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Abstract

The tropical deep overshooting convection is known to be most intense above conti-
nental areas such as South America, Africa and the maritime continent. However, its
impact on the Tropical Tropopause Layer (TTL) at global scale remains debated. In our
analysis, we use the 8 yr Microwave Limb Sounder (MLS) water vapour (H,O), cloud
ice water content (IWC) and temperature datasets from 2005 to date, to highlight the
interplays between these parameters and their role in the water vapour variability in the
TTL, separately in the northern and southern tropics. The water vapour concentration
is displaying a systematic diurnal cycle with a night-time peak in the tropical Upper
Troposphere (pressure > 146 hPa) and the opposite in the TTL (121 to 68 hPa) and
the tropical Lower Stratosphere (pressure < 56 hPa), of larger amplitude above con-
tinents than continental-oceanic areas such as the maritime continent or full oceanic
areas such as the Western Pacific. In addition, the amplitude of the diurnal cycle is
found systematically larger (5—10 %) in the southern than in the northern tropics dur-
ing their respective summer, indicative of a more vigorous convective intensity in the
south. Using a regional scale approach, we investigate the geographical variations of
mechanisms linked to the H,O variability. In summary, the MLS water vapour, ice water
cloud and temperature observations are demonstrating a clear contribution of TTL and
lower stratosphere moistening by ice crystals overshooting updrafts over land tropical
regions and the much greater efficiency of the process in the Southern Hemisphere.

1 Introduction

The Tropical Tropopause Layer (TTL), the transition layer sharing Upper Tropospheric
(UT) and Lower Stratospheric (LS) characteristics, is the gateway for Troposphere to
Stratosphere Transport (TST), and plays a key role in the global composition and cir-
culation of the stratosphere (Holton et al., 1995; Fueglistaler et al., 2009). TST pro-
cesses responsible for the upward motion of air masses are: (1) the slow ascent
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(300 mmonth‘1) due to radiative heating associated with horizontal advection and
known as “Cold Trap” (Holton and Gettelman, 2001; Gettelman et al., 2002; Fueglistaler
et al., 2004), (2) fast overshooting updrafts followed by detrainment referred as “Freeze
and Dry” process (Brewer, 1949; Sherwood and Dessler, 2000, 2001, 2003; Dessler,
2002), and (3) the fast and direct injection by “geyser-like” overshoots (Knollenberg
et al., 1993; Corti et al., 2008; Khaykin et al., 2009) that can penetrate into the LS. The
long known convective area surmounted by slow radiative ascent in the Western Pacific
referred as “stratospheric fountain” (Newell and Gould-Stewart, 1981) has been the lo-
cation of numerous field campaigns. However, studies in the early 2000s pointed out
that most vigorous convection occurs over continental tropical areas where overshoot-
ing precipitation features (OPFs) are more frequent (Alcala and Dessler, 2002; Liu and
Zipser, 2005) with a marked diurnal cycle and a pronounced late afternoon maximum
(Liu and Zipser, 2005) in contrast to oceanic regions of little diurnal variation. Evidence
of TTL-penetrating overshooting continental convection and its impact on trace gases,
aerosols, water vapour, ice particles, chemical composition and transport mechanisms
were raised during the HIBISCUS, SCOUT-0O3, SCOUT-AMMA and TROCCINOX field
campaigns in South America, West Africa and Australia between 2001 and 2006 (Corti
et al., 2008; Schiller et al., 2009; Cairo et al., 2010; Pommereau et al., 2011). A signif-
icant contribution of continental convection to the chemical composition of the LS has
been reported by Ricaud et al. (2007, 2009) from ODIN-SMR satellite observations,
showing higher concentration of tropospheric trace gases (N,O and CH,) in the TTL
during the southern summer, consistent with the cleansing of the aerosols in the LS
seen by CALIPSO during the same season (Vernier et al., 2011).

The present study deals with one of the most debated aspect of the TTL and the
LS, the budget of water vapour (H,O), and aspires to be a baseline for further stud-
ies related to the TROPICO project (www.univ-reims.fr/TRO-pico). TROPICO aims to
monitor H,O variations in the TTL and the LS linked to deep overshooting convection
during field campaigns, which took place in the austral summer in Bauru, Sao Paulo
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state, Brazil, involving a combination of balloon-borne, ground-based and space-borne
observations and modelling.

Being the most powerful greenhouse gas and the source of several important pho-
tochemical reactions, H,O is a key parameter in the radiative balance and chemistry
of the stratosphere and its variation can affect climate (Solomon et al., 2010). The
mean tropical (20° N-20° S) H,O concentration is estimated between 3.5 and 4 ppmv
in the TTL (at 100 hPa) (Russell et al., 1993; Weinstock et al., 1995; Read et al., 2004;
Fueglistaler et al., 2009). In agreement with this mean concentration, Liang et al. (2011)
estimated a mean H,O stratospheric entry of 3.9 +£ 0.3 ppmv at 100 hPa in the tropics.

Although the moistening of the lower stratosphere by convective overshooting is well
demonstrated, its contribution at global scale is still debated. As an example, in 2006,
the SCOUT-AMMA campaign in Western Africa revealed a 1 to 3 ppmv (with a 7 ppmv
peak) moistening of the 100—-80 hPa layer (Khaykin et al., 2009). If the process is well
captured by cloud resolving models (Chaboureau et al., 2007; Jensen et al., 2007;
Grosvenor et al., 2007; Chemel et al., 2009; Liu et al., 2010; Hassim and Lane, 2010),
global scale models do not integrate this kind of sub-grid scale non-hydrostatic process
yet, which may result in an underestimation of the impact of overshoots at large scale.
A better knowledge of the hydration-dehydration processes in the TTL and the LS, is
thus primordial to understand the long-term evolution of stratospheric H,O, known to
have increased by an average of 1.0 +£0.2 ppmv (27 + 6 %) in the LS during 1980-2010
with significant shorter-term variations along the way (Oltmans et al., 2000; Rosenlof
et al., 2001; Hurst et al., 2011 and references herein) and its possible connection to
the negative trend of temperature in the LS (WMO, 2007).

In 2009, Liu and Zipser (2009) investigated the implications of day (13:30 local time)
vs. night (01:30 local time) differences of both H,O and carbon monoxide (CO) in the
TTL using 4yr Microwave Limb Sounder (MLS) version 2.2 datasets. Their analysis
showed H,O and CO diurnal variations in the UT consistent with that of vertical trans-
port by deep convection. Larger water vapour and CO concentrations were found at
night than during the day, because of the convective uplift in the afternoon and the
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early evening. Both concentrations are observed to decrease with the weakening of
convection and the horizontal mixing, resulting in @ minimum around local noon. Diur-
nal variations were also observed at higher levels in the TTL but, while the CO con-
centration remained the largest at night, that of H,O was found largest during the day.
Since H,O and CO are lofted simultaneously, Liu and Zipser (2009) hypothesised that
H,O was transformed into ice. Their diurnal variations in the TTL were then associ-
ated to the diurnal cycle of temperature, itself linked to the diurnal cycle of the cooling
resulting from convective lofting of adiabatically cooled air.

Our analyses adopt the Liu and Zipser (2009) philosophy to discuss the difference
between daytime and night-time datasets with the aim to better apprehend the role of
continental convection on hydrating and dehydrating processes in the TTL. Our work is
however based on twice-longer datasets, spanning over 8yr, from 2005 to 2012, and
from an improved version (v3.3, see Sect. 2.1) of MLS H,O, ice water clouds (IWC)
and temperature. Moreover, we separate the northern and southern tropics during their
respective summer convective seasons: (i) June, July and August, hereafter JJA and
(i) December, January and February, hereafter DJF, respectively, rather than studying
the full inter-tropical belt mixing all seasons. Thanks to this distinction, we were able to
match separately H,O and IWC variations in the Northern and Southern Hemispheres,
both in DJF and JJA. We also focused on restricted areas of the North tropical and
the south tropical South America, Africa, maritime continent (where the convection
was shown to be most intense by Liu and Zipser, 2005) and Western Pacific. This
regional scale approach offers the opportunity to confront the effects of convection over
continental areas (South America and Africa), continental-oceanic regions (maritime
continent) and oceans (Western Pacific) on H,O, IWC and temperature, and analyse
their differences on hydrating and dehydrating processes.

The paper is organised as follows. Section 2 investigates how convective systems
impact H,O and IWC diurnal variability in the UT, TTL and LS in different seasons, and
the role of the temperature. Six regional scale areas (north tropical and south tropical
South America, Africa and maritime continent) are compared in term of hydration or
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dehydration and H,O variability from the UT to the LS in Sect. 3. Relationships between
H,O, IWC and temperature are discussed in Sect. 4 followed by conclusions in Sect. 5.
An Appendix presenting an analysis focusing on a pure oceanic case finalises the

paper.

2 Water vapour, ice water clouds and temperature diurnal variability

The water vapour in the UT (146 hPa) and the TTL (100 hPa) in the inter-tropical belt
(20°N-20° S) has been studied by Liu and Zipser (2009) for the 2005-2008 period.
They found, on average in September—November and in March—May, strong evidence
of H,O diurnal variations over land attributed to the diurnal cycle of convection inten-
sity displaying maximum in late afternoon followed by a morning decrease (Liu and
Zipser, 2005). The H,O lofted in the UT by convective systems was shown rising until
late night and then dropping to a minimum around local noon when convection is the
weakest. Figure 1 schematically summarises this interplay between diurnal variations
of convective systems and H,O in the UT. In the TTL, the largest H,O amount was
observed in the early afternoon, which was attributed to the change from gas phase to
ice phase when H,O enters the TTL followed by the sublimation of ice crystals in the
morning. For explaining this feature, Liu and Zipser (2009) suggested two hypotheses:
(1) in situ ice formation when deep convection generates gravity waves that lift and
cool the tropopause (Potter and Holton, 1995; Sherwood and Dessler, 2001) leading to
the dehydration of the TTL in late afternoon, a process known as “freeze and dry”, and
(2) “ice geysers” that can directly inject ice crystals formed in the adiabatically cooled
core of the overshoot turrets potentially hydrating the TTL after being sublimated (Corti
et al., 2008; Khaykin et al., 2009). Both hypotheses result in a cooling of the TTL con-
sistent with the results of Khaykin et al. (2013). Following Liu and Zipser (2009), the
H,O diurnal variability in the tropics has been investigated here using an extended and
improved MLS dataset described in the following section. In our study, the UT is de-
fined by pressure greater than or equal to 146 hPa, the TTL at pressure ranging from
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121 to 68 hPa and the LS at pressure less than or equal to 56 hPa, corresponding to
the MLS pressure levels. A more qualitative definition of the TTL could be from few hPa
below the level of zero radiative heating (LZRH) (Folkins et al., 1999) to few hPa above
the cold point (CP) temperature.

2.1 Methodology

In this study, we used the Level 2 (L2) version 3.3 (v3.3) water vapour mixing ratio
operational product of the Microwave Limb Sounder (MLS) aboard the NASA’s Earth
Observing System (EOS) AURA platform. AURA is a sun-synchronous near polar or-
biter completing 233 revolution cycles every 16 days which results in a daily global
coverage with about 14 orbits, allowing samplings at night-time at 01:30 local time (LT)
and at daytime at 13:30LT at the equator (Barnes et al., 2008). The MLS H,O ver-
sion 2.2 (v2.2) products have been validated (Read et al., 2007; Lambert et al., 2007),
but the differences between v2.2 and v3.3 used here are minor in the tropics at the
TTL pressure levels (< 10 %) (Livesey et al., 2011). From the UT (220 hPa) to the LS
(31 hPa), the precision and accuracy range from 40 to 6 % and from 25 to 4 %, respec-
tively, for a vertical resolution from 2.5 to 3.2km, although the entire useful pressure
range spans from 316 to 0.002 hPa (Livesey et al., 2011). Note that a data screening
as suggested by Livesey et al. (2011) has been applied.

The v3.3 IWC product used here is derived from MLS cloud-induced radiances as
detailed by Wu et al. (2006). It has a 3km vertical resolution, a 1.2-t0-0.07 mg m™3
precision and a 100—-150 % accuracy in the pressure range 215-83 hPa where they are
reliable (Livesey et al., 2011). The v3.3 IWC only differs from the v2.2 (Wu et al., 2008)
by a 5-20 % negative bias in the 215-100 hPa layer and a larger random noise. The
screenings suggested by Livesey et al. (2011) consisting in a temperature profile filter
(Schwartz et al., 2008) and a “20—-30¢” screening method described by Wu et al. (2008)
have been also applied.

The v3.3 temperature, very similar to the v2.2 described by Schwartz et al. (2008),
has a useful domain ranging from 261 to 0.001 hPa. In the layer of interest for our
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study, from 220 to 31 hPa, the vertical resolution ranges from 5 to 3.6 km, the precision
from +£1 to £0.6 K and the accuracy is about +2K (Livesey et al., 2011). An adequate
screening has been also applied following Livesey et al. (2011).

Because the goal here is to highlight the impact of the convection in the TTL, we
averaged the most convective summer months in each hemisphere: December, Jan-
uary and February (DJF) in the Southern Hemisphere (SH) and June, July and August
(JJA) in the Northern Hemisphere (NH), over 8 yr (2005-2012) in a 10° x 10° horizon-
tal grid from 25° N to 25° S and from 180° W to 180° E. A night-time (daytime) dataset
has been produced for each period considering all data at solar zenith angle greater
(smaller) than 90°. The difference between daytime and night-time datasets, hereafter
referred as D-N will be discussed in the next section. In addition to a twice longer
dataset hence increasing signal-to-noise, we focused on the months of most convec-
tive season for each hemisphere rather than the mean convective (non-convective)
season March-April-May (September-October-November) within 20° N-20° S used by
Liu and Zipser (2009). Furthermore, the v3.3 H,O retrievals have twice more pressure
layers (316, 261, 215, 177, 146, 121, 100, 82, 68, 56, 46, 38 and 31 hPa) than v2.2 in
our domain of study and a vertical resolution reduced by up to 0.8 km.

2.2 Tropical water vapour

Figure 2 shows the per cent relative difference between daytime (13:30LT) and night-
time (01:30LT) H,O mixing ratio measured by MLS at 177 (UT), 100 (TTL) and 56 hPa
(LS), during the convective season of the southern tropics (DJF) and that of the north-
ern tropics (JJA). At 177 hPa in the UT in DJF, the Southern Hemisphere shows a night-
time maximum above continental areas, i.e. south tropical South America and south
tropical Africa, up to 20 % larger at 01:30LT than at 13:30LT, and to a lesser extent
above the southern maritime continent where the night-time H,O is ~ 10 % larger than
during daytime. In contrast, the diurnal cycle in oceanic regions and northern tropics
is weak or insignificant. A similar picture is observed in JJA, where more H,O is de-
tected at 01:30 LT in the northern tropics, above equatorial South America (up to 15 %)
33062
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and north tropical Africa (up to 10 %), while the D-N drops to near 0 % over oceans
and in the Southern Hemisphere. Remarkably, the amplitude of the diurnal variability
is 5—10 % larger in south than in the north during their respective summer season.

At higher levels, at 100 hPa in the TTL and 56 hPa in the LS, the picture is out of
phase with that of the UT, displaying H,O daytime maxima over south tropical South
America and south tropical Africa in DJF and small diurnal variation or night-time max-
ima elsewhere. Such H,O continental daytime maxima are not seen at 100 hPa in JJA
over north tropical Africa and northern South America (where the tropospheric H,O
peaks at 01:30LT), but at 56 hPa in the south edge of the Tibetan anticyclone in the
Asian monsoon region, however in the absence of daytime tropospheric moistening
signal. A possible explanation for that could be the daytime sublimation of high thin
cirrus clouds resulting from the hydration of the LS by wet parcels first lifted by convec-
tion over the Bay of Bengal and the Sea of China and then transported through the TTL
via the monsoon anticyclonic circulation towards North-West India (Randel and Park,
2006; James et al., 2008; Wright et al., 2011).

In summary, with the exception of the Asian monsoon region, a marked night-time
(daytime) water vapour increase is observed in the UT (TTL and LS) in summer over
continental areas where convection is the most intense, remarkably of larger amplitude
in the Southern than the Northern Hemisphere.

2.3 Tropical ice water cloud

Figure 3 is a plot similar to Fig. 2 but for IWC at 177 and 100 hPa. The black dashed and
black solid lines are representing the contours of the IWC occurrences (15 and 50 %,
respectively). At both levels in DJF, the IWC occurrence frequency is the highest over
South America, south tropical Africa and the maritime continent. IWC does show also
a systematic diurnal cycle with daytime maxima above continental areas and night-time
maxima over the maritime continent that is in phase with the known different diurnal cy-
cle of convection over land and ocean. Remarkably, the amplitude of the IWC diurnal
cycle is larger at 100 hPa than at 177 hPa. In JJA, the maximum occurrence frequen-
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cies are shifted to the northern tropics, over Central America, Central Africa and the
South East Asian monsoon region. These observations are in agreement with previous
studies characterising the distribution of cirrus clouds (Nazaryan et al., 2008; Sassen
et al., 2008). The regions of early afternoon maxima are restricted to Amazonia, Cen-
tral Africa and South Asia that is again over land convective areas, in contrast to the
oceanic cycle.

In summary, the MLS IWC is showing a systematic diurnal cycle of maximum ampli-
tude in the TTL at 100 hPa in phase with the diurnal cycle of convective development
in the early afternoon over continents and early morning above oceans as shown in
Fig. 1.

2.4 Role of the temperature

The MLS temperature at 100 hPa averaged in the same way as H,O is shown in Fig. 2
(192K solid lines and 195 K dashed lines). At this level, the temperature is lower in DJF
over the equatorial South America and Africa, the maritime continent and the Western
Pacific than in JJA where no significant cooling is observed above most intense con-
tinental convective areas. As shown by Khaykin et al. (2013) from the COSMIC satel-
lites GPS Radio Occultation measurements, the temperature in the LS is displaying
a systematic cooling (0.6 K) in the late afternoon above Southern Hemisphere convec-
tive continents, consistent with the positive continental signature of H,O D-N (Fig. 2),
in contrast to oceanic areas where the diurnal variation is insignificant. In JJA in the
northern tropics, such event is limited to Central Africa and does not appear else-
where. The afternoon LS cooling over land is consistent with the diurnal cycle of OPFs
(Liu and Zipser, 2005) and with radiosonde observations near strong land convec-
tive systems reported in South East Brazil (Pommereau and Held, 2007; Pommereau,
2011), Central Africa (Khaykin et al., 2009; Cairo et al., 2010), Borneo Island (Johnson
and Kriete, 1982) and Northern Australia (Danielsen, 1993). Such cooling was sug-
gested by Danielsen (1982) to result from the overshooting of adiabatically cooled air
across the tropopause. The larger amplitude of the cooling over Amazonia and Central
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Africa would imply a much more intense convection over clean rain forest areas com-
pared to the aerosol-rich northern continental troposphere. As proposed by Khaykin
et al. (2013), the possible explanation for that might be the larger optical thickness
of the northern tropics attenuating the solar radiation at the surface, thus reducing the
CAPE (Convective Available Potential Energy) as suggested by Rosenfeld et al. (2008).

3 Water vapour seasonal variations over land areas

If of convective origin, the H,O, IWC and temperature diurnal cycles, of maximum am-
plitude over land, described in the previous section, should imply systematic seasonal
cycles over land areas and moreover, differences between them. These seasonal cy-
cles are investigated in the following sections.

3.1 Methodology

Six boxes of 10° latitude x20° longitude have been created, respectively over south
tropical South America [0-10° S, 55-75° W], south tropical Africa [0-10° S, 15-35° E],
and south tropical maritime continent [0-10° S, 110-130° E], in the SH, and at the same
longitudes, respectively over north tropical South America [0—10° N, 55-75° W], north
tropical Africa [0-10° N, 15-35° E], and north tropical maritime continent [0-10° N, 110—
130° E] in the NH, as represented in the upper right panel of Fig. 2. The results from
two boxes, representative of a pure oceanic area, located in the Western Pacific [0—
10°S, 150-170° E] and [0-10° N, 150—170° E] are shown in the Appendix A. The MLS
H,O v3.3 dataset has been monthly averaged within each box from January 2005 to
December 2012. For better focusing on seasonal cycles, the inter-annual variability
such as that related to the quasi-biennial oscillation (QBO) or the El Nifio-Southern
Oscillation (ENSO) (Liang et al., 2011) and the semi-annual oscillation (SAO) (Delisi
and Dunkerton, 1988), have been removed by filtering their contributions by applying
a Fast Fourier Transform (FFT) of 12 +£2 months band-pass. Moreover, from the filtered
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dataset, a diurnal-cycle amplitude was calculated from the difference between monthly
averaged daytime and night-time data. Finally, anomalies were created from the dif-
ference between the filtered monthly mean H,O content and the filtered 8 yr mean at
each pressure level.

3.2 Water vapour in the Southern Hemisphere

Figure 4 shows the monthly-averaged and filtered MLS H,O mixing ratio (ppmv), rel-
ative D-N amplitude (%) and relative anomaly (%) seasonal variations over the south
tropical land areas: South America, Africa and maritime continent from left to right.
Note that because of the smaller water vapour concentration in the stratosphere, the
colour scale is amplified, 2.3—7.5 ppmv above 121 hPa instead of 4—150 ppmv below in
the upper panels, as well as +5 % instead of £24 % below, respectively in the middle
panels.

The H,O mixing ratio seasonal cycles (upper panels) are in phase in the three lo-
cations (summer DJF maxima in the UT and winter JUA maxima in the TTL), but the
amplitude of the cycle is larger in the UT above the maritime continent (146 ppmv in-
stead of ~ 130 ppmv) and smaller in the TTL (down to 2.2 ppmv instead of ~ 3.5 ppmv)
compared to South America and Africa. In the three areas, the H,O mixing ratio in
the TTL and in the LS drops in the summer at lower temperature (195K dashed lines,
190 K dotted). The hygropause is at about 80 hPa in the three regions. Finally, the min-
imum mixing ratio is time-lagged in the stratosphere above ~ 68 hPa displaying the
well-known tape recorder feature generated by the slow ascent of the Brewer—Dobson
circulation (Mote et al., 1996).

The H,O diurnal variability (middle panels) does also show systematic seasonal
modulations but of different amplitudes between the regions and sign over the mar-
itime continent (positive in winter in the UT) compared to the two others. The night-time
summer increase of humidity in the UT is larger above the two continents (-24.8 %,
maximum in South America) compared to the maritime area (-9.5 %), as well as the
daytime humidity increase in the TTL (5.6 %, also maximum above South America). In
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contrast, the maritime continent TTL and LS are showing a different picture: a daytime
drying (-4.6 %) up to 90 hPa surmounted by a slight H,O daytime increase (2.6 %)
around the Cold Point between 90-60 hPa and again a drying above.

Finally, the anomaly compared to the 2005-2012 mean H,O mixing ratio (lower pan-
els), does show a decrease with height from up to £28.7 % to 0% in the UT, and
a local maximum in the TTL consistent with the seasonal cycle of the CP temperature
(£33 % amplitude in all areas), surmounted in the LS by the tape recorder signature.
Remarkably, the vertical propagation of the TTL summer maximum is very fast, almost
simultaneous up to 68 hPa, and the time-lagged slow Brewer—Dobson ascent signature
appears above that level only.

Another feature, which can be seen on the UT and TTL H,O diurnal variation and
on the UT anomaly, is the weakening (reinforcement) of the signal amplitude in 2008—
2009 followed by its reinforcement (weakening) in 2009-2010 in the UT (TTL) above
South America and Africa and the opposite above the maritime continent.

3.3 Water vapour in the Northern Hemisphere

As Fig. 4, Fig. 5 shows the cases of north tropical South America, Africa and maritime
continent in the NH.

In the UT, the H,O seasonal cycles (top panels) are similar to that of the SH display-
ing a summer maximum but of weaker amplitude (up to 29 ppmv in South America).
Those of the TTL and the LS are also very similar with larger amplitude above South
America and Africa compared to the maritime region. However, the diurnal variation
features (middle panels) are significantly different: weaker night-time maximum humid-
ity (up to 6 % weaker than in the SH) in the UT and daytime maximum (up to 3 % weaker
than in the SH) in the TTL and LS above South America and almost absent in Africa.
The only region where the northern and southern tropics are similar is the maritime
continent. The monthly mean anomalies are similar to those of the SH, although of
lesser amplitude in the UT than in the southern tropics (10 to 20 % less than southern
tropics). A remarkable feature seen in Figs. 4 and 5 is the height at which the tape
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recorder signal starts, that would imply a top TTL level, the stratosphere layer under
influence of the troposphere, at about 68 hPa, at least above land areas.

Finally, as in the Southern Hemisphere, a weakening of amplitude followed by its
reinforcement in the UT and conversely in the TTL, can be seen in both the diurnal
variation and the anomaly in 2008—-2009 and 2009-2010, respectively, above South
America and Africa and maritime continent.

The El Niflo and La Nifia events do not appear in the Figs. 4 and 5 because of the fil-
ter applied to the data for removing inter-annual variations. However, by influencing the
tropical circulation, these events indirectly perturb the D-N and anomaly amplitudes.
Indeed, the weakening followed by the reinforcement of the diurnal cycle amplitude
(middle panels Figs. 4 and 5) and the monthly mean anomaly (bottom panels) over
land, and in turn, the opposite effect above the maritime continent, match with the
ENSO events of 2006/07 and 2009/10 (Su and Jiang, 2013). The ENSO 2009/10 was
the strongest, displaying the warmest sea surface temperatures in the Pacific since
1980, followed by a strong La Nina event in the following summer (Lee and McPhaden,
2010; Kim et al., 2011). As shown by Su and Jiang (2013), the ENSO 2006/07, an East-
ern Pacific event, resulted in a weakening of the Walker circulation, while the stronger
second (2009/10), a central Pacific event, resulted in an eastward displacement of the
Walker cell and a strengthening of the Hadley cell. The authors found a 5 % increase of
high cirrus clouds (at 100 hPa) in continental convective areas along with a 30 % drop
above the maritime continent-Western Pacific in 2009/10. The changes in H,O diurnal
cycle and monthly mean anomalies amplitudes seen in Figs. 4 and 5 are thus consis-
tent with the weakening of convection in the maritime continent and its strengthening
in South America and Africa during the EI Nifio event, underlying further the convective
origin of water vapour variations in the TTL and in the stratosphere.
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4 Discussion

In the previous sections, we presented the seasonal and diurnal variations of H,O and
IWC from the UT to the LS in the tropical band (20° N-20° S) first, and then focused
on specific places of interest, namely, south tropical and north tropical South America,
Africa and maritime continent. Below, we discuss the implications of these variations
in the light of our observations and analyses to propose an interpretation in term of
hydrating-dehydrating processes affecting the H,O budget in the TTL and the LS.

Because the maritime continent and the Western Pacific are the areas of highest
(~ 17 km, Khaykin et al., 2013), coolest (~ 190 K) and driest (2.5-3 ppmv) tropopause
region with no sign of diurnal variation, its dehydration would be consistent with the con-
densation of the water vapour during the slow radiative ascent, the “Cold Trap” process
proposed by Holton and Gettelman (2001). However, other processes are required for
explaining the H,O and IWC diurnal cycles in the TTL and the LS over land convective
areas, whereas the late afternoon moistening and slight warming of the UT are known
features resulting from the convective lofting of humid air leading to latent heat release
when it condenses (Khaykin et al., 2013). As explained in Sect. 2.4, the late afternoon
TTL and LS cooling by injection of adiabatic cooled air from overshooting convective
systems suggested by Danielsen (1982) is also a well-understood feature which may
have two implications: (1) the formation of cirrus clouds by condensation at temper-
ature below saturation in the TTL at, or below, the cold point tropopause (Danielsen,
1982; Sherwood and Dessler, 2001), and/or (2) the generation of thin cirrus by injection
of ice crystals further sublimating during the following day, moistening the TTL and LS.
The daytime IWC maximum in the UT at 177 hPa and near the CP altitude at 100 hPa
(Fig. 3) would be consistent with the first hypothesis while the daytime H,O mixing ra-
tio and temperature maxima in the TTL at 100 hPa and above in the LS, reported in
Sects. 2 and 3, require the injection of water (ice crystals that later sublimate) across
the tropopause, which the first scheme cannot provide.
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The H,O mixing ratio, the amplitude of its diurnal cycle and of its monthly mean
anomaly reported in Sects. 3.2 and 3.3, are all showing marked seasonal variations in
the tropics out of phase in the UT on the one hand and in the TTL on the other. However
in the UT, they are of systematic larger amplitude above land areas, particularly in
South America and Africa in the SH and, although weaker, also in NH. A typical feature
of these areas is the daytime maximum moistening in the TTL and LS. In contrast,
both southern and northern maritime continents are displaying daytime drying of the
TTL surmounted by moistening above. Like TTL and LS temperature diurnal cycles
(Khaykin et al., 2013), the main differences between these areas are the convection
characteristics: late afternoon maximum intensity over land and weak diurnal change
over ocean (Fig. 1), implying a strong impact of land convection on humidity in the TTL
and LS up to about 80 hPa. Moreover, the stronger signal in the SH summer particularly
above South America would imply much more intense convection there than in the NH.
The variability of the anomaly in the TTL and LS in all areas, which remains unchanged
whatever the strength of the convection, is consistent with the variability of the CP
temperature (Sects. 3.2 and 3.3). It implies that the continental convection does not
affect the H,O content on a seasonal timescale but deeply impacts its diurnal cycle in
the TTL and LS.

In order to identify the hydration-dehydration processes responsible for the observed
diurnal H,O cycles, Fig. 6 shows on top the 2month running averages from 2005 to
2012, of H,O, IWC and temperature at 177 hPa in the UT, 100hPa in the TTL and
56 hPa in the LS above the three south tropical areas where the convection is the most
intense, and on bottom that of daytime and night-time H,O anomalies compared to
the monthly mean mixing ratio. At all longitudes at 177 hPa in the UT, the H,O mixing
ratio and IWC (top Fig. 6) are similar, displaying maxima in summer (October—March),
whereas the temperature is slightly lower in winter (August—October) and in summer
(January—March) than the other months. The picture is different at 100 hPa where H,O
and temperature variations are in phase (correlation > 0.9) displaying a maximum in
winter/early spring (May—October), whereas IWC varies in phase with H,O at 177 hPa
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in the UT but out of phase at 100 hPa (correlation > 0.8 and < —0.6, respectively). At
56 hPa, where there is no IWC information, H,O is out of phase with the temperature
(correlation < —0.8).

The bottom panels of Fig. 6 are showing the seasonal variations of the daytime and
night-time H,O mixing ratio over the same areas. In the UT at 177 hPa, its amplitude
is maximum in the summer (October—March) over South America and Africa, in phase
with the diurnal cycle of convection, of lesser amplitude above the maritime continent
and absent in the West Pacific (see Appendix A). It is of opposite sign (daytime moist-
ening) in the summer at 100 hPa in the TTL, above the two land convective regions,
whereas it shows a daytime drying in winter, and of slight or insignificant daytime dry-
ing during the whole year over the oceanic areas. The picture is very similar at 56 hPa
in the LS, where daytime hydration is also observed above the two continents in the
summer, absent everywhere else, showing night-time maximum. While the night-time
moistening at these levels above oceanic areas during the whole year and continental
regions in the winter are consistent with a condensation-sublimation diurnal cycle re-
lated to the radiative heating rate cycle of cirrus clouds (Hartmann et al., 2001; Corti
et al., 2006), the daytime moistening at both 100 and 56 hPa above continents dur-
ing the convective summer requires an hydration process. The only known mechanism
compatible for hydrating these two layers is the convective overshooting of ice crys-
tals at and above the tropopause, later sublimating the next day until the next cycle of
convection.

5 Conclusions

Following the study of the water vapour diurnal cycle in the upper troposphere by Liu
and Zipser (2009) from the MLS measurements, the same data, but on a twice longer
period and a new version (8 yr instead of 4 and version 3 instead of 2), as well as tem-
perature and IWC products, have been used for investigating the origin of the changes
in H,O concentration from the UT to the LS and specifically the possible contribution of
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tropical land convection on the tropical tropopause layer and lower stratosphere bud-
get. In agreement with Liu and Zipser findings, MLS data are showing a night-time
maximum moistening (~ 20 %) of the UT above continental areas in the southern trop-
ics during the austral summer in DJF and, although of a lesser extent (~ 10 %), above
the maritime continent. A similar signal is observed in the NH in JJA, but of lesser
amplitude (5-10%). In the TTL and the LS, the humidity shows a daytime maximum
moistening (up to 5-6 %) over south tropical lands in the summer, out of phase with
the UT signal, requiring a hydration process of those layers. The coincidence in loca-
tion and timing of the maximum development of convection and the absence of other
possible explanation, suggest that the daytime hydration above the tropopause is re-
sulting from the late afternoon and early evening known convective overshooting ice
crystals updrafts in the LS sublimating during the night and the following morning. Re-
markably, such feature does not appear in the northern tropics during the convective
season in JJA suggesting that convective overshoots are less frequent or less vigorous
in the NH. An exception to this explanation is the observed daytime moistening over
the Asian monsoon region at 56 hPa in the absence of similar signals at 100 hPa and
177 hPa requiring another hydration process there, which might result from the subli-
mation of cirrus clouds lofted and advected around the upper tropospheric anticyclone
over the Tibetan Plateau.

The convective origin of the hydration of the TTL and LS over south tropical land is
confirmed by the seasonal variations of daytime and night-time humidity at the these
levels over the various south tropical regions showing that the daytime hydration is
restricted to summer south tropical America and Africa, and although of less inten-
sity over the maritime continent, compared to all other locations and seasons in both
hemispheres where the maximum water vapour is mostly observed during daytime,
consistent with the condensation/evaporation daily cycle of radiative heating origin.

In summary, the MLS water vapour, ice water cloud and temperature observations
are demonstrating a clear contribution of TTL and lower stratosphere moistening by
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ice crystals overshooting updrafts over land tropical regions and the much greater effi-
ciency of the process in the Southern Hemisphere.

Appendix A

Western Pacific

The study of the south tropical Western Pacific helped us to identify the characteristics
of pure oceanic areas with respect to the continental areas regarding the impact of
the convection. In the UT, all parameters present maxima in summer in phase with
the convection. In the TTL and the LS, the picture is similar to that of the maritime
continent. The most interesting feature is the year-long positive value of the night-
time H,O whatever the height, consistent with the oceanic diurnal cycle of convection
maximum early morning (Fig. A1).
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Fig. 1. Schematic representation adapted from Liu and Zipser (2005) of the Overshooting Pre-
cipitation Features (OPF) diurnal cycle in the UT above continental areas (OPF_, black solid
line) and above oceanic areas (OPF,, green solid line) with the expected H,O diurnal cycle
above continental areas (H,O,, red solid line) and above oceanic areas (H,O,, yellow solid
line). Blue dotted lines show the MLS sampling local time.
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Fig. 2. (Left, from top to bottom) Mean relative difference between the daytime (13:30LT) and
night-time (01:30LT) MLS H,O measurements for December, January and February for 8 yr
(2005-2012) in the 25° N-25° S latitude band at 56, 100 and 177 hPa. The 192K (black solid
line) and 195K (black dashed line) temperature contours are represented at 100 hPa. (Right)
Same as left but for June, July and August. The six black boxes at 56 hPa represent the six
areas of study, namely northern and southern South America, northern and southern Africa,
northern and southern maritime continent.
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Fig. 3. Same as Fig. 2 but for IWC at 177 hPa and 100 hPa. The solid black and dashed black = _ —
lines represent the IWC occurrences (50 % and 15 %, respectively). éj
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Fig. 4. (Left, from top to bottom) MLS 2005 to 2012 monthly-averaged filtered H,O, relative
filtered D-N and relative filtered anomaly time series from 220 to 30 hPa in south tropical South
America. The white (top) and black (middle and bottom) dashed lines show the filtered tem-
perature 195K contour. The white (top) and black (middle and bottom) dotted lines show the
filtered temperature 190 K contour. Note the use of a reduced colour scale from 121 to 30 hPa
for the top and middle figures. (Middle) Same as left but for south tropical Africa. (Right) Same
as left but for south tropical maritime continent.
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Fig. 5. Same as Fig. 4 but for north tropical South America (left), north tropical Africa (middle) = gk B Cose
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Fig. 6. (Top, from left to right) MLS 2month running average, from 2005 to 2012, H,O (red _ —
line), temperature (green line) and IWC (blue line) from January to December at 56 hPa (top), =
100 hPa (middle) and 177 hPa (bottom) in south tropical South America, Africa and maritme &
continent. (Bottom, from left to right) monthly H,O daytime (solid line) and H,O night-time (dot-
ted line) anomalies, calculated for each month as the difference between the monthly average AUl EsEEn disee ‘
daytime (night-time) H,O and the monthly average H,O, for the 2005-2012 period, at 177, 100 g
and 56 hPa in south tropical South America, Africa and maritime continent. Q Printer-friendly Version ‘
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Fig. A1. Same as Fig. 6 but for the Western Pacific.
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