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Abstract: Climate warming has intensified permafrost degradation, which could have a variety
of implications on the hydrological regime in permafrost regions. In this study, we analyzed the
effects of permafrost degradation on the hydrological regime via four hydrological variables for
10 unregulated catchments in the source regions of the Yangtze and Yellow rivers. The results
demonstrate that catchments with high permafrost coverage are expected to have an increased
winter discharge ratio (proportion of winter discharge contribution to total annual flow), a decreased
recession coefficient and a decreased ratio of Qmax/Qmin due to permafrost degradation. However,
the great storage effects of lakes and wetlands, which could contribute to more groundwater instead
of direct surface discharge, may affect the hydrological effects of permafrost degradation and result in
the abnormal performance at catchment scale. The correlation analysis between summer precipitation
(July–September) and the following winter discharge (December–February) indicates that permafrost
degradation may affect the redistribution of summer precipitation towards the following winter
discharge via increasing the soil storage capacity and delaying the release of water into streams in
permafrost regions. However, unlike the Arctic and sub-Arctic regions, no significant changes for
the hydrological regime (four hydrological variables) are detected over the individual periods of
records for each catchment. Decreased precipitation in summer seems to reduce the water infiltration
to supply the groundwater, which weakens the effects of permafrost degradation on the hydrological
regime. This study implies that the storage effects of lakes and wetlands and the changes of summer
precipitation patterns should be considered in future permafrost hydrological simulations, which
have suggested that a large increase in groundwater discharge to streams will likely occur in response
to permafrost degradation due to the warming climate in the ideal scenario.

Keywords: permafrost degradation; source regions of the Yangtze and Yellow rivers; summer
precipitation; correlation analysis; hydrological regime

1. Introduction

Global warming due to anthropogenic greenhouse gas emission is amplified in high-latitude [1]
and -altitude regions [2], which significantly changes permafrost distribution, and thus affects
hydrological processes and conditions [3–5]. The changes in the hydrological regime will affect
the availability of water resources and the timing and magnitude of floods and low flows [5–8],
which will play a profound implication on local ecological economy development and water
resources management.
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During winter, surface runoff is negligible due to freezing conditions, and river discharge with
no direct liquid supply of rainfall but snowfall, is assumed to mainly come from the relatively deep
groundwater flowing through the unfrozen parts of the ground [9–12]. Under climate warming,
the groundwater is expected to become more and more important due to permafrost degradation,
which enhances liquid water infiltration and supports deep flow paths [9–12]. The increased winter
discharge or cold-season minimum discharge has been detected in the Arctic and sub-Arctic rivers,
such as in Yukon River [12], Northern Eurasian rivers [13,14], Northwest Territories, Canada [11], Lena
River [8], and entire pan-Arctic [15] for various time records. This increased trend is speculated to have
a close relationship to permafrost dynamics. Model simulations have paid special attentions to the
interaction between groundwater and surface water in permafrost regions. Bense et al. [16] suggested
that a large increase in groundwater discharge to streams for the next few centuries will likely occur
in response to permafrost degradation due to climate warming. Ge et al. [17] demonstrated that a
three-fold thickening of the active layer will lead to a three-fold increase in groundwater discharge.
Wellman et al. [18] demonstrated that permafrost thaw could accelerate rates of groundwater flow in
the active layer above permafrost. Evans et al. [19] suggested that an increase in mean annual surface
temperature of 2 ◦C could cause a three-fold increase in groundwater contribution to discharge.

Permafrost degradation has been shown to smooth out the seasonal distribution of discharge at
catchment scale, which significantly affects groundwater dynamics and resources volumes [8,20–23].
Permafrost extent over a region plays a key role in the distribution of surface-subsurface water
interactions [7,8,24,25]. Compared with non-permafrost regions, permafrost catchments have higher
peak flow and lower base flow [20,26,27]. In the permafrost regions, catchments with higher permafrost
coverage could have lower groundwater storage capacity, and thus a lower winter base flow and
a higher summer peak flow [20,27,28]. Ye et al. [8] describe a relationship between the ratio of
monthly maximum discharge to minimum discharge (Qmax/Qmin) and permafrost coverage in the
Lena basin, where the hydrological regime is significantly influenced by permafrost extent when
it exceeds 40% of the catchment area. Besides, the regions with the higher permafrost coverage
correspond to the lower groundwater storage capacity, which may become weaker due to permafrost
degradation [10,27,29–32]. Long-term trends in recession flow, as a proxy for permafrost degradation,
have been analyzed in Northern Sweden [10,30], Yukon River basin [29] and Northwest Territories,
Canada [31]. These changes in the recession flow properties are consistent with the observation of
permafrost degradation.

Located in the hinterland of the Qinghai-Tibetan Plateau (QTP), the source regions of the
Yangtze and Yellow rivers are one of the most important permafrost distribution regions in China.
Widespread permafrost degradation has been extensively reported on the QTP [33,34]. Acted as
the “water tower” of China, the source regions of the Yangtze and Yellow rivers provide substantial
water supply for the adjacent lowlands. Understanding the effects of permafrost degradation on
the hydrological regime in the area is very urgent for local water resources management and has
substantial social, economic and ecological significance.

In this study, for the first time, we estimate the effects of permafrost degradation on the
hydrological regime in the source regions of the Yangtze and Yellow rivers via four hydrological
variables, namely, winter discharge, winter discharge ratio (proportion of winter discharge contribution
to total annual flow), recession coefficient and the ratio of Qmax/Qmin. The primary objectives of the
present study are to (1) detect hydrological regime changes of the 10 catchments in the study area and
(2) attempt to analyze the effects of permafrost degradation on the hydrological regime by assessing
the relationship between hydrological variables and the coverage of permafrost. The result of this
study will improve our knowledge of cold region hydrology and its change due to climate impact in
permafrost regions.
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2. Materials and Methods

2.1. Study Area

The source region of Yellow River is generally defined as the upstream catchment above the
Tangnag Discharge Station (Figure 1, Table 1). With the geographical boundary of about 95◦51′–103◦28′ E
and 32◦12′–36◦06′ N, the source region of Yellow River covers an area of 12.2 × 104 km2, and yields
a mean annual runoff of 168 mm (about 35% of total runoff of Yellow River) [35]. Located between
90◦30′–97◦20′ E and 32◦30′–35◦40′ N, the source region of the Yangtze River is generally defined as the
upstream catchment above the Zhimenda Discharge Station (Figure 1, Table 1), and covers an area of
13.7 × 104 km2.

Both source regions are located in the hinterland of the QTP, with an average elevation of more
than 4000 m. There are some very large mountain ranges distributed in the source regions, such as
Tangula Mountains, Bayan Har Mountains and Anyemaqen Mountains in the south, middle and
north parts, respectively. Owing to the high relief, permafrost is widely distributed in the study area.
The thickness of permafrost varies from 30 to 70 m, with a maximum thickness of 150–170 m [36].

Controlled by the typical QTP climate system, the climate in the study area is cold and dry.
The mean annual temperature is generally below 0 ◦C. Of which, the mean annual air temperature
varies from −4 to 5.2 ◦C for the source region of Yellow River, and from −5.5 to 4 ◦C for the source
region of the Yangtze River. The mean annual precipitation is about 270–550 mm and decreases from
east to west.
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Codes are listed in Table 1. Discharge stations are listed with increased permafrost coverage.
Included are the 11 meteorological stations with station codes from the China Meteorological
Administration (Table 2).
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Table 1. General information about the discharge stations/catchments.

River Name Discharge Station Code a Lon. (◦E) Lat. (◦N) Ele. (m) Area (km2)
Coverage of

Permafrost (%) b
Mean Discharge (m3/s)

Available (Missing) Years
Winter Annual

Bai River Tangke 1 102.47 33.42 3399 5374 0.1 16.9 61.2 1981–2014 (1985)
Shakequ Jiuzhi 2 101.50 33.43 3711 1248 0.2 5.1 17.4 1988–2014

Yellow River Tangnag 3 100.15 35.50 2632 121,972 43.0 188.2 636.4 1956–2014
Yellow River Jungong 4 100.65 34.70 4176 98,414 43.3 165.8 536.6 1980–2014
Yellow River Maqu 5 102.08 33.97 3383 86,048 49.3 119.9 451.1 1956–2014

Tongtian River Zhimenda 6 97.22 33.03 3536 137,740 75.4 71.7 411.4 1957–2014
Yellow River Jimai 7 99.65 33.77 3925 45,019 84.2 34.5 128.6 1956–2014

Requ Huanghe 8 98.27 34.60 4220 6446 89.4 1.3 19.1 1991–2014
Yellow River Huangheyan 9 98.17 34.88 4176 20,930 99.8 13.9 22.2 1976–2014

Tuotuohe Tuotuohe 10 92.45 34.22 4533 15,924 100.0 0.3 29.3 1959–2014 (2010, 2012)

Note: a Discharge stations/catchments (1–10) are listed according to the increased permafrost coverage and codes are the station numbers in Figure 1; b Coverage of permafrost was
computed using the altitude model [37]. Because the field survey data for building the altitude model were mainly collected in the 1970s, permafrost distribution mainly represents the
permafrost distribution status of that decade.

Table 2. General information about the meteorological stations.

Code a Lat. (◦N) Lon. (◦E) Ele. (m)
Mean Precipitation (mm)

Available Years Representative Catchment
Annual Summer b

52908 35.22 93.08 4612 290.8 192.2 1956–2015 6
56004 34.22 92.43 4533 291.0 122.4 1956–2015 6,10
56021 34.12 95.80 4175 411.7 27.0 1956–2015 6
56033 34.92 98.22 4272 321.6 183.0 1953–2015 3,4,5,7,8,9
56043 34.48 100.23 3719 512.5 291.7 1959–2015 3
56046 33.75 99.65 3968 552.1 293.7 1956–2015 3,4,5,7
56065 34.73 101.60 3500 580.1 319.0 1959–2015 3,4
56067 33.43 101.48 3629 746.9 196.4 1958–2015 2,3,4,5
56074 34.00 102.08 3471 600.9 326.5 1967–2015 3,4,5
56079 33.58 102.97 3441 649.3 339.5 1957–2015 1,3,4,5
56173 32.80 102.55 3492 750.0 351.1 1960–2015 1,3,4,5

Note: a Codes for meteorological stations are derived from the China Meteorological Administration; b Summer precipitation is the total precipitation over the warm months of
July–September in this study.
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2.2. Data

Ten discharge stations in the source regions of the Yangtze and Yellow rivers were selected for
analysis (Figure 1, Table 1). All 10 rivers have catchments which are located in permafrost regions and
are free from the influences of flow regulation. Catchment boundaries and drainage areas were derived
from the DEM data, which were based on SRTM (Shuttle Radar Topography Mission) data with a
spatial resolution of 3 arc-seconds (SRTM3). The drainage areas from the DEM data were well-matched
to those reported by the official statistics with the relative errors of less than 8%.

In this paper, the altitude model was used to determine the coverage of permafrost in the
drainage catchment. Altitude model is based on the three-dimensional zonation in the distribution of
high-altitude permafrost, namely, vertical, latitudinal and aridity (or longitudinal) zonation and has
been proven that the accuracy of the model is high on the QTP [38]. This model has been widely used
to analyze the permafrost distribution in western China [6,39,40]. Using observed data for the lower
limit of high-altitude permafrost distribution, the relationship between the altitude of the lower limit
and latitude can be represented by fitting a Gaussian distribution curve [37]:

H = 3650 exp[−0.003(ϕ− 25.37)2] + 1428 (1)

where H is the altitude of the lower limit of high-altitude permafrost, and ϕ is the geographical latitude.
Equation (1) is referred to as the altitude model.

Because the altitude model takes the lower limit as the main criterion of high-altitude permafrost
distribution, DEM (SRTM3) is used to calculate the lower limit of permafrost distribution at each grid
cell and then the lower limit is compared with the altitude of the same grid cell to determine if there is
permafrost on the grid.

The monthly precipitation data at 11 meteorological stations within the study area from the
establishment of stations to 2015 were collected from the China Meteorological Administration
(Figure 1, Table 2). This meteorological dataset has been subject to strict quality control by the
National Meteorological Information Center, and has been used widely as the official meteorological
data [35,41–43]. In this study, the monthly precipitation data (July–September) at 11 meteorological
stations were complete, and the average precipitation for each catchment was obtained by taking
the average precipitation value for all stations within the specific catchment or nearby the discharge
stations [35,41–43]. Due to the harsh natural environmental conditions, the meteorological stations are
sparsely distributed in the high-altitude mountain regions, and these 11 meteorological stations are
basically located in the low altitude regions (Figure 1, Table 2). Although there may be a low-altitude
bias, these stations provide the best data available and can make an approximate proxy for the change
trend of catchment precipitation in the source regions. However, it is important to note that the
average precipitation value for each catchment can make a proxy for the change trend of catchment
precipitation, but it does not necessarily correspond to the true precipitation.

Monthly discharge data were collected from the local hydrology bureau. All discharge data
end at the present (2014) and include year-round records spanning at least 30 years, except for the
Huanghe (8) and Jiuzhi (2) discharge station with a 24 and 27 years record, respectively (Table 1).
Sometimes monthly discharge data are missing but time span of gaps is no more than two years
(Table 1). Missing discharge data were inferred using linear least square regression from nearby
discharge station whose record was highly correlated to that being infilled. In this study, in order to
ensure high quality of the gap filled dataset, only stations with correlation coefficients above 0.9 were
used to fill gaps.
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2.3. Methods

2.3.1. Winter Discharge and Winter Discharge Ratio

To be consistent with previous authors, we assumed that all flow measured under ice
during winter (December-February) derived from subsurface flow [11,12]. However, care must
be taken to make this assumption for which we cannot ascertain the exact source of the winter
flows. Winter discharge ratio was estimated by dividing the mean flow (m3/s) for winter
(December–February) by the mean flow (m3/s) for each year. Besides, average winter discharge
ratio was calculated for each catchment over the individual periods of record as well.

The non-parametric Mann-Kendall test was used to analyze long-term trends of discharge
characteristics. This test has been used in other hydrological studies [11,12,15,44] and provides a
robust estimate for trends in time-series data.

2.3.2. Recession Flow

To quantify the recession magnitude for each catchment, the monthly discharge was fitted using
least-squares method to a simple linear-reservoir model represented by exponential behavior [32,45]:

Qt = Q0 × e−kt (2)

where Qt is discharge at time t, Q0 is discharge at the onset of the recession period and k is a recession
coefficient. Based on the monthly average discharge (m3/s), the recession coefficient was calculated
for each catchment during recession periods (from November to either zero flow or February) over the
observed period.

A lower recession coefficient reflected longer and/or slower drainage pathways associated with
larger source areas transferring storage to discharge [24,31]. Under climate warming, the recession
coefficient will likely become slow due to permafrost degradation, which may allow more water
storage to support the following winter discharge. Besides the yearly k value, the average recession
coefficient over the individual periods of record was determined as well. Similar to the analysis of
winter discharge, time series trends of the recession coefficient for each catchment were again analyzed
using the Mann-Kendall test.

2.3.3. Ratio of Qmax/Qmin

The ratio of the monthly maximum discharge (Qmax) to minimum discharge (Qmin) is a direct
measure of the hydrograph shape and hydrological regime, which is expected to change due to
permafrost degradation [6,8,46]. Therefore, this ratio can reflect the response of hydrological processes
to permafrost degradation to some extent. In this study, the monthly maximum discharge was selected
during summer in order to avoid the effects of the spring flood. The monthly minimum discharge was
selected during winter following the monthly maximum discharge.

2.3.4. Correlation Analysis between Summer Precipitation and Winter Discharge

A correlation analysis between summer precipitation and the following winter discharge was
conducted to assess the influence of summer precipitation on winter discharge under permafrost
degradation. In this study, we defined summer precipitation as the total precipitation over the warm
months of July–September, which can avoid the transitional months of June and October when sleet
events often occur. Winter discharge is the average flow (m3/s) for the December–February period.
The abrupt changes of the average annual temperature on the QTP were mainly detected in the
1980s [47,48]. Therefore, the period for correlation analysis was sub-divided into two sections (before
1985 and after 1985) in this study.
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3. Results

3.1. Hydrological Regime Changes

The winter discharge had an increased trend in 6 of the 10 catchments over the records of
observations considered in this study (Table 3). However, of these 6 catchments with increased trends,
none of these catchments passed the statistical tests at the p ≤ 0.1 level. Similarly, the winter discharge
ratio had an increased trend in 5 of the 10 catchments, with only 2 exhibited increased trends that were
significant at the p ≤ 0.1 level, and none of these catchments passed the statistical tests at the p ≤ 0.05
level (Table 3).

Table 3. Winter discharge, winter discharge ratio, recession coefficient, Qmax/Qmin and trend analysis
results for each discharge station.

Code
Winter Discharge Winter Discharge Ratio Recession Coefficient Qmax/Qmin

Mean (m3/s) β Mean (%) β Mean β Mean β

1 16.9 2.00 27.59 0.03 0.32 −0.06 18.12 −2.96
2 5.1 −1.10 29.04 −0.05 0.29 0.02 12.15 3.59
3 188.2 0.90 30.15 0.01 0.34 −0.01 9.43 −0.20
4 165.8 0.00 31.96 0.02 0.31 −0.03 9.10 −1.13
5 119.9 −2.38 27.16 0.00 0.38 0.01 10.86 0.40
6 71.7 1.09 18.23 0.00 0.32 0.01 19.35 0.49
7 34.5 1.56 26.57 0.01 0.34 −0.02 12.54 −0.36
8 1.3 0.30 7.95 0.00 0.48 −0.02 98.21 −12.59
9 13.9 0.21 55.68 0.01 0.27 −0.03 76.72 −0.42

10 0.3 −0.15 1.38 −0.01 1.05 0.09 1086.79 12.40

Note: β indicated the change rate per decade, which was derived from the Mann-Kendall test. Italicized, bolded,
and underlined values indicate statistical significance of p ≤ 0.1, p ≤ 0.05, and p ≤ 0.01, respectively. See Table 1 for
station/catchment information.

Decreased trends in the recession coefficient were found in 6 of the 10 catchments, with only
3 exhibited decreased trends that were significant at the p ≤ 0.05 level, and none of these catchments
passed the statistical tests at the p ≤ 0.01 level (Table 3). Six of the 10 catchments showed decreased
trends in the ratio of Qmax/Qmin, with only 1 exhibited decreased trend that was significant at the
p ≤ 0.05 level, and none of these catchments passed the statistical tests at the p ≤ 0.01 level (Table 3).

3.2. Relation between Hydrological Variables and Permafrost Coverage

Although 10 catchments are characterized with various sizes, elevations and locations (Table 1),
a moderately significantly negative correlation between the average winter discharge ratio and
permafrost coverage (r = 0.72, p ≤ 0.05, except catchment 9) was found (Figure 2a). This result
indicated that catchments with higher permafrost coverage were expected to have lower winter
discharge ratio in the permafrost regions.

Similar to the winter discharge ratio, a positive correlation between the average recession
coefficient and permafrost coverage (r = 0.58, p ≤ 0.1, except catchment 9) was found, which indicated
that the fast recession flow was associated with the high permafrost coverage (Figure 2b). Meanwhile,
a non-significantly positive correlation between the average ratio of Qmax/Qmin and permafrost
coverage (r = 0.50, p = 0.17, except catchment 9) was also found (Figure 2c,d).
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4. Discussion

For 10 catchments in the study area, the correlation analysis between winter discharge ratio and
permafrost coverage implied that catchments with higher permafrost coverage could have lower winter
discharge ratio in the permafrost regions (Figure 2a), which was consistent with the common results
that dominated the current literature [11,12]. However, catchment 9 had higher winter discharge
ratio (56%) but with higher permafrost coverage (99%), which may be attributed to the great storage
effects of widespread lakes and wetlands in the drainage area. According to the statistics in the late
1980s [49], there are about 5300 lakes in the source region of Yellow River, and about 80% of them
are located in catchment 9, including the two largest fresh water lakes in the source regions (Eling
and Zhaling). Summer precipitation in this catchment mainly contributes to groundwater instead of
direct surface water due to the widespread lakes and wetlands [35,49], which makes an important
supply for the following winter discharge. A positive correlation between the average recession
coefficient and permafrost coverage, the average ratio of Qmax/Qmin and permafrost coverage was
also detected, which implied that permafrost degradation could allow more water storage to support
winter discharge and smooth out the seasonal distribution of discharge at catchment scale to some
extent. Similarly, catchment 9 appeared to be non-consistent with the above trend, the great storage
effects of widespread lakes and wetlands may be responsible for it as well.

Under the warming climate, the hydrological regime of the source regions of the Yangtze and
Yellow rivers is expected to change significantly due to permafrost degradation. However, using the
same statistical methods as Walvoord and Striegl [12], St. Jacques and Sauchyn [11], we reported a



Water 2017, 9, 897 9 of 13

much lower proportion (0%) showing increased winter discharge for the source regions of the Yangtze
and Yellow rivers than for the Yukon River Basin (90%) and the Northwest Territories, Canada (87%)
at the p ≤ 0.1 level. Besides, the other three hydrological variables, namely winter discharge ratio,
recession coefficient and the ratio of Qmax/Qmin also did not change significantly (Table 3).

In general, summer precipitation greatly contributes to discharge in the areas underlain by
permafrost, and catchments without permafrost have high base flow contributions [7]. A deeper active
layer allows additional water storage and pathways for transferring water, resulting in the dependence
of winter discharge on the timing and amount of summer precipitation [50]. In the source region of
Yellow River, the correlation analysis between monthly discharge and precipitation suggested that
the monthly discharge was often the result of a combined effect of the precipitation in the current
and previous months [35]. At the boundary of continuous and discontinuous permafrost of the lower
Yenisei River, a common increase in the time-lag between precipitation events and stream discharge
was detected between 1970s and 1980s [50]. In this study, a common increase in the time-lag between
summer precipitation and the following cold-season monthly discharge for the two periods (before
1985 and after 1985) was also detected (Figure 3), which implied that permafrost degradation may
affect the redistribution of summer precipitation towards the following winter discharge via increasing
the soil storage capacity and delaying the release of water into streams. For the source regions of
the Yangtze and Yellow rivers, a decline in summer precipitation is noticeable in the majority of the
stations as shown in Figure 4, which is consistent with other researchers [35]. In order to validate
the above results (as shown in Figures 3 and 4), we turn to precipitation (July–September), DEM
(SRTM3), latitude, and longitude data of 36 meteorological stations in and around the source regions
(Figure S1). A linear multiple regression analysis between precipitation, DEM, latitude, and longitude
data of 36 meteorological stations was carried out for each year (all passed the statistical tests), and
the precipitation data can be interpolated for the whole source regions for each year by using linear
multiple regression equations (Figure S2). Catchment boundaries were used to extract the average
precipitation for each catchment. The common increase in the time-lag between summer precipitation
and the following winter discharge for the two periods (before 1985 and after 1985) was detected
(Figure S3), and also a decline in summer precipitation was noticeable for most of the 10 catchments as
shown in Figure S4.
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Figure 3. Correlation between summer precipitation (July–September) and the following winter
discharge (December–February) for the period before 1985 (blue) and after 1985 (red). The catchments
with short discharge records were not analyzed, such as catchment 1, 2, 4 and 8. Catchment 10 was not
considered due to complete cessation of winter discharge from 1986 to 2013. The correlation coefficients
were calculated by linear least square regression. See Table 1 for station/catchment information.
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precipitation (mm) before 1985 for each station. See Table 2 for meteorological stations information.

Although permafrost hydrological simulations have suggested that a large increase in
groundwater discharge to streams will likely occur in response to permafrost degradation due to the
warming climate, they also emphasize the essential hypothesis that sufficient surface water could
infiltrate to replenish the shallow groundwater system. Otherwise, there will be a substantial lowering
of the water table in the recharge area of the catchments [16–19]. In this study, the decreased summer
precipitation may result in less liquid water infiltration to supply the groundwater, which could
weaken the effects of permafrost degradation on hydrological regime, and result in non-significant
change trends for the hydrological variables. This may provide an important reference for permafrost
hydrological simulations under permafrost degradation. Besides, unlike the Arctic and sub-Arctic
regions, the relatively low ground ice content in the source regions of the Yangtze and Yellow
rivers may result in less melting ground ice, and further weaken the hydrological response of
permafrost degradation.

5. Conclusions

This study analyzed the effects of permafrost degradation on the hydrological regime via four
hydrological variables for 10 unregulated catchments in the source regions of the Yangtze and Yellow
rivers. The relationship between hydrological variables and the coverage of permafrost implies that
catchments with high permafrost coverage are expected to have an increased winter discharge ratio,
a decreased recession coefficient and a decreased ratio of Qmax/Qmin due to permafrost degradation.
However, catchment 9 seems inconsistent with the above rules, the great storage effects of widespread
lakes and wetlands may be responsible, which could contribute to more groundwater instead of direct
surface discharge and make an important supply for the following winter discharge.

The correlation analysis between summer precipitation and the following winter discharge
indicates that permafrost degradation may affect the redistribution of summer precipitation towards
the following winter discharge via increasing the soil storage capacity and delaying the release of water
into streams. However, unlike the Arctic and sub-Arctic regions, almost no significant changes for
hydrological variables were detected over the individual periods of records for each catchment.
Decreased summer precipitation seems to reduce water infiltration to supply the groundwater,
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which could weaken the effects of permafrost degradation on the hydrological regime, and result in
non-significant change trends of the hydrological variables.

Model simulations have suggested that a large increase in groundwater discharge to streams will
likely occur in response to permafrost degradation due to the warming climate in the ideal scenario.
However, this study found that the storage effects of lakes and wetlands and the changes of summer
precipitation patterns should be considered in future permafrost hydrological simulations.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/11/897/s1.
Figure S1: Location of the 36 meteorological stations in and around the source regions; Figure S2: Distribution
of multi-year average summer precipitation (1960–2015) in the source regions; Figure S3: Correlation between
summer precipitation (July–September) and the following winter discharge (December–February) for the period
before 1985 (blue) and after 1985 (red); Figure S4: Change rate of summer precipitation (July–September) for all
10 catchments within the source regions.
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