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ABSTRACT

Assessment of the impact of climate change on water resources over land requires knowledge on the origin

of the precipitation and changes therein toward the future. We determine the origin of precipitation over

the Mississippi River basin (MRB) using high-resolution (;25 km) climate model simulations for present

and future climate (RCP4.5). Moisture resulting in precipitation over the MRB is tracked back in time

using Eulerian offline moisture tracking, in order to find out from where this water originally evaporated

(i.e., themoisture sources).Wefind that themost important continental moisture sources are theMRB itself and

the area southwest of the basin. The two most relevant oceanic sources are the Gulf of Mexico/Caribbean and

the Pacific. The distribution of sources varies per season, withmore recycling of moisture within the basin during

summer andmore transport of moisture from the ocean toward the basin in winter. In future winters, we find an

increase in moisture source from the oceans (related to higher sea surface temperatures), resulting in more

precipitation over theMRB. In future summers, we find an approximately 5% decrease inmoisture source from

the basin itself, while the decrease in precipitation is smaller (i.e., lower recycling ratios). The results here are

based on one climate model, and we do not study low-frequency climate variability. We conclude that Mis-

sissippi’smoisture sourceswill become less local in a future climate, withmorewater originating from the oceans.

1. Introduction

The atmospheric water budget is affected by climate

change. Precipitation is expected to increase at high

latitudes and around the equatorial band (Gimeno et al.

2012; Trenberth 2011), and a reduction is expected in

subtropical subsidence regions (Allen and Ingram 2002).

Changes in mean annual evaporation follow the changes

in temperature (Held and Soden 2006), with increasing

evaporation rates overmost of the oceans (Gimeno et al.

2012). Higher temperatures in a future climate also re-

sult in more atmospheric water vapor in the lower tro-

posphere following Clausius–Clapeyron, amplifying the

atmospheric water cycle (Held and Soden 2006). Be-

sides thermodynamic effects, changes in circulation
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patterns can affect the atmospheric water budget on a

regional level. Both dynamic (circulation) and thermo-

dynamic effects are relevant when considering moisture

sources of a region, that is, the evaporative sources re-

sulting in precipitation over a defined area.

Hydrological basins are often used as study areas on a

regional level, since changes in the atmospheric water

cycle also influence discharge and soil moisture charac-

teristics, which are important for water management. In

addition, the origin of the precipitation, being conti-

nental or oceanic, can indicate the vulnerability of a

basin to ongoing and future land-use changes. Fur-

thermore, the location of the sources can also indicate

whether there is a greater need to improve the model

representation of ocean or land evaporation.

So far, moisture source regions are mostly determined

for present climate (Algarra et al. 2019; Bosilovich and

Chern 2006; Bosilovich and Schubert 2001; Brubaker

et al. 2001; Dirmeyer and Brubaker 1999; Knoche and

Kunstmann 2013; Sodemann et al. 2008; Stohl and James

2005). Consequently, one of the remaining questions in

atmospheric moisture transport was stated in the review

by Gimeno et al. (2012): ‘‘How will climate change alter

the location and significance of source regions and the

transport of moisture from these toward continental

areas in the future?’’ Here, we focus on the atmospheric

water budget and themoisture sources of theMississippi

River basin (MRB) and how these are affected by

climate change.

The Mississippi River basin is the fourth-largest river

basin in the world, and it contains one of the world’s

most productive agricultural regions (the Corn Belt). In

addition, it is an important source of water to millions of

people, as well as industry. Therefore, it is important to

understand its hydrological cycle and the local variations

therein. The precipitation budget of the MRB is influ-

enced bymoisture input frommultiple drivers. Moisture

is advected from the Pacific over the western boundaries

of the MRB, resulting in high precipitation amounts and

snow over the Rocky Mountains, mainly in winter. At

the southern boundary, moisture is advected from the

warm tropical Atlantic, Caribbean, and the Gulf of

Mexico resulting in relatively wet conditions in the

southeast. A large set of climate models indicates that

in the future those wet regions (southeast and Rocky

Mountains) get wetter [CMIP3 (Seager et al. 2010)

and CMIP5 (Seager et al. 2013)]. In summertime,

moisture transport is related to the Great Plains low-

level jet (LLJ), ranging from the Gulf of Mexico inlands

(Algarra et al. 2019; Helfand and Schubert 1995; Higgins

et al. 1997). This supply of moisture, together with large

surface fluxes results in convective precipitation in

summer over the MRB.

In present climate, moisture sources and moisture

recycling of the MRB is widely studied. First research

was conducted by Benton et al. (1950), who studied the

different (continental and maritime) air masses bringing

precipitation over the river basin. Benton et al. (1950)

concluded that 10% or less of the precipitation over the

Mississippi had its evaporative sources from within the

basin, where Brubaker et al. (1993) found recycled

fractions ranging between 20% and 30% depending on

the season. Later, Brubaker et al. (2001) determined

from a long climatology (36 years) of warm-season

precipitation that 32% of the moisture source origi-

nated from theMRB itself and about 20% from theGulf

of Mexico. Further, the establishment of anticyclonic

flow around the Bermuda high, a high pressure system

over the Atlantic during summer, lengthens the fetch of

moisture sources from the Gulf of Mexico/Atlantic

Ocean into the Caribbean and tropical Atlantic. In

the project by Dirmeyer et al. (2009), a climatology of

moisture sources per basin, including the Mississippi,

were determined and visualized. Over time, other

moisture tracking methods were suggested and ap-

plied to the MRB, for example the use of passive

tracers (Bosilovich and Schubert 2002; Bosilovich

and Chern 2006) and a Lagrangian tracking method

(Stohl and James 2005). The latter found similar

moisture sources for the MRB as Brubaker et al.

(2001). Recently, a moisture tracking model was used

to explore the role of reduced moisture transport in

drought propagation over North America (Herrera-

Estrada et al. 2019).

All studies mentioned above assess the moisture

sources and moisture recycling of the MRB/North

America for present climate, because moisture tracking

is mostly applied to atmospheric reanalysis datasets.

However, reanalyses do not provide information on

the future. As a consequence, one of the open questions

in the field of atmospheric moisture transport is how

moisture sources are affected by climate change (Gimeno

et al. 2012; Guo et al. 2019). Findell et al. (2019) studied

continental precipitation under rising temperatures

on a global scale, and emphasized the need to further

study regions such as the corn producing regions of

North America, given their importance for agriculture.

Gimeno et al. (2013) detected regions of continental

precipitation which are vulnerable to changes in oce-

anic moisture sources (i.e., changes in evaporation).

They selected regions where climate change will likely

lead to an increase in evaporation minus precipitation

(so-called hot spot regions) and performed forward

tracking of moisture to identify which continental re-

gions were affected by these hot spot source regions.

Ideally, a tracking algorithm should be applied directly
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to simulations of future climate using a global climate

model (Gimeno et al. 2013), which is what we do in

this study.

We use 30-yr high spatial resolution (;25 km) simu-

lations of a global climate model for present and fu-

ture climate [representative concentration pathway 4.5

(RCP4.5); van Vuuren et al. 2011]. We choose to use

high-resolution global simulations as this benefits the

representation of, among others, El Niño–Southern
Oscillation (ENSO; Shaffrey et al. 2009), the global

water cycle (Demory et al. 2014), storm tracks (Hodges

et al. 2011), and cyclones (Strachan et al. 2013). At the

expense of the high resolution, the simulations have a

limited simulation length (six members of 5 years per

period), and therefore we cannot study multidecadal

variability.We focus on themean change of the different

terms of the atmospheric water budget, andMississippi’s

moisture sources. Our two main research questions are

stated as follows: 1) How is the modeled atmospheric

water budget over the Mississippi River basin projected

to change in the future? 2) Howwill climate change alter

the relative contribution of the oceanic and terrestrial

moisture source regions of the Mississippi River basin?

We structure the paper as follows. We start with

the theory on atmospheric water vapor tracking and

we define the evaporation recycling ratio (section 2). In

the methodology (section 3), we describe the data from

the climate model EC-Earth, the tracking model Water

Accounting Model-2layers (WAM-2layers), and our

experimental setup. In section 4, we validate precipita-

tion and evaporation from EC-Earth and analyze how

it is changing toward the future. Thereafter (section 5),

we validate the use of WAM-2layers with the EC-Earth

data. In section 6, we show and discuss the moisture

sources of the MRB in present and future climate, and

their seasonal variation. Finally, we discuss the meth-

odology, and we end with a summary and conclusions.

2. Theory on atmospheric moisture tracking and
recycling ratios

Moisture is added to the atmosphere via evaporation

E, it is transported by the wind, and becomes a loss

term in the atmospheric water budget as precipitation P.

Here, we follow the notation of van der Ent et al. (2010,

2014) to define the atmospheric water budget:

›S

›t
1

›F
x

›x
1

›F
y

›y
5E2P , (1)

where S5 (1/rwg)
Ð ps
0
q dp, Fx 5 (1/rwg)

Ð ps
0
(qu) dp, Fy 5

(1/rwg)
Ð ps
0
(qy) dp, rw is the density of water, g is the

gravitational constant, ps is the surface pressure, 0

indicates the pressure at the top of the atmosphere, q is

specific humidity, and u and y are the wind components

in the east–west and north–south directions, respectively.

Whenwedetermine themoisture budget over a longer time

period, the change of atmospheric water vapor over time is

negligible and the first term in Eq. (1) can be neglected.

When moisture is tracked from its source (evapora-

tion over a region) to its sink (precipitation) Eq. (1) can

be adapted as follows, indicating forward tracking:

›S
m

›t
1

›F
x,m

›x
1

›F
y,m

›y
5 dE1P

m
, (2)

where the m indicates the tracked moisture and the

d indicates the source area of interest.

Here, we are mostly interested in the moisture sources

which bring precipitation to a defined region. To determine

these moisture sources, moisture is tracked backward

in time, which means that precipitation becomes the

source and evaporation the sink. Therefore, E and P

switch sign compared to the forward tracking:

›S
m

›t
1
›F

x,m

›x
1
›F

y,m

›y
52E

m
1 dP . (3)

In this study, d 5 1 inside the MRB and d 5 0 outside

the MRB. The term Em is the source of the tracked

moisture and is shown through this study as the re-

sulting moisture source.

When tracking moisture backward in time, we can

determine the ratio between evaporation moisture

source summed over the region (A) and the total

evaporation summed over the region, which we call

the evaporation recycling ratio �r:

�
r
5

ð
A

dE
m
dA

ð
A

dEdA

. (4)

3. Methodology

a. Model data: EC-Earth

Weuse simulationswith high spatial resolution (Haarsma

et al. 2013) from the atmospheric global climate model

EC-Earth V2.3 (Hazeleger et al. 2010, 2012). The runs

have a horizontal spectral resolution of T799 (;25km) and

91 vertical levels. The EC-Earth model is based on the

European Centre for Medium-Range Weather Forecasts

numerical weather prediction model Integrated Fore-

casting System (IFS) cy31r1. An improved hydrology

scheme (H-TESSEL; Balsamo et al. 2009; van den Hurk
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et al. 2000) is inserted in EC-Earth. Actual evaporation

is computed by this scheme using a tile approach, such

that each grid cell can contain multiple land-use types.

The experiment consists of six members of 5 years for

present climate (2002–06) and future climate (2094–98),

resulting in a dataset of 30 years for each period. A 10-yr

spin up run at low resolution (T159) was made for both

the present and the future, followed by a 9-month (from

January to October) spinup run at T799 resolution. The

six-member ensemble was made by taking the atmo-

spheric state of one of the first 6 days of October as

initial state for each member. Thereafter, the model was

run for another 3 months until 1 January before the data

were used for the analysis. After this spinup the spread

in the atmospheric states was sufficient to treat the six

runs as independent members (Haarsma et al. 2013).

In the present-day simulations, observed greenhouse

gases and aerosol concentrations were applied, while fu-

ture concentrations were derived from the RCP4.5 sce-

nario (van Vuuren et al. 2011). Sea surface temperatures

(SSTs) were imposed using daily data at 0.258 horizon-
tal resolution fromNASA (http://www.ncdc.noaa.gov/oa/

climate/research/sst/oi-daily.php) for the 2002–06 period.

The SSTs for the future were calculated by adding the

projected ensemble mean change using the 17 members

of the coupled climate model ECHAM5/MPI-OM in the

ESSENCE project (Sterl et al. 2008) under the SRES

A1B emission scenario (Nakićenović and Swart 2000).

This scenario is compatiblewith theRCP4.5 scenario, but

the median global temperature increase by the end of the

twenty-first century is about 18C smaller (Rogelj et al.

2012). Further details on model setup can be found in

Haarsma et al. (2013) and Baatsen et al. (2015).

We obtain the following variables from the model:

evaporation E(t, x, y), precipitation P(t, x, y), surface

pressure ps (t, x, y), the two horizontal wind components

at 10m u10(t, x, y) and v10(t, x, y), dewpoint tempera-

ture at 2m d2m(t, x, y), specific humidity in the atmo-

sphere q(t, x, y, p), and the two wind components in the

atmosphere u(t, x, y, p) and y(t, x, y, p). Specific humidity

at the surface is derived from dewpoint temperature at

2m and surface pressure. Surface data is available at a 3-

hourly time step and atmospheric data at a 6-hourly time

step. One important constraint of the EC-Earth data

compared to reanalysis data is that the atmospheric

variables are only saved at five pressure levels in the

atmosphere, namely, 850, 700, 500, 300, and 200 hPa.

b. Validation data: ERA-Interim, CMIP5, and
observations

We compare E and P from EC-Earth with other model

simulations of the Atmospheric Model Intercomparison

Project (AMIP) CMIP5 (Taylor et al. 2012) from 1979 to

2008 for present climate, and from 2070 to 2100 for fu-

ture climate based on the RCP4.5 scenario. This project

also includes simulations with EC-Earth, although with a

different setup and lower resolution than the climate runs

we perform the tracking for. Furthermore, we use re-

analysis data from ERA-Interim (1985–2014; Dee et al.

2011) and ERA-Interim/Land (1985–2010; Balsamo et al.

2013). We also include observational data of the Climate

PredictionCenter (CPC) 0.258DailyU.S. UnifiedGauge-

Based dataset version 1.0 (1985–2014; Higgins et al. 2000)

for precipitation and the GLEAM dataset (1985–2014;

Martens et al. 2016) for evaporation.

For validation of the moisture tracking, we force the

tracking model WAM-2layers with ERA-Interim re-

analysis data (Dee et al. 2011). ERA-Interim (ERAI)

provides atmospheric information (specific humidity and

wind) at both model levels and pressure levels. The at-

mospheric data has a 6-hourly time step and the surface

data a 3-hourly time step. For this validation, we obtain

the ERAI data with a horizontal resolution of 1.58 3 1.58
for the year 2002.

c. Tracking method: WAM-2layers

WeuseWAM-2layers (van der Ent et al. 2010, 2014) to

determine the moisture sources of the MRB. WAM-

2layers is an Eulerian offline moisture tracking model

which solves the atmospheric water balance [Eq. (1)] for

every grid cell. The model can perform both forward and

backward moisture tracking. We primarily use backward

tracking to determine the moisture sources of the MRB

[Eq. (3)]. WAM-2layers performs the tracking in two

layers in the atmosphere, hence the atmospheric in-

formation is integrated to two layers (van der Ent 2014).

Themodel assumes well-mixed conditions in both layers

[Pk 5 P 3 (Sk/S)] and evaporation only contributes to the

lower layer. Transport of moisture between the layers can

occur via vertical component Fy. The vertical transport Fy
between the two layers is determined from closing the water

balance between the two layers. Furthermore, to take into

account the nonclosure of the data, a sigma termsk is added:

›S
m,k

›t
1

›F
x,m,k

›x
1
›F

y,m,k

›y
5 dP

k
2E

m,k
1F

y
1s

k
, (5)

where k indicates either the bottom or the top layer. The

division between the two layers depends on the surface

pressure: pdivide 5 7438 1 0.72ps (Pa). For more in-

formation on the model we refer to van der Ent (2014).

d. Tracking method WAM-2layers applied to
EC-Earth data on pressure levels

Originally, theWAM-2layers model was developed to

perform moisture tracking with atmospheric data from
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ERAI.Wemodify theWAM-2layers model in order to

run it with input data from EC-Earth, which provides

atmospheric data at five pressure levels, and to fit the

purposes of this study. We describe the modifications

below, whereas the results of the validation are pre-

sented in section 5b.

First, atmospheric data on pressure levels can in-

tersect with topography. We use surface pressure to

identify and eliminate levels which are situated below

the surface. Thereafter, we perform a spline inter-

polation on the vertical flux profiles (uq and yq) at

pressure levels to better estimate the real vertical wind

profiles. A spline interpolation is chosen to better cap-

ture the LLJ. We perform a linear interpolation for the

vertical profiles of specific humidity. Afterward, the inter-

polated data is integrated to two layers (bottom and

top), which is needed for the tracking model (see pre-

vious section).

Second, we apply a linear interpolation of the mois-

ture fluxes (›Fx/›x and ›Fx/›y) over time.

Third, when there is a local nonclosure of the

moisture balance (i.e., on gridcell level) it can happen

that the amount of water vapor in a cell Sk is smaller

than the amount of tracked water vapor Sm,k. We allow

this to happen, in order to ensure water conservation.

The spatial resolution of the EC-Earth data

(;25 km 3 25 km) is much higher than the spatial

resolution of the ERAI data (;150 km3 150 km) and

therefore we decrease the time step of WAM-2layers

from 15 to 6min. All simulations are performed on

the following domain: 1508–508W and 108–708N
(Fig. 1).

e. Experimental setup

Here we describe the analyses in the same order as we

discuss the results. First, we compare monthly basin

averages of daily evaporation and precipitation from

EC-Earth with CMIP5 model simulations, reanalyses,

and observations. We indicate the interannual variance

per model by showing the standard deviation of the

monthlymeans per month, where we take the average of

the standard deviations over all models for the CMIP5

ensemble. Variance between models, for the CMIP5

ensemble, is determined as standard deviation between

each year for the different models and then averaging

over the years.

Second, we quantify the spatial changes of E, relative

humidity (RH), and P toward the future over Northern

America. We determine if the change is statistically

significant by bootstrapping the monthly averages per

season (3 months per season 3 30 years) to a sample of

1000. Then we calculate the 95% confidence intervals. If

there is no overlap between the confidence intervals of

the present and future variable, the change is deemed

significant.

Thereafter, we validate the closure of the water

balance in the EC-Earth data (section 5a). In addition,

we validate the changes made in the WAM-2layers

model by running the adapted version with ERAI at

the pressure levels which are available in the EC-

Earth model (surface pressure, 850, 700, 500, 300, and

200 hPa), and we compare these results with the sim-

ulations from the original WAM-2layers code with

ERAI at model levels. This validation is done for the

year 2002.

We analyze the moisture sources per season (DJF,

MAM, JJA, SON), for present climate (pr), future cli-

mate (fu), and the difference (D fu2 pr). We determine

the statistical significant differences in absolutemoisture

sources per season using bootstrapping and 95% con-

fidence intervals (as described before). For further

quantification, we determine the contribution of mois-

ture source per geographical region. These regions are

defined as follows: Mississippi River basin itself, conti-

nental areas outside the basin, Pacific Ocean, Gulf of

Mexico/Caribbean, and the Atlantic Ocean (see Fig. 1).

To allow a fair comparison between present and fu-

ture moisture sources, the sources are normalized with

the area-averaged precipitation falling over the MRB

in the respective period. We indicate the robustness of

the relative sources with error bars, which show the

95% confidence intervals after bootstrapping 1000 re-

alizations (Efron and Tibshirani 1994) of the monthly

average sources over the regions. To support the results,

we include an extra analysis where we perform forward

tracking to determine the moisture sinks (precipitation)

from a selected source region (evaporation over the

FIG. 1. Map of the domain on which we performed the moisture

tracking, including the source regions used for analyses: conti-

nental area outside Mississippi River basin (green, not hatched),

Mississippi River basin (green, hatched), Pacific (blue left of the

continent), Atlantic (blue right of the continent, including Hudson

Bay), and Gulf of Mexico/Caribbean (blue dotted).
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southern Great Plains and northeast Mexico). These

results are discussed in section 6b.

4. Evaporation and precipitation in present and
future climate

a. Comparison of EC-Earth with CMIP5 model
results and observations

We first compare monthly basin averages of daily

evaporation and precipitation from EC-Earth with

other model results (CMIP5 model means and ensem-

ble mean), reanalyses, and observational data (Fig. 2).

For evaporation, we find a pronounced yearly cycle with

the smallest rates (;0.5mmday21) and interannual var-

iances in winter and largest rates (;3mmday21) and

interannual variances in summer. The variability among

the CMIP5 models (black thin error bars) is largest in

summer, when absolute values are largest.We find higher

evaporation values in October–May in EC-Earth com-

pared to most other CMIP5 models, the CMIP5 ensem-

ble mean, and observations. For all months (shown

for April, July, and October), the spread because of

interannual variability in EC-Earth falls within the

possibilities of CMIP5 output given by the model

means (gray dotted lines).

In a future climate, we find increased values of evap-

oration in winter and spring (around 0.2mmday21) us-

ing EC-Earth. Increased evaporation rates in spring and

summer are found by comparing the ensemble mean of

historical AMIP CMIP5 simulations with the ensemble

FIG. 2. Monthly averages of (a) basin-averaged daily evaporation (mmday21) and (b) basin-averaged daily

precipitation (mmday21) over theMRB. The gray shading denotes the AMIPCMP5 1979–2008 coverage of model

means around the ensemble mean (black line). Additional plotted data includes ensemble mean from CMIP5

future RCP4.5 (2070–2100; black dashed), CPC 1985–2014 precipitation and GLEAM 1985–2014 evaporation

(blue), ERA-Interim 1985–2014 (yellow), ERA-Interim LAND 1985–2010 (brown), and EC-Earth present (6 3
2002–06; red solid line) and future climate (6 3 2094–98; red dashed line). The error bars indicate the standard

deviation between the monthly values (interannual variance), in the corresponding color. We only show the error

bars for the present day datasets (observations, EC-Earth pr, AMIP CMIP5 pr, and ERAI/Land) for the months

April, July and October. The variance around ERAI is comparable to ERAI/Land and not shown. The thin black

error bar around the ensemblemean ofAMIPCMIP5 present indicates the standard deviation in themodel spread.
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mean of future (RCP4.5) AMIP CMIP5 simulations.

Ferguson et al. (2018) performed a similar analysis using

the coupled runs fromCMIP5 and the future simulations

based on the RCP8.5 scenario, and found significant

increases for evaporation in every month of the year

except for July and August.

Furthermore, we compared the spatial pattern of

evaporation simulated by EC-Earth over the whole

domain with the reanalysis product ERA-Interim (the

GLEAM product only provides evaporation over land

and is therefore not useful to do a spatial comparison).

Over land, EC-Earth and ERAI are very comparable,

with a similar spatial distribution (not shown). Over the

ocean, evaporation in EC-Earth is higher over the Gulf

of California, Gulf of Mexico, and the Gulf Stream. It

should be noted that EC-Earth has fixed SSTs and only

simulates from 2002 to 2006, which makes the compar-

ison nontrivial.

Within all models, we find high daily precipitation

values in the beginning of summer, which is mainly re-

lated to convective precipitation, and lower values of

daily precipitation in winter (Fig. 2b). There is a large

variability in precipitation within the model means of

CMIP5, in summer ranging from 1.5 to 4mmday21

(gray area). Precipitation simulated by EC-Earth falls

mostly within this spread of model means, except for

April and October. We find the peak in precipitation

in May and June for CMIP5, CPC, and ERAI-Land

whereas precipitation fromEC-Earth peaks inApril and

May, falling outside the variability. However, the in-

terannual variance from EC-Earth always overlaps with

the interannual variance and model variance around

the CMIP5 ensemble mean. The higher values for pre-

cipitation in winter and spring in EC-Earth compared

to most other models were also found for evaporation.

The model mean precipitation of the EC-Earth AMIP

CMIP5 runs shows a similar pattern in precipitation, and

evaporation, as the high-resolution simulations used in

this study (not shown).

In a future climate with EC-Earth, higher precipitation

amounts over the Mississippi are simulated in winter and

spring (an increase of around ;0.5mmday21). In July

and August a decrease in precipitation over the basin is

found toward the future. Precipitation from the ensemble

mean of the CMIP5 future simulations is in every month

higher than the ensemble mean from CMIP5 for the

present (Fig. 2b). The study by Ferguson et al. (2018)

found a significant increase in precipitation over the

Mississippi basin from November to May using the

coupled runs from CMIP5 and the RCP8.5 scenario

for future simulations.

Despite the biases in precipitation in EC-Earth,

the changes toward the future still contain valuable

information, as studies show that there is a weak or

nonexistent relation between obvious metrics of ob-

servable quantities and projections (Knutti et al.

2010). In the next section, we will focus on the spatial

changes of components of the atmospheric water

balance toward the future.

b. Spatial changes in evaporation and precipitation in
EC-Earth

In simulations of future climate with EC-Earth (2094–

98; RCP4.5) we find an increase in 2-m temperature of

2.58–38C over the ocean, and 38–48C over land, with the

largest increases in the northern parts of the domain (not

shown). Because of these higher temperatures, and an

increase in evaporation in general, larger amounts of

column integrated water vapor S are found over the

whole domain and again especially in the northern parts.

We show the spatial distribution of the change in

evaporation, relative humidity and precipitation toward

the future for winter (DJF) and summer (JJA) in Fig. 3.

Over the oceans, a general increase in evaporation is

projected for the future, with locally increases up to

50mm month21, for example over the Gulf Stream.

Especially in winter (DJF) and autumn (SON, not

shown) evaporation also increases over the southern

parts of the domain, including the Gulf of Mexico

(Fig. 3a). This increase in evaporation over the ocean

is the result of an increase in saturated vapor pressure,

which is driven by an increase in SST, and a relative

humidity that significantly but unsubstantially changes

toward the future (0%–2%, Fig. 3b).

In contrast to oceans that provide an infinite source of

water to evaporate, land evaporation is limited by soil

moisture and a rise in temperature does not automati-

cally imply an increase in evaporation. We find that soil

moisture availability limits evaporation in winter, as the

change in evaporation and relative humidity are spa-

tially correlated, both positive in the north and both

negative in the southwest (Figs. 3a,b). In the north (over

theMRB), an increase in evaporation combined with an

enhancement in relative humidity points to an increase

in the supply of water (van Heerwaarden et al. 2010),

thus an increase in soil moisture. In the southwest, a

decrease in evaporation leads to an increase in sensible

heat flux, which heats up the boundary layer and which

decreases the relative humidity. It should be noted that

other aspects like frozen ground, snow cover, and

vegetative seasonality can also influence the relation

between soil moisture and evaporation in winter, but

are not assessed in this study. The same signal with

decreased evaporation rates and decreased relative

humidity is found in spring and summer over Mexico

(Figs. 3d,e). This decrease in evaporation toward the
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future is also found by Seager et al. (2007), using a

large suite of climate models.

In summer (JJA) over the MRB, except for the

northwestern corner, an increase in evaporation corre-

sponds with a decrease in relative humidity. Here, soil

moisture may not be the limiting factor and the increase

in evaporation could be mainly related to an increase in

temperature (highest increases of temperature were also

found in the northern parts). If increases in temperature

dominate over increases in humidity, relative humidity

will decrease (Fig. 3e).

For precipitation, we find an increase in winter and

spring over the MRB (Figs. 3c and 2b), especially in the

central and eastern part of the basin. The strongest in-

crease in precipitation in winter outside theMRB occurs

along the northwest coast and the strongest decrease

outside the MRB over the South Pacific and southeast-

ern North America and Mexico. In summer, we find a

slight decrease in precipitation over the MRB (Figs. 2b

and 3f). The most obvious positive change in summer

(JJA) is found over the tropical Pacific withmuch higher

precipitation rates in future, while over the Caribbean a

negative change of precipitation to the future is found.

Additionally, we also find a clear dipole of positive

and negative changes inE andP over the North Atlantic

Ocean. This has been attributed to a too far north lo-

cation of the Gulf Stream in the ECHAM5/MPI-OM

model (Sterl et al. 2008), which is used to determine the

SST projections of the EC-Earth future simulations.

Furthermore, the changes in circulation (wind) over

North America to the future are very small (not shown),

except for JJA where we find a strengthening of the

circulation over central North America, which is dis-

cussed further in section 6b.

5. Validation ofWAM-2layers with input data from
EC-Earth

a. Closure of atmospheric water balance in EC-Earth

We first assess the closure of the atmospheric water

balance within the EC-Earth data. We find that over the

whole domain, and over the time period of one year

(2002) the atmospheric water budget closes almost to-

tally (20.06%). However, per time step (6-hourly) the

local nonclosure of the balance per grid cell can be

substantial (up to 20mmday21). The largest nonclosure

occurs mostly under large gradients of specific humidity.

The nonclosure can occur because we use instantaneous

6-hourly atmospheric data (wind and specific humidity),

and because we have a coarse representation of the

lowest layer of the atmosphere where the highest

amounts of moisture occur (between surface pressure

and 850 hPa). Furthermore, we do not use the same

numerical methods for discretization as were used in

the spectral EC-Earth model. Finally, the fact that

atmospheric data is transformed from model levels to

FIG. 3. Spatial patterns of the change in EC-Earth RCP4.5 (a),(d) evaporation DE (future 2 present; mm month21), (b),(e) relative

humidity DRH (future 2 present; %), and (c),(f) precipitation DP (future 2 present; mm month21) for (top) DJF and (bottom) JJA.

Significant differences are indicated with hatching.
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pressure levels also contributes to the nonclosure of

the water balance (Trenberth 1991; Seager et al. 2010;

Seager and Henderson 2013). Nevertheless, the non-

closure at the local gridcell level does not lead to a

nonclosure of the water balance over the whole do-

main in 2002 in the EC-Earth data.

We do not assess the (local non-)closure of the at-

mospheric water budget in ERAI, but expect similar

results as for EC-Earth as both models are based on the

same numerical weather prediction model (IFS). ERAI

does provide atmospheric variables close to the surface,

however due to data assimilation other biases may be

introduced (Trenberth et al. 2011).

b. Validation to apply WAM-2layers with EC-Earth

We run the adapted version of the WAM-2layers

model with ERAI at the pressure levels that are avail-

able in the EC-Earth model, and we compare these re-

sults with the simulations from the originalWAM-2layers

code with ERAI at model levels (Table 1).

The first row of Table 1 indicates the nonclosure of the

water balance with the WAM-2layers model (i.e., how

much water is lost between source and sink), when run

with ERAI at model levels (first column) and run with

ERAI at five pressure levels (second column). This term

is related to the nonclosure of the water balance per grid

cell as discussed in section 5a.

Table 1 quantifies the contributions per source region

in percentage. We find very small differences in using

model levels versus five pressure levels between sources

from continental areas (Mississippi River basin and

surrounding continental areas) and the Pacific. For the

Atlantic and Gulf of Mexico and Caribbean the differ-

ences are slightly larger. By using the data at pressure

levels we lack information in the lowest layer which leads

to an underestimation of the velocities associated with the

LLJ, which is an importantmechanism in thewarm season

to transportmoisture from these regions toward theMRB.

Note that we do not perform the tracking globally, to

reduce computational costs, and therefore some tracked

moisture crosses the boundaries of the domain. This is

indicated in Table 1 with the outfluxes over the bound-

aries (east, west, north, and south). We find the largest

outflux at the western boundary.

From this validation we conclude that the moisture

sources of the MRB determined with ERAI at model

levels and ERAI at five pressure levels are comparable,

thus that we can apply WAM-2layers to the available

data from EC-Earth.

6. Moisture sources and recycling ratios of the
Mississippi River basin in present and future
climate

a. Seasonal variability of the moisture sources in
present climate in EC-Earth

We show the moisture sources Em of the MRB in

present climate averaged per season in Fig. 4 (left col-

umn). The amount of precipitation occurring over the

river basin is indicated in the titles.We find that themost

important continental moisture sources are the MRB

itself and the continental area southwest of the basin.

The most important oceanic sources are the Gulf of

Mexico and Caribbean and the (South) Atlantic and

(east) Pacific. In the (east) Pacific Ocean, the sources

are mainly found around the Gulf of California.

There is a large seasonal variation in the moisture

sources. In winter (DJF), the moisture sources are

mostly located over the oceans, because evaporation

over the oceans is much larger than over land during

winter. Moisture is transported with the westerlies from

the Pacific toward the MRB, and with an anticyclonic

TABLE 1. Relative contribution of moisture sources per region contributing to precipitation over the MRB (%) averaged for the year

2002. The column with ERAI model levels indicates the results with the standard version of WAM-2layers and ERA-Interim at model

levels. The column with ERA-Interim five pressure levels shows the results with the adapted version of WAM-2layers with ERA-Interim

data at five pressure levels.

Relative source (%)

ERA-Interim model

levels 2002

ERA-Interim five pressure

levels 2002

Nonclosure in WAM-2layers 100 2 99.6 5 0.4 100 2 99.5 5 0.5

Tracked source Total 73.4 71.7

Mississippi River basin 12.6 12.4

Continental (not Mississippi) 18.9 19.0

Atlantic 8.5 7.0

Gulf of Mexico/Caribbean 15.6 14.9

Pacific 17.8 18.2

Outflux over boundaries East 6.7 6.2

West 14.1 14.5

North 0.6 0.3

South 5.7 7.9
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flow (Bermuda high) and LLJ from the Atlantic and

Gulf of Mexico and Caribbean toward the MRB. In

spring (MAM), the moisture sources over land increase

as the increasing solar radiation drives the evaporation.

This increase in sources over land, together with supply

of moisture from the oceans, results in high precipitation

amounts in spring over the MRB (;100mm month21),

although spring precipitation is overestimated in EC-

Earth compared to observations and other simulations

(Fig. 2b). In the summer (JJA), the Pacific (Gulf of

California) moisture sources substantially decrease, re-

sulting in less precipitation over the MRB. The source

contribution from the Gulf of Mexico is similar inMAM

as in JJA. During this warm season, the Bermuda high is

shifted westward enhancing the Great Plains LLJ which

results in large amounts of moisture being transported

from the Gulf of Mexico as far as the northeast United

States (Algarra et al. 2019).

FIG. 4. The absolute moisture sources Em of precipitation over the Mississippi River basin (basin indicated with thick black line)

in present and future climate for (a)–(c) DJF, (d)–(f) MAM, (g)–(i) JJA and (j)–(l) SON (mm month21) from EC-Earth. The

sources for (left) present climate (pr), (center) future climate (fu), and (right) the difference (D) fu2 pr. The statistically significant

differences are indicated with hatching in the (D) fu 2 pr plots. The monthly averaged precipitation over the MRB is indicated in

the subplot titles.
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Dirmeyer and Kinter (2010) studied the moisture

sources of the Midwestern region of the United States

during late spring and summer (May–July). The spatial

distribution of moisture sources (Fig. 4 in Dirmeyer

and Kinter 2010) is comparable to our study. However,

their contribution of continental sources is larger,

which could be caused by their study region which is

smaller and located more land-inwards. Evaporation

rates over land peak during summer and most pre-

cipitation in theMRB is convectively driven (Benedict

et al. 2019), that is, moisture is recycled within the river

basin. The evaporation recycling ratio as defined in

Eq. (4) is around 20% in summer (compared to 10% in

winter), which means that 20% of the evaporation

occurring over the MRB results in precipitation within

the same basin. In SON, sea surface temperatures are

still high, resulting in high oceanic evaporation rates.

However, land evaporation decreases compared to

summer, and therefore the main source of moisture

for precipitation over the MRB in SON is the Gulf of

Mexico (Fig. 4j).

To summarize, we find that the moisture sources are

varying throughout the seasons, with high recycling rates

over land during MAM and JJA, and a dominant role

of advection of moisture from the oceans to the MRB

during SON.

b. Moisture sources in a future climate

The projected moisture sources of the MRB in a

future climate are shown per season in Fig. 4 (center

column) and the difference between present and fu-

ture in the right column, where significant differences

are indicated with hatching. The future seasonal spa-

tial patterns of moisture sources are similar to the

spatial patterns in present climate, but there are dif-

ferences in the strength of the sources, especially in

winter (DJF) and summer (JJA). Over the Gulf of

Mexico and the Gulf of California, the moisture source

is strongly increased in winter from maximum source

values in present climate of 20mm month21 to values

of 30mm month21 in a future climate (Fig. 4c). This is

related to an increase in evaporation over the oceans

in winter (Fig. 3a), and results in an increase in pre-

cipitation over the MRB in winter of 10mmmonth21.

In MAM, an increase in moisture source of 8mm

month21 over the Gulf of Mexico is found, which can

also be related to an increase in precipitation over the

MRB. In summer (JJA), we find a decrease of mois-

ture source over continental areas of around 10mm

month21, both within the MRB and south and west

from the river basin. However, we do not find such a

large decrease in evaporation in this period (Fig. 3b).

In autumn (SON), there are no large differences in

moisture source and precipitation between present

and future climate.

If in a future climate more or less precipitation over

the MRB occurs, more or less moisture will be tracked.

Therefore, we normalize the absolute sources with

precipitation over the MRB (
Ð
A
dEm dA/

Ð
dA
dPdA) and

show the relative contribution per region and season in

Fig. 5, and the robustness with 95% confidence inter-

vals obtained after bootstrapping (Efron and Tibshirani

1994) the monthly average sources over the regions. We

also show the yearly averaged relative contribution of all

land regions and all ocean regions, and thereby we in-

clude the yearly average relative moisture sources which

leave the domain over the four boundaries (north, east,

south, west).

Averaged over all seasons (Figs. 5f,g and numbers

in Table 2), we find a significant decrease of relative

moisture sources over land from 33% in present climate

to 27% in a future climate. The relative contribution of

oceanic moistures sources slightly increases from 44%

to 47% (Fig. 5g). The rest of themoisture is transported

out of the domain. If we focus on the different seasons

(Fig. 5), we find that in DJF and MAM the relative

moisture source contribution from the Gulf of Mexico

and Gulf of California (Pacific) is slightly increased.

These slight increases in moisture sources over the

ocean lead to an increase in precipitation over theMRB.

The contribution of terrestrial moisture sources over

land is declined for all seasons. For the continental areas

outside the MRB this decrease can be mostly attributed

toMAMand JJA, and for a lesser extent toDJF. For the

MRB the largest decline in relative moisture source is

found in MAM and JJA.

A different way to show the contribution of sources

over land (MRB) to precipitation over the MRB is the

evaporation recycling ratio. Figure 6 shows the

monthly-averaged evaporation recycling ratio, as de-

fined in Eq. (4), for the present and future climate. This

evaporation recycling ratio is not directly comparable

to the recycled precipitation fractions mentioned in

the Introduction, which are determined using forward

moisture tracking. We find a lower yearly averaged

evaporation recycling ratio in future (0.12) compared

to present (0.14). For both periods, we find larger evapo-

ration recycling ratios in summer compared to winter. In

summer, land evaporation is highest and triggers local

convective precipitation, and therefore recycling of mois-

ture within the basin, while in winter relatively more

moisture is advected into the MRB. In the simulations

of future climate, we find that the evaporation re-

cycling ratios are significantly lower in April–July and

October compared to present conditions, consistent

with our previous results (Fig. 5).
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There are two hypotheses that can explain the de-

crease in (relative) terrestrial moisture source over

land. Either there is less moisture to evaporate over

land (drier soils in a future climate), or the evaporated

water rains out downstream of the MRB. For the first

hypothesis, we expect less evaporation in a future cli-

mate in the months (JJA) where the moisture source

over land has decreased. We do find a decrease in

evaporation in JJA over the MRB (a decrease of 0.92mm

month21 averaged over the basin), but this decrease is

smaller than the decrease in moisture source over the

MRB (3.39mm month21). Therefore, the decrease in

evaporation cannot explain the decrease in moisture

source.

To evaluate the second hypothesis, we use forward

tracking to determine the precipitation sinks related

to the land region where we find a decrease in JJA

moisture source (southwest MRB and southwest of

the MRB, see Fig. 4i). We performed forward tracking

fromMay to September, as these are the months during

which we find the (largest) decrease in moisture source

from land. Figure 7 shows the precipitation sinks, for

both present and future climate, and the difference be-

tween future and present. We find a decrease in tracked

FIG. 5. (a)–(e) Relative contribution of moisture sources per region contributing to precipitation over theMRB (
Ð
A
dEm dA/

Ð
dA
dPdA).

Seasonal MRB precipitation totals are included as subplot titles in Fig. 4. The moisture source contribution per region is shown for each

season (DJF,MAM, JJA, and SON) for present and future climate fromEC-Earth. The area covering theGulf ofMexico andCaribbean is

indicated in Fig. 1. We also show the yearly average relative contribution for (f) all land and (g) all oceans and the fluxes over the

boundaries of the domain for north–east–south–west from the black to white colors. These numbers are also presented in Table 2. The

error bars indicate the 95% confidence intervals after bootstrapping the monthly averages.
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precipitation south of 408N, which was also found in the

spatial changes of precipitation in Fig. 3d. We also find a

small increase in tracked precipitation in the north

within the MRB and north of the river basin, and also in

the region of Florida (Fig. 7f). This can be related to an

increase in the moisture fluxes over mid North America

in the future (integrated moisture fluxes indicated

with arrows in Figs. 7d–f). We also find an increase in

southerly winds at 10m and at 850 hPa in the same area

in the future (not shown), indicating a strengthening of

the circulation in the summer. The Great Plains LLJ is

the most important moisture transport mechanism in

summer in mid North America, and previous studies

reported a strengthening of the Great Plains LLJ be-

cause of a westward shift of the Bermuda high in April–

June in the future (Cook et al. 2008; Seager et al. 2014).

To summarize, our second hypothesis is confirmed as we

find that more moisture is transported out of the river

basin in the future.

7. Discussion on methodology

We used the Eulerian water tracking model WAM-

2layers (van der Ent et al. 2010, 2014) to determine

the moisture sources of the MRB. There are also

other approaches to determine the moisture sources

of a region, such as online water vapor tracers (Knoche

and Kunstmann 2013; Singh et al. 2016) and Lagrangian

tracking (Stohl and James 2005; Sodemann et al. 2008;

Dirmeyer and Brubaker 2007). Online tracking will

provide the most realistic moisture sources as the

tracking is performed on full model resolution, but it

is computationally very expensive and backward track-

ing is impossible. The performance of offline Lagrangian

tracking depends on the amount of parcels that are

tracked, which relates to the computational expense

of the tracking, with longer time series being computa-

tionally more expensive. This is also the case for Eulerian

tracking. In the study by van der Ent et al. (2013) the three

approaches mentioned were compared for moisture

recycling over the Volta region (West Africa). They

found only one percent difference in recycling ratio

determined with the online method and the WAM-

2layers method with ERA-Interim data (Table 2 in van

der Ent et al. 2013). We show here that WAM-2layers

can also be applied to global climate simulations with

higher horizontal resolution, but less information in

the vertical, compared to ERA-Interim (Table 1). By

performing a spline interpolation on the moisture

fluxes we found an overall better representation of the

seasonally varying Great Plains LLJ. We conclude

that an Eulerian approach is an appropriate method to

perform moisture tracking for climate simulations,

over longer time periods (2 3 30 years), and over a

large region (North America) using high-resolution

data. Nevertheless, a comparison of moisture sources

determined with different datasets and tracking ap-

proaches is recommended, for example such as done

by Hoyos et al. (2018).

The horizontal resolution of the data used here is

;25 km, and there are only a few climate models that

FIG. 6. The monthly averaged evaporation recycling ratio

�r 5
Ð
A
dEm dA/

Ð
A
dEdA for the Mississippi River basin in present

and future conditions according to EC-Earth. The shaded bands

indicate the 95% confidence intervals after bootstrapping the

monthly average ratios.

TABLE 2. Relative contribution of moisture sources per region contributing to precipitation over the MRB (%) from EC-Earth averaged

over 30 years (6 members from 2002 to 2006 for present climate and 6 members from 2094 to 2098 for future climate).

Relative source (%) EC-Earth present 6 3 2002–06 EC-Earth future 6 3 2094–98

Terrestrial Mississippi River basin 13.2 10.9

Continental (not Mississippi) 20.0 16.4

Oceanic Atlantic 8.1 8.1

Gulf of Mexico/Caribbean 14.5 15.5

Pacific 21.6 23.1

Outflux over boundaries East 5.2 5.6

West 13.4 15.9

North 0.3 0.4

South 3.6 3.8
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have run simulations for both present and future climate

at such a high spatial resolution, and for a time period of

30 years (Murakami et al. 2015). However, for present

climate only, studies have been performed at such high

resolution to assess the atmospheric water transport,

however without moisture tracking. Demory et al.

(2014) found an increase in transport of water from

oceans to land with higher spatial resolution simula-

tions (from 135 to 25 km and from 270 to 60 km), as

more precipitation will occur over land than over the

ocean, indicating that the partitioning of moisture

sources changes from local to more nonlocal moisture

sources. Nevertheless, in spectral models such as EC-

Earth, it was found that the moisture advection to land

increases less with resolution (Vannière et al. 2019).

We use similar high resolution simulations as the study

from Demory et al. (2014) and Vannière et al. (2019)

but expand the sensitivity of the moisture sources to-

ward the future for theMRB, concluding that moisture

sources over the ocean increase and moisture sources

over land decrease. This indicates that both increased

spatial resolution, as well as future projections, will

lead to an increase in moisture transport from oceans

to land, affecting the water resources of river basins.

Findell et al. (2019) performed moisture tracking on

low resolution earth system model simulations of his-

torical and future climate and found also an increase in

oceanic sources resulting in continental precipitation.

The robustness of this increase in oceanic sources can

be assessed when more high-resolution simulations

for future climate are available, for example within

the Horizon 2020 project PRIMAVERA (https://

www.primavera-h2020.eu/) and the CMIP6-endorsed

HighResMIP (Haarsma et al. 2016).

The results presented in this study are based on one

model and 30 years of simulations for both present and

future climate. Due to this finite length we do not study

multidecadal variabilities, but focus instead on the mean

change in moisture sources under climate change.

The EC-Earth model is constrained with sea surface

temperature, limiting the variability of the simula-

tions. While we capture some interannual variability

(63 5 years), we do not analyze this in detail. From pre-

vious studies we know that the moisture sources and/or

regional recycling can differ substantially from year to

year (Dirmeyer and Brubaker 1999; Bosilovich and

Schubert 2001), and that multidecadal and interdecadal

(such as El Niño) variability can produce large varia-

tions in the precipitation over the MRB. It would be

of interest to further study the variability in mois-

ture sources in combination with these large-scale inter-

annual variations, to better predict and project the

moisture sources of the Mississippi. However to do so,

longer simulations and more ensembles are needed,

FIG. 7. (top) Forward tracking of the May–September evaporation over the tracked subdomain (1078–958W, 258–408N, land only) for

(a) present, (b) future, and (c) D fu2 pr. The monthly area-averaged evaporation over the tracked domain is indicated in the titles (mm

month21). (bottom) Shown in shading is the tracked precipitation Pm and in arrows the moisture fluxes for (d) present, (e) future, and

(f) D fu 2 pr. The arrows indicate the integrated moisture fluxes over the whole atmosphere.
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which are currently unavailable at the spatial resolu-

tion of our dataset. Simulations covering a longer time

period can also be used to understand moisture sour-

ces under extreme or compound events (such as com-

pound fluvial and coastal flooding), and especially how

these sources of extreme events are affected by cli-

mate change. Last, although this study focuses on the

moisture sources of the MRB, the methodology used

in this study can also be applied to other regions of

interest.

8. Summary and conclusions

We study the changes in themoisture sources, resulting

in precipitation over the Mississippi River basin, un-

der climate change. To do so, we make use of a set of

high spatial resolution (;25 km) simulations of 30-yr

present and 30-yr future climate from EC-Earth. We

use the output of one climate model and only focus on

the mean change toward the future.

We first validate precipitation and evaporation from

EC-Earth with model simulations and observations.

Evaporation from EC-Earth falls within the variability

of CMIP5 model mean simulations, where precipitation

from EC-Earth is positively biased in spring. Second, we

study the local spatial changes of evaporation, relative

humidity and precipitation over North America un-

der climate change (Fig. 3). Evaporation is increasing

over large parts of the domain, and especially over the

southern part of the oceans. This increase is related to an

increase in SST and an almost constant relative humid-

ity. In summer, we find a decrease in evaporation over

southwest North America, probably because of drier

soils. This also results in lower relative humidity and less

precipitation in this region. Precipitation over the MRB

increases toward the future in winter and decreases in

summer (Figs. 2 and 3).

Third, we determine themoisture sources of theMRB

under present and future climate conditions using an

adapted version of the Eulerian WAM-2layers tracking

model which fits the EC-Earth climate simulations, and

which was validated using ERA-Interim reanalysis data

(Table 1). Averaged over the 30 years of present cli-

mate, we find a contribution of moisture sources from

continental (land) origin of 33% and from oceanic origin

of 44%, where the rest is transported out of the domain.

The most important continental moisture sources are

the sources within the MRB itself and the continental

area southwest of the basin. Themost important oceanic

sources are the Pacific and Gulf of Mexico and Carib-

bean (Figs. 4 and 8). The sources are seasonally vary-

ing, with more recycling of moisture within the river

basin in summer and more transport of moisture from

the ocean toward theMRB in winter. In the future, the

moisture source contribution from oceanic origin in-

creases from 44% to 47%, and the contribution from

continental origin decreases from 33% to 27%. The

increase in moisture source from the ocean is small

FIG. 8. Mean annual moisture transport to the MRB indicated with arrows (drawn to scale).

The arrow indicates if the origin is oceanic (white) or continental (green). The bar plots indicate

the relative contribution of evaporation to precipitation over the MRB for present (pr), future

(fu), and the difference between present and future (D fu 2 pr). The numbers in these figures

are also given in Table 2. The differences between present and future are significant for the

terrestrial sources, but not significant for the oceanic sources.
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and mainly found in winter (higher SST leads to higher

evaporation rates), especially over the Gulf of Mexico,

and results in more precipitation over the MRB in

winter (Fig. 4). In summer, we find a significant de-

crease in moisture sources from the basin itself (i.e.,

lower recycling ratios within the basin, Fig. 6) and

from the continental areas outside the basin (Fig. 8),

although precipitation is not decreasing. We find that

higher moisture fluxes over mid North America in the

future result in a larger transport of moisture outside

of the basin.

We conclude that themoisture sources of theMississippi

River basin in the future 1) enhance over the oceans in

winter, resulting in more future winter precipitation,

and 2) show a relative decline over terrestrial areas

in summer, indicating that land surface properties will

have relatively less impact on precipitation over the

Mississippi River basin in the future.
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