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[1] Identifying the sources of continental precipitation has received increasing attention in
recent years. With the use of various numerical methods, sources of precipitation have been
identified from local to global scales. In this paper we identify the oceanic sources based on
an atmospheric backtracking analysis of continental precipitation. We find that the strongest
source areas are located close to the continents. In general, we define an oceanic area as a
significant source when on average more than 20% of the total evaporation, and at least 250
mm/yr of evaporation ends up as continental precipitation. We grouped these identified
source areas into 15 regions and performed a forward tracking analysis of oceanic
evaporation. We identified the areas on the adjacent continents that receive this oceanic
moisture and whether this is nearby or remote. Moreover, we showed how the oceanic
sources vary over the year in time and space. Furthermore, we correlated sea surface
temperatures (SSTs) in the 15 source regions and the Nino 3.4 region with precipitation on
all continents. For South America, we found that the El Nino Southern Oscillation (altering
wind patterns) has a larger effect on precipitation than local SSTs. For West Africa,
however, we show that SST in the source regions is strongly correlated with precipitation in
the rainy season. In Australia, both local SST and the Nino 3.4 region appear to have a big
influence on precipitation. As such this research provides new insight in the ocean-
atmosphere-land coupling, which can be useful for studying seasonal weather predictions as

well as climate change impact.
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1. Introduction

[2] Where does precipitation come from? This question
is difficult to answer because the complex and energy in-
tensive processes that bring moisture to a certain location
and cause moisture to precipitate are highly heterogene-
ous in space and variable over time. However, this ques-
tion is highly relevant for a wide range of disciplines in
Earth sciences. It is of importance for seasonal weather
forecasting [see, e.g., Dominguez et al., 2009 ; Tuinenburg
et al., 2011; van den Hurk et al., 2012], land and water
management [see, e.g., Bagley et al., 2012; Keys et al.,
2012; Spracklen et al., 2012 ; Tuinenburg et al., 2012], as
well as for our understanding of the role of the hydrologi-
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cal cycle in our climate system [see, e.g., Dominguez and
Kumar, 2008 ; Dirmeyer et al., 2009b; van den Hurk and
van Meijgaard, 2009 ; Goessling and Reick, 2011 ; Durkee
etal., 2012].

[3] An increasing number of studies have attempted to
answer identify the origin of precipitation for different
regions and time periods. Although different methods have
been used, a great deal of studies make use of water particle
tracking (backward or forward in time), which is in princi-
ple always based on the water balance of the atmosphere.
Obviously, the results obtained were all subject to assump-
tions made and to the type and accuracy of the data used
[see Gimeno et al., 2012 for a review], but this uncertainty
cannot take away their main findings. For example, these
studies found that most precipitation on land originates
from oceans, but that land evaporation, especially from for-
ests, plays an important role in sustaining precipitation
downwind.

[4] Many of these atmospheric moisture tracking studies
focused on a particular basin, country, or terrestrial region
and identified the moisture sources or sinks for that region
taking account of interannual or seasonal variability [e.g.,
Druyan and Koster, 1989; Numaguti, 1999; Yoshimura et
al., 2004 ; Bosilovich and Chern, 2006; Nieto et al., 2006;
Sodemann et al., 2008 ; Dominguez et al., 2009 ; Drumond
et al., 2010; Gangoiti et al., 2011a, 2011b; Bagley et al.,
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2012; Keys et al., 2012; Tuinenburg et al., 2012]. More
global characterizations of moisture sources showed the
import and export of water vapor between nations [Dir-
meyer et al., 2009a], or the oceanic versus terrestrial contri-
butions to continental precipitation [e.g., van der Ent et al.,
2010; Goessling and Reick, 2011]

[s] Our own recent work [van der Ent et al., 2010; van
der Ent and Savenije, 2011] showed that globally about
40% of the precipitation on land originates from continen-
tal rather than oceanic evaporation. The global maps in
these articles highlight the continental regions that are im-
portant moisture suppliers and which regions are strongly
dependent on continental moisture recycling. It was, for
example, shown that a very large portion (60%—100%) of
the evaporation in the African and South American rainfor-
est returns as precipitation on land, with length scales (av-
erage travel distances) of less than 2000 km, thus
sustaining the climate of these continents. Another striking
conclusion was that precipitation in the greater part of
China consists for about 80% of recycled moisture from the
Eurasian continent.

[6] Despite the importance of moisture recycling over
continents, most moisture that brings precipitation on land
has its origin in the oceans. Not many atmospheric mois-
ture tracking studies have explicitly looked at oceanic
sources of continental precipitation. Stohl and James
[2005] tracked water particles forward in time from all
oceanic basins and concluded that there is a relatively
large role for the smaller oceanic basins such as the Red
Sea compared to the Pacific Ocean in contributing to con-
tinental precipitation. Schicker et al. [2010] showed that
the Mediterranean Sea is an important moisture source for
Southern Europe, Eastern Europe, the Middle East, and
Africa north of the equator. Gimeno et al. [2010, 2011]
explicitly searched for oceanic regions that are strong
moisture suppliers for the continent. They selected these
regions based on high evaporation surplus (£-P > 750
mm/yr). Subsequently, they performed a forward particle
tracking from these oceanic regions in order to find out
where on the continent oceanic evaporation comes down
as precipitation. They concluded that continental areas
characterized by monsoon regimes benefit from a large
number of oceanic source regions, which indicates the
complex nature of precipitation. Another conclusion was
that the Northern Atlantic subtropical source region
impacts the continents considerably more than the large
Southern Indian and North Pacific source. It should be
noted that these studies all made use of FLEXPART
[Stohl et al., 2005], which has the disadvantage that it can-
not evaporate and precipitate separately, but only the
fluxes into or out of the tracked air mass [Stohl and James,
2005].

[7] The main goal of this paper is to identify the oce-
anic source regions of continental precipitation, world-
wide. In contrast to the studies of Gimeno et al. [2010,
2011] we do not identify these regions based on evapora-
tion surplus, but we backtrack continental precipitation
from all terrestrial areas (excluding Antarctica) in time
and identify oceanic source regions based on their actual
evaporation contributions. From these identified regions
we do a forward tracking of oceanic evaporation in order
to locate the continental areas that are influenced by these

oceanic sources, whereby we also pay attention to the sea-
sonality of these signals.

[8] A logical next step is to look at sea surface tempera-
ture (SST) variations within these oceanic source regions
and how it affects precipitation in the corresponding terres-
trial sink regions on land. Even storms originating outside
the identified source regions must feed on the atmospheric
moisture coming from evaporation in the source regions,
which is obviously affected by SST. In this paper we pro-
vide case studies for South America, West Africa, and Aus-
tralia showing the potential of using the identified oceanic
source regions. We explore whether the local SST or the El
Nino Southern Oscillation (ENSO) is a more important
driver for precipitation on land.

2. Data and Methods

2.1.

[o] In order to identify the oceanic sources of continen-
tal precipitation we make use of the water accounting
model (WAM) [van der Ent et al., 2010; van der Ent and
Savenije, 2011; Keys et al., 2012]. The meteorological
input data for this model are taken from the publicly avail-
able ERA-Interim reanalysis [Berrisford et al., 2009 ; Dee
et al., 2011]. Although there remain some quality issues,
ERA-Interim performs much better in reproducing the
hydrological cycle than ERA-40 [Trenberth et al., 2011]
and even performs better in terms of water balance closure
than the newest reanalysis products Modern Era Retro-
spective-Analysis for Research and Applications and Cli-
mate Forecast System Reanalysis [Lorenz and
Kunstmann, 2012]. The data we use are on a 1.5° latitude
x 1.5° longitude grid and cover the period of 1989-2010,
but the results are presented for 1990-2009, because we
use 1 year as model spin-up time for both the backward
and forward tracking. We use three-hourly precipitation
and evaporation, and additionally, six-hourly specific hu-
midity, zonal and meridional wind speed at the lowest 24
pressure levels (175-1000 hPa), and surface pressure in
order to calculate the (vertically integrated) horizontal
moisture fluxes and precipitable water [see van der Ent et
al., 2010]. In order to maintain numerical stability all cal-
culations are performed with a 0.5 h time step.

[10] The underlying principle for WAM is the atmos-
pheric water balance:

Water Accounting Model

08, ASw) , ASY) _

ot Ox ay

rrY

where S, is atmospheric moisture storage, u is the wind
speed in the x direction, v is the wind speed in the y direc-
tion, £ is evaporation, and P is precipitation. This mass
conservation principle can also be applied on water of a
certain origin € (i.e., evaporated from ):

8SaQ + 8(Sagu) + 8(Sagv)

—Eqg—P
ot Ox dy ¢ ¢

'], (2

where S, ¢ is the part of the atmospheric moisture storage
that is of origin (2, Eq, is the evaporation from 2, and P, is
the part of the precipitation that has its moisture origin in
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Figure 1.

The continental evaporation cycling ratio €. (equation (4)). This is the fraction of the evapo-

ration that is transported to, and precipitates on, continents. These data are obtained from backward
tracking the precipitation on the continents. The data are for the period 1990-2009 and displayed for oce-
anic regions only. See van der Ent et al. [2010] for the values on the continents themselves. The arrows

indicate the horizontal moisture flux field.

Q. In our approach we assume that moisture in the atmos-
phere is well mixed, which implies that

Saq _ O(Saou)/0x _ O(Saqv)/0y _ Pa

S, O(S.au)/ox  9(Sv)/dy P

3)

2.2. Source Region Identification

[11] In order to calculate how much evaporation a grid
cell contributes to continental precipitation we used WAM
to track continental precipitation backward in time. The
results can be expressed as the continental evaporation cy-
cling ratio €. (Figure 1):

E.(t,x,y) _Ec(t,x,y)

5c(t7x7y) = - E(t,x,y) ) (4)

Eo(t,x,y) + E.(t,x,y)

Source regions

where E. is evaporation that has a continental sink after
transport through the atmosphere (i.e., precipitates on land
rather than on the ocean), E, is the part of the evaporation
that has an oceanic sink, and E is total evaporation. We
define an oceanic grid cell to be a significant source based
on two criteria: more than 250 mm/yr of evaporation is
transported to a continental region (E.> 250 mm/yr), and
this is more than 20% of the total evaporation in that grid
cell (. >0.2). We group these grid cells into several larger
source regions that can be seen as the major oceanic sour-
ces contributing to continental precipitation (Figure 2).

2.3. Evaporationsheds

[12] By applying forward tracking of evaporation from
the oceanic source regions we identify the probabilistic
spatial regions that rely on atmospheric moisture transport
from evaporation in the oceanic source regions (Figures

Number of the region

= NWHEGODN®

Figure 2. The 15 major oceanic source regions for continental precipitation, for the period 1990-2009.
Each grid cell within a source region meets two criteria: more than 250 mm/yr of evaporation is trans-
ported to a continental region (E. > 250 mm/yr), and this is more than 20% of the total evaporation in

that grid cell (. > 0.2, Figure 1 and equation (4)).
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Figure 3. Conceptual image of an evaporationshed, with evaporation in the source region ending up
on both terrestrial and oceanic sink regions as precipitation. Figure adapted from Keys ef al. [2012].

S1-S15 in the supporting information). In other words, we
find the evaporationsheds belonging to the source regions.
Figure 3 shows a conceptual image of an evaporationshed.
It is the opposite of a precipitationshed. Keys et al. [2012]
defined a precipitationshed as the upwind oceanic or terres-
trial surface that contributes moisture to a specific loca-
tion’s precipitation. Thus, an evaporationshed is the
downwind oceanic or terrestrial surface that receives pre-
cipitation from a specific location’s evaporation. It is im-
portant to realize that the actual boundary of an

Evaporationsheds

evaporationshed is not deterministic (as with a watershed)
but probabilistic, although for visualization purposes it can
be desirable to draw a single boundary. However, this
requires a user-defined threshold of contribution to be cho-
sen. The threshold value we choose for the boundary of
each evaporationshed is based on relative contribution: we
rank the grid cells by the fraction of precipitation received
from a source region and proceed until the sum of these
contributions to precipitation equals 50% of the evapora-
tion in the source region (Figure 4).

Number of the Region

= N WHEOO N

Figure 4. The 50% evaporationsheds for the 15 corresponding oceanic source regions (Figure 2) for
the period 1990-2009, obtained by forward tracking the evaporation from the source regions. The boun-
daries enclose the areas in which 50% of the evaporation from the corresponding source regions (Figure
2) ends up as precipitation. See Figures SI-S15 in the supporting information for more detailed evapora-
tionsheds, and see section 2 on how the 50% boundaries have been obtained.
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2.4. SST and Continental Precipitation

[13] In order to further investigate the link between
SST and continental precipitation, we did not use ERA-
Interim but used observational data sets instead. For SST
we used 4 km AVHRR (advanced very high resolution
radiometer) Pathfinder Version 5.1 data, obtained from
the U.S. National Oceanographic Data Center (NODC/
NOAA) and GHRSST (http://pathfinder.nodc.noaa.gov)
[Casey et al., 2010]. We used monthly values of the day-
time observations of “first-guess SST” (Reynolds Opti-
mally Interpolated SST, Version 2 product) from the
Pathfinder algorithm, for the period 1982-2009. Further-
more, we used monthly 1.0° gridded Global Precipitation
Climatology Centre “full data reanalysis” version 6.0
precipitation [Becker et al., 2013; Schneider et al.,
2011] for the same period. We calculated the Pearson
correlation coefficients between monthly mean SST
anomalies averaged over the various source regions and
the Nino 3.4 (ENSO) region [see Trenberth, 1997], and
the gridded monthly values of the precipitation data set
with zero lag.

3. Results

3.1.

[14] Figure 1 shows the mean spatial area of ocean sur-
face that contributes to precipitation on the continents
(according to equation (4)) as obtained from WAM (sec-
tion 2.1). It shows that the strongest sources are found
close to the continents. Based on WAM, we can say that
the reason for this is simply that evaporation from oce-
anic regions further away from a land area mostly rains
out on the oceans. However, depending on the direction
and strength of the vertically integrated moisture flux
(arrows) the extent of the source region can be much
larger. This is, for example, the case for the two plumes
from the Atlantic Ocean to South America, and for the
North Atlantic Ocean to Europe. Surprisingly, some
parts of the ocean, even if close to a continent, do not
appear to be significant sources at all: e.g., the ocean
near Argentina and Colombia, most of the ocean around
Australia, and also the ocean near the Chinese coast. We
also see that the eastern part of the Mediterranean, the
Black sea, the Red sea, and the Arabian Gulf are very im-
portant source regions.

[15] Figure 2 shows the oceanic areas from which at least
20% of the evaporation goes to the continents, and where
this is at least 250 mm/yr (see equation (4)). These have
been grouped into 15 large source regions. The white
areas provide no substantial moisture contribution to the
continents. Comparing the source regions (Figure 2) with
those of Gimeno et al. [2010] we find that our results are
considerably different. This is because we have based our
criteria on the actual supply of water to the continents
rather than the evaporation surplus. Gimeno et al. [2010]
identified large sources in the Pacific Ocean (westward of
South America) and the Indian Ocean (westward of Aus-
tralia), which are in fact white areas that hardly provide
moisture to continental precipitation, but their evaporated
moisture apparently rains out before it reaches land, since
otherwise these regions would have appeared as sources

Oceanic Sources for Continental Precipitation

in our study (Figures 1 and 2). On the other hand, we here
identify new oceanic sources: the Atlantic Ocean west-
ward of Europe, the Bay of Bengal, and the South China
Sea. Moreover, our source regions have a very different
shapes (i.e., closer to the continents) compared with
Gimeno et al. [2010].

[16] Figure 4 shows the boundaries of the regions where
50% of the evaporation from the corresponding source
regions (Figure 2) ends up as precipitation. A more
detailed evaporationshed for each of the regions in Figure
2 is shown in Figures S1-S15 in the supporting informa-
tion. We can see that most of the oceanic regions transfer
their evaporation to the adjacent continents following the
direction of the horizontal moisture flux (see Figure 1).
From the size of the evaporationsheds (Figure 4) com-
pared to their source regions (Figure 2), it can be seen
whether the moisture cycle is of local nature (regions 3, 5,
9, and 14), associated with short length scales of moisture
recycling [van der Ent and Savenije, 2011], or moisture is
transported over greater distances (regions 1, 2, 4, 7, 8,
10, 11, 15).

[17] The continental areas that are not within any of the
50% evaporationsheds (Figure 4) receive their precipitation
mostly from continental moisture sources (e.g., central
South America, parts of West Africa, northern China,
Mongolia, and eastern Siberia). Other regions (e.g., Pata-
gonia, New Zealand, and the southern tips of Africa and
Australia) receive most of their precipitation from minor
oceanic sources that were not identified as major contrib-
utor regions in Figure 2. For other regions again, precipi-
tation is a combination of minor oceanic sources and
moisture recycling (e.g., several areas around the Arctic
Ocean). Likewise, it is also possible that land areas
within the 50% evaporationsheds receive most of their
moisture from a terrestrial source. For a more global
overview of the fraction of terrestrial evaporation in pre-
cipitation on continents we refer to van der Ent et al.
[2010].

[18] It should be noted that these forward tracking results
(Figure 4) are considerably different from those defined
by Gimeno et al. [2010], even from similar regions (e.g.,
the Mediterranean Sea and the Caribbean Sea). This is
partly due to the different methods used but also due to
the different choice of boundaries. Our boundary choice
provides information on the average travel length of an
evaporated particle and whether the evaporated moisture
returns locally or rather remotely (for more detail, see
Figures S1b—S15b). On the other hand, the method of
Gimeno et al. [2010] provides information on absolute
contributions, as in Figures Sla—S15a, with the differ-
ence that our figures consider precipitation where
Gimeno et al. [2010] consider the atmospheric moisture
budget E-P.

3.2. Seasonal Variations

[19] Some of the regions in Figure 2 are constant
sources of continental precipitation throughout the
year, while others have a strong seasonal pattern. This
can be seen from Figure 5, which shows the absolute
contribution of evaporation to continental precipitation
per month. The contributions of regions 3, 6, 8, 10,
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Figure 5. E_: the evaporation that has a continental sink after transport through the atmosphere (i.c.,
precipitates on land rather than on the ocean) displayed for each month. The data are for the period
1990-2009 and displayed for oceanic regions only. The arrows indicate the horizontal moisture flux

field.

11, 14, and 15 are relatively constant throughout the
year. However, the continental region receiving the
moisture can vary. For region 10 we see that it sup-
plies moisture to South Africa and Mozambique dur-
ing December-March, with the moisture coming

mainly from the Strait of Madagascar. During the rest
of the year, region 10 remains an active source, but in
that period most of the moisture is transported to the
north in the direction of Kenya. In region 11 we note
that it switches its moisture contribution between East
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Figure 6. The correlation coefficient between GPCC precipitation in South America (SA) and SSTs
for the period 1982-2009. The darker values are statistically significant (¢ test, p =0.05). (left) Correla-
tion between precipitation in SA and the SST in region 6 (Figure 2). (right) Correlation between precipi-
tation in SA and the SST in the Nino 3.4 region. See Figures S20-S23 in the supporting information for

all months and all regions around SA.

Africa in October-April and India in May-September
during the monsoon period.

[20] We also see that during May-September, region 12
(Bay of Bengal) becomes an important contributor to rain-
fall in Southeast Asia [see also, e.g., Tuinenburg et al.,
2011]. The contribution of region 13 (South China Sea)
peaks a bit later in August-November, when the contribu-
tion of region 12 is weakening and the monsoon period is
in the declining phase. Likewise, region 9 (Gulf of Guinea)
is clearly the source area of the West African monsoon dur-
ing June-September [see also, e.g., Druyan and Koster,
1989; Hagos and Cook, 2007], although there is also a
strong local moisture recycling component in West Africa
during the rainy season [Savenije, 1995b, 1995a; Nieto et
al., 2006; van der Ent and Savenije, 2011; Keys et al.,
2012].

[21] Furthermore, regions 1, 2, and 7 in the North Pacific
Ocean and North Atlantic Ocean (Figure 2) are more im-
portant for continental precipitation in October-March,
when strong advection over the relatively warm oceans
brings large quantities of water to the colder continents,
which is largely contributed to the existence of atmospheric
rivers [see, e.g., Dettinger et al., 2011]. During April-

September these oceanic source areas are weaker, and con-
tinental moisture recycling becomes important [see also,
e.g., Bisselink and Dolman, 2008 ; Dominguez et al., 2009;
van der Ent et al., 2010]. Two other regions with strong
seasonal patterns are regions 4 and 5 (near South America),
which only are significant moisture sources during Novem-
ber-May.

3.3. Effect of SST in Oceanic Sources on Continental
Precipitation

[22] Many studies predict warmer seas and oceans due to
increased greenhouse gas concentrations in the atmosphere
[e.g., Xie et al., 2010]. It is well known that higher SSTs
lead to more evaporation [Monteith, 1981] and more mois-
ture present in the air above the sea due to the Clausius—
Clapeyron relation [Clausius, 1850]. All storms, even those
originating outside actual oceanic source regions feed on
moisture present in the atmosphere above the oceanic
source regions. Therefore, higher SSTs in an oceanic
source region (Figure 2) could possibly lead to increased
precipitation on the adjacent continents (Figure 4).

[23] In this paper we explore the relation between SST
and precipitation for all continents except Antarctica (see
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Correlation P and SST in Region 9 Correlation P and SST in Nifio 3.4

August August

0.5
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Figure 7. The correlation coefficient between GPCC precipitation in Africa and SSTs for the period
1982-2009. The darker values are statistically significant (¢ test, p =0.05). (left) Correlation between
precipitation in Africa and the SST in region 8 (Figure 2). (middle) The same in region 9 (Figure 2).
(right) Correlation between precipitation in SA and the SST in the Nino 3.4 region. See Figures S27-S31

in the supporting information for all months and all regions around Africa.

Figures S40 and S41 in the supporting information). We
correlated monthly gridded precipitation on all continents
with SST anomalies averaged over adjacent source regions
(Figure 2) and the Nino 3.4 region [see Trenberth, 1997].
For all continents and months analyzed, see Figures S16—
S39 in the supporting information. These figures can be
used as a reference for future research. Here however, we
pick out three regions (South America, West Africa, and
Australia) that we think are illustrative of how SST can
affect rainfall and why the knowledge of oceanic source
regions matters.

[24] The left part of Figure 6 shows the correlation of
South American precipitation with SST in region 6 (tropi-
cal South Atlantic Ocean) for June and December (see Fig-
ure S22 for all months of the year). We identified region 6
as an important precipitation source for the eastern part of
Brazil (Figure 3) [see also Drumond et al., 2010]. If posi-
tive anomalies in evaporation from region 6 indeed contrib-

Correlation P and SST in Region 15

November

uted to more terrestrial precipitation, we would expect to
see a positive correlation in each month, especially in the
eastern part of Brazil. This, however, was hard to identify.
We only found a positive correlation in the relatively dry
months such as June (Figure 6). In general, there is no clear
significant relationship between the SST in source region 6
and the precipitation on the adjacent continent.

[25] The right part of Figure 6 shows the correlation of
South American precipitation with SST in the Nino 3.4
(ENSO) region for June and December (see Figure S23 for
all months of the year). The correlation of precipitation
with ENSO is a more coherent and clear pattern compared
to the correlation pattern with region 6. This suggests that
ENSO and its associated changes in atmospheric circula-
tion [Rahmstorf, 2002] are stronger linked to precipitation
in South America [e.g., Chavasse and Seoane, 2009] than
the more local effect of increased SSTs [see also Trenberth
et al., 1998].

Correlation P and SST in Nifio 3.4

November

o

-0.5

-1

Figure 8. The correlation coefficient between GPCC precipitation in Oceania and SSTs for the period
1982-2009. The darker values are statistically significant (¢ test, p =0.05). (left) Correlation between
precipitation in Oceania and the SST in region 15 (Figure 2). (right) Correlation between precipitation in
Oceania and the SST in the Nino 3.4 region. See Figures S36—S38 in the supporting information for all
months and all regions around Oceania.
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[26] Figure 7 shows the correlation of precipitation in
Africa with SST in region 8 (Mediterrancan Sea),
region 9 (Gulf of Guinea), and the Nino 3.4 (ENSO)
region for August. If we focus on West Africa, for
which August is in the middle of the rainy season, we
can see that the rainfall in the coastal region is
strongly correlated with SST in the Gulf of Guinea, but
the rainfall in the Sahel region is stronger correlated
with SST in the Mediterranean Sea. ENSO, on the
other hand, only has a weak (negative) correlation with
precipitation. These results make sense from a precipi-
tation sources point of view: the Sahel receives part of
its rainfall from the Mediterranean but the coastal
region much less (see Figure S8b) [also, e.g., Druyan
and Koster, 1989; Nieto et al., 2006; Hagos and Cook,
2007; Schicker et al., 2010; Keys et al., 2011],
although it has been speculated that part of the cross-
desert transport of Mediterranean moisture into the
Sahel could be an artifact of the moisture tracking
models [Dirmeyer, 2011]. Nonetheless, these results are
confirmed by previous observational and modeling stud-
ies that found similar relationships between SST and
West African precipitation [e.g., Vizy and Cook, 2002;
Rowell, 2003]. However, it should be noted that these
correlation patterns are only present from July to Octo-
ber (Figures 7, S27, and S28).

[27] Figure 8 shows the correlation of precipitation in
Oceania with SST in region 15 (Coral Sea) and the Nino
3.4 (ENSO) region for November. The same pattern
(although less strong) can be seen throughout the whole
year (Figures S37 and S38). It can be observed that local
SST and ENSO have opposite effects. Based on Figures 8,
S37, and S38 it can be hypothesized that a La Nina in
combination with increased local SSTs can lead to major
floods in eastern Australia, such as the 2010-2011
Queensland floods [Cai and van Rensch, 2012]. Interest-
ingly, based on a regional climate modeling study, Evans
and Boyer-Souchet [2012] arrived exactly at the same
conclusion.

3.4. Cautionary Notes

[28] The oceanic source regions (Figure 2) and their
corresponding evaporationsheds (Figure 4) have been
established based on atmospheric moisture tracking
with WAM using ERA-Interim data and thresholds that
we defined. The results of this research could be some-
what different if performed with other models, data, or
thresholds. Nonetheless, we do think that roughly the
same 15 source regions would have been found,
although their shape could be slightly different and
their sizes could appear smaller or bigger. Unfortu-
nately, isotopic studies [such as Henderson-Sellers et
al., 2002; Yoshimura et al., 2003] that could quantita-
tively validate moisture tracking results at a global
scale are still missing.

[29] The assumption of well-mixed horizontal mois-
ture transport assumed here (equation (3)) may lead to
inaccuracies particularly in the tropics [Goessling and
Reick, 2012; van der Ent et al., 2013], possibly under-
estimating, for instance, the extent of source region 9.
The data itself also has an impact on the results; Tren-
berth et al. [2011] estimated a global overestimation of

both precipitation and evaporation in the order of 10%
over both the oceans and the land surface. In general,
this would mean that the role of advection is slightly
underestimated, and moisture travels further than what
we see in Figures 5 and Sla—S15a. Figures 1 and 3
(and Figures S1b-S15b) are not expected to be so
much affected, since they present relative numbers.
Sensitivity tests with different data resolutions (not
shown), however, had very little influence on the
results.

[30] Considering the thresholds chosen in Figures 2
and 4 it should be noted that in each study in which
moisture is tracked forward (or backward) from a cer-
tain region one needs to choose a threshold value when
displaying the boundary of a moistureshed. This is
always an arbitrary choice, and most studies have cho-
sen it in terms of a certain flux but did not provide in-
formation on how much moisture the area within a
boundary receives as a percentage of the source
region’s evaporation (forward tracking) or precipitation
(backward tracking) [e.g., Sodemann et al., 2008; Dir-
meyer et al., 2009a; Dominguez et al., 2009; Drumond
et al., 2010; Gimeno et al., 2010]. We like to argue
that this information is crucial in assessing the spatial
extent of a source region’s influence. When considering
Figures S1-S15 without the second scale bar it is not
possible to assess the travel distances of the atmos-
pheric moisture. However, when the evaporationshed is
simplified to only one boundary, as we did in Figures
3 and 4, there is a need for careful interpretation
because much detailed information, such as provided in
Figures S1-S15, is lost and another threshold choice
would have altered the way the results are perceived.

[31] Regarding the correlation analysis between SSTs
and terrestrial precipitation we must bear in mind that
correlations cannot simply be thought of as causal rela-
tions. Figures S16-S39 in the supporting information
should therefore be interpreted with caution and the
local dynamics to be analyzed carefully before conclu-
sions can be drawn. Even if strong positive correlations
are found, this does not necessarily mean that there is a
causal effect. It could, for example, also indicate that
both local SST and land precipitation are increased by
global warming, without the necessity of additional
moisture transport from the oceanic region. Neither can
we simply assume these correlations to remain static in
time in view of the fact that these increased SSTs are
predicted to increase heterogeneously over the globe
[Xie et al., 2010], which may lead to changes in atmos-
pheric circulation.

4. Conclusions and Outlook

[32] In this study we have investigated which oceanic
regions act as sources for continental precipitation. We
have distinguished 15 different regions which are all rel-
atively close to the coasts. We found that whether a
region is a source of continental precipitation or not
depends on the prevalent wind directions rather than on
the evaporation surplus (Figures 1 and 2). Forward
tracking of evaporation from these sources has yielded a
more detailed representation of which continental areas
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are most influenced by oceanic evaporation (Figures 4
and S1-S15).

[33] We found that several oceanic regions supply conti-
nental precipitation during the entire year, while others
have a strong seasonal pattern (Figure 3). Interestingly,
regions 1, 2, and 7 in the North Pacific Ocean and North
Atlantic Ocean (Figure 2) were found to be relatively much
more important during October-March, when the sea is
warmer than the land. This indicates a more important role
for land-atmosphere coupling during the summer season.
For South America it was interesting to see how the contri-
bution from region 5 (tropical North Atlantic Ocean)
diminishes from June to October. The source regions
around the Indian Ocean have the most complex behavior.
They have varying receiver regions and are mostly acti-
vated during the monsoon.

[34] Analyzing the correlation of continental precipita-
tion with SST (main effect: increasing evaporation) in
the source regions versus ENSO (altering wind patterns),
the following can be observed. For South America local
SST seems to be of less influence than the ENSO effect.
However, for West Africa there appears to be a clearer
role for local SSTs. In Australia on the other hand, both a
local SST and an ENSO effect can be discerned. In other
parts of the world, that we did not analyze in detail, a
wide range of SST effects on precipitation is expected:
e.g., a role for local SSTs in Europe [e.g., Lenderink et
al., 2009], ENSO effects in North America [e.g.,
McCabe and Dettinger, 1999], or more complicated dy-
namics during the Indian Monsoon [e.g., Li ef al., 2001].
As a final point, we think that Figures S16-S39 in the
supporting information can act as a starting point for
future studies that wish to study the effect of local SST
and ENSO on precipitation in more detail in their region
of interest.

[35] Although the correlation maps (e.g., Figure 6 for
South America) do not always show a clear correlation
between local SST and continental precipitation, we think
that the globally identified source regions still give impor-
tant indications on the regions of interest for SST-
precipitation coupling. One of the difficulties is that a sig-
nal like ENSO and its associated changes in atmospheric
circulation has not only a local but in fact a major global
influence on precipitation [e.g., Trenberth et al., 1998;
Ward et al., 2010; Lii et al., 2011]. The ENSO signal can
outweigh the local SST signal, which actually makes the
relationship between SSTs and continental precipitation
nontrivial [e.g., Bichet et al., 2011]. However, Figures 7
and 8 also suggest that local SST may play an important
role for continental precipitation.

[36] We feel that the accurate prediction of the effect of
increasing SSTs, and the effect it has on continental precip-
itation, is a major challenge for future research [e.g., Ma
and Xie, 2012; Trenberth and Fasullo, 2012]. But more
importantly, it is very difficult to derive coping strategies
on the basis of increasing SSTs or more frequent El Nino
events. While the SSTs have increased in the past decades
[Deser et al., 2010], the precipitation in the Amazon has
actually decreased [Buarque et al., 2010]. This could very
well be related to ongoing deforestation [Spracklen et al.,
2012], which suggests that land use changes can outweigh
the oceanic signal. Therefore, we feel that for the conserva-

tion of future water resources it is vital to increase our
knowledge on land-atmosphere feedbacks as well as ocean-
atmosphere feedbacks.
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