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A B S T R A C T

Climate change has resulted in alteration of snow cover, permafrost degradation, vegetation infilling, and pre
cipitation apportionment across the Arctic terrestrial region, which has in turn affected the balance of hydro
logical processes including seasonality and interaction of snowmelt, rain, and soil water storage. Effects on Arctic 
river discharge have been widely observed, although relatively few studies have provided detailed assessments of 
the underlying causes of change, including adjustments in the timing and relative contributions of source waters 
(i.e., snowmelt, rainwater, soil water, permafrost thaw) and the effects of altered evapotranspiration regimes. 
Principal challenges have included limitations in the observational networks, which have often frustrated efforts 
to reliably model complex changes that are underway. This study explores a tracer-aided ecohydrological model 
that was used to quantitatively assess source water contributions to evapotranspiration and discharge from the 
circumpolar Arctic river basin, based on three meteorological forcing datasets from the period of 1979 to 2016. 
The model, which provides additional constraints on water partitioning using isotopic evidence, revealed that 
rain and snowmelt water accounted for 67% and 39% of the annual evapotranspiration and discharge averaged 
over the study period, respectively. Rainwater contributions to annual evapotranspiration and discharge were 
found to have increasing trends over the study period, whereas snowmelt water showed fairly stable or insig
nificant negative trends. Rainwater was determined to be a dominant source of evapotranspiration across the 
growing season, while discharge was sustained by seasonally-varying dominant water sources. Earlier snowmelt 
events also appear to have increased the proportion of snow and rain in peak discharge, with rainwater sources 
being linked largely to autumn storage in the previous year. We attribute higher evapotranspiration in summer to 
reduction in the proportion of rain and snowmelt water in summer discharge, resulting in negative interannual 
trend. Both soil water and permafrost thaw likely have contributed to increases in cold season discharge, 
although the proportion accounted for by permafrost thaw sources was mostly low. Our analysis renders a new 
perspective on underlying changes to source water partitioning, especially enhanced rainwater contributions, as 
a key driver of seasonal, interannual and regional changes in terrestrial evapotranspiration and discharge across 
the Arctic region.

1. Introduction

Climate change has resulted in air temperature warming across the 
terrestrial Arctic region, including longer thawing periods above 0℃ 
and associated increases in evapotranspiration and runoff (Vihma et al., 
2016), higher vegetation productivity (Ren et al., 2024), and increases 
in the proportion of summer rainfall to annual precipitation (Bintanja 
and Andry, 2017). Both observations and model experiments have 

suggested increasing trends in Arctic terrestrial evapotranspiration for 
the past few decades (Rawlins et al., 2010; Zhang et al., 2010; Kotani 
et al., 2019; Helbig et al., 2020; Park et al., 2021a; Kim et al., 2023). 
Increased evapotranspiration has mainly been attributed directly to at
mospheric warming, given that evapotranspiration is an energy con
strained process in the cold regions (Wang et al., 2022), but indirect 
controls may also be important including factors governing soil moisture 
deficit. Higher vegetation productivity under the warming climates has 
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been shown to be correlated with greater soil water uptake by plant 
roots, thereby sustaining higher transpiration rates (Park et al., 2021a). 
Wetter soils, induced by higher precipitation, have been attributed to 
enhanced runoff (Wang et al., 2021a; Park et al., 2022, 2024), particu
larly in autumn (Hiyama et al., 2023), and coincident with waning 
evapotranspiration (Park et al., 2008). While snowmelt water is often an 
important soil moisture input in spring and early summer, it can remain 
an important source of evapotranspiration and runoff throughout the 
growing season (Park et al., 2021a, 2024). On the other hand, some 
regions have experienced dried soils under the warming climates, in 
which larger evapotranspiration has been further enhanced seasonal 
dryness (Lian et al., 2020).

Warming temperatures in the Arctic have resulted in regionally 
heterogeneous changes in snow depth and cover (Hessilt et al., 2023) 
with consistently earlier snowmelt in the spring (Mudryk et al., 2017; 
Park et al., 2024). Earlier snowmelt, and associated decrease in albedo, 
has in turn resulted in earlier soil thawing and deepening of active layer 
thickness (ALT; Park et al., 2013, 2015; Kim et al., 2024), as well as 
advancement in the spring onset of soil evaporation (Park et al., 2022), 
accompanied by earlier surface drying and often leading to enhanced 
terrestrial aridity (Park et al., 2022; Hiyama et al., 2023). Although 
changes in snowmelt timing have different effects on soil water storage 
in wet and dry climates, the common outcome is often earlier freshet 
peaks in snowmelt-dominated river watersheds (Shiklomanov et al., 
2007; Tananaev et al., 2016; Suzuki et al., 2020; Park et al., 2024). 
While warmer winter air temperatures in the Arctic have tended to be 
associated with reduction in snow water equivalents and earlier peak 
flows (Pulliainen et al., 2020), they have apparently had little impact on 
discharge volumes (Shiklomanov et al., 2007). As earlier snowmelt often 
occurs when soil infiltration capacity is limited, there may be associated 
increases in direct snowmelt runoff (Park et al., 2015; 2024), although 
little information is available on partitioning of snowmelt contributions 
to runoff versus soil water storage. Likewise, there have been few studies 
of the specific water sources utilized for evapotranspiration or contrib
uting to discharge during the growing season.

Both observations and model simulations have addressed the trend of 
deepening ALT over the past several decades (Kim et al., 2012; Park 
et al., 2013, 2015, 2016a). Increases in ALT augment soil water storage 
capacity (White et al., 2007; Walvoord and Kurylyk, 2016), also exerting 
influence on moisture availability, evapotranspiration and discharge 
(Evans et al., 2020; Wang et al., 2021b), which is a pronounced linkage 
in wetter climates (Rawlins et al., 2010). Under drier conditions, ALT 
requires more water to attain saturation, which can diminish the linkage 
of soil water to runoff. Observations of Arctic river discharge have 
shown increases in low flow during the cold season, revealing significant 
correlations with deepening ALT (Smith et al., 2007; Walvoord and 
Striegl, 2007; Wang et al., 2021b; Han and Menzel, 2022), and potential 
influence of increased summer rainfall (Hiyama et al., 2023). Permafrost 
can also store considerable quantities of excess ice (i.e., ice wedge and 
Yedoma). As ALT deepens, excess ice also melts, wetting the bottom of 
the active layer, and often promoting baseflow generation (Walvoord 
and Kurylyk, 2016). Melting of excess ice also leads to the expansion of 
thermokarst lakes and wetlands. Water balance studies of thermokarst 
lakes in Central Yakutia, Russia reported that excess ice degradation 
produced 24–33 % of the total water input to typical growing lakes 
(Fedorov et al., 2014). The formation of thermokarst lakes may intro
duce natural sinks that temporarily divert runoff from reaching basin 
outlets, especially during filling stages. Recent work by Liljedahl et al. 
(2016) has shown that ice wedge melting leads to overall landscape 
drying. Quantifying and predicting the effect of permafrost degradation 
on the Arctic river discharge, which has been shown to produce a cyclic 
dynamic of water inputs during thaw (Wan et al. 2019a,b, 2020; Gibson 
et al. 2019, 2025), remains a major challenge for hydrological systems in 
high-latitude and high-altitude regions.

Overall, previous studies have provided a general perspective on the 
role of climate warming on spring snowmelt timing, summer rainfall 

regime, and permafrost-thaw source potential. However, dynamics of 
individual source waters has not been quantified in detail and is there
fore less understood. Enhanced hydrological dynamics during the sum
mer period, as forced by hydro-climatological events, has been 
observed. However, subtle changes in water budgets are likely masked 
by complex interactions between individual source waters in the eco
hydrological system. Despite the difficulty, various methodologies have 
been developed and applied to assess the source water contributions to 
the hydrological processes. Environmental isotope tracers (i.e., oxygen- 
18, δ18O; deuterium, δ2H; and tritium, 3H) have been widely applied in 
process studies to quantify representative source water contributions to 
streamflow (Amour et al., 2005; Welp et al., 2005; Soulsby et al., 2015; 
Jasechko et al., 2016; Ala-aho et al., 2018; Allen et al., 2019; Hathaway 
et al., 2022; Kershaw et al., 2022), and sometimes in combination with 
hydrochemical tracers (Hoeg et al., 2000; Zhang et al., 2018), to 
examine origin and residence time of groundwater (Sprenger and Allen, 
2020). Stable isotopes have also been applied to estimate the parti
tioning of ET to evaporation and transpiration (Gibson and Edwards, 
2002; Jasechko et al., 2013; Aron et al., 2020; Gibson et al., 2020, 
2021a; Sprenger et al., 2022). In addition, isotopic analysis of plant 
water has provided important insight into seasonal or permafrost- 
derived soil–water sources (Allen et al., 2019; Knighton et al., 2019; 
Kirchner and Allen, 2020; Tetzlaff et al., 2020; Miguez-Macho and Fan, 
2021; Goldsmith et al., 2022; Nehemy et al., 2022).

While tracer measurements have contributed to improved under
standing of water source labelling and partitioning in Arctic systems, 
particularly at the local or subregional scales, and have proven to be 
informative indicators for quantifying change, use of the method is 
limited in many cases by data availability and predictive capacity. Ca
pacity of this approach has been extended to some degree through 
incorporation of isotopic tracer modules within land surface models 
(Aleinov and Schmidt, 2006; Fischer, 2006; Yoshimura et al., 2006; 
Sturm et al., 2010; Risi et al., 2016; Hu et al., 2018; Kuppel et al., 2018; 
Park et al., 2021a). These tracer-aided numerical models have allowed 
for wider application at scales appropriate for assessing trends across the 
Arctic region (Birkel and Soulsby, 2015; Ala-aho et al., 2017; Kuppel 
et al., 2018). As well, event-based tracer model simulations focusing on 
the catchment scale have offered good examples of their potential value 
in cold-regions environments when isotopic and hydrologic observa
tions are available (Stadnyk and Holmes, 2023). However, wider 
observational assessments across the Arctic region have been limited by 
sparse network coverage.

This study is one of the first to apply a tracer-aided model to the 
entire Arctic basin, as compared to previous studies carried out at 
watershed scales (Boucher and Carey, 2010; Ala-aho et al., 2017; Kuppel 
et al., 2018; Gibson et al., 2021b). The main objective of this study was 
to quantify the contribution rates of source waters (i.e., snowmelt, rain, 
permafrost, and soil, Fig. 1) to discharge and evapotranspiration for the 
circumpolar Arctic river basin system during 1979 to 2016, which builds 
upon previous tracer-aided model simulations (Park et al., 2021a). 
Specifically, this study set out to examine the seasonal, interannual, and 
regional variability of source waters in evapotranspiration and 
discharge and their responses to changing hydrometeorological condi
tions. Our hypothesis at the outset was that tracking of the dynamics and 
interaction of individual water components under changing climate may 
lead to better understanding of their individual roles in modifying 
evapotranspiration, discharge and resulting hydrological regimes across 
the Arctic basin.

2. Methods

2.1. General model description

The CHANGE model (Park et al., 2011, 2018, 2021a), coupled in this 
study with a water tracer scheme, is a process-based land surface model 
(LSM) which incorporates a vegetation dynamics model and a 
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distributed river discharge model, that together simulate water, heat, 
and carbon fluxes, and plant phenology/physiology in the terrestrial 
ecohydrological system. The integrated tracer module was previously 
demonstrated for quantifying contributions of source waters to evapo
transpiration in a boreal larch forest, and validated against observa
tional data (Park et al., 2021a). The model simulations provide insight 
into the responses of the ecosystem processes to atmospheric forcings, as 
well as interaction and feedback between the terrestrial surface system 
and atmosphere. Snow is an important variable in the Arctic and sub
arctic regions. CHANGE simulates the accumulation of snowpack on the 
land surface during the cold season and the melting and partitioning into 
surface runoff and soil infiltration in the spring season. The infiltrated 
snow and rain waters flow up and/or down along water pressure gra
dients between soil layers, represented by Darcy’s law, in which tran
spiration and drainage are soil–water flux-associated processes. Water 
fluxes transferred either to the permafrost table or to the bottom soil 
boundary are defined to be drainage, which is then added to the sub
surface runoff. Seasonal freezing and thawing of soils are simulated to 
capture typical features of soil properties in Arctic and subarctic regions. 
CHANGE explicitly resolves permafrost dynamics based on hydraulic 
and thermal principles, considering the soil freezing/thawing phase 
changes in a soil column of a 50.5-m depth. The CHANGE model also 
parameterizes permafrost blocking effect on water flow and the effect of 
soil organic carbon on the soil hydraulic and thermal dynamics, having a 
profile of vertically distributed carbon content (Park et al., 2015).

In permafrost regions, the soil hydrothermal states affect photosyn
thesis, stomatal conductance, and plant growth. The fractional increase 
of ice content in frozen soil layers decreases soil water availability by 
plant roots, consequently increasing the probability of soil water stress. 
CHANGE includes a water stress parameter encountered by plants for 
drying and/or freezing conditions, which is coupled to the maximum 
rate of carboxylation in leaf photosynthesis and stomatal conductance. 
CHANGE prognostically treats the carbon and nitrogen cycles in vege
tation, crops, and soil biogeochemical processes. These prognostic 
treatments are consistently utilized to govern carbon and nitrogen state 
variables in the vegetation, litter, and soil organic matter. The carbon 
and nitrogen state variables are tracked for leaf, live stem, dead stem, 

live and dead coarse root, fine root, and grain pools. The seasonal timing 
of new vegetation growth, including initiation of leaf onset, and litterfall 
is also prognostic, responding to air and soil temperature, soil water 
availability, and daylength. The model-estimated leaf area index, stem 
area index, root amount, and plant heights are utilized by the biophys
ical module that simulates water, energy, and carbon fluxes. The vege
tation dynamics model in CHANGE facilitates the exploration of the 
bidirectional interactions and feedback between ecosystem and climate.

2.2. Coupling of water tracer scheme to distributed river discharge model

The CHANGE model adopted an upstream isotopic scheme (Aleinov 
and Schmidt, 2006) to simulate the tracers of the four specified source 
waters for the components of the water budget in the circumpolar Arctic 
river basin system. The water budget involving the source waters is 
expressed as, 

SWj = ETj +Qj ± ΔSj (1) 

where SW is source water including precipitation, ET is evapotranspi
ration that is consisted of transpiration (Et), canopy interception (Ei), 
and soil evaporation (Es) including snow sublimation (Esb), Q is 
discharge, and S is storage. The subscript j refers to the respective source 
waters, i.e., snowmelt, sn; rain, rn; permafrost-origin ic,; and, soil water, 
sw. The tracer scheme utilizes both the water budget of individual ele
ments (i.e., canopy, snow, and soil) and the water fluxes, calculated by 
LSM scheme (Park et al., 2021a). As such, the simulation permits 
tracking of tracer masses along the direction of water flow from canopy 
to snow and then to soil (Fig. 1). The tracer quantity in each water 
element is updated over time accounting for LSM-calculated water 
fluxes and the concentration rates of tracer to total water amount. 
Finally, CHANGE calculates the tracer volumes of the four source waters 
outputted as ET and surface and subsurface runoffs for each time step.

The CHANGE model couples with the storage-based, distributed 
river routing “total runoff integrating pathways version 2” (TRIP2) 
model that is based on spatially effective subgrid river flow velocity that 
acts to represent a realistic travel time (Ngo-Duc et al. 2007). CHANGE- 
simulated surface and subsurface runoffs are set as inflows to individual 

Fig. 1. Schematic illustrating model partitioning of four source waters contributing to ET and Q. The model was initialized with uniform soil water (left), which was 
allowed over time to acquire a signature determined by addition of snowmelt and rainfall and losses to ET and runoff. Simulated thawing of the active layer drives 
permafrost-origin water (SWic) production.

H. Park et al.                                                                                                                                                                                                                                    Journal of Hydrology 664 (2026) 134379 

3 



storage reservoirs of TRIP2 (Park et al. 2024). The inflow–outflow bal
ance in individual grid cells prognostically dictates water storage within 
each grid, and the water storage is used to diagnose other variables. The 
TRIP2 model also includes a river-ice algorithm that simulates seasonal 
ice formation, growth, and melt, depending on the variability of the 
river water temperature that is calculated with a one-dimensional 
advection–diffusion equation, considering heat and water inflows and 
heat exchange at the air–water interface (Park et al., 2016b, 2017, 
2020). One acknowledged shortcoming of the simulations is that regu
lation by man-made dams affecting downstream discharge is not 
considered, which leads to considerable overestimations for the spring 
peak discharge period in the Ob and Yenisey Rivers (Park et al., 2016b).

This study has led to improvement in the CHANGE model, coupling it 
with the water tracer module to delineate and capture the movement 
and interactions of the four source waters and their transformation into 
river discharge. As runoff from the soil system occurs, the tracer scheme 
in CHANGE calculates the amounts of the four source waters in the 
runoff based on distributed output from TRIP2 and computes individual 
tracer content as well as amalgamated tracer content and total discharge 
for each time step. The water balance of individual source water storages 
(Si) in a grid cell of TRIP2 is calculated considering a river ice effect, 

dSi

dt
= QI,i +QO,i +Qi −

(
v

l × p
× Si

)

+

(
dIh

dt
× l × w

)

(2) 

where t is time step, i is index of the specified four source waters, QI,i is 
inflows of source waters from the upstream grid boxes, QO,i is outflow 
from source water reservoirs, Qi is inflows calculated by the tracer 
scheme of CHANGE, v is the velocity, l is the river channel length within 
the grid box calculated geometrically, p is the meandering ratio, which 
adjusts the river length, Ih is the ice thickness calculated by the river ice 
model, and w is river width that has a geomorphological relationship 
with mean annual runoff. The fifth term on the right-hand side of Eq. (2)
represents the change of water volume resulting from changes in ice 
thickness. As changes in ice thickness occur, the changed ice thickness is 
converted to water volume in proportion to the fraction of individual 
source water storages to total river storage, which is then adjusted for 
individual storage reservoirs. The parameters (e.g., v, l, p, and w) that are 
derived based on the total river discharge condition are consistently 
used for the calculation of the source waters, because the source waters 
move together with the discharging water.

2.3. End-member mixing analysis

The end-member mixing analysis (EMMA) is a method to determine 
the proportion of each end member (i.e., source waters) in stream water 
from multiple end members and tracers. EMMA assumes that tracers of 
the stream water can be explained by the conservative mixing of a finite 
set of end members (Hooper et al., 1990). Therefore, the end members 
are chosen with the most extreme points (e.g., A, B, C in Fig. 2) of 
candidate source water in all water samples collected in the stream. 
EMMA assumes that (1) end-member sources of the mixing model are 
conservative, (2) stream water consists of an identifiable number of end- 
member sources, (3) end-member compositions are distinct for at least 
one tracer, and (4) end-member compositions are spatiotemporally 
constant (Hooper et al., 1990). The use of EMMA is generally limited by 
uncertainties introduced by spatial and temporal variability in end- 
member concentrations (Delsman et al., 2013). Recently, statistical 
learning methods (such as maximum likelihood estimation, Bayesian 
inference, and Probabilistic liner models with Markov chain Monte 
Carlo algorithm) attempted to quantify uncertainties resulting from the 
use of field-sampled end-members (Carrera et al., 2004; Delsman et al., 
2013; Popp et al., 2019; Beria et al., 2020). However, the approaches 
including EMMA cannot deal with non-conservative mixing 
(Christophersen and Hooper, 1992). Thus, tracers that are regarded to 
be approximately conservative should be included in the candidate 

sources (Delsman et al., 2013). The composition of a source cannot also 
be identified unless candidate end members are measured. Despite these 
limitations, EMMA has been widely used for source water separation in 
many different hydro-climatic and geology settings (Welp et al., 2005; 
Boucher and Carey, 2010; Blaen et al., 2013; Ala-aho et al., 2018; Allen 
et al., 2019; Hathaway et al., 2022; Kershaw et al., 2022).

Whitman and Lehmann (2015) introduced a three-source dual- 
isotope approach that can conclusively partition the river discharge into 
its three sources. The approach is useful under the conditions that the 
tracer makeup of river discharge is known, and the three sources have 
different tracer signatures. The combined pool between the three sour
ces is expressed as, 

3H = fsn⋅ 3Hsn + frn⋅ 3Hrn + fgw⋅ 3Hgw (3) 

δ18O = fsn⋅δ18Osn + frn⋅δ18Orn + fgw⋅δ18Ogw (4) 

fsn + frn + fgw = 1 (5) 

where 3H and δ18O are the measured tritium and oxygen-18 isotopic 
concentrations in river discharge, f is fraction of each source water, the 
subscript sn, rn, and gw is snow, rain, and groundwater, respectively, and 
the three tracers of 3H and δ18O in the right-hand side of Eqs. (3) and (4)
are end members of individual source tracers, corresponding to A, B, and 
C in Fig. 2, which are derived from measurements, as described in the 
section 2.5.1 later. In the three Eqs. (3)–(5), the fractions of the three 
sources (i.e., fsn, frn, and fgw) are unknown, which are mathematically 
estimated by Bayesian methods using the measured tracer concentra
tions and determined end members. The equations include 3H, because 
it is useful to examine the origin, age, and pathway of groundwater 
(Jasechko, 2019). The model allowed conclusive partitioning between 
four source waters. Meanwhile, the EMMA method, described by Eqs. 
(3)–(5), estimated the fractions of three sources based on the observed 
isotopic ratios, which included groundwater component unconsidered 
by CHANGE. We didn’t have observational isotopic data for ground ice 
melting water. Therefore, EMMA considered the groundwater as a 
source water in the separation, which was compared with water which 

Fig. 2. Tracer (δ18O and 3H) concentrations (black dots) observed at Tsii
gehthchic station, near the mouth of Mackenzie River, during 2004–2006. End 
members (red dots, A/B/C) for EMMA analysis were determined based on 
model results for rain (A) and snow (B) and field data for groundwater (C). Red 
lines denote mixing between end members. Blue and orange dots denote 
additional groundwater δ18O data used to test sensitivity of EMMA model to 
end member definition. Dotted lines denote mixing between end members.
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integrated soil water and permafrost thaw sources as simulated by 
CHANGE.

2.4. Meteorological forcing data and simulations

The model simulations used different three grided meteorological 
forcing data that have a global 0.5◦ latitude/longitude spatial resolution 
and daily time step covering the period of 1979–2016 [i.e., The WFDEI 
methodological forcing data applied to ERA-Interim (WATCH), https:// 
doi.org/10.5065/486 N-8109; CRUNCEP Version 7 − Atmospheric 
Forcing Data for the Community Land Model (CRUNCEP), https://doi.or 
g/10.5065/PZ8F-F017; and Global Soil Wetness Project Phase 3 Atmo
spheric Boundary Conditions (GSWP), https://doi.org/10.20783 
/DIAS.501]. The three datasets include the same meteorological vari
ables (e.g., mean, maximum and minimum temperature, surface pres
sure, specific humidity, precipitation, windspeed, and downward solar 
and longwave radiation) for forcing model simulations of the study 
period. The datasets are constructed by combining of a suite of the 
global observational datasets of the Climatic Research Unit (CRU) with 
different baseline reanalysis data (i.e., ERA-Interim for WATCH, NCEP- 
NCAR for CRUNCEP, and 20CR for GSWP) to reduce biases related to 
low station density and data gaps. To reduce uncertainties associated 
with any single model forcing, we used different three gridded climatic 
datasets as inputs for the CHANGE simulations. This study used the 
average values of results from the three forcing data in the discussion, 
and the maximum and minimum values among them were defined to be 
the uncertainty range caused by the meteorological forcing.

The averaged annual snowfall and rainfall of the three meteorolog
ical datasets exhibited completely different spatial distributions in the 
trends (Fig. 3a, b). Snowfall was largely portioned by negative grids (54 
%), and the values were statistically insignificant except only certain 
areas. Meanwhile, the rainfall displayed positive trends over consider
able areas (83 %), where the magnitude of the trend was stronger in 
Siberia than in North America. The tendency of the trends captured at 
the spatial distributions was extended to the interannual variability. 
Rainfall significantly increased at the rate of 0.72 mm yr− 2 (p < 0.01), 
while snowfall showed insignificant negative trend (− 0.10 mm yr− 2, p 
< 0.21) over the study period (Fig. 3c). Here, snowfall showed larger 
variations in the annual values between datasets than rainfall, which 
may represent differences in parameterization that separates precipita
tion into snowfall and rainfall. Rainfall, averaged over the circumpolar 
Arctic domain also significantly increased in all months of the growing 
season (Fig. 3d). The averaged snowfall represented the significant in
crease in March, while it showed negative values in the growing season, 
suggesting the impact of the warming air temperature on precipitation 
partition. In reference, air temperature averaged over the circumpolar 
Arctic domain indicated increasing trends in annual and monthly scales, 
although the data were not shown.

The model simulations configured a static land cover classification 
defined from a global land cover map (Ramankutty and Foley 1999), 
while the vegetation phenology and physiology were prognostically 
estimated based on the simulated carbon and nitrogen amounts and 
surface heat fluxes. Plant roots that extract soil moisture are a major 
factor resulting in vertically heterogeneous soil water and tracer 

mm yr-2 mm yr-2

(a) (b)

(d)(c)

Fig. 3. Spatial distributions and interannual and seasonal variability of snowfall and rainfall. Spatial trend distributions of (a) annual snowfall, and (b) rainfall, from 
1979 to 2016, where hatching indicates statistically significant trends at the 90% confidence level. (c) Interannual variability of mean annual rainfall and snowfall, 
calculated as area-weighted averages by grid cell for the Arctic circumpolar basin. (d) Monthly snowfall and rainfall (lines) and monthly trends during the study 
period (bars). Shading in panel (c) and (d) illustrates range of maximum and minimum values in individual variables among the three meteorological datasets.
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amounts as well as affecting transpiration. CHANGE coupled a dynamic 
root growth model to estimate changes in vertical root distribution and 
depth based on the estimated root carbon amount (Arora and Boer, 
2003). The dynamic root model can represent sequential responses of 
roots to changing climatic and hydrothermal conditions and then feed
back to other processes (i.e. ET and carbon flux). In each grid cell, 
vertical soil texture fractions for sand, silt, and clay derived from the 
IGBP SoilData System were used to estimate soil thermal and hydraulic 
properties.

A spin-up run for 1200 years, repeated with the detrended forcing 
data of the initial 20 years (Wu et al., 2007) and a CO2 concentration of 
350 ppm, was conducted to determine a dynamic equilibrium of 
ecosystem carbon and nitrogen states. For the model calculation 
including spin-up and original runs, it needs the initial values for the 
four source waters in the soil moisture profile of each grid cell. However, 
we don’t have such dataset covering the pan-Arctic scale. Therefore, 
volumetric soil water content (0.15 mm3 mm− 3) of each layer set as the 
initial condition was assumed to SWsw, with the configuration of null 
values for the remaining source waters. In the case of precipitation 
events, the precipitation is separated into SWrn and SWsn by the function 
of air temperature (Park et al., 2024), and they become the inputs of 
tracer source waters to the LSM elements. Snowmelt and rain waters 
issued from canopy or snow element were added to SWsn and SWrn in the 
soil water storages during the spin-up period. The soil water including 
the source waters was also updated by ET and runoff fluxes with 
snowmelt and rainfall events. The permafrost soil repeats seasonally 
freezing and thawing, in which the thawing is related to SWic produc
tion. As ALT is larger than the maximum value during the simulation 
period, including the spin-up run, the water melted from the permafrost 
soil layer is defined as SWic. Once the permafrost soil layer thaws, no 
additional SWic production does occur from the soil layer. SWrn and SWsn 
are seasonally freezing and thawing in permafrost soil, especially in the 
active layers, but the phase changes never affect the change of SWic. 
Ultimately, the influence of the initialization of the source waters on the 
simulation results was minor at least in the active layers (Fig. 1).

2.5. Observational data for model validation

2.5.1. Tracer measurements for determining end members
The Pan-Arctic River Transport of Nutrients, Organic Matter and 

Suspended Sediments (PARTNERS) project provided seasonal tracer 
concentration datasets (e.g., δ18O and 3H) of discharge measured in the 
six largest Arctic rivers during 2004–2006 (Yi et al., 2012). We used the 
measurement of Mackenzie River for validating the model-simulated 
source waters in discharge. Three source waters (i.e., SWsn, SWrn, and 
groundwater: SWgw) in river discharge of the Mackenzie River basin 
were quantitatively separated using the measured discharge tracer data 
and the EMMA method introduced in the section 2.3. Above all, EMMA 
needs the tracer end member values of the three source waters (Fig. 2), 
representing their spatiotemporal variability in the targeted river basin, 
based on observational data. However, such observational datasets have 
seldom appeared now, particularly in the isotopic values of ground
water. Thus, the comparison between model simulation and observation 
was confined to the Mackenzie River possessing the data. We noted 
model products of regional and global precipitation for δ18O (Gibson 
et al., 2020, 2021a,b) and 3H (Terzer-Wassmuth et al., 2022), respec
tively, to decide the end members of snowpack and rain waters. The end 
members of snowpack and rainfall δ18O were determined by the 
following steps: precipitation of December–February and June–August 
was assumed to be snow for snowpack and rain, respectively, and the 
monthly upstream weighted precipitation δ18O was averaged to indi
vidual seasonal values and then averaged for the observed period. 
Terzer-Wassmuth et al. (2022) developed a statistical model to simulate 
globally annual 3H considering topography and climate. The monthly 3H 
data observed at stations in Canada and Alaska since 2000 when the 
interannual variability of 3H was not relatively large (Terzer-Wassmuth 

et al., 2022) were lumped to derive a curve representing the seasonal 
variation. The seasonal pattern was adjusted to the annual values of all 
grids in the Mackenzie River basin. 3H in each grid cell was in turn 
averaged by the weighting of monthly precipitation to the seasonal total 
precipitation, and the fraction of each grid area to river basin area was 
additionally weighted to 3H and then entirely cumulated. Sublimation 
from snowpack is a general phenomenon during the winter season, 
which causes isotopic fractionation resulting in higher snowpack δ18O 
value than precipitation. Quantitative information on the fractionation 
effect at the watershed scale was deficit. Therefore, the fractionation 
effect was not considered in the determination of the end member. This 
treatment likely becomes a cause for uncertainties inherent in the 
EMMA analysis.

We note that observations and model results for global groundwater 
δ18O and 3H are extremely limited compared to precipitation. We 
gathered published observational data of the groundwater tracers in the 
Mackenzie River basin (Supplementary Fig. 1), which showed existing 
data gaps for our study period and larger differences between the limited 
observational sites (Supplementary Fig. 1). The data deficiencies made it 
difficult to assign end member signatures a priori for the groundwater 
tracers. Uncertainty was reduced by an assumption; the collected whole 
tracer data were averaged regardless of the measuring period, which 
was then substituted into the data deficient study period. In other words, 
average values were used as end members of δ18O and 3H, which is 
thought to be adequate and representative for periods of a season or 
longer but may not accurately simulate individual events. The maximum 
and minimum values of standard deviation from the averaged ground
water δ18O showed large difference (Supplementary Fig. 1a). As new 
mixing lines based on the two values were drawn, some observational 
data in the case of the minimum δ18O groundwater were situated outside 
the brown lines (Fig. 2), implying that EMMA likely resulted in 
abnormal fractions in the separation of source waters for the observa
tions. Additional analyses that the two values set to the end members of 
groundwater were conducted to assess the sensitivity of EMMA to the 
end members.

2.5.2. Global ET products
The model-estimated ET of this study was compared with five global 

ET datasets to assess the model performance. The global ET datasets 
have different spatial resolutions and data periods. Thus, the assessment 
between the ET products was mainly targeted to the comparison of 
interannual variability for annual values during the study period, 
spatially averaged over the circumpolar Arctic river domain. Charac
teristics of the ET products used for the comparison are briefly described 
below. 

• ・The Global Land Evaporation Amsterdam Model (GLEAM) uses the 
Priestley-Tayler equation and the Gash analytical model of vegeta
tion rainfall interception (Miralles et al., 2011). The GLEAM product 
(v4.2a) provides ET and its subcomponents (i.e., soil evaporation, 
rainfall interception, and transpiration and sublimation) at two 
spatial–temporal resolutions: 8-day 0.0833◦ × 0.0833◦ and daily 
0.5◦ × 0.5◦ gridded data. The GLEAM ET is estimated by the forcing 
data derived from remote sensing measurements and a synthesis of 
observation-based precipitation datasets, while considering soil 
moisture impacts on ET.

• ・The Global Land Data Assimilation System (GLDAS) provides 
monthly 0.25◦ × 0.25◦ ET data, averaging GLDAS-2.1 Noah 3-hourly 
data simulated by the Noah model 3.3 land information system 
version 7 (Beaudoing and Rodell, 2016). The forcing data for ET 
estimation include remote sensing-derived P and radiation data, and 
atmospheric analysis model outputs (Jimenez et al., 2011).

• ・The Simplified Surface Energy Balance (SSEBop) provides 1-km 
global ET data of three temporal resolutions, including 10-day, 
monthly, and annual time steps. The SSEBop ET data (v61) were 
estimated by a simplified energy balance approach (Senay et al., 
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2013) based on SEBAL (Bastiaanssen et al., 1998) and METRIC (Allen 
et al., 2007) models, and a thermal index derived from Moderate 
Resolution Imaging Spectrometer (MODIS) thermal observations.

• ・The modified Penman-Monteith (mPM) model produces global 
daily ET estimates at a 9-km resolution, including subcomponents of 
soil evaporation, canopy interception, and transpiration (Kim et al., 
2023). To enhance ET estimates, the mPM model incorporates soil 
moisture constraints on both soil and canopy conductance, using 
surface and root zone soil moisture data from the National Aero
nautics and Space Administration (NASA) Soil Moisture Active Pas
sive (SMAP) mission. The 9-km global daily SMAP mPM ET data 
records are publicly available for 2016–2021 (https://files.ntsg.umt. 
edu/data/ET_global_daily_mPM/).

• ・The global FLUXCOM-X products are based on observational ma
chine learning model upscaling of in situ eddy covariance tower 
network measurements of surface fluxes (Nelson et al., 2024). The 
FLUXCOM-X version 4.2a provides ET data at two spatial–temporal 
resolutions: daily at 0.25◦ × 0.25◦ and monthly at 0.05◦ × 0.05◦. In 
this study, annual mean ET for the period 2001–2019 was calculated 
using the monthly 0.05◦ × 0.05◦ data to assess inter annual 
variability.

3. Results

3.1. Evapotranspiration

3.1.1. ET comparison with global ET products
To assess interannual variations, annually averaged total ET esti

mates over the study domain from global data products (SSEBop, 
GLDAS, GLEAM, and SMAP mPM) were compared against the averaged 
CHANGE model simulations and aggregated FLUXCOM-X ET data. The 
comparisons showed generally similar interannual ET variations in 
global data products, CHANGE and FLUXCOM-X data, and confirmed 
significant, positive ET trends (0.38–2.36 mm yr− 2) (Fig. 4). ETs of 
SSEBop and SMAP mPM showed non-significant decreasing trends in a 
relatively shorter period of recent years than others including the 
CHANGE results. The ET values of GLEAM, GLDAS, and SSEBop were 
greater than SMAP mPM, as identified in a previous study (Kim et al., 
2023). ET values derived from CHANGE were lower than some global 
products, but relatively close to FLUXCOM-X and SMAP mPM ET. 
Annual mean ET estimates derived from three CHANGE model simula
tions, GLEAM and FLUXCOM-X from 2001 to 2016 show significant 

positive correspondence across the circumpolar Arctic river basin (r =
0.56 ~ 0.88).

3.1.2. Spatiotemporal variability of ET source waters
The CHANGE-simulated annual mean ET revealed strong latitudinal 

gradients, where ET values were higher in the southern regions and 
lower in the north (Fig. 5a), whereas source water contributions to ET 
exhibited regionally different patterns. Relatively higher contribution (i. 
e., >60 %) of snowmelt water to ET (ETsn) was identified for the coldest 
northern regions of Siberia and Canadian Archipelago, with progres
sively lower contributions moving toward the southern subarctic regions 
(Fig. 5b). In contrast, rainwater exhibited higher contributions to ET 
(ETrn) for the southern warm regions and accounted for 50 % or more of 
ET for the entire Arctic basin (excluding the northernmost Siberia and 
Canadian Archipelago), reaching peak contributions of up to 80 % or 
more in some southern regions (Fig. 5c). Higher ETrn fractions were 
closely linked to stronger activity of the ET subcomponents during the 
summer season (Supplementary Fig. 2), characterized by larger rainfall 
and leaf amounts. Higher rainwater contributions to the ET sub
components (except Esb) were found for subarctic forest-covered re
gions, accounting for ~ 60 % or more of resulting ET (Supplementary 
Fig. 2). Snowmelt water accounted for the majority of Esb over much of 
the pan-Arctic regions, with some regional exceptions (Supplementary 
Fig. 2). The contributions of soil and permafrost-origin waters to ET 
were mostly small and variations were found to be less informative (not 
shown). The two ground source waters (SWsw and SWic) generally 
contributed to soil storage within the lower active layer, below plant 
rooting depth, as noted in a previous study (Park et al., 2021a). This 
promoted connectivity of these sources to subsurface runoff rather than 
to ET processes.

3.1.3. Seasonal and interannual variations of ET and source waters
Analysis of seasonal variations in source water contributions to 

monthly mean ET estimated by CHANGE over the circumpolar Arctic 
domain (Fig. 6) confirmed high contributions of ETrn to the peak summer 
ET (Fig. 6a), with significant increasing trends apparent (0.03 ~ 0.09 
mm mth− 1 yr− 1, p < 0.01) during the summer and autumn seasons, 
among which the largest derived increases appeared for June and then 
the trend values declined (Fig. 6b). The ETsn trend similarly followed the 
ETrn seasonal pattern, although the proportion and trend values were 
found to be considerably muted as compared to ETrn, and negative 
during July to October. The seasonal trends of ET and source waters 
appear to show notable deviations in August, which appears to reflect 
moisture limitations at this time of year. Whereas increasing Ei trends 
were found in August, likely due to greater leaf area, this potentially led 
to reduction in amount of rainfall reaching soils. The result is expected 
to be dryer soil conditions, which tend to limit Et and Es, although 
insignificant increases are still found in these fluxes, even in the 
warming climates (Supplementary Fig. 3b). Evaporation from open 
water surfaces associated with thermokarst lake and wetland develop
ment (Liljedahl et al., 2016; Ulrich et al., 2017) is also an important 
component of ET. However, the CHANGE model did not account for the 
open water evaporation losses in the simulation, which was likely a 
cause the underestimation of ET.

The circumpolar Arctic annual Et, assessed by averaging results of the 
three datasets (Supplementary Table 1), indicated significant increasing 
trends during the study period (0.39 mm yr− 2, p < 0.01), in response to 
warming air temperature and increasing precipitation (Fig. 3) that 
induced higher atmospheric evaporative demand and lower soil water 
stress, respectively. Warming also drives increases in vegetation pro
ductivity, and predicts larger leaf areas that contribute to larger Ei (Pan 
et al., 2020; Yang et al., 2023). Conversely, higher canopy wetting rates 
by larger interception likely reduces stomatal conductance, which can 
limit Et. Et showed relatively subdued increases (0.09 mm yr− 2, p < 0.10) 
compared to Ei (0.11 mm yr− 2, p < 0.01, Fig. 7b), which was likely 
influenced by significant decreases for southern North America 

Fig. 4. Interannual variability in mean annual ET simulated by CHANGE based 
on three meteorological datasets (WATCH, CRUNCEP, GSWP) compared to 
global datasets (SSEBop, GLDAS, GLEAM, Fluxcom-X, SMAP mPM). Trend 
values and statistics are shown for available time periods. Shading intervals 
bracketing the CHANGE ET trend illustrate maximum and minimum values 
based on the three meteorological datasets.
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(Supplementary Fig. 2). The increase of Es was the largest among the ET 
subcomponents (0.20 mm yr− 2, p < 0.01), which was consistent 
spatially across the entire circumpolar Arctic domain (Supplementary 
Fig. 2). Meanwhile, Esb, accounting for 10.0 ~ 11.3 % of ET 
(Supplementary Table 1) showed decreasing trends during the study 
period (− 0.02 mm yr− 2, p < 0.17), apparently responding to warming 
winter temperatures. In addition, the winter snow cover period appears 
to become shortened due to later snow onset in autumn and earlier 
spring snowmelt (Kim et al., 2017), with reduction in winter snowfall 
(Fig. 3c), leading to decreases in snowpack water equivalent on the soil 
surface. These snow conditions likely reduced the quantitative potential 
for snow sublimation.

The CHANGE-simulated annual mean ET also showed a significant 
increasing trend from 1979 to 2016 (0.38 mm yr− 2, p < 0.01, Fig. 7a). 
The increased ET was attributable to the impact of ETrn that significantly 
increased during the study period (0.39 mm yr− 2, p < 0.01, Fig. 7a) as 
compared to ETsn that showed little change except perhaps due to minor 
impact of reduced snowfall (− 0.01 mm yr− 2, p < 0.71; Fig. 7a, 2c). The 
ET subcomponents (e.g., Et, Ei, and Es) also showed increasing trends 
during the study period (Fig. 7b), representing larger use of rainfall 

during summer season. Rain source water accounted for 70–76 % of the 
annual Et, Ei, and Es (Supplementary Table 1). Soil and permafrost-origin 
waters in ET and the subcomponents accounted for only trace fractions 
of the total (<1%) with insignificant trends (Supplementary Table 1).

3.1.4. Comparison of ET variables between forcing datasets
The CHANGE-simulated annual ET and source waters showed similar 

interannual variability among the three datasets during the study period 
(Fig. 7a), with annual mean differences amounting to less than 5 mm 
(Supplementary Table 1). Similar patterns were also found for ET sub
components (Fig. 7b). The trend values of ET and the subcomponents 
and source waters generally represented similar directions and smaller 
deviations between the datasets (Supplementary Table 1). Among the 
three datasets, the CHANGE result forced by GSWP meteorological data 
recorded the largest trend values in ET and other variables among the 
three datasets, which was most significant for ETrn and subcomponents 
(Supplementary Table 1). As GSWP incorporates relatively warm sum
mer air temperatures and larger summer rainfall compared to other 
datasets, this appears to be the consequence.

(a) (b) (c)

(d) (e) (f)

(mm yr-1)

(mm yr-2)

Fig. 5. (Upper panels) Spatial distributions of (a) annual mean ET, (b) snowmelt and (c) rainwater contributions to the annual ET. (Lower panels) Trends over the 
study period for (d) annual ET, (e) snowmelt water-sourced ET, and (f) rainwater-sourced ET. Hatching in the trend distributions indicates statistically significant 
values at the 90% confidence level.
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3.2. River discharge

3.2.1. Comparison of source water discharge against observations
The coupled models, CHANGE and TRIP2, were applied in a previous 

study to simulate seasonal and interannual discharge from the major 
Arctic river basins (i.e., Ob, Yenisey, Lena, Kolyma, Yukon, Mackenzie) 
which found statistically significant agreement between the model and 
observations (Park et al., 2016b, 2017, 2024; Hiyama et al., 2023). 
Building upon that work, source water distributions were predicted for 
discharge, Q, for the Mackenzie River basin and compared with the 
corresponding variables separated by the EMMA method as well as 
directly from δ18O and 3H measurements carried out at the river mouth 
over three years during summer (Fig. 8). The simulated snowmelt and 
rainwater-sourced discharges (i.e., Qsn and Qrn) visually showed favor
able correspondence with observations, both seasonally and interann
ually, while agreement for groundwater-sourced discharge (Qgw) was 
found to be less satisfactory. Seasonal hydrographs for circumpolar 
Arctic river basins are typically characterized by a pronounced 
snowmelt-generated peak flow in spring to early summer followed by 
rapid decline to low flow during late summer to freeze-up. Peak 
discharge originates nearly exclusively from surface runoff, accounting 
for 90 % of Q from April to July, while subsurface runoff is found to be 
the major contributor to Q during late summer and in the cold season 
(Park et al., 2024). Likewise, our simulations for the Mackenzie River 
revealed relatively high contributions of Qsn and Qrn to peak Q with 

snowmelt water being fast linked to spring discharge, but with signifi
cant contributions also from Qrn stored from previous years in frozen 
soils (Fig. 8a, b) which was consistent with expectations and which 
generally supported the EMMA approach for modelling (see also Hiyama 
et al., 2023; Park et al., 2024). However, labelling due to evaporative 
isotopic enrichment inherited from waters residing in surface storage (i. 
e. wetlands, lakes) is not accounted for in the simulation, which has been 
shown to be influential for some Arctic rivers including the Mackenzie 
(Yi et al., 2012, PARTNERS dataset).

In contrast, Qgw showed larger deviations between the observations 
and model results (Fig. 8c) which indicated that the role of groundwater 
is underrepresented in the simulations. Note that Qgw is calculated as a 
mixture of Qsw and Qic and is intended to represent both supra- and sub- 
permafrost groundwater (Wang et al., 2024) as well as subsurface flow 
in non-permafrost regions. Lower than expected variability in the Qgw 
predictions likely arises from oversimplification of model representation 
of residence time and mixing of subsurface water sources which control 
timing of contributions to streamflow, but this can potentially be 
improved in future through model tuning and customization. We note 
that the simulated volumetric flux of Qgw appears to vary realistically in 
terms of relative timing of contributions, which is encouraging.

3.2.2. Spatial variability of discharge source waters
The CHANGE model estimated surface and subsurface runoffs at 

individual grids and separated source waters in the runoffs, then 

Fig. 6. (a) Seasonal variability of monthly ET and source waters (snowmelt: 
ETsn and rainwater: ETrn) averaged over the Arctic circumpolar river basin, and 
(b) trends over the study period. Shading denotes the range of maximum and 
minimum values produced by the three meteorological datasets.

Fig. 7. Interannual variability of (a) annual ET and the source waters (ETsn and 
ETrn) averaged over the Arctic circumpolar river basin, and (b) ET sub
components (transpiration: Et, canopy interception: Ei, soil surface evaporation: 
Es, and snow sublimation: Esb). Shading denotes the range of maximum and 
minimum values produced by the three meteorological datasets.
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assigned these as inputs to TRIP2 for calculating river discharge along 
the prescribed river routes. Eq. (2) represents the water assignment from 
CHANGE to TRIP2 and the water budget in TRIP2. Fig. 9 presents (a) 
larger spatial variability of the simulated annual mean runoff, (b-e) and 
fraction of source waters to the annual mean runoff, including (f-j) in
dividual trends during the study period. Higher runoff, recorded annu
ally > 300 mm, was ascertained for northwestern Siberia, east southern 
Siberia, and northeastern Canada encircling Hudson Bay. The distribu
tion of the separated source waters showed generally higher fractions of 
snowmelt water in the runoff for large areas of the basin domain, 
particularly in the northeastern Siberia recording 50 % or more 
(Fig. 9b). Occurrences of large amounts of rain and snowmelt water- 
sourced runoff were apparent at the southern boundary of the basin 
territory (Fig. 9c, d), generally corresponding to discontinuous perma
frost or mountainous regions. In comparison, the contribution of 
permafrost-origin water to runoff was found to be considerably subdued, 
and generally below 10 % across the entire region where relatively high 
runoff was identified for the southern discontinuous permafrost regions 
(Fig. 9e). This is consistent with permafrost thaw being a slow-release 
process occurring over multiple years.

The annual mean runoff illustrates spatially heterogeneous trend 
distributions over the domain, but positive values are prevalent (65 %) 
for larger grids (Fig. 9f). Positive trends tend to be somewhat strength
ened for Siberia relative to North America, which may be attributed to 
rainfall variability (Fig. 3b). Snowmelt and rain waters show generally 
similar spatial trend patterns, although the trend values are of different 
magnitudes (Fig. 9g, h), owing to a large portion of the two source 
waters being active during surface runoff in spring. Soil and permafrost- 
origin waters also show the similar trend patterns, although their values 
are different (Fig. 9i, j), as these are tied to fundamental generation of 
water fluxes unique to conditions of regional soil systems. During a 
runoff event, both source waters contribute to runoff simultaneously, 
where the runoff amounts are dependent on respective water storage 
volumes. This process appears to be consistent for both surface and 

Fig. 8. Comparison of observed (dots) and simulated (lines) source waters in 
Mackenzie River discharge, including (a) snowmelt, (b) rain, and (c) ground
water. Observed values are based on measured δ18O and 3H values and inferred 
separation by EMMA, where vertical lines denote maximum and minimum 
uncertainty predicted from EMMA sensitivity experiments. Shading denotes the 
range of maximum and minimum values produced by the three meteorolog
ical datasets.

Fig. 9. (Upper panels) Gridded spatial distributions of (a) annual runoff amount (mm yr− 1) and annual runoff contributions over the study period derived from (b) 
snowmelt, (c) rain, (d) soil water, and (e) permafrost thaw sources. (Lower panels) Trends in variables, including (f) annual runoff, and contributions from (g) 
snowmelt, (h) rain, (i) soil water, and (j) permafrost thaw sources (mm yr− 2). Hatching in the trend distributions indicates statistically significant values at the 90% 
confidence level.
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subsurface runoff. Most snowmelt water is directly converted to the 
spring surface runoff (Park et al., 2024), which serves to limit the 
mixture of source waters with soil moisture (Park et al., 2021a). As a 
result, the trend of snowfall is likely influential to the resulting trends in 
snowmelt water runoff.

3.2.3. Seasonal and interannual variability of discharges
The simulated total discharge from the circumpolar Arctic river ba

sins results in generation of typical seasonal hydrographs, peaking in the 
spring and early summer and then decreasing (Fig. 10a). Within the 
seasonal hydrograph, Qsn is found to be a primary contributor to the 
peak discharge, accounting for 51 % of May–July discharge, during 
which time Qrn accounted for 39 %. Conversely, in autumn, contribu
tions of Qsn and Qrn to Q were relatively subdued. Instead, Qsw, generated 
by subsurface runoff, accounted for the majority of autumnal river 
discharge, even during the freezing season. Although Qic was quantita
tively smallest, its contribution was found to increase slightly during the 
autumn season when ALT generally reached its maximum. This seasonal 
pattern suggested that Qic water was driven along with Qsw by subsurface 
flow during runoff events, because the waters tended to be distributed 
within relatively deep soil layers (Park et al., 2021b).

The total Q showed the largest increase of 0.42 km3 yr− 1 in early 
June (Fig. 10b), likely because of earlier snowmelt induced by air 
temperature warming, as described in previous studies (Suzuki et al., 
2020; Hiyama et al., 2023; Park et al., 2024). Abrupt trend reversal in 

July (− 0.37 km3 yr− 1) was likely influenced by the effect of decreased 
soil moisture due to early onset of snowmelt in addition to enhanced ET 
(Fig. 6b). In general, trends for Qsn and Qrn were consistent with the Q 
trend, showing similar variations in spring and summer. After August, 
changes in Qsn and Qrn appear less consequential, although Qsw switches 
to a weaker increasing phase and appears to maintain positive trends 
over the cold season, contributing to overall positive Q trends.

Over the course of the study period (1979–2016), the simulated Q 
from the circumpolar Arctic river basin predicts a significant increasing 
trend (12.74 km3 yr− 2, p < 0.01; Fig. 11), as compared to 11.6 km3 yr− 2 

observed for circumpolar Arctic rivers Q during a similar period 
(1984–2018) (Feng et al., 2021). While some difference in magnitude of 
Q is evident between simulations and observations at the eight major 
rivers (AMAP, 2025), we note that interannual variability is consistent 
and well-captured by the simulation (r = 0.84, p < 0.01), even though 
the increasing trend (5.95 km3 yr− 2, p < 0.01). However, the model 
exhibits a tendency to overestimate the discharge, likely due to the 
combined effects of neglecting dam regulation in the discharge calcu
lations and underestimating evaporation from the water surfaces of 
lakes and wetlands. Qsn, as the dominant contributor to Q (39 %; 4906.0 
km3 yr− 1, Supplementary Table 2) showed a negative trend (− 0.17 km3 

yr− 2, p > 0.1), likely due to decreasing snowfall (Fig. 3c). Conversely, 
Qrn, which accounted for 35 % of the total discharge, show an insig
nificant increase (+0.54 km3 yr− 2, p > 0.1). Although its fractional 
contribution was low (25.0 %) compared to Qsn and Qrn, our simulation 
yielded the largest significant increasing trend value for Qsw (+12.39 
km3 yr− 2, p < 0.01). Among all source waters, Qic recorded the lowest 

Fig. 10. Seasonal variations in (a) daily discharge and simulated source water 
distributions for the Arctic circumpolar basin, and (b) corresponding trends 
over the study period. Shading denotes the range of maximum and minimum 
values produced by the three meteorological datasets.

Fig. 11. Interannual variability of (a) discharge from the Arctic circumpolar 
basin and (b) simulated source water components. Annual total discharge 
observed for the major eight rivers (Pechora, Severnaya Dvina, Ob, Yenisey, 
Lena, Kolyma, Yukon, and Mackenzie) is shown in (a) by red dots. Shading 
denotes the range of maximum and minimum values produced by the three 
meteorological datasets.
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annual volume (75.3 km3), with a slightly negative (− 0.03 km3 yr− 1) 
but statistically insignificant trend over the study period (p > 0.1). The 
increase of Qsw, particularly over the cold season (Fig. 10b) suggests 
wetting of the subsurface soil system, likely due to increased 
precipitation-forced water infiltration from surface layers, enhanced by 
increased connectivity resulting from permafrost degradation.

3.2.4. Regional difference in river discharge
Annual mean Q from the circumpolar Arctic river basin was simu

lated to be 4906 km3 during the study period, and although this is lower 
than 5169 km3 calculated by Feng et al. (2021), the simulated results 
appear to realistically capture regional differences in Q, and impor
tantly, provide new insights into changes in underlying source-water 
timing and distribution. Overall, we find that the Eurasian River ba
sins produced larger Q than for North America, the difference in volume 
being 1277.4 km3, corresponding to 26 % of total Q (Fig. 12), whereas 
the difference (1402.6 km3) in observed discharge between the two 
continents amounted to 58 % of total Q (2396.2 km3). Underlying source 
water volumes were also generally larger for the Eurasian River basins, 
in the range of 5 % to 34 % more than for North America. Enhanced 
positive trends in simulated Q were found for Eurasia (+8.41 km3 yr− 2) 
compared to North America (+4.34 km3 yr− 2). However, the trends of 
Qsn and Qrn (i.e., proportions of source waters) showed different trend 
directions for the two continents, which is likely inherited from trend 
differences in parent snowfall and rainfall drivers for each continent. 
Trend values of Qic were low for both continents, and although statis
tically insignificant, appear to reveal some propensity for slightly more 
positive trends in Eurasia. Overall, Qsw showed the largest and most 
significant increasing trends for both continents, as captured by the 
interannual variability (Fig. 11b).

3.2.5. Uncertainty in discharge variables related to forcing datasets
The simulated Q and source waters for the circumpolar Arctic river 

basin indicated large differences between the three datasets 
(Supplementary Table 2). The simulations based on CRUNCEP resulted 
in the lowest Q among the three datasets, including the source waters, 

which was largely the impact of lower precipitation. For example, Q of 
CRUNCEP was small 747.2 km3 yr− 1, accounting for − 15 %, compared 
to the mean value of the three datasets. Meanwhile, WATCH and GSWP 
were more comparable but above average for Q. Highest values of Q and 
source water volumes were generated by WATCH, with the exception of 
Qsn for GSWP, which was 8 % higher (377.4 km3 yr− 1), and Q of WATCH, 
which was 7 % higher (369.8 km3 yr− 1) than the mean value. Source 
waters also showed similar patterns as demonstrated by Q. CRUNCEP 
produced the lowest values for all source waters among the datasets (e. 
g., –22 % versus mean in Qsn). The reverse case of the highest percentage 
was + 14 % in Qsn of GSWP. These comparisons represent the highest 
sensitivity of Q to choice of dataset, and consequently the largest un
certainty in the simulations.

4. Discussion

4.1. Impact of rainwater on ET variability

This study quantitatively assessed the contribution rates of source 
waters to circumpolar Arctic ET and Q, based on the tracer-aided model 
simulations using three meteorological forcing datasets. The assess
ments provided quantitative distribution of source waters for ET and the 
subcomponents, including their seasonal, interannual, and regional 
variability that has not obtained from previous studies. Overall, ET was 
found to be largely accounted for by two source waters, rain (67 %) and 
snowmelt water (32 %) (Supplementary Table 1), where rain dominated 
in subarctic boreal forest regions and snow tended to be more prevalent 
in northern tundra regions (Fig. 5). The latitudinal gradient identified 
within the spatial distribution of contribution rates was also consistently 
represented in the ET subcomponents, with the exception of snow sub
limation (Supplementary Fig. 2). ET is most active during the warming 
season. In subarctic regions, warmer climates drive increased ET, with 
higher rainfall (Fig. 3) further contributing to the greater ET levels. 
Meanwhile, relatively cold temperatures in northern regions led to in
crease in the fraction of snowfall in precipitation (Park et al., 2015), 
which resulted in larger contributions of snowmelt to ET. The model 

Fig. 12. (Center bar set) Annual discharge and source water partitioning (km3) to the Arctic Ocean over the study period. Partitioning by geographic origin is also 
depicted, for North American and Eurasian Rivers (Left and right bar sets, respectively). Trend values (km3 yr− 2) are shown in parentheses.
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simulations suggest that the climatic conditions, particularly air tem
perature, are the primary factor deriving regional differences in the 
contribution of source waters to ET.

The model assessment illustrates that rainwater is a dominant 
contributor to ET and its subcomponents (apart from snow sublimation) 
(Supplementary Table 1). In the Arctic regions, ET is mainly limited by 
energy except under drought stress (Budyko, 1974), although this is 
mitigated by rainwater, which serves to reduce water stress controlling 
stomatal conductance and Et. The model simulated higher Et in summer 
appears to result from higher rainfall (Fig. 3d, see also Supplementary 
Fig. 3a), with declining latitudinal gradients from the southern boreal 
forest towards northern tundra regions (Supplementary Fig. 2). Within 
boreal forest, summer ET is found to exceed the rainfall amount (Park 
et al., 2009), and is therefore unable to meet ET water demand. During 
rainfall events, boreal vegetation is expected to preferentially utilize 
fresh water from the upper soil layers at rooting depth and may have 
limited access to groundwater in deeper soil layers (Park et al., 2021a). 
This may account for the low contribution of soil and permafrost-origin 
waters to Et (Supplementary Table 1). In this study, rainwater accounted 
for 75 % of Et (Supplementary Table 1). In a comparable study, Miguez- 
Macho and Fan (2021) assessed plant use for four water source types in 
model simulations and found that globally and annually, 70 % of plant Et 

relied on precipitation. CHANGE also simulated a higher contribution of 
rainwater to Es (Supplementary Table 1). In addition, rainfall serves to 
saturate the soil surface layer during an event, which leads to increase in 
humidity of the surface layer and reduces vapor pressure deficit, 
consequently increasing evaporation from the soil surface. The highest 
contributions of rainwater to Es were found for the subarctic regions 
(Supplementary Fig. 2) where snowmelt water contributed approxi
mately 25 % to Es and Et (Supplementary Table 1). Contributions of 
snowmelt water tended to be significant in spring and early summer 
(Fig. 6a) at times when the water was predominantly being added to the 
soil surface layers (Park et al., 2021a). Young-Robertson et al. (2016)
concluded that deciduous trees transpired 2–30 % of snowmelt water 
during the growing season, as estimated from volumetric water content 
in trees measured in a watershed in interior Alaska. These results suggest 
that the ET processes predominantly use water supplied by either rain
fall or snowmelt to the surface soil layers during the growing season.

Overall, our simulations revealed an increasing trend for ET during 
the study period (0.38 mm yr− 2, p < 0.01; Fig. 7a), as a result of the 
combined impact of warming air temperatures and increased rainfall 
(0.72 mm yr− 2, p < 0.01, Fig. 3c), which served to increase available 
energy and reduce soil water stress, respectively. Warmer air tempera
ture also produced earlier snowmelt and soil thawing in spring (Kim 
et al., 2012, 2017; Park et al., 2015), which advanced the seasonal 
timing of vegetation development (Ren et al., 2024) and led to earlier 
activity of Es and Et. Earlier thawing in spring at times when the ground 
remained frozen promoted runoff but also appeared to remain an 
important source of Es and Et in spring and early summer (Park et al., 
2021a), as suggested by increasing trends of ETsn and ETrn and overall ET 
(Fig. 6). Snowmelt during summer mainly occurred at northernmost and 
high altitudinal mountainous regions. At the scale of the Arctic basin, 
input of snowmelt water to the soil layers during summer became 
reduced, while rainfall increased (Fig. 3d). These adjustments resulted 
in decreasing trends for ETsn and increasing trends for ETrn in summer 
during the study period (Fig. 6b). We foresee that changes in the sea
sonal source distributions for ET will strengthen under continued 
warming, with rainwater contributions forming a large proportion of ET 
source water in future.

4.2. Seasonal differences in source water contributions to discharge

Our simulation revealed Qsn to be the dominant source of Q overall 
(39 %; Supplementary Table 2). The contribution of Qsn was most 
important for the northern cold regions, while Qrn was predominant for 
subarctic regions, although higher generation rates of Qsw were noted for 

some areas at the southern boundary of the Arctic basin (Fig. 9). Earlier 
spring snowmelt when the ground remains frozen is expected to produce 
higher surface runoff and reduced infiltration to deeper soils, but may 
increase water storage in shallow layers and promote saturation (Ala- 
aho et al., 2018). Nevertheless, snowmelt event runoff may also incor
porate a high proportion of pre-event water derived from rainwater 
stored within soil surface layers or depressions. Despite insignificant 
changes in the annual snowfall totals during the study period (Fig. 3c), 
Qsn was found to be increasing for spring (Fig. 10b), which is attributed 
to earlier snowmelt induced by warming air temperatures (Shiklomanov 
et al., 2007; Tananaev et al., 2016; Suzuki et al., 2020; Hiyama et al., 
2023; Park et al., 2024). The accompanying increase in Qrn in spring is 
partly due to earlier spring rainfall but more significantly reflects higher 
event-related contributions of autumnal rainfall stored in soil over 
winter (Park et al., 2024). In summer, both Qsn and Qrn showed signif
icant decreasing trends (Fig. 10b), which is in opposition to trends in 
overall rainfall, and can be largely attributed to increased ET (Fig. 6b), 
as well as to soil drying in late summer. Drier soils in turn provide more 
capacity for soil storage of rainfall in late summer and autumn. The 
result is an effective decrease in connectivity of the surface soil water to 
runoff in summer. Negative trends observed for Qsn and Qrn persist until 
autumn, with somewhat greater rates of reduction found for Qsn than for 
Qrn (Fig. 10b). Negative trends in summer were found to have an impact 
(although statistically insignificant) on trends of annual Qsn and Qrn 
during the study period (Fig. 11b). The decreasing trend of Qsn has been 
observed previously for different regions (Berghuijs et al., 2014; Gordon 
et al., 2022). Despite insignificant changes in Qsn and Qrn, Q showed a 
significant increasing trend during the study period (12.74 km3 yr− 2, p 
< 0.01, Fig. 11a), which was attributed to the influence of largely 
increased Qsw (12.39 km3 yr− 2, p < 0.01, Fig. 11b). Qsw, manifesting 
mainly as subsurface runoff, showed positive trends in all seasons, and 
the increase was significant in autumn and early winter (Fig. 10b). In 
autumn, the increased net precipitation, caused by the increased pre
cipitation (Fig. 3d) and lower ET (Fig. 6a), resulted in larger soil storage, 
which forced soil water flows downward (Hiyama et al., 2023), resulting 
in increased subsurface runoff (Evans et al., 2020; Hiyama et al., 2023; 
Park et al., 2024; Wang et al., 2024). Warming climate also contributed 
to delay in timing of soil freezing (Kim et al., 2017), which likely was 
also a factor contributing to higher subsurface runoff production. In 
autumn, when Qsw was at a maximum, the northern tundra regions had 
already frozen. Qsw generation mostly occurred within the southern re
gions with higher rainfall, which contributed in turn to increases in Q 
during the cold season. The increase of Qsw was essentially enhanced by 
the increased rainfall in autumn (Hiyama et al., 2023). In effect, climate 
change appears to be increasing the quantity of Arctic river discharge 
while strengthening contributions of seasonally and regionally different 
water sources that support Q. Climate models have equally projected the 
increase of rainfall throughout the entire Arctic in the future, particu
larly in the snow-dominated northern regions and in the autumn period 
(Bintanja and Andry, 2017). This change likely serves to enhance the 
connectivity between rainwater and Q as well as ET (Vihma et al., 2016; 
Bring et al., 2017; Rawlins and Karmalkar, 2024). The coupling of the 
net precipitation in autumn to the anomalous runoff in the cold season 
and spring of the following year is also expected to be amplified in 
future, most significantly within the cold northern regions.

4.3. Uncertainty and future work

The model-separated source waters in Q were compared with the 
contributions separated by EMMA based on the observations of the 
Mackenzie River basin (Fig. 8). This comparison points out deficiencies 
both in representation of sub-permafrost groundwater by CHANGE and 
uncertainties that persist in defining end members for groundwater used 
for EMMA. The latter was also verified through sensitivity analyses that 
tested the effect of altering end member values for groundwater δ18O 
(Fig. 8). Despite these limitations and assumptions, EMMA has been 
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shown to be a reasonable approach to partition time-varying contribu
tions from unknown end-member sources. Welp et al. (2005) reported 
separation results that showed contributions of Qsn and Qrn of 60 % and 
40 %, respectively, to annual Q in the Kolyma River basin, using the 
observed δ18O and δ2H. The EMMA method has also been applied to 
river basins of various sizes which provided realistic contribution rates 
of snowmelt water to Q of 21–44 % for rivers in the Yukon Territory, 
Canada (Carey and Quinton, 2004; Boucher and Carey, 2010; Carey 
et al., 2013) and 25–50 % in Northwest Territories and Nunavut, Canada 
(Gibson et al., 1993; Hayashi et al., 2004; St. Amour et al., 2005). These 
contribution rates are comparable to our results, which suggest a 39 % 
contribution rate of Qsn to the circumpolar Arctic basin Q 
(Supplementary Table 2). In addition, our model results suggested 
considerable contributions from Qsw, which accounted for 25 % of the 
Arctic basin Q (Supplementary Table 2). Combining baseflow separation 
and baseflow index, Wang et al. (2024) separated the contributions of 
supra-permafrost groundwater to Siberian rivers Q (e.g., Ob, Yenisey, 
and Lena), which were determined to range from 28.1 % to 39.1 %. 
Gibson et al. (2016) reported hydrograph separation results based on 
isotopic data that suggested groundwater accounts for 39 to 50 % of 
annual Q for three tributaries to the Athabasca River, Canada. While 
comparisons between our model and field-based assessments is ongoing, 
results to date suggest that the model serves as a reasonable approxi
mation of hydrologic partitioning within the Arctic basin. Ongoing 
testing will continue to explore effects associated with differences in 
climate, landscape, soil, and topography. However, the tracer scheme of 
CHANGE has certain computational advantages over field-based as
sessments for practical use in evaluating source water contributions to Q 
and ET at the scale of the Arctic basin.

The CHANGE model adopts an ice impedance parameter that serves 
to quantify the tortuosity of the water flow in permafrost as a function of 
ice content. This parameterization is influential in determining gener
ation of subsurface runoff within the active layer, and serves to limit 
generation of the groundwater runoff from sub-permafrost zones. Wang 
et al. (2024) showed sub-permafrost groundwater to account for be
tween 9 and 37 % of Q in the Ob, Yenisey and Lena Rivers. While 
enhanced permafrost degradation due to climate change (Liljedahl 
et al., 2016; Ulrich et al., 2017) is expected to increase contributions of 
the melting ground ice to Q (Park et al., 2021b), our model simulation 
did not attempt to account for both the impact of excess ice on Q and the 
sub-permafrost groundwater flows, although this feature is likely a 
priority of future model improvements, as verified by Fig. 8(c).

Owing to lack of observational results on source waters comprising 
ET, the simulated ET was compared with global datasets covering the 
circumpolar Arctic region. The comparison indicated that the CHANGE 
simulated ET was lower than the value of other global datasets (Fig. 4). 
This disagreement may be attributed in part to uncertainty of meteo
rological variables, different model structures and parameterizations, 
and lack of spatial heterogeneity within the model footprint (Chi et al., 
2017; He et al., 2019). The CHANGE-simulated ET revealed smaller 
differences between the three meteorological forcing datasets 
(Supplementary Table 1), suggesting that the differences in ET between 
models were probably associated with the underlying model structures 
and parameters rather than the meteorological data. In particular, root 
phenology (i.e., distribution, vertical profile, maximum depth, and 
seasonal variation), leaf area index dynamics, static vegetation distri
bution, soil moisture control to Et, and soil resistance to Es likely produce 
large uncertainties in ET (Pan et al., 2020).

The two main limitations of our current assessment should be spe
cifically noted. Firstly, ET simulated by the CHANGE model did not 
differentiate open water evaporation or the effect of isotopic fraction
ation by open water evaporation, which is known to influence both 
isotopic composition and quantity of river discharge in lake and 
wetland-rich regions (Gibson et al., 2020, 2021a). Secondly, the 
CHANGE model did not account for modification of water storage and 
open water evaporation losses associated with thermokarst lake and 

wetland development, which are known to be changing dynamically 
across significant areas of Siberia and North America (Liljedahl et al., 
2016; Ulrich et al., 2017). Overall, we conclude that these model limi
tations have led to underestimation of ET in our current assessment, but 
are identified as important development targets for future model 
improvement.

5. Conclusions

The tracer-aided model allowed for simulation of the redistribution 
of source water components under increasing ET and Q trends over the 
last four decades under changing climate conditions in the Arctic basin. 
From these simulations we were able to identify spatiotemporal changes 
in rainwater and groundwater contributions to streamflow, as well as 
subtle temporal declines in snowmelt water contributions over time. 
Importantly, the assessments establish that rain plays a key role in 
driving interannual, seasonal, and regional variability of ET and Q, 
which appear to be strengthening under changing climate, a pattern of 
response likely to continue into the future. The influence of changes both 
due adjustments in seasonality of hydrological processes and the 
contribution of source waters appears to be amplified by atmospheric 
feedback, which we postulate may also impact the non-terrestrial 
environment of the Arctic Ocean including sea ice regimes (see Park 
et al., 2020). Increased ET appears to be influential in wetting the at
mosphere, and also provides positive feedback to precipitation on the 
terrestrial environment through the regional water recycling. Earlier 
occurrences of high Q in spring, including the increased cold season Q 
enhanced by groundwater flow, is also likely to have a direct influence 
on the overall freshwater budget of the Arctic Ocean. Climate change- 
induced permafrost degradation and deepening active layer were not 
found to be significantly linked to the changes in water sources of ET and 
Q up to the present. However, we point out that the CHANGE model 
remains limited in its current state by a simple depiction of permafrost 
dynamics, especially excess ice and sub-permafrost groundwater. Future 
warming is expected to enhance the melting of ground ice in permafrost, 
thereby increasing connectivity and dynamics of the hydrological sys
tem. Ongoing improvements to model representation for permafrost and 
ground ice is a priority of future work. Further assessment to test the 
reality of our intensified water cycle depictions within the Arctic system, 
including regional variability, is warranted as tracer data availability 
improves.
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