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HIGHLIGHTS GRAPHICAL ABSTRACT

e We investigate the historical hydro-
climate variations of dry and wet spells
in the semiarid permafrost region.

e Comparative studies reveal concurrent
hot and dry conditions in a prolonged
dry spell driven by land-atmosphere
coupling.

e Warming-induced permafrost degrada-
tion intensifies drought dynamics in the
coupled land-atmosphere system.

e Our study warns of irreversible fresh-
water issues in water-scarce semi-arid
regions undergoing permafrost loss.
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Large-scale permafrost loss induces dry surface that intensifies land-atmosphere coupling

ARTICLE INFO ABSTRACT

Editor: Elena Paoletti Regions experiencing prolonged dry spell exhibit intensified land-atmosphere coupling, exacerbating dry con-
ditions within the hydrological system. Yet, understanding the propagation of these processes within the context

Keywords: of permafrost degradation remains limited. Our study investigates concurrent hydro-climate variations in the

Dry spells semi-arid Selenga River basin in the southern edge of Siberian permafrost. Driven by the natural atmospheric

Land-atmosphere coupling
Permafrost degradation
Transition region

circulations, this region experienced two distinct dry spells during 1954-2013. It enables comparative in-
vestigations into the role of warming-induced permafrost degradations in drought dynamics under land-
atmosphere coupling.

Based on a comprehensive analysis of observed borehole data from 1996 to 2009 and empirical methods, we
identify widespread permafrost loss in the semi-arid Selenga region. Such large-scale landscape changes may
increase the infiltration of water from the surface to the subsurface hydrological system, and significantly in-
fluence the dry conditions in landsurface. First, significant decreasing trends are observed in river runoff
(—0.30mm/yr, p < 0.05) and TWS (—3.16 mm/yr, p = 0.1), despite the absence of an apparent trend in annual
precipitation (0.009 mm/yr, p = 0.9). Furthermore, in comparison to the first dry spell (1974-1983, 10yrs), the
hydro-climatic variables show prolonged and more severe water deficits in runoff and TWS during the second dry
spell (1996-2012, 17 yrs), with a reduced runoff-generation efficiency from precipitation. Such exacerbated dry
conditions are coincident with amplified positive anomalies observed in air temperature, PET, as well as low-
level geopotential height. These concurrent “hot-dry” phenomena indicate an enhanced land-atmospheric
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interaction within the hydro-climate system, which is further evidenced by the negative relationship between
permafrost thawing index and runoff deficits (regression coefficient = —-3.8, p < 0.001). As climate warming
continues, the ongoing permafrost degradation could reinforce water scarcity, triggering an irreversible shift in
water availability in water-scarce regions. Our findings could support freshwater management for regional food
supply, human health, and ecosystem functions in the regions undergoing large-scale permafrost degradation.

1. Introduction

Hydrological drought, a complex and multivariate natural hazard,
typically arises from prolonged precipitation deficits, manifesting as
abnormal deficiencies in surface and subsurface water systems within
the terrestrial hydrological cycle (Van Loon, 2015). Along with a
changing climate, droughts are expected to become more frequent,
intense, and prolonged, posing severe threats to water-limited regions
where the hydrological system is already vulnerable to water scarcity
(Cook et al., 2018). The severity and development of hydrological
drought are influenced not only by climate drivers, such as the duration
and magnitude of precipitation deficiency, but also by catchment-
specific characteristics, including moisture storage and release capac-
ity in soil and subsurface systems. Moreover, these climate and land-
scape characteristics may interact with each other, further complicating
the development of hydrological drought (Van Loon, 2015; Miralles
et al., 2019). These interactions are particularly prominent during a dry
spell, which represents a period of abnormally reduced water avail-
ability in the hydrological system.

During a dry spell, the persistent deficiency of precipitation is not
able to sustain enough input water to the hydrological system, leading to
water scarcity and hydrological droughts, especially in water-limited
regions (Slater et al., 2021). As temperature rises, the hydrological
cycle is expected to accelerate due to increased actual evapotranspira-
tion (Jung et al., 2010). However, under extremely dry conditions, the
lack of available moisture in the land surface and upper soil layers could
restrict actual evapotranspiration despite temperature increases (Sen-
eviratne et al., 2006; Miralles et al., 2019). This could lead to a drier
moisture condition in the lower atmosphere, suppressing the probability
of precipitation and perpetuating a dry state in the land surface (Sen-
eviratne et al., 2010). Concurrently, reduced actual evapotranspiration
leads to less latent heat but a larger portion of sensible heat flux that
could warm the air through direct radiation, which ultimately induces
hotter and drier air condition and a higher likelihood of heatwaves
(Miralles et al., 2019). As thus, this enhanced land-atmosphere coupling
during dry spells could potentially lead to prolonged hot and dry con-
ditions (Seneviratne et al., 2006; Miralles et al., 2019; Zhang et al.,
2020).

Changes in climate and landscape may facilitate the aforementioned
drought dynamics (Cook et al., 2018). From climate perspective, vari-
ations in precipitation, governed by natural variability of atmospheric
circulation, can directly control the occurrence of drought (Trenberth
et al., 2014). From landscape perspective, human-induced land degra-
dation (Hermans and McLeman, 2021), such as reduced vegetation
coverage (Cook et al., 2009), deforestation (Bagley et al., 2014) and
desertification (Mariano et al., 2018), has been found to suppress
evapotranspiration and further exacerbate drought severity through
intensified positive land-atmosphere feedback. In this study, we focus on
another type of landscape evolution, i.e., permafrost degradation, that
could influence the drought dynamics.

Permafrost is a frozen soil zone that remains at or below 0 °C for two
or more years (Dobinski, 2011; Woo, 2012). It acts as an aquiclude that
hinders subsurface water movement due to its low hydraulic conduc-
tivity (Woo, 2012). However, in a warming climate, permafrost un-
dergoes significant large-scale degradation, including reduced thickness
and extent, and even potential northward migration of the permafrost
boundary (Romanovsky et al., 2010; Biskaborn et al., 2019; Smith et al.,
2022). These evolutions in landscape may modify the water storage and

release capacity of the hydrological system, making catchments under-
lain by permafrost ideal settings for investigating the response of hy-
drological drought to climate and landscape changes from a coupled
land-atmosphere perspective.

Permafrost degradation enhances pathways connecting surface and
subsurface water systems, ultimately altering moisture conditions in the
soil and groundwater system (Walvoord and Kurylyk, 2016). In the ice-
rich continuous permafrost region, where >90 % of the landscape is
underlain by permafrost, a warming environment leads primarily to a
vertical degradation that increases the thickness of active layer. In this
case, the frozen layer beneath the active layer still serves as an effective
barrier that prevents water from percolating deeply. As a result, the
active layer can sustain a wet surface or near-surface conditions (Ilijima
et al., 2014), which can increase the surface runoff but limit the sub-
surface drainage (Han and Menzel, 2022). However, in the transition
regions such as the region investigated in this study, i.e. regions un-
derlain by thin and spatially discontinuous frozen layers, increased
permafrost-free areas could allow more water infiltration and percola-
tion into the deeper groundwater system, leading to drier condition in
landsurface and near-surface soil moisture during the thawing season
(Ishikawa et al., 2005). Although the hydrological consequences of
permafrost degradation have been investigated in wetland and lake
development in permafrost environments (Jones et al., 2022; Haynes
et al., 2018; Boike et al., 2016; Carroll et al., 2011; Smith et al., 2005),
the influence of permafrost-degradation-induced drying dynamics on
the propagation of hydrological drought remains poorly understood.

In this study, we focus on the Selenga River Basin, located at the
southern edge of Siberian permafrost in northern Mongolia. It is situated
at the transition belt between the semi-arid and boreal zones and be-
tween continuous and discontinuous or sporadic/isolated permafrost
zones. The permafrost in this area is experiencing significant degrada-
tion due to ongoing warming (Ishikawa et al., 2018; Wu et al., 2022a,
2022b; Wang et al., 2022). Water resources in this region are scarce and
vulnerable to changes in climate and landscape (Karthe et al., 2017).
Furthermore, the increasing water demand due to a growing population,
accelerated urbanization, and the mining industry may potentially
exceed the limited water supply in this region (Priess et al., 2011, 2015).
This situation ultimately challenges the water-sharing regulation be-
tween Mongolia in the upstream and downstream Russia. In addition,
the Selenga River is one of the most important tributaries of Lake Baikal,
contributing about 50 to 60 % of lake’s surface water influx (Chalov
et al., 2015; Tornqvist et al., 2014; Kasimov et al., 2020). Therefore,
effective management and governance of water-saving technologies,
especially during long lasting dry spells, is crucial to ensuring water and
food security in this region under the current challenges of climate
change, population growth, and aquifer depletion.

Studies based on two-hundred-year tree-ring analysis revealed se-
vere drought conditions during recent decades (Pederson et al., 2014;
Zhang et al., 2020), with critical consequences on the ecosystem, such as
accelerated carbon depletion and high livestock mortality (Lu et al.,
2019; Rao et al., 2015). Furthermore, this region experiences oscilla-
tions between dry and wet states due to the natural variability of at-
mospheric circulation during 1954-2013 (Han and Menzel, 2022),
resulting in two distinct dry spells during 1974-1983 and 1996-2012.
As the permafrost conditions during these two periods are distinct, they
provide an opportunity to compare the drought propagation processes in
response to historical evolution in permafrost.

In this study, we propose a hypothesis that, in semi-arid permafrost
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regions such as the Selenga catchment, warming-induced large-scale
lateral permafrost degradation may trigger a drying loop in the corre-
sponding hydro-climate system. Such an assumption relies on the fact
that whole-scale permafrost loss could intensify water infiltration and
percolation. Therefore, it could result in a drying surface condition that
further enhances land-atmosphere coupling. To elucidate our hypothe-
sis, we first examine the historical variations of key hydro-climate fac-
tors, with a special focus on the detection of dry and wet spells. We then
identify a concurrent presence of hot and dry conditions within the
hydro-climate system during a prolonged dry spell. This phenomenon is
also recognized as an intensified land-atmosphere coupling. Subse-
quently, we explore how permafrost degradation, driven by a warming
climate, may enhance drought dynamics in such a coupled land-
atmosphere system. Then we relate the long-term and periodical
change of Thawing Index (TI) with dry condition in hydrological system.
Through such a systematic analysis, our study aims to provide insights
into the potential role of permafrost degradation in exacerbating hy-
drological droughts within the context of land-atmosphere coupling.

2. Study area

The Selenga River catchment is located in the Central Mongolian
Plateau (Fig. 1). It covers a number of sub-basins and mountain ranges,
with the Khangai and Khentii Mountains, peaking at or above 2800 m a.
s.1 (Fig. 1a). The total area of the catchment is about 440,000 kmz, about
two-thirds of which is in Mongolia and the rest in the Russian Federation
(UNDP, 2013). The Selenga catchment is located on the southern edge of
the continuous permafrost, gradually transitioning into the discontin-
uous or sporadic/isolated permafrost (see Fig. 1c). It also lies within the
transitional zone between the Siberian taiga and the arid mid-latitudes.
The catchment experiences a harsh continental climate, characterized
by long cold winters and moderately warm summers (Batima et al.,
2005; Tornqvist et al., 2014). During the observation period from 1954
to 2013, the average monthly temperature in July is around +15 °C,
while it reaches a minimum of approximately —23 °C in January, based
on temperature data from Climatic Research Unit (CRU). Precipitation is
the main source of input water to Selenga river (Frolova et al., 2017;
Tornros and Menzel, 2010). The total annual precipitation is approxi-
mately 310 mm, with over 60 % concentrated in the summer months
(Munkhjargal et al., 2020). Snowfall is mainly present from mid-October
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to mid-April but it usually only leaves a thin snowcover. In addition to
intra-annual variations, both precipitation and air temperature exhibit
significant spatial variation between the mountains and depressions
during the period 1954-2013, based on data from Global Precipitation
Climatology Centre (GPCC) and Climatic Research Unit (CRU). Gener-
ally, the mountainous areas in the southwest experience extremely cold
and dry climatic conditions, while the valley regions near Lake Baikal
are characterized by higher precipitation and a somewhat milder
climate.

The landcover of Selenga River catchment exhibits large gradients
from south to north (Fig. 1b). The upstream region in the south is
dominated by a forest-steppe mosaic (Kopp et al., 2014), while the
downstream part in the north is primarily covered by boreal forest but
includes some agricultural activities (Klinge et al., 2018). The geological
structure in the Selenga basin is also highly complex, characterized by a
predominance of magmatic rocks, as well as metamorphic and volca-
nogenic formations (Kasimov et al., 2020). Specifically, this region is
predominantly characterized by various permafrost conditions, with
discontinuous permafrost underlying the mountainous regions and
sporadic/isolated permafrost occurring in the central region of the basin
(Torngvist et al., 2014), as shown in Fig. 1c. This figure is obtained based
on Obu et al. (2019) which represents the permafrost coverage during
2000-2016. For comparison, Fig. S6 based on Gruber (2012) is included
to represent the permafrost conditions during the historical period
spanning from 1961 to 1990. We note that the differences between these
two maps may be an evidence of permafrost degradation, but they might
also be a consequence of large uncertainties of the different modeling
methods used for each map. Overall, both maps reveal that the Selenga
catchment is located in the transition belt between continuous and
discontinuous or sporadic/isolated permafrost zones.

3. Datasets and methodology
3.1. Hydrological and climate data

Monthly river runoff data (R) for the Mostovoy gauge station at the
outlet of the Selenga River Basin is available from the Global Runoff
Data Center (GRDC; in Koblenz, Germany, http://www.bafg.de/GRDC)
for the 60 years period during 1954-2013. Since the meteorological
station networks in Selenga region is sparse and irregular (Rawlins et al.,
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Fig. 1. Landscape characteristics in the Selenga River Basin: (a) basin location and elevation (b) land cover, and (c) permafrost distribution. The land cover data is
from Globcover products, which is based on the ESA-Globcover project (http://due.esrin.esa.int/page_globcover.php). The Permafrost Zonation Index (PZI), as
introduced by Obu et al. (2019), depicts the distribution of permafrost, such that 90-100 % is considered continuous permafrost, 50-90 % is discontinuous, 10-50 %

is sporadic, and < 10 % represents isolated permafrost.
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2010), multiple global gridded datasets have been utilized in this study.
As there is no long-term data available for the actual evapotranspiration
(ET) in this region, the PET data is employed to represent the atmo-
spheric conditions. The precipitation (P) is from the Global Precipitation
Climatology Center (GPCC). The air temperature (T) and the potential
evapotranspiration (PET) are from Climate Research Unit (CRU).
Considering the coarse resolution of the CRU and GPCC data, we con-
ducted comparison analysis between these two gridded data with the
GSOD observation data over the available 19 stations in the Selenga
catchment (Fig. S1, S2). The regression coefficients between GPCC and
GSOD for all stations range from 0.52 to 0.92, with an overall regression
slope of 0.93. For CRU temperature data, the regression rates range from
0.93 to 0.96. The average regression between CRU and GSOD data is
0.96 across all 19 stations. These results suggest that both GPCC and
CRU data can effectively represent the precipitation and temperature
conditions in the Selenga catchment.

We used a reanalyzed dataset GRACE-REC (Humphrey and Gud-
mundsson, 2019) that contains long-term records of terrestrial water
storage (TWS), which provides an individual dataset representing
moisture conditions in the terrestrial hydrological system, including the
groundwater component. In addition, large-scale atmospheric circula-
tion is characterized by using the geopotential height patterns (850-hPa
and 500-hPa) from the National Center for Environmental Prediction-
National Center for Atmospheric Research (NCEP-NCAR) reanalysis
dataset (Kalnay et al., 1996). As these aforementioned gridded-based
datasets are homogeneously processed using the same consistent stan-
dards and methodology over both time and space scales, they enable an
even estimation over regional scale and with complete temporal
coverage. Monthly time series of these hydro-climatic elements have
been extracted from each gridded dataset at the basin scale. Additional
information, such as spatial resolution, time step, and access details, is
provided in Table 1.

3.2. Methods

3.2.1. Indicator of long-term permafrost change

In this study, we employed the Thawing Index (TI) as an indirect
signal of large-scale and long-term permafrost degradation. This method
relies on the direct thermal response of the land surface to the atmo-
sphere, with a linear relationship between air temperature and ground
thermal condition (Nelson and Outcalt, 1987; Zhang et al., 2005). TI is
calculated based on Stefan’s method (Stefan, 1891), a measure used to
quantify the amount of heat accumulated over a year that contributes to
the thawing of permafrost (Nelson and Outcalt, 1987; Zhang et al., 2005;
Frauenfeld et al., 2007; Peng et al., 2018). This approach was previously
described by Frauenfeld et al. (2007):

11=>"""1|xD,, T, >0°C

where TI is the summation of the monthly air temperatures if the
respective temperature is above the freezing point, i.e. fori=1, 2, ... Mr;

Table 1
Dataset details.

Science of the Total Environment 922 (2024) 171330

T; is the gridded mean monthly air temperature from the CRU dataset; D;
is the number of days in that month. TI serves as an effective indicator of
thermal condition in climate and land surface. Changes in TI reflects the
varied spatial distribution of frozen ground (Frauenfeld et al., 2007). It is
also worthy to note that TI alone cannot conclusively determine the
presence or absence of permafrost. To make such determinations, one
may need to consider additional ground factors and measurements for
the specific region.

3.2.2. Statistical methods

3.2.2.1. Anomaly analysis. To elucidate the historical variations in the
individual water-related variables, specifically precipitation (P), river
runoff (R), and terrestrial water storage (TWS) from their long-term
mean values (1954-2013), we derived the respective anomalies for
each variable in each year under consideration. Here, negative anoma-
lies of P, R and TWS indicate instances of water deficits or droughts,
whereas positive anomalies refer to relatively wet conditions within the
hydrological system. The temporal progression of both dry and wet
conditions is visually depicted in Fig. 2.

3.2.2.2. Normalized percentiles ranking analysis. To gain insights into
the persistent hot-dry conditions prevalent from 1954 to 2013, our study
employs standardized time series of key hydro-climatic variables: pre-
cipitation (P), runoff (R), terrestrial water storage (TWS), temperature
(T), and potential evapotranspiration (PET). The time series data is
organized in an ascending order, with ranks assigned to each value.
Ranks are assigned on a scale from 1 to 60 based on the magnitude of the
variables, with a rank of 1 representing the lowest recorded value, and a
rank of 60 indicating the highest (Tijdeman et al., 2020).

Additionally, we utilize three percentiles (20 %, 50 %, and 80 %) as
thresholds to delineate dry and wet (cool and warm) conditions. The
50T percentile serves as the threshold for distinguishing between dry
(cool) and wet (warm) periods. Anomalies below 50 % in precipitation,
runoff, and TWS suggest dry years, while values above 50 % suggest wet
years. Similarly, temperatures and PET anomalies below 50 % indicate
cold years, while values above 50 % suggest warm years. To further
distinguish severe drought (hot) from normal dry (hot) conditions, the
20" and 80™ percentiles are employed to identify very dry (cool) and
very wet (hot) conditions, respectively. The 20® and 80" percentiles are
widely used in the literature for defining extreme conditions that have
adverse impacts (Guntu et al., 2023; Mishra et al., 2020). Narrower
thresholds like 10™ and 90 percentiles might provide information in
detecting very extreme condition. However, they also introduce noise
(inter-annual disruption) into the investigation of the long-term devel-
opment for the hydro-climatic processes. By applying these thresholds,
the hydro-climatic time series are divided into four distinct categories of
dry and wet (cool and hot) conditions: below 20 %, 20-50 %, 50-80 %,
and above 80 %. Through the application of normalized percentile
ranking analysis, we visually compare the various categories, thereby
revealing the onset, intensity, and duration of hydro-climatic extremes,

Data type Data category Dataset Resolution Frequency  Period Data source
Permafrost data Active layer thickness (ALT) CALM Point Yearly 1996-2009  https://www2.gwu.edu/~calm/
(Station)
Runoff data Runoff (R) GRDC Point Monthly 1954-2013  GRDC; http://www.bafg.
(Station) de/GRDC/
Global gridded Air temperature (T) CRU 0.5° x 0.5° Monthly 1954-2013  Harris et al., 2014
data Potential evapotranspiration (PET)
Precipitation (P) GPCC 0.5° x 0.5° Monthly 1954-2013 Schneider et al., 2018
Reconstructed GRACE terrestrial water storage GRACE-REC 0.5° x 0.5° Monthly 1954-2013  Humphrey and Gudmundsson,
(TWS) 2019
Geopotential height patterns (850-hPa and 500-  NCEP/NCAR 2.5° x 2.5° Monthly 1954-2013  Kalnay et al., 1996

hPa) Reanalysis
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Fig. 2. a-c show the anomalies of annual precipitation (mm), runoff (mm), and TWS (mm) relative to a long-term average over 1954-2013 in the Selenga basin. Solid
lines represent the linear trends; grey shading indicates the 95 % confidence level; dashed black lines denote the 5-year moving averages. d) presents the runoff-
precipitation regression; while e) shows the runoff-TWS regression. The light blue dots refer to wetl, the dark blue dots denote wet2, while the yellow and red

dots represent dryl and dry2, respectively.

which is particularly insightful for understanding the compound ex-
tremes. This systematic approach enables us to analyze the temporal
progression and variations of these hydro-climate factors, providing a
more informed comprehension of the intricate regime shifts in hydrol-
ogy and climate over time.

4. Results

Large-scale permafrost degradation, induced by increased tempera-
tures, has been observed in recent studies in the Selenga region (Ishi-
kawa et al., 2018; Wu et al., 2022a, 2022b; Wang et al., 2022; Yamkhin
et al., 2022; Walther and Kamp, 2023). Based on the 0 °C isotherm of
mean annual air temperature (MAAT), we identify a discernible north-
ward movement during the period 1984-2013 compared to the pre-
ceding 30 years (Fig. S4). This shift implies significant lateral permafrost
degradation and potentially wholescale permafrost loss at the southern
edge of the permafrost domain. The observed active layer thickness
(ALT), based on 11 borehole stations from CALM networks during
1996-2009 in the Selenga region (Table S1), also shows a consistent
increase across all monitored stations (Fig. S5), with the most significant
thickness increase observed in station M1.A, ranging from 3.9 m to 8.2 m

over this period. Given that warming-induced permafrost degradation
modifies the connections between surface and subsurface hydrological
systems, one would expect that it also influences the land-hydrology-
atmosphere couplings.

In the following, we examine the evidence of such consequences
from comparative investigations of the dry conditions in the hydro-
climatic variables during 1954-2013 across the semi-arid Selenga
catchment. In Section 4.1, by comparing interannual variabilities of
precipitation, runoff, and TWS with their long-term averages, we first
identify two alternative dry and wet spells, respectively, in the hydro-
logical dynamics. The decreasing trends in runoff and TWS, as well as
the reduced runoff-generation efficiency, provide a first consequence of
permafrost degradation. Subsequently, in Section 4.2, we analyze how
such a consequence may have propagated into the atmospheric systems
with an exacerbated hydrological drought in the second dry spell. The
direct link between the permafrost degradations and drying condition is
then investigated in Section 4.3 based on the long-term and periodic
relationship between the Thawing Index (TI) and runoff deficits.
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4.1. Characteristics of two dry spells and their implication on water
availability

4.1.1. Intensified Hydrological Droughts with prolonged duration in dry2

Fig. 2 illustrates the historical anomalies of precipitation, river
runoff, and terrestrial water storage (TWS), compared to their 60-year
averages, respectively, spanning from 1954 to 2013. Despite an
absence of an apparent trend in annual precipitation (0.009 mm/yr, p =
0.9), significant long-term trends are observed in river runoff (—0.30
mm/yr, p < 0.05) and TWS (—3.16 mm/yr, p = 0.1). Considering the
notable warming in the Selenga region (Fig. S 3), one might expect that
the decreased runoff and TWS could be induced by increased evapo-
transpiration (ET). However, in our previous study (Han and Menzel,
2022), we found a slight reduction in actual ET during 1984-2013.
These distinct trends among the hydrological components indicate a
strong control of landscape properties on the hydrological response to
climate forcing, further suggesting that an enhanced infiltration and
percolation induced by permafrost degradation could be a major driver
for the reduction in runoff and TWS. A more detailed discussion on the
relationship between permafrost degradation and hydrological change
is presented afterward in Section 4.4.

In addition to long-term trends, these three variables have exhibited
alternative oscillations between wet and dry states, resulting in two
well-defined wet and dry spells, denoted as wetl (1958-1973, 16 yrs),
dryl (1974-1983, 10 yrs), wet2 (1984-1995, 12 yrs) and dry2
(1996-2012, 17 yrs), respectively. These four wet and dry spells are
determined based on the anomalies of river discharge. For example,
most of the year in the dryl and dry2 show negative anomalies in runoff,
and vice versa. The observed oscillation patterns are primarily influ-
enced by the natural variability of the atmospheric circulation over the
study region (Han and Menzel, 2022). It is noteworthy that the consis-
tent results between precipitation, river runoff and TWS are remarkable.
Especially, the TWS data utilized in this analysis is derived from 100
ensemble members generated by a learning-based model, rendering it an
entirely distinct dataset from the records of precipitation and river
runoff. This distinction further reinforces the significance of the
consistent findings across these three independent datasets.

The focus of this research is to investigate the dry dynamics of the
two dry spells, namely, dryl and dry2 in this semi-arid Selenga catch-
ment. During both dryl and dry2 periods, water deficits begin with
insufficient precipitation (precipitation deficits). These deficits then
gradually propagate over months to years through the hydrological
system, ultimately leading to reduced water availability, expressed by
declining river runoff and TWS. However, distinct patterns are evident
between dryl and dry2 periods. While the precipitation deficits in dry2
are less intense compared to dryl, the dry conditions in river runoff and
TWS during dry2 are more severe and longer lasting. For example,
during the dry2 period, river discharge consistently remained below
average from 1999 to 2012, even though there are individual wet annual
precipitation years, such as in 1998, 2000, 2003, 2008, and 2012. This
situation is further mirrored in TWS anomalies, which exhibit even more
pronounced declines. Such a prolonged dry condition over multiple
years has been documented in previous paleoclimatic investigations
(Davi et al., 2010; Hessl et al., 2018). However, it is worth noting that its
severity is uncommon within the documented instrumental hydro-
climatic records (Zhang et al., 2020). While these dry spells are
mainly driven by the climatic precipitation deficit, we expect that the
permafrost-degradation related landscape changes shall also play an
important role.

4.1.2. Decreased efficiency of runoff generation from precipitation

The role of permafrost degradation in modifying the drying dy-
namics is more evident in the runoff-generation efficiency shown in
Fig. 2d and e. These figures are generated based on the normalized
percentiles ranking series of the precipitation, runoff and TWS (see
Section 3.2.2 for more details). With this, significant differences in the
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hydro-climatic relationships between dry and wet periods are observed.
First of all, as shown in Fig. 2d, though there is a consistent statistical
relationship between precipitation and runoff during the two wet pe-
riods, the runoff-generation efficiency from precipitation during the dry
periods was considerably lower compared to that of wet periods. These
results indicate that, owing to the increased atmospheric water demand
during dry periods, the hydrological system requires a higher amount of
water from precipitation to maintain surface water availability. This
manifests as reduced efficiency in converting precipitation into river
runoff during dry spells. Such situation is even more pronounced during
the dry2 period from 1996 to 2012, as indicated by a relatively flat
regression line between runoff and precipitation. Considering the sig-
nificant warming condition during last decades (Fig. S 3) and decreasing
actual ET (Han and Menzel, 2022), this reduction in generated runoff
efficiency from precipitation might be potentially induced by the
permafrost degradation induced enhancement in infiltration and
percolation.

Fig. 2e presents the comparison between TWS and runoff. Notably,
the runoff patterns in both dry2 and wet2 exhibits higher dependence on
TWS compared to the patterns observed in dryl and wetl. This suggests
an intensified surface-subsurface water connection during the warming
periods in wet2 and dry2, contrasting with the earlier dry and wet pe-
riods. This enhanced connectivity in surface-subsurface water system is
another evidence of potential consequence of lateral degradation of
permafrost (Walvoord and Kurylyk, 2016).

4.2. Co-occurred land-atmospheric warming and drying conditions

4.2.1. Drying with intensified warming during dry2

Before addressing how permafrost degradation may affect the dry
conditions in the semi-arid Selenga region in a coupled land-
atmospheric perspective, we first analyze how other climatic variables
namely, temperature and PET, are related to the hydrological drying
conditions. Demonstrated via percentiles analysis shown in Fig. 3, the
prolonged hydrological drought spanning from 1996 to 2012 (i.e. dry2)
coincides with notable positive anomalies in both air temperature and
PET. This intriguing phenomenon of concurrent warm and dry condi-
tions is particularly pronounced during summer (June-August, as
depicted in the lower panel of Fig. 3. It is worth noting that during this
period, precipitation and temperature exhibited a highly coupled rela-
tionship within the atmospheric system.

These concurrent phenomena indicate enhanced land-atmospheric
interactions within the hydro-climate system, potentially leading to
increased actual evapotranspiration (ET). However, as mentioned in
Section 4.1, our prior investigation revealed a reduction in actual
evapotranspiration during the period 1984-2013 in the Selenga catch-
ment (Han and Menzel, 2022, Fig. 3). This suggests an insufficient water
supply from the dry land surface to meet the heightened atmospheric
water demand in the region. Consequently, this discrepancy exacerbates
the atmospheric moisture deficiency, leading to an increase in vapor
pressure deficit. This, in turn, triggers increased potential evapotrans-
piration (PET) and higher portion of available energy through sensible
heat flux, further warming the already dry surface. The intensified
coupling between land, hydrology, and atmosphere is also evident by
the simultaneous occurrence of positive anomalies in potential evapo-
transpiration (PET) and water deficits in hydrological variables (Fig. S 3
in the Supplement). The resulting drying hydro-climate system in the
Selenga region may also be exacerbated by the dry impact of lateral
permafrost degradation (Ford and Frauenfeld, 2016; Han and Menzel,
2022), and will be discussed later.

4.2.2. Enhanced summer atmospheric dynamics in Mongolia

In perspective of a coupled hydro-climatic system, the occurrence of
joint hot-dry conditions is strongly evidenced from the enhanced land-
atmosphere coupling with a heightened blocking pattern in atmo-
spheric conditions (Miralles et al., 2019). In other words, the extremely
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Fig. 3. Dry and wet spells based on the percentile ranking analysis during the period of 1954-2013. The upper and lower panels display the annual and seasonal
categories of the hydro-climate variables (T, PET, P, R and TWS). The upper panel presents the four dry and wet periods based on the annual conditions. Since this
study mainly focuses on the two dry periods (dryl and dry2), the enlarged properties of dryl and dry2 for each season are displayed in the lower panel.

dry land surface can reinforce high temperatures and reduce moisture
availability in the atmosphere, and thus can contribute to the develop-
ment of an intensified high-pressure system in the atmosphere.

To investigate this further, we analyzed the patterns of 500-hPa and
850-hPa geopotential height during the two dry periods by comparing
them to the long-term condition from 1954 to 2013 (Fig. 4). Our findings
reveal that the second dry period from 1996 to 2012 experienced an
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amplification of positive geopotential height anomalies in both 500-hPa
(Z500) and 850-hPa (Z850) specifically over the Selenga River catch-
ment, in contrast with the rest of the region in Siberia. This amplification
indicates high-pressure blocking patterns in the middle and lower levels
of the atmosphere (2500, Z850) over the Mongolian Plateau, which
restrict moisture supply to the Selenga catchment, ultimately leading to
reduced precipitation. Additionally, the positive anomalies in Z500 and

500hPa dry period2

T
90°E 100°E 110°E 120°E 130°E 140°E

-10 0 10 20 30
850hPa dry period2
65°N -
60°N -
55°N -
50°N -
45°N
T T T
90°E 100°E 110°E 120°E 130°E 140°E
—— ——

-10 0 10 20 30

Fig. 4. Geopotential height anomalies (gpm) at 500 hPa and 850 hPa during two dry periods: dry periodl (1974-1983) and dry period2 (1996-2012) relative to the

reference period from 1954 to 2013.
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7850 could dynamically induce clear sky, a warm atmosphere, and
prolonged hot conditions on the land. This combination of land-
atmospheric factors can contribute to the development of severe heat-
waves on the land surface, as supported by previous research (Meehl and
Tebaldi, 2004; Sato and Nakamura, 2019).

However, during the first dry period (1974-1983, dryl), which was
also characterized by deficit moisture conditions, there were no such
enhanced blockings in the geopotential height as that observed during
dry2. This implies that the occurrence of enhanced land-atmosphere
coupling, which could lead to an intensified drying condition, might
not have been present during the first dry period. This observation
strongly indicates that there is a significant change in the highly coupled
land-hydrology-atmosphere system under rapid warming conditions
during the more recent dry period (dry2). Again, considering the
widespread presence of permafrost in the Selenga catchment, we expect
such a change might be another evidence for the role of (lateral)
permafrost degradation in intensifying the drying conditions in semi-
arid cold regions.

4.3. Relationship between warming permafrost and runoff deficits

We further employ the anomalies of Thawing Index (TI) to represent
the long-term change of permafrost thermal condition. Fig. 5 illustrates
the long-term evolution of TI anomalies as compared to the reference
period 1954-2013 in the Selenga catchment. Similar to the long-term
warming trend detected from air temperature, TI resembles a consis-
tent upward trend (4.8 °C-days/yr, p < 0.001) during the period
1954-2013. Notably, a distinct shift in TI becomes apparent after 1996,
with all yearly anomalies demonstrating positive values. This clear shift
pattern in TI together with the increased ALT reflect the permafrost
degradation in the Selenga catchment, which align cohesively with
water deficits in hydro-climatic variables from 1996 to 2012, suggesting
a potential connection between permafrost degradation and drying
conditions.

To validate this hypothesis that there might be a connection between
permafrost degradation and drying conditions, we analyzed the
regression between TI anomalies and runoff deficits across distinct dry
and wet periods during 1954-2013 in the Selenga catchment (Fig. 6).
Generally, a consistent negative relationship is observed between TI and
runoff deficits, suggesting that thawing permafrost may exacerbate the
deficits in river runoff. This relationship arises due to the potential
intensification of connections between surface and subsurface hydro-
logical systems under thawing permafrost conditions, which triggers
downward soil moisture movement. Consequently, enhanced infiltra-
tion resulting from permafrost degradation could lead to a reduction in
surface runoff. This effect is particularly pronounced during the pro-
longed second dry spell spanning from 1996 to 2012. Furthermore, this
period exhibited concurrent runoff deficits and heightened positive TI
values, indicating that permafrost degradation during this warm decade
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Fig. 6. Regression of anomalies for Thawing Index (TI) and runoff deficits
during each dry and wet period. TI serves as an indicator of permafrost con-
dition, with higher values referring to intensified thawing. Runoff deficits and
positive TI co-occurred during 1996-2012 (dry2), suggesting enhanced drying
conditions triggered by warming (i.e., degrading) permafrost.

further reinforces water scarcity in the Selenga area.
5. Discussion

Through comprehensive investigations, we demonstrated how large-
scale lateral permafrost degradation might exacerbate drying conditions
in terms of reducing surface water storage and amplifying warming
condition in low-level atmosphere. This represents an extension of
previous hydrological studies on permafrost degradation-induced dry-
ing consequences (Jones et al., 2022; Haynes et al., 2018; Boike et al.,
2016; Carroll et al., 2011; Smith et al., 2005) by including the interac-
tion with atmosphere. We expect that such coupled land (permafrost)-
hydrological-atmospheric investigation provides an explanation of the
intensified drying and warming condition in the northern Mongolian
Plateau in recent decades found in tree-ring based studies (Pederson
et al., 2014; Hessl et al., 2018; Zhang et al., 2020). In the following, we
first expand the discussion on how permafrost degradation intensifies
drying and warming in land-atmosphere system, and its implications to
the semi-arid Selenga region. Then we will also discuss the validity of TI
in detecting long-term evolution of permafrost at large spatial scale.
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Fig. 5. Inter-annual variability of Thawing Index (TI) anomalies during 1954-2013 in the Selenga catchment.
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5.1. Permafrost degradation intensifies dry and hot land-atmosphere
system

Multiple drivers within the land-atmosphere system and their com-
plex interactions could yield below-normal water conditions in the hy-
drological variables (Fu et al., 2007; Van Loon, 2015; Miralles et al.,
2019). Driven by quasi-stationary atmospheric oscillations, the terres-
trial water availability in the Selenga River basin exhibits two distinctive
dry spells: 1974-1982 and 1996-2012, respectively. The second dry
spell (1996-2012) surpasses the preceding period (1974-1982) both in
terms of duration and magnitude of moisture deficits observed in river
runoff and total water storage (TWS), relative to the precipitation dif-
ference (Fig. 2). This disproportional hydro-climate response in dry2
indicates that the hydrological drought in the Selenga region is not only
controlled by the precipitation deficiencies, but also significantly de-
pends on the storage and exchange of the water fluxes between the
surface and subsurface hydrological system (Van Loon, 2015), which
might be modified by permafrost degradation: as the climate warms, an
increased extent of permafrost-free areas in the Selenga region may
trigger more water infiltration and percolation into the subsurface sys-
tem, and a drier surface condition (Ishikawa et al., 2005; Ford and
Frauenfeld, 2016). The robust negative relationship between TI and
runoff deficits (Fig. 6) provides direct evidence for a potential linkage
between permafrost degradation and hydrological droughts.

In turn, the water deficits induced by lateral permafrost degradation
in land surface could lead to higher sensible heat in comparison to latent
heat, inducing higher temperature and intensified moisture deficiency
(i.e., increasing vapor pressure deficit) in the atmosphere. Meanwhile,
this process is accompanied by more frequent clear sky and low pre-
cipitation, eventually resulting in drier state in land-surface. This
exacerbated dry and hot condition is evident from our investigation on
the coincidence of water deficits in hydrological system with positive
anomalies in air temperature and potential evapotranspiration, as well
as low-level geopotential in Fig. 3-4. These observed concurrent “hot-
dry” conditions in hydro-climate variables, aligning with intensified
anticyclonic patterns at lower levels of the atmosphere, further indicate
a robust strengthening of land-atmosphere interactions, as indicated by
previous studies (Zscheischler et al., 2020; Seneviratne et al., 2006;
Zhang et al., 2020; Meehl and Tebaldi, 2004; Diffenbaugh et al., 2015;
Martin et al., 2020). The simultaneous presence of severe water deficits,
elevated air temperature, and enhanced permafrost degradation imply
that, in a warmer climate, precipitation deficit is more prone to yield
consecutive drying conditions in semi-arid cold region. Such compound
extreme events underscore the growing significance of warming climate
as a critical trigger for the drought risk in permafrost-affected area.

5.2. Consequence of intensified land-atmospheric coupling in the Selenga
region

Selenga is a vital transboundary river connecting Mongolia and
Russia, and it also stands as a principal tributary of Lake Baikal. The
increasing water demand from ecological systems and human con-
sumption is expected to strain the already restricted water supply in this
semi-arid region (Priess et al., 2011; Van Loon, 2015). Therefore, the
drought detected in our study could further escalate the tension in water
deficits. Particularly, our findings highlight a notable decline in runoff
efficiencies since the mid-1990s across the Selenga River basin. Together
with the enhanced effects of warming, including heightened atmo-
spheric moisture and enhanced permafrost degradation, it might lead to
an irreversible regime shift in the hydro-climatic system in the transition
region.

The severity of these acute water shortages could disrupt daily life,
socio-economic structures, ecological well-being, and potentially strain
the water resource management cooperation between upstream
Mongolia and downstream Russia (Karthe et al., 2017). Through a
comprehensive investigation of shifts in water availability in the context
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of a changing climate and thawing permafrost, this study provides
essential insights for water resource managers and policymakers. These
insights could potentially facilitate the development of a comprehensive
water-sharing agreement that effectively balances the competing water
demands, thereby mitigating potential conflicts. Ultimately, these ef-
forts could contribute to reducing the vulnerability of this transitional
region to potential water scarcity as the climate continues to warm.

5.3. Detecting long-term permafrost degradation

We note that, due to monitoring difficulties in cold remote regions,
the Selenga catchment suffers from scarce permafrost observation data.
Direct permafrost observations span only recent decades (starting from
the 1990s) through the Circumpolar Active Layer Monitoring (CALM)
Program Network (Brown et al., 2000). Therefore, quantifying the long-
term evolution of permafrost remains a critical challenge (Walvoord and
Kurylyk, 2016).

Various approaches have been proposed to address the above issue
(Walvoord and Kurylyk, 2016). In one approach, numerical modeling
has been employed to simulate permafrost thawing and freezing pro-
cesses (Frampton et al., 2011; Gouttevin et al., 2012; Y. Zhang et al.,
2013), representing complex dynamics of water and heat in the sub-
surface (Walvoord and Kurylyk, 2016). However, achieving optimal
model performance needs a vast of physical parameters which are
typically uncertain due to limited field observations (Riseborough et al.,
2008), and the accuracy of model performance (especially for large
catchments) is consequently debated (Kurylyk et al., 2014). Another
method to reflect the historical evolution of permafrost utilizes long-
term river base flow records sustained by groundwater (Brutsaert and
Hiyama, 2012; S. Lyon et al., 2009; S. W. Lyon and Destouni, 2010).
While it is widely applied in permafrost detection across regions such as
Siberia (Brutsaert and Hiyama, 2012), North America (S. W. Lyon and
Destouni, 2010), and Scandinavia (S. Lyon et al., 2009), this approach
strongly relies on daily streamflow data, often plagued by high un-
certainties and scarce availabilities in cold regions (Shiklomanov et al.,
2006).

To detect the long-term large-scale evolution of permafrost, our
study uses TI to represent permafrost degradation (Frauenfeld and
Zhang, 2011; Frauenfeld et al., 2007; Peng et al., 2018). Since the air
temperature (CRU) data is available at long-term and global scale, this
method provides a first-order estimation of the basin-wide permafrost
evolution during 1954-2013. In previous study, TI has been employed to
reflect the warming conditions in permafrost across the Northern
Hemisphere (Frauenfeld et al., 2007; Peng et al., 2018), the Russian
Arctic catchments (Wang et al., 2022), as well as Qinghai-Tibet Plateau
(Wu et al.,, 2013). The application of this method is plausible, as
demonstrated by previous studies showing a correlation between
observed warming permafrost trend and rising air temperature (Biska-
born et al., 2019; Smith et al., 2022), though local land properties, such
as topography, snow cover, and vegetation, could also impact perma-
frost response to a warming climate (Jorgenson et al., 2010).

6. Conclusions

In this study, we demonstrate that permafrost degradation can have
significant impact on the drought dynamics in the semi-arid Selenga
River basin. This is obtained based on comparative investigations of the
two historical dry spells with distinct permafrost conditions, i.e.,
1974-1983 and 1996-2012. Initially, changes in atmospheric circula-
tion has led to long-lasting precipitation deficiencies during 1996-2012.
Subsequently, the degradation of permafrost enhances infiltration and
percolation in the hydrological system, leading to more reduction in
runoff and terrestrial water storage (TWS). As a consequence, the water
deficits in runoff and terrestrial water storage (TWS) during the second
dry spell are more vigorous in intensity than that in the first dry spell.
Meanwhile, the runoff generation becomes more dependent on TWS
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than on precipitation, implying potential development of groundwater-
dominated hydrological system in the sensitive permafrost boundary
region. Moreover, permafrost degradation also exacerbates the concur-
rent presence of hot and dry conditions within the hydro-climate system,
resulting in an intensified anticyclonic atmospheric pattern. These
compounding patterns suggest an enhanced coupling between the land
and atmosphere in the semi-arid Selenga region, which may elevate
local temperature and in turn accelerate permafrost degradation. What
is worse, the enhanced land-atmosphere coupling might also alter the
drought dynamics that could potentially reinforce the water scarcity.
This could eventually trigger an irreversible shift in the availability of
water resources. Our findings could benefit regional water resource
management, human health, and ecosystem function in semi-arid
permafrost region.
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