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Abstract

This study focuses on spatiotemporal changes in water turbidity in relation to permafrost to document the impact of me-
teorological conditions and water flow on hydro-sedimentary processes in northern regions. Starting in June of 2019, water
turbidity data were collected at six sites along the Tasiapik River (Nunavik). A statistical analysis was completed based on
records of water turbidity, precipitation, water flow, and air temperature. OQur results show a significant correlation between
air temperatures and turbidity, with a correlation of up to r = 0.59. These correlations depend on the location of the site along
the river and the time of the study period (June-October 2019). The flow rate was the primary factor that caused variations in
the turbidity of the Tasiapik River. Our results showed that following an increase in flow rate, there was an almost simulta-
neous increase in turbidity due to erosion of the banks. The duration and intensity of precipitation events are also important
factors affecting the process of sediment transport. Even though meteorological conditions play an important role in turbidity
variation, other characteristics of the site such as the topography and the existence of thermokarst lakes are additional factors
that influence the dynamics of sediment transport in the Tasiapik River.
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Résumé

Les travaux menés en Arctique et Subarctique démontrent une accélération de la dégradation du pergélisol durant les
derniéres décennies, provoquant des tassements importants du sol et par le fait méme, un accroissement du fluage d’eau
chargée de sédiments vers les lacs et les rivieres. Cette étude vise a mieux comprendre la variation spatio-temporelle de
la turbidité fluviale en contexte périglaciaire dans le but de faire avancer les connaissances sur les impacts des conditions
météorologiques et du débit sur les processus hydrosédimentaires des régions nordiques. Des données de turbidité de ’eau
de 1la riviere Tasiapik, située a 5 km a I'est du village d’'Umiujaq (Nunavik), ont été enregistrées de juin a octobre 2019 dans
six sites distincts. Des analyses statistiques réalisées sur ces enregistrements indiquent qu’il existe une corrélation significa-
tive (r = 0,59) entre les températures de l’air et la turbidité de la riviére. Ces relations sont plus ou moins importantes selon
I’emplacement du site le long de la riviére et selon le moment de la période d’étude. Le débit était le principal facteur a ’origine
des variations de la turbidité de la riviere Tasiapik. Nos résultats ont montré qu’a la suite d’une augmentation du débit, il y
a eu une augmentation presque simultanée de la turbidité due a I'érosion des berges et de la quantité des sédiments en sus-
pension. La durée et I'intensité des précipitations sont également des facteurs importants ayant fait varier la turbidité de la
riviere. Bien que les conditions météorologiques jouent un réle important dans la variation de la turbidité, il s’est avéré que
les caractéristiques du site telles que la topographie et la présence de lacs thermokarstiques sont des facteurs importants dans
la dynamique du transport sédimentaire de la riviere Tasiapik. [Traduit par la Rédaction]

Mots-clés : turbidité des rivieres, conditions météorologiques, Nunavik, dégradation du pergélisol

Introduction
od o 2015). One of the main concerns of global warming in these

The consequences of global warming due to climate change environments is the rapid degradation of permafrost (e.g.,
are occurring at a much faster rate in arctic and subarc-  Haeberli and Hohmann 2008; Beck et al. 2015; Ran et al.
tic environments (IPCC 2014; Brown et al. 2012; Ouranos 2018; Holloway and Lewkowicz 2020), which negatively af-
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fects communities, ecosystems, geosystems, and the hydro-
sphere.

The impact of permafrost degradation on the hydrosphere
occurs in various ways, but it is especially acute on river base-
flow and groundwater flow systems. For example, permafrost
degradation can affect groundwater flow and groundwa-
ter recharge (Bense et al. 2009; McKenzie and Voss 2013;
Walvoord and Kurylyk 2016; Cochand et al. 2019; 2020). With
regard to surface water, permafrost degradation may trigger
an increase in a river’s total suspended sediments, known
as turbidity (Syvitski 2002). This sediment increase is mainly
due to an increase in mass movement processes on the
river banks, where abnormally high air temperatures cause
rapid deepening of the active layer, which generates mass
movement (Lewis et al. 2005; Lewkowicz and Harris 2005;
Lamoureux and Lafreniere 2009; Jolivel and Allard 2017).

Another cause of increasing sediment transport in lakes
and rivers is associated with thermokarst processes: the col-
lapse of palsas (frost mounds covered by peat) and lithalsas
(frost mineral mounds) in the permafrost environment leads
to the formation of thermokarst lakes. These lakes serve as
basins for meltwater and runoff, which causes them to be
filled with sediments. The lakes also contribute to the ther-
mal degradation of permafrost (Seguin and Allard 1984).

The causes of surface water turbidity variations have been
examined in several studies in many regions of the world.
Nevertheless, very few studies have focused on the link be-
tween turbidity and permafrost degradation (e.g., Favaro and
Lamoureux 2015; Vonk et al. 2015; Jolivel and Allard 2017).
High levels of turbidity in rivers and lakes have been asso-
ciated with multiple environmental issues: for example, it
is partly responsible for the decline in the predation suc-
cess rate of certain fish species (Minello and Benfield 2018)
and for the alteration of the structure of fish gills (Cumming
and Herbert 2016). There is a greater need to monitor sur-
face water turbidity in northern communities that are more
dependent on these water sources. In Nunavik (Quebec,
Canada), the drinking water for 12 of the 14 communities
comes from surface water. It is therefore important to docu-
ment the quality of the aquatic ecosystems in these regions,
including water quality and turbidity, to ensure, among
other things, the sustainability and accessibility of drinking
water.

The main objective of this study was to better under-
stand the spatio-temporal variation of fluvial turbidity in a
periglacial context to document the impact of climate change
on hydro-sedimentary processes in northern regions.

Study area

This research was conducted in the Tasiapik Valley (Fig. 1),
a small watershed located 5 km east of the village of Umiujaq
(56°33' N, 76°31’ W) on the eastern coast of Hudson Bay (Que-
bec, Canada). The watershed is bordered to the northeast by
Umiujaq Hill and to the southwest by the cuesta cliffs, the dis-
tal parts of which were formed from talus and cones. Snow
avalanches have been identified as an important process for
debris remobilization on the talus slopes (Veilleux et al. 2020).

The valley is drained by a main stream and its tributaries,
which flow approximately 4.5 km southward to Lake Tasiu-
jaq, a brackish 691 km? lake connected to Hudson Bay. The
width of the stream varies between 0.5 m at its upstream part
and 75 m at the mouth; the depth rarely exceeds 1 m. Accord-
ing to Lemieux et al. (2020), the stream is mostly supplied by
surface drainage during the summer, but groundwater also
flows upward to the stream, especially during the winter. As
this stream does not have an official name, we refer to it as
the Tasiapik River in this paper.

The Umiujaq region is located in the Superior geological
province, consisting of igneous and metamorphic rocks dat-
ing from the Neoarchean (—2.73 and -2.68 Ga) (Chandler
1988; Eaton and Darbyshire 2010). The western part of the
valley is composed of a sequence of volcano-sedimentary rock
dating from the Paleoproterozoic (Chandler 1988; Eaton and
Darbyshire 2010; Lemieux et al. 2016). This sequence cre-
ates an asymmetric monoclinal relief form called a cuesta,
which is formed by a steep front oriented to the east and a
more gradual slope in the back leading to the west toward
Hudson Bay. A sequence of Quaternary deposits was estab-
lished during the retreat of the Laurentide ice sheet, which
began at around 8200 BP (Lavoie et al. 2012). According to
Banville (2016), Fortier et al. (2020), and Lemieux et al. (2020),
the Quaternary deposits of the Tasiapik River watershed are
composed (from bottom to top) of frontal moraine sediments
(gravel, pebbles, and stones), fluvioglacial sediments (sand
and gravel), marine silts that contain permafrost mounds,
and intertidal and littoral sand.

The Umiujaq region has a subarctic climate characterized
by cool, humid summers and cold, dry winters, with a frost-
free period of 60-80 days (Environment Canada 2004). The
SILA network (VDTSILA) of the Centre d’études nordiques
(CEN, Centre for northern studies) includes a meteorological
station located in the Tasiapik Valley. This station recorded
an average annual temperature of —3.1 °C between 2004
and 2018 (Centre d’études nordiques 2018). Between 2013
and 2017, the average annual precipitation in the region was
645 mm, of which approximately 50% was snow (Lemieux et
al. 2020). The study region is in the discontinuous permafrost
zone, where the permafrost is mainly found in palsas and
lithalsas in the upstream and median parts of the valley. The
surficial layer affected by freeze-thaw cycles is known as the
active layer, which can reach an average thickness of 1.75 m
in silty sand deposits and 3 m in sandy deposits (Fortier et
al. 2020). Permafrost in this region is significantly impacted
by the effects of climate change: between 1957 and 2005, the
proportion of surface area occupied by lithalsas decreased by
40% (Fortier and Aube-Maurice 2008), with a 6% decrease be-
tween 2004 and 2009 (Beck et al. 2015). In addition, the degra-
dation of permafrost between 1957 and 2005 led to a 175%
increase in the proportion of land occupied by thermokarst
lakes (Fortier and Aube-Maurice 2008).

The study region sits at the treeline, which extends south
to this location due to the influence of Hudson Bay on the
region’s climate. The vegetation is characterized by a north-
south delimitation, with shrub tundra in the east and forest
tundra in the west (Payette 1983).
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Fig. 1. Delimitation of the Tasiapik valley watershed as well as the locations of the turbidimeters installed in the river and
the transects (source of the background image and hydrography: Ministére de I'Energie et des Ressources naturelles (2019);

Mapping tool: ArcGIS; Coordinate systems: NAD 83, MTM 9).
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Materials and methods

River systems are generally subdivided into three distinct
zones: the source (or headwater) zone, the transition (or
transfer) zone, and the floodplain (or depositional) zone
(Schumm 1960, 1977). Erosion, transfer, and deposition oc-
cur in each zone, but the main processes generally shift from
erosion upstream to deposition downstream (Miall 1977). For
this research, all six turbidimeters were installed in the trans-
fer zone. The headwater zone was unsuitable because the col-
lection system (branches or tributaries) that collects and fun-
nels water and sediment to the main stream is intermittent
during the summer, while the rate of sedimentation in the
depositional zone is high at this time, which causes the tur-
bidimeters to become buried in sediment.

A turbidimeter was installed at each of the sites where tran-
sects perpendicular to the valley had been set up for topo-
graphic surveys (Fig. 1 and Supplemental Fig. 1). Turbidime-
ter 5 (T5) was installed in the upstream part of the river
transfer zone within Transect C, which crosses permafrost
mounds that are bare or weakly vegetated (lichen, Betula glan-
dulosa Michx.). The river flows directly between mounds of
permafrost which are approximately 2 m high. Turbidimeter
4 (T4) was installed in a tributary of the river within Tran-
sect B, originating from the northern part of the valley. A
thin layer of silt sediment surmounts the bedrock at a rel-
atively high elevation (about 20 m compared to the bed of
the river), which results in a lack of permafrost. Turbidime-
ter 1 (T1) was installed at the confluence of the river and
the tributary mentioned above, 60 m downstream from T5.
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Slightly downstream from this site, Transect D was estab-
lished at the location of Turbidimeter 2 (T2). At this location,
the banks are only 0.50 m high. The right bank consists of
an alluvial plain approximately 70 m wide, extending to the
foot of the permafrost mounds. The slope on the left bank
is steeper due to the presence of a lithalsa that is gullied by
the river. Turbidimeters 6 and 7 (T6, T7) were placed in the
downstream part of the river in the transfer zone, with Tran-
sects E and F crossing both of these turbidimeters. In this
area, the permafrost mounds are located several tens of me-
ters from the river and are highly degraded (barely 0.40 m
high). There are many thermokarst lakes here that are con-
nected to the river by small streams. Two other transects were
also established: one in the source zone (Transect A) and the
other in the depositional zone (Transect G) (Supplemental
Fig. 1).

The turbidimeters were manufactured by RBR Ltd. (model
RBRsolo® Tu). This instrument uses an optical backscatter sen-
sor method, which collects data in nephelometric turbidity
units (NTU). The instruments were deployed using a wide
plastic screen around the sensor to prevent organic material
from interacting with the sensor. The deployment method
also included a plastic device to protect the sensor from sun-
light (Fig. 2). The instruments were stabilized on concrete
blocks and placed in the river at a height of about 15 cm
above the riverbed, with the sensor facing downstream (Fig.
2). The turbidimeters were programmed to record one mea-
surement every 15 min during the frost-free period of the
river, from June to October 2019.
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Fig. 2. (a) Configuration for the installation of the turbidime-
ters during the summer of 2019. A screen (S) to retain the
organic material and a plastic pallet (PP) were mounted on
the turbidimeters (T) that were installed in concrete blocks
placed on the riverbed. (b) Configuration for the installation
of the turbidimeters during the summer of 2019. A screen (S)
to retain the organic material and a plastic pallet (PP) were
mounted on the turbidimeters (T) that were installed in con-
crete blocks placed on the riverbed.

The turbidity data were analyzed in relation to the air tem-
perature and precipitation data collected by CEN’s environ-
mental station VDTSILA, located upstream in the Tasiapik val-
ley. The meteorological data were supplemented by measure-
ments of the river flow rate that were collected by an auto-
mated gauging station. This system has been used in several
studies on water resources in the valley (Lemieux et al. 2016;
Cochand et al. 2019; Dagenais et al. 2020; Fortier et al. 2020;
Lemieux et al. 2020). An automated camera was installed on
the left bank of the river near T2 and was programmed to
take a photograph every hour between 9:00 a.m. and 4:00
p-m. daily.

Statistical analyses were conducted to determine the rela-
tionship between the turbidity of the Tasiapik River and vari-

ous parameters. All tests were performed using the statistical
software R. Pearson correlation coefficients were calculated
using the turbidity data from the river as a whole (a general
calculation) as well as from each site separately. Several data
sets were used to determine the relationships between vari-
ables at different time resolutions and in relation to different
weather events. These included average daily measurements
and hourly data over the entire season, as well as hourly
data during warm periods and periods of high rainfall. The
high rainfall periods were determined using the classifica-
tion set by the Government of Canada (2019), where more
than 7.6 mm/h corresponds to heavy rainfall. For air tempera-
tures, warm temperatures were determined according to the
standard deviation of the mean. To determine which param-
eter or combination of parameters had the most influence
on variations in turbidity, model selection using the Akaike
information criterion was performed. The AICTAB function
of the AICcmodavg package was used to produce the collec-
tion results. The application conditions were checked before
proceeding with the analyses; a Log + 1 transformation had
to be applied to the turbidity response variable to adhere to
the requirement for uniform variances. Following this analy-
sis, a multi-model inference was carried out to determine the
effect of each variable on turbidity.

Hysteresis loops were used to represent the relationship be-
tween the values of suspended sediment concentration (SSC,
g/L) and the river flow rate (Q L/s) during a hydrological event.
The SSC was determined with a field calibration where tur-
bidity values and SSC measured at the same time were com-
pared (Felix et al. 2018). Turbidity (Nephelometric Turbidity
Unit; NTU) was converted to suspended sediment concentra-
tions (g/L), using the following linear regression equation:
SSC = 1.5387 x NTU + 9.1929 (Manseau 2020). This character-
ization of sediment transport in rivers is illustrated graphi-
cally: we used the measurements of SSC and Q at the start
of the hydrological event when the flow begins to increase,
those at the end of the event when the flow returns to its
low water-level value, in addition to measurements during
the event. The graphs represent the variations of SSC (y-axis)
and Q (x-axis) over time, weighted to 1, where 1 represents the
maximum of SSC or Q reached during the event. The graph
can be separated into two time periods: a rising limb, when
the flow increases, and a falling limb, when the flow has
reached its maximum and begins to decrease. The 12 events
with the highest flow during the summer of 2019 were ana-
lyzed as part of this study. These 12 events were monitored
using each of the six turbidimeters. Five classes of SSC-Q rela-
tion were identified, depending on the shape and orientation
of the loop (Williams 1989; Tananaev 2015):

I. Type 1 is represented graphically by a line, where each
SSC/Q ratio during the rising phase is equal to the SSC/Q
ratio of the falling phase of the same flow measurement.

II. Type 2 is a clockwise loop, where the value of SSC in
the rising phase is greater than the value of SSC during
the downward phase of the same flow measurement. Two
subtypes can be identified (a) when SSCy,, is reached be-
fore Qmax and (b) when SSChax and Qmax are observed si-
multaneously.
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III. Type 3 is represented by a counterclockwise loop, where
there is an increase in SSCpax after Qunax. (This was ob-
served relatively rarely).

IV. Hysteresis type 4, represented graphically by a line fol-
lowed by a loop, combines type 1 with types 2 or 3.

V. Type 5 is represented by a figure eight loop that combines
types 2 and 3.

Results

The Tasiapik Valley covers a small watershed (12.25 km?);
nevertheless, it has a complex hydrographic network. The
Tasiapik River originates from headwater streams on steep
rocky slopes. The water then flows along intermittent
streams encased in littoral sandy deposits. At certain points
in the transfer zone, the river flows over fine sediments and
between degrading permafrost mounds. In the downstream
portion of the transfer zone, the river is fed by streams from
nearby thermokarst lakes. Thus, several different sources of
sediment transport are represented in the valley which pro-
duce different responses to the prevailing meteorological and
flow conditions.

Water turbidity and environmental conditions

during the spring, summer, and fall

In 2019, the breakup of ice on the Tasiapik River occurred
at the beginning of May, in contrast to the beginning of June
in the previous year. Since the river was ice-free earlier than
expected, the instruments were installed after the period of
high-water levels following snow melt (from May 13 to June
22). Daily increases in turbidity occurred during the early
summer from June 25 to 27 (Fig. 3) at all monitored sites,
except at site T4. Maximum turbidity was recorded on June
25 (211 NTU at site T1). This period was characterized by very
high air temperatures when compared to seasonal averages.
These 3 days were among the five warmest days in the study
period, with daily averages varying between 17.8 and 19.2
°C, including an hourly maximum of 25° C on June 27. Pe-
riods of increased river flow were also recorded on each day.
We observed that the maximum flow rate reached on June
25 and 26 occurred a few hours after the maximum turbid-
ity and air temperature were recorded. Correlation tests were
carried out over this period to determine the relationship be-
tween turbidity and the various parameters (Table 1). The re-
sults show that there is a significant positive correlation be-
tween turbidity and air temperature at almost all of the sites
(r = 0.29-0.59). High turbidity events are not generated by in-
creased river flow, however, since discharge increased only
after the peak of turbidity; this finding is also supported by
the lack of correlation between flow and turbidity for most
of the sites, except for sites T5 and T7.

An intense turbidity event occurred in the middle of the
summer, while the maximum reached was recorded at all
sites on July 16, ranging between 1118 NTU for T4 and 601
NTU for T1. The maximum flow rate was also recorded on
that day with a peak of 413 L/s. This extreme runoff event
was likely caused by the heavy rainfall that occurred a few
hours earlier. July 16 was the rainiest day with 48 mm of pre-
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cipitation, which corresponds to about 15% of the season’s
total precipitation. Figure 4 highlights the significant contri-
bution of river flow to sediment transport dynamics during
an extreme event such as this one. The severe precipitation
event, which began at around 2:00 p.m., caused a sharp rise
in river discharge which, in turn, led to an almost simul-
taneous increase in river turbidity. Turbidity and flow then
decreased simultaneously after attaining their peak value.

Turbidity values recorded during different weather condi-
tions were analyzed to better understand the effects of mod-
erate and elevated precipitation levels on sediment transport.
The results of the correlation tests (Table 2) show significant
positive correlations (from a moderate to a strong degree) be-
tween precipitation and river turbidity (r = 0.60-0.88). The
correlations were stronger when the analyses were only per-
formed on data recorded during the periods of intense or
moderate precipitation. For several events, increased turbid-
ity and flow were observed several hours after the precipi-
tation event. This finding led us to analyze the relationship
between the turbidity of the river and the total precipitation
that occurred in the hours preceding the turbidity recording,
which is represented in Table 2 by the variable P 24 h. Using
this previous 24 h time window, our data analysis revealed a
significant increase in the strength of the correlation coeffi-
cient (r = 0.66) for most sites. For example, the Pearson corre-
lation coefficient for T2 increased from 0.68 for the variable P
to 0.88 for the variable P 24 h. These statistics show that dur-
ing periods of moderate or heavy rainfall, the turbidity of the
river and the total precipitation of the previous 24 h have a
very strong positive correlation: turbidity increases with the
increase in total precipitation (Fig. 4, Table 2).

Following the highest turbidity event recorded in the sum-
mer of 2019, turbidity remained relatively low and stable for
a few weeks, except for a few isolated events (Fig. 5). From
mid-August on, several successive increases in turbidity were
recorded, particularly at site T2. For example, on August 9,
the turbidity at this site increased to 169 NTU, while sites
T4 and T7 only increased slightly and no variation was ob-
served for sites T1, T5, and Té6. For the 5 days preceding this
event, daily air temperatures remained above the seasonal
average, with a high of 15.5 °C recorded on August 8. This
high turbidity event occurred during an increase in flow and
an episode of moderate-intensity precipitation (5.7 mm over
the 8 h preceding the increase). On August 15, an increase
in turbidity was observed at site T2, reaching 238 NTU. This
increase was also observed at site T5, with a maximum of
141 NTU, while the other turbidimeters did not record any
significant increase. Air temperatures remained low in the
days leading up to the event, as the amount of precipitation
reached 9.7 mm in the preceding 5 h and the flow increased
to 50 L/s. On August 19, the environmental station recorded
slightly lower precipitation than during the previous event
(7.1 mm in 5 h), but the flow was twice the rate recorded dur-
ing the August 15 episode, with a maximum of more than 100
L/s. Air temperatures were warmer during this event, rang-
ing between 12.7 and 15.6 °C for the previous 3 days. These
weather and flow conditions resulted in increased turbidity
at each site, varying between 88 and 133 NTU at sites T6 and
T7, respectively.
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Fig. 3. Recordings of the turbidity of the Tasiapik River at site T1, atmospheric temperatures, precipitation, and river flow

during the warm period of June 25-27, 2019.
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Table 1. Correlations between turbidity and air tempera-
tures, precipitation, and discharge for the six stations in-
stalled in the summer of 2019 in the Tasiapik River.

Site Temperature Precipitation Discharge
°C mm/h 1/s

T1 0.50% %% -0.02 -0.16
T2 0.58#%% -0.04 0.03
T4 0.02 -0.09 0.08
T5 0.29= -0.03 0.47 %%
Teé 0.5 %% -0.05 0.21

T7 0.50% %% 0.01 0.33%%

Notes: The data come from hourly records collected between June 25 and 27,
2019, when atmospheric temperatures remained relatively high. The results
table includes the Pearson correlation coefficient for each of the relation-
ships as well as the hypothesis tests: the indices in bold indicate a significant
correlation (p = 0; skxp = 0.001; xxp = 0.01; xp = 0.05 ).

On August 31, 2019, a high turbidity event similar in mag-
nitude to that of August 19 occurred, with maximum vary-
ing between 67 and 136 NTU. The total precipitation mea-
sured on that day was higher than that of August 19: 14.8 mm
of rain in the 8 h preceding the event. However, river flow
increased to a lesser extent during this episode, reaching a
maximum of 70 Lfs, as compared to 101 L/s on August 19.
Air temperatures were below average the day before and
were very low on the same day, with a daily average of
4.3 °C.

After this event, turbidity remained low until late summer.
On September 22, 2019, the Tasiapik River experienced its
second most significant turbidity event of the season, with
maximum turbidity values between 185 NTU and 854 NTU at
sites T4 and T6 respectively. These high values correspond
to the second highest daily rainfall of the season totaling
43.2 mm, as recorded at the environmental station. It was
also the second highest flow rate recorded in the summer of
2019, with a maximum of 335 Ls, while air temperatures had
been below the average for 2 days.

Correlation between turbidity, discharge, and

environmental conditions during warm days

Correlation tests were performed on data recorded during
warm days (>15 °C) throughout the season. The results indi-
cate relatively high correlation coefficients between air tem-
peratures and the turbidity of the Tasiapik River during the
warm period between June 25 and 27. According to measure-
ments taken on warm days during the study period (June-
October 2019), the turbidity of the Tasiapik River and air tem-
peratures varied in a similar way (r = 0.26) (Table 3). A sta-
tistical analysis of each of the sites separately showed that
this relationship was quite strong for sites T1, T2, T6, and
T7, while there was no significant correlation for sites T4 and
T5. The strength of the correlation was greater for sites T2
and T6 (r = 0.43 and r = 0.45) than it was for sites T1 and T7
(r = 0.36 and r = 0.26). The results also indicate that there is
no general correlation between precipitation and river tur-
bidity when air temperatures are high. Site T5 is the only
site where a significant relationship was observed between
these two variables under such conditions, but in this case
the strength of the coefficient was low (r = 0.21). There is a
significant correlation between river flow and turbidity for
this data set, which had also been observed in the results of
the previous statistical analysis (Table 2).

Model selection: parameters that regulate the
variability of turbidity

A statistical model selection was made to determine which
parameter or combination of parameters most influences the
variation of turbidity. Fourteen candidate models were devel-
oped with the parameters used previously: (1) air tempera-
tures, (2) precipitation, (3) river flow, (4) study site, (5) average
air temperatures for the 48 h preceding the turbidity record-
ing, and (6) total precipitation for the 24 h preceding the tur-
bidity recording. The 14 candidate models used for model se-
lection are presented in Table 4. The 24 h precipitation and
discharge variables could not be included in the same model
since these variables were correlated with each other. Tem-
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Fig. 4. Recordings of the turbidity of the Tasiapik River at site T1, atmospheric temperatures, precipitation, and river flow

during the period July 16-18, 2019.
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perature and 48 h temperature as well as precipitation and
24 h precipitation could also not be included in the same
model.

Table 4 summarizes the results of the model selection. The
results show that two models have a delta AICc (Ai) of less
than 2, indicating that these models are highly plausible.
These were model 10 (AICc = 17 648; Ai = 0), which includes
the parameters of flow, 48 h temperature and site, and model
6 (AICc = 17 649; Ai = 1.70), which includes the parameters
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of precipitation, flow, 48 h temperature, and site. A multi-
model inference was carried out on the parameters included
in these two models, with a focus on the effect of the flow,
48 h temperature, and precipitation variables on the turbid-
ity of the river. The results showed that the flow variable had
an effect of 0.014 + 0.001, with a 95% confidence interval of
[0.013; 0.014]. Thus, there is a considerable effect of river flow
on the turbidity of the water: for every 1 L/s increase in river
flow, turbidity increased by 0.014 £+ 0.001 NTU. The measure-
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Table 2. Correlations between turbidity and air temperatures, precipitation, and flow
for the Tasiapik River as well as for the six stations installed in the summer of 2019.

Site Temperature Precipitation 24 h precipitation Discharge
¢ Q) (mmj/h) (mm) (Lfs)
Tasiapik river 0.17 0.50 % 0.66::% 0.74 %%
T1 0.14 0.50% 0.80# 0.92%%
T2 0.18 0.68 0.88%# 0.94 4%
T4 0.19 0.46%% 0.61 %% 0.58#
TS 0.16 0.58%% 0.67%%% 0.78 %%
T6 0.29 0.75%% 0.73%% 0.86% %%
T7 0.11 0.46% 0.77 %% 0.93 %

Notes: The analyses were carried out on hourly data including only the periods of precipitation of moderate or
strong intensity (>2.5 mmj/h), collected between June 25 and October 4, 2019. The table of results includes the
Pearson correlation coefficient for each of the relationships as well as the hypothesis tests: the indices in bold

indicate a significant correlation (p = 0; *xxp = 0.001; **p = 0.01; *p = 0.05).

Table 3. Correlations between turbidity and air tempera-
tures, precipitation, and flow for the entire Tasiapik River
as well as for the six stations installed in the summer of
20109.

Site Temperature  Precipitation Discharge
°C mm/h 1/s
Tasiapik river 0.264%+ 0.02 0.564 %
T1 0.36:% %% 0.04 0.59:%%
T2 0.43 %% 0.02 0.65:%%%
T4 -0.01 0.03 0.21 sk
T5 0.05 0.21 %% 0.56%%
T6 0.45% %% -0.07 0.65: %%
T7 0.26:% %% 0.01 0.77x%%

Notes: Analyses were carried out on hourly data including only the temper-
ature periods of high air temperatures (>15 °C), collected between June 25
and October 4, 2019. The table of results includes the Pearson correlation co-
efficient for each relationship as well as the hypothesis tests: the indices in
bold indicate a correlation significant (p = 0; xxxp = 0.001; *xxp = 0.01; xp =
0.05).

ment associated with turbidity in this case is presented with
a Log + 1 transformation, which was applied at the start of
model selection. An effect 0of 0.028 & 0.001 was observed with
regard to the 48 h temperature variable, with a 95% confi-
dence interval [0.026; 0.03]. The analysis shows that the aver-
age temperature of the 48 h preceding the turbidity measure-
ment had an impact on the turbidity of the Tasiapik River.
An increase in the Log + 1 turbidity of 0.028 £+ 0.001 NTU was
observed for each increase of 1 °C in the average air temper-
ature. A multi-model inference was also produced with the
precipitation variable since it was included in model 6. This
parameter had an effect of 0.001 + 0.004 with a 95% confi-
dence interval [—0.007; 0.009].

Hysteresis loops: the relationship between
sediment concentration and discharge during
the main hydrological events

A synthesis of the hysteresis loops observed at each site for

the 12 hydrological events selected in the summer of 2019 is
presented in Table 5, Fig. 6, and Supplemental Figs. 2a-f. The

data show that the clockwise loops (type II) were the most
commonly observed type in the river during the summer of
2019. For all of the sites except site T7, type II was the most
frequently observed. Subtype Ila was recorded 33 times, com-
pared to subtype IIb, which was recorded four times. Thus, in
the Tasiapik River during summer 2019, most of the hydro-
logical events were characterized by higher turbidity levels
during the upward phase than during the downward phase,
where SSCp,.x Was attained earlier than Qp,ax. The results also
show that the type III hysteresis loops only occurred at three
sites: at site T2 and the two sites downstream of this site (sites
T6 and T7). The three sites located upstream of T2 did not
record any counter-clockwise hysteresis loops. It is also in-
teresting to note that site T7 recorded several type V loops,
in contrast to the other sites. During the summer of 2019,
this type of loop was observed nine times at the site. Sites T2
and T4 recorded this type of hysteresis five times. In addition,
loop Type II was recorded the least often at site T7, with only
one observation.

Discussion

Seasonal variation in turbidity: The case of site
T4

Our results show that turbidity fluctuation is associated
with river flow, but weather conditions prior to the event may
contribute to the increase in turbidity in different ways, as
demonstrated below using site T4 as an example.

Three of the increased turbidity events at site T4 occurred
on different days (August 15, August 30-31, and September
26, 2019) and had similar turbidity levels: 83, 68, and 70
NTU. However, the meteorological conditions associated with
these changes in turbidity were different (Fig. 7). For the first
event on August 15 (Fig. 7a), maximum river turbidity was
measured at 83 NTU and the flow was measured at 40 L/s. On
this occasion, the rainfall had a rapid impact on turbidity,
even though the precipitation was only of moderate inten-
sity (9 mm over 5 h). The conditions preceding this date were
very dry, with only 1.2 mm of rainfall in the preceding 92 h.
Given these findings, it is reasonable to conclude that a large
amount of available sediment was carried by the runoff wa-
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Table 4. Parameters included in each of the candidate models used in model selection and results of the model
selection presented as AICc table ranked from most likely to least likely model

Model Parameters AICc rank Log-L AICc Ai wi
Mod10 Temperature + discharge + precipitation + site 1 —8814 17 648 0 0.70
Mod6 Temperature + Discharge + site 2 —8814 17 649 1.70 0.30
Mod2 Temperature + Precipitation + site 3 -9086 18 190 542 0
Mod1 Temperature + 24 h precipitation 24 h + site 4 —9085 18191 543 0
Mod38 Temperature + site 5 —-9170 18 359 711 0
Mod11 Precipitation + discharge + 48 h 6 —-9172 18 360 712 0
temperature + site
Mod12 Précipitation + température 48 h + site 7 —10102 20 222 2574 0
Mod4 Precipitation + discharge + site 8 —10232 20 483 2835 0
Mod14 Precipitation + site 9 —10343 20703 3055 0
Mod7 Discharge + 48 h temperature + site 10 —11 891 23 801 6153 0
Mod13 Discharge + site 11 —12 045 24107 6459 0
Mod3 48 h temperature + 24 h precipitation + site 12 —12 090 24199 6551 0
Mod9 48 h temperature + site 13 —12 091 24199 6551 0
Mod5 24 h precipitation + site 14 —12 253 24 522 6874 0

Table 5. Summary of hysteresis loops observed in the Tasi-
apik River during summer 2019.

Number of

Site Hysteresis loop type observations

T1 IIa
b

v

\%

T2 IIa
Illa

T4 IIa

T5 IIa
b

T6 IIa
Illa

T7 IIa
Illa
\Y%

O N = N W NN A WU Uy U= W= =

Notes: The table shows the number of loops observed at each of the six sites,
according to the type of hysteresis.

ter that entered the river. The second event on August 30-31
(Fig. 7b) had a slightly lower maximum turbidity (68 NTU), but
the river flow was almost double that of the preceding event
noted above. The flow reached 70 L/s, with 15 mm of rainfall.
The difference is even more noticeable in the third case on
September 26 (Fig. 7c). The flow on this day was almost four
times higher than the first event and twice as much as the
second, with a maximum of 151 L/s. This increased flow was
one of the highest of the season and was caused by medium-
intensity precipitation over a long period: 30 mm of rain over
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13 h. Nevertheless, despite these more intense conditions, the
turbidity remained similar to the previous events, reaching a
maximum of 70 NTU.

Therefore, it appears that during mid-August, when sum-
mer conditions predominated (dry conditions illustrated by
very little rain and a low river flow rate), reduced precipita-
tion mobilized the non-cohesive surface sediments and trig-
gered an increase in turbidity. Toward the end of the summer
(August 30-31) and at the beginning of the fall (September
26), the amount of rain increased significantly, favoring an
increase in flow and a subsequent increase in turbidity.

Variations in turbidity and triggering factors

Sediment transport in rivers is highly dependent on wa-
ter flow and meteorological parameters. However, local en-
vironmental factors such as the geology and geomorphology
of the watershed, surface deposits, the layout of the river, the
quality of the soil and vegetation, etc., can amplify or mini-
mize the impact of these parameters by causing variations in
the turbidity in each section of a river (Douglas 1967; Wilson
1973; Milliman and Syvitski 1992; Syvitski 2002). Based on
our data analysis and field observations, these factors include
mass movements, thermokarst processes, groundwater flow
in discontinuous permafrost environments, and spring pre-
cipitation.

Mass movements

The sediment load of rivers at high latitudes is generally
determined by geomorphological processes occurring dur-
ing periods of higher air temperature. One of the primary
causes of sediment input into rivers in permafrost environ-
ments is mass movement on the riverbank (Lewis et al. 2005;
Lewkowicz and Harris 2005; Lamoureux and Lafreniére 2009;
Jolivel and Allard 2017). At our study site, by analyzing pho-
tographs taken with an automatic camera installed at site
T2 (Supplemental Figs. 3a, b), we were able to observe sev-
eral mass movements along the river during the summer of
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Fig. 6. Different types of hysteresis loops observed in the Tasiapik river during the summer of 2019. Data are presented as
normalized values; 1 represents the maximum value reached during the event, and 0 is the minimum value. (a) Type Ila
observed at T2 on August 17; (b) type IIb observed at T5 on August 19-20; (c) type III observed at T6 on July 20-21; (d) type IV

observed at T1 on July 20-21; (e) type V observed at T4.
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2019. The most significant events were produced at the end
of the spring following the snow melt. June 9 and 10 were un-
usually hot days in the Tasiapik Valley, reaching a maximum
of 28.8 °C on June 10. A rainy period resulting in 23.7 mm
of precipitation was recorded at the VDTSILA meteorologi-
cal station on June 11. The combination of these two types
of conditions (warm and rainy) led to very strong fluvial ero-
sion of the lithalsa edges, which was observed in the pho-
tographs (Supplemental Figs. 3a, b). The rapid mass move-
ment would have resulted from the detachment of the ac-
tive layer, which is caused by the deepening of the active
layer after periods of elevated air temperature (Lewkowicz
1990). According to Lewis et al. (2005), even just one such
event may cause more than 30% of the total sediment trans-
port in a river during the spring. Along the Tasiapik River, the
second event occurred on June 16, when 12 mm of rain was
recorded. As with the first event, air temperatures were above
average for the two preceding days, reaching a maximum of
16 °C. By comparing the photographs from June 7 to June 19,
we observed that most of the sediment had accumulated on
the riverbed near site T2. Unfortunately, these observations
could not be confirmed by the turbidity data because the tur-
bidimeters were only installed on June 25. Such mass move-
ments affected the banks of the Sheldrake River about 12 km
further north on May 6, 2010, leading to a considerable in-
crease in turbidity from ~5 NTU to 22 NTU (Jolivel and Allard
2017).

10

The accumulation of sediment at the base of the lithalsa
did not increase much during the remainder of the season,
even after periods of intense precipitation and increased flow.
The photographs showed that more sediment was deposited
after the snow melt than during the summer or at the end
of the summer. This could be explained by the fact that the
active layer thaws more rapidly in the spring. This interpre-
tation is supported by French (2007), who found that 75% of
the thaw in periglacial environments occurs during the first
5 weeks after the air temperature increases to above 0 °C.
The warm periods increase the depth of the active layer of
the permafrost, causing instability on the banks, facilitating
erosion, and triggering mass movements. The sediments be-
come available and are then transported toward the river dur-
ing periods of intense precipitation or during increased river
flow.

The statistical analysis carried out for periods in which the
air temperature was higher (Table 3) revealed a significant
correlation between river turbidity and air temperature, with
amedium to strong correlation (r = 0.43). The highest correla-
tion between these conditions was found at site T6 (r = 0.45),
which is located approximately 200 m downstream of site T2.
The correlation coefficients were even stronger when data
from June 25 to 27 were used, one of the hottest periods of
the summer of 2019; the coefficient for site T2 was r = 0.58
and for site T6 it was r = 0.59 (Table 1). These findings are
consistent with studies by Lewkowicz and Harris (2005) on
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Fig. 7. Hourly data of atmospheric temperature and precipitation collected in the Tasiapik Valley as well as river flow and

turbidity data collected at site T4
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Ellesmere Island (Nunavut, Canada), which found that mini-
mum thresholds of daily sunlight and air temperature were
required to trigger mass movements. An increase in air tem-
perature in environments at high latitudes causes an increase
in mass movements and increased turbidity.

Thermokarst processes

Thermokarst lakes that formed as a result of degradation of
lithalsas or palsas can also contribute to increased river tur-
bidity. Several of these thermokarst lakes are in the down-
stream section of the transfer zone in the Tasiapik Valley.
Some are located downstream of site T7 and are connected to
the Tasiapik River by small channels. The hysteresis loop data
indicate that the dynamics of sediment transport are largely
influenced by thermokarst processes. Type V loops were fre-
quently observed at site T7, indicating a combination of dif-
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ferent sources of sediment generated by transport from trib-
utaries or the collapse of riverbanks. No mass movements
were observed on the banks near site T7; the closest was more
than 600 m upstream, near site T2. Sediment transport from
thermokarst ponds is the most likely hypothesis for the many
type V events found here. Moreover, the small number of type
IT1oops observed at this site indicate that the sediment source
is not located near the study site. This supports the findings
of Jolivel and Allard (2013), who linked the 160% increase in
sediment transport recorded in the Sheldrake River to the
increase in connectivity between the thermokarst ponds. In
fact, increases in the size and quantity of thermokarst ponds
can create a network of interconnecting channels (Seguin
and Allard 1984) that facilitate sediment transport toward the
river. Bowden et al. (2008) also demonstrated that the concen-
tration of suspended sediments in the Toolik River was two
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times higher downstream of the thermokarst ponds than in
the upstream portion of the river.

The contribution of sediment to the Tasiapik River from
thermokarst ponds is also indicated by the accumulation of
sand at the mouth of tributaries originating from these ponds
(Supplemental Fig. 4). During periods of intense precipita-
tion, the increase in the water level of the ponds disperses
sediment-laden water into the Tasiapik River, as was observed
during fieldwork in the summer of 2019. These findings show
that the ponds formed by the degradation of permafrost,
which has been occurring to a higher degree in the Tasiapik
Valley over the last few decades (Fortier and Aube-Maurice
2008), are a non-negligible source of sediment transport in
the hydrographic network of the Tasiapik Valley.

Flow

On June 25-27, 2019, the flow rate of the Tasiapik River
was high (about 10 L/s). The maximum flow was recorded as
occurring 2-3 h after the maximum temperature had been
reached on those days. These increases in river flow observed
during the hottest days of the summer of 2019 led to signifi-
cant increases in turbidity. This concords with several studies
conducted on rivers in permafrost environments that showed
that the river flow during the spring is largely controlled by
the temperature pattern of the catchment area (Michel and
Van Everdingen 1994; Syvitski 2002; Forbes and Lamoureux
2005). In fact, according to Syvitski (2002), an increase of 2 °C
in air temperature in a watershed combined with a 20% in-
crease in river flow can cause a 32% increase in the sediment
load of an arctic river. This variation in turbidity is dependent
on the ground thaw rate and snow melt, and it was observed
more often when air temperatures and solar radiation were
high (Kokelj et al. 2013).

In addition, observations from all of the sites (except for
site T4, which is not located near a lithalsa) revealed a sig-
nificant and relatively strong correlation between turbidity
and air temperature during warm periods (r = 0.29 for site
T5 and r = 0.59 for site T6). By contrast, significant correla-
tions between turbidity and flow were only observed for sites
T5 and T7 (r = 0.47 and r = 0.33 respectively). Diurnal varia-
tions of flow and turbidity were also observed in studies of the
Mackenzie and Peel Rivers (Northwest Territories, Canada),
where turbidity ranged between 200 NTU from 2 am to 12
pm and 1200 NTU several hours after the daily maximum of
sunlight (Kokelj et al. 2013). This level of turbidity was consid-
erably higher than was observed in the Tasiapik River, which
has a much smaller watershed: the maximum between June
25 to 27, 2019, was 211 NTU.

Precipitation

The statistical results indicate that sites T4 and T5 were
more affected by precipitation. After analyzing the results
from correlation tests using daily averages, site T5 was the
only one in which the Pearson coefficient was higher for
precipitation (r = 0.71) than for flow (r = 0.68). Sediment
transport in the downstream portion of the transport zone
is influenced by the existing topography (steep riverbanks),
which enhances the flow of surface runoff and facilitates
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the transport of sediment to the river. In addition, the rapid
and deep melting of the ice in the permafrost increased soil
humidity. When the capacity of the soil to retain water de-
rived from precipitation was reduced, surface runoff toward
the river increased. Similar conditions were also observed in
Cape Bounty (Melville Island, Nunavut, Canada) and led to a
total suspended sediment load equivalent to 35% of the to-
tal for the summer season as a whole over only two days of
precipitation (Dugan et al. 2009).

The correlation tests that only included periods of elevated
air temperature (Table 3) showed that turbidity and precipi-
tation varied in a similar manner at site T5 (r = 0.21). Follow-
ing the thawing of the soil in summer, the sediment becomes
available for transport due to soil compaction, the activation
of ostioles, and slight detachments from the active layer. Dur-
ing a precipitation event, sediment is taken up by surface
runoff and transported toward the river, causing an increase
in turbidity. At site T5, an event occurred on August 31 that
increased turbidity to a maximum of ~100 NTU. This event
appears to be related to this process, since the five previous
days were relatively warm, with daily average temperatures
between 13 and 20 °C. In similar circumstances, Dugan et al.
(2009) observed an increase in turbidity to more than 60 NTU
in a river on Melville Island (Nunavut). This event was linked
to sedimentary transport from surface runoff after a precipi-
tation event during a period of elevated air temperatures.

Hence, our study found a positive correlation between tur-
bidity and precipitation for all of the study sites on the Tasi-
apik River. However, the relationship is stronger when the
data set only includes periods of precipitation of moderate
to strong intensity. These findings indicate that a certain
amount of precipitation is necessary to create sufficient levels
of surface runoff to load and transport sediment toward the
river and increase turbidity over a short time span. As was ob-
served in the Boothia Peninsula (Nunavut, Canada), even pe-
riods of light precipitation can provide sufficient quantities
of water to infiltrate the soil and create surface runoff (Forbes
and Lamoureux 2005). However, such quantities of rain were
not sufficient to increase flow to a level that could cause the
erosion of material from the banks or the riverbed. When
precipitation is more intense, as determined over the preced-
ing 24-h period of cumulative precipitation data, the force
coefficient of the correlation increases significantly. Weak-
intensity precipitation over a long period may also be suf-
ficient to increase the flow rate and thereby increase river
turbidity. As seen in the work of Goéransson et al. (2013) in
Sweden’s Gota Alv River, there is a lag between precipitation
episodes and the increase of turbidity and flow in the river. A
study by Hamilton and Luffman (2009) of the Little River in
Tennessee also found a higher correlation between precipita-
tion and turbidity within a 24-h window. This time interval
may be more or less significant depending on specific geo-
morphological characteristics of the study region such as the
size of the watershed and the type of surface deposits.

Conclusion

This study has provided evidence of the significant ef-
fects of meteorological conditions and the relevant hydro-
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morphological characteristics of the watershed on variations
in turbidity in the Tasiapik River (Nunavik, Canada), which is
located in a discontinuous environment. Our results showed
that following an increase in flow rate, there was an almost
simultaneous increase in turbidity due to the erosion of the
banks and the suspension of sediment from the riverbed.
The duration and intensity of precipitation events are also
important factors affecting the process of sediment trans-
port in rivers. A threshold amount of precipitation is neces-
sary to trigger surface runoff to a sufficient degree that will
cause loose deposits to be taken up and transported to the
river.

This study also examined whether variations in turbidity
in the Tasiapik River were linked to permafrost degradation
resulting from an increase in the air temperature. The statis-
tical analysis indicated that turbidity was influenced by the
air temperature. The force of the correlation coefficient in-
creases in a significant manner when the tests only focus on
the warmest periods (June 25-27, 2019) (r = 0.5). The results
obtained from the selection of statistical models also indi-
cated that air temperature had an influence on turbidity in
the Tasiapik River because both of the plausible models in-
cluded the variable of temperature.

Even though meteorological conditions and flow rate are
important factors affecting turbidity in the Tasiapik River,
hydrographic networks in high latitude regions are complex
systems that are uniquely influenced by permafrost in addi-
tion to other factors. In the Tasiapik Valley, the degradation
of permafrost mounds created thermokarst ponds that act
as sediment wells. The sediment is transported to the river
along a gulley network. Mass movements on the banks of the
river also create instability due to the deepening of the active
layer of permafrost, directly contributing to the increased
turbidity of the Tasiapik River by freeing loose deposits for
transport.

While this study of the Tasiapik River gives us more in-
sight into the evolution of turbidity in rivers at high lat-
itudes, it would be beneficial to conduct a similar study
over a longer period of time. Other parameters such as the
rate of soil thaw and the quantity of snow accumulated
during the previous winter should also be included in the
analysis. Snow accumulation, in particular, could play an
important role in the dynamics of sediment transport in
rivers.
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