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ABSTRACT

The covered-ice breakup in subarctic to arctic rivers in the early snowmelt season often gives any damage to instru-
ments monitoring physical and chemical factors of water. The serious condition has brought few time series data during
the snowmelt runoff except the river stage or discharge. In this study, the contribution of snowmelt runoff to the dis-
charge and sediment load is quantified by monitoring water turbidity and temperature at the lowest gauging station of
US Geological Survey in the Yukon River, Alaska, for more than 3 years (June 2006 to September 2009). The turbidity
was recorded by a self-recording turbidimeter with a sensor of infrared-ray back-scattering type, of which the window is
cleaned by a wiper just before a measurement. The turbidity time series, coupled with frequent river water sampling at
mid-channel, produce time series of suspended sediment (SS) concentration, particulate organic carbon (POC) concen-
tration and particulate organic nitrogen (PON) concentration (mg-L ") by using the high correlation (R* = 0.747 to 0.790;
P <0.001) between the turbidity (ppm) and the SS, POC and PON concentrations. As a result, the three-year time series
(5 September 2006 to 4 September 2009) indicated that the snowmelt runoff, continuing about 40 days (late April or
early May to early June), occupies 14.1% - 24.8% of the annual discharge (1.94 x 10" t0 2.01 x 10'' m°), 8.7% - 22.5%
of the annual sediment load (3.94 x 107 to 5.08 x 107 ton), 11.6% - 23.7% of the annual POC flux (4.05 x 10’ to 4.77 x
10° ton), and 10.3% - 24.5% of the annual PON flux (2.80 x 10* to 3.44 x 10* ton). In the snowmelt season, the peak
suspended sediment concentration preceded the peak discharge by a few days. This probably results from the fluvial
sediment erosion in the river channels.

Keywords: Yukon River; Suspended Sediment Concentration; POC; PON; Sediment Load; Snowmelt Runoff;
Glacier-Melt Runoff

1. Introduction

Many subarctic to arctic rivers are frozen in winter, and
the snowmelt runoff starts in March or April, often ac-
companied by covered-ice breakup (URL http://aprfc.
arh.noaa.gov/). The breakup ice could often give any
damage to the equipment for monitoring physical and
chemical factors of water by jamming rivers (URL
http://www.denniskalma.com/ice.html). Hence, for such
rivers, up to date, there are few time series data during

the snowmelt runoff except for water level (or discharge).

Thus, contributions of sediment load and chemical flux
by snowmelt runoff to the annual ones have not been
accurately quantified. Meanwhile, if subarctic to arctic
river basins include glacierized subbasins, the river dis-
charge, sediment load and chemical flux could be affect-
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ed by glacier-melt runoff in summer. The subarctic Yukon
river basin, occupied by 1% glacierized area [1], could
produce relatively high sediment load, compared with
rivers of the same scale order with no glacierized area,
because of glacial bedrock erosion in Alaska Range,
Wrangell Mts, etc. [2,3]. The relatively high sediment
load may also produce relatively high particulate carbon
(POC) and particulate organic nitrogen (PON) fluxes [2].
Thus, the temporal variability of sediment load is related
to carbon and the other chemical cycles in a river basin
and between the river basin and the sea. Runoff analyses
for the Tanana River, a tributary of the Yukon River, by
Wada et al. (2011) [3] revealed that, at the lowest gaug-
ing station (site TNN in Figure 1), the glacier-melt run-
off from the glacierized regions accounts for 26% - 57%
of the Tanana discharge in the glacier-melt season (June -
September). According to the Landsat images of August
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2005, the glacierized area is 9130 km® (1.1% of the
drainage area) upstream of the lowest gauging station
(site PLS in Figure 1) of the Yukon River, and 3570 km®
(5.5% of the drainage area) upstream of site TNN in the
Tanana River. Assuming that the mean glacier-melt run-
off rate (mean discharge per unit area; mm-day ') at site
TNN in June-September by Wada et al. (2011) [3] is
equal to that at site PLS, the glacierized area upstream of
site PLS, which is about 2.6 times as large as that up-
stream of site TNN, could produce the glacier-melt run-
off to occupy 27% - 33% of the Yukon discharge over
June-September. It is reported that the shrinkage of moun-
tain glaciers due to global warming is most prevalent for
the Alaskan glaciers [4,5]. Thus, the current and future
glacier shrinkage may significantly decrease the Yukon
discharge as a water resource. The turbidity monitoring
has been conducted in streams as one of their water qua-
lities [6], but few in large rivers such as the Yukon River.
In this study, associated with river discharge to the ocean
[7,8], the water turbidity and temperature of the Yukon
River are monitored at the lowest gauging station (site
PLS) of US Geological Survey (USGS) for more than
three years, and the contribution of snowmelt runoffs to
the annual river fluxes of water, sediment, POC and PON
is evaluated.

2. Study Area and Methods

Most of the Yukon river drainage basin (area, 8.55 x 10°
km?) belongs to the subarctic region south of the Arctic
Circle (66°33'N), and is occupied by 74.8% forest with
discontinuous permafrost and 1% glacierized region of

Figure 1. Locations of the Yukon River basin, Alaska (gray),
and the lowest gauging station (site PLS) and the other two
gauging stations (site YKB and site EAG ) of the US Geo-
logical Survey (USGS) along the Yukon River (modified
after [9]). Site TNN is the lowest USGS gauging station of
the Tanana River, a tributary of the Yukon River. The dashed
line shows the water divide of the Tanana River basin.

Copyright © 2012 SciRes.

Alaska Range, Wrangell Mts., St. Elias Mts., etc. (Figure
1) [1]. Water temperature and water turbidity were mo-
nitored at 1 hr intervals at site PLS in June 2006-Sep-
tember 2009 by fixing a temperature data logger (Stow-
Away TidBiT ver.2, Onset Computer, Inc.: accuracy,
+0.1°C) and a self-recording turbidimeter (model ATU3-
8M, Alec Electronics, Inc.; range, 0 - 20,000 ppm; accu-
racy, 2% of measured value) (Figure 2). The turbidi-
meter has a sensor of infrared-ray back scattering type
with a window cleaned every 1 hour by a wiper just be-
fore the measurement. The mooring-buoy system was
fixed at about 60 m distant from the exposed bedrock
below the USGS shelter on the right bank. Considering
the low river stage in winter, the turbidimeter and tem-
perature data logger was moored at about 1 m above the
weight. The water turbidity (ppm) from the turbidimeter
was converted into suspended sediment concentration
(SSC: mg'L™") by using the relationship between the tur-
bidity, X, and the SSC, y, from the water sampled simul-
taneously at mid-channel (y = 0.7656x + 59.733; R* =
0.756, P < 0.001) (Figure 3). The relationship indicates
near one-to-one correspondence. In order to know the re-
presentativeness of SSC and water temperature by the
one-point method, during the monitoring, fluctuations of
SSC and temperature across the river channel are assessed
by lowering a TTD (turbidity-temperature-depth) profiler
from a boat [9]. As a result, differences between recorded
SSC and temperature and cross-sectionally averaged SSC
and temperature were less than 50 mg-L ™' and less than
0.2°C, respectively, being independent of their magnitude.
The small difference between the recorded SSC and the
averaged SSC results from the fine suspended sediment
of more than 90% silt and clay [9].

Frequent water sampling was conducted at mid-chan-
nel in June-September 2009. For suspended sediment,
particulate organic carbon (POC) and particulate organic
nitrogen (PON) contents in the water samples were ob-
tained by filtering water samples with Whatman Grade
GF/F glass microfiber filters (pore size: 0.7 pm) and

.
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Figure 2. Mooring-buoy system of a turbidimeter and a tem-
perature data logger at site PLS (Figure 1).
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drying the filters. After weighing the dry filters, they
were treated with hydrochloric acid to eliminate carbon-
ate. Finally, POC and PON contents were detected by a
mass spectrometer (Finnigan Delta V plus, Thermo Fisher
Scientific, Inc.). There were definitely linear relation-
ships between POC and PON concentrations (mg-L ")
and SSC (R? = 0.747 for POC concentration vs. SSC and
R* = 0.790 for PON concentration vs. SSC; P < 0.001)
(Figure 4). Thus, the time series of SSC furnished those
of POC and PON concentrations. The two regression
lines in Figure 4 are almost parallel. Thus, the ratio of
the POC to PON concentrations is approximately con-
stant at 9.9. Daily mean discharge data were downloaded
from the National Water Information System on the
USGS web site (http://waterdata.usgs.gov/nwis/dv/? site
no=15565447&agency cd=USGS&referred module=sw).
The sediment load, POC flux and PON flux in kg's ™' were
calculated by multiplying SSC and POC and PON con-
centrations (g-L " in this calculation) by discharge (m*'s ™),
respectively.

175

Grain size analyses for the suspended sediment in the
water samples and the river-bank sediment newly depos-
ited in the glacier-melt season were conducted by the
photo-extinction method with a centrifuge for particles of
grain size d < 44 pm (micrometers) and by the sieving
method for d > 44 pm particles.

3. Results and Discussion

Figure 5 shows daily mean variations of (a) suspended
sediment concentration (SSC) and water temperature, (b)
discharge and sediment load, and (c) POC flux and PON
flux at site PLS for a period of 19 June 2006-5 Septem-
ber 2009. As shown by the water temperature at almost
0°C, the frozen conditions of the river appeared for 5
November 2006-8 May 2007, 18 October 2007-14 May
2008, and 14 October 2008-7 May 2009. The breakup of
covered ice occurred for 3 - 5 days before the end of the
completely frozen conditions by increasing the water
level from snowmelt. The SSC for the frozen periods is
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Figure 3. Relationship between water turbidity (ppm) and suspended sediment concentration (mg-L™).
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Figure 5. Daily mean variations of (a) suspended sediment concentration (SSC) and water temperature; (b) Discharge and
sediment load; and (c) POC flux and PON flux at site PLS for 19 June 2006-5 September 20009.

not stable year by year. This is probably due to the posi-
tion of the turbidity sensor at a short distance below the
covered ice and above the riverbed (Figure 2). Especially,
for 18 March-1 April 2007 and 22 March-2 April 2008,
the temperature recorded below 0°C, indicating that the
temperature data logger was frozen into ice (Figure 5(a)).
The snowmelt runoffs occurred for 25 April-1 June
2007 (38 days), 4 May-10 June 2008 (38 days) and 3
May-11 June 2009 (38 days). The initial and final days of
the runoffs were here defined by the start of ascending
discharge before the breakup and the end of the abruptly
descending limb of sediment load, respectively (Figure
5(b)). The snowmelt runoff in 2007 was smallest in the
three snowmelt periods. This results from relatively
small snow depth (30 cm in Fairbanks), when the posi-
tive daily mean air temperature started in Fairbanks on 7
April 2007, compared with 38 cm on 31 March 2008 and
58 cm on 11 April 2009 (Figure 1) [Alaska Climate Re-
search Center; URL http://climate.gi.alaska.edu/], though

Copyright © 2012 SciRes.

the magnitude and duration of snowmelt runoffs depend
also on the temporal variation of air temperature. Ac-
cording to the discharge record since 1976, the annual
peak discharge generally occurs in the snowmelt season
[National Water Information System, USGS]. The annual
peak discharge (15,340 m*s ™' on 12 May) in 2007 was
the second lowest in the record. The annual peak dis-
charge (29,730 m*s™' on 24 May) in 2009 was the third
largest since 1976, due to the relatively large snow depth
and high air temperature [Alaska Climate Research Cen-
ter]. The snowmelt sediment runoff started by a day to
three days more slowly than the snowmelt runoff (Figure
5(b)), but, in the snowmelt season of 2008 and 2009, the
peak sediment load preceded the peak discharge by three
days and one day, respectively. In the snowmelt runoff of
2007, the peak sediment load lagged behind the peak
discharge by two days.

In general, rainfall runoffs occur in mid-June to early
October before the river freezing starts between late Oc-
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tober and mid-November (see water temperature in Fig-
ure 5(a)), while the glacier-melt runoffs may appear in
mid-June to early September during the positive air tem-
perature in the glacierized regions. Thus, in the Yukon River
basin or the tributary river basins with glacierized re-
gions, the rainfall runoffs and glacier-melt runoffs could
occur simultaneously in the summer season [2,3]. The
SSC time series in Figure 5(a) indicate that weak rainfall
runoffs occurred even in November after freezing.

Meanwhile, the sediment load, POC flux and PON
flux of the Yukon River may vary in response to both the
glacier-melt sediment runoff from the glacierized regions
and the fluvial erosion of riverbed sediment from rain-
falls [2]. According to the simulated results of Wada
(2010) [2], the glacier-melt sediment load of the Tanana
River occupies 76% - 94% of the total sediment load in
June to September, while the POC flux from the glacier-
ized regions and from the fluvial erosion in river channels
account for 10% - 32% and 60% - 70% of the Tanana
POC flux in the glacier-melt season, respectively. Each
contribution of the glacier-melt and fluvial erosion to the
sediment load, POC flux and PON flux of the Yukon River
should also be quantified.

The suspended sediment and bank sediment at site
PLS consists of more than 90 % silt (4 <d < 63 um) and
clay (d <4 pm) (Figure 6). The bank sediment, sampled
on 8 September 2008, was very fresh, suggesting that it
deposited during the relatively large sediment runoff in
mid-August (Figure 5(b)). The bank sediment could be
eroded by the snowmelt runoff in the next year, since no
large sediment runoffs occurred after the mid-August.

Figure 7 shows relations between discharge and sus-
pended sediment concentration (SSC) in the snowmelt
runoffs of (a) 2007, (b) 2008 and (c) 2009. It is seen that
the larger the snowmelt runoff, the clearer the hysteresis.

100

The hysteresis seems to change the counterclockwise
loop to the clockwise loop at the discharge of more than
about 15,000 m*s . The simulations of Wada et al. (2011)
[3] indicated that, in June - September of 2007 and 2008,
the Tanana sediment load consisted of 87% and 76%
glacier-melt sediment runoff from the glacierized regions,
and 13% and 24% fluvial sediment erosion in the river
channels, respectively. The glacier-melt does not yet start
in the snowmelt season, because of the negative air tem-
perature in the glacierized regions. Thus, the snowmelt
sediment runoff is exclusively caused by the fluvial sedi-
ment erosion in the river channels, due to an increase in
discharge. The clockwise hysteresis in Figures 7(b) and
(c) suggests that, after the peak SSC, the amount of the
riverbed sediment to be eroded was not enough (i.e., low
sediment availability). In gravel-bed rivers, the clockwise
hysteresis is frequently observed [10,11]. In the Yukon
River, the 1% largest size (about 100 um) of river-bank
sediment is between 90 and 180 um (Figure 6), where
the smaller sediment, if it is unconsolidated, can be eroded
simultaneously on the Sundborg diagram [12]. Thus, as
the discharge increases in the snowmelt season, the coar-
sest and finer particles of the bed and bank sediments
could be simultaneously eroded. The counterclockwise
hysteresis in the weak snowmelt runoff of 2007 (Figure
7(a)) and in the early snowmelt runoff of 2009 (Figure
7(c)) indicates that the SSC increases with the discharge
decreasing from ca. 15,000 m’-s'. This suggests that, at
the discharge of about 15,000 m*s™!, some of about 100
pum or less particles started to move. At more than about
15,000 m*s ', the particles of the whole size were possi-
bly eroded with increasing SSC. Chikita (1996) [13]
showed that, in case of the sufficient sediment availabil-
ity for silt and clay particles, the SSC and discharge vary
in phase at any time.
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We can estimate the annual Yukon river flux (Table 1)
and the contribution (%) of the snowmelt runoff to the
annual flux (Table 2) from the time series in Figure 5.
We set a boundary of the year in early September when
the glacier-melt drops down. As a result, the annual dis-
charge, sediment load, POC flux and PON flux ranged
from 1.94 x 10" to 2.01 x 10" m’, from 3.94 x 10’ to
5.08 x 107 ton, from 4.05 x 10’ to 4.77 x 10° ton, and
from 2.80 x 10* to 3.44 x 10* ton, respectively, for the
three years of 5 September 2006 to 4 September 2009.
The snowmelt runoff, continuing for 38 days, occupied
14.1% - 24.8% of the annual discharge, 8.7% - 22.5% of
the annual sediment load, 11.6% - 23.7% of the annual
POC flux and 10.3% - 24.5% of the annual PON flux.
The small snowmelt runoff in 2007 affected the magni-
tude of the annual sediment load, POC flux and PON
flux and the contribution of snowmelt runoff to the three
annual fluxes. On the base of frequent water sampling,
Striegel et al. (2007) [14] indicated the annual POC flux
at the mean of 7.48 x 10° ton yr ' with a range of 5.77 x
10° to 1.10 x 10° ton'yr" in the five years of 2001-2005.
However, these values seem to be overestimated, since the
mean annual POC flux in Table 1 is 4.52 x 10’ ton-yr .
Milliman and Meade (1983) [7] estimated the annual
sediment load of the Yukon River at 6.0 x 107 ton-yr .
This is reasonable in magnitude to our mean annual
sediment load of 4.7 x 10" ton'yr ', though the recent

Copyright © 2012 SciRes.

Table 1. Annual water discharge, sediment load, POC flux
and PON flux (ton-yr™), and annual mean SSC, POC and
PON concentrations (mg-L™) of the Yukon River.

Sediment POC flux PON flux
. ‘Water load (ton-yr")  (ton-yr™) (ton-yr™)
Period %ﬁghi{%)e (SSC; (POC conc.; (PON conc.;
y mg-L7) mg-L7) mgL")
1) 5Sep. 2006 1.94 x 10" 394 x 10" 4.05x10° 2.80 x 10*
to
4 Sep. 2007 (203) (2.09) (0.144)
2) 5 Sep. 2007 2.08 x 10" 508 x 107  4.75x10°  3.43 x 10*
to
4 Sep. 2008 (244) (2.28) (0.165)
3) 5Sep.2008 2.10 x 10" 508 x 107 477 x 10°  3.44 x 10*
to
4 Sep. 2009 (241) 2.27) (0.163)

shrinkage of Alaskan glaciers tends to decrease the gla-
cial sediment yield. The contribution of the snowmelt
runoff to the annual fluxes is relatively large in 2008 and
2009 (Table 2). Then, the contribution (%) of the snow-
melt runoff to the annual water discharge is similar to its
contribution to the annual sediment load, POC flux and
PON flux. In this case, the contribution of the snowmelt
runoff to the annual sediment load, POC flux and PON
flux can be estimated only from the discharge data.
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Table 2. Contribution of the snowmelt runoff to the annual
flux.

Snowmelt period Water Sediment POC PON

1)25 April-1June 2007 14100 9700 116%  103%
(38 days)

2) 4 May-10June 2008 54 500 1989, 19.9%  19.8%
(38 days)

3)3 May-T1June 2009, g0 92504 237%  24.5%

(38 days)

4. Conclusion and Future Works

The monitoring of water turbidity and temperature and
frequent water sampling at the lowest gauging station of
USGS in the Yukon River furnished the time series of
discharge, sediment load, POC flux and PON flux for
more than 3 years. The relation between suspended sedi-
ment concentration and discharge during the snowmelt
runoff exhibited a counterclockwise hysteresis in the
small runoff of less than about 15,000 m*-s™', and a clock-
wise hysteresis in the larger runoff. The clockwise hys-
teresis suggests that the sediment supply is due to the
fluvial erosion of riverbed and bank sediments. The an-
nual sediment load calculated is reasonable in magnitude
to that of Milliman and Meade (1983) [7], but the annual
POC flux of Striegel et al. (2007) [14] is probably over-
estimated. As the next step, in order to identify the
sources of sediment, POC and PON in the Yukon River,
and to clarify physical and chemical processes in their ero-
sion, transport and deposition, simulations for the time
series of discharge, sediment load, POC flux and PON
flux should be conducted by a lumped model such as the
tank model [3] or a semi-distributed model such as the
“SWAT” model (URL http://swatmodel.tamu.edu/software/
swat-model/) [15,16].
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