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Abstract
Efforts to understand and simulate the global climate in numerical models have led to
regional studies of the energy and water balance. The Baltic Basin provides an optimal
regional test basin, whereby interaction between the sea and the atmosphere, the
atmosphere and the land surface, and the land surface and the sea can be studied in
detail. Understanding and modeling the large-scale hydrology of the Baltic Basin is an
important component in regional climate studies as it is conducted at the continental
scale where meteorology, oceanography and hydrology all can meet. Moreover,
freshwater flow to the Baltic Sea plays an important role in the delicate ecological
balance of the sea.
Using a simple conceptual approach, a large-scale hydrologic model was set up to
model the water balance of the total Baltic Sea Drainage Basin covering some
1 600 000 km2 (HBV-Baltic). HBV-Baltic was then used to simulate the basinwide
water balance components for the present climate, to update river discharge
observations, to evaluate the land surface components of atmospheric climate models,
and to estimate potential impacts to water resources from climate change scenarios. It
has been used extensively in cooperative BALTEX (The Baltic Sea Experiment)
research, and it has become a standard tool within SWECLIM (Swedish Regional
Climate Modelling Programme) to support continued regional climate model
development. It is currently in use at SMHI (Swedish Meteorological and Hydrological
Institute) as part of an operational system to produce near real-time river runoff.
Through these activities, HBV-Baltic has greatly improved the dialogue between
hydrologic and meteorological modelers within the Baltic Basin research community.
It is concluded that conceptual hydrologic models, although far from being complete,
play an important role in the realm of continental scale hydrologic modeling.
Atmospheric models benefit from the experience of hydrologic modelers in developing
simpler, yet more effective land surface parameterization. This basic modeling tool for
simulating the large-scale water balance of the Baltic Sea Drainage Basin is the only
existing hydrologic model that covers the entire basin and will continue to be used
until more detailed models can be successfully applied at this scale.

Keywords: large-scale, continental scale, hydrologic modeling, Baltic Basin,
atmospheric climate models, runoff, climate change, HBV, BALTEX
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1. Introduction
1.1 Background
Understanding the global climate is a task of daunting complexity that relies heavily
on the use of numerical models. In order to represent the important physical processes
of both the energy and water budgets, elements of meteorology, oceanography and
hydrology must be included. The three scientific disciplines have traditionally
developed their own specific models to address relevant questions of interest within
the respective discipline. It is now commonly recognized that these different types of
models must be combined in a rational effort to resolve the global climate through
coupled models (IPCC, 1996).
Hydrology is a critical link between meteorology and oceanography. All
hydrologic textbooks begin with a diagram showing the hydrologic cycle. In the
simplest of terms, water that evaporates from the oceans to the atmosphere eventually
precipitates to hydrologic drainage basins to form the runoff that again flows back to
the ocean. This direct coupling to the ocean is a one-way event as there is no direct
link from the ocean back to the land. In contrast, the interaction between the land
surface and the atmosphere is a two-way event of both water and heat exchange, as is
the coupling between the ocean and the atmosphere.
Rigorous representation of the global climate with coupled models constitutes a
major effort that present research and computer resources cannot fully satisfy. One
way to reduce the problem to manageable levels is to first look closer at the physical
processes on regional scales. This is the approach adopted for the WCRP Global
Energy and Water Cycle Experiment (GEWEX) (WCRP, 1990). Under this program,
five specific regions of the globe have been identified for detailed study and
international research collaboration among leading scientists (IGPO, 2000). Focus on
these regions should deepen our scientific knowledge and create modeling solutions on
the continental scale that can be used for global modeling.
The Baltic Basin is the focus of one GEWEX sub-progamme—the Baltic Sea
Experiment (BALTEX). The region is unique from the other GEWEX regions in that it
contains such a large inland sea (BALTEX, 1995). Outflow and inflow from the Baltic
Sea to the world ocean occurs only at the southern channels of Öresund and The
Danish Straits. This provides a natural test basin of limited extent where interaction
and exchange between the sea and the atmosphere, and between the atmosphere and
the land surface can be studied. As an ultimate long-term goal, BALTEX will improve
the capability to analyze both environmental problems and potential climate change
over the Baltic Basin by incorporating modeling from all three scientific disciplines.
Freshwater inflows of river runoff to the Baltic Sea play a pivotal role in the water
balance of this water body (Gustafsson, 1997; Matthäus and Schinke, 1999; Omstedt
and Rutgersson, 2000). It has long been noted that variations in salinity and
temperature can be related to both variations in river runoff and variations in the water
exchange with the North Sea (Hela, 1966). According to Håkansson et al. (1996), the
first documented need for total river runoff data to the Baltic Sea is found in Pettersson
(1893), where he presented the results of the first hydrographic survey of the Baltic
from 1879. As river runoff affects both the salinity distribution in the sea and transport
of nutrients from land to the sea (Arheimer and Brandt, 1998; Omstedt and Axell,
1998; Wulff et al., 1990), changes in river runoff can have significant impacts on the
fragile ecological balance in the Baltic Sea. Hydrologic modeling is thus a critical
1
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component for the successful modeling of environmental impacts for both the present
climate and a changed climate.
Ongoing parallel to BALTEX is the Swedish Regional Climate Modelling
Programme (SWECLIM). This research program has a more specific mandate to
produce future climate scenarios (SWECLIM, 1998; SWECLIM, 2000). Although the
program is primarily intended to serve Sweden, and secondarily the Nordic region, it
must also cover the whole Baltic Basin in order to include the strong effects that the
Baltic Sea plays on the regional climate. An example is the ice cover on the Baltic Sea,
which heavily influences the energy exchange between the sea and atmosphere. To
date, several different climate change scenarios have been produced.
Recent research has concentrated on improving the two-way interaction between
the atmosphere and the land surface in meteorological climate models, as documented
by numerous articles evaluating different land surface schemes (Koster and Milly,
1997; Lohmann et al., 1998; Robock et al., 1998; Wood et al., 1998). Contrary to
previous research efforts, focus is no longer steered simply by improvements to
meteorological outputs, but real improvement to the representation of hydrology in
these models is also sought. This in turn helps to close the one-way link between the
land and the ocean. This implies that hydrologic, meteorological and oceanographic
models must work together to resolve both the water and energy budgets.
Both meteorological and oceanographic models operate at scales that are much
larger than those used within traditional hydrologic applications. Meteorological
models have their foundation in representing the large-scale processes, covering not
only whole continents, but also the entire globe. Lack of adequate computing power
has always been a limitation for reducing grid square size, their horizontal unit of area.
This is steadily becoming less of a technological hindrance, and together with the
increased use of regional climate models, grid square size has recently decreased
significantly. Hydrologic models have their origin in operational applications where
adequate representation on the basin and subbasin scale defined model dimensions.
Thus, the two modeling cultures have previously co-existed on two quite different
spatial scales. As a start to bridging the scale gap between disciplines, large-scale
hydrologic modeling has an important role within both BALTEX and SWECLIM.

1.2 Objectives
An important aim of this research was to model the water balance of the Baltic Sea
Drainage Basin at a scale where both hydrology and meteorology can meet. Working
at this scale, the specific objectives were as follows:

 Set up and validate a large-scale hydrologic model for the Baltic Basin and
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carry out water balance simulations,
Use the water balance model to evaluate runoff generation processes in
atmospheric climate models and provide feedback for model development,
Use the water balance model to provide river runoff inputs to ocean models,
particularly for periods where river discharge observations are not available,
Use the water balance model to simulate regional impacts of climate change in
the Baltic Basin,
Use the water balance model and knowledge gained from simulations for
qualified discussion and recommendations on the harmonization of hydrologic
and meteorological models.

Introduction
These objectives are limited to a one-way coupling between hydrology and
meteorology and do not include development of a two-way coupled modeling system,
although some improved parameterization in atmospheric modeling has resulted.
An existing, well-established hydrologic model—HBV—that is widely used in the
Nordic regions for traditional hydrologic applications was used to carry out these
objectives. The resulting HBV Baltic Basin Water Balance Model is henceforth
referred to as HBV-Baltic.

1.3 Interplay Between Models and Databases
As a precursor to harmonized, fully coupled models operating together on-line,
hydrologic and meteorological models are presently linked to each other through an
off-line network of different models and inputs. This network relies heavily on existing
databases of observations and physiographical data. Figure 1 shows the network of
interplay between atmospheric climate models, hydrologic models and databases in the
Baltic Basin. The organization of the figure is as follows:







pointers – initial conditions for climate model runs,
boxes – models and model runs,
ovals – databases,
stars – important outputs,
arrows – directional links.

Runoff
Databases

Physiographical
Databases

Calibration
of HBV

Climate
Model
Evaluation

Present Climate

GCM
Control
Run

Water
Balance
Modeling

RCM
Control
Run

HBV
Runs

Water
Resources
Scenarios

Climate
Database

Future Climate

GCM
Scenario
Run

RCM
Scenario
Run

Modified
Climate
Database

Figure 1. Interplay between atmospheric climate models, hydrologic models and databases in
the Baltic Basin.
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This figure may take some study before the paths of its arrangement become
apparent. As an example, starting with present climate conditions, initial conditions are
introduced to a global atmospheric general circulation model (GCM) of coarse
resolution to produce a control run of the present global climate. Results from this are
in turn used as boundary conditions for a limited area regional atmospheric climate
model (RCM; i.e. limited to a specific region of the globe) of finer resolution (Papers 4
and 5). RCM results are then fed into a hydrologic model for further evaluation, either
directly, or as part of a perturbed climate database for climate change scenarios. Final
results ultimately end up in the yellow stars, for this case either as evaluation studies
(Paper 3), or in combination with other links, as water resource scenarios (Paper 4).
Important elements of the basinwide runoff generation processes are simulated by
the large-scale hydrologic model driven with present-day climatological data and
calibrated against runoff observations (Papers 1 and 2). More detail and clarity on this
interplay between models and databases is given in forthcoming chapters of the thesis
and the reader is encouraged to refer back to this figure as the links are further
explored.

1.4 Thesis Organization
Figure 1 presents a schematic overview of many of the important elements of ongoing
climate and climate change research, and shows where large-scale hydrology fits into
the picture. The rest of the thesis is organized around this central figure as more detail
on how large-scale hydrology interacts with databases and climate models is described.
First, more background on the Baltic Basin is presented. Then, the different databases
are presented together in one chapter. An introduction to the HBV model applied to the
entire Baltic Sea Drainage Basin (HBV-Baltic) follows. The three output types—water
balance (Papers 1 and 2), climate model evaluation (Papers 3 and 5) and water
resources scenarios (Paper 4)—are presented in separate chapters of their own. This is
then summed up with discussion, conclusions and some words about the future.
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2. The Baltic Basin
2.1 Description
Runoff to the Baltic Sea originates under varied geographic and land use patterns. A
total land area of 1 729 000 km2 (including Kattegat, Öresund and the Danish Straits)
contributes to flow generation—on average 15 310 m3s-1 or 480 km3yr-1 (Bergström
and Carlsson, 1994)—at the outflow to the North Sea.1 This does not include the
surface area of the Baltic Sea itself, 377 400 km2, which receives net precipitation
contributing to flow—on average 1990 m3s-1 or 60 km3yr-1 (Omstedt et al., 1997).2
Whereas the annual volume of runoff places this basin in the same class as large rivers
such as the Mississippi and the Mekong, its flow path through the largest brackish
water body in the world makes it unique. The delicate ecological balance of the Baltic
Sea is highly influenced by the volume and quality of runoff flowing into it.
As shown in Figure 2, the Baltic Sea Drainage Basin includes catchment areas in
14 nations—Belarus, Czech Republic, Denmark, Estonia, Finland, Germany, Latvia,
Lithuania, Norway, Poland, Russia, Slovakia, Sweden and Ukraine. In total, 85 million
people live in this region, with the highest concentrations in the south; 64% live within

Figure 2. The Baltic Sea Drainage Basin. (Used with permission (BDBP, 2000))

1
2

The runoff average is based on the years 1950-1990.
The Baltic Sea net precipitation average is based on the years 1981-1994.
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the Baltic Proper Drainage Basin alone (Sweitzer et al., 1996). Figure 2 liberally
extends the basin boundary out to and including Kattegat, although in strict geographic
terms, it ends just south and east of the Danish isles at the entrance to Öresund and the
Danish Straits (Nordstedts, 1997; Oxford, 1995). This is also the boundary from an
estuarine circulation point of view.
The north-south elongated basin stretches from latitudes above the Arctic Circle
of more than 69° N to Central European latitudes less than 49° N. It is characterized by
boreal forests in the north and agriculture in the south. The majority of forest lands lie
in Sweden and Finland, with most of the agricultural land in Poland. Some 6% of the
basin is covered by lakes, most of which are in Sweden, Finland and Russia. This
includes the two largest lakes in Europe, Lakes Ladoga and Onega, both in Russia. The
five largest rivers in descending order are Neva, Vistula, Daugava, Neman, and Oder.
There are mountains in the northwest (the Scandinavian Mountains) and in the south
(the Carpathian Mountains).
The inland Baltic Sea is the largest brackish water body in the world, with a
volume of some 21 200 km3. Nine of the watershed countries have coastlines along the
Baltic. Over many years, this sea has received large quantities of pollutants
(HELCOM, 1993; Stålnacke, 1996). River runoff from both heavily industrialized and
agricultural countries poses a particular ecological threat—this brings with it old
pollutants and nutrients originating from deposits in both river sediments and the soils
of floodplains (Wulff and Niemi, 1992). Episodic saltwater inflows through Kattegat
and the Danish Straits are a dynamic feature of the estuarine circulation within the
Baltic Sea that is critical for the ecosystem, as they help maintain salinity and oxygen
levels (Sjöberg, 1992).
Hydropower production is highly utilized on many rivers in the Baltic Basin,
particularly in northern Sweden where plentiful snowmelt from the mountains
seasonally flows eastward to the sea. Power plants are also common between the
abundant lakes in Finland and downstream of the large lakes of Russia. Although
hydropower production does not typically affect the annual flows on these rivers, it can
change the seasonal distribution of flows due to storage in times of high flow for
release in times of low flow. This is particularly pronounced in Sweden with its
extensive network of manmade reservoirs (Carlsson and Sanner, 1996). It is less
noticeable for the natural lakes in Finland and Russia where regulated storage is
smaller and the power plants are primarily operated as run-of-river production. For
example, the large Lake Saimaa in Finland is subjected to daily regulation, but the
operational rules are aimed at keeping the weekly total flows in accordance with
natural conditions as determined by model forecasts of the coming week’s natural
discharge (Kuusisto, 1999).

2.2 Model Grid Perspective
From a hydrologic modeling perspective, the continental scale of the Baltic Basin is
large. From a global perspective, it is only one region of many. This is apparent when
one examines the different horizontal resolutions in use for various models over the
basin. Figure 3 shows the Baltic Basin divided into different hydrologic subbasins and
overlain by grid systems of typical size for different atmospheric models.
The first grid scale shown in the figure—2.5° (~275 km)—represents the
resolution of current GCMs. The remaining grid scales shown—0.8° (~88 km),
0.4° (~44 km) and 0.2° (~22 km)—represent those in use for different resolutions of
RCM models. Considering that the modeled meteorological variables on the surface
for each of these grid squares are constant over the whole grid square, one gets an idea
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The Baltic Basin

Figure 3. Representative grid resolutions for climate models over the Baltic Basin for 2.5°
(typical for GCMs), 0.8°, 0.4° and 0.2°. The grids show standard latitude/longitude
coordinates. Actual model domains would have different orientation and projection.
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of how coarse or fine the Baltic Basin climate is represented in the respective models.
The climate in global models is thus coarsely represented. The very idea behind
regional models is to improve detail with improved resolution. The finer resolutions of
the regional models should thus provide more surface variation and better climate
representation for applications such as hydrology.
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3. Databases
3.1 Synoptic Observations
Synoptic precipitation and temperature observations for the period 1979 through
1998 from the entire Baltic Basin are available in an interpolated 1 × 1 degree grid
database at SMHI (Omstedt et al., 1997). Figure 4 shows both the synoptic station
distribution and the interpolated synoptic station grid over the basin. This includes
daily observations from 700-800 stations. The number of stations is not exact as all
stations do not reflect 100% recording over the period. A much more detailed
precipitation network exists in the Baltic Basin, but observations are not available for
long time periods. Rubel and Hantel (1999) used some 4200 gauge stations in their
work, but this covered only a short 4-month period.
The synoptic data were gridded with a two-dimensional univariate optimum
interpolation scheme (Gustafsson, 1981), whereby the degree of spatial filtering for
optimum interpolation is determined by an isotropic autocorrelation function estimated
from the database. A subjective form of quality control from an experienced
meteorologist was used to reject observations that appeared erroneous. The
interpolated grid values were reduced to average values for each of the 25 subbasins
used in HBV-Baltic.
Parts of the former Soviet Union exhibit patterns of data inhomogeneity in the
form of an increasing trend in measured precipitation amounts after 1986. While not
investigated in depth, this coincides with a reported change in precipitation gaging
methods at that time (personal communication with H. Alexandersson, January 1997,
SMHI, Norrköping). To compensate for this, correction factors were applied to
precipitation in the Neva River Basin for the period 1981-1986. Thus, these subbasins
are calibrated to gage measurements of the more recent period, assumed to reflect
current sampling, which should be compatible with incoming new synoptic data.
Similar data inhomogeneity patterns were exhibited in Polish subbasins. As
described above, correction factors were applied to adjust calibration of basin
parameters to be in tune with the most recent period measurements. Even with these
adjustments, precipitation data from these basins were suspect. Independent checks by
colleagues in Warsaw confirmed suspicions that our available synoptic data set for
Poland does not appear very reliable (personal communication with Professor Z.
Kaczmarek, February 1997, Polish Institute of Geophysics, Warsaw). As new
precipitation and temperature data are scheduled to come in from the Polish authorities
under future BALTEX studies, further effort toward identifying the error sources was
not pursued. Until then, the model will be used with the realization that results from
these basins are not as reliable as for the rest of the Baltic Basin.

3.2 River Flow
As outlined in Paper 2, 11 years of observed monthly river discharge were available
for model calibration and verification for the years 1981-1991. These river runoff
records are from all available measurement stations on rivers flowing into the Baltic
Sea. This accounts for 86% of the total drainage area. The remaining 14% of drainage
area outside the network of flow measurements consists of coastal zones located
between river mouths. Estimation of runoff from these areas came from specific runoff
calculations using representative neighboring stations (Bergström and Carlsson, 1994).
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Figure 4. Synoptic observation stations for the Baltic Basin. Shown are the stations on line for
7 December 1999.

10

Databases
From the viewpoint of climate modeling and coupling to atmospheric models,
natural river discharge is desired over observed regulated river discharge. This is an
artificial discharge record that closely resembles river flow that would occur if the
reservoirs were not in place. It is obtained by adding and subtracting reservoir storage
and release records from actual river discharge observations to take away the effects of
reservoirs from the record. This is necessary for rivers where reservoir storage is
considerable, as atmospheric models have no provisions for reservoir storage routing.
For Sweden and northern Finland, artificial records of natural river discharge were
available up through 1991 for the rivers in the north where the effects of hydropower
are most predominant (Carlsson and Sanner, 1996). They are not available for other
countries in the basin, but they may not be as important there. As mentioned in
Chapter 2, the effect of regulation on the large Lake Saimaa system in southern
Finland is constrained to follow weekly natural discharge, so it does not generally
show up in the monthly observations. No specific information on regulation effects
was available for Lake Onega in Russia; Lake Ladoga is not regulated (personal
communication with the State Hydrological Institute, St. Petersburg). Likewise, dams
are known to exist on the Vistula River in Poland, but no specific information as to the
extent of their effect on river flow was available.
The modeling presented in this research is based on natural river discharge for
subbasins in the Bothnian Bay and Bothnian Sea drainage basins, and flows of record
for the rest of the Baltic Basin. There is a slight inconsistency introduced by this, but it
should not be significant, as the variations introduced by run-of-river power production
are not typically noticeable in the monthly flow records used for calibration (as
compared to daily flows, where available). An exception is Lake Onega in Russia,
where the effects of regulation were apparent in the record, but no additional
information was available to calculate natural discharge.
From the viewpoint of oceanographic modeling, simulation of actual recorded
discharge—including the effects of regulation—to the Baltic Sea is of primary interest.
An altered version of the model is needed for this case, whereby the Swedish and
Finnish natural river discharge records are replaced by actual recorded discharge and
reservoir storage routing operations are included for these subbasins. This affects only
subbasins in the Bothnian Bay and Bothnian Sea drainage basins as mentioned above.
This modification is not included in the results presented here.
As a final note on river flows, it should be pointed out that observed records of
daily river discharge are simply not available for the entire Baltic Sea Drainage Basin.
Even up-to-date monthly flows are not available for the whole basin, although this
situation seems to be improving. To date, full basin coverage of monthly river flow
data does not extend beyond 1993.

3.3 Topography and Land Use
Topography for the entire basin was summarized using the Digital Chart of the World
(DCW) database available through the worldwide web (EROS, 1997). Hypsographic
curves for each subbasin were compiled with a vertical resolution of 100 m. The HBV
model adjusts temperature and precipitation inputs in each subbasin according to these
hypsographic curves. Land use data came from GRID Arendal’s GIS (geographic
information system) database over the Baltic Region (BDBP, 2000; Sweitzer et al.,
1996). Land use classifications from this database were simplified to categories of
forest, open land and water.
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4. HBV-Baltic
Paper 2 introduces the Baltic Basin Water Balance Model—HBV-Baltic—including
details of calibration/verification. The paper presents model results up through 1994;
this has since been extended to include up to the end of 1998. Figure 5 shows the 25
subbasins used in the model. They range in size from 21 000 to 144 000 km2. The five
main drainage basins are outlined—Bothnian Bay, Bothnian Sea, Gulf of Finland, Gulf
of Riga and Baltic Proper. The total area of about 1 600 000 km2 is slightly smaller
than listed in Chapter 2 and shown in Figures 2, 3 and 4, as it does not include the
drainage basins to Kattegat, Öresund, or the Danish Straits. This more geographically
correct definition of the Baltic Basin (Nordstedts, 1997; Oxford, 1995) was adopted for
HBV-Baltic at the outset, due to both a lack of available runoff data and the desire to
avoid detailed hydrologic modeling for the relatively small area of Denmark.
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Figure 5. Basin boundaries for HBV-Baltic. The five main Baltic Sea drainage basins are
outlined in black.
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4.1 Introduction to HBV
Use of the conceptual HBV Model (Bergström, 1976; Bergström, 1995) plays a key
role in this research. As Papers 1, 2 and 5 present many of the details of HBV-Baltic,
only an overview and some additional detail is given here. A schematic view showing
different components of the HBV model is presented in Figure 6. Additional
discussion in the context to comparisons with atmospheric models is presented in
Chapter 6.

Figure 6. Schematic view of the HBV model showing subbasin division, snow distribution,
elevation and vegetation zones, unsaturated and saturated zones, and river and lake routing.
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HBV-Baltic
One question that might be asked is, “why HBV?” The answer is that: 1) it has
shown to perform well in representing runoff processes in the Baltic Basin as well as
other regions of the world, 2) it can be run with sparse data, 3) calibration can be
limited to a small number of parameters, 4) it is computationally efficient, and 5) it is
relatively insensitive to scales. It has been applied to a wide range of applications
including analysis of extreme floods, effects of land-use change, effects of climate
change, acidification of groundwater, nutrient transport and sediment transport
(Arheimer, 1998; Brandt, 1990; Harlin, 1992; Lidén, 1999; Saelthun et al., 1998;
Sandén and Warfvinge, 1992; Vehviläinen and Huttunen, 1997). To the above
arguments should be added the practical side that the HBV model was readily
available, together with the knowledge base of a group of experienced users, which
greatly reduced initial startup and setup time.
There are other conceptual hydrologic models with similar characteristics to HBV
that could also have been used for this type of analysis. Some of them may well have
given equally satisfactory results. However, a more physically-based model such as
MIKE SHE (Refsgaard and Storm, 1995) was thought to require too much data and
computational resources for the applications at hand. As the study objectives included
not only the setup of a water balance model for the entire Baltic Basin, but use of this
model in several different applications, a more physically-based type of model was
deemed as too time and data intensive. Such a model is more appropriate if a primary
objective is, for example, to study in detail the spatial and temporal movement of
groundwater. Although they offer other advantages over conceptual models, such as
more suitable feedback for direct coupling to atmospheric models, there are still many
issues to be resolved before physically-based models can be satisfactorily applied to
such large scales as the Baltic (Beven, 1996; Refsgaard, 1998).
HBV-96 v4.4.1 is the most current version of HBV (Lindström et al., 1997). It has
been upgraded to make it more “distributed” than previous versions. The term
distributed refers to the degree of discretization that describes the terrain in the basin; it
can be applied equally to either physically-based or conceptual models. It is important
to point out that the differences between conceptual and physically-based hydrologic
models are becoming more and more fuzzy as the two approaches tend to converge
toward each other. Conceptual models are becoming more physical at the same time
that physically-based models use conceptual approaches as a means to overcome lack
of fully-distributed physical data (Beven, 1996; Refsgaard, 1996).
For the large subbasins of HBV-Baltic, it is probably more correct to use the
description “semi-distributed.” This refers to the fact that the distribution of each
subbasin into different elevations and land categories—forest, open land and water—is
not spatially fixed. That is, geographical information is taken from actual physical
data, but it is represented in each subbasin as a percentage of the whole for that
subbasin without keeping track of exactly where the percentage is located in space.
Thus, model results, although integrated on their physical characteristics (e.g. elevation
and land use), cannot be placed at a certain location within a subbasin. At present, if
one wants to present more detailed spatial results, the only option is to use more
subbasins. However, this doesn’t necessarily mean that runoff results at the outflow of
large basins would be better with smaller subbasins.
It was known from the start that HBV could be used at relatively large scales
(Carlsson and Sanner, 1996), but it then remained to be seen how well it would
perform at continental scale. Paper 1, and to some extent Paper 2, discuss scale
problems in hydrologic modeling. Both papers present arguments that HBV-Baltic
performs satisfactorily at the Baltic Basin scale for the purpose of resolving the water
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balance and its components. Since these papers have been published, independent
researchers working on large scales for the Elbe River have also shown it to perform
satisfactorily at large scale (Krysanova et al., 1999).

4.2 Snow
Snow is an important process for runoff generation for the Baltic Basin. In HBV, the
2 m air temperature inputs for each subbasin are first adjusted by a standard lapse
rate—usually -0.6°C per 100 m increase—according to elevation zones in the
subbasin. Precipitation inputs are then modeled as snow or rain according to the
adjusted temperature and certain threshold values. Snow accumulation thus builds up
during subfreezing periods. An improvement with HBV-96 is that the accumulation of
snow is not evenly distributed within an elevation zone (Lindström et al., 1997). A
statistical distribution divides the total accumulating snowfall for each zone into
different statistical classes. This accounts for naturally occurring spatial variability,
often due to blowing and drifting, which is particularly pronounced above tree line.
As with many hydrologic models, the simple degree-day approach is used for
snowmelt, supplemented by a liquid water-holding capacity that has to be exceeded
before runoff is generated. Although atmospheric modelers have criticized the
degree-day approach for lack of information on proper energy fluxes, it is still
recognized within the hydrologic modeling community as an effective means of
producing runoff from snow. This is documented by the WMO hydrologic modeling
intercomparison (WMO, 1986). This reference is admittedly somewhat dated, yet
contrary evidence to its findings has not appeared in the literature. Confirmation of its
findings, however, is available (Braun, 1984; Ferguson, 1999; Johansson et al., 1998;
Rango and Martinec, 1995; Vehviläinen, 1992). Ferguson (1999) concludes with
predictions about the future of snowmelt runoff models, “… no one model will
dominate the field in ten years’ time … For climate change applications,
energy-balance approximations will be used but there is likely to be much debate over
how to distribute the necessary inputs and surface parameters, and how to parameterize
subgrid variability in snow cover.” The biggest problem with implementing the more
theoretically superior energy balance approach is the excessive input data required
(Rango and Martinec, 1995).

4.3 Soil Moisture
A primary point from Paper 1 is that the HBV soil moisture routine, based on
variability parameters, provides a way to treat the great heterogeneity of soils,
regardless of scale. The three parameters controlling modeled soil moisture content,
SM, are introduced in Paper 1 (fig. 1), together with representative values for these
parameters in different parts of Sweden (fig. 2). They are FC, model field capacity (or
more correctly, the maximum model soil moisture storage); β, a descriptor for the
behavior of the runoff coefficient according to modeled soil moisture; and LP, the limit
for potential evapotranspiration. Runoff generation, R, in HBV is a function of FC, β
and SM as follows:
R/IN = (SM/FC)β

(eq. 1)

where IN is infiltration to the soil (rainfall + snowmelt - interception3).
3

A routine for interception modeling is available in HBV-96, but it was not used in HBV-Baltic.
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Figure 7 shows a sampling of these parameters plotted against basin size ranging
from 7.3 to 144 000 km2. This is based on a set of 56 catchments in Sweden and the
Baltic Basin. The fact that there is no clear trend to these plots is evidence that these
empirical factors are relatively independent of scale. Paper 1 further discusses that the
factors that are more dependent on basin scale are those determining recession
parameters governing storage and routing, which are more basin specific. Recent
literature on other conceptual hydrologic models using a variability approach have also
shown benefits of the simpler, conceptual approach over more theoretically detailed
physical models for large scales (Arnell, 1999; Kite and Haberlandt, 1999; Lobmeyr et
al., 1999; Nijssen et al., 1997). Furthermore, results from the Project for
Intercomparison of Landsurface Parameterization Schemes (PILPS) show no
significant advantage for complex soil moisture schemes over simpler approaches
(Pitman and Henderson-Sellers, 1998).

4.4 Evapotranspiration
Actual evapotranspiration in HBV, EA, is a function of potential evapotranspiration,
EP, and the variability of the modeled soil moisture content, SM. The limit for
potential evapotranspiration, LP, modifies this relationship as shown in equations 2
and 3, as well as in Paper 1 (fig. 1). LP typically ranges between 70 and 90 percent of
FC.
EA/EP = SM/LP

SM < LP

(eq. 2)

EA/EP = 1.0

SM >= LP

(eq. 3)

There is a choice of different methods for estimating EP in HBV. At present,
these include Penman, Priestly-Taylor and Thornthwaite type calculations (Burman
and Pochop, 1994; Eriksson, 1981; Gardelin and Lindström, 1997; Lindström et al.,
1994). The last one is referred to as a Thornthwaite “type” of calculation because it
resembles Thornthwaite’s approach, but it is not exactly the same as Thornthwaite’s
equation. HBV-Baltic uses the Thornthwaite type of calculation, which is essentially a
simple temperature anomaly method. Using KT, a calibrated model parameter, STF(t),
a seasonal variation coefficient and T, the daily temperature, EP is calculated as,
EP = KT · STF(t) · T

(eq. 4)

This method was used for two reasons. The first was that it gives an
approximation of potential evapotranspiration without requiring an extensive amount
of data. The second is that as it provides a method for evapotranspiration to be adjusted
as a function of temperature, it can be used for climate change scenarios. More
discussion on the validity of this approach is included in Chapter 7.

17

Large-Scale Hydrologic Modeling in the Baltic Basin

FC (mm)
400
300
200
100
0
0

25000

50000

75000

100000

125000

150000

125000

150000

125000

150000

Subbasin Area (km²)

β
5
4
3
2
1
0
0

25000

50000

75000

100000

Subbasin Area (km²)

LP (mm)
400
300
200
100
0
0

25000

50000

75000

100000

Subbasin Area (km²)

Figure 7. Soil moisture parameters of HBV for 56 catchments in Sweden and the Baltic Basin
plotted against basin size from 7.3 to 144 000 km2.
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5. Water Balance Modeling
5.1 Simulations with HBV-Baltic
Results from the calibrated HBV-Baltic model are presented in Papers 1 and 2. Paper 2
presents results from the five main drainage basins, as well as for the total Baltic Sea
Drainage Basin for the period October 1980 through December 1994. Figure 8 shows
an update with results through December 1998. These results will hereafter be referred
to as the HBV-Baltic base condition. The figure indicates periods for calibration,
verification and extension of record. At publication date, the observed river discharge
records for recent years were still not available. This is due both to lack of availability
of actual observations from all of the different countries in the basin and lack of
additional natural river discharge calculations from the northernmost basins (as
discussed in Chapter 3).
As presented in Paper 2, HBV-Baltic performed equally well for both the
calibration and verification periods and achieved an overall efficiency criterion value,
R2, of 0.83 for the total Baltic Basin (R2 ranges from 0 to 1, with 1 representing a
perfect match). This is the well-known Nash/Sutcliffe efficiency criterion (Nash and
Sutcliffe, 1970) that rates model performance as a function of the initial variance in
river discharge observations to the variance in computed river discharge. Regional
variation of R2 values range from 0.85 for the Bothnian Bay to 0.67 for the Baltic
Proper as further documented in the paper. These R2 values are not exactly comparable
to other reference basins, as only monthly observations were available for the
calculation with daily computed river discharge. For comparison, a strictly monthly
calculation of R2 (i.e. monthly observations vs. monthly computed) yields values of
0.91, 0.95 and 0.73 for the total Baltic, Bothnian Bay and Baltic Proper, respectively.

5.2 Water Balance Components
The daily modeled water balance components for the total Baltic Sea Drainage Basin
up through 1998 are shown in Figure 9. This figure gives a quick view over the water
balance conditions during the entire modeling period. As discussed in the papers,
output parameters from the model that are not typically measured or known from
actual conditions are particularly interesting. These include snow water equivalent, soil
moisture deficit and evapotranspiration. They can be used in operational studies
covering the entire Baltic Basin, as a climatological database to be compared to
atmospheric climate models and as a basis for comparison for climate change impact
studies. River discharge (here expressed as runoff depth), which is measured, is also
quite important as observations are slow in coming in from the different political
entities of the Baltic Basin. Thus, as synoptic station data is available long before river
observations, HBV-Baltic is used to get initial estimates for total river inflows to the
Baltic Sea.
The same information shown in Figure 9 is presented for each of the five major
drainage basins in Paper 2 (up through 1994). Recognizing that the water balance
output variables from HBV-Baltic represent only index type values over large basins,
one can use them as relative measures of the runoff generation processes. Given that
extensive measurements are not taken, this is perhaps the best we can do—and we can
do it with some confidence as these model processes have been validated in smaller
research basins in previous studies (Andersson, 1988; Andersson and Harding, 1991;
Brandt and Bergström, 1994; Lindström et al., 1997; Sandén and Warfvinge, 1992).
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Figure 8. HBV-Baltic model performance. Periods for calibration, verification and extension
of record are indicated.
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Figure 9. The water balance of the Baltic Sea Drainage Basin – inputs and outputs from
HBV-Baltic. Precipitation and temperature are model inputs; evapotranspiration, snow water
equivalent, soil moisture deficit and runoff are model outputs. Runoff is the only variable that
is verified. (These are mean values over the entire drainage basin area.)
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6. Climate Model Evaluation
6.1 Hydrologic and Meteorological Approaches
Paper 5 addresses the question of the representation of runoff generation processes in
atmospheric climate models and how hydrologic modeling experience can benefit
meteorological modeling. It outlines some of the differences between how hydrologic
models and atmospheric climate models treat the land surface. Figure 10 presents a
schematic view of the principle processes involved and how they are typically
represented in the two types of models. Some important details are listed below:
Hydrologic Approach

Meteorological Approach

• large lakes are modeled explicitly, small
lakes are integrated into the saturated zone

• lake storage not included in water balance,
lake surface may be included in energy
balance

• each subbasin is divided into elevation
zones

• one elevation for each grid square

• each elevation zone is divided into open
land and forestland

• one vegetation type for each grid square or
fractions of land cover may be used

• snow accumulation can be distributed
statistically in each elevation zone

• no snow distribution

• water is stored as interception, snow,
capillary water in snow, soil moisture,
groundwater and lakes

• water is stored as interception, snow, soil
moisture and groundwater

• flow from the saturated zone is routed
through lakes and rivers

• no lateral flow routing

There are of course variations to this general comparison as there are many different
models around. The ECHAM4 atmospheric model, for instance, includes aspects of a
more hydrologic-oriented approach to soil moisture (Dümenil and Todini, 1992).
In summary, the hydrologic approach is not very detailed in the vertical sense, but
it is quite detailed in the horizontal. Such a model can be used on large scales while
taking into account subgrid variability. Land surface treatment in meteorological
models concentrates on vertical processes and pays little attention to either subgrid
variability or the lateral flow of water to downstream subbasins (or grid squares). The
main difference, however, is the lack of need for an explicit energy balance simulation
in many hydrologic applications. This is a key reason why it is possible to keep such
hydrologic models within a simple vertical structure, particularly with regard to time
scales. Energy balance calculations require time steps of minutes, compared to the
more robust daily time step often used in hydrologic water balance applications. This
factor alone, increases the complexity required for energy balance calculations
manifold.
Of minor difference is that hydrologic models have traditionally used natural
subbasins for horizontal boundaries, whereas atmospheric models use an evenly
spaced grid network. This is more a question of practicality and application than a real
difference. Hydrologic models can easily use square subbasins, as some models
currently do, but then one must always deal with the issue of deciding how to
distribute runoff in grid squares that lie on the divide between natural subbasins. (The
smaller the grid square, the smaller the impact this has.) For purposes of discussion,
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one can compare the processes that occur in the atmospheric grid square with those
that occur in the hydrologic subbasin—as done in Figure 10.

HYDROLOGIC APPROACH
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Generation

Gravity
Upper Saturated Zone
Gravity
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Soil Moisture 3
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Figure 10. Schematic view of typical hydrologic and meteorological approaches to surface
parameterization, shown for one subbasin and one grid square, respectively. The hydrologic
approach is represented by the HBV Model.
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It is appropriate to point out here that there is sometimes confusion over
terminology, particularly in terms of runoff. Thus far the term “runoff generation” has
been used without any specific definition. This refers to the instantaneous excess water
per surface unit—grid square or subbasin—without any translation or transformation
for either groundwater, lake and channel storage, or transport time. As in Paper 5, it
can be simply expressed as,
Runoff Generation = P – EA – ∆S

(eq. 5)

where,
P
EA
∆S

=
=
=

precipitation
actual evapotranspiration
change in storage (snowpack, interception, soil moisture).

In traditional hydrologic terminology, this is “effective precipitation,” which is
available for routing to the subbasin outlet and includes snowmelt. Its dimension is
typically millimeters per unit time. This is equivalent to what meteorological modelers
often refer to simply as “runoff,” which they often divide into two parts, “surface
runoff” and “deep runoff.” This should not be confused with “river runoff” or “river
discharge,” terms used synonymously for the measured streamflow in a river channel
at some downstream point in the subbasin. River discharge is usually expressed in
units of cubic meters per second.

6.2 Evaluation of Climate Models
As introduced in Figure 1, regional climate modeling typically consists of a global
GCM that in turn drives a regional RCM over a limited area of the globe. HBV-Baltic
is used as a tool for evaluation of these climate models as presented in Papers 3, 4
and 5. This provides a way to use the runoff record in model development (i.e. through
the calibration of HBV-Baltic). We use the hydrologic model to transfer backward
from river discharge to runoff generation, and look at other important model processes,
such as snow and soil moisture, along the way. These studies consist of using climate
model results as forcing for HBV-Baltic. The climate-model-forced HBV-Baltic
results are then compared to corresponding results from the atmospheric models.
Variations on this approach have been performed by other researchers (Kite, 1997;
Liston et al., 1994).
The occurrence of runoff generation in a grid square is typically the end of the
water cycle in a meteorological model. Combining flows from grid squares and further
lateral routing is usually not attempted. Thus, this off-line coupling to a hydrologic
model also provides a way to estimate river discharge from climate model results.
As a complement to results presented in Papers 3 and 5, Figures 11 through 14
show additional evaluation results for snow water equivalent, soil moisture deficit,
evapotranspiration and runoff generation, respectively. Each figure presents a
comparison between a climate model run and HBV-Baltic forced with the respective
climate model run for four different cases. The first two cases, ECHAM4 and RCA0,
are those described in Papers 3, 4 and 5. The RCA0 model run is the first version of
Rossby Centre Regional Atmospheric Model (RCA) at 44 km grid resolution and
lateral boundary forcing from the HADCM2 global model. The ECHAM4 model run
is a global model (GCM), which for this case was run on a higher resolution than
normal—100 km. The other two cases are newer results from RCA – second version.
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Figure 11. Modeled snow water equivalent (mm) over the total Baltic Sea Drainage Basin,
where direct climate model output (ECHAM4, RCA0, RCA88-H and RCA88-E) is compared to
output from HBV-Baltic with climate model forcing (HBV-ECHAM4, HBV-RCA0,
HBV-RCA88-H and HBV-RCA88-E). HBV-Climate is the long-term average daily values from
the HBV-Baltic base condition results (1981-1998) repeated for each year.
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Figure 12. Modeled soil moisture deficit (mm) over the total Baltic Sea Drainage Basin, where
direct climate model output (ECHAM4, RCA0, RCA88-H and RCA88-E) is compared to output
from HBV-Baltic with climate model forcing (HBV-ECHAM4, HBV-RCA0, HBV-RCA88-H
and HBV-RCA88-E). HBV-Climate is the long-term average daily values from the HBV-Baltic
base condition results (1981-1998) repeated for each year.
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Figure 13. Modeled evapotranspiration (mm/month) over the total Baltic Sea Drainage Basin,
where direct climate model output (ECHAM4, RCA0, RCA88-H and RCA88-E) is compared to
output from HBV-Baltic with climate model forcing (HBV-ECHAM4, HBV-RCA0,
HBV-RCA88-H and HBV-RCA88-E).
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Figure 14. Modeled runoff generation (mm/month) over the total Baltic Sea Drainage Basin,
where direct climate model output (ECHAM4, RCA0, RCA88-H and RCA88-E) is compared to
output from HBV-Baltic with climate model forcing (HBV-ECHAM4, HBV-RCA0,
HBV-RCA88-H and HBV-RCA88-E).
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The second version of RCA included many parameterization improvements over
the first version (personal communication with Rossby Centre). Lateral boundary
forcing from two different GCMs—HADCM2 and ECHAM4—was used to produce
two sets of model runs, RCA88-H and RCA88-E. The GCM forcing for RCA88-H is
exactly the same as used for RCA0. The GCM forcing used for RCA88-E, however, is
not from the same ECHAM4 run referred to above (but rather from a more typical
coarse resolution around 300 km). The model domain consisted of two nested grid
resolutions, first at 88 km resolution and then at 22 km resolution. Presented here are
only the results from the 88 km runs. These are control runs for the present climate,
which implies that they can be compared against recent climatological data.

6.3 Interpretation of Climate Model Evaluation
Characteristics of the different climate models can be seen from the plotted results
shown in Figures 11 through 14. All of these control climate runs are said to represent
the present climate. This means that they have been driven with boundary conditions
derived from the present climate (e.g. sea surface temperatures, typically from the
1980s), but they do not simulate a specific time period that can be directly compared to
observations or each other. For this reason, they cannot be compared directly to the
HBV-Baltic base condition, other than to compare long-term average values. As a type
of climatic reference, Figures 11 and 12 include light dashed lines—HBV-Climate—
that represent HBV-Baltic model runs with the base condition synoptic data; these are
simply the long-term average daily values from 1981-1998 repeated for each year.
Figure 11 shows daily results for snow water equivalent. Apparent from the plots
is that all the model cases show modeled snow values much lower than in HBV-Baltic
with the same forcing. The snow season appears to get off to a good start early in the
cold season, but the snowpack never reaches the same magnitude as in HBV-Baltic.
This implies that snowmelt must be much higher for all cases.
Figure 12 shows daily results for soil moisture, expressed in terms of soil moisture
deficit (smd), which is the most relevant quantity to compare as it reflects the
amplitude of change for soil moisture. Some models have absolute values for soil
moisture that are disproportionately large. Although this may be physically wrong, it
makes little difference if the volume is never used; it equates to a type of dead storage.
Therefore, it is only the dynamical part of the soil moisture that is of interest,
particularly when comparing model outputs.
Interpreting the smd plots with descriptive terms, ECHAM4 shows trends of
wetter soil conditions (low soil moisture deficit), whereas RCA0 shows considerably
drier conditions (high soil moisture deficit). Smd for both RCA88-H and RCA88-E
reflects soil moisture conditions that are very similar to HBV-Baltic results. The
general seasonality in all cases appears to be reasonable, that is highest soil moisture in
winter and lowest in summer.
Figure 13 shows monthly results for evapotranspiration. This variable is perhaps
the most difficult to evaluate as there is so much uncertainty regarding its true value.
Widespread regional measurements are not readily available and there is no
established basis to adequately determine that one model does a better job than the
other in simulating evapotranspiration. Common to all four comparisons is that
wintertime evapotranspiration is higher in the atmospheric models than in the
HBV-Baltic. These differences in winter are not surprising as wintertime
evapotranspiration from snow in the HBV model is included in a general snowfall
correction factor when the ground is covered by snow. It is thus not modeled explicitly
under such periods and does not show up as evapotranspiration in model results.
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Figure 14 shows monthly results for runoff generation. For all comparisons, the
atmospheric models show considerably lower runoff than the hydrologic model. In
none of the cases do they reach the magnitudes of runoff apparent in HBV-Baltic. This
is direct evidence that the land surface routines of climate models have a long way to
go before runoff processes can be directly used for further analyses, such as climate
change impact studies to water resources. For the RCA0 model run, this was an
expected result as it was known that water was not conserved in the first version of
RCA. This was corrected for the RCA88 model runs. Some improvement can be seen
for both RCA88-H and RCA88-E. The ECHAM4 results show runoff generation that
comes closest to the HBV-Baltic values, but the peaks occur a little earlier.
Of particular interest for this type of comparison between models is to see how
changes to model parameterizations affect results. Taking the results from an earlier
version of a model as a first iteration in continued model development, similar
analyses made after model changes can be compared back to the previous version or
versions. As they were driven by the same lateral boundary conditions (i.e.
HADCM2), this can be done for RCA0 and RCA88-H. Looking again at figures 11
through 14 with this in mind, several observations can be made. There are no dramatic
changes in snow results, which is not surprising as the snow parameterization is
exactly the same for the two model versions. Both smd and evapotranspiration,
however, changed considerably, reflecting changes made to the land surface scheme.
Furthermore, runoff increased for the RCA88-H case.
A final evaluation concerns the skill of the atmospheric models at representing the
present climate. Figure 15 shows long-term precipitation and temperature averages
from the total Baltic Sea Drainage Basin for the four model cases, together with the
synoptic data used to drive the HBV-Baltic base condition (1981-1998). Apparent
from the figure is that the climate models do not do a particularly good job at
reproducing the seasonality of precipitation. In some cases the annual precipitation is
quite good, but the seasonal patterns are wrong. All of the atmospheric model runs
show too much wintertime precipitation and the typical summertime peaks are mostly
missing. One should keep in mind that the base condition is a specific period of record
and model results should not be expected to match exactly. However, the trends should
be similar.
Annual temperature results from the climate models all lie either similar to the
synoptic data or colder. Seasonal results vary, but all of the climate models exhibit a
cold bias during winter. The combination of high winter precipitation and cold winter
temperatures implies that snow amounts should be higher than the present climate for
all cases. This is however not the fact, as shown by HBV-Climate—the light dashed
lines in Figure 11. All of the HBV-Baltic results with climate model forcing show the
expected trend of snow amounts that are considerably higher than HBV-Climate. In
contrast, all of the climate model results show snow amounts that are closer to
HBV-Climate values, despite considerably higher precipitation and lower
temperatures. For RCA88-E, which has the highest annual precipitation of all the
model cases shown in Figure 15, snow amounts are consistently lower than
HBV-Climate. These results point to an inconsistency in the atmospheric snow
routines, which is further discussed in Chapter 8.
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Figure 15. Average precipitation and temperature for the total Baltic Sea Drainage Basin
from four atmospheric model runs (10-year present climate simulations) and from synoptic
data (HBV-Baltic base condition 1981-1998). The HBV-Base seasonal values shown are
uncorrected; the HBV-Base annual bar shows both the uncorrected value (636 mm) and the
value including corrections for aerodynamically induced undercatch (666 mm).
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7. Water Resources Scenarios for
Climate Change
7.1 Scenario Summary
Producing climate change impact scenarios for water resources can be a fairly
straightforward operation to perform. However, this does not mean that interpretation
of the results is straightforward! There are many unanswered questions that arise. First
and foremost are the questions of uncertainty. Paper 4 describes how scenarios were
applied to the entire Baltic Basin with HBV-Baltic.
As described in the paper, perturbations to both 2 m temperature and precipitation
from regional climate model scenarios were applied on a subcatchment basis to the
five main drainage basins in the Baltic Basin. Direct input of climate scenario forcing
from atmospheric climate models is not currently advisable as the control runs for
these models still have a hard time matching climatic observations, primarily
precipitation. This is shown in Chapter 6, Figure 15. In addition, Paper 4 shows the
large discrepancy in modeled river discharge from direct forcing with climate model
results for the present climate.
Use of perturbations in temperature and precipitation is currently the de facto
standard treatment of climate change scenarios from climate models (Arnell, 1998;
Kaczmarek et al., 1996; Lemmelä and Helenius, 1998; Lettenmaier et al., 1999;
Saelthun et al., 1999; Vehviläinen and Huttunen, 1997). The long-term average
monthly changes in 2 m temperatures were added directly to daily temperatures in the
climate database for the base condition (1981-1998). The long-term average
precipitation changes were applied as percentage change from the present climate—
these were filtered to 3-month seasonal values as there was large variation from month
to month. Values for these changes for RCA0 are presented in figures 4 and 5 of
Paper 4.
Two additional RCA climate model scenarios were evaluated in exactly the same
way and are presented below. They are from future climate scenario runs associated
with the RCA88-H and RCA88-E model control runs described in Chapter 6. The
scenarios originate from different GCMs with different forcing, but they both represent
simulation of an approximate doubling of the CO2 content in the atmosphere,
compared to the present climate.
The scenario seasonal and average annual changes (temperature and precipitation)
for the total Baltic Sea Drainage Basin are presented in Table 1 for the three model
cases. Table 2 shows how these perturbed climate changes affect annual river inflows
to the Baltic Sea, as modeled by HBV-Baltic. This is further illustrated in Figure 16,
which shows the total average annual river discharge to the Baltic Sea for recorded
flows, HBV-Baltic base condition flows and the three HBV-Baltic climate scenarios.
Figures 17 and 18 show average daily modeled river discharge for the five main Baltic
Sea drainage basins, together with extreme maximum and minimum values for the
RCA88-H and RCA88-E scenarios, respectively. Although smoothed out by
averaging, these figures illustrate both the effects of the climate change scenarios on
seasonal variation and give an overview of how extremes are affected. Flows to the
Gulf of Finland are heavily influenced by the many lakes in the region and particularly
by annual ice damming at the outflow from Lake Ladoga to the Baltic Sea. Although
HBV-Baltic does a reasonable job at representing this unique feature for the present
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climate, changes to modify it for a warmer future climate were not made. Thus, river
discharge from Lake Ladoga is likely misrepresented in these results. One would
expect to see minimized effects of ice damming as both the ice freezeup date should
occur later in the winter and the ice breakup date should occur earlier in the spring.

Table 1. 2 m temperature change (°C) and precipitation change (%) for the total Baltic Sea
Drainage Basin summarized by season for RCA0, RCA88-H and RCA88-E climate change
scenarios. The values reflect 10-year averages from climate model runs.

Scenario

D,J,F

M,A,M

J,J,A

S,O,N

Annual

RCA0
RCA88-H
RCA88-E

5.6°
4.2°
5.1°

3.8°
3.2°
2.6°

2.2°
2.2°
3.2°

3.7°
3.2°
4.2°

3.8°
3.2°
3.8°

RCA0
RCA88-H
RCA88-E

16.3%
8.6%
1.4%

15.7%
12.0%
8.6%

36.2%
28.8%
-10.1%

22.7%
20.4%
12.5%

22.7%
17.4%
3.1%

Temperature °C:

Precipitation %:

(D,J,F - December, January and February; M,A,M - March, April and May)
(J,J,A - June, July and August; S,O,N - September, October and November)

Table 2. Modeled percent change (%) in annual freshwater inflow to the Baltic Sea for three
climate change scenarios. Results shown are drawn from the difference between HBV-Baltic
base condition and HBV-Baltic scenarios over the 18-year model period.

%

Bothnian
Bay

Bothnian
Sea

Gulf of
Finland

Gulf of
Riga

Baltic
Proper

Total
Baltic

RCA0:
Maximum
Minimum
Average

34%
10%
21%

26%
-2%
13%

36%
3%
19%

53%
1%
28%

4%
-16%
-5%

29%
0%
14%

RCA88-H:
Maximum
Minimum
Average

28%
8%
19%

19%
-8%
8%

21%
-4%
9%

42%
3%
22%

2%
-13%
-5%

22%
-3%
8%

RCA88-E:
Maximum
Minimum
Average

10%
-9%
1%

-13%
-30%
-21%

12%
-16%
-7%

-20%
-51%
-39%

-35%
-61%
-54%

-12%
-28%
-21%
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Figure 16. Total average annual river discharge to the Baltic Sea for observations,
HBV-Baltic base condition and HBV-Baltic climate change scenarios.

7.2 Scenario Response and Considerations
Results from the water resources scenarios show a clear trend of reduction of the
springtime runoff peak from snowmelt, as seen in Figures 17 and 18. This is most
pronounced in the northern basins of Bothnian Bay and Bothnian Sea where snow
plays a dominant role in the hydrologic cycle. River discharge is thus generally more
uniform over the year for all basins, with higher flows in winter and lower flows in
summer. Another feature apparent from the maximum extremes in Figure 17 is the
change in season for peak flows. Instead of occurring in the spring, they have been
shifted to fall for much of the basin. This can have a significant impact on local
flooding, as during this period reservoirs for hydropower production are typically full
and would have less of a dampening effect than during the spring when they are
typically low. For the Baltic Proper, historic peaks in both late summer and winter
show higher values with the scenario, which could be interpreted as an increased risk
for flooding.
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Figure 17. Average daily modeled river discharge for the Baltic Basin from HBV-Baltic base
condition (1981-1998), Today, and HBV-Baltic with RCA88-H Scenario perturbed forcing
over 18 years. Daily maximum and minimum values over the period are shown with blue
shading for Today and pink shading for the Scenario.
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Figure 18. Average daily modeled river discharge for the Baltic Basin from HBV-Baltic base
condition (1981-1998), Today, and HBV-Baltic with RCA88-E Scenario perturbed forcing
over 18 years. Daily maximum and minimum values over the period are shown with blue
shading for Today and pink shading for the Scenario.
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Both Figure 18 and Table 2 show that the effects from the RCA88-E scenario are
considerably different than those from RCA88-H, particularly in the southern basins.
River discharge decreases significantly under this scenario, up to -54% annually in the
Baltic Proper. With river discharge from the Bothnian Bay little changed at +1%, this
changes the distribution of freshwater inflow sources to the Baltic Sea. The RCA88-H
scenario also shows an increase in the contribution of freshwater from the north in
comparison to the contribution from the south. Although there are many other aspects
that should be considered, one outcome of such changes might be a reduction of the
effects of pollution loads from the more heavily industrialized south due to increased
mixing with purer waters from the north.
On the other hand, an increase in freshwater on the magnitude of the RCA88-H
scenario will also affect salinity in the Baltic Sea (Omstedt and Axell, 1998), which
could have potentially threatening water quality consequences. Aside from simply
adding more freshwater volume, changes in river runoff may affect the major inflows
of salt rich waters to the Baltic Sea from the Atlantic through the Danish Straits
(Matthäus and Schinke, 1999). Matthäus and Schinke (1999) suggest that increased
river runoff during winter has a particularly strong effect.
The annual flows in Figure 16 clearly show the contrast between the three
different climate model scenarios, two indicate increased flow while the third shows a
significant decrease. From Table 2 these effects range from an average annual increase
in total freshwater inflow to the Baltic Sea from 14% to a decrease of -21%. This wide
range reflects the wide range of uncertainties for such studies.
One source of uncertainty is that between different climate models themselves. In
this case, we have two different global models driving the same regional model with
their respective different climate change emission scenarios. Another uncertainty is
associated with different versions of a particular climate model. In this case, the RCA0
version of the RCA model was driven with exactly the same boundary conditions as
the RCA88-H version. Aside from other changes to the model, they were run on two
different spatial resolutions, which can have its own significant impact. In this case, it
is assumed that the RCA88 version is an improvement over the RCA0 version as the
improvements included, among other things, conservation of the water cycle.
However, this assumption is not a clear given when comparing one model version to
another—there will almost always be discrepancies between different versions of the
same model.
There is also uncertainty associated with the interface between the climate model
results and the hydrologic impact assessment model (for this case, HBV-Baltic). A lot
of smoothing occurs in the transfer of information between the models. More adequate
treatment of variability is needed. Using three-month running averages instead of
seasonal values for precipitation change would be one refinement. Different
precipitation changes could also be derived from different classes of hydrologic
conditions—for instance, dry, average and wet years—instead of applying the same
averaged changes every year. Consideration of things like storm frequency and
intensity should be factored in. Evapotranspiration is another weak factor. The
temperature index method for evapotranspiration does not take into account increased
humidity, which is likely under the combined conditions of increased temperature and
increased precipitation. Thus, this approach is admittedly simple and would benefit
from enhanced representation of variability, frequency and extremes. This is further
discussed in the next chapter.
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As outlined above, HBV-Baltic has been used to estimate water balance components
for the present climate, to update river discharge observations, to evaluate the land
surface components of atmospheric climate models, and to estimate potential impacts
to water resources from climate change scenarios. It is currently in use at SMHI as part
of an operational system, where it is driven by analyzed meteorological fields
(Häggmark et al., 2000) to produce near real-time river runoff. This is part of an
interdisciplinary expert system to assess the state of the environment in the Baltic
Basin (SMHI, 2000). HBV-Baltic has been used extensively in cooperative BALTEX
research, and it has become a standard tool within SWECLIM for support in continued
regional climate model development.
Moreover, HBV-Baltic has served to improve the dialogue between hydrologic
and meteorological modelers within the Baltic Basin research community. Regardless
of the accuracy of the generated results, the analysis process itself served as a catalyst
to get both disciplines looking at land surface interface problems together. This is hard
to measure in real terms, but the experience gained is invaluable.
The analysis also lead to other somewhat intangible results. Compensating errors
are a key obstacle in modeling, a dilemma that all complex models are subject to.
Results from the climate model analyses showed evidence of compensating errors
between snow and precipitation for all model cases. That is, values for snow water
equivalent in the climate models lie closer to climatological values than the respective
HBV-Baltic results with the same driving forces. At the same time, wintertime
precipitation for the climate models is overestimated. Thus, the snow routines appear
tuned to the present climate, regardless of the fact that the corresponding precipitation
is mismatched with the present climate. This leads to a strong suspicion of
compensating errors in the snow and precipitation components of the climate models.
Experiments with better controlled boundary conditions, such as re-analysis products
(Gibson et al., 1999), should lead to further internal model validation. This is still only
a hypothesis, yet it can be followed up if we proceed in a structured manner. (This
work is in progress.)
Although not presented in detail here, many of the changes made in the RCA
version 2 land surface parameterization scheme brought the representation of water at
the land surface/atmosphere interface into much closer agreement with methods used
by hydrologic modelers. This utilized the concept of variability parameters and was
done with little added complexity to the atmospheric model. If one accepts the fact that
HBV performs reasonably well at representing the water balance, then changes to the
water balance components of climate models that come closer to HBV results with the
same driving forces ought to be improvements for the better. The change in results
from RCA0 to RCA88-H, which used the same lateral boundary forcing, is positive. In
particular, the modeling of soil moisture follows much closer the results from
HBV-Baltic with the same forcing (Figure 12). Evapotranspiration also showed
improvements in the right direction, as results from RCA0 were shown to be too low
when compared to both climatic calculations (Rummukainen et al., 1998) and the
HBV-Baltic simulations. Runoff generation, although still far from the values
produced by HBV-Baltic did show improvement. Part of this is attributed to the fact
that RCA0 did not close the water budget properly and water was actually lost from
the system in that model version.
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One might argue that the initial treatment of land surface processes in RCA0 was
so coarse that it could only be improved. This may be true, but if so, this is also true
for many other atmospheric climate models in use at present, even those that have
highly complex soil moisture schemes. This is shown in recent papers describing the
work from the Project for Intercomparison of Landsurface Parameterization Schemes
(PILPS) (Lohmann et al., 1998; Pitman and Henderson-Sellers, 1998). Another
critique would be the argument that RCA88-H should be expected to respond more
like HBV-Baltic as soil moisture modeling concepts from HBV were introduced into
RCA. There is truth to this statement, although given the complex nature of climate
models, there was no way to know from the outset that improvements would be
immediately obvious. This critique should be seen in a positive light. With RCA soil
moisture responding in a way that closely mimics a proven hydrologic model, we can
now focus on trying to localize other errors in the atmospheric model. For instance, we
can come back to the hypothesis of compensating errors and look more closely at snow
processes.
Results from this work show that large-scale hydrologic modeling on the scale of
the Baltic Basin can be done with relatively simple models such as HBV. This is
confirmed by (Krysanova et al., 1999). As recommended by (Refsgaard, 1998), we
have to choose a strategy that is proper for the problem we want to solve. The strategy
of using HBV-Baltic as an integral part of the development process can take us quite a
long way toward eventually creating a new generation of harmonized
land-sea-atmospheric models that provide a balanced approach to climate modeling.
As pointed out in Paper 5, we also need to keep in mind the concept of a complexity
chain when putting model components together. We should avoid the irrational process
of going from high levels of sophistication to lower levels of sophistication, and then
back to high levels of sophistication again. The details that are lost in the first step
(high to low) can never be recovered in the second step (low to high), unless important
new information is added.
Looking to the question of modeling water resources scenarios for climate change,
we have to accept the fact that it may be some time before atmospheric climate models
can rigorously represent the hydrologic variables that drive such analyses.
Precipitation is the most important variable as the hydrologic cycle is so sensitive to it.
Temperature (2 m) is also important, but climate models already do better at getting it
right. Thus, the interface between climate models and hydrologic impacts assessment
models needs further development to improve the quality of climate change impacts
modeling. If we continue to extract the climate change signal as perturbations between
control and scenario runs, we must improve our representation of variability,
frequency and intensity from the scenarios. Direct use of outputs from climate models
should be an ultimate goal, even if precipitation continues to be problematic. For
example, if the seasonality of precipitation in regional climate models improves, it may
be possible to use results directly with some adjustment to magnitude. Lastly,
uncertainty between different climate models should be addressed by using the results
of many different scenarios produced by different models and different driving
assumptions (e.g. different emission scenarios).
Coming back to basic hydrologic modeling, there are uncertainties from the
HBV-Baltic base condition that must be considered. First, there is the issue of input
climate data. The base condition is founded on databases from the specific period
1980-1998. All subsequent comparisons were made to this period as if it adequately
represents the present climate. Given the range of climate variability shown by longterm records, this is a relatively short period. However, this is the only period for
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which full data coverage for the entire Baltic Basin is available. Thus this period is
used, recognizing that it includes natural biases. From annual runoff data presented in
Figure 16, it is seen that this period is wetter than the long-term average. However,
even this can be misleading, as it shows the overall trend for the full Baltic Basin, and
sub-regional trends within the basin may be the opposite.
Data quality is always a concern. Regional differences in the quality of the
synoptic database were noted during the original calibration/verification procedure.
These are discussed in Paper 2. In short, the precipitation records available for this
study, primarily for Polish regions, exhibit inconsistencies that affect the quality of the
calibration. Additional data from other precipitation stations have recently been
received that confirm this initial suspicion and pinpoint certain years where strong
anomalies in the synoptic data occur. During the same period, significant errors in the
river discharge records for the Vistula River were recently discovered. It is thus no
coincidence that the poorest HBV-Baltic model performance occurs in just these
regions. Notations of these errors have been made, but a re-calibration of the model
with the new data has yet to be performed.
Calculations for evapotranspiration are a definite source of error for this approach.
The level of uncertainty for just this variable is high and efforts are underway for
improvements. For example, the effects of wintertime evapotranspiration are currently
being further investigated in ongoing research at SMHI (personal communication with
the hydrology research group at SMHI). This should lead to better representation of
winter conditions in the HBV model and help reduce some of the uncertainty in
evapotranspiration.
Treatment of evapotranspiration carries over into the analysis of climate change
impacts on water resources. The simple temperature anomaly method used is likely
biased to the present climate. This is a case where improvements need to be made to
the simple conceptual approach. More physically-based methods need to be introduced
in the calculation of potential evapotranspiration. As mentioned in Chapter 6, lack of
measurements for validation compound the problem. However, given the right data,
estimates can be made for present climate conditions, but these may not hold for future
climates. More direct incorporation of results from the climate models are our only
recourse to solving this problem. Such work is in progress within SWECLIM.
Another issue of concern for climate change impacts analysis is vegetation.
Potential changes in vegetation density and/or water use efficiency may have a
profound impact on the future climate water balance. Representation of changes in
vegetation for future climate scenarios was not attempted here. This needs to be
addressed in more detail for future studies. Krysanova et al. (1999) point this out as an
area where HBV could be improved to better represent diversity of land cover such
that parameterization of potential changes can be made. Although true in principle, it
will yet be a while before both the atmospheric community can provide us with more
accurate climate model results, and the biologists have decided just how changes to
climate, such as increased CO2, will affect evapotranspiration rates. Till that time we
may have to restrict ourselves to sensitivity studies of the wide range of changes that
are possible. For example, the uncertainty on how forests will change is not only a
question of physical processes, but also one of economics—which trees will be planted
to give the best economic return?
As with all models that attempt to represent the complexity of Mother Nature,
there are model limitations that should be considered for HBV-Baltic. One is that it
does not include explicit resolution of the energy balance. A more specific
representation of the energy balance would allow for more specific treatment of
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evapotranspiration and in turn more direct feedback to atmospheric models. Longer
time scales is a related limitation, especially when comparing to atmospheric models.
The daily time step is both a result of traditional application and the degree-day
approach used for snowmelt modeling. Increased time scale resolution would allow for
both more detailed comparison with atmospheric models and better possibilities for
including the energy balance. However, at the same time, it could create complications
for the degree-day approach to snowmelt modeling. This typically uses daily time
steps and even 12-hourly time steps, but is not well tested for lower time steps. For
other internal processes, such as soil moisture, results at increased time resolutions are
not particularly useful and therefore an unnecessary burden on model efficiency.
Model parameter uncertainty and calibration are also limitations. A recent study
by Uhlenbrook et al. (1999) looks specifically at parameter uncertainty for HBV. They
found a wide range of calibrated parameters that can lead to a “good fit” for modeling
river discharge and maintain that this can have implications for model predictions.
Although the uncertainties pointed out by Uhlenbrook et al. are a real concern, they
may not be so grave as long as the model is run within its range of calibration.
Extrapolation beyond this range, as may be the case for climate change impact studies,
leads to greater uncertainty. This problem is hard to overcome in the absence of
hydrologic models that are so sophisticated (or well developed from a physical point of
view) that they perform well without calibration or tuning (which is in practice not
possible to achieve!). Uhlenbrook et al. further maintain that more physical models,
although seemingly more realistic than conceptual models, have their own
uncertainties related to scale and basin heterogeneity. They recommend that all studies
evaluating land-use or climate change effects should be accompanied by estimates of
parameter uncertainty.
Components from models such as HBV have a structure that, in a simple fashion,
mimics the natural processes in nature. This structure is shown in both Figures 6
and 10. Subsurface runoff processes are shown as boxes in these figures. These
represent fast and slow components of runoff in the hydrologic cycle. However
tempting it may be, one should show restraint in further definition of these model
components. Although they represent different types of flow, one cannot directly
assume, for instance, that the upper box accurately represents all near-surface quick
groundwater flow and the bottom box baseflow just because river discharge is well
simulated by the model. This may be established with more detailed internal validation
for a specific basin, but due to parameter uncertainty as discussed above, it should not
be taken for granted.
Spatial distribution in the model is another limiting factor. HBV-Baltic uses large
subbasins for modeling runoff to the Baltic Sea. These subbasins are further
discretized into elevation zones and land-use categories, but as mentioned in
Chapter 4, the specific horizontal location of these zones is not identified by the model.
Due to this constraint, presentation of subbasin results is limited to basinwide
averages. As the origin of the elevation and land-use data is a GIS database, combining
the model output with GIS operations is a potential way to get better spatial
distribution from HBV-generated results.
Spatial distribution also plays a role for input of precipitation and temperature
data (Koren et al., 1999). Haberlandt and Kite (1998) showed that advanced
interpolation techniques and the use of additional precipitation information from
atmospheric models can improve large-scale hydrologic simulations in areas with
sparse data. For HBV-Baltic, precipitation and temperature are initially input on a
subbasin basis as average values over the subbasin applied at the average subbasin
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elevation. Variation due to elevation is introduced to the initial values by modification
in each elevation zone according to standard lapse rates. Nonetheless, the natural
variation of precipitation and temperature is limited in this type of approach.
However, Haberlandt and Kite also noted that “smaller subbasins are more sensitive to
improvements in precipitation estimates than larger ones, at least when modeling at the
macroscale.” This may mean that errors due to this simplification may be of less
significance for larger subbasins. Nonetheless, consistency is maintained between the
base condition run and climate model runs as both treatment of the synoptic station
data and the climate model data is identical. That is, both are input as average subbasin
values derived from gridded values. (The only difference, as mentioned in Paper 3, is
that gauge corrections were applied to the synoptic data and not to the climate model
data.)
Falling back on the original argument that the HBV model is well tested and
validated, there is no reason to expect that HBV-Baltic cannot continue to be used for
future applications to climate modeling in the Baltic Basin, given that we take into
account the limitations associated with the model and this approach. Some of these
limitations will be addressed in future research, others may not be resolvable (or will
take longer to resolve) and therefore must be considered as part of the uncertainty of
the results. There is a long way to go before atmospheric climate models can on their
own adequately represent even the large-scale hydrologic cycle in the detail needed for
both impact studies and operational studies, much less more detailed analyses.
However, the long-term aim should be to get rid of the need to use an HBV-type
model in one-way coupling to the atmospheric models applied at this scale. As
suggested in Paper 5, a better solution is to build the hydrologic model into the
atmospheric model. This does not mean simply coupling the two together, but rather
incorporating the concepts from hydrologic modeling into atmospheric modeling in a
harmonized fashion, while trying to both avoid over-parameterization and keeping in
mind the complexity chain for coupling of different components. Off-line use of
HBV-Baltic as an analysis tool should continue under this development process.
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9. Conclusions
HBV-Baltic provides a simple modeling tool for evaluation of the large-scale water
balance of the Baltic Sea Drainage Basin. Although it provides only index-type of
results over large subbasins, it is the only existing hydrologic model that covers the
entire Baltic Basin and will continue to be used until more detailed models can be
successfully applied at this scale. In operational applications, it is particularly useful
for updating freshwater inflow records to the Baltic Sea in lieu of unavailable
observations.
Two main conclusions from this research are, 1) conceptual hydrologic models
play an important role in the realm of continental scale hydrologic modeling, and 2)
atmospheric models can benefit from the experience of hydrologic modelers in
developing simpler, yet effective land surface parameterization. Within these two
themes, there are many more conclusions that can be drawn from this work, the most
important of these are as follows:

 Scale is a minor problem for this type of hydrologic model and application.
 The lack of energy balance parameterization is the main limitation in the
conceptual hydrologic approach.

 Meaningful studies of atmospheric models are conducted with large-scale
hydrologic models—this helps to identify inconsistencies in models (both
types!).

 Incorporation of variability parameters in the soil moisture modeling routines
of atmospheric models can lead to better soil moisture performance without
adding unneeded complexity.

 It's relatively easy to compute water resource scenarios for future climates, but
the uncertainty is great and the interface between climate models and impact
models needs improvement.

 More physically based evapotranspiration routines are needed, particularly for
modeling future climate impact studies; they should include vegetation
dynamics
Finally, other model and data limitations mentioned under Discussion should always
be kept in mind when analyzing model results. This is sound modeling practice that
should be applied regardless of the model used.
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10. The Future
The future holds potential for continuation of this research in many different areas.
There are lots of things that could have been done, but never happened due to time
constraints, data constraints, lack of expertise, lack of manpower, or simply that they
only became apparent at a late date. And then there are those things of broader scope—
far beyond what could be achieved in one doctor’s thesis—that should be done to keep
the science on track. A list of relevant future activities follows:
¾ Practical HBV-Baltic Updates:
 Explicit river regulation for runoff to the Bothnian Bay and Bothnian Sea,
 Investigation of river regulation impacts for other basins,
 Analysis and re-calibration with new input data (Poland),
 Extension of basin boundaries to include Skagerak, Kattegat and the Danish
Straits,
 Temperature based treatment of Lake Ladoga ice damming.
¾ Research oriented activities:
 Spatial distribution of HBV-Baltic results from elevation zones using GIS,
 Additional climate change scenarios and accompanying sensitivity studies,
 Better impact studies interface between hydrologic model and atmospheric
model to increase representation of climate variability, extremes and land-use
changes,
 Enhanced distribution of rainfall input; e.g. possibly from climate model to
elevation zones.
¾ Research already underway:
 Continued incorporation of hydrologic modeling into atmospheric models
(Rossby Centre/SMHI-If),
 Analysis of ERA-forced control climate runs (SMHI/MPI – NEWBALTIC)
 Use of more physical evapotranspiration routines with better vegetation
dynamics in HBV (SMHI-If),
 Environmental impacts modeling (Baltic HOME).
Internal model validation is an area of high priority that spans many of the
activities listed above. Wherever possible we should strive to create and use suitable
validation datasets for both hydrologic and atmospheric models alike. Processes that
need particular attention are snow, evapotranspiration, interception, soil moisture and
in some areas, freezing ground. And further down the road, groundwater flows over
large scales should be used for validation of more physically based models.
Finally, one of the real challenges for the future is adequate assessment of water
quality, particularly in the face of daunting uncertainty. There are many things that
models cannot take into account. For instance, there is little we can confidently say
about future demographic development and the technological changes that will affect
land use in the Baltic Basin. If we look back in time, we realize that a lot can happen
over 100 years that can completely change the way things are done in certain sectors,
such as agriculture, forestry and energy production.
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