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Abstract. It is well known that rivers connect upstream importance of terrestrial evaporation has been identified as
and downstream ecosystems within watersheds. Here we dex significant source of precipitation for some areas globally
scribe the concept of precipitationsheds to show how upwinde.g. van der Ent et al., 2010). Additionally, recent analy-
terrestrial evaporation source areas contribute moisture foses of land cover changes indicate that human-induced land
precipitation to downwind sink regions. We illustrate the im- cover changes can significantly alter the volume of evapo-
portance of upwind land cover in precipitationsheds to sus+tated moisture in the atmosphere (e.g. Boucher et al., 2004;
tain precipitation in critically water stressed downwind ar- Gordon et al., 2005; Rost et al., 2008). We integrate these
eas, specifically dryland agricultural areas. We first iden-breakthroughs into the concept of the precipitationshed, de-
tify seven regions where rainfed agriculture is particularly fined as the upwind atmosphere and surface that contributes
vulnerable to reductions in precipitation, and then map theirevaporation to a specific location’s precipitation (e.g. rain-
precipitationsheds. We then develop a framework for quali-fall). We apply the precipitationshed as a tool for better un-
tatively assessing the vulnerability of precipitation for thesederstanding the vulnerability of rainfall dependent regions
seven agricultural regions. We illustrate that the sink regiongle.g. dryland rainfed agriculture).
have varying degrees of vulnerability to changes in upwind The paper is organized as follows. First, we explore the
evaporation rates depending on the extent of the precipitaspecific developments in the understanding of moisture re-
tionshed, source region land use intensity and expected landycling and the importance of rainfed agriculture, which led
cover changes in the source region. to the development of the precipitationshed concept. Sec-
ond, we describe the data and methods used to identify
critical precipitation sink regions and the precipitationsheds
for those sink regions. Third, we examine the land cover
1 Introduction found within each precipitationshed and how these contribute
through evaporation to downwind precipitation and how that
Surface watersheds, delineated by topography, are consicontribution might change with land cover changes. Finally,
ered the physical boundary for managing surface water rewe describe future research needs to further develop and ap-
sources, including the management of upstream activitiegly the precipitationsheds concept.
that influence downstream water flows (e.g. Rodkstret
al., 2009). Spatial boundaries for the origin of precipita-
tion have been suggested in previous work (e.g. Dirmeyer
and Brubaker, 2007; Dirmeyer et al., 2009), and recently the
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734 P. W. Keys et al.: Analyzing precipitationsheds

2 Background face receive the majority of atmospheric moisture for precip-
itation from upwind, terrestrial evaporation (e.g. Numaguti,
2.1 Rainfed agriculture 1999; Bosilovich and Chern, 2006; Dirmeyer and Brubaker,

2007; Dominguez and Kumar, 2008; Dirmeyer et al., 2009;
Throughout the world, humans depend on precipitation forvan der Ent et al., 2010). This suggests that terrestrial veg-
a variety of ecosystem servicddi(lennium Ecosystem As-  etation, and its associated evaporation, is a critical factor for
sessment2005. One of the most crucial, yet vulnerable, downwind precipitation. Indeed, humans have already al-
ecosystem services is food production generated from raintered regional and global evaporation through land use and
fed agriculture in drylands. Rainfed agriculture in drylands land cover changeQordon et al. 2005 Rost et al. 20089
constitutes the dominant livelihood for about 500 million leading to regional and global impacts to the climate and
people, or 8% of the world’'s population, many of whom the hydrological cycleBoucher et a].2004 Feddema et al.
live in persistent povertyRockstbm and Karlberg2009. 2005 Pielke Sr et a].2007). Although moisture recycling
Furthermore, drylands are characterized by extreme precipiean be local, it often connects geographically separate re-
tation variability and low soil fertility Reynolds et a)2007), gions with bridges of atmospheric moisture transport, link-
creating additional challenges for sustainable livelihoods.ing upwind evaporation sources with downwind precipita-
Securing and even improving water availability for current tion sinks (e.g. Bosilovich and Chern, 2006; Dirmeyer er al.,
and future food production in these regions is imperative for2009; van der Ent et al., 2010).
food security and economic developmeRbEkstbm et al,
2009. However, improvements in food production through 2.3 The precipitationshed
irrigation are limited in these regions since surface water
(i.e. water in aquifers, lakes and streams) is scarce and cafhe concept of the precipitationshed can be thought of as an
only be made productive in societies with access to, or mean&tmospheric watershed”. The precipitationshed is for pre-
to develop, irrigation infrastructurdolden, 2007). Future  cipitation dependent ecosystems what the surface watershed
increases in food production must thus primarily come fromis for surface water dependent ecosystems (Bigand it is
rainfed agriculture that relies on soil moisture (replenisheddefined as the upwind atmosphere and upwind terrestrial land
by precipitation) (e.g. Savenije, 2000; Molden, 2007; Rock- surface that contributes evaporation to a specific location’s

striom et al., 2009; Foley et al., 2011). precipitation (e.g. rainfall). In this paper we use the concep-
tual framework of precipitationsheds to illustrate how land
2.2 Moisture recycling cover change in one region could affect evaporation, and thus

precipitation, in a geographically separate region. An impor-
In general, precipitation originates as evaporation from thetant distinction is that precipitationshed boundaries are not
oceans or as recycled moisture from terrestrial surfacegleterministic (as with a watershed) but probabilistic. In other
(van der Ent et a)2010. External forcings and climate feed- words, they do not have fixed and deterministic boundaries,
backs (e.g. solar radiation, aerosols and greenhouse gassdsjt depend rather on a threshold of contribution, on the pe-
influence sea surface temperature, and thus largely determimiod of integration, and the moment in time. Understanding
ocean evaporatiorspden and Held2006. Terrestrial evap- the connection between upwind land cover and downwind
oration on the other hand, though in part influenced by cli- precipitation may help to identify both risks and opportuni-
mate Bichet et al, 2011J), is strongly influenced by terres- ties associated with land cover changes. This is particularly
trial vegetation Gerten et al. 2004 Gordon et al. 2005 relevant for societies based on rainfed agriculture, because
Rost et al. 2008, which itself also has bi-directional feed- they already operate at the margins of productivity, so even a
backs with the climate systenkréddes et gl.200% Mill an small decline in precipitation could have disproportionately
et al, 2005 Li et al., 2007 Pielke Sr et al.2007 Pitman  large consequences for agricultural yiel@o¢kstdm et al,
et al, 2009 Kochendorfer and Rairez, 2010 Dallmeyer  2009.
and Clausser011).

The study of moisture recycling, the process by which sur-

face evaporation returns to the land surface as precipitatio® Data and methods
(e.g. Budyko, 1974; Lettau et al., 1979; Koster et al., 1986;
Brubaker et al., 1993; Eltahir and Bras, 1994; Savenije,Specific sink regions were required to empirically explore the
1995), can be useful in quantifying to what extent precip- precipitationsheds concept. Our aim is to identify regions
itation is dependent on local (versus external) or terrestriakthat (1) are located in drylands, (2) contain a high percent-
(versus oceanic) evaporation and thus helps assess the vidge of rainfed cereal-grain agricultural land (growing maize,
nerability of a region to local or external land cover changesmillet, and/or sorghum), and (3) receive greater than 50 %
(Lettau et al. 1979 Savenije 1995 Kunstmann and Jung of the growing season precipitation from upwind, terrestrial
2007 Hossain et a).2009 Jodar et al. 2010. In fact, re-  evaporation. We use data derived from global datasets (arid-
cent studies show that large regions of Earth’s terrestrial surity, rainfed crop production, atmospheric data, Anthromes,
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Fig. 1. Conceptual image of a precipitationshed, with precipitation in the sink region originating from both terrestrial and oceanic sources
of evaporation.

population), and the results and conclusions are thus limitedRamankutty and Foley, 1998; Ramankutty et al., 2008; Mon-
by the various resolutions of the data (ranging from 1.5 de-freda et al., 2008; Thenkabail et al., 2009; Portmann et al.,
grees for the ERA Interim data, to 5arc min for the rainfed 2010). Major efforts to utilize fine scale resolution satellite
cereal data). The reliability of these datasets is consideredata have yielded detailed global land cover maps, includ-
high, based on their current widespread use in the relevarning both irrigated and rainfed croplandRamankutty et al.

fields. (2008 andMonfreda et al(2008 have produced a fine res-
o olution, spatially explicit, agriculture dataset that provides
3.1 Dryland classifications specific cropping calendars for individual grid cellBort-

) ) o mann et al(2010 developed the Monthly Irrigated and Rain-

We are interested in drylands where water is a limiting factorfed Crop Areas around the year 2000 (MIRCA2000) dataset
for agricultural production. Here we use a broad definition which was built largely upon the dataset producedray
of these regions, building dRockstom and Karlber 2009 \5 1 utty et al(2008 andMonfreda et al(2008. There are
use of the FAO-developed Aridity IndeR\): several datasets available within the MIRCA2000 package,
Al — s ) but this analysis requires several specific factors: area har-

- Ep vested for rainfed agriculture, growing season months, and
crop types. Out of the available MIRCA2000 datasets, the

whereAl'is the aridity indexP is precipitation, andtp is o, 5ing heriod list (CPL) dataset is most suitable for this
potential evaporationRockstom and Karlberg2009. The research

Al was produced as a global dataset at the 30 arc min reso- The CPL dataset was produced at a fine resolution

lution, derived from measurements of reference evaporatiorz5 arcmin) and differentiated between rainfed and irrigated

;?(T%it;ztgevgrﬂgg[ehﬂsof?;erghthiqléaptg‘ Iclz?_nze(t) 32,{;33&’, cultivation. The dataset includes 26 crop types, with up to six

et al, 2009. Rockstbm and Karlberg2009 réclassified the subcrops of a given crop type; subcrop; being defined as the

glob:';ll dataset into four categories: arkd £0.20): semi-arid same crop planted during different growing seasons through-
’ o out the planting year. Finally, the dataset includes the area

(Al 0.20 t0<0.50); dry-subhumidAl 0.50 t0<0.65), and o .
humid (AI>0.65). Using these classified areas, we Catego_harvested and the specific monthly bounds for the growing
eason, for each crop.

rize arid and semi-arid as water-constrained, and it is found® _
Dryland cereals were chosen as the target crops for this

that 50 % of the earths terrestrial land surface falls in this X .
cate analysis because they are the staples for many rainfed, small-
gory. . .
holder farms. Maize, millet, and sorghum were selected be-
3.2 Rainfed cereal data cause they share a similar growing season, whereas wheat
was found to have a very different growing season. This
Global food production has been quantified and gridded withgrowing season information was critical as this research aims
increasing accuracy and resolution over the last decade (e.¢o understand the specific growing season moisture recycling
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characteristics, not annual averages. Additional informationwherePg, is the precipitation in the sink regian (defined by
on the datasets available in the MIRCA2000 dataset may béongitudexg, latitudeyq, surface area and a shapeg).
found in the online MIRCA2000 data portal; the link to the Specifically, we calculated for each grid cell the amount of

data portal is given in the referencé®ftmann et a]2010. evaporationEg going to the sink regio2, meaning that it
travels through the atmosphere to end as precipitatigin
3.3 Sources of the growing season precipitation the sink regior. IntegratingEq, over all grid cells, whereby

. . o i andj are the indices of the cells anpdandm are the num-
Followingvan der Ent et a(2010, the continental precipita-  bers of grid cells respectively along a parallel and a meridian
tion recycling ratiop. (also referred to as the moisture recy- it holds for the growing seasarthat the precipitation in the

cling ratio, or recycling ratio) indicates which fraction of the sink region is equal to all evaporation that comes to the sink
precipitation originates from terrestrial evaporation sources:region.

P, P,

Pe= POT‘PC = FL )
4 Results
where P, is precipitation of continental origin (i.e. most re-
cently evaporated from a terrestrial source), &k precip- 4.1 Sink region identification
itation of oceanic origin (i.e. most recently evaporated from ) )
an oceanic source). In this paper we use the water accountingVeraying the maps of (1) dryland (water constrained) re-
model (WAM) ofvan der Ent et a2010) to computep. for gions, (2) rainfed agrlqultura! regions and (3) co.ntlnentallre—
the growing season. cycling dependent reglons.ylelds seven terrgstrlal recyclmg-

The meteorological input data for the WAM are taken from dependent, water constrained, rainfed agricultural sink re-

the ERA-Interim ReanalysisBerrisford et al, 2009 Dee gions (hereafter, “sink regions”) (Fi@). The reason there is
et al, 201). We use precipitation and evaporation (3 h in- not more overlap between water constrained areas and rain-

tervals), as well as: specific humidity, zonal and meridional f€d agricultural areas (brown and light blue, respectively in

wind speed at the lowest 24 pressure levels (175-1000 hp&9: 2,)_' is 'par.tly due to ',[he fact that thg water constrained
hectopascals), and surface pressure (6 hour intervals) in Olg’lassmcatlon includes arid and hyper-arid desert areas, where

der to calculate the vertically integrated, horizontal moisturelN€ Only cultivation that occurs is fully irigated. The areas
fluxes and precipitable water. All meteorological data arethat are both water constrained and contain rainfed agricul-

available at a 15latitudex 1.5 longitude grid. The data ture (indicated in green) are further filtered based on the frac-
used in this analysis cover the period from 1999 to 2008. tion 9f growing season precipitatiqn that Qriginates from ter-
Limitations associated with vertically integrating moisture restrla_l sources. This is c_ieplcted n '():mw'th the moisture
fluxes may include potential distortions in areas where ther ec())/clmg ratio scale ranging from 50 % (y_el_lovx_/) toas h'gh. as
is large heterogeneity in the atmospheric column. For ex- 9% (royal blue) of growing season precipitation originating

ample, in West Africa, there can be near surface dynamic?S terrestrial evaporation.

related to the Intertropical Convergence Zone (ITCZ), while "€ Seéven sink regions are named based on the countries
the high altitude dynamics, such as the African or Tropi- O €gions in which they are located: Argentina, Southern
cal Easterly Jet, move in a different direction. However, aSAfrlca, the Western and Eastern Sahel, Pakistan-India, East-

demonstrated by van der Ent et al. (2010), the large-scal€™ China, and Northern China. The sink regions range
features of regional and global moisture fluxes are preservedn Size from 4.5 million to 137 million square kilometers
We refer tovan der Ent et al(201Q andvan der Ent and (Table 1). Notably, growing season rainfall is less than

Savenije(2011) for further details on assumptions and limi- 600 millimeters (mm) per growing season in all sink regions,
tations. with most regions below 500 mm. Also, these seven sink re-

gions contain 53% of the globally cultivated hectares (ha) of
3.4 Precipitationshed backtracking analysis rainfed maize (29%), millet (70.5%), and sorghum (38%) oc-
curring in water-constrained regions. This fraction of water-
In order to calculate the precipitationshed for a sink regionconstrained, rainfed cultivation is indeed significant and the
(Fig. 1), we adapt the Water Accounting Model (WAM) of areas are consistent with priority areas of global development
van der Ent et al(2010, which allows for the backtracking (€.9. Rockstdm and Karlberg, 2009; Rockstn et al., 2009;
of precipitation from a specific sink region in order to iden- Boelee, 2011; Foley et al., 2011).
tify the sink’s evaporative sources. For the adapted WAM- We chose to focus on sink regions that are strongly rain-
based backtracking method, it holds that: fall dependent. However, water supplies can enter these re-
gions from other sources (e.g. surface runoff, groundwater)

o and there could be local hydrological interactions that are un-
Po(t,xq,ye,Aq,5) = / / Eq(t,xi,yi), (38)  accounted for in our analysis. Any analysis of local scale hy-
i=0j=0 drological interactions is both outside the scope of this work,

Biogeosciences, 9, 73346, 2012 www.biogeosciences.net/9/733/2012/
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Table 1. Characteristics of the recycling dependent water constrained rainfed agricultural regions (sink regions). The three staple crops used
in this analysis (maize, millet, and sorghum) were grown in all seven of the sink regions. Evaporation and precipitation data were taken from
the ERA-Interim archive.

Region Area size Growing season Nations within Sum of the rainfall Rainfall during the Rainfall originating from

(10°km?) sink region during the growing season as a fraction of  terrestrial sources during
growing season (mm) the yearly precipitation the growing season

Argentina 4.5 Nov—Mar Argentina 583 59% 57%

East China 35 May-Sep China 419 79% 64 %

Eastern Sahel 54 Jun—Oct Chad, Eritrea, Sudan 452 93% 59 %

North China 20 May—Sep China 334 81% 2%

Pakistan-India 30 Jul-Nov India, Pakistan 339 78 % 55 %

Southern Africa 20 Dec—Apr Botswana, South Africa 343 64 % 54 %

Western Sahel 137 Jun—Oct Benin, Burkina Faso, 301 93% 64 %

Cameroon, Chad, Mali,
Mauritania, Niger, Nigeria

Legend
Rainfed agriculture (RA)

o

Water constrained (WC) 4
- Water constrained, rainfed agriculture (WCRA) \\ L_@‘.;‘.'Q.
|:| Sink region borders af? ?’3“" ] ‘ !
Moisture recycling ratio ) (l' "v ‘/ ) 19

AN D O
QQ?QQ?Q@Q@Q,'\

S XY
ISIENEN NN

Fig. 2. Seven sink regions with rainfed agriculture, that are vulnerable to land cover change altering precipitation. The regions outlined in
black are(a) located in water-constrained dryland®ftmann et a).2010, (b) dominated by rainfed agricultur®ockstbm and Karlberg

2009, and(c) are dependent on terrestrial evaporation for more than 50 % of their growing season precipitatider(Ent et a].2010.

Note that even though the sink regions are not green (which would indicate they are a WCRA region), they are in fact all water-constrained
and dominated by rainfed agriculture.

as well as beyond the resolution of the data and models emprecipitationshed encompasses the entire globe (Eq. 3); this

ployed in the analysis. could be considered the 100 % precipitationshed. However,
o _ most grid cells contribute very small amounts of evaporation,
4.2 Precipitationshed backtracking so in order to identify an analytically useful, spatially explicit

boundary for the precipitationshed, a user-defined threshold
For each of the seven sink regions we obtain evaporation datg, st be set. After a preliminary sensitivity analysis, the 70 %
that falls as growing season precipitation (gridded at the 1.5 threshold was used to ensure that the origin of a considerable
latitudex 1.5” longitude resolution). This evaporation data gmount of the growing season precipitation was included,
can be expressed as absolute evaporation 8aidirst scale),  while still retaining a boundary that was analytically useful
as a fraction of the grid cell's total evaporation (Fay, first  for the land-use and vulnerability analysis (see Bjg.Note
scale), or as a fraction of several grid cell's contribution to theh ot this user-defined threshold influences the shape and size
total precipitation in the sink region (Fi@, second scale). of the precipitationshed (described in Fig. S1; also seeFig.
However, this is not yet a spatially explicit precipitation- 5nq S2-S7).
shed. If every grid cell contributing even the smallest fraction
of evaporation to sink region precipitation is included, the

www.biogeosciences.net/9/733/2012/ Biogeosciences, 9, 7832012
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o0 1 2 3 4 5 10 15 20 25
evaporation in the source region contributing to the sink region [mmy/growing season]

I e )
26 31 39 50 64 68 71 76 83
cumulative precipitation in the sink region evaporated from the source region [%)]

0 04081216 2 4 6 8 10
fraction of the evaporation in the source region contributing to the sink region [%]

I e [
17 21 26 33 53 58 64 71 78

cumulative precipitation in the sink region evaporated from the source region [%]

Fig. 3. Precipitationsheds of the West Sahel sink regi@):The absolute precipitationshed of the West Sahel sink region (yellow border),
expressed in terms of absolute evaporation mm/growing season contributed to sink region precifiifaliba;relative precipitationshed

of the West Sahel sink region (yellow border), expressed in terms of a fraction of the evaporation contributed to sink region precipitation.
The second color scale {@) and(b) indicates which percentage of the precipitation in the West Sahel region is generated within the area
indicated by the corresponding colors. The pink bordefbin(= the gray border in Figd) is the relative precipitationshed for the West

Sahel region (at 70 % contribution). The West Sahel sink region receives an average of 301 mm of precipitation per growing season. See
Supplemental Figs. S2—S7 for the absolute and relative precipitationsheds of the other six sink regions.

The precipitationshed is more dynamic than the relativelywith other climate variations from before or after this period
static boundary of a surface watershed, given that the bounds outside the scope of this study, but could be explored in
ary is dependent on the defined threshold, and climatologicaluture research. Additionally, the authors acknowledge that
phenomena that fluctuate both intra- and inter-annually. Furthe EI Nino Southern Oscillation (ENSO) or similar events
thermore, the precipitationshed boundaries depicted in Fig. £ould indeed alter the precipitationshed boundaries.
reflect the mean boundary for the years 1998-2008, which The interannual variability of the precipitationsheds an-
is the range for which reanalysis data were available. Un-alyzed in this paper is generally in the order of 8-35% of
derstanding whether and how these boundaries might chang@e average precipitationshed size. The maximum we found

Biogeosciences, 9, 73346, 2012 www.biogeosciences.net/9/733/2012/
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for Pakistan (35 %) and the minimum for North China, East4.4 Precipitationsheds of all the sink regions
China and West Sahel (8 %). For more details see Fig. S8

and Table S1. Figure 4 illustrates the 70 % precipitationshed boundary for
all seven sink regions based on the relative precipitationsheds
4.3 Precipitationshed of the West Sahel region (Fig. 3b and Figs. S2b—S7b). It is apparent that the Argentina

and the South-Africa regions obtain most of their precipita-

With the West Sahel region as an example, Fig. 3 presentgion from nearby, whereas the precipitationsheds of the other
two different methods for visualizing and bounding the pre- regions are much |arger (See also Tab)e Also, the spa-
cipitationshed. Figure 3a depicts the absolute precipitationtial extent and the shape of the precipitationsheds generally
shed, emphasizing the grid cells that contribute the largesteflect prevailing storm tracks and wind directions.
absolute amount of evaporation to sink region precipitation. Trans-desert moisture advection, such as that visible in
Fig. 3b depicts the relative precipitationshed, emphasizingrig. 3 appears to provide much of the moisture for many of
those grid cells from which the largest relative amountsthe sink regions, however might be overestimated by a pos-
of their evaporation contribute to sink region precipitation. teriori moisture tracking models such as the WAM model.
While the absolute precipitationshed is useful for identify-  validation of the identified precipitationsheds is beyond
ing the regions that currently contribute the most evaporationhe scope of this paper, however future work could apply
to sink region precipitation, the relative precipitationshed is multiple methods towards this end.
useful for understanding where land cover changes would be The absolute precipitationsheds are interrupted by vast ar-
particularly important, in terms of altered evaporation. eas of no contribution (e.g. if there is a desert), and then

It should be noted that teleconnected phenomena are n@{ave significant contribution much further away (e.g. precip-
included in these precipitationsheds, and only direct contri-itationsheds of Western Sahel, Eastern Sahel, Pakistan-India,
butions of evaporation are represented. The influence of teleand Eastern China). The relative precipitationsheds are spa-
connected phenomena (e.g. the EidlBouthern Oscillation, tially contiguous (lacking the fragmentation of the absolute
ENSO) is beyond the scope of this research, but is worth exprecipitationsheds), including areas of potential (but not cur-

ploring in the future. rent) evaporation contribution.
In both the absolute and relative precipitationshed of the

Western Sahel (Fig3a and b) we can see a pattern where

grid cells that are generally closer to the sink region con-5 Using the precipitationshed as a tool to understand
tribute more both in absolute and relative terms. This is con- ~ Vulnerability

sistent with the precipitationsheds of the other sink regions o ) o
(see Supplement Figs. S2-S7). Terrestrial surfaces represehf'€ Strength of the precipitationshed approach is the explicit

77 % of the Western Sahel precipitationshed, while oceanidnclusion of the distant land surface that contributes evapo-
surfaces comprise the remaining 23 % (Tadjle ration to precipitation. This allows for the examination of

A large amount of evaporation originates within the West- (€ impacts of land cover change on evaporation rates and
ern Sahel sink region (Fig), which is an indicator of high ~SuPsequent precipitation in downwind sink regions.

local moisture recycling, which has been noted in other :stud-5 1 Land cover and vulnerabilit
ies (Koster et al. 1986 Savenije 1995 Nieto et al, 2006 ' y

Dekker et al, 2007 van der Ent and Savenjjé01]). There  \yg geveloped a qualitative framework to assess the sensi-
is no absolute contribution from the nearby Sahara 8. ity and susceptibility of sink region precipitation to land
however, the large relative contribution suggests that enqer changes in the precipitationshed. The framework con-
hanced absolute evaporation in the Sahara could have a larggsis of two primary features:

effect on the precipitation in the Sahel. The strong contri-

butions evident in the Mediterranean region are potentially 1. Distribution of land cover and intensity of land use
an artifact of the model being unable to resolve differences within each precipitationshed.

between humid and dry source regions. This issue has been

identified in previous work, using similar methods, notably 2+ Plausible land cover changes in the precipitationshed
the work of Dirmeyer and Brubaker (2007). that can substantially decrease, or increase evaporation.
The detailed precipitationsheds for the other six regions  thg analysis uses the relative precipitationshed for each

are shown in the Supplementary Figs. S2-S7. The 70 % presjny region (the 70 % precipitationsheds in Fig. 4), because

cipitationshed boundaries are given for all regions in Fig. 4.¢ rejative boundary captures the potential contribution of
For these precipitationsheds we analyze the land cover and, ., grid cell.

identify the vulnerability of the sink regions to land cover  \ve use the Anthromes 2.0 dataset friitis et al.(2010

changes. to characterize land cover in the precipitationsheds. An-
thromes comes from the combination of the words anthro-
pogenic and biomes, emphasizing the fact that nearly all

www.biogeosciences.net/9/733/2012/ Biogeosciences, 9, 7832012
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Table 2. This table depicts the re-classification of the Anthromes 2.0 categories based on general land cover characteristics

(Ellis et al, 2010.

Original Anthrome Categories

Re-classified Anthrome Categories

Dense
Settlements Urban
Mixed
Villages Rice
Irrigated
Rainfed
Pastoral
Croplands Residential irrigated croplands
Residential rainfed croplands
Populated rainfed croplands
Remote croplands
Rangelands Residential rangelands

Populated rangelands

Remote rangelands
Semi-natural lands

Residential woodlands

Populated woodlands

Remote woodlands

Inhabited treeless and barren lands

Wildlands Wild wildlands
Wild treeless and barren lands
No Data No Data

Dense
Settlements Urban
Mixed
Rice & Irrigated Rice
Cropland Irrigated
Residential irrigated croplands
Rainfed Cropland  Rainfed

Residential rainfed croplands
Populated rainfed cropland
Remote croplands

Rangelands Pastoral
Residential rangelands
Populated rangelands
Remote rangelands
Woodland Residential woodlands

Populated woodlands
Remote woodlands
Wild woodlands

Barrenland Inhabited treeless and barren lands
Wild treeless and barren lands
Oceans Oceans
No Data No Data

West-Sahel

Argentina East-China North—China East-Sahel Pakistan South-Africa

Fig. 4. The relative precipitationsheds (at 70 % precipitation contribution) for all seven sink regions in this study. The darker colors indi-
cate the sink regions (see Fig). and the lighter colors indicate the precipitationshed borders. The gray border of the West-Sahel region
corresponds with the pink border in Figh. The other colors corresponds to the pink border in Supplement Figs. S2b—-S7b.

global terrestrial surfaces are now altered by human soci- We aggregated the 19 terrestrial Anthromes categories into
eties Ellis and Ramankutty2008 Ellis et al, 2010. As 6 categories with similar evaporation characteristics (e.g. in-
compared to a conventional biomes dataset that only porhabited treeless & barren lands are grouped with wild treeless
trays terrestrial vegetation regardless of human activity, the& barren lands). In this way, the data were more easily in-

Anthromes dataset was chosen for this analysis becauserpreted in terms of potential evaporative effects from major

the Anthromes dataset captures where and how land covdand cover changes. The re-classification of land covers is
has changed through time, primarily due to human-inducedlescribed in Tabl2.

changes.
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Table 3. Land use within the seven precipitationsheds, using the reclassified Anthromes.

Precipitationshed No Data Ocean Barrenland Woodland Rangeland Rainfed Rice and irrigated Dense

cropland  cropland settlements
Argentina 1.8% 23.0% 25.8% 10.7% 20.8% 15.6 % 1.5% 0.8%
East China 1.9% 17.8% 8.4% 25.8% 26.3% 13.3% 5.8% 0.7%
Eastern Sahel 2.7% 241% 21.5% 10.0% 22.5% 16.1% 2.2% 0.9%
North China 2.3% 14.0% 10.3% 33.8% 22.9% 12.5% 3.6% 0.6%
Pakistan-India 2.9% 243% 11.6% 18.5% 18.2% 18.5% 5.3% 0.7%
Southern Africa 1.1% 55.7% 0.7% 6.5% 31.0% 4.7% 0.2% 0.1%
Western Sahel 1.8% 23.0% 25.8% 10.7% 20.8% 15.6 % 1.5% 0.8%
Totals 2.1% 26.0% 14.9% 16.6% 23.2% 13.8% 29% 0.7%

Additionally, gridded population data were included in the within the sink region falling as precipitation within the sink
analysis to characterize the precipitationsheds in terms ofegion. Therefore, internal land cover changes could also be
the raw number of people. The NASA-sponsored Socioecoimportant to the stability of growing season rainfall.
nomic Data and Applications Center (SEDAC) provided the
Gridded Population of the World (GPW) version 3 dataset,5.3 Changes in evaporation from land cover change
for the year 2000 (CIESIN, 2005). The data were comprised
of 400 000 sub-national units (ranging from sub-national ©0The columns in Table4 depicting potential land cover
national), and were gridded at the 0.5 degree resolution. Thepanges that increase or decrease evaporation, represent im-
70 % precipitationsheds were intersected with the g”ddedportant land cover changes that could affect downwind pre-
population dataset to estimate the number of people that 0Gsipjtation. Here are some examples that can decrease evap-
cupy each precipitationshed (Table 4). oration. Irrigated land has high evaporation, but excessive

Note that the vulnerability of a sink region is described in irrigation can lead to salinisation of soils, and thus to aban-
terms of sensitivity and susceptibility to land cover changesdonment of land altogether. Urbanization can lead to in-
only. This analysis does not say anything about the vulneracreased competition over arable land, converting high evap-

bility in terms of adaptive capacity. oration areas that are formerly rainfed and irrigated to lower
evaporation urban areas. Forests also have high evaporation,
5.2 Results of the land cover analysis and thus deforestation can significantly reduce evaporation

(Bosch and Hewleft1982 Zheng and Eltahjr1998 Gor-

Aside from oceanic surfaces, the dominant land covers acrosdon et al, 2009. Finally, land degradation in any land use
the precipitationsheds are rangelands, closely followed bycategory can also reduce evaporation because barren land-
rainfed croplands, and woodlands (TaB)e This is impor- ~ scapes, with very low net primary production, have the low-
tant because rangelands are particularly susceptible to rapi@st evaporation of all land covers. It should be noted that
and chaotic changd.émbin et al, 2001), from overstocking the actual effect of rigorous land cover change might very
and pasture fragmentation leading to soil degradation, los¥vell be increased sensible heat fluxes and changes in wind
of species diversity, or loss of forage crops. This chaoticpatterns (e.gWerth and Avissar2002 Makarieva and Gor-
change often leads to a degraded or barren state, with corréhkov 2007 Goessling and Rei¢i011).
spondingly lower evaporatiomMilton et al,, 1994). Afforestation and increased irrigation can increase evapo-

Based on current land cover, we assigned each precipita-ation rates in the precipitationshed. It should be noted that
tionshed a land use intensity ranging from very low to very an increase in evaporation does not necessarily lead to an
high. For example, we defined rainfed croplands as more inincrease in precipitation, because conditions that lead to con-
tense than rangelands, which were more intense than woodection must also be present; however, these conditions are
lands. This intensity rating was based on the continuum deusually present during the growing (rainy) season (€igd-
rived from population and land use Eilis and Ramankutty ~ €ll and Eltahiy 2003 Tuinenburg et a).2011).
(2008. All of the precipitationsheds are experiencing at least Table 4 contains plausible land cover changes that could
moderate land-use intensity, with most experiencing eithethave a large effect in the seven identified precipitationsheds.
high or very high. High land-use intensities were dominatedFor example, in the Chinese precipitationsheds we expect to
by rangelands and rainfed croplands, while very high intensi-see increased salinisation of rice and irrigated croplands, pri-
ties also had significant rice and irrigated areas (Tabkesd marily in Northern ChinaNlolden 2007). Extensive defor-
4). Many of the sink regions experience a high percentageestation in Outer Mongolia may be counteracted by ongo-
of internal moisture recycling, which refers to evaporation ing afforestation in the Gobi Desenténsen et al.2010.
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Table 4. Analysis of the vulnerability of the sink regions to land cover changes in the precipitationsheds, in terms of (a) current land-use
intensity, (b) whether land cover change is expected to increase/decrease precipitationshed evaporation, (c) the number of countries in th
precipitationshed, and (d) the spatial size of the precipitationshed.

. Potential Sink
0, .
Potential Land-use . 70 /0 Region
Land- Land-use Changes | Number of Population Relative Vulner-
Changes : ) . in Precipi- Precipita- .
. use - Increasing | Nations in : . ability
Region Decreasing - tationshed tionshed
Inten- S Evapora- Precipita- -~ to
. Evaporation in o . (millions of Area
sity tion in the tionshed - Land-
the - people) (million
S Precipita- 2 use
Precipitationshed tionshed km#<) Change
g
s/ S|8|68| 85| . 3
218|902 | T| © S - =
N| 2| o] N 7] = g 9
c| 2|9 || o ) o o
S22 8| s | € |l &
8 g5 %~ :
-
Argentina| Med. XX X 7 114 19.4| 7.2 | Med.
East very | x| X X | X 29 2294 | 37.1| 28.6 | High
China high
Eastern | i X | X X | X 72 719 325 24.7 | Med.
Sahel
North | igh | X[ X | X | X | X | X 23 1589 | 34.0| 20.0 | High
China
Pakistan-|  Very | X X | X 16 184 | 38.4| 26.7| Med.
India high
southern | e | X X X | X 15 135 | 14.0| 65 | Med.
Africa
V\ge;;j” High X | X X | X 83 991 33.1| 25.6 | Med.

Extensive urbanization is taking place, particularly in the Sahelian precipitationshedBducher et al.2004. The Ar-
eastern precipitationshed of the Northern China sink regiorgentina precipitationshed is potentially vulnerable to defor-
(Chen 2004. In the Pakistan-India precipitationshed we ex- estation east of the Andes, a major evaporation source, and
pect potential reductions in evaporation from abandonmenfrom overgrazing in the Pampa¥iglizzo and Frank20086.

of rice and irrigated cropland due to salinisatidvio{den, This could potentially be counteracted by irrigation and wa-
2007. However, this could be counteracted by afforestationter harvesting in the Pampas. Finally, in Southern Africa,
in Europe Foley et al, 2009. Both the Sahelian precipita- overgrazing and salinisation in the surrounding areas of the
tionsheds are vulnerable to deforestation in the Congo andink region may reduce evaporation, while afforestation, ir-
West Africa, the draining of the Sudd wetlands in the Nile rigation, and water harvesting in nearby rangelands may in-
Basin, as well as to degradation of rangelands and croplandsrease evaporatiois{ringer and Ree®007).

within the sink regions themselvesgmbin et al, 200%,

Hansen et al.2010 Mohamed et aJ.2004. However, ir-

rigation expansion in the normally dry areas of Southern Eu-

rope and Northern Africa may increase evaporation in the
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5.4 Assessing overall vulnerability of sink regions to However, in several cases the datasets are new releases,
land cover change such as the rainfed cereal datBo(tmann et a).2010,
and therefore cross-validation is considered difficult. Fur-
In order to determine the potential sink region vulnerabil- thermore, some of the datasets lack a suitable alternative
ity to changes in upwind land-use (and evaporation), cur-since they represent the “state-of-the-art”, e.g. the Anthromes
rent land-uses were compared with observed and expectegatasetEllis et al, 2010, and thus a suitable comparison for

changes in land-cover. Of notable importance was considcross-validation of the results is not currently available.
ering whether there was a high potential for rangelands to

expand, because of the susceptibility of these landscapes to

transition to degraded stateédi(ton et al., 1994 (Table3 and

Table4). We estimate the Chinese sink regions to have the6 Summary and conclusions
highest vulnerability of the seven sink regions, primarily due

to the fast-paced, potentially evaporation-altering land covefye have introduced and developed the concept of precipi-
changes; e.g. expansion of urbanization, expansion of iffiyationsheds, defined as the upwind atmosphere and surface
gated cropland, deforestation throughout East and Southeag{yt contributes evaporation to a specific location’s precipita-
Asia, and afforestation of Northern China. Additionally, the tjon. This analysis has aimed to further integrate the fields of
Chinese sink regions had the largest precipitationshed popmgisture recycling, land cover change, and dryland, rainfed
ulations, both exceeding 1.5 billion people, suggesting thergygricyiture. We have focused the analysis on dryland rain-
was a high potential for additional human-induced changeseq agriculture because it is a livelihood that is particularly
in land-cover. The other five sink regions have an estimatedy,sceptible to even small changes in rainfall. Increased un-
vulnerability of medium, because the impact of land cover yerstanding regarding the sources of growing season rainfall

change on evaporation is considered relatively balanced begr gryland farmers could lead to increased adaptive capacity
tween increases and reductions in evaporation (Téble on the farm Boelee 2011).

From a policy perspective, future water management in
rainfed ecosystems may need to broaden to include coordi-

In parallel with land use change, climate change can signifﬂation of land-use policies, from local to international levels.
icantly alter the precipitationsheds via atmospheric impactgrecipitationshed management institutions, similar to trans-
(e.g. large-scale changes in the jet stream), terrestrial imboundary river organizations like the Mekong River Com-
pacts (e.g. changes in the distribution of terrestrial biomesynission, may be required to facilitate dialogue between up-
(e.g. Feddema et al., 2005), or coupling of the two. With wind and downwind activities within the precipitationshed.
climate change, current state of the art climate models preSpecifically, upwind and downwind stakeholders would need
dict a robust poleward migration of the mid-latitude jets, asto have their respective rights acknowledged, specifically
well as an expansion of the Hadley Circulatidhgehl etal,  rights to pursue their own livelihoods. However, precipi-
2003. Both of these consequences of anthropogenic climatdationshed management institutions will understandably re-
change could affect the transport of moisture between sourcguire rigorous quantitative simulations and analysis for any

5.5 Climate change impacts to precipitationsheds

and sink regions in the precipitationsheds. of their recommendations to be practical for use in govern-
ment.
5.6 Data reliability and the validation of the findings In the short-term, precipitationshed analysis may enable

. roactive assessments of the long-distance (teleconnected)
Several of the datasets have alternatives that enable Crosgga s of major land-use changes such as through REDD

vaIidgtion. For example, to vaIqute _the precip_itatio_n back- (Reducing Emissions from Deforestation and Forest Degra-
tracking and the resultant precipitationsheds in this SIUdydation) million-tree campaigns, or desertification trends.
another reanalysis dataset, such as NCE&nay et al, ’ ) T

1999 or MERRyA (Bosilovich et al, 2011 co:}dybe em- Future work using the precipitationsheds framework
ployed to compare to the ERA Inte,rim-ba'sed resuBEr(is- should aim to quantify how specific land cover c_hanges
ford et al, 2009. General intercomparisons of these datasets(e'g' from forest to savannah) affect local evaporation, and

are given by Lorenz and Kunstmann (2011) and Trenbertfiownwind precipitation. Likewise, it. is important to under-
et al. (2011) and show that ERA-Interim does a relatively §tand how these affec;s to evaporation change with both lat-
good job compared to other reanalyses, particularly in the|tude and season. This type of information may eventually

most recent decades. Likewise, the vulnerability analysisprovide dryland agricultural regions with enough informa-

could be strengthened with explicit land-use change pro_t|on to adapt to significant changes in upwind land cover.

jections, rather than the literature review-based method em- This work demonstrates that seemingly separate parts of
ployed herein. Earth’s biophysical system are interlinked with its social sys-

tems. Indeed, our results and analysis suggest that food se-
curity in some of the world’s most water-constrained rainfed
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agricultural regions could be very sensitive to distant landChen, J.: Rapid urbanization in China: A real challenge to soil pro-

cover changes. tection and food security, Catena, 69, 1-15, 2004.

Dallmeyer, A. and Claussen, M.: The influence of land
Supplement related to this article is available online at: cover change in the Asian monsoon region on present-day
http://www.biogeosciences.net/9/733/2012/ and mid-Holocene climate, Biogeosciences, 8, 1499-1519,
bg-9-733-2012-supplement.pdf doi:10.5194/bg-8-1499-2012011.
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