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ABSTRACT ARTICLE HISTORY

The upper Nu-Salween River basin in the Tibetan Plateau is mainly covered with seasonal frozen Received 23 April 2019
soils. We used daily surface freeze-thaw states, detected from Special Sensor Microwave/Imager ~ Revised 31 October 2019
(SSM/1) daily brightness temperature data, to analyze the variations in surface freeze-thaw states Accepted 21 November 2019
and the relationship with air temperature. We also examined baseflow to explore the influences of KEYWORDS

interannual variations in the start time of soil freezing on hydrological processes. The results Freezing processes; passive
showed that (1) interannual air temperature fluctuations led to differences in the area and start microwave remote sensing;
time of surface freezing. When surface soil froze, flow was mainly dependent on existing ground- hydrological characteristics;
water storage. (2) The interannual variation in the surface freezing time directly affected the flow climate change; upper Nu-
generation processes. When soil water froze and remained in the frozen layer, it was hard to Salween River basin
generate surface flow, so flow mainly consisted of baseflow, causing the proportion of the

baseflow in the total flow to gradually increase. (3) The surface freeze-thaw states obtained

from the passive microwave remote sensing data may be applied to support further research on

the hydrological impacts of freeze-thaw cycle variations in plateau mountain basins.

Introduction The Tibetan Plateau, with an area of 2.5 x 10° km”
and an average altitude exceeding 4,000 m, is the largest
and highest plateau on earth, and permafrost in the
Tibetan Plateau covers approximately 1.5 x 10° km”
(Shen et al. 2018). The properties of frozen soil on the
Tibetan Plateau have changed dramatically because of
climate change. In the past half century, part of the
permafrost has become seasonal frozen soil. For sea-
sonally frozen soil, the duration of the frozen state has
reduced, and freezing depth has become shallower (Wu
and Zhang 2008; Kang et al. 2010; X. Li et al. 2012; Ran,
Li, and Cheng 2018). Over the coming decades, regio-
nal permafrost degradation is expected to continue or
even accelerate (Guo, Wang, and Li 2012).

The Tibetan Plateau is the origin of several major
Asian rivers, such as the Yellow River, the Yangtze
River, the Lancang-Mekong River, the Nu-Salween
River, and the Yarlung Tsangpo-Brahmaputra River.
Hydrological processes in major river basins are closely
linked to the interactions between climate and freeze-
thaw cycle, and research on the hydrological effects of
changes in the freeze-thaw cycle is of great importance

The soil freeze-thaw cycle, accompanied by energy
and water transformation, is one of the main pro-
cesses of the hydrological cycle in alpine basins
(Riseborough et al. 2008; Lu, Zhang, and Pei 2019).
Impermeable or slightly permeable frozen soil can
obstruct or weaken the hydraulic connection between
surface water and groundwater, and this plays an
important role in the formation, migration, and dis-
tribution of groundwater in cold areas (Lawrence and
Slater 2005; Iwata et al. 2011). Variations in surface
soil freezing processes because of global warming
may change the spatiotemporal pattern of infiltration
(J. Liu et al. 2011; Niu et al. 2011; Lundberg et al.
2016). However, as a result of limited data describing
soil freeze-thaw states, current understanding on the
spatiotemporal distribution of soil freezing and
groundwater recharge processes in cold regions
remain inadequate, restricting research on the con-
nection between surface soil freezing and flow gen-
eration (Woo et al. 2008).
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in understanding water cycle variations, as well as the
formation and evolution of water resources under cli-
mate change (Jiang et al. 2018; W. Wang et al. 2018).

Comprehensive study of the hydrological processes
affected by changes in freeze-thaw cycle is restricted by
sparse and unevenly distributed monitoring sites
(Oelke and Zhang 2007; D. Luo et al. 2018).
Microwaves can be used to obtain the surface freeze-
thaw states because of the major differences in the
dielectric properties between frozen and thawing soil
(Farhadi et al. 2015). Among microwave techniques,
passive microwave remote sensing at a high temporal
resolution is able to monitor large-scale daily surface
freeze—thaw states (Jin, Li, and Che 2009).

In the current study, we applied both passive micro-
wave remote sensing data and ground observation data
in the Tibetan Plateau to study hydrological impacts of
frozen soil variations under climate change. We first
analyzed the spatiotemporal distribution of surface
freeze-thaw states (obtained from passive microwave
remote sensing data), the air temperature, and hydro-
logical characteristics in the upper Nu-Salween River
basin. Then, baseflows were compared to assess the
influences of interannual variations in freeze-thaw
cycle on hydrological processes. Through this study,
we expect to better understand how freeze-thaw varia-
tions affected by climate change influence flow genera-
tion in the Tibetan Plateau. The results may provide

support for water resource utilization in the upper Nu-
Salween River basin.

Study area, data, and method
Study area

The Nu-Salween River is a large river in Southeast Asia
and flows for 3,673 km from the Tibetan Plateau to the
Andaman Sea. The Nu-Salween River basin has an area
of approximately 325 x 10> km’. In China, the upper
Nu-Salween River basin is mostly located in the Tibetan
Plateau and Hengduan Mountains and has a particularly
complex geographical environment. Over the past fifty
years, the air temperatures in winter and spring have
shown increasing trends in the upper Nu-Salween River
basin, and the magnitude of warming increases with
altitude. For example, during the last fifty years, the
average air temperature in winter rose by 0.81°C per
decade at Nagchu station (Figure 1), which is located
in the river source area (X. Luo et al. 2016). As a result,
variations in surface soil freezing processes were consid-
erable. The maximum freezing depths at Nagchu, Sog
County, and Dingqing stations (Figure 1) in the 1960s
were 253.9, 107.4, and 84.5 cm, respectively; those in the
2000s were 171.2, 72.1, and 62.8 cm, respectively. From
1961 to 2010, the maximum freezing depth at the above-
mentioned stations showed significant declining trends,
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Figure 1. Distribution of the seventeen meteorological stations and Gongshan hydrological station in the upper Nu-Salween River
basin. Meteorological stations include Amdo (1), Nagchu (2), Damxung (3), Sog County (4), Biru (5), Dingging (6), Neiwugi (7), Qamdo
(8), Lhari (9), Luolong (10), Bomi (11), Baxiu (12), Zuogong (13), Markam (14), Chayu (15), Deqin (16), and Gongshan stations, and the

numbers in the brackets link those in the map.



with respective change rates of —21.3, =74, and —6.2 cm
per decade (Du et al. 2012).

Gongshan hydrological station (27°44’ N, 98°41' E,
Figure 1) has a catchment area of about 107.3 x 10° km”.
Most of the watershed below Gongshan station is located
at low altitude and has a high temperature. Therefore, the
catchment above Gongshan station was chosen as the
study area (Figure 1). The altitudes of the study area
mostly range from 3,000 to 6,000 m. The areas with
altitudes of 3,000-4,000 m, 4,000-5,000 m, and
5,000-6,000 m cover 8 x 10> 71 x 10° and
26 x 10° km?, respectively, and account for 7.3, 66.3, and
24.6 percent of the study area, respectively. The main
vegetation cover consists of meadow and shrub. The
streamflow is mainly from groundwater in winter and
from rainfall and meltwater in summer (D. Liu, Shen,
and Wang 2008). Flow observations at Gongshan station
began in 1987, and we took 1988-2008 as the study period.

Data

Air temperature observations at 17 meteorological sta-
tions in the upper Nu-Salween River basin and sur-
rounding areas (Figure 1) were collected from the
National Meteorological Information Center (http://
www.nmic.cn/). In the study area, air temperature var-
iation is strongly influenced by topography, and eleva-
tion can be used as auxiliary information for air
temperature interpolation. Co-kriging takes into con-
sideration the effects of topography on climate using
digital elevation model data as a secondary variable
(Apaydin, Anli, and Ozturk 2011), and we used this
interpolation method to obtain monthly average air
temperature in the study area.

Data on surface freeze-thaw states were sourced
from the long-term surface soil freeze/thaw states data-
set of China using the dual-indies algorithm (provided
by the Environmental & Ecological Science Data Center
for West China, National Natural Science Foundation
of China, http://westdc.westgis.ac.cn/). In this data set,
surface freeze-thaw states at a spatial resolution of
251 km were detected from Special Sensor
Microwave/Imager (SSM/I) daily brightness tempera-
ture data, using a dual-indices classification algorithm
(X. Li et al. 2012). The two indices were the 37 GHz
brightness temperature (TBs;,) and the spectral gradi-
ent between the 37 GHz and 18/19 GHz brightness
temperature (SD). TBs,, has significant correlations
with ground temperature and air temperature. When
soil freezes, the attenuation caused by volume scatter-
ing is more significant at higher frequencies, reducing
the brightness temperature at higher frequencies more
than those at lower frequencies (X. Li et al. 2012). The
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daily minimum ground surface temperature data, mea-
sured at the soil surface with minimum thermometer
from the meteorological stations of the Chinese
Meteorological Administration, were applied in calibra-
tion and validation. The thresholds of TB3,, and SD in
the freezing state were determined for each land cover
type using the daily minimum ground surface tempera-
tures corresponding to the soil freezing point (0°C) to
separate freezing and thawing states. X. Li et al. (2012)
applied the dual-indices classification algorithm to
detect daily soil freeze-thaw states from 1988 to 2006
in China. The accuracy was approximately 88.7 percent,
which indicates that it can detect the surface freeze-
thaw states with sufficient accuracy. The SSM/I sensor
did not supply continuous information, and the per-
centage of missing values in the study area was 54.2 per-
cent. The classification data at the nearest time were
used to fill in the missing values.

Digital filter algorithm

During the cold, dry season, the streamflow in the
study area is mainly from baseflow (D. Liu, Shen, and
Wang 2008). Baseflow responds slowly to precipitation
and is usually associated with flow from groundwater
storage (Eckhardt 2008; J. Zhang et al. 2017). To ana-
lyze the influences of freeze-thaw cycle variations on
groundwater recharge processes, baseflow should be
separated from streamflow.

The digital filter algorithm is a widely applied base-
flow separation method (Fan et al. 2013). In the fre-
quency spectrum of a hydrograph, baseflow is similar
to the low-frequency component, whereas the high-
frequency component is primarily caused by surface
flow. By separating the high- and low-frequency sig-
nals, the digital filter algorithm may be used for base-
flow separation (Longobardi and Villani 2008). The
filter equation is shown in Equation (1):

1+«
2

where g; and g,_; are the surface flow obtained by filters
at time f and t — 1, respectively; Q; and Q,; are the
total flow at time ¢t and t — 1; and « is the filter
parameter, which is usually selected as 0.90, 0.925, or
0.95. Total flow and surface flow can be used to calcu-
late baseflow, as shown in Equation (2):

by = Q; — qt (2)

where b, is the baseflow at time . The filter can usually
pass over the streamflow data one, two, or three times. As
filter parameter « or filter time increases, the variation in
baseflow becomes smoother.

4G =a-q1+ [Qr — Q1] (1)
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Baseflow index is the proportion of baseflow
accounted for in total streamflow, which is able to
effectively indicate the influence of geographical factors
on low flow (Smakhtin 2001). The equation for calcu-
lating baseflow index is shown in Equation (3):

%)
J b,dt
3!

t
J Q.dt

t

BFI =

(3)

where #; and ¢, are the start time and end time, respec-
tively. The greater the baseflow index, the larger the
proportion of baseflow. The relationship between freez-
ing processes of surface soil and groundwater storage
can be explored by comparing baseflow indexes.

The influences of air temperature on surface
freeze-thaw states

Spatial distribution of surface freezing time

We analyzed the spatial distribution of surface freezing time
in the study area detected from SSM/I daily brightness
temperature data. The distribution of mean annual surface
freezing days is shown in Figure 2. In most of the study area,
surface soil freezes for more than 180 days within a year.
The region with between 180 and 270 surface freezing days
covered 67 x 10° km” and was mostly at the altitudes

between 4,000 and 5,000 m, accounting for 62.3 percent
of the study area. The area with more than 270 surface soil
freezing days covered 34 x 10> km* and was mostly higher
than 4,600 m, accounting for 32.0 percent of the total area.
The correlation coefficient between mean annual surface
freezing days and altitude was 0.60, and the correlation was
significant (p < .01). Overall, annual surface freezing days
increased by about sixty-two days with every 1,000 m of
altitude. Previous research showed that in the study area,
seasonal frozen soil spread over the river valley, whereas
discontinuous and continuous permafrost was mainly dis-
tributed in the high altitude area at elevations greater than
4,600-5,000 m (Y. Zhou et al. 2000). Using the Gaussian
curve proposed by Cheng (1984), we also calculated the
lower altitudinal limit of permafrost in the upstream, which
ranged from 4,520 to 4,770 m. Our study found that the
area with more than 300 surface freezing days was mostly
located in the upstream uplands at the altitudes higher than
4,800 m. This was close to the results of previous research
and the lower altitudinal limit of permafrost calculated
from the Gaussian curve.

Characteristics of intra-annual variations in air
temperature and surface freezing area

Intra-annual variations in air temperature and freezing
area are shown in Figure 3. From November to March,
the mean monthly air temperature was below 0°C and
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Figure 2. Distribution of mean annual surface freezing days detected from SSM/I daily brightness temperature data in the study
area. The numbers for the meteorological stations are the same as those in Figure 1.
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the air temperature in January was the lowest at —6.7°C.
The mean annual temperature then increased until
reaching its highest value of 12.1°C in July. The surface
freezing area was close to 103 x 10° km* from
November to March, and most of the surface soil in
the study area was frozen. The surface soil began to
thaw in April, and the surface freezing area reached its
minimum in July. The surface freezing area in July was
11 x 10’ km? at the altitudes of higher than 5,000 m.
After September, as air temperature dropped, the sur-
face soil in the study area gradually froze, with an
average surface freezing area of 43 x 10° and
86 x 10° km” in September and October, respectively.
By November, most of the surface soil in the study area
was frozen.

Interannual variations in air temperature and
surface freeze-thaw states in the early freezing
stage

Interannual variations in air temperature and freezing
areas during the early freezing stage (September to
October) are shown in Figure 4. In September in the
1990s and 2000s, the mean air temperatures were 8.9°C
and 9.5°C, respectively, and those in October were 3.9°
C and 4.3°C, respectively. The air temperatures from
September to October in the 2000s were higher than
those in the 1990s, and a t-test showed that the differ-
ences in September were significant (p < .1).

In the 1990s, the average surface freezing areas were
47 x 10° and 91 x 10° km® in September and October,

respectively. From 2000 to 2008, they were 35 x 10” and
80 x 10 km?, respectively. A t test showed that the
surface freezing areas in September and October from
2000 to 2008 were both significantly less than those in
the 1990s (p < .05).

The onset date of continuous surface freezing is
defined as the date on which the surface soil in a grid
converts from a thawed state to a frozen state, and the
frozen state continues until the following year. The
average onset day of continuous surface freezing in
the study area was calculated for each year (Figure 5).
During the twenty-one-year period between 1988 and
2008, the average onset day of continuous surface freez-
ing in the study area was 2 October. Surface soil froze
earliest in 1993, with an onset day for continuous sur-
face freezing of 16 September. The latest occurred in
2007 and began on 19 October, thirty-three days later
than that in 1993. In the 1990s, the average onset day of
continuous surface freezing was 28 September, com-
pared to 8 October during the period 2000-2008, an
average delay over the 1990s of about ten days.

Relationship between air temperature and freezing
area in the early freezing stage

The relationship between mean air temperature and
surface freezing area in September and October is
shown in Figure 6. During the study period, the surface
freezing area had significant negative correlation with
the mean air temperature in September and October
(p < .01), with R* of 0.67 and 0.59, respectively. When
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the mean air temperature increased by 1.0°C, the
respective average surface freezing areas reduced by
about 11 x 10’ km” in September and 7 x 10°> km? in
October.

Hydrological impacts of interannual variations
in surface soil freezing processes

Flow characteristics

The intra-annual distribution of streamflow at
Gongshan station is shown in Table 1. The mean
annual flow at Gongshan station was 42.46 x 10° m’
and was mainly concentrated in the flood season. The
flow from May to October was 35.63 x 10° m’,
accounting for 83.9 percent of the annual flow.
During the early surface freezing stage, the mean
monthly flows in September and October were
6.24 x 10° and 3.66 x 10° m’, respectively, accounting
for 14.7 and 8.6 percent of the annual flow, respectively.
From November to the following April, the flow was
6.83 x 10° m?, accounting for 16.1 percent of the
annual total. The minimum monthly flow was in
February and was only 0.74 x 10’ m> accounting for
only 1.7 percent of the annual flow.

To examine flow variations before and after the sur-
face freeze, we analyzed the flow relationship between
October (prior to most of the surface freezing in the

study area) and the flow recession period (from
November to the following February) at Gongshan sta-
tion (Figure 7). The results indicated that the correla-
tion between flow in October and that from November
to the following February was significant (p < .01), with
R? of 0.64. The larger the flow in October, the greater
the flow from November to the following February.

In the upper Nu-Salween River basin, most of the
precipitation from November to the following February
occurs as snow. The generation of surface flow from
precipitation and snowmelt is limited because of the
low temperature, and streamflow is thus mainly from
baseflow. As a result, the groundwater storage in the
early freezing stage has a great influence on the flow in
the subsequent dry season.

Relationship between baseflow index and the onset
date of continuous surface freezing

In this study, a digital filter algorithm was used to
divide surface water and baseflow at Gongshan station
to calculate the baseflow index from September to
October. We compared baseflow separation results
for different filter parameters & and times, and some
of the results are shown in Figure 8. When filter
parameter « and time were set as 0.95 and three
times, respectively, baseflow varied more smoothly.

Table 1. Intra-annual distribution of streamflow at Gongshan station (1988-2008).

Month January February March April May June July August September October November December
Monthly flow (10° m3) 0.87 0.74 0.92 137 3.03 6.62 8.44 7.65 6.24 3.66 1.80 1.14
Proportion in annual flow (%) 2.0 17 2.2 3.2 7.1 156 199 18.0 14.7 8.6 4.2 2.7
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The baseflow index during the study period was 0.65,
which corresponded with the suggestion of Eckhardt
(2005) that baseflow index should be less than 0.80 for
perennial streams with porous aquifers. The result was
also similar to those obtained by hydrograph separa-
tion, hydrology model, or isotope method in other
basins in the Tibetan Plateau (G. Wang, Hu, and Li
2009; J. Zhou et al. 2015; Qin et al. 2017). Hence, the
filter parameter o and time were set as 0.95 and three
times, respectively, to calculate baseflow at Gongshan
station, and the mean depth of annual total flow and
baseflow in the study area were 395.3 and 257.7 mm,
respectively.

The relationship between the baseflow index from
September to October and the onset date of continuous
surface freezing is shown in Figure 9. The baseflow index
from September to October had a significant negative
correlation with the onset date of continuous surface
freezing (p < .01), with R* of 0.46. Over the twenty-one-
year period from 1988 to 2008, in the eight years when the
onset date of continuous surface freezing was in
September, the baseflow indexes from September to
October were all greater than 0.70. In contrast, in nine
of the thirteen years when the onset date of continuous
surface freezing was in October, the baseflow indexes
from September to October were less than 0.70. The
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later the surface soil froze, the smaller the baseflow index
from September to October and thus the lower the pro-
portion of baseflow in the total flow.

Discussion

Surface soil freezing processes play an important role in
runoff generation processes in cold regions (Koren,
Smith, and Cui 2014). Water-phase transition greatly
alters soil water potential, which influences redistribu-
tion and evaporation of soil water. Infiltration capacity,
hydraulic conductivity, and soil water transfer are
modulated by the ice in frozen soil (Y. Zhang et al.
2013). From the time soil begins to freeze until it
reaches maximum freezing depth, soil moisture is influ-
enced by gravitational potential, capillary potential, and
temperature potential. Soil water in the vadose zone
moves to frozen layer through soil profile, forming ice
crystals on frozen fringe and filling in the soil pores
(Yang et al. 2007). In the frozen layer, little moisture
can move, and almost no moisture moves to the phrea-
tic zone or evaporates. Consequently, flow in superficial
soil layers is restricted by the blocking effect of ice and
retention of soil water, and frost delays much of the
flow from draining to the river (Nyberg et al. 2001). If
surface soil freezes earlier, more soil water freezes and
is retained in the frozen layer before it flows to the
river, leading to a reduction in surface and lateral flow
generation. In contrast, when surface soil freezes later,
surface and lateral flow from September to October is

less affected by freezing processes, and the correspond-
ing baseflow index is relatively small. In general, the
freezing time of surface soil is important in determin-
ing the soil water storage and streamflow generation
from September to October in the study area.

There were great interannual differences in the start
time of surface freezing in the upper Nu-Salween River
basin, and they were similar to those throughout the
Tibetan Plateau (X. Li et al. 2012). These variations may
influence soil water storage and flow generation pro-
cesses and contribute to the differences in low flow
amounts. Surface soil freezing processes are particularly
sensitive to changes in air temperature. The Tibetan
Plateau has experienced a significant warming trend
over the past five decades (L. Li et al. 2010), and the
air temperature has increased by 0.3°C-0.4°C per dec-
ade (D. Chen et al. 2015). The warming trend will
continue in the future (H. Chen et al. 2013) and may
considerably delay surface soil freezing processes. In
September and October, water may be less restricted
and retained in superficial soil layers, resulting in
increasing river flow. Related research may help to
predict low flow variations under climate change and
provide support for water resource utilization in the
upper Nu-Salween River basin.

Significant changes are occurring in permafrost and
seasonally frozen ground because of climate change,
which may have complex impacts on surface and sub-
surface hydrology (Wu and Zhang 2008). However, our
understanding of the hydrological cycle in cold regions
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remains inadequate. First, meteorological and hydrolo-
gical data are scarce and difficult to obtain. Second,
research on hydrological processes is limited and is
often at the small watershed scale (Woo et al. 2008).
Observational data shortages restrict understanding of
the hydrological effects of variations in frozen soil. In
large watersheds, passive remote sensing data could be
effectively applied to investigate the timing, duration,
and areal extent of surface soil freeze-thaw states,
which would provide useful information for the study
of hydrological processes.

Conclusions

In this study, we used surface freeze-thaw states
obtained from passive remote sensing data to analyze
the relationship between freezing area and air tempera-
ture in the upper Nu-Salween River basin during the
early freezing stage. We also examined the influences of
freezing processes on flow generation processes. The
following conclusions were drawn:

(1) The surface soil gradually freezes in the upper
Nu-Salween River basin above Gongshan sta-
tion from September to October, and the aver-
age surface freezing areas in these two months
were 43 x 10° and 86 x 10° km? respectively.
The interannual air temperature variations led
to large differences in the freezing area during
this stage. Each 1.0°C increase in the mean air
temperature reduced surface freezing areas by
about 11 x 10° km® in September and
7 x 10° km® in October. The classification of
surface freeze—thaw states in large watersheds
can be obtained from passive remote sensing
data and assists research into surface soil freez-
ing processes and their hydrological impacts.

(2) The flow from November to the following
February was significantly correlated with that
in October (p < .01). Because the temperature
is low, most of the surface soil is frozen in the
cold season, and snow is not likely to melt and
generate river flow. Streamflow mainly consists
of baseflow, and the groundwater storage in the
early freezing stage has a great influence on the
flow after surface soil freezing.

(3) From September to October, earlier onset times
of surface soil freezing are associated with
higher baseflow indexes. When surface soil
freezes, soil water is retained in the frozen
layer and thus it is hard to generate surface
flow, leading to an increased proportion of
baseflow in the total flow in the upper Nu-

Salween River basin. The interannual variations
in surface freezing time may influence soil
water storage and flow generation processes,
and the potential impacts of climate change
on surface soil freezing and hydrological pro-
cesses in the Tibetan Plateau should be inves-
tigated more comprehensively.
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