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Zusammenfassung

Es ist zu erwarten, dass die durch die globale Erwarmung verursachten Verdnderungen
in der Kryosphére den terrestrischen Wasserkreislauf beeinflussen, mit unvermeidlichen
Folgen fiir die Verfiigbarkeit von SiiBwasser fiir Menschen und Okosysteme. In den kal-
ten Regionen der Erde beeinflusst der dort vorhandene Permafrost die Wasserfliisse und
-dynamiken im Untergrund. Insgesamt sind die damit verbundenen, hydrologischen Pro-
zesse kompliziert, jedoch ist aufgrund des Fehlens langer und grofirdumiger Permafrost-
beobachtungen noch nicht klar, wie die mit der Erwdrmung verbundene Permafrostde-
gradation die groffraumigen hydrologischen Prozesse beeinflussen kann. Mit dieser Arbeit
soll diese Forschungsliicke geschlossen werden, und zwar indem die hydroklimatische Dy-
namik im Zeitraum 1954-2013 auf verschiedenen Zeitskalen untersucht wird, d. h. auf der
60-jahrigen, 30-jahrigen, dekadischen und ereignisbezogenen Skala. Die Untersuchungen
fokussieren auf drei siidsibirischen Einzugsgebieten mit unterschiedlichen Okosystemen
und Permafrostausbreitungen: Die semiaride Selenga mit sporadischem Permafrost, die
boreale Lena mit diskontinuierlichem und die boreale Aldan mit kontinuierlichem Per-
mafrost. Die Untersuchungen dieser Arbeit werden dazu beitragen, Erkenntnisse iiber
die Folgen der Permafrostdegradation auf die terrestrische Wasserverfiigbarkeit aus der
Perspektive der Hydrologie-Permafrost-Klima-Kopplung zu gewinnen.

Aufgrund der rdumlich oszillierenden, grofraumigen atmosphérischen Zirkulation iiber
Sibirien wurde festgestellt, dass Niederschlag und Abfluss periodischen natiirlichen Ver-
anderungen zwischen trockenen und feuchten Zustdnden unterliegen: Wéhrend die kli-
matischen Bedingungen in der Selenga von 1954 bis 2013 in einem Nass-Trocken-Nass-
Trocken-Muster oszillieren, schwingen diese im Lena- und Aldan-Gebiet in einem Trocken-
Nass-Trocken-Nass-Modus. Neben diesen Oszillationen weist der Niederschlag in allen
Einzugsgebieten vernachldssigbare langfristige Trends (60 Jahre) auf. Allerdings wer-
den in diesen Einzugsgebieten signifikante Langzeittrends beim Abfluss beobachtet, die
mit der unterschiedlichen Dynamik der Permafrostdegradation in Verbindung gebracht
werden konnen. Im Gebiet der semi-ariden Selenga, die von einer lateralen Permafrost-
degradation (d. h. einer abnehmenden Permafrostausdehnung) geprégt ist, kommt es
zu einem starken Wasserverlust aufgrund von verstérkter Infiltration und Versickerung,
was zu insgesamt trockeneren Bedingungen und letztendlich zu einem geringeren Abfluss
fiihrt. Im borealen Lena- und Aldan-Gebiet hingegen, wo vertikale Permafrostdegrada-
tion vorherrscht, befindet sich unter der méchtiger werdenden Auftauschicht nach wie
vor eine gefrorene, undurchlissige Schicht (Permafrost), die fiir insgesamt feuchtere Be-
dingungen und einen erhéhten Abfluss sorgt. Infolgedessen kommt es zu erheblichen
Verschiebungen zwischen trockenen und feuchten Bedingungen in den Einzugsgebieten.
In der Selenga, wo die klimatischen Bedingungen zwischen 1984 und 2013 von einem
eher feuchten hin zu einem eher trockenen Zustand wechselten, hat die laterale Per-
mafrostdegradation die Austrocknungsdynamik weiter verstarkt, was zu einer geringeren
Abflusseffizienz und einer lang anhaltenden Trockenperiode fithrte. In den Gebieten von
Lena und Aldan, die im Zeitraum 1984-2013 von einem eher trockenen in einen eher
feuchten Zustand wechselten, hat die vertikale Permafrostdegradation zu einem noch
feuchteren hydroklimatischen Zustand in der borealen Region gefiihrt. Dieses gegen-
sétzliche Verhalten spiegelt das in fritheren Forschungsarbeiten beschriebene Phéanomen
“trocken wird trockener, feucht wird feuchter” wider. Dariiber hinaus wird gezeigt, dass
die verstarkten hydraulischen Verbindungen zwischen Oberfliche und Untergrund auch
zu einem beispiellosen Anstieg des Grundwasserspiegels in der kalten Jahreszeit gefiithrt
haben. Diese Untersuchungen verdeutlichen den iiberragenden Einfluss der mit der Er-



warmung verbundenen Permafrostdynamik auf regionale hydrologische Verdnderungen.
Die Auswirkungen kénnten umfassende Konsequenzen fiir die Bewirtschaftung der ter-
restrischen Wasserressourcen in von Permafrost betroffenen Regionen nach sich ziehen.



Abstract

Changes in the cryosphere caused by global warming are expected to alter the terres-
trial hydrological cycle, with inevitable consequences for freshwater availability to hu-
mans and ecosystems. In particular, the presence of permafrost influences water fluxes
and dynamics in the subsurface system, thus, complicating the hydrologic processes in
the permafrost-affected region. However, due to the absence of long-term, large-scale
permafrost observations, a systematic understanding of how the warming-related per-
mafrost dynamics may influence the large-scale hydrological processes is not clear yet.
This work aims to address this research gap by investigating the hydro-climatic dynam-
ics during 1954-2013 over multiple temporal scales, i.e., 60-year, 30-year, decadal and
event scales. The study area is focused on three southern Siberian catchments with
diverse ecosystems and permafrost distributions, namely, the semi-arid Selenga featured
with sporadic permafrost, the boreal Lena covered by discontinuous permafrost, and
the boreal Aldan is underlain by continuous permafrost. Our investigations will help to
gain insights into the consequences of permafrost degradation on the terrestrial water
availability from a hydrology-permafrost-climate coupling perspective.

Due to “seesaw-like” large-scale atmospheric circulations over the Siberian region, we
found that precipitation and river runoff resemble periodical natural oscillations be-
tween dry and wet states: while Selenga oscillates in a wet-dry-wet-dry pattern from
1954 to 2013, Lena and Aldan oscillate in a dry-wet-dry-wet mode. On top of these
oscillations, the precipitation in all the catchments shows negligible long-term (60-yr)
trends. However, significant but divergent long-term trends are observed in the river
runoff among these catchments that can be related to different permafrost degradation
dynamics. The semi-arid Selenga, dominated by lateral permafrost degradation (i.e., de-
creasing permafrost extent), suffers from severe water loss due to enhanced infiltration
and percolation, leading to a drier condition and decreasing runoff. However, in the bo-
real Lena and Aldan where vertical permafrost degradation prevails, the thickened active
layer is still underlain by a frozen layer that sustains a more water-rich surface condi-
tion and increasing runoff. As a consequence, a significant regime shift exists between
the dry and wet states. In Selenga which is oscillating from a wet to dry state during
1984-2013, lateral permafrost degradation has further enhanced the drying dynamics,
with a reduced runoff efficiency and a long-lasting dry period. In Lena and Aldan which
is shifting from a dry to wet regime during 1984-2013, vertical permafrost degradation
has led to an even wetter hydro-climatic condition in the boreal region. These contrast
behaviors reflect a “dry gets drier, wet becomes wetter” phenomenon observed by previ-
ous researches. Furthermore, we show that the enhanced surface-subsurface connections
have also induced an unprecedented increase in the baseflow during cold seasons. These
investigations highlight the remarkable imprint of warming-related permafrost dynam-
ics on regional hydrological changes, and could provide profound implications for the
management of terrestrial water resources in permafrost-affected regions.
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Chapter 1

Introduction

1.1 Background

Terrestrial water cycle, i.e., the movement and storage of water on Earth, is the central
component of the coupled land-atmosphere system. It regulates the partitioning of mois-
ture and energy fluxes between land and atmosphere, governs numerous interactions and
feedbacks within the system, and further shapes the landscape at the local and regional
scales. Meanwhile, atmosphere and landscape properties can also control the water cycle
in a specific region. From the atmosphere aspect, precipitation is the primary driver.
Its patterns and fluctuations can firmly control the magnitudes and variability in ter-
restrial water availability. From the landscape perspective, diverse landscape properties
(such as topography, ecosystem, and soil types) can filter the climate signal, modulate
local hydrological processes, and eventually bring a high degree of spatial heterogeneity
and complexity to the terrestrial water availability in a specific region (Brutsaert et al.,
2005).

Permafrost, a frozen soil zone at or below 0 °C for two or more years, is a unique
landscape in the cryosphere (Dobinski, 2011; Woo, 2012). It extends approximately
22% of the terrestrial surface in the Northern Hemisphere (Brown et al., 1997). Due
to its extreme sensitivity to the warming climate (Woo, 2012), the area covered by
permafrost serves as an ideal setting for investigating the response of hydrological pro-
cesses to climate change and associated landscape evolution, which is recognized as one
of the major unsolved problems in hydrology study (Bloschl et al., 2019). Especially,
given the identified tipping point in permafrost under climate warming (Devoie et al.,
2019; Lenton, 2012; Nitzbon et al., 2020), it provides a proper background for detecting
whether warming-related hydrological change is irreversible or not.

1.1.1 Permafrost hydrology

The presence of permafrost influences the fluxes, movement, and distribution of surface
and subsurface water, thus, complicating the hydrologic dynamics in the permafrost-
affected region (Walvoord & Kurylyk, 2016) (Fig. 1.1). Basically, permafrost acts as
an aquiclude that suppresses subsurface water movement due to its low hydraulic con-
ductivity (Woo, 2012). During the warm season, the top of the frozen layer melts and
becomes active (i.e., a seasonally thawed layer exists above the permafrost table). Nev-
ertheless, 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
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surface or near-surface conditions (Iijima et al., 2014), which can increase the surface
runoff but limit the subsurface drainage.

Continued climate warming is expected to alter the thermal state and hydrogeologic
structure of permafrost (Biskaborn et al., 2019; Kurylyk et al., 2014), causing diverse
degrading patterns (Evans et al., 2020; Muskett & Romanovsky, 2009; Walvoord &
Kurylyk, 2016). According to spatial cover of frozen soil, permafrost regions are normally
divided into: (i) Continuous (90-100%), (ii) discontinuous (50-90%), (iii) sporadic (10-
50%), and (iv) isolated (<10%). In the ice-rich continuous permafrost region, where
more than 90% of the landscape is underlain by permafrost, a warming environment
leads primarily to a vertical degradation that increases the thickness of the active layer
during the warm season (Muskett & Romanovsky, 2009; V. E. Romanovsky et al., 2010).
In regions with less extensive permafrost (i.e., discontinuous, sporadic, and isolated
permafrost), thawing is likely to reach the bottom of the frozen layer, thus reduces the
lateral extent of the permafrost (Woo, 2012). Such lateral degradation may lead to the
formation and expansion of open taliks (i.e., unfrozen bodies of soil beneath the active
layer and within the permafrost) or widespread permafrost loss (Muskett & Romanovsky,
2009; Walvoord & Kurylyk, 2016). In both cases, permafrost degradation enhances the
pathways connecting the surface and subsurface water systems (Lamontagne-Hallé et
al., 2018; Muskett & Romanovsky, 2009; Rowland et al., 2010; Walvoord & Kurylyk,
2016). It also increases the water storage and the movement of water in subsurface and
groundwater system (Evans et al., 2020; L. C. Smith et al., 2007; St. Jacques & Sauchyn,
2009; Walvoord & Striegl, 2007).

However, different states of permafrost degradation are also likely to result in diver-
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Figure 1.1: Subsurface conditions under a warming climate and permafrost degradation. In the
case of vertical degradation, a deeply thawed active layer represents a thicker aquifer in the soil
layer for water storage, and thus a wetter surface or upper soil layer. As to the lateral degradation,
the increased permafrost-free area in the subsurface could accelerate the infiltration and percolation,
resulting in a drier surface and soil moisture condition.
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gent surface moisture conditions (Ford & Frauenfeld, 2016; Vecellio et al., 2019). In
the case of vertical degradation, a relatively wetter surface condition favors because the
thicker active layer is still underlain by a frozen layer with lower permeability (Vecel-
lio et al., 2019). In the case of exacerbated lateral degradation, increased infiltration
and percolation into the groundwater system through a larger permafrost-free area are
triggered. This results in drier surface and soil moisture conditions during the thawing
season (Ford & Frauenfeld, 2016; Ishikawa et al., 2005). These potential hydrological
consequences of drying and wetting conditions caused by different permafrost degrada-
tions can further affect the atmospheric dynamics through land-atmosphere interactions
and feedbacks.

Depending on whether it is in a dry or wet condition, as shown in Fig. 1.2, there are
two different dominant feedback loops between the land surface and lower-level atmo-
sphere (Seneviratne et al., 2010, 2006). In a wet surface condition induced by vertical
permafrost degradation (Fig. 1.2, left panel), the moisture content is sufficient to sus-
tain the increasing demand for evapotranspiration (ET) under rising temperature. The
increased ET from the land surface can lead to the higher moisture content in the at-
mosphere and contribute more clouds for possible precipitation. This feedback, in turn,

Latent Sensible
heat ' P heat

Sensible Latent
heat T l heat

Wet surface Dry surface

0 A .

+ 0
. . .

Vertical degradation Lateral degradation

Figure 1.2: Land-atmosphere feedback loops under different permafrost degradations. Left: vertical
permafrost degradation induces a wet surface condition. It leads to larger evapotranspiration (la-
tent heat) that favors more clouds and precipitation, which in turn enhances the wet condition on
landsurface. Right: lateral permafrost degradation promotes a relatively dry surface condition, which
releases higher sensible heat. This results in hotter air temperature that further reinforces the dry
surface condition.
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results in a high moisture condition in the land surface and soil layer (Seneviratne et
al., 2010), enabling a persistent wet surface condition. Meanwhile, the increased ET
represents higher latent heat than sensible heat, thus depressing the potential rise in air
temperature.

On the contrary, in a dry condition due to enhanced lateral degradation in permafrost
(Fig. 1.2, right panel), moisture deficits in land surface can lead to higher sensible heat
than latent heat, inducing a potentially reduced cooling effect from ET. As a result, the
temperature in the overlying lower-level atmosphere could be greatly elevated (Ford &
Frauenfeld, 2016; Seneviratne et al., 2006). At the same time, this dry-induced dynamic
is accompanied by a high chance of clear sky and eventually a decline in precipitation,
resulting in a continued dry state in the landsurface (Seneviratne et al., 2010).

1.1.2 Challenges and open questions

Despite these severe impacts of permafrost degradation on the terrestrial water avail-
ability and land-atmosphere dynamics, the corresponding findings on the drying and
wetting dynamics of different permafrost states are mainly investigated by field observa-
tions (Disher et al., 2021; Hinzman et al., 2006; lijima et al., 2014; Ishikawa et al., 2005;
Kopp et al., 2014; O’Donnell et al., 2012; Walvoord et al., 2019). Yet, the underlying
mechanisms of hydrological response to changing climate and thawing permafrost have
not been fully studied at a large scale (Walvoord & Kurylyk, 2016; Yang & Kane, 2020).
This is because in a large drainage basin with diverse ecosystems and permafrost types,
land-atmosphere interactions and feedbacks often exhibit a high degree of heterogeneity
across space. This can thus induce much more complex hydrological processes in the
system. Consequently, the well-observed findings at field (or small) scale are not suf-
ficient to represent the full range of behaviors and variabilities of the tightly coupled
hydrology-climate-landscape system at a large scale (Wagener et al., 2010).

Furthermore, the time span of direct observations of permafrost is very short, and
is only available in recent decades due to limitations of the monitoring ability in per-
mafrost (V. E. Romanovsky et al., 2010). It is therefore still a big challenge to detect
the evolution in permafrost from a long-term perspective (Brutsaert & Hiyama, 2012;
Frampton et al., 2011). In order to solve this issue, sort of solutions have been sug-
gested by different studies (Brutsaert & Hiyama, 2012; Frauenfeld et al., 2007; S. Lyon
et al., 2009; Walvoord & Kurylyk, 2016). Firstly, given the direct thermal response of
the land surface to the atmosphere, indices based on the linear relationship between air
temperature and permafrost condition are proposed (Frauenfeld & Zhang, 2011; Frauen-
feld et al., 2007; Nelson & Outcalt, 1987; Peng et al., 2018; Stefan, 1891; T. Zhang et
al., 2005). Since the air temperature data is often available at long-term and large (or
global) scale, these indices, such as annual freezing index (FI) and thawing index (TT),
can provide a first-order estimation of the long-term permafrost evolution in a large
spatial scale (Frauenfeld & Zhang, 2011; Frauenfeld et al., 2007; Peng et al., 2018).
In addition, some researchers also used the long-term base flow (river flow sustained
by groundwater) records to reflect the historical evolution of permafrost (Brutsaert &
Hiyama, 2012; S. Lyon et al., 2009; S. W. Lyon & Destouni, 2010). This method has
been widely applied to the permafrost detection in Siberia (Brutsaert & Hiyama, 2012),
North America (S. W. Lyon & Destouni, 2010) and Scandinavian region (S. Lyon et al.,
2009). However, the base flow is derived from daily streamflow, which often suffers from
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high uncertainties in cold region (Shiklomanov et al., 2006). This consequently brings
a high degree of biases to the estimation of permafrost degradation. Thirdly, modeling
studies based on numerical methods have also been applied to simulate the permafrost
thawing and freezing processes (Frampton et al., 2011; Gouttevin et al., 2012; Y. Zhang
et al., 2013). It can help to describe the complex dynamics of water and heat in sub-
surface (Walvoord & Kurylyk, 2016). However, better performance of models needs a
vast of parameters to represent physical processes, which are generally available from
direct field observations (Riseborough et al., 2008). Since not all the relevant parameters
are accurate, the reliability of model projections is under debate (Kurylyk et al., 2014;
Walvoord & Kurylyk, 2016).

1.1.3 Research scope of this study

Siberia is widely covered by permafrost, making it extremely sensitive to the ongoing
global change (Groisman & Gutman, 2012; Ohta et al., 2019). According to the tem-
perature record during 1950-2010, Siberia is one of the hot spots with dramatically in-
creased temperature throughout the globe (Fig. 1.3). This unprecedented warming trend
is expected to continue under current climate change scenarios (Bindoff et al., 2019).
During recent decades, in particular, Siberia has seen several record-breaking heat-
waves (Ciavarella et al., 2021; Overland & Wang, 2021) and associated wildfires (Grosse
et al., 2020; Kim et al., 2020; Yasunari et al., 2021). All these warming effects are
accelerating the degradation of permafrost underlain in this region (Biskaborn et al.,
2019; V. Romanovsky et al., 2007; V. E. Romanovsky et al., 2010; Streletskiy et al.,
2015). While the permafrost degradation will release the stored carbon that may fur-
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Figure 1.3: Warming throughout Globe and Siberia. Background figure from NASA Scientific Visual-
ization Studio shows the anomalies of global average temperature from 2013 to 2017, in comparison
to a baseline average from 1951 to 1980. Figure in front (on the left side) is the warming rate
during 1954-2013, based on the temperature data from CRU dataset, for the three southern Siberian
catchments: Selenga, Lena, and Aldan.
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ther enhance the warming condition (MacDougall et al., 2012; Schuur et al., 2015), the
associated alteration in the structure of the subsurface can also modulate the terrestrial
water cycle (Kurylyk et al., 2014; Walvoord & Kurylyk, 2016; Woo, 2012).

In this thesis, we focus on the hydrological processes of three southern Siberian catch-
ments (Fig. 1.3, left below) with diverse landscape characteristics: (1) the Selenga in
the transition belt from semi-arid land to the boreal ecosystem, characterized by mixed
permafrost (ranges from discontinuous, sporadic, and isolated permafrost); (2) the Lena
belongs to boreal ecotone, which is mainly underlain by discontinuous permafrost; and
(3) the Aldan is also a boreal catchment but is dominated by continuous permafrost that
is different from the Lena catchment. These three catchments have been selected as our
study area because they are geographically close to each other, but each represents one
permafrost type, as we mentioned above.

Furthermore, according to field observations during the past few decades, the per-
mafrost in these three catchments have experienced enhanced but different degrada-
tions (Iijima et al., 2014; Ishikawa et al., 2005; Kopp et al., 2014; Ohta et al., 2008; V. Ro-
manovsky et al., 2007; V. E. Romanovsky et al., 2010; Streletskiy et al., 2015). Selenga is
undergoing a lateral degradation with the permafrost below flat pasture plains suffering
from complete thawing (Ishikawa et al., 2005). The formation of talik and northward
migration of the southern boundaries is also documented in this catchment (Davaa &
Jambaljav, 2014). As to the continuous and discontinuous permafrost environment in
Aldan and Lena, observation studies have recorded increased permafrost temperature
and thickened active layer (V. Romanovsky et al., 2007; V. E. Romanovsky et al., 2010;
Streletskiy et al., 2015), suggesting a vertical degradation in these two catchments. In
addition, the discontinuous permafrost in Lena is also likely to experience a lateral
degradation and formation of open taliks (Hiyama et al., 2013).

The different landscape characteristics and evolutions among these three catchments
would underpin the different mechanisms of hydrological response to climate change
under different permafrost degradations. These detailed investigations can further our
understanding of permafrost-affected dynamics and processes in the land-atmosphere
system, improve our assessments and predictions on the magnitude and variability in
terrestrial water availability, and benefit the management of water resources and water
quality in a permafrost-affected region.

1.2 Hydro-climatic change in Siberia

Before we give a detailed description of the objective and structure of this thesis, in this
section, we would like to review the current research status on hydro-climatic change
across Siberia. We will first introduce the historical characteristics and variations in
precipitation and its connection to large-scale atmospheric circulations. After that, we
review the current understanding of the hydrological processes related to precipitation
variations and thawing permafrost. This mainly includes the research on the periodical
oscillations, long-term trends, and regime shifts in runoff of large Siberian rivers and the
studies on terrestrial water fluxes and storage based on remote sensing.
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1.2.1 Periodical oscillations of precipitation

Precipitation is the major flux to the terrestrial water system (Bring et al., 2016; Brut-
saert et al., 2005). Changes in its magnitudes and timing will directly affect the processes
in the surface and subsurface hydrological system. Although studies based on short-
period (or decadal) records reported increased trends in precipitation in the Siberian
continents (Fujinami et al., 2016; Iijima et al., 2010), the precipitation over a long-term
period, however, is found to have no apparent trend (Adam & Lettenmaier, 2008; Bere-
zovskaya et al., 2004; Pavelsky & Smith, 2006; Serreze & Etringer, 2003; Troy et al.,
2012). One of the reasons might be from the offset of seasonal precipitation, such as
increasing snowfall during winter but reduced rainfall in the warm season that results in
a weak trend in annual precipitation (Rawlins et al., 2009). However, many studies have
suggested that the long-term trend in precipitation is greatly affected by the decadal (or
multi-decadal) oscillations of the large-scale atmospheric circulation (Z. Chen & Grasby,
2009; Hannaford et al., 2013; Pekérova et al., 2003).

As a majority of annual precipitation (more than 60%) occurs during the warm season
from May to September in Siberia, the connections between precipitation and large-scale
atmospheric circulation in this region are mainly dominated in summer (Groisman &
Gutman, 2012; C. Sun et al., 2015). The first study on such connection is conducted
by Fukutomi et al. (2003), who found a seesaw oscillation pattern between eastern and
western Siberia in both summer precipitation and atmospheric 500-hPa geopotential
height. After that, a similar seesaw pattern between northern Mongolia and eastern
Siberia is found by Iwao and Takahashi (2006). Further investigations suggest that
the corresponding oscillation is strongly related to the eastward propagation of quasi-
stationary Rossby waves, which is probably affected by the teleconnections between
Siberia and the Arctic region (Nicoli et al., 2020; C. Sun et al., 2015).

1.2.2 Historical variations in terrestrial water availability

Driven by the aforementioned quasi-stationary atmospheric circulation, precipitation
in Siberia shows periodical oscillations with timescales ranging from several years to
several decades (Fukutomi et al., 2003; Iwao & Takahashi, 2006; C. Sun et al., 2015).
Such variability is also found to be manifested in river runoff over large Siberian River
basins (Fukutomi et al., 2003; Oshima et al., 2018, 2015). Nevertheless, these studies
are mainly focused on the climatology and historical variations of the moisture fluxes
in the atmosphere and hydrological system (e.g., precipitation and runoff). They have
not considered the landscape dynamics, such as permafrost degradation. The latter may
further modulate the corresponding oscillation patterns in local hydrological processes.

Different from the negligible long-term trend in precipitation, a wealth of studies have
found significant long-term trends in river runoff in the Siberian region (McClelland et
al., 2004; Peterson et al., 2002; Rawlins et al., 2009; Tananaev et al., 2016; Yang et
al., 2002). For instance, in the Lena River basin, upward trends have been reported
for both annual and seasonal runoff during the period of 1936-1999 (Rawlins et al.,
2009; Yang et al., 2002; Ye et al., 2003) and the period of 1925-2013 (Tananaev et al.,
2016). The authors suggest that thawing of permafrost is likely to be one of the possible
reasons inducing such increase (Evans et al., 2020; L. C. Smith et al., 2007; Yang et
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al., 2002; Ye et al., 2003). On the other hand, a reduced runoff is also found in the
Selenga River (a transboundary river between northern Mongolia and southern Siberia)
from 1938 to 2009 (To6rnqgvist et al., 2014). This historical decline in river runoff is
also suggested to be related to the enhanced degradation of permafrost. As another
example, the maximum flow (peaks) in the Lena River basin during 1936-1999 shows a
weak trend (Shiklomanov et al., 2007), while the lowflow (minimum flow) during the same
period shows a substantial increase with an abrupt rise since the late 1980s (L. C. Smith
et al., 2007). As lowflow is more dependent on the subsurface conditions, it indicates that
the change of lowflow is probably caused by the ongoing permafrost degradation (Evans
et al., 2020; L. C. Smith et al., 2007). These historical changes in river runoff extremes
also signal a shift toward lower summer runoff and higher winter runoff of the Lena River
and its tributary (L. C. Smith et al., 2007; Yang et al., 2002; Ye et al., 2003, 2009). This
shift in runoff regime suggests an increased seasonality induced by enhanced permafrost
degradation under a warming climate (Walvoord & Kurylyk, 2016; Yang & Kane, 2020).

In addition to these detections on river runoff, studies based on the remote sensing
approach also focus on the terrestrial water flux and storage. By comparing the his-
torical satellite images, L. Smith et al. (2005) documented the disappearance of lakes
in the southern boundaries of the permafrost domain in Siberia and suggested that the
loss of lakes are primarily driven by the enhanced water drainage due to the thawing
of permafrost. On the contrary, Boike et al. (2016) observed expanding lakes in eastern
Siberia underlain by continuous permafrost from 2002 through 2009, which is also at-
tributed to the permafrost degradation in this region. These divergent patterns of lake
dynamics are coincident with the wetting and drying states under different permafrost
degradations as we discussed in Sec. 1.1.1. Additionally, remote satellite data has also
been used to identify groundwater storage in Siberia, where Muskett and Romanovsky
(2009) and Velicogna et al. (2012) have identified an increase in groundwater storage in
the Lena River basin during the 2000s. Both of these studies indicate that permafrost
degradation has critical consequences on terrestrial water storage in the Siberian region.

Altogether, these studies reveal the importance of permafrost dynamics on hydro-
logical change under a changing climate. However, due to the absence of long-term
permafrost observations in Siberia (the monitoring system of permafrost conditions in
the Siberian region is available only since the 1980s) (Biskaborn et al., 2019), the pro-
found evidence of the direct relationship between permafrost degradation and variations
in terrestrial water availability is still missing. Furthermore, the divergent wet and dry
dynamics along with different permafrost conditions indicate that one should treat dif-
ferent types of permafrost and their degradations separately. Also, the studies focused
on the long-term historical changes usually did not consider the periodical oscillations
mentioned above, making it difficult to disentangle the hydrological consequences of per-
mafrost degradation from that induced by precipitation variations (McClelland et al.,
2004). Thus, a comprehensive understanding of the complex land-atmosphere interac-
tions and feedbacks requires multiple-temporal-scale analysis and comparative investi-
gations over varying landscape (permafrost) characteristics.
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1.3 Objective and structure of this thesis

1.3.1 Objective and research questions

As we mentioned in Sec. 1.1.1, the permafrost dynamics based on field observations are
well understood. However, how such knowledge can improve our understanding of basin-
scale hydrological consequences of permafrost degradation is still not fully investigated.
Therefore, the broad objective of this thesis is to explore the hydro-climatic processes
and dynamics over basin-scale in southern Siberia with varying permafrost properties.
This will allow us to better understand the hydrological response to climate change
under different permafrost degradations at multiple-temporal scales and enable us to
gain insight into the permafrost-degradation-driven consequences and implications for
regional water availability. More specifically, we will address the following research
questions:

(1) identify hydrological change over multiple timescales and their relationship to
climate change.

(2) gain insight into hydrological consequences of permafrost degradation from a land-
atmosphere coupling perspective.

(3) examine whether the identified hydrological transformation driven by climate
change and permafrost degradation is irreversible.

(4) explore the historical dynamics of hydrological extremes in response to a warming
climate and associated permafrost degradation.

With growing archives of freely accessible hydro-climatic observation data as well as
improved knowledge in the field-scale permafrost dynamics, we now have the potential
possibility to observe and identify the hydro-climatic changes in response to changing
climate and associated permafrost degradation at multi-temporal scales. By using a
diverse array of modeling, observational and gridded data sets, and a suite of quanti-
tative diagnostic approaches, we are able to gain a mechanistic understanding of key
hydrological processes in the hydrology-permafrost-climate system in southern Siberia,
and thereby fill the current gap in basin-scale hydrological implications of permafrost
degradation under a changing climate.

1.3.2 Thesis structure

This thesis consists of eight chapters, as illustrated in Fig. 1.4. In Chapter 2, we will
present the description of the study area, data sets, and methods used throughout this
thesis. After that, Chapter 3 concentrates on the identification, description, and in-
terpretation of spatial-temporal change in climatic variables and associated indicators
on permafrost conditions. The hydrological response to climate change and permafrost
degradation are the main theme of this research, which are presented in Chapters 4-7.

Given the corresponding changes in the hydro-climatic variables across the larger
Siberian continent, in Chapter 4, we will discuss the long-term trends, decadal (period-
ical) oscillations, and inter-annual anomalies in three catchments (Selenga, Lena, and
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Figure 1.4: A short overview of the research focus and structures of this thesis.

Aldan) over both annual and seasonal scales. Based on the lagged consistency between
seasonal runoff and precipitation, we will further employ cross-correlation analysis be-
tween runoff and precipitation to verify the potential role of permafrost degradation on
runoff generation processes under warming conditions.

In Chapter 5, we will focus on one single cycle of the periodical oscillation and divide
this span into dry and wet states. Based on such classification, we present the evolution
of the dry and wet states in the context of the intra-annual regime of hydro-climatic
dynamics and investigate the potential role of permafrost degradation on the shift in the
hydrological regime. We also examine the spatial-temporal patterns of water availability
by using the reconstructed terrestrial water storage (TWS) data, which enables us to
unravel the spatial relevance of subsurface water conditions to the runoff generation
process. Furthermore, we identify the historical evolution of regional water availability
to provide insights into the hydrological consequence of climate change and permafrost
degradation in southern Siberia.

The analysis in Chapter 5 will also identify an unprecedented drying condition during
1996-2012 in the semi-arid Selenga River basin. Therefore, in Chapter 6, we will try to
assess whether this identified hydrological transformation is irreversible under a warming
climate and associated permafrost degradation. The characteristics and propagation of



1.3. Objective and structure of this thesis 11

the hydrological droughts during this dry spell during 1996-2012 and their relevance to
the atmospheric circulation and permafrost degradation will be investigated.

In Chapter 7, we further explore the hydrological extremes in Aldan and Lena under
the changes in climate and permafrost. This is done mainly via the examination of the
magnitude and timing in the maxiflow and miniflow and via the potential shifts in the
intra-annual regime of runoff. This would allow us to reveal the potential relationship
between hydrological extreme and thawing-freezing dynamics of permafrost.

Finally, a summary of this thesis is presented in Chapter 8.
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Chapter 2
Methodology

In this chapter, a detail introduction of the study area, the data source, as well as the
details of the empirical methods, modeling, and statistical methods are presented.

2.1 Study area

2.1.1 Environmental conditions in southern Siberia

The study area is located in the northeastern part of the Eurasian continent, spanning
from 46 °N to 65 °N, and from 95 °E to 140 °E (Fig. 2.1). It features a broad range of
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Figure 2.1: Location of selected river basins, i.e., Selenga, Lena and Aldan in northern Mongolia and
southern Siberia.
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permafrost, climate, topographic, and geo-ecological zones. In order to identify suitable
case studies for our investigations on permafrost hydrology, we define two main selection
criteria. First, the selected river basins should show the full range of permafrost distri-
bution, including continuous, discontinuous, and sporadic. Second, the flow regimes of
the rivers should not be interrupted by dams or any other forms of human intervention.
After a thorough examination, we identified the Aldan, Lena, and Selenga basins as suit-
able candidates (Fig. 2.1). The Aldan and Lena River basins are completely underlain
by continuous, and discontinuous permafrost, respectively. Both basins are character-
ized by boreal forest as the dominant landcover. The Selenga River basin, in contrast,
represents the transition between discontinuous, sporadic, and isolated permafrost. This
transition is also reflected by a gradual change in landcover from boreal forest to dry
steppe.

2.1.1.1 Climate zone and climatology

According to the Koppen-Geiger climate classification (Rubel & Kottek, 2010), the study
area we selected is mainly characterized by the subarctic climate (also called boreal
climate, Fig. 2.2). It includes Dwc (snow, dry winter, and cold winter) for much of the
Selenga basin, half of the Lena basin and part of the Aldan basin, Dfc (snow, humid
and cool summer) for the large region of the Lena basin, and part of the Aldan basin,
as well as Dfd (snow, humid and extremely continental), Dwd (snow, dry winter, and
extremely continental) and ET (polar tundra) in the small parts of the Aldan basin. In
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Figure 2.2: Koppen-Geiger climate classification in Siberia (Rubel & Kottek, 2010).
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addition, the Bsk (cold semi-arid climate) is found in the southern region of the Selenga
basin.

Generally, the study area has long, cold winters and short, cool summers. The spatial
distribution of mean annual air temperature (MAAT) and potential evapotranspiration
(PET) vary significantly from south to north, exhibiting notable spatial contrast in
response to the latitudinal and altitudinal distribution (Fig. 2.3). This can be evident
from the comparison between the northern and southern regions, and between regions
with lower and higher elevations. For example, the valley region in the Selenga basin
is located in the southern boundary region with lower elevation. It has a relatively
higher MAAT and PET as compared to the northern Aldan region and the south-
western mountainous region in Selenga. The total annual precipitation shows much
more complex spatial differences than the MAAT and PET. In general, there is higher
precipitation in the domain from 55 °N to 60 °N as compared to the other southern
Siberian region. Additionally, there is also extremely higher precipitation in the northern
Selenga region, which is close to the boundary of Lake Baikal. This abnormal value in
annual precipitation might be induced by the regional modulation of the Lake Baikal.
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Figure 2.3: Long-term mean annual (reference period is during 1954-2013) of air temperature (T),
precipitation (P) and potential evapotranspiration (PET) in southern Siberia, based on the gridded
data extracted from CRU dataset (T and PET), and GPCC dataset (P).

2.1.1.2 Characteristics of permafrost and landcover

Due to cold and harsh climate, this region is widely underlain by the permanently
frozen ground, including continuous, discontinuous, sporadic, and isolated permafrost
(Fig. 2.4). The thickness of continuous permafrost is around 200 m, and even reaches
1000 m in the northeastern region (Dobinski, 2011). Under the extremely cold and harsh
environmental conditions, boreal forest prevails in the Aldan and Lena River basin, as
well as part of the northeastern region in Selenga. In addition to the boreal forest, a
large part of the southern region in the Selenga basin is also covered by the grassland
ecosystem (Fig. 2.4). The detailed information of permafrost and ecosystem will be
presented in the following subsection for each catchment.
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Figure 2.4: Permafrost distribution and land cover. The left figure is the Permafrost Zonation
Index (PZI (Gruber, 2012)) represents the permafrost distribution, such that 90-100% is continuous
permafrost, 50-90% is discontinuous, 10-50% is sporadic, and < 10% represents isolated permafrost.
The figure on the right side is the land cover, which is derived from the Globcover products based on
the ESA Globcover project.

2.1.2 Three selected catchments
2.1.2.1 Selenga River Basin

The Selenga River basin is situated in the central Siberian plateau (Fig. 2.1) and en-
compasses an area of about 440,000 km?, the majority of which lies in Mongolia. It is
characterized by a number of basins and ranges, with the Khangai and Khentii Moun-
tains peaking at or above 2800 m a.s.l. The Selenga River has a flow length of 943 km
and discharges into Lake Baikal in southern Siberia. This region is characterized by a
harsh continental climate, with long cold winters and moderately warm summers. The
average monthly temperature is close to +15 °C in July and about -23 °C in January
(reference period 1954-2013, CRU, Fig. 2.5). The total annual precipitation is about
310 mm, approximately 2/3 of which is concentrated in the summer months (Munkhjar-
gal et al., 2020). The remainder occurs as snowfall between mid-October and mid-April
(Fig. 2.5). Precipitation and air temperature show a strong spatial disparity between
the mountains and the basins (1954-2013, GPCC, Fig. 2.3). Generally, the mountainous
areas in the southwest are characterized by extremely cold and dry conditions, whereas
the valley regions close to Lake Baikal are somewhat milder and moister. The Selenga
River is fed by both snowmelt and precipitation, as evinced by two runoff peaks over
a hydrological year (Toérnros & Menzel, 2010) (Fig. 2.5). The first peak occurs around
May, which is triggered by the snowmelt freshet. The other peak occurs mainly in
August and is due to strong summer precipitation. The dry season is from November
to March and is characterized by relatively low runoff (ranging from 1 to 5 L/s*km?)
compared to the wet season (April to September, ranging from 8 to 29 L/s*km?).

The geology of the Selenga basin is very complex, with a predominance of magmatic
rocks, as well as metamorphic and volcanogenic formations (Kasimov et al., 2020). The
upstream region of the basin is dominated by a forest-steppe mosaic (Kopp et al., 2014),
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while the downstream region is primarily covered by boreal forest but includes some agri-
cultural areas (Klinge et al., 2018). The Selenga River basin is characterized by a mixture
of permafrost types, with discontinuous permafrost underlying the mountainous regions
and sporadic/isolated permafrost occurring toward the center of the basin (T6rnqvist et
al., 2014).
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Figure 2.5: Intra-annual distribution of monthly mean air temperature (T), potential evapotranspi-
ration (PET), precipitation (P), and river runoff (R) based on the reference period during 1954-2013
over Selenga, Aldan and Lena river basins. The basin-wide monthly series of T and PET are extracted
from CRU dataset, and P is from GPCC dataset. The R data is from GRDC dataset.

2.1.2.2 Lena River Basin

The Lena Basin (gauged at Tabaga) (61.83 °N, 129.6 °E) is seclected as the second
representative for the Southern Siberian catchment. It drains a 897,000 km? basin and
contributes 223 km? of water per year to the Lena River. This Lena basin also has
an extreme continental climate with a long period of cold winters and relatively short
summers. In the observation period of 1954-2013, mean annual air temperature of this
region was -7 °C (CRU), Fig. 2.5), with mean monthly temperature ranging from -37 °C
in January to 15 °C in July. The average annual precipitation is around 389 mm, and
most precipitation (79%) emerges in the warm season (May to October). In the cold
season, continuous snow cover exists from early October until the end of April. From a
spatial perspective, the southwestern region typically experiences a warmer and wetter
climate as compared to the northeastern region (Fig. 2.3). The runoff peak of the Lena
River (gauged at Tabaga) occurs in June (183 L/s*km?), which is a typical snowmelt-fed
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regime. Similar to the precipitation, most of the river runoff (91%) is concentrated in
the warm season compared to the cold, dry season (November to April).

Surrounded by the Transbaikal Mountain and the Lena Plateau (also called Prilensky
Plateau), the Lena River receives river discharge from two large tributaries, the Vitim
River and Olekma River (Fig. 2.1). The primary rock formation in this region is the
gypsum-bearing and saline limestone (Rachold et al., 1996). Land cover types of this
region are mainly Taiga forest, shrubland, and grasslands (Boike et al., 2016). 70% of
the Lena region is underlain by ice-rich permafrost. As thus, permafrost in this region
primarily belongs to the type of discontinuous permafrost (Velicogna et al., 2012).

2.1.2.3 Aldan River Basin

Aldan River is the second-longest tributary of the Lena River. It is 2,273 km long and
drains an area of approximately 696,000 km?, providing nearly 30% of the discharge
of the Lena River (Fig. 2.5). The climate in the Aldan basin is characterized by long,
cold winters with minimum temperatures of -37 °C in January and short, moderately
warm summers with maximum temperatures of up to +14 °C in July (reference pe-
riod 1954-2013, CRU). The average annual precipitation is around 390 mm (1954-2013,
GPCC), with almost 70% occurring between May and September. The area is snow-
covered from early October until the end of April. Spatially, the southern region is
dominated by relatively mild and wet climatic conditions, whereas the north is cold and
dry (Fig. 2.3). As a snowmelt-fed river basin, the Aldan River experiences peak runoff
in June (185 L/s*km?). Due to the low temperatures (continuously below 0 °C from
November to April), runoff is very limited (3-10 L/s*km?) during the cold season as
compared to the flood season (May to October, 36-185 L/s*km?).

Geographically, the Aldan basin is located on the Prilenskoe Plateau and is composed
mainly of limestone and limestone-terrigenic sediments (Rachold et al., 1996). Taiga
(or boreal) forest is the dominant landcover type in the basin (Bartsch et al., 2009).
More than 90% of the Aldan River basin is dominated by deep and ice-rich continuous
permafrost (Ye et al., 2009). In addition, the population density is relatively low, and
human influence in the basin is limited.

2.2 Data source

2.2.1 Data introduction

Observational data with continuous measurement and high quality is essential for the
hydro-climatic study. However, in some remote regions characterized by harsh climate
conditions, hydro-climatic monitoring is often very limited, and some variables are not
even monitored. Our study area in southern Siberia, for instance, has a lack of sufficient
observations for multiple hydro-climatic variables. Thus, the gridded reanalysis data
could be used to overcome this difficulty. In this section, a detailed introduction for the
hydrological and meteorological data used for our study is presented.
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Figure 2.6: River runoff gauges in the study area. There are eight, four and three gauges for Selenga,
Lena and Aldan, respectively.

2.2.1.1 Gauge discharge observation

Long-term (1954-2013) mean monthly river runoff records, measured at the gauging
stations located at the river mouths (Selenga: Mostovoy; Aldan: Verkhoyanskiy Perevoz;
Lena: Tabaga, Fig. 2.6), is available from the Global River Runoff Center (GRDC,
2019), Table. 2.1). In addition to these monthly river runoff data at the outlets of these
three basins, we also use other runoff observations for some specific studies in different
chapters. In Chap. 6, daily runoff records from 1982 to 2010 gauged at seven stations
in the subbasin of the Selenga River are used. In Chap. 7, studies of extreme events
is done by using the daily runoff observation from seven gauges in the Lena and Aldan
River basin during 1950-2011. The location of all the gauges is shown in Fig. 2.6.

2.2.1.2 Global gridded meteorological data

Because the meteorological station network in southern Siberia is sparse and records
are irregular (Bring et al., 2016; Rawlins et al., 2010), we use multiple global gridded
datasets to overcome this issue in our study. Precipitation data were obtained from the
Global Precipitation Climatology Center (GPCC), air temperature and potential evap-
otranspiration (PET) data were downloaded from the Climate Research Unit (CRU),
and evapotranspiration (ET) and global radiation data were derived from ERA-Interim.
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Basic information, such as spatial resolution, time step, and access details, are provided
in Table. 2.1. The monthly time series of these datasets were extracted at the basin scale,
and the basin-wide averaged monthly series was further used to aggregate to seasonal
and annual series. These series are further applied for statistical time-series analysis
for the same time period as the river runoff data (1954-2013), except for ERA-Interim,
which starts in 1984.

GPCC precipitation

The precipitation data used in this study is obtained from the Global Precipitation
Climatology Center (GPCC) (Schneider et al., 2018). The GPCC is a gauge-based
dataset that obtained observations from more than 80,000 stations worldwide and is one
of the most commonly used global precipitation product (Q. Sun et al., 2018). Both
daily (1984-2013) and monthly (1954-2013) GPCC products (GPCC Full Data Monthly
Product Version 2018) were used in our study.

CRU temperature and PET data

Monthly temperature and PET data (the CRUTS 3.10 dataset: 1954-2013) were ob-
tained from the Climate Research Unit (CRU (Harris et al., 2014)) at East Anglia. The
CRU dataset has a relatively long history and high spatial resolution with measurements
obtained from national meteorological agencies (NMAs), the WMO, the CRU, the Cen-
tro Internacional de Agricultura Tropical, the Food and Agriculture Organization (FAO),
and others. The PET equation used by the CRU is a variant of the Penman-Monteith
equation: the FAO (Food and Agricultural Organization) grass reference evapotranspira-
tion (Monteith, 1965; Sheffield et al., 2012). It is derived from the absolute values of the
meteorological variables such as monthly mean temperature, monthly mean minimum
temperature, monthly mean maximum temperature, monthly mean vapor pressure, and
monthly mean cloud cover.

ERA-Interim dataset

ERA-Interim is a global atmospheric reanalysis data generated by the European Centre
for Medium-Range Weather Forecasts (ECMWF) (Dee et al., 2011). It consists of 3-hour
to daily data since 1979. Specifically, the daily global radiation data during 1984-2013
in this dataset is used as the radiation input of the hydrological TRAIN model for the
evapotranspiration (ETa) simulation. Since this dataset contains its own ETa data, we
also use the ERA-Interim ETa data to verify our simulated ETa data generated from
the TRAIN model.

NCEP-NCAR reanalysis dataset

Large-scale circulation is characterized by using the geopotential height data from Na-
tional Centers for Environmental Prediction-National Center for Atmospheric Research
(NCEP-NCAR) reanalysis (Kalnay et al., 1996). This includes gridded (2.5x2.5 degree
latitude-longitude) monthly means of geopotential height patterns at different atmo-
spheric levels, such as 1000-hPa, 850-hPa, 500-hPa, 250-hPa, ..., 10-hPa geopotential
height.
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GRACE-REC dataset

NASA’s Gravity Recovery and Climate Experiment (GRACE) joint U.S.-German satel-
lite mission (Tapley et al., 2004) was launched in 2002, which provides integrated infor-
mation on the water storage variations at monthly temporal resolution for all the compo-
nents of the surface and subsurface water reservoirs, including soil moisture, groundwa-
ter, surface water such as rivers, lakes, and wetlands, as well as cryospheric components
like snow and land ice. It also reflects the integrated influences of the natural climate
variability, global climate change, and human water extraction on hydrological varia-
tions, including groundwater that is hard to monitor in many parts of the world.

The GRACE-REC dataset (Humphrey & Gudmundsson, 2019) used in this study is
constructed based on two different GRACE products and three different meteorological
forcings, producing six reconstructed datasets (i.e., JPL-MSWEP, JPL-GSWP3, JPL-
ERA5, GSFC-MSWEP, GSFC-GSWP3, and GSFC-ERAS5), and each of which has 100
ensemble members. These TWS reconstructions perform well as compared to the global
hydrological models. In this study, the average of the ensembles of six TWS reconstruc-
tions, with a spatial resolution being 0.5x0.5 degree, is applied for the southern Siberian

region.
Table 2.1: Datasets description
Data set Data category Dataset Resolution Frequency Period
Runoff data Runoff (R) GRDC Station Monthly  1954-2013
Temperature (T)
Precipitation (P) GSOD Station Daily 1954-2013
) Wind speed (u)
Mete9r010glcal Dewpoint
station data temperature
(Tdew)
Radiation (Rd) GEBA Station Monthly ~ 1984-2005
Temperature(T)
Potential
evapotranspiration CRU 0.5°x 0.5° Monthly 1954-2013
(PET)
Global gridded ° ° -
da%a Precipitation (P) GPCC 0.5°x 0.5 Monthly  1954- 2013

1.0°x 1.0° Daily 1984- 2013

Global radiation
(Rd) ERA-interim  0.7°x 0.7° Daily 1984-2013

Evaporation (E)
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2.2.2 Study period and data availability

There are several sets of reference periods for assessing the historical hydroclimatic
change in this study. The 1954-2013 reference period is particularly used for detecting
the long-term changes in hydroclimate conditions. The choice of the beginning and
ending year is based on the availability of the hydroclimatic datasets. For instance,
the period since the starting date of 1954 generally cover a complete observation in the
GRDC river discharge datasets. The year 2013 is chosen as the end date because the
cover period of GPCC precipitation datasets is from 1901 to 2013. Further, in order
to account for the historical changes under changing climate, we split the 60-yr period
into two 30-yr periods, i.e., 1954-1983 and 1984-2013. These two periods can be used
to reflect the changes in the average and extreme hydroclimate conditions in a non-
stationary earth system. The choice of a 30-yr period is also suggested by the World
Meteorological Organization’s recommendation for hydroclimatic statistics.

2.2.3 Assessment of datasets

In this study, both the gauge-based observation data and gridded-based data are used.
Each of them contains uncertainties. Observational uncertainties are primarily related
to imperfect gauging techniques and spatial heterogeneity in hydro-climatic conditions.
Most of these uncertainties are existing in the precipitation and river runoff data. Firstly,
the uncertainties in precipitation have been recognized as one of the most dominant
reasons that induce biases into hydro-climatic analysis in cold regions (McClelland et
al., 2004). The uncertainty in the observation of precipitation is dominated by: (1) point
scale measurement error, especially the gauge undercatch of the solid precipitation in
winter (Goodison et al., 1998), and (2) systematic biases induced by complex topography,
which is especially large in the region with large elevation gradients (Barstad et al., 2007).

River discharge is estimated using the open channel rating curve method in the
Sibeia (Shiklomanov et al., 2006). The accuracy of this method is substantially affected
by thicker ice, cold temperature, and low river flow velocity below the ice (McClelland
et al., 2004). In addition, uncertainties also exist in the management of river discharge
data, storage, or post-processing, including malfunctioning measurement equipment and
human-induced measurement errors. These uncertainties mentioned above are more
considerable with respect to the observations with lower density (Rawlins et al., 2009;
Serreze & Etringer, 2003). Last but not least, the number of the monitoring system for
river discharge has been in decline during the recent decades (Shiklomanov et al., 2002).
This decline in observation number might involve more considerable uncertainties in the
estimation of hydrological change in Siberia (Bring et al., 2016).

The gridded-based data has enabled improvements in estimating hydro-climatic changes
across the data scarcity region (Hrachowitz et al., 2013). They are homogeneously pro-
cessed using the same consistent standards and methodology over both time and space
scales. As thus, they can enable an evenly distributed estimation over regional scale
and with complete temporal coverage. Besides, most of the remote sensing datasets
are publicly accessible. Thus, the globally gridded-based datasets such as GPCC, CRU,
ERA-Interim, and GRACE data are particularly advantageous for the region that suffers
from data scarcity like southern Siberia.
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2.3 Methods

2.3.1 Modeling and empirical methods

2.3.1.1 TRAIN model

Because there is no ET observation network in the Selenga and Aldan basins (or any-
where close) (Bring et al., 2016), we used the distributed hydrological model TRAIN (Men-
zel, 1996b) to simulate ET. This is regarded as an additional source of information and
complements data gathered from the gridded ERA-Interim dataset. Details in the anal-
ysis of ET are presented in Chap. 5.

Forcing data

TRAIN is driven by multi-source-based data (i.e., station observations, reanalysis es-
timates), including air temperature, precipitation, wind speed, relative humidity, and
global radiation. The model considers the vertical water fluxes in the soil-plant-atmosphere
system and their drivers. For the simulation of transpiration, the model uses the
Penman-Monteith equation. The determination of canopy resistances follows an ap-
proach described in Menzel (1996b) that considers current meteorological conditions, soil
water status, and the stage of vegetation development. When precipitation occurs, the
model also considers the processes of interception and interception evaporation (Menzel,
1996a). The calculation of the soil moisture content and of percolation is based on the
conceptual approach from the HBV model (Bergstrom et al., 1995). Further information
on model development based on field experiments, as well as on model applications, can
be found in Stork and Menzel (2016); Tijdeman and Menzel (2021); Térnros and Menzel
(2014).

Information regarding soil depth and soil water-holding capacity, leaf area index (LAI),
and vegetation/crop height is also essential for running the model. Information about
LAI and vegetation/crop height can be provided directly to the model or estimated
within the model from typical values. For example, the seasonal development of LAI
depends on the specific crop or vegetation type. The station-based daily meteorological
data for the application of TRAIN comes from the GSOD dataset (NESDIS, 2019). For
the calculation of ET, 17 stations in the Aldan basin and 10 stations in the Selenga basin
were selected. The GSOD daily precipitation dataset suffers from large gaps during the
late 1990s and early 2000s (Fig. A.1). Gridded daily precipitation data from the GPCC
dataset at the corresponding stations have been used to fill those gaps. The validation
of the GPCC daily data is provided in the supplementary materials (Fig. A.2).

Data regarding incoming short-wave radiation can be obtained from a new version of
the Global Energy Balance Archive (GEBA) developed and maintained at ETH Zurich
(Switzerland) (Wild et al., 2017). However, the GEBA-based observations are very
limited in our study region, with only five stations located in or within the vicinity of
the Selenga basin. Thus, the long-term global radiation forcing data from the ERA-
Interim reanalysis dataset has been used as a substitute. Additionally, the five GEBA
radiation observations have been applied to validate the gridded ERA-Interim radiation
data (see Fig. A.3 in the supplementary material). The entire input datasets, especially
wind speed, relative humidity, and global radiation, are only available after the year
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1979. As a consequence, the corresponding ET analysis is limited to the second period
of this study, 1984-2013. Note that for the calculation of daily ET at each station, we
assumed short-grass as the vegetation. Also, for comparability, identical soil physical
parameters were assumed at all stations.

Validation of ET data

We used water balance closure to validate both the remote-sensing (ERA-Interim) and
model-based (TRAIN) ET data. We found that the gridded ERA-Interim evaporation
data, extracted based on the geographic extents of the Selenga and Aldan watersheds,
always produce large deviations in the annual water balance [(P-ET-R)/P = -46% and
-35% for Selenga and Aldan, respectively] Table. A.1. With the TRAIN-simulated ET,
this deviation in the annual water balance is reduced to 3.8% in Selenga but remains
high at -40% for the Aldan basin.

The negative deviation in the water balance in the Aldan basin, i.e., P-ET-R < 0, is
in agreement with previous water balance evaluations for Siberian regions with contin-
uous permafrost (Serreze et al., 2006). The change in groundwater storage induced by
permafrost degradation may play an important role in the imbalances observed in the
water cycle in eastern Siberia (Muskett & Romanovsky, 2009; Velicogna et al., 2012).
We used the reconstructed GRACE terrestrial water storage (TWS) data (Humphrey &
Gudmundsson, 2019) to account for the increased groundwater storage and found that
it accounts for 10% of the precipitation in the Aldan basin (Table S2). This indicates
enhanced subsurface connectivity in a warmer climate (Walvoord & Kurylyk, 2016).

We also compared both the TRAIN simulation and the ERA-Interim reanalysis with
the ET data measured by Ohta et al. (2008) at an observation site that is geographically
close (approximately 190 km) to one of the meteorological stations (Curapca) in the
Aldan basin. The annual average ET values of the TRAIN simulation and the ERA-
Interim reanalysis differ from the observed average ET by 12.8% and 33%, respectively
(Table. A.2). Because the ET data simulated by the TRAIN model are more consistent
with the observation data, we use them to evaluate the historical ET variations in the
following analysis.

2.3.1.2 Budyko framework

The Budyko framework (Budyko, 1974) is a simple and widely-used tool for estimating
shifts in basin water availability in response to climate change and landscape disturbances
at mean annual scales (Berghuijs et al., 2014; Greve et al., 2014; Teuling et al., 2019).
It first defines a dryness index

PET

DI =
P

(2.1)
to capture the ratio between the atmospheric water demand (PET) and the atmospheric
water supply (P). This equation can be used to determine climate classifications for
different basins: humid or energy-limited (DI < 1.5), dry sub-humid or transition (1.5 <
DI < 2) and semi-arid or water-limited (2 < DI < 5) (UNEP & Thomas, 1992). Then,
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the framework defines an evaporative index

ETa
P

El = (2.2)
to reflect the water consumed by the actual evapotranspiration process. Since actual
evapotranspiration (ET) can neither exceed the potential evapotranspiration (PET) nor
exceed the water supply (P), EI satisfies EI < min(DI, 1). Here, we assume that precip-
itation is the only water source. However, depending on the region, other sources such
as lakes, wetlands, and glaciers may contribute water to the evapotranspiration process,
making EI > 1. For water-limited basins, EI is constrained by the available water supply.
In energy-limited basins, the magnitude of EI is controlled by the available evaporative
energy.

In this study, we used GPCC precipitation, CRU potential evapotranspiration, and
ET data to compute station-based DI and EI combinations for the Selenga (17 stations)
and Aldan (10 stations) basins over the 30-year period from 1984 to 2013. The average
of these station-based combinations in each basin is aggregated to represent the hydro-
climatic characteristics at the basin scale. The shift in the water availability is reflected
by the average change in DI and EI between the earlier and later 15-year periods. See
the analysis results of the Budyko framework in Chap. 5.

2.3.1.3 Stefan methods

Here the Stefan methods, which is introduced by (Stefan, 1891) and modified by (Frauen-
feld et al., 2007; Nelson & Outcalt, 1987; Peng et al., 2018; T. Zhang et al., 2005), is
applied to calculate freezing index (FI), Thawing index (TT), and active layer thickness
(ALT). Further, we estimate both the long-term average and trends of these three indi-
cators of changes in ground thermal regime at each gridded cell for the three southern
Siberian catchments over the period 1954-2013. The detail of the analysis is shown in
Sec. 3.2.

Empirically, FI is the absolute value of the summation of the daily air temperatures

when temperature is below freezing, i.e., for i = 1, 2, ... Np:
Np
FI=)|Ti|, T;<0°C. (2.3)
i=1

TI is the summation of the daily air temperatures when temperature is above freezing,
ie. fori=1,2,.. Np:

Nt
TI=> |T}|, T,>0°C. (2.4)
=1

Since the long-term continuous daily observed temperature data is not available in our
study area, here, we apply the monthly air temperature data (CRU dataset) in the
Stefan method. This method is promoted and validated by Frauenfeld et al. (2007).

FI is the absolute value of the summation of the monthly air temperatures, when
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temperature is below freezing, i.e., for ¢ = 1, 2, ... Mp:
Mp
FI=) |Ti|«D;, T;<0°C. (2.5)
i=1

TI is the summation of the monthly air temperatures, when temperature is above freez-
ing, i.e. for¢ =1, 2, ... Mp:

Mt
TI=> |T;|«D;, T;>0°C, (2.6)
=1

where the T; is the mean monthly air temperature, D; is the number of days in that
month.

Furthermore, TT can be used to calculate ALT by using the method (T. Zhang et al.,
2005):

ALT = E % VTI, (2.7)

where T1 is the thawing index; E is a parameter that can be referred to as the empirical
term (Nelson & Outcalt, 1987). In this study, the E factor equals 4, which is determined
from the spatial map of E factor in the Northern Hemisphere (Peng et al., 2018).

2.3.2 Statistical methods
2.3.2.1 Trend detection

In this study, trend detection for the hydro-climatic series is performed in two steps.
First, the determination of trend magnitude is calculated using both ordinary linear
regression and Sen’s slope (Sen, 1968). Second, the statistical significance of the trend
is computed using the nonparametric Mann-Kendall (MK) test (Kendall & Gibbons,
1975; H. B. Mann, 1945). The trend is defined to be statistically significant when the
p-value is smaller than 0.05. The MK test is one of the most commonly used and robust
methods for detecting statistical significance of long-term trends in hydro-climatic time
series (Déry & Wood, 2005; Shiklomanov et al., 2006; St. Jacques & Sauchyn, 2009; Yue
& Wang, 2002). Its performance can be relied on only when the data have no serial
correlation. The hydro-climatic regimes of the Aldan and Selenga River basins show
strong seasonality (Fig. 2.5); the time series of hydro-climatic variables are therefore
assumed to be serially independent.

2.3.2.2 Moving window average approach

Although trend detection can reveal the long-term rate of hydrological change, its mag-
nitude and significance are sensitive to the selected time period (Hannaford & Buys,
2012; Kundzewicz & Robson, 2004). We, therefore, apply a 10-year moving window
approach to analyze the long-term time series. This approach reduces the bias caused
by year-to-year variations and possible extreme conditions in individual years. As such,
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it can robustly illustrate the oscillation patterns in the hydro-climatic series, which can
be used to detect the potential connections between hydro-climatic variables.

2.3.2.3 Anomaly analysis

Anomaly analysis enables us to distinguish the condition of the individual year in com-
parison to the general condition during the long-term period (1954-2013) on hydro-
climatic variables. For example, the negative anomalies of the precipitation, river runoff,
and terrestrial water storage (TWS) refer to water deficits in these water-related vari-
ables. By removing the long-term mean of the time series, one can get the anomalies.
Based on these anomalies, one can further calculate the percentiles ranking, which can
be used for detecting extreme events such as droughts, heatwaves, or floods.

2.3.2.4 Percentiles ranking analysis

In order to place the hydro-climatic timeseries into historical perspective, the timeseries
are sorted from lowest to highest, with ranks assigned to each value. The numeric rank
represents the position of that specific value throughout the historical record. For our
analysis during the period of interest from 1954 to 2013, depending on the magnitude
of the corresponding variable, they are ordered from 1 to 60, with the value of 1 refers
to the record lowest, and the value of 60 refers to the highest (Tijdeman et al., 2020).

In this study, three percentiles (20%, 50%, and 80%), representing the percent of
distribution equal to or below it, are used as the threshold for dry and wet (cold and
warm) conditions. Specifically, 50% is used as a threshold for dividing the dry and
wet (cold and warm) period. For instance, all the values below 50% belong to dry
(cold) conditions, while the value above 50% refers to wet (warm) conditions. The
two classifications 20% and 80% represent the very dry (cold) and very wet (warm)
conditions, respectively. Based on these thresholds, four types of dry and wet (cold
and warm) conditions (i.e., 20%, 20-50%, 50-80%, and 80%) are divided for each hydro-

climatic timeseries.

2.3.2.5 Cross-correlation analysis

Although cross-correlation does not always imply causality, it can nonetheless be used
to express the strength of the relationship between runoff and its drivers (Seneviratne
et al., 2010). It can also provide valuable information about the mechanisms driving
the hydrological change in a specific basin. Spearman’s correlation is a rank-based
parametric measure of correlation that has been successfully applied to analyze the
relationship between climatic components and river runoff (Pavelsky & Smith, 2006;
Seneviratne et al., 2010). The Spearman’s rank correlation coefficient (7(X,Y")) between
two sets of subseries, X(t) and Y(t), is defined as

X0 YO -X0-Y©
VO -X0VYH -YO

p(X(1), Y (1)) (2.8)




28 2. Methodology

where X (t) and Y (¢) are the mean of X (¢) and Y (¢), respectively. The relationship
between X (t) and Y (¢) is quantified by the correlation coefficients p(X,Y) and is treated
as statistically significant when p < 0.05.

River runoff conveys integrated characteristics of climatic change over a given basin.
It is naturally lagged and smoothed from precipitation through surface and subsurface
hydrological processes (Brutsaert & Hiyama, 2012). Therefore, to further examine the
lag relationship between seasonal runoff and precipitation, we generalize the Spearman’s
rank correlation by introducing a time lag 7 into the variable X (¢ 4+ 7) (Djebou et al.,
2015; Keener et al., 2010). This lagged correlation coefficient between the two sets of
subseries, X (¢t 4+ 7) and Y (¢), is defined as

pX(1 7). ¥ (1)) = e D IO 2D O
VX - X e 70 - V)

(2.9)

2?

In our study, the major application of cross-correlation analysis is for detecting the
lagged runoff-precipitation response. As thus, X (¢ 4+ 7) and Y (¢) are the seasonal river
runoff and precipitation in season 7, respectively. 7 = 0,1, 2, 3 represents the number
of seasons lagged between river runoff and precipitation. For example, with regard to
summer precipitation, 7 = 0 means runoff in summer, while 7 = 1 denotes runoff in
autumn, and so on. The detailed description of cross-correlation is displayed in Sec. 4.2.

2.3.2.6 Empirical Orthogonal Function (EOF) analysis

The Empirical Orthogonal Function analysis (EOF analysis), also called as Principal
Components analysis (PC analysis). It can be used to identify the modes of variability
in hydro-climatic factors (Bonfils et al., 2020; Korres et al., 2010; Wouters & Schrama,
2007). Each EOF mode denotes a certain proportion of the total variations in the hydro-
climatic factors. Among which, the first few modes with a more significant percentage
represent the most prevalent pattern in the variables. In this study, EOF analysis is
used to interpret the spatial patterns of the terrestrial water storage (TWS) (See results
in Chap. 5).

For the continuous variable Z(t,s), ¢ and s denote temporal and spatial position,
respectively. The formula of EOF is

K

Z(t,s) = Z ek (t)ug(s), (2.10)

k=1

where K is the total number of modes included in the variable. wug(s) represents the
basis functions of space and ¢ (t) is the basis functions of time, the most optimal set of
ug(s)) and ck(t) will be showing in the FOFi, and so on. The EOF analysis provides
a set of orthogonal spatial patterns (FOF}) together with a set of associated principal
components (PCy) (e.g., PCy corresponds to EOFy). This method also denotes the ex-
planation of the variance, which indicates how much variability of variable Z is explained
by each modes (i.e., EOF} or PC}).



Chapter 3

Climate and permafrost conditions in
southern Siberia

Before we start the detailed investigation of the hydrological processes, in this chapter,
we first examine the spatial distribution of the 60-year mean value and trends (based
on reference period during 1954-2013) in the climate components, such as precipitation
(P), air temperature (T), and potential evapotranspiration (PET). This can enable us
to assess the long-term climatology and spatial-temporal change in climate variables,
which can provide a basis for the hydrological studies in the subsequent chapters.

Since the observations of permafrost are only available at field scale and with a short
period (Brutsaert & Hiyama, 2012; Frampton et al., 2011; Walvoord & Kurylyk, 2016),
it is therefore a big challenge to detect the changing pattern in permafrost at a large
spatial scale and long-term temporal scale. To resolve this issue, in the second part of this
chapter, we apply permafrost indices, namely annual freezing index (FI), thawing index
(TI), and active layer thickness (ALT), to detect the historical changes in permafrost
distributions and dynamics. Such indices are derived based on a linear relationship
between the air temperature and ALT of permafrost and can provide a first estimation
of the long-term permafrost evolution over a large spatial scale (Frauenfeld et al., 2007;
Peng et al., 2018; T. Zhang et al., 2005).

3.1 Spatial-temporal distribution and variability of climate
variables

3.1.1 Air temperature

The first two columns of Fig. 3.1 present the spatial distribution of mean annual air
temperature (MAAT) and mean seasonal air temperature (MSAT), and their long-term
trends, respectively. The last two columns of Fig. 3.1 are the probability density func-
tions (PDFs) of the mean value and trends over each catchment, respectively. In general,
the climatology of both the MAAT and MSAT shows similar spatial patterns which de-
cline from the low latitudes to the high latitudes. In addition to this latitudinal depen-
dence, the distribution of the MAAT and MSAT is also governed by the altitude. For
example, the mountainous area located in the southwestern region of the Selenga basin
is relatively colder as compared to the flat region at the same latitudes. This difference is
pronounced during summer when the air temperature is generally high. Throughout the
four seasons, the most significant spatial difference is observed in winter, with a >30 °C
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Figure 3.1: The spatial distribution of the long-term (1954-2013) average and trends of mean annual
air temperature (MAAT) and mean seasonal air temperature (MSAT) based on the CRU dataset. In
the second columns, the dots in grey denote the trends with statistical significance (p<0.05). First
and third columns are the spatial pattern and the probability density functions (PDFs) for the MAAT

and MSAT, with the horizontal axis being the density of probability; second and fourth columns are
the PDFs of 60-year trends for the MAAT and MSAT.

temperature difference existing between north and south. The extent of the PDFs of the
MAAT and MAST in Aldan is much broader than those in Lena and Selenga, indicating
a much more significant spatial heterogeneity in temperature in the north of southern
Siberia. Nevertheless, for most of the region, nearly all the mean temperatures, except
MSAT in summer, are below 0 °C.

The trends of the temperature reveal statistically significant warming throughout the
entire southern Siberia. The most pronounced warming is observed in the northern lati-
tudes region of Aldan and the mountainous region of the western Selenga, which means
that the temperature increases more rapidly in the colder region than in the warmer
region. More Specifically, the MAAT trends in the north region of the Aldan and Lena
range from 0.32 to 0.42 °C/decade, while MAAT trends over the middle valley region
of the Selenga and Lena basins extend from 0.25 to 0.30 °C/decade. In addition, the
most significant spatial difference in MAAT trend is observed in Selenga, ranging from
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0.25 °C/decade in the eastern region to 0.40 °C/decade over the western mountainous
region.

At seasonal scale, the most significant warming trends are found in spring over the
entire study area, where all the three basins have recorded a warming rate larger than
0.40 °C/decade. Specifically, the higher warming rates during spring are found in several
parts of the Lena and Aldan basin, ranging from 0.6 to 0.75 °C/decade. The PDFs of
the MSAT trends in spring exhibit the most extensive range of spatial differences among
all the seasons, with an almost 0.2 °C/decade difference between the Aldan (Lena)
and Selenga basin. For the MSAT during summer and autumn, the gridded trends
show less consensus among these three basins. During winter, strong warming rates
are also recorded throughout the entire Aldan basin. However, the warming trends of
winter MSAT in the Selenga basin show significant spatial heterogeneity, with more than
0.4 °C/decade differences between the highest and lowest rates of warming.

Additionally, more than half of the area in Selenga and Lena experience non-significant
warming rates during winter. This absence of the statistic significance in the rising of
the winter temperature could be attributable to the recent cooling condition in North-
ern Eurasia since the 1990s (J. L. Cohen et al., 2012), which has been attributed to
the potential linkage between the Arctic region and middle latitudes that is known as
“warming arctic, cooling Eurasia” (WACE) (J. L. Cohen et al., 2012; Mori et al., 2019,
2014)

3.1.2 Precipitation

Different from the latitude-dependent distributions in the air temperature, the distribu-
tions of the mean value and trends in precipitation differ substantially across the entire
region (Fig. 3.2). The annual precipitation of all the three catchments is characterized
by a considerable spatial heterogeneity, with more than 300 mm of difference between
the highest and lowest gridded precipitation (as shown from the corresponding PDFs).
The extremely high precipitation is found in the southeastern coastal area of Aldan and
the northern boundary of Selenga due to the modulation of the local climate over Lake
Baikal. Nevertheless, most of the annual precipitation is distributed close to the center of
the PDFs over all three catchments. Seasonally, the summer precipitation is distributed
in the same range for the entire region. However, the PDFs of the precipitation in spring,
autumn, and winter posse less similarity, with lower values being noticed in Selenga as
compared to those in Lena and Aldan.

During the period of record from 1954 to 2013, the long-term trends of annual and
seasonal precipitation present non-uniform changes over all the three southern Siberian
basins. In the middle area of the Lena basin and the western part of the Aldan basin, the
most considerable increased annual precipitation is noticed. In contrast, the most de-
creased trend in annual precipitation is registered in the south of Aldan. From the PDFs
perspective, the trends in annual precipitation are almost evenly distributed around
0 mm/decade in Aldan and Selenga. However, most of the trends in Selenga are not
statistically significant.

At the seasonal scale, the PDFs show that spring is the only season that experiences
a widespread precipitation increase across all three basins. Nevertheless, there is a
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Figure 3.2: Same as Fig. 3.1, but for precipitation. The precipitation data is taken from GPCC
dataset.

substantial spatial contrast in Aldan, with both statistically significant upward and
downward trends being observed in the southern part of this basin. Thus, the spatial
variations in spring precipitation in Aldan are much more significant than those in the
other two basins. The PDFs of the trends in summer precipitation have similar shapes
with respect to the distributions of the spring trends but with different peaks and more
extensive ranges. As to the autumn precipitation, although there is only a slight change
being observed in the Selenga basin, statistically significant upward trends are recorded
in the large parts of the Lena and Aldan basin. This has contributed to a basin-wide
rise in the autumn precipitation over two northern basins. The winter precipitation is
relatively lower than in other seasons. However, it is the only season that is characterized
by basin-wide decreased precipitation over all three basins.

3.1.3 Potential evapotranspiration

Since the potential evapotranspiration (PET) largely depends on the local radiation,
wind speed, cloudiness, and the moisture available in the atmosphere (Trenberth et al.,
2014), thus, the values and trends of the PET exhibit substantially distinct patterns in
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Figure 3.3: Same as Fig. 3.1, but for PET. The PET data is taken from CRU dataset.

comparison to that in the air temperature and precipitation. The PET in the south is
much larger than that in the north: in the semi-arid Selenga, the highest annual PET
is as large as 900 mm; whereas in the Boreal Lena and Aldan basins, the annual PET
ranges between 250-500 mm. As a result, the PDFs of annual and seasonal PET in
Selenga show a larger range than the other two basins, indicating a strongly latitudinal
governing pattern in PET.

A distinct spatial contrast between the north part (Lena and Aldan) and the south
part (Selenga) is also exhibited in the PET trends at both annual and seasonal scales.
High trends are generally observed in the region characterized by high PET as well.
Especially, the southeastern part of Selenga has the highest trend of 5-7 mm/decade in
the summertime. However, the summer PET in Aldan and Lena shows no significant
trends in most parts of the region. Furthermore, spring is the only season where all the
three basins have an increasing trend in PET, despite the non-significant declines in the
eastern area of Aldan. Due to the low availability of energy during winter, the PET is
extremely small and has no significant trend.
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3.2 Climatic signal of the changed frozen soil and permafrost

3.2.1 Changes of 0 °C isotherm of MAAT

The 0 °C isotherm of MAAT is a line on the map where mean annual air temperature
(MAAT) equals to 0 °C. It serves as an efficient signal for representing the thermal con-
dition in the seasonal frost and permafrost environment (Evans & Ge, 2017). Fig. 3.4
shows the changes of the 0 °C isotherm of MAAT between two 30-year periods before
and after the year 1984 (i.e., 1954-1983 in dark and 1984-2013 in blue). A clear north-
ward shift in the 0 °C isotherm of MAAT between these two periods is observed in
the southwestern and southeastern area, implicating a potential northward migration of
permafrost domain in the southern Siberian region.
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Figure 3.4: Spatial distribution of the mean annual air temperature (MAAT) during 1954-2013 based
on the gridded CRU dataset. The two contours (in black and blue) are the isolines for the gridded
cells with MAAT equaling to 0 °C over 1954-1983 (black) and 1984-2013 (blue).

Among these three catchments, the significant shift in the thermal regime is primarily
noticed in the Selenga basin located in the southern boundary of the permafrost domain.
In particular, it is observed not only in the southern region but also in the middle valley
region. These significant shifts in 0 °C isotherm of MAAT suggest an increased sensi-
tivity of local thermal conditions to the ongoing global warming. Given that permafrost
distribution is susceptible to changing local thermal conditions, these evolution patterns
also suggest an enhanced lateral degradation with increased permafrost-free area in the
Selenga basin.
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3.2.2 Spatial-temporal pattern and variability of Fl, Tl, and ALT

Based on the Stefan methods in Sec. 2.3.2, here we use the gridded CRU temperature
datasets to calculate the freezing index (FI), thawing index (TT), and active layer thick-
ness (ALT) for each of the gridded cells during the period of 1954-2013. Specifically, FI
represents the accumulation of temperature in cold-season (below 0 °C), T1 is aggregated
from warm-season temperature (higher than 0 °C). Usually, ALT can be measured by
field observation, however, only over small scales and with a short time span. Previ-
ous studies (T. Zhang et al., 2005) find that there is a linear dependence between ALT
and TI. Therefore, here we determine the long-term, large-scale ALT from the TI during
1954-2013, with the spatially dependent coefficient being derived from Peng et al. (2018).

All these three indices can reflect the thermal ground conditions related to per-
mafrost (Frauenfeld et al., 2007; Peng et al., 2018). We calculate both the long-term
average (i.e., climatology) and trends of FI, TI, and ALT for each gridded cells (Fig. 3.5),
which could delineate the spatial distribution of the general state and the historical vari-
ations in permafrost condition. In particular, we compared different climatology and
trends in three different periods, namely 1954-2013, 1954-1983, and 1984-2013, to inves-
tigate potential changed thermal state (Figs. 3.6 and 3.7).

3.2.2.1 Climatological features of Fl, Tl, and ALT

Fig. 3.5 shows the long-term mean value (i.e., the climatology) of FI, TI, and ALT
during 1954-2013. The spatial distribution of FI exhibits a large range of variations,
with a maximum of 8000 °C-days in the north, and a minimum around 2000 °C-days in
the south (Fig. 3.5). This spatial disparity, as much as 6000 °C-days, indicates the large
latitudinal dependence of FI. Besides, there is also a large range of differences among
these three catchments. In Aldan, the FI is characterized by the most substantial spatial
contrast between the south and north. On the contrary, the FI in Selenga resembles
uniformly low value over the entire basin.
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Figure 3.5: The spatial distribution of the long-term climatology of freezing index (Fl), thawing
index (TI), and active layer thickness (ALT) during the 60-year period from 1954 to 2013. The three
indices are calculated by the Stefan method based on the gridded monthly air temperature data from
the CRU dataset. In general, both Fl and Tl have a large range of spatial differences: for the warm,
tropical region where has no monthly mean air temperature below 0 °C, FI may equal to 0 °C-days,
but Tl shows high values. On the contrary, for the high latitude and altitude region where have a

longer period of the cold season, FI might be or even larger than 10000 °C-days while TI can be close
to 0 °C-days (Frauenfeld et al., 2007).
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In the case of T1, its climatology decreases from 2500 °C-days in the valley region of the
Selenga River basin to less than 500 °C-days in the northern region of Aldan (Fig. 3.5).
In comparison to FI, the TI also exhibits stronger spatial contrast within each basin. In
Selenga, for instance, the T1I ranges from 700 °C-days in the western mountainous region
to almost 2500 °C-days in the middle valley region. This 1800 °C-days difference implies
that the large altitude disparity has induced substantial heterogeneity of the thermal
condition in the Selenga region.

Similar to the pattern in TI, the climatology of ALT varies from 200 cm in the middle
region in Selenga to 60 cm in the northern area of the Aldan basin. From the basin-
wide perspective, the long-term (1954-2013) averaged ALT is around 165 cm in Selenga,
158 cm in Lena, and 145 cm in Aldan. In Selenga, ALT declines from 200 cm in the valley
region to 120 cm in the southwest mountainous region. In Aldan, the ALT climatology
also shows more considerable spatial differences, ranging from 180 cm in the middle
reaches to less than 100 cm in the northeast region. As to the Lena basin, ALT is
around 160 cm to 180 c¢m, which is more evenly distributed over the entire basin except
for the middle region with thinner ALT.

3.2.2.2 Spatial distribution of trends in Fl, Tl, and ALT

Fig. 3.6 illustrates the spatial distribution of trends and their PDFs for these three
indices during 1954-2013, 1954-1983, and 1984-2013, respectively. During 1954-2013, FI
shows significant, decreased trends over the entire southern Siberian region (Fig. 3.6a),
with the most significant reduction being recorded in the northern Aldan region, where
is also characterized by the highest long-term averaged FI. On the contrary, lower FI
in the middle region of the Selenga basin exhibits the smallest decline compared to the
other region. These spatial changes in FI indicate that the colder region (basin) has
experienced the most substantially rising of temperature in cold seasons.

However, the spatial distribution of the 30-year-periodical trends (Figs. 3.6d-j) shows
different pictures as compared to the 60-year period (Fig. 3.6a). During 1954-1983,
although there are strong negative trends exhibited over the entire region, only small
areas in Selenga and Lena have been characterized with statistically significant reductions
(Figs. 3.6d,j). Whereas during the latter 30-years period from 1984 to 2013, most of the
region experienced increased FI, despite an absence of statistical significance, and only
the northern Aldan region has noticed significantly declined trends in FI (Figs. 3.6g,j).
This phenomenon is coincident with the recent cooling winters discussed in Sec. 3.1.

Since the year-to-year ALT series is calculated from TI based on the linear relation-
ship with the coefficient varies from basin to basin. Nevertheless, the long-term trends of
ALT show similar patterns with the trends in TT (Figs. 3.6b,c). Thus, here we describe
the trends of these two indices in the same context. First, there are extensively increased
trends in the TT (ALT) over the entire region during 1954-2013, with the most signif-
icant upward trend being noticed in the middle reaches of the Selenga basin, where is
also characterized by the largest TI (ALT). This spatial pattern reveals that the warmer
region (basin) has experienced the most pronounced rising temperature in the warm
season. However, this spatial pattern is not observed in the first 30-year periods during
1954-1983 (Figs. 3.6e,k). Only the middle valley region of Selenga exhibits the signifi-
cantly increased T1 (ALT), and most of Aldan and Lena are characterized by negligible
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Figure 3.6: The spatial distribution of the long-term trends and the basin-wide distribution of the
freezing index (FI, left panel), thawing index (TI, middle panel), and active layer thickness (ALT,
right panel). The first row is the trends throughout the 1954-2013 period, the second and third rows
are the 30-year period trends during 1954-1983 and 1984-2013, respectively, and their basin-wide
distributions are illustrated in the bottom violins plot with the left and right side represents the two
30-years periodical trends before and after 1984. The dots in grey in the graphs a-i denote the trends
with statistical significance (p<0.05).

trends in TT (ALT). However, the TI (ALT) in the second 30-year period has experienced
significant, increased trends (Figs. 3.6h,k). The most significant increase in TI (ALT)
is recorded in the Selenga basin, with the observed trends being more than double of
the trends during the first 30-year period. In addition, widespread positive trends are
also observed in Aldan during 1984-2013, leading to a clear shift in the trend PDFs
compared to that in the earlier 30-year period. These substantial differences between
the two trends strongly suggest a dramatic shift in the thermal condition in southern
Siberia from the middle 1980s onwards.

Inspired by different trends between the earlier 30 years (1954-1983) and the latter
30 years (1984-2013), in Figs. 3.7a-c, we show the difference of the values of each index
in the earlier and later 30-year periods. This could allow us to investigate the potential
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Figure 3.7: The periodical deviation of FI, Tl, and ALT between two 30-year periods (i.e., the 1954-
1983 and the 1984-2013), and the below row is the basin-wide distribution of the climatology during
these two periods. The left (blue) and right (red) violins represent 1954-1983 and 1984-2013 periods,

respectively.

shift of the 30-year state of FI, TI, and ALT (Figs. 3.7d-f). The FI shows an apparent
deviation between these two periods (Figs. 3.7a,d). All these three catchments have
seen lower FI during 1984-2013 as compared to the first 30-year period, with the most
significant shift being recorded in the cold Aldan basin (around 350 °C-days differences),
indicating a general warm winter during the recent 30-year period in this region. There
are also substantial shifts in the states of TT for the entire study area (Figs. 3.7b,e). The
most pronounced deviation is noticed in the valley region of the Selenga basin, implying
a potential transformed thermal state in this region which is located in the southern
boundary of the permafrost domain. Similar to the state differences in TI, the ALT
also exhibits widespread changes between two 30 years periods (Figs. 3.7c,f), with the
most substantial shifts (almost 10cm) existing in the middle valley region of the Selenga
basin. Given that the TT and ALT are essential indicators of permafrost condition, these
extensively increased trends in TI (ALT) might implicate an overall vertical degradation
in southern Siberia.

3.3 Summary

On average, the mean annual average temperature (MAAT) in southern Siberia has
increased by 2.7 °C during the period 1954-2013. The spatial distribution of annual
precipitation shows that most parts of the Lena basin and few parts of Aldan exhibit
an increasing trend. However, in basin-wide precipitation, we will show in Sec. 4.1 that
only Lena has exhibited an increasing trend, and Aldan and Sselenga have no significant
trend. The annual PET shows a widespread increase over the entire Selenga basin and
a small part of the Lena basin. However, it shows a slight decrease in most of Aldan.

The FI, TI, and ALT have shown widespread variations from 1954 to 2013, however,
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with different directions of change. Specifically, FI exhibits a decreased trend during
1954-2013, with most of the significant change registered in Aldan. In contrast, TI
and ALT show increasing trends, with the most significant trend being registered in
Selenga during the later 30-year period (1984-2013). During the later 30-year period,
these significant trends have led to a substantial shift in the thermal state, implicating
a potentially enhanced permafrost degradation in southern Siberia.
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Chapter 4

Long-term hydro-climatic changes and
relevant processes

According to Chap. 3, prevalent warming has been observed in three southern Siberian
catchments (Selenga, Lena, and Aldan) during the period from 1954 to 2013. As a result,
permafrost has also experienced explicit warming conditions, which is supported by the
temperature-based index (TI/FI/ALT) shown in Fig. 3.6. Thus, in this chapter, we show
how permafrost degradation may affect the hydrological processes under such warming
conditions. To achieve this goal, we first examine the historical changes and associated
processes in hydroclimatic variables over the three southern Siberian catchments. With
the moving average method, we identify the manifestation of natural atmospheric os-
cillations on the hydrological dynamics. Then we introduce cross-correlation between
runoff and precipitation to verify the potential role of permafrost degradation on runoff
generation processes. After that, we apply these seasonal dynamics to describe and
interpret the inter-annual variability in precipitation and runoff.

4.1 Trends and periodical oscillations

4.1.1 Hydro-climatic change at annual scale

The long-term inter-annual variability of hydro-climatic variables, namely air temper-
ature, potential evapotranspiration (PET), precipitation, and river runoff, was inves-
tigated in Fig. 4.1 for the three basins (i.e., Selenga, Aldan, and Lena). Significant
warming has been registered from 1954 to 2013, with the mean annual air temperature
(MAAT) has increased by 1.9 °C/60 yrs (p<0.001), 2.3 °C/60 yrs (p<0.001) and 2.0
°C/60 yrs (p<0.001) in the Selenga, Aldan, and Lena, respectively. Such robust warm-
ing has led to a significantly increased PET in the Selenga and Lena basin (0.66 mm/yr,
p<0.001 and 0.21 mm/yr, p<0.05), however, the PET in the Aldan basin shows a neg-
ligible trend (0.04 mm/yr, p>0.05). These divergent trends in PET reflect the different
land-atmosphere interactions over the semi-arid, transition, and boreal ecosystems.

The precipitation in Lena resembles a significant increase during the period of record
(1954-2013), while it shows no significant persistent long-term trends over Selenga and
Aldan. Nevertheless, short-term oscillations are noted by the moving average analysis
(dashed lines in Fig. 4.1) over all the three basins, resembling a seesaw pattern between
the Selenga and Aldan (Lena): when the precipitation decreases in the Selenga basin, it
rises in the Aldan and Lena basin and vice versa. These alternative oscillations between
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dry and wet regimes in the precipitation correspond well with the atmospheric circulation
between Northeast Asia and Siberia (Iwao & Takahashi, 2006), which can be related to
the propagation of Rossby waves and associated development of atmospheric wave train
structure over the Eurasian continent (Fujinami et al., 2016; Hiyama et al., 2016; Iwao
& Takahashi, 2006).
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Figure 4.1: Time series for annual mean temperature (°C), annual PET (mm), annual precipitation
(mm) and annual runoff (km3/yr) from 1954 to 2013 (blue lines). Black solid lines show the linear
trend, grey shading bands indicate the 95% confidence level interval for uncertainty, black dot lines
represent long-term average and red dash lines show the 10 years moving average. The basin-wide
monthly series of temperature and PET are extracted from CRU dataset, and precipitation is from
GPCC dataset. The river runoff data is from GRDC dataset.

The aforementioned oscillation patterns in the annual precipitation result in a similar
alternation of high (wet) and low (dry) flow periods with the abundance of the runoff in
the Selenga and Aldan (Lena) basins, respectively (Fig. 4.1). Such a runoff-precipitation
consistency is identified from the significant positive correlations between the annual
precipitation and runoff Table. A.3 over both the Selenga (+0.76, p<0.001), Aldan
(40.68, p<0.001), and Lena basin (4+0.80, p<0.001). As to the long-term variability, the
annual runoff in Lena follows the significant increasing trend in the annual precipitation,
resembling a similarly increased trend (0.69 km3/yr, p<0.05) during 1935-2000 (Ye et
al.,, 2009). With regards to Selenga and Aldan, the annual runoff over both basins
yields much more pronounced trends during 1954-2013 in comparison to the insignificant
long-term trends in the precipitation over this period. The divergent trends in the
runoff, i.e., declining in the Selenga (-0.13 km?/yr, p<0.05) but increasing in the Aldan
(0.44 km3/yr, p<0.05), also agrees with previous findings obtained based on different
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runoff datasets (Tananaev et al., 2016; Tornqvist et al., 2014), and strongly indicate the
different role of the warming-related process on the hydrologic dynamics under different
permafrost conditions.

4.1.2 Hydro-climatic change at seasonal scale

Fig. 4.2 shows the interannual variability in the air temperature (T), potential evapo-
transpiration (PET), precipitation (P), and river runoff (R) for each season over Selenga,
Aldan, and Lena basins. Similar to the robust increase of MAAT over the three basins,
rapid and significant warming trends are clearly evident over each season. Notably, a
sharp rise in the summer air temperature is noted since the middle of the 1980s for
each basin. Following this pronounced warming trend, there are significant increases
in the seasonal PET from spring to autumn in the Selenga basin. Nonetheless, the
seasonal PET shows the lower magnitude and minor changes in the Aldan and Lena
basins, indicating relatively limited energy available in these two boreal catchments. For
the precipitation, the insignificant trends in the annual time series shown in Fig. 4.1
are reflected by the non-apparent seasonal trends illustrated in Fig. 4.2. In addition,
the pronounced seesaw-like precipitation oscillations between Selenga and Aldan (and
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Figure 4.2: Time series of seasonal mean air temperature (°C), seasonal total precipitation (mm)
and seasonal total runoff (I/s.km?/yr) in the Aldan (turquoise colored lines), Selenga (red colored
lines) and Lena (orange colored lines) basins between 1954 and 2013. The graph shows the linear
trends (as black solid lines), the 95% confidence level intervals for predictions (in grey shading), the
long-term averages (black dotted lines), and the 10 year moving averages (red dashed lines).
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Lena) mainly appear in summer, which is primarily driven by the large-scale atmospheric
oscillations, as we mentioned previously.

For seasonal runoff, the oscillation patterns of summer runoff in the Selenga, Aldan,
and Lena basin shows the same short-term pace as the summer precipitation (Fig. 4.2).
Consequently, clearly contrary oscillations have emerged in the summer runoff between
these three basins: with wet-dry-wet-dry patterns in the Selenga but dry-wet-dry-wet
states in the Aldan (and Lena). Interestingly, similar oscillation patterns have also been
noticed in the runoff from autumn to spring, even though the precipitation among these
seasons shows no apparent oscillation patterns. Such cross-season oscillations reflect
how the characteristics of the summer precipitation are propagated to the runoff in the
concurrent and subsequent seasons through the lagged runoff-precipitation response.

4.2 Runoff-precipitation response under permafrost
degradations

In order to understand the potential change in the runoff-precipitation response under
warming conditions, we used cross-correlation analysis to investigate the lagged relation-
ship between seasonal precipitation and runoff (Fig. 4.3). In Figs. 4.3a-c, we present the
60-year period correlations, then illustrate the changes in the correlations between the
earlier(Figs. 4.3d-f) and later 30 years (Figs. 4.3h-j). The comparison of the two 30-year
periods allows us to detect changes in the runoff-precipitation response that were likely
induced by enhanced permafrost degradation. In general, summer (JJA) precipitation
shows strong, significant correlations with the runoff of the concurrent and subsequent
seasons in both basins. This phenomenon reflects the strong lagged relationship between
runoff and precipitation that is induced by the thawing of the active layer during the
warm season (Frampton et al., 2011; Sjoberg et al., 2013; Ye et al., 2003).

When comparing the three basins, the magnitudes of the cross-correlation between
the summer (JJA) precipitation and the runoff in a given season in the Selenga basin
are always larger than the corresponding values in the Lena and Aldan basin. This
suggests that summer precipitation plays a dominant role in the generation of runoff
in the semi-arid Selenga basin. Furthermore, the seasonal runoff-precipitation correla-
tions show a more prolonged time lag in Selenga as compared to Lena and Aldan. We
attribute this to the different types of permafrost coverage (sporadic vs. discontinu-
ous/continuous) present in the three basins. It may therefore be the case that regions
with less permafrost extent and more developed subsurface connections have stronger
and longer runoff-precipitation responses (Walvoord & Kurylyk, 2016).

A comparison of the earlier and later 30-year periods indicates that both basins have
experienced warming-enhanced permafrost degradation since 1984. For instance, dur-
ing the earlier 30-year period, the strong lagged correlation (with p>0.5) between the
JJA precipitation and subsequent runoff continues into the winter in Selenga and into
autumn in Aldan (Figs. 4.3d-f). However, during the latter 30 years, it has been ex-
tended by one season into spring and winter for Selenga and Aldan (Lena), respectively
(Figs. 4.3h-j). Rising temperatures over the past 30 years have affected the underground
hydrogeological structure by activating the development of previously impermeable flow-
paths (Kurylyk et al., 2014). These newly formed flowpaths allow for greater infiltration
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Figure 4.3: Cross-correlation matrices (Spearman’s correlation coefficient) between precipitation and
runoff during three periods: 1954-2013, 1954-1983, and 1984-2013. Relationships for the Selenga
basin are shown in the top row; the middle and bottom rows show the conditions in the Lena and
Aldan River basins. The lagged response between runoff and precipitation is expressed by the “r
seasons later” axes. The colors and numbers represent the magnitude of the correlation, whereas
the size of the dots denotes the p-value significance of the correlation. Blue colors indicate negative
correlations, red colors indicate positive correlations. Large dots show highly significant correlations
(p <0.001), medium dots indicate significant correlations (p < 0.05), and small dots correspond with
non-significant correlations (p >0.05).

and percolation into the subsurface soil layer and groundwater system during summer
and autumn. The increased storage of water in the soil sustains surface runoff for a
longer period of time, thereby extending the precipitation-to-runoff lag. This enhanced
hydrological input is reflected in the shift in the runoff regime during 1984-2013 as com-
pared to the 30-year period prior to 1984. In particular, the later period shows less
intra-annual variability due to the increase in winter runoff and the decrease in summer
runoff (e.g., runoff regime in Selenga and Aldan in Fig. A.4).

Another phenomenon is the advent of solid and significant correlations between au-
tumn (SON) precipitation and the seasonal runoff in the second 30-year period (Fig. 4.3h-
j). One may assume that it is the result of enhanced runoff response to autumn pre-
cipitation. However, we argue that these enhanced cross-correlations might also be a
consequence of the strong similarities between the precipitation in summer and autumn
from 1984 to 2013. Furthermore, the small, unexpected correlations between summer
precipitation and summer runoff in the Aldan basin during the earlier 30 years (Fig. 4.3f)
are mainly the result of divergent change patterns between spring and summer precip-
itation (Fig. 4.2). These phenomena indicate that, when performing cross-correlation
analysis, the change patterns of the time series must be taken into account to exclude
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random results.

4.3 Inter-annual variability in precipitation and runoff

At a decadal scale, precipitation and river discharge fluctuate between the dry (below-
normal) and wet (above-normal) state that is mainly driven by the large-scale atmo-
spheric circulations over southern Siberia (Iwao & Takahashi, 2006). These decadal-scale
hydrological behaviors, together with extreme anomalies such as heavy rainfall (and cor-
responding floods) and droughts, might induce abrupt change (or step change) to the
hydro-climatic time series. The occurrence of these abrupt variabilities could suppress
or strengthen the long-term behavior of the hydroclimatic variables, which may also
bring difficulties to the detection and attribution of long-term trends in these variables.
Here, we focus on the time series of anomalies in precipitation and runoff at both annual
and seasonal scales to evaluate the occurrence, magnitude, and duration of the abrupt
changes in water availability in the three southern Siberian catchments (Figs. 4.4-4.6).
The anomalies are divided into four categories based on three thresholds that we intro-
duced in Sec. 2.3.2. Especially, the anomalies above 80% percentile of the average are
called extremely high condition (blue), whereas the anomalies below the 20% percentile
of the average are called extremely low condition (red).
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Figure 4.4: The standardized deviation for the hydrological variable at annual and seasonal scale in
the Selenga River basin during 1954-2013. The blue (and orange) color indicates value above the
long-term average, and red color denotes amount below long-term average. The four categories are
based on the the percentiles ranking analysis introduced in Sec. 2.3.2.
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In Selenga, extremely high annual precipitation (exceeding 80% percentile) occurs
primarily during two wet periods over 1959-1967 and 1984-1994 (Fig. 4.4). As precipita-
tion generates direct input to the hydrological system, these extremely high precipitation
anomalies are also manifested in river runoff. However, differences in terms of the occur-
rence and intensity also exist between runoff and precipitation at annual and seasonal
scales. Firstly, anomalies in annual runoff exhibit stronger intensity than that in annual
precipitation. Examples are the years of 1962 and 1971: though annual runoff expe-
riences extreme high conditions (above 80% percentile) during these two years, annual
precipitation only exhibits moderate above-normal wet condition (ranges from 50%-80%
percentile). This might result from different seasonal patterns in precipitation. Specifi-
cally, precipitation in summer and autumn shows opposite change patterns during these
two years that might cancel each other when they aggregate together to the annual value.
In contrast, runoff in autumn and winter may mirror the precipitation pattern in the
prior season(s) due to lagged runoff-precipitation response modulated by the subsurface
system. The increased lagged summer precipitation could compensate for the deficit in
autumn precipitation. As thus, the accumulated annual runoff may also follow the dom-
inant pattern in summer precipitation. In addition to these differences in magnitude,
there are also different behaviors with regard to the occurrence of extreme anomalies.
For instance, the year 1995 has seen severe wet conditions (exceeding 80% percentile)
in runoff over both annual and seasonal scales (spring and summer) despite that pre-
cipitation has experienced below-normal conditions throughout the year. Reasons for
this could be that runoff in 1995 has lagged the higher-than-normal precipitation in the
preceding year (1994) despite the slightly decreased precipitation in 1995. This reflects
a long-lasting runoff-precipitation response cycle in this permafrost-affected region.
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Figure 4.5: Same to Fig. 4.4, but for the Aldan River basin.
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Below-normal precipitation and runoff in the Selenga basin are prevalent over three
periods during the time scale of record: 1954-1958, 1970-1981, and 1996-2011. However,
the correspondence patterns are different during these three periods. Runoff anomalies
fluctuate consistently with the precipitation deficits during the first two dry periods,
whereas it stays much longer in below-normal conditions during the last dry period as
compared to anomalies in precipitation. Especially, although precipitation in 2000, 2003,
and 2008 has positive annual and seasonal anomalies, runoff still shows below-normal
conditions during these three years over both scales. This out-of-pace pattern between
precipitation and runoff indicates that the hydrological system in Selenga experiences a
step-change in the context of runoff-precipitation response during the second dry period.

In the Aldan basin, though the precipitation and runoff experience alternatively wet
and dry states during 1954-2013, extreme anomalies and step-change are also resembling
during the period of record (Fig. 4.5). Since 1984, precipitation experiences a shift in
variance that is accompanied by significantly lower and higher anomalies than the period
before 1984. The most remarkable shift is registered in autumn. Specially, there are
more than half of the years (7/11) have experienced low precipitation during the first
dry period from 1984 to 1994. After that, a step change is noticed since 1996, with
almost 75% of the precipitation being higher than the long-term average, and over half
of which exceed the 80th percentile of precipitation. This strong shift in the past envelope
of autumn precipitation also resembles over other seasonal and annual scales but with
lower amplitudes.

In response to the shifted variances in precipitation from 1984 to 2013, runoff also
experiences extreme anomalies during this period, but with different amplitudes and
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Figure 4.6: Same to Fig. 4.4, but for the Lena River basin.
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seasonal patterns. For instance, there are two clear wetting periods resemble in sum-
mer precipitation, i.e., 1972-1983 and 2004-2013. However, summer runoff during the
second period exhibits distinct patterns of variability as compared to summer precip-
itation. Specifically, although summer precipitation during 2001-2003 and 2008-2011
only resembles slight declines, the summer runoff shows a substantial reduction during
these years. This leads to larger differences between summer runoff and precipitation
during the last decade. This increased difference between runoff and precipitation might
be attributable to the intensified summer evapotranspiration and enhanced subsurface
infiltration due to the warming-induced deeper thawing of permafrost. Furthermore, the
substantial reduction in summer runoff in the context of increased summer precipita-
tion is accompanied by considerable positive anomalies in winter runoff. This coincident
pattern between decreased summer runoff and increased winter runoff reflects the mod-
ulation of subsurface processes on runoff generation, hinting a potential role of warming
permafrost on hydrologic processes in the permafrost-affected region.

As to the Lena basin, following the periodical fluctuations between wet and dry
(Fig. 4.6), the recent decade has experienced a considerably higher than normal wa-
ter condition. More than half of the significantly higher than normal conditions (over
80% percentile) between 1954 and 2013 occurs during this decade. On a seasonal scale,
most seasons have also experienced widespread above-normal precipitation anomalies
during the last decade. Winter is only season exhibits strongly year-to-year fluctuation
between the extremely wet and dry condition in precipitation. Runoff shows more con-
siderable fluctuation as compared to the precipitation over both annual and seasonal
scales. Like the Aldan basin, though summer precipitation shows widespread wet condi-
tions, summer runoff has experienced dry anomalies during the last decade. Meanwhile,
winter runoff has seen continuous higher than normal conditions despite the changeable
winter precipitation. The similar seasonal behavior in runoff and precipitation between
Aldan and Lena in the last decade suggests the potentially changed runoff-precipitation
response due to the warming-induced permafrost thawing during this period.

4.4 Discussion

Quantitative understanding of the historical change and its drivers at multiple scales is
essential for predicting future changes in regional water availability. Based on the mov-
ing window average visualization, our study has identified two dry and two wet regimes
during the 60-year period in both the southern region (Selenga) and the northern region
(Aldan and Lena). While the wet and dry regimes appear alternatively in both south
(Selenga) and north (Aldan and Lena), the wet-dry-wet-dry oscillation pattern in the
south (Selenga) is clearly in contrast to the dry-wet-dry-wet pattern experienced in the
north (Aldan and Lena), resembling the spatial seesaw mechanism of the temporal at-
mospheric circulations between the Northeast Asia and the Siberia (Iwao & Takahashi,
2006). This means that, despite the substantial drying and wetting states observed
during 1999-2013 in the Selenga and Aldan (Lena) basins, respectively, in the 15 years
after 2013, the seesaw circulations may shift the Selenga (or Aldan/Lena) basin from the
drying (or wetting) regime to an alternatively wetting (or drying) regime. However, in
addition to these short-term oscillations, the river runoff also bears long-term decreasing
(drying) and increasing (wetting) trends in the Selenga (Aldan/Lena) basin. As a con-
sequence, the long-term drying (wetting) trend in Selenga (Aldan/Lena) may suppress
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the coming up short-term wetting (drying) conditions in Selenga (Aldan/Lena) for the
period after 2013.

The direct evidence of permafrost evolution and its effect on regional hydrological pro-
cesses can be obtained from field observations (V. E. Romanovsky et al., 2010; Walvo-
ord & Kurylyk, 2016). However, they are usually based on small spatial scales and
short temporal coverage (Brutsaert & Hiyama, 2012). From a long-term perspective,
many groups have applied the historical base flow (river runoff sustained by ground-
water system) records to investigate the permafrost evolution based on the basin-scale
permafrost-hydrology dynamics (Brutsaert & Hiyama, 2012; S. Lyon et al., 2009). How-
ever, the base flow is based on daily streamflow and suffers from large uncertainties in
southern Siberia (Shiklomanov et al., 2006). Thus, other approaches based on the long-
term runoff records are demanding. The cross-correlation used in this study, i.e., the
seasonal runoff-precipitation correlation, provides evidence of the basin-scale permafrost
evolution in response to a changing climate.

Generalizing the findings obtained from small-scale in situ observation to large basin
scales can improve our physical understanding of the integrated hydrologic systems (Mc-
Donnell et al., 2007). Our investigations of basin-scale drying and wetting dynamics are
consistent with previous field observations over both basins. In the Selenga basin, ev-
idence of permafrost degradation has been provided by field observations (Ishikawa et
al., 2005; Kopp et al., 2014): though the permafrost below the north-faced forest slopes
is characterized by a vertical degradation with wet active layer, the permafrost below
the flat pasture plain suffers from complete thawing that may lead to lateral degradation
with dry soil layer. Our results indicate that this field-scale phenomenon of lateral degra-
dation with a decreased permafrost extent may widely happen over the entire Selenga
basin under rapid summer warming. Indeed, this is true because the 0 °C isotherm of
MAAT in the Selenga basin has moved northward during the latter 30 years from 1984
to 2013 in comparison to the first 30-years period Fig. 3.4. As a result, it stimulates the
northward migration of the southern boundaries of permafrost in this region (Davaa &
Jambaljav, 2014). Furthermore, the strong vertical permafrost degradation and associ-
ated wetting mechanism assumed from our basin-scale analysis in Aldan and Lena can
be proved by previous field observations (Iijima et al., 2014) at a station approximately
190 km to the northwest of the basin. These consistent drying or wetting condition
between those in situ observations and our basin-scale investigations suggest that signif-
icant climate warming has already led to widespread permafrost degradation throughout
the southern Siberian region.

Previous studies on detecting hydro-climatic changes in the Siberian region suggest
potential uncertainties exist in the dataset. For example, the accuracy of precipitation
data is affected by poor distribution of gauges in Siberia with a remote and harsh en-
vironment (Bring et al., 2016; Groisman & Gutman, 2012; McClelland et al., 2004).
Similarly, there is also uncertainty in the river discharge measurements during winter
months when the gauging technique (stage-discharge relationship) is affected by the pres-
ence of river ice (Shiklomanov et al., 2006). However, these uncertainties will not affect
the coherent cross-correlations (i.e., strongly lagged correlations between summer pre-
cipitation and winter runoff). Thus, it will not modify our conclusions on the enhanced
seasonal runoff-precipitation relationship induced by permafrost degradation under a
warming climate. Furthermore, in the Selenga basin, the fast population growth (Malsy
et al., 2017) and ongoing economic development (e.g. rapid growth of mining activities,
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urbanization, and agriculture) may also increase the water consumption that eventually
reduces the water storage and supply (Priess et al., 2011; Wang et al., 2019). This
also makes it difficult to distinguish the summer runoff reduction induced by enhanced
infiltration under permafrost degradation from that caused by the human activities in
this basin. Nevertheless, human consumption normally has an immediate consequence
on the magnitude of water availability. However, permafrost degradation usually exerts
lagged effect on the seasonal runoff distribution. Thus, this cross-season effect can be
detected from the cross-correlation analysis used in this study, with the increased winter
runoff being evidence as well (Fig. 4).

The existence of extreme anomalies (a higher or lower value than normal conditions)
may bring difficulties in detecting and attributing the change patterns in hydro-climatic
variables at long-term and decadal scales. For instance, Selenga has experienced severe
drying conditions during 1970-1981 and 1996-2012 (Fig. 4.4); however, there are also
extremely higher than normal values existing during these two dry periods (i.e., 1973
and 1998). The reason for these two extremes might be due to the strong El nino
events in these two years that can substantially affect the local precipitation and river
runoff (Lin & Qian, 2019). The existence of these abnormalities might disturb the
decadal dry state and associated long-term patterns in precipitation and runoff. In
addition, misunderstanding may also exist in accumulating seasonal value to annual
value. Examples are the year of 1996 and 1998 in the Aldan river basin (Fig. 4.5). These
two years have seen the recorded high precipitation during autumn, while the annual
total precipitation even experiences negative anomalies during these two years. This
could be attributable to the cancellation between summer and autumn precipitation,
which oscillates in opposite directions during these two years. This suggests that one
should always consider the potential uncertainties due to the seasonal cancellation when
detecting the change pattern in annual value.

4.5 Summary

Our study has examined the historical (1954-2013) change patterns of water availability,
and the corresponding driven mechanism at multiple-temporal scales over three southern
Siberian basins with diverse landscape characteristics: the semi-arid Selenga, character-
ized with the mixed permafrost from sporadic to isolated permafrost; the boreal Aldan,
underlain by continuous permafrost; and the Lena represents a transition area between
the other two basins that is characterized with discontinuous permafrost. These three
river basins respond differently to the changing climate: during the 60-years period from
1954 to 2013, the river runoff bears a significantly decreased trend (-7.8 km?/60yrs,
p<0.05) in the Selenga, but a robustly increased trend (26.4 km?3/60yrs, p<0.05) in
the Aldan basin (41.4 km3/60yrs, p<0.05 in Lena basin). These considerable changes
cannot be directly explained by changes in precipitation over each basin. Many other
factors, such as actual evapotranspiration and human intervention, can also contribute
to these divergent changes. However, the different permafrost degradation scenarios over
the two basins may be the primary driver. The enhanced lagged runoff-precipitation,
showed by our seasonal runoff-precipitation cross-correlation analyses, indicates the in-
tense permafrost degradation over all three basins. However, the sporadic and isolated
permafrost in the Selenga basin mainly experiences lateral degradation that stimulates
direct vertical loss of the surface water. Different from the case in the Selenga, the
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continuous permafrost in the Aldan and discontinuous permafrost in the Lena still have
a low-permeable frozen layer during the warm season. Thus, in these two basins, warm-
ing primarily induces vertical permafrost degradation, i.e., a deepening active layer that
sustains more water to the surface hydrological processes (i.e. runoff and ET).



Chapter 5

Drying and wetting under enhanced
warming

Based on the findings in Chap. 4, the hydrological processes in southern Siberia are
significantly governed by the natural variability of atmospheric circulation. As a result,
the runoff in the Selenga catchment has experienced a wet-dry-wet-dry oscillation during
1954-2013, whereas the runoff in the Aldan and Lena catchments has noticed a dry-wet-
dry-wet pattern (Fig. 5.1). In this chapter, we focus on the intra-annual hydro-climatic
regime of the later 30 years (1984-2013), to understand how the runoff-generating pro-
cesses may differ between the wet and dry periods. This period is of great importance
because the warm season temperature experienced an abrupt rise (Fig. 4.2), implicating
an intensified warming condition and probably enhanced permafrost degradation.
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Figure 5.1: Runoff anomaly (mm) during 1954-2013 shows the periodical oscillations between dry
and wet states over the three catchments. Runoff data is taken from GRDC dataset.

Since the terrestrial water storage (TWS) data is also available in this period, it is
used to reflect the spatial characteristics and variations of the water availability in this
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region and to unravel the spatial relevance of subsurface water conditions on the runoff
generating process. Furthermore, we investigate the regime shifts of water distribution
on the basis of the conceptual steady-state Budyko framework. This enables us to detect
the potential consequence of the changed land-atmosphere interactions on regional water
availability. Finally, the historical evolution in the aridity index at a regional scale is
examined. It provides insights into the spatial disparity and historical evolution of
terrestrial water availability in response to climate change and permafrost degradation
in southern Siberia.

5.1 Shifted hydro-climatic regime

In order to provide quantitative implications for the potential changes in hydro-climatic
connections, the intra-annual regimes of the precipitation (P), river runoff (R), and evap-
otranspiration (ET), within the periods of 1984-1998 and 1999-2013 were investigated
(Fig. 5.2).
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Figure 5.2: Periodical regime and deviation of precipitation, river runoff and evapotranspiration
during two 15-year periods: 1984-1998, 1999-2013. The precipitation is based on GPCC dataset,
river runoff data is taken from GRDC dataset, and the evapotranspiration is from TRAIN simulation.
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In the Selenga catchment, compared to the slightly changed regime in the precipitation
(Fig. 5.2a) and ET (Fig. 5.2c), the river runoff resembles two distinct regimes before
and after 1999 (Fig. 5.2b). The runoff of the first 15-year period is characterized by
a summer-rain-dominated regime with a significant difference between the spring and
summer runoff peaks, whereas this peak-difference becomes very negligible during the
second 15-year period, leading to a flat intra-annual distributed runoff regime. As to the
absolute change, the monthly precipitation during June to September show a remarkable
drop in 1999-2013 compared to that in the first 15-year period (Fig. 5.2a), which is
primarily a result of the large scale atmospheric circulation (Iwao & Takahashi, 2006)
noted in Chap. 4. Following this substantial reduction in the warm-season precipitation
after 1999, both the river runoff and ET resemble pronounced drop during the second 15-
year period (Figs. 5.2b,c). Such a drop in all the three hydro-climatic variables indicates
the governing role of the summer precipitation on the surface hydrological processes in
the water-limited semi-arid Selenga catchment.

However, the Selenga runoff and ET, in August and September, drop much more
(Figs. 5.2b,c) than the precipitation in the concurrent months (Fig. 5.2a). This suggests
that the reduced surface water availability is also likely to be affected by the warming-
induced permafrost degradation. In general, the active layer can sustain a wet surface
condition due to the presence of permafrost (lijima et al., 2014). As the temperature
increase, the Selenga catchment, characterized by discontinuous, sporadic, and isolated
permafrost, is tended to experience a lateral degradation such as formation of the open
(or lateral) taliks and whole-scale permafrost loss (Fig. 3.4) (Davaa & Jambaljav, 2014;
Ishikawa et al., 2005). Under these warming-induced subsurface changes, the soil layer
is expected to become drier due to the enhanced infiltration and percolation. This has
led to less water available for the surface hydrologic processes (i.e., ET and runoff) in
the later summer and earlier autumn, resulting in a potentially drier hydrologic system.

In the Aldan catchment, however, widespread positive shifts are observed during 1999-
2013 for all the three variables (Figs. 5.2d-f), indicating a pronounced wetting hydro-
climatic state over this period. This wet state is also a consequence of the large-scale
atmospheric oscillation, but represents a seesaw pattern (Iwao & Takahashi, 2006) with
respect to the dry state in the Selenga catchment. The considerable rise in the summer
precipitation during the latter 15 years is accompanied by a shift of the precipitation
peak from July to August. Following this shifted precipitation regime, the runoff has
also experienced a clear rise in August and September, resulting in a significant regime
shift from a snow-fed to a snow-rainfall-fed runoff regime with a plateau through July
to September. This apparent plateau in river runoff, in distinct difference with respect
to the sharp precipitation changes, reveals the enhanced lagged runoff response to pre-
cipitation induced by permafrost degradation that we already discussed in Sec. 4.2.

Furthermore, the Aldan runoff in May shows a much stronger upward shift than that
in the precipitation, but the runoff peak in June suffers from a substantial loss despite
the increased precipitation during this month. Since runoff in June is mainly fed by
snowmelt, it indicates warming-enhanced earlier snowmelt in the latter 15 years: most
of the accumulated snow has melted to contribute to the runoff in May. In addition, the
ET in June and July exhibit a much more significant increase (Fig. 5.2f) in comparison
to the precipitation and runoff (Figs. 5.2d,e). This can be primarily attributed to the
thickening and moistening active layer induced by vertical permafrost degradation under
rapid warming (Ford & Frauenfeld, 2016; Iijima et al., 2014): the deepening of the
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active layer is able to maintain more liquid water since the remaining permafrost can
still prevent water from draining away. Consequently, this thicker active layer with
saturated moisture can result in an enhanced ET fraction during the warm season in a
warmer climate, reducing the surface runoff fraction in the corresponding months (e.g.,
June and July).

Similar to the Aldan catchment, there is a positive shift in the hydroclimatic regime
in the Lena catchment, especially in May when the spring melting process is prevailing
(Figs. 5.2h-j). The increased precipitation in the Lena catchment is mainly observed in
the summer month: July and August, which results in an increased ET during these
two months but with different intensities of change. In addition to these increases,
the Lena catchment has also experienced significantly decreased runoff in the warm
season months due to the enhanced evapotranspiration. Nevertheless, the significant
rise in precipitation in August is accompanied by decreased runoff and slightly increased
ET, which indicates an enhanced infiltration process in the melting season in the Lena
catchment with discontinuous permafrost.

5.2 Spatial-temporal patterns and variabilities in water
availability

5.2.1 Precipitation and TWS

Fig. 5.3 displays the regional occurrence of the spatial patterns and temporal variations in
precipitation (P) and terrestrial water storage (TWS) based on the gridded GPCC data
and GRACE-REC data, respectively. Normally, the general pattern of hydro-climatic
variables can be reflected by the multi-annual average. However, the GRACE-REC
data only provides anomalies of TWS other than the absolute value. It means that
these yearly anomalies may cancel each other when they were aggregated into long-term
average, and the final accumulation might be relatively close to 0 as we have shown
in Fig. A.5 in the appendix. This indicates that the multi-annual average might not
be an informative description for the general condition in TWS anomalies. As thus,
here we apply the empirical orthogonal functions (EOF analysis, see the detail of this
method in Sec. 2.3.2) to each grid cell of P and TWS anomalies. The upper panel in
Fig. 5.3 shows the first mode (EOF1), accounting for 32% and 51% of the total variance,
which delineates the dominated spatial patterns in P and TWS, respectively. Despite the
difference in the percentage of the representation, both of the spatial structures of P and
TWS resemble similar wet (positive) and dry (negative) contrast between the northern
and southern catchments. This similarity indicates the governing role of precipitation
on the drying and wetting distribution in TWS during the 30-year period from 1984 to
2013.

The lower panel in Fig. 5.3 resembles the spatial distribution of the linear trends in
P and TWS anomalies during 1984-2013. The trends in P vary regionally, ranging from
-6 mm/yr to 10 mm/yr. The grid cells with decreased trends are mainly noticed in
the southern Selenga catchment, while the substantial increase is observed primarily in
the Lena and Aldan catchments. Similar spatial patterns of trends exist in the TWS
anomalies. This suggests that the variations in P have been imprinted on the evolution
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of the terrestrial water storage at a specific region.
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Figure 5.3: Spatial-temporal characteristics in precipitation (P) and terrestrial water storage (TWS)
during 1984-2013. The upper panel presents the spatial patterns of the first modes (EOF1) of P
and TWS, and the percentage denotes the explanation for the variance of EOF1. The below panel
displays the trends of P and TWS for each grid cell in the study area; the dots in grey denote the
trends with statistical significance (p<0.05). Precipitation is from GPCC dataset and the TWS data
is extracted from GRACE-REC dataset (Humphrey & Gudmundsson, 2019).

Both the EOF patterns and the temporal trends provide insight into the spatial char-
acteristics and temporal dynamics of water availability in southern Siberia. Most part
of the Lena and Aldan catchments, characterized by relatively wet conditions, has ex-
perienced an overall increase in both precipitation and TWS, resulting in a wetter state
in water availability. On the contrary, the semi-arid Selenga in the south undergoes
a widespread reduction in P and TWS, leading to a much drier condition in water
availability. These contrast behaviors in water availability suggest a pattern that “wet
gets wetter while dry gets drier”. This phenomenon is also identified in other regions
around the globe such as China (Ding et al., 2008), Europe (Stahl et al., 2010), and Aus-
tralia (A. Chen et al., 2021), despite that there still lacks an overall picture throughout
the global continent (Greve et al., 2014).
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Figure 5.4: Spatial distribution and time series of mean annual and trends for the TRAIN simulated
ET in the Selenga, Lena, and Aldan catchments from 1984 to 2013.

5.2.2 Evapotranspiration based on TRAIN model

As evapotranspiration (ET) is an essential component in both the water cycle and energy
cycle of the hydro-climate system, its variations can reflect the states of the terrestrial
water availability. Here we further present the spatial distribution and temporal vari-
ations in evapotranspiration (ET) based on TRAIN simulation (Fig. 5.4). The graph
on the upper left shows the average ET condition. The stations with higher ET are
mostly noticed in the Lena catchment, whereas the stations with lower ET mostly exist
in the Selenga and Aldan catchments. Though the air temperature and PET in Selenga
are relatively higher than the other two catchments, ET shows a relatively lower value.
The lack of high ET in Selenga could be attributable to the lower precipitation in this
region (Fig. 5.3, up left). In contrast, the relatively low ET in Aldan is mainly a result
of the limited energy availability (i.e., the cold temperature and low PET) for evapo-
rating water in terrestrial (Fig. 4.1). This highlights the different driven mechanisms
of regional ET dynamics with regard to the competition between moisture control and
energy control in southern Siberia.

As to the trends in ET during 1984-2013, despite the pronounced warming and in-
creased PET in Selenga (Fig. 4.1), most of the stations have experienced decreased ET
during the period, which results in a decreased ET (-0.72 mm/yr, p>0.05) for the entire
catchment. This reduction in the annual ET might result from the decreased precipita-
tion (-1.42 mm/yr, p<0.05) during this period, indicating limited water availability for
the surface latent heat flux in this dry semi-arid region. In Aldan, half of the stations
exhibit significantly increased ET from 1984 through 2013, leading to a catchment-scale
increased ET (1.62 mm/yr, p<0.05). There is also an increased ET trend in the Lena
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catchment (0.76 mm /yr, p<0.05), with most of the stations resembling an upward ten-
dency. However, this increased ET trend is relatively smaller than that in the Aldan
catchment, despite that the precipitation shows a similar increased tendency over both
catchments (i.e., 3.9 mm/yr, p<0.001 in Lena and 4.1 mm/yr, p<0.001 in Aldan, respec-
tively). Considering that the PET over both catchments only shows a slight change from
1984 to 2013 (Fig. 4.1, second row), the different behaviors of the ET trends over these
two catchments is primarily controlled by the change patterns in the air temperature
(i.e., 0.51 °C/30 yrs, p>0.05 in Lena and 0.84 °C/30 yrs, p>0.05 in Aldan, respectively),
indicating the strong sensitivity of the ET dynamics to the thermal condition in the
boreal climate system.

5.3 Control on runoff generation: precipitation and TWS

The presence of permafrost is expected to prevent the precipitated water from downward
infiltration. If the entire land surface is underlain by frozen soil throughout the year, the
catchment should directly respond to the precipitation, with a strong relationship be-
tween runoff and precipitation. However, there are only several parts of the study region
that show strong correlations between runoff and precipitation (Fig. 5.5). Especially,
there are weaker correlations between precipitation and runoff in the Selenga catchment
than that in the Aldan and Lena catchments. On the contrary, the correlations between
TWS and runoff decrease from south to north as permafrost distribution increases.

These contrary strengths of the relationship between runoff-precipitation and runoff-
TWS reveal the different dominant control of runoff generation among these three catch-
ments. The less permafrost coverage in the Selenga and Lena catchments can allow more
precipitation to infiltrate to the subsurface. As thus, the runoff-TWS correlation in these
two catchments is much stronger than that in the Aldan catchment. Furthermore, the
runoff-TWS correlation in the Selenga and Lena catchment is also more significant than

Precipitation & Runoff TWS & Runoff

Figure 5.5: Correlations between annual precipitation and runoff, TWS and runoff, respectively,
during the period of 1984-2013. Contour in black solid line delineate the correlation larger than 0.8.
The black dot represents the significance of the correlations, with p value being smaller than 0.05.
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Figure 5.6: Correlations between annual TWS and runoff for each seasons during the period of
1984-2013. The message on this figure is same to Fig. 5.5.

the runoff-precipitation correlation, suggesting the increased importance of the subsur-
face system on the runoff generation in these two catchments. Specifically, permafrost
degradation (i.e., the decreased permafrost extent) can increase the connections between
surface and subsurface. This enhancement is evidenced by the enhanced runoff-TWS
correlations during the thawing season (from summer to autumn, Fig. 5.6). These high
runofft-TWS correlations in the Selenga catchment indicate that there are stronger con-
nections between surface and subsurface water systems in this region with sporadic
permafrost. Whereas for the other two catchments with higher permafrost coverage, the
surface and subsurface system show less strong connections, thus have weaker runoff-
TWS correlations. Differently, all the three catchments have similar runoff-TWS cor-
relations during winter, implying a relatively stable relationship between surface runoff
and subsurface groundwater systems in the cold season.
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5.4 Consequence of climate change and permafrost
degradation

5.4.1 Drying and wetting dynamics

The drying and wetting dynamics in these three catchments can be detected by the
Budyko framework from a land-atmosphere coupling perspective (Fig. 5.7). Depending
on the magnitudes of DI, we divide the dry condition into three categories: wet or
energy-limited (DI < 1.5), transition (1.5 < DI < 2), and dry or water-limited (2 <
DI < 5) (UNEP & Thomas, 1992). The Selenga catchment is a typical example of a
catchment at the threshold between the transitional and water-limited regimes. In the
second 15 years period (1999-2013), a higher dryness index, i.e., higher atmospheric
water demand (PET) in comparison to the available water supply (precipitation), is
noticed in this catchment. Given the pronounced decrease in precipitation during this
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Figure 5.7: Budyko framework for Selenga, Lena, and Aldan: Annual average evaporative index (El)
plotted against dryness index (DI) for the Selenga catchment (circle), the Lena catchment (square),
and the Aldan catchment (triangle) for two 15 years periods: 1984-1998 and 1999-2013. The 15-
year-average value of the 17, 19, and 10 stations (shown in Figure 3) in the Selenga, Lena, and Aldan
catchment are denoted by small circles, squares, and triangles, and the average of the 17-, 19-, and
10-station are depicted with bigger circles, square, and triangles, respectively. The horizontal dark
line is the water-limit, where 100% of P becomes ET, and the diagonal dark line is the energy-limit,
where 100% of available evaporative energy (i.e., PET) is converted to latent heat. To the left of
the dashed line are energy-limited conditions, and to the right are water-limited conditions.



62 5. Drying and wetting under enhanced warming

period (Fig. 5.2a), the substantially increased dryness index indicates that the water-
limited (dry) Selenga catchment gets even drier under the warming and drying climatic
condition. This drying condition is consistent with the severe droughts in the middle-
latitude regions of Central, and East Asia described by Huang et al. (2016). Additionally,
the evaporative index, i.e., evapotranspiration partition to the precipitation, also exhibits
prevalent reduction during 1999-2013, despite the robust warming and enhanced PET
during this same period (Fig. 4.1). Together with a persistent decline in the river runoff,
this reduced evaporative index implies a significant surface water deficit via the enhanced
infiltration induced by warming-associated lateral permafrost degradation (Fig. 3.4) in
this water-limited catchment.

In the relatively humid zone where both Aldan and Lena belong to, however, most
of the stations are located in the “energy-limited” (wet) region, with a few stations
being in the transitional zone. The averaged dryness index shows a reduction during
1999-2013 compared to the first 15-year period over both catchments. The decreased
dryness index indicates a wetter condition in the latter 15 years in response to the
increased water supply (precipitation) (Fig. 5.2d,h). The wetting condition in the Aldan
and Lena catchment agrees well with the prevalent wetting state in the southeastern
Siberian region during this period (Boike et al., 2016; Fedorov et al., 2014; Iijima et al.,
2014; Muskett & Romanovsky, 2009; Shiklomanov & Lammers, 2014; Velicogna et al.,
2012). Meanwhile, a clear drop in the evaporative index is also noticed, especially in
the Lena catchment. This implicates that the limited energy availability (PET) in the
boreal ecosystem is not able to sustain enough energy consumed by the saturated or
near-saturated surface. As a result, the surplus water could yield higher runoff in these
two energy-limited catchments, since the infiltration is still blocked by the underlain
continuous or discontinuous permafrost. Therefore, the wetting state in the energy-
limited Aldan and Lena catchment is driven by the increased precipitation and intensified
vertical permafrost degradation in the latter 15 years.
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Figure 5.8: Spatial distribution of dry index (DI) over the three catchments in the southern Siberia
based on the long-term averaged observation, (a) is for the entire 60 years period from 1954 to 2013
and (b) is for the latter 30 years during 1984-2013, and (c) is for the 1996-2013 period.
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Figure 5.9: Evolution of drying and wetting conditions. Shown are the differences in DI during
1996-2013 in comparison to that during (a) 1954-2013 and (b) 1984-2013, respectively.

5.4.2 Evolution in regional aridity

Terrestrial aridity, described by dry index (DI), is the mean of the ratio between potential
evapotranspiration and precipitation. It is primarily shaped by the complex interactions
between the atmosphere and land surface, and can capture the spatial patterns in re-
gional water availability. When DI rises, it represents a drier condition; if it declines, the
conditions are becoming wetter. Figs. 5.8a,b,c show the spatial patterns of averaged DI
during three periods of 1954-2013, 1984-2013, and 1996-2013, respectively. They reflect
the general drying and wetting conditions over each period. The patterns in the Selenga
catchment are characterized by drying conditions over all the three periods, and even
show expanding drying areas over the recent period from 1996 to 2013, i.e., more regions
have higher dry index. On the contrary, wetting conditions generally prevail in the Lena
and Aldan catchment, with a growing area being in a humid condition (i.e., DI < 1.5).
These increased spatial contrasts in the aridity indicate that, due to the complex interac-
tions and feedback in the hydrology-atmosphere-landscape system, regional hydrological
response to changing environment is usually not uniform.

In order to identify the transformation of regional aridity and water availability during
three periods shown in Fig. 5.8, the differences in DI during 1996-2013 in comparison
to that during 1954-2013 and 1984-2013 are calculated. Based on the sign of the differ-
ence in the aridity, we define six types of transformations as shown in Fig. 5.9. Taken
the transformation between Fig. 5.8b and Fig. 5.8¢c as an example: when the DI in
1996-2013 is smaller than that in 1984-2013, we call the transformation is from wet,
transition, and dry to wetter for the DI in 1984-2013 being of wet, transition, and dry,
respectively; otherwise we call the transformation is from wet, transition, and dry to
drier, respectively. While Fig. 5.9a represents the transformation of aridity during the
long-term (60-year) period, Fig. 5.9b denotes the transformation of aridity during the
recent 30-year period. For both cases, the changes towards drier conditions are detected
in most parts of the semi-arid Selenga catchment (red) and a small part of the wet Lena
and Aldan catchments (violet). Regions with a dry condition that becomes wetter are
sparse and primarily distributed in the middle valley region in the Selenga catchment
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(green). In contrast, the wetting region is mainly found in the wet Aldan and Lena
catchments (blue). Transition aridity mainly exists in two regions: one is the region be-
tween Selenga and Lena, the other is a cold and dry area in the north of Lena and Aldan.
Fig. 5.9 shows that the first transition region is getting drier (yellow), while the second
transition region is becoming wetter (light green). Since the difference between Fig. 5.9a
and Fig. 5.9b is negligibly small, it means that the aforementioned transformation is
only weakly dependent on the choice of the reference period, and the three southern
Siberian catchments have experienced an extremely significant shift in the surface water
availability over the recent period (1996-2013). These observed changes reflect a “dry
gets drier, wet becomes wetter” phenomenon as we noted in Sec. 5.2, but it serves as
evidence from a climatic perspective.

Furthermore, given the drying and wetting dynamics in the hydrology-permafrost-
climate system as we discussed in Sec. 5.4.1, the “dry gets drier, wet becomes wetter”
evolution from both terrestrial water availability and regional aridity perspectives im-
plicates the potential influence of permafrost degradation on the hydro-climatic system.
For the region with “dry gets drier”, which is mainly observed in the Selenga catchment,
the dominated lateral permafrost degradation has induced a drying land-atmosphere sys-
tem, which could further accelerate the overlying lower-level atmosphere temperature by
suppressing the evapotranspiration. Meanwhile, the drier and warmer atmosphere fa-
vors a clear sky that may reduce local precipitation, leading to a continued drying state
in the land surface. This lateral-degradation-related dry and hot feedback loop could
further induce a shift of “dry gets drier” in both land surface and atmosphere. On the
contrary, the region with “wet becomes wetter” is primarily noted in Lena and Aldan,
where have experienced enhanced vertical permafrost degradation. The corresponding
wetting condition in land surface can sustain sufficient moisture to the atmosphere by
evapotranspiration, thus leading to a relatively less fraction of sensible heat from land
surface to atmosphere. As a result, this wet and cool feedback loop would promote a
changing pattern with “wet becomes wetter” in regional water availability and atmo-
spheric condition.

5.5 Discussion

From 1984 through 2013, the Aldan and Lena catchments, where already manifest a wet
condition (i.e., with high precipitation, runoff, and TWS), are becoming wetter, whereas
the semi-arid Selenga catchment gets drier from both the atmospheric and hydrological
perspective. As we discussed in Sec. 4.1, these three catchments are found to be located
in the two ends of the “seesaw-like” atmospheric circulations between Northeast Asia and
Siberia (Iwao & Takahashi, 2006). The corresponding contrast precipitation oscillations
during this 30-year period have led to an oscillation from dry to wet state in the Aldan
and Lena catchment, but a shift from wet to dry pattern in the Selenga catchment.
This means that the predominant wetter condition in Aldan and Lena and the drier
condition in Selenga are mainly controlled by the oscillation patterns of precipitation.
Nevertheless, the effect of warming-induced permafrost degradation on water availability
(see detail in Chap. 4) is still pronounced. The lateral permafrost degradation stimulates
the water loss in the Selenga catchment and led to a water-deficit runoff regime during a
low precipitation state during 1999-2013. Whereas in the Aldan and Lena catchments,
the vertical degradation sustains water-rich surface moisture and yields higher runoff
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during the rainy season, resulting in a snow-rainfall-fed runoff regime.

Though the hydrological processes during a complete oscillation cycle (30-yr in south-
ern Siberia) are expected to be dominated by precipitation (Z. Chen & Grasby, 2009;
Hannaford et al., 2013; Pekarova et al., 2003), the corresponding connections between
precipitation and runoff are disparate among these three catchments. This disparity is
evidenced by differences in the regime pattern between runoff and precipitation (Fig. 5.2).
As we mentioned in Sec. 4.2, a seasonal runoff-precipitation response is more dependent
on the modulation of the subsurface system, which is primarily controlled by the thaw-
ing and freezing dynamics of permafrost in these three catchments. That is to say, the
intra-annual behaviors in runoff-precipitation response could signify the critical role of
the subsurface on the intra-annual distribution of river runoff.

These seasonal dynamics have also led to a disparity in the annual relationship be-
tween hydro-climatic variables, which is reflected by the different runoff-TWS and runoff-
precipitation correlations in (Fig. 5.5). A higher runoff-TWS correlation in the Selenga
catchment implicates that the subsurface system is becoming more critical in runoff
generating processes in this sporadic permafrost region, where already suffers an en-
hanced lateral permafrost degradation (Fig. 3.4). This insight into the increasing role of
groundwater on runoff generation has also been suggested by studies in other permafrost
region (St. Jacques & Sauchyn, 2009; Walvoord & Striegl, 2007) as well as by modeling
investigation (Lamontagne-Hallé et al., 2018). In the case of two northern (Lena and
Aldan) catchments, the relationship between runoff and precipitation shows less differ-
ences as compared to that between runoff and TWS, indicating that the hydrological
processes (both runoff and TWS) in these two catchments covered by higher permafrost
extent are mainly controlled by precipitation. Nevertheless, the relatively larger R-
TWS correlation in Lena than that in Aldan suggests that the subsurface system in
the Lena with discontinuous permafrost is more developed (connected) than the Aldan
with continuous permafrost. As warming continues, permafrost conditions are expected
to experience a one-direction evolution from continuous to discontinuous and further to
sporadic, and eventually totally disappear (Walvoord & Kurylyk, 2016). Consequently,
the associated hydrological system in these three permafrost-affected catchments under-
lain by different permafrost distributions is likely to exhibit a potentially irreversible
transformation (Devoie et al., 2019; Lenton, 2012; Nitzbon et al., 2020).

Hydrological processes are tightly coupled in the land-hydrology-atmosphere system
(Seneviratne et al., 2010). The interactions and feedbacks between climate factors, hy-
drological variables, and land surface properties are expected to alter both the water
and energy cycle for a given region (Fig. 1.2). In the Selenga catchment, the combi-
nation of the declined precipitation and permafrost-degradation-enhanced soil moisture
loss has led to the decreased ET, indicating a reduced latent heat flux and evaporative
vapor from the land surface to the atmosphere. In turn, this will result in an increased
sensible heat flux partition that can potentially increase the temperature in the tropo-
sphere (Jung et al., 2010). Consequently, the drier and warmer atmospheric condition
in this semi-arid region is likely to trigger a more frequent occurrence of heatwave events
that further exacerbate land surface drying (Erdenebat & Sato, 2016), leading to a drier
land-hydrology-atmosphere system (Ford & Frauenfeld, 2016; P. Zhang et al., 2020). On
the contrary, the wetting surface condition in Aldan and Lena is intensified by warm-
ing and the associated thickening of the active layer. The atmospheric moisture will
be increased mainly through the higher latent heat flux, leading to a humid low-level
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troposphere with more cloud covering in this region (Vecellio et al., 2019). As a result,
the moistening and cloudy atmosphere will induce a higher probability of precipitation
that could contribute more moisture supply to the water balance (Iijima et al., 2014),
causing a wetter land-hydrology-atmosphere system over this boreal region. These two
patterns of drier and wetter systems would eventually lead to a transformation in the
terrestrial water availability as shown in Fig. 5.9 and potential migration of climate zone
in the future as suggested by Seneviratne et al. (2006).

Moreover, the severe drying condition in the semi-arid Selenga catchment, and en-
hanced wetting conditions in the boreal Aldan and Lena catchments, might also bring
adverse and inevitable ecological consequences. In the water-limited Selenga catchment,
the ecosystem is fragile and sensitive to the climate changes (Karthe et al., 2017). As
air temperature rise continuously, the warming-associated processes, such as enhanced
lateral permafrost degradation and increased potential evapotranspiration (PET), to-
gether with limited precipitation, might result in a more substantial water deficit on
landsurface (Cook et al., 2014). This changing climate-induced water stress may not
only threaten forest and grassland growth (Bao et al., 2014; Wang et al., 2019) but also
lead to increased frequency of wildfires in the Selenga region and beyond (A. E. Hessl
et al., 2018). Following those severe wildfire events, accelerated permafrost degradation
has been observed (Bartsch et al., 2009; Kopp et al., 2017; Munkhjargal et al., 2020).
Furthermore, in the wet Aldan and Lena catchments, the thawing of the upper ice-rich
permafrost might cause thermokarst subsidence and formation of depression (lijima et
al., 2014; Séjourné et al., 2015). Forest fire events induced by natural or human distur-
bance could change the energy balance between land surface and atmosphere, which may
also accelerate the continuous permafrost degradation over this boreal region (Boike et
al., 2016). Meanwhile, the saturated (or near-saturated) surface and soil condition will
reduce the canopy stomatal conductance of the forest (Iijima et al., 2014), thus, affect
the growth of boreal forest and change the vegetation classes in the Boreal ecosystem.

5.6 Summary

We highlight the strong spatial wet-dry contrast in the distribution and variation of
terrestrial water availability during the period 1984-2013 in the three southern Siberian
catchments. The two northern catchments (Lena and Aldan), where already manifest
a wet condition (i.e., with high precipitation, runoff, and TWS), are becoming wetter;
whereas the semi-arid Selenga catchment located in the south gets drier from both at-
mospheric and hydrological perspectives. This disparity between north and south is
also reflected in the shifted intra-annual regime. By combining these strong contrasts
with spatial correlations between runoff and precipitation (TWS), we expose the dif-
ferent runoff generating processes over these three catchments underlain by different
permafrost conditions. Precipitation plays a dominant role for Lena and Aldan, with
higher permafrost coverage. Whereas for the southern Selenga catchment covered by
less permafrost extent, the river runoff is more dependent on the subsurface discharge
induced by lateral permafrost degradation. Furthermore, our investigations suggest that
the lateral permafrost degradation in Selenga stimulates water loss from the increased
permafrost-free area and leads to a water-deficit condition in this region. Whereas in
the Aldan and Lena catchments, the vertical degradation sustained a water-rich surface
moisture condition and yielded higher runoff during the rainy season, resulting in a wet
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state. These two permafrost-degradation-induced surface water states further affect the
overlying atmospheric condition, which may result in a potential transformation in the

hydro-climatic system.
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Chapter 6

Irreversible water deficits in semi-arid
Selenga

Drought is one of the most devastating natural hazards that disrupt human life and socio-
economies, challenge ecological systems, and complicate water resources management.
In Chap. 5, we have noticed an intensified drying condition in the semi-arid Selenga
River basin during 1996-2012. In the study based on tree ring record (P. Zhang et al.,
2020), this dry spell has also been recognized as one of the most severe and prolonged
droughts over the last two hundred years across Inner Central Asia. In this chapter, we
investigate this record-setting drought from a hydrological perspective, with a specific
focus on the compound effect of atmospheric circulation and permafrost degradation
observed in previous chapters. Additionally, given the unprecedented dry condition
during this period, we further discuss whether the identified hydrological transformation
in this semi-arid region is irreversible.

We first examine how the drought propagates from precipitation (P) reduction to
deficits in runoff (R) and terrestrial water storage (TWS), and how such propagation
is related to the enhanced thermal condition from land surface to atmosphere. This
is demonstrated by comparing the inter-annual and intra-annual anomalies of hydro-
climatic variables, namely P, R, TWS, air temperature (T), and potential evapotranspi-
ration (PET). We then discuss the potential effects of the enhanced permafrost degra-
dation on the propagation of hydrological drought via the regression between thawing
index and runoff deficits. After that, we assess the reduced runoff efficiency during this
long-lasting dry period, namely, partitioning of precipitation into runoff (Chasmer &
Hopkinson, 2017; Martin et al., 2020). Finally, such runoff deficits are also examined in
the tributaries of the Selenga River.

6.1 Characteristics of dry spell during 1996-2012

Driven by the large-scale atmospheric circulations as we discussed in Sec. 4.1, the precip-
itation and runoff in Selenga regularly manifest periodical oscillations between dry and
wet conditions during 1954-2013. Consequently, there are two noticeable dry periods
in 1974-1982 (dryl) and 1996-2012 (dry2), and two apparent wet periods in 1960-1973
(wetl) and 1983-1995 (wet2). In order to distinguish the severe drought from the normal
dry condition, we further employ the percentile ranking analysis (Sec. 2.3.2) to divide
each hydro-climatic variable into four categories of conditions: very dry (<20%), dry
(20-50%), wet (50-80%), and very wet (>80%). Similarly, the temperature is divided
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Figure 6.1: Dry and wet spells based on the percentile ranking analysis, during the period of 1954-
2013. The upper and lower panels display the four hydrological and heat conditions based on annual
and seasonal hydro-climatic variables, respectively. Temperature and PET are from the CRU dataset,
precipitation is from the GPCC dataset, river flow is from the GRDC dataset, and the TWS is from
the GRACE-REC dataset (Humphrey & Gudmundsson, 2019).

into very cold, cold, hot, and very hot. The results are shown in Fig. 6.1. The upper
panel of Fig. 6.1 presents the plot based on annual variables, where the dry and wet
conditions are obvious. Since we mainly focus on the two dry periods (dryl and dry2),
the enlarged properties of dryl and dry2 based on seasonal variables are displayed in
the lower panel of Fig. 6.1.

6.1.1 Severer hydrological droughts with longer duration

From the upper panel in Fig. 6.1, the water deficits start from precipitation during both
dryl and dry2, then gradually propagate over months to years through the hydrological
system that eventually leads to water deficits in the river runoff and subsurface storage
(TWS). However, different patterns also exist between these two dry periods: despite
the precipitation deficits in dry2 showing less strong intensity than that in dryl, the
dry condition in river runoff and TWS during dry2 are much longer in duration and
more vigorous in intensity. Specifically, there are several wet conditions for annual
precipitation in 2000, 2003, 2008, and 2012 during dry2. However, the river discharge
always stays dry from 1999 to 2012. Such severe and prolonged runoff deficits trajectories
are also detected in TWS anomalies, with much severer reduction. The dry condition
in TWS only exhibits a slight recovery until 2013 after two successive years of wet
precipitation in 2012 and 2013. It suggests that the reduced water availability during
this intensified and prolonged dry period can only be mitigated by a consecutive increase
in precipitation.

The persistent hydrological deficits have also been manifested by seasonal variables,
shown in the lower panel in Fig. 6.1. This is particularly pronounced during summer and
autumn when the precipitation experience a more significant reduction. Among these
two seasons, the runoff and TWS show much severer and more persistent shortages than
the precipitation. As to the spring and winter, the runoff and TWS resemble continued
deficits despite the widespread rise in precipitation during this period from 1996 to 2012.
This is because the runoff (TWS) during these two seasons are mainly controlled by
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precipitation in the warm season due to the lagged runoff generation (Sec. 4.2) through
the groundwater system.

6.1.2 Drying with intensified warming

The prolonged hydrological drought during 1996-2012 is also accompanied by signif-
icantly hot air temperature and large PET. This coincide phenomenon is especially
strong in summer, during when the precipitation and temperature are highly coupled
with the atmospheric system. These concurrent land-atmosphere extremes indicate po-
tentially enhanced interactions of the landsurface-hydrology-atmosphere coupling under
this long-lasting dry period (P. Zhang et al., 2020). The elevated air temperature will
increase the atmospheric water demand. However, drying land surface can not provide
sufficient water for this higher demand from the atmosphere. Consequently, this has led
to enhanced atmospheric vapor pressure deficits that could further accelerate water loss
from the land surface, resulting in a prolonged and intensified drying condition in the
hydrological system. This intensified landsurface-hydrology-atmosphere coupling is also
supported by the conjunction of positive anomalies among air temperature and 500-hPa
geopotential height (Z500) (Fig. A.6 in Appendix).

The co-occurred positive anomalies in air temperature (PET) and hydrological deficits
indicate that the enhanced atmospheric demands driven by rapid warming may exert an
accumulative influence on the water flux generation in surface and subsurface systems.
This may further affect the subsequent recovery of catchment function in the semi-arid
Selenga basin as the resulted hydrological deficits require a longer period (more than
one year) of above-average precipitation conditions to be restored.

6.2 Potential causes of enhanced drying condition

6.2.1 Enhanced summer atmospheric dynamics in Mongolia

Fig. 6.2 resembles the spatial distribution of the linear trend in summer mean 500-hPa
(Z500) during 1954-2013. The summer mean Z500 has experienced a widespread increase
in the mid-latitude, with the most considerable rise occurring over the Mongolia Plateau.
This upward trend in Z500 across the Mongolian region has also been observed by studies
based on other geopotential height datasets such as JRA25/JCDAS (Fujinami et al.,
2016) and JRA-55 dataset (Hiyama et al., 2016). It indicates an enhanced atmospheric
dynamics over Mongolia, which might produce warming summer air in this region.

In addition to the long-term trend, here we further examine the anomalies of both
500-hPa and 850-hPa geopotential height over both two dry periods as compared to the
long-term condition during 1954-2013 (Fig. 6.3). We found that the recent dry spell
from 1996 to 2012 has also experienced an amplification of the positive anomalies for
both the 500-hPa (Z500) and 850-hPa (Z850) over the Selenga basin relative to the other
southern Siberian region. The high pressure blocking patterns in both the middle- and
lower-level atmosphere (Z500, Z850) over Mongolian Plateau can prevent air moisture
flow and precipitation to the Selenga River basin. Furthermore, the positive anomalies
in Z500 and Z850 could dynamically induce clear skies, warm atmosphere, and prolonged
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Figure 6.2: Linear trend of 500-hPa (gpm) geopotential height (Z500) during 1954-2013. Solid dots
denote gridded geopotential height with trends that are statistically significant at the 95% confi-
dence level. The geopotential height reanalysis data is from the National Centers for Environmental
Prediction-National Center for Atmospheric Research (NCEP-NCAR).

500hPa dry period1 500hPa dry period2
65°N - 65°N -
60°N - 60°N -
55°N - 55°N
50°N - 50°N
45°N 45°N
T T T T T T T
100°E  110°E  120°E 130°E  140°E 100°E  110°E  120°E 130°E  140°E
[ — ] | —
-10 0 10 20 30 -10 0 10 20 30
850hPa dry period1 850hPa dry period2
65°N - 65°N -
60°N - 60°N -
55°N - 55°N -
50°N - 50°N -
45°N 45°N
T T T T T T T T
100°E  110°E  120°E 130°E  140°E 100°E  110°E 120°E 130°E  140°E
[ aae——— ] [ —— ]
-10 0 10 20 30 -10 0 10 20 30

Figure 6.3: Anomalies of 500 hPa and 850 hPa (gpm) for two dry periods: 1974-1983 and 1996-2012
relative to the base period from 1954 to 2013.
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hot state on the land (Meehl & Tebaldi, 2004). This could eventually produce severe
heatwaves on the land surface (Meehl & Tebaldi, 2004; Sato et al., 2019). In contrast,
no such enhanced blockings exist in the geopotential height during the dry period from
1974 to 1983, though it is also characterized by deficit moisture conditions. The different
land-atmosphere behaviors during these two dry periods strongly suggest that the highly
coupled land-hydrology-atmosphere system under rapid warming climate might produce
more intensified drying conditions with enhanced intensity and longer duration.

6.2.2 Co-occurred dry and hot conditions in atmosphere

The severer hydrological deficits, namely, the very dry conditions in runoff and TWS
anomalies, can also be exacerbated by the co-occurrence of high temperature and low
precipitation (M. E. Mann & Gleick, 2015). This is especially apparent in dry2 from 1999
to 2012. During this dry period, there is a high chance of such co-occurrence (Fig. 6.4),
especially during summer. For example, during 1954-2013, 22 out of the 60 summers
(37%) have exhibited positive temperature anomalies as well as precipitation deficits
(Fig. 6.4, left), with half of them come from the second dry period during 1996-2012.
Particularly, the summer of 2002 had an extremely severe atmospheric condition with
high temperature and the recorded lowest precipitation, and consequently a recorded
driest hydrological condition in both the runoff and TWS. This implicates a potentially
increased importance of warming on the occurrence of multi-year droughts.
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Figure 6.4: Regression of anomalies for precipitation and temperature during each dry and wet period.

6.2.3 Potential role of permafrost degradation on runoff deficits

In Sec. 3.2 we introduced thawing index (TI) as an indicator of permafrost thermal
condition, with high TI referring to intensified thawing. Fig. 6.5 presents the long-
term (1954-2013) variability of TI anomalies in the Selenga catchment. Overall, TI
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Figure 6.5: Inter-annual variability of Tl anomalies during 1954-2013 over the Selenga catchment.
Tl is calculated by the Stefan method based on the gridded monthly air temperature data from the
CRU dataset.

resembles an upward trend during 1954-2013, indicating a continued warming condition
in permafrost. Interestingly, an evident step change has been exhibited since 1996, with
all the yearly TT anomalies exhibiting positive value. This long-lasting positive pattern
in TT is consistent with the drying condition during 1996-2012, which hints a potential
connection between the permafrost degradation and runoff deficits.

In order to verify this assumption, in Fig. 6.6, the regression between TI and runoff
deficits over each dry and wet period are presented. Generally, T1 is negatively related
to runoff during the entire period of record from 1954 to 2013, indicating that thawing
permafrost may enhance the runoff deficits. This is because warming permafrost con-
ditions could increase the connections between surface and subsurface systems, which
can further trigger the downward movement of soil moisture. As a consequence, the en-
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Figure 6.6: Regression of anomalies for thawing index (TI) and runoff deficits during each dry and
wet period.
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hanced infiltration due to permafrost degradation might induce decreased runoff. This
behavior is most pronounced during the long-lasting dry spell from 1996 to 2012, when
the runoff deficits co-occurred with greater positive TI.

Furthermore, the warming-induced lateral permafrost degradation in this region may
also reinforce the runoff deficits. As we noticed in Fig. 3.4, there is a clear northward
movement in the 0°C isotherm of MAAT during 1984-2013 as compared to the earlier
30-year period, implying that permafrost has experienced a significant lateral degrada-
tion pattern in this region. That is to say, as warming continues, there would be more
permafrost-free areas in this region, which can induce higher infiltration and percola-
tion. Due to these enhanced subsurface processes, there might be less surface water.
The notable co-occurrence of runoff deficits and TI anomalies, together with the north-
ward migration of permafrost domain in the Selenga basin, suggest that the permafrost
degradation due to warming climate may substantially exacerbate the drying condition
in this vulnerable region.

6.3 Consequence of the intensified drying condition

6.3.1 Transformation in runoff generation

Based on previous sections, hydrological variables (i.e., runoff and TWS) show much
more severe deficits than precipitation in dry2. In order to identify the potential changes
in the runoff generation processes during this long-lasting dry period, here we further
consider the corresponding relationships between runoff and precipitation, runoff and
TWS (Fig. 6.7).

A considerable difference has been observed in hydro-climatic relationships between
dry and wet periods. During the dry periods, i.e., 1974-1983 and 1996-2013, the gener-
ated runoff from precipitation is much lower in comparison to that in the wet periods
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Figure 6.7: Changed runoff-precipitation and TWS-precipitation relationships during dry and wet
periods in the Selenga basin.
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during 1959-1973 and 1984-1995 (Fig. 6.7, left panel). This indicates that the hydrolog-
ical system requires more input water from precipitation during dry periods to sustain
surface water availability. This low precipitation conversion behavior is even more sig-
nificant during dry2 from 1996 to 2012. With a relatively flat regression line between
runoff and precipitation, it indicates a considerable reduction in runoff efficiency, namely,
partitioning of precipitation into the runoff.

When comparing the runoff-TWS regression between the two dry spells, the same
TWS can generate higher runoff during the recent long-lasting dry period (dry2) than in
the first dry period during 1974-1983 (Fig. 6.7, right panel). That is to say, during 1996-
2012, runoff responds more sensitively to TWS than the first dry period. This increased
relationship implicates a stronger connection between surface runoff and groundwater
systems along with permafrost degradation during this period.

6.3.2 Decreased runoff efficiency in subbasins of Selenga River

Driven by the reduction in precipitation, widespread runoff deficits conditions are also
registered in the upstream subbasins of the Selenga River (Fig. 6.8). Since the river
discharge data for subbasins of the Selenga River is only available during 1982-2010, our
comparison between dry and wet states will only focus on two periods before and after
1996, i.e., 1982-1995 and 1996-2010.

Although the river runoff over all the subbasins responds well to the precipitation
during the period before 1996, it exhibits less consistency with the variations in pre-
cipitation during the dry period from 1996 to 2010. This out of pace between river
runoff and precipitation is consistent with the changed runoff-precipitation response in
the large Selenga basin (Fig. 6.7, left panel). It is particularly notable in subbasins such
as Orkhon (gauged at Sukhbaatar) and Eg (gauged at Khantai).

Different runoff-precipitation variations are also noticed among each subbasin with
different landscape properties. For instance, river runoff in the mountainous subbasin
like Delgermeren (gauged at Muren) shows stable moisture conditions before and after
1996, despite the relatively decreased precipitation around the 2000s. Differently, sub-
basins located in flat valleys like Orkhon (gauged at Orkhon) experiences a much more
significant decrease in runoff as compared to the variations in precipitation. This indi-
cates that the propagation of hydrological droughts in subbasins is strongly dependent
on their specific location and landscape characteristics.

Though the river discharge data for the subbasins is limited to the period of 1982-2010,
the long-term meteorological data can be obtained from gridded GPCC and CRU data
sets. Here we further use the meteorological data to derive the dry index (PET/P) during
1950-2012, which can reflect the historical evolution in the drying condition in each
subbasin (Fig. 6.9, left panel). Since the meteorological droughts are highly dependent on
the large-scale atmospheric circulation (Trenberth et al., 2014), the historical evolution
of the drying conditions shows a similar pace among each of the subbasins. During
1974-1983, a strong drying condition occurs across all the subbasins. This strong drying
period is followed by a relatively wet state during 1984-1995. Since then, all the subbasins
undergo a long-lasting drying condition during 1996-2012. These variations between dry
and wet states over the subbasins are consistent with the patterns we observed in the
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Figure 6.8: Location of the selected seven subbasins of the Selenga River, and time series in annual
runoff (mm) and precipitation (mm) during 1982-2010 for each subbasins and the outlet in Mostovoy.
The change in annual runoff and precipitation represents the differences in the mean average between
two periods before and after 1996.

large Selenga basin (Fig. 6.1), which highlights the importance of meteorological controls
in this semi-arid region.

In addition to the direct comparison in the variations of runoff and precipitation, the
changed runoff-precipitation response can also be revealed by the runoff-precipitation
ratio (R/P). Our investigations reveal that although the meteorological drying condi-
tion shows a similar pattern among all the subbasins, the runoff-precipitation response
resembles significant differences across subbasins (Fig. 6.9, right panel). In general, the
subbasins in the southern region, such as Chuluut, Orkhon, and Ider, are characterized
by a strong reduction in the runoff-precipitation ratio during 1982-2010. These de-
creased R-P ratios indicate stronger sensitivity of runoff to precipitation and potentially
lower efficiency in precipitation conversion to runoff in these subbasins. In contrast, the
runoff in the northern mountainous region like Delgermeren and Eg shows a smaller de-
crease between the two periods before and after 1996. Particularly, the R-P ratio in the
Kharaa River basin (gauged at Baruunkharaa) shows an unusual increase during 1998-
2005. This increased R/P suggests that the runoff in this subbasin is also contributed
by other sources such as warming-accelerated thawing permafrost.

Changed runoff-precipitation response also manifests in the shift of the regime in pre-
cipitation and runoff between the two periods before and after 1996 (Fig. 6.10). Though
the regime in precipitation shows a similar pattern over all the subbasins, the runoff
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Figure 6.9: Time-series of the dry index (1950-2012) and runoff-precipitation ratio (1982-2010) for
the selected seven subbasins in Selenga River basin. In the left panel, the grey line represents the
yearly dry index, with soild red line being their 10-year moving average. In the right panel, the grey
line denotes the yearly R-P ratio, with the solid blue line being their 10-year moving average.

regime exhibits substantial divergence across these subbasins. The most significant shift
in runoff regime is observed in the southern subbasins include the Chuluut, Orkhon,
and Ider, where also experience the most substantial reduction in the annual runoff
(Fig. 6.8). In contrast, river runoff of the Delgermeren, Eg, and Kharaa subbasins shows
a consistent pattern with precipitation.

from spring thawing under a warming climate.

Finally, our investigation reveals that warming-related alternations in runoff regimes
such as enhanced spring melting and reduction in summer runoff are also observed in
these three subbasins. For instance, increased spring runoff peaks are observed in the
rivers such as Delgermeren, Ider, and Kharaa. This indicates an increased contribution
At the same time, the runoff peak
in summer shows a widespread decline over all the subbasins, with the most notable
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Figure 6.10: Regime of precipitation (left panel) and runoff (middle panel) during two periods, i.e.,
1982-1995 and 1996-2010, and the corresponding deviation between these two periods (right panel)
for both precipitation and runoff in the seven subbasins in Selenga.

reduction being in Orkhon, Chuluut, and Ider rivers in the southern region.

6.4 Discussion

The terrestrial water availability (precipitation, river runoff, and TWS) in the Selenga
River basin exhibits the most prolonged dry period during 1996-2012 as compared to
the preceding dry period over 1974-1982. This dry period in the hydro-climatic system
mainly results from periodical atmospheric oscillation mentioned in Sec. 4.1. During
this long-lasting period, the precipitation and associated hydrological processes exhibit
severe water deficits. However, the water deficits condition in runoff and TWS are
much severer and long-lasting than those in precipitation. Furthermore, this period also
experienced unprecedented warming. Given this co-occurrence between severe water
deficits and high air temperature, it indicates that precipitation deficits are more likely
to yield consecutive drying conditions in the terrestrial hydrological system when they
occur in a warmer climate. This co-occurrence pattern, namely dry hydrological system
and hot atmosphere, is also observed in Europe and America (Diffenbaugh et al., 2015;
Martin et al., 2020; Meehl & Tebaldi, 2004), reflecting a potential increased co-occurring
of droughts and heatwaves under a warming climate.



80 6. Irreversible water deficits in semi-arid Selenga

Furthermore, our results reveal an overall reduction in runoff efficiencies across both
Selenga River and its tributaries, with a clear regime shift since the middle 1990s. Given
the rapid warming during recent decades, it suggests that the excess heat from the
warming atmosphere is diminishing the runoff efficiencies from precipitation (Martin
et al., 2020), indicating a potential shortage in water supply in this semi-arid region.
It also hints that rapidly increasing temperatures are becoming a critical contributor
to the drought risk in the semi-arid Selenga basin. Meanwhile, enhanced anticyclonic
circulation anomalies are also observed during this long-lasting dry period. These inten-
sified anticyclones overlap well with the water deficits, indicating a strong co-occurrence
of heatwaves and droughts (Schubert et al., 2014). This increased probability of com-
pounding heatwave and drought suggests potential enhanced feedback from the land
surface to the atmosphere in the semi-arid Selenga basin (P. Zhang et al., 2020).

The terrestrial water availability is, of course, primarily controlled by water from
precipitation, but it also relies a lot on how the water is distributed into infiltration,
evapotranspiration, and river runoff (Brutsaert et al., 2005). This means that hydrologi-
cal droughts are also highly dependent on the fluxes and storage of water available in the
surface and subsurface hydrological systems (van Loon, 2013). As thus, the warming-
induced permafrost degradation (Sec. 3.2) might also intensify the hydrological droughts
in the Selenga basin. This potential drying consequence of permafrost degradation on
surface and subsurface water systems is also evident by studies based on field observa-
tion (Ishikawa et al., 2005; O’Donnell et al., 2012) and remote sensing survey (Chasmer
& Hopkinson, 2017), which indicates the crucial role of permafrost dynamics on regional
water availability. Though it is of great importance, existing studies on detecting the
drying condition in northern Mongolia Plateau have not considered the historical evolu-
tion in permafrost in this region (A. Hessl et al., 2013; A. E. Hessl et al., 2018; P. Zhang et
al., 2020). Our investigation fills this research gap, and finds a robust negative relation-
ship between thawing index (TI) and runoff deficits (Fig. 6.6), which provides evidence
to the potential linkage between permafrost degradation and hydrological droughts. On
the other hand, given the substantial reduction in river runoff, this negative connection
between TI and runoff deficits also suggests a potential irreversible, enhanced permafrost
degradation under an ongoing warming climate in this transboundary region.

Drought might have more severe consequences for humans and the ecosystem in the
semi-arid region like Selenga, as water availability in such a region is already low under
normal climate condition (Dai, 2011). Selenga is a vital transboundary river between
Mongolia and Russia, and it is also the largest tributary of Lake Baikal. Increased water
demand from ecological systems and human consumption is expected to approaching the
limited water supply in the semi-arid Selenga basin (Karthe et al., 2017; Priess et al.,
2011). Warming-induced processes such as increased atmospheric moisture demand and
enhanced permafrost degradation may further strengthen the water deficits in this re-
gion. Such extreme water deficits can disrupt human life and socio-economies, endanger
ecological systems, and challenge the water resources management between upstream
Mongolia and downstream Russia (van Loon, 2013). This study, covering a comprehen-
sive investigation on the change in water availability in response to changing climate
and thawing permafrost, can provide fundamental information for the water resource
managers and policymakers to build a water-sharing agreement that could balance the
competing water demands and defuse potential conflicts.
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6.5 Summary

In this chapter, we have investigated the long-lasting drying period in the Selenga River
basin during 1996-2012 from a hydrological perspective. We found that the severity of
hydrological deficits is likely to be intensified when precipitation deficits co-occur with
higher temperature conditions. These co-occurring hot-dry meteorological conditions,
accompanied by an intensified anticyclonic atmospheric condition, overlap well with a
significant shift to decreased runoff efficiency throughout the region. Furthermore, a
strong negative relationship between thawing index and runoff deficits provides evidence
of the potential linkage between permafrost degradation and hydrological droughts. It
suggests that warming-induced lateral permafrost degradation may strengthen the runoff
deficits and further intensify the drying surface condition. These correspondences be-
tween the atmosphere, hydrological system, and land surface processes suggest an en-
hanced land-atmosphere coupling, which may induce an irreversible hydro-climatic shift
under a warming climate. Our results also highlight an increasing influence of rising
temperature on drought propagation in the Mongolian Plateau.
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Chapter 7

Hydrologic extremes in Boreal Lena and
Aldan

The studies in previous chapters are mainly based on accumulated annual or seasonal
hydrological variables. The analysis of these variables has provided general insights into
the long-term annual and seasonal patterns. However, it smoothes out the extreme
events, such as floods, that could have devastating impacts on both natural systems
and human society (Diffenbaugh et al., 2013). Such impacts are likely to become more
severe under a changing climate (Bloschl et al., 2017; Trenberth et al., 2015). Given
the remarkable warming and corresponding permafrost degradation during summertime
in southern Siberia, it is therefore essential to explore and predict the characteristics,
processes, and dominated controls of the hydrologic extremes.

Especially in Sec. 5.1, we have noticed a remarkable regime shift in the Aldan River
runoff during 1984-2013, with an apparently increased runoff in August and September
after 2000. In this chapter, we employ daily runoff data, which is available for the period
of 1950-2011, to further explore more detailed changes in runoff regime by investigating
the corresponding hydrographs of the subbasins in the Lena and Aldan River basins.
This data could also allow us to identify the maximum and minimum of daily river
streamflow, i.e., the maxiflow and miniflow, respectively, and use them to represent the
hydrologic extremes. Furthermore, we investigate the historical change in the magnitude
and timing of the extreme events based on a moving-averaged daily runoff with a 10-day
time window. In order to reveal the sensitivity of extreme events to a warming climate
and associated alterations in permafrost conditions, we also conducted the correlations
between the extreme flows and climate variables, and permafrost indices.

7.1 Background

In a warming climate, hydrologic extremes are expected to occur more often and more
intense (Allan & Soden, 2008; Min et al., 2011; Trenberth et al., 2003). However, ac-
curate descriptions of hydrologic extremes and attribution of their changes are still not
well understood yet, mainly because the variations in hydrological regimes are con-
nected with complex climatic and landscape interactions at multiple spatial and tempo-
ral scales (Slater et al., 2021). Nevertheless, we can still use the maxiflow and miniflow to
understand how hydrologic extremes respond to changing climate and landscape. Since
the maxiflow and miniflow determine the range of hydrograph within a year, the ratio
of maxiflow and miniflow (RMMF') can be used to reflect a specific characteristic of the
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seasonality in river runoff (Ye et al., 2009).

Due to the existence of permafrost, rivers in southern Siberia show higher differences
between maxiflow and miniflow as compared to rivers in the temperate region (Woo,
2012). The frozen layer of permafrost has low hydraulic conductivity and limited storage
capacity, especially during cold season when the ground is completely frozen. This
property has led to a lower baseflow (lowflow) during winter, and thus a higher RMMF
in the permafrost-affected region (Ye et al., 2009). In a warming climate, the coverage
of permafrost is expected to decrease. This reduced distribution of permafrost can
thus affect the runoff regime, such as RMMF. Therefore, the inter-annual variations in
maxiflow, miniflow, and the RMMF can be used to reflect the changes in river flow shaped
by changing climate and the associated evolution of permafrost condition (Gautier et
al., 2018; Ye et al., 2003, 2009). This study mainly focuses on the Lena and Aldan River
basins. There are 4 and 3 river flow gauges in Lena and Aldan, respectively (Fig. 7.1b).
The daily river flow records are available from 1950 to 2011.

7.2 Intra-annual distribution and changes in river runoff

7.2.1 General condition in river runoff regime

The annual hydrograph reveals how the daily runoff distributes within the year for each
tributary of the Lena and Aldan River basin (Fig. 7.1a). In general, there are two
runoff peaks emerge in each tributary. The first runoff peak occurs around 150-190
day of the year (DOY), varying from the end of May to the beginning of July, and is
governed by snowmelt. The secondary runoff peak, emerging around 200-270 DOY, is
primarily caused by heavy rainfall in summer or autumn. The large value of first peak
and remarkable difference between the two peaks imply that the runoff generation over
these subbasins is primarily sustained by spring snowmelt.

Furthermore, Fig. 7.1a also reveals the different runoff regimes between Aldan and
Lena. Both the first and second runoff peaks in Aldan subbasins are higher than those
in Lena subbasins. Especially in the upstream of Aldan, the river runoff gauged at Ust
Mil shows the most pronounced first peaks, which could be caused by dense snow cover in
this region. In contrast, the runoff regimes in the Lena River subbasins show a relatively
flat pattern with smaller differences between the spring peaks and the secondary peaks
generated during summer and autumn. Despite these differences between Aldan and
Lena, both runoff gauged at the outlets (Vtrchoyanski Perevoz in Aldan and Tabaga
in Lena) show lower peaks compared to the runoff in the upstream. Moreover, the
occurrence of spring melt, thus the first peak, in the upstream (i.e., Aldan Ust Mil and
Lena Zmeinova) are earlier than that in the downstream. This is mainly because the
upstream region is usually warmer than the northern downstream region due to the
latitude-dependent temperature condition.

Lowflow (or flow during the cold season) normally occurs during winter, which only
accounts for a small fraction of annual runoff compared to the runoff peak. Among all
the subbasins, the lowest magnitude of lowflow is observed in the Aldan River basin
gauged at outlet Vtrchoyanski Perevoz, where is characterized by the most extensive
permafrost coverage. Since lowflow in the permafrost region is primarily sustained by



7.2. Intra-annual distribution and changes in river runoff 85

7

7
N
a) Vtrchoyanski /S ;}(\
) L s
— Lena_Zmeinova Perevoz ¢ Okhbts
41 Lena_Krestovski R Perevo:
— Lena_Solyanka JTabagd' J &
— Lena_Tabaga X fer? S UstMil))
— Aldan_Ust_Mil Lo . Sobifke B
— Aldan_Okhotsky_Perevoz g Krestovski 2
. 73t 4
3 — Aldan_Vtrchoyanski_Perevoz
€
£
b
=
/7
3 ] c) ® Aldan ,
=] A lena ’
x 800000 ,
7
7
— a Max & Min flow ratio ‘e A
9‘ 600000 Permafrost & Drainage  , 0.937 0.728]
IS area ratio e 107 A 36.2
= : 0.73
’ 33.1
11 g 70936
5 400000 s 944
7
N ’
E ’ A
,e 0.661
200000 ,0912 333
/s 936
7
/A
04 7 0468
o7 %
0 50 100 150 200 250 300 350 0 200000 400000 600000 800000
DOY Drainage area [km"2]

Figure 7.1: Basic runoff condition in the subbasins of the Lena and Aldan River basin; a) daily runoff
regime based on the reference period during 1950-2011 for each tributary in the Lena and Aldan River
basin; b) gauges of each tributary and subbasins in the Lena and Aldan River; and c) geographic
distributions of the ratio between permafrost area and the drainage area as well as the averaged ratio
of maximum and minimum flow (RMMF).

groundwater (Walvoord & Kurylyk, 2016), the relatively small lowflow is primarily due
to the extensively existed permafrost that prevents water exchange between groundwater
system and surface river streamflow during the cold season.

Fig. 7.1c shows the geographic distribution of the RMMF in the context of permafrost
coverage over all the subbasins. The RMMF is generally larger in the basins with higher
permafrost coverage. This is evident in two aspects. First, the subbasins in Aldan are
underlain by a larger permafrost extent than that in the Lena subbasins (Fig. 7.1b),
i.e., continuous permafrost in Aldan, whereas discontinuous in Lena. Accordingly, the
lowflow of each subbasin in Aldan (continuous permafrost) is larger than that in the
Lena basin (continuous permafrost). Second, the RMMF of the subbasins in down-
stream is larger than that of the headwaters. For example, there is more permafrost
cover in the northern downstream region due to the latitude-dependent temperature
condition across the Aldan River basin, with the permafrost extent increase from 91%
in the upstream to 94% in the downstream basin. In response to such a difference in
permafrost coverage, the RMMEF also increases from 94 in the headwaters to 107 in the
downstream. A similar pattern is also detected in the Lena River basin. Along with the
increased permafrost extent (from 47% to 73%), the RMMF between the headwater and
the downstream increases from 22 to 36. These corresponding patterns in the RMMF
and permafrost coverage are indicative of permafrost for the runoff generating processes
in the permafrost-affected southern Siberian region.
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7.2.2 Shifts in runoff regime and RMMF

In this subsection, we use both mean annual hydrograph and RMMF to detect change
patterns in the seasonality of river runoff. In the left panel of Fig. 7.2, the runoff
timeseries is divided into six 10-year periods, namely, from the 1950s to 2000s. These 10-
year mean annual hydrographs reflect that there is a clear leftward regime shift induced
by the earlier spring melt. Specifically, in order to directly compare the shift between
the first and last decades, the distribution range of the daily runoff on each DOY of
the two corresponding 10-year periods is depicted by the two shading areas: blue for
the 1950s and red for the 2000s. For a given DOY, the upper and lower bounds of the
shading area represent the largest and smallest daily runoff on that date, respectively,
during the corresponding decade.

In the three subbasins of Aldan, the distribution range of the decadal hydrograph also
manifests a clear leftward shift in the first runoff peak during the 2000s as compared to
those in the 1950s. There also exhibit increased magnitudes in these peaks. However,
in the subbasins of Lena, though the distribution range reflects a leftward shift in the
onset of the spring-snowmelt runoff generation, there is no apparent change in the timing
of the first runoff peaks. These shifted patterns reveal the increased influence of rising
temperature on snowmelt timing and the associated onset of runoff peaks across southern
Siberia, especially the Aldan River basin.

In addition to this apparent shift in the first runoff peak, the secondary runoff peak
has also experienced a substantial shift in the occurrence timing. Especially for the
subbasins located in the downstream region in both Lena (Solyanka, and Tabaga) and
Aldan (Okhotsky Perevoz and Vtrchoyanski Perevoz), which has noticed a pronounced
delay in the secondary runoff peak, from 210 (DOY) during the 1950s to 270 (DOY) in
2000s, has a marked shift in the runoff peaks from summer to autumn. This pattern
is even more obviously illustrated from the upper bounds of the distribution range.
These pronounced shifts are mainly induced by a substantial increase in heavy rainfall
in autumn after a step change since 1996, as we explained in Sec. 4.3.

Though the magnitude of the baseflow is only a small fraction in the annual runoff,
its relative change governed by the subsurface condition can reflect the seasonal cycle of
river runoff. We found that, all the subbasins have experienced higher lowflow during the
2000s than those in the 1950s. This indicates the potential role of permafrost degradation
on runoff generation that we explained in Sec. 4.2. The detailed analysis of lowflow will
be presented in the next subsection.

The right panel of Fig. 7.2 displays the historical evolution of RMMF over each sub-
basin. Despite the varying magnitudes of the trends, the RMMF of all the subbasins
shows a downward pattern throughout 1950-2011. We will show in the following sub-
section that these significant reductions in RMMF are mainly due to the remarkable
increases in the lowflow. As we noticed before, the subbasins with broader permafrost
coverage have higher RMMF. Nevertheless, their lowflow is also highly sensitive to
warming-induced permafrost degradation. Thus, these subbasins are found to have
larger decline trends in RMMF. For example, the Aldan River basin is underlain by the
most extensive permafrost coverage (about 94%), the RMMF (gauged at outlet Vtrchoy-
anski Perevoz) over the 60 years has decreased by almost 30%. In addition, the most
considerable change in RMMF over Lena Region is noticed in the basin gauged at the
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Figure 7.2: hydrograph based on 10-year averaged daily runoff (mm, left panel) and the time series
of RMMF (right panel) during 1950-2011 for the seven subbasins in the Lena and Aldan River basins.
In the left panel, the lines represent the averaged daily runoff during each decade; and the upper
and lower bounds of the shading area (blue for the 1950s, red for the 2000s) are the maximum and
minimum of daily flow, respectively, during two corresponding 10-year periods. In the right panel,
the dashed grey line denotes the yearly RMMF, with the solid red line being their 10-year moving
average.
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outlet Tabaga. This basin is also covered by the most permafrost as compared to the
other subbasins in Lena. These changes in RMMF highlight how the changing climate
and associated evolution in permafrost have affected the runoff generation processes in
southern Siberia.

7.3 Historical change in maxiflow and miniflow

Given the changes in the hydrograph and RMMF, one can expect corresponding changes
in the associated hydrologic extremes. Thus, here we examined the long-term variations
in the magnitude and timing of maxiflow and miniflow (Fig. 7.3), which are extracted
from the 10-day moving average of daily river runoff.

7.3.1 Variabilities in magnitudes

Generally, miniflow exhibits a statistically significant increase (p<0.05) over all of the
subbasins except one in Lena (gauged at Krestovski). The most substantial rise is
registered in the Aldan River basin (gauged at outlet Vtrchoyanski Perevoz), which is
accompanied by a clearly abrupt increase since the 1970s. A similar pattern is also
noticed in the downstream region (gauged at outlet Tabaga) in Lena. Despite those
considerable increases, there is also a significant reduction prior to this abrupt rise over
both Aldan and Lena. The most substantial decrease is registered in the subbasin gauged
at Krestovski, leading to a negligible trend in miniflow over this subbasin. This might be
owing to the natural oscillation as we found in the seasonal runoff discussed in Sec. 4.1,
however, the periodicity seems to be different and vary from subbasins to subbasins.

As compared to the substantial increase in the miniflow, maxiflow only exhibits a
slight change over all the subbasins. Over the subbasins in Aldan, the variations in
miniflow are much significant than those in maxiflow, thus, leading to a larger range
of variations in RMMF (Fig. 7.2, right panel). On the contrary, the subbasins in the
upstream of the Lena River have experienced a similar pattern between miniflow and
maxiflow. Thus, the RMMEF of these subbasins only exhibits a relatively slight change
as compared to the other subbasins.

7.3.2 Shifts in timing

The right panel of Fig. 7.3 presents the year-to-year time series of the occurring timing
of maxiflow and miniflow for each subbasin. Maxiflow occurs typically from May to June
and varies between 146 to 161 days of the year (DOY), exhibiting a generally similar
pattern over all the subbasins. However, for the subbasins in Aldan, the negative trends
of the maxiflow DOY indicate that there is an earlier onset of runoff peaks. Given
that the maxiflow of these subbasins are primarily sustained by snowmelt, the earlier
occurrence of maxiflow is indicative of the earlier snowmelt due to a warming climate.

In the Lena River basin, however, there is no such significant change in the timing of
maxiflow. Notably, in some individual years (such as the year 1973, 1981, 1988, 1998), the
maxiflow in the Lena River subbasins occurs in the late summer or early autumn, during
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Figure 7.3: Time series of the magnitude in maximum and minimum flow, and the occurring timing
of these flows for the seven subbasins in the Lena and Aldan River basins during the period of 1950-
2011. The left panel shows the changes for the anomalies of the maxiflow and miniflow (mm). The
right panel presents the timing changes, i.e., the occurrence day of the maxiflow and miniflow during
the year (DOY, the day number starts from the first day of January). A negative value means that
miniflow occurs in the preceding winter.
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when the occurring timing of maxiflow is later than the average condition (i.e., during
later spring to earlier summer). This delayed onset of runoff peak is mainly because
the maxiflow of these years is primarily dominated by the summer rainfall other than
the spring snowmelt. Interestingly, those individual years have experienced abnormally
large rainfall, which is coincident with the occurrence of the strong El nifio events. These
consistencies implicate the potential remote connections between the Pacific ocean and
the middle-latitudes owing to the large-scale atmospheric circulation (Lin & Qian, 2019).

In the case of miniflow, it might appear either in early winter or at the end of winter.
This can be identified from the hydrograph shown in Fig. 7.2, which usually has two dips
in the lowflow. One dip occurs at the end of winter (around 80-100 DOY). Throughout
cold season, the water supply into the groundwater system is much smaller than the
water depleted by runoff generation. This unbalance leads to a decreasing baseflow
during the end of winter, before the contribution from snowmelt emerges. The other dip
is in the early winter (around 310-320 DOY), when the upper zone of the soil layer and
river channel is almost completely frozen, but the water sustained from the groundwater
system is still not sufficient. Such appearance of miniflow in the early winter might
result from several reasons. First, since the lowflow in late autumn and early winter is
largely sustained by the moisture from the deep soil layer, thus, in a dry year with low
precipitation, a corresponding reduction in the moisture in the deep soil layer may lower
the dip during early winter. Second, the permafrost dynamics may also induce a lower
dip in the early winter. Due to intensified percolation induced by permafrost degradation
in a specific warm year, the water in the deep soil layer may further percolate downward
to the even deeper groundwater system. This will eventually lead to a lack of water
supply to the lowflow from the deep soil layer, and thus a lower dip during early winter.
Third, in a warm winter, the snowmelt may start earlier and elevate the baseflow dip
at the end of winter, which will leave the dip in the earlier winter as the lowest level in
lowflow during winter.

Since the timing of the miniflow may jump between the two dips in the lowflow of
the hydrograph, the occurrence of miniflow in each subbasin is much more variable as
compared to the timing of maxiflow. This is especially true for the subbasins in the
Lena River (Fig. 7.3, right panel). The most significant nonstationarity is observed
in two upstream subbasins in Lena (gauged at Zmeinova and Krestovski). Differently,
the timing of miniflow in the subbasins of Aldan is relatively stationary, and primarily
occurs at the end of winter. A similar pattern also exists in the downstream Lena basin
(gauged at Tabaga) before the middle 1970s. After that, however, the occurrence time
of miniflow in Lena (Tabaga) had jumped several times to early winter. These jumps are
coincident with the higher-than-normal miniflow in the corresponding years (Fig. 7.3,
left panel), implying that such abrupt changes might be a result of the permafrost-
degradation-triggered complex water movements in the subsurface system.

7.4 Role of changing climate on maxiflow and miniflow
generation

In previous sections, we already identify widespread changes in the magnitude and timing
of maxiflow and miniflow, as well as the corresponding RMMF. We proposed that such
changes might be caused by permafrost degradation in a warming climate. Therefore, in
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this section, we verify our assumptions by the cross-correlation analysis of the seasonal-
lagged-response mechanism.

7.4.1 On magnitude of maxiflow and miniflow

Fig. 7.4 summarizes the Spearman rank correlations that relate the extreme events (max-
iflow and miniflow) and RMMF to the climate factors (i.e., temperature and precipita-
tion) in each subbasin. This includes their cross-correlation to the TI and precipitation
in the previous warm season (P-warm) and to the FI and precipitation in the concurrent
cold season (P-cold). The left panel of Fig. 7.4 shows that, for all the subbasins, the
maxiflow only manifests a close linkage with precipitation in the cold season. This agrees
with our previous finding that the maxiflow in Lena and Aldan is primarily controlled
by the spring melting of the accumulated snowfall.

As to the miniflow that generally emerges in the cold season, its correlations with TI
and P-warm in the preceding warm season are more pronounced (Fig. 7.4, middle panel).
Especially, the precipitation in the preceding warm season (P-warm) exhibits the most
significant correlation with miniflow. This represents the lagged runoff-precipitation re-
lationship induced by permafrost dynamics as we discussed in Sec. 4.2. As we mentioned
before, lowflow in the cold season is primarily sustained by groundwater, and the input
of groundwater mainly comes from precipitation in the warm season that is substan-
tially sensitive to the warming-induced permafrost degradation. Thus, these significant
correlations between P-warm and miniflow provide additional evidence on this dynamic
linkage.

In addition to these lagged runoff-precipitation relationships, miniflow might also be
related to the thawing (TI) and freezing index (FI). There are significantly positive (neg-

Maxiflow Miniflow RMMF

Lena_Zmeinova | -0.14® 017 ¢ 024 ¢ 039@ 039@ -0.18e -0.23 . -035@ 019 e -017e 021 ®

Lena_Krestovski | 0.03 e -0.03e 006 e [051@ 034@ -02e 026@ 021 -0.28@ 017 e -02 e O0.11 e

Lena_Solyanka | 0.03  -007e 031@ 0.53@ 042@ 051@ 0290 -036@ 03 @ -025¢ 01568

Lena_Tabaga| 0.04 ¢ 005¢ 03 @® 051@ 039 @ 035 @ 036@® 033@ -039@ 005
Aldan_Ust_Mil| 0.1 e -008e 005e 041@ 048 @ 03 @ 0.36@ 024e -042@ 0 o
Aldan_Okhotsky_Perevoz | 0.11 ¢ -0.07e -0.01e 04 @ 0320 017 o 023e 016 e -041@ 026@
Aldan_Vtrchoyanski_Perevoz | 0.09 ¢ -0.08e -0.01e - 029@ 023 - 043@ -027@® 007
TI FI P_warm P_cold TI FI  P_warm P_cold TI FI  P_warm P_cold
e p>005 ® p<=005 @ p<0001 R
-0.4 0.0 0.4

Figure 7.4: Correlations of maxiflow and miniflow, and RMMF against T, Fl, accumulated precipita-
tion in preceding warm season and accumulated precipitation in cold season, respectively. The colors
and numbers represent the magnitude of the correlation, whereas the size of the dots denotes the
p-value significance of the correlation. Blue colors indicate negative correlations, red colors indicate
positive correlations. Large dots show highly significant correlations (p <0.001), medium dots indi-
cate significant correlations (p < 0.05), and small dots correspond with non-significant correlations
(p >0.05).
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ative) correlations between miniflow and TI (FI). This suggests that both the increase
in TT and the decrease in FI (see detail in Sec. 3.2) exhibit comparable control on the
variability in miniflow across all the subbasins. Specifically, the highest correlation is no-
ticed in the Aldan River basin (gauged at Vtrchoyanski Perevoz), covered by continuous
permafrost. This implicates that the lowflow generation in the cold region extensively
covered by permafrost is highly susceptible to the increased temperature and associated
permafrost conditions. Nevertheless, miniflow in the two subbasins in the upstream re-
gion of the Lena River shows a lack of correlations with FI. This might be owing to
the abnormal change in the FI during the recent decade (from 2000 onward). Taken
together, miniflow in most subbasins manifests a higher degree of correlation with the
temperature and precipitation accumulated in the warm season (TI and P-warm) than
that in the cold season (FI and P-cold). This hints the important modulation role of
permafrost on runoff generation in southern Siberia.

The right panel of Fig. 7.4 displays the correlations between RMMF and climate
factors. Since the variation in RMMF is highly dependent on changes in miniflow,
it exhibits a similar linkage to all the climatic factors as compared to miniflow but
in the opposite direction. Correspondingly, higher correlations between RMMF and
temperature (precipitation) are generally noticed in warm seasons other than the cold
season. This suggests the seasonality of river runoff in southern Siberia is particularly
sensitive to climate conditions in the warm season, which could be related to the thawing
and freezing dynamics of permafrost in this region. Indeed, the rising temperature in the
warm season (i.e., increased TI) can promote enhanced infiltration and percolation that
could eventually reduce the maxiflow. In contrast, the rising winter temperature (i.e.,
decreased FI) may stimulate subsurface water movements that could drive an increased
lowflow in the cold season. Consequently, RMMF also responds sensitively to those
changes in TT and FI. These remarkable correlations signify the substantial influence of
permafrost on the seasonality of river runoff in southern Siberia.

7.4.2 On timing of maxiflow and miniflow

To further explain the variations in the timing of maxiflow and miniflow, in this part,
we discuss their correlations to the permafrost condition (i.e., TI and FI) and to the
temperature in the months when the maxiflow and miniflow emerge, namely, April to
June for the maxiflow, January to March for the miniflow (Fig. 7.5).

In the case of maxiflow (Fig. 7.5, left panel), its timing exhibits the most notable
negative correlation with the temperature in May (T-May). This significant relationship
suggests that as T-May increases, the maxiflow occurs much earlier. As we mentioned
previously, the runoff generation in May is primarily dominated by snowmelt, which
responds sensitively to the change in temperature. Consequently, the occurrence of
maxiflow driven by snowmelt responds directly to the T-May. These predominant neg-
ative correlations indicate that rising temperature in May is the primary cause for the
earlier occurrence of maxiflow.

In addition to the control of temperature in May, the maxiflow in the Aldan subbasins
also responds to the changes in TI and FI. It correlates negatively to TI but exhibits a
positive correlation with FI. This suggests that the decreasing trend in the timing (earlier
onset) of maxiflow is also governed by the thermal condition in permafrost. Indeed, the
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Figure 7.5: Correlations of timing of maxiflow and miniflow against Tl, FI, and associated monthly
temperature based on the occurrence timing of maxiflow and miniflow. The colors and numbers rep-
resent the magnitude of the correlation, whereas the size of the dots denotes the p-value significance
of the correlation. Blue colors indicate negative correlations, red colors indicate positive correlations.
Large dots show highly significant correlations (p <0.001), medium dots indicate significant correla-
tions (p < 0.05), and small dots correspond with non-significant correlations (p >0.05).

degradation of permafrost can significantly affect the subsurface condition during the
snowmelt season. This could eventually affect the occurring timing of spring runoff
peaks. Elevated temperature can increase infiltration during the snowmelt period. As
the thawing process continues in spring, more water will infiltrate to the subsurface and
enables less water for surface runoff generation. This can eventually lead to an earlier
onset of the maxiflow. Nonetheless, the timing of maxiflow in the Lena subbasins shows
a lack of such a close relationship with both TI and FI. This can be attributable to
the large variability in the timing of maxiflow caused by some abnormalities. In these
cases, the occurrence of maxiflow is governed by heavy summer rainfall that is totally
independent of the change in temperature.

Differently, the timing of miniflow shows no prevalent correlations with those factors
considered (Fig. 7.5, right panel). One of the reasons might be that the timing of miniflow
frequently jumps between the two baseflow dips in early and late winter. Another reason
is that the miniflow might be more sensitive to the daily temperature, which is not
available for this research yet. One may need to design a finer analysis between daily
climatic variables and miniflow to capture the underlying mechanism.

7.5 Discussion and conclusion

Our results show a significant increase in the miniflow during 1950-2011 over most of
the subbasins of Lena and Aldan Rivers. However, the maxiflow shows a non-significant
change during this period of record. These long-term trends on the extreme events are
in line with previous studies based on different periods in the Siberian region (Evans
et al., 2020; Shiklomanov et al., 2007; L. C. Smith et al., 2007; Tananaev et al., 2016).
Furthermore, by using multi-factor-correlation analysis, we relate these extreme events
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to the multiple factors that represent the changes in climate and landscape. Our analysis
suggests that the inter-annual variability of maxiflow is primarily controlled by the cold
season precipitation (snow accumulation). While the magnitude of miniflow is mainly
dominated by the warm season precipitation for most of the subbasins, which is driven
by the lagged runoff-precipitation response as we discussed in Sec. 4.2.

Based on the daily river flow record, we use the hydrograph to manifest both the gen-
eral condition and historical evolution in the seasonality of river runoff. The visualization
differences among subbasins indicate significant regional patterns in the seasonality of
river flow. It is a simple but effective indicator that can reveal the alterations in the
magnitude, timing, and duration of river flow events, especially for the runoff peaks.
Compared to the other studies on detecting the seasonality of river flow in cold re-
gion (Déry et al., 2011; Groisman & Gutman, 2012; L. C. Smith et al., 2007; Spence
et al., 2015; Ye et al., 2009), our additional analysis of the maximum and minimum
range of flow regime provide clear and direct visualization on the distribution pattern
of the river flow events. These results show that all the subbasins have experienced
an advanced onset of maxiflow that is greatly influenced by the temperature in May.
The occurrence time of miniflow, showing non-significant long-term change over all the
subbasins, can not be well explained by any temperature-related factors. Nevertheless,
there is an abrupt shift in the timing of miniflow in Lena (gauged at Tabaga) during
the middle 1970s, which might be a signal of permafrost-degradation-triggered complex
water dynamics over this region.

Our results on the seasonality in river runoff show that the RMMF has decreased
from 1950 to 2011 across all the subbasins of the Aldan and Lena Rivers. Given the
non-significant change in maxiflow, these substantial reductions in RMMF are primarily
caused by the substantial increase in miniflow. Accordingly, RMMF is negatively related
to TT but positively correlates to FI, with more vital linkage being registered in the
region with a more extensive permafrost distribution. These substantial variations and
relationships are indicative of the hydrological consequence of permafrost degradation in
this permafrost-affected region. This finding agrees with the analysis done by Ye et al.
(2009) for the earlier period (1936-1999), indicating a continued permafrost degradation
in southern Siberia.

A vast of climate modeling suggests that, in addition to the warming climate, there is
also an increased frequency of extreme rainfall in the future (Allan & Soden, 2008; Min
et al., 2011; Trenberth et al., 2003). As thus, one can expect an associated change in
the hydrologic extremes under such a changeable climate. A further understanding of
the hydrological response to climate variability at a finer scale is needed. Therefore, in
the future work, the variability of extreme hydrologic events can be further related to
the daily climatic factors by using hydrological modeling, which can reflect the role of
daily-scale runoff-rainfall and runoff-temperature response dynamics. This will improve
our current understanding of the maxiflow and miniflow generation mechanism under a
changing climate in southern Siberia.



Chapter 8

Summary and outlook

8.1 Key findings

In this thesis, we investigated the hydro-climatic dynamics across three southern Siberian
catchments with varying permafrost conditions. The multiple-temporal-scale investiga-
tions would help to better understand the physical mechanism in hydrological response
to changing climate under different permafrost degradations, and to expose permafrost-
driven consequences on terrestrial water availability in the southern Siberian region. The
main work and key results are:

In Chapter 4, we explore the hydro-climatic dynamics over the entire 60-year pe-
riod at both annual and intra-annual states to capture the temporal patterns in hydro-
logical processes and potential drivers of these changes from a long-term perspective.
These examinations reveal contrast hydrological change patterns between northern and
southern catchments over both long-term and decadal scales under changing climate
and permafrost degradation. First, due to the larger-scale atmospheric circulation, the
precipitation and runoff in Selenga and Aldan (Lena) exhibit “seesaw-like” periodical os-
cillation. Second, although precipitation shows negligible long-term trends in the three
catchments, permafrost degradation has indeed induced significant long-term trends in
river runoff. However, the basins covered by different permafrost types have different
directions of long-term runoff trends: increased trend in Lena and Aldan underlain by
discontinuous and continuous permafrost, while declined trend in Selenga covered by
less permafrost extent.

Regarding the periodical oscillations of hydro-climatic variables, in Chapter 5, we
focus on one complete cycle of the decadal oscillation (1984-2013) between dry and
wet states. By conducting the spatial distribution of the correlations between runoff
and precipitation and between runoff and TWS, we further highlight that the lateral
permafrost degradation in Selenga triggers surface water loss and leads to a water-
deficit condition in this region. Whereas in the Aldan and Lena catchments, the vertical
degradation sustains a water-rich surface moisture condition and yields higher runoff
during the rainy season. These permafrost-degradation-induced surface water states
could further affect the overlying atmospheric condition, which may result in a potential
transformation in the hydro-climatic system in southern Siberia.

In order to explore the intensified drying condition in the semi-arid Selenga basin, in
Chapter 6, we characterize the propagation of the hydrological drying events in combina-
tion with climatic conditions and permafrost thawing index. Our results expose that pre-
cipitation deficits in Selenga are likely to propagate to severer hydrological deficits when
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they co-occur with higher temperature conditions. What is worse, the warming-induced
lateral permafrost degradation in this region may also reinforce the runoff deficits, lead-
ing to an abrupt reduction in runoff efficiency and a potentially irreversible shift in the
semi-arid water availability.

In Chapter 7, we focus on the two Boreal catchments, i.e., Lena and Aldan, with a
special focus on the dynamics of extreme events and their potential relevance to the
warming climate and associated permafrost degradation. Our investigation indicates
that there are two peaks in the runoff regime for all the tributaries in Lena and Aldan.
The first peak, occurring during the late spring or early summer, is strongly controlled
by the snowmelt, and has been advanced by 10-15 days due to warming-induced earlier
spring melt. The secondary runoff peak, emerging during summer or early autumn,
is mainly driven by regime shifts in heavy rainfall and shows a delayed occurrence in
autumn. In the case of lowflow, its timing also has no apparent change, but its magnitude
exhibits a remarkable increase due to enhanced lagged response between winter runoff
and summer precipitation. This emphasizes the importance of permafrost degradation
on lowflow generating processes in southern Siberia.

8.2 Implications

» Gain insights into hydrological consequences of permafrost degradation.

By investigating the hydro-climatic dynamics from various aspects, our research em-
phasizes the increasing influence of permafrost degradation on regional water availability
in southern Siberia under the rapid warming climate. From a seasonal perspective, it
is well-known that permafrost degradation can modulate the intra-annual distribution
of river runoff by transferring more fractions of summer precipitation to river runoff in
the subsequent seasons (Frampton et al., 2011; L. C. Smith et al., 2007). However, a
basin-scale implication of this seasonal response dynamics on the long-term wetting and
drying conditions is still a relevant question for the research community on permafrost
hydrology (Walvoord & Kurylyk, 2016). Our study addressed this question through the
following three investigations.

Firstly, by employing cross-correlation analysis, we have examined the lagged runoff-
precipitation response between summer and subsequent cold seasons (Sec. 4.2). This
method is a useful tool to detect the possibly changed cross-season relationship between
earlier and later periods with different hydro-climatic states. As thus, it could pro-
vide valuable information for characterizing the potentially enhanced surface-subsurface
connections induced by permafrost degradation. The investigations based on cross-
correlation have given insight into the potential wetting and drying dynamics in the
hydro-climatic system under different permafrost degradation dynamics in southern
Siberia (Chap. 5). Our findings of the permafrost degradation role on hydrological
processes are consistent with previous evidence obtained from in situ observations over
these three catchments (Iijima et al., 2014; Ishikawa et al., 2005; Kopp et al., 2014;
V. E. Romanovsky et al., 2010). This agreement indicates that our research has gener-
alized the filed-scale understandings to a large basin-scale, which is of great importance
in improving our physical understanding of the integrated hydrological systems and
providing fundamental information for the water resource management in the southern
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Siberian region.

Furthermore, our investigation has revealed a more pronounced correlation between
runoff and TWS than that between runoff and precipitation in the Selenga basin (Fig. 5.5),
which indicates a potentially increased importance of groundwater on runoff generating
processes. This insight into an increasing partition of groundwater on surface runoff
has also been suggested by studies in other permafrost region (St. Jacques & Sauchyn,
2009; Walvoord & Striegl, 2007) as well as by modeling application (Lamontagne-Hallé
et al., 2018), which implicates a possible shift to a groundwater dominated hydrological
system under enhanced permafrost degradation (Walvoord & Kurylyk, 2016). Driven by
this shift, the hydrological system in Selenga has experienced a severer and long-lasting
dry condition during 1996-2012 (Chap. 6). Our investigations further suggest that, as
warming continues, there could be more permafrost-free areas in this transition region
located in the southern boundaries of the permafrost domain (Fig. 3.4). Consequently,
we can expect a potentially irreversible evolution in the hydro-climatic system in this
vulnerable area under such a continued loss of permafrost.

Additionally, we found an increasing lowflow during the cold season in two Boreal
catchments, namely, Lena and Aldan (Chap. 7), which is consistent with the previous
findings on change patterns in lowflow in the grand Siberian region (Evans et al., 2020;
L. C. Smith et al., 2007). By relating the magnitude of lowflow with climate variables
in the warm season (Fig. 7.4, middle panel), our investigations further point out the
dominant role of warming-related permafrost degradation on the increasing of lowflow.
These cross-seasonal connections indicate that the lagged response mechanism at the
seasonal scale (Sec. 4.2) can be used to understand the hydrological dynamics at the
event scale.

» Understanding hydro-climatic dynamics from multiple-temporal-scale per-
spective

Since regional hydro-climatic processes and landscape dynamics vary across multiple
time scales (Berghuijs et al., 2014), the associated hydrological change, therefore, sub-
stantially depends on the temporal period of focus. In particular, our investigation in
Chap. 4 over a 60-year-long period shows that the river runoff in the three southern
Siberian catchments underlain by different permafrost distributions exhibits different
long-term trends. On top of these trends, there are decadal oscillations between dry
and wet states. These periodical oscillations are primarily controlled by the large-scale
atmospheric circulations, and they may greatly affect the short-term variations as we
detected in Chap. 5. As thus, one should carefully interpret and attribute the hydro-
logical change and their potential causes, especially for the trend in short records. For
the region where is highly influenced by large-scale atmosphere circulation, the trend
detection and attribution should be conducted during a period of at least one complete
cycle of the circulation (Pekarova et al., 2003), for instance, the 30-year-period cycle for
the southern Siberian region employed by our study.

The multiple-temporal-scale investigations also bring insight to the prediction of future
changes in terrestrial water availability. Driven by “seesaw-like” atmospheric circulation
between the Northeast Asia and Siberia (Iwao & Takahashi, 2006), the oscillations of
wet and dry states in these three catchments exhibit clear contrast, i.e., the wet-dry-
wet-dry oscillation pattern in the south (Selenga) against the dry-wet-dry-wet pattern
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experienced in the north (Aldan and Lena). As thus, one can expect a wet and dry
state in the south (Selenga) and north (Aldan and Lena), respectively, for the 15-year
period after 2013. Nevertheless, given the long-term decreasing (drying) and increasing
(wetting) trends in the Selenga (Aldan/Lena) basin, the potential coming up short-term
wetting (drying) states in Selenga (Aldan/Lena) might be suppressed.

Overall, our research shows the potential of using multi-source data, including hydro-
logical simulations, hydrometric, and meteorological datasets, for investigating climate,
hydrology, and landscape interactions in sparsely monitored regions with limited em-
pirical observations, in particular for using the cross-correlation analysis to reflect the
long-term permafrost degradation under a warming climate. Our findings will improve
the knowledge on the hydrologic responses mechanisms under the ongoing warming cli-
mate in the coupled land-hydrology-atmosphere system in southern Siberia, and will
provide useful information for the regional water resource and ecosystem management
in the semi-arid mid-latitudes and boreal ecotone.

8.3 Outlook

On the basis of the outcome of this research, there are still some open questions that
remain to be solved:

» Comparative investigation in other mid-latitude catchments.

It would be of great scientific importance to test whether the results and implica-
tions of this research can be extended to other areas with similar climatic or landscape
characteristics. In particular, our study has highlighted the importance of both the
atmospheric circulation and permafrost degradation on the hydrological processes in
the Siberian region. Since the atmospheric circulation in mid-latitude is mainly a re-
sult of the quasi-stationary Rossby wave (Coumou et al., 2014), the regions located in
different longitude are likely to exhibit similar hydro-climatic regimes. Therefore, a com-
parative investigation between catchments with and without permafrost at mid-latitude
could help to clarify whether there is an irreversible hydrological change in response to
warming-induced permafrost degradation.

» Potentially occurrence of the compound heatwave, drought, and wildfire.

Based on our investigation in Chap. 6, the Selenga River basin has experienced co-
occurrence of dry and hot conditions during 1996-2012 with severer and long-lasting
water deficits. Since the physical processes and dynamics in the earth system are tightly
coupled, the co-occurring droughts and heatwaves might increase the possibility of wild-
fire (Williams et al., 2019). As thus, in the future work, it would be interesting to clarify
the potential processes causing these compound events, and to provide risk assessment
in this vulnerable semi-arid region.

» Better understanding daily hydro-climatic dynamics.

A follow-up modeling research on predicting the daily hydrological change in response
to climate variability and permafrost disturbance is suggested. Under a warming climate,
both mean annual runoff and runoff extremes are expected to experience more significant
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change, especially for the transition region like Selenga, where hydrological processes are
highly vulnerable to the ongoing climate change (Bates et al., 2008). This region may
even experience abrupt shifts in their general conditions (regimes), as we suggested in
Chap. 6. However, our investigations on hydrological extremes are only focused on the
Lena and Aldan River basins (in Chap. 7), as the daily monitoring discharge data in the
outlet of the Selenga River is only available during 1954-1997, thus it is not investigated.
Therefore, in future work based on hydrological modeling application, one can extend
the length of river runoff data and further conduct sensitivity analysis by relating the
variability of hydrological processes to the daily climatic variations. This could provide
insights into the daily-scale mechanism of runoff-rainfall and runoff-temperature response
dynamics. These scientific contributions will further advance our current understanding
of the river runoff generation mechanism under a changing climate in southern Siberia.

» Teleconnections of hydro-climatic change.

The hydro-climatic system in the mid-latitude is tightly linked to the atmospheric or
oceanic circulations in the Arctic region (J. Cohen et al., 2020; Coumou et al., 2018). It
is therefore interesting to estimate the potential teleconnections between Arctic climate
and river runoff variability in the southern Siberian catchments, which can be done
by analyzing the intra-annual and inter-annual relationship between timeseries of the
climatic index (e.g., Arctic Oscillation (AO) or North Atlantic Oscillation (NAO)) and
hydro-climatic variables.

» Potentially enhanced subsurface connections between Selenga River and
the Lake Baikal due to permafrost degradation.

As we noticed in Chap. 6, there is a significant decline in runoff efficiency in the Selenga
River (one of the largest tributaries for the Lake Baikal). Given that evapotranspiration
in this region shows no considerable change, one may expect that the decreased runoff
might be induced by the enhanced water loss from the subsurface system to the Lake
Baikal. It would be interesting to test this potential enhanced relationship, and to
provide valuable information for regional water resource management.
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Daily Precipitation [mm]
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Figure A.1: Daily precipitation time series of GSOD (blue) and GPCC (red) datasets for 18 meteo-
rological stations in the Selenga basin. Large discontinuities in the GSOD dataset occur during the
1990s. The GSOD data come from the National Climatic Data Center, NESDIS, NOAA, U.S. The
GPCC data are published by Germany National Meteorological Service.
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Precipitation data regression
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Figure A.2: Regressions of monthly precipitation between the gridded daily GPCC data and GSOD
observations.
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Regression of monthly ERA-interim and GEBA solar radiation
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Figure A.3: Regressions of monthly radiation between ERA-Interim reanalysis data and GEBA ob-
servations.
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Figure A.4: Regressions of monthly radiation between ERA-Interim reanalysis data and GEBA ob-
servations.
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Table A.1: Water balance under different ETa data in the Selenga and Aldan basins
over the period 1984-2013.

with TRAIN-ET

Precipitation Runoff ET-TRAIN NA (ETa+ R—-P)/P
] fom] [ %]
Selenga, 314 63 239 NA 3.8
Aldan 399 251 310 NA 40
with ERA-ET
Precipitation Runoff ET-ERA NA (ETa+ R— P)/P
pom]  fmm] [ %
Selenga 314 63 397 NA 46
Aldan 399 251 288 NA 35
with ERA-ET
Precipitation Runoff ET-TRAIN GRACE TWS (ETa+R-P+TWS)/P
[mm] [mm] [mm] [mm] [%]
Selenga 314 63 239 63 16
Aldan 399 251 310 44 30

Table A.2: Comparison of ET between the TRAIN simulations, ERA-Interim and ob-
servations from Ohta et al., 2008.

Value range  Average of  Absolute Difference Relative Difference
1998-2006  of 1998-2006  with Ohta, 2008 with Ohta, 2008
] [mm] )] %
Ohta ET 169-220 196 NA NA
2008 P 111-347 259 NA NA
TRAIN ET 140-282 221.16 25.16 12.83%
station
Curapca ERA ET 231-281 261.26 65.26 33.30%
GPCCP 198-331 262.11 3.11 1.20%
TRAIN ET 187-344 266.12 70.12 35.78%
station
Amga ERA ET 254-292 275.41 79.41 40.52%
GPCCP 222-386 295.98 36.98 14.28%
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Table A.3: Correlation between annual runoff and annual precipitation, temperature
and PET (** for P<0.001; * for P<0.05).

Basin Period  Runoff vs Precipitation Runoff vs Temperature Runoff vs PET

Annual 0.76** -0.18 -0.72%*

Winter 0.07 0.36* 0.24

Selenga | Spring 0.21 -0.19 -0.32%
Summer 0.77*%* -0.56%* -0.80**

Autumn 0.46** -0.09 -0.41*
Annual 0.80** 0.28* -0.35%*
Winter -0.05 0.12 -0.38%**

Lena | Spring 0.63** 0.46* 0.50%*
Summer 0.58** -0.19 -0.54%*

Autumn 0.40** 0.20 -0.14

Annual 0.68** 0.15 -0.37*
Winter -0.24 0.35% -0.51%*

Aldan | Spring 0.31* 0.55%* 0.44%*
Summer 0.51%* -0.19 -0.46%*

Autumn 0.34* 0.30* -0.26*

P annual [mm] TWS annual [mm]

B
500 600 700 800 900

B
100 200 300 400 150 200 250 300

0 50 100

Figure A.5: Multi-year average of precipitation and TWS anomalies during 1984-2013. TWS anoma-
lies are almost equal to 0 in most parts of the study area due to the cancellation between yearly
anomalies.
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Figure A.6: The standardized anomaly for the temperature, PET and Z500 at annual and seasonal
scale in the Selenga river basin, the red (and orange) color indicates extreme events above long-term
average, and blue color denotes extreme events below long-term average for these three variables.
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