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Abstract. Recent research has revealed that upwind land-use
changes can significantly influence downwind precipitation.
The precipitationshed (the upwind ocean and land surface
that contributes evaporation to a specific location’s precipi-
tation) may provide a boundary for coordination and gover-
nance of these upwind–downwind water linkages. We aim
to quantify the variability of the precipitationshed bound-
ary to determine whether there are persistent and signifi-
cant sources of evaporation for a given region’s precipita-
tion. We identify the precipitationsheds for three regions (i.e.,
western Sahel, northern China, and La Plata) by tracking at-
mospheric moisture with a numerical water transport model
(Water Accounting Model-2layers, or WAM-2layers) using
gridded fields from both the ERA-Interim (European Re-
analysis Interim) and MERRA (Modern-Era Retrospective
Analysis for Research and Applications) reanalyses. Precipi-
tationshed variability is examined first by diagnosing the per-
sistence of the evaporation contribution and second with an
analysis of the spatial variability of the evaporation contri-
bution. The analysis leads to three key conclusions: (1) a
core precipitationshed exists; (2) most of the variance in the
precipitationshed is explained by a pulsing of more or less
evaporation from the core precipitationshed; and (3) the re-
analysis data sets agree reasonably well, although the degree
of agreement is regionally dependent. Given that much of the
growing-season evaporation arises from within a core precip-
itationshed that is largely persistent in time, we conclude that
the precipitationshed can potentially provide a useful bound-
ary for governing land-use change on downwind precipita-
tion.

1 Introduction

Moisture recycling is the phenomenon of evaporation trav-
eling through the atmosphere and returning as precipitation
downwind (e.g.,Koster et al., 1986; Eltahir and Bras, 1994;
Savenije, 1995; Gimeno et al., 2012). Studies of continental
moisture recycling, whereby evaporation from land upwind
returns as precipitation to land downwind, conclude that a
large fraction of the global land surface receives precipita-
tion that was evaporated from other land surfaces (e.g.,Let-
tau et al., 1979; Yoshimura et al., 2004; Dirmeyer et al., 2009;
van der Ent et al., 2010; Goessling and Reick, 2013). Some
of these studies specifically focus on the possibility that
land-use change can impact terrestrial moisture recycling and
therefore rainfall in different regions (e.g.,Dominguez et al.,
2009; Bagley et al., 2012; Tuinenburg et al., 2012; Bagley
et al., 2014; Lo and Famiglietti, 2013; Rios-Entenza and
Miguez-Macho, 2013; Salih et al., 2013; Wei et al., 2013).
In order to understand the spatial patterns of regions that po-
tentially can influence rainfall elsewhere,Keys et al.(2012)
introduced the concept of theprecipitationshed: the upwind
ocean and land surface that contributes evaporation to a spe-
cific location’s precipitation (see Fig. 1). The precipitation-
shed concept has previously been used to highlight several
regions in the world where local livelihoods are closely de-
pendent on rainfed ecosystems, and why land-use changes in
these regions’ precipitationsheds could have significant con-
sequences for these societies.

Published by Copernicus Publications on behalf of the European Geosciences Union.



3938 P. W. Keys et al.: Variability of precipitationsheds

Figure 1. Conceptual precipitationshed; reprinted fromKeys et al.
(2012), published in Biogeosciences in 2012 (shared under the Cre-
ative Commons Attribution 3.0 License).

Moisture recycling has been explored by previous stud-
ies on both seasonal and interannual timescales, and at both
global and regional spatial scales. At large spatial scales,
mid- and high-latitude continental regions tend to experi-
ence continental (i.e., terrestrial) moisture recycling, while
low-latitude regions are more strongly influenced by oceanic
sources of moisture (e.g.,Koster et al., 1986; Numaguti,
1999). Other work has suggested that proximity to coastal
regions increases the fraction of moisture of oceanic origin
(e.g., Risi et al., 2013). At both global and regional spa-
tial scales, moisture recycling in wet years and dry years
can be substantially different (e.g.,Dirmeyer et al., 2013b).
For example, sub-Saharan wet season precipitation may be
more directly related to divergence and convergence of mois-
ture over continental regions upwind, rather than evapora-
tion rates in adjacent regions of the Atlantic Ocean (e.g.,
Druyan and Koster, 1989). Likewise, in the Mississippi River
basin, oceanic evaporation dominates wet-year precipitation,
while local, continental evaporation is important during dry
years (e.g.,Brubaker et al., 2001; Chan and Misra, 2010).
In the Amazon, many studies suggest that, though advection
of oceanic moisture is a very important source of precipi-
tation, terrestrial recycling is also a very important process
for sustaining regional rainfall (e.g.,Eltahir and Bras, 1994;
Bosilovich and Chern, 2006; Drumond et al., 2008; Gimeno
et al., 2012; Spracklen et al., 2012). Large-scale modes of cli-
mate variability, such as the North Atlantic Oscillation or the
El Niño–Southern Oscillation (ENSO) have also been shown
to have marked effects on moisture recycling variability (e.g.,
Sodemann et al., 2008; van der Ent and Savenije, 2013).

Global moisture recycling analyses commonly use global
climate reanalysis data, with each data set having differ-
ent strengths and weaknesses. Previous studies have fo-
cused on the differences in precipitation and evaporation be-
tween reanalysis data, illustrating some discrepancies (e.g.,

Bosilovich et al., 2011; Rienecker et al., 2011; Lorenz and
Kunstmann, 2012). Trenberth et al.(2011) provide a compre-
hensive comparison of global atmospheric moisture transport
from ocean to land across multiple reanalysis data sets, fo-
cusing primarily on the ERA-Interim (European Reanalysis
Interim) and MERRA (Modern-Era Retrospective Analysis
for Research and Applications) reanalyses. However, less is
known about the sensitivity of specific upwind–downwind
moisture recycling dynamics (i.e., the precipitationshed) to
specific reanalysis data.

In order to determine whether the precipitationshed is a
useful tool for relating upwind land use with downwind pre-
cipitation, the underlying variability of moisture recycling
must be quantified. In this work we capture moisture recy-
cling relationships using a precipitationshed framework to
quantify variability in time and space. Specifically, we aim
to address three main questions:

1. How do precipitationsheds differ between reanalysis
data sets?

2. Are there core areas of a given sink region’s precipita-
tionshed that persistently contribute significant volumes
of evaporation every year?

3. How do precipitationsheds vary on interannual
timescales?

We first analyze how different data sets influence the mean
precipitationshed by comparing two different reanalysis data
products. We then explore the dominant spatial patterns
of precipitationshed variability through time (i.e., 1979 to
2012). This is done for three specific precipitation sink re-
gions, using two different methods. The first method is a di-
agnostic that identifies the frequency of significant evapora-
tion contribution from throughout the precipitationshed. The
second method is a statistical analysis which identifies the
spatial patterns of variance of evaporation contribution. Our
results will be presented for three specific regions, but the
techniques used in this analysis can be applied to any region
of the globe.

2 Methods

2.1 Sink regions

We analyze precipitationshed variability for three different
regions: (a) western Sahel (including Burkina Faso and parts
of Mali, Niger, Ghana, and Mauritania), (b) northern China,
and (c) La Plata (named for the La Plata river basin, includ-
ing parts of Brazil, Argentina, Paraguay, and Uruguay); these
regions are depicted in Fig.2 and are consideredterrestrial
moisture recycling dependentunder the criteria that

– terrestrial evaporation sources provide > 50 % of
growing-season precipitation
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– rainfed agriculture is important for a large fraction of
the population.

These sink regions are a slightly modified subset of those
found in Keys et al.(2012), with key characteristics listed
in Table 1. The sink regions vary in terms of their loca-
tion on the planet, climate zone, growing-season months,
and growing-season precipitation. This range of character-
istics allows us to understand how precipitationshed variabil-
ity manifests in different parts of the world, during different
times of the year, and under different large-scale meteorolog-
ical conditions.

2.2 Data

We use climate data from the ERA-Interim (ERA-I) reanal-
ysis (Dee et al., 2011), and from the MERRA (Bosilovich
et al., 2011). Recent evaluations of ERA-I and MERRA have
shown that both ERA-I and MERRA reproduce precipitation
reasonably well over land (e.g.,Trenberth et al., 2011); how-
ever, they both have relative strengths and weaknesses in dif-
ferent parts of the world. For example, MERRA underesti-
mates precipitation rates in the central Amazon and within
the La Plata river basin (e.g.,Dirmeyer et al., 2013b), while
ERA-I overestimates precipitation rates along the western
side of the Andes, across Congolese Africa, and across the
Tibetan Plateau (e.g.,Lorenz and Kunstmann, 2012). De-
spite these issues, ERA-I and MERRA remain among the
best available reanalysis products at the time of our analy-
sis (e.g.,Rienecker et al., 2011; Trenberth et al., 2011).

For both reanalysis data sets, we analyze 6-hourly model
level zonal winds, meridional winds, and relative humid-
ity; 6-hourly surface pressure; and 3-hourly precipitation and
evaporation. The data span the time period January 1979
through January 2013 and were downloaded at 1.5◦

× 1.5◦

for ERA-I and 1.0◦
× 1.25◦ for MERRA. Despite higher-

spatial-resolution data being available, the ERA-I 1.5◦
×1.5◦

data were used for computational efficiency, and the MERRA
1.0◦

×1.25◦ data were used because the variables required for
the Water Accounting Model-2layers (WAM-2layers) were
only available at 1.0◦

× 1.25◦ resolution. During the analy-
sis process, we discretize the data to a 15 min time step to
limit numerical errors in the backtracking calculation. We
complete the discretization using a linear interpolation from
the 6- and 3-hourly data to 15 min intervals. It is possi-
ble that our linear interpolation hides temporal heterogene-
ity, particularly in the evaporation and precipitation fields.
However, since we perform our analysis on the aggregated
monthly data, rather than daily or sub-daily data, we are con-
fident that any potential small-scale temporal heterogeneities
are overwhelmed by larger-scale phenomena at the monthly
timescale and beyond. We use the January 2012–January
2013 data as spin-up for the backtracking calculation but
exclude it from the analysis. Additionally, given that one
potential application of these methods is to understand the
variability of moisture recycling regimes relevant to rain-
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Fig. 2. Comparison of mean precipitationshed extents for ERA-interim (top) and MERRA (bottom), for period 1980-2011. Lines are included
to identify the sink region (black box), the 5 mm growing season�1 precipitationshed boundary (magenta line), and to separate the different
precipitationsheds, since the three precipitationsheds do not occur simultaneously (dashed green line). Note that where the 5mm growing
season�1 boundaries for the Western Sahel and La Plata basin overlap (particularly in the Southern Atlantic), the values for the Western Sahel
are displayed, and the Mediterranean sources belong to the Western Sahel. Values less than 5mm are excluded from the precipitationsheds.

Figure 2. Comparison of mean precipitationshed extents for
ERA-Interim (top) and MERRA (bottom), for the period 1980–
2011. Lines are included to identify the sink region (black box)
the 5 mm growing season−1 precipitationshed boundary (magenta
line), and to separate the different precipitationsheds, since the three
precipitationsheds do not occur simultaneously (dashed green line).
Note that, where the 5 mm growing season−1 boundaries for the
western Sahel and La Plata basin overlap (particularly in the South
Atlantic), the values for the western Sahel are displayed, and the
Mediterranean sources belong to the western Sahel. Values less than
5 mm are excluded from the precipitationsheds.

fed ecosystem services in these sink regions, we limit the
scope of the analysis to the sink-specific, growing-season
months as shown in Table1. These growing-season months
were identified followingPortmann et al.(2010) andKeys
et al. (2012). Also, given that growing seasons in the South
Hemisphere occur across two calendar years, we assign the
year of the growing season using its final month. For exam-
ple, the 2011 growing season for the La Plata sink region
would span November and December of 2010 as well as Jan-
uary, February, and March of 2011. As a result of this, we
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Table 1.Characteristics of sink regions (P is precipitation, and gs is growing season). “TotalP” refers to the 32-year mean precipitation (in
mm) during the growing season.

Sink region Köppen–Geiger Growing TotalP TotalP from land
climate zone season [mm gs−1] [mm gs−1 (%)]

Western Sahel Arid, steppe Jun–Oct 549 307 (56 %)
Northern China Snow, winter dry May–Sep 464 320 (69 %)
La Plata basin Warm, fully humid Nov–Apr 826 512 (62 %)

exclude the year 1979 for the Northern Hemisphere sink re-
gions to ensure that they have the same number of growing
seasons as the Southern Hemisphere sink region. Thus, we
have 32 years to define a climatology and perform the analy-
sis for each data set.

2.3 WAM-2layers

In order to study the variability of precipitationsheds, we
backtrack moisture when it enters the atmosphere as evap-
oration and ending where the moisture falls out of the at-
mosphere as precipitation. We use the WAM-2layers (ver-
sion 2.3.01), which tracks atmospheric moisture both for-
ward and backward in time. The WAM-2layers tracks the
volume of evaporation and precipitation that enters and ex-
its (respectively) a column of air above a parcel of land.
As the model integrates forward in time, the moisture in
each column moves horizontally and vertically between grid
cells, advected by the prevailing winds. At each time step
WAM-2layers computes the water balance of both total and
“tagged” moisture in each grid cell, in a lower and upper at-
mospheric bucket. Thus, this is an Eulerian method for track-
ing moisture. In this paper we are tracking tagged precipita-
tion from a location of interest back in time. Precipitation
enters and evaporation exits our atmospheric water buckets.
Moisture is moved horizontally and vertically between grid
cells by multiplying them with wind speeds. In this way, by
the end of a model run, there is a long output record of mois-
ture fluxes that have flowed between the land surface and the
atmosphere. The model has been updated since its original
2-D configuration (van der Ent et al., 2010), to a 3-D con-
figuration that tracks two layers of atmospheric water vapor.
The primary advantage of using the two-layer version is that
we capture the variation in the speed of moisture transport
in the upper and lower atmosphere by better resolving wind
shear (van der Ent et al., 2013). For a detailed description of
the WAM-2layers, refer tovan der Ent et al.(2013, 2014).

2.4 Precipitationshed boundary definition

The precipitationshed analysis requires identifying a bound-
ary based on evaporation contribution. Previous work de-
fined the precipitationshed boundary using the fraction of
total evaporation contribution to a given sink region, e.g.,

70 % of source evaporation for a given sink region’s precip-
itation (Keys et al., 2012). This previous work also exam-
ined the difference betweenabsolute(e.g., 5 mm) andrela-
tive (e.g., 50 % of evaporation from a grid cell) evaporation
contribution. For this analysis, we use asignificant contribu-
tion definition, whereby an absolute evaporation contribution
of 5 mm or more per growing season from a given grid cell
constitutes a meaningful depth of precipitation in the sink
region. We explored the sensitivity of the precipitationshed
boundary to small variations in the significant contribution
parameter, and we found that our results were insensitive to
these variations. It is important to note that the previously
used method of “fraction of total evaporation contribution”
(Keys et al., 2012) and the “significant contribution” method
we use herein are both user-defined and that the significance
values may be chosen differently based on the question being
asked.

2.5 Statistical methods

2.5.1 Mean precipitationshed difference

In our analysis we compare the mean precipitationsheds for
each sink region, between the two driving reanalyses ERA-
I and MERRA, first using a merged map of the precip-
itationsheds and then by calculating the evaporation con-
tribution difference between the two data sets. This differ-
ence helps determine whether ERA-I or MERRA contributes
more evaporation. We calculate this difference,D, in evapo-
ration contribution,EC, as

D =
EC,ERA− EC,MERRA

EC,ERA
, (1)

whereEC,ERA is ERA-I evaporation contribution,EC,MERRA
is MERRA evaporation contribution, and we divide their dif-
ference byEC,ERA. The decision to compute the difference
with respect to ERA-I is arbitrary.

2.5.2 Precipitationshed variability

We quantify precipitationshed variability using two metrics:
(1) a measure of persistence and (2) a measure of variance.
First, the persistence measure identifies which regions of the
precipitationshed persistently contribute significant amounts
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of evaporation to the sink region. Thepersistenceof a given
grid cell is the fraction of years the evaporation contribution
exceeds the significant threshold of 5 mm growing season−1.
Thus, the persistence,Pi , of a precipitationshed is the num-
ber of years,N , for which

EC,i,t > S, (2)

whereEC is the evaporation contribution;i, t is the spatial
and temporal indices for all grid cells; andS is the significant
contribution threshold, here 5 mm growing season−1. Addi-
tionally, since we are trying to identify the most persistent
sources of evaporation, we define thecore precipitationshed
as the evaporation source region that contributes above the
significant threshold for all 32 years.

The second measure of precipitationshed variability uses
empirical orthogonal function (EOF) analysis to quantify the
growing-season average evaporation variability over the pre-
cipitationshed. EOF analysis has a long history of use in the
atmospheric science community and is often used to define
climate indices associated with large-scale atmospheric vari-
ability (e.g.,Hartmann and Lo, 1998; Thompson and Wal-
lace, 1998). EOF analysis outputs a spatial pattern (the EOF)
that represents the anomalies that explain the most variance
of the field of interest. The first EOF always accounts for the
most variance, with each subsequent EOF accounting for less
and less of the total variance of the field. In this work, we use
EOF analysis to quantify the anomalous evaporation patterns
that explain the most variance in the evaporation contribution
to a given sink region. In other words, each EOF provides the
pattern of anomalous evaporation that best explains differ-
ences in the evaporation contribution across different years.

Before performing the EOF analysis, we remove the long-
term linear trend in evaporation contribution at each grid
point. This is done by taking the total precipitationshed evap-
oration contribution for each growing season, calculating its
linear least-squares fit, and removing it from the data. We
remove this long-term trend to ensure that the variability
we are capturing is representative of interannual variability
and not simply due to long-term trends. We then perform
the EOF analysis for each sink region’s de-trended, total
growing-season evaporation contribution. The determination
of whether a specific EOF is significantly different from ad-
jacent EOFs is determined using methods described inNorth
et al.(1982), and we limit our focus to the first two EOFs for
each region.

3 Results

Results are presented in the following section, beginning
with the comparison of mean precipitationsheds between re-
analysis data sets, followed by a discussion of precipitation-
shed persistence, and finishing with the results of the EOF
analysis.

3.1 Comparison of the mean precipitationshed between
reanalyses

First, we compare the mean precipitationsheds for the three
sink regions (depicted as black boxes in Fig.2), for both
ERA-I and MERRA. Recall that a precipitationshed depicts
the grid cells that contribute evaporation to a given sink re-
gion’s precipitation, during a specific period of time.

The most important evaporation source regions in the
ERA-I western Sahel precipitationshed come from the Gulf
of Guinea, the entire east–west expanse of the Sahel, and the
Mediterranean Sea (Fig.2a). Also, central Africa, including
parts of the Congo River basin, coastal Mediterranean re-
gions (e.g., Greece, southern Italy, and western Turkey), and
the Mozambique Channel (between Mozambique and Mada-
gascar) are important sources of evaporation. The results for
MERRA indicate generally good agreement with ERA-I, de-
spite a few notable differences. Somewhat less contribution
appears to come from the Gulf of Guinea, while significantly
more comes from east Africa (including Sudan, Ethiopia, and
Kenya), as well as from the Indian Ocean around the northern
half of Madagascar and adjacent to Tanzania.

In the western Sahel difference calculation (Sect.2.5.1,
Fig. 3a), ERA-I has between 10 and 40 % higher contribu-
tions compared to MERRA from the Gulf of Guinea, the
Mediterranean, the central Sahel, and the Congo River basin.
Conversely, MERRA has up to 100 % higher evaporation
contributions for central Africa, including Cameroon, Cen-
tral African Republic, South Sudan, and Ethiopia.

For northern China, the ERA-I precipitationshed indicates
significant local sources of evaporation throughout northwest
China, and as far south as Shanghai and west to Xi’an. Ad-
ditional evaporation contribution appears to come from the
Mongolian Steppe and the Korean Peninsula. The general
precipitationshed pattern for MERRA is very similar, with
somewhat less evaporation contribution coming from the
Mongolian Steppe and China’s central coast. For the northern
China difference calculation (Fig.3b), source regions in the
ERA-I data set are generally 0–30 % larger than MERRA,
while scattered regions in western Mongolia, central China,
and the Korean Peninsula are 0–40 % larger in MERRA.

For the La Plata sink region, important evaporation
sources in ERA-I include the southern Amazon basin and the
entire La Plata river basin (including Uruguay, Paraguay, Bo-
livia, and northern Argentina). Additionally, the central and
South Atlantic Ocean is an important source of evaporation.
There is also a small source region on the west side of the An-
des, adjacent to northern Chile. The results for MERRA indi-
cate an order-of-magnitude reduction in evaporation contri-
bution from nearly all evaporation source regions, with some
large differences in the overall precipitationshed spatial pat-
tern. A distinctive feature of the MERRA precipitationshed
is much lower North Atlantic evaporation contribution, con-
sistent with the lower-than-observed precipitation difference
discussed byLorenz and Kunstmann(2012).
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Fig. 3. Difference between ERA-I and MERRA precipitationsheds (see Fig. ??), as a fraction of the ERA-I value (see calculation in Sec-
tion ??), for the years 1980-2011. Green colors indicate where ERA-I source evaporation is larger, and purple colors indicate where MERRA
source evaporation is larger.

Figure 3. Difference between ERA-I and MERRA precipitation-
sheds (see Fig.2), as a fraction of the ERA-I value (see calcula-
tion in Sect.2.5.1), for the years 1980–2011. Green colors indicate
where ERA-I source evaporation is larger, and purple colors indi-
cate where MERRA source evaporation is larger.

The difference calculation reveals the high level of disagree-
ment between ERA-I and MERRA in the La Plata sink re-
gion’s precipitationshed (Fig.3c). The difference indicates
from 20 to > 100 % more evaporation is coming from ERA-
I relative to MERRA, but it is worth repeating that the
MERRA evaporation contribution in this region is very low;

so even though ERA-I is nearly double the MERRA value in
some of these places, it is likely due to the very low absolute
contributions from MERRA.

To summarize, there is a high level of agreement between
ERA-I and MERRA in capturing the mean precipitation-
sheds for the western Sahel and northern China. For the La
Plata precipitationshed we see both a systematic underesti-
mation of evaporation contribution in MERRA relative to
ERA-I and a significantly different spatial pattern between
the two precipitationsheds.

3.2 Precipitationshed persistence

Next, we explore the precipitationshed persistence results fo-
cusing primarily on the ERA-I results, with additional figures
for MERRA in Fig. S1 in the Supplement. Recall that the
persistence of a given grid cell is the fraction of years the
evaporation contribution exceeds the significant threshold of
5 mm growing season−1. We first examine the core precip-
itationshed, where grid cell persistence is 100 %, and then
explore lower levels of persistence.

The western Sahel core precipitationshed (Fig.4a) covers
much of the Sahel, central Africa, the Congo River basin, the
Gulf of Guinea, southern and eastern Europe, the Mediter-
ranean and Red seas, and the Persian Gulf. More than three-
quarters of mean growing-season precipitation (82 %) comes
from the core precipitationshed, with half (50.1 %) coming
from terrestrial core regions (see Table2, columns 5 and 6).
As the persistence falls below 100 % of years, new source
regions emerge in the Great Lakes region of Africa, and
the Indian Ocean east of Madagascar. The MERRA results
are largely consistent with the ERA-I results (Table2 and
Fig. S1a in the Supplement).

The northern China core precipitationshed (Fig.4b) occu-
pies a region to the southwest of the sink region, including
densely populated urban areas (e.g., Beijing, Shanghai), the
North China Plains, and the eastern Mongolian Steppe. The
core precipitationshed also includes the entire Korean Penin-
sula and much of the Chinese and Russian portions of the
Amur River basin. As the persistence decreases, the source
regions expand north and south, but this expansion is small
relative to the spatial extent of the core precipitationshed. Just
under half of mean growing-season precipitation (45.5 %)
originates from the core precipitationshed, with nearly all
(43.9 %) originating from terrestrial core areas. This implies
that over half (54.5 %) of precipitation originates from up-
wind areas contributing less than 5 mm growing season−1.
As with the western Sahel comparison, the MERRA results
largely agree with the ERA-I results (Table2 and Fig. S1b in
the Supplement).

The core precipitationshed for the La Plata sink region
(Fig. 4c) covers much of the South American continent, in-
cluding nearly the entire Amazon and La Plata river basins,
north to the Guiana Shield, as far south as the edge of Patag-
onia, and a narrow band of oceanic contribution from the
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Table 2.Depths of precipitation (in mm growing season−1) provided by the corresponding precipitationshed; fractions of total are indicated
in parentheses. Note that “precipitation” is abbreviated toP, and “precipitationshed” is abbreviated to “Pshed”.

Sink TotalP 5 mm Sink Core Core Pshed
region Pshed region Pshed (Land only)

ERA-I

Western Sahel 549 458 (83.3 %) 102 (18.7 %) 451 (82.0 %) 275 (50.1 %)

Northern China 464 213 (45.9 %) 3 (8 %) 211 (45.5 %) 204 (43.9 %)

La Plata basin 826 717 (86.8 %) 140 (16.9 %) 713 (86.4 %) 496 (60 %)

MERRA

Western Sahel 579 474 (81.7 %) 92 (16.0 %) 463 (79.8 %) 309 (53.3 %)

Northern China 442 191 (43.3 %) 3 (7.8 %) 185 (41.8 %) 180 (40.7 %)

La Plata basin 337 252 (74.6 %) 43 (13.4 %) 240 (71.2 %) 190 (56.2 %)

west side of the Chilean Andes. There is also a small lobe of
contribution from the equatorial Atlantic Ocean, and a large
lobe of evaporation contribution from the South Atlantic
Ocean, extending nearly to the Cape of Good Hope in South
Africa. More than three-quarters of growing-season precipi-
tation (86.4 %) comes from the core precipitationshed, while
over half (60 %) comes from the terrestrial portions. Unlike
the western Sahel and northern China persistence analysis,
there are notable differences in the La Plata persistence iden-
tified by ERA-I and MERRA. The reasons have already been
discussed in Sect.3.1, but it is worth repeating that the core
precipitationshed shape (i.e., spatial pattern), area, and vol-
ume of contribution are all much smaller for MERRA than
ERA-I (Table2 and Fig. S1c in the Supplement).

A composite of the core precipitationsheds for the three
sink regions, and both reanalyses, is depicted in Fig.5. It is
clear that for the western Sahel core precipitationshed there is
a high level of agreement between ERA-I and MERRA (i.e.,
the red areas in Fig.5). There are a few differences, such as
ERA-I including more of equatorial Africa, the Mozambique
Channel, and the Iberian Peninsula. Likewise, the MERRA
result includes additional regions in Ethiopia and central Eu-
rope. For the northern China composite, we see generally
good agreement, with ERA-I including more contributions
from the Mongolian Steppe, while MERRA’s unique features
are negligible.

There is a clear contrast between the La Plata sink region’s
ERA-I and MERRA core precipitationsheds. MERRA’s
overlap with ERA-I falls entirely within the ERA-I core pre-
cipitationshed. A key aspect of this pronounced disagreement

is the fact that both the northern Amazonian and Atlantic
Ocean contributions present in ERA-I are almost entirely
absent in MERRA. This finding is consistent with previous
results above that suggest a systematic underestimation of
evaporation magnitudes in MERRA throughout the La Plata
region.

In summary, prior to this analysis it was uncertain whether
or not precipitationsheds tended to be highly variable, such
that every year the rain came from different evaporation
sources. However, our results clearly show that this is not the
case and that the core precipitationshed both is largely persis-
tent over a very large spatial domain and, in general, captures
around 50 % or more of growing-season precipitation falling
in the sink regions.

3.3 EOF analysis

Next, we employ EOF analysis to reveal the spatial pat-
terns that explain the most variance in the three precipita-
tionsheds. As stated earlier in Sect.2.5.2, the variable we
are analyzing is growing-season average evaporation. EOF1
for the western Sahel (Fig.6) shows an EOF spatial pattern
with only positive anomalies, implying that anomalous evap-
oration contribution to the sink region is best explained by
an increase or decrease in evaporation contribution in the
regions with warmer colors. The sign of the anomalies in
the EOF are arbitrary and, thus, should not be interpreted
as “positive” or “negative” but rather as corresponding to al-
ternating phases present in the data. Thus, thispulsingin the
evaporation contribution depicted by EOF1 is dominated by
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Fig. 4. The persistence of the Western Sahel, Northern China, and La Plata precipitationsheds for ERA-I, for the years 1980-2011. “Sig-
nificant’ is defined as greater than 5mm growing season�1, and the red areas correspond to the core precipitationshed, with significant
contribution occurring during 100% of growing seasons. The black boxed areas are the sink regions for each precipitationshed.

Figure 4.The persistence of the western Sahel, northern China, and
La Plata precipitationsheds for ERA-I, for the years 1980–2011.
“Significant” is defined as greater than 5 mm growing season−1, and
the dark red areas correspond to thecore precipitationshed, with
significant contribution occurring during 100 % of growing seasons.
The black boxed areas are the sink regions for each precipitation-
shed.

evaporation from the Sahel (centered over Niger) and from
the Gulf of Guinea. Much less variance appears to be ex-
plained by the rest of continental Africa. Thus, variations in
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Fig. 5. Comparison of core precipitationshed extents for ERA-Interim and MERRA results, for the period 1980-2011, using the >5mm
growing season�1 boundary and 100% occurrence. The dashed green lines are meant to visually separate the different precipitationsheds.
Note that where the core precipitationshed boundaries for the Western Sahel and La Plata basin overlap (particularly in the Southern Atlantic),
the values for the Western Sahel are displayed. Also, the Mediterranean sources belong to the Western Sahel precipitationshed.

Figure 5. Comparison of core precipitationshed extents for ERA-
Interim and MERRA results, for the period 1980–2011, using the
> 5 mm growing season−1 boundary and 100 % occurrence. The
dashed green lines are meant to visually separate the different pre-
cipitationsheds. Note that, where the core precipitationshed bound-
aries for the western Sahel and La Plata basin overlap (particularly
in the South Atlantic), the values for the western Sahel are dis-
played. Also, the Mediterranean sources belong to the western Sahel
precipitationshed.

terrestrial evaporation over the Sahel account for the most
variance in the precipitation contribution over the western
Sahel.

EOF2 for the western Sahel accounts for considerably less
variance (Fig.6), with the EOF anomaly pattern indicating a
shifting of the evaporation contribution from west Africa and
the Gulf of Guinea to central Africa or, equally, from central
Africa to west Africa and the Gulf of Guinea. Thus, a shifting
of evaporation contribution between these two regions ac-
counts for the second-most variance of the precipitationshed
contribution to the western Sahel from one growing season
to the next. Also, we note that this shifting pattern resembles
a response to oscillations in larger-scale climate phenomena,
like ENSO or Mediterranean sea surface temperature (SST)
anomalies, and thus these climate phenomena could play a
role in driving the precipitationshed variability depicted in
EOF2 (e.g.,Rowell, 2003; van der Ent et al., 2012; Giannini
et al., 2013).

The MERRA-generated EOF1 (Fig.6) for the western Sa-
hel shows a slightly different pattern from that of ERA-I,
with the anomalous evaporation contribution extending over
a large region across the Sahel and central Africa, as well as
the Gulf of Guinea. In particular, MERRA’s EOF1 has much
more anomalous evaporation contribution originating from
Sudan, South Sudan, Chad, Niger, Central African Republic,
and from the sink region itself in the western Sahel. There
remains an important source in the Gulf of Guinea, but this
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Fig. 6. Comparison of first and second EOFs for the Western Sahel (ERA-Interim on left and MERRA on right ), for the period 1980-2011.
The magenta line indicates the 5mm growing season�1 precipitationshed boundary, the black box indicates the sink region, and the bold
number in the upper left corner indicates the amount of variance explained by the associated pattern. We do not show values <2 mm growing
season�1, for the sake of clarity in the figure.

Figure 6. Comparison of first and second EOFs for the western Sahel (ERA-Interim on left and MERRA on right), for the period 1980–
2011. The magenta line indicates the 5 mm growing season−1 precipitationshed boundary, the black box indicates the sink region, and
the bold number in the upper left corner indicates the amount of variance explained by the associated pattern. We do not show values
< 2 mm growing season−1, for the sake of clarity in the figure.

is complemented by an additional anomalous source in the
Mozambique Channel between Mozambique and Madagas-
car. MERRA’s EOF2 (Fig.6) resembles ERA-I’s EOF2, with
a similar pattern of shifting anomalies. However, MERRA’s
anomaly over central Africa is considerably more concen-
trated over Central African Republic, South Sudan, and
Ethiopia, with almost no anomalous contribution originating
in the Congo River basin.

The northern China EOFs are plotted in Fig.7. EOF1
accounts for just over half of the growing-season variance
for ERA-I (Fig. 7), and the pattern suggests a pulsing of
evaporation from Manchuria and eastern China with a small
lobe of anomalous contribution extending west across the
Mongolian Steppe. Also, the highest evaporation contribu-
tion anomalies occur within the sink region itself. Very lit-
tle anomalous evaporation comes from the desert regions
of western China, likely due to the very low evaporation
rates there. Despite some regions of China being more influ-
enced by the East Asian Monsoon or Tibetan Plateau evap-
oration dynamics (e.g.,Ding and Chan, 2005), EOF1 sug-
gests that the anomalous evaporation contribution is most
strongly explained by local, rather than more distant, evapo-
ration variability. EOF2 for northern China (Fig.7) accounts
for much less variance (13 %) and indicates a very weak

shifting pattern between (a) northern China and (b) the mouth
of the Yangtze River, though the Yangtze anomaly is not de-
picted in our figure because the values are so small (less than
2 mm growing season−1).

MERRA’s EOF1 is quite similar to ERA-I (Fig.7), with
58 % of the variance explained and with a very similar spa-
tial pattern. The only difference is that slightly more of
the anomalous evaporation contribution appears to come
from the sink region itself in MERRA’s EOF1. For EOF2,
MERRA’s spatial pattern is similar to ERA-I’s, though with
even less variance explained (Fig.7). Recall that by defini-
tion EOF1 and EOF2 are orthogonal to (i.e., independent of)
one another. Thus, even though the spatial patterns in EOF1
and EOF2 (for both ERA-I and MERRA) overlap, the pat-
terns explain separate anomalous evaporation patterns that
are uncorrelated.

The La Plata EOFs are plotted in Fig.8. Before discussing
the EOFs for La Plata, it is important to note that the first
and second EOFs for the ERA-I precipitationshed are not
significantly different, meaning the patterns are likely not ro-
bust. Thus, one should exercise considerable caution when
interpreting these results. We will therefore only describe the
EOFs for the MERRA data set, with the large caveat that
ERA-I does not reproduce MERRA’s results.
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Fig. 7. Comparison of first and second EOFs for Northern China (ERA-Interim on left and MERRA on right ), for the period 1980-2011. The
magenta line indicates the 5mm growing season�1 precipitationshed boundary, the black box indicates the sink region, and the bold number
in the upper right corner indicates the amount of variance explained by the associated pattern. We do not show values <2 mm growing
season�1, for the sake of clarity in the figure.

Figure 7. Comparison of first and second EOFs for northern China (ERA-Interim on left and MERRA on right), for the period 1980–
2011. The magenta line indicates the 5 mm growing season−1 precipitationshed boundary, the black box indicates the sink region, and
the bold number in the upper right corner indicates the amount of variance explained by the associated pattern. We do not show values
< 2 mm growing season−1, for the sake of clarity in the figure.

The MERRA EOF1 (Fig.8) accounts for more than three-
quarters of the evaporation variance and shows a pulsing over
the southern Amazon and Brazilian savanna, with the largest
anomalies coming from regions that happen to be experienc-
ing rapid and large-scale land-use change (e.g.,Ferreira-Pires
and Costa, 2013). There is also a band of anomalies extend-
ing out across the South Atlantic Ocean, suggesting that the
terrestrial variations in precipitation in the La Plata sink re-
gion are linked to anomalous evaporation contributions from
the adjacent Atlantic Ocean. This likely suggests that the dy-
namical drivers of the Atlantic Ocean anomalies may also
drive the terrestrial variability.

EOF2 accounts for a very small fraction of the variance
(about 5 %) and indicates a shifting pattern of anomalous
evaporation contribution from southern Amazonia to central
Brazil. This anomaly appears to follow the gradient between
tropical, wet rainforests to the north and drier savannas to
the south. The current land-use change dynamics associated
with these two regions, namely the expansion of agriculture
and the removal of forests, could have implications for the fu-
ture of this evaporation variability and its contribution to the
La Plata region. Nonetheless, given that the pulsing pattern
in EOF1 explains an order-of-magnitude more variance than
EOF2, the gradient between rainforest and savanna appears
to be of much lower relative importance.

To summarize, the leading mode of variability for the
three sink regions indicates an anomalous pulsing of evapo-
ration contribution primarily from upwind, terrestrial source
regions, whereby either more or less total evaporation en-
ters the sink region from the precipitationshed. This find-
ing should serve to underline the importance of terrestrial
sources of moisture for these three sink regions. Addition-
ally, the second mode of variability for all three sink regions
generally indicates an anomalousshiftingof evaporation con-
tribution. Though this pattern accounts for much less of the
variance in evaporation contribution across the 32-year pe-
riod, it may be useful to explore whether these patterns be-
come more important during extreme dry or wet years, since
climate-scale oscillations (e.g., ENSO) are often associated
with hydrologic extremes.

4 Discussion

4.1 The ERA-I and MERRA precipitationsheds

The over-arching result from our comparison of the reanaly-
ses is that, in general, there is a high correspondence in the
spatial patterns of the precipitationsheds, with the caveat that
ERA-I tends to have higher evaporation contributions than
MERRA. Importantly, the precipitationshed patterns that we
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Fig. 8. Comparison of first and second EOFs for La Plata (ERA-Interim on left and MERRA on right ), for the period 1980-2011. The
magenta line indicates the 5mm growing season�1 precipitationshed boundary, the black box indicates the sink region, and the bold number
in the upper right corner indicates the amount of variance explained by the associated pattern. We do not show values <2 mm growing
season�1, for the sake of clarity in the figure.

Figure 8. Comparison of first and second EOFs for La Plata (ERA-Interim on left and MERRA on right), for the period 1980–2011. The ma-
genta line indicates the 5 mm growing season−1 precipitationshed boundary, the black box indicates the sink region, and the bold number in
the upper right corner indicates the amount of variance explained by the associated pattern. We do not show values < 2 mm growing season−1,
for the sake of clarity in the figure.

identify broadly echo the findings reported in previous stud-
ies, with some slight differences. In the western Sahel pre-
cipitationshed we find that ERA-I contributes more mois-
ture than MERRA in the northern Congo, which is consistent
with Lorenz and Kunstmann(2012), who assert that ERA-I
overestimates precipitation in Congolese Africa. Other stud-
ies strongly support the importance of evaporation sources in
the Gulf of Guinea and the Mediterranean region (e.g.,Reale
et al., 2001; Biasutti et al., 2008), which our study also con-
firms. For northern China, the ERA-I precipitationshed also
has higher evaporation contributions than MERRA. This is
consistent with findings suggested byTrenberth et al.(2011),
who found that during summer months (e.g., July) total col-
umn atmospheric water over northern China was higher in
ERA-I than in MERRA. The northern China sink region used
in Bagley et al.(2012) is shifted south relative to the sink
region used in this study, so the spatial pattern of source re-
gions is also shifted south. Nonetheless, our spatial patterns
are qualitatively similar, and in bothBagley et al.(2012) and
our own work eastern China emerges as an important source
region of evaporation.

Finally, for the La Plata precipitationshed, we find both
that ERA-I has more moisture in absolute terms and that the
important moisture source regions are in the northern Ama-

zon, central Atlantic, and La Plata river basin as compared
to the southern Amazon, eastern savanna and lower La Plata
river basin in MERRA. This divergent finding is consistent
with both Dirmeyer et al.(2013a) and Lorenz and Kunst-
mann(2012), who found MERRA underestimated precipita-
tion rates in these regions. Interestingly, the South American
sink region used inBagley et al.(2012) also found that the
northern Amazon and central Atlantic contributed very little
growing-season evaporation. Their work employed the Na-
tional Centers for Environmental Protection (NCEP) II Ren-
analysis, which appears to be more similar to MERRA than
ERA-I. Given these conflicting findings related to Amazo-
nian moisture transport, future work should exercise caution
when drawing conclusions from a single reanalysis data set,
and perhaps complement such work with existing tropical
satellite observations products (e.g.,Spracklen et al., 2012).

4.2 EOFs reveal importance of land surfaces

Many studies suggest that land surface evaporation plays an
important role for atmospheric flows of moisture (e.g.,Tu-
inenburg et al., 2012; van der Ent et al., 2014). Our EOF
analysis reveals that much of the variability (i.e., EOF1) in
evaporation contribution can be explained by changes in ter-
restrial source regions (rather than oceanic regions). To an
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extent, this result is expected given that we explicitly selected
sink regions that are dependent on terrestrial sources of evap-
oration. Nonetheless, our analysis further confirms the im-
portance of terrestrial regions for driving the variability of
rainfall in these sink regions.

The EOF analysis also provides additional information for
the ongoing discussion of the sources of Sahelian precipita-
tion (e.g.,Druyan and Koster, 1989). Other work has sug-
gested that the primary driver of changes in Sahelian pre-
cipitation is the adjacent Atlantic Ocean and that the clos-
est land surfaces play a secondary role (e.g.,Biasutti et al.,
2008). Our findings could be complementary to this previous
work in that they illustrate variability in the sources of evap-
oration (i.e., theproximatecauses of the variation), whereas
other work may identify the underlying dynamical drivers
of variability (i.e., theultimatecauses of the variation). This
may also connect with the ongoing discussion of the varying
role of oceanic and terrestrial sources of moisture. Given that
other research has found terrestrial regions to be compara-
tively important during dry versus wet years (e.g.,Brubaker
et al., 2001; Chan and Misra, 2010; Bosilovich and Chern,
2006; Spracklen et al., 2012), a detailed seasonal and re-
gional analysis of proximate versus ultimate causation in pre-
cipitationshed variability may be instructive, though it is out-
side the scope of this present analysis.

4.3 Governance of the core precipitationshed

In this work we identified the core precipitationshed as
the evaporation source region that contributes a significant
amount of evaporation to sink region precipitation, every
year. Given the persistence of the core precipitationshed for
multiple sink regions, we suggest that it is reasonable to dis-
cuss the practical next steps for advancing the discussion of
precipitationshed governance.

Recent studies have quantified how anthropogenic land
cover change influences the hydrological cycle through land
cover change impacts on evaporation rates (e.g.,Gordon
et al., 2005; Sterling et al., 2012), and the eventual precip-
itation that falls downwind (e.g.,Lo and Famiglietti, 2013).
However, land cover change has the potential to influence
not only evaporation rates but also the atmospheric circu-
lation itself. In some cases, this effect has been shown to
be small (e.g.,Bagley et al., 2014), while in others land
cover change leads to significantly different circulation pat-
terns (e.g.,Goessling and Reick, 2011; Lo and Famiglietti,
2013; Tuinenburg et al., 2014). If one is to apply the pre-
cipitationshed framework to understanding how land cover
change may influence downwind precipitation, then it will
be important to address whether the circulation itself is sig-
nificantly modified. If this is the case, new precipitationshed
boundaries will need to be identified to reflect the modified
circulation.

A logical next step could be to identify current land uses
and discuss past, current, and future land-use policies that

can influence moisture recycling in the precipitationshed.
Understanding key actors within the precipitationshed would
also be important.Keys et al.(2012) contributed to this ef-
fort by exploring the vulnerability of sink regions to land-use
changes in the precipitationshed, by considering both historic
and potential future land-use changes, as well as population
and number of countries within a precipitationshed. The au-
thors assigned a qualitative score to each sink region, based
on the vulnerability assessment, but stopped short of explor-
ing the implications for future governance. This work moves
this discussion forward both by quantifying the variability
of the precipitationshed and by defining a core precipitation-
shed, which could be used as the spatial unit of moisture re-
cycling governance.

5 Conclusions

Keys et al.(2012) introduced the concept of the precipitation-
shed as a potential tool for assessing upwind land-use change
impacts on a given region’s precipitation. In this work we
quantify the spatial interannual variability of three precipita-
tionsheds and examine whether spatial and temporal variabil-
ity are robust across two separate reanalysis data sets. Specif-
ically, we find that

– the reanalysis data sets agree reasonably well, for two
of the three regions;

– a core precipitationshed exists, whereby a large frac-
tion of the precipitationshed contributes a substantial
amount of evaporation to the sink region every year;

– most of the interannual variability in the precipitation-
shed is explained by a pulsing of more (or less) evapo-
ration from the core terrestrial precipitationshed.

Our finding that a core, persistent precipitationshed ex-
ists implies that the precipitationshed boundary may be use-
ful for describing terrestrial sources of a region’s precipita-
tion. Likewise, our statistical analysis revealed that much of
the variability in growing-season precipitation arises from a
pulsing of evaporation from the core terrestrial precipitation-
shed. This suggests that the land surface plays a dominant
role in mediating variability in moisture recycling processes
in these regions. Thus, there is likely a biophysical basis for
the coordination and governance of land-use change within
the precipitationshed.

Finally, understanding what causes precipitation to in-
crease or decrease is of paramount importance to rainfed
agriculture, which is tasked with feeding 3 billion more peo-
ple by 2050 (e.g.,Rockström et al., 2010). Our analysis
provides critical information towards this understanding, by
clearly identifying the importance of persistent, terrestrial
sources of evaporation for regions dependent on rainfed agri-
culture.
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