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Water age is a useful metric to evaluate the influence of anthropogenic and
natural forcings on the terrestrial water cycle. Current climate warming is
enhancing the warming of permafrost soil in the Arctic. Although permafrost
is a crucial component of the Arctic terrestrial water cycle, its influence on
processes regulating the fluxes and ages of Arctic terrestrial water, particularly
soil storage and evapotranspiration, is not well understood. In this study, a water
age calculation scheme was implemented into the coupled hydrological and
biogeochemical model (CHANGE) to assess the mechanisms through which
climate warming affects the soil water storage—evapotranspiration—water age
feedback cycle in a boreal forest. Continuous air temperature increase from
1980 to 2016 caused earlier snowmelt and soil thawing, inducing decreasing
age trends in snow- and rain-sourced water. The younger water contributed to
higher spring evapotranspiration. In summer, the higher evapotranspiration
dried the surface soil layer. In turn, the drier surface layer increased the loss
of fresh rainwater. Autumn precipitation, preserved in the frozen winter soil until
the following spring, became an additional source of water and enhanced plant
transpiration in the following summer. This increase accounted for 4.2% of the
annual total transpiration. These results suggest that permafrost warming,
characterized by earlier soil thawing and later freezing, induced higher
evapotranspiration, thereby shortening the residence time of precipitation-
sourced water in the active layer and further rejuvenating water in soil layers and
in evapotranspiration. Under future climate warming conditions, this effect is
expected to intensify and the water cycle will accelerate.

KEYWORDS

evapotranspiration, permafrost, water age, tracer module, climate warming
1 Introduction

Water age is defined as the time interval between the moment a water molecule enters
the hydrological system and the moment it flows out (Sprenger et al., 2019). It is a useful
metric to assess changes in water storages—fluxes interactions within the hydrological
system (Pfister et al., 2017; Sprenger et al., 2018). In the Arctic terrestrial system, the
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hydrological processes regulating water storages and fluxes are
completely different in winter, when soil freezes, and in summer,
when soil thaws. Thus, the hydrological system, dormant during
winter, experiences considerable phase changes in warmer
seasons. These seasonal changes are driven primarily by air
temperature. Meteorological observation data have revealed an
increasing temperature trend in the Arctic over the past several
decades, with particularly marked warming during spring
(Bekryaev et al, 2010). Warmer air temperatures affect
snowmelt (Kim et al, 20155 Zhang and Ma, 2018), soil
thawing (Park et al., 2016a), and vegetation phenological and
physiological activity (Ohta et al., 2014). In turn, such changes
enhance water flux variations, increasing water loss via
evapotranspiration and runoff (Holmes et al., 20155 Wang
et al, 2021; Zhang et al, 2021). Water cycle alterations are
reflected in water age variations (Hrachowitz et al., 2016).
Previous studies have estimated the non-stationary age of
stream water by directly measuring inputs and outputs of
isotopic tracers at catchments (Tetzlaff et al., 2014; Birkel and
Soulsby, 2015; Rinaldo et al., 2015). Several process-based
numerical models have also been developed, in which the
incorporation of isotopic tracers effectively allowed scientists
to estimate water ages in the absence of direct in situ
and to better
processes for runoff generation in global catchments under

measurements, understand the physical
different climates (Maneta and Silverman, 2013; Stadnyk
et al,, 2013; van Huijgevoort et al., 2016; Ala-aho et al., 2017,
2018; Piovano et al,, 2019). Water loss by evapotranspiration to
the atmosphere is a crucial process affecting terrestrial water
storages and fluxes and, ultimately, water ages. Few water age
studies have focused on evapotranspiration rather than on
stream water. However, evapotranspiration measurements
have shown an isotopic connection to groundwater sources
(Good et al, 2015), while water ages have been estimated
from evapotranspiration with  process-based,  coupled
ecohydrological models incorporating isotopic tracers to
calculate the energy balance in the atmosphere-vegetation-soil
system (Sprenger et al, 2015; Kuppel et al., 2018). Other
modeling studies have evaluated the influence of cold-region
processes on evapotranspiration and source water ages (Smith
et al, 2019). Unfortunately, quantitative information on the
influence of permafrost on water flux ages in northern cold
regions, using observations or tracer-based models, remains
limited.

Permafrost is an important component of the hydrological
system in the terrestrial Arctic. It has been increasingly affected
by climate-change-induced warming and thawing (Biskaborn
et al, 2019). Permafrost warming during summer caused an
increase in the active layer thickness (ALT), defined as the
maximum soil thawing depth (Li et al, 2022), thereby
increasing water storage capacity in the active layer and,
possibly, enhancing evapotranspiration (Suzuki et al, 2021).

Observations also showed the sensitivity of evapotranspiration
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to higher soil moisture in the active layer of a Siberian boreal
forest (Ohta et al.,, 2014; Kotani et al., 2019). Active-layer soil
moisture depends primarily on inputs from snow meltwater in
spring and precipitation in summer (Ma and Zhang, 2022), and
on outputs from evapotranspiration. In addition, the water
content of the active layer before soil thaws in spring is
representative of moisture conditions from the preceding
autumn (Park et al., 2021). Similarly, active-layer soil moisture
conditions reflect climatic and ecohydrological events. This
suggests that calculating the water age of evapotranspiration
this

information on the influence of permafrost warming on the

generated by moisture might provide valuable
soil freezing/thawing process, thus on evapotranspiration and
soil moisture variations.

We have developed a water age calculation module, which
uses five water isotopic tracers as modeling targets, and coupled it
to our process-based land surface model (Park et al.,, 2021). The
main objective of this study was to quantify, using the modified
land surface model, the influence of climate-driven permafrost
variations on model-simulated water storages, fluxes, and ages,
particularly evapotranspiration water ages, of a boreal forest in
1980-2016. Using the model-simulated water ages, this study
specifically investigated an important property of permafrost: the
delay it induced on the response of soil water from precipitation

to hydrometeorological forcings.

2 Materials and methods
2.1 General model description

This study used the process-based, coupled hydrological and
biogeochemical land surface model (CHANGE: Park et al., 2011).
CHANGE incorporates principles of hydrology, biology, ecology,
geochemistry, and physiology to calculate momentum, heat,
water and carbon quantities and partitioning, and tracer
the
including all interactions between components and processes
within the system (Park et al., 2011, 2018). The energy budget is
calculated for the canopy, snow, and soil surface separately. The

fluxes in atmosphere-vegetation—snow-soil ~ system,

resulting available energy is used to derive evapotranspiration,
snowmelt, and ground heat flux, as well as canopy, snow, and soil
temperature. The mass conservation principle is also applied to
solve the water budget for the surface layer. During snowmelt or
precipitation events, the water input in the surface soil layer is
divided into infiltration and surface runoff. The infiltrated water
becomes a source of soil moisture and plant transpiration and
generates a subsurface flow evacuated either in the permafrost
table or at the bottom boundary layer. CHANGE explicitly
represents water dynamics and heat fluxes in a soil column
with a depth of 70 m and accounts for the freezing/thawing
phase changes and the effects of organic carbon on the soil
hydrothermal properties. The simulated ice content in frozen soil
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FIGURE 1
Schematic diagram of the water age calculation scheme for a one-dimensional water flow. Downward arrows represent water fluxes from
upper to lower water storage pools, initiated in the atmosphere; upward arrows show water losses by evapotranspiration in individual storage pools.

layers increases their impedance to water flows. The layer
impedance is parameterized as the soil moisture stress
conditions associated with drying or freezing. Then, it is
coupled to stomatal conductance and to the maximum
carboxylation rate, which controls plant productivity and
phenology. CHANGE also includes a coupled dynamic
module  that
biogeochemical processes, including the carbon and nitrogen

vegetation mechanistically ~ simulates
cycles in vegetation, litter, and soil, across multiple biomes.

Moreover, CHANGE includes a water isotope tracer module
designed to characterize the spatiotemporal variability of isotopes
and water sources, originating from precipitation and ground ice,
in the hydrological system (Park et al., 2021). With this module, it
is possible to quantify the contribution of ground ice meltwater
induced by permafrost thawing to soil water storages and to the
subsequent subsurface flow and evapotranspiration, especially
the water footprint of permafrost degradation caused by climate
warming.

2.2 Water age module
In a hydrological system, water input/output variations

directly affect the water fluxes, thereby influencing the water
age. In the new CHANGE module, water ages in storages
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(i.e., canopy, snowpack, and soil) are estimated along the one-
dimensional water flow direction, with a scheme (Figure 1)
similar to that used for tracer flux calculation (Park et al,
2021). The volumetric water age (A;) variation in the lower
storage (i), following an input of water (W;) from the upper
storage (i—1) at time step (1), is expressed as:

Al = ATl — a; Fyt )
Wi = Wi - FuAt )
ai.1 = A w., * At (3)

where a;_; is the water age in the upper storage, F,, ; is the water
flux from the upper storage, At is the time step, and
t—1 represents the previous time step. Conversely, the water
age variation in the upper storage, induced by an upward water
flux from the lower storage, is calculated with Eq. 4 and 5 of Park
et al. (2021).

The simplifying assumption is that the water flux between
storages is fully mixed, because the model essentially considers
bulk tracer content values in fully mixed storages. The water
mixing assumption is also applied to water age. In the water age
calculation, the precipitation input age is set to zero. For example,
the age of water intercepted by a dry canopy is zero, and thus the
drip and evaporation rates are also zero. However, the age of
water remaining on the canopy increases after each time step, so
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that new precipitation results in a younger canopy water age. Soil
evaporation and plant transpiration remove water from a storage.
The volumetric water age for evaporation (AE;) from a storage (i)
to the atmosphere at time step (f) is expressed as:

AE! = AE[| + a;E,;At (4)

where E,, ; represents the evaporative flux from the lower storage.
Eq. 4 is also used to calculate water age variations from plant
transpiration, derived using a partitioning function, and runoftf.
The age of water extracted by plant roots in each soil layer
depends on the model-simulated plant transpiration and on soil
water age. Therefore, the water age for plant transpiration is
obtained by integrating over the individual layers. Additionally,
dew formation is treated as an additional water input, resulting in
younger water ages in the storages. For the snowpack, however,
sublimation from the snow surface limits the production of snow
meltwater, thus the snow age decreases. The snowpack age is also
influenced by snowmelt and snowfall events.

The water flow between components of the hydrological
system (i.e., canopy, snow, and soil) in the land surface scheme
occurs sequentially downward, from the canopy to the snow
then to the soil (Figure 1). Water ages for individual
components are updated at each time step depending on
the water fluxes. In permafrost, there is no water flux, thus
the water age continuously increases. The water age scheme
also assumes that the seasonal freezing/thawing phase change
in the active layer does not affect soil water age. However,
when the active layer thickens, the water age of the new active
layer is expectedly younger, because of mixing with water
from the upper layers or soil water loss by subsurface outflow.
In our simulations, the water age of each soil layer was
initialized to zero, because age observation data for frozen
water or permafrost ice were not available. Therefore,
simulated water ages for the permafrost layers below the
active layer were nearly identical.

2.3 Study site and observations

The study site is located in eastern Siberia (62.2°N, 128.5°E),
approximately 20 km north of Yakutsk. Climatological records
at the study site from 1998 to 2010 indicate an annual mean air
temperature (T,) of —10.4°C and an annual mean precipitation
(Pg) of 260 mm. Annual mean snowfall during winter
(October-March) 40%

precipitation, maximum

of the annual mean

of

represents
yielding a snow depth
60 cm. Observations of the
hydrometeorological variables at the study site were
described by Kotani et al. (2019) and Hiyama et al. (2021).

The study site is representative of a typical boreal forest

approximately

landscape. A species of larch (Larix cajanderi) dominates the
overstory, with a mean tree height of 18 m. The forest floor is
covered by dense cowberry (Vaccinium vitis-idaea) and

Frontiers in Earth Science

04

10.3389/feart.2022.1037668

underlain by continuous, ice-rich permafrost. The study site
has coarse humidified permafrost soils on heterogeneous
sandy-loamy carbonate ground, textured by sand (74%), clay
(15%), and loam (11%) with soil organic carbon content of
20 kg m™>.

Meteorological records at the study site cover a limited time
period and include dates without observations. These issues limit
the To
complement the observation records, the meteorological data

model applicability for long-term simulations.
were combined with ERA-Interim reanalysis data from the
European Centre for Medium-Range Weather Forecasts (Dee
et al, 2011). Continuous daily data from ERA-Interim were
selected to reflect the local climatic conditions and to construct
the primary forcing data for CHANGE by assimilating the
observations acquired at the study site. Generation of the
daily forcing data was described by Miyazaki et al. (2015).

2.4 Model simulations

A static land cover type, the boreal deciduous needleleaf
forest, was set up for the CHANGE simulations. Vegetation
phenology and physiology were prognostically estimated from
the model output for carbon and nitrogen contents. Vertical
profiles of thermal and hydraulic soil parameters were explicitly
estimated on the basis of the measured soil texture fractions,
which were then updated at each time step to account for the
simulated soil organic carbon variations. The spin-up CHANGE
simulation was conducted over 1,200 years with the detrended
forcing data of the first 20 years and a CO, atmospheric
concentration of 350 ppm. Dynamic equilibrium of the carbon
and nitrogen contents for the total ecosystem was reached during
the spin-up period. In this study, the hydrogen and oxygen
isotopic ratios (8°’H and 8'®0) were excluded from the
modeling variables, because dedicated CHANGE simulation
results for 8°H and 80 have previously been analyzed and
validated (Park et al., 2021). Water ages were initialized to zero in
all soil layers then updated by water exchanges caused by
precipitation and evapotranspiration events during the spin-
up period, to minimize the influence of initialization values
on the simulation results, at least in the active layer.

The warming of the Arctic climate, particularly significant
in the cold seasons (Bekryaev et al., 2010), is a major forcing
factor affecting terrestrial hydrological processes. The Arctic
terrestrial air temperature has increased by approximately
1.5-2.0°C during the past 4 decades (Bekryaev et al., 2010;
Park et al., 2017). The study site has also recorded extreme
increases in summer precipitation of 30-70 mm during
2004-2008 relative to the average of 150 mm during
1979-2013 (lijima et al., 2016). These rates of change were
adopted as thresholds for investigating the model sensitivity
to extreme climatic events as well as plant responses to such
changes. To investigate the sensitivity of water age to climate
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FIGURE 2

Seasonal variability, for the reference simulation, of
climatological (1980-2016) daily averages for (A) the active layer
thickness, and for the vertical profiles of (B) soil moisture and (C)
water age. The vertical scale for the 0-0.4 m soil layer in

Panels (B)-(C) is logarithmic.

warming, four simulations were conducted for the period
1980-2016, with the settings of the original simulation but
with perturbed values of the air temperature and precipitation:
a constant increase of the daily mean T, by 2°C and 4°C
(simulations EXt, and EXry, respectively), a combined
increase of T, by 2°C and Pg by 30%
EXtyc_p3o), and a simulation based on EXt, but with a

(simulation

root depth increased to 1.06 m from the original depth of
0.58m (EXts rr). additional

simulation to investigate autumn

We also conducted an

the of
precipitation on evapotranspiration in the following year,
also based on EXr, but with P; values reduced by 30% in

influence

August-September. The simulation results were then
compared with the reference simulation.
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3 Results
3.1 Soil moisture and water age

Climatological daily averages (averages for the same day over
the whole study period) were calculated from the simulation
results from 1980 to 2016, for the ALT and for vertical profiles of
the soil moisture and of the water age. Their seasonal variations
are presented in Figure 2. The ALT results showed typical
seasonality, with soil thawing starting in mid-April and
reaching its maximum in early October (Figure 2A). In April,
snow began to melt at the study site. Snow meltwater infiltrated
the soil and saturated the surface layer down to a depth of
approximately 0.1 m (Figure 2B). Surface layer water was
displaced downward by incoming precipitation in the growing
season, when the active layer develops. The maximum daily
mean ALT remained within 1.4-1.9 m from 1980 to 2016. In
the
comparatively drier than the deeper layers, because of soil

summer, soil depth of approximately 0.6m was
water loss caused by higher plant transpiration and soil
(Park et 2021).

evapotranspiration was quite low, the surface soil layer of

evaporation al., In autumn, when
0.1 m depth was wetted again. Water remained in the surface
layer as frozen water until the following spring (Figure 2B).
The vertical profile of the simulated soil water age exhibited a
clear monotonous distribution in all seasons, with younger ages
in the surface layer and increasingly older ages with increasing
depth (Figure 2C). At the study site, plant roots were primarily
distributed within the 0-0.6 m surface soil column (Park et al.,
2021). At these depths, water uptake by plant roots (Figure 2B)
enhanced mixing of the existing water with fresh rainwater in
summer, yielding younger water ages with a clear seasonal
variability. Evaporation from the soil surface also increased
water mixing and rejuvenation. The estimated water age in
the surface soil column indicated full replacement of surface
soil water by precipitation water within 1 year. Higher
evapotranspiration also reduced infiltration of precipitation
water into deeper soil layers. Thus, infiltration was effectively
limited to depths of 0.8 m or less in summer (Figure 2B). The
resulting limited mixing in deeper soil layers prevented
rejuvenation and the stored water aged continuously. For
example, the soil water age at a depth of 1.0 m was older than
10 years (Figure 2C). In permafrost, at depths of 1.9 m and below,
water flow rarely occurred. The simulated water ages increased

constantly, up to the length of the spin-up period (1,200 years).

3.2 Evapotranspiration and water age

Seasonal variations of the simulated climatological daily
mean snow water equivalents (SWE), evapotranspiration
subcomponents (plant transpiration, canopy interception and
soil evaporation) separated according to the water sources (snow
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and rain), and the corresponding simulated water ages are
displayed in Figure 3. The SWE showed typical seasonality,
with accumulation starting in early autumn and reaching its
maximum in March, concurrently with the maximum snow
water age (80 days, Figure 3A). Snow began to melt at the end
of March (Figure 3A), thus initiating soil evaporation (Es,
Figure 3B) when the Es water was oldest (160 days), which
reflected the water age of the surface soil layer. In April, the
water age for soil evaporation sharply decreased to less than
20 days despite few rainfall events (Figure 3A), but a notable
amount of water evaporated from the soil surface, explaining a
surface soil layer age younger than in March (Figure 2C). From
late April, the fraction of rain-sourced water evaporating from
the surface markedly increased, while water ages decreased to less
than 10 days in summer, indicating frequent precipitation events.

Frontiers in Earth Science

06

Lower evapotranspiration and intermittent soil-freezing in
October resulted in slightly older winter water ages for soil
evaporation (Figure 3B). Annual mean water ages for
interception by the vegetation canopy were considerably
younger than those calculated for soil evaporation (Table 1).
Plnt roots extracted a large fraction of rain-sourced water
from soil layers, accounting for 72% of the annual plant
transpiration value (E7). The E; variations showed typical
seasonality, peaking in June-July then decreasing, consistently
with both the snow-sourced and rain-sourced transpiration
values. In May, when the transpiration-induced water flux
started, the corresponding water age increased rapidly. The
deepening of the active layer in May allowed plant roots to
reach deeper layers and extract older soil water. Subsequently,
transpiration-induced water ages decreased continuously
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TABLE 1 Climatological (1980-2016) annual average water flux (mm yr~?) and age (days) for transpiration (E7), interception (E;), and soil evaporation
(Es) in the reference and sensitivity simulations. Here, the averaged ages represent the daily flux-weighted annual median water ages for each

evapotranspiration subcomponent.
Simulation Er E; Eg
flux age flux age flux age
CNTR 128.4 148.0 39.1 0.18 62.3 11.0
EXrpy 144.7 131.5 39.7 0.17 62.5 10.8
EXry 158.6 117.3 39.8 0.16 62.0 9.9
EX1s p3o 146.5 127.3 45.6 0.19 73.5 8.3
EX1s pr 144.8 1813 39.7 0.17 62.1 10.9
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FIGURE 4

Seasonal variability, for the reference simulation, of climatological (1980-2016) daily average trends in (A) air temperature, (C) snow-sourced
water age, (D) active layer thickness, (E) soil evaporation, (F) plant transpiration, (G) water age for soil evaporation, and (H) water age for plant
transpiration. Panel (B) shows the climatological monthly average trends in snowfall and rainfall. The thin gray and thick black curves represent the
original data and the 3-day average, respectively. Blue asterisks indicate statistically significant data (p < 0.1).
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FIGURE 5

Interannual variability (1980-2016) of the simulated freezing

and thawing anomalous dates and of the growing season length
(yearly number of non-freezing days), and corresponding
temporal trends (dashed lines) in the reference simulation.

during the growing season. In turn, summer precipitation
wetted the soil previously dried by higher plant transpiration.
The alternating drying and wetting phases rejuvenated soil
water in summer, explaining the relatively younger transpiration
water age. Soil freezing in the cold season caused the younger soil
water to age, capturing it until the following spring (Figure 2C).
Daily flux-weighted annual median water ages, for transpiration
and soil evaporation in the reference simulation, were 148 days and
11 days, respectively (Table 1). For comparison, previous model
simulations yielded transpiration water ages of 200 + 10 days and
150-360 days in northern Sweden (Smith et al,, 2019) and in the
Scottish Highlands (Kuppel et al., 2020), respectively.

3.3 Trends

In this study, trends were calculated with the Mann-Kendall
test for the water age module variables shown in Figure 4 (blue
symbols represent statistically significant values, p < 0.1). Air
temperature is an important driver of Arctic hydrological
processes.  Statistically significant warming trends were
identified in the climatological daily mean T, values in spring,
autumn, and winter (Figure 4A). The warmer T, caused stronger
sublimation and earlier snowmelt in spring, explaining the
decreasing trend in the snow water age (Figure 4C). Snow
meltwater saturated the surface soil layer (Figure 2B). Snow-
sourced water contributed to soil evaporation in spring
(Figure 4E) and to the decreasing trend of the corresponding
water age in April (Figure 4G). There was no perceptible

transpiration water age trend (values within +0.1 day yr™') in
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summer (Figure 4G). In October, when Eg was lowest
(Figure 3B), the soil evaporation water age showed a
persistent, statistically significant negative trend (Figure 4G),
indicating that water age was directly influenced by the
increasing rainfall (Figure 4B).

Once the snow cover had completely melted, the frozen soil
began to thaw. The warmer T, hastened soil thawing and induced
a significant thickening trend in the active layer in summer, with
a maximum ALT increase of 4 cm yr™' in mid-October when the
active layer extended to its maximum depth (Figure 4D). In
spring, the active layer also thickened under the influence of the
warming climate, which enhanced the ice-liquid water phase
change. Under climate warming conditions, the phenological
and physiological vegetation activity also increased, with plant
roots extracting markedly more moisture from the soil
(Parazoo et al, 2018). Plant transpiration exhibited a
significant increasing trend in early May (Figure 4F),
explained by the earlier start of plant transpiration and a
deficit of snow meltwater (Figure 4B) under warmer T,
conditions, resulting in older E; water ages. In late May, the
Er water age became rapidly younger (Figure 4H), because the
increasing rainfall (Figure 4B) enhanced the mixing of young
rain water with older soil moisture. Summer climatological
trends of daily mean E; and of Er water age (Figures 4F,H,
respectively) were alternately positive and negative, reflecting
the influence of precipitation events.

Warming air temperatures also modified the soil freezing and
thawing dates at the study site. In this study, freezing and thawing
dates in the 0-5 cm topmost soil column were determined with
the method of Park et al. (2016b). The simulated spring thawing
date showed an overall negative trend of —0.21 daysyr" (p <
0.04) over the 1980-2016 study period (Figure 5), indicating
earlier soil thawing in response to increasing T, (Figure 4A). The
T, warming trend also delayed soil freezing significantly
(0.35days yr!, p < 0.01). As a consequence of earlier soil
thawing and later soil freezing, the growing season length
(defined as the number of non-freezing days in 1 year)
showed a statistically significant (p < 0.01) increasing trend
over the study period (Figure 5), which resultantly contributed
to the annual evapotranspiration (sum of Eg and E7) increasing
trends (r = 0.19, p < 0.28; Ma et al,, 2022).

3.4 Sensitivity simulations

Four sensitivity simulations, characterized by specific
perturbations of T, and P; and described in Section 2.4,
were conducted to investigate the influence of climate
warming on evapotranspiration and water age within the
hydrological system. Figure 6 shows the seasonal variability
of the anomalies, defined as the differences between the
sensitivity simulation results and the reference simulation.
(+2°C and +4°C for

Warmer air temperatures T, in
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Seasonal variability (1980-2016) of daily average anomalies (differences between the sensitivity simulation results and the reference simulation)
for (A) the snow water equivalents, (B) the 0—1 m soil column water content, (C) soil evaporation, (D) plant transpiration, (E) water age for soil

evaporation, and (F) water age for plant transpiration.

simulations EXr, and EXry, respectively) enhanced sublimation
from the snowpack while reducing the contribution of snowfall
to Pg, explaining lower SWE during the cold season
(October-March) and earlier spring snowmelt than in the
6A). As
precipitation increase (+30% for Pg, simulation EXt, p3g)

reference  simulation  (Figure expected, a
compensated the influence of warmer T, on the snowpack,
resulting in positive SWE anomalies (Figure 6A). Modifications
of the snow-related processes relatively to the reference
simulation yielded consistently larger Eg values and earlier
start dates in spring (Figure 6C), and younger Eg water ages
(Figure 6E). Warmer T, also induced an E increase caused by
earlier vegetation activity (Figure 6D). Conversely, this
enhanced activity dried the surface soil layer (Figure 6B),
explaining the negative Eg anomalies in summer (Figure 6C).
Soil dryness (magnitude of the negative anomaly) was directly
related to the T, increase, as illustrated by the larger negative
anomalies for simulation EXt, (Figure 6B), combined with
higher losses by canopy interception (E; in Table 1).
Similarly to its influence on the snowpack, a Pg increase
(EXts_p30) could compensate the summer soil drying
induced by higher T, values (Figure 6B). Furthermore, under

climate warming conditions, plants largely used rain-sourced
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soil water for transpiration, yielding larger E; anomalies for
larger temperature increases, as shown in Figure 3C.

Earlier vegetation phenological activity caused by warmer T,
was also closely implicated to earlier and deeper soil thawing in
spring. The resulting increase in plant water extraction from the
active layer explained the anomalously older E water age in early
spring (Figure 6F). This higher E; quickly dried the soil
(Figure 6B), which was then wetted again by increased
precipitation. Therefore, under warming conditions, E; was
associated with anomalously younger water ages (Figure 6F).
Climate warming possibly causes the root biomass and the
rooting depth to increase. To investigate the influence of root
depth on water ages, a fourth simulation was conducted on the
basis of EXr,, but with a root depth extended to 1.06 m
(EXt2_rr)- This resulted in anomalously older E; water ages
(Figure 6F), because a downward water flux generally requires
longer transit time to reach deeper soil layers.

4 Discussion

In this study, the CHANGE model was coupled with a water
tracer module to assess the influence of climate warming on
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evapotranspiration regimes and the subsequent soil water budget
variations in a boreal forest. The tracer module, originally
designed to isolate the contributions of each water source to
hydrological processes, was modified to incorporate water age
dynamics. Dedicated model simulations were conducted to
quantify the
fluxes-storages—ages interactions in the evapotranspiration

influence of climate warming on water

process.

4.1 Influence of climate warming on
evapotranspiration and water age

At the study site, the climate-induced evapotranspiration
increase was larger in spring than in autumn, despite consistent
T, increases in both seasons (Figure 4A), possibly because solar
radiation levels are higher in spring than in autumn (nearly
reaching the vyearly maximum) and because vegetation
transitions from winter dormancy to the onset of the active
growing season. The earlier start of the growing season, induced
by warmer air temperatures, relaxes the low-temperature
constraints on photosynthesis and on gas and water
exchanges on the canopy, and enhances plant growth
(Parazoo et al, 2018). Earlier vegetation activity and soil
thawing allow plant roots to access soil water earlier in spring,
yielding larger Er values (Figure 6D). These findings are generally
consistent with a previous study that demonstrated high
the

evapotranspiration intensity, using freezing/thawing records

correlation between spring thawing date and the

derived from satellite-based microwave remote sensing
observations in the Northern Hemisphere high Ilatitudes
(Zhang et al, 2011). The positive influence of the earlier
growing season onset on evapotranspiration was reinforced by
the increase in snow meltwater availability, which limited plant
moisture stress. The inflow of snow-sourced water into the
surface soil layer showed a rejuvenating trend, explained by a
shorter snowpack period and increased sublimation. The shorter
freezing period (Figure 5) and the larger spring rainfall
4B) both

rejuvenation. Consequently,

soil water
the spring
evapotranspiration showed a decreasing trend over the study
period (Figures 4G,H).

Conversely, this earlier and larger evapotranspiration in

(Figure contributed to surface

water ages for

spring enhanced soil water loss, thus soil drying, in early
6B).
enhancement resulted in a larger quantity of canopy leaves

summer (Figure The warming-driven leaf growth
that increased water losses by interception, thereby decreasing
precipitation throughfall and causing the soil to dry. The low-
soil-moisture constraint on evapotranspiration generally induced
daily negative trends in summer (Figures 4E.F). However,
rainwater from precipitation events, after reaching the dried
soil, mixed with the older soil water. In turn, the mixed water
was used for evapotranspiration (Tetzlaff et al., 2021), which
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Comparison between the reference simulation and a
simulation with a 30% reduction in August—September
precipitation for (A) the seasonal variability (1980-2016) of daily
average plant transpiration anomalies and (B) monthly

average vertical profiles of plant transpiration water ages.

explains the younger water ages calculated for soil evaporation
and plant transpiration. This feedback cycle was enhanced under
warming conditions, as confirmed by the sensitivity simulations
in which warmer T, induced considerable Eg and E; increases
(Figures 6C,D). Soil dryness is projected to increase further under
future climate warming conditions (Andresen et al., 2020). Thus,
more precipitation water will be consumed by plant
transpiration, resulting in younger E; water ages (Figure 6F).
In autumn, plants enter the dormancy or senescence stage. In this
case, the influence of warmer air temperatures or larger
precipitation on photosynthesis and plant transpiration is
mitigated by the seasonally lower solar radiation and shorter
photoperiod. Warmer autumn air temperature delayed snow
accumulation and soil freezing (Figure 5). This delay also
contributed to the decreasing age trends calculated for soil

water and plant transpiration in the following spring. Our
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results suggest that subarctic climate warming has accelerated the
terrestrial water cycle by increasing same-season use of
precipitation-sourced young water for evapotranspiration.

4.2 Influence of permafrost warming on
evapotranspiration and water age

Soil freezing in winter increased soil water ages (Figure 2B).
This was reflected in the early spring Eg variations when mixing
of the frozen, older soil water with younger snow meltwater and
rain water induced a rapid decrease of the water ages for the
surface soil layer (Figure 2B) and the Eg (Figure 3B). Conversely,
seasonal variability of the E; water ages was completely different,
particularly at the onset of plant transpiration in May, with E
values reaching their maximum within 1 month (Figure 3C). In
CHANGE, the soil moisture stress associated with drying or
freezing is represented by a normalized parameter (values within
0-1) and coupled to the plant photosynthetic and physiological
processes. The Er water age variations in the early growing
season reflected the reduction of soil freezing stress after the
active layer developed (Figure 3C). This was inconsistent with the
Ep water age variation pattern identified in a non-permafrost
Scottish Highlands site, characterized by winter soil frost and
snow cover (Smith et al, 2019). On the contrary, the pattern
identified by Smith et al. (2019) showed similar seasonality with
our Eg water age estimates. The maximum E; water age
(approximately 200 days, Figure 3C), reached at the start of
the growing season at the study site, clearly showed a
connection between plant roots and the water accumulated
during the preceding autumn. The E; water ages then
continuously decreased over the growing season, indicating
the ecohydrological transition to a rainfall-driven phase
during which the surface soil layer water storage was
recharged by summer rainfall. Rain-sourced water accounted
for a large fraction of the E; water (Figure 3C). Analyzing the
seasonal variability of Er water ages has provided valuable
insights into water dynamics associated with the active layer
freezing/thawing process. It has also contributed to uncertainty
and better of the
contributions of model-estimated water sources to the Er

reduction characterization relative

water. These contributions had not been validated with
observational data prior to this study.

Winter freezing preserves the soil water conditions,
established in the preceding autumn, until the following
spring. This preserved water status represents the initial
conditions for the growing season and strongly influences
the An additional
simulation was conducted to investigate the influence of

related ecohydrological —processes.

autumn precipitation on evapotranspiration in the following
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year, with Pg values reduced by 30% in August-September
based on EXy,. Differences with the reference simulation were
consistently negative during the growing season (Figure 7A).
The lower Pg values reduced the E; by 4.2% relatively to the
reference values, demonstrating the influence of autumn
precipitation on the E; water ages. Monthly mean E; ages
differences (Figure 7B) between the reference (solid curves) and
the additional simulation (dashed curves) were mostly found in
soil layers below the surface but not deeper than 0.8 m
(Figure 7B). In summer, E; and Eg often caused the surface
soil layer to dry. The remaining surface soil moisture was nearly
fully displaced by the frequent precipitation inflow. This
the additional
simulations, regardless of the soil moisture level in early

consistently occurs in reference and
spring, consequently low E; water age differences. In the
additional simulation, the drier soil probably enhanced
mixing of soil water with younger precipitation water
infiltrated from the upper layers (Park et al., 2021). Water
mixing and mobilization produced younger soil water in soil
layers below the surface layer (Figure 7B). The presence of
younger Er water under a dried soil layer was broadly verified
by the temperature-only sensitivity simulations EXt, and EXty
(Figure 6F). These results suggest that autumn precipitation
water trapped in the soil by winter freezing causes deviations of
the the

hydrometeorological forcings in the following growing

evapotranspiration and water ages from
season. Sugimoto et al. (2003) established, in a larch forest
of eastern Siberia, that the autumn soil water stored in the
0-1.2 m active layer column contributed to Er in the following
summer. A 1-year delayed correlation between soil water and
evapotranspiration was also identified at the Kolyma watershed
in eastern Siberia, underlain by continuous permafrost (Zhang
et al, 2019; Suzuki et al, 2021). However, the warmer
temperature increases permafrost thawing, leading to wetted
surface layers and thus greater evapotranspiration. The
increased evapotranspiration ultimately causes a drier
surface, which is in turn fed back as a limitation on
This  feedback

strengthened under the influence of future climate change.

evapotranspiration. might  become
Climate models have projected long-term drying of the

surface soil in permafrost regions (Andresen et al., 2020).

4.3 Model limitations and scope of the
study

Previous observational studies investigated the climate-
induced winter snow increase at the same study site and the
influence of the resulting soil wetness on vegetation activity and
on evapotranspiration (Ohta et al., 2014; Kotani et al., 2019). In
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CHANGE, ecohydrological interactions are reproduced by a
numerical model that includes a water tracer module to
analyze the dynamics of precipitation-sourced water storages
in the surface-subsurface system. The model calculated high
of the
evapotranspiration at the study site and characterized the

contributions summer rainwater to increased
evaporation-induced water isotopic enrichment, validated by
observational data (Park et al., 2021). However, in this study,
although a lack of observational data for water flux age
calculations prevented us from validating the simulated
evapotranspiration water ages, the coupling of the new water
age calculation module with CHANGE produced encouraging
results. The seasonal variability of evapotranspiration water ages
was clearly associated with the active layer freezing/thawing
process.

Simulated soil water ages were older in the deeper layers,
because of the low water exchange at these depths (Figure 2).
There was no indication of water movement by capillary rise
from the deeper soil layers toward the upper layers under
current climate conditions, because moisture conditions
within the upper layers remained beyond the wilting point
in summer (Figure 2B). This result was also verified for future
climate warming scenarios. In the EXt, simulation, for
example, anomalous E; water ages were younger than in the
6L),

dependence of E; on summer precipitation than on water

reference simulation (Figure indicating a larger
upwelling from deep soil layers. Moreover, when considering
a plant root depth larger by 50 cm than that of the reference
simulation (simulation EXt, grr), anomalous Er water ages
remained approximately 20 days older than the reference
throughout the growing season (Figure 6F) as a result of
increased extraction by the plant roots of older water from
deeper soil layers. Evidence of the root depth influence was also
identified by comparing the EXt, and EXt, gy simulations. The
comparison showed Er water age differences of approximately
40 days despite an identical T, increase of 2°C in both
simulations (Figure 6F). Under future climate warming
scenarios, root depth extension, larger spatial heterogeneities,
and ALT increase are nearly certain. In such conditions,
increased connection between plant transpiration and
permafrost-sourced water is expected. Therefore, the root
profile, as currently configured, is a likely source of
uncertainties in simulations of ecohydrological processes
associated with the model-simulated water sources and ages.
Furthermore, the T, and P perturbation defined in our
simulations are not sufficient to characterize future climate
warming conditions, which also depend on complex variations
of meteorological variables such as humidity, surface solar
radiation, or wind speed (Carvalho et al., 2022). In that
sense, the sensitivity simulations presented in this study are
projections  of

evapotranspiration and water ages under future climate

not sufficiently realistic for accurate

warming scenarios. Nevertheless, the main objective of this
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study was not the evaluation of future projections for
evapotranspiration and water ages, but the analysis of
evapotranspiration and water age responses to current
climate warming conditions. Therefore, uncertainties on the
forcing data should not preclude meaningful analyses with the
newly implemented water age calculation scheme.

5 Conclusion

We incorporated a new water age calculation scheme into
the tracer module of the process-based land surface model
CHANGE and examined the influence of hydrological process
modifications induced by permafrost warming on
evapotranspiration and water ages. Climate warming caused
earlier snowmelt and soil thawing, thereby enhancing soil
evaporation and plant transpiration that, in turn, consumed
increasingly younger water in spring. The progressively
younger water ages for evapotranspiration in summer and
autumn illustrated the dependence of the evapotranspiration
on precipitation, because of the drying soil. These findings
were consistent with our sensitivity model simulations. We
also established that winter soil freezing contributed to
summer plant transpiration by storing older soil water
from the preceding autumn. However, climate warming
shortened the freezing period. Thus, the early spring flux
Our

strengthened the

water ages became gradually younger. results

demonstrated that climate warming
connection between evapotranspiration and precipitation-
sourced freshwater in the soil system. Future climate-
induced temperature increases will enhance permafrost
warming and increase the contribution of summer rainfall
to precipitation, also resulting in larger evapotranspiration.
Therefore, we expect that future evapotranspiration increases
will further accelerate the water cycle in boreal forests, with
increasingly larger loss of younger precipitation water, a
phenomenon that we identified under current climate

conditions.
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