of the correlations below the 200-hPa level are likely due to the small number10

of observations there. Similar correlation curves were obtained using water vapour
from ERA-I reanalysis (Fig. 6). Maximum anticorrelations are found at the 150-hPa
level (more clear in Fig. 6). The occurrence of maximum anticorrelation, at such a low
level, may be due to subsidence of the first tropopause associated with DT events (Añel
et al., 2008; Peevey et al., 2012). Because water vapour mixing ratio drops vary rapidly15

through the tropopause layer, the subsidence will induce large negative anomalies in
the water vapour mixing ratio at fixed isobaric level near the tropopause.

ERA-I water vapour analysis at stratospheric levels has very little influence from
observations being mostly a model field product (Dee et al., 2011). A comparison of
Figs. 5 and 6 suggests that the two water vapour time series do not capture the same20

variability. For the satellite observations, in the lower stratosphere between 100- and
20-hPa, we note that the magnitudes of the correlation coefficients considering all vari-
ability are smaller than those for the residual variability, whereas for the ERA-I the
magnitudes of the correlation coefficients considering all variability are greater than
those for the residual variability.25

3.3 Tropical upwelling versus water vapour and DTs

The main sources of stratospheric water vapour are methane oxidation and transport
from the troposphere through the tropical tropopause. This implies that variability and
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trends in the stratospheric water vapour field may be caused by changes in the fraction
of oxidised methane (Le Texier et al., 1988) and changes in the entry mixing ratios
of methane and water vapour as well as by their transport associated with the di-
abatic meridional circulation, i.e. the Brewer-Dobson circulation, and the irreversible
quasi-horizontal mixing (Mote et al., 1996). In this section, the variability of the near5

global lower stratospheric water vapour will be related to the variability in the upwelling
through the tropical tropopause which is placed near 100-hPa.

The ERA-I mean residual vertical velocity, 〈w∗〉, in the tropical region bounded by
the latitudes −φ0 and φ0, was computed using the downward control principle as in
Randel et al. (2002):10

〈w∗〉(z) =
1

2ρ0(z) sinφ0


∞∫
z

[
cosφ

∇ ·F−ρ0(z′)∂m/∂t

∂m/∂φ

]
m

dz′


φ0

−φ0

, (1)

where z is the log-pressure altitude, ρ0(z) = ρse
−z/H is the reference density, F is the

Eliassen-Palm (E-P) flux, m = acosφ(u+aΩcosφ) is the zonal mean absolute angular
momentum. All variables were defined as in Sect. 3.5 of Andrews et al. (1987), and the
subscript m means that the integral was evaluated along contours of constant angu-15

lar momentum, m(φ, z). In this study, the residual velocity was calculated at the log
pressure altitude of the 100-hPa level.

In the remaining analysis, results will be shown for the mean residual velocity within
the tropical band 22.5◦ S–22.5◦ N. For wider tropical bands the results remain qual-
itatively the same. On the other hand, for smaller latitude limits, the calculation of20

the integral along contours of constant m(φ, z) is problematic because the condition
∂m/∂φ 6= 0 is violated a large number of times.
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3.3.1 Tropical upwelling versus DTs and QBO

The residual velocity is forced by the E-P flux divergence, which, in the linear quasi-
geostrophic approximation, is proportional to wave activity. Because of this relationship
and the association of double tropopauses with Rossby waves, it is reasonable to ex-
pect a relationship between the residual velocity in the lower stratosphere and the area5

covered by double tropopauses. As seen in Fig. 7, a strong linear relationship exists
between DTs and the vertical residual velocity at the tropopause level. Moreover, the
curves in Fig. 8 show that the relationship between DTs and the vertical residual veloc-
ity is intrinsic to them and not due to “external” factors like the QBO, the ENSO or the
solar cycle.10

The results of the correlations between the residual velocity and the QBO, the ENSO
and the solar flux showed that there is no significant correlation with the ENSO and
〈w∗〉 (r = 0.03) and no significant correlation with the solar flux and 〈w∗〉 (r = −0.03).
On the other hand, there is a strong correlation (|r | = 0.63) between the QBO and
〈w∗〉. As referred in the data section, the time series of the equatorial zonal mean15

zonal wind at 30 and 70 hPa, used to represent the QBO, are nearly orthogonal. The
single correlations of 〈w∗〉 with the equatorial zonal mean zonal wind at 30 and 70 hPa
are r = 0.05 and r = −0.63, respectively. These results indicate that, in the mean, the
residual velocity is stronger during the easterly phase of the QBO at 70 hPa.

3.3.2 Tropical upwelling versus water vapour20

As suggested at the end of Sect. 3.2, the time series of water vapour derived from
the ERA-I reanalysis and derived from the HALOE and Aura MLS instruments do not
capture the same variabilities. Figures 9 and 10 show the correlations between the
residual vertical velocity, at 100-hPa, and the near global water vapour at several iso-
baric levels. Because the residual velocity is associated with the flux of humidity into the25

stratosphere, its time series leads the time series of lower stratospheric water vapour.
We found that a leading period of five months maximizes the correlations.
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Compared to the correlations obtained for the DTs (see Fig. 6), the correlation be-
tween the ERA-I water vapour and the tropical upwelling shown in Fig. 9 are much
smaller in the lower stratosphere. The values of the correlation for the residual variabil-
ities fluctuate around zero, indicating that they are not statistical significant. Therefore,
the correlation of the ERA-I water vapour with the DTs must be due to the subsidence5

of the first tropopause during DT events (Añel et al., 2008; Peevey et al., 2012), and to
the poleward advection of air with low water vapour mixing ratio found above the tropi-
cal cold point tropopause. In this respect, we note that the minimum specific humidity in
the lower most stratosphere in the tropics, due to the cold temperature observed there
(see, for example, Fig. 2a, b of Oman et al., 2008) is well captured in the reanalysis (not10

shown). On the other hand, Fig. 10 shows strong correlation between the water vapour
derived from the HALOE and Aura MLS instruments and the tropical upwelling. In the
lower stratosphere, above 150-hPa, the correlation is higher than the correlation with
DTs. These results confirm that the time series of water vapour derived from the ERA-I
reanalysis and derived from the HALOE and Aura MLS instruments do not capture the15

same variabilities. The ERA-I time series miss a large fraction of the variability due to
the tropical upwelling.

The large correlation between the tropical upwelling and the fraction of area cov-
ered with DTs, and the large correlation between tropical upwelling and water vapour
in satellite data may indicate that much of the water vapour and DTs correlated vari-20

abilities are also covariant with the tropical upwelling. The differences between the red
and blue curves in Fig. 11 show that such an association is in fact true. The blue curve
shows that the correlations between the DT and water vapour time series, in the lower
most stratosphere, are strongly reduced when we subtract the variability regressed on
the tropical upwelling time series. This result shows that it is difficult untangle the effects25

due to the transport by the residual circulation and to the quasi-horizontal motion in the
observed data (Bönisch et al., 2011). Mote et al. (1996) showed that the variability of
the tropical upwelling is a determinant for the variability of lower stratospheric water
vapour. The results of the present study obtained with the ERA-I reanalysis show that
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the quasi-horizontal motion in the lower most stratosphere is also important. Figures 9
and 12 show a small relationship between the variability of ERA-I water vapour, in the
lower stratosphere, and tropical upwelling. As already mentioned, this are likely due to
the fact that ERA-I water vapour analysis at stratospheric levels has very little influence
from observations being mostly a model field product (Dee et al., 2011). However, the5

results show that, at least in the model variability, there is a clear relationship between
the variabilities of ERA-I water vapour and DTs, which are associated with horizontal
motions.

A step like decrease of water vapour in the lower stratosphere after 2001 has been
analyzed in the recent literature (e.g. Randel et al., 2006; Randel, 2010). Given the10

strong correlation between tropical upwelling and water vapour in satellite data, if the
observed decrease in stratospheric water vapour after 2001 was due to a change in
the transport through the tropical tropopause as argued by Randel et al. (2006) and by
Randel (2010), then a clear signal should be also visible in the time series of the tropical
upwelling. Figure 13 shows an increase in the mean tropical upwelling (upward branch15

of the BDC) after 2001. Moreover, Fig. 14 shows that the increase is not covariant with
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
water vapour in the lower stratosphere (Randel, 2010, his Fig. 13).

4 Concluding remarks20

This study presents a statistical analysis of the relationships among the upward branch
of the BDC (tropical upwelling), the area covered by DTs, the ozone and the lower
stratospheric water vapour. The influence of the QBO and the ENSO signals on the
relationships was also assessed. A clear signal of the QBO and the ENSO on the
frequency of DTs is demonstrated. The strong correlation between the strength of the25

upward branch of the BDC as determined by the downward control principle and the
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area of DTs is consistent with the findings of Castanheira and Gimeno (2011) and
Peevey et al. (2012) that show an association between DTs and Rossby waves.

The negative correlations between the area covered by DTs and the total column
ozone or the lower stratospheric water vapour may be understood as a consequence
of the poleward displacement of the tropical air in the upper troposphere/lower strato-5

sphere (UTLS). This is likely the case because the lower tropical stratosphere is drier
and has smaller ozone mixing ratios, therefore, the poleward displacement of tropical
UTLS air will produce negative anomalies in the lower stratospheric water vapour and
total column ozone at midlatitudes. The anomalies in the water vapour may also be par-
tially attributed to an observed subsidence of the first lapse rate tropopause associated10

with DTs events. Additionally, the poleward motion of tropical UTLS air with the tropi-
cal tropopause overlying the extratropical one must be accompanied by an increase in
the frequency of tropospheric intrusions into the lower extratropical stratosphere. This
is confirmed by the positive correlation between DTs and ozone laminae found in the
HIRDLS data.15

The significant anticorrelation between the tropical upwelling and the near global
lower stratospheric water vapour is consistent with an uplift of the tropical tropopause
accompanying a strengthening of the upward branch of the BDC. A higher tropopause
will be colder and drier, leading to negative anomalies in the input of water vapour into
the stratosphere. The results are consistent with the findings of Randel et al. (2006) and20

Randel (2010) which suggest that the decreases in stratospheric water vapour after
2001 is linked to changes in the tropical tropopause and the Brewer-Dobson circulation.
In fact, the results here show that the step like decrease in the lower stratospheric water
vapour after 2001 is mirrored by a step like increase in the tropical upwelling.
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Fig. 1. The blue curve represents the monthly anomalies of the fraction of area (FA) associ-
ated with DTs within the 20–65◦ N and 20–65◦ S latitude bands. The red curve represents the
multilinear regression of the anomalies of FA onto the time series of the QBO, ENSO and solar
cycle. Both curves were smoothed by a 5-month running average.
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Fig. 2. Anomalies of column ozone in the 30–45◦ N latitude band as a function of the anomalies
of the fraction of area (FANH) associated with DTs in the NH. The ozone data were derived from
three satellite platforms: Earth Probe (EP), Nimbus 7 (N7) and OMI. Using the very conservative
assumption that there are only three degrees of freedom per year and for a two-sided test, the
correlation for OMI data is statistically significante at the 95 % level, and the correlations for
Earth Probe and Nimbus 7 data are statistically significante at the 99 % level.
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Fig. 3. As in Fig. 2 but with column ozone from ERA Interim reanalysis (1979–2010). A 5-yr
running mean was removed to both time series. The correlation is statistical significant at the
99 % level (see the text).
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Fig. 4. Correlation between the area covered with DTs and the area covered with ozone lam-
inae in the latitude band (22◦ N–72◦ N) as observed by the HIRDLS satellite instruments. Only
November to June anomalies are plotted. The correlation is statistically significant at the 99 %
level (see text).
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Fig. 5. Correlation between the area covered with DTs, i.e. the time series FA, and the area
weighted mean of specific humidity in the latitudinal band (50◦ S–50◦ N) derived from the
HALOE and Aura MLS instruments. The blue curve shows the correlations between the two
time series after the signals of QBO, ENSO and solar cycle have been removed by a multilin-
ear regression. Absolute correlation values greater than 0.3 are statistically significant above
the 95 % level (see text).

12412

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/12391/2012/acpd-12-12391-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/12391/2012/acpd-12-12391-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 12391–12421, 2012

Lower stratosphere
relationships

J. M. Castanheira et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 −0.6  −0.4  −0.2  0.0  0.2  0.4  0.6   

300
 

150
 

70
 

30
 

10

 

1

Water vapor from ERA Interim

r

pr
es

su
re

 / 
hP

a

 

 

All variability
Residual variability

Fig. 6. As in Fig. 5 but using water vapour from the ERA-I reanalysis for the period 1979–2010.
Absolute correlation values greater than 0.3 are statistically significant above the 99 % level
(see text).
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Fig. 7. Time series of mean residual vertical velocity, 〈w∗〉, in the tropics (22.5◦ S–22.5◦ N) and
of the fraction of area covered with DTs derived from ERA-I reanalysis. Both time series were
smoothed by a 5-month running mean and normalized by their respective standard deviations.
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Fig. 8. As in Fig. 7 but with the linear components of the QBO, the ENSO and the solar cycle
removed from both time series.
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Fig. 9. Correlation between the tropical upwelling and the area weighted mean of ERA-I specific
humidity in the latitudinal band (50◦ S–50◦ N) with the tropical upwelling leading by 5 months
(see text). Both time series were smoothed by a 5-month running mean. The blue curve shows
the correlations between the two time series after the signals of QBO, ENSO and solar cycle
have been removed by a multilinear regression.
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Fig. 10. As in Fig. 9 but with the area weighted mean of the water vapour mixing ratio within the
latitudinal band (50◦ S–50◦ N) derived from the HALOE and Aura MLS instruments. Absolute
correlation values greater than 0.3 are statistically significant above the 95 % level.
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Fig. 11. Correlation between the area covered with DTs and the area weighted mean of the
water vapour mixing ratio within the latitudinal band (50◦ S–50◦ N) derived from the HALOE and
Aura MLS instruments. The blue curve shows the correlations between the two time series after
subtracting the variabilities regressed on the tropical upwelling time series.
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Fig. 12. As in Fig. 11 but with ERA interim water vapour data.
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Fig. 13. Time series of mean residual vertical velocity, 〈w∗〉, in the tropics (22.5◦ S–22.5◦ N) and
the near-global (50◦ S–50◦ N) water vapour anomalies at 82-hPa. The water vapour data were
derived from the HALOE and Aura MLS instruments. Both time series were smoothed by a
5-month running mean and normalized by their respective standard deviations. The time series
of the residual vertical velocity leads the water vapour by 5 months. This means that time series
of the vertical velocity was shifted five months to the left in the plot.
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Fig. 14. As in Fig. 13 but with the linear components of the QBO, the ENSO and the solar cycle
removed from both the time series.
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