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Movements of moisture laden air constitute the atmospheric art of the hydrological cycle
and play a major role in the distribution of moisture around t he globé-?. Future changes
in the tropical hydrological cycle may alter the distribution of available fresh water re-
gionally through altered moisture transport properties and precipitation minus evaporation
patterns®#. In this study we use high time and space resolution climate odel simulations
of a global climate change scenario to demonstrate enhancedoisture transport across the
boundary between the dry regions of descending air into the mist regimes of ascending air
motion. We found the low level inward and the mid level outwad moisture transports of
the convective regions in the tropics increase in a simulateanthropogenically warmed cli-
mate as compared to a simulated 20th century atmosphere, imchting an intensification of
the hydrological cycle. Since an increase of inward transpbdexceeds the increase of outward
transport the resulting budget is positive, meaning that moe water is projected to converge
in the moist tropics. The intensification is found to be due tolhe higher amount of water in the

atmosphere, while the contribution of weakening wind coungracts this response marginally.



In addition to previous studies~’ we here investigate the changing statistical properties of
the vertical profile of the moisture transport and for the first time (???) demonstrate the

importance of the substantial outflow of moisture from the mast tropics at mid-levels.

The main component of the meridional atmospheric circoifaiin the tropics is the Hadley
Cell, with equator-ward air movements and associated nreistansports at the lower levels. On
average air along the Inter Tropical Convergence Zone (ITGZgads and, at mid-levels, diverges
and transports are directed pole-ward. Whether the tropicalilation or its components have
intensified or weakened in the past decades has been didaessatlj-!and it has been subject

to scientific studies how it may behave in a warmed future atén’.

Contrary to these studieg mainly applying low resolution temporally averaged data we
here calculate moisture transports in the present and amasisfuture atmosphere based on ho-
mogeneous data high in spatial and temporal detail. Therefe calculated the transports into
ascending regions gained from mean fields of vertical winyg @bbreviatedASC,, hereafter,
constituting the well known pattern of the ITCZ, as well a®imstantaneous ascending regions
(ASC;). In doing the latter we resolve much better individual ceetive cells rather than just
using mean bands of ascending regions roughly spanning &henwhole equator. We compared
time slices of a simulated atmosphere generated by the nte@EIAM5'213 valid for the end
of the 21st century, 2069-2099, (C21), and for the 20th cgntl®59-1989, referred to as C20
hereafter). C20 was driven by observed Greenhouse Gas ¢oatemms, C21 by assumptions for

a possibly anthropogenically warmed future atmospfieséthe SRES A1B Intergovernmental



Panel of Climate Change (IPCC) scenétio

Both ways of defining the convective region$qC,,, and ASC;) result in an increase of
accumulated overall inward transport as well as in an irs@ed the accumulated overall outward
transport of moisture (tablel). The difference of these Imens in C21 and C20 is statistically
significantly different from zero at the 99.5 % level accogito a t-test based on the instantaneous
values of all time steps. Although the increase of inwarda@utd/ard directed transports counteract
the projected increase in the budget also is statisticadjgifecantly different from zero at the

99.5 % level.

Contrary to the idealised view on the Hadley Circulation theflaw is not directed to-
wards the convective regions at all boundary segments ttras in the instantaneous wind fields.
Rather inward and outward transport have a similar verticape (Supplementary Fig. 6), which
is determined by the vertical distribution of moisture ie gtmosphere. A weaker outward than
inward transport at lower levels, and, vice versa, a strongevard than inward transport at mid
levels, results in the expected shape of the mean verticdilgpof transports along the bound-
ary of ascending (ASC) and descending regions (DESC) (FigThg vertical mean profile in
all experiments and in re-analysis based comparison data ERA-interint® 1’ is dominated by
a maximum of inward transports at the lower levels, but a iclemable outward one (negative

values) is visible as well above a certain reversal level (RL)

Based on the vertical profile we have separated the trandpelds the reversal level and

above, and calculated time series of the vertically aggeegearly mean transports into ASC



(positive values) below and of the the vertically aggredatearly mean transport out of ASC
(negative values) above the reversal level in each of therements (Fig. 2). Like the total trans-
ports, both the lower level inward as well as the mid levem@ut transport are projected to
strengthen considerably in a warmed future. The change agatatistically significantly differ-
ent from zero at 99.5% and results in an accelerated hydoalbgycle. The percentage increase
of the outward transport above RL is more than twice as largheasward transport below RL
(MTyy =~ 38%/MT;, ~ 17%) in both experiments, thus modifying simplistic views orgpi-
tation change like e.g. 1, who assume precipitation of the moist tropics to changbesame
rate as lower level inward transport increases. The highergntage increase in the outward mois-
ture transport can be explained from theoretical consiagrst following the Clausius Clapeyron
equation humidity values at the higher (and thus colderlgexperience a higher percentage

change than the low&; which is in line with our data (Supplementary Fig. 12).

Despite the increasing outward transports, a statisisainificant increase is found for the
budget (M T;, — MT,,;), which, assuming a negligible increase in total atmogpheaiter storage,
determines the change of precipitation in the tropics. Thudine with previous studie823

tropical precipitation increases following our data.

Additionally to a strengthening of the hydrological cyclerh C20 towards C21, we also
found an acceleration of the strengthening. Significanhgka were not found for C20, in accor-
dance with simulations by ERA-interith?’, but there is a statistically significant trend over the 30

year C21 period (99.5% level, 97.5% for tH& C,,, budget).



Previous studie8-?? have not only suggested an increase in the mean tropicapjiegion
as a response to a warmed atmosphere, but especially a sespathe higher percentiles of the
distribution of precipitation everts2%, commonly referred to as extreme events. To supply water
for these events mass transport must also have increaskd upper percentiles. We here esti-
mated the percentiles for the transports based on the appatety 45000 values at each of the
model time steps of C20 and C21 inih'C; at each level (Supplementary Fig. 9(a) and Fig. 9(b)),
and their change over the projected century of warming inpfumpentary Fig. 9(c). We find the
most pronounced change in the highest percentiles of thddeg inward transport and of the
mid-level outward transport (compare large gaps betweeargand red line, which denotes the
same 2% interval as green and blue line, respectively). Tin@uat of increase of the strongest
inward transport events (increase of 99%til6.i$1629%g * s~! * m~! ) is not counteracted by the
same amount of outward transport (increase of 99%titeli®0183kg * s~ xm™1), which is in the
order of ten times smaller. While there is a near linear irsged the 20%-80% percentiles, the up-
per and lower end percentiles of moisture transport eventease much stronger (Supplementary
Fig. 10). Thus, in order to maintain the atmospheric moetapacity, the increased atmospheric

moisture input must be precipitated out in more intensesexér events.

The moisture transports depend on two measures, the wirtdrgegnd the atmospheric
water content. Consequently, changes in the transport awelgd by changes in either of these
two measures. In line with the Clausius-Clapeyron equéti®hprecipitable water has increased
with warming throughout the atmosphere over all percenifeg. 3(a)) from C20 to C21. While

the relative increase is stronger in the upper atmosphengp{&mentary Fig. 12), the absolute



amount of change is strongest at low levels, and decreasiesi@ight.

The situation is different for the wind. The ’effective wind measure for the wind circu-
lation strength independent from the actual level thickHess projected to weaken at the lower
levels of inward flow (Fig. 3(b)). At the mid levels a strenging as well as a reduction of the
wind contribution was found for the outflow. We conclude thejgcted increase of the strength of

the hydrological cycle is caused by higher humidity rathentcirculation strength.

The major part of the moisture is transported into ASC menidily, following the Hadley
Circulation. Although some events occasionally are digktite opposite way we find this Hadley
pattern is represented generally very well at our southeumdaries. The situation at the norther

boundary is more complex and median (50% percentile) is sligytly above 0.

Generally the southern boundary inward transports domitinatse at the northern boundary
by far, which may be due to the distribution of land-sea massss the globe. Northern boundaries
of ASC are much more likely to be situated over land than thethen ones. Over land, however,
air carries lower amounts of water due to lower supply by evafon and circulation patterns are
much more influenced by orography and thus much more complgxdirected northward against
the main flow even at low levels. Over the course of a warmirgf 2&ntury a widening of the
percentiles of lower level inward and outward transportév@re observed at both, the northern
as well as the southern boundary. However the median ontgases (by almost a quarter) at
the southern boundary, whereas the already low value atdtikarn boundary gets even smaller.

Thus the domination of the southern boundary for the ma@dinansports increases.



There may be an influence of the latitude ASC is located aesiegions closer to the equator
are normally warmer and thus air can carry more moisture, ladiosving for larger moisture trans-
ports. We found large changes of the frequency a particuldrigpx belongs to ASC in the two
experimentsASC; andASC,,, with a change of less the% in few areas only (white in Fig. 4(a)).
Along the equatorial oceans spans an area of increasiridhbkel to belonging to ASC, indicat-
ing more convection. North and south are some areas, elipecialSC,, (Fig. 4(b)), with less
frequent upward vertical wind velocity. This suggests aaowing of the ITCZ in these regions
as opposed to findings By shifting their borders to warmer latitudes enhancing thagports in

addition to the already warming atmosphere.

There are major areas of less frequent ascending air movewenthe Indonesian islands,
the up-draft region of the Walker Circulation. Associatedhvihe Walker Circulation is a down-
draft of air masses over the tropical Pacific. Our findingsgest)a weakening of the Walker
Circulation, with less frequent convection in its up-dmadtiand more frequent convection in its
down-drafting branch in a warmed atmosphere, in line withezripus studyand with a weakening

of zonal tropical circulations with warming in genexal

Although changes are qualitatively similar for both expents, numbers are more distinct
in ASC,,. The different changes are explained by a non Gaussianbdistn of vertical wind
speeds. Grid cells, which are frequented by strong comeecglls (with high upward? ) only at
a few time steps are rarely assignedt6C;, but will be assigned tel.SC,, when the upward at

these few situations is high enough to out-range the otlseriew intensity down-draft situations



Table 1: Average of inward (MTin) and outward (MTout) moigtaransport in C20 and C21. To

calculate the inward/outward transport, transports abaillndary segments are used which are

directed inward/outward of ASC.

averageM Tinlkg * s~ x m™!]

average MToufkg * s~ « m™1

average budgét.g * s™1 x m™1]

C20,, 67.6788 -62.3744 5.30434
C21,, 81.8478 -75.9407 5.90717
C20; 72.2925 -64.1567 8.13585
C21; 87.9224 -78.8052 9.11721

in the averaging. One may speculate that some extremelgsinte convective cells from more

intense tropical storms in a warmed atmospfeneay cause the differently pronounced change

betweenASC; andASC,,.
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Figure 1:Vertical profiles of horizontal moisture transports. Magnitude of horizontal net mois-
ture transport per hPa along ASC/DESC boundary from ECHAMS BRé-interim'®17 into
ASC; and ASC,,. Positive/negative values denote net transports intad&SC. Symbols de-
note locations of mean pressure and mean transports. Utndredport is mass of water [kg] per

time [s] and area/{Pa * m]. Note that the vertical unit of the area is given in presgbRa].
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Figure 2:Temporal evolution of moisture transport into the ascendirg region. Times series of
mean yearly moisture transports over ASC/DESC boundaryb@d and above (b) the reversal
level. (c) time series of the yearly mean budget. C21 yeaes tefupper x-axis, C20 years refer to
lower x-axis. Plain lines indicate C21 values, lines with gyfs refer to C20 values. Flags for (a)
are given in (b). Black lines indicate decadal means (1st,d&mi3rd decade of each data set),

respectively.
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Figure 3:Changes of percentiles of precipitable water and of effecte wind along boundary

of convective regions. (a) Vertical profile of difference in the percentiles of pgptable water and
11

(b) vertical profile of difference in the percentiles of tHéeetive wind (C21 - C20, respectively).

Here, effective wind is the mean wind directed towards AS&given level, weighted by the water

content at the same level relative to the total column watatent, following the definition of°.



30 e = — 30
A M{ o { - —_
20 \s 7 x r-/ﬂ'( A R 2
4 ¢ RS W b
10 e vl \\q h@ % . !:;l P ) {\ .~ 410
5 PG | %“ i ; | 7 3]
0 v ; 4 e Il 0
\ . j\? d ’ [ e = DRCONER My ! \ b j ™~
10° 3 X & L et . i W= 100
20 ( TnA (ﬁ 'Fl‘;\\ b T (i \% A -20°
~ ; S
i
-30° -30°
a2 i
-10 -8 -6 -4 -2 0 2 4 6 8 10
(a) Asc;
20 40 60 80 100 120 140 160 180" 160 140 120 100 80 60 40 20 0
30" 2 < = 30
ax /“‘h h, A WL 2
N 7 v < BN > 1.
10 * % v \ é f Er L : E‘Q Ah‘dﬁ {\ Lt 10
i/ AR : 7 o
o s , & g o
o R é%-f- > | R B
10 m\ jk‘ = gl 4 #_"» i \) 1
20 ( g (l« = U j\\ : 3 .'m ¥ ~: 20°
30° = s 30
amm R4 i
-30 -25 20 -15 -10 -5 0 5 10 15 20 25 30
(b) Asc,,

Figure 4:Changing frequency of the ascending regionga) Change of percentage of time steps
a grid box belongs to ASC from the instantaneous verticatiihsS C;), C21 - C20. (b) Change of
percentage a grid box belongs to ASC when derived from themhomean vertical windASC,,),
C21 - C20. Red indicates a box belongs to ASC more frequentlg, mieans it belongs to ASC

less frequently. Note the different scale of the colour bar.
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Methods

We used T213((5°) horizontal resolution ECHAM5 mod&ldata at 31 vertical levels driven by
different Greenhouse Gas (GHG) Concentrations for two 31syéae slices, 1959-1989 (C20)
and 2069-2099 (C21). The simulations are of the time slice fgpced with boundary data from a
coupled climate simulation with the same model at T63 rdgwiu The C20 GHG concentrations
are the observed ones, the C21 were delivered by the A1B so&nafr the Fourth Assessment
Report (AR4) of the Intergovernmental Panel of Climate Chang€Q). We used verticalX) and

horizontal (U,V) wind vectors, specific humidity and sueaar pressure for all 31 model levels

(from the surface up hPa ) in a two-staged approach for calculating the moisturesiparts:

e in model results of both, C20 and C21, we identified regions oémging and of descending

(2 and defined the boundary separating both

¢ in model results of both, C20 and C21, we identified the U, V, ldityiand pressure at each

level along the boundary and calculated the moisture t@hsp

Definition of Ascending and Descending regions and of the bawlary in between

At each grid cell in the tropical region betweer30° and30° latitude the sum of the ver-
tical wind motion¢2 of the lower and middle part of the atmosphere, the lowest @deahlevels
corresponding to a height of up to approximatéhph Pa was estimated. Before summing up,
the vertical motion representative for each level was weigby the thickness of each level. Grid

boxes with an upwards directed over@liwere assigned to the ascending region (ASC), else, if

13



2 = 0 or directed downwards they were assigned to the descenegngns (DESC). The bound-
ary over which moisture transports are estimated is defin¢ldealine 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 were estimated based on monthly mean valuedlassvoa instantaneous
values representative for the 180 seconds of the calcolaitioe step in the ECHAMS model.
Example fields of both are shown in Supplementary Fig. 5. delemte that while the mean
ASC/DESC masks reflect the general ITCZ pattern with ASC stnegcalong the the equator,
the instantaneous field exhibits a much more complex patteconvective cells and down-draft

regions.

Calculation of moisture transports

At each time step the moisture transport is calculated across alkthiboundary segments
between ASC and DESC (green lines in Fig. 4) at each atthertical model level$ by multiply-
ing the perpendicular wind vector (WP) with the precipitalvkgter content (PWC), respectively.

The resulting total moisture transport (MT) per time stegntheads:

ny Ny

MT, => Y WPy, - PWCy (1)
b1

14



Since applying mean wind speeds and mean PWC has proven teufficient previously’,
the calculations were only conducted using instantaneauahles. We should not that in the C21
output the fields at three time steps, at 18 Jan 2077 12:008 dard 2077 18:00 and at 31 Aug
2079 18:00 were corrupt. They were replaced by the data ahd @077 06:00, at 19 Jan 2077

00:00 and at 31 Aug 2079 12:00, respectively.
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Figure 5: Example fields of ASC; and of ASC,, in C20 and C21. Distribution of ascending
and descending regions from ECHAMS5, reg 1denotes down-dshf¢ denotes up-draft, green is
the boundary line across which fluxes are calculated. (&) Wa&rch 1965, (b) valid 22 March

1965, 6:00am, (c) valid March 2075 and (d) valid 22 March 2@&/60am.



BIAS ECHAMS ERA-interim

All our experiments based on ECHAMS share a similar profildiasé from a previous study
applying re-analysis datj which consider observations to reconstruct the actualgynweather
situation using a numerical model including data assimitatHowever biases exist between our
model data and the re-analysis based results. For instdthoeigh the vertical profiles qualita-
tively are similar, there are differences in the exact amafitransports at most levels. Also, the
exact amount of net moisture transport per year is diffetauritthe statistical property of no trend
in 20th century are shared by the C20 ECHAMS and ERA-interim dbasady. Biases between
model and re-analysis/observation data and also betwdarfrdan different models are a com-
mon feature often described bef#fté' and are referred to in the IPCC-AR4 reg6®. They may
originate from different physics and different sub gridlegaarametrisations in various models.
However, despite the biases, climate models have widely bsed to study the details of climate

change.

In our re-analysis based studyve found a slightly positive, but no statistically signifita
trend of moisture transports, neither inward nor outwaedascending regions in the tropics over
the period 1989 through 2008. Inward and outward transjrams those data have been calculated
(analogous to tablel ) &6.8/ — 48.1kg x s~! x m~! for ASC,, and63.6/ — 54.4kg x s~1 x m™!
for ASC; and are in the order dfokg * s~ x m~! smaller than in ECHAMS5, resulting in higher
budgets of3.7/9.2kg * s~! x m~! for ASC,,/ASC; . Nevertheless transports from ECHAM5

and from ERA-interim re-analysis share the same statigticgderties, a positive, but insignificant
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trend.

The reason for the higher budget in the ERA-interim data besogmident from Supplemen-
tary Fig. 6. While the vertical profile of the C20 inward trangpesembles that of ERA-interim
well, the difference denoting the lower outward transpoERA-interim, and thus the higher bud-
get, is more obvious. Apart from the different physics ancpeetrisations in ECHAMS its higher
resolution may play a role in the bias. Please note that gdtim left and right hand-side of this
bell-shaped Supplementary Fig. 6 results in the mean etprofile of the moisture transports as

given in Fig. 1.

To investigate closer the origin of the bias we plotted theie@ profiles of available pre-
cipitable water per level along the border between ASC an&OR&nd of the meridional wind
components at the northern and southern boundary, matkengladley Cell's wind components
in Supplementary Fig. 7. We found the humidity in ECHAMS to beatm higher, but the merid-
ional wind at the lower level to be weaker compared to ERAFinte So, two biases neutralise

each other in this case, at least to some extent.

We here investigate the statistical properties of the charfgropical moisture transports,
which in the re-analysis and C20 model based data are siMitathus conclude that the latter are

suitable for our investigations.

Percentiles of vertical moisture transports
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Figure 6:Vertical profile of inward and outward transport of moisture . Curves on the left/right
hand-side show the average vertical profile of outward/mvteansport of moisture per height
(negative/positive values) for the total period of the eli#int experiments. Curves for C20 are

denoted by lines with points, those for C21 are denoted by filaés.
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Figure 7: Precipitable water along boundary of ASC and meridional wird of the Hadley
Circulation along northern/southern boundary of ASC. (a) Averaged amount of water in a
m? x hPa box along boundary of ASC and level's average wind at its @s)hern and (c) southern
boundary. Numbers derived for the C20 time slice (lines wythisols) and for the C21 time slice
(plain lines). Black lines denote ERA-interim, fdiSC,,, and ASC;. Blue lines denote ECHAMS
data forASC,, and red lines denote ECHAMS5 data usidg'C;. Curves for C20 are denoted by

lines with points, those for C21 are denoted by plain lines.
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The most commonly used statistical value is the arithmedamherein referred to as mean.
However the mean normally delivers only an insufficientymietof a quantity’s distribution. To
include changes at the upper and lower end of the distributidhe vertical moisture transports
we here additionally showed their percentiles at a giveellelhe x-percentile is a threshold value
above which:% of the observations (in our case simulated quasi instaotesmoisture transports)
are situated. We here used for each experiment the mearungoisinsport over the boundary be-
tween ASC and DESC at each simulated time step. Thus pdeseate calculated based on pop-
ulations of more than 45000 observatiof$[(ears] x 365[days/year| * 4[observations/day| ~

45000[observations)).

Mean and percentiles of moisture transports at the nortéwednsouthern boundaries and in
C20 and C21 are shown in Supplementary Fig. 8. In this case tha wadue is virtually similar to
the median, the 50% percentile. It becomes evident that #snrand median do reflect a moisture
transport profile following the idealised Hadley Cell pattewith inward transport at low levels
and outward transport at mid levels. However it becomesalgtent, that this profile is not valid
in many of the instantaneous situations. In fact, it can bected the opposite sense in many
cases, especially at the low levels. The situation at théhaor boundary is farther apart from
the idealised situations as it may be influenced stronger émermmomplex small scale situations

influences by land air interaction.
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Figure 8: Vertical structure of percentiles of moisture transports a northern and southern
boundaries of ASC;. (a) At the northern boundary in C20. (c) At the northern boupdaC21.
(b) At the southern boundary in C20. (d) At the southern boonoleC21. Also given is the mean

transport per hPa, respectively.
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Figure 9: Vertical structure of percentiles of moisture transports. Vertical structure of per-
centiles of moisture transports (a) for C20 and (b) for C21.\V&t}ical profile of the difference
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between both, C21 - C20. Lower right corner is enlarged.
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Figure 10:Percentiles of moisture transports at lower levels(a)Percentiles of moisture trans-
ports at lower levels for C21, (b) percentiles of moistur@sgorts at lower levels for C20 and (c)
difference of percentiles of moisture transports at lowgels, C21 - C20. Colours of levels in (b)

are also valid for (a) and (c).
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Figure 11:Percentiles of moisture transports at mid levels(a) Percentiles of moisture transports

at mid levels for C21, (b) percentiles of moisture transpattsid levels for C20 and (c) difference

of percentiles of moisture transports at mid levels, C21 - @f)ours of levels in (b) are also valid

for (a) and (c).
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Figure 12: PWC along boundaries in C21 relative to C20. Percentage of precipitable water
content along ASC/DESC boundary 45 C; and ASC,, in C21 relative to C20. Unit of transport
is mass of water [kg] per time [s] and ardaHa « m]. Note that the vertical unit of the area is

given in pressure [hPa].
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