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Abstract
The occurrence of wet and dry growing seasons inwater-limited regions remains poorly understood,
partly due to the complex role that these regions play in the genesis of their own rainfall. This limits the
predictability of global carbon andwater budgets, and hinders the regionalmanagement of natural
resources. Using novel satellite observations and atmospheric trajectorymodelling, we unravel the
origin and immediate drivers of growing-season precipitation, and the extent towhich ecoregions
themselves contribute to their own supply of rainfall. Results show that persistent anomalies in
growing-season precipitation—and subsequent biomass anomalies—are caused by a complex
interplay of land and ocean evaporation, air circulation and local atmospheric stability changes. For
regions such as theKalahari andAustralia, the volumes ofmoisture recycling decline in dry years,
providing a positive feedback that intensifies dry conditions. However, recycling ratios increase up to
40%, pointing to the crucial role of these regions in generating their own supply of rainfall;
transpiration in periods of water stress allows vegetation to partly offset the decrease in regional
precipitation. Findings highlight the need to adequately represent vegetation–atmosphere feedbacks
inmodels to predict biomass changes and to simulate the fate of water-limited regions in ourwarming
climate.

1. Introduction

Drylands cover 40% of the continental surface and
sustain almost one half of world’s population (White
and Nackoney 2003). They include water-limited
ecoregions such as shrublands, savannas or steppes.
Annual precipitation is low and usually concentrated
in just a few months, between prolonged periods of
combined rainfall scarcity and high atmospheric

demand for water (Rodriguez-Iturbe et al 2001, Guswa
et al 2004). In these dry regions, the overall health of
vegetation, the survival of certain species and the
amount of aboveground biomass are largely depen-
dent on water availability during the growing season,
which is strongly controlled by precipitation. Mean-
while, the role of drylands in shaping Earth system
dynamics cannot be overstated: recent studies have
revealed that global declines in primary productivity
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and vegetation water use are linked to the occurrence
of precipitation anomalies in dry regions (Miralles
et al 2014b, Poulter et al 2014, Ahlström et al 2015).

The precipitation supply to any ecoregion is fun-
damentally driven by changes in atmospheric moist-
ure content and the stability of the atmosphere
(Gimeno et al 2010a, Dirmeyer et al 2014, Schubert
et al 2016), letting aside the influence ofmore localised
factors such as the emission of aerosols during wild-
fires (Ramanathan 2001). The atmospheric moisture
content over the ecoregion is a function of the volume
of water evaporated from the ecoregion itself and
from neighbouring or remote (ocean and land) areas,
and depends on whether this evaporated moisture is
driven by winds into the ecoregion (i.e. atmospheric
circulation). Finally, convective and synoptic atmo-
spheric instability will determine whether the advected
(and locally-generated) atmospheric moisture does in
fact precipitate. In that sense, the evaporation happen-
ing within an ecoregion—mostly through transpira-
tion (Jasechko et al 2013,Miralles et al 2016)—impacts
the ecoregion’s supply of precipitation: local evapora-
tion not only increases the atmospheric moisture
content, but it also alters the convective stability of
the lower atmosphere (Betts and Ball 1998, Koster
et al 2004, Taylor and Ellis 2006). Consequently, soil
moisture and vegetationmay influence the ecoregion’s
input of precipitation through their effects on eva-
poration. This also implies that soil desiccation or
land use change within the ecoregion—but also in
remote upwind areas—can in turn have significant
effects on local precipitation (Keys et al 2012, Bagley
et al 2014, Dirmeyer et al 2014, Spracklen and Garcia-
Carreras 2015).

To date, most studies of global precipitation–vege-
tation dynamics have focused on describing or quanti-
fying their local correlation (Nemani 2003, Zhao and
Running 2010, Wu et al 2015, Seddon et al 2016). Yet,
our understanding remains limited in regards to the
mechanisms responsible for the occurrence of wet and
dry growing seasons, how these affect vegetation over
large scales, and what the role of vegetation itself is in
either buffering or intensifying these conditions.
Nonetheless, progress has been made on under-
standing the large-scale ocean and atmospheric pat-
terns that ultimately affect inter-annual precipitation
variability (Schubert et al 2016), but the immediate (or
proximate) factors driving this variability in the most
water-dependent regions on Earth remain elusive,
including the influence that the ecoregions themselves
play on their own supply of rainfall. This is partly due
to the complexity of vegetation impacts on climate
(Bonan 2008), the difficulties to realistically represent
land–atmospheric interactions inmodels (Seneviratne
et al 2010), and the impossibility to quantify these cau-
sal relationships based on observations only (Miralles
et al 2014a, Casagrande et al 2015).

Here, we identify the major global water-limited
ecoregions on Earth, to then provide novel

understanding of the immediate mechanisms behind
the anomalies in their growing-season precipitation
and the ecoregions’ response and contribution to these
anomalies. For this purpose, we use a new vegetation
optical depth (VOD) satellite product and global
meteorological observations, which are combined
with 3D Lagrangian modelling (Stohl et al 1998, Sei-
bert and Frank 2004), allowing us to track the water
vapour entering these regions. We explore anomalies
in precipitation volumes, origin of advected moisture,
local precipitation recycling, and impact of water scar-
city on vegetation. Three immediate (or proximate)
drivers of wet and dry growing seasons are evaluated
independently: local and remote evaporation anoma-
lies, fluctuations in atmospheric circulation, and per-
sistent synoptic and convective stability conditions.
Given the high vulnerability of water-limited ecor-
egions to changes in water supply (Manfreda and Cay-
lor 2013, Seddon et al 2016) and the vast population
they sustain (White and Nackoney 2003), under-
standing the interplay among these immediate drivers
of precipitation is critical to predict their ecosystem
services, adapt to future changes, and narrow down
uncertainties in global carbon, energy and water bud-
gets (Poulter et al 2014, Miralles et al 2014b, Ahlström
et al 2015).

2.Materials andmethods

2.1.Data sets
Our analysis relies on the multi-decadal record of
VOD recently developed by Liu et al (2011) and
updated by Liu et al (2015), which is based on a wide
range of passive microwave satellite observations. This
data set is used to identify global water-limited
ecoregions—for which our atmospheric vapour tra-
jectories model will be run afterwards—and to quan-
tify the changes in the state of vegetation between wet
and dry years. VOD is a close proxy for the water
content in vegetation, including both leaf and woody
components, and it is strongly linked to aboveground
biomass density and vegetation activity (Andela
et al 2013, Liu et al 2015). Apart frombeingmore easily
interpretable than traditional greenness indices, it is
also insensitive to sun-sensor geometry and has a
minimal sensitivity to atmospheric conditions (Liu
et al 2011). The VOD by Liu et al (2011) is based on the
application of the land parameter retrieval model
(Owe et al 2008) to passive microwave observations
from the scanning multichannel microwave radio-
meter, the special sensor microwave imager (SSM/I),
the tropical rainfall measuring mission microwave
imager (TMI) and the advanced microwave scanning
radiometer-Earth observing system (AMSR-E).

To complement the analysis, we use normalized
difference vegetation index (NDVI) data coming from
the global inventory monitoring and modeling system
(GIMMS) third generation (3g) data set (Tucker
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et al 2005), which is based on optical data from the
advanced very high resolution radiometer (AVHRR).
In addition, precipitation, evaporation and atmo-
spheric stability data are used to investigate the differ-
ences in the origin and volumes of precipitation
between wet and dry years. Precipitation observations
are obtained from the Climate Research Unit (CRU)
3.10 gauge-based product (Harris et al 2013). Land
evaporation data (including transpiration) are taken
from the satellite observation-based global evapora-
tion Amsterdammodel (GLEAM, Miralles et al 2011),
and ocean evaporation from the satellite observation-
based OAFlux data set (Yu 2007). Background atmo-
spheric stability is assessed using monthly estimates
vertical wind velocity (ω) at 500 hPa and convective
available potential energy (CAPE), both derived from
the ERA-Interim reanalysis (Dee et al 2011). All data
sets are re-gridded to a common 0.25° spatial resolu-
tion and aggregated to monthly temporal resolutions.
Monthly anomalies are then calculated by subtracting
the correspondingmonth-of-the-year mean consider-
ing themulti-annual (1980–2011) record.

2.2. Atmospherictrajectorymodel
The Lagrangian particle dispersion model FLEXPART
v9.0 (Stohl et al 1998, Seibert and Frank 2004) is used
to trace water vapour trajectories and quantify moist-
ure sources. FLEXPART is here constrained by wind
and specific humidity data from ERA-Interim, as in
recent applications of the model dedicated to investi-
gate water vapour trajectories (Drumond et al 2014,
Nieto et al 2014, Pampuch et al 2016). The atmosphere
is divided into twomillion air particles that are moved
by 3D winds. The model calculates increases and
decreases inmoisture along a given trajectory based on
differentials of specific humidity in time, and records
these changes in specific humidity and the 3D
coordinates of all particles every 6 h. By summing all
the increases and decreases of moisture over a given
grid cell, the difference between evaporation and
precipitation (E–P) can be obtained, which is then
integrated over the average atmospheric residence
time. A review of the advantages, limitations and
uncertainties of different moisture transport models,
including FLEXPART, can be found in Gimeno
et al (2012).

3. Approach

3.1. Identification ofwater-limited ecoregions
Based on the VODdata and precipitation observations
from CRU, figure 1(c) delineates the ten major water-
dependent ecoregions on Earth—here, the concept of
‘ecoregion’ by Olson and Dinerstein (2001) is loosely
used to refer to large (>100 000 km2) contiguous
geographical areas of similar climate and vegetation
conditions. The identification of these water-limited
ecoregions is based on clustering neighbouring pixels

following two inclusive criteria: (a) the expected
timing of the annual peak in VOD, as revealed from
the monthly climatology calculated based on
1980–2011, should be similar (i.e. ±1 month) for all
pixels in the area (see figure 1(a)), and (b) the Pearson’s
correlation between the annual value of VOD at that
seasonal peak, and the cumulative precipitation during
the antecedent three months should be statistically
significant (p<0.01) and larger than 0.5 (see
figure 1(b)). Hereafter, we refer to these three months
prior to the seasonal peak in VOD as ‘growing season’.
Correlations to precipitation were calculated by con-
sidering other antecedent periods ranging from 1 to 10
months, and the final choice of three months was
adopted for it yields the maximum average correla-
tions globally (not shown).We note that this definition
of a constant-length growing season differs from
others found in literature, yet it facilitates the study of
atmospheric vapour trajectories (see section 3.2). We
note as well, that the inclusion of water-limited
ecoregions infigure 1(c) is not aiming to be exhaustive,
and that several other areas that fulfil the two above-
mentioned criteria are not further analysed with
FLEXPART due to their smaller size, their less
clustered geographical distribution, or their proximity
to larger water-limited ecoregions; examples are the
Russian steppe or Southeastern Australia (see
figure 1(b)).

Overall, we identify ten major ecoregions, from
West to East (figure 1(c)): (1) Chihuahuan Desert, (2)
Pampas, (3) Caatinga, (4)West Sudanian savanna, (5)
Kalahari Desert, (6) East Sudanian savanna, (7) Seren-
geti bushland, (8)Mongolian steppe, (9) Central Aus-
tralia and (10) Northern Australia. The general
characteristics of these ecoregions are summarised in
supplementary table A1.

3.2. Estimation of precipitation origin for each
ecoregion
The precipitation origin is calculated following three
sequential steps. First, from each water-stressed ecor-
egion in figure 1(c), the FLEXPART model is run
backward (Nieto et al 2014) to simulate the origin of
the air particles entering the ecoregion’s atmosphere
during the growing season. As mentioned above, the
length of the growing season is considered constant
and equal to the three months prior to each regions’
seasonal peak in VOD (see supplementary table A1).
The common time length for all ecoregions allows
their results to be inter-comparable, and by consider-
ing a short enough period, we circumvent the con-
founding effect of the seasonal cycle of atmospheric
circulation. Backward runs are analysed separately for
the five years of higher and lower peak in vegetation
water content (i.e. VOD) during the 1980–2011
period, hereafter referred to as ‘wet years’ and ‘dry
years’ (respectively). This allows us to identify inter-
annual anomalies in the trajectories of air particles
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entering the ecoregion, and in the gain of water vapour
through these trajectories. An optimal lifetime of
vapour in the atmosphere needs to be considered in
the calculation of back-trajectories with FLEXPART;
for each region, this lifetime (in number of days) is
optimised by executing the model sequentially for a
range of possible lifetime values, and then selecting the
number of days that minimises the absolute differ-
ences between the precipitation simulated by FLEX-
PART and the CRU observations for each ecoregion
(see supplementary table A1 for the resulting
lifetimes).

Second, once the vapour source region has been
identified for each ecoregion, FLEXPART is run for-
ward from these source regions. Only the fraction of
them contributing to 90% of the water vapour enter-
ing the ecoregions is considered, in order to exclude
remote source regions with very small moisture con-
tributions (Drumond et al 2014). This forward run
yields the volumes of rain falling in each ecoregion
during the corresponding growing season. Therefore,
while the backward run only identifies the origin of the

moisture entering the ecoregion, the forward run
reveals whether the moisture gained over that trajec-
tory does in fact precipitate in the ecoregion, which
would finally depend on atmospheric stability. This
forward run is done for wet and dry years indepen-
dently, and separately for: (a) the ocean pixels within
the source region, (b) the land pixels within the source
region but outside the ecoregion, and (c) the ecoregion
itself. This enables us to discern whether precipitation
falling in the ecoregion during the growing season is of
oceanic or terrestrial origin, and if the latter, whether
or not it originates from the ecoregion itself (see
figure 2).

Third, the volumes of precipitation simulated by
the forward runs of FLEXPART are scaled to match
monthly CRU observations, while maintaining the
FLEXPART-derived ratios of ocean and terrestrial ori-
gin. The resulting volumes of precipitation from land
and oceanic origin are spatially distributed across the
pixels in the source region using the results from the
backward runs. This allows us to spatially map the ori-
gin of the precipitation volumes falling into each

Figure 1. Identification ofwater-limited ecoregions. (a)Month of the year inwhich vegetation peaks according to the climatology of
VOD. (b)Pearson’s correlation coefficient between the values of VODat themonth of climatologicalmaximum (seefigure 1(a)) and
the cumulative precipitation during the previous threemonths (here referred to as ‘growing season’). Time series are linearly de-
trended to avoid spurious correlations due to, e.g., coinciding long-termwetting and greening trends. Results are based onCRU
monthly precipitation (Harris et al 2013) and theVODdata by Liu et al (2011) for the period 1980–2011.Dotting indicates statistical
significance (p<0.01, calculated using a t-test), with the dotting net represented at 1° resolution to aid visualisation. (c)Water-
limited ecoregions, delineated based on figure 1(a) (aiming to group regions that share the timing of the seasonal vegetation peak±1
month) andfigure 1(b) (using aminimum threshold of 0.5 Pearson’s correlation).
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ecoregion, showing the specific contribution of each
source pixel to these volumes (see e.g. figure 3).
Finally, precipitation recycling ratios for each water-
stressed ecoregion are calculated as the ratio of the pre-
cipitation generated within the ecoregion, over the
total input of precipitation. This ratio is then multi-
plied by 0.9 to account for the fact that the source
region used in forward simulations includes only 90%
of the particles bringing moisture into the ecoregion,
and that the ecoregion is always contained within that
90%. These recycling ratios are then averaged for wet
and dry years separately, and for each corresponding
ecoregion, as shown infigure 2.

4. Results

4.1. Precipitation origin duringwet anddry growing
seasons
Based on the VOD data and CRU precipitation,
figure 1(c) delineates the ten major global water-
limited ecoregions on Earth. For all these regions the
seasonal peak in VOD is significantly (p<0.01) and

positively correlated (R�0.5) to the cumulative
precipitation occurring in the prior three months
(figure 1(b)). Independently of the magnitude of
precipitation anomalies, comparatively high VOD
values are found in the more tropical Caatinga and
Serengeti, and relatively low VOD values are found in
the more arid East Sudanian savanna and Central
Australia (figure 2), which is in agreement with the
results by Liu et al (2013). Most regions experience
pronounced differences in VOD between wet and dry
years, especially the Kalahari, Serengeti, East Sudanian
savanna and Northern Australia, likely due to the
strong differences in precipitation volumes between
wet and dry years in these regions (figure 2) and a
potentially high sensitivity of vegetation to those
differences. Analogous inter-region and inter-period
variability is found when using vegetation greenness
(NDVI) instead of VOD (figure 2). The precipitation
during the growing season is markedly lower for dry
years in all ecoregions, but the response of vegetation
is not equal for all of them: figure 2 reveals important
inter-region differences that may reflect the presence

Figure 2.Differences in growing-season precipitation duringwet and dry years. Conceptual diagramof the three possible sources
supplying precipitation to an ecosystem (top). Average VODandNDVI during the seasonal peak in vegetation forwet and dry years;
results are presented separately for each ecoregion. Dry/wet years correspond to thefive years of lowest/highest vegetationwater
content (i.e. VOD) during the seasonal VODpeak (see figure 1(a)).Mean (CRU) precipitation (P) in the ecoregion during the growing
season, both forwet and dry years, presented in units ofmmmonth−1 (full bars) and km3month−1 (stripped bars). The contributions
of oceanic precipitation (blue),precipitation of land origin fromoutside the ecoregion (yellow), and precipitation originated inside
the ecoregion (i.e. precipitation recycling, red) are calculatedwith FLEXPART (see section 2.2). Recycling ratios are indicated in
percentages. Spatial averages are weighed by the area of each pixel.
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of vegetation species with different sensitivities to
rainfall scarcity, and the existence of environmental or
climatic controls other than the availability of water.
As an example, although VOD values are similar in the
Pampas grasslands and Northern Australian wood-
lands, the observed input of rainfall in the latter is
more than seven times larger, both during wet and dry
years.

Results in figure 2 indicate that the fraction of pre-
cipitation coming from oceanic and continental origin
varies markedly from ecoregion to ecoregion. While
the Pampas and Caatinga receive most of the pre-
cipitation from the Pacific and Atlantic oceans
(respectively), others, such as the East Sudanian
savanna and the Mongolian steppe, receive almost
their entire supply from continental areas. These find-
ings agree with previous studies pointing to central
Asia and Sahel as two of the world’s regions with lar-
gest dependency on continental-origin rainfall (Zeng
et al 1999, Dirmeyer et al 2014). We note as well that in
the case of the Pampas and Mongolian steppe, part of
the input of moisture during the growing season may
come through melting of snow and not from

precipitation directly (Shinoda et al 2010, Havrylenko
et al 2016), and that in regions such as Caatinga, a
small fraction of the water supply may also come from
irrigation (Siebert et al 2005). Figure 2 also shows that
for each given ecoregion, the partitioning of precipita-
tion between continental and oceanic origin remains
similar during wet and dry years. This is in clear con-
trast to what could be expected if ocean evaporation
dynamics alone were responsible for driving the
anomalously wet and dry years, and suggests that land
surface conditions help intensify wet and dry spells.

The strength of land–atmospheric coupling and
the importance of regional evaporation for precipita-
tion are often diagnosed by means of the recycling
ratio (Eltahir and Bras 1996, Trenberth 1999), i.e. the
volume of precipitation originated from regional eva-
poration over the total input of precipitation. Recy-
cling ratios are usually larger for areas of high
evaporation and low air advection, and tend to
increase during convective seasons (Trenberth 1999).
Precipitation recycling has been studied based on
observational data (Eltahir and Bras 1996, Tren-
berth 1999), transport models (Numaguti 1999,

Figure 3.Regions contributing precipitation to the ecoregions duringwet and dry years. Background colors represent the differences
inmmmonth−1 between the volumes of precipitation originated at each pixel duringwet and dry growing seasons. Red pixels indicate
where less precipitation originates in dry years than inwet years, blue pixels indicate the opposite. Blue/red contours represent the
minimumarea supplying 90%of themoisture entering the corresponding ecoregion duringwet/dry growing seasons.
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Dirmeyer and Brubaker 2007) and isotopes (Wright
et al 2001), but comparisons between different studies
are problematic due to the dependency on the scale of
the study region (with recycling being 100% when
considering the world as a whole, and 0% when con-
sidering a point domain). Based on our approach, we
show thatmean recycling ratios for the growing season
vary substantially amongst the different ecoregions:
from 3% recycling in the Pampas during wet years, up
to 34% in the Kalahari Desert during dry years
(figure 2). This range reflects to some extent the differ-
ences in area covered by each ecoregion but, undoubt-
edly, also the different role each ecoregion plays on its
own climate (see section 5).

The location of the main sources of moisture to
each ecoregion (see contours in figure 3) is in agree-
ment with the expectations based on prevailing winds,
and is in line with previous analyses of precipitation
origin (Dirmeyer et al 2009, Keys et al 2012, Dirmeyer
et al 2014, Gimeno 2014). As mentioned above, the
relative contributions of oceanic- and continental-ori-
gin precipitation remain generally similar during wet
and dry years (figure 2). However, when zooming into
the specific source areas, we do observe local differ-
ences between wet and dry periods; red-coloured areas
in figure 3 are responsible for an anomalously low
contribution to the corresponding ecoregion’s pre-
cipitation during the dry growing seasons, i.e. those
are the areas from which the observed deficits in pre-
cipitation come from. We show that for ecoregions
such as the Chihuahuan Desert—which harvests most
of its rainfall from the surrounding land regions and
from the Gulf of Mexico (Dirmeyer et al 2014)—the
contribution of precipitation in dry years is homo-
geneously decreased across the entire source area. But
for other ecoregions, restrictions in the supply of
moisture in dry years come from very specific loca-
tions. In the case of Caatinga—which is watered from
the equatorial Atlantic (Gimeno et al 2010a)—the dif-
ference mainly comes from a narrow offshore band
south of the equator. For the Kalahari Desert and Cen-
tral Australia—which are regions largely fed by rainfall
of continental origin (Gimeno et al 2010a) (figure 2)—
restrictions in the supply of moisture come from land
areas surrounding the ecoregions, or even including
them (figure 3).

4.2.Mechanisms driving the anomalies inwater
supply to the ecoregions
The observed inter-annual anomalies in precipitation
volumes (figure 2) and origin (figure 3) can be a
consequence of any of the following three mechan-
isms, or combinations of them: (a) a persistent
anomaly inwind speed and/or direction that leads to a
change in the location of the source area (e.g., in the
case of dry years, part of the moisture that is normally
brought into the ecoregion is steered towards other
regions); (b) a positive or negative anomaly in the

volume of moisture generated in the source area; (c) a
particularly high (or low) atmospheric stability over
the ecoregion (see e.g. Dirmeyer et al 2014). These
mechanisms are schematically represented in
figure 4(a). As might be expected, any large-scale
condition affecting these three proximatemechanisms
will also impact the occurrence and variability of
precipitation, including modes of internal climate
variability such as ocean–atmospheric oscillations
(Trenberth et al 2003, Schubert et al 2016).

General patterns of atmospheric circulation typi-
cally show little inter-annual variability, since they are
largely dominated by the persistent mode of prevailing
easterlies, westerlies and trade winds (Gimeno
et al 2010a, Keys et al 2014). As a consequence, the
location of the upwind source areas is rather stable for
most regions; only the Kalahari Desert and the Aus-
tralian ecoregions show notable differences between
dry and wet growing seasons in the areas the air comes
from (figures 4(b), supplementary figure A1). Mean-
while, during the dry growing seasons, the average eva-
poration in the source area of most ecoregions is
anomalously low according to the satellite-based eva-
poration retrievals (Yu 2007, Miralles et al 2011), in
particular for the Pampas, Caatinga, Kalahari Desert
and the Australian ecoregions (figure 4(c)).We also see
declines in the ecoregions’ evaporation during dry
years; this is mainly the case for the Chihuahuan and
Kalahari deserts, Australia and the Mongolian steppe
(figure 4(c)). This finding agrees with the declining
volumes of recycled rainfall found in our FLEXPART
experiments (figure 2), and further supports the exis-
tence of a positive feedback during dry times: growing-
season rainfall scarcity and subsequent vegetation
water stress lead to declines in soil evaporation and
transpiration, which further reduce precipitation sup-
ply. As expected, this reduction is stronger in ecor-
egions with a larger dependency on precipitation
recycling (figure 2). This is exemplified in figure 5,
which shows the temporal evolution of water fluxes
during the driest and wettest growing seasons on
record for the Kalahari and Northern Australia, two of
the ecoregions with highest recycling ratios. For both
regions, the driest years—which were reported as
extraordinary drought events in both cases (White
et al 2004, Masih et al 2014)—show a consistent
decline in growing-season (December–February) pre-
cipitation and evaporation, and a reduction in their
seasonal VOD and NDVI peaks (March). The
observed reduction in ecoregions’ evaporation in dry
years coincides with a decline in the simulated
contribution of the ecoregions to their own precipita-
tion supply, even if their recycling ratios are higher
during dry years (see also figure 2). For both ecor-
egions, the vast majority of growing-season evapora-
tion comes from transpiration: 78% and 73% for the
Kalahari, and 66% and 71% for Northern Australia,
for the driest andwettest year (respectively).
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Regardless of the fact that upwind evaporation and
atmospheric circulation are defining the volume of
atmosphericmoisture present over an ecoregion, what
finally controls whether that moisture precipitates is
the instability of the atmosphere, i.e. the tendency to
encourage the condensation and precipitation of that
moisture. Figure 4(d) uses reanalysis data (Dee
et al 2011) of 500 hPa vertical wind velocity anomalies
(ω′) to investigate mean synoptic stability—see e.g.
Pampuch et al (2016), Gimeno et al (2010b)—and
anomalies in CAPE to investigatemean convective sta-
bility—see e.g. Taylor and Ellis (2006), Johnson and
Xie (2010). Overall, synoptic stability anomalies
appear consistently relevant across all ecoregions, with
the exception of the West Sudanian savanna. Mean
stable conditions during the growing season are typical

of years with limited input of precipitation and a
reduced peak in vegetation biomass; anomalously
unstable conditions are typical of years with a strong
seasonal peak in biomass (figure 4(d)). This tendency
occurs despite the fact that soil dryness may instigate
convective instability through the warming of the
lower troposphere (Taylor et al 2012, Guillod
et al 2015), which agrees with the mean positive CAPE
anomalies in regions such as the Sudanian savanna
and Central Australia during dry years (figure 4(d)). In
the examples of Kalahari and Northern Australia
(figure 5), stable (unstable) synoptic conditions are
found during the driest (wettest) growing season on
record, while the effects of drier conditions on the
average convection are only observed in the case of
NorthernAustralia.

Figure 4. Immediatemechanisms driving the occurrence of wet and dry years. (a)Conceptual diagramof the three immediate physical
mechanisms behind the differences in growing-season precipitation: atmospheric circulation, evaporation in the source region and
local stability. (b)Mean growing-season atmospheric circulation: dark/light contours illustrate the origin of 90%of the air particles
advected into each ecoregion for wet/dry years (according to the FLEXPARTbackward runs). Unlike the contours in figure 3, these
areas do not depend on the gain or loss water vapour during the trajectories, thus are not directly influenced by evaporation. (c)Mean
source evaporation (E) duringwet and dry growing seasons, considering the overlap source region for dry andwet years (see contours
in figure 3); results are presented as seasonal anomalies, inmmmonth−1 (full bars) and km3month−1 (stripped bars). The evaporation
is illustrated separately for ocean (blue), land outside the ecoregion (yellow) and ecoregion (red). Ocean evaporation comes from
OAFLUX and land evaporation fromGLEAM. (d)Mean atmospheric stability duringwet and dry growing seasons. Synoptic stability
is diagnosed by the seasonal anomalies of vertical wind velocity at 500 hPa (ω′)—with negative (positive) values indicating
anomalously unstable (stable) atmosphere—and convective stability is diagnosed by anomalies inCAPE (J kg−1)—with negative
(positive) values indicating anomalously low (high) convection. Stability data comes fromERA-Interim. All spatial averages are area-
weighted.
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5.Discussion

Despite the inter-region contrasts in recycling, a
common pattern is found in figure 2: although the
total volumes of recycled moisture are lower during
dry years, recycling ratios typically increase. This
implies that the precipitation that originates from
within the ecoregion does not decline as much as the
volume of precipitation advected from outside the
ecoregion during dry periods. This has already been
suggested by previous studies, such as Bisselink and
Dolman (2009). The decline in total volumes of
precipitation recycled during dry times supports the
overall positive sign of land feedbacks, which tend to
intensify wet and dry conditions (Findell et al 2011,
Guillod et al 2015). Conversely, the increase in
recycling ratios backs the hypothesis that wet and dry
spells are typically triggered by large-scale conditions
that are external to the ecoregion (Schubert et al 2016),
but also highlights the increased importance of local
evaporation to sustain the input of precipitation
during dry periods. Therefore, indirectly through
transpiration, vegetation maintains a baseline supply
of precipitation during periods of water stress
(figure 5).

In addition, our results in figure 3 indicate that
anomalies in the moisture generated and advected
from neighbouring (or even remote) land regions can
be responsible for a large fraction of the precipitation
scarcity experienced by an ecoregion during dry years
(see e.g. Kalahari or Central Australia). This implies
that land-use change, wildfires, or the occurrence of
wet and dry spells in these neighbouring (or remote)
land areas, can thus be critical for the vegetation
dynamics in the particular ecoregion that harvests
rainfall from them (Keys et al 2012, Bagley et al 2014).
This suggests the need to consider the impact of land
management strategies in a given region, not just to
maintain its own input of precipitation, but also to
sustain the input of precipitation to remote regions
that depend on the moisture generated in the former
one (Keys et al 2012, 2014). This notion of tele-
connected effects introduces a new dimension to tra-
ditional studies of the feedback of land on local rainfall
(Taylor et al 2012, Guillod et al 2015).

From the three mechanisms conceptualised here
as immediate causes of deficits in growing-season pre-
cipitation (figure 4(a)), changes inmean circulation do
not seem significant compared to large-scale changes
in evaporation and atmospheric stability. While the
latter has been found relevant for all ecoregions,

Figure 5.Driest andwettest years inKalahari andNorthern Australia. Vegetation dynamics (VOD,NDVI) andfluxes of evaporation
(E) and precipitation (P) for these two ecoregions during the driest andwettest growing seasons on record (1980–2011). The
contribution of the three possible precipitation sources is presented: oceanic origin (blue), land origin fromoutside the ecoregion
(yellow), and the ecoregion itself (i.e. precipitation recycling, red). Seasonal anomalies vertical wind velocity at 500 hPa (ω′) are used as
a diagnostic of synoptic stability, and convective stability is diagnosed by anomalies in CAPE (J kg−1). The transpiration (from
GLEAM) is also noted. Recycling ratios are indicated in percentages. All spatial averages are area-weighted.
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atmospheric stability is linked to a plethora of factors
acting on different scales. In extra-tropical latitudes, it
mostly depends on baroclinic (synoptic) conditions,
yet a large region can be baroclinicly stable and still
contain thermodynamically (convective) unstable
sub-regions. Therefore, it depends on all the processes
affecting synoptic and convective conditions, e.g. the
vertical profiles of air temperature, the atmospheric
moisture content itself, or the soilmoisture state (Betts
and Ball 1998, Taylor and Ellis 2006). Nonetheless, we
also show that the importance of the three factors in
figure 4(a) varies markedly from region to region:
while in ecoregions such as the Serengeti, higher-than-
usual local atmospheric stability may on its own
explain the reductions in growing-season precipita-
tion and vegetation growth, in others, such as the
Kalahari or Northern Australia, anomalies in evapora-
tion, circulation and synoptic stability act together
(figures 4(b)–(d), 5). A summary of the importance of
these driving mechanisms for each ecoregion is pre-
sented in supplementary table A2. We also note that
factors affecting cloud microphysics, such as changes
in aerosol concentration (Ramanathan 2001), are not
explicitly considered in this study.

Finally, while the three proximate mechanisms
considered in figure 4(a) are conceptualised here sepa-
rately, they are in fact to some degree inter-dependent,
and they are also jointly affected by general climate
variability patterns. Climate oscillations in particular
—due to their associated preferential states in sea sur-
face temperature and atmospheric pressure—can have
important influences on atmospheric circulation,
ocean and land evaporation, and atmospheric stabi-
lity, all at the same time. Consequently, ocean–atmo-
spheric teleconnections are expected to impact both
precipitation and vegetation variability in these water-
limited ecoregions (Myneni et al 1996, Miralles
et al 2014b,Wright et al 2014, Gonsamo et al 2016). As
an example, for the Caatinga and Kalahari Desert, all
five wet years coincide with background La Niña con-
ditions, while four out of the five dry years coincide
with El Niño conditions; the latter also applies to the
Central Australian ecoregion (not shown). These find-
ings are in line with the expected dependence of global
meteorological droughts on tropical Pacific sea surface
temperatures (Trenberth et al 2013, Schubert
et al 2016).

6. Conclusion

What drives precipitation in the most water-depen-
dent ecoregions on Earth? While it is well known that
large-scale sea surface temperatures and persistent
atmospheric anomalies are essential to explain global
precipitation extremes (Trenberth et al 2003, Schubert
et al 2016), the input of rainfall into a land region
finally depends on the volumes of water evaporated in
the region and its surroundings, the atmospheric

circulation of that moisture, and whether the stability
profiles are suitable to yielding precipitation (Dir-
meyer et al 2014). Here we have analysed the
differences in the origin of rainfall during wet and dry
years for ten global water-limited vegetated regions,
using novel satellite observations and atmospheric
trajectory modelling. Our results show that the factors
driving the anomalies in growing-season precipitation
vary strongly from ecoregion to ecoregion, and
support the hypothesis that dry years are intensified by
positive land–atmospheric feedbacks, yet only in
regions of high precipitation recycling such as the
Kalahari Desert or Australia (figure 2). Conversely, the
precipitation originating from the ecoregion itself
typically declines less in dry years than the volumes of
precipitation advected from outside. This allows us to
conclude that (a) wet and dry periods are initially
triggered by conditions that are external to the
ecoregion, yet (b) land feedbacks are overall positive,
tending to intensify wet and dry conditions, and (c) the
importance of local evaporation for the growth of
vegetation becomes disproportionally large during dry
times. The latter implies that, while transpiration is a
net loss of water for the ecoregion, it can also be critical
at maintaining a baseline supply of precipitation in
periods of water stress. With water constraints pre-
dicted to aggravate in most of these ecoregions
(Seneviratne et al 2012), further understanding of how
vegetation and climate interact, what the impact of
land management and restoration is on those interac-
tions, and how to better characterise vegetation–
climate feedbacks in Earth system models, appears
critical to reliably estimate the fate of semi-arid regions
and their role in future climate.
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