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Abstract The 21st century evapotranspiration (ET) trends over the continental U.S. are assessed using
innovative, energy-based principles. Annual ET is projected to increase with high confidence at the rate of

20 mm for every 1°C of rise in near-surface air temperature, or 0.45 or 0.98 mm/year/year, depending on the
emission scenario. The ET trajectory is dominated (58%) by the increase of land-surface net radiative energy.
An enhancement of the fraction of energy taken up by ET becomes a more important controller (53%) in

late 21st century, under the high emission scenario. This increase is explained by the “tug of war” between
atmospheric vapor demand and land-surface ability to supply water. An assessment of future water availability
(precipitation minus ET) shows no significant changes at the continental scale. This outcome nevertheless hides
strong spatial variability, emphasizing the role of ET in shaping the distribution of water availability among
human populations.

Plain Language Summary Water quantity in the environment is strongly controlled by

its evaporation into the atmosphere from plants, soil, and water bodies—the process that is called
evapotranspiration. This study calculates evapotranspiration trend over the U.S. during the 21st century and
assesses factors determining its evolution. Annual evapotranspiration is predicted to grow at the rate of 20 mm
for every 1° Celsius of rise in near-surface air temperature, leading to 14%—23% increase with respect to

the historic period, depending on climate scenario. This increase is due to the impacts of future greenhouse
gas emissions on energy that fuels evapotranspiration, as well as interplay between the growing water vapor
demand by the atmosphere and changing land-surface water supply conditions in the warmer climate. The
predicted evapotranspiration trends will result in the strengthening of uneven distribution of water quantity
across the U.S. in the future.

1. Introduction

Evapotranspiration (ET) represents a critical terrestrial process (Fisher et al., 2017), involving considerable
amounts of water (Good et al., 2015; Oki & Kanae, 2006) and energy (Trenberth et al., 2009) at global scales.
Therefore, ET has significant impacts on large-scale processes of the climate system and water resource availabil-
ity, as well as smaller-scale conditions of environmental and human habitat quality. Future changes in land-surface
ET may impact water availability with important environmental and societal implications. Robust estimates of
surface water and energy flux partitioning are needed to project ET trends to further understand land-atmosphere
feedbacks (Seneviratne et al., 2010) to the ongoing climate change.

ET is difficult to measure and estimate at large spatial scales. Previous studies have thus identified historic
ET trends of conflicting signs and magnitudes. Satellite-based data and model outputs (Mao et al., 2015; Yao
etal.,2016; Zeng et al., 2012; Zhang et al., 2015, 2016) depict a positive trend of global ET over the past decades,
attributing it to an increase in surface net radiation (Wild et al., 2008), warmer air temperatures, and vegetation
“greening” (Zhang et al., 2015; Zhu et al., 2016). Other studies argue in favor of a recent global ET decline (Xiao
et al., 2020). Various process proxies have been scrutinized to explain the perceived decline in ET. Soil moisture
controls constraining regional ET (Jung et al., 2010), internal climate variability (Miralles et al., 2014), or vege-
tation responses (Xiao et al., 2020) have been cited as the likely reasons.

The net effect of vegetation physiological processes is particularly elusive. High air vapor pressure deficit (VPD)
corresponds to high potential ET but may cause plants to close leaf stomata (Oren et al., 1999) with the resultant

XUET AL.

1 of 11


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-2859-2664
https://orcid.org/0000-0002-5208-2189
https://orcid.org/0000-0002-2331-3056
https://orcid.org/0000-0002-2548-6372
https://doi.org/10.1029/2022GL102677
https://doi.org/10.1029/2022GL102677
https://doi.org/10.1029/2022GL102677
https://doi.org/10.1029/2022GL102677
https://doi.org/10.1029/2022GL102677
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022GL102677&domain=pdf&date_stamp=2023-08-04

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2022GL102677

Supervision: Valeriy Y. Ivanov, Jingfeng
Wang

Validation: Donghui Xu, Elizabeth Agee
Visualization: Donghui Xu

Writing — original draft: Donghui Xu
Writing - review & editing: Donghui
Xu, Valeriy Y. Ivanov, Elizabeth Agee,
Jingfeng Wang

decrease of canopy conductance to vapor flux and the suppression of total ET (Xiao et al., 2020). Whether the
projected increase in VPD will reach a threshold triggering the conductance decline is a point of active discussion
(Grossiord et al., 2020). Further, drier soils can additionally limit plant water supply. As future conditions are
projected to be drier (Dai, 2013) and with globally higher VPD (Wei et al., 2012; Yuan et al., 2019), the relative
roles of VPD, canopy conductance, and soil moisture in modulating the land-surface responses to the changing
climate has been debated (Humphrey et al., 2021; Liu et al., 2020; Novick et al., 2016; Sulman et al., 2016). Plant
physiological responses to rising CO, and changes in canopy biomass have been cited to exert significant effects
on ET (Lemordant et al., 2018; Milly & Dunne, 2016; Swann et al., 2016), or, conversely, their net effects have
been deemed neglible (Tor-ngern et al., 2015).

Previous studies have used outputs of Earth System Models (ESMs) to understand the ET response to climate
change (Ajjur & Al-Ghamdi, 2021; Berg & Sheffield, 2019; Lu et al., 2021; Sullivan et al., 2019), generally
projecting positive ET trends in the future. However, ESM ET simulations show substantial biases (e.g., Sullivan
et al., 2019), likely stemming from the use of variables and surface conductance parameterizations of high uncer-
tainty. ET biases reinforce low confidence in ESM projections and their limited ability to infer relevant driver
attributions (Text S1 in Supporting Information S1). Another approach to the problem is warranted. Maximum
Entropy Production (MEP) theory (Wang & Bras, 2009) is a parsimonious, energy-based principles formulation
rooted in thermodynamics that can constrain the uncertainties of ET projections. MEP model formulates energy
dissipation partitioning of land-surface net radiative energy into latent, sensible, and ground heat fluxes. The
model requires fewer inputs than classical ET algorithms, avoiding typical parameterization uncertainties (Text
S2 in Supporting Information S1), and it has demonstrated a well-proven accuracy for a variety of land-cover
conditions (Huang et al., 2017; Isabelle et al., 2021; Nearing et al., 2012; Shanafield et al., 2015; Sun et al., 2022;
Wang et al., 2014; Xu et al., 2019), offering the potential to elucidate mechanisms controlling future ET changes.

In this study, we use the MEP-based method to analyze how terrestrial ET will change over the contiguous
United States (CONUS) during the 21st century, driven by the latest set of projected climate trajectories. The
MEP-based ET estimates are first demonstrated to have a high skill during the historical period as compared to a
regional product of high accuracy (Livneh et al., 2013). ESM radiative energy and hydrometeorological outputs
are further used as inputs to MEP to project ET under different CO, emission scenarios. Regions exhibiting high
“signal-to-noise” ratio in ET projections (Knutti & Sedlacek, 2012) are identified and discussed. The projected
ET changes of high confidence permit a subsequent attribution analysis with respect to the primary controlling
factors. The projected spatiotemporal distribution of ET and precipitation prompt the analysis of future water
availability across CONUS. Overall, this research shows how climate change-induced energy, atmospheric vapor
demand, and land-surface conditions will control the future ET and water availability.

2. Materials and Methods
2.1. Climate Model Projections

Seventeen ESMs that contributed to the Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring
et al., 2016) were selected in this study (Table S1 in Supporting Information S1) based on their availability of
monthly net radiation (Rn), near-surface air temperature (7,), specific humidity (q,), top layer soil moisture (6),
latent heat flux (AE), and precipitation (Pr). The emission scenarios of the Shared Socioeconomic Pathways (SSP;
O’Neill et al., 2017) 2—4.5 and 5-8.5 are used here to represent medium and the “business-as-usual” cases of the
projected CO, emissions. Three time periods are chosen for the analysis: control period (1961-1990), mid-century
(2041-2070), and end-century (2071-2100). ET simulated with the MEP model using ESM-generated inputs is
referred to as “MEP-based ET.” ET provided in ESM outputs is referred to as “ESM-based ET.”

2.2. Maximum Entropy Production Model

A brief description of the MEP model is in Text S2 in Supporting Information S1 and readers are referred to
Wang and Bras (2009, 2011) for a detailed formulation, and Hajji et al. (2018) for its enhancement to be suitable
for applications in water stress conditions. MEP model validation shows a significantly improved skill of simu-
lating ET during the historical period as compared to the ESM-based ET estimates (Text S3 in Supporting Infor-
mation S1). Additionally, a sensitivity analysis suggests the parameter values used in MEP are appropriate for
their use in ET projections (Text S3 in Supporting Information S1). Note that the MEP theory does not explicitly
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account for plant physiological responses to higher CO, (e.g., changes in canopy conductance) and changes
in vegetation structure (e.g., expansion or decrease of leaf area). These short- and long-term scale responses
are implicitly accounted for through the corresponding changes in the MEP model inputs: net radiation and
near-surface temperature and humidity, which are obtained from ESMs (Section 2.1).

2.3. Surface Conductance

Generally, latent heat flux (1E; the energy flux associated with ET process) can be estimated as a function of VPD
and surface conductance (g,) (Sellers et al., 1997):

AE = P2 vpDyg,, )]
14

where p is the air density, ¢, is the air heat capacity, and y is the psychrometric constant. Given the MEP-estimated
flux AE and ESM-simulated VPD, one can inversely estimate g from Equation 1. This permits the attribution of
AE increase in the future due to the changes in Rn and its partition, as presented in Texts S5 and S6 in Supporting
Information S1.

2.4. Water Availability

The net water flux into the surface from the atmosphere, that is, precipitation minus evapotranspiration over land
(Konapala & Mishra, 2020), is another variable of particular interest. It is commonly used as an indicator of water
availability (WA) at both short-term and long-term (climate) scales:

WA = Pr —ET, )

3. Results
3.1. ET Spatial Change in the Future

MEP-based estimates project an increase of ET over the CONUS under different CO, emission scenarios
(Figure 1). Specifically, MEP model projects higher increase of ET in the Eastern US and Pacific regions than
in the rest of CONUS. The ET changes are mainly attributed to the increase of transpiration component of ET
(Figure S6 in Supporting Information S1). According to the robustness metric (RM, see details in Test S7) of
Knutti and Sedlacek (2012), the MEP-based projections exhibit strong agreement (RM > 0.8) among the selected
models over 52.7%, 60%, 65.1%, and 81.7% of the CONUS for the SSP245 mid-century, SSP245 end-century,
SSP585 mid-century, and SSP585 end-century scenarios (cells with the white and red stipples in Figure 1). The
change of ET under the SSP585 scenario has the highest degree of robustness at the end-century, suggesting the
larger the consistency of MEP-based ET estimates for larger projected greenhouse gas concentrations. The higher
CO, concentration intensifies ET process in the MEP-based projections since R,, temperature, and VPD will be
higher. It is remarkable that robustness of the primary MEP model input—R,—is lower than that of estimated ET
(not shown). ESM-based ET projections (Text S7 in Supporting Information S1) show different patterns of ET
change. However, these estimates exhibit low robustness due to the high multi-model ensemble uncertainty. The
rest of the analysis is hence based on the MEP-based ET estimates.

3.2. Change of ET at Continental Scale and Attributions

ET trend over CONUS (Figure 2a) is larger for SSP585 than for SSP245 scenario, with comparable multi-model
ensemble uncertainties (i.e., ~22% of the ensemble mean). The MEP method projects an increase of
CONUS-averaged annual ET at a nearly constant rate of 0.45 [mm/year/year] for SSP245 and 0.98 [mm/year/
year] for SSP585, as inferred from the multi-model ensemble means. The increase of projected MEP-based ET
is proportional to the increase of temperature (Figure S10a in Supporting Information S1), at the rate of 20 mm/
yr for every 1°C increase in near-surface air temperature. Consequently, by the end of century, CONUS-averaged
ET is projected to increase by 14% and 23% relative to the control period of 1961-1990 for SSP245 and SSP585
scenarios, respectively.

The increased temperature is not the direct cause for the increase of ET in the future. When one considers the MEP
model as a prognostic tool with flux and state inputs (i.e., Rn,T,,q.0, see Text S2 in Supporting Information S1),
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Figure 1. Change of the mean annual ET based on MEP model estimates between the control (CTL) and future periods (FUT). The difference (FUT-CTL) is estimated
as the mean of the equal-weighted multi-model ensemble. The grid cells corresponding to good (0.8 < RM < 0.95) and high robustness (RM > 0.95) of the projection
are stippled with red points and white dots, respectively. The grid cells with the cross sign imply low robustness of the projection inference (RM < 0.5). “MID”
represents the difference between 2041-2070 and 1961-1990 periods, and “END” represents the difference between 2071-2100 and 1961-1990 periods. All of the
results are shown at a 1° X 1° resolution.

Rn has been identified as the most sensitive input variable (Isabelle et al., 2021; Xu et al., 2019). The strong
correlation between ET and temperature in Figure S10a in Supporting Information S1 stems from the fact that the
increase of near-surface temperature is proportional to the increase in Rn: the two are related through a physical
theory and results confirm their strong inter-relationship (Figure S11 in Supporting Information S1). Not only an
increase in Rn can lead to larger ET in future, but also changes in the partition of available radiative energy into
heat fluxes. Consistent with this reasoning, Figure 2c illustrates an increase in the ratio of latent heat flux to net
radiation( #£/ra, termed hereafter evaporative allocation of net available energy), indicating that hydrometeoro-
logical factors also contribute to the future ET temporal increase across CONUS (Figures 1 and 2a).

Specifically, in its simplest form (Equation 1), AE (used interchangeably with ET) is expressed as an appropriately
scaled product of VPD (representing atmospheric aridity) and g, (representing land-surface ability to supply
water in response to atmospheric dryness). Although VPD is not explicitly used in the MEP model, its effect is
included through specific humidity at the evaporating surface (i.e., g,), and the increase of evaporative allocation
at the continental scale is clearly related to the future increase in VPD (Figure S10b in Supporting Informa-
tion S1). However, surface conductance g, is projected to decrease in the future with larger decreases in SSP585
as compared to SSP245 (Figure S12 in Supporting Information S1), suggesting an increasing role of surface
conditions constraining the ET flux. The lower surface conductance is likely to be caused by plant physiological
responses to increasing CO, concentration, rising VPD (Grossiord et al., 2020), and drier soil (Figure S13 in
Supporting Information S1), which would affect ESM simulations that provide the MEP inputs.

The projection results point to the need to better understand the relative contributions of future changes in R,
(increases of 7.8 W/m? for SSP245-END and 10 W/m? for SSP585-END, equivalent to 9.3% and 12% growth
relative to the control period of 1961-1990), and evaporative allocation as well as the corresponding factors
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Figure 2. Time series of projected evapotranspiration, net radiation, and decomposition of ET changes into its contributing components averaged over CONUS for
the SSP245 and SSP585 scenarios. (a) The projected time series of average annual ET and its 5%—95% uncertainty bounds based on the multi-model ensemble (equal
weights were assigned to each model). (b) The time series of 4£/rs and the 5%—-95% uncertainty bounds. Subplots (c) and (d) show the times series of changes in net

radiation (ARn) and latent heat flux (AAE), as well as the decomposition AAE due to contributions from ARn and A*£/ra for SSP245 (subplot (c)) and SSP585 (subplot

(d)) scenarios.

The term ARn X #£cn /ra,, represents the change of AE caused by the change in Rn (red solid line), Rncr X A4E /ra represents the change of AE caused by

the change in the #£/rn fraction (blue solid line), and ARn X A*£/rn is the interaction term (green solid line).

controlling land-surface conditions. Figure 2c suggests that in the SSP245 scenario ~58% of ET increase is attrib-
utable to increases in net radiative energy and this fraction remains nearly constant over the projection period
of 2041-2100. In the SSP585 scenario, the relative contribution of changes in Rn decreases from 57% in the
MID-century, to 47% by the END-century due to a noticeable increase in the evaporative allocation (Figure 2d).
It is remarkable that by the end of the 21st century, the projected changes in ET become comparable and even
greater than the enhancement of the near-surface net radiative energy (i.e., 2085-2100, Figure 2d).

It is crucial to understand the impacts of emission scenario on evaporative allocation to explain the growing
importance of the changes in the partition of net radiative energy in the SSP585 scenario. We decompose the
increase of ET caused by #£/rn changes into the contributions from three factors: VPD, g, and Rn (Text S6 in
Supporting Information S1). Specifically, VPD is projected to be higher (Figure S12 in Supporting Informa-
tion S1), representing the most important factor driving the increase of evaporative allocation. Its impact has
an increasing trend during the MID-century and remain nearly constant for the END-century (Figure 3a). VPD
contribution to the dynamics of #£ /rs exhibits a greater variation in the SSP245 than in the SSP585 scenario. In a
spatial context, this is especially evident over the “corn belt” region of the US Midwest, where the contribution
of atmospheric aridity to the change in evaporative allocation is much smaller than in the other CONUS areas.
Surface conductance is projected to decrease in warming climate (Figure S12 in Supporting Information S1),

XUET AL.

Sof 1l

ASUAOIT suowwo)) dAnear) ajqeaijdde ay) £q pauroaod are sa[one Y osn Jo sajni 10j K1eiqi suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIR)/W0d Ad[1m ATeIqijaul[uo//:sdny) SUonIpuoy) pue sud | oy 39S [€707/80/40] uo Areiqi aurjuQ L3[IM £29701T1DTT0Z/6T01°01/10p/wod Kapim Areiqrjaurjuo sqndngey/:sdiy woiy papeojumod ‘ST ‘€70T ‘L0086



.Yl d .
A\ 1% Geophysical Research Letters 10.1029/2022GL102677
ADVANCING EARTH
AND SPACE SCIENCES
06 (a). VPD CONUS (b). VPD SSP245 END (c). VPD SSP585 END 07
50
0.55
45
0.5
40 0.6
0.45 35
' —— SSP585
0‘325040 2050 2060 2070 2080 2090 2100 -120 -110 -100 -90 -80 -70 -120 -110 -100 -90 -80 -70 0.5

(d). g, CONUS

(e). g, SSP245 END (f). g, SSP585 END

o
~

Fraction [-]
=3
w

0.25

Fraction [-]

! 7

v e

N \,‘J LU
v

0.2
2040 2050 2060

(9). R, CONUS

2070

2080

2090 2100

(i). R, SSP585 END dos

02 I

0.15 v 0

0.1F1

A "1’
V17 1,"“’\" i
. NEY

'I '

n n Lto

0.05 -
2040 2050 2060

2070

2080

-110

-120

2090 2100 -120 -110 -100 -90 -80 -70 -100 -90 -80 -70

Figure 3. Relative fractions of (a)-(c) vapor pressure deficit (VPD), (d)-(f) surface conductance (g ), and (g)—(i) net radiation (R,) in the increase of ;—E. The fractions

are illustrated at the integrated CONUS scale (left plot panel), and as spatial distributions for the SSP245 scenario (middle panel) and the SSP585 scenario (right panel),

for the 2071-2100 period.

thereby constraining the increase of evaporative allocation due to the enhanced VPD. Notably, while its spatial
pattern delineates wetter eastern US as the area of weaker g_control in the SSP245 scenario, it becomes substan-
tially higher in the SSP585 scenario (Figures 3e and 3f). This alludes to a stronger land-surface control on ET
changes in this emission scenario. Furthermore, in the “tug of war” between the ET flux-enhancing increase in
VPD and flux-reducing decrease in g , both emission scenarios show the predominant role of VPD, indicating
that 4E /ra will predominantly grow due to the higher atmospheric demand, even though the land-surface will
progressively impose higher resistance to ET flux. There may exist a threshold of temperature increase for g_ to
be more dominant than VPD, since the increasing influence of VPD on the #E/ra change reaches its limit by the
end of this century (Figure 3a).

R, is another controlling factor in the projected increases of ET in both scenarios. While the overall increase of
ET is predominantly caused by climate-induced rise in Rn (Figures 2c and 2d), its relative control on changes
in #E /rn is weaker than that of VPD and g, (Figures 3a, 3d and 3g). Furthermore, the contribution of Rn to the
changes of 4£ /rn in SSP585 is negligible compared to that in SSP245 (Figures 3g—3i) during the late 21st century,
which explains the higher control of g, on evaporative allocation change in SSP585 (Figures 3d—-3f). Our analysis
also shows that surface conductance is the main factor constraining ET at higher projected temperatures, with a
pronounced impact on ET increase due to the changes in 4 /ra (Figure 2d).

3.3. Projections of Water Availability

Robust ET projections are further used to assess future water availability (Equation 2). Although the
CONUS-averaged annual precipitation shows a significant increasing trend of 0.68 [mm/year/year] for the
SSP245 scenario, it leads to a small, marginally significant positive trend in annual WA of 0.22 [mm/year/year]
(Figures S14a and S14b in Supporting Information S1). The CONUS-averaged WA remains unchanged even for

XUET AL.

6of 11

ASUAOIT suowwo)) dAnear) ajqeaijdde ay) £q pauroaod are sa[one Y osn Jo sajni 10j K1eiqi suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIR)/W0d Ad[1m ATeIqijaul[uo//:sdny) SUonIpuoy) pue sud | oy 39S [€707/80/40] uo Areiqi aurjuQ L3[IM £29701T1DTT0Z/6T01°01/10p/wod Kapim Areiqrjaurjuo sqndngey/:sdiy woiy papeojumod ‘ST ‘€70T ‘L0086



.Yl )
NI Geophysical Research Letters 10.1029/2022GL 102677
(a). ssp245 MID (b). ssp245 END
50 - 1 50 b

-105

-100  -95 -90 -85 -80 -75 -70 -120 -115  -110 -105 -100 -95 -90 -85 -80 -75 -70

(c). ssp585 MID

-120 -105  -100  -95 -90 -85 -80 -75 -70 -120  -115  -110 -105 -100 -95 -90 -85 -80 -75 -70
[mm/yr]
| | | | \ I I [
-90 -80 - -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

Figure 4. Change of annual water availability between the control (CTL) and future periods (FUT) using MEP-based ET projections. The difference (FUT-CTL) is
estimated with the mean of equally weighted multi-model ensemble. “MID” represents the date difference with respect to 2041-2070 and 1961-1990 periods, and
“END” represents the difference with respect to 2071-2100 and 1961-1990 periods. All of the results are shown at the 1° X 1° resolution.

a more significant trend of increasing precipitation under the SSP585 scenario (1.01 [mm/year/year]). The lack
of temporal change in WA is arguably the direct result of the increased energy use by ET (i.e., the enhanced *£ /rn)
implying that climate change intensifies flux exchange between the atmosphere and the land surface: increased
precipitation tends to be returned to the atmosphere through the enhanced ET.

Although WA integrated over CONUS does not show a trend, WA exhibits a clear pattern of regional variability
(Figure 4), with statistically significant projected increases in precipitation (Figure S15a and S15c in Supporting
Information S1). Specifically, the spatial changes are similar for all scenarios and periods with increasing WA
in the eastern coasts of the US (except Florida) and over the northern Rocky Mountain states, but a decrease of
WA in the central and western US. Over the eastern US, where the ET projections are highly robust (RM > 0.8),
the projected change of WA shows a slightly positive trend but statistically insignificant for both future scenarios
(Figure S15b in Supporting Information S1). However, WA is projected to decrease significantly in the SSP585
scenario over the central and western US (Figure S15d in Supporting Information S1), although the robust-
ness of the corresponding ET projection is not high. Furthermore, the spatial pattern of WA variability is more
pronounced for the end of the century in the SSP585 scenario, suggesting that the higher projected temperature
increase, the more uneven the distribution of surface water availability will be.

4. Discussion

This study is motivated by the lack of confident projections of ET despite its importance for understanding
climate feedbacks and informing societal knowledge on future water resource distribution. The MEP model
driven by outputs from the latest generation of ESMs improves ET estimation for the historical period and
substantially increases the robustness of ET projections. The MEP model tends to underestimate the long-term
mean annual ET by 6.8%. One possible reason for this underestimation is that evaporative loss from canopy
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interception is not accounted for. Additionally, MEP model uses top soil moisture to represent water availa-
bility control on ET, but plants can take up water from a much larger soil reservoir (Agee et al., 2021; Brum
et al., 2018; Li et al., 2021), especially during droughts. Another limitation of the MEP method is that the mass
conservation is not explicitly considred, but MEP-based ET is nonetheless well constrained by precipitation (see
Text S8 in Supporting Information S1). Furthermore, plant ecophysiological responses to transient climate are
not explicitly accounted for in the MEP theory: but they are expected to be reflected in the coupled changes of
all MEP model inputs and can be shown to lead to a qualitatively correct sensitivity of ET estimates (Text S9 in
Supporting Information S1).

A nearly constant rate of increase of annual ET is projected when averaged at the CONUS scale: ~20 [mm/
year] for every 1°C rise in near-surface air temperature. This ET growth is associated with the projected
increases in land-surface net radiation and evaporative allocation of net available energy (that is, £ /rn. While
the former factor generally dominates the ET increase in both considered CO, pathway scenarios, the contri-
bution of the latter grows to nearly a half towards the end of the 21st century in the SSP585 scenario. In this
scenario, the projected change in the ET energy flux even exceeds the total increase in land-surface net radi-
ative energy.

This study finds that evaporative allocation grows in both CO, pathway scenarios. Contributions to this growth
are dominated by the higher atmospheric aridity that drives the conversion of liquid water to vapor under the
global warming. Concurrently, the surface conductance to vapor flux is projected to decrease, counteracting
the effect of increasing VPD (i.e., the “tug of war” analogy). The growth of evaporative allocation and ET
implies that the reduction in surface conductance cannot fully offset the atmospheric demand for water vapor.
Further, the more significant increase of evaporative allocation in the SSP585 scenario is also associated with
the greater influence of land-surface controls on ET flux. This is because the Clausius-Clapeyron relationship
(Brutsaert, 2005) dictates a greater rate of VPD increase at higher temperatures in the SSP585 pathway, and if
the surface conditions cannot keep up with the atmospheric water demand, they exert stronger control on the
flux. The relative roles of demand versus supply controls will determine the distribution of future ET over the
CONUS, and our results demonstrate clear regional distributions related to a given emission scenario. The attri-
bution of surface conductance however includes uncertainties because surface soil moisture can overestimate
water stress and physiology impacts are not explicitly included. However, an attribution analysis conducted with
the ESM-based ET ensemble leads to similar conclusions showing only a slightly higer control from surface
conductance (not shown).

The increase of ET nearly balances the projected increase of precipitation in the future. While there is a weak
increase of water availability in the SSP245 scenario, no significant changes in water availability at the CONUS
scale are projected for the SSP585 pathway. However, the change of water availability shows pronounced regional
variability, with different areas projected to have a decline (central and western US), while others an increase
(eastern coasts of the US) in the mean long-term WA. These projected changes imply greater challenges for water
management in a warming climate, especially under the high emission scenario: the results show the largest
increase of spatial variability in the projected water availability due to the increase of evaporative allocation and
ET. As this research confirms, one of the detrimental consequences of global warming is the proliferation of
non-equitable distribution of water availability (Rogelj et al., 2012).

Data Availability Statement

The CIMP6 climate model projections that list in Table S1 in Supporting Information S1 were downloaded from
https://esgf-node.llnl.gov/projects/cmip6/. We used the MODIS NDVI (MOD13C2), which can be downloaded
from http://doi.org/10.5067/MODIS/MOD13C2.006. The long-term gridded precipitation and runoff for the
water budget method can be retrieved from https://psl.noaa.gov/data/gridded/data.livneh.html. The observed
precipitation data were downloaded from WebMET Samson Surface Met Data (http://www.webmet.com/met_
data.html). The observed streamflow was obtained from all the available USGS (https://www.usgs.gov) stream-
flow gauges with measurements of more than 15 years during 1961-1990, and the gauge information and
downloading script can be found at https://doi.org/10.5281/zenodo.7741957. The MEP code and scripts used
in this study to process the data and plot the results can be found at https://doi.org/10.5281/zenodo.6568460.
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