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Abstract: The warming climate significantly modifies the global water cycle.  Global
evapotranspiration has increased over the past decades, yet climate models agree on the drying
trend of land surface. In this study, we conducted an intercomparison analysis of the surface energy
partitioning across Coupled Model Intercomparison Phase 5 (CMIP5) simulations and evaluated its
behaviour with surface temperature and soil moisture anomalies, against the theoretically derived
thermodynamic formula. Different responses over land and sea surfaces to elevated greenhouse gas
emissions were found. Under the Representative Concentration Pathway of +8.5 W m~2 (RCP8.5)
warming scenario, the multi-model mean relative efficiency anomaly from CMIP5 simulations is 3.83
and —0.12 over global sea and land, respectively. The significant anomaly over sea was captured by
the thermodynamic solution based on the principle of maximum entropy production, with a mean
relative error of 14.6%. The declining trend over land was also reproduced, but an accurate prediction
of its small anomaly will require the inclusions of complex physical processes in future work. Despite
increased potential evapotranspiration under rising temperatures, both CMIP5 simulations and
thermodynamic principles suggest that the soil moisture-temperature feedback cannot support
long-term enhanced evapotranspiration at the global scale. The dissipation of radiative forcing
eventually shifts towards sensible heat flux and accelerates the warming over land, especially over
South America and Europe.

Keywords: CMIP5 simulations; climate change; hydroclimate; maximum entropy production; surface
energy partitioning

1. Introduction

During the 20th century, intensification of the global hydrological cycle has been observed [1],
and the trend is expected to continue under a warming climate [2]. The established robust responses
of the global hydrological cycle to temperature rise include amplified variance of precipitation
everywhere [3], increased precipitation intensity over land [4,5], land evapotranspiration acceleration [6],
and reduced soil moisture [7]. The long-term decline in soil moisture is the only response that has not
been validated against in-situ measurements, as historical ground observations are limited [8] and soil
moisture products derived from satellites are sensitive to the accuracy of retrieval algorithms [9,10].
Previous studies on the net water flux into the surface, i.e., the precipitation minus evaporation,
suggested that wet regions will become wetter and dry regions will become drier in response to global
warming [11]. Nevertheless, recent studies found that such a response would not occur over land
surfaces [12,13].
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The interactions between the Earth’s surface and the atmosphere, i.e., surface sensible (H) and
latent (LE) heat fluxes, play a key role in regulating the hydroclimate across scales and causing the
aforementioned response to climate change [14]. In the absence of a long-term dataset, the interactions
have been primarily analysed through the Coupled Model Intercomparison Project Phase 5 (CMIP5) [15],
a state-of-the-art multi-model assessment tool for studying the evolving climate from past to present
to future. Previous studies have reported the trends of both surface fluxes in a warming globe [16].
Latent heat flux and sensible heat flux are found to increase over most of the global land under the
future climate, largely corresponding to the increased net radiation. Note that the signal of changes in
radiative forcing is sensitive to the treatment of atmospheric aerosols in individual climate models [17].
The diurnal cycle of clouds also has an important effect on surface moisture and energy budgets,
whose large biases over land potentially increase the uncertainty of climate predictions [18]. While
trends of individual climatic indicators (temperature, humidity, energy budgets, etc.) tend to ramify,
we believe that there exist some intrinsic measures/constraints of climate changes. These measures
should preferably be derived from the thermodynamic principles and be capable of providing a
more fundamental explanation of the behaviors in anomalies of the coupled energy and water cycles
among different General Circulation Models (GCMs), with a limited number of parameters and
reduced uncertainty.

In this study, we choose the ratio between surface latent and sensible heat fluxes (LE/H, hereinafter
relative efficiency) as such a measure, for it is well-formulated by the Clausius-Clapeyron equation and
is relatively insensitive to radiative forcing. It is well established that the surface energy partitioning
can be affected by a suite of variables, including temperature, humidity, and soil moisture. The question
remains: how large is the variety in surface energy partitioning across CMIP5 simulations, given
the different parameterizations and feedbacks in global climate models? To address this question,
we examined results from historical, RCP4.5 (Representative Concentration Pathway of +4.5 W m~2)
and RCP8.5 scenarios in CMIP5 simulations against a theoretically derived relationship.

2. Materials and Methods

2.1. Global Climate Dataset

The global climate data were taken from the CMIP5 data portal [19]. We made use of the historical
RCP4.5 and RCP8.5 scenario simulations by the latest generation of earth system models [15]. Based on
the data availability, a total of 17 models were initially selected. Monthly outputs of near-surface
specific humidity, surface sensible heat flux, surface latent heat flux, surface temperature, surface soil
moisture, and total soil moisture were downloaded. For quality control of the data, we performed
a consistence check on the surface sensible and latent heat fluxes from different GCMs. Note that
it is difficult to evaluate the performance of individual models because of the lack of direct global
observations. Assuming that the majority of CMIP5 simulations should fall within a reasonable range,
in this study, we included a model in the subsequent analysis only if its output fluxes were within
two standard deviations from the multi-model mean between 1860 and 2100. This led to a total of
12 models from six institutes for this study, and their information is summarized in Table 1. The annual
area-weighted average over the globe, land, and sea were estimated using all available ensemble
members that passed the quality control.
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Table 1. Summary of the Coupled Model Intercomparison Phase 5 (CMIP5) earth system models

analysed in this study.

Model Name Institute
ACCESS1.0 Commonwealth Scientific and Industrial Research Organization and Bureau of
ACCESS1.3 Meteorology, Australia
GISS-E2-H . .
CISS-E2-R NASA Goddard Institute for Space Studies, USA

HadGEM2-CC . . .

HadGEM2-ES Met Office Hadley Centre, United Kingdom

IPSL-CM5A-LR

IPSL-CM5A-MR Institut Pierre-Simon Laplace, France

Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean
Research Institute (The University of Tokyo), and National Institute for
Environmental Studies

MIROC-ESM
MIROC-ESM-CHEM

MPI-ESM-LR

MPLESM-MR Max Planck Institute for Meteorology, Germany

2.2. Thermodynamic Solution of Relative Efficiency

Surface energy partitioning can be treated as a dissipation process that consumes energy
perturbation at the surface and returns the land-atmosphere system to thermal equilibrium in the long
term. As the partitioning process is irreversible and produces entropy, the response of the system
to perturbation follows the second law of thermodynamics and leads to the state with a maximum
entropy production of turbulent dissipation. Details of the maximum entropy production theory and
its applications can be found in Kleidon and Lorenz [20]. Based on the maximum entropy production
theory, surface energy balance components can be solved through an analytical solution. Linearizing
the relation between saturated vapour pressure and temperature, the ratio of surface latent heat flux to
sensible heat flux is given by [21]

, )

LE_pla(25)
T=T;

H e, \oT

where f is the surface moisture availability, L, is the latent heat of vaporization for water, ¢, is the
specific heat of air, gs* is the surface saturated specific humidity, and T is the surface temperature.
The resulting ratio between surface latent and sensible heat fluxes is only a function of surface
temperature and moisture availability. Note that Equation (1) is formulated purely on thermodynamic
principles, and the dynamic processes, i.e., wind/circulation induced influences on turbulent fluxes,
are neglected.

The surface moisture availability § equals to unity over sea and is calculated as the dimensionless

water content over bare land [22,23]:
_&-6 @)
Bbare 0: - 65 ’
where 0° is the volumetric water content near surface, and subscripts r and s denote the residual
and saturated values, respectively. Note that deep soil moisture could affect LE over vegetated land
surface through the root water uptake process. To account for the effect of leaf stomata on the exchange
of water vapor, the surface moisture availability over vegetated surface fe; is estimated using the

“stomatal function” approach proposed by Wang et al. [24]:
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where 6! is the total volumetric water content in the soil column that plant roots can uptake water, 15 is
the openness of stomatal apertures, and g, is the near-surface specific humidity. For each land grid cell,
the surface moisture availability is then computed as

B = fhareﬁbure + (1 - fbare)ﬁvegr (4)

where f,,, is the bare soil fraction. The performance of the thermodynamic solution has been validated
against in-situ point observations over water surface, vegetated and non-vegetated land surfaces [24-26].
In this study, we assumed that the maximum entropy production theory is valid at the global scale and
compared its predictions against climate model output.

With the CMIP5 global climate dataset, we computed the relative efficiency (left-hand side
of Equation (1)) for individual grids using local surface temperature and moisture availability,
then averaged the local relative efficiency (weighted by the area of each grid cell) to estimate the global
mean. The mean value across the 12 selected models was calculated to obtain the ensemble mean of
thermodynamic prediction. 65 and 6, at individual model grid cells were approximated using the
maximum and minimum values of monthly soil moisture. Depending on the root depths, different
plants can have different moisture uptake capabilities. However, the CMIP5 simulations only have two
soil moisture outputs: surface moisture (upper 10 cm) and total soil moisture (0-100 cm). Here, we
used surface soil moisture to compute 0° over bare soil and total soil moisture to estimate 6' over
vegetated land. We only considered areas with a latitude smaller than 60° to exclude surfaces with
permanent ice because of their different L,.

3. Results and Discussion

3.1. Global Mean Relative Efficiency Anomaly

The non-linear nature of the Clausius—Clapeyron relationship shifts the partitioning of radiative
energy at the Earth’s surface towards latent heat flux at high temperatures (Figure 1a). With constant or
increased surface moisture, the thermodynamic process allows the Earth system to resist human-induced
temperature perturbations and could eventually mitigate global warming. This mechanism fails when
surface moisture depletes and in turn boosts the temperature rise via directing more radiation towards
sensible heat exchange. Climate models consistently show that the global land surface warms faster
than the sea surface, and the gap in surface temperature anomaly between land and sea rapidly expands
with increased atmospheric greenhouse gas concentration in the future (Representative Concentration
Pathway of +8.5 W m~2 (RCP8.5) scenario, Figure 1b). The colored bands in Figure 1b illustrate the
significant variety in temperature and heat fluxes from different climate models. This variety was
found to be larger over the land surface than over the sea surface. Climatic observations indicate the
minimum land/sea warming contrast in equatorial latitudes and the maxima contrast in subtropics [27].
The large thermal inertia of the ocean is one important component but not the determining factor in
forming the warming contrast [28]. The slow temperature rise over the sea surface is associated with
increased LE and decreased H, while the fast warming over the global land is accompanied by a greater
increase in H than LE. Yet, it remains unclear how relative efficiency evolves with global warming and
whether the predicted change from general circulation models agrees with the law of thermodynamics.
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Figure 1. Trends of surface temperature, heat fluxes, and relative efficiency. (a) Derived relative
efficiency as a function of surface temperature and surface moisture availability . (b) Anomalies
in global mean surface temperature, sensible heat flux, and latent heat flux during 1860-2100 from
CMIPS5 simulations. Results between 2006 and 2100 are obtained from the Representative Concentration
Pathway of +8.5 W m~2 (RCP8.5) scenario. The colored bands denote the boundaries of one standard
deviation from the multi-model mean. LE and H denote the latent and sensible heat fluxes, respectively.

Multi-model mean relative efficiency shows a clear ascending trend over sea surface (Figure 2a).
Global sea LE/H increased by about 0.56 from 1860 to 2005, and by about 3.27 from 2006 to 2100 under
the RCP8.5 scenario. Surface moisture is not a constraint over the ocean; therefore, the relative efficiency
anomaly generally increases with the projected temperature anomaly in climate models from present
to future (Figure 3). Climate variability amplifies in response to the increased greenhouse gas such that
predictions from individual models diverge towards the end of the century. The predicted LE/H anomaly
at the year 2100 ranged from 2.75 to 4.86 across the analyzed models. Nevertheless, the temporal
evolution of mean relative efficiency over sea surface at the planetary scale was reasonably captured
by the thermodynamic formula.
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Figure 2. Cont.



Atmosphere 2019, 10, 602 6 of 12

Global land LE/H anomaly
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Figure 2. Anomaly of relative efficiency across the CMIP5 simulations from past to future over (a) sea
and (b) land. The results between 2006 and 2100 were obtained from the RCP8.5 scenario.
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Figure 3. Mean LE/H anomaly and mean temperature anomaly between 1860 and 2100 over global
land and sea surfaces from the RCP8.5 scenario.

On the other hand, although global land surface is projected to experience a stronger warming
in the future, the multi-model mean relative efficiency decreases gradually (Figure 2b). Despite
the variability in projected land warming among the different models, the mean LE/H anomaly is
negligible as compared to that over the sea (Figure 3). The shift in partitioning of radiative energy
at the land surface towards sensible heat flux concurs with the depletion of surface soil moisture
(Figure 4). Along with the greening trend of the Earth [29,30], rapid warming over the land surface
accelerates evapotranspiration and subsequently extracts subsurface water resources to compensate
the surface moisture loss. The large deviations in the projected surface soil moisture change are
due to the different coupling between soil moisture and precipitation in earth system models [31,32].
Among the studied models, GISS-E2-H predicts the lower end of global land moisture anomaly,
while the MIROC earth system models (MIROC-ESM and MIROC-ESM-CHEM) project a wetter global
land at the end of the century. This large gap in the surface soil moisture anomaly indicates a different
land—atmosphere coupling in related climate models. The variety in soil moisture affects the estimated
surface moisture availability by Equations (2)—-(4) and results in the multi-year oscillations of the
thermodynamic predictions.
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Figure 4. Anomaly of global land surface soil moisture (upper 10 cm) across the CMIP5 simulations
from past to future. The results between 2006 and 2100 were obtained from the RCP8.5 scenario.

Figure 2b shows notable deviations between thermodynamic predictions and CMIP5 simulations
over the land surface, especially towards the end of the century. To quantify the deviations, root mean
square error (RMSE) and mean relative error (MRE) are computed as

, ©)

= 2
RMSE — \/ Y0 (ARETpermo — AREhips )
n

y t:2100( ARETjero—AREcMIPS )

(1560 2RECMH’5 % 100%, ©6)

MRE =

where t is the time, n is the number of years and equals to 240 in this study, ARE is the multi-model
mean relative efficiency anomaly, and subscripts Thermo and CMIP5 stand for the results from
thermodynamic predictions and the CMIP5 simulations, respectively.

Over sea and land surfaces, RMSE of LE/H by the thermodynamic solution against CMIP5 data
is 0.12 and 0.08, while MRE is 14.6% and 68.3%. The large MRE over land surface is caused by the
small magnitude of ARE, where results from various models have different signs and balance each
other out. Compared to sea surface, energy partitioning over land surface is subject to change with
more processes, e.g., seasonal vegetation growth or topography-induced weather. It is also worth
mentioning that the global mean LE/H anomaly by 2100 is about 40.6% of the LE/H value at year 1860
over the sea surface but is only about 7.7% over the land surface. Accurately capturing the small
anomaly will require precise equations that take better account of different land surface processes, and
the thermodynamic formula in this study can only generally reproduce the declining trend. Under the
less warming RCP4.5 scenario, a large deviation over land surface and a small gap over sea surface
between thermodynamic predictions and CMIP5 simulations were also found (Figure 5).
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Figure 5. Anomaly of global relative efficiency in the RCP4.5 scenario of CMIP5 simulations over (a)
sea and (b) land.

Although the thermodynamic solution in this study neglects the effect of dynamic processes, its
small deviations from the multi-model mean of CMIP5 simulations indicate that such effect on surface
energy partitioning over sea surface is at second order on a global basis. It is worth mentioning that
global precipitation change implied by the Clausius-Clapeyron relationship deviates significantly from
climate model predictions [33,34]. Due to sparse in-situ observations [35], climate models have not
converged on the ability of the troposphere to radiate away latent heat. Ambiguous estimated trends
in upper tropospheric humidity substantially increase the uncertainties of precipitation and downward
solar radiation. Propagation of these uncertainties leads to a large variety of surface turbulent heat
fluxes across different climate models. While the precise evolution of LE and H is difficult to estimate,
our analysis here demonstrates that approximate solutions of surface energy partitioning anomaly can
be derived from thermodynamic principles.

3.2. Spatial Distribution of Relative Efficiency Anomaly

We now turn our attention to the spatial distribution of relative efficiency anomaly around the
world. From past to present, the difference in relative efficiency (normalized by the mean LE/H value
of 1850-1860, (LE/Hazp05 — LE/Hiseo) / (LE/Higs0-1860)) over land surface is inconclusive (Figure 6a).
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The evident increases around the Tropic of Cancer in Africa and in northeastern Asia are caused
by decreased sensible heat flux. Global sea surface generally witnessed a small increase (<0.2 over
80% of ocean grids) in relative efficiency from 1860 to 2005. The trend in relative efficiency anomaly
becomes clear in the warming future (normalized by the mean LE/H value of 1995-2005, Figure 6b).
An increased relative efficiency around the Tropic of Cancer in Africa and in northeastern Asia in the
historical scenario tends to intensify in the twenty-first century. On the other hand, multi-model mean
projects a decline over Oceania, Europe and South America. Increases of relative efficiency over the
ocean become more obvious at high latitudes. Contrasting relative efficiency anomalies are consistently
found over oceans near Antarctica in both historical and RCP8.5 scenarios. Driven by the stratospheric
ozone depletion over Antarctica, the strengthening surface westerlies enhance the advection of cold
surface waters northwards [36] and result in the blue regions with a reduced relative efficiency.
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Figure 6. Spatial distribution of multi-model mean relative efficiency anomaly across the CMIP5
simulations. (a) Difference in LE/H between 1860 and 2005 normalized by the mean LE/H value of
1850-1860 in the historical Scenario. (b) Difference in LE/H between 2006 and 2100 normalized by the
mean LE/H value of 1995-2005 in the RCP8.5 scenario.

The overall water content of a land grid is characterized by the total soil moisture, and its
anomaly, together with relative efficiency anomaly, can indicate the warming trend of different regions.
Here, we found that the total soil moisture anomaly significantly correlates with local relative efficiency
anomaly over global land grids (Figure 7a, r = 0.3972, p < 0.001). Under future climate change,
the current moisture level over land allows for surface latent heat flux increasing at a faster rate than
sensible heat flux by about 2050 (Figure 1b). The effect of surface temperature rise counteracts the
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impact of soil moisture decline that relative efficiency over land maintains a steady level in the near
future. Such balance is broken as increased land evapotranspiration continuously consumes subsurface
water content up to a point at which the decline in soil moisture outweighs the surface temperature
rise in controlling land—-atmosphere interactions. Since then, energy partitioning has been directed
towards the sensible heat flux and a larger energy exchange than water exchange between land surfaces
and the atmosphere was observed in the latter part of the century (Figure 1b), leading to a faster
descending of relative efficiency (Figure 2b). As global land warming varies with the latitude [4],
the area-weighted relative efficiency anomaly does not necessarily agree with soil moisture changes per
continent (Figure 7b). Both soil moisture and relative efficiency are projected to decrease substantially
under the future warming over Europe and South America, suggesting a warming acceleration in these
regions. Slightly decreased relative efficiency with increased soil moisture indicates that Oceania and
Asia maintain resistance to rapid warming. However, this resistance may not sustain if anthropogenic
modifications of land surface exceed present projections and induce rapid soil moisture depletion.

2 1 50
y = 1.549x + 0.0561 m Relative efficiency = Total soil moisture —_
L5 r=03972, p<0.001 08 40 =2
o1 06 30 3
£ = o
g 20 Z
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Figure 7. Relative efficiency and total soil moisture anomalies over global land in the RCP8.5 scenario
across the CMIP5 simulations. (a) Relationship between relative efficiency anomaly and total soil
moisture anomaly over individual land grids. (b) Mean relative efficiency and total soil moisture
anomalies over continents.

4. Conclusions

In this study, we investigated the evolution of relative efficiency under future climate projections
via multi-model analysis of CMIP5 simulations and thermodynamic predictions. Thermodynamic
principles support the observed increase in evapotranspiration during the past decades and suggest
a reverse trend in the future once soil moisture drops below a certain threshold. Multi-model mean
surface energy partitioning over global land shifts towards sensible heat flux at the end of the century.
Decreased relative efficiency and soil moisture depletion exacerbates the water vulnerability in Europe
and South America, which already face great challenges from rising water demands and outdated
water infrastructure [37,38]. Regional nonlinear response is another critical threat as some regions may
see a disproportionately large change in surface temperature and moisture [39]. Changes in water and
energy dynamics through surface-atmosphere interfaces will likely vary significantly within individual
regions and the broad-scale analysis presented here are intended to identify areas of major concerns.
Despite the assumptions and uncertainties embedded in various climate models, our analysis shows
that surface energy partitioning over sea surface of new earth system models in CMIP5 follow the
intrinsic thermodynamic constraints in response to elevated greenhouse gas emissions. The partitioning
over global land nevertheless involves more complex processes and requires further investigation.
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