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Abstract Decreases in instantaneous river suspended sediment loads in
the pristine, glacierized, Jokulsd 4 Sélheimasandi basin in southern
Iceland are explored in relation to recent changes in water discharge,
precipitation and air temperature. Sediment transport analyses are based
on a series of all-year-round depth- and width-integrated suspended
sediment samples taken by the Icelandic National Energy Authority from
1973 to 1992. The basin is characterized by very high suspended sediment
yields (8990 t km? year!). Over the 1973-1992 period, however,
instantaneous sediment loads have decreased by 48 %, although the rate
of decline is now slowing. Sediment load reductions are especially
marked in spring and autumn. This is related to decreases in spring and
autumn water discharges, which are only partly offset by summer melt-
season flow increases. These shifts in flow seasonality relate to changes
in the seasonal air temperature patterns, especially local cooling trends in
March and April, and significant warming in summer. Rising precipita-
tion over much of the period has had limited effects in sustaining sediment
loads, possibly because increases are largely confined to the winter
season. Climatic trends are shown to be similar throughout the north
Atlantic-Scandinavian region, and a call is made for further research into
their impact on runoff, sediment delivery and nearshore sediment
recruitment across this zone and throughout subarctic latitudes in general.

INTRODUCTION

Studies of potential impacts of projected climate changes are now well advanced in many
fields (e.g. Carter et al., 1991), including hydrological implications (e.g. Gellens,
1991). However, surprisingly few studies have emerged of the influence of recent,
rather than future, climate fluctuations on hydrological processes, and impacts on
sediment yields have been almost entirely neglected (but cf. Collins, 1991; Lawler,
1994a). Knowledge of the stability of suspended sediment yields from glacierized basins
in the face of environmental change is important for studies of erosion rates,
geomorphological and glaciological processes, aquatic habitats, sediment-associated
pollutant transfer, water potability, HEP generation and downstream siltation. In
Iceland, where coastal stability is crucially dependent upon a copious and reliable source
of land-derived sediment being recruited to nearshore zones (e.g. Témasson, 1986),
such questions become acutely important from a management perspective. The aim here
is to examine recent decreases in instantaneous suspended sediment loads in the Jokulsa
4 S6lheimasandi glacial river in southern Iceland, in response to runoff changes forced
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by climate fluctuations. The paper builds on the preliminary examination of annual
patterns in this basin by Lawler (1994a), by concentrating on seasonal signatures of
change, by including precipitation variations, and by setting observed climatic
fluctuations within a wider spatial and temporal framework.

METHODS
The Jokulsa 4 S6lheimasandi basin

This glacierized catchment, located at the southern tip of Iceland (19°25'W; 63°30'N),
is pristine. Human activity (e.g. industry, cultivation, resource development, recreation)
is nonexistent, and buildings and engineering structures are absent. This makes it ideal
for the study of climate impacts on hydrological processes, and avoids obfuscation
problems caused by concurrent changes in land-use which have affected similar investi-
gations (e.g. Howe ef al., 1967). Drainage area at the gauging station, BGS, is around
110 km?, 68% of which is ice-covered (Rist, 1990). Typical summer melt-season flows
range from 20 to 50 m? s, and bankfull discharge is ~100m? s! (Lawler, 1991; Lawler
et al., 1992). Annual precipitation (1931-1960) ranges from 1600 mm at BGS (altitude
60 m) to over 4000 mm at the basin head (1493 m) (Eythorsson & Sigtryggsson, 1971
(cited in Bjornsson, 1979)). Geology is dominated by hydroclastic and acid volcanic
rocks (Carswell, 1983). See Lawler (1991) for a more complete basin description.

Suspended sediment measurements

All suspended sediment data used in this paper were collected by the Icelandic National
Energy Authority (Orkustofnun). The dataset used here for the Jokulsa 4 S6lheimasandi
system runs from 1973 to 1992. It is based on over 1100 depth-integrated samples, and
consists of 226 instantaneous values of (a) mean suspended sediment concentration (each
value derived from compositing around six samples from different verticals), and (b)
water discharge, which is measured using current metering or float gauging techniques
(Lawler, 1991; Lawler et al., 1992). Instantaneous sediment loads are calculated as the
products of the instantaneous suspended sediment concentration and discharge values.
One limitation of the dataset is the low sampling frequency (approximately monthly)
which is not designed to detect short-term fluctuations (e.g. Lawler, 1994b; Lawler &
Brown, 1992; Lawler et al., 1992). Another is the absence of continuous all-year round
flow data, although we have collected considerable continuous melt-season data (e.g.
Lawler, 1994b; Lawler et al., 1992). The important strengths of the Orkustofnun
dataset, however, include: use of depth-integrated, equal transit rate, sampling
techniques with recognized samplers such as the US D-49; full-width sampling;
measurement of discharge when samples are actually withdrawn (not simply estimation
from rating curves possibly rendered inaccurate in such dynamically-shifting channels
(see Lawler et al., 1992)); and some of the longest measurement series for glacierized
basins anywhere which, for some Icelandic rivers, start in 1963 (Lawler et al., 1992).
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DECREASES IN SEDIMENT LOAD

Figure 1 shows that instantaneous suspended sediment loads are extremely high here,
even for glacial rivers (Lawler ef al., 1992). Lawler (1994a) found mean annual
suspended sediment yields here (1973-1988) of 8990 t km™ year! (standard error =
1285 tkm™? year! or 14.3%). Figure 1 also shows, however, amidst the strong
seasonality in sediment export characteristics of glacierized basins (e.g. Gurnell, 1995),
a gradual and statistically significant decline in sediment loads over the 1973-1992
period. The least squares semilogarithmic fit to the trend in Fig. 1 is:

log SSL = 1.169 39 — 0.014 72 YEAR (n = 226; p = 0.05) (1)

where SSL is suspended sediment load in kg s and YEAR is year number (1973 = 0).
Instantaneous sediment loads decreased by 48% from 14.6 kg s to 7.6 kg s™! between
1973 and 1992 (Fig. 1). The trend also suggests that the rate of sediment yield decline
is now slowing: indeed, almost one-third of the decrease took place within the first
quarter of the period of record, and some reversal of the overall trend since 1989/90 is
also evident (Fig. 1). Annual minima appear to have more strongly declined than the
maxima, decreasing by an order of magnitude from around 2 kg s to 0.2 kg s
(Fig. 1).

A combination of factors probably control such decreases, and will relate to changes
in glacial erosion processes, the nature, volume and location of fine sediment sources
in relation to the glacial drainage network, material entrainment rates and mechanisms,
dominant sediment delivery pathways, bulk transport efficiency and depositional
opportunities. Disentangling the relative influence of each is beyond the scope of this
short paper, especially when so many sediment sources abound (e.g. supraglacial
material in the glacial ablation zone; englacial (tephra) debris; subglacial sediments;
proglacial and morainic deposits; and exposed hillslope regoliths). The focus here,

10000

1Ll

| Jokulsa sediment loads: 1973 - 1992]

Uit
iy,

0.01 T T T T T
Mar-72 M;‘r-75 Mar-78 Mar-81 Mar-84 Mar-87 Mar-90 Mar-93

Fig. 1 Changes in instantaneous suspended sediment loads for the Jokulsd 4
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however, is solely on the role of subtle shifts in climate seasonality which appear to have
affected runoff and sediment transport regimes.

RECENT HYDROLOGICAL CHANGES

There is no discernible long-term trend in annual runoff in the 1973-1992 period (Fig. 2)
(cf. Snorrason, 1990). However, the interpolated seasonal surface in Fig. 3 suggests that
summer melt-season flows have been increasing over time (p = 0.05), at the expense
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Fig. 2 Time series of instantaneous water discharges for the Jokuls4 4 S6lheimasandi
system, 1973-1992.
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Fig. 3 Changing seasonal pattern of meltwater discharge for the Jokulsd &
Sélheimasandi basin, 1973-1992. Note the significant rises in summer flows over time
at the expense of decreasing spring and autumn flows.
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of spring and autumn discharges. The melt season, therefore, has become shorter, but
more intense, over time, which corresponds well with the seasonal pattern of sediment
load decreases noted by Lawler (1994a). He found that the summer peak in sediment
loads had been maintained or even enhanced: however, during spring (Julian day 60-
150), lower suspended sediment loads had become more common, and high values in
autumn (Julian day 250-330) had become rarer. It appears, then, that summer flow and
sediment concentration increases are insufficient to offset completely the "losses" of
sediment transport in spring and autumn. A greater concentration of flow into a shorter
melt season may also have increased the spring and autumn stability of the glacial
drainage system, resulting in fewer occasions when the subglacial sediment bed is
eroded by switching channels (e.g. Collins, 1979; Gurnell, 1995).

CLIMATE CHANGE IMPACTS ON RUNOFF

These hydrological changes seem to be climatically driven. The decline in spring flows
correlates well with a statistically significant lowering throughout this period of March
and April air temperatures at Vik (25 km to the southwest) (e.g. Fig. 4(a)): this is likely
to reduce energy available to produce meltwater in spring. Furthermore, the increase in
summer flows (Fig. 3) may be a response to significant warming in the months June-
September (Fig. 4(b)). The schematic summary shows that the annual picture (Fig. 5(a))
is one of decreasing suspended sediment loads despite reasonably stable discharge and
temperature trends. However, this apparent stability is simply the balancing out of two
conflicting seasonal patterns: river flows and temperatures are declining in spring and
autumn (Fig. 5(b)), but increasing in summer (Fig. 5(c)). This demonstrates the
importance of seasonal or subseasonal breakdowns in climate impact analysis.
Intriguingly, annual precipitation at Skégar (5 km to the west of BGS) shows a slight
upward trend since 1977 (Fig. 6). The seasonal picture is again important, however, and
shows that most of this increase is in winter (Fig. 6), when much precipitation falls as
snow. Enhanced winter snow storage probably has limited direct impact on sediment
production or delivery rates. However, the high albedo of an enlarging snowpack
(Rothlisberger & Lang, 1987, p. 220) may help to account for a delayed onset to the
melt-season flow peak, while the greater volumes of accumulated snow could explain
increasing summer discharges (Fig. 3) (see also McGregor et al., 1995).

CLIMATE-CHANGE CONTEXTS
Air temperature trends

The current rate of summer air temperature increase at Vik (0.27°C per decade,
Fig. 4(b)) is reflected elsewhere in Iceland and in other arctic and subarctic
environments (e.g. Alexandersson & Dahlstrom, 1992; Farmer (1989) (cited in
Kullman, 1992); Jénsson, 1992; Nordli, 1991). Einarsson (1991) found Icelandic
warming to be more marked in winter with a rise of ~0.75°C since 1972. Compared
to south and west Iceland, however, recent warming has been more pronounced in
northern and eastern Iceland (Einarsson, 1991), and it may be that even more significant
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Fig. 4 Changes in mean daily air temperature at Vik, 21 km southeast of BGS, 1973-
1992: (a) April; (b) summer (June-September inclusive). The fitted least squares trend
to the April temperature values (T,), in °C, against time, D (number of days from
1 January 1900) is: T, = 12.1 — 0.00027 D, equivalent to a decline of 0.99°C/decade
over the study period. For the summer temperature values (), the fitted linear trend
is: Tg = 7.35 + 0.000075 D, equivalent to a rise of 0.27°C/decade. Both trends are
significant at p < 0.0001.

hydrological effects may be found here. Warming since the early 1970s is also evident
across the north Atlantic-Scandinavian zone (e.g. Sweden (Alexandersson & Dahlstrom,
1992)). Decadal rates for warming since 1970 have been 0.26°C for all Arctic land areas
(65°N-85°N) (Kullman, 1992) and 0.30°C for latitude 65°N (Weber, 1995).

It is important, however, to stress that this recent warming has not been continuous
over the last 130 years. Although western Iceland has been generally warming since
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around 1860, a strong cooling since the 1940s has occurred, a trend which has only been
reversed over the last 20-25 years (Jonsson, 1991). This serves to create uncertainties
regarding global warming (Kullman, 1992, 1994; Weber, 1995) and highlights the
difficulty in detecting longer term temperature trends.

Precipitation changes

Annual precipitation also shows an overall increase since the 1970s throughout Iceland.
In southern Iceland, average annual precipitation for 1961-1990 has increased by ~10%
on the 1931-1960.period (Jénsson, 1991), most of this occurring in the first half of the
year (Jonsson, 1991). As with temperature, there is a positive correlation between
Scandinavian and Icelandic precipitation time series, with 1970-1990 precipitation
increases of some 2.5% to 4.5% in Sweden and 9.0% at Samnanger in Norway
(Alexandersson & Dahlstrom, 1992). Climate fluctuations identified in Iceland,
therefore, appear to be widespread, and their hydrological, geomorphological and
glaciological implications in these other regions need to be researched.

Climate drivers

The synoptic context underlying recent climate changes needs to be understood before
reliable future predictions can be made. Iceland is located in a climatological boundary
zone associated with the atmospheric polar front and the oceanic polar front, which lies
between the cool Arctic Ocean and warm Atlantic waters (Bergthorsson, 1988). This
boundary situation explains the great variability of the Icelandic climate, and makes
trends difficult to detect and predict. Warming phases, such as the last 20 years, are
characterized by displacement of the Icelandic Low northwards, and the establishment
of more northerly cyclone tracks (Jénsson, 1992). Westerly weather types have become
more dominant in Iceland, bringing warmer and wetter conditions (Jonsson, 1992;
Snorrason, 1990). Warming has been shown to be associated with reductions in average
pressure (Jiger, 1988): indeed, mean surface pressure has fallen from 1007 to 1004 mb
since the early 1970s (Jénsson, 1992). Lower pressure conditions correlate well with sea
ice retreat northwards, which may promote some feedback as high pressure is further
reduced immediately north of Iceland (Bergthorsson, 1988). At mid-tropospheric 500 mb
levels there have also been changes in the circumpolar zonal index. The westerly index
is now stronger, and this has also been associated with milder and wetter conditions in
Scandinavia, particularly in recent winters (Alexandersson & Dahlstrém, 1992).

Future climate prospects

It is uncertain whether these recent climatic trends are indicative of anthropogenically
induced global warming, or are related to natural climatic recovery from the Little Ice
Age. Latest GCM temperature predictions have been reduced as more variables are
integrated: for example, the incorporation of the effects of sulphate aerosols has lowered
projected warming to accord much better with observed warming to date (Mitchell et al,
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1995; Wigley, 1995). Nevertheless, possible changes still appear significant. Warming
to 2050 (Mitchell et al., 1995) is projected to be less in southwest Iceland (1.0°C) and
more marked in the extreme north and northeast (almost 2.0°C). The Jokulsa &
Sélheimasandi region might experience warming in the range of 1.1°C to 1.3°C by
2030-2050, giving a decadal warming rate to 2040 of 0.24°C to 0.29°C: this is very
close to the observed summer warming rate for Vik of 0.27°C shown in Fig. 4(b). Most
models also suggest continued increases in annual precipitation for Iceland, perhaps by
a further 15% by 2050, with the greatest increase in winter. Again this is in line with
observed short term trends' (Fig. 6). Such climatic changes might also be expected to
impact directly on, for example, glacier mass balance, advance/retreat patterns, rock
weathering rates and sediment supply (e.g. Church & Ryder, 1972; Lawler, 1994a). If
so0, this could have considerable impact on water and sediment output from glacierized
basins and, by implication, coastal stability in southern Iceland and the recruitment of
clastic material to the north Atlantic circulation system which is thought to be sensitive
to Icelandic contributions (Boulton ef al., 1988).

CONCLUSIONS

Suspended sediment loads in the Jokulsa 4 Solheimasandi basin appear to have declined
semilogarithmically over the 1973-1992 period, from an average of 14.6 kg s to 7.6
kg s1. Some recovery is now evident, however. Decreases are restricted to spring and
autumn periods. This corresponds well with a strengthening of summer discharge
dominance at the expense of spring and autumn flows. Furthermore, tendencies for
summer warming and spring and autumn cooling since the early 1970s appear to be
driving these hydrological changes. Although suspended sediment yields will also be
influenced by glacial behaviour and supply shortages, they do appear to be extremely
sensitive to subtle shifts in climatic seasonality. Given that similar climatic fluctuations
are evident across much of the Scandinavian region, research is needed into their impact
on river flow, sediment transport and channel and coastal stability across this zone, and
throughout subarctic latitudes in general. Comparisons with alpine environments (e.g.
McGregor et al., 1995), with their very different patterns of glacier energy balance,
temperature and precipitation, would also shed light on the complexity of glaciofluvial
responses to gross climate controls. Given also the often episodic nature of sediment
fluxes, a focus on finely-resolved analyses of change at the event timescale would be
additionally illuminating (e.g. Howe et al., 1967; Lawler, 1987). With so much
uncertainty surrounding regional climate scenarios — and likely hydrological,
glaciological and geomorphological responses — it is not yet possible to predict future
sediment yields with any certainty. However, should present trends prove to be
widespread and continuing, patterns and controls of sediment supply and their impacts
downstream and in coastal zones need to be closely monitored.

Acknowledgements We are very grateful to the Icelandic National Energy Authority for
supplying data, especially Haukur Témasson, Arni Snorrason, Snorri Zéphdniasson,
Oddur Sigurdsson, and Svanur Pilsson, from whom we have received tremendous



424 D. M. Lawler & L. J. Wright

support. Trausti Jonsson of Vedurstofa Islands and Bengt Dahlstrom (Swedish
Meteorological and Hydrological Institute) kindly supplied meteorological data and
reports. We also thank Neil Mudie for his expert production of the figures, Claire
Fothergill for help with MS preparation, and Heather Lawler for assistance with data
transfer.

REFERENCES

Alexandersson, H. & Dahlstrom, B. (1992) Future climate in the Nordic region: survey and synthesis for the next century.
Swedish Meteorological and Hydrological Institute, Reports Meteorology and Climatology, no. RMK 64.

Bergthorsson, P. (1988) Section 1 of The effects of climatic variations on agriculture in Iceland. In: The Impact of Climatic
Variations on Agriculture (ed. by M. L. Parry, T. R. Carter & N. T. Konijn), 389-413. Kluwer, Dordrecht.

Bjornsson, H. (1979) Glaciers in Iceland. Jokull 29, 74-80.

Boulton, G. S., Thors, K. & Jarvis, J. (1988) Dispersal of glacially derived sediment over part of the continental shelf of
south Iceland and the geometry of the resultant sediment bodies. Marine Geol. 83, 193-223.

Carswell, D. A. (1983) The volcanic rocks of the S6lheimajokull area, south Iceland. Jokull 33, 61-71.

Carter, T. R., Parry, M. L. & Porter, J. H. (1991) Climatic change and future agroclimatic potential in Europe. Int. J.
Climatol. 11, 251-269.

Church, M. & Ryder, J. M. (1972) Paraglacial sedimentation: a considerationof fluvial processes conditioned by glaciation.
Bull. Geol. Soc. Am. 83, 3059-3071.

Collins, D. N. (1979) Sediment concentration in meltwaters as an indicator of erosion processes beneath an alpine glacier.
J. Glaciol. 23, 247-257.

Collins, D. N. (1991) Climatic and glaciological influences on suspended sediment transport from an alpine glacier. In:
Sediment and Stream Water in a Changing Environment: Trends and Explanation (ed. by N. E. Peters & D. E.
Walling) (Proc. Vienna Symp., August 1991), 3-12, IAHS Publ. no. 203.

Einarsson, M. A. (1991) Temperature conditions in Iceland 1901-1990. Jokull 41, 1-20.

Gellens, D. (1991) Impact of CO,-induced climate change on flow variability in three rivers in Belgium. Earth Surface
Processes and Landforms 16, 619-625.

Gurnell, A. M. (1995) Sediment yield from alpine glacier basins. In: Sediment and Water Quality in River Catchments (ed.
by I. D. L. Foster, A. M. Gurnell & B. W. Webb), 407-435. Wiley, Chichester, UK.

Howe, G. M., Slaymaker, H. O. & Harding, D. M. (1967) Some aspects of the flood hydrology of the upper catchments
of the Severn and Wye. Trans. Inst. British Geogr. 41, 33-58.

Jager, J. (1988) Development of climatic scenarios: B. Background to the instrumental record. In: The Impact of Climatic
Variations on Agriculture (ed. by M. L. Parry, T. R. Carter & N. T. Konijn), 159-181. Kluwer, Dordrecht.

Jénsson, T. (1991) New averages of temperature and precipitation in Iceland, 1961-1990. Jokull 41, 81-87.

Jénsson, T. (1992) Regional climate and simple circulation parameters. NACD Memorandum, Icelandic Meteorological
Office, IS-3.

Kullman, L. (1992) High latitude environments and environmental change. Progress in Phys. Geogr. 16, 478-488.
Kullman, L. (1994) Climate and environmental change at high northern latitudes. Progress in Phys. Geogr. 18, 124-135.

Lawler, D. M. (1987) Climatic change over the last millennium in central Britain. In: Palaeohydrology in Practice (ed. by
K. J. Gregory, J. Lewin & J. B. Thornes), 99-132. Wiley, Chichester, UK.

Lawler, D. M. (1991) Sediment and solute yield from the Jokulsda S6lheimasandiglacierized river basin, southern Iceland.
In: Environmental Change in Iceland: Past and Present (ed. by J. K. Maizels & C. Caseldine), 303-332. Kluwer,
Dordrecht.

Lawler, D. M. (1994a) Recent changes in rates of suspended sediment transport in the Jokuls4 4 S6lheimasandi glacial river,
southern Iceland. In: Variability in Stream Erosion and Sediment Transport (ed by L. Olive, R. J. Loughran & J. A.
Kesby) (Proc. Canberra Symp., December 1994), 335-342. IAHS Publ no. 224.

Lawler, D. M. (1994b) The link between glacier velocity and the drainage of ice-dammed lakes: comment on a paper by
Knight and Tweed. Hydrol. Processes 8, 447-456.

Lawler, D. M. & Brown, R. M. (1992) A simple and inexpensive turbidity meter for the estimation of suspended sediment
concentrations. Hydrol. Processes 6, 159-168.

Lawler, D. M., Dolan, M., Témasson, H. & Zéphéniasson, S. (1992) Temporal variability in suspended sediment flux from
a subarctic glacial river, southernIceland. In: Erosion and Sediment Transport Monitoring Programmes in River Basins
(ed. by J. Bogen, D. E. Walling, & T. J. Day) (Proc. Oslo Symp., August 1992), 233-243. IAHS Publ. no. 210.

McGregor, G., Petts, G. E., Gurnell, A. M. & Milner, A. M. (1995) Sensitivity of alpine stream ecosystems to climate
change and human impacts. Aquatic Conservation: Marine and Freshwater Ecosystems 5, 233-247.

Mitchell,J. F. B., Johns, T. C., Gregory, J. M. & Tett, S. F. B. (1995) Climate responseto increasing levels of greenhouse
gases and sulphate aerosols. Nature 376, 501-504.



Sediment yield decline and climate change in southern Iceland 425

Nordli, P. O. (1991) Climatic time series of the Norwegian Arctic meteorological stations. Temperature and precipitation.
In: Arctic Hydrology: Present and Future Tasks (ed. by Y. Gjessing, J. O. Hagen, K. A. Hassel, K. Sand & B. Wold)
(Seminar Longyearbyen, Svalbard, September 1990), 85-98. Norwegian National Committee for Hydrology, Oslo,
Report no. 23.

Rist, S. (1990) Vatns er porf. Bokaitgdfa Menningarsjods (Reykjavik) (in Icelandic).

Rothlisberger, H. & Lang, H. (1987) Glacial hydrology, In: Glacio-fluvial Sediment Transfer: An Alpine Perspective (ed.
by A. M. Gurnell & M. J. Clark), 207-284. Wiley, Chichester, UK.

Snorrason, A. (1990) Hydrologic variability and general circulation of the atmosphere. XVI Nordisk Hydrologisk Konferens
(NHK-90, Kalmar, Sweden, 29 July-1 Aug 1990). Orkustofnun Reykjavik Reference: 0S-90027/VOD-02.

Témasson, H. (1986) Glacial and volcanic shore interaction. Part I: On land. In: Iceland Coastal and River Symposium,
Proceedings (ed. by G. Sigbjarnarson) (Reykjavik, September 1985), 7-16. Icelandic National Energy Authority,
Reykjavik.

Weber, G. R. (1995) Seasonal and regional variations of tropospheric temperatures in the Northern Hemisphere 1976-1990.
Int. J. Climatol. 15, 259-274.

Wigley, T. M. L. (1995) A successful prediction? Nature 376, 463-464.





