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5 APPLICATION OF A LARGE-SCALE WATER BALANCE
MODEL TO THE TANA RIVER BASIN

5.1 Introduction

Conceptual water balance models are often believed to be useful in assessing the impact
of climatic changes on regional hydrology, and have successfully been applied at larger
scales (Arnell, 1999; Kwadijk, 1993). In terms of data demands, accuracy, flexibility and
ease of use they have significant advantages over lumped empirical models or physically-
based models (Xu, 1999). Most models currently in use have been developed for
temperate climatic conditions. However, sub-arctic environments, such as the Tana Basin
in Northern Fennoscandia (see chapter 2), are very distinct in their hydrological
behaviour. The water balance of these areas is dominated by a long-lasting snow cover in
winter, while in summer evapotranspiration may predominate in many areas (Mackay &
Løken, 1974; Rovansek et al., 1996; see also chapter 3). Moreover, many models are
designed to simulate river discharge, and may not be able to simulate spatial patterns in
snow coverage or evaporation realistically. The objective of this chapter is therefore to
explore the performance of a GIS-based water balance model, developed for the Rhine, in
the sub-arctic Tana Basin. This model, named RHINEFLOW (Kwadijk, 1993), was
applied to the Tana Basin without significant changes in the model concept. The data that
were used and the assumptions that had to be made, are discussed in this chapter. In
evaluating the model performance, attention is paid those processes that dominate the
water balance of this area. Finally, some suggestions for model improvement are given.

5.2 The concept of water balance

The water balance of an area describes the relation between input, storage and output of
water. While input in the form of precipitation is mainly dependent on climate, the
output, either in the form of river discharge or evapotranspiration, also depends on
vegetation and catchment characteristics. In the longer term, i.e. on a yearly basis or
longer, changes in storage can usually be neglected, and the water balance can be written
as:

EPQ −= (5.1)

where Q = river discharge
P = amount of precipitation
E = amount of evapotranspiration

According to Woo (1990), however, year-to-year changes in water storage may not be
negligible in (non-glacial) permafrost basins. Theoretically the annual partitioning of
precipitation into evapotranspiration and runoff is controlled by the temporal distribution
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of water supply (precipitation) and demand (evapotranspiration), which are balanced by
water storage in the soil (Milly, 1994). At smaller than annual time scales – monthly,
daily or even hourly – the changes in and interactions between the storages that can be
identified in a catchment, have to be taken into account:

SEPQ ∆±−= (5.2)

where �S = change in storage

These storages include water storage in vegetation, surface detention, storage in snow
and glaciers, soil storage, groundwater storage, and storage in lakes and channels
(Kwadijk, 1993). The importance of each component differs in time and in space. In sub-
arctic catchments for example, storage of precipitation in snow is much more important
than in temperate environments.

5.3 Water balance of the Tana Basin

Annual water balance characteristics of the Tana Basin (chapter 2) were analysed for a
period of 20 years: October 1979  through September 1999 (referred to as 1980-1999).
For this purpose, daily temperature and precipitation data from the meteorological
stations listed in table 5.1 were extrapolated to the entire river basin using Thiessen
polygons. Mean annual precipitation in this period amounted to 401 mm, and the mean
annual temperature was −2.0ºC. The second half of this period (1990-1999) was
considerably warmer than in the first (−1.51ºC vs. −2.50ºC in 1980-1989. The second
half also received slightly more precipitation (405 vs. 398 mm/year). Due to the large
interannual variability, a significantly drier or wetter period could not be identified.

A first indication of the water balance was obtained by comparing the basin-averaged
precipitation with observations on river runoff. The ratio of observed discharge and
precipitation (Q / P ratio) in the Tana basin and several subcatchments is given in table
5.2. Obviously, these ratios are too high. Considering the fact that a significant
proportion of the annual rainfall in the area is lost to evapotranspiration, the average Q /
P ratio should be less than 1.0. However, in several subbasins it is even higher than 1.0,
which is theoretically impossible. According to equation (5.1), the difference between
input (P) and output (Q) indicates the amount of evapotranspiration (E) in the entire
basin. Upstream of Polmak, Norway, this difference is only 3 mm/year in the period
1980-1989. This estimate is not realistic. As demonstrated in chapter 3, the actual amount
of evapotranspiration in this area is much higher.

There are two possible explanations for the unrealistic Q / P ratios in table 5.2: the
observed discharge of the Tana River is too high, or the precipitation measurements are
too low. Most precipitation stations are located in the river valleys (see figure 5.1), and
may not be representative for the surrounding upland areas, that constitute the greatest
part of the Tana Basin. Moreover, it is a well-known problem that precipitation gauges
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systematically underestimate snowfalls (Goodison et al., 1998; Yang et al., 2001). In
addition, point snow data are not representative for the snow cover of an area (Yang &
Woo, 1999). Assuming that the discharge measurements are correct, it appears that
precipitation in the catchment area is seriously underestimated by direct extrapolation of
the observations.

5.4 Model description

In a previous study, Kwadijk (1993) developed a water balance model of the Rhine
Basin, and used it to study the impact of climate change on the discharge of the River
Rhine. This model, named RHINEFLOW, is a GIS-based, conceptual water balance
model that uses standard meteorological input variables, and geographical data on
topography, land cover, soil type and groundwater flow characteristics. Parameters and
variables are stored in a raster Geographical Information System (GIS) called PCRaster,
and the model itself is implemented in PCRaster using a scripting language (Van
Deursen, 1995). Considering its limited data demands and ease of use, this model was
applied to the Tana River Basin. A brief introduction to the concept of the model is given
in this section.

Table 5.1 Meteorological stations in the Tana Basin used in this chapter, and their observation period of
temperature and precipitation between October 1979 and September 1999. For locations, see figure 5.1

Precipitation Temperature

Rustefjelbma 10/79 – 9/99 10/79 – 9/99

Kevo 10/79 – 9/99 10/79 – 9/99

Karasjok 10/79 – 9/99 10/79 – 9/99

Cuovddatmohkki 10/79 – 9/99 10/79 – 9/99

Sihcajavri 10/79 – 9/99 10/79 – 9/99

Polmak, Polmak II 10/79 – 7/98

Sirbma 10/79 – 9/99

Skoganvarre 10/79 – 12/79

Port   8/81 – 9/99

Valjok 10/79 – 9/99

Iskorajohka 10/79 – 9/99

Jergol   8/81 – 9/99

Mollesjohka 10/79 – 9/99

Jotkajavre 10/79 – 9/99
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Figure 5.1 Location of meteorological stations and discharge stations in the Tana Basin

5.4.1 Model concept

Following the water balance equation (5.2), RHINEFLOW calculates runoff as a function
of precipitation, actual evapotranspiration and changes in water storage. The model
identifies four storages: snow, soil, groundwater and lakes. For each time step the input,
storages and losses are calculated for each cell, and the produced discharge is
accumulated over a digital elevation model (DEM) of the catchment to determine runoff
at the outflow point (figure 5.2). A hydraulic routing scheme, that calculates travel times
of runoff, is not included in the model. The water balance calculations of RHINEFLOW
are based on the concept of Thornthwaite & Mather (1957). This approach takes possible
soil water deficiencies into account when calculating actual evapotranspiration. Snow
accumulation and snowmelt are simulated using the temperature-index method; discharge
is a combination of rapid runoff (a fraction of the water surplus of the soil compartment)
and baseflow from the groundwater store. Originally designed for monthly timesteps and
grid cells of 3 by 3 km, the model has later been applied to the Rhine Basin at 1 by 1 km
cells with 10-day timesteps (Van Deursen, 1999a). The main components of the model
are described below.
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5.4.2 Snow storage and melt

Similar to many other hydrological models, such as the Snowmelt Runoff Model (SRM)
(Martinec et al., 1994) and the HBV model (Bergström, 1995), RHINEFLOW uses a
temperature-index approach to estimate snow accumulation and melt. In this approach a
degree-day factor (DDF) is used to convert air temperature above a certain threshold to
snowmelt in mm (Ferguson, 1999):

DDFTTM a ×−= )( 0 (5.3)

where M = amount of snowmelt (mm.month-1)
Ta = air temperature (ºC)
T0 = threshold temperature (ºC)
DDF = degree-day factor (mm.ºC-1.month-1)

The degree-day coefficient implicitly represents all terms of the energy budget that
account for the mass balance of a snow pack, and is therefore highly variable over time
(Melloh, 1999). For this reason, several models allow the DDF to vary in time, instead of
using a constant value. Martinec et al. (1994) recommend to increase the DDF twice a
month, to account for lower albedo, higher aerodynamic roughness and higher liquid
water content as the snowpack ages. In the HBV model season- and weather-dependent
degree-day factors were tested, but without much success (Lindström et al., 1997). The
melt rate may also differ between vegetation types. Wind speed and turbulent heat
transfer in forests for example are generally lower than in open areas. Several models
such as HBV and the Semi-distributed Land Use-based Runoff Processes (SLURP)
model (Kite, 1995) have therefore been applied with different snowmelt rates for several

Table 5.2 Runoff / rainfall (Q / P) ratios of observed runoff for the Tana Basin and several sub-catchments
in the period 1980-1999. For locations, see figure 5.1

Discharge station River Q / P ratio

1980-1989 1990-1999 1980-1999

Vækkava Jiesjåkka 0.93

Njalmigoaika Karasjåkka 0.94

Karigasniemi Inarijoki 1.06 0.95 1.01

Patoniva Utsjoki 0.97 0.99 0.98

Onnelansuvanto Tana (Tenojoki) 1.12 1.03 1.07

Alaköngäs Tana (Tenojoki) 1.10 1.03 1.06

Polmak Tana 0.95
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land use classes (see e.g. Kite & Kouwen, 1992). In the latest version of RHINEFLOW
(Van Deursen, 1999a), minimum and maximum temperatures, instead of the mean
temperature, may be used to calculate snowmelt. In this case snowfall is triggered by the
minimum temperature, and the fraction of precipitation falling as snow is equal to the
fraction of the temperature interval between minimum and maximum temperature that is
below the snowfall-threshold temperature. Likewise, snowmelt is triggered by the
maximum temperature, but decreased for the fraction of the temperature interval that is
below the snowmelt-threshold temperature.

Figure 5.2 Flowchart of RHINEFLOW (after Kwadijk, 1993)

In many areas the temperature-index method may perform well but it is dependent on an
appropriate degree-day factor (DDF). This factor can be determined by field experiments,
or will have to be obtained by calibration otherwise. Singh et al. (2000) list several DDFs
reported by researchers, ranging from 1.3 to 8.0 mm.ºC-1.day-1 for snow and from 5.0 to
13.8 mm.ºC-1.day-1 for ice. Kwadijk (1993) used a much lower value of 18 mm.ºC-

1.month-1 for the Alpine regions of the Rhine basin. Kite & Kouwen (1992) used different
factors for different land use classes, ranging from 1.04 mm.ºC-1.month-1 for bare soil to
3.78  mm.ºC-1.day-1 for forested areas.

5.4.3 Evapotranspiration

The Thornthwaite method of estimating potential evapotranspiration (Ep) (Thornthwaite
& Mather, 1955; 1957) is based on air temperature and day length only. Expressed on a
monthly basis it reads (Ward & Robinson, 1990; Sellinger, 1996):
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where Epi = potential evapotranspiration in month i (mm.month-1)
di = day length correction factor (Rosenberg et al., 1983):
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Li = mean actual day length (h)
Ni = number of days in the month under consideration
Ti = mean air temperature (ºC)
I = heat index, which is a summation of the monthly heat indexes:
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a = a cubic function of I, namely:

3725 1075.61071.7179.049.0 IIIa −− ×+×++= (5.7)

Thornthwaite & Mather (1957) recommend to use the day length correction factors of 50º
N also for higher latitudes.

The Tornthwaite method requires only temperature and hours of daylight, and these two
variables are relatively easy to obtain. Consequently, it has been applied in many studies
in a wide range of climatological conditions, often with reliable results (Penman, 1956;
Pereira & Camargo, 1989). Less good results can be expected over very short periods of
time (when mean temperature is not a suitable measure of incoming radiation) and in
environments with rapidly changing air temperature and humidity resulting from
advection effects, such as the British Isles (Ward & Robinson, 1990). According to
Rosenberg et al. (1983) Ep is likely to be underestimated at the time of annual maximum
radiation reception during summer.

In RHINEFLOW the potential evapotranspiration is modified with a crop factor to obtain
potential evapotranspiration rates for different land use types (Kwadijk, 1993). If the
combined input of precipitation and snowmelt exceeds this potential evapotranspiration,
the actual evapotranspiration is assumed to be equal to the latter. Otherwise, the actual
evapotranspiration is a combination of the available precipitation and a change in soil
moisture:
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where Eai = actual evapotranspiration in month i (mm.month-1)
Pi = amount of rain (mm)
SMi = amount of water stored in the soil (mm)

Instead of calculating evapotranspiration rates with the Thornthwaite method, Van
Deursen (1999a) used reference crop evapotranspiration data as input data in
RHINEFLOW. In climate change studies, an empirically derived relationship between
temperature change and reference evaporation change was used to estimate changes in
evaporation.

Since the Thornthwaite method was developed for temperate environments in the USA,
the performance in the sub-arctic Tana basin was tested separately. Figure 5.3 shows the
Penman-based evapotranspiration estimations for the Kidisjoki catchment near Kevo,
Finland (see chapter 3). Also shown are potential evaporation estimates based on the
Thornthwaite method, using day length correction factors of this specific site (equation
5.5), as well as those for 50º N, as recommended by Thornthwaite & Mather (1957). As
can be seen the Thornthwaite-based estimates of potential evapotranspiration are much
higher than those predicted by Penman-Monteith. According to the latter the overall
evaporation in the period 22 June – 2 August 1999 is 74 mm or 1.8 mm/day, which
corresponds to flux measurements in the same area (chapter 3). The Thornthwaite
estimates amount to 5.2 mm/day using local day length correction factors, and 3.5
mm/day using the correction of 50º N. If no day length correction is applied at all, the
evaporation estimate is still 2.7 mm/day. Assuming that the estimates of Penman-
Monteith – being one of the most advanced evapotranspiration models currently available
(Shuttleworth, 1993) – are correct, the Thornthwaite model appears to overestimate
evaporation in this sub-arctic environment considerably.

5.4.4 Soil and groundwater storage

Soil moisture is calculated as a function of the maximum water holding capacity of the
soil and the accumulated potential water loss:
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where MWC = maximum water holding capacity (mm)
APWLi = accumulated potential water loss (mm)
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Figure 5.3 Evapotranspiration estimates for the Kidisjoki catchment near Kevo, Finland, in the summer
of 1999, based on Penman-Monteith (see chapter 3), and based on the Thornthwaite method using both
local and 50ºN day length correction factors. Also shown is the temperature course in the study period

Any water surplus (i.e. SMi > MWC) is separated into rapid runoff, that contributes to the
discharge of the month under consideration, and a volume of water that is added to the
groundwater reservoir. This is controlled by a separation ratio � that has to be obtained
by calibration:

rgw

r

QQ
Q

+
=χ (5.10)

where Qr = rapid runoff (mm.month-1)
Qgw = amount of water added to groundwater (mm.month-1)

In the Rhine Basin, Kwadijk (1993) found a value for � of 0.2, meaning that 20% of the
water surplus from the soil compartment is discharged directly as rapid runoff, and 80%
is drained to the groundwater reservoir. Baseflow from the groundwater reservoir is
calculated with a recession equation:

C
GWS

Qb = (5.11)
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where Qb = baseflow (mm.month-1)
GWS = amount of water stored as groundwater (mm)
C = recession parameter (months)

The recession parameter was calibrated for the main tributaries of the Rhine, using
observed discharges of low flow months. According to Kwadijk (1993) low values of C
and high values of the separation ratio � represent catchments with a short response time
(relatively steep hydrographs), while high values of C and low values of � represent a
long response time (relatively flat hydrographs). Kwadijk also assumed that C is mainly
dependent on the geohydrological properties of a catchment and will not change under
changing climatic conditions. By calibrating on discharge data the recession parameter is
however dependent on present reservoir storage, which may not correspond with the
catchment storage capacity. The latter is mainly dependent on the dimensions and
lithological characteristics of the catchment. The ratio of present reservoir storage to the
catchment storage capacity is an indication of the sensitivity of the catchment to climate
variability or change (Van der Wateren – de Hoog, 1997).

5.5 Application to the Tana Basin

In order to test its performance in a sub-arctic environment, the RHINEFLOW model of
Kwadijk (1993), that is described in the previous section, was applied to the Tana River
Basin in Northern Fennoscandia. The model was consequently called TANAFLOW, and
was applied on a 10-day basis, without further modifications to the model concept. This
section describes the input data that were used, the procedure that was followed, as well
as the performance of the model.

5.5.1 Modelling period

The model was applied to the period October 1979 – September 1999 (or 1980-1999, see
section 5.3). Each month in this period was divided into three parts: the first and second
period of 10 days, and the remaining period of 8, 9, 10 or 11 days. The dataset was
furthermore split into two equal parts, the first half (1980-1989) was used for calibration
and second half (1990-1999) for validation of the model. Before each model run, the
calculations of the first 5 years were repeated, in order to reduce initialisation effects.

5.5.2 Input data

The data that were used in the application of the model to the Tana Basin, are listed
below. All spatial data were stored as raster maps with a resolution of 1 by 1 km.
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- Precipitation and temperature
Data on precipitation and temperature were interpolated from the meteorological
stations listed in table 5.1 with Thiessen polygons, as in section 5.3.
Meteorological observations were however not continuous for all stations used
and even within the periods of observation some missing data occurred. The
spatial interpolation of the meteorological data was therefore incorporated in the
dynamic section of the model. This means that the interpolation with Thiessen
polygons was repeated in each time step, using only those stations for which
data were available. Temperature values were corrected for elevation differences
using a DEM of the Tana Basin, assuming a 0.57ºC temperature decrease per
100 m elevation increase.

- Thornthwaite coefficients
The annual heat index I and coefficient a (equations 5.6 and 5.7) were calculated
for each temperature station that was used in the model run (table 5.3). The
evapotranspiration estimates were corrected for day length, which was
calculated for each station using software from Lammi (2001).

As discussed in section 5.4.3, estimates of evapotranspiration based on the
Thornthwaite method are too high in sub-arctic environments. The Thornthwaite
estimates were therefore adjusted to meet the long-term water balance the Tana
Basin (see section 5.3). In 1980-1999, the ratio of observed runoff and observed
(basin-averaged) precipitation ranged between 0.95 and 1.12 (table 5.2). To
obtain a similar ratio of simulated runoff and rainfall, the evapotranspiration
estimates of the model need to be scaled by a factor 0.01 – 0.03 (table 5.4).
However, in section 5.3 it was argued that the Q / P ratios in table 5.2 are too
high, and that the observations at the meteorological stations underestimate
precipitation over the entire catchment area. In other words, a Q / P ratio of 0.95
does not reflect the actual proportion between rainfall and runoff in the
catchment. As an alternative, a reduction factor of 0.1 resulted in a lower runoff
/ precipitation ratio of 0.88 (see table 5.4), and appeared to yield slightly higher

Table 5.3 Annual heat index (I) and  Thornthwaite coefficient a for temperature stations in the Tana Basin,
calculated for the period 1980-1999

I a

Rustefjelbma 9.84 0.66

Kevo 11.26 0.68

Karasjok 12.16 0.70

Cuovddatmohkki 10.60 0.67

Sihcajavri 11.25 0.68
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modelling efficiencies as well. It was therefore decided to apply this scaling
factor to the modelled evapotranspiration rates.

- Digital Elevation Model (DEM)
A digital elevation model (DEM) of the Tana Basin was obtained from the
GTOPO30 data set of the US Geological Survey’s EROS Data Centre. This data
set provides elevation data with a nominal cell size of 1 km, and is derived from
various vector and raster data sets. The vertical accuracy varies by location
according to the source data; for the Tana basin an accuracy of ± 30 m at the 90
% confidence level is indicated (Defense Mapping Agency, 1986). This
corresponds with a root mean square error of 18 m, assuming that the errors
show a Gaussian distribution with a mean of zero (US Geological Survey,
2000). The catchment of the Tana river was delineated following a  procedure
outlined by Wesseling et al. (1997).

- Vegetation map
A Landsat TM satellite image of 18 July 1987 was used to map vegetation types
in the Tana Basin (see section 2.3.3 and figure 2.5). This map was converted
into crop factors, that were used in the calculation of evapotranspiration rates for
each specific land cover type. Unfortunately, no crop factors have been
published for the specific vegetation types occurring in the Tana basin. The crop
factors that were used are therefore based on comparable vegetation types in the
Rhine Basin, as published by Brechtel & Scheele (1982) (see table 5.5).

- Soil map
According to the FAO-UNESCO soil map of the world (Zobler, 1986) medium
coarse soils (orthic podsols, texture class sandy loam) and organic soils

Table 5.4 Simulated runoff / rainfall (Q / P) ratios with several adjustments of the evapotranspiration
estimates

Day length
correction factor

Evaporation
reduction factor

Q / P
ratio

    - 1 0.39

50ºN 1 0.27

Local 1 0.15

Local 0.5 0.47

Local 0.1 0.88

Local 0.05 0.93

Local 0.03 0.95

Local 0.01 0.97
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predominate in Northern Fennoscandia. This dataset has a spatial resolution of
only 1 by 1 degree latitude / longitude. Quarternary geology maps of the area
(e.g. Olsen et al., 1996) show much more detail, and indicate that most of the
Tana Basin is covered by glacial till, except for open water, wetlands and those
areas where bedrock is exposed. The vegetation map was therefore used as a
basis for the soil map, by re-labelling the vegetation classes into soil types
according to table 5.5. 

The maximum soil water capacity of the glacial till was estimated based on
published data from Bouwman et al. (1993) and Vörösmarty et al. (1989).
According to the latter the saturation capacity of sandy loam is 41.3 %, and for
silty loam (medium, coarse-fine and coarse-medium-fine) 46.8 %. The actual
amount of water that can be stored is furthermore dependent on rooting depth.
Observations on rooting depth were made in the Kidisjoki catchment near Kevo,
Finland (see chapter 3). Here, rooting depth at non-forested sites (such as alpine
heaths) was in general not more than 20 cm, and soil development usually did
not reach below 30 cm depth. The saturation capacity of non-forested sites with
a sandy loam texture may therefore be estimated at (41.3% × 200 = ) 83 mm,
assuming a root depth of 20 cm, or 124 mm based on 30 cm soil development.
For silty loam these values are 94 and 140 mm respectively. In forested and
semi-forested areas the maximum soil water capacities can expected to be higher
because of the larger rooting depth. As an average, the maximum soil water
capacity of all areas (both forested and non-forested) consisting of glacial tills
was therefore estimated at 150 mm. As argued in chapter 3, the storage capacity
of arctic wetlands may be limited (see also Quinton & Roulet, 1998), and a
much lower value was therefore chosen for this land cover type. The maximum
soil water holding capacity of bare rock is based on Groenendijk (1989). To
allow for temporary storage of water in lakes by fluctuations in the water table, a
storage capacity of 10 mm was assumed.

Table 5.5 Recoding of vegetation types in the Tana Basin into crop factors, soil types and maximum soil
water capacities (MWC)

Crop factor Soil type MWC

mm

Lakes 1.0 Water 10

Wetland 1.0 Peat 10
Sand / gravel, bare rock,

boulder fields 0.4 Bare rock 30

Birch forests (high density),
pine forests 1.1 Glacial till 150

Alpine heaths, meadows,
birch forests (low density) 0.9 Glacial till 150
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5.5.3 Calibration

The model was calibrated using observed discharge at several stations in the Tana Basin
(table 5.6). The calibration was carried out by adjusting the values of the degree-day
factor (DDF) for snowmelt, the separation ratio (�) of quick runoff and groundwater
flow, and the recession parameter (C) for baseflow calculation. As calibration procedure
a “brute force” Monte Carlo technique was used, meaning that all possible combinations
of DDF, �, and C were calculated, within a given range of parameter values and with
fixed increments. The results were compared with the observed discharge for all
locations, and several error statistics were calculated: the Nash & Sutcliffe (1970)
coefficient of efficiency, the mean bias error (Barr et al., 1997), the mean difference
between measurement and simulation (Addiscott et al., 1995) and the product moment-
correlation (r) (Addiscott et al., 1995).

The most downstream discharge gauging station available is Polmak, Norway. In terms
of the Nash-Sutcliffe coefficient the best results for this station were obtained with the
following parameter combination: DDF = 14 mm.ºC-1 per 10-day period, � = 0.7 and C =
30 10-day periods (figure 5.4). In the Rhine basin these values were 18 mm.ºC-1 per
month, 0.20 and 1 to 6 months respectively (Kwadijk, 1993). The higher value of �
indicates a much shorter response time of the Tana basin (section 5.4.4), while the higher
DDF may represent the high snowmelt rates in the Tana Basin. The Nash-Sutcliffe
coefficient of this parameter set is 0.59 in the calibration period 1980-1989, and the
product-moment correlation (r) is 0.77. In the various sub-basins different parameter
combination give the best results (see table 5.7). It is interesting to note that in the
smaller subcatchments the best results were obtained with higher DDF values of about 20
mm.ºC-1.period-1, except for the Jiesjåkka river in Norway.

Table 5.6 Discharge stations used in the calibration of TANAFLOW, and period of observation. For
locations, see figure 5.1

Discharge station River Catchment size Period of observation

km2

Polmak Tana 14386 1911 - 1992

Polmak Nye Tana 13601 1991 - 1994

Alaköngäs Tana (Tenojoki) 13457 1963 - present

Onnelansuvanto Tana (Tenojoki) 10505 1959 - present

Patoniva Utsjoki 1458 1963 - present

Karigasniemi Inarijoki 2868 1961 - present

Vækkava Jiesjåkka 2071 1973 - 1995

Njalmigoaika Karasjåkka 2264 1966 – 1991
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Figure 5.4 Simulated and observed discharge at Polmak, Norway, in the calibration period 1980-1989
(10-day periods). The parameter combination used here is: DDF = 14 mm ºC-1 period-1, � = 0.7, and C
= 30 10-day periods

It appears that the modelling efficiency, as described by the Nash-Sutcliffe coefficient, is
least influenced by the recession parameter, and most by the degree-day factor. If the
DDF was too low, say less than 10 mm.ºC-1.period-1, the simulated snowmelt discharge
peaks were too late and too low, compared with the observed ones. Similarly, if the DDF
was 20 mm.ºC-1.period-1 or higher, the discharge peaks at Polmak were sometimes
simulated too early. For good results a DDF in the range of 10-20 mm.ºC-1.period-1 had to
be accompanied by a high separation ratio of 0.6-0.8; with lower values of � the
simulated peak discharges were too low. Apparently the DDF is of particular importance
for determining the timing of the snowmelt peak, and � for adjusting the height of the
peak discharge, although it can be seen in figure 5.4 that the runoff peaks are still too low
in general.

At the same time the recession parameter primarily controls the shape - and more
specifically the slope - of the recession limb of the hydrograph during winter. The higher
the value for C, the more horizontal the recession curve will be, simply because the
drainage of the groundwater reservoir is slower. A value of 10 periods of ten days for C
gave the best results. Correct simulation of the recession limb is however not only
dependent on C, but also on �. The separation ratio determines how much water will
drain to the groundwater reservoir, and in consequence the position of the simulated
recession curve above or below the observed discharge. In general, a � of 0.3-0.5 resulted
in a simulated recession limb that coincided with the observed one.
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The Nash-Sutcliffe coefficient describes how well seasonal variations in the stream flow
are simulated. When the model is calibrated on this coefficient, it is optimised to simulate
the snowmelt discharge peaks. A high Nash-Sutcliffe value therefore does not necessarily
mean that the performance of the model in the rest of the year is satisfying, as can be seen
in figure 5.4. This diagram shows clearly that the parameter combination that gives the
highest possible Nash-Sutcliffe value, results in a significant overestimation of the
discharge peaks in summer, and an underestimation of the discharge in fall and winter. It
seems that for the rest of the year a different parameter with lower � values and a C of
about 10 or 20 would be more appropriate.

For that reason it was decided to calculate a mean absolute bias error separately for three
periods: the spring snowmelt peak (May and June), the summer period (July - September)
and the winter recession period (October - April). The mean absolute bias error was also
calculated for the combined summer, fall and winter period (July - April, i.e. all months
except May and June). The mean absolute bias error (MABE) is similar to the mean bias
error used by Barr et al. (1997), but is based on absolute differences between measured
and simulated discharge. In this way periods in which the simulated runoff is higher than
the observed, are not averaged out by periods in which the opposite is the case. It is
calculated as follows:
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−
=

k

i
i

k

i
sii

Q

QQ
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1 (5.12)

Table 5.7 Best parameter combinations in the calibration period in terms of the Nash-Sutcliffe coefficient,
for the Tana River and several sub-basins. For locations, see figure 5.1

Discharge station River DDF (a)
� C (b) Nash-Sutcliffe

Polmak Tana 14 0.7 30 0.59

Alaköngäs Tana 14 0.8 30 0.65

Onnelansuvanto Tana 14 0.8 30 0.63

Patoniva Utsjoki 20 0.6 20 0.63

Karigasniemi Inarijoki 20 0.8 20 0.58

Vækkava Jiesjåkka 14 0.6 5 0.60

Njalmigoaika Karasjåkka 20 0.7 30 0.64

(a) Units mm ºC-1 period-1

(b) Units 10-day periods
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where Qi = observed discharge in time period i (m3 s-1)
Qsi = simulated discharge (m3 s-1)
k = number of time steps

MABE values close to 0 indicate good agreement between measurement and simulation,
while a value of 1 indicates that the total accumulative differences are equal in size to the
sum of the measurements.

The smallest MABE value for the snowmelt period was obtained with a DDF of 14
mm.ºC-1.period-1, and � equal to 0.7 or 0.8 (see table 5.8); the value that was chosen for C
had little influence on the performance of the model in May and June. For the summer
period however, the best results were obtained with � between 0.2 and 0.4, and C ranging
between 30 and 40. In the winter period somewhat higher values for � (between 0.3 and
0.5) and similar values for C (between 20 and 50) gave the lowest error values. The DDF
had little influence on the model performance in both the summer and winter periods. 

Figure 5.5.a shows the simulation of the parameter combination that gave the best results
in the summer period. Indeed the discharge in summer is simulated well and the peaks
that could be seen in figure 5.4 have disappeared. However, the snowmelt peak in spring
is almost completely missed, and in winter the discharge is too high. Due to the lower
separation ratio the amount of rapid runoff is lower, and more water is added to the
groundwater storage, which is then drained slowly throughout the winter. The best
parameter combination for the winter period is shown in figure 5.5.b. The recession limb
of the annual hydrograph is now simulated very well, but the discharge peaks in summer
are too high, which is caused by the higher separation ratio and more rapid groundwater
drainage. Also the snowmelt peaks in spring are still too low.

In conclusion, the parameter combinations that give the best results for the summer or
winter period, are different from those for the snowmelt period in spring. Only in the

Table 5.8 Best parameter combinations at Polmak in the calibration period, in terms of the mean absolute
bias error (MABE), for the spring (May and June), summer (July-September) and winter (October-April)
seasons, as well as the combined summer-winter season (July-April)

Season DDF (a)
� C(b) MABE

Spring 14 0.8 5 0.34

Summer 20 0.3 40 0.33

Winter 14 0.5 20 0.35

Summer + winter 14 0.5 20 0.40

(a) Units mm ºC-1 period-1

(b) Units 10-day periods
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Figure 5.5 Simulated and observed discharge at Polmak, Norway, in the calibration period 1980-1989,
(a) for the parameter combination DDF = 20 mm ºC-1 period-1, � = 0.3, and C = 40 10-day periods, and
(b) for the parameter combination DDF = 14 mm ºC-1 period-1, � = 0.5, and C = 20 10-day periods.

(a)

(b)
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latter case the best parameter combination was similar to what was found by calibration
on the Nash-Sutcliffe coefficient. Moreover, it seems that the separation parameter � has
the largest influence on the model performance.

5.5.4 Validation

The model was validated for the period 1990-1999. Discharge measurements in Polmak
stopped in 1992, and in nearby Polmak Nye in 1994 (table 5.6). The results for
Alaköngäs, Finland, are summarised in table 5.9 for the three parameter combinations
listed in table 5.8. In general the simulation results are better in the validation period than
in the calibration period, which is probably because the of the lower peak discharges
(figure 5.6). At Polmak the highest Nash-Sutcliffe coefficient in the calibration period
(0.59) was obtained with the parameter combination DDF = 14,  � = 0.7 and C = 30. The
water balance characteristics of the Tana Basin upstream of Alaköngäs for this parameter
combination are summarised in table 5.10, for both the calibration and the validation
period, as well as the total simulation period of 20 years (1980-1999). At Alaköngäs this
combination results in a Nash-Sutcliffe coefficient of 0.63 in the calibration period, 0.71
in the validation period and 0.67 for the total period (figure 5.6). Also the parameter
combinations in table 5.9 result in higher Nash-Sutcliffe coefficients and lower spring
MABE values in the validation period. There is little difference in MABE values of the
summer and winter periods between calibration and validation period, and sometimes the

Table 5.9 Model performance at Alaköngäs, Finland, for the calibration (1980-1989), validation (1990-
1999) and total (1980-1999) simulation period, for the parameter combinations in table 5.8

Parameter combination Period Error statistics

DDF (a)
� C (b) Nash-

Sutcliffe
MABE
spring

MABE
summer

MABE
winter

14 0.8 5 1980-89 0.64 0.39 0.56 0.85

1990-99 0.66 0.38 0.52 0.84

1980-99 0.66 0.38 0.54 0.84

20 0.3 40 1980-89 0.39 0.64 0.29 0.61

1990-99 0.51 0.57 0.32 0.79

1980-99 0.44 0.61 0.30 0.70

14 0.5 20 1980-89 0.56 0.53 0.36 0.35

1990-99 0.70 0.42 0.35 0.35

1980-99 0.62 0.47 0.35 0.35

(a) Units mm ºC-1 period-1

(b) Units 10-day periods
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error values have even increased. This supports the idea that the improved model
performance can be attributed to lower peak discharges in the validation period. In this
respect it is interesting to remind that the average temperature was higher in the
validation period than in the calibration period (−1.51 and −2.50ºC respectively).

Figure 5.6 Simulated and observed discharge at Alaköngäs, Finland, in the validation period
1990-1999, for the parameter combination DDF = 14 mm ºC-1 period-1, � = 0.7, and C = 30 10-day
periods

5.6 Discussion

Although the hydrological regime of the Tana river is different from the Rhine, the model
performance of TANAFLOW was similar or even somewhat better than reported by Van
Deursen (1999b). This justifies the conclusion that conceptual water balance models can
successfully be applied to sub-arctic regions. Analysis and simulation of the water
balance of the Tana Basin is however complicated by uncertainties about the actual
amount of precipitation in the catchment. Presumably, precipitation amounts at the
meteorological stations in the area, mostly located in river valleys, are significantly lower
than in the surrounding uplands. As a consequence, it is not possible to derive the actual
amount of evapotranspiration in the Tana Basin from the water balance. Measurements in
the area suggest that total evapotranspiration in summer is much higher than the
remainder of precipitation and runoff of about 3 mm/year (cf. Harding et al., 2002). The
model estimate of 40 mm/year is unfortunately not based on a physical algorithm, but on
the highly empirical method of Thornthwaite & Mather (1955; 1957), adjusted with an
arbitrary reduction factor to meet the long-term ratio of runoff and precipitation. Realistic
simulation of the water balance therefore requires better estimates of evaporation losses,
either by analysis of small-scale measurements (chapter 3), or at a larger scale by using
evaporation models that are more physically based (chapter 7).
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Since all precipitation in the winter months accumulates as snow, the uncertainties about
the actual amounts of precipitation also affect the simulation of the spring discharge peak
resulting from snowmelt. As a consequence, TANAFLOW had in particular difficulties
in accurately simulating the height of the peak runoff. For this reason the model
performed better in the validation period, when peak discharges were generally lower
than in the calibration period. Moreover, in TANAFLOW snow accumulation and
snowmelt are simulated using a temperature-index approach, which is essentially a black
box model as well. Although practical and straightforward, it lacks a sufficient physical
basis for applications such as predicting the spatial distribution of melt in heterogeneous
terrain, or transferring the model to different climatic conditions (Williams & Tarboton,
1999). Especially in climate change studies it would be better to use an energy balance
model, that is applicable to a wide range of climatic conditions, and independent of
calibration (see chapter 7). In the present study, the degree-day factor (DDF) was
obtained by calibrating the model on river discharge data. However, this does not
necessarily imply that the model is able to simulate spatial patterns in snow coverage
realistically. In chapter 6, the spatial model performance is therefore tested by comparing
the simulations with remotely sensed observations on snow cover depletion.

The Nash & Sutcliffe (1970) criterion that is widely used to the performance of
hydrological models, is particularly sensitive to peak discharges, that dominate the
hydrograph of sub-arctic rivers. However, a high efficiency coefficient does not mean
that the simulation is acceptable throughout the year. In the present study, it appeared
useful to calculate several error statistics, such as the mean absolute bias error (MABE)
(equation 5.12), for different seasons. In this way, the performance of the model in the
summer and winter periods could be evaluated. The different optimal parameter
combinations that were found in this way correspond to the distinct hydrological regime

Table 5.10 Water balance of the Tana Basin upstream of Alaköngäs in the simulation period (1980-1999),
for the parameter combination DDF = 14 mm ºC-1 period-1, � = 0.7, and C = 30 10-day periods.
Explanation: Q = observed discharge, Qs = simulated discharge, P = precipitation, Ea = actual
evapotranspiration

1980-1989 1990-1999 1980-1999

Total Q (× 1010 m3) 5.9 5.6 11.5

Mean Q (m3/s) 185.6 176.3 182.1

Total Qs (× 1010 m3) 4.8 4.9 9.6

Mean Qs (m3/s) 150.3 152.9 151.6

Q – Qs (mm/year) 83.9 55.4 69.6

Q / P ratio 1.10 1.03 1.06

Qs / P ratio 0.89 0.89 0.89

(Qs+ Ea) / P ratio 0.99 0.99 0.99

Mean Ea (mm/year) 40.4 39.8 40.1
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of sub-arctic environments. All precipitation falling in winter is accumulated in the snow
pack, although sublimation can be significant for blowing snow, or snow intercepted on a
forest canopy (Pomeroy & Gray, 1995; Lundberg et al., 1998). In spring this volume of
water is released within a short period of time. Since infiltration and storage of meltwater
may be limited by ice horizons in the snow pack and by frozen soils, most of it will
contribute to rapid runoff. In the Tana Basin, as much as 65 % of the total annual runoff
may be discharged in the spring months April to June. Later in summer, when the soil has
thawed and an active layer has formed, storage of water in the soil becomes more
important. In this season evapotranspiration can also be significant. As a consequence,
rapid runoff will be much less important, except maybe for extreme rainfall events. In
winter, discharge is very low and consists primarily of baseflow. Currently, not all of
these processes are properly represented in TANAFLOW. For example, during winter
and spring there is no constraint on infiltration, that would account for underlying snow
layers and frozen soils. This explains why the best results in the spring period were
obtained with a high value for the separation ratio (�), while in summer a lower value
performed better. By introducing a conceptual representation of soil frost in the model, it
may be possible to simulate the hydrological behaviour of the Tana Basin more
realistically.

5.7 Conclusions

In this study it was demonstrated that a conceptual water balance, originally developed
for the Rhine, can successfully be applied to the sub-arctic Tana River Basin. However,
before such a model can be used in hydrological impact studies of climate change in sub-
arctic environments, several issues may need to be improved. First of all, the simulations
were complicated by uncertainties about the actual amount of precipitation over the
catchment. As a result, the actual amount of evapotranspiration cannot be derived from
the water balance, nor can it safely be deduced from the empirical algorithm that is
currently employed in the model. Secondly, snowmelt in spring, that dominates the
hydrological regime of the Tana River, is simulated by using a highly empirical method
as well. Since the temperature-index model is calibrated on river runoff, it remains
uncertain whether it is able to simulate spatial patterns in snow coverage realistically.
Finally, it may be necessary to include a representation of soil frost in the model, in order
to take account of the differences in hydrological behaviour between winter, spring and
summer. In chapter 7, physically-based algorithms for snowmelt and evapotranspiration,
will be introduced into TANAFLOW, in combination with a conceptual representation of
the effect of frozen soils on the infiltration during snowmelt. Before that, the simulation
of spatial patterns in snow cover depletion is evaluated in chapter 6, and a first
assessment is made of the sensitivity of snow cover dynamics to changes in climate.
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