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Abstract: With permafrost warming, the observed discharge of the Kolyma River in northeastern 

Siberia decreased between 1930s and 2000; however, the underlying mechanism is not well under-

stood. To understand the hydrological changes in the Kolyma River, it is important to analyze the 

long-term hydrometeorological features, along with the changes in the active layer thickness. A 

coupled hydrological and biogeochemical model was used to analyze the hydrological changes due 

to permafrost warming during 1979–2012, and the simulated results were validated with satellite-

based products and in situ observational records. The increase in the active layer thickness by per-

mafrost warming suppressed the summer discharge contrary to the increased summer precipita-

tion. This suggests that the increased terrestrial water storage anomaly (TWSA) contributed to in-

creased evapotranspiration, which likely reduced soil water stress to plants. As soil freeze–thaw 

processes in permafrost areas serve as factors of climate memory, we identified a two-year lag be-

tween precipitation and evapotranspiration via TWSA. The present results will expand our under-

standing of future Arctic changes and can be applied to Arctic adaptation measures. 

Keywords: active layer thickness; permafrost; dam regulation; lag correlation; terrestrial water storage; 

the Kolyma River 

 

1. Introduction 

Changes in the freshwater cycle can significantly influence the Northern Hemisphere 

environment, such as the acidification of the Arctic Ocean in response to freshwater flux 

variations [1]. For example, Dickson et al. [2] revealed that an increase in the freshwater 

inflow may suppress the rate of Atlantic meridional overturning circulation. Moreover, 

Park et al. [3] reported that between 1980 and 2015, river heat contributed approximately 

10% to the regional sea ice reduction over the Arctic shelves. They also indicated that the 

positive river heat–sea ice feedback nearly doubles the river heat effect, and freshwater 

inflow to the Arctic Ocean is crucial for predicting future climate change. 
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River flow is an important freshwater input to the Arctic Ocean. Terrestrial river flow 

contributes 40% of the total freshwater input to the Arctic Ocean, including the discharge from 

large rivers, such as the Lena, Yenisei, and Ob [4]. Between 1936 and 1999, the annual runoff 

into the Arctic Ocean from the six largest rivers in Russia (Yenisei, Lena, Ob, Pechora, Kolyma, 

and Dvina rivers) increased by 7% [5]. According to Shiklomanov and Lammers [6], the com-

bined annual river runoff of the six rivers continued to increase, with the highest runoff ob-

served in 2007. McClelland et al. [7], who examined a relationship between the continuous 

permafrost coverage in the basin and river runoff trend for each Siberian River basin using 

data from the 1930s to 1999, revealed that the runoff trend, which previously exhibited a gen-

eral increasing trend, decreased as the underground continuous permafrost coverage in-

creased. The trends of the Lena and Kolyma rivers exhibited slightly positive and negative 

values, respectively. This indicates that subsurface permafrost may affect historical trends por-

traying an increase in runoff. Among the six major rivers, the Kolyma River basin is entirely 

underlined by continuous permafrost. Majhi and Yang [8] reported long-term data (1927–

2000) collected at the Srednekolymsk station, which was located 181 km above the outlet in 

the Kolyma River basin and revealed a discharge decrease of 11%. Conversely, Fujinami et al. 

[9] and Nicolì et al. [10] reported that summer precipitation has increased in eastern Siberia in 

the recent decades. This indicates that continuous permafrost might act as a stabilizer for an-

nual river runoff despite increased summer precipitation. 

In the Arctic River basins, the subsurface comprises continuous permafrost. Iijima et 

al. [11] studied permafrost warming in eastern Siberia, deduced that it can abruptly in-

crease the active layer thickness (ALT), and suggested that terrestrial hydrological 

changes can cause permafrost warming and degradation in continuous permafrost re-

gions. However, despite recent advances in the subject, the impacts of permafrost distri-

bution on the terrestrial water storage (TWS) and river runoff in large Arctic River basins 

have been poorly understood. 

Climate is closely linked to vegetation and land surface hydroclimatic variables (such 

as evapotranspiration, soil moisture, snow cover, runoff, groundwater storage, lake, ALT, 

and carbon cycle through the atmosphere–land surface interactions). Conversely, vegeta-

tion and its changes are influenced by the climate. For example, Matsumura and Yama-

zaki [12] observed that the atmosphere–land surface interaction is particularly pro-

nounced in the dry and cold regions of Eurasia, such as Siberia. In addition, Wang and Yu 

[13] reported that the normalized difference vegetation index (NDVI) of Siberia in sum-

mer lags by one year, with respect to the North Atlantic Oscillation (NAO) in winter. Alt-

hough the NAO is a climate signal considered as an atmospheric phenomenon and its 

effect on climate variability occurs primarily during the concurrent winter, Wang and Yu 

[13] reported that the NDVI in July and the NAO in winters of the next two years are 

highly correlated. This indicates that there is a lag of 16 months or approximately two 

years. Suzuki et al. [14,15] reported that the TWS of the previous autumn “remembers” 

the climate of the previous summer and influences the river discharge of the Lena River 

in the concerned year. Thus, in eastern Siberia, water stored as ice is carried over to the 

next year in winter and circulating with a time delay. Notably, the water storage capacity 

is determined by the changes in precipitation (which is an input factor) and the evapo-

transpiration by plants. Zhang et al. [16] revealed positive correlations between TWSA 

and precipitation over different basins, with lags of variable duration. In northeastern Si-

beria, there was a lag of 10 months, particularly in the Kolyma River basin. Thus, in this 

study, we focus on the Kolyma River basin. 

To understand the changes in the hydrological cycle due to global warming and per-

mafrost warming in the Kolyma River basin, we need to analyze the long-term data in 

terms of hydrometeorological elements along with the ALT. However, available TWS ob-

servations are primarily limited to the observation period of the Gravity Recovery and 

Climate Experiment (GRACE) mission, which was a joint mission of NASA and the Ger-

man Aerospace Center (DLR) in 2002. In addition, ALT data were not available for long 

periods. Therefore, we used the land surface model CHANGE [17] to estimate permafrost 
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dynamics and the terrestrial hydrological cycle in the Kolyma River basin. The CHANGE 

model was verified against circumpolar ALT [18] and discharge [3]. 

In this study, we aimed to (1) clarify the effect of permafrost thawing and anthropo-

genic activities on river discharge in the Kolyma River basin located in northeastern Sibe-

ria using data from 1979 to 2012 and (2) indicate how subsurface permafrost acts as a cli-

mate record (including the delayed connection among hydrometeorological elements) in 

the Kolyma River basin. 

2. Materials and Methods 

2.1. Study Area 

Figure 1a–b show the distributions of the geographical characteristics of the Kolyma 

River basin, representing the vegetation of the basin boundary and a sub-basin (Dam basin) 

with a large reservoir (Figure 1a). The vegetation map was obtained from the 1° GLDAS-

2/NOAH Dominant Vegetation Type datasets (https://ldas.gsfc.nasa.gov/gldas/GLDASvege-

tation.php (accessed on 30 July 2021)) using the NOAHv3.3 Vegetation Dataset from GLDAS-

2. As shown in Table 1, the Dam basin occupies approximately 15% (99.5 km2) of the total 

basin area (657.3 km2), and both basins are primarily covered by open shrublands and wooded 

tundra. Figure 1b shows the distribution of permafrost, based on the data [19]. The Kolyma 

River basin is entirely covered by continuous permafrost; Figure 1b represents the locations 

where the soil temperature profiles were measured. Notably, each site had a different length 

of time series of the observed soil temperature. The available observation durations of sites 

24,790, 25,206, 25,400, and 25,428 were from 1979–1989, 1968–2008, 1979–2012, and 1988–1998, 

respectively. 

 

Figure 1. Maps of geographical characteristics in the Kolyma River basin: (a) Vegetation (the 1° GLDAS-2/NOAH Domi-

nant Vegetation Type datasets (https://ldas.gsfc.nasa.gov/gldas/GLDASvegetation.php accessed on 30 July 2021) using the 

NOAHv3.3 Vegetation Dataset from GLDAS-2) and (b) Permafrost distribution [19]. White and black lines denote the 
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Kolyma River watershed boundary (total basin). Red area in (a) shows a sub-basin “Dam basin.” In (a), yellow circles 

denote the locations of river discharge cross-sections, and black cross-mark denotes a large reservoir. In (b), red circles 

and white numbers denote meteorological observation sites, which include soil temperature profile observation at 20 cm, 

40 cm, 80 cm, 160 cm, and 320 cm depth. 

Table 1. Characteristics of the Kolyma River basin together: total basin and sub-basin (Dam basin). 

Basin Name  Gauge Station  
Drainage Area 

(km2) 

Continuous Per-

mafrost (%) 

Tundra Coverage 

(%) 

Shrub Coverage 

(%) 

Total basin 

Kolymskoye (1979–2008) 

Kolymsk-1 (2009–2016) 

(68.73°N, 158.72°E) 

657,254 100 22.4 77.0 

Dam basin 
Ust-Srednekan (1979–2012) 

(62.45° N, 152.3° E) 

99,507 

(15.1%) 
100 29.9 70.0 

2.2. Land Surface Model, CHANGE 

We used the land surface model, CHANGE (a coupled hydrological and biogeo-

chemical model), which is a state-of-the-art process-based model that calculates heat, wa-

ter, and carbon fluxes in the atmosphere–land system; the model also calculates soil ther-

mal and hydrological states, including soil freeze–thaw phase changes, stomatal physiol-

ogy, and photosynthesis. The carbon absorbed through photosynthesis is partitioned into 

leaf, stem, root, and soil, which are intertwined with land surface processes. The coupling 

of the dynamic vegetation model in CHANGE facilitates the integration of interactions 

and feedback in the land system and climate. A remarkable feature of CHANGE is its 

improved representation of permafrost dynamics achieved through the extension of soil 

depth to 50.5 m. A zero-heat flux was prescribed as the lower boundary condition. The 

heat flux into the soil is obtained by solving an energy balance equation, which is consid-

ered as the upper boundary condition for the solution of heat conduction. CHANGE nu-

merically solves the heat conduction equation, including the soil water phase changes, to 

simulate heat conduction between the soil layers. Solving the equation requires soil heat 

conductivity and capacity, which are determined as the functions of the liquid and ice 

content and the vertically heterogeneous soil texture [18]. For the simulations, CHANGE 

required datasets of topography [20], vegetation type [21–23], and soil texture [24,25] to 

show the impacts of land surface on the fluxes. The CHANGE model estimates the ground 

temperature profile by solving the soil water and heat balance, from which the ALT is 

obtained. Therefore, in the CHANGE model, permafrost warming could be identified by 

long-term deepening of the ALT. 

2.3. Data 

2.3.1. Forcing Meteorological Data 

Global Meteorological Forcing Dataset for Land Surface modeling (GMFD) 

We used a Global Meteorological Forcing Dataset for land surface modeling (GMFD) 

with the daily and 0.5° resolutions [26] for model simulations to estimate the terrestrial 

hydrological cycles and ALT. This dataset has been widely used as a forcing dataset for 

many land model surface model simulations in the Arctic region [27,28]. The dataset was 

constructed by combining a suite of global observation-based datasets with the National 

Centers for Environmental Prediction–National Center for Atmospheric Research reanal-

ysis. Known biases in the reanalysis of precipitation and near-surface meteorology exert 

an erroneous effect on modeled land surface water and energy budgets, which were there-

fore corrected using observation-based datasets of precipitation, air temperature, and ra-

diation. Dataset can be downloaded from https://hydrology.princeton.edu/data.pgf.php 

accessed on 30 July 2021. 
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University of East Anglia Climatic Research Unit (CRU) 

We used the Climatic Research Unit (CRU) climate dataset to verify the surface me-

teorological datasets of GMFD. The CRU TS4.02 dataset provides homogenized monthly 

climate data interpolated from over 4000 weather stations and gridded to a spatial reso-

lution of 0.5° [29]. In this study, we used monthly averaged datasets of daily mean air 

temperature (Ta) and annual precipitation (P). Dataset can be downloaded from 

http://dx.doi.org/10.5285/b2f81914257c4188b181a4d8b0a46bff accessed on 30 July 2021. 

University of Delaware Air Temperature and Precipitation (Udel) 

Willmott and Matsuura [30] combined the data from various stations from the Global 

Historical Climate Network (GHCN) and more extensively, from the archives of Legates 

and Willmott [31,32]. Udel is a monthly climatology dataset of precipitation and surface 

air temperature and a time series spanning the period between 1900 and 2015. Dataset can 

be downloaded from https://psl.noaa.gov/data/gridded/data.UDel_AirT_Precip.html ac-

cessed on 30 July 2021. 

2.3.2. Satellite Data 

Snow Cover Fraction (SCF) 

The bimonthly global 0.25° × 0.25° gridded snow fraction over land was generated 

from satellite-derived bimonthly global snow cover fraction (SCF) product at 0.05° reso-

lution obtained from the JAXA Satellite Monitoring for Environmental Studies (JASMES) 

website (https://kuroshio.eorc.jaxa.jp/JASMES/index.html accessed on 30 July 2021). The 

SCF was estimated to be a spatial fraction of snow cover pixels within a 0.25°× 0.25° grid 

cell. The SCFs were derived from radiance data at different wavelengths, from visible to 

thermal infrared regions acquired with polar-orbiting satellite-borne optical sensors be-

tween November 1978 and December 2019. The SCF of two periods are missing due to 

poor quality radiance, including the first half of February 1980 to the second half of June 

1981 and from the second half of September 1994 to the first half of January 1995. The 

overall accuracy of snow/non-snow cover classification for the SCF product was estimated 

to be 0.82–0.99. The detailed analysis and accuracy estimations of the JASMES SCF prod-

uct were obtained by Hori et al. [33]. 

Terrestrial Water Storage Anomaly (TWSA) 

To quantify the terrestrial water storage anomaly (TWSA) for the study region, we 

obtained GRACE data (Level-2, Release 5) from three analysis centers: The University of 

Texas Center for Space Research (CSR), Jet Propulsion Laboratory (JPL), USA, and 

GeoForschungZentrum Potsdam (GFZ), Germany. We used the ensemble mean of the 

three GRACE datasets (i.e., simple arithmetic means of CSR, JPL, and GFZ), as recom-

mended by the official GRACE Science Data System, to minimize random errors and en-

hance common signatures within each GRACE dataset. Additional details about the der-

ivation of the TWSA can be found in Suzuki et al. [34]. 

2.3.3. Global Land Data Assimilation (GLDAS) System Data (NOAH) 

The GLDAS version 2.0 (GLDAS-2) [35], which currently uses only the NOAH land 

surface model and the GMFD meteorological forcing dataset as the only source of forcing 

data, was corrected using observation-based inputs of precipitation, surface air tempera-

ture, and radiation. GLDAS-2 was verified to estimate the TWSAs and terrestrial hydro-

logical processes in Siberia [35,36] against the GRACE-based TWSA. Thus, we used 

GLDAS-2 as a reference for the CHANGE simulations. However, GLDAS-2 does not esti-

mate ALT and permafrost dynamics because it can only consider a soil-layer depth of 2 

m. Thus, hereafter, we refer to this model as NOAH, which is used for comparison with 

the CHANGE model. 
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2.3.4. River Flow Rate Data 

The measured flow rates at the lowest hydrological stations of the Kolyma River were 

used to analyze basin-scale variations in the river discharge. We used discharge data from 

the Arctic Great Rivers Observatory (ArticGRO) [37] Discharge Dataset Version 20,180,713 

(https://www.arcticrivers.org/data accessed on 30 July 2021) [38]. Discharge data were ob-

tained from two gauge stations: the Kolymskoye (1978–2008) (68.73° N, 158.72° E) and the 

Kolymsk-1 (2009–2016) (68.73° N, 158.72° E) stations in the Kolyma River. In addition, 

river flow from the Dam basin was observed at Ust-Srednekan, which is located in the 

uppermost basin of the Kolyma River. The river flow in Ust-Srednekan from 1979 to 2012 

was obtained from the monthly Meteorological Bulletin of the Russian Hydrometeorolog-

ical Service [39]. 

2.3.5. Soil Temperature Data 

The database of monthly soil temperature under natural land cover at different 

depths down to 320 cm from four weather stations of the Kolyma River Basin over a pe-

riod of 1968–2012 was compiled from different sources. We averaged the daily soil tem-

perature to obtain the monthly values for the period from 1979 to 2012 based on the da-

taset of the All-Russia Research Institute of Hydrometeorological Information World Data 

Center (freely available at http://meteo.ru accessed on 30 July 2021). A detailed description 

about the soil temperature datasets and their quality control methods can be found in the 

study conducted by Sherstyukov and Sherstyukov [40]. Historical data with some missing 

records during 1969–2012 was obtained from the monthly Meteorological Bulletin of the 

Russian Hydrometeorological Service [39,41]. Within the Kolyma River basin, we selected 

four observation sites, namely station ID 24,790, 25,206, 25,400, and 25,428, because these 

sites provided more than 20 years of continuous monthly data without a gap in the sum-

mer. The available observation period for each site was 27 years (1985–2012) for site 24,790, 

25 years (1979–2004) for site 25,206, 33 years (1979–2012) for site 25,400, and 24 years 

(1988–2012) for site 25,428. In many cases, the data from these four sites were also absent 

during winter months, and there were years when observations were available only dur-

ing the summer months. 

2.4. Theory 

To calculate the monthly TWS using the CHANGE and NOAH data, we applied the 

water balance equation proposed by Suzuki et al. [14], expressed as follows: 

TWSA = SWEA + CSA + SMA + GWA + SWA (1) 

where SWEA is the snow water equivalent anomaly (mm/month), CSA is the anomaly of 

the total amount of water within the canopy (mm/month), SMA is the anomaly of vertical 

accumulated soil moisture within the total soil layer (mm/month), GWA is the change in 

groundwater or ice over the permafrost (mm/month), and SWA is the anomaly of surface 

water bodies (such as lakes, river water, and wetlands; mm/month). 

As CWA is a minor factor and GWA was not available, the TWSA determined from 

the land surface model depended primarily on SWEA and SMA. 

The subgrid-scale model-based SCF was determined as a function of the SWE [42]: 

SCF = 1 − [𝑒𝑥𝑝 (−2.6
SWE

SWEmax
) −

SWE

SWEmax
𝑒𝑥𝑝(−2.6)] (2) 

where SWE is snow water equivalent and SWEmax is the vegetation-dependent maximum 

snow water equivalent; SWEmax was set as 40 mm. Notably, when SWE is greater than 

SWEmax, the SCF is equal to 1. 
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2.5. Analysis 

2.5.1. Statistical Analysis 

We conducted statistical analyses using nonparametric methods based on the ap-

proach of Ichii et al. [43]. These statistical techniques do not require the assumption of 

normality in variance and are more robust against anomalous outliers. The slopes of the 

trends were calculated based on the Theil–Sen slope (hereafter referred to as Sen’s slope). 

We used the Mann–Kendall (MK) trend test to assess the significance of the trend. All 

correlation analyses were based on the Spearman correlation coefficients (R). Notably, all 

statistical tests applied in this study had a significance level of p < 0.05. 

The lag correlation analysis of the terrestrial hydrological elements in the permafrost 

zone was performed using the relationships between the annual mean TWSA of a given 

year and the annual precipitation or evapotranspiration of the same year, or three years 

before or after. Correlation coefficients were calculated using R, and lag correlations were 

considered significant at p-value of <0.05. 

2.5.2. Analysis Flow 

Figure 2 illustrates the analysis flow in this study. Section 2.6 discusses the verifica-

tion of forcing variables, and Section 3.1 provides the CHANGE model performance 

against NOAH model, SCF, GRACE-based TWSA, and in situ soil temperature profiles. 

Section 3.2 explains the seasonal variations in hydrometeorological conditions in the 

whole Kolyma River basin, and Section 3.3 discusses the hydrological changes. Finally, 

we discuss the effect of permafrost warming on summer discharge in Section 4.1, the arti-

ficial impact of dam regulation on winter discharge in Section 4.2, climate memory in Sec-

tion 4.3, and uncertainty related to the modeling in Section 4.4. 
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Figure 2. Analysis flow in this study. The vertical axis denotes the Materials and Methods, Results, 

and Discussion. The number in the parentheses denotes the corresponding section. The abbrevia-

tions in the figure are as follows: GMFD: Global Meteorological Forcing Dataset for land surface 

modeling [26], CRU: University of East Anglia Climatic Research Unit [29], Udel: University of Del-

aware Air Temperature & Precipitation [30], CHANGE: A coupled hydrological and biogeochemi-

cal model [17], Global land data assimilation system v2.0 (NOAH) [35], SCF: Snow cover fraction 

[33], TWSA: Terrestrial water storage anomaly [34], ALT: Active layer thickness [18]. 

2.6. Verification of Forcing Variables 

To confirm the reliability of the GMFD forcing data, we compared it against two sim-

ilar global datasets: CRU and Udel. First, we determined the climatological air tempera-

ture data from the three datasets. Figure 3 shows the climatology and trend in annual 

mean Ta for the three different forcing datasets used in our study. Figure 3a,c, and e show 

the climatology of the annual mean Ta by GMFD, CRU, and Udel, respectively, recorded 

during a 34-year period (1979–2012). The three datasets exhibited very similar spatial pat-

terns and magnitudes. Figure 3b,d,f show linear trends in the annual Ta from 1979 to 2012. 

There were latitudinal gradients among all three trends; the northern part of the Kolyma 

CHANGE model

GMFD data
CRU data

Udel data

Forcing data verification (2.6)

NOAH 

(GLDAS2)

SCF

GRACE-based 

TWSA

Soil temp.

ALT, TWSA, 

Evapotranspiration, 

Precipitation

River 

discharge

Land model verification (3.1)

Dam regulation

Analysis (3.2 and 3.3)

Effect of 

permafrost 

warming on 

summer 

discharge 

(4.1) 

Artificial 

impact of dam 

regulation on 

winter 

discharge 

(4.2) 

Climate 

memory (4.3) 

3
. 
R

e
s

u
lt

s
4

. 
D

is
c
u

s
s

io
n

2
. 
M

a
te

ri
a
ls

 a
n

d
 

M
e
th

o
d

s

Uncertainty related to the modeling (4.4)



Remote Sens. 2021, 13, 4389 9 of 27 
 

 

River basin exhibited a greater warming trend than the southern part. The magnitude of 

the warming trend in the northern area was over 0.5 °C/decade, whereas the southern part 

exhibited a magnitude <0.2 °C/decade. The warming in the Udel datasets was stronger 

than the other two datasets; however, the regional warming trend in air temperature 

among the three datasets was very similar. Thus, Ta for the GMFD data was compatible 

with those of the other two datasets (CRU and Udel). 

 

Figure 3. Climatology and trend in annual mean air temperature using three different forcing datasets. Climatology de-

rived from (a) GMFD; (c) Climatic Research Unit (CRU), and (e) University of Delaware (Udel) and linear trend with 

statistical significance (p < 0.05) derived from (b) GMFD; (d) CRU, and (f) Udel. 

In addition to Ta, precipitation is important for determining the river discharge and 

hydrological cycle. Figure 4 shows the climatology and trend in the annual precipitation 

for the three different forcing datasets from 1979 to 2012. Figure 4a,c,e show the spatial 

variations in annual precipitation for the 34-year period obtained from the GMFD, CRU, 

and Udel datasets, respectively. All datasets exhibited very similar latitudinal gradients 

in terms of precipitation. Figure 4b,d,f show linear trends of annual precipitation from 

1979 to 2012. There were longitudinal gradients among the trends of the three datasets; a 

higher increasing trend could be observed in the western part recording more than 10 

mm/decade; however, the eastern part did not exhibit statistical significance. The spatial 
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pattern of precipitation trends was similar among the three datasets. Notably, the magni-

tude of the increasing precipitation trend in the western area was more than 10 mm/dec-

ade. Although the increasing precipitation in the GMFD dataset was stronger than that in 

the other two datasets, the regional increasing trend of precipitation in all the three da-

tasets was evidently similar. Thus, the annual precipitation in the GMFD data was com-

patible with those of the other two datasets (CRU and Udel). 

 

Figure 4. Climatology and trend in annual mean precipitation by three different forcing datasets from 1979 to 2012. Cli-

matology derived from (a) GMFD, (c) Climatic Research Unit (CRU), and (e) University of Delaware (Udel) and linear 

trend with statistical significance (p < 0.05) derived from (b) GMFD; (d) CRU, and (f) Udel. 

3. Results 

3.1. Model Performance 

3.1.1. Global Land Data Assimilation (NOAH) vs. CHANGE 

First, we compared the simulated terrestrial water balance components between the 

CHANGE and NOAH models. NOAH-based TWSA products are used in TWSA evalua-

tions using GRACE-based TWSA [33]. Figure 5 shows the seasonal variations in monthly 

climatology in the hydrometeorological variables derived from the CHANGE and NOAH 
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model simulations during 1979–2012. The shaded area denotes the 95% confidence inter-

val (CI). According to Figure 5a, the SWE of the CHANGE model is higher than that of 

the NOAH model. This is because winter sublimation is higher in the NOAH model than 

in the CHANGE model (Figure 5b). Monthly winter sublimation by NOAH remained sta-

ble at 5 mm, whereas the CHANGE-simulated sublimation was significantly smaller in 

spring and approximately zero across the winter season. Thus, the SWE estimation can be 

very sensitive to the winter sublimation estimation revealed by Suzuki et al. [44]. How-

ever, we cannot assess which model is better because of the lack of validated data on win-

ter sublimation or SWE in the Kolyma River basin. In Figure 5c, the soil moisture anomaly 

(SMA) obtained from both models varied from year to year, and the monthly climatolog-

ical mean SMA was approximately zero for CHANGE and NOAH. Seasonal changes de-

rived from both models were different, with seasonal variations corresponding to TWSA, 

and more stable SMA obtained using CHANGE. Finally, the TWSA obtained by both 

models had very similar seasonal variations, with similar CIs. 

 

Figure 5. Seasonal variations in monthly climatology in hydrometeorological variables derived from CHANGE and 

NOAH model simulations from 1979 to 2012. The shaded area denotes the 95% confidence interval (CI): (a) Snow water 

equivalent, (b) Evapotranspiration, (c) soil moisture anomaly (SMA), and (d) terrestrial water storage anomaly (TWSA). 

3.1.2. Verification against Satellite-Based Products 
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Figure 6a shows a comparison of the seasonal TWSA estimated by the CHANGE and 

NOAH models. The CHANGE and NOAH models reproduced similar seasonal changes 

with the GRACE-based TWSA. The most significant difference in TWSA between the sat-

ellite and models was observed in May; the highest TWSA value was recorded by the 

GRACE observation, whereas the underestimations in the CHANGE and the NOAH 

models were caused by snowmelt runoff from inside to outside the basin. One of the rea-

sons for this is that the model does not adequately represent the fact that most of the 

snowmelt water is temporarily retained in the basin via wetlands, rather than flowing 

immediately into the basin river. Table 2 presents the performance of both models in terms 

of statistics, namely root mean square error (RMSE) and Nash–Sutcliffe efficiency (NSE), 

suggesting that CHANGE is better than NOAH with respect to TWSA estimation. 

Table 2. List of long-term monthly model performance against satellite-based observation datasets. 

Model  

TWSA 

April 2002 to December 2012  

Snow Cover Fraction 

January 1979 to December 2012 

Root Mean Square 

Error (mm) 

Nash–Sutcliffe 

Efficiency 
R2 

Root Mean Square 

Error 

Nash–Sutcliffe  

Efficiency 
R2 

CHANGE 37.3 0.35 0.66 0.19 0.81 0.84 

NOAH 42.9 0.14 0.56 0.18 0.82 0.87 

The CHANGE and NOAH models efficiently reproduced the basin-averaged SCF 

(Figure 6b). However, compared to the SCF during the snowmelt season, the model lags 

the observed satellite SCF during autumn. This may be attributed to the fact that the orig-

inal horizontal resolution of the satellite was 5 km, whereas the model’s horizontal reso-

lution was approximately 50 km at 0.5°, that is, approximately 10 times coarser in hori-

zontal resolution. Due to the coarse topography in the model, the subgrid-scale snow dis-

tribution could not be adequately represented, particularly in autumn when snow initia-

tion resulted in the largest heterogeneous snow cover (compared with that in spring) [45]. 
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Figure 6. Comparison of estimated terrestrial water storage anomaly (TWSA) and snow cover frac-

tion (SCF) using CHANGE and NOAH models. Black circles and error bars denote the GRACE-

based observation datasets and their 95% confidence intervals (CIs), respectively. CHANGE is 

shown as a solid red line, with monthly climatology and 95% CIs presented in shades of red, 

whereas NOAH is shown as a solid green line, with monthly climatology and 95% CI presented in 

shades of green: (a) TWSA and (b) Snow cover fraction. 

To comprehensively compare the reproducibility of the SCF, we assessed the 34-year 

average SCF during the months of June and October using satellite data and model esti-

mates. As snowing initiates and finishes in June and October, respectively, the SCF in the 

basin mostly fluctuates. Thus, the two months are considered suitable for model valida-

tion. Figure 7a–f shows the spatial distributions of SCF from satellite data and two differ-

ent model simulations (NOAH and CHANGE). For the June SCF, the results from 

CHANGE were slightly larger than satellite observations; however, the NOAH-simulated 

results were almost similar to the satellite observations (Figure 7c,e). Thus, the CHANGE 

model tended to show delays in snowmelt in mountainous areas with high elevation. 

Meanwhile, in October, the model had lower SCF throughout the basin than the satellite 

observation that had entirely the unity value. In October, although there was no signifi-

cant difference between the CHANGE and NOAH models, the CHANGE model exhibited 

a slightly high SCF (Figure 7d,f). 

 

Figure 7. Climatological spatial distribution of snow cover fraction by satellite-based observation 

and two different model simulations: (a,b) Denote satellite-based SCF in June and October, respec-

tively;(c,d) Denote CHANGE-based snow cover fraction in June and October, respectively; (e,f) De-

note NOAH-based snow cover fraction in June and October, respectively. 
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3.1.3. Comparison of Soil Temperature 

To evaluate the performance of the model against in situ soil temperature data, we 

compared the observed ground temperature with the CHANGE estimate because NOAH 

does not incorporate permafrost into the model; only the performance of the CHANGE 

model is shown here. 

Figure 8 shows vertical profiles of soil temperature climatology in August at four 

meteorological stations in the Kolyma River basin; the soil temperature in August had the 

longest records. CHANGE-simulated soil temperature profile climatology was similar to 

the observed profile climatology in all sites. However, the simulated soil temperature was 

lower than the observed one because weather stations that observed soil temperature 

were artificially deforested to observe the meteorological conditions in open fields. Ac-

cording to Goncharova et al. [46], this artificial condition can increase soil temperature 

and permafrost degradation. However, the CHANGE model considered the shrub vege-

tation in the Kolyma basin, where the vegetation cover directly intercepts solar radiation, 

consequently indicating a lower soil temperature. Thus, we assumed that the discrepancy 

in soil temperature between the observation and simulation is attributable to the different 

land covers. The similarity in the observed and simulated soil temperature profiles sug-

gests that the energy balance within the subsurface can be efficiently reproduced by the 

CHANGE model. 

 

Figure 8. Vertical profiles of soil temperature climatology in August at four meteorological stations 

in the Kolyma River basin. Red lines and shaded area denote CHANGE simulation and 95% CIs, 

respectively. Black dots and error bars denote observed soil temperature and 95% CIs at meteoro-

logical stations, respectively. Site no: (a) 24,790, (b) 25,206, (c) 25,400, and (d) 25,428. 
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Figure 9 shows how the CHANGE model can estimate the interannual variations in 

subsurface temperature. We compared the observed soil temperature (at 1.6 m depth) and 

CHANGE-simulated soil temperature (at 1.4 m depth) in August at sites 24,790, 25,206, 

25,400, and 25,428 (Figure 9), where the ground temperature was observed (because the 

model does not calculate the ground temperature at 1.6 m). We observed a strong linear 

relationship between the observation and the simulation. Thus, we can confirm that 

CHANGE could effectively reproduce the interannual variations in the soil temperature 

for the Kolyma River basin. In addition, the active layer depth was closely related to the 

soil temperature profile. Therefore, the CHANGE model can be expected to reproduce 

ALT for the study area. 

 

Figure 9. Comparison between observed 1.6 m depth soil temperature and CHANGE-based 1.4 m 

depth soil temperature in August at sites 24,790, 25,206, 25,400, and 25,428. Colors represent the 

density of gray circles. Red line denotes linear regression line, which is shown as an equation in the 

inset of the figure. 

3.2. Seasonal Variations in Hydrometeorological Conditions 

We revealed the characteristics of seasonal variations in the basin-averaged monthly 

hydrometeorological components in the Kolyma River basin. Figure 10a–f shows the ba-

sin-averaged climatology of the seasonal variations in the hydrometeorological variables 

from 1979 to 2012. The minimum monthly temperature reached −35 °C in January, 

whereas the maximum monthly air temperature reached 10 °C in July. The interannual 

monthly temperature variation in winter was larger than that in summer, as shown in 

Figure 10a for the 95% CIs (gray shaded area). Figure 10b shows that most of the precipi-

tation occurred in the summer, from June to September. Corresponding to the higher sum-

mer precipitation along with snowmelt water, we could deduce that the river runoff from 

the mouth of the Kolyma River basin was dominant, and the interannual variability of the 

river runoff was the largest as shown with 95% CIs (gray shaded area in Figure 10c). The 
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major river runoff was observed from June to September (Figure 10c). The major 

CHANGE-simulated evapotranspiration also occurred from June to August (Figure 10d). 

However, the interannual variation in evapotranspiration can be smaller than that in pre-

cipitation and river runoff. As shown in Figure 10e, TWSA in the Kolyma River basin is 

predominantly controlled by snow mass variations over the basin, with large interannual 

variations (gray shaded area of Figure 10e). The ALT increased in June and reached a 

maximum in August (Figure 10f). From September through October, the ALT decreased 

and reached zero in October over the winter season. The maximum basin-averaged ALT 

in August was approximately 1 m. 

 

Figure 10. Basin-averaged climatology of the seasonal variations in monthly hydrometeorological factors: (a) Air temper-

ature; (b) precipitation; (c) river runoff; (d) evapotranspiration; (e) terrestrial water storage anomaly (TWSA), and (f) active 

layer thickness (ALT); (d–f) are CHANGE-based products. Gray areas represent the interannual variability of 95% CIs. 

3.3. Hydrological Changes 

3.3.1. Interannual Variability 

In this section, we present the interannual variations in river discharge and related 

hydrometeorological factors in the Kolyma River basin. In terms of the annual variations, 

winter (November to April, NDJFMA) and summer (June to August, JJA) air temperatures 

in the Kolyma River basin exhibited an evident increasing trend (Figure 11a–c). Thus, the 
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Kolyma River basin has been significantly affected by the warming air temperature. The 

warming trend was slightly stronger in summer than in winter. Similarly, annual and 

summer precipitation exhibited a positive trend, and the increase in winter precipitation 

was not significant (Figure 11d–f). Overall, in the Kolyma River basin, the changes in air 

temperature and precipitation were more significant in summer than in winter. Regarding 

the river discharge at the outlet of the Kolyma River basin, an evident increasing trend 

was observed during winter, and the annual river discharge exhibited a small increasing 

trend (Figure 11g–h). Although summer warming and precipitation increase were identi-

fied in our analysis (Figure 11c–f), Figure 11i shows a slight decrease in the summer river 

runoff (statistically insignificant). This opposite trend observed in summer precipitation 

and river runoff will be discussed later. 

Figure 11j–l shows the annual, winter, and summer evapotranspiration over the ba-

sin. A significant increasing trend of evapotranspiration was observed annually and in 

summer; evapotranspiration was very small during winter and exhibited no significant 

trend. Except for winter, this increasing trend of evapotranspiration corresponded to the 

warming trend. TWSA of the Kolyma River basin was calculated using the estimated ter-

restrial water balance. With respect to the TWSA trend, the changes in the annual, winter, 

and summer averaged TWS for the basin are shown in Figure 11m–o; these figures show 

an evident increasing TWS trend, indicating that the water storage trend in the basin in-

creased during the study period. The annual and summer averaged ALT exhibited an 

evident increasing trend (Figure 11p–r). The summer mean ALT increased approximately 

15 cm during the study period, and the yearly average ALT increased 7 cm during the 

same period. Based on the above ALT trends, we can conclude that the upper parts of 

permafrost have shifted to the warming phase. 
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Figure 11. Interannual variations in basin-averaged hydrometeorological factors annually and during winter and summer: 

(a–c) Denote the mean annual, winter, and summer air temperature, respectively; (d–f) Denote the mean annual, winter, 

and summer precipitation, respectively;(g–i) Denote the mean annual, winter, and summer river discharge, respec-

tively;(j–l) Denote the mean annual, winter, and summer evapotranspiration, respectively; (m–o) Denote the mean annual, 

winter, and summer terrestrial water storage anomaly (TWSA), respectively; (p–r) Denote the mean annual, winter, and 

summer active layer thickness (ALT), respectively. Here, (j–r) are CHANGE-based products. 
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3.3.2. Correlation Analysis 

We deduced the relationship between the observed annual river runoff and its re-

lated components. Figure 12 shows the relationship between the annual river runoff and 

precipitation (a), net precipitation (P-E) (b), and TWSA (c). In this analysis, we used 

CHANGE-simulated evapotranspiration and TWSA values. The figures indicate that the 

three components have a significant positive correlation with the annual river runoff  

(Figure 12a–c). In particular, the correlation coefficient between river runoff and precipi-

tation was high (Figure 12a), and the regression slope between river runoff and net pre-

cipitation (precipitation minus evapotranspiration) was considerably higher (Figure 12b). 

Therefore, evapotranspiration is an important factor causing the interannual variations in 

river runoff. In addition, annual river discharge was largely controlled by TWSA  

(Figure 12c), as reported previously [34]. 

 

Figure 12. Relation between annual river runoff and related annual factors: (a) Precipitation, (b) Net precipitation (P-E), 

and (c) Terrestrial water storage anomaly (TWSA). Here, we used CHANGE-based evapotranspiration and TWSA; (d,e) 

Show lag correlation coefficients (R) between TWSA and precipitation and evapotranspiration, respectively. Lag year in-

dicates precipitation and evapotranspiration against the target year of TWSA. Negative and positive lag denote that the 

lag year advanced and delayed from the target year of TWSA, respectively. 

We also deduced the correlation among TWSA and hydrological parameters.  

Figure 12d,e) show the lag correlation coefficients (R) between the TWSA and precipita-

tion and evapotranspiration, respectively. The lag year was used for deducing the corre-

lation of precipitation and evapotranspiration against the year of the TWSA. Negative and 

positive lags imply that the lag years advanced and delayed from the target year of the 

TWSA, respectively. We found a significant lag correlation. The lag correlation indicates 

that the TWSA is largely dependent on the precipitation of the previous year. The rela-

tionship between the TWSA and the lagged evapotranspiration after one year also exhib-

ited a statistically significant and positive correlation (Figure 12e). 

Overall, the precipitation is trapped in a shallow active layer, which determines the 

TWSA in the following year. Additionally, evapotranspiration increases one year after the 
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TWSA increases. The TWSA and river runoff had no lag and had a highly significant cor-

relation in the same year. Thus, TWSA controls river discharge and evapotranspiration. 

3.3.3. Seasonal Discharge 

Winter Discharge 

We examined the effects of anthropogenic activities (i.e., dam regulation) on the dis-

charge during winter. Majhi and Yang [8] reported that winter discharge in the Kolyma 

River basin is strongly influenced by dam regulation that began in 1987 in the Kolyma 

River basin. Thus, we set the pre-dam period as 1979–1986 and the post-dam period as 

1987–2012. To understand the impact of dams on the annual and winter river discharges, 

we analyzed the river discharge between the pre-dam (1979–1986) and post-dam (1987–

2012) periods. 

Figure 13a–c shows the comparison of discharge from the total basin and the Dam 

basin in the annual and winter seasons for individually different periods. According to 

these results, the increase in winter discharge in the entire basin after the construction of 

the dam corresponded to an increase in the discharge in the tributaries of the dam, con-

sistent with the results of Majhi and Yang [8]. The increase in the winter discharge of the 

Kolyma River is primarily due to the effect of dam operation. However, the annual dis-

charge of the entire basin did not vary significantly before and after the dam construction. 

This can be attributed to the very low discharge during winter and the fact that the dam 

tributary area only accounts for approximately 15% of the total basin. Therefore, the effect 

of the dam can be ignored when considering the variations in the annual and summer 

river runoffs. 

 

Figure 13. Comparison of runoff from the total and Dam basin annually and in winter (NDJFMA) 

season: (a) Entire period (1979–2012); (b) Pre-dam (1979–1986), and (c) Post-dam (1987–2012). The 
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number above each bar denotes a mean value for that bar, while the accompanying vertical line 

denotes 95% confidence intervals (CIs). 

Summer Discharge 

Summer discharge is a dominant component of the annual discharge. In this study, 

we deduced how summer discharge can be affected by permafrost dynamics.  

Figure 11f,i show a significant increasing trend in precipitation but a small decreasing 

trend in the river discharge; despite the increase in precipitation, the discharge decreased. 

Figure 14a shows the relationship between the summer discharge and JJA mean ALT after 

removing their linear trends between 1979 and 2012. An evident decrease in the summer 

runoff was observed as the active layer is thicker, implying that the summer river runoff 

decreases when the JJA mean ALT increases. Figure 14b shows the relationship between 

the sum of the JJA mean TWSA and evapotranspiration and JJA mean ALT, clearly indi-

cating that the thicker the active layer (the more the permafrost thaws), the larger the sum 

of TWSA and evapotranspiration in summer. This implies that as ALT deepens, it reduces 

river discharge but increases evapotranspiration and TWSA. This is possibly because an 

increase in ALT will increase the storage; therefore, when precipitation increases, it will 

be first stored in the storage tank. The increase in storage will eventually lead to an in-

crease in TWSA, which in turn will increase ET as it reduces soil moisture stress. 

 

Figure 14. Relationship between (a) detrended June–August (JJA) river runoff and detrended JJA ALT and (b) Relationship 

between JJA TWSA and JJA evapotranspiration and JJA active layer thickness (ALT). 

4. Discussion 

4.1. Effect of Permafrost Warming on Summer Discharge 

The effect of permafrost thawing will be discussed for the summer discharge. Wal-

voord and Kurylyk [47] revealed that continuous permafrost prevents water infiltration 

into deeper soil layers, while a part of the subsurface water in the discontinuous perma-

frost region is associated with groundwater, which likely increases subsurface flow. They 

also demonstrated how the changing permafrost affects water movement, suggesting that 

as the ALT increases, the storage volume of the land increases. 

Biskaborn et al. [48] examined the permafrost temperature at a depth of approxi-

mately 10 m and revealed that ground temperature in the Siberian region has been rapidly 

increasing in recent years. Figure 15 shows the temporal variation in the observed annual 

mean soil temperature at site 25,206 from 1969 to 2008. The ground temperature has been 
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warming rapidly since mid-1990s, and the ALT was recorded as 1.6 m in 2003. As shown 

in Figure 11i, the summer river flow of the Kolyma River has been decreasing rapidly 

since mid-1990s. The observed rapid increase in the ground temperature and the signifi-

cant decrease in the summer river flow of the Kolyma River has occurred almost synchro-

nously since mid-1990s. This suggests that deep soil warming is associated with the recent 

summer discharge decrease. This result is consistent with the CHANGE-simulated result 

as ALT has been rapidly increasing since the mid-1990s along with TWSA (Figure 11o,r). 

In addition, the increase in TWSA due to deeper ALT may have reduced soil moisture 

stress, resulting in increased evapotranspiration. These results correspond to previous 

findings [49]. The above results suggest that the decreased trend in summer river runoff 

was caused by the increase in both water storage and evapotranspiration during the sum-

mer associated with the larger ALT. 

 

Figure 15. Temporal variation in observed annual mean soil temperature at site 25,206 from 1969 to 2008. Gray line denotes 

five years’ running mean. 

Finally, we discuss why the other large Siberian basins exhibited an increasing dis-

charge trend, unlike the Kolyma River basin. According to the percentage of continuous 

permafrost distribution per total basin area in large Siberian River basins [44], only the 

Kolyma River basin is completely underlain by continuous permafrost. As the continuous 

permafrost distribution decreased and discontinuous permafrost increased, a part of the 

subsurface water in the discontinuous permafrost region is connected to groundwater, 

which likely increases subsurface flow [47]. Regarding the other large Siberian basins, in-

creased precipitation was more likely contributed to the river discharge via increased sub-

surface flow rather than increasing TWSA or evapotranspiration in summer. 

4.2. Artificial Impact of Dam Regulation on Winter Discharge 

Herein, we discuss the impact of human activities such as dam regulation on winter 

discharge. Dams have major impacts on watershed storage and discharge regimes [50]. 

Majihi and Yang [8] reported that the dam increased downstream flow during the low-

flow season because reservoirs release water during the season. We also observed that the 

changes in winter streamflow of the Kolyma River basin were remarkable between the 
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pre-dam and post-dam periods; however, we could not identify large changes in the sum-

mer and annual river runoffs for both periods. Therefore, we assumed that the increased 

winter river flow was primarily due to dam regulation as the observed increase in the 

winter river flow in the Kolyma River estuary was almost in correspondence with the 

increase in the winter river flow in the dam tributaries. The impact of the dam on the 

summer and annual flows is very small (Figure 13a–c) because the summer river flow in 

the Dam basin was almost the same during the pre-dam and post-dam period, and the 

annual flow from the whole basin was also the same during the post- and pre-dam period. 

4.3. Climate Memory 

The role of freeze–thaw processes as a climatic memory is considered from the lag 

correlation between precipitation and evapotranspiration. Zhang et al. [16] revealed pos-

itive correlations between TWSA and precipitation over different basins, with lags of var-

iable duration. In northeastern Siberia, there was a lag of 10 months, particularly in the 

Kolyma River basin [16], which is consistent with our finding of the one-year lag  

(Figure 12d). 

There was a lag correlation between evapotranspiration and TWSA (Figure 12f). This 

indicates that evapotranspiration is larger in the year after a wet year. In the larch forest 

of eastern Siberia, Sugimoto et al. [51] also revealed that soil water stored in the upper 

part of the ALT (surface to approximately 120 cm) can be a water source for transpiration 

for the following summer. In the Kolyma River basin, the average ALT was <100 cm, and 

thus, TWSA can reflect water storage in the upper part of the ALT (surface to approxi-

mately 120 cm). 

The lag correlation revealed that there was a lag of approximately two years between 

precipitation and evapotranspiration. These lag correlations can be attributed to the cli-

mate memory carried by soil freeze–thaw processes in Siberia, as identified by Matsumura 

and Yamazaki [12]. In contrast, the TWSA and river runoff had no lag and had a highly 

significant correlation in the same year, as the larger TWSA is attributed to the reduced 

storage capacity in the tank of the Kolyma basin. This indicates a strong connectivity be-

tween precipitation and discharge. Consequently, there was no lag correlation between 

discharge and TWSA in permafrost basins because the TWSA along with the ALT deter-

mined how much precipitation can be absorbed within the soil [34,52–55]. 

This study has some limitations. The physical mechanism for the two-year lag be-

tween precipitation and evapotranspiration warrants further investigations. In addition, 

the lag correlation is likely constrained to this specific continuous permafrost basin. How-

ever, the implied two-year lag between precipitation and evapotranspiration can deceler-

ate the response of the land surface to the atmospheric changes; in other words, continu-

ous permafrost decelerates the terrestrial water cycle. We can assume that the response of 

the terrestrial hydrological processes to the atmosphere changes would be rapid if the 

future warming decreases the continuous permafrost distribution in the region as the lag 

would be shorter or would completely disappear. 

Finally, we extend our finding to the adaptation strategy. Takakura [56] revealed that 

the eastern Siberia region uses grassland resources for livestock. Voropay and Ryazanova 

[57] reported that there is an increase in the frequency of extreme events, both droughts 

and excessive moistening events, in Siberia. The delayed response of the terrestrial hydro-

logical processes to the atmospheric changes can sustain the grass resources although the 

annual precipitation in the Kolyma River basin was approximately 300 mm. This is be-

cause Sugimoto et al. [58] demonstrated that the role of permafrost is to provide a direct 

source of water for plants in a severe drought summer; another role is to keep surplus 

water in the soil until the next summer. As the region is losing continuous permafrost 

distribution along with diminishing lag response, it will increase the potential damage to 

grass resources and livestock. Thus, this finding can be contributed to the Arctic adapta-

tion strategy. 
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4.4. Uncertainty Related to the Modeling 

First, the uncertainties are associated with the model parameters and structure, as 

identified by a lack in expressing snow sublimation (Figure 5a). Second, Equation (2) of 

the subgrid-scale snow cover fraction model was used to represent the subgrid-scale snow 

cover fraction. For the subgrid-scale snow cover, there is a large uncertainty attributed to 

the model replacing the limitations related to the non-uniformity of the grid, such as the 

effect of topography, redistribution by blowing snow, and snowfall interception by forest 

canopy, with a simple equation. The problem with the subgrid-scale snow cover fraction 

model may be one of the reasons for the large deviation of the  

SCF during the fall in Figure 5b. In future studies, we will determine whether the uncer-

tainty can be reduced by increasing the spatial resolution of the model. 

Third, whether our analysis method can be applied to other arctic regions or not 

needs to be verified. As for the continuous permafrost zone, we consider that it has no 

problem because ALT will control river discharge and TWSA. However, in a discontinu-

ous permafrost zone, subsurface flow is important, as revealed by Walvoord and Kurylyk 

(2016) and Suzuki et al. (2018), because surface soil water without permafrost can be con-

nected to groundwater and promote water flow to rivers through subsurface flow. Thus, 

in the discontinuous permafrost zone, the horizontal extent of continuous permafrost (in 

this study, we did not consider) might be more important than the ALT. 

5. Conclusions 

In this study, we examined the impact of ALT on the river discharge in the Kolyma 

River basin, located in northeastern Siberia, using the observed and model simulated data 

from 1979 to 2012. 

The CHANGE model reproduced the active layer changes associated with the per-

mafrost warming and components of the terrestrial water cycle, such as TWSA. As the 

active layer thickens, the water storage capacity of the basin increases, which contributes 

to the increase in evapotranspiration, thereby reducing soil water stress to plants. We re-

vealed that the Kolyma River basin experiences a decrease in river runoff, particularly 

during the summer. 

Meanwhile, although the increase in the winter runoff in the Kolyma River basin can 

be largely explained by dam controls, the effect of dam control on the annual or summer 

runoff in the basin remains insignificant, likely due to winter discharge accounting for a 

small percentage of the annual discharge. 

We identified a two-year lag between precipitation and evapotranspiration via 

TWSA. There was one-year lag correlation between the preceding year’s precipitation and 

the target year’s TWSA, whereas another one-year lag existed between the preceding 

year’s TWSA and the target year’s evapotranspiration. The two-year lag can reduce the 

potential damage to grass resources and livestock, lagging extreme atmospheric effects. 

The present findings can contribute to the Arctic adaptation strategy. 
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