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We studied the land-cover data used by the regional climate model REMO and the land
surface model JSBACH, for Finland and surrounding areas. To date, the land-cover data
determining REMO’s surface parameterisations have originated from the Global Ecosys-
tem classification of the Global Land Cover Characteristics (GLCC-GEC) database. The
same database has also been used as basis for prescribed plant functional type distribution
with JSBACH. We showed that the GLCC-GEC does not represent the Finnish landscape
particularly well, and there are large errors in the land cover type distributions. Further-
more, we have inspected the values of the land surface parameters forest ratio and leaf
area index, which were assigned to land-cover types, and found them to typically be too
large for Finland. Different revised land-cover data sets were created using GlobCover
and different versions of Corine Land Cover (CLC) classifications. The benefits of the
new land-cover data sets were much more spatial detail and thematic content which cor-
responded better to the Finnish environment, unlike in the GLCC-GEC. For example, there
are wetlands and they are correctly located. Although no definite reference exists to assess
the qualification of the land-cover data in the light of the model results, modelling benefits
from the use of land-cover data that is more spatially accurate and recent. Even though
regionally the differences are not great, at a more local level they become substantial.

Introduction

Land cover is the observed (bio)physical cover
of the Earth’s surface, which should include
directly observable vegetation and man-made
structures, but quite often bare rock, soil and
water are also included. A companion to land
cover is land use, which is defined as the human
arrangements, activities and inputs on a certain
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land cover type to produce, change or maintain
it. Changes in land cover and land use either
affect global systems (e.g. the atmosphere and
oceans) or occur in a localised fashion, impact-
ing microclimates as well as air and water qual-
ity. Hence, land cover is a geographical feature
which may form a reference base for applica-
tions including forest and rangeland monitoring,
production of statistics, planning, investment,
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biodiversity, climate change, and desertification
control. Nowadays, it has been acknowledged
that it is highly important to know how land
cover has changed over time, in order to make
assessments of the changes to be expected in the
future, and the impact these changes will have
on peoples’ lives (Di Gregorio and Jansen 2000).

An accurate representation of the land surface
is needed for describing the interactions between
the surface and the atmosphere in climate model-
ling. The evapotranspiration of vegetated sur-
faces affects both the hydrological cycle and the
energy balance. Surface albedo is an important
determinant in the radiation balance, and surface
roughness regulates the surface friction extract-
ing energy from the atmospheric circulation. The
above-mentioned interactions are key to general
circulation models, as well as in their limited
area counterparts (Hagemann et al. 1999). In the
context of Earth system models targeted at the
global change research, ecophysiological feed-
back between surface vegetation and the climate
are also accounted for (Bonan 2008). For evalu-
ation of the surface processes of such models,
it is essential to assess their performance at the
current state of the land cover (Jung et al. 2006).

There are several alternatives to land-cover
data for global modelling purposes. Some of
the alternatives are ordinary classifications with
global or regional classification nomenclature,
whilst others provide land surface parameters in
addition to classification. One of the most widely
used global land-cover classification is the Global
Land Cover Characteristics Database, devel-
oped by the U.S. Geological Survey (USGS), the
University of Nebraska-Lincoln (UNL), and the
European Commission’s Joint Research Centre
(JRC). It has 1 km spatial resolution and is based
on the interpretation of NOAA AVHRR-images
from April 1992 to March 1993. There are seven
global data sets, each representing a landscape
based on a different classification legend, using
8 to 96 classes (U.S. Geological Survey 2001,
Loveland et al. 2000).

A slightly newer global data set is Global
Land Cover 2000 (GLC2000), which has been
coordinated and implemented by the Global Veg-
etation Monitoring unit of the JRC. Its general
objective is to provide a harmonised land-cover
database with 1 km spatial resolution over the
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entire globe for the year 2000. Regional partners
have used their own classification methodology
to classify Spot Vegetation image time series
from 1999. The classification system is based
on the FAO Land Cover Classification System,
which allows the regionally defined legends to
be translated into more generalised global land-
cover classes for the GLC2000 global product.
The global classification legend has 22 classes,
but regional classifications can have more, for
example the classification of northern Eurasia
has 26 classes (Bartalev et al. 2003, GLC2000
2010).

The MODIS Land Cover Type product con-
tains five classification schemes, which describe
land cover properties with 500 m spatial reso-
lution, derived from observations spanning a
year’s input of MODIS data from Terra and Aqua
satellites. There are five land-cover classification
schemes with 9 to 17 classes that are produced
for each calendar year, derived from a supervised
decision-tree classification method. There is also
a product describing seasonal phenology (Friedl
et al. 2010). The positive characteristics of this
product are better spatial resolution than in ear-
lier products and annual updates giving informa-
tion about land cover changes. The main draw-
back is the relatively poor thematic resolution.

The GlobCover land cover map produced by
the European Space Agency and University of
Louvain contains 22 land cover classes based
on the FAO Land Cover Classification System.
The classification is based on a time series of
Envisat MERIS images with 300 metre spa-
tial resolution. Original GlobCover 2005 was
based on images from 2005, and the second
version, GlobCover 2009, on images from 2009.
The positive characteristics of this product are
even better spatial resolution, and the inclusion
of classifications from two different times, the
drawback again is the relatively poor thematic
resolution (Bontemps et al. 2011).

The drawback of the previously presented
data sets is that they are nothing but classifica-
tions, and the number of classes can be quite
low. The overall classification accuracy, in other
words the probability that the pixel has been
classified correctly, can be rather moderate at
70%. Although the classification algorithms are
more automatic, and the quality of remote sens-
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ing data has increased, the repeatability of clas-
sifications can be surprisingly poor; when differ-
ent versions of MODIS land-cover classification
were compared, significant year-to-year varia-
tions were noted, 10%-30% of pixels in land-
cover labels were not associated with land-cover
change. In the case of GlobCover 2005 and
2009, this variability affects about 25% of the
pixels (Jung et al. 2006, Bontemps et al. 2012).

The climate modelling community is inter-
ested in the role of land-use and land-cover
change in assessing the impacts and vulner-
abilities of land cover and its change. However,
these modellers experience problems in that the
classes of land-cover classification are not usu-
ally easily translated into what models actually
need, and this is one extra source of uncertainty
in modelling. What these modellers need is
stable land-cover products, including vegetation
dynamics using the land surface parameters that
models use; flexibility, so that the same product
can be used with different models; and reason-
able spatial resolution, being about 300 m for
global modelling (Jung et al. 2006, Bontemps et
al, 2012). However regional modelling requires
greater detail, meaning a smaller pixel size. It
should also be pointed out that landscape has
an effect on the pixel size requirement; if the
landscape consists of many small patches then a
smaller pixel size is needed.

One way to enhance land-cover classification
is to provide classes with land-surface param-
eters, in other words continuous variables which
describe vegetation and its annual changes as
well as soil properties. Land-cover data used in
the REMO and JSBACH models is based on the
Global Ecosystem Classification of Global Land
Cover Characteristics (GLCC) database, where
Hagemann et al. (1999) has assigned land-
surface parameters for classes. Another similar
land-cover dataset is Ecoclimap (Champeaux
et al. 2005) which is a combination of exist-
ing global land-cover map, climate regions, and
land-surface parameters of classes determined
using various sources. Another way to improve
the situation is to combine several different
land-cover classifications in one classification,
taking into account the individual advantages
and limitations of different classifications (Jung
et al.2006).
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The objectives of this study were to deter-
mine how well the land-cover data used by the
modelling system represents northern European
land cover, how those land-cover data could be
improved using other land-cover classifications,
and what the effect of different land-cover data is
on modelling results. We assumed that the mod-
elling results would improve as better land-cover
data would give more realistic distributions of
vegetation and plant functional types. As the
land-cover data consists of discrete classification
and the assigned land-surface parameters, both
are validated by comparing them to local, more
detailed land-cover data or surface parameters
from Finland. Finnish high resolution Corine
land-cover classification (Tormd et al. 2004,
Hirmi er al. 2005, Tormi et al. 2011) is the most
accurate land-cover classification of Finland, and
we consider it as ground truth when compared
with other land-cover classifications.

Material and methods
Modelling environment

The limited area climate model REMO (Jacob
2001, Jacob and Podzun 1997) whose land-cover
data and related parameter allocations were ana-
lysed in this work, is based on the operational
weather forecast model of the German weather
service. The resolved variables (air temperature,
specific humidity, wind speed, etc.) are repre-
sented vertically by a hybrid vertical coordinate
system throughout the atmosphere (Simmons
and Burridge 1981). Horizontally REMO is oper-
ated in a rotated spherical grid, the resolution of
which was 0.167° in our application. REMO
has an implicit land-surface model (LSM) that
accounts for the surface—climate exchange of
energy and water.

REMO has a fractional surface coverage,i.e.,
each grid box can contain land, water and sea ice
fractions. While topography, surface roughness
length, land—sea mask, forest fraction and soil
field capacity are constant in time (Hagemann
2002), surface background albedo, vegetation
fraction and leaf area index (LAI) have a pre-
scribed yearly cycle (Rechid 2008, Rechid et al.
2009). The above-mentioned surface parameter
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values are allocated to the land-cover types and
aggregated to grid cell-specific values according
to the fractions of land-cover types within each
grid cell.

In this work, JSBACH (Reick et al. 2013)
model, which is the LSM of the Max Planck
Institute-Earth System Model (MPI-ESM) (Gior-
getta et al. 2013), was used to produce regional
gross primary production (GPP) by photosynthe-
sis of land ecosystems. Its primary function is to
provide the climate model ECHAMG6 (Stevens et
al. 2013) with energy and matter balance terms
related to land-surface processes. These interac-
tive terms include radiation and sensible and
latent heat, as well as water and carbon exchange
in terms of CO,, between the surface and the
atmosphere.

In JSBACH vegetation-related surface
parameters are linked to a fractional presentation
of plant functional types (PFT), which occupy
a model grid cell corresponding their areal por-
tions in land-cover data (Reick et al. 2013). In
our application, the four most prominent PFTs
were accounted for and their fractions were pre-
scribed and fixed in time. A new five-layer soil-
moisture scheme (Hagemann and Stacke 2013)
was applied, whose soil information was based
on soil-texture data (FAO 1971-1981).

Here we ran JSBACH for a regional domain
centred on Finland, including Scandinavia and
the Baltic countries with a resolution of 0.167°.
As in its primarily applications the domain is
global with typical resolution of 1.9° (Reick et
al. 2013), we needed to refine the boundary and
initial data on surface characteristics for our
application.

In order to assess the impact of land-cover data
on the surface carbon-balance we ran JSBACH
with three PFT distributions based on the GLCC-
GEC, GlobCover and a combination of Finnish
high resolution (HR) Corine Land Cover (CLC),
European CLC and GlobCover classifications
(see Tables 1-3 for class names). To produce
grid cell-specific PFT fractions for JSBACH, the
translation rules given in Table 4 were applied
between the GLCC-GEC and PFT. In this conver-
sion, only the grid cells with sea or lake fractions
of less than 50% were taken into account. All the
other surface boundary fields, such as soil mois-
ture parameters, were left unchanged.
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The hourly climatic forcing for JSBACH
was produced with REMO run that used ERA-
Interim (Dee et al. 2011) from 1980 to 2011
as boundary data. Preceding the 31-year for-
ward run, a spin-up of 5 years was performed
in order to stabilise the deep soil moisture and
temperature values at realistic levels. The sur-
face parameterisation for this run was based on
the CLC2000, and a detailed description of the
generation of the parameter fields, as well as the
assessment of its impact on the regional climate
simulations are given in Gao et al. (2014).

Land-cover data

Both REMO and former versions of ECHAM
use a land-surface parameter (LSP) data set
(Hagemann et al. 1999, Hagemann 2002) based
on the USGS Global Land Cover Characteristics
database ver. 2.0 (Loveland et al. 2000, U.S.
Geological Survey 2001). The database contains
several land-cover classifications based on the
interpretation of NOAA AVHRR 10-day mosa-
ics. One of these classifications is the Global
Ecosystem classification, hereafter known as the
GLCC-GEC, which represents the Earth’s sea-
sonal land cover in a consistent global frame-
work by identifying 94 ecosystem types (Table
3), using the definitions given by Olson (Olson
1994a, 1994b). For climate modelling purposes,
the following surface parameters were allocated
to each class of the GLCC-GEC: background
surface albedo o, surface roughness length due
to vegetation Lo veg? fractional vegetation cover c,
and leaf area index LAI (the ratio of the leaf area
to the projection) for the growing and dormancy
seasons, forest ratio Cpr plant-available soil water
holding capacity W_, and volumetric wilting
point fp - (Claussen et al. 1994, Hagemann et al.
1999, Hagemann 2002).

The surface data were aggregated into sur-
face maps of the size and resolution of the
prospective modelling domain. For most of the
parameters the pre-processing steps consist of
weighed areal averaging, but for some, such as
roughness length, the processing is more compli-
cated (Hagemann 2002). In the Nordic areas, the
aggregation of two parameters, soil field capac-
ity and fractional vegetation, which is related
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to forest ratio, has been modified to account for  capacity is typically high in areas of forested
region specific vegetation and soil features. Field ~ wetlands in Finnish and Swedish Lapland, where

Table 1. Corine land-cover classes on level 2 and their proportions of Finnish Territory. Level 3 classes are also listed.

CLC level 2 class Proportion (%) of Level 3 classes
Finnish territory

11 Urban fabric 1.5 111 Continuous urban fabric,
112 Discontinuous urban fabric
12 Industrial, commercial and transport units 0.7 121 Industrial or commercial,

122 Road and rail networks,
123 Port areas, 124 Airport

13 Mine, dump and construction sites 0.1 131 Mineral extraction, 132 Dump sites,
133 Construction sites

14 Artificial non- agricultural vegetated area 0.6 141 Green urban areas,
142 Sport and leisure facilities

21 Arable land 5.8 211 Non-irrigated arable land

22 Permanent crop 0.0 222 Fruit trees and berry plantations

23 Pasture 0.2 231 Pastures

24 Heterogeneous agricultural area 0.6 242 Complex cultivation,
243 Land principally occupied by agriculture

31 Forest 43.7 311 Broadleaf, 312 Coniferous, 313 Mixed

32 Shrubs/herbaceous vegetation 17.4 321 Natural grassland, 322 Moors and heathland,
324 Transitional woodland/shrub

33 Open spaces with little or no vegetation 0.5 331 Beaches, dunes, sand, 332 Bare rock,
333 Sparsely vegetated areas

41 Inland wetland 7.0 411 Inland marshes, 412 Peatbogs

42 Coastal wetland 0.1 421 Salt marshes

51 Inland water 8.5 511 Water courses, 512 Water bodies

52 Sea water 13.4 523 Sea and ocean

Table 2. Classes of GlobCover classification within Finnish territory, their proportions and the Finnish HR CLC
classes (see Table 1 for class names) within those GlobCover classes.

GlobCover Class GlobCover proportion ~ Most common CLC
in Finland (%) classes
14 Rainfed croplands 0.003 21, 51, 313, 312
20 Mosaic cropland (50%—70%)/vegetation (20%—50%) 0.03 52, 51,312, 313
30 Mosaic vegetation (50%—70%)/cropland (20%—50%) 0.00005 52
50 Closed (> 40%) broadleaf deciduous
forest (h>5m) 11.9 313, 312, 32, 21
70 Closed (> 40%) needleleaf evergreen
forest (h>5m) 0.03 312, 52, 51
90 Open (15-40%) needleleaf deciduous
or evergreen forest (h>5m) 271 312, 313, 32
100 Closed to open (> 15%) mixed broadleaf
and needleleaf forest (h>5 m) 21.8 312, 313, 32
110 Mosaic forest or shrubland (50%—70%)/grassland (20%—50%) 3.2 312, 313, 21, 32
140 Closed to open (> 15%) herbaceous vegetation 0.003 283, 52
150 Sparse (< 15%) vegetation 12.9 32,312, 21, 41
180 Closed to open (> 15%) grassland or woody vegetation,
regularly flooded or waterlogged 3.0 41, 312, 32
190 Artificial surfaces and associated areas (Urban areas > 50%) 0.4 11,12, 312
200 Bare areas 0.05 33

210 Water bodies 19.4 52, 51
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the land cover is boreal coniferous forest. The
allocated soil field capacity is 0.21, which is too
low for these soils. Thus the value was overwrit-
ten with a constant value of 0.71 according to
the distribution of class 15 of the FAO soil-type
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data set (FAO 1971-1981, Hagemann 2002).
The fractional vegetation cover of the land-cover
class boreal coniferous forest was in Fennoscan-
dia increased from 0.52 to 0.91.

There are different alternatives for land-

Table 3. Classes of the GLCC-GEC ecosystem classification within Finnish territory, their proportions, the most
common Finnish HR CLC classes (see Table 1 for class names) within those GLCC-GEC classes, and which Glob-
Cover (Table 2) or CLC (Table 1) classes were recoded to which GLCC-GEC classes.

GLCC-GEC Proportion (%) Most common GlobCover CLC
class of Finnish CLC classes recoded recoded
territory
1 Urban 0.03 11,12 190 111, 121, 122, 123,
131,132, 133

2 Low Sparse Grassland 0.03 312, 313, 51 - -

4 Deciduous Conifer Forest 3.2 313, 312, 32, 41 91 -

8 Bare Desert 0.01 33, 32 201 —

9 Upland Tundra 0.01 32, 33 - -
11 Semi Desert — - 200 -
12 Glacier Ice > 0.01 33 220 -
13 Wooded Wet Swamp - - 180 -
14 Inland Water 9.8 51, 21, 31 210 511, 512
15 Sea Water 14.2 52 - 523
16 Shrub Evergreen - - 131 -
17 Shrub Deciduous 3.2 31, 32, 41 134 -
19 Evergreen Forest 0.01 313, 312, 21, 32 - -

and Fields
21 Conifer Boreal Forest 44.6 312, 313, 32 70, 90, 92 312
22 Cool Conifer Forest 0.1 21, 31 - -
23 Cool Mixed Forest 10.2 312, 313, 32 101 313
25 Cool Broadleaf Forest — — 50, 60 141, 311
30 Cool Crops and Towns - - 112,124, 142 -
31 Crops and Town 0.02 11, 21,312, 313 - -
38 Cool Irrigated Cropland 0.01 12,32, 21, 14 - —
40 Cool Grasses and Shrubs - - 120 321
42 Cold Grassland 0.7 32 150, 151, 152, 231
140, 141
44 Mire, Bog, Fen - - 185 412
45 Marsh Wetland - - - 411, 421
47 Dry Woody Shrub - - - 324
50 Sand Desert - - 202 331
51 Semi Desert Shrubs >0.01 51 - -
53 Barren Tundra 0.07 33, 32 - 333
55 Cool Fields and Woods 0.3 312, 313, 21, 32 20 -
56 Forest and Field 0.08 312, 313, 32, 21 - -
57 Cool Forest and Field 0.8 312, 313, 21, 32 32,110 -
60 Small Leaf Mixed Woods 1.7 32, 311, 41 - -
61 Deciduous and Mixed 1.6 312, 313, 32, 21 100 —
Boreal Forest

62 Narrow Conifers 6.8 312, 313, 32, 21 - -
63 Wooded Tundra 0.6 32,33 - -
64 Heath Scrub 0.1 32, 312, 33, 51 - 322
69 Polar and Alpine Desert >0.01 33, 32 - 332
93 Grass Crops 1.7 312, 313, 32, 21 - 211
94 Crops, Grass, Shrubs 0.07 312, 32, 51 14, 21, 30 222, 243
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cover data, such as the GLC2000 (Bartalev et al.
2003, GLC2000 2010) or MODIS Land Cover
Type (Friedl et al. 2010), but if there is a
need for more spatially-detailed data then the
GlobCover or Corine Land Cover classifica-
tions could be useful. The global land-cover
classification GlobCover ver. 2.2 is based on
MERIS images. After detecting cloud and snow,
images are mosaicked and the mosaics classified.
Its 22 land-cover classes (Table 2) have been
defined using the UN Land Cover Classification
System. Different geographical regions can have
their own more detailed classes (Bicheron et al.
2008).

The Corine Land Cover classification, also
called the European CLC, is a pan-European
project aimed at gathering information related
to the environment for the European Union.
The classification was produced using satellite
images and visual interpretation. The mapping
scale is 1:100 000 with a minimum mapping unit
of 25 hectares and a minimum width of units of
100 m. Only area elements are classified. The
classification nomenclature is hierarchical and
contains five classes at the first level, 15 classes
at the second level and 44 classes at the third
level (Torma et al. 2004).

The Finnish Corine Land Cover classification
(Tormi et al. 2004, Harmé et al. 2005, Tormi
et al. 2011) is a combination of existing digital
map data and land-cover interpretation of satel-
lite images. The land-cover interpretation is per-
formed by estimating various variables describ-
ing tree and vegetation cover for each image
pixel, and thresholding these to the CLC classes
(Table 1). The satellite images were Landsat-7
ETM+ images in the case of the CLC2000, and
Spot-4/5 XS and IRS LISS images in the case
of the CLC2006. CLC classes related to land
use are created by recoding digital map data to
the CLC classes, and in some cases updating
them with satellite images. The result is a raster
database, called the Finnish high resolution (HR)
CLC with a resolution of 25 m in the case of the
CLC2000 and 20 m in the case of the CLC2006.
The European version, with a 25 ha minimum
mapping unit, was created using automatic gen-
eralisation methods. The Finnish HR CLC is the
most accurate land-cover classification of Fin-
land, because it is based on:
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— digital map data such as the Topographic
database of the National Land Survey, which
is produced using photogrammetric interpre-
tation of aerial images,

— registers such as the Building and Dwelling
register containing information about every
building in Finland, or

— interpretations of moderate resolution satel-
lite images like the forest parameters of the
National Forest Inventory by the Finnish
Forest Research Institute.

Therefore, we consider it to be ground truth
when compared with other land-cover classifica-
tions.

The tree-crown cover estimated by the Finn-
ish Forest Research Institute Metla was used as
reference when the forest ratio assigned to the
GLCC-GEC classes was evaluated. Tree crown
cover was estimated using field sample plots
measured in the National Forest Inventory and
IMAGE2006 satellite data using the k-NN classi-
fication method (Tomppo 2006) for the CLC2006
classification process. The crown cover of decid-
uous and coniferous trees has been estimated for
each 20 meter grid cell for all of Finland in the
range 0%—100%. Open, non-forested land-cover
classes were given a crown cover of 0%, includ-
ing agricultural areas, water bodies, open bogs,
and so on. These data are now available from
http://kartta.metla.fi/index-en.html.

Table 4. Translation rules between GLCC-GEC clas-
sification and PFTs in JSBACH. Only the most promi-
nent land-cover types according to the GLCC-GEC
(see Table 3) and Cool Broadleaf Forest, which is an
important class in other land-cover data sources, are
included.

GLCC-GEC class PFT

25 Cool Broadleaf Forest ~ Temperate broadleaf
deciduous trees
Coniferous evergreen
trees

50% temperate broadleaf
deciduous trees,

50% coniferous evergreen
trees

50% coniferous evergreen
trees, 50% coniferous
deciduous trees

21 Conifer Boreal Forest

23 Cool Mixed Forest

62 Narrow Conifers
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Reference data for the evaluation of the leaf
area index (LAI) was obtained from the VALERI
project (see http://w3.avignon.inra.fr/valeri/) and
the University of Helsinki’s (UH) LAI map of
Finland (Heiskanen et al. 2011a, Heiskanen et al.
2011b). The VALERI data cover three approxi-
mately 3 km X 3 km sites in Finland: Hirsikan-
gas, Rovaniemi and Hyytiédld. LAI was measured
in the field and estimated for pixels of satellite
images covering the period of ground measure-
ments using an empirical model. Another source
for high-resolution LAI information was the UH
LAI maps covering entire Finland, which are
based on IMAGE2000 and IMAGE2006 satellite
image mosaics and in-situ data. Effective LAI
produced was corrected for shoot-level clumping
in coniferous and mixed forests using the Finn-
ish HR CLC2006 classification.

We made comparisons between different
classifications in order to get an idea of the
thematic content of the GLCC-GEC and Glob-
Cover classes and their possible thematic errors.
We transformed the land-cover classifications to
common coordinate system and counted the pro-
portions of Finnish HR CLC2000 classes for
each GLCC-GEC or GlobCover class. In other
words, we took the area of the class from a lower
spatial resolution classification and counted the
proportions of different Finnish HR CLC classes
within that area. We also counted the proportions
of different classes within Finnish territory. Due
to different classification systems, we had to
group classes together to make them comparable.
These groups were based on the CLC classifica-
tion system, and were CLC1 Artificial surfaces,
CLC?2 agricultural areas, CLC31 Forests, CLC32
Transitional woodlands and open spaces on min-
eral soil, CLC4 Wetlands and CLC5 Water.

We validated the two land-surface param-
eters — forest ratio and LAl — by comparing
them with tree-crown cover estimates from the
Finnish National Forest Inventory and high-reso-
lution LAI maps, respectively. We compared the
forest ratio of the selected GLCC-GEC classes
with the mean tree-crown cover values com-
puted from tree-crown cover maps. We com-
puted these mean values in two different ways;
(1) the class area was defined using the GLCC-
GEC with a 1-km pixel size, and (2) using the
Finnish HR CLC with a 25-m pixel size. The
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selected GLCC-GEC classes were 1 Urban, 14
Inland Water, 21 Conifer Boreal Forest and 23
Cool mixed Forest. We compared the LAI values
of selected GLCC-GEC classes with the mean
LAI values computed from the high resolution
LAI maps from VALERI and UH. Finnish HR
CLC was recoded into the GLCC-GEC classes
and mean LAI was calculated for each class. The
selected GLCC-GEC classes were 21 Conifer
Boreal Forest, 23 Cool Mixed Forest, 25 Cool
Broadleaf Forest, and 47 Dry Woody Scrub.

As the GLCC-GEC is quite outdated, its
spatial and thematic resolution is poor and there
are newly produced global, regional and local
land-cover classifications available, we produced
new land-cover classifications for the modelling.
We used the following land-cover classifica-
tions instead of the GLCC-GEC (Fig. 1a): The
regional ver. 2.2 of GlobCover land-cover clas-
sification (Fig. 1b) (Bicheron 2008), as well as
the CLC in its European (Fig. Ic) and Finnish
HR (Fig. 1d) versions (Tormé et al. 2011). As
the modelling environment uses the GLCC-GEC
(Fig. 2a) nomenclature, we recoded the revised
land-cover classifications to use the GLCC-GEC
nomenclature (Fig. 2b, ¢ and d). We did this by
comparing class definitions in different classifi-
cations with the aid of surface parameters allo-
cated to each land cover category in the GLCC-
GEC. We carried out the following processing:

— We recoded GlobCover classification to the
GLCC-GEC classes (Table 3, fourth column).
As the pixel size of GlobCover classification
is 300 m, majority filtering was done using
a 3 x 3 filtering window, and then the data
was resampled into a 1000 m grid using the
nearest-neighbour interpolation method (Fig.
2b).

— We recoded the CLC to the GLCC-GEC
classes. This recoding was carried out by
finding the closest GLCC-GEC class for each
CLC class (Table 3, fifth column). In its origi-
nal form, the European CLC classification is
vector data with a 25-hectare minimum map-
ping unit. A rasterised version with a 100-m
pixel size was used in this study. Due to differ-
ences in pixel sizes (CLC 100 m, GLCC-GEC
1000 m), processing was carried out so that
class recoding was done first, then majority-
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b. GlobCover

a. Olson

0 5 10 15 20 km - Water - Forest l. Shrub, open or wetland
\:l Agricultural - Urban

Fig. 1. An example of different land-cover classifications, (a) the GLCC-GEC (1-km pixel size), (b) GlobCover (300
m), (c) the European CLC (100 m), and (d) the Finnish HR CLC (25 m). The figures show the town of Ikaalinen and
its surroundings.

cover classifications varied and not all covered
the whole modelling window. Therefore, two
different combinations of land-cover classifica-
tions were created:

filtering with a 9 X 9 filtering window, and
finally resampling to a 1000 m pixel size using
the NN interpolation (Fig. 2c).

— The Finnish HR CLC was used instead of the
European CLC in Finland. Processing works
just as well as with the European CLC, but
the size of the majority filter was 41 x 41

— classification based on GlobCover, and
— classification based on the Finnish HR CLC

pixels. Outside Finland, the European CLC
and GlobCover were used (Fig. 2d).

The geographical coverage of these land-

within Finland, the European CLC where
available and Globcover elsewhere.

We compared the statistical significance of



30 km
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I:l Agricultural
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b. Globcover

d. Corine Land Cover (Fl)

. - T

|.| Shrub, open or wetland

- Urban

Fig. 2. An example of different land cover classification alternatives for modelling, (a) the original GLCC-GEC, (b)
recoded and resampled GlobCover, (c) the recoded and resampled European CLC, and (d) the recoded and resa-
mpled Finnish CLC. In the figures, the city of Tampere is located near the top.

the differences between the used classifications
with unpaired Student’s #-test.
Results

Validation of land cover classifications
and land surface parameters

We compared the GLCC-GEC classes with the
Finnish HR CLC2000 classification. In all, there

are 29 different GLCC-GEC classes within Finn-
ish territory (Table 3), but just three classes (21
Conifer Boreal Forest, 15 Sea Water, 23 Cool
Mixed Forest) cover 69% of this area. There are
seven other classes with individual proportions
of 1%—10% that cover 28% of Finland. For the
rest of the country, 19 classes cover about 3%.
According to more accurate and recent global
land-cover classification, GlobCover, about 20%
of Finnish territory is covered by water, includ-
ing sea, 13% sparse vegetation, 3% wetlands and
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the rest is forests (Table 2). The proportion of
urban areas is very low, only 0.4%.

We compared how different classifications
divided the Finnish territory into the formed
general classes based on the Corine Land Cover
classification (CLC1-CLCS5) (Table 5). The pro-
portion of forests was overestimated in Glob-
Cover and the GLCC-GEC and the proportions
of smaller classes underestimated when com-
pared with the Finnish HR CLC. This is typical
in the sense that the proportion of the dominant
class increases in the coarser-resolution data,
and the proportions of less dominant classes
decrease. The exception was the CLC33 Open
spaces of GlobCover, whose proportion was
much greater in GlobCover than in the HR CLC.
It seems that CLC33 of GlobCover included
areas which are classified as CLC2 or CLC32 in
the HR CLC. One major failure is that there are
no open bogs, mires and marshes in the GLCC-
GEC classification of Finland. Quite often agri-
cultural areas in the HR CLC are in forest classes
in the GLCC-GEC. This is because the Finnish
landscape is a mosaic of small polygons with
different land covers and uses. In addition to
this, the open bogs of the HR CLC have usu-
ally been classified as forest in the GLCC-GEC.
Compared with the GLCC-GEC, the benefit of
GlobCover is that wetlands are included, as well
as being relatively well located. It can be seen
from the examples of different classifications for
modelling (Fig. 2) that forested areas and water
are over-represented in the GLCC-GEC, and
there are too many sparsely vegetated areas and
a lack of agricultural areas in GlobCover.

We also compared the average patch size
of land cover classifications, in order to evalu-
ate their possibilities for showing the details
of a landscape. The average land cover patch
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size of different classifications on the test area
varied a lot (Table 6), from 0.7 ha for the Finn-
ish HR CLC to 1643 ha for the GLCC-GEC.
The number of classes in different classifications
also varied a lot, from 35 classes in the Finn-
ish HR CLC to 11 classes in GlobCover and
the GLCC-GEC. The patch size depends on the
properties of an area itself, such as the geometric
and thematic variations of the landscape, but also
the technical characteristics of the classifica-
tion such as the minimum mapping unit and the
number of classes used to represent the thematic
variation. A smaller minimum mapping unit and
more classes means that a classification is able
to represent the smaller geometric and thematic
details more accurately. On the other hand, just
decreasing the minimum mapping unit does not
necessarily cause a decrease in patch size if the-
matic detail is poorly represented due to a small
number of classes. The minimum mapping units
of the European CLC and GlobCover are 25 ha
and 9 ha, respectively, indicating that GlobCover
should represent the landscape with more details

Table 5. The percentages of land-cover classes of dif-
ferent land-cover classifications within Finnish territory.
The land cover classes were based on the CLC classifi-
cation system, and were CLC1 Atrtificial surfaces, CLC2
agricultural areas, CLC31 Forests, CLC32 Transitional
woodlands and CLC33 open spaces on mineral soil,
CLC4 Wetlands and CLC5 Water.

HR CLC EUCLC GlobCover GLCC-GEC

CLCH 2.8 1.2 0.4 0.03
CLC2 6.1 7.6 0.03 2.8
CLC31 441 50.7 61.1 69.1
CLC32 18.1 13.5 3.2 3.7
CLC33 0.6 0.3 12.9 0.1
CLC4 7.4 5.8 3.0 0
CLC5 20.9 20.9 19.4 24.0

Table 6. The characteristics of different land-cover classifications of a test area used to compare the average land-

cover patch size of different classifications.

Fi HR CLC EU CLC GlobCover GLCC-GEC
Number of Classes 35 11 11
Minimum mapping unit 25 m pixel 25 ha polygon 300 m pixel 1000 m pixel
Number of samples 1232552 10091 10315 493
Mean + SD size (ha) 0.7 £28.5 80.3 + 1238.9 78.5 +611.1 1643.0 + 26565.2
Minimum (ha) 0.03 4.5 50.0
Maximum (ha) 245891 104303.8 33123.4 588262.5
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resulting smaller land-cover patch size. Overall,
they had about the same number of land-cover
patches within the test area (Table 6) and the
likely reason is that the European CLC uses 19
classes to represent the thematic details, whereas
GlobCover uses just 11 classes.

We compared the surface parameter forest
ratio of the GLCC-GEC classes (Hagemann
2002) with tree-crown cover estimated by the
Finnish Forest Research Institute (Metla). When
we defined coniferous forest according to the
Finnish HR CLC, the mean value for crown
cover was 0.46 for the whole Finland (Table 7,
class 21 Coniferous boreal forests). The density
of forests varies within Finland in different veg-
etation zones: in the northern boreal zone the
average crown cover was 0.30 (SD = 0.10, n =
94846370), while the corresponding value for
the southern boreal zone was 0.50 (SD = 0.13,
n = 113109816). The difference between these
mean values was statistically significant (z-test:
t, = 125282, two tailed p < 0.0001). When we
defined the coverage of coniferous forests using
the GLCC-GEC with a 1-km spatial resolution,
the mean crown cover was only 0.27. The inac-
curacy of the delineation of coniferous forests
in the GLCC-GEC and its low spatial resolu-
tion causes mixing of sparsely forested areas
with dense forests, which decreases the crown
cover values of the GLCC-GEC. In mixed for-
ests (class 23), the value given is much higher
than the estimated crown cover. The forest ratio
can be greater than zero for water (class 14)
because the pixel size is large and mixed pixels
exist on shorelines. The forest ratio values given
for urban areas (class 1) are too low because
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in reality urban areas also contain some treed
or forested areas. In all cases, the difference of
class mean tree crown cover estimated using the
GLCC-GEC and the Finnish HR CLC was statis-
tically significant (Table 7).

The LAI values given for the growing season
of the GLCC-GEC classes (Hagemann 2002)
were considerably higher than the correspond-
ing estimates from the VALERI or UH LAI
maps (Table 8). Although the LAI values of the
VALERI data tend to be underestimated, since
foliage clumping is not taken into account, it can
be concluded that generally the LAI values of
the GLCC-GEC are too high. LAI of the GLCC-
GEC should be lower for classes 21 Conifer
Boreal Forest and 25 Cool Broadleaf Forest, and
could be a little lower for class 47 Dry Woody
Scrub. The LAI value for class 23 Cool Mixed
Forest seems to be relatively good. The VALERI
and UH LAl-estimates for different land-cover
classes were significantly different for each class
(Table 8). This illustrates that LAI is quite a dif-
ficult parameter to estimate using remote sensing.

Effect of land cover data on regional
carbon modelling

The impact of replacing the GLCC-GEC with
the CLC2000 in regional climate model REMO
was studied by Gao et al. (2014) and it was
found that the CLC2000 slightly improved in
the simulated air temperature and precipitation.
However, the deviations of model results from
measurements were a lot larger than the devia-
tions between the surface parameter sets.

Table 7. The forest ratio values given (FR GEC) and statistics of tree crown cover estimated by the Finnish Forest
Research Institute Metla for classes 1 Urban, 14 Inland Water, 21 Conifer Boreal Forest and 23 Cool Mixed Forest.
Classes have been defined using the GLCC-GEC (GEC) with 1-km pixel and the Finnish HR CLC (CLC) recoded to

the GLCC-GEC classes with 25-m pixel.

Class 1 Class 14 Class 21 Class 23
FR GEC 0 0 0.46 0.93
Mean + SD GEC 0.11 +0.18 0.16 +0.23 0.27 +0.21 0.31£0.22
Number of samples 166713 60766821 278102704 63682023
Mean + SD CLC 0.14 +0.19 0 0.41 +0.14 0.45+0.15
Number of samples 16744129 53095593 217257263 62818542
ttest’'s t 67.7 5422.8 8875.9 4186.7
Two-tailed p < 0.0001 < 0.0001 < 0.0001 < 0.0001
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Below, the changes in the carbon balance in
Finland predicted by JSBACH are inspected.
Thus the results of the run with the Finnish HR
CLC, European CLC and GlobCover combina-
tion based PFT distribution, are shown solely
for the area of influence of the Finnish HR
CLC. Average gross primary production (GPP)
rates and their standard deviations (SD) for the
15-year period from 1997 to 2011 (Table 9) in
Finland were quite similar among the three PFT
distributions. However, the seasonal partitioning
showed on average higher spring GPPs in the
GLCC-GEC and Finnish HR CLC than in Glob-
Cover, which were mostly compensated for by
respective lower summer values. Winter values
were generally negligible and autumn values
were very similar among the three land cover
data. The higher spring values can be attributed
to higher proportion of coniferous evergreen
species in the GLCC-GEC and Finnish HR CLC
than in GlobCover. Generally the differences of
yearly and seasonal average GPPs were not sig-
nificant, but GlobCover-based spring GPP was
significantly different from GPP of the other
land-cover data (GlobCover vs. GLCC-GEC
t-test: £, = 3.63, two tailed p = 0.001; GlobCover
vs. Finnish HR CLC r-test: 7,, = -5.69, two tailed
p <0.001). Peltoniemi et al. (2014) showed that
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JSBACH predicts equally high season GPP rates
for both deciduous and evergreen trees while
the growing season start of deciduous PFT is
delayed on average for approximately a month,
resulting in a lower annual GPP. Our results
show that coniferous evergreen species account
for 86%, 79% and 84% of the average annual
land ecosystem GPP, with GLCC-GEC, Glob-
Cover and Finnish HR CLC, respectively.

Regionally, the largest change in 15-year
average GPP between the GLCC-GEC and
GlobCover took place in northern Finland and
close to the northern part of the coast of the Gulf
of Bothnia, displaying large areas of increased
production (Fig. 3, left). In southern Finland
GPP decreased, which is due to the increase
of the proportion of deciduous broadleaf trees
at the expense of the proportion of coniferous
evergreen trees. The Finnish HR CLC run (Fig.
3, right) showed an increase in GPP mostly in
the same areas in northern and western Finland
as GlobCover runs. In southeastern Finland an
increase in GPP took place, which is in accord-
ance with a slight decrease in deciduous broad-
leaf trees.

The impact of land cover on the differences
between the three land cover data sets was
further examined by looking at the regional

Table 8. The LAl values given (LAl GEC) and statistics estimated from LAl-maps of VALERI-project and University
of Helsinki for classes 21 Conifer Boreal Forest, 23 Cool Mixed Forest, 25 Cool Broadleaf Forest and 47 Dry Woody

Shrub.

Class 21 Class 23 Class 25 Class 47
LAl GEC 6.0 4.3 5.2 4.0
Mean + SD VALERI 1.9+0.7 1.8+0.7 1.7x+0.7 1.2+0.7
Number of samples 35304 10792 1549 4240
Mean + SD UH 4.4 +13 4112 35+13 2.7 +1.3
Number of samples 217061736 62757565 15719037 59956373
ttest's t 670.9 341.2 101.2 139.5
Two-tailed p < 0.0001 < 0.0001 < 0.0001 < 0.0001

Table 9. Mean + SD yearly and seasonal [spring (March—May), summer (June—August), and autumn (September—
November)] gross primary production (GPP) rates (g C m=2 a™) for a 15-year period from 1997 to 2011 modelled

using different land cover (LC) data.

LC data Whole year Spring Summer Autumn
GLCC-GEC 510 + 34 78 +8.9 371 +28 61+53
GlobCover 515+ 35 66 +8.7 386 + 30 63 +5.7
Finnish HR CLC 522 + 33 86 +9.7 374 £+ 28 62 +5.3
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Fig. 3. Deviations of the
mean annual GPP from
JSBACH for the years
1997-2011 derived with
two new PFT distribu-
tions from the GLCC-GEC
based PFT distribution.
Difference between Glob-
Cover and the GLCC-
GEC results (left) and dif-
ference between the Finn-

175 125 75 25 25 75 125im*2r1)

distributions of SDs of annual GPPs during for
the years 1997-2011 (Fig. 4). The areas domi-
nated by evergreen coniferous forests display the
lowest inter-annual variability. Additionally, the
fell areas in northern Finland, with little or no
vegetation, show a small inter-annual variation.
For the GLCC-GEC, the highest interannual
variability was located in central and southern
Finland, where the classification placed narrow
conifers that are translated into coniferous decid-
uous and deciduous broadleaf trees (Table 4).
Even though in the PFT map based on the Finn-
ish HR CLC there are no grid cells with conif-
erous deciduous trees among dominant PFTs,
it produced a very similar pattern of SD of the
annual GPPs (Fig. 4, right) to the GLCC-GEC
based PFT map (Fig. 4, left). The reason for this
is that both deciduous PFTs have similar descrip-
tions of phenology in the model. The same area
shows locally the highest variability also with
the GlobCover data set (Fig. 4, middle). These
high SDs in the areas with relatively high pro-
portions of deciduous broadleaf trees reflect the
sensitivity of deciduous PFTs to the climatic
conditions controlling the annual development
of LAI and consequently the start of growing
season. As the length of the growing season
plays a major role in the annual carbon balance it

175 125 75 25 25 75 125im’2r1)

ish HR CLC and GLCC-
GEC results (right).

is of pivotal importance to have correct propor-
tions of evergreen and deciduous PFTs.

Discussion

So far, the REMO and the JSBACH model runs
with the prescribed land-cover have used the
GLCC-GEC as base land-cover data, with PFTs
and surface parameters assigned to its classes.
Unfortunately, the GLCC-GEC does not repre-
sent the Finnish landscape particularly well, and
there are significant errors in the distribution of
land-cover types. Technical weaknesses are its
large pixel size and that it is based on the NOAA
AVHRR time series from the early 1990s. There
are 94 classes, but these do not represent Fin-
land well because just three classes cover 69%
of this area. When compared with the Finnish
HR CLC, the proportion of coniferous forests is
greater in the GLCC-GEC, and the proportion
of other land-cover types lower. Due to its large
pixel size, the proportion of dominant land-cover
increases. The Finnish landscape is composed
of small patches of different land cover. The
effects of this can be seen in comparison; almost
half of inland water in the GLCC-GEC is some-
thing other than water in the Finnish HR CLC,



BOREAL ENV. RES. Vol. 20 -

GLCC-GEC GlobCover

Land-cover data for land-surface modelling 257

Finnish HR CLC

0 10 20 30 40 50

60(@gm?0 10 20 30

40 50

60(gm?0 10 20 30 40 50 60(gm?)

Fig. 4. Standard deviation of GPP for the years 1997-2011 from JSBACH with three different land cover data sets,
GLCC-GEC (left), GlobCover (middle) and Finnish HR CLC (right).

and quite often agricultural areas in the Finn-
ish HR CLC are classified as forest classes in
the GLCC-GEC. One significant failure is that
there are no open bogs, mires and marshes in the
GLCC-GEC classification of Finland and these
areas are classified mainly as forests.
Land-surface parameters, forest ratio and LAI
allocated for the GEC-GLCC classes (Claussen
et al. 1994, Hagemann et al. 1999, Hagemann
2002) were studied further. It was noted that the
forest ratio of classes was usually much higher
than the tree crown cover estimates calculated
from moderate resolution satellite images. LAI
of forest classes for the GLCC-GEC were also
higher than estimates from high-resolution LAI
maps. Allocation of a constant value for surface
parameter for a land-cover category does not
always correspond properly to the situation in
the field, in particular where surface character-
istics vary within a single land-cover category.
Thus, land-cover categories should be further
divided into subcategories, or preferably, when-
ever possible surface characteristics should be
provided for the models as continuous fields.
Ultimately, it is the modelling environment
which should be used to decide what is good

land-cover data. Two revised land-cover data sets
recoded into the GLCC-GEC nomenclature were
produced covering the modelling window in
Scandinavia and the surrounding areas. The first
was based on the GlobCover classification, and
the other on a combination of the GlobCover,
European CLC and Finnish HR CLC classifica-
tions. In comparison with the Finnish HR CLC
classification, GlobCover overestimates the pro-
portions of forests and sparsely vegetated areas,
whereas agricultural areas and shrubs in par-
ticular are heavily underestimated. One way to
enhance GlobCover could be to study GlobCo-
rine (Defourny et al. 2010) and find land-cover
and land-use classes which are represented better
in GlobCorine than in GlobCover. For exam-
ple, agricultural areas, grasslands and heathlands
could be taken from GlobCorine if they are clas-
sified more accurately than the corresponding
areas in GlobCover. Compared with the GLCC-
GEC, the benefit of GlobCover is that it includes
wetlands, and they are relatively well located.
One alternative to create new land-cover data
would be to acquire estimates of land-surface
parameters that are as good as possible, and find
the closest GLCC-GEC class in the land-surface
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parameter table (Hagemann 2002). This was not
done because it was not possible to estimate all
the required land-surface parameters.

It was quite straightforward to recode the
GlobCover and CLC classifications to the
GLCC-GEC classes; the main difficulty was
deciding on correspondence between classes
when the descriptions of classes were not very
precise. Unfortunately it is not possible to say
which is the best for modelling purposes, but
recently the CLC classification has been used
in REMO instead of the GLCC-GEC by Gao et
al. (2014) and in JSBACH by Peltoniemi et al.
(2014).

Conclusions

For the JSBACH land-surface model, which uses
the PFT presentation of vegetation distribution,
it is crucial to have correct proportions of cor-
rectly-located land-cover classes. For the REMO
climate model, which utilises prescribed parame-
ter fields in its descriptions of surface processes,
it is also important to have a suitable set of
parameter values allocated to land-cover classes.
The standard land-cover classification used with
these models is based on old satellite images
with poor spatial resolution and it represents the
Finnish landscape quite poorly. Therefore, we
created new land-cover classifications based on
newer and more spatially-accurate land-cover
classifications that should be used instead.
Although the differences between modelling
results using different land-cover data were quite
small, we still think that the land-cover data
based on spatially, thematically and temporally
more accurate land cover classifications should
be used instead of the GLCC-GEC. We think
that our lack of positive evidence is due to the
lack of spatially explicit reference, or compen-
satory effects such as the decrease of spatial
variability when integrating over larger area, or
an erroneous response of the modelling system
to land-cover data producing ‘correct’ results.
When we use land-cover data which is as correct
as possible, we will be prepared for improve-
ments in modelling systems, such as enhance-
ments in the descriptions and parameterizations
of plant functional type specific processes and

Térmd etal. + BOREAL ENV. RES. Vol. 20

the increase of the spatial resolution of climate
models.
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