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Abstract. Increased attention directed at frozen soil hydrol-
ogy has been prompted by climate change. In spite of an in-
creasing number of field measurements and modeling stud-
ies, the impact of frozen soil on hydrological processes at the
catchment scale is still unclear. However, frozen soil hydrol-
ogy models have mostly been developed based on a bottom-
up approach, i.e., by aggregating prior knowledge at the pixel
scale, which is an approach notoriously suffering from equi-
finality and data scarcity. Therefore, in this study, we ex-
plore the impact of frozen soil at the catchment scale, follow-
ing a top-down approach, implying the following sequence:
expert-driven data analysis — qualitative perceptual model
— quantitative conceptual model — testing of model real-
ism. The complex mountainous Hulu catchment, northeast of
the Qinghai-Tibet Plateau (QTP), was selected as the study
site. First, we diagnosed the impact of frozen soil on catch-
ment hydrology, based on multi-source field observations,
model discrepancy, and our expert knowledge. The following
two new typical hydrograph properties were identified: the
low runoff in the early thawing season (LRET) and the dis-
continuous baseflow recession (DBR). Second, we developed
a perceptual frozen soil hydrological model to explain the
LRET and DBR properties. Third, based on the perceptual
model and a landscape-based modeling framework (FLEX-

Topo), a semi-distributed conceptual frozen soil hydrological
model (FLEX-Topo-FS) was developed. The results demon-
strate that the FLEX-Topo-FS model can represent the ef-
fect of soil freeze—thaw processes on hydrologic connectiv-
ity and groundwater discharge and significantly improve hy-
drograph simulation, including the LRET and DBR events.
Furthermore, its realism was confirmed by alternative multi-
source and multi-scale observations, particularly the freezing
and thawing front in the soil, the lower limit of permafrost,
and the trends in groundwater level variation. To the best of
our knowledge, this study is the first report of LRET and
DBR processes in a mountainous frozen soil catchment. The
FLEX-Topo-FS model is a novel conceptual frozen soil hy-
drological model which represents these complex processes
and has the potential for wider use in the vast QTP and other
cold mountainous regions.

1 Introduction
1.1 Frozen soil hydrology: 1 of 23 unsolved problems

The Qinghai-Tibet Plateau (QTP) is largely covered by
frozen soil and is characterized by a fragile cold and arid
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ecosystem (Immerzeel et al., 2010; Ding et al., 2020). As
this region serves as the water tower for nearly 1.4 billion
people, understanding the frozen soil hydrology is impor-
tant for regional and downstream water resources manage-
ment and ecosystem conservation. Frozen soil prevents ver-
tical water flow, which often leads to saturated soil condi-
tions in continuous permafrost, while confining subsurface
flow through perennially unfrozen zones in discontinuous
permafrost (Walvoord and Kurylyk, 2016). As an aquiclude
layer, frozen soil substantially controls surface runoff and its
hydraulic connection with groundwater. The freeze—thaw cy-
cle in the active layer significantly impacts soil water move-
ment direction, velocity, storage capacity, and hydraulic con-
ductivity (Bui et al., 2020; Gao et al., 2021).

Frozen soil hydrology attracts increasing attention as the
cold regions, e.g., QTP and the Arctic, are undergoing rapid
changes (Song et al., 2020; Tananaev et al., 2020; Wang et
al., 2017). Frozen soil thawing also poses great threats to
the release of frozen carbon in both high-altitude and high-
latitude regions, which is likely to create substantial impacts
on the climate system (Wang et al., 2020). Attention to the
impact of frozen soil hydrology on nutrient transport and or-
ganic matter and frozen soil-climate feedback is also grow-
ing (Tananaev et al., 2020). Hence, there are strong motiva-
tions to better understand frozen soil hydrological processes
(Bring et al., 2016).

Frozen soil degradation and its impact on hydrology is
one of the research frontiers for the hydrologic community
(Bloschl et al., 2019; Zhao et al., 2020; Ding et al., 2020).
The question of “How will cold region runoff and ground-
water change in a warmer climate?” was identified by the
International Association of Hydrological Sciences (IAHS)
as being 1 of 23 major unsolved scientific problems (Bloschl
et al., 2019) which requires stronger harmonization of com-
munity efforts.

1.2 The frontier of frozen soil hydrology

Knowledge on frozen soil hydrology was acquired through
detailed investigations at isolated locations over various time
spans by hydrologists and geocryologists (Woo, 2012; Gao
etal., 2021). At the core scale, there are many measurements
of soil profiles, including, but not limited to, soil tempera-
ture (Kurylyk et al., 2016; Han et al., 2018), soil moisture
(Dobinski, 2011; Chang et al., 2015), groundwater fluctua-
tion (Ma et al., 2017; Chiasson-Poirier et al., 2020), and ac-
tive layer seasonal freeze—thaw processes (Wang et al., 2016;
Farquharson et al., 2019). At the plot/hillslope scale, land
surface energy and water fluxes are measured by eddy co-
variance, large aperture scintillometer (LAS), lysimeter, and
multi-layers meteorological measurements. Geophysical de-
tection technology allows us to measure various subsurface
permafrost features (Wu et al., 2005). At the basin scale,
except for traditional water level and runoff gauging, water
sampling and the measurements of isotopes and chemistry
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components provide important complementary data to under-
stand catchment-scale hydrological processes (Streletskiy et
al., 2015; Ma et al., 2017; Yang et al., 2019). Remote sens-
ing technology, including optical, near-infrared and thermal
infrared, and passive and active microwave remote sensing,
has been used to identify surface landscape features (e.g.,
vegetation and snow cover) and directly or indirectly retrieve
subsurface variables (e.g., near-surface soil freeze—thaw and
permafrost state) in frozen soil regions (Nitze et al., 2018;
Jiang et al., 2020).

Besides measurement, modeling provides another indis-
pensable dimension to understand frozen soil hydrology in
an integrated way and make predictions of climate change.
There has been a revival in the development of frozen soil hy-
drological models simulating coupled heat and water trans-
fer. Such physically based models typically calculate sea-
sonal freeze-thaw through solving heat transfer equations.
Such equations are either solved analytically or numerically
(Walvoord and Kurylyk, 2016). The Stefan equation is a typ-
ical example of the analytical approach, which calculates the
depth from the ground surface to the thawing (freezing) hori-
zon by the integral of ground surface temperature and soil
features. The Stefan equation is widely used to estimate ac-
tive layer thickness (Zhang et al., 2005; Xie and Gough,
2013) and is incorporated into some hydrological models
(Wang et al., 2010; Fabre et al., 2017). The numerical so-
lution schemes (e.g., finite difference, finite element, or fi-
nite volume) to model ground freezing and thawing is typi-
cally applied to one-dimensional infiltration into frozen soils
and is included in models such as SHAW (Liu et al., 2013),
CoupModel (Zhou et al., 2013), the distributed water—heat
coupled (DWHC) model (Chen et al., 2018), the distributed
ecohydrological model (GBEHM; Wang et al., 2018), and
the three-dimensional SUTRA model (Evans et al., 2018).
Andresen et al. (2020) compared eight permafrost models
on soil moisture and hydrology projection across the ma-
jor Arctic river basins and found that the projection varied
strongly in magnitude and spatial pattern. Except for hydro-
logical models, many land surface models explicitly consider
the freeze—thaw process in order to improve land surface wa-
ter and energy budget estimation and weather forecasting ac-
curacy in frozen soil areas. Such models include VIC (Cuo
et al., 2015), JULES (Chadburn et al., 2015), CLM (Niu
and Yang, 2006; Oleson and Lawrence, 2013; Gao et al.,
2019), CoLM (Xiao et al., 2013), Noah-MP (Li et al., 2020),
and ORCHIDEE (Gouttevin et al., 2012). Comprehensive re-
views on frozen soil hydrological models can be found in
Walwoord and Kurylyk (2016), Jiang et al. (2020), and Gao
et al. (2021).

1.3 The challenge of frozen soil hydrological modeling
Although numerous frozen soil hydrological models were

developed, most models have strong prior assumptions on
the impacts of frozen soil on hydrological behavior (Walvo-
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ord and Kurylyk, 2016; Gao et al., 2021). Such models fol-
low a bottom-up modeling approach, which presents an up-
ward or reductionist philosophy, based on the aggregation of
small-scale processes and a priori perceptions (Jarvis, 1993;
Sivapalan et al., 2003). However, most of the upward process
understanding has been obtained from in situ observation and
in situ modeling, which have limited spatial coverage and in-
variably limited temporal coverage (Brutsaert and Hiyama,
2012). It is worthwhile to note that frozen soil has tremen-
dous spatiotemporal heterogeneities, which are strongly in-
fluenced by many intertwined factors, including, but not
limited to, climate, topography, geology, soil texture, snow
cover, and vegetation. Upscaling could average out some
variables and turn other variables visible and even become
dominant processes (Fenicia and McDonnell, 2022). Unfor-
tunately, translating the spot-/hillslope-scale frozen soil pro-
cess to its influence on catchment-scale hydrology, guided
by carefully expert analysis and constrained by multi-source
measurements, is still largely unexplored.

The effects of the soil freeze—thaw process on hydrology
at the catchment scale is still inconclusive. In the headwa-
ters of the Yellow River, some modeling studies concluded
that permafrost has a significant impact on streamflow (Sun
et al., 2020). But in Sweden and the northeast of the United
States, other studies found frozen soil have negligible im-
pact on streamflow (Shanley and Chalmers, 1999; Lindstrom
et al., 2002). Some studies found that the impact of frozen
soil on streamflow is concentrated in certain periods. For ex-
ample, Osuch et al. (2019) found permafrost to impact on
the groundwater recession and storage capacity of the active
layer in Svalbard; Nyberg (2001) found that, in the Vindeln
research forest in northern Sweden, permafrost impacted
streamflow only in springs. Hence, we argue that the impact
of the local-scale freeze—thaw process on runoff should be
regarded as a hypothesis to be verified or rejected.

The unexplored frozen soil hydrology is especially true
for mountainous Asia, due to the lack of long-term obser-
vations as a result of the difficulty of access and high cost
of operation. The cold region of the QTP is characterized by
relatively thin and warm frozen soil with a low ice content,
due to the unique environmental conditions of arid climate,
high elevation, and a steep geothermal gradient (Cao et al.,
2019; Zhao et al., 2020; Jiang et al., 2020). The snow cover
is thinner and vegetation cover is poorer than in Arctic re-
gions. These features limit the insulation effect on freeze—
thaw processes, resulting in a much larger active layer depth
(Pan et al., 2016). Topographical features, including eleva-
tion and aspect, are major factors affecting permafrost dis-
tribution. The complex mountainous terrain, as a result of
recent tectonic movement, leads to large spatial heterogene-
ity in the energy and water balance and underexplored frozen
soil hydrology on the QTP (Gao et al., 2021).
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1.4 Aims and scope

In this study, we utilized a top-down approach (Sivapalan et
al., 2003) to understand the effect of frozen soil on hydrology
in the Hulu catchment on the northeastern edge of the QTP.
The aims of this study are as follows:

1. diagnosing the impacts of frozen soil on hydrology in
the mountainous Hulu catchment, with multi-source,
multi-scale data and model discrepancy;

2. developing a quantitative conceptual frozen soil hydro-
logical model, based on expert-driven interpretation in
the form of perceptual model for the Hulu catchment;
and

3. testing the realism of the conceptual frozen soil hydro-
logical model with multi-source and multi-scale obser-
vations.

In this paper, we first introduced the study site and data in
Sect. 2. An expert-driven perceptual frozen soil hydrology
model was proposed in Sect. 3. A semi-distributed concep-
tual frozen soil hydrological model, FLEX-Topo-FS, was de-
veloped in Sect. 4. The realism of the FLEX-Topo-FS model
was tested in Sect. 5. In Sects. 6 and 7, last but not least, we
further our discussion and draw the conclusions.

2 Study site and data

The Hulu catchment (38°12'-38°17' N, 99°50'-99°54’ E) is
located in the upper reaches of the Heihe River basin, the
northeastern edge of the QTP in northwest China (Fig. 1).
The elevation ranges from 2960 to 4820 ma.s.l. (above sea
level), gradually increasing from north to south (Fig. I;
Chen et al., 2014; Han et al., 2018). Most precipitation oc-
curs in the summer monsoon time, and snowfall in winter
is limited (Han et al., 2018; Jiang et al., 2020). There is a
runoff gauging station at the outlet, controlling an area of
23.1km?. There are two minor tributaries that are sourced
from glaciers (east) and moraine—talus (west) zones, which
merge at the catchment outlet. The Hulu catchment has a
rugged terrain and very little human disturbance. We iden-
tified four main landscape types, i.e., glaciers (5.6 %), alpine
desert (53.5 %), vegetation hillslope (37.5 %), and riparian
zone (3.4 %; Fig. 2).

The Hulu catchment mostly extends on seasonal frozen
soil and permafrost (Zou et al., 2014; Ma et al., 2021). Field
survey in the upper Heihe revealed that the lower limit of
permafrost was 3650-3700 m (Wang et al., 2016); above that
elevation is permafrost, and below is seasonal frozen soil. In
the Hulu catchment, the lower limit of permafrost is around
3650 m (Fig. 1). Permafrost covers 64 % of the catchment
area, and the seasonal frozen soil covers 36 %. There is a
strong co-existence between soil freeze—thaw features and
landscapes (Fig. 1). Permafrost and moraine/talus with poor
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Figure 1. Sketch map of the Qinghai-Tibet Plateau, with the distribution of permafrost and seasonal frozen soil of the QTP (Zou et al., 2014)
and the location of the upper Heihe River basin (upper left). Sketch map of permafrost and seasonal frozen soil distribution of the upper
Heihe River basin (Sheng, 2020) and the two subbasins, i.e., Zhamashike and Qilian, and the location of the Hulu catchment (upper right).
Hulu catchment’s digital elevation model (DEM), river channel, runoff, and meteorological gauge station (observed from 2011 to 2014),
the locations for soil moisture (2011-2013 with data gap), groundwater level (2016-2019), and freeze/thaw depth (bottom left; 2011-2014).
Landscapes and seasonal frozen soil/permafrost map of the Hulu catchment (bottom right).

vegetation cover co-exist at higher elevations, with large heat
conductivity and less heat insulation in winter, resulting in
a deep frozen depth. The seasonal frozen soil in relatively
lower elevation has better vegetation cover, with better heat
insulation and less heat conductivity in winter, resulting in a
shallower frozen depth.

The elevation of the hydrometeorological gauging station
is 2980 m. We collected daily runoff, daily average 2 m air
temperature, and daily precipitation from 1 January 2011 to
31 December 2014. There was a flood event in 2013 which
damaged the water level sensor and resulted in a runoff data
gap from 17 June to 10 July in 2013. Soil moisture was
measured in 20, 40, 80, 120, 180, 240, and 300 cm depths
from 1 October 2011 to 31 December 2013, with a data gap
between 3 August and 2 October 2012. In the same soil
moisture site, we also observed the soil freeze/thaw depth
from 2011 to 2014. Groundwater depth was measured at the
WWOLI site by four wells, with depths of 5, 10, 15, and 25 m,
respectively (Pan et al., 2022). The observation period was
from 2016 to 2019 and not overlaid with other hydrometeo-
rological variables. Hence, we merely used the groundwater
level to qualitatively constrain and test our perceptual model.
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3 An expert-driven perceptual frozen soil hydrology
model based on field observations

A perceptual model is increasingly recognized as being
of central importance in hydrological model development
(Savenije, 2009; Fenicia and McDonnell, 2022). Although
the perceptual model is a qualitative representation of hydro-
logical system, it bridges the gap between experimentalists
and modelers and holds the base for a quantitative concep-
tual model. In this study, we developed a perceptual frozen
soil hydrology model for the Hulu catchment, based on field
measurements and our expertise.

3.1 Observation 1: low runoff in the early thawing
season (LRET)

Precipitation—runoff time series analysis is a traditional and
powerful tool to understand catchment hydrology. When we
plot Hulu catchment’s precipitation and runoff data together,
we observed an interesting phenomenon, i.e., low runoff in
the early thawing season (LRET; Fig. 3). For example, on
5-9 June 2013, there was a 45.7 mm rainfall event, with the
air temperature ranging from 3.0 to 11.9 °C, but with only
0.68 mm in total runoff generation. Ma et al. (2021) also
showed that, in the warm period in the middle of June 2015

https://doi.org/10.5194/hess-26-4187-2022
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Figure 2. Landscape classification at different elevation bands (with
50 m interval) of the Hulu catchment.

in the Hulu catchment, there was a large rainfall event (over
30mmd~"), but no runoff response was observed. Moreover,
this LRET phenomenon happens every year, which allows us
to exclude the possibility of measurement errors.

To further investigate the LRET phenomenon, we plot
the time series of observed daily precipitation, temperature,
runoff, freeze/thaw front depth, and soil moisture profile
(20, 120, and 240 cm) together (Fig. 3). Soil moisture data
showed that topsoil was dry at the beginning of the thaw-
ing season. Gradually, soil was thawing from both topsoil
and downwards (Fig. 3), and simultaneously, the soil mois-
ture was increased also downwards. Although the topsoil
was thawed, there was still frozen soil underneath (Fig. 3).
The water above the frozen soil layer was even saturated
with ponding, but there was no percolation and runoff gen-
eration. Moreover, the groundwater level further declined
(Fig. 11). This illustrated that, during this period, the soil
and groundwater system were disconnected, very likely be-
cause the frozen soil blocked the percolation. As revealed by
isotope data in the Hulu catchment, groundwater contributed
the dominant streamflow, i.e., 95 % during the frozen period
(Ma et al., 2021). Thus, during this process, there was almost
no runoff generation, and the only contribution to stream-
flow during this period was the discharge from groundwater
system as baseflow. Our fieldwork experience also verified
that, in the early thawing season, vehicles were easy to be
trapped in mires because the surface soil was muddy, satu-
rated, and even over-saturated with ponding. When frozen
soil was completely thawed in summer, trafficability became
much better.

When completely thawed, the bidirectional thaw fronts
meeting the soil moisture in the bottom of frozen soil (around
2.4m in this study site; Fig. 3) increased sharply and then
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decreased, with a short period pulse. We also noted that the
observation sites of freeze/thaw front depth and soil moisture
were both near the outlet of the Hulu catchment in lower ele-
vation (Fig. 1). This means that, once the frozen soil in lower
elevation was thawed, soil and groundwater systems were
reconnected. Hydrological processes, including groundwater
percolation and runoff generation, became the normal condi-
tion when they are free of frozen soil.

3.1.1 Learning from paired catchments

The LRET phenomenon was widely documented in other
cold regions (Fig. 4), including, but not limited to, the head-
water of Yellow River (Yang et al., 2019) and a small head-
water catchment at the Cape Bounty Arctic Watershed Ob-
servatory, Melville Island, Nunavut, Canada (Lafreniere and
Lamoureux, 2019). For example, at the headwater of Yellow
River on 8-9 July 2014, there was a 21.9 mm rainfall event,
with a temperature of 6.5 °C but little 1.5m>s~! runoff. On
21-23 July 2014, there was a 27.4 mm rainfall event with
temperature of 7.2 °C, but only 5.1 m> s~! runoff. Lafreniére
and Lamoureux (2019) found that the undisturbed frozen soil
at the Cape Bounty Arctic Watershed Observatory had lit-
tle runoff generation in the early thawing season. But after
the frozen soil was disturbed, the runoff response to rainfall
event was much larger. Hence, this paired catchment study
illustrated that frozen soil played a key role in causing the
LRET phenomenon.

3.2 Observation 2: discontinuous baseflow recession
(DBR)

Baseflow recession provides an important source of informa-
tion to infer groundwater characteristics, including its storage
properties, subsurface hydraulics, and concentration times
(Brutsaert and Sugita, 2008; Fenicia et al., 2006), which is
especially true for basins with frozen soil (Ye et al., 2009;
Song et al., 2020).

Baseflow analysis is based on the water balance equation
(Eq. 1) and linear reservoir assumption (Eq. 2). It should be
noted that Eq. (1) assumes no additional inflows (recharge
or thawing) or outflow (capillary rise or freezing). If a reser-
voir is linear, then this implies that the reservoir discharge
(Q) has a linear relationship with its storage (S). K (d) is
a time constant controlling the speed of recession in the lin-
ear reservoir. With a larger K value, the reservoir empties
slower and vice versa. Combining Eqs. (1) and (2), we can
derive Eq. (3), illustrating how discharge depends on time
(t), which is proportional to the initial discharge (Qo).

ds

=" (1)
0 = S/K; )
Q=Qqp-e /K, 3)
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Figure 3. Observed daily precipitation and air temperature, observed daily runoff depth of the Hulu catchment, observed freeze/thaw front
depth, and observed soil moisture at depths of 20, 120, and 240 cm are shown.

3.2.1 Baseflow recession analysis results

In Fig. 5, we plot the groundwater recession on semi-
logarithmic scale. In the beginning of freezing season, base-
flow presented a clear linear recession and was able to be fit-
ted by setting the recession coefficient (K) as 80 d. However,
interestingly, simultaneously with the LRET phenomenon,
we observed a clear discontinuous baseflow recession in the
Hulu catchment (Fig. 5). The baseflow bent down, and K
became 60d at the end of the recession period. This DBR
phenomenon informed us that the groundwater system was
disturbed. We also noted the spikes during the thawing in
Fig. 5, which means that groundwater was suddenly released.
To our best knowledge, these discontinuous baseflow reces-
sion (DBR) phenomena are a new observation for mountain-
ous frozen soil hydrology.

We also plot the variation in groundwater depth of four
wells at the WWOL site from 2016 to 2019 (Figs. 1, 11). The

Hydrol. Earth Syst. Sci., 26, 4187-4208, 2022

wells of 5, 10, and 15m only had liquid water in thawing
seasons and gradually went dry in recession periods. The
water level of the 25 m well was decreasing in the entire
frozen seasons but in a discontinuous way. From the ob-
served groundwater depth, the groundwater level decreases
faster at beginning. And after the groundwater level dropped
below around 17 m, the decrease in the groundwater level be-
came slower. The turning point from K, = 80d to Ky =60d
occurred simultaneously, while the groundwater level went
down to 17m (Figs. 5, 11). The bending down discontinu-
ous baseflow recession and slower decrease of groundwater
level indicated that there was a disturbance that reduced the
groundwater discharge and lead to a slower decrease in the
groundwater level.

https://doi.org/10.5194/hess-26-4187-2022
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Figure 5. Groundwater recession, from 2011 to 2014, on a logarithmic scale, with linear recession parameter Ky = 80d in the early recession

periods and K5 = 60d at the end of the recession periods.

3.2.2 Learning from paired catchments

Frozen soil process is able to disturb the groundwater system
by freezing the liquid groundwater to reduce groundwater
storage and leading to the DBR. But the DBR could also be
caused by many other reasons, for instance soil evaporation,
root tapping, capillary rise, impermeable layer, and heteroge-
nous hydraulic conductivities in different landscapes (ripar-
ian area and hillslope). Since the DBR phenomenon started
from the middle of the freezing period and lasted until the
end of frozen season, in which time the evaporation, root
tapping, and capillary rise were very inactive even totally
stopped, this allowed us to exclude these impacts. The im-
permeable layer and heterogenous hydraulic conductivities
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are both able to result in discontinuous recession at the small
scale.

To further understand the DBR phenomenon, we col-
lected larger-scale runoff data in this region, including the
Zhamashike (5526 km?) and Qilian (2924 km?), which are
also the subbasins of the upper Heihe. The permafrost and
seasonal frozen soil map of the upper Heihe River basin
shows that the Zhamashike subbasin has 74 % permafrost
and 26 % seasonal frozen soil, which is similar to the Hulu
catchment while the Qilian subbasin has much less per-
mafrost area (38 %) and is mostly covered by seasonal frozen
soil (62 %; Fig. 1).

Interestingly, when plotting the hydrographs of these two
subbasins on a logarithmic scale, we can clearly see that, in
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the permafrost-dominated Zhamashike subbasin, discontin-
uous recessions occurred, with Kg =60d in the beginning
and K = 20d at the end of the recession period. This DBR
phenomenon is the same as found in the Hulu catchment, al-
though the Zhamashike and Hulu catchment have quite dif-
ferent scales (5526 vs. 23.1 km?; Chen et al., 2018; Gao et
al., 2014). Discontinuous baseflow recession happened al-
most every year at the Zhamashike station, and we only
highlight the hydrograph in 1974 to demonstrate this phe-
nomenon in Fig. 6. On the other hand, while being of simi-
lar size as the Zhamashike, the Qilian subbasin (2924 km?),
which is mostly covered by seasonal frozen soil, only has
one continuous recession, with K = 60d. The results from
these two paired catchments provided good reasons to inter-
pret the DBR phenomenon in the Hulu catchment as the re-
sult of frozen soil.

3.3 Perceptual frozen soil hydrology model of Hulu
catchment

We did an expert-driven data analysis of the LRET and
DBR observations, including a time series analysis of
precipitation—runoff, soil moisture profile, freeze/thaw depth,
and paired catchments comparison. These comprehensive
data analyses allowed us to identify that both the LRET and
the DBR were the results of frozen soil, and these results mo-
tivated the following perceptual model (Fig. 7).

In the freezing season, at local scale, frozen soil occurs
from the topsoil downwards. But at the catchment scale,
the freezing process does not occur in a homogeneous way.
Since the higher elevation is colder than the lower eleva-
tion, the freezing process starts from higher elevation and
moves downwards. At the beginning of the freezing sea-
son, although the topsoil is already frozen, the groundwater
discharge from the supra-permafrost layer still continues. It
was found that the groundwater recession from the supra-
permafrost layer determines the dominant part of baseflow
in permafrost regions (Brutsaert and Sugita, 2008; Ma et al.,
2021). Thus, the baseflow recession contributed by both per-
mafrost and seasonal frozen soil areas, during this period,
appears not to be influenced by frozen topsoil and maintains
a linear recession pattern, with Ky = 80d in the Hulu catch-
ment.

In the frozen season, the hydrological processes in the top-
soil are almost completely blocked, although there is still
very small amount of unfrozen liquid water in the frozen soil.
Thus, surface hydrological processes are almost stopped.
With the increase in frozen depth, groundwater in the supra-
permafrost layer is frozen gradually from higher to lower ele-
vation, which gradually but dramatically reduces groundwa-
ter discharge. Interestingly, permafrost and seasonal frozen
soil have different impacts on baseflow recession. In a sea-
sonal frozen soil region, with shallower frozen depth, the
groundwater is still active and continues the discharge. But
in the permafrost region, the groundwater in the supra-
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permafrost layer is largely inactive. This means that the re-
cession, in the frozen periods, was only contributed by the
seasonal frozen soil area, with a faster decline in baseflow
and bending down of the hydrograph, with K decreasing to
60d in the Hulu catchment.

During the early thawing season, after a long groundwater
recession, the groundwater level is deep. Due to soil evapora-
tion in winter, the soil is dry and has a moisture deficit. Ob-
servations show that, with the progression of thawing, soil
temperature and soil moisture increase from top to bottom,
and the thawing front deepens downward. Rainfall firstly in-
filtrates to saturate the moisture deficit without runoff gen-
eration. Moreover, the existence of the impermeable deeper
frozen soil layer leads to a vertical disconnection between
soil water and groundwater. Although there is probably sat-
urated water above the frozen soil (Figs. 3 and 7), the poor
vertical connectivity largely hinders soil water percolation.
Without recharge to groundwater, there is limited runoff gen-
eration during the early thawing.

At the end of the thawing season, as soon as the thaw depth
reaches its maximum, or frozen soil no longer exists, the
frozen groundwater is released. The spikes in the observed
hydrograph are likely due to different parts of the catchment
reaching a breakthrough, which happens first in the lower el-
evations and then gradually moves upward to higher land-
scape elements. This would trigger a sequence of sudden
groundwater release and the spikes. Snowfall is probably an-
other influencing factor that causes the LRET and the spikes
phenomenon by storing precipitation as snow cover to reduce
runoff and releasing melting water in a short time. This hy-
pothesis needs to be tested by including snow accumulation
and melting processes in the hydrological model.

Once the soil is completely thawed at the end of the melt-
ing season, the rainfall-runoff process returns to normal and
is free of influence by the frozen soil. Hence, in the Hulu
catchment, frozen soil mainly impacts on streamflow during
the freezing, frozen, and thawing periods.

Based on this perceptual model, we developed the con-
ceptual framework of the frozen soil hydrological model,
which needs to at least to consider the following elements:
(1) we need a semi-distributed modeling framework, (2) a
distributed forcing should be considered, (3) different land-
scapes should be included, (4) topography should be in-
volved, particularly elevation, (5) we need to consider soil
freeze—thaw processes, (6) snowfall and melting should be
included, (7) glacier melting should be included, and (8) last,
but not least, the normal rainfall-runoff processes are still
important because most runoff happens in the warm season,
which functions in the same way as in temperate climate re-
gions.
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Figure 6. The hydrograph of the Zhamashike and Qilian subbasin on logarithmic scale, and the linear recession curve with Kg = 60d and

Ky =20d.

4 A semi-distributed conceptual frozen soil hydrology
model

The perceptual model requires a quantitative conceptual
model to test, revise, polish, verify, or even reject its hy-
potheses. Since the Hulu catchment has heterogenous land-
scapes with a large elevation gradient, diverse land cover,
and complex freeze—thaw process, we developed a semi-
distributed frozen soil hydrological model, i.e., FLEX-Topo-
FS, based on the landscape-based hydrological modeling
framework, i.e., FLEX-Topo. Numerous processes were in-
volved in FLEX-Topo, including the distributed meteorolog-
ical forcing, landscape heterogeneity, and snow and glacier
melting. And in FLEX-Topo-FS, we explicitly considered the
impacts of frozen soil on soil water percolation and ground-
water frozen processes in the supra-permafrost layer. The de-
tails of both the FLEX-Topo model (without frozen soil) and
FLEX-Topo-FS model (with frozen soil) are described in be-
low.

4.1 FLEX-Topo model (without frozen soil)

4.1.1 Catchment discretization and meteorological
forcing interpolation

The FLEX-Topo model classified the entire Hulu catchment
into four landscapes, i.e., glaciers, alpine desert, vegetation
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hillslope, and riparian zone. The Hulu catchment (from 2960
to 4820 m) was classified into 37 elevation bands, with 50 m
intervals (Fig. 2). Combining the four landscapes and 37 el-
evation bands, we had 37 x 4 = 148 hydrological response
units (HRUs). The structure of FLEX-Topo model consisted
of four parallel components representing the distinct hydro-
logical function of different landscape elements (Savenije,
2010; Gao et al., 2014; Gharari et al., 2014; Gao et al., 2016).
And the corresponding discharge of all elements was subse-
quently aggregated to obtain the simulated runoff.

We interpolated the precipitation (P) and temperature (7)
based on elevation bands from in situ observation (2980 m)
to each elevation band. The precipitation increasing rate
was set as 4.2%/100m and the temperature lapse rate as
—0.68 °C/100 m, based on field measurements (Han et al.,
2013). Snowfall (Ps) or rainfall (P)) was separated by air tem-
perature, with the threshold temperature as 0 °C (Gao et al.,
2020).

4.1.2 Model description and configuration

FLEX-Topo is a semi-distributed conceptual bucket model
(Savenije, 2010; Gao et al., 2014), with three modules, i.e.,
the snow and glacier module, the rainfall-runoff module, and
the groundwater module. The water balance and constitutive
equations can be found in Table 1. The model parameters and
their prior ranges for calibration are listed in Table 2.
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Table 1. The water balance and constitutive equations used in FLEX-Topo-FS model. In Egs. (10), (11), and (12), the Sy and Symax represent

root zone reservoirs and their storage capacities in different landscapes, including vegetation hillslope (Symax_v). alpine desert

and riparian regions (Symax_R)-

( Sumax_D )

Reservoirs Water balance equations Constitutive equations
. 0, T>0
Snow reservoir %:P—Mw C)) PS:{ P. T<0 ®)
) Faa-T; T>0
My, = { 0 ro ©
. . dsy _ _ ) Faa-T-Cg; Sw=0andT >0
Glacier reservoir a =b+Mg—0Qg (7) Mg = 0: Sw>00rT <0 ®)
Qg = Sg/Kf )
Root zone reservoir % =P +My—E;— Ry (10) Ry=(P+My)-(1—-(1-— SuSr:ax )/3) (11)
Su
Ea = Ep ’ (Cc'Sumax) (12)
Splitter and lag function Rf=Ry-D (13); Rs=Ry-(1—D) (14)
Tlagf
Ra@)= > cf()-Ret—i+1) (15)
i=1
Tlagf

=i/ L u (16)

Fast reservoir

G =Re—0r (7)

Of = S¢/K¢  (18)
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Table 2. The parameters of the FLEX-Topo-FS model and their prior ranges for calibration.

Parameter Explanation Prior range for calibration
Fyq (mm °oc=ld~1)  Snow degree day factor (1-5)
Ceg (5 Glacier degree factor multiplier (1-3)
Sumax_v (mm) Root zone storage capacity for vegetation hillslope (50, 200)
Sumax_D (mm) Root zone storage capacity for alpine desert (10, 100)
Sumax_R (mm) Root zone storage capacity for riparian regions (10, 100)
B The shape of the storage capacity curve ©, 1)
Ce (0 Soil moisture threshold for reduction of evaporation 0.1, 1
D (-) Splitter to fast and slow response reservoirs 0.2
TiagF (days) Lag time from rainfall to peak flow (0.8, 3)
K¢ (days) Fast recession coefficient (1, 10)
K (days) Baseflow recession coefficient (10, 100)
k(WmK)~h Thermal conductivity 2
w (-) Water content as a decimal fraction of the dry soil weight 0.12
p (kg m~3) Bulk density of the soil 1000

Snow and glacier module

The temperature index method was employed to simulate
snow and glacier melting (Gao et al., 2017, 2020; He et al.,
2021). We used a snow reservoir (Sy) to account for the snow
accumulating, melting (My,), and water balance (Eq. 4). The
snow degree day factor (Fyq) needs to be calibrated. For
glaciers, we assumed its area was constant in our simulation
(from 2011 to 2014). Glacier melting (M) was also calcu-
lated by the temperature index method (Eq. 7) but with a dif-
ferent degree day factor. With the same air temperature, the
glacier has less albedo than snow cover, thus with a larger
amount of melting. The glacier degree factor was obtained
by multiplying the snow degree day factor (Fyq) with a cor-
rect factor Cy (Eq. 8; Gao et al., 2020).

Rainfall-runoff module

There are two reservoirs to simulate rainfall-runoff process,
including the root zone reservoir (Sy; Eq. 10) and fast re-
sponse reservoir (Sf; Eq. 17). To account for the different
rainfall-runoff processes in different landscapes and simul-
taneously avoid over-parameterization, we kept the same
model structure for vegetation hillslope, riparian zone, and
alpine desert (Eqgs. 11, 12) but gave different root zone stor-
age capacity (Symax) values, i.e., Symax R for riparian zone,
Sumax_p for cold desert, and Symax_v for hillslope vegetation.
For vegetation hillslope, a larger prior range was constrained
for the root zone storage capacity (Sumax_v), Which means
more water is required to fill in its storage capacity to meet
its water deficit, which is evidenced by previous studies in
this region (Gao et al., 2014). For alpine desert, due to its
sparse vegetation cover, we constrained a shallower root zone
storage capacity (Sumax_p)- For the riparian area, due to the
location where is prone to be saturated, we also constrained
a shallower root zone storage capacity (Symax_Rr)- The initial
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states (beginning of 2011) of the reservoirs were obtained
from the end values (end of 2014) of the simulation, which
is a normal procedure in modeling practice.

Other parameters in the rainfall-runoff module (Eqgs. 11—
18; Table 1) include the threshold value controlling evapora-
tion (C.), the shape parameter of the root zone reservoir (),
the splitter (D) separating the generated runoff (R,) from the
root zone reservoir (Sy) to the fast response reservoir, the re-
cession parameter of faster reservoir (Ky), and the lag time
from rainfall event to peak flow (Tj,gr). We set D as 0.2
from the isotope study (Ma et al., 2021) and other param-
eters were calibrated, with prior ranges (Table 2) based on
previous studies (Gao et al., 2014, 2020).

Groundwater module

The baseflow (Qs) is generated from groundwater recession.
The groundwater was simulated by a linear reservoir (Ss),
described in Sect. 3.2 and Eq. (19). We set the prior range
for s recession coefficient of the baseflow reservoir (K) as
10-100d. To estimate the impacts of frozen groundwater
on hydrological processes, we set the groundwater in differ-
ent landscapes as parallel. But we analyzed the groundwater
level as an integrated system because the groundwater system
is connected, and this affects the groundwater level. Since the
subpermafrost groundwater is even deeper than 20 m in the
Hulu catchment and almost disconnected to streamflow, we
only model the supra-permafrost groundwater.

Qs = SS/KS' (4)
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Figure 8. Model structures of FLEX-Topo and FLEX-Topo-FS.
FLEX-w means the module for wetland, FLEX-h for hillslope,
FLEX-d for alpine desert, and FLEX-g for glacier, respectively.

4.2 FLEX-Topo-FS model (with frozen soil)
4.2.1 Modeling the soil freeze—thaw processes

The FLEX-Topo-FS model employed the Stefan equa-
tion (Eq. 20) to provide an approximate solution to esti-
mate freeze/thaw depth (Fig. 9). The Stefan equation is a
temperature-index-based freeze—thaw algorithm which as-
sumes the sensible heat is negligible in soil freeze—thaw sim-
ulation (Xie and Gough, 2013). The form of Stefan equation
is written as follows:
2-86400-k- F\%  (2.86400-k- F\%°
-(a) -RE) o
oL
where ¢ is the freeze/thaw depth, k is the thermal conductiv-
ity (W (m K)~1) of the soil, and F is the surface freeze—thaw
index. The freeze index (° of degree days) is the accumulated
negative ground temperature while freezing, and the thaw in-
dex (° of degree days) is the accumulated positive ground
temperature while thawing. O, (J m_3) is the volumetric la-
tent heat of soil. O = L - w - p, where L is the latent heat of
the fusion of ice (3.35 x 10°J kg’l). w is the water content,
as a decimal fraction of the dry soil weight, and p is the bulk
density of the soil (kgm™3).

We set the thermal conductivity as k =2 W (m K)~1, the
water content as a decimal fraction of the dry soil weight w =
0.12, and the bulk density of the soil as p = 1000kgm™3.
Since the Stefan equation requires ground surface tempera-
ture, which is difficult to measure and often lacks data, we
used a multiplier to translate the air temperature to ground
temperature. The multiplier during freezing was set as 0.6,
and during thawing, we assumed the ground surface tempera-
ture was the same as the air temperature (Gisnas et al., 2016).

In this model, we did not consider the impacts of snow
cover on soil freeze—thaw because the snow effects were
complicated in the Hulu catchment. First, this is because
precipitation in the Hulu catchment mostly happens in sum-
mer as rainfall, and snow depth in the Hulu catchment was

L-w-p
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less than 10 mm in most areas most of the time. Second,
the snow cover has contrary effects on ground temperature.
Snow cover as an isolation layer increased ground temper-
ature in winter. But, simultaneously, snow cover also in-
creased albedo, which decreased the net radiation and de-
creased ground temperature. To avoid over-parameterization,
we did not consider snow effect in the Stefan equation.

In this study, the Stefan equation was driven by distributed
air temperature, which allowed us to simulate the distributed
soil freeze—thaw processes. With the distributed soil freeze
index and thaw index, we can also estimate the lower limit
of permafrost at which elevation the freeze index equals the
thaw index in mountainous regions. Field surveys on the
lower limit of permafrost (Wang et al., 2016) can provide an-
other strong confirmation of our simulated soil freeze—thaw
process, except for the spot-scale freeze/thaw depth.

4.2.2 Modeling the impacts of frozen soil on hydrology

The distributed freeze—thaw status calculated by the FLEX-
Topo-FS model allowed us to simulate the impacts of frozen
soil on soil and groundwater systems, their connectivity, and,
eventually, catchment runoff.

In freezing and frozen seasons, precipitation was in the
phase of snowfall, and topsoil was frozen, thus without sur-
face runoff. During this period, runoff is only contributed
from the groundwater discharge of the supra-permafrost
layer (Qys). There is no runoff generation (R,) from the root
zone reservoir to the response routine (S5 and Sr) in this pe-
riod. In the conceptual model, we set R, =0 (Eq. 11). In
freezing season, when frozen depth was less than 3 m (the
depth of active layer in this region), the entire groundwa-
ter volume in the supra-permafrost layer was still connected
and could be simulated by linear groundwater reservoir (Ss).
Once the frozen depth of certain elevation zone is larger than
3 m, the groundwater in that elevation zone was frozen (F).
In the FLEX-Topo-FS model, we reduced the groundwater
storage (Ss) to 10 % of its total storage to simulate its frozen
status (Egs. 21, 22). This amount of frozen water (Fs, 90 % of
groundwater storage when frozen and marked as Ss(7)) was
held in the groundwater system as frozen soil (Eq. 22) but
did not disappear. We set 90 % as frozen, rather than 100 %,
because there is still unfrozen liquid water in frozen soil (Ro-
manovsky and Osterkamp, 2000). Groundwater discharge
was controlled by the frozen status, which was frozen from
high elevations to lower elevations. This process is progres-
sively stopping the function of a series of cascade ground-
water buckets, resulting in the discontinuous recession. Si-
multaneously, the decrease in discharge (Qg) slowed down
the decrease in the groundwater level (Ss). This conceptual
model allowed us to simulate the bending down of baseflow
recession and slower decrease in groundwater level.
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or thaw depth > freeze depth.

In thawing seasons, the freeze—thaw condition in the low-
est elevation zone plays a key role, controlling the hydraulic
connectivity between soil and groundwater systems. In the
conceptual model, if the freeze depth calculated by the Ste-
fan equation is larger than the thaw depth, then this means
that the frozen layer still exists, which obstructs the soil and
groundwater connection. In the conceptual model, we kept
Ry =0 (Eq. 11) as the runoff generation. Since there is no
percolation from soil to groundwater, root zone soil mois-
ture (S,) is accumulating and even ponding in some local
depressions (Fig. 7). The only outflow of the root zone is
evaporation in this period. This conceptual model allowed us
to reproduce the LRET observation. For groundwater reser-
voir, once the thaw depth goes to its yearly maximum (in
permafrost area) or thaw depth > freeze depth (in seasonal
frozen soil area), the frozen water (90 % of groundwater stor-
age when frozen; Ss(7)) was released to the groundwater
again (Eq. 22). The sudden release of frozen groundwater
causes the spikes in hydrograph, which could happen in ei-
ther thawing seasons or complete thaw seasons, depending
on its elevation. But either way, the water balance calcula-
tion is 100 % closed.

Complete thaw in the lowest elevation marked the end of
thawing season and the start of complete thaw season. In the
complete thaw season, soil water and groundwater are con-
nected, and runoff generation (R,,) returns to normal circum-
stances, which can be simulated by the FLEX-Topo model
without frozen soil.

4.3 Model uncertainty analysis and evaluation metrics

The Kling—Gupta efficiency (KGE; Gupta et al., 2009) was
used as the performance metric in model calibration, as fol-
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variability in the simulated and observed values, where oy, is
the standard deviation of simulated variables, and o, is the
standard deviation of observed variables. 8 is the ratio be-
tween the average value of simulated and observed variables.

We applied the Generalized Likelihood Uncertainty Esti-
mation framework (GLUE; Beven and Binley, 1992) to esti-
mate model parameter uncertainty. We sampled the parame-
ter space with 20 000 parameter sets and selected the top 1 %
parameter as behavioral parameter sets.

For a comprehensive assessment of model performance in
validation (Zhang et al., 2018), the behavioral model runs
were evaluated using multiple criteria, including KGE, KGL
(the KGE of the logarithms’ flow and more sensitive to base-
flow), Nash—Sutcliffe efficiency (NSE; Nash and Sutcliffe,
1970; Eq. 24), coefficient of determination (Rz), and root
mean square error (RMSE).

Yr=1(Qo — Om)*

NSE=1-— — s
ST 1(Qo— 0,)?

®)

where Q, is observed runoff, Q, is the observed average
runoff, and Qy, is modeled runoff.

The model was calibrated in the period 2011-2012 and
uses KGE as the objective function. The second half of the
time series (2013-2014) was used to quantify the model per-
formance in streamflow split-sample validation, with multi-
criteria including KGE, KGL, NSE, R?%, and RMSE. The
KGE, KGL, NSE and R? are all less than 1, and their val-
uation closer to 1 indicates better model performance, while
the lower value of RMSE indicates less error and better per-
formance.
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5 Testing the realism of FLEX-Topo-FS model
5.1 FLEX-Topo model results and its discrepancy

Figure 10 shows that the FLEX-Topo model can somehow
reproduce the observed hydrography in most periods, except
for the LRET and DBR events. In the calibration, the KGE
was 0.78. And in the validation, KGE =0.58, KGL =0.36,
NSE=0.41, R*=0.82, and RMSE=0.95mmd~'. While
taking account the impacts of landscape heterogeneity, the
FLEX-Topo model can, to some extent, simulate the LRET
phenomenon. The vegetated hillslope in relatively lower el-
evation has larger unsaturated storage capacity, with larger
soil moisture deficit in the beginning of melting season, and
is capable of holding more rainfall with initial dry soil. More-
over, FLEX-Topo model has taken snow accumulation and
melting into account, which also reduced the runoff genera-
tion during the LRET periods. However, there was still large
overestimation in the early thawing season.

Additionally, the simulated hydrography on the logarithm
scale clearly shows that the baseflow is the result of a linear
reservoir (Fig. 10). The linear reservoir model can mimic re-
cession quite well at the beginning of a baseflow recession,
but the model discrepancy becomes larger in the middle to
the end of frozen season. Hence, the FLEX-Topo model is
not able to simulate the discontinuous recession. The model
discrepancy indicates that, without considering frozen soil,
FLEX-Topo cannot reproduce the observed LRET and DBR
observations well, although it explicitly considered land-
scape heterogeneity, snow, and glacier processes.

5.2 FLEX-Topo-FS model results
5.2.1 Freeze-thaw simulation by FLEX-Topo-FS model

Figure 9 demonstrates that the Stefan equation was capable
to reproduce the freeze—thaw process. This verified the suc-
cess of the freeze—thaw parameterization and the parameter
sets. Also, the simulated lower limit of permafrost is 3716 m,
which is largely close to the field survey in the upper Heihe
River basin, at around 3650-3700 m (Wang et al., 2016), and
the expert-based estimation of 3650 m of the Hulu catch-
ment. Both the well reproduced freeze—thaw variation in the
spot scale and the lower limit of permafrost in the catch-
ment scale gave us strong confidence in the simulation of
soil freeze—thaw processes.

5.2.2 Runoff simulation by FLEX-Topo-FS model

While considering the impacts of frozen soil, the FLEX-
Topo-FS model, compared with FLEX-Topo, dramatically
improved the model performance. Figure 10 shows the sim-
ulated hydrograph by FLEX-Topo-FS on both normal and
log scales. Both the LRET and the DBR observations were
almost perfectly reproduced by the FLEX-Topo-FS model.
The KGE of FLEX-Topo-FS in calibration was 0.78, which
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was the same as FLEX-Topo. But in validation, the perfor-
mance was significantly improved; the KGE improved from
0.58 to 0.66, KGL from 0.36 to 0.72, NSE from 0.41 to
0.60, R? from 0.82 to 0.83, and RMSE reduced from 0.95
to 0.79mmd~'. All the model evaluation criteria were im-
proved. The most significant improvement was the base-
flow simulation, and KGL was increased from 0.36 to 0.72.
We also noted that the FLEX-Topo-FS model reproduced
the spikes during the thawing in Fig. 10. This further con-
firms our conceptual model of a sequence of thawing break-
throughs, which triggers the sudden release of groundwater
starting at lower elevations and progressing to higher land-
scape elements.

5.2.3 Modeling groundwater trends

To further verify the FLEX-Topo-FS model, we averaged the
simulated groundwater storage (Ss) of all HRUs and com-
pared this with the observed groundwater depth on the log
scale (Fig. 11). We included the frozen groundwater in the
total groundwater storage (Ss) because the liquid groundwa-
ter is in connection with the frozen groundwater, and this
affects the groundwater level variation. Figure 11 clearly
demonstrates that the simulated groundwater storage de-
creased slower, and the timescale of the recession increased.
The trends of simulated groundwater storage and observed
groundwater level, which are not the same but have a sim-
ilar physical meaning describing the groundwater dynamic,
correspond surprisingly well. This is particularly encourag-
ing, given that the periods of simulation (2011-2014) and
observation (2016-2019) were not overlaid, and a point ob-
servation may not be straightforwardly representative for the
entire basin.

The success in reproducing groundwater level trends is
another strong confirmation for the FLEX-Topo-FS model.
All the successes of the FLEX-Topo-FS model in reproduc-
ing spot-scale freeze/thaw depth variations lower the limit of
permafrost, LRET and DBR events, and groundwater level
trends, giving us strong confidence in the realism of our qual-
itative perceptual model and quantitative conceptual model.

6 Discussion

6.1 Diagnosing the impacts of frozen soil on complex
mountainous hydrology

6.1.1 Understanding complex frozen soil hydrology by
hydrography analysis

Frozen soil happens underneath the ground, with frustrating
spatiotemporal heterogeneities, and is difficulty to measure.
Although there are spot and hillslope measurements, its im-
pact on catchment hydrology is still hard to explore. Hydrog-
raphy, easily and widely observed and globally accessible,
can be regarded as the by-product of the entire catchment
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Figure 11. Observed groundwater depth from 2016 to 2019 at
WWO1 wells, at depths of 5, 10, 15, and 25 m, and the simulated
groundwater storage by the FLEX-Topo-FS model from 2011 to
2014.

hydrological system (Gao, 2015). Hydrography as an inte-
grated signal provides us with a vital source of information,
reflecting how the complex hydrological system works, i.e.,
transforming precipitation into runoff. Hence, hydrography
itself is a valuable source of data for understanding catch-
ment frozen soil hydrology.
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Especially the baseflow embodies the influence of basin
characteristics, including the geology, soils, morphology,
vegetation, and frozen soil (Blume et al., 2007; Ye et al.,
2009). Hence, a quantitative description of baseflow is a
valuable tool for understanding how the groundwater system
behaves (McNamara et al., 1998). Baseflow recession was
used to identify the impacts of climate change on permafrost
hydrology. In previous studies, Slaughter and Kane (1979)
found that basins with permafrost have higher peak flows
and lower baseflows. The baseflow, representing groundwa-
ter recession, provides important information about the stor-
age capacity and recession characteristics of the active layer
in permafrost regions (Brutsaert and Hiyama, 2012).

Moreover, the hydrological system has tremendous influ-
encing factors. The hydrograph of paired catchments pro-
vides a good reference, as a controlled experiment, to isolate
one influencing factor from the others. Nested catchments
help us to acknowledge the importance of region-specific
knowledge, which is often the key to interpreting the un-
explained variability in large sample studies (Fenicia and
McDonnell, 2022). In this study, the pair catchment method
helped us to confirm the impacts of frozen soil on LRET and
DBR observations.

Additionally, by analyzing the nested subbasins of the
Lena river in Siberia, Ye et al. (2008) used the peak
flow /baseflow ratio to quantify the impact of permafrost cov-
erage on hydrograph regime in the Lena river basin and found
that frozen soil only affects the discharge regime over high
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permafrost regions (greater than 60 %) and has no signifi-
cant affect over the low permafrost (less than 40 %) regions.
In this study, we reconfirmed this statement. The permafrost
area proportions of the Hulu catchment and Zhamashike sub-
basin are 64 % and 74 %, with significant effects on dis-
charge, while 38 % of the Qilian subbasin is covered by per-
mafrost, with no significant effects on discharge regime.

By using the paired catchments comparison, interestingly,
the K in Zhamashike and Qilian in the early recession period
are both 60d, which is exactly within the standard value of
45 4 15 d derived in earlier studies for basins ranging in size
between 1000 and 100 000 km? (Brutsaert and Sugita, 2008;
Brutsaert and Hiyama, 2012), which was likely the results
of catchment self-similarity and co-evolution. But we also
noticed that the K in the small Hulu catchment (Ks = 80
and 60d) is quite a bit larger than the Zhamashike (K = 60
and 20d) and Qilian (Ks = 60d). This could be rooted in
different scale and drainage density (Brutsaert and Hiyama,
2012). The Hulu catchment is located in the headwater with
less drainage density; hence, there is less contact area be-
tween the hillslope and river channel, a slower baseflow re-
cession, and a larger K value. We argue that, even without
the impacts from frozen soil, it is difficult to give accurate
K, estimation in small catchments (less than 1000 km?) in
moderate climates. It is more substantially difficult to esti-
mate the discontinuous Ky in different periods in frozen soil
catchments without calibration. Thus, estimating the value
of recession coefficient (K) in different catchments and pe-
riods, especially for small catchments and in cold regions, is
still an intriguing scientific question for hydrologists.

6.1.2 Understanding complex frozen soil hydrology by
multi-source observations

Observation is still a bottleneck in complex mountainous
cold regions. Traditionally, fragmented observations are only
for specific variables, like puzzles. In this study, we col-
lected multi-source data, including soil moisture, groundwa-
ter level, topography, geology survey, isotope, soil tempera-
ture, freeze/thaw depth, permafrost and seasonal frozen soil
maps, and hydrographs in paired catchments. Multi-source
data analysis provides a multi-dimensional perspective to in-
vestigate frozen soil hydrology. We argue that, on the one
hand, multi-source observations helped us to deliver the per-
ceptual and conceptual models. And on the other hand, per-
ceptual and conceptual models bridge the gap between ex-
perimentalists and modelers (Seibert and McDonnell, 2002),
allowing us put fragmented observations together and under-
stand the hydrological system in an integrated and qualitative
way.

The data gap is a common issue in mountainous hydrology
studies. For example, in this study, runoff data have a gap pe-
riod at the end of the thawing season in 2013 due to flooding
and equipment malfunction. Soil moisture and groundwater
level data had large gap, which cannot be used for continuous
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modeling. Luckily, the meteorological data, which are im-
portant forcing data for running the models, were continuous
and without any gap. With sufficient meteorological forcing
data, we successfully run the hydrological models from 2011
to 2014. The runoff data gap at the end of thawing season in
2013 merely influenced model validation. While evaluating
the models, we did not involve the data gap period. Hence,
the data gap does not have any impact on the consolidation
of the conclusions.

Although soil moisture had large gap, there were, fortu-
nately, some observations during the LRET periods, which
were sufficient to distinguish the impacts of frozen soil on
soil moisture profile. Additionally, although the groundwater
level observation (2016-2019) was not overlaid with other
hydrometeorological measurements (2011-2014), its repeat-
ing seasonal pattern allowed us to qualitatively understand
how groundwater system behaves. Groundwater fluctuation
in natural catchments has strong periodicity, which can be
observed in Fig. 11. Groundwater variation does not show
significant difference among different years, which is espe-
cially true for the 25 m well. Due to the extreme difficulty of
continuous observation in this region, there was no ground-
water measurement in 2011-2014. But, due to the strong re-
peated temporal variation in the groundwater level, we have
good reason to believe the trends in 2016-2019 also hap-
pened in 2011-2014. Moreover, this is a qualitative compari-
son rather than a quantitative one, which we do not think has
any impact on our conclusions.

In general, we argue that data gap always exists. In another
words, we can never have sufficient data. The only thing we
can do is use the accessible data to understand processes. Al-
though perfect data do not exist, the more multi-source and
the better the data quality, the more accurate understanding
we can achieve. This needs close collaboration among multi-
disciplinary researchers, including, but not limited to, hydrol-
ogists, meteorologists, ecologists, geocryologists, geologists,
and engineers.

6.1.3 Understanding complex frozen soil hydrology by
model discrepancy

By a simple water balance inspection, we found that the to-
tal annual runoff of the Hulu catchment was 499 mma !,
which is even larger than the observed annual precipitation
of 433 mma~!. This means that, without considering the
distributed meteorological forcing, the runoff coefficient is
larger than 1, and the water balance cannot be closed. This re-
sult is also in line with previous studies, showing that precip-
itation in mountainous areas is largely underestimated (Im-
merzeel et al., 2015; Chen et al., 2018).

Although the semi-distributed FLEX-Topo has considered
tremendous processes, including rainfall-runoff processes,
distributed forcing, landscape heterogeneity, topography, and
snow and glacier melting, there was still model discrepancy
in reproducing the LRET and DBR observations. This means
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that there must be some processes that were missed in the
model. After our expert-driven data analysis, we attributed
the model discrepancy to soil freeze—thaw processes.

Model fitness is the goal which all modelers are pursu-
ing. But we argue that, in many cases, the model discrepancy
can tell us more interesting things than a perfect fit can. In
this study, we used the FLEX-Topo model, without frozen
soil, as a diagnostic tool to understand the possible impacts
of frozen soil on the complex mountainous hydrology. Using
tailor-made hydrological model and integrated observations
as diagnostic tools is a promising approach to understanding
the complex mountainous hydrology in a stepwise manner
understand.

6.2 Modeling frozen soil hydrology: top-down vs.
bottom-up approach

Top-down and bottom-up approaches are two philosophies
for model development (Sivalpalan et al., 2003). The bottom-
up approach attempts to model the catchment-scale response
based on the prior knowledge learned in small-scale settings.
The bottom-up approach is commonly used in frozen soil hy-
drological modeling because this is straightforward. And, for
modeling, it is a common practice to experiment with/with-
out a certain process and claim its impacts on runoff. But
bottom-up modeling largely missed the key step needed to di-
agnose the impacts of small-scale processes on catchment re-
sponse. A lack of process understanding usually leads mod-
eling studies to data pre- and pro-processing and extensive
parameter calibration, with the risk of equifinality and model
malfunction.

By our expert-driven, top-down modeling approach, we
firstly tried to understand the hydrological processes at work,
using multi-source data and analyzing the model discrep-
ancy. We then translated our understanding to perceptual and
conceptual models. The top-down method is an appealing
way to identify the key influencing factors rather than be-
ing lost in endless details and heterogeneities. Such informed
analysis of the data helps to bring experimentalist insights
into the initiation of the conceptual model construction.

6.3 Warming impacts on frozen soil hydrology

To quantify the impacts of warming on frozen soil hydrol-
ogy, we arbitrarily set the air temperature to increase by 2 °C.
The FLEX-Topo-FS simulation illustrated that the complete
thaw date became 16-19d earlier, and the lower limit of
permafrost increased by 294 m, from 3716 to 4010 m. For
runoff simulation, the DBR phenomenon became less obvi-
ous (Fig. 12). This is because 2 °C warming results in per-
mafrost degradation, which means most permafrost is de-
graded to seasonal frozen soil, since the DBR was caused by
the different groundwater discharge behaviors in permafrost
and seasonal frozen soil areas. Especially, the first reces-
sion period was contributed by the groundwater discharge
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Figure 12. Simulated hydrograph in current climate condition, and
the 2 °C warmer condition.

from both permafrost and seasonal frozen soil areas, and the
second recession period was only from the seasonal frozen
soil area. The permafrost degradation turns most permafrost
into seasonal frozen soil and makes groundwater discharge
nearly only from the seasonal frozen soil region and leads
to more continuous baseflow recession. Eventually, warm-
ing leads to the increase in both the baseflow and runoff
in early thawing seasons. The warming effect on baseflow
was already widely observed in the Arctic and mountain-
ous permafrost rivers (Ye et al., 2009; Brutsaert and Hiyama,
2012; Niu et al., 2010; Song et al., 2020; Wang et al., 2021).
Hence, these wide observations could be another verification
for the FLEX-Topo-FS model realism. For implications in
water resource management, the results indicate that frozen
soil degradation caused by climate change may largely al-
ter the streamflow regime, especially for the thirsty spring
and early summer, in the vast cold QTP. It is also worth-
while to be note that this is a primary prediction. We used
2 °C warmer more like a sensitivity analysis to illustrate how
warming will impact on baseflow and to further verify the ca-
pability and robustness of the model itself. In future studies,
we need more detailed modeling studies to use the state-of-
the-art climate prediction and downscaling methodologies to
assess the frozen soil changes and hydrology variations.

6.4 Implications for other cold regions

We believe that the FLEX-Topo-FS model has great potential
to be applied in other cold regions. There are mainly three
reasons.

First, our study site, the Hulu catchment, although small
(23.1km?), has a large elevation gradient (from 2960 to
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4820m), diverse landscapes (hillslope vegetation, riparian
area, alpine desert, and glaciers), snowfall and snowmelt, and
both permafrost and seasonal frozen soil. Our newly devel-
oped model explicitly considered all these spatial and tem-
poral heterogeneities and eventually achieved excellent per-
formance. With such a comprehensive modeling toolkit, the
model has the potential to be upscaled or transferred to other
cold regions.

Second, we obtained the perceptual model from not only
the observations and our expert knowledge at the Hulu
catchment itself, but we also widely considered the im-
pact of frozen soil on hydrological processes in other catch-
ments, including the Zhamashike and Qilian (two nested sub-
catchments of the upper Heihe), the headwater of Yellow
River, and the Cape Bounty Arctic Watershed Observatory in
Canada. Thus, we developed the model for the Hulu catch-
ment in the context of larger-scale observations.

Third, the realism of the conceptual model was confirmed
not only by streamflow measurement but also by multi-
source and multi-scale observations, particularly the freezing
and thawing front in the soil, the lower limit of permafrost,
and the trends in groundwater level variation.

Although our new model generally has great potential to
be used in other cold regions, we should be cautious of ar-
bitrarily using the model without any prior understanding of
the modeling system. Since frozen soil is merely one influ-
ential factor for cold region hydrology, there are other factors
that have notable impacts which are intertwined with frozen
soil. This relates especially to the geology condition, which
can have considerable impact on frozen soil but has large
spatial heterogeneity, and where it is difficult to take mea-
surements. For the model’s empirical parameters, most of
them are related to the freeze—thaw processes related to Ste-
fan equation, which have clear physical meanings and have
been confirmed by previous studies with a good spatial dis-
tribution over the entire QTP (e.g., Zou et al., 2017; Ran et
al., 2022). Due to the extreme complexity of soil and geology
in mountainous catchments, we still need to recalibrate their
values while modeling other basins on the QTP. Hence, be-
fore upscaling to other cold regions, we recommend follow-
ing a stringent modeling procedure, i.e., expert-driven data
analysis — qualitative perceptual model — quantitative con-
ceptual model — testing of model realism.

7 Conclusions

Our knowledge on frozen soil hydrology is still incomplete,
which is particularly true for complex mountainous catch-
ment on the QTP. In the past few decades, we have col-
lected numerous heterogeneities and complexities in frozen
soil regions, but most of these observations are still neither
well integrated into hydrological models nor used to con-
strain model structure or parameterization in catchment-scale
studies. More importantly, we still largely lack quantitative
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knowledge on which variables play more dominant roles at
certain spatiotemporal scales and should be included in mod-
els with priority.

By conducting this frozen soil hydrological modeling
study for the complex mountainous Hulu catchment, we
reached the following conclusions: (1) we observed two
new phenomena in the frozen soil catchment, i.e., the low
runoff in early thawing seasons (LRET) and discontinuous
baseflow recession (DBR), which are widespread but not
yet reported. (2) Without considering the frozen soil, the
FLEX-Topo model was not able to reproduce LRET and
DBR observations. (3) Considering frozen soil impacts on
soil-groundwater connectivity and groundwater recession,
and the FLEX-Topo-FS model successfully reproduced the
LRET and DBR events. The FLEX-Topo-FS results were
also verified by observing the freeze/thaw depth variation,
groundwater level, and lower limit of permafrost. We believe
this study is able to give us new insights into further implica-
tions to help us understand the impact of frozen soil on hy-
drology and project the impacts of climate change on water
resources in vast cold regions, which is one of the 23 major
unsolved scientific problems in the hydrology community.
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