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Abstract A lumped conceptual Rainfall– Runoff Model (the NAM model) was applied to quantify simulated
intra- and inter-annual discharge from the Mittivakkat glacier catchment (18.4 km2, 78% glacier cover),
Ammassalik Island, SE Greenland. Discharge simulations were performed for three periods: 1999 – 2004
(calibration period), 1993 –1995 and 1998/1999 (validation period), and 2071 –2100 (scenario period).
In periods when observed winter discharges were lacking, visual observations from daily photographic time
lapse were used for calibration. The timing and magnitude of simulated discharge were in general in good
accordance with observed discharge (R 2 ¼ 0.77). However, discrepancies between simulated and observed
discharge occur (maximum daily difference up to 3.4 m3 s21, up to 11% difference between observed and
simulated cumulative discharge, and model predicted river break-up 1 –3 d before it actually occurs). For the
period 2071 –2100 future IPCC A2 and IPCC B2 climate scenarios were used as input for NAM based on
HIRHAM RCM and HadCM3 AOGCM model simulations. The IPCC scenarios indicated mean maximum
monthly runoff higher than 900 mm w.eq., and mean annual runoff around 3200 mm w.eq. yr21, approximately
one and a half times higher than the runoff in 1993 –2004 of approximately 2000 mm w.eq. yr21. The increasing
runoff indicated an approximately three times higher negative glacier net mass balance ranging from about
2 750 mm w.eq. yr21 (1961 –1990) to approximately 2 2000 mm w.eq. yr21 (2071 –2100).
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Introduction

It is generally agreed that global warming is taking place (e.g. Kane 1997; Crowely 2000;
WHO 2001; Box 2002; ACIA 2005; Sturm et al. 2005), which has caused increased melting
of local glaciers in the Arctic, and an increased influx of fresh water to the oceans (e.g. ACIA
2005). Furthermore, simulations of future climate by Global Circulation Models (GCM)
indicated an increase in global air temperature, and that warming will be more pronounced in
northern latitudes (e.g. Maxwell 1997; Flato and Boer 2001; Rysgaard et al. 2003; ACIA
2005). Northeast Greenland Atmosphere – Ocean Models (AOM) indicated an air
temperature increase of up to 4–88C over the next 100 years (Rysgaard et al. 2003;
ACIA 2005), with the largest changes in autumn and winter seasons (Sælthun and Barkved
2003). As a result, the contribution of fresh water from Eastern Greenland to the Greenland
Sea and the Straits of Denmark will increase during this century. This flux of freshwater may
affect the density-driven sinking of cold surface water, the thermohaline circulation, in the
sea outside east Greenland (e.g. Broecker et al. 1985; Broecker and Denton 1990), combined
*Paper presented at the 15th Northern Research Basins Symposium/Workshop (Luleå and Kvikkjokk,
Sweden), 29 August–2 September 2005.
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with a pronounced reduction of sea ice within the Arctic sea, including the Greenland Sea
(e.g. Serreze et al. 2002; Sturm et al. 2005). Furthermore, the influx of fresh water could be
used for assessing the contribution of runoff to sea-level rise and for the addition of nutrients
to the ocean (e.g. Tangborn 1984; Dowdeswell et al. 1997; Rysgaard et al. 2003; ACIA
2005). Changes in fresh water influx must be taken into account when planning hydroelectric
power schemes and water supply (e.g. Hasholt 1980; Hock and Jansson 2005).
Discharge simulations based on the effect of climate control has been estimated and
predicted earlier from glacierized and/or snow-covered areas (e.g. Gottlieb 1980; Bruland
and Sand 1994; Bøggild et al. 1998, 1999; Bengtsson and Singh 2000; Bruland and
Killingtveit 2002; Hock 2003; Hirashima et al. 2004). Computations of glacier discharge
require an understanding of two main separate steps: (1) estimating the water input to the
glacier, e.g. melt water production on snow covered and glacierized areas; and (2) routing of
water (melt water and liquid (rain) precipitation) through snow/firn cover and glacier ice,
transforming the input contributions into a runoff hydrograph at the glacier terminus based
on seasonal changes in hydrological response. Melt water production is normally based on
two methods: (a) energy balance calculations, which attempt to quantify melt as residual in
the heat balance Equation (e.g. van de Wal and Russell 1994; Arnold et al. 1996; Hock and
Hoetzli 1997; Hag et al. 2001; Bruland and Killingtveit 2002; Liston and Elder 2005; Garen
and Marks 2005); and (b) temperature-index (degree-day) calculations, assuming an
empirical relationship between air temperature (sensible heat) and melt rates (e.g. Bruland
and Sand 1994; Braithwaite 1995; Bengtsson and Singh 2000; Hock 2003; Kuhn 2003;
Hasholt and Mernild 2004). Despite their simplicity, the degree-day models have produced
reasonable results for periods of several days and weeks. However, the accuracy decreases
with increasing time resolution, e.g. hourly (e.g. Baker et al. 1982; Hock 1999). Attempts
have been made to describe the drainage processes and the delay of runoff within the glacier.
Water movement in and under a glacier are intrinsically complex and far less understood,
because it involves the liquid phase (water) moving through the solid phase (ice) at the
melting temperature, while the ice is deformable allowing englacier conduits to change size
and shape (Hock and Jansson 2005). Campbell and Rasmussen (1973) described the whole
glacier as a porous media, and later, for example, Hock and Hoetzli (1997), Jansson et al.
(2003) and Hock (2003) described the glacier as a system of reservoirs, with different storage
properties of the media: snow, firn, and ice. Despite their simplicity, the reservoir models
tend to perform remarkably well (Jansson et al. 2003).
The goal of this study was to test the conceptual Rainfall –Runoff Model’s (NAM) ability
to simulate known intra- and inter-annual variability, in order to produce complete
description of runoff in time from a snow and glacierized catchment, SE Greenland, where
incomplete recordings occur due to harsh climatic conditions and logistics difficulties and,
furthermore, to predict future changes in runoff regime and in storage. We performed the
model simulations with the following specific objectives: (1) to discuss the simple, and the
non-model, incorporated snow related routines and glacier runoff response routines
significant for the high-arctic hydrological cycle; (2) to simulate intra- and inter-annual
variability in runoff for the calibration period (1999–2004) and validation period (1993–
1995 and 1998/1999); (3) to validate and calibrate simulated winter runoff with visual
photographic time lapse observations where observed discharges were lacking; and (4)
finally to use HIRHAM regional climate model (RCM) output parameters based on the future
IPCC A2 and B2 scenarios as input parameters in the NAM model to simulate average
monthly runoff and change in storage for the scenario period (2071–2100).
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The Mittivakkat Glacier complex (31 km2) (658420 N latitude; 378480 W longitude) is located
on Ammassalik Island, Southeast Greenland, approximately 15 km northwest of the town
Tasiilaq (Ammassalik) and 50 km east of the eastern margin of the Greenland Ice Sheet,
separated from the mainland by the 10 –15 km wide Sermilik Fiord. The Mittivakkat Glacier
catchment (18.4 km2) is drained by the glacier outlet from the southwestern part of the
Mittivakkat Glacier through a proglacial valley (Figure 1). The catchment is characterized by
a strong alpine relief, and ranges in elevation from 0 to 973 m a.s.l., with highest altitudes in
the eastern part of the catchment. Avalanches near the glacier are rare. The catchment is
covered by parts of the Mittivakkat Glacier complex (78%; 14.4 km2), a temperate glacier
ranging from approximately 160–930 m a.s.l. in elevation. Since the first observation in 1933,
the glacier terminus has retreated about 1.2 km, with a decrease in glacier surface elevation up
to 100 m (below the 300 m a.s.l. elevation) (e.g. Valeur 1959; Fristrup 1961; Hasholt 1986,
1988, 1992; Knudsen and Hasholt 2004). The average winter mass balance, summer mass
balance, and net mass balance (1995– 2003) are, respectively, 1.27 m w.eq., 2 1.80 m w.eq.,
and 2 0.53 m w.eq., showing a negative net mass balance (Knudsen and Hasholt 2004;
Mernild et al. 2006b). Approximately 22% of the catchment is covered by bedrock (in higher
elevations), loose sediments as talus and debris flow deposits (in lower elevations) and
moranic deposits or sediment of fluvial origin in the proglacial valley bottoms.
Climate

The Mittivakkat Glacier area climate is an ET, tundra climate, according to the Köppen
classification system. Two main meteorological stations are located within the catchment:
Station Nunatak (515 m a.s.l.) and Station Coast (25 m a.s.l.) (Figure 1). Based on data from
these stations, mean annual air temperature (MAAT) for the area is 21.68C (1999–2004),
maximum monthly average is 4.98C in July and minimum is 27.68C in February. The mean
annual relative humidity is 88% (1999–2004). The total annual precipitation sum (liquid and
solid) at Station Nunatak is 1767 mm w.eq. yr21 and 1312 mm w.eq. yr21 at Station Coast
(1999–2004). Between 65–85% of the TAP falls as snow from approximately mid-September
to late May. The mean annual wind speed is 4.0 m s21 (1999–2004), mainly dominated by N and
E winds during autumn, winter, and spring, and SW, S, and E winds during summer. Wind
velocity during katabatic winds ( piteraq) can gust up to 85 m s21 (Mernild et al. 2006b).
Hydrological response

In the end of the winter season and beginning of melt season, melting from a snow pack
on,for example, bedrock/rock and glacier ice often does not cause runoff (i.e. no
hydrological response), due to internal refreezing of percolating surface melt water (e.g.
Marsh and Woo 1984; Trabant and Mayo 1985; Conway and Benedict 1994; Marsh 1999;
Bøggild 2000; Bøggild et al. 2005). Latent heat from internal refreezing of water heats up
snow and firn layers to a maximum 08C (isothermal) through the melt season (e.g. Trabant
and Mayo 1985; Conway and Bennedict 1994), resulting in an increasing proportion of
runoff (i.e. hydrological response). After melting the snow cover through summer season,
exposed glacier ice and bedrock results in a relatively rapid hydrological response, giving
high surface peak flow after daily glacier surface melt and liquid (rain) precipitation events.
On the glacier surface inter-rill flow is initially dominated by the surface gradient, and
further downwards by the gradient, orientation, and size/form of fissures and surface
channels. After entering into the glacier, the englacial flow is dominated by the potential
gradient, orientation, size/form of crevasses (e.g. Fountain et al. 2005), and the orientation
and evolution of englacial and subglacial drainage systems through the melt season
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Figure 1 Location map showing the Mittivakket Glacier catchment (18.4 km2), Ammassalik Island, including the
hydrometric station at Isco Island located in the pro-glacial valley. The automatic digital camera takes daily
photos (at 12 noon) of the pro-glacial valley, the meteorological stations at Station Nunatak and Station Coast
and the Meteorological Station in Tasiilaq (Ammassalik). The dashed line indicates the non-stable topographic
watershed divide on the Mittivakkat Glacier, and the full line the topographic watershed divide on bedrock for the
Mittivakkat Glacier catchment. The inset figure indicates the general location of the Mittivakkat Glacier
catchment within Eastern Greenland. (Modified after Greenland Tourism)
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(e.g. Shreve 1972; Röthlisberger 1972; Röthlisberger and Lang 1987; Hock and Hooke 1993;
Fountain and Walder 1998). On bedrock the impermeable conditions result in rapid
hydrological response, giving high surface peak flow and no base flow discharge. The loose
sediments, debris flow deposits, and morainic/fluvial deposits result in relatively lower
responding hydrological response, giving lower amounts of overland flow and contributions
from subsurface flow.
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The NAM Rainfall –Runoff Model is a conceptual lumped model (Nielsen and Hansen 1973;
DHI 2003a, b) describing in a simple quantitative form the behavior of the land phase
hydrological cycle by a set of linked mathematical statements by simulating hydrological
processes as: overland-flow, inter-flow, and base-flow components as a function of the
moisture content in four different interrelated reservoirs representing: snow storage
(seasonal and perpetual snow storage), surface storage (moisture intercepted on vegetation
and water trapped in surface depressions), root zone storage (soil moisture in root zone), and
groundwater storage (Figure 2). The NAM model was originally developed for Danish
catchments, not for glacierized catchments. The occurrence of a glacier is incorporated in the
NAM simulations as a snow storage given analog physical dimensions (e.g. thickness and
location m a.s.l.) and hydrological characteristics (e.g. irreducible liquid (water) content).
Furthermore, a number of snow processes and glacier runoff response processes are not
incorporated in the NAM model, e.g. sublimation (phase change processes, vertical flux),
water retention in snow/firn and on glacier ice generating ice lenses and superimposed ice
respectively, seasonal minimizing of snow cold content, seasonal changes in internal glacier
drainage system, and processes related to release of englacial bulk water storage.
NAM runoff simulations for the Mittivakkat Glacier catchment require basic input
information: catchment dimensions (area and hypsometric characteristic), hydrological
catchment characteristics (runoff parameters, storage content, storage thresholds, and
routing constants), climatic conditions (lapse rates and time series of varying meteorological
data obtained from stations within or adjacent to the study area), and initial conditions (e.g.
snow distribution and the hydrological catchment variables).
Snow routine in NAM

Snow accumulation and melt significantly affect hydrological processes in Arctic
catchments where the snow pack acts as a storage in which precipitation is retained during
the cold season and subsequently released as melt water during warmer parts of the year.
A description of the snow routine in NAM (DHI 2003a) shows that precipitation enters
directly into the surface storage as liquid (rain) precipitation during periods with air
temperatures above a certain base level (T0). During periods with air temperature below T0,
precipitation (solid (snow) precipitation) is retained in the snow storage (Figure 2) from
which it melts in periods with air temperatures above T0. The shift between liquid (rain)
precipitation and solid (snow) precipitation takes place at T0.
Wind pattern around topography characteristics (ridge and peaks) allow significant wind
re-distribution of snow due to high wind speeds. Snow re-distribution processes are partly
incorporated in NAM, not in relation to topography but to elevation characteristics. To avoid
unrealistic accumulation of snow a user-specified upper limit of snow storage in each
individual elevation zone is used. Snow storage exceeding this value will be transferred to
the neighbouring lower zone (DHI 2003b).
The snowmelt is calculated using a degree-day approach. The generated melt water is
retained in the snow storage as liquid water until the total amount of water exceeds the
irreducible liquid content. When the air temperature is below T0: (1) the liquid water content
in the snow storage freezes; and (2) evaporation from the snow pack is neglected
(DHI 2003a).
Model setup and application

For the Mittivakkat NAM model all four reservoirs were used (Figure 2). The following
snow and catchment characteristics were specified (Table 1): (1) subdivision of the
catchment into ten altitude distributed snow storages for each 100 m elevation; (2) from
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Figure 2 Simple structure of the NAM model with extended altitude distributed snow routine. (Modified after
DHI 2003a)
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observations a minimum snow depth on 0.5 m for full snow coverage was used on bedrock/
rock (below 200 m a.s.l.) (Mernild et al. 2006b). When the snow depth is below 0.5 m the
area coverage and snow melt will be reduced linearly; (3) from snow observations
irreducible liquid content on 7–8% of pore space was found (Mernild et al. 2006a),
comparable with estimates (3 –7% of pore space) by Colbeck (1974) and Bøggild (1989).
Here, irreducible liquid content of total volume is needed, observed values were
re-calculated and irreducible liquid content values on 5% of total volume was used; (4) from
meteorological observations at Station Nunatak and Station Coast (1999–2004) a mean
annual air temperature lapse rate of 2 0.248C 100 m21 was applied (Mernild et al. 2006b),
covering a yearly variation from 20.51 (February) to 0.338C 100 m21 (July) controlled by a
change in wind regime throughout the year due to summer sea breezes in the coastal area
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Table 1 User-defined set-up constants in the snow model routine (for parameter definitions see DHI (2003a, b))
Symbol

–
Csnow

10
2.0
3.7
0
2 0.24
93

–
500
–

–
–

2000
1500
1400
5

200
115
–
300
75

User defined set-up constants in the snow model routine

Altitude-distributed catchment zones for each 100 m a.s.l.
Monthly degree-day coefficient (mm w.eq. C21 d21):
Winter (September through May)
Summer (June through August).
Base air temperature level (8C)
Mean annual air temperature lapse rate (8C 100 m21) (Mernild et al. 2006b).
Mean annual precipitation lapse rates for solid and liquid precipitation
(mm w.Equation 100 m21).
Minimum snow storage depth for full coverage (mm w.eq.)
(Hasholt and Mernild 2004; Mernild et al. 2006b)
, 200 m a.s.l. (bedrock, non-glaciericed area)
Maximum snow storage depth in zones (mm w.eq.) (Mernild et al. 2006b)
, 700 m a.s.l.
700 m a.s.l. to 800 m a.s.l.
. 800 m a.s.l.
Maximum irreducible liquid content (% of total volume) (Mernild et al. 2006a)
Initial snow cover (glacier) location and thickness for calibration and
validation periods
Elevation zones above (m a.s.l.)
Glacier thickness (m)
Initial snow cover (glacier) location and thickness for scenario period
Elevation zones above (m a.s.l.)
Glacier thickness (m)

S.H. Mernild and B. Hasholt

T0
–
–

Value

(Mernild et al. 2005, 2006b); (5) the base level (T0) was set to be 08C; (6) monthly degreeday factor of 2.0 mm w.eq. 8C21 d21 (for the snow covered period September through May)
and 3.7 mm w.eq. 8C21 d21 (for the glacier ice covered period June through August) were
used due to changes in surface characteristics (albedo), which were approximately half the
values of degree-day factors for snow and ice found on West Greenland by Braithwaite
(1995); and (7) initial mean snow cover thickness of 115 m for elevation zones above
200 m a.s.l., based on the average glacier thickness measured by radio-echo sounding
observations by Knudsen and Hasholt (1999). For the scenario period (2071–2100), an
initial snow cover thickness of 75 m for elevation zones above 300 m a.s.l. was used
representing the glacier. The scenario snow thickness was based on melt caused by air
temperature changes from 2004 –2071, based on linear regression between changes in air
temperature and glacier terminus/mass from 1933 through 2004. For parameter definitions
see DHI (2003a, b).
Climate, climate-related and discharge input data

The driving variables in the NAM model are time series of: precipitation, air temperature,
and potential evapotranspiration for the periods: 1999–2004 (calibration period), 1993 –
1995 and 1998/1999 (validation period), and 2071 –2100 (scenario period). For model
calibration and validation observed daily discharge was obtained. Yearly simulation period
goes from September through August the following year, due to the annual cycle of the
Mittivakkat glacier net mass balance (Knudsen and Hasholt 2004; Mernild et al. 2006b). The
simulations were performed with daily time steps.
Input data for 1999–2004 and 1993–1999. Precipitation input consists of liquid and solid
precipitation. Liquid (rain) precipitation was measured at Station Nunatak approximately 0.45 m
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above ground and solid (snow) precipitation was calculated from the ultrasonic snow-depth
sounder observations (Campbell SR50) at Station Nunatak. To estimate the snow water
equivalent (SWE) precipitation noise was removed from the sounder data. The remaining snowdepth increases were adjusted by a temperature-dependent snowflake density (Brown et al. 2003)
and an hourly snow pack settling rate (Anderson 1976). Snow settles as it accumulates and thus
the depth of snow on the ground is always less than the initial amount of snowfall. Station Nunatak
SWE precipitation was calibrated against observed Mittivakkat Glacier winter mass balance, to
account for the wind effect, due to the station’s exposed location at the highest peak on the small
nunatak (,5 m from the glacier margin in the dominating wind direction) (Mernild et al. 2006b).
Air temperature (2 m) was measured at Station Nunatak. Mean annual air temperature
lapse rates were calculated based on air temperature data (2 m) from Station Nunatak and
Station Coast (1999–2004) (Figure 1 and Table 1) (Mernild et al. 2006b).
Potential evapotranspiration was calculated based on the Makkink formula (1957), using
incoming short-wave radiation (4 m) and air temperature from Station Nunatak. The
Makkink formula was chosen because it previously has been used in, for example, Denmark,
The Netherlands, and in the Czech Republic with reasonable results (e.g. Aslyng and Hansen
1982; Jacobs and de Bruin 1998; de Bruin and Lablans 1998; Dubrovský et al. 2002;
Plauborg et al. 2002).
Discharge was calculated from stage-discharge relationships estimated each year
(R 2 values from 0.91 to 0.99), formed from a regression analysis using observations at the
Isco Island hydrometric station (Figure 1). The discharge cross section has been stable for
approximately 30 years, yielding an assumed 10 –15% accuracy when a single discharge
measurement is used (Hasholt and Mernild 2004; Mernild 2006).
Input data for 2071 –2100 (The HIRHAM Regional Climate Model). The IPCC A2 and B2
climate scenarios (www.ipcc.ch) were used in the HIRHAM RCM (Christensen et al. 1996,
2001) for 2071–2100 (HIRHAM scenario period). The HadCM3 AOGCM (atmosphere –
ocean general circulation model) (Gordon et al. 2000; Pope et al. 2000) was used as
boundary conditions for the HIRHAM.
The HIRHAM output data were generated in 360 days (12 £ 30 d) as mean daily values
for a 50 km grid cell increment covering the Ammassalik Island. In normal years, five days
were added, while six days were added for leap years. The extra days were added in between
the existing 15th and 16th day in the following months: February (only in leap years), May,
July, August, October, and December. Data values on the new days were calculated as an
average of the previous and the following days. Before the HIRHAM RCM output data can
be trusted for any practical use, it needs to be tested against observed climate data (HIRHAM
control period, 1961 –1990). The overall working assumption is that, if the model can
reproduce the past (1961–1990), then it can be trusted to estimate the future (2071–2100).
Climate data from Station Nunatak extends back to 1993; therefore, a regression function
between Station Nunatak and the DMI station data from the town Tasiilaq were applied
(1993–2004) (for DMI station location see Figure 1) to calculate data back to 1961.
Monthly HIRHAM modeled air temperature and precipitation (1961–1990) were tested
against observed air temperature and precipitation at Station Nunatak (showing not significantly
identical values ( p , 0.05)), and furthermore calibrated against the observed data (the offset)
from Station Nunatak. Mean monthly offset (calibration factors) between modeled and observed
air temperature are shown in Figure 3 as an example, illustrating monthly variation ranging from
26.28C (March) to 1.08C (July), averaging 22.98C. After calibration HIRHAM mean annual
air temperature (MAAT) was 21.68C (1961–1990), significantly identical ( p , 0.01)
with observed Station Nunatak MAAT (1961–1990). For the IPCC A2 and B2 scenarios
(2071–2100) calibrated MAAT were 20.38C and 20.28C, respectively. HIRHAM RCM
calibrated mean annual precipitation sum was 1669 mm w.eq. yr21 (1961–1990), while the
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Figure 3 An example of monthly air temperature modeled by the HIRHAM RCM model, observed at Station
Nunatak, and the monthly air temperature calibration factor (offset) based on the period 1961 –1990

IPCC A2 and B2 scenarios (2071–2100) indicate a mean annual precipitation sum of
1635 mm w.eq. yr21 and 1712 mm w.eq. yr21, respectively.
Makkink estimated potential evapotranspiration using HIRHAM modeled incoming shortwave radiation and air temperature was tested against Station Nunatak calculated potential
evapotranspiration; showing not significantly identical values ( p , 0.05). Therefore,
modeled potential evapotranspiration was calibrated against observed values (the offset)
based on monthly calibration factors. Calibrated mean annual potential evapotranspiration
was 381 mm w.eq. yr21 (1961–1990), while the IPCC A2 and B2 scenarios (2071 –2100)
indicate a mean annual potential evapotranspiration sum of 431 mm w.eq. yr21and
445 mm w.eq. yr21, respectively. An examination of the evapotranspiration as a function of
latitude (from watersheds at latitudes from 448N to 808N) shows that the evapotranspiration is
relatively high for the Mittivakkat catchment (Kane and Yang 2004). However, the Makkink
formula was used, for example, in Denmark with reasonable results.
NAM model calibration and validation

A split-sample test was applied for calibration and validation of the modeled discharge (e.g.
Klemes 1985, 1986; Refsgaard and Knudsen 1996; Refsgaard 2000; Refsgaard and Henriksen
2004). The calibration (1999– 2004) was performed by auto-calibration so simulated
discharge including high flows (peak flows) corresponds to observed discharges. Visual
inspection of simulated and observed hydrographs, balance test of cumulative discharge
volumes between simulated and observed hydrographs, and R 2 values were used for
calibration and validation. The NAM model was validated against 1993 –1995 and 1998/1999
only, because observed discharge was not available from 1995/1996 through 1997/1998.
Results
Calibration and validation periods

Table 2 presents observed and simulated runoff for the calibration period. A full year
comparison between observed and simulated runoff is impossible due to missing discharge
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Table 2 Observed discharge and simulated discharge from the Mittivakkat Glacier catchment, together with
maximum daily difference in observed and simulated discharge (1999 –2004). (*)The period is equal for daily
simulated discharge and observed discharge
Difference between
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2000
2001
2002
2003
2004

Period with
observed
discharge

Sum observed
runoff
(mm w.eq.)

Sum simulated
runoff
(mm w.eq.)(*)

8 Jun –17 Sept
18 Jun –15 Sept
10 Jun– 5 Sept
7 Jun –20 Aug
14 Jun –27 Aug

2010
1726
1871
927
1907

2062
1922
1742
938
1968

sum observed
and sum simulated
runoff (%)

Max daily difference
in observed
and simulated
discharge (m3 s21)

2.1
11.4
2 6.9
1.2
3.2

2.6
2.3
3.4
1.9
3.2

measurements in the beginning/end of the runoff season due to logistic difficulties.
The observed runoff period varies from year to year. A comparison between observed and
simulated runoff showed an annual average overestimation varying from 11.4% (2001)
to 2 6.9% (2002), and a R 2 value of 0.79, p , 0.01 ( p is the level of significance).
A comparison of daily observed and simulated discharge values illustrates a maximum
difference from 1.9 m3 s21 (67%) (2003) to 3.4 m3 s21 (44%) (2002) (Table 2 and Figure 4).
Annual variations (September through August) in simulated discharge are shown in
Figure 4 (1999–2004). Timing and magnitude of simulated discharge are generally in good
accordance with observed discharge, except for simulated peak discharges in June and July
2002 and 2004 which are underestimated by approximately 2–3 m3 s21 (Table 2). From
October/November through April/May (through winter) simulated runoff events occur in
relation to hot spell melt events (Føhn winds) and liquid (rain) precipitation events.
No observed runoff values through winter periods occurred (1999–2004). Therefore, all
simulated winter runoff events (during and/or after hot spells and liquid precipitation events)
were validated using daily photographic time lapse taken at 12 noon of the pro-glacial valley.
In Figure 4 examples of simulated winter runoff events are shown by the letters A to G, and
in Figure 5 photos were used to check the occurrence of runoff in the valley. The photos A,
B, D, E, F and G confirmed the occurrence of simulated runoff in the valley through winter,
while photo C did not confirm the occurrence of simulated runoff. Furthermore, snow surface
MITTIVAKKAT GLACIER CATCHMENT - AMMASSALIK ISLAND, Observed runoff [m3/s]
MITTIVAKKAT GLACIER CATCHMENT - AMMASSALIK ISLAND, Simulated runoff [m3/s]
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Figure 4 Observed and simulated discharge from the Mittivakkat Glacier catchment, Ammassalik Island, from
August 1999 through September 2004. The letters A to G refer to daily photographic time lapse from Fig. 5,
confirming and not confirming the occurrence of runoff during and after hot spells, events and liquid precipitation
events through winter
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A

G
Figure 5 Photographic time lapse of the pro-glacial valley at 12 noon, including the location of the Isco Island
hydrometric station (see arrow on photo A). Photos A, B, D, E, F and G confirm the occurrence of runoff from the
Mittivakkat Glacier catchment on April 29, 2000; January 31, 2001; January 4, 2003; April 19, 2003; November
10, 2003; and March 12, 2004 respectively. Photo C does not confirm the occurrence of runoff on April 25, 2002

depressions were not seen in the valley on photo C, therefore there was no reason to believe
that runoff had taken place under the snow cover, e.g. as tunnel flow. Explanations for
simulated runoff not being confirmed by photo were probably that surface melt water:
(1) percolated into the snow/firn pack, got stored as refrozen water as ice lenses and/or at the
glacier surface as superimposed ice due to the cold content (Bøggild et al. 2005); and/or
(2) went into englacial reservoirs (pockets). Table 3 shows the calculated amount of
simulated runoff not confirmed by daily photos through the period 1999–2004, which varies
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Table 3 Simulated and observed date for river break-up, amount of trapped runoff in winter, and annual sum of
simulated runoff from the Mittivakkat Glacier catchment (1999 –2004)
Simulated sum of runoff
possible trapped in the
snow pack or at
the ice surface through

S.H. Mernild and B. Hasholt

Date for river
break based
on photos

Simulated date
for river break-up

from the
pro-glacier valley

(continuous
discharge)

1999/2000
2000/2001
2001/2002
2002/2003
2003/2004
Average

11 May
23 May
27 May
8 Jun
25 May
–

winter (mm w.eq. yr21).
The percent (%)
is in relation to

Annual sum
simulated runoff
from Mittivakkat

the annual sum of
simulated discharge

Glacier Catchment
(mm w.eq. yr21)

13 May
26 May
28 May
10 Jun
26 May
–

28 (1.2%)
224 (10.0%)
80 (4.4%)
16 (1.2%)
32 (1.6%)
76 (3.6%)

2145
2282
1987
1326
2190
1986

from 16 mm w.eq. yr21 in 2002/2003 to 226 mm w.eq. yr21 in 2000/2001, averaging
76 mm w.eq. yr21 (3.6%) (1999–2004). Calculated annual simulated runoff from the
Mittivakkat Glacier catchment varies from 1326 mm w.eq. yr 21 (2002/2003) to
2282 mm w.eq. yr21 (2000/2001), averaging 1986 mm w.eq. yr21 (1999–2004) (Table 3).
Furthermore, simulated date for river break-up (defined as days with subsequent continuous
discharge) is compared with daily photos, indicating simulated date for river break-up 1–3 d
before observed river break-up (Table 3).
Table 4 and Figures 6(a –d) present observed and simulated runoff for the validation
period (1993–1995 and 1998/1999), a comparison showing an annual average overestimation varying from 10.5% (1994) to 28.2% (1993), and a R 2 value of 0.77, p , 0.01.
The maximum difference between daily observed and simulated discharge varies from
2.0 m3 s21 (50%) (1994) to 3.4 m3 s21 (39%) (1995).
Annual simulated runoff from 1993 through 1999 (September through August) is shown
in Table 5. No photographic time lapse exists for this period for confirmation of simulated
winter runoff. Therefore, the average value of 76 mm w.eq. yr21 was used for water stored
within the glacier, because the cold content is directly controlled by winter climate (air
Table 4 Observed and simulated runoff from the Mittivakkat Glacier catchment, together with maximum daily
difference in observed and simulated discharge (1993, 1994, 1995, and 1999). (*)The period is equal for daily
simulated discharge and observed discharge

Period with
observed discharge

1993
1994
1995
1996
1997
1998
1999

1 Sept –21 Sept
30 Jun –28 Aug
1 Jul– 31 Aug
No data
No data
No data
22 Jun –31 Aug

Sum observed
runoff
(mm w.eq.)

Sum simulated
runoff
(mm w.eq.)(*)

382
1307
1896
No data
No data
No data
937

350
1444
1811
No data
No data
No data
1018
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Difference
between
sum observed

Max daily
difference in
observed and

and sum
simulated
runoff (%)

simulated
discharge
(m3 s21)

2 8.4
10.5
2 4.5
No data
No data
No data
8.6

2.8
2.0
3.4
No data
No data
No data
3.2

MITTIVAKKAT GLACIER CATCHMENT - AMMASSALIK ISLAND, Observed runoff [m3/s]
MITTIVAKKAT GLACIER CATCHMENT - AMMASSALIK ISLAND, Simulated runoff [m3/s]
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MITTIVAKKAT GLACIER CATCHMENT - AMMASSALIK ISLAND, Observed runoff [m3/s]
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Figure 6 (a) Observed and simulated discharge from the Mittivakkat Glacier catchment, Ammassalik Island,
from August 1993 through September 1999. However, observed discharge was missing for 1996, 1997, and
1998; and (b –d) are close-up pictures of the observed and simulated discharge from June through September
for 1994, 1995, and 1999, respectively
339
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Table 5 Simulated date for river break-up and annual sum of simulated runoff from the Mittivakkat Glacier
catchment

S.H. Mernild and B. Hasholt

Simulated date for river
break-up (continuous
discharge)
Annual sum simulated
runoff from Mittivakkat
Glacier Catchment
(mm w.eq. yr21)

1993

1994

1995

1996

1997

1998

–1994

– 1995

– 1996

–1997

–1998

– 1999

Average

22 May

27 May

28 May

17 May

10 May

23 May

–

2144

2091

1864

2126

1914

1639

1963

temperature) penetrating into the snow/firn pack (Bøggild et al. 2005), and statistically mean
air temperature from 1999–2004 and 1993–1999 was significantly identical ( p , 0.05).
Annual simulated runoff is estimated from 1639 mm w.eq. yr21 (1998/1999) to
2144 mm w.eq. yr21 (1993/1994), averaging 1963 mm w.eq. yr21 (1993–1999) (Table 5),
which is significantly identical ( p , 0.05) with simulated runoff from 1999–2004
(1986 mm w.eq. yr21), indicating an increase in runoff of around 1%. Simulated date for
river break-up (1993–1999) varies approximately within three weeks from 10 May (1997/
1998) through 28 May (1995/1996) (Table 5).

Scenario period

Table 6 indicates an increase in mean annual runoff of 56% from 2039 mm w.eq. yr21
(1961–1990) to 3181 mm w.eq. yr21 (2071–2100) for the IPCC scenario A2, and of 58%
from 2039 mm w.eq. yr21 to 3234 mm w.eq. yr21 for the IPCC scenario B2. The monthly
maximum runoff for the IPCC A2 and B2 scenarios occurs in July and August with values
around 900 mm w.eq., values approximately 300 mm w.eq. higher for corresponding months
(1961–1990). The increasing runoff indicates an increasing negative glacier net mass
balance from 2 751 mm w.eq. yr21 (1961–1990) to 2 1977 mm w.eq. yr21 for the IPCC A2
and 21967 mm w.eq. yr21 for the IPCC B2.
Table 6 Mean monthly and annual simulated runoff from the Mittivakkat Glacier catchment, based on the
HIRHAM RCM output data from 1961 –1990 and from the IPCC A2 and B2 climate scenario (2071 – 2100)

September
October
November
December
January
February
March
April
May
June
July
August
Sum

Runoff HIRHAM control
period after calibration,
1961–1990 (mm w.eq.)

Runoff IPCC scenario A2,
2071–2100 (mm w.eq.)

Runoff IPCC scenario B2,
2071– 2100 (mm w.eq.)

270
58
15
5
4
5
3
20
81
355
594
629
2039

461
122
53
12
4
5
4
54
152
492
887
936
3181

445
116
56
12
4
5
6
54
159
510
950
917
3234
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Discussion
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The NAM Rainfall –Runoff Model was chosen because of its simplicity and robustness.
It demands rather few input data which is important for the applicability both for calculating
discharge for earlier periods and for future scenarios produced by regional climate models
which do not always produce a full description of the meteorological situation. It appears that
our choice of a simple methodology provides estimates of the runoff which are in good
accordance with observed runoff although a number of snow and glacier runoff response
processes significant for the high-latitude hydrological cycle are not incorporated in the
model. The authors are aware of the model limitations, and below are given examples from
more detailed studies illustrating and quantifying, if possible, where processes not accounted
for in the model will affect the results.
Blowing-snow and sublimation model simulations for the Mittivakkat Glacier catchment
by Hasholt et al. (2003) and Mernild et al. (2006b) show significant snow redistribution and
sublimation losses of 12 –15% of annual precipitation (, 150–200 mm w.eq. yr21) to the
atmosphere. The snow routine in NAM incorporates accumulation and re-distribution of
wind-transported snow to the lower neighbouring elevation zone, only influenced by
elevation, and not in response to both elevation and topographic influences, which according
to previously mentioned studies significantly influence the snow processes in the catchment.
Together with the not included sublimation routines this may affect uncertainties in the highlatitude hydrological cycle including the runoff hydrograph in quantity, timing, and
variability.
The NAM model use mean annual air temperature lapse rate to account for the altitudinal
spatial variations in air temperature. A mean annual lapse rate of -0.248C 100 m21 was used:
however, the monthly values vary between 20.518C 100 m21 for February and 0.338C
100 m21 for July (1999–2004) (Mernild et al. 2005, 2006b). These positive monthly values
are governed by daytime summer sea breezes in the coastal area. The use of a fixed air
temperature lapse rate in NAM ignores the daily lapse rates variation based on the frequent
occurrence of a persistent temperature inversion in the area (approximately 300 m a.s.l.,
observed by radiosonde data). A fixed lapse rate value (2 0.248C 100 m21) appears useful in
this study because it seems unlikely that air temperature would increase with elevation over
the glacier surface atmospheric layer itself.
The NAM model operates with a certain melt threshold (T0 ¼ 08C) and a fixed monthly
degree-day factor for the entire catchment through winter and summer on 2.0 and
3.7 mm w.eq. 8C21 d21, respectively. Through the ablation period, the snow line moves
up-glacier, changing the spatial distribution of surface characteristics to more exposed ice
and less snow cover. Using the same monthly degree-day factor for the entire glacier causes
spatial uncertainties in melt rates and furthermore in the high-latitude hydrological cycle
through the ablation period, due to changes in surface characteristics (albedo) from snow to
exposed ice cover.
Minimizing the snow cold content through the ablation period, trapping of percolating
water by capillary forces, subsequent refreezing of trapped water in the snow/firn pack (as ice
lenses) or at the ice surface (as superimposed ice) and the occurrence of snow damming are
routines/issues not integrated into NAM. Therefore, simulated hydrological response is
faster than observed, most pronounced in the beginning/end of the accumulation period.
Simulated yearly break-up occur 1– 3 d before observed break-up. Throughout the ablation
period the difference between simulated and observed response will be minimized going
towards isothermal snow conditions (08C) and a snow-free stream bed.
Temporal storage/release of englacial bulk water, changes in the glacier topographic
watershed divide (Figure 1) and in the internal drainage system due to glacier dynamics
(internal deformation and basal sliding) are issues not incorporated into NAM, which affect
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uncertainties in the hydrological cycle. Dye tracer experiments described in Mernild (2006)
confirm englacial and subglacial water flow through crevasses, moulins, and tunnels (the
internal drainage system) to neighboring glacier catchments, and modeling studies (Hasholt
unpublished data) indicate that the northern catchment boundary located on the Mittivakkat
Glacier itself is not well defined; therefore, the glacier may receive and deliver water across
this boundary.
Runoff modeling on glacierized basins differs from conventional hydrological modeling,
because glaciers significantly modify the runoff hydrograph in quantity, timing, and
variability: (1) by temporarily storing water as snow, firn, and ice on different time scales;
and (2) by changing the diurnal surface melt water cyclicity, routing the water through a
decreasing seasonal snow cover as the area of exposed ice increases, and through the ice as
the efficiency of the internal drainage system evolves during the melt season. In NAM
routing of water through the glacier (through the snow cover, firn cover, and the ice) is
performed by the snow reservoir only with the same fixed annual storage, thresholds, and
flow constants. Using one reservoir with the same storage, threshold, flow constants in an
Arctic glacial environment, however, seems useful despite its simplicity and indicates good
accordance (R 2 ¼ 0.77) between observed and modeled runoff, even though some
discrepancies occur in runoff (Figures 4 and 6(a –d)). Simulated discharge tends to be
overestimated during the main ablation period and underestimated at peak flows. For 1995,
as the only year, simulated runoff is generally underestimated for the entire runoff period
compared to other validation years (1993–1995 and 1998/1999) (Figure 6(c)), probably
because of uncertainties in the 1995 yearly stage-discharge relationship.
Future NAM runoff simulations based on the IPCC A2 and B2 climate scenarios (2071–
2100) indicate one and a half times higher yearly runoff (around 3200 mm w.eq. yr21 with
maximum monthly values around 900 mm w.eq.) than today (around 2000 mm w.eq. yr21).
The increasing runoff is caused by the increasing negative glacier net mass balance from
approximately 2 750 mm w.eq. yr21 (1961– 1990) to approximately 2 2000 mm w.eq. yr21
(2071–2100), indicating an approximately three times higher negative glacier net mass
balance than today. The increasing mean annual air temperature of approximately 1.48C and
related melting are more pronounced due to the high catchment glacier cover (14.4 km2;
78%) than future changes in potential evapotranspiration and precipitation.

Conclusion
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A lumped conceptual Rainfall –Runoff model, the NAM model, original developed for
Danish catchments, which accounts for routing of water through different reservoirs, has
been used to describe the variation in runoff from a glacierised and snow-covered catchment
in SE Greenland. Despite the NAM model’s simplicity this research had shown that the
model seems to be useful (R 2 ¼ 0.77) on the Mittivakkat Glacier catchment in quantifying
intra- and inter-annual variation in runoff. Timing and magnitude of simulated discharge are
in general in good accordance with observed discharge (1993–2004). Due to the lag of
runoff values through winter daily photographic time lapse was effectively used for model
calibration of simulated runoff through winter. In the future an increasing negative glacier
net mass balance will occur from approximately 2 750 mm w.eq. yr21 (1960–1990) to
approximately 2 2000 mm w.eq. yr21 (2071–2100) for both IPCC climate scenarios A2 and
B2, indicating up to three times higher negative glacier net mass balance than today.
Simulated runoff increases up to approximately 3200 mm w.eq. yr21, approximately one and
a half times higher than today, highly based on increasing air temperature.
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