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ABSTRACT

The authors estimate climate warming-related twenty-first-century changes of moisture transports from the
descending into the ascending regions in the tropics. Unlike previous studies that employ time and space
averaging, here homogeneous high horizontal and vertical resolution data from an Intergovernmental Panel
on Climate Change Fourth Assessment Report (IPCC AR4) climate model are used. This allows for esti-
mating changes in much greater detail (e.g., the estimation of the distribution of ascending and descending
regions, changes in the vertical profile, and separating changes of the inward and outward transports). Low-
level inward and midlevel outward moisture transports of the convective regions in the tropics are found to
increase in a simulated anthropogenically warmed climate as compared to a simulated twentieth-century
atmosphere, indicating an intensification of the hydrological cycle. Since an increase of absolute inward
transport exceeds the absolute increase of outward transport, the resulting budget is positive, meaning that
more water is projected to converge in the moist tropics. The intensification is found mainly to be due to the
higher amount of water in the atmosphere, while the contribution of weakening wind counteracts this re-
sponse marginally. In addition the changing statistical properties of the vertical profile of the moisture
transport are investigated and the importance of the substantial outflow of moisture from the moist tropics at
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midlevels is demonstrated.

1. Introduction

Future changes in the tropical hydrological cycle
(Trenberth et al. 2007; Bengtsson 2010) may alter the
distribution of available freshwater regionally through
altered moisture transport properties and precipitation
minus evaporation patterns (Allen and Ingram 2002;
Trenberth et al. 2003). The atmospheric part of the hy-
drological cycle is to a large extent determined by the
large-scale circulation patterns. In the tropics these
consist of convective regions of upward, ascending air
movement (ASC) and of regions of downward, de-
scending air motion (DESC), with low-level flow into
ASC and midlevel outflow into DESC commonly re-
ferred to as the Hadley cell circulation. Atmospheric
moisture precipitates in ASC as air rises upward.

A key response in a warmed atmosphere is an increase
of low-level atmospheric water vapor of 7% per degree
of warming derived from theoretical considerations (the
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Clausius—Clapeyron relation; e.g., Wentz and Schabel
2000; Trenberth et al. 2003; Held and Soden 2006;
O’Gorman and Muller 2010), with a strengthening im-
pact on moisture transports and on precipitation. Pre-
cipitation generally has been found to increase with
warming in the ascending tropical regions (Chou et al.
2007; John et al. 2009) and is expected to increase es-
pecially in extreme events, which were found to increase
stronger than average (Kharin et al. 2007; Lenderink
and van Meijgaard 2008; Allan and Soden 2008). How-
ever, models may have deficiencies representing the
increase adequately (O’Gorman and Schneider 2009)
and being in agreement with observations (Allan and
Soden 2007; Allan et al. 2010). Over the course of the
annual cycle Chou et al. (2007) found a precipitation
increase in warm and wet seasons, but found the cooler
dry seasons to become slightly drier as the atmosphere
warms.

Generally climate warming-related changes of trans-
ported moisture are mainly explained by thermody-
namic arguments (i.e., higher specific humidity in a
warmer atmosphere), while the dynamic part (i.e. wind
circulation) is generally considered less important (Emori
and Brown 2005; Seager et al. 2010). Using different
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measures, a couple of studies have suggested that the
tropical circulation part weakens (Vecchi et al. 2006;
Power and Smith 2007; Gastineau and Soden 2009; Chou
and Chen 2010). However, there have also been a couple
of studies reporting the opposite, a strengthening of the
circulation, at least in the past (Bigg 2006; Sohn and Park
2010; Zahn and Allan 2011).

Most of these studies are estimates based on low-
resolution reanalysis data, low-resolution climate model
data, or observation-based point measurements. Ap-
plying space- or time-averaged values was found to be
insufficient in one of our recent studies (Zahn and Allan
2011) and may lead to wrong numbers for the moisture
transport. We thus here reinvestigate climate warming—
related changes of water vapor transports into the as-
cending regions of the tropics by applying high-resolution
data from an Intergovernmental Panel on Climate
Change Fourth Assessment Report (IPCC AR4) model.
Unlike the methods in the above mentioned studies, we
base our investigations not only on low-resolution time
and/or spatial mean values but also on the 6-hourly output
of the high horizontal and vertical resolution simulation.

2. Data and method

We used 6-hourly T213 (0.5°) horizontal resolution
ECHAMS model (Roeckner et al. 2003) data at 31 ver-
tical levels representative for two time slices of 31 years,
1959-89 (C20) and 2069-99 (C21). The simulations are
of the time slice type forced with boundary data (sea
surface temperature and sea ice) from a coupled climate
simulation with the same model at T63 resolution. The
C20 uses observed greenhouse gas and aerosol forcing;
the C21 forcing was delivered by the A1B scenario
(Nakicenovic and Swart 2000) of the Fourth Assess-
ment Report of the Intergovernmental Panel on Climate
Change. We used vertical (w) and horizontal (U, V) wind
vectors, specific humidity (¢) and surface air pressure for
all 31 model levels (from the surface up to the top of the
atmosphere) in a two-staged approach for calculating the
moisture transports, as follows:

¢ In model results of both C20 and C21, we first identified
regions of ascending and of descending w and defined
the boundary separating both.

o In model results of both C20 and C21, we then identified
U, V, humidity, and pressure at each level along the
boundary and calculated the moisture transport. To do
so humidity is transferred into precipitable water con-
tent (PWC) per level.

This method has been adapted from an earlier study
applying reanalysis data (Zahn and Allan 2011) and is
described in more detail in the following subsections.
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a. Definition of ascending and descending regions
and of the boundary in between

To define ascending and descending regions at each
grid cell in the tropical region between —30° and 30°
latitude, the sum of the vertical wind motion w of the
lower and middle part of the atmosphere, the lowest 21
model levels corresponding to a height of up to ap-
proximately 450 hPa, was estimated. Before summing
up, the vertical motion representative for each level
is weighted by the thickness of each level. Grid boxes
with an upward directed overall w are assigned to the
ascending region; otherwise, if @ = 0 or is directed
downward they are assigned to the descending regions.
The boundary over which moisture transports are esti-
mated is defined as the line separating ASC and DESC.
If ASC or DESC is cut by the —30° or 30° latitude line,
an artificial boundary is drawn along this latitude to
avoid “open” regions.

ASC and DESC are estimated based on monthly
mean o, resulting in 372 (one per month over 31 years)
different ASC/DESC masks, as well as on instantaneous
o representative for the 180 s of the calculation time
step in the ECHAMS model, resulting in ~45 280 (one
per time step over 31 years) different ASC/DESC
masks. Example fields of both are shown in Fig. 1. Please
note that while the mean ASC/DESC masks reflect the
general pattern of the intertropical convergence zone
(ITCZ) with ASC stretching along the equator, the in-
stantaneous field exhibits a much more complex pattern
of convective cells and downdraft regions.

b. Calculation of moisture transports

At each time step ¢ the moisture transport is calculated
across all the n;, boundary segments b between ASC and
DESC (green lines in Fig. 1) at each of the n; vertical
model levels / by multiplying the perpendicular wind
vector (WP) with the precipitable water content (PWC),
respectively. The resulting total moisture transport (MT)
per time step then reads

n, n

b
MT, = %ZI,WPM PWC,,. (1)

Since applying mean wind speeds and mean PWC has
proven to be insufficient previously (Zahn and Allan
2011), the calculations were only conducted using in-
stantaneous variables. This leads to four experiments,
moisture transports into monthly mean ascending re-
gions (denoted ASC,,) and into instantaneous ascending
regions (denoted ASC;) for the twentieth and twenty-
first centuries, respectively. Please note that as a conse-
quence of the four times daily instantaneous values, we
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0.0

(d) ASC; 22 Mar 2075, 6:00am

FIG. 1. Example fields of ASC; and of ASC,, in C20 and C21. Distribution of ascending and descending regions from ECHAMS; red
denotes downdraft, blue denotes updraft, and green is the boundary line across which fluxes are calculated. Data are valid for (a) March
1965, (b) 0600 UTC 22 Mar 1965, (c) March 2075 and (d) 0600 UTC 22 Mar 2075.

do not have a continuous integration of instantaneous 1800 UTC 18 January 2077, and 1800 UTC 31 August
moisture flux but rather a set of four observations per 2079 were corrupt. They were replaced by the data at
day. We should also note that in the C21 output the 0600 UTC 18 January 2077, 0000 UTC 19 January 2077,
fields at three time steps, at 1200 UTC 18 January 2077, and 1200 UTC 31 August 2079, respectively.
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FI1G. 2. Vertical profiles of horizontal moisture transports. Magnitude of horizontal net
moisture transport per hPa along the ASC/DESC boundary from ECHAMS and ERA-Interim
(Dee et al. 2011; Zahn and Allan 2011) into ASC; and ASC,,.. Positive/negative values denote
net transports into/out of ASC. Symbols denote locations of mean pressure and mean trans-
ports. Note the unit of transport is kg s ' hPa~! m ™!, with the vertical unit of the area given in
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pressure (hPa).

3. Results
a. Changes of the vertical profile of moisture transport

The average vertical profile of transports along the
boundary of ascending and descending regions in all
experiments and in high-resolution reanalysis-based
comparison data from the European Centre for Medium-
Range Weather Forecasts (ECMWF) Interim Re-Analysis
(ERA-Interim; Dee et al. 2011; Zahn and Allan 2011) is
dominated by a maximum of inward transports at the
lower levels, but a considerable outward one (negative
values) is visible as well above a certain reversal level
(RL; Fig. 2), defined as the level at which moisture
transport is MT = 0, and MT < 0 above and MT > 0
below. Despite a bias in the absolute numbers, the mod-
eled profiles agree well with the reanalysis-based ones. All
of them correspond well with expected moisture trans-
ports, which follow the Hadley circulation pattern and are
directed toward ASC at the lower levels, and outwards
at the midlevels. In the ASC,,, as well as in the ASC; ex-
periments the inward moisture transports at the lower
levels as well as the midlevel outflow are more intense in
C21 than in C20.

Contrary to the idealized view of the Hadley circu-
lation, the airflow is not directed toward the convective
regions at all boundary segments at all times in the
instantaneous wind fields, either in ASC; or ASC,,,.

Rather, if isolated, inward and outward transport have a
similar vertical shape (Fig. 3), which seems to be de-
termined by the vertical distribution of moisture in the
atmosphere. A weaker outward than inward transport at
lower levels and, conversely, a stronger outward than
inward transport at midlevels, results in the expected
shape of the mean vertical profile.

Both ways of defining the convective regions (ASC,,
and ASC)) result in an increase of accumulated overall
inward transport as well as in an increase of the accu-
mulated overall outward transport of moisture (Table 1).
The values transported into ASC; are higher. The dif-
ference of these numbers in C21 and C20 is statistically
significantly different from zero at the 99.5% level ac-
cording to a ¢ test based on the instantaneous transports
of all time steps. Although the increase of inward and
outward directed transports counteracts the projected
increase in the budget, it also is statistically significantly
different from zero at the 99.5% level.

Based on the vertical profile we have separated the
transports below RL and above, and calculated time
series of the vertically aggregated yearly mean trans-
ports into ASC (positive values) below and of the ver-
tically aggregated yearly mean transport out of ASC
(negative values) above the reversal level in each of the
experiments (Fig. 4). Like the total transports, both the
lower-level inward and the midlevel outward transports
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FIG. 3. Vertical profile of isolated inward and outward transport of moisture. Curves on the
left (right) show the average vertical profile of isolated outward (inward) only transport of
moisture per height [negative (positive) values] for the total period of the different experi-
ments. Curves for C20 are denoted by lines with points; those for C21 are denoted by plain lines.

are projected to strengthen considerably in a warmed
future. The change again is statistically significantly
different from zero at 99.5% and results in an intensified
hydrological cycle. The percentage increase of the out-
ward transport above RL (Fig. 4b; MT, =~ 38%) is
more than twice as large as the inward transport below
RL (Fig. 4a; MT;, ~ 17%) in both experiments. This
highlights the importance of the midlevel outward
transports and that water from ASC may be recycled in
DESC. Thus it may modify simplistic views on pre-
cipitation change in which precipitation in the moist
tropics is assumed to scale with low-level tropospheric
water vapor and thus basically with low-level moisture
inflow only, as for example in Held and Soden (2006).
The higher percentage increase in the outward moisture
transport can be explained from theoretical consider-
ations: following the Clausius-Clapeyron equation (Wentz
and Schabel 2000; Held and Soden 2006), moisture
content at the higher (and thus colder) levels experi-
ences a higher percentage change than at the warmer
lower levels (Allan 2012), which is in line with our data
(Fig. 5).

Despite the increasing outward transports, a statisti-
cally significant increase is found for the budget (M T, —
MT,y,), which, assuming a negligible increase in total
atmospheric water storage, determines the change of
precipitation minus evaporation over the tropics. Thus,
in line with previous studies (Wentz et al. 2007; Stephens

and Ellis 2008; Allan et al. 2010; Liu and Allan 2012),
tropical precipitation increases following our data. The
contribution of moisture transports to this increase is
about 15% from our C20 to C21 based on the absolute
increase of the budget for both ASC; and ASC,,.

Additionally to a strengthening of the hydrological
cycle from C20 toward C21, we also found an accelera-
tion of the strengthening. Significant changes were not
found for the C20 period, in accordance with simulations
by ERA-Interim (Dee et al. 2011; Zahn and Allan 2011),
but there is a statistically significant trend over the 31-yr
C21 period (at the 99.5% level for the ASC; budget and
97.5% for the ASC,, budget).

Previous studies (Wentz et al. 2007; Stephens and Ellis
2008; Allan et al. 2010) have suggested not only an

TABLE 1. Average of inward (MTin) and outward (MTout)
moisture transport in C20 and C21. Values are based on instan-
taneous transports at all the n;, boundary segments and all n; ver-
tical levels at all time steps ¢ [cf. Eq. (1)]. To calculate the inward/
outward transport, transports at all boundary segments are used
that are directed inward/outward of ASC (positive/negative curves
in Fig. 3). Unitis kgs ' m™".

MTin MTout Budget
C20,, 83.25 =77.95 5.30
C21,, 102.72 —96.91 5.82
C20; 87.710 —79.57 8.14
C21; 110.54 —101.42 9.12
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FIG. 4. Temporal evolution of moisture transport into the ascending region. Time series of mean yearly moisture transports over ASC/
DESC boundary (a) below and (b) above the reversal level. (c) Time series of the yearly mean budget. C21 years are indicated by the
upper x axis; C20 years are indicated by the lower x axis. Plain lines indicate C21 values; lines with symbols indicate C20 values. Flags for
(a) are given in (b). Black lines indicate decadal means (first, second, and third decade of each dataset).

increase in the mean tropical precipitation as a response
to a warmed atmosphere, but also a response in the
higher percentiles of the distribution of precipitation
events (Kharin et al. 2007; Allan and Soden 2008), com-
monly referred to as extreme events. To supply water
for these events moisture transport must also have in-
creased in the upper percentiles. The x percentile is
a threshold value above which x% of the observations
(in our case simulated instantaneous moisture trans-
ports) are situated. We here used for each experiment
the mean moisture transport over the boundary into
ASC; at each output time. Thus percentiles are calculated
based on populations of more than 45 000 observations
(i.e., model time steps of C20 and C21; Figs. 6a,b). Their
change over the projected century of warming is shown in
Fig. 6c.

We find the most pronounced change in the highest
percentiles of the low-level inward transport and of the
midlevel outward transport (cf. large gaps between green
and red line, which denotes the same 2% interval as the
green and blue lines, respectively). The amount of in-
crease of the strongest inward transport events (increase
of the 99th percentile is 0.016 29 kg s~' m™ ') is not
counteracted by the same amount of outward transport
(increase of the 99th percentile is —0.001 83 kg s ' m ™),

which is on the order of 10 times smaller. While there is
a near-linear increase between the 20th and 80th per-
centiles, the upper end percentiles of moisture trans-
port events increase at a greater rate (Fig. 7), resulting
in greater precipitation rates during these extreme
events.
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F1G. 5. PWC along boundaries in C21 relative to C20. Percentage
of precipitable water content along the ASC/DESC boundary of
ASC,; and ASC,, in C21 relative to C20.
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FIG. 6. Vertical structure of percentiles of moisture transports. Vertical structure of percentiles of moisture transports for (a) C20 and
(b) C21. (c) Vertical profile of the difference between C21 and C20. Lower right corner is enlarged.

b. Influence of changing wind and humidity

The moisture transports depend on two measures, the
wind vectors and the atmospheric water content along
the border separating ASC and DESC. Consequently,

changes in the transport are provoked by changes in

either of these two measures. In line with the Clausius—

Clapeyron equation (Wentz and Schabel 2000; Held and
Soden 2006), precipitable water has increased with
warming throughout the atmosphere over all percentiles
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FI1G. 7. Percentiles of moisture transports at lower levels. (a) Percentiles of moisture transports at lower levels for C21, (b) percentiles of
moisture transports at lower levels for C20, and (c) difference of percentiles of moisture transports at lower levels, C21 — C20. Colors of

levels in (b) are also valid for (a) and (c).

(Fig. 8a) from C20 to C21. While the relative increase is
stronger in the upper atmosphere (Fig. 5), the absolute
amount of change is strongest at low levels, and de-
creases with height.

The situation is different for the wind. We here use
a measure for the wind circulation strength indepen-
dent from the actual level thickness and named ‘‘ef-
fective wind”” previously (Sohn and Park 2010), which
is the wind at a given level (between its upper and
lower surface) weighted by the fraction of moisture
held within this level. We found that for the lower-
level inward transport below approximately 800 hPa,
the effective wind is projected to weaken. Above
800 hPa until about 600 hPa, at the vertical levels at
which most of the outward transport takes place, the
change is positive, meaning that a weakened wind
contribution to the outward transport is projected.
Only above this region, there are some levels projected
to see an enhanced effective wind. We conclude that
the projected increase of the strength of the hydro-
logical cycle is caused by higher humidity rather than
by circulation strength.

c¢. Influence of northern and southern boundary of
ASC

The major part of the moisture is transported into
ASC meridionally, following the lower branch of the
Hadley circulation. Although some events occasionally
are directed the opposite way, we find that this Hadley
pattern is represented generally very well at our south-
ern boundaries (Fig. 9). The situation at the northern
boundary is more complex and the median (50% per-
centile) is only slightly above 0.

Generally the southern boundary inward transports
dominate those at the northern boundary by far, which
may be due to the distribution of land—-sea mass across
the globe. Northern boundaries of ASC are much more
likely to be situated over land than the southern ones.
Over land, however, air carries lower amounts of water
due to lower supply by evaporation and circulation
patterns are much more influenced by orography and
thus much more complex (e.g., directed northward op-
posite the main flow even at low levels). Over the course
of a warming twenty-first century a widening of the
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FI1G. 8. Changes of percentiles of precipitable water and of effective wind along boundary of convective regions; Vertical profiles of
differences in the percentiles of (a) precipitable water and (b) effective wind (C21 — C20). Here, effective wind is the mean wind directed
toward ASC at a given level, weighted by the water content at the same level relative to the total column water content, following the

definition of Sohn and Park (2010).

percentiles of lower-level inward and outward transport
events (recall that instantaneous transports do not al-
ways follow the idealized vertical shape of the Hadley
circulation) are observed at both the northern and the
southern boundary. However, the median only increases
(by almost a quarter) at the southern boundary, whereas
the already low value at the northern boundary gets
even smaller. Thus, the domination of the southern
boundary for the moisture transports into ASC increases.

d. Changes of ASC/DESC pattern

There may be an influence of the latitude ASC is lo-
cated at since regions closer to the equator are normally
warmer and thus air does carry more moisture here,
allowing for larger moisture transports. We found large
changes of the frequency a particular grid box belongs to
ASC in the two experiments, ASC; and ASC,,, with
minor changes in few areas only (white in Fig. 10a).
The changes are about 3 times more distinct for ASC,,,.
Along the equatorial oceans there exists an area of
increasing likelihood to belonging to ASC, indicating
more frequent convection. North and south of this are
some areas, especially in ASC,,, (Fig. 10b), with less
frequent upward vertical wind velocity. This suggests
a narrowing of the ITCZ in these regions, shifting their
borders equatorward to warmer latitudes and enhancing
the transports in addition to the already warming at-
mosphere. This narrowing becomes more obvious when
the zonal mean frequencies of a grid box belonging to
ASC are examined (Figs. 10c,d). For ASC;, the ASC/
DESC pattern is not very distinct, and there are few
changes visible from C20 toward C21. For ASC,, a dis-
tinct ASC/DESC pattern is visible. If one assumes a

certain threshold to separate dry and moist regions in
the tropics (e.g., moist grid boxes must belong to the
ASCmore than 40% of the time), there is a narrowing of
the ITCZ. A narrowing of the ITCZ does not necessarily
oppose the findings of a widening of the Hadley cell by
Lu et al. (2007) and Previdi and Liepert (2007), since
they use a different measure and estimate the latitude of
maximum downdraft (streamfunction is zero) in the dry
subtropics. However, it highlights the sensitivity of any
measure to the methods applied. A narrowing may even
be in line with the “upped-ante mechanism’ proposed
before, in which relatively dry low-level advection into
the ITCZ (Lintner and Neelin 2007) may lead to an
inward shift of the margins of the convective regions
(Chou et al. 2009).

There are major areas of less frequent ascending air
movement over the Indonesian islands, the updraft region
of the Walker circulation. Associated with the Walker
circulation is a downdraft of air masses over the tropical
Pacific. Our findings suggest a weakening of the Walker
circulation, with less frequent convection in its updrafting
and more frequent convection in its downdrafting branch
in a warmed atmosphere, in line with previous studies
(Vecchi et al. 2006; Merlis and Schneider 2011), and with
a weakening of zonal tropical circulations with warming
in general (Vecchi and Soden 2007).

4. Discussion

In this study we investigate changing tropical moisture
transports associated with future climate warming. We
used data from a high space and time (0.5°, 6 h) resolution
IPCC AR4 model. As done in most studies applying
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FIG. 9. Vertical structure of percentiles of moisture transports at northern and southern boundaries of ASC;, at (a) the northern
boundary in C20, (b) the southern boundary in C20, (c) the northern boundary in C21, and (d) the southern boundary in C21. Also given is

the mean transport per hPa, respectively.

mean data, we estimated moisture transports into mean
regions of air ascent, representative of regions referred
to as the moist tropics or the ITCZ. However, our high-
resolution data also enabled us to calculate instan-
taneous moisture transports into individual convective
regions. In doing so we link instantaneous vertical wind
with instantaneous humidity and horizontal wind, which
is physically more consistent than linking mean and in-
stantaneous variables.

This may be illustrated by the transports for the ex-
ample field in Fig. 1. When the instantaneous wind
and humidity field of 0600 UTC 22 March 1965 is ap-
plied to ASC,,, of March, most of the boundary segments
of ASC,, would not overlap with those of the instan-
taneous field. This means that most of the ASC,,, bound-
ary segments are not at the margins of the actual ASC,,
which are physically consistent with the distribution of

instantaneous wind and humidity, but instead separate
two DESC or two ASC grid boxes of the instantaneous
field. As a consequence, instantaneous moisture trans-
ports applied to ASC,,, do not represent transports from
DESC to ASC, but would be calculated from wet to
wet or from dry to dry grid boxes, and maybe even
from wet to dry, but not from dry to wet along many of
the boundary segments. We consider that such physi-
cally inconsistent mixing of mean and instantaneous
values to calculate transports leads to the systematically
different values in between the two experiments.

Using the high horizontal and vertical resolution data
allowed us to investigate moisture transports at very
high detail. The moisture budget of a region is de-
termined by the inward and outward transports, which
together constitute the circulation pattern. To fully
understand changes of the moisture budget, changes of
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F1G. 10. Changing frequency of the ascending regions. (a) Change of percentage of time steps a grid box belongs to ASC from the
instantaneous vertical wind (ASC;), C21 — C20. (b) Change of percentage a grid box belongs to ASC when derived from the monthly mean
vertical wind (ASC,,), C21 — C20. Red indicates a box belongs to ASC more frequently; blue means it belongs to ASC less frequently.
Note the different scale of the color bar. (c),(d) Zonal mean percentage a grid box belongs to ASC; and ASC,,,, respectively. Green denotes
C21 and red C20.

the inward and outward transports of moisture need do not scale well with observed ones (Allan and Soden
to be understood. Here we can differentiate between 2007, Allan et al. 2010). Modeled increases in pre-
lower-level inward and midlevel outward transports and  cipitation were found to be too weak in ASC, but the
find both to have intensified, especially during extreme observed decline in DESC was too weak as well. One
precipitation events. It has been found in recent studies may speculate that models overestimate the midlevel
that changes of the amount of precipitation from models outward transports, which leads or at least contributes to
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such behavior. This may be caused by too high humidity
values at the midlevels due to too weak moist convection
parameterization schemes in the tropics, which may not
“rain out” enough of the atmospheric water. Different
convection schemes have been suggested to cause large
intermodel spread for precipitation scaling (O’Gorman
and Schneider 2009). However, it cannot be verified that
midlevel humidity values are too high at this point since
comprehensive 3D humidity observations for the at-
mosphere are not available.

Unlike previous studies for the recent past, which
found the influence of humidity change to be of minor
and the wind contribution to be of higher importance
(Sohn and Park 2010; Zahn and Allan 2011), we here
found the opposite for a projected future change. Mois-
ture transport changes are mainly found to be due to
higher atmospheric humidity values, and not to chang-
ing wind characteristics, which were rather found to
have weakened. However, the two reanalysis based
studies span relatively short time periods only with small
temperature increases and the signal of change may be
influenced by short-term variability.

A somewhat surprising finding is a narrowing of the
ITCZ in our data, since previous studies have suggested
a widening of the Hadley cell (Lu et al. 2007; Previdi and
Liepert 2007). A straightforward assumption would have
been a widening of the ITCZ as well. However, our re-
sults use a different measure and are only based on one
model and are not statistically significant yet, but we
think it would be interesting to investigate this in more
detail.

Even more surprising is the fact that applying the
same data we get different answers whether the ITCZ
has expanded depending on if we apply instantaneous
or temporally averaged vertical wind. The different
changes may be explained by a non-Gaussian distribu-
tion of vertical wind speeds (Emori and Brown 2005).
Grid cells, which are frequented by strong convective
cells (with high upward w) only at a few time steps are
rarely assigned to ASC,, but will be assigned to ASC,,
when the upward w at these few situations is greater than
the otherwise low-intensity downdraft situations in the
averaging. One may speculate that some extremely in-
tensive convective cells from more intense tropical
storms in a warmed atmosphere (Bengtsson et al. 2007;
Knutson et al. 2010) may cause the differently pro-
nounced change between ASC; and ASC,,.

S. Summary

We demonstrate, using high time and space resolution
simulations, a strengthening of the water exchange
into and out of the ascending regions of the tropics with
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climate warming, consistent with an intensified hydro-
logical cycle. This is valid for the lower-level inward
transport as well as for the midlevel outward one. The
response is particularly pronounced for the highest
percentiles of moisture transport, indicating an intensi-
fication in the extremes of precipitation. The changes
are mainly caused by higher atmospheric humidity
values, and the wind contribution has a minor damp-
ening effect. Finally we show that averaging data may
lead to different results on changes in the ITCZ.
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