Sediment discharge variability in Arctic rivers:

implications for a warmer future
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A new model for predicting the sediment flux in ungauged river basins
is applied to 46 Arctic to sub-Arctic rivers. The model predicts the pre-
anthropogenic flux of sediment to within a factor of 2, across four orders
of magnitude in basin area and run-off. The model explains for the first
time why Arctic rivers carry so little sediment when compared at the
global scale. Sensitive to drainage basin temperature, the model is used
to examine the impact of a climate warming scenario on the loads of high
latitude rivers. As the Arctic warms, rivers will carry increased sediment
loads, similar to more temperate rivers. For every 2°C warming, the
model predicts a 22 % increase in the flux of sediment carried by rivers.
For every 20 % increase in water discharge there will be a 10 % increase
in sediment load. The model also aids the interpretation of palacoclimate

records obtained from Arctic continental margins.
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Compared to temperate and tropical rivers, the
sediment load discharged by Arctic rivers is
relatively low (Fig. la) in spite of large uncon-
solidated sedimentary deposits located through-
out the Arctic, particularly in regions where
the imprint of Pleistocene ice sheets remains
evident. This puzzle is at a time when Arctic
coastal erosion appears to be accelerating (Peck-
ham et al. 2001). Siberian rivers are known to
transport very low sediment loads (Lopatin 1952;
Alekseev & Lisitsyna 1974), while Canadian
rivers like the Mackenzie are considered normal
(Milliman & Meade 1983). Bobrovitskaya et al.
(1996) suggested that the expanses of swamp
and forest in the hinterlands of Siberian rivers
could account for their low load. Gordeev (2000)
suggested that differences between Russian and
Canadian rivers are more a function of plate
tectonics and the nature of the regional bedrock.
Recently Morehead et al. (in press) developed a
fluvial model that suggested long-term sediment
loads are partly dependent on the temperature of
a drainage basin: if the temperature is low, so is
the relative load that a river can transport.
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A new (2001) multi-agency SEARCH report
(http://psc.apl.washington.edu/search/) warns: “it
is alarmingly clear that a complex suite of signif-
icant, interrelated atmospheric, oceanic and ter-
restrial changes has occurred in the Arctic in
recent decades.” These changes may provide a
large-scale manifestation of greenhouse warming:

1) rapid penetration of the warmer Atlantic water
into the Arctic Ocean, concomitant with changes
in surface water circulation and ice drift, and there-
fore changes in atmospheric pressure patterns
(Steele & Boyd 1998; Maslanik et al. 1999);

2) warming of surface air temperature and
increase in cloudiness (Serreze et al. 2000);

3) decrease in coastal ice extent thereby increas-
ing in storm fetch and surge, and mechanical—
thermal erosion of the coastal zone (e.g. Forbes &
Syvitski 1995); and

4) reduction in snow cover and increase in
ablation of glacier ice inducing changes in Arctic
hydrology (Lemeshko 1992; Petersen et al. 1995;
Van Blarcum et al. 1995; Dyurgerov & Meier
1997; Kovalevsky 1998; Lammers et al. 2001).

The Arctic Ocean receives enough freshwater
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discharge to determine its properties and circu-
lation (Carmack 2000). Four of the world’s largest
15 rivers drain into the Arctic Ocean (Ob, Yenisei,
Lena, Mackenzie); two others (Amur, Yukon)
drain into the North Pacific. Draining significant
tracts of permafrost terrain, their hydrology is
dominated by the melt of seasonal snowfall.
Extreme events often control the land—sea flux
of material in the circum-Arctic (Lisitsyna
1974). Large Arctic rivers can discharge 90 % of
their sediment load in a month or less (Bobrovit-
skaya et al. 1996, 1997). Other comparably sized
temperate or tropical rivers lack this type of
dynamic response (Wang et al. 1998).

A warming of between 4°C and 6°C is pre-
dicted for the central Arctic by the middle of
the 21st century (x2 CO, scenario; Manabe et al.
1991; Lewis et al. 2001). Sediment flux by high
latitude rivers is expected to increase (Syvitski
& Andrews 1994). Unfortunately at this critical
time of change, there has been a rapid decrease
in the monitoring of pan-Arctic rivers, both for
their water discharge (Shiklomanov et al. 2002)
and for their sediment load (Syvitski et al. 2000).
This paper examines the flux of sediment from
Arctic and sub-Arctic rivers, and applies a model
for estimating the sediment flux for ungauged
rivers given a climate warming scenario.

Drainage basin properties affecting
sediment load

A variety of non-anthropogenic factors influence
the “natural” sediment load of a river, but the

significant factors are the size of a drainage basin
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(Wilson 1973; Milliman & Syvitski 1992) and
large-scale relief within it (Pinet & Souriau 1988;
Milliman & Syvitski 1992; Harrison 1994). Other
influences scale with one of these two parameters.
For example, local relief (Ahnert 1970; Jansen &
Painter 1974) is correlative with large-scale relief
(Summerfield & Hulton 1994), and ice cover
and ice-melt scales with solar radiation and
relief (Andrews & Syvitski 1994). Precipitation
intensity is captured in part through basin relief
(Fournier 1960; Jansen & Painter 1974; Hay
et al. 1987). Run-off is correlative with basin
area (Walling 1987; Milliman & Syvitski 1992;
Mulder & Syvitski 1996): in our Arctic river data
(Table 1), average discharge Q, scales with basin
area A (0=0.934932 at R2=0.892; Fig. 2).
Vegetation scales with both regional tem-
perature and precipitation and can influence
on a river’s sediment load (Douglas 1967). The
rock and soil type within a basin also provides
local variability to sediment delivery (Pinet &
Souriau 1988; Milliman & Syvitski 1992; Inman
& Jenkins 1999). Lakes may filter out a river’s
sediment load (Vorosmarty et al. 2001); Arctic
terrain has a high density of lakes (Milliman
1980). Basin temperature influences the sediment
load carried by rivers through control of the
number of soil-forming frost cycles and (frozen)
ground conditions (Syvitski & Morehead 1999).

High latitude drainage basin data

Table 1 provides data on the drainage properties
of 46 Arctic and sub-Arctic rivers that represent
the spectrum of northern environments. The data
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set includes 28 rivers that together account for
70% of the land surface draining into the Arctic
Ocean (Prowse & Flegg 2000), 13 rivers that
drain into the North Atlantic (including Hudson
Bay), and 7 rivers that drain into the North Pacific
through coastal mountain ranges. The rivers
are located in Russia, Canada or the US, with
one Finnish river to represent coastal plain sub-
Arctic drainage. Drainage area A varies across

five orders of magnitude, from 90 km? (South)
to 2929000 km? (Ob). Relief H, is measured
between the elevation of the gauging station
and the highest point of land, and varies from
75 m (Kalkkinen, Finland) to 6094 m (Yukon,
Alaska). Long-term sediment discharge varies
from 0.1 kg/s (Kalkkinen) to 2580 kg/s (Liard).
Some rivers have very low turbidity levels (e.g.
0.01 kg/m3: Attawapiskat), while others are

Table 1. Drainage properties of 46 Arctic and sub-Arctic rivers derived from the databases of Binda et al (1986), Milliman &
Syvitski (1992, with revisions from Bobrovitskaya et al. 1996, 1997), Gordeev (2000) and Syvitski et al. (2000).

River Receiving ~ Area® H® Mean 7° Q4 Cs® Ost  Pred. Os¢ T-PQs" O-PQs' Pred. Obs. Po-c!
ocean (km?) (m) (°C) (m¥s) (kg/m’) (kgls) (kg/s) (kg/s) (kgls) () CK() ()
South (Can) Atl. 90 1025 ~-13 1 1.350 2 6 2 1 1.87 0.17
Middle (Can) Atl. 110 865 -13 2 1.100 2 5 1 1 1.82 0.17
North (Can) Atl. 190 1060 -13 4 1.160 4 10 3 2 1.93 0.17
Ekalugad Fjord (Can) Atl. 380 1060 -13 7 1.180 8 13 4 3 1.98 0.17
St. Jean (Can) Atl. 5600 990 1 1100 0.010 8 47 16 75 2.13 0.19
Murray (Can) Arct. 5620 1686 -3 452 0.192 87 104 77 174 231 270 0.18
Homathko (Can) Pac. 5700 3994 2 253 0.540 136 381 89 527 2.79 260 0.17
Odei R (Can) Atl. 6130 222 0 67 0.075 5 5 5 4 1.67 1.60 0.17
Klinaklini (Can) Pac. 6500 3800 2 330 0.480 158 378 92 566 2.77 0.18
N Saskatchewan (Can) Atl. 11000 2212 -4 156 0.891 139 218 146 128 249 240 0.17
Romaine (Can) Atl. 14000 650 0 5 39 17 2.03
Arctic Red (Can) Arct. 18600 2452 -4 752 0.192 452 331 222 237 2.60 280 0.18
Stikine (Can) Pac. 18800 1808 4 578 0.296 171 211 82 253 242 260 0.18
Muskwa (Can) Arct. 20300 2522 0 452 1.520 687 361 92 364 2.59 240 0.18
Abitibi (Can) Atl. 24000 430 -3 1680 0.003 4 28 20 46 1.95 0.20
Kymijoki (Fin) Atl. 37240 80 3 288 0.020 5 3 3 2 1.56 0.18
Skeena (Can) Pac. 42000 2409 4 918 0.380 349 485 174 574 2.62 270 0.19
Colville (US) Arct. 50000 4800 -17 492 0.390 190 1487 269 3.14 0.18
Attawapiskat (Can)  Atl. 50200 430 -1 626 0.010 6 40 35 21 2.02 0.18
Onega (Rus) Arct. 57000 147 -4 500 0.018 10 9 6 4 1.75 0.18
Moose (Can) Atl. 60000 400 0 780 0.020 13 39 22 27 2.00 0.18
Nadym (Rus) Arct. 64000 550 -9 570 0.022 13 11 26 2 1.83 0.18
Nottaway (Can) Atl. 65800 400 3 1130 0.030 32 41 27 38 2.00 0.19
Alazeya (Rus) Arct. 68000 914 -14 280 0.080 22 144 36 12 2.32 0.18
Peel (Can) Arct. 70600 2362 -4 1492 0.896 1337 610 409 327 2.68 2.60 0.20
Mezen (Rus) Arct. 78000 900 -10 860 0.032 29 57 56 21 2.09 0.19
Kuskokwim (US) Pac. 80500 3700 -7 1293 0.200 254 1277 634 398 2.98 0.19
Anabar (Rus) Arct. 100000 536 ~-14 550 0.024 13 78 19 8 2.18 0.18
Pyr (Rus) Arct. 112000 168 -9 1080 0.018 19 15 6 3 1.87 0.19
Taz (Rus) Arct. 150000 312 -9 1400 0.021 29 43 17 10 2.09 0.20
Pyasina (Rus) Arct. 182000 1100 -14 2730 0.040 108 311 75 65 2.45 0.22
Olenjok (Rus) Arct. 219000 962 -14 1140 0.031 35 279 71 29 2.42 0.19
Yana (Rus) Arct. 220000 2369 -19 906 0.100 95 1082 162 51 2.83 0.19
Pechora (Rus) Arct. 250000 1103 -6 3367 0.060 193 366 201 187 2.43 0.23
Liard (Can) Arct. 275000 2742 -2 4302 0.600 2580 1506 1233 837 2.85 280 0.25
Peace (Can) Arct. 293000 3702 1 2597 0.987 2563 2438 659 2526 3.01 260 0.22
Indigirka (Rus) Arct. 305000 2682 -14 1711 0.260 444 1533 394 147 2.90 0.20
N. Dvina (Rus) Arct. 357000 500 -6 3470 0.035 120 50 73 22 2.03 0.23
Kolyma (Rus) Arct. 361000 1828 -11 2839 0.070 380 939 303 125 2.71 0.22
Khatanga (Rus) Arct. 364000 2036 -14 2700 0.020 54 1109 265 143 2.76 0.22
Yukon (US) Pac. 828800 6094 -12 6122 0.310 1901 8872 2609 1977 3.60 0.28
MacKenzie (Can) Arct. 1660000 3877 -5 10915 0.366 2219 6218 3661 2683 3.20 3.00 0.37
Amur (Rus) Pac. 1850000 2133 -1 10552 0.160 1648 2680 2524 1228 2.84 0.36
Yenisei (Rus) Arct. 2440000 3352 -13 17986 0.020 412 6062 1652 979 3.17 0.50
Lena (Rus) Arct. 2486000 2529 -14 16650 0.034 558 4011 989 538 3.01 0.47
Ob (Rus) Arct. 2929290 3657 -12 10299 0.050 507 7570 2280 938 3.24 0.36

Area is drainage area at gauging station.

b H is relief between highest elevation and gauging station.
“Mean T is basin temperature averaged over drainage basin.
40 is discharge.

¢ Cs is discharge-weighted sediment concentration.

fOs is sediment load.

Syvitski 2002: Polar Research 21(2), 323-330

2Predicted Qs is from Qs=H/24'>.

W 7-PQs is the basin T-corrected Qs predicted from Eq. (6).
1Q-PQs is the Qs predicted from Eq. (7) using basin discharge.
IPred. C is the rating coefficient predicted from Eq. (4).

K is the measured rating coefficient.

| Po-c is the predicted standard deviation of C.
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quite turbid (>1.1 kg/m3: Baffin glacial streams).
Mean surface temperature averaged across
the basin relief ranges from +4°C (Skeena,
Stikine) to -19°C (Yana). Mean temperature is
derived from a global database of lapse rates
and surface temperatures estimated from the
National Centers for Environmental Prediction
Reanalysis of 17 different pressure level surfaces
on a 2.5%x2.5 degree grid, and provided by the
National Oceanic and Atmospheric Administra-
tion—Climate Diagnostics Center (Boulder). The
sediment rating curve is used to define the general
behaviour between the sediment load of a river
Qs, and its water discharge Q, i.e. Os=a(Q)°.

Global model to predict sediment load

Morehead et al. (in press) recently proposed a
new stochastic model for the simulation of the
sediment discharge of ungauged rivers:

0s=y0s(0/0) 1

where Qs is the daily sediment discharge (kg/s),
v is a lognormal random variable, Qs is the long
term average of O, Q is the daily discharge at the
river mouth (m?3/s), O is the long term average of
0, and C is a normal random variable, otherwise
known as the rating coefficient. The following
relationships define these terms:

E(y)=1 2

o(y)=0.763 (10-0.00002275) 3)
E(C)=1.4-0.025T+0.00013H+0.145In (Os) (4)
6(C)=0.17+0.00001830 5)

Equations (2-5) are developed from North Amer-
ican rivers (Syvitski et al. 2000; Morehead et al.
in press). The conditional distribution F(y) (2,
3) captures both measurement error and flood
dynamics. Large rivers smooth out small per-
turbations in time-varying sediment and water
sources and have relatively small o(y). Small
rivers are inherently noisy in terms of their
discharge signal with larger values of o(y). The
conditional distribution of the rating coefficient C
varies over a time step of one year and is dependent
on Q. Smaller rivers have more characteristic
(singular) values of C. Rivers with large discharge
have greater values of o(C), depending on the
importance of their various tributaries to the over-
all discharge within a given year.

The predicted rating coefficient C for Arctic to
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Fig. 2. The annually averaged discharge (Q) scales with
the drainage basin area (4) for sub-Arctic and Arctic rivers
(0=0.934%%2 at R?=0.892; Table 1).

sub-Arctic rivers ranges from 1.75 to 3.6 (Table
1), values similar to temperate rivers (Fig. 3; Syv-
itski et al. 2000). Figure 3 demonstrates that Eq.
(4) can reasonably predict the rating coefficient
C. The prediction of daily sediment load is not
sensitive to the rating coefficient, even taking into
account the interannual variability of C with Eq.
(5) (Fig. 4). The sensitive parameter is O.
The long-term average of Qs is defined as:

@z QP2 A2 ek? (6)

where H is river basin relief (m), 4 is river basin
area (km?), T is mean surface temperature of the
drainage basin (°C), and o and k are dimension-
less constants (respectively 2-10, 0.1). The orig-
inal version of Eq. (6) was developed from Mul-
der & Syvitski (1996) based on an analysis of the
global data set of Milliman & Syvitski (1992).
Syvitski & Morehead (1999) were the first to
incorporate basin temperature as a parameter in
Eq. (6), which took its final form in Morehead
et al. (in press). While Eq. (6) includes averaged
basin temperature across the topography, Syvit-
ski et al. (2000) found that the maximum and
minimum temperature within basins closely
tracks the average temperature. Figure la shows
that when basin temperature is not taken into

Sediment discharge variability in Arctic rivers: implications for a warmer future



account, Eq. (6) over-predicts the magnitude of
Arctic to sub-Arctic river load by a factor of 5
(Table 1). When temperature is included in Eq.
(6), the predicted sediment discharge from these
cold rivers follows the global trend within a factor
of 2 (Fig. 1b, Table 1).

Whereas (6) indicates the magnitude of sedi-
ment discharge to be a positive function of
relief, area (and discharge; Fig. 2) and basin
temperature, sediment yield (sediment load per
drainage area) decreases with increasing basin
size. Storage of sediment on flood plains and delta
plains increases with basin area, thus sediment
production and transport (yield) decreases with
the size of the basin. At the continental scale, very
little (=10%) eroded sediment actually makes it
into the ocean (Meade 1996).

High latitude, low sediment load rivers

Figure 1 illustrates that drainage basin temper-
ature is a strong determinant on the intensity of
sediment production and transport, as captured
by the long-term average of sediment load. Other
influences could regionally lower sediment loads
of Arctic to sub-Arctic rivers, but they are not
applicable across the Arctic. For example, 20%
of the Arctic landscape is comprised of old
(Precambrian) denudated landscape of granites
and gneisses. However, most Table 1 rivers
drain more geologically recent and varied rock
types. Similarly, our Arctic and sub-Arctic
rivers demonstrate little relationship between
hydrological run-off (discharge divided by basin
area) and the flux of sediment (Table 1).

There are also tens of thousands of lakes distrib-
uted around former ice sheet centres, or around
Arctic coastal plains (thermokarst lakes). While
lakes are important filters of sediment, they are
not ubiquitous across the Arctic and do not control
the sediment flux for many of the basins in Table
1. Nor should their effectiveness as filters increase
with decreasing basin temperatures, as the data
in Table 1 indicate. Reservoir construction on Ob
and Yenesei rivers have decreased the sediment
loads on these rivers (Bobrovitskaya et al. 1996);
however, we use pre-dam values in Table 1.

Another possible influence on Arctic and sub-
Arctic river loads is the enormous swaths of
landscape without soil-forming vegetation. How-
ever these vast regions of exposed rock or ice
fields do not define many of the river basins within

Syvitski 2002: Polar Research 21(2), 323-330
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Table 1. Larger Arctic rivers, in contrast, drain
vast stretches of boreal forests, but many of the
smaller rivers in Table 1 do not. It is reasonable to
suggest that these regional influences do account
for the scatter not captured by Eq. (6), but they
remain secondary in accounting for the low
sediment load in Arctic rivers, as captured by
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basin area, relief and temperature.

Climate has changed over the last 400 years,
from the Little Ice Age period of the 17th—19th
centuries to today’s warming interval of today
(Overpeck et al. 1997). Yet sediment discharge
as defined by (6) tracks with the modern climate
rather than set up conditions from landscape
developed during the Pleistocene or early periods
of the Holocene (e.g. Sidorchuk et al. 2000). Equa-
tion (6) points to sediment production and trans-
port mechanisms that are negatively impacted by
low temperatures as the principle causes of the
low sediment load of Arctic rivers:

1) the annual rate of freeze—thaw transitions
decrease towards the frigid polar region, at least
within the alpine weathering environments of
drainage basins;

2) soil surface is frozen for much of the year,
which limits the erodibility of the terrain;

3)as more of the annual precipitation falls
as snow, the potential of precipitation to gully
terrain and produce sediment decreases;

4) summer precipitation in the Arctic falls
largely as low intensity rainfall developed from
frontal system, unlike the temperate to tropical
regions associated with an increasing occurrence
of high-intensity convective rainfall; and

5) snow- or ice-melt flood waves are dampened
relative to rainfall-induced flood waves (with rare
jokolhlaup events being an exception).

Climate warming and sediment
transport by Arctic rivers

Over the next 100 year period, sea level fluctu-
ations will not greatly impact the drainage areas
of rivers, and denudation rates are too slow to
impact the relief of these basins. In contrast, the
temperature parameter of Eq. (6) provides insight
into the consequences of Arctic sediment trans-
port given a climate warming scenario. Equa-
tions (1-6) incorporate climate through three
terms: time-averaged basin temperature, mean
run-off or discharge, and daily discharge. Aver-
age drainage basin temperature will obviously
show fluctuations between years, but it is across
decades that a warming event will affect large-
scale release of stored water, through melt of
permanent snow fields, long term ablation of
glaciers or permafrost melt (Syvitski et al. 1998).

Equation (6), as applied to a model river, dem-
onstrates how changes in basin temperature con-
trol the production and transport of sediment of
high latitude rivers. The model river is based on
the basin area and relief of the Colville, Alaska
(Table 1). When basin temperatures are varied,
Eq. (6) predicts a 22 % increase in sediment load
for every 2°C warming of the drainage basin
(Fig. 5). Since Eq. (6) is a steady state predictor,
it is not known how long a transition period will
be needed to reach this increase in sediment load.
Since Eq. (6) is a function of 20th century basin
temperature, change in sediment load due to clim-
ate warming will likely occur within decades.

Changes in mean annual run-off may also occur
as result of changes in the regional or continental
water balance through hydrological feedbacks
with changes in atmospheric circulation (Voros-
marty et al. 2001). To incorporate annual dis-
charge directly into (6) we use Fig. 2 and substi-
tute 6.500->° for 4% to arrive at:

@: 13¢ 10-4H3/2§0A556kr 7

Equation (7) can predict a river’s sediment load as
accurately as Eq. (6) (Table 1), though some rivers
are better predicted by Eq. (6) and others by (7).
Equation (7) indicates that a 20 % increase in dis-
charge, without any intervening basin warming,
will result in a 10% increase in sediment trans-
port. When a basin warming of 2 °C is combined
with a 20 % increase in run-off, the sediment load
of Arctic rivers would increase by 32 %.

A consequence in the warming of the Arctic will
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be a change in the duration of active discharge.
For instance, Magnuson et al. (2000) has found
for many Arctic sites that 20th century warming
has caused ice break-up in lakes and rivers to
occur 10 d earlier and freeze-up to occur 9 d later.
Changes in the long-term pattern of discharge at
the daily level is more a function of changes in
regional precipitation intensity, rate changes in
snow- and/or ice-melt, and groundwater efflux
(Syvitski & Alcott 1995). Across much of Russia
there has been an increase in the number of days
with heavy precipitation (Sun et al. 2001).

Conclusions

The sediment load of pan-Arctic rivers is con-
trolled by surface temperature of the drainage
basin, basin area (or volume of water discharged),
and basinrelief. This is the first study conclusively
demonstrating this temperature control on sedi-
ment load. The control most likely relates to
feedbacks to the hydrological cycle through the
extent and impact on frozen soil, and the impact
of snow-melt rather than to the direct effect of
rainfall in controlling flood wave dynamics.

The Arctic region is undergoing rapid climate
change, manifested in impacts on the hydrol-
ogical cycle and the flux of sediment to the
ocean. As the Arctic warms, the rivers will carry
increased sediment loads, more like temperate
rivers. A stochastic sediment transport model is
applied to Arctic rivers to show the magnitude
of this increase in sediment load. For every 2°C
warming there will be a 22 % increase in the flux
of sediment carried by rivers and streams. For
every 20% increase in discharge there will be
a 10% increase in sediment load. While river
mouths and coastlines near river mouths will see
this increase first, decreased ice cover will also
give rise to coastal erosion in areas farther away
from river mouths. Future studies will be needed
to monitor these modelled changes. The provided
stochastic model is simple enough to support in
the interpretation of marine sedimentary records
for their proxy palaeoclimate records in the form
of sediment accumulation rates.
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