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ABSTRACT

Understanding vulnerabilities of continental precipitation to changing climatic conditions is of critical
importance to society at large. Terrestrial precipitation is fed by moisture originating as evaporation from
oceans and from recycling of water evaporated from continental sources. In this study, continental pre-
cipitation and evaporation recycling processes in the Earth system model GFDL-ESM2G are shown to be
consistent with estimates from two different reanalysis products. The GFDL-ESM2G simulations of historical
and future climate also show that values of continental moisture recycling ratios were systematically higher in
the past and will be lower in the future. Global mean recycling ratios decrease 2%-3% with each degree of
temperature increase, indicating the increased importance of oceanic evaporation for continental pre-
cipitation. Theoretical arguments for recycling changes stem from increasing atmospheric temperatures and
evaporative demand that drive increases in evaporation over oceans that are more rapid than those over land
as a result of terrestrial soil moisture limitations. Simulated recycling changes are demonstrated to be con-
sistent with these theoretical arguments. A simple prototype describing this theory effectively captures the
zonal mean behavior of GFDL-ESM2G. Implications of such behavior are particularly serious in rain-fed
agricultural regions where crop yields will become increasingly soil moisture limited.

ocean circulation patterns, as well as external factors and
climate feedbacks that drive sea surface temperatures
(e.g., solar radiation, aerosols, and greenhouse gases; Soden
and Held 2006). Upwind terrestrial evaporation, however,
is dependent on both climatic factors and land surface
conditions such as vegetation and soil moisture conditions.
Many studies have investigated hydrologic connections
between source and sink areas from a regional perspective
(e.g., Bosilovich and Chern 2006; Dirmeyer and Brubaker

1. Motivation

Human populations and terrestrial ecosystems through-
out the world depend on precipitation as a primary water
source, particularly in water-limited regions. Understand-
ing the spatial distribution of the moisture sources for
terrestrial precipitation can expose regional vulnerabil-
ities to changes in evaporation in upwind source areas
(Keys et al. 2012). Upwind oceanic evaporation contrib-

uting to regional precipitation is largely determined by
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2007; Dominguez et al. 2006) or from a global perspective
(e.g., Koster et al. 1986; Trenberth 1999; Bosilovich et al.
2005). This study is, to our knowledge, the first to focus on
how historical and projected climate change affects the
relative contributions of oceanic and terrestrial moisture to
continental precipitation. This research sheds light on the
global hydrological cycle and how it will change in a
warming world; as such, it speaks directly to the science
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questions posed by the Global Energy and Water Ex-
changes (GEWEX) project of the World Climate Re-
search Program.

In the next section we introduce the Earth system
model GFDL-ESM2G (hereinafter ESM2G; acronym
definitions can be found at https://www.ametsoc.org/
PubsAcronymList) and the reanalysis datasets used to
confront the model, and we describe the water tracking
algorithm known as the Water Accounting Model—2
layers (WAM-2layers; van der Ent et al. 2014). In sec-
tion 3 we present moisture tracking results from the
three datasets described in section 2, and in section 4 we
show additional results from the model’s past and future
simulations. Section 5 provides a synthesis of current
understanding of how the hydrologic cycle will change
in a warming climate. This understanding is used to
generate a simple prototype model of continental
moisture recycling in a changing climate. We then ex-
plore how soil moisture limitations influence these
processes. Discussion and conclusions are presented in
the final section.

2. Datasets and methods
a. Model description: ESM2G

ESM2G (Dunne et al. 2012, 2013) is a fully coupled
numerical Earth system model developed by NOAA’s
Geophysical Fluid Dynamics Laboratory (GFDL).
ESM2G simulates physical interactions among different
components of the Earth system and includes a coupled
simulation of the carbon cycle. The atmosphere and land
components of ESM2G have a horizontal resolution of
approximately 2°, and the ocean and sea ice components
have a resolution of approximately 1°. ESM2G uses the
same atmosphere component (AM2; Anderson et al.
2004) as the GFDL CM2.1 (Delworth et al. 2006) cou-
pled climate model with 24 vertical levels. Simulation of
the physical ocean is performed using the Generalized
Ocean Layer Dynamics model (GOLD; Hallberg and
Adcroft 2009), which uses a 63-layer isopycnal vertical
coordinate and is coupled to the Tracers of Phyto-
plankton and Allometric Zooplankton (TOPAZ) bio-
geochemistry model. The land component of the model
(LM3; Shevliakova et al. 2009) simulates both hydrology
and dynamic terrestrial vegetation. Sea ice is simulated
using the GFDL Sea Ice Simulator (SIS), version 1
(Winton 2000). Further documentation of the physical
climate and carbon cycle simulations is presented in two
papers by Dunne et al. (2012, 2013).

We analyze results from simulations performed as
part of phase 5 of the Coupled Model Intercomparison
Project (CMIPS5; Taylor et al. 2012), but with additional
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subdaily output saved to meet the requirements of
the WAM-2layers water tracking algorithm, as de-
scribed below. The preindustrial control simulation
(“piControl”) is integrated for 500yr with persistent
fixed forcing (i.e., year 1860) from well-mixed green-
house gases, aerosols, solar radiation, and volcanoes.
The “historical” simulations (years 1861-2005) include
time-varying histories of these climate forcings along
with historical reconstructions of land use change. The
future climate scenarios (years 2006-2100) are based
on the IPCC representative concentration pathway
scenario RCP8.5, where atmospheric CO, increases to
1370 ppmv by the year 2100. Three ensemble members,
each starting at 100-yr intervals from the piControl
simulation, are performed for the historical and “RCP8.5”
simulations to represent internal climate variability from
the model.

b. Dataset descriptions: MERRA and ERA-Interim
reanalyses

We use the ERA-Interim reanalysis data produced by
the European Centre for Medium-Range Weather
Forecasts (Dee et al. 2011), and the Modern-Era Ret-
rospective Analysis for Research and Applications
(MERRA) reanalysis produced by the National Aero-
nautics and Space Administration (Bosilovich et al.
2011). We use ERA-Interim at the 1.5° X 1.5° resolution
from the years 1979 to 2014, and MERRA data at the
1.0° X 1.25° resolution from the years 1979 to 2012. Both
ERA-Interim and MERRA reproduce precipitation
reasonably well over land (e.g., Trenberth et al. 2011),
but ERA-Interim tends to overestimate precipitation
in some high-altitude regions (e.g., the Andes and the
Tibetan Plateau), as well as parts of the Congo River
basin (Lorenz and Kunstmann 2012). MERRA, con-
versely, overestimates precipitation in parts of central
South America (Dirmeyer et al. 2014). Despite these
differences, a previous moisture recycling comparison of
ERA-Interim and MERRA demonstrated consistency
between these reanalyses, particularly in matching key
sources and sinks of atmospheric moisture across mul-
tiple continents (Keys et al. 2014).

c. Water tracking algorithm description:
WAM-2layers

We apply the water tracking algorithm WAM-2layers
(van der Ent et al. 2010, 2014) to track continental
evaporation E forward in time and continental pre-
cipitation P backward in time in separate tracking ex-
periments. The tracking algorithm is offline and is
configured to use output of MERRA, ERA-Interim,
and ESM2G. The data used are 3-hourly inputs of sur-
face evaporation and precipitation, and 6-hourly inputs
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of surface pressure and the pressure-level fields of zonal
and meridional wind speeds and specific humidity.
These data are used to solve the water balance of tagged
moisture (subscript g) in an upper and lower layer,
Seupper and Sgower, Where S is moisture in the atmo-
spheric column. These calculations do not influence the
total water balance. In forward tracking mode the water
balance of tagged moisture in the lower layer is given by

a(s

g lower — _ g,loweru) _ a(Sg,lowerv)

ot ox ay

+E —P *F ,
g g Tug

where F, is vertical exchange between the layers.
Equations for the upper layer and backward tracking are
similar. The fluxes 9(Sg jowertt)/dx and 9(Sq 1owerv)/dy are
calculated over gridcell boundaries in an explicit for-
ward scheme. Note that E, is considered always to enter
the lower layer only. For these experiments, tracking
continental moisture E, is equal to E over land areas and
0 over oceanic grid cells. The tracked moisture store is
depleted by precipitation assuming that Po/P = S,/S.
The vertical exchange F, with the upper layer is pa-
rameterized to minimize water balance losses in the
combined upper and lower store. The gross vertical flow
is 4 times the vertical flow in the net flow direction and 3
times the vertical flow in the opposite direction. The
distinction between the gross and net vertical exchange
flow is to account for the fact that most of the water
vapor exchange between the lower and upper parts of
the atmosphere happens in processes that lead to more
mixing than we would assume based on simple upward
or downward large-scale advective flow. This exchange
is intended to capture all exchanges due to convection,
turbulence, and rainfall that does not reach the surface
because of re-evaporation and other processes. Al-
though the vertical exchange is a strong assumption in
WAM-2layers, physically reasonable results have been
obtained (van der Ent et al. 2014). The general tracking
in two layers has also been validated against an online
3D tracking method and similar results were obtained
(van der Ent et al. 2013). The time step of the tracking
for all methods was set to 15min for computational
stability.

Minor numerical losses of water arise from temporal
interpolation of WAM-2layers input fields from 3- or 6-
hourly data down to 15-min increments, from the ver-
tical interpolation of full atmospheric profiles of wind
and humidity down to two layers, and from the neglect
of frozen and liquid water in the atmosphere (i.e., only
water vapor is tracked). These losses lead to an imper-
fect balance between the forward tracking of continental
evaporation until it precipitates out over land (E.), and

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 05/24/21 07:02 PM UTC

FINDELL ET AL.

7715

the backward tracking of continental precipitation to its
source as land-based evaporation (P.). In the annual
mean, these terms should be identical. We apply a cor-
rection procedure to account for loss terms and ensure
that P. corr = E¢ corr- This correction procedure is de-
scribed in the appendix. All terms henceforth refer to
the corrected values.

Tracking moisture directly within the full GCMs or
reanalyses would provide a more accurate accounting of
moisture and avoid the need for the procedure detailed
in the appendix to ensure consistency between the
forward-tracking and backward-tracking results. How-
ever, this is a computationally expensive proposition
that is not currently implemented at any modeling cen-
ters that we are aware of. WAM-2layers provides a
consistent method to investigate moisture transport on
model and reanalysis output.

3. Continental moisture tracking in model and
reanalysis datasets

The schematic shown in Fig. 1 depicts the continental
precipitation and evaporation recycling ratios—p, and
&, respectively—introduced by van der Ent et al. (2010).
The continental precipitation recycling ratio quantifies
the dependence of terrestrial precipitation on moisture
previously evaporated from terrestrial source regions,
and is defined as

P (t,x,y) _ P.(t,x,y)
P.(t,x,y)+P (t,x,y) P, ,(t.xy)

p.(t:x,y) = 1)

where Py ,nq is total continental precipitation and P. and
P, are the backward-tracked portions of this precipita-
tion originating from continental and oceanic sources,
respectively. Similarly, the continental evaporation re-
cycling ratio ¢, is a measure of the fraction of terrestrial
evaporation that ultimately precipitates back onto land:

E (1,x,y) _ E(txy)
E (t,x,y)+ E (t,x,y) E__ . (txy)

g (t,x,y) = )

where Ep .4 is total continental evaporation, E, is ter-
restrial evaporation tracked forward until it precipi-
tates out over land, and E, is the remainder of terrestrial
evaporation that eventually precipitates out over the ocean.
These terms are shown in the Fig. 1 schematic for the global-
scale case in which E. = P,... The moisture flux values in this
figure will be discussed in section 4 below.

Figure 2 depicts global maps of the fraction of local
precipitation that last evaporated from land (Figs. 2b,d,f)
and the fraction of local evaporation that precipitates
out over land (Figs. 2a,c,e) calculated using the water
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Changes in Hydrologic Exchanges
ESM2G’s near-glabal (60°S-80°N) values in 1000 km3/yr
P, (% Of Pand) Pe=E¢ (% Of Piang:% of Eiand)
75.5 (61.9%) 46.4 (38.1%, 56.0%)
75.9 (62.5%) 45.5 (37.5%; 55.0%)
81.3 (64.5%) 44.7 (35.5%; 52.6%) E, (% of Ejang)
Ocean to Land Land to Land 36.5 (44.0%)
Water Vapor Transport Water Vapor Transport 37.3 (45.0%) ::g :: ;?J:: g:m:;
Ocean to Ocean 40.3 (47.4%) End of 21st Century
Water Vapor Transport
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Continent

FIG. 1. Schematic depiction of continental-scale hydrologic exchanges in ESM2G for the three time periods of study: end of nineteenth
century (blue), end of twentieth century (black), and end of twenty-first century (red). Boldface values are in 1000 km®yr~'. The per-
centages demonstrate that oceanic terms P, and E, are growing in relative importance in a warming world, whereas continental moisture
recycling terms P, and E, and continental moisture recycling ratios p. = P./Py anq and e, = E/Ey ,pq are shrinking in relative importance as
global temperatures warm. The values shown are for near-global (60°S-80°N) accounting; some water vapor is transported out of the
domain toward high-latitude regions where precipitation typically exceeds evaporation.

tracking algorithm WAM-2layers described above (van
der Ent et al. 2014) and corrected to ensure consistency
between the forward- and backward-tracking routines
(see the appendix) applied to the two reanalysis data
products, ERA-Interim and MERRA, and to ESM2G.
Over land, these mapped quantities are the p. and e,
terms defined in Egs. (1) and (2) above. The quantities
are shown over both land and ocean in Fig. 2 to better
compare global moisture transport between the model
and the reanalyses.

Near-global (60°S-80°N) average values of the
continental moisture recycling ratios during the late
twentieth (and early twenty-first) century from rean-
alyses and the late nineteenth, twentieth, and twenty-
first centuries from the ESM2G simulations are given
in Table 1. The spatial patterns of both ratios bear the
imprint of prevailing circulation patterns and conti-
nental geometry (Fig. 2). For example, low pre-
cipitation recycling values (~0.1-0.3) occur along
upwind coastal margins such as the west coast of North
America, whereas high p. values (~0.7-0.9) are seen
in downwind continental regions such as the eastern
half of Asia. Similarly, low evaporation recycling ra-
tios are seen along the eastern margins of North
America and Asia since evaporation from these land
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surfaces is typically advected out to the oceans before
it can precipitate again, whereas high e, values are
evident in upwind continental interiors. Figure 2 and
Table 1 indicate that ESM2G broadly captures spatial
signatures of continental p. and ¢, that are similar to
those for the recently observed time period in the
ERA-Interim and MERRA reanalyses, albeit with
better model correspondence to the former for p. and
to the latter for e..

For broad spatial regions and annual time scales such
as those considered here, water balance constraints re-
quire that Py ang = Erand T RLand, Where Ry anq 1 total
continental runoff. (We assume that long-term changes
in soil moisture are small relative to the other terms.)
Considering the entire global land surface at these time
scales, the forward and backward tracking of all conti-
nental moisture must yield identical volumes of tracked
water; that is, the amount of precipitation on land
originating from continental evaporation must equal the
amount of continental evaporation that eventually pre-
cipitates out over land, or P, = E,, as depicted in Fig. 1.
Given that Rp.,g > 0, water balance implies that
E1and < Pprang- Equations (1) and (2) then yield e, > p..
All results in Table 1 obey this water balance constraint,
with g, values exceeding the p. values by 0.125-0.179.
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(a) ERA-I: fraction of E that rains out on land (¢ over land)
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(b) ERA-I: fraction of P from terrestrial E (p. over land)

0.0 0.2 0.4 0.6 0.8 1.0

(c) MERRA: fraction of E that rains out on land (. over land)

0.0 0.2 0.4 0.6 0.8 1.0

(e) ESM2G: fraction of E that rains out on land (¢, over land)

0.0 0.2 0.4 0.6 0.8 1.0

(f) ESM2G: fraction of P from terrestrial E (o, over land)

0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 2. The (left) fraction of local evaporation that precipitates out over land and (right) fraction of local pre-
cipitation that last evaporated from land. Over land pixels, these are continental evaporation (left column) and
precipitation (right column) recycling ratios for (a),(b) ERA-Interim, (c),(d) MERRA, and (e),(f) ESM2G. ERA-
Interim data cover 1979-2014. MERRA spans 1979-2012. ESM2G results are averaged over 1981-2005 from three

ensemble members of historical simulations.

4. Continental moisture recycling in a warming
world

Changes in continental recycling during a period of
increasing atmospheric greenhouse gas concentrations
and global surface temperatures are assessed using
ESM2G simulations from the late nineteenth through
the late twenty-first centuries. A comparison of ESM2G’s
computed values of late-twentieth-century e. and p. with
the 1870s-era and 2090s-era values indicates that the
recycling ratios trend toward consistently smaller values
from the 1870s through the end of the twenty-first cen-
tury (Figs. 1 and 3, Table 1). Although the magnitude
of the changes is small, with zonal mean differences of
~2%-8% in the future (red lines in Figs. 3f and 3h), the
changes in Figs. 3a—d are systematic across all land-
masses with a few regional exceptions (e.g., West Af-
rica and the Iberian Peninsula). For the zonal means
(Figs. 3e-h), the differences between the ends of the
twentieth and twenty-first centuries are statistically
different from zero at almost all latitudes. Averaged
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over most of the globe (60°S-80°N), Fig. 1 shows that
oceanic terms P, and E, are growing in relative im-
portance in a warming world, while continental mois-
ture recycling terms P, and E, are shrinking in relative
importance as global temperatures warm. The incre-
mental decreases in both continental moisture re-
cycling ratios e, and p. indicate that, from the end of the
nineteenth century to the end of the twentieth century,
the importance of oceanic sources for continental hy-
drology increases by 1.6%-1.8%, with a further increase
of 4.4%-5.3% projected by the end of the twenty-first
century (Table 1). Scaling the recycling changes by the
simulated global mean warming of 0.56°C between the
first two time periods yields a sensitivity of about 3% per
degree of global warming; between the latter two time
periods, with 2.65°C of warming, the sensitivity is closer
to a 2% change per degree of global warming.

Another way of expressing the increasing importance
of oceanic moisture supply in continental hydrology is
through the percentage of continental precipitation
originating as oceanic evaporation over the three time
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TABLE 1. Continental evaporation (e.) and precipitation (p.) recycling ratios (unitless) for 60°S—80°N from two reanalysis datasets for
present-day time periods and from ESM2G all-historical experiments and RCP8.5 future experiments. ERA-Interim data cover 1979—
2014. MERRA data are for 1979-2012. For ESM2G simulations, there are three ensemble members for each time period; label End 19th C
covers 1862-84, label End 20th C covers 1982-2004, and label End 21st C covers 2072-99. The left set of columns shows the fraction of
continental evaporation going to continental precipitation; the right set of columns shows the fraction of continental precipitation going to

continental evaporation.

EC p(‘
End End End End End End

19th C 20th C 21st C 19th C 20th C 21st C
ERA-Interim — 0.569 — — 0.395 —
MERRA — 0.550 — — 0.425 —
GFDL-ESM2G 0.560 0.550 0.526 0.381 0.375 0.355
Change from earlier time period 0.010 0.024 0.006 0.020
Percent change 1.8% 4.4% 1.6% 53%
Percentage change per degree change in 32%°C! 1.7% °C™1 2.9% °C ! 2.0% °C!

global mean temperature

periods (P,, shown in Fig. 1), which can be determined
by subtracting the continental recycling ratios in Table 1
from 1.0. This percentage increases from 61.9% at the
end of the nineteenth century to 62.5% at the end of
the twentieth century, and to 64.5% at the end of the
twenty-first century. Similarly, the percentage of conti-
nental evaporation falling as oceanic precipitation (E,)
increases from 44.0%, to 45.0%, and then to 47.4% over
the three time periods (Fig. 1).

5. The hydrologic cycle in a warming world
a. Current theory and understanding

The increasing oceanic contribution to continental
hydrology is tied to increases in moisture of oce-
anic origin within the atmospheric reservoir as near-
surface temperatures increase. Theory, observations,
and modeling results all show that as global tempera-
tures warm, the mean atmospheric moisture content
increases (e.g., Held and Soden 2006; Bosilovich et al.
2005). Coupled with a slower rate of increase of pre-
cipitation (~1%-3% K ' for precipitation as com-
pared with the Clausius—Clapeyron rate of 7% K~ for
lower tropospheric water vapor; Held and Soden 2006),
this leads to the conclusion that the convective mass
flux of moisture from the boundary layer to the free
troposphere must decrease (Held and Soden 2006)
while the atmospheric moisture residence time must
increase (Bosilovich et al. 2005). Held and Soden
(2006) also show that these increases in lower-
tropospheric humidity should lead to proportional in-
creases in the existing global pattern of mean surface
E — P; consistent with this expectation, observations
and modeling studies of sea surface salinity (SSS) found
increasing SSS in the evaporation-dominated midlati-
tudes, suggesting increased net oceanic evaporation, and
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decreasing salinities in the rainfall-dominated tropical
convergence zones (Durack et al. 2012).

Of the hydrologic exchanges quantified in Fig. 1, late-
twenty-first-century minus late-twentieth-century increases
are seen in total annual evaporative flux from both land and
ocean, in total precipitation over both land and ocean, and
in water vapor transport to and from the ocean. These re-
sults are consistent with current understanding about the
hydrologic cycle in a warming world described above. On
the other hand, the land-to-land water vapor transport
decreases. This likely reflects the increased atmospheric
moisture residence time discussed above, as well as the de-
cline in continental moisture recycling ratios described
throughout this paper. The decline is tempered by increas-
ing evaporation from land. The zonal mean behavior dis-
cussed below indicates that regional processes are more
nuanced, with influences from local circulation, local soil
moisture availability to meet increased atmospheric evap-
orative demand, and zonal extent of landmasses. Such re-
gional issues, which may be essential for understanding how
future recycling change will affect regional hydroclimate
and water budgets, will be explored in detail in follow-
up work.

As atmospheric temperatures and evaporative demand
increase, near-surface humidity is expected to respond to
the unlimited moisture source over oceans and soil mois-
ture limitations on evaporation from land with approxi-
mately equal changes in the ratio of future (g) to present
(gp) humidity over land and ocean, that is, (¢/qp)iana =
(91/qp)ocean (e.g., Byrne and O’Gorman 2016; Chadwick
et al. 2016). This is equivalent to an atmospheric moisture
constraint requiring equal fractional changes in specific
humidity over land and ocean, or a time-invariant ratio y =
Gland/Gocean- Byrne and O’Gorman (2018) combine this at-
mospheric moisture constraint with a constraint that the
moist static energy or moist enthalpy changes over land and
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FIG. 3. Differences of average continental (left) evaporation and (right) precipitation recycling ratios (a),(b) between the end of the
twentieth and nineteenth centuries and (c),(d) between the end of the twenty-first and twentieth centuries. Also shown are the associated
(e),(g) zonal means and (f),(h) zonal mean differences. The shaded areas in (f) and (h) show the 25th-75th percentile ranges of the
difference fields across that zonal band. Zonal mean land fraction is also included in (e). South of 20°S, zonal mean ratios decrease rapidly

as zonal mean land coverage decreases.

ocean are equal to formulate a simple analytical theory to
interpret the differential responses of land and ocean 7 and
q to climate change. Implicit in the theory is the assumption
that circulation does not change appreciably between
present and future. The ESM2G simulations demonstrate
consistency with this theory: throughout the RCP8.5 sim-
ulations, vy is constant at 0.65 from 60°S to 80°N or 0.70 from
40°S to 40°N (as compared with 0.72 from ERA-Interim for
40°S to 40°N; Byrne and O’Gorman 2018), and the rate of
change of moist enthalpy over both land and ocean holds
constant at 0.08kJkg 'yr ' (see Figs. S1 and S2 in the
online supplemental material).

b. Simple mixing-based prototype model of
continental moisture recycling

Given evidence that the large-scale dynamical con-
ditions are approximately unchanged throughout our
simulations, we evaluate the future change in moisture
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recycling through a simple prototype of an atmospheric
moisture column for which oceanic and continental
source contributions change differentially. Using this
single-column model, we derive an equation for the fu-
ture precipitation recycling ratio p.as a function of the
initial recycling ratio p;, the initial oceanic and conti-
nental evaporation rates, and the fractional rates of
change of oceanic and continental evaporation [i.e.,
Eq. (3) derived below].

The simple prototype assumes a rapidly mixed column
of moist air with some moisture of oceanic origin, M,,
and some moisture of continental origin, M.. The con-
tinental precipitation recycling ratio p. is given by
Eq. (1), where each term represents precipitation
tracked backward to an evaporation source. Here the
variable M indicates that these moisture terms originate
as evaporation from either continental or oceanic re-
gions and subsequently fall as precipitation over land.
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We can estimate how changes in evaporation from an
initial time to a future time (subscripts i and f) impact
the recycling ratio, given changes in continental and
oceanic evaporation at fractional rates of r. and r,,
respectively:

— MCf — Mci + AMC
Por "M+ M, M, +AM_+M,+AM,
M ;T rcMCl.
- Mci + rcMci + Moi + roMoi
Q+r)M,

- A+r)M,+A+r )M

Here we have assumed that AM,. = r.M_; and AM, =
roM,;, that is, that future minus initial differences in
column moisture from continental and oceanic sources
can be expressed as the product of the initial state
moisture contributions from continents and oceans and
the fractional rates of change of continental and oceanic
evaporation. After manipulation,

AM
(1+52)
— Mci 3)
P =P T ~"(AM_+ AM )]" (
(Mci + Mni)
Thus,
(AM +AM ) AM
Pep <Py for < o> <

(Mci + Moi) Mci '
Further manipulation shows that this condition holds
when r,, > r.. In other words, the continental precipitation
recycling ratio must decrease if the rate of increasing
oceanic evaporation is larger than the rate of increasing
continental evaporation. This condition is likely to hold
because continental evaporation is water-limited (e.g.,
Jung et al. 2010; Zhao and Running 2010). (In high-
latitude environments where frozen conditions may be-
come less likely in the future, continental evaporation
may increase at faster rates than oceanic evaporation.)
Furthermore, this condition can be tested explicitly with
evaporation fields from the ESM2G simulations (Fig. 4).

Figure 4c shows that for the region between 50°S and
40°N, zonal mean oceanic evaporation is about 1%
higher in the 1990s than the 1870s and is an additional
3%-4% higher in the 2090s. Poleward of 40°N, zonal
mean oceanic evaporation increases by more than 15%
in the future, with large standard deviations for both
time periods driven by highly variable behavior, par-
ticularly in the North Atlantic. Changes in continental
evaporation rates (Fig. 4b) show broad variability, with
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the standard deviations of the zonal mean changes in-
cluding the zero line for the full zonal extent of the
difference fields, except for the region north of 40°N for
the future. Although the variability is large, the mean
red difference curve in Fig. 4b suggests that future
continental evaporation will decrease slightly over the
subtropics, increase slightly over the tropics, and increase
more substantially over the northern midlatitudes.

The prototype model applied here relates changes in
continental and oceanic evaporation rates to changes in
the continental precipitation recycling ratios. While we
should formally interpret r. and r, at the global scale, if
we assume that zonal moisture transport is fast relative
to meridional moisture transport, it is reasonable to
consider zonal mean values of r. and r,. Additionally,
application of the simple prototype to zonal mean
behavior helps to bridge the gap between the gridcell-
based approach of the full ESM and the highly
idealized single-column perspective of the prototype.
Figures 4d and 4e show the model’s zonal mean r,. and
r, for the twenty-first century for zonal mean values of
p.- (Equivalent figures for the twentieth century are
shown in Fig. S3 in the online supplemental material.)
Changes in zonal mean evaporation rates over both
land and oceans are relatively constant for zonal mean
present-day p,. of less than about 0.3 (Figs. 4d,e). For
larger values of p,, the difference between the green
and purple dots indicates substantial variability in
evaporative changes for zonal bands with similar zonal
mean p,, particularly in the approximate range 0.3—
0.45. These differences stem from latitudes north of
60°N, indicating the important role of continental ge-
ometry. Figure 3g indicates that much of the data be-
tween latitudes from 30°S to 70°N have zonal mean
values of p, relatively close to 0.4, while the percentage
of land area in each of these zonal bands varies between
about 20% for much of the tropics, up to about 55% by
40°N, peaking at about 78 % just north of 60°N (Fig. 3e).
This difference in fractional land area could be an im-
portant contributor to the variability in evaporative
changes noted above.

Figure 5 shows the impact of changing evaporation
rates on the recycling ratios, using ESM2G’s zonal
mean values in the simple prototype. Figures 5b and 5d
highlight the relationship between the reference pre-
cipitation recycling ratio p.; on the x axis and the nor-
malized change between values from two time periods,
that is, (pcr — pei)/pei» for some combinations of r, and r..
For each time period, the blue lines are the single-
column prototype estimates with constant evaporation
increases informed by the range of values coming from
the model’s zonal mean results shown in Figs. 4b and 4c:
(re =0%;r, =5%)and (r, = —5%; r, = 10%) for the
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FIG. 4. (a) Annual evaporation for the end of the twentieth century; and percent change in zonal mean
(b) continental and (c) oceanic evaporation between the end of the twentieth and nineteenth centuries (blue
lines) and the end of the twenty-first and twentieth centuries (red lines). Shaded regions in (b) and (c) are *1
standard deviation for values across that zonal band. Also shown are zonal mean values of future change in
(d) continental and (e) oceanic evaporation [red lines in (b) and (c)] plotted against corresponding continental
precipitation recycling ratio from the end of the twentieth century (light blue line in Fig. 3g). Purple dots
indicate zonal mean values from 40°S to 60°N, and green dots are for values from 60°S to 80°N. The inset figure
in (e) is for very large values from latitudes between 60° and 80°N (note the expanded y-axis range on the

inset plot).

future, along with (r. = 0%; r, = 1%) and (r. = 0%;
ro = 5%) for the past. The red lines are prototype esti-
mates when the evaporation increase rates are de-
pendent on present-day p. (Figs. 4d and 4e for future
minus present; supplemental Figs. S3a and S3b for
present minus past). Using these zonal mean values
in the prototype demonstrates qualitative consistency
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between the prototype and the results from ESM2G.
This suggests that the prototype captures the broad
picture of the changes in precipitation recycling ratios
with changing evaporation rates, although spatiotem-
poral variability and complexities inherent in fully cou-
pled models limit the degree of correspondence to the
prototype results.
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(b) End21stC vs End20thC continental precipitation recycling
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FIG. 5. Zonal mean values of percent change in continental (left) evaporation and (right) precipitation recycling ratios for the (a),(b)
twenty-first century minus the twentieth century and (c),(d) twentieth century minus the nineteenth century plotted against corresponding
continental recycling ratio from the earlier time period. Blue lines are results from the simple model, given the best estimates of the
average rates of continental and oceanic increases in the recycling ratios from Fig. 4, as specified in the legend. Red lines are computed
with variable r, and r, values from Figs. 4d and 4e for changes in the future in (a) and (b) and from supplementary Fig. S3 for changes from

the past in (c) and (d).

Given the assumption of instantaneous mixing, the
simple prototype cannot be directly extended to capture
changes in the behavior of the continental evapora-
tion recycling ratio since the terms in the e. definition
[Eq. (2)] reflect a shared terrestrial evaporation source,
but different atmospheric residence times and transport
distances to terrestrial and oceanic destinations. The
impact of increased atmospheric residence times with
warming global temperatures (e.g., Held and Soden
2006) on g, is being explored for future publication. In
Figs. 5a and 5c we compare the model’s zonal mean
changes in continental evaporation recycling ratio to the
prototype estimates for changes in the continental pre-
cipitation recycling ratios. These figures demonstrate
that changes in &, are similar in magnitude to changes
in p. and are thus within expectations derived from
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reasonable estimates of changes in oceanic and terres-
trial evaporation rates.

c. Impact of increased soil moisture availability

The simple mixing prototype indicates that differ-
ences in the rates of change of continental versus oce-
anic evaporation largely control changes in continental
recycling ratios. Water limitation at the land surface is of
leading-order importance in continental evaporation.
To better understand the impact of continental water
limitation, we analyze the GFDL model simulations
included in the GLACE-CMIP5 project (Seneviratne
et al. 2013; Berg et al. 2016) in which soil moisture
overrides alter the availability of soil moisture. Two
perturbation experiments are compared with an RCP8.5
control experiment. In ExplA, interactive soil moisture
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(b) GLACE1A Evaporation change [%]
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FIG. 6. Changes in evaporation in the (a),(b) GLACE1A and (c),(d) GLACEI1B simulations with ESM2M,
showing the (left) change in zonal mean evaporation over the ocean (blue) and land (red) between the first and last
10 years [E2091-2100) — E(2006-2015)] and (right) the same thing, but normalized by the value in the first 10 years.

calculated in a RCP8.5-type experiment is replaced
with a fixed 30-yr climatology determined from the
model years 1971-2000 from historical experiments. In
Exp1B, interactive soil moisture is replaced with a 30-yr
climatology determined from a 30-yr moving window.
Both soil moisture override experiments reduce soil
moisture limitation relative to the control experiment by
suppressing the occurrence of soil moisture dry spells
that typically reduce evaporation (e.g., Berg et al. 2015).
However, because the running soil moisture climatology
in Exp1B is generally drier over the twenty-first century
than in ExplA, soil moisture limitation remains greater
in ExplB than in ExplA (Berg et al. 2016). Figure 6
shows zonal mean differences of evaporation between
the first 10 years and the last 10 years of these simula-
tions. Given that the availability of soil moisture for land
evaporation determines the ratio vy, the reduced soil
moisture limitation of both ExplA and Exp1B (relative
to the control RCP8.5 experiment) should lead to larger
(but still constant) values of y. Indeed, for 60°S-80°N,
ExplA and Exp1B have constant values of 0.68 and 0.67,
respectively, as compared with the aforementioned
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vreps.s value of 0.65. For 40°S-40°N, y;4 = 0.74, yi15 =
0.72, and yrcpss = 0.70. The larger values of v in the
experiments with reduced soil moisture limitation are
accompanied by larger r. rates. In the simple mixing
prototype, larger values of r. with the same r, in the
future yield smaller reductions of the continental pre-
cipitation recycling ratio. Thus, oceanic evaporation is
not the only controlling factor on continental hydrology,
since the availability of soil moisture can temper the
influence of both the ocean and the atmosphere (e.g.,
Berg et al. 2016).

6. Conclusions

Although there is uncertainty in the precise values
of the continental moisture recycling ratios (across dif-
ferent reanalysis datasets, different moisture tracking
algorithms, and different GCMs or ESMs), the direc-
tionality of the impact of increasing greenhouse
gases and increasing atmospheric temperatures on this
broad measure of the global hydrological cycle is well
explained by theory and captured by ESM2G and
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WAM-2layers. The consistency among theoretical
arguments, the simple mixing prototype, and the WAM-
2layers analysis of ESM2G output points to the robust-
ness of our results and suggests that the conclusions are
not model-dependent. Overall, we find a systematic re-
duction in continental precipitation and evaporation
recycling ratios in a warming world for which an in-
creasing proportion of atmospheric column moisture
originates from oceanic source regions.

These results are captured in Fig. 1, which shows that
global precipitation and evaporation are expected to
increase over both land and ocean in a warming world,
and that in light of moisture limitation over land, the
ocean’s relative role in the global hydrological cycle
increases as global temperatures warm. These findings
address a critical component of the GEWEX directive
for improved understanding of global hydrologic ex-
changes in the current and changing climate.

The slight reduction of future terrestrial moisture
recycling documented here may be seen as dampening,
in a global sense, the potential impacts of future land use
change on terrestrial sources of evaporation as global
temperatures increase (e.g., Keys et al. 2016). However,
continued study is warranted to fully understand how
climate change may impact moisture recycling in specific
regions. Key sources of terrestrial evaporation, notably
the interior of the Amazon basin and parts of the
Ganges-Brahamputra and Indus River basins, may ex-
perience reductions in moisture recycling (Figs. 3c,d).
Likewise, key sinks of terrestrial recycled precipitation,
such as the La Plata River basin, the corn producing
regions of North America, and parts of East Asia, are
worthy of future study, given their critical importance to
agricultural production.
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APPENDIX

Constraints Imposed to Ensure Consistency between
Forward and Backward Tracking

Minor numerical losses of water arise from temporal
interpolation of WAM-2layers input fields from 3- or
6-hourly data down to 15-min increments, from the vertical
interpolation of full atmospheric profiles of wind and hu-
midity down to two layers, and from the neglect of frozen
and liquid water in the atmosphere (only water vapor is
tracked). For the forward tracking routine, total loss terms
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(TotWLg,,) for the ESM2G calculations amount to about
2% of continental evaporation during each analysis time
period (Fig. S4b in the online supplemental material). For
the backward tracking, losses total (TotWLy,cx) 8%—-9%
of continental precipitation, concentrated spatially over
the leeward edge of mountain chains (supplemental
Fig. S4a). Losses are smaller in the WAM-2layers runs
with reanalysis products: less than 0.1% in both forward
tracking analyses, and 4.3% and 1.7 % in the backtracking
analyses with ERA-Interim and MERRA, respectively.

These losses lead to an imperfect balance between
the forward tracking of continental evaporation until it
precipitates out over land (P,), and the backward track-
ing of continental precipitation to its source as land-based
evaporation (E,). In the annual mean, these terms should
be identical. We apply a correction procedure to account
for loss terms and ensure that P, .o =

First, to account for the water lost during the forward
tracking routine, we scale the tracked terms by a global
constant equal to 1 plus the loss percentage:

E c_corr*

TotWL
Pc corr Pc I+ E o :

Land

The application of a global correction to the backward
tracking losses would be inconsistent with the source
regions for the losses coming primarily from moun-
tainous land regions (Fig. S4a in the online supplemental
material). Instead, we force the backward tracking los-
ses to be split between the continent and the ocean such

that P, corr = Ec_corrt
WLiake = Pe conr — Eo
WLback’O =TotWL,, , — WLback’c, and
ccorr = Whigae T Ec-

This treatment ensures equivalence between global
values determined from the forward tracking and back-
ward tracking presented in the tables and figures in this
document. For example, the continental evaporation
recycling ratio determined from the backward tracking
routine is equal to the fraction of continental evaporation
precipitating onto land determined from the forward
tracking routine:

t

__ c_corr _ " c_corr
e = = .

c
ELand ELand

Similarly, the continental precipitation recycling ratio
determined from the forward tracking routine is equal to
the fraction of continental precipitation derived from
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continental sources, as determined from the backward
tracking routine:

P E

c_corr

pC:P

c_corr

P .

Land Land

Since the loss terms are very similar for each of the
three time periods studied, this correction procedure
shifts the values of the recycling ratios by the same
amount for each time period. Thus, Ae, = Ae. com
where A indicates the difference in recycling ratio be-
tween time periods. The same is true for the pre-
cipitation recycling terms: Ap. = Ap._corr-

Table S1 in the online supplemental material provides
uncorrected values of both continental recycling ratios for
all datasets and time periods discussed in this paper. All
other tables, figures, and equations use values after these
correction procedures have been applied. Incremental
changes in continental moisture recycling ratios are nearly
identical in Table 1 and supplemental Table S1, indicating
that these changes are unaffected by the correction for
numerical water losses in the tracking algorithm.
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