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Movements of moisture laden air constitute the atmospheric part of the hydrological cycle

and play a major role in the distribution of moisture around t he globe1,2. Future changes

in the tropical hydrological cycle may alter the distributi on of available fresh water re-

gionally through altered moisture transport properties and precipitation minus evaporation

patterns3,4. In this study we use high time and space resolution climate model simulations

of a global climate change scenario to demonstrate enhancedmoisture transport across the

boundary between the dry regions of descending air into the moist regimes of ascending air

motion. We found the low level inward and the mid level outward moisture transports of

the convective regions in the tropics increase in a simulated anthropogenically warmed cli-

mate as compared to a simulated 20th century atmosphere, indicating an intensification of

the hydrological cycle. Since an increase of inward transport exceeds the 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 to be due to the higher amount of water in the

atmosphere, while the contribution of weakening wind counteracts this response marginally.
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In addition to previous studies5–7 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 moist tropics at mid-levels.

The main component of the meridional atmospheric circulation in the tropics is the Hadley

Cell, with equator-ward air movements and associated moisture transports at the lower levels. On

average air along the Inter Tropical Convergence Zone (ITCZ) ascends and, at mid-levels, diverges

and transports are directed pole-ward. Whether the tropicalcirculation or its components have

intensified or weakened in the past decades has been discussed recently8–11 and it has been subject

to scientific studies how it may behave in a warmed future climate5–7.

Contrary to these studies5–7 mainly applying low resolution temporally averaged data we

here calculate moisture transports in the present and an assumed future atmosphere based on ho-

mogeneous data high in spatial and temporal detail. Therefore we calculated the transports into

ascending regions gained from mean fields of vertical wind (Ω), abbreviatedASCm hereafter,

constituting the well known pattern of the ITCZ, as well as into instantaneous ascending regions

(ASCi). In doing the latter we resolve much better individual convective cells rather than just

using mean bands of ascending regions roughly spanning along the whole equator. We compared

time slices of a simulated atmosphere generated by the modelECHAM512,13 valid for the end

of the 21st century, 2069-2099, (C21), and for the 20th century (1959-1989, referred to as C20

hereafter). C20 was driven by observed Greenhouse Gas concentrations, C21 by assumptions for

a possibly anthropogenically warmed future atmosphere14 of the SRES A1B Intergovernmental
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Panel of Climate Change (IPCC) scenario15.

Both ways of defining the convective regions (ASCm andASCi) result in an increase of

accumulated overall inward transport as well as in an increase of the accumulated overall outward

transport of moisture (table1). The difference of these numbers in C21 and C20 is statistically

significantly different from zero at the 99.5 % level according to a t-test based on the instantaneous

values of all time steps. Although the increase of inward andoutward directed transports counteract

the projected increase in the budget also is statistically significantly different from zero at the

99.5 % level.

Contrary to the idealised view on the Hadley Circulation the air flow is not directed to-

wards the convective regions at all boundary segments at alltimes in the instantaneous wind fields.

Rather inward and outward transport have a similar vertical shape (Supplementary Fig. 6), which

is determined by the vertical distribution of moisture in the atmosphere. A weaker outward than

inward transport at lower levels, and, vice versa, a stronger outward than inward transport at mid

levels, results in the expected shape of the mean vertical profile of transports along the bound-

ary of ascending (ASC) and descending regions (DESC) (Fig. 1).The vertical mean profile in

all experiments and in re-analysis based comparison data from ERA-interim16,17 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).

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

above, and calculated time series of the vertically aggregated yearly mean transports into ASC
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(positive values) below and of the the vertically aggregated yearly mean transport out of ASC

(negative values) above the reversal level in each of the experiments (Fig. 2). Like the total trans-

ports, both the lower level inward as well as the mid level outward transport are projected to

strengthen considerably in a warmed future. The change again is statistically significantly differ-

ent from zero at 99.5% and results in an accelerated hydrological cycle. The percentage increase

of the outward transport above RL is more than twice as large asthe inward transport below RL

(MTout ≈ 38%/MTin ≈ 17%) in both experiments, thus modifying simplistic views on precipi-

tation change like e.g. in18, who assume precipitation of the moist tropics to change at the same

rate as lower level inward transport increases. The higher percentage increase in the outward mois-

ture transport can be explained from theoretical considerations: following the Clausius Clapeyron

equation humidity values at the higher (and thus colder) levels experience a higher percentage

change than the lower19, which is in line with our data (Supplementary Fig. 12).

Despite the increasing outward transports, a statistically significant increase is found for the

budget (MTin−MTout), which, assuming a negligible increase in total atmospheric water storage,

determines the change of precipitation in the tropics. Thus, in line with previous studies20–23,

tropical precipitation increases following our data.

Additionally to a strengthening of the hydrological cycle from C20 towards C21, we also

found an acceleration of the strengthening. Significant changes were not found for C20, in accor-

dance with simulations by ERA-interim16,17, but there is a statistically significant trend over the 30

year C21 period (99.5% level, 97.5% for theASCm budget).
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Previous studies20–22 have not only suggested an increase in the mean tropical precipitation

as a response to a warmed atmosphere, but especially a response in the higher percentiles of the

distribution of precipitation events24–26, commonly referred to as extreme events. To supply water

for these events mass transport must also have increased in the upper percentiles. We here esti-

mated the percentiles for the transports based on the approximately 45000 values at each of the

model time steps of C20 and C21 intoASCi at each level (Supplementary Fig. 9(a) and Fig. 9(b)),

and their change over the projected century of warming in Supplementary Fig. 9(c). We find the

most pronounced change in the highest percentiles of the lowlevel inward transport and of the

mid-level outward transport (compare large gaps between green and red line, which denotes the

same 2% interval as green and blue line, respectively). The amount of increase of the strongest

inward transport events (increase of 99%tile is0.01629kg ∗ s−1
∗m−1 ) is not counteracted by the

same amount of outward transport (increase of 99%tile is−0.00183kg∗s−1
∗m−1), which is in the

order of ten times smaller. While there is a near linear increase of the 20%-80% percentiles, the up-

per and lower end percentiles of moisture transport events increase much stronger (Supplementary

Fig. 10). Thus, in order to maintain the atmospheric moisture capacity, the increased atmospheric

moisture input must be precipitated out in more intense extreme events.

The moisture transports depend on two measures, the wind vectors and the atmospheric

water content. Consequently, changes in the transport are provoked by changes in either of these

two measures. In line with the Clausius-Clapeyron equation18,27, precipitable water has increased

with warming throughout the atmosphere over all percentiles (Fig. 3(a)) from C20 to C21. While

the relative increase is stronger in the upper atmosphere (Supplementary Fig. 12), the absolute
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amount of change is strongest at low levels, and decreases with height.

The situation is different for the wind. The ’effective wind’, a measure for the wind circu-

lation strength independent from the actual level thickness10, is projected to weaken at the lower

levels of inward flow (Fig. 3(b)). At the mid levels a strengthening as well as a reduction of the

wind contribution was found for the outflow. We conclude the projected increase of the strength of

the hydrological cycle is caused by higher humidity rather than circulation strength.

The major part of the moisture is transported into ASC meridionally, following the Hadley

Circulation. Although some events occasionally are directed the opposite way we find this Hadley

pattern is represented generally very well at our southern boundaries. The situation at the norther

boundary is more complex and median (50% percentile) is onlyslightly 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 against

the main flow even at low levels. Over the course of a warming 21st century a widening of the

percentiles of lower level inward and outward transport events are observed at both, the northern

as well as 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 increases.
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There may be an influence of the latitude ASC is located at since regions closer to the equator

are normally warmer and thus air can carry more moisture here, allowing for larger moisture trans-

ports. We found large changes of the frequency a particular grid box belongs to ASC in the two

experiments,ASCi andASCm, with a change of less the2 % in few areas only (white in Fig. 4(a)).

Along the equatorial oceans spans an area of increasing likelihood to belonging to ASC, indicat-

ing more convection. North and south are some areas, especially in ASCm (Fig. 4(b)), with less

frequent upward vertical wind velocity. This suggests a narrowing of the ITCZ in these regions

as opposed to findings by28, shifting their borders to warmer latitudes enhancing the transports in

addition to the already warming atmosphere.

There are major areas of less frequent ascending air movement over the Indonesian islands,

the up-draft region of the Walker Circulation. Associated with the Walker Circulation is a down-

draft of air masses over the tropical Pacific. Our findings suggest a weakening of the Walker

Circulation, with less frequent convection in its up-drafting and more frequent convection in its

down-drafting branch in a warmed atmosphere, in line with a previous study9 and with a weakening

of zonal tropical circulations with warming in general5.

Although changes are qualitatively similar for both experiments, numbers are more distinct

in ASCm. The different changes are explained by a non Gaussian distribution of vertical wind

speeds. Grid cells, which are frequented by strong convective cells (with high upwardΩ ) only at

a few time steps are rarely assigned toASCi, but will be assigned toASCm when the upwardΩ at

these few situations is high enough to out-range the otherwise low intensity down-draft situations
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Table 1: Average of inward (MTin) and outward (MTout) moisture transport in C20 and C21. To

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

directed inward/outward of ASC.

averageMTin[kg ∗ s−1
∗ m−1] average MTout[kg ∗ s−1

∗ m−1] average budget[kg ∗ s−1
∗ m−1]

C20m 67.6788 -62.3744 5.30434

C21m 81.8478 -75.9407 5.90717

C20i 72.2925 -64.1567 8.13585

C21i 87.9224 -78.8052 9.11721

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

intense tropical storms in a warmed atmosphere29 may cause the differently pronounced change

betweenASCi andASCm.

8



 0

 200

 400

 600

 800

 1000
 0  0.02  0.04  0.06  0.08  0.1  0.12

P
re

ss
ur

e 
le

ve
l  

[h
P

a 
]

MT [kg *s-1 * m-1 * hPa-1]

MTi   ERAint
MTm ERAint
MTm  C20    
MTm  C21    
MTi    C20    
MTi    C21    

Figure 1:Vertical profiles of horizontal moisture transports. Magnitude of horizontal net mois-

ture transport per hPa along ASC/DESC boundary from ECHAM5 andERA-interim16,17 into

ASCi andASCm. Positive/negative values denote net transports into/outof ASC. Symbols de-

note locations of mean pressure and mean transports. Unit oftransport is mass of water [kg] per

time [s] and area [hPa ∗ m]. Note that the vertical unit of the area is given in pressure[hPa].
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Figure 2:Temporal evolution of moisture transport into the ascending region. Times series of

mean yearly moisture transports over ASC/DESC boundary below (a) and above (b) the reversal

level. (c) time series of the yearly mean budget. C21 years refer to upper x-axis, C20 years refer to

lower x-axis. Plain lines indicate C21 values, lines with symbols refer to C20 values. Flags for (a)

are given in (b). Black lines indicate decadal means (1st, 2ndand 3rd decade of each data set),

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

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

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

Here, effective wind is the mean wind directed towards ASC ata given level, weighted by the water

content at the same level relative to the total column water content, following the definition of10.
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Figure 4:Changing frequency of the ascending regions.(a) Change of percentage of time steps

a grid box belongs to ASC from the instantaneous vertical wind (ASCi), C21 - C20. (b) Change of

percentage a grid box belongs to ASC when derived from the monthly mean vertical wind (ASCm),

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 colour bar.
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Methods

We used T213 (0.5◦) horizontal resolution ECHAM5 model12 data at 31 vertical levels driven by

different Greenhouse Gas (GHG) Concentrations for two 31 years time slices, 1959-1989 (C20)

and 2069-2099 (C21). The simulations are of the time slice type forced with boundary data from a

coupled climate simulation with the same model at T63 resolution. The C20 GHG concentrations

are the observed ones, the C21 were delivered by the A1B scenario15 of the Fourth Assessment

Report (AR4) of the Intergovernmental Panel of Climate Change (IPCC). We used vertical (Ω) and

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

(from the surface up0 hPa ) in a two-staged approach for calculating the moisture transports:

• in model results of both, C20 and C21, we identified regions of ascending and of descending

Ω and defined the boundary separating both

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

level along the boundary and calculated the moisture transport

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

At each grid cell in the tropical region between−30◦ and30◦ latitude the sum of the ver-

tical wind motionΩ of the lower and middle part of the atmosphere, the lowest 21 model levels

corresponding to a height of up to approximately450hPa was estimated. Before summing up,

the vertical motion representative for each level was weighted by the thickness of each level. Grid

boxes with an upwards directed overallΩ were assigned to the ascending region (ASC), else, if
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Ω = 0 or directed downwards they were assigned to the descending regions (DESC). The bound-

ary over which moisture transports are estimated 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 were estimated based on monthly mean values as well as on instantaneous

values representative for the 180 seconds of the calculation time step in the ECHAM5 model.

Example fields of both are shown in Supplementary Fig. 5. Please note that while the mean

ASC/DESC masks reflect the general ITCZ pattern with ASC stretching along the the equator,

the instantaneous field exhibits a much more complex patternof convective cells and down-draft

regions.

Calculation of moisture transports

At each time stept the moisture transport is calculated across all thenb boundary segmentsb

between ASC and DESC (green lines in Fig. 4) at each of thenl vertical model levelsl by multiply-

ing the perpendicular wind vector (WP) with the precipitablewater content (PWC), respectively.

The resulting total moisture transport (MT) per time step then reads:

MTt =
nb∑

b

nl∑

l

WPbl · PWCbl (1)
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Since applying mean wind speeds and mean PWC has proven to be insufficient previously17,

the calculations were only conducted using instantaneous variables. We should not that in the C21

output the fields at three time steps, at 18 Jan 2077 12:00 , at 18 Jan 2077 18:00 and at 31 Aug

2079 18:00 were corrupt. They were replaced by the data at 18 Jan 2077 06:00, at 19 Jan 2077

00:00 and at 31 Aug 2079 12:00, respectively.
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Figure 5: Example fields ofASCi and of ASCm in C20 and C21. Distribution of ascending

and descending regions from ECHAM5, red denotes down-draft,blue denotes up-draft, green is

the boundary line across which fluxes are calculated. (a) valid March 1965, (b) valid 22 March

1965, 6:00am, (c) valid March 2075 and (d) valid 22 March 2075, 6:00am.
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BIAS ECHAM5 ERA-interim

All our experiments based on ECHAM5 share a similar profile as those from a previous study

applying re-analysis data17, which consider observations to reconstruct the actual synoptic weather

situation using a numerical model including data assimilation. However biases exist between our

model data and the re-analysis based results. For instance although the vertical profiles qualita-

tively are similar, there are differences in the exact amount of transports at most levels. Also, the

exact amount of net moisture transport per year is different, but the statistical property of no trend

in 20th century are shared by the C20 ECHAM5 and ERA-interim based study. Biases between

model and re-analysis/observation data and also between data from different models are a com-

mon feature often described before30,31and are referred to in the IPCC-AR4 report14,32. They may

originate from different physics and different sub grid scale parametrisations in various models.

However, despite the biases, climate models have widely been used to study the details of climate

change.

In our re-analysis based study17 we found a slightly positive, but no statistically significant

trend of moisture transports, neither inward nor outward the ascending regions in the tropics over

the period 1989 through 2008. Inward and outward transportsfrom those data have been calculated

(analogous to table1 ) as56.8/ − 48.1kg ∗ s−1
∗ m−1 for ASCm and63.6/ − 54.4kg ∗ s−1

∗ m−1

for ASCi and are in the order of10kg ∗ s−1
∗ m−1 smaller than in ECHAM5, resulting in higher

budgets of8.7/9.2kg ∗ s−1
∗ m−1 for ASCm/ASCi . Nevertheless transports from ECHAM5

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

The reason for the higher budget in the ERA-interim data becomes evident from Supplemen-

tary Fig. 6. While the vertical profile of the C20 inward transport resembles that of ERA-interim

well, the difference denoting the lower outward transport in ERA-interim, and thus the higher bud-

get, is more obvious. Apart from the different physics and parametrisations in ECHAM5 its higher

resolution may play a role in the bias. Please note that adding the left and right hand-side of this

bell-shaped Supplementary Fig. 6 results in the mean vertical profile of the moisture transports as

given in Fig. 1.

To investigate closer the origin of the bias we plotted the vertical profiles of available pre-

cipitable water per level along the border between ASC and DESC and of the meridional wind

components at the northern and southern boundary, marking the Hadley Cell’s wind components

in Supplementary Fig. 7. We found the humidity in ECHAM5 to be much higher, but the merid-

ional wind at the lower level to be weaker compared to ERA-interim. So, two biases neutralise

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

We here investigate the statistical properties of the change of tropical moisture transports,

which in the re-analysis and C20 model based data are similar.We thus 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/inward transport of moisture per height

(negative/positive values) for the total period of the different experiments. Curves for C20 are

denoted by lines with points, those for C21 are denoted by plain lines.
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(b) meridional wind along northern boundary
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(c) meridional wind along southern boundary

Figure 7: Precipitable water along boundary of ASC and meridional wind of the Hadley

Circulation along northern/southern boundary of ASC. (a) Averaged amount of water in a

m2
×hPa box along boundary of ASC and level’s average wind at its (b) northern and (c) southern

boundary. Numbers derived for the C20 time slice (lines with symbols) and for the C21 time slice

(plain lines). Black lines denote ERA-interim, forASCm andASCi. Blue lines denote ECHAM5

data forASCm and red lines denote ECHAM5 data usingASCi. 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 arithmetic mean, herein referred to as mean.

However the mean normally delivers only an insufficient picture of a quantity’s distribution. To

include changes at the upper and lower end of the distribution of the vertical moisture transports

we here additionally showed their percentiles at a given level. The x-percentile is a threshold value

above whichx% of the observations (in our case simulated quasi instantaneous moisture transports)

are situated. We here used for each experiment the mean moisture transport over the boundary be-

tween ASC and DESC at each simulated time step. Thus percentiles are calculated based on pop-

ulations of more than 45000 observations (31[years] ∗ 365[days/year] ∗ 4[observations/day] ≈

45000[observations]).

Mean and percentiles of moisture transports at the northernand southern boundaries and in

C20 and C21 are shown in Supplementary Fig. 8. In this case the mean value is virtually similar to

the median, the 50% percentile. It becomes evident that the mean and median do reflect a moisture

transport profile following the idealised Hadley Cell pattern, with inward transport at low levels

and outward transport at mid levels. However it becomes alsoevident, that this profile is not valid

in many of the instantaneous situations. In fact, it can be directed the opposite sense in many

cases, especially at the low levels. The situation at the northern boundary is farther apart from

the idealised situations as it may be influenced stronger by more complex small scale situations

influences by land air interaction.
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(a) at northern boundary, C20
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(b) at southern boundary, C20
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(c) at northern boundary, C21
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(d) at southern boundary, C21

Figure 8: Vertical structure of percentiles of moisture transports at northern and southern

boundaries ofASCi. (a) At the northern boundary in C20. (c) At the northern boundary in C21.

(b) At the southern boundary in C20. (d) At the southern boundary in C21. 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. (c)Vertical profile of the difference

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 moisture transports at lower levels for C20 and (c)

difference of percentiles of moisture transports at lower levels, 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 transportsat mid levels for C20 and (c) difference

of percentiles of moisture transports at mid levels, C21 - C20.Colours 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 ofASCi andASCm in C21 relative to C20. Unit of transport

is mass of water [kg] per time [s] and area [hPa ∗ m]. Note that the vertical unit of the area is

given in pressure [hPa].
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