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Abstract

This article presents the results of the Finnish multi-source forest inventory based on satellite images, 
digital map data and fi eld data. The main purpose of the article is to make multi-source forest inventory 
results available for the foresters, and all the readers interested in forests and forest environment. The 
fi eld data originates from the 10th Finnish National Forest Inventory from years 2004 and 2005 and 
the updated fi eld data of the 9th National Forest Inventory (NFI9) from years 1996–2003. The basic 
features of the employed improved k-NN method are described, as well as the new updating method 
briefl y. The data from the fi eld sample from the NFI9 were updated to the mid of year 2005 identifying 
the major changes on the fi eld plots with the help of satellite images. Tree level growth models were 
applied to the remained trees to add the volume increments between fi eld measurement and 2005.

The results are presented by forestry centres and within forestry centres by municipalities. The 
estimates are given, for example for land areas, areas of tree species dominance, age and development 
classes and often separately for forests available for wood supply. The mean volume and total volume 
estimates are given in many different ways: mean volumes by tree species and by timber assortments 
for forest land, poorly productive forest land and their combination and also for forests available for 
wood supply, as well as by age and development classes. The biomass estimates are given by tree 
species groups in young thinning stands in which fi rst commercial thinning was proposed for the fi rst 
5-year-period, separately for stem and bark and branches and foliage. The biomass estimates of mature 
forests are presented separately for branches, foliage and stem residuals, and stumps and large roots by 
tree species groups. All biomass estimates are given separately for land available for wood supply. The 
presented results can be employed in calculating forest resource estimates also for regions larger than 
municipalities. The error sources for the estimates as well as the reliability of the estimates are briefl y 
discussed in Section 3.4.3 and Chapter 5.
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List of abbreviations

k-NN k-Nearest Neighbour method

ik-NN Improved k-NN method

NFI National forest inventory

MS-NFI Multi-source national forest inventory

Landsat Land satellite

Landsat TM Thematic Mapper, a high-resolution scanner system on board the Landsat-4 
and Landsat-5 satellites

Landsat ETM+ Enhanced Thematic Mapper, sensor on-board Landsat-7

Spot XS HRV Satellite pour l’Observation de la Terre with XS (Spot 2) or XI (Spot I) 
multispectral scanner, High resolution Visible (HRV) imaging systems

IRS LISS-3 Indian Remote Sensing Satellite, Linear imaging self-scanner3

NLS National Land Survey of Finland

TOPO50 1:50 000 topographic map database

TOPO Topographic database

PerusCD Digital map corresponding to 1:20 000 printed maps

DEM Digital elevation model

RMSE Root mean square error

SE Standard error

FRYL Forestry land, in MS-NFI covers forest land, poorly productive forest land and 
unproductive forest land

FPPF Forest and poorly productive forest land

PPF Poorly productive forest land



Working Papers of the Finnish Forest Research Institute 111
http://www.metla.fi /julkaisut/workingpapers/2009/mwp111.htm

6

Introduction1 

The First National Forest inventory (NFI) was carried out in Finland from 1921–1924. The tenth 
rotation began in 2004 and was completed by 2008. Based on the information from sample plots, 
estimates can be made for a country, or regions within a country, with a minimum size of about 
300 000–500 000 hectares, depending on the parameter. The densities of plots are high enough to 
ensure that the resulting sampling errors are low for core variables such as areas of land classes 
and the volume of growing stock. 

The administrative units in Finnish forestry are the forestry centres, which have forest areas between 
800 000 hectares and 5 million hectares. However, the areas of the centres are divided into sub-areas, 
or forest management units, from which forest resource and forest status information are needed. 
High utilisation levels of forests and the changing practices of forestry and forest industries in the 
1980’s and ‘90’s required more accurate, localised and up-to-date information than previously. 
The use of fi eld data alone to respond to the increased information needs would have been an 
expensive alternative. Either a substantially denser fi eld plot grid or some other type of information 
was required.

The development of the Finnish multi-source national forest inventory (MS-NFI) began in 1989, 
and the fi rst operative results were calculated in 1990 (Tomppo 1990, 1991, 1996, 2006b). The 
MS-NFI was introduced during the 8th rotation of NFI (1986–1994) in the Pohjois-Savo forestry 
centre (see Fig. 2.1, Chapter 2). The fi rst results for the entire country were published in 1998 
(Tomppo et al. 1998b) and the second country level results in 2008 (Tomppo et al. 2008b).

For MS-NFI, methods were sought that would provide area and volume estimates, possibly broken 
down into subclasses, such as tree species, timber assortments, and stand-age classes. As an example 
of more recent information needs, the potential wood energy biomass from forests is also considered 
in this article due to its importance as an alternative energy source to non-renewable energy. In 
the optimal case, the MS-NFI method should be able to provide estimates for small areas as 
accurate as the fi eld based method provides estimates at national and regional levels. Since the 
fi rst implementation of this method, it has been modifi ed continuously and new features have been 
added (Katila et al. 2000, Katila and Tomppo 2001, 2002). The core of the current Finnish MS-NFI 
method is presented in Tomppo and Halme (2004) as well as in Tomppo et al. (2008b).

A somewhat similar method, which combines fi eld data and satellite images, has been developed 
and employed in a several other countries like Sweden (Nilsson 1997, Reese et al. 2002, 2003, 
Hagner and Olsson 2004), USA (Franco-Lopez et al. 2001, McRoberts 2006, McRoberts et al. 
2002a, 2002b, 2006), Norway (Gjertsen, 2005), Austria (Koukal et al. 2005), New Zealand (Tomppo 
et al. 1999), China (Tomppo et al. 2001a), Germany (Diemer et al. 2000) and Italy (Maselli et al. 
2005). Tomppo et al. (2008b) gives a list of references. The Swedish k-NN product is used for 
a multitude of purposes, as well as a basis for post-stratifi cation to produce the offi cial Swedish 
forest statistics, see also Tomppo et al. (2008b). Also, McRoberts et al. (2002a, 2002b) applied 
a k-NN products for post-stratifi ed estimation. Other examples of the development work in USA 
are the studies by McRoberts (2006) and McRoberts et al. (2007), who presented a model-based 
approach to derive k-NN error estimates for a group of pixels at an arbitrary size, Finley et al. 
(2006) and Finley and McRoberts (2008), who presented two methods of increasing the effi ciency 
of the k-NN search. 
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The progress of the Finnish NFI was changed somewhat for NFI10 (2004–2008). Measuring fi eld 
plots throughout the entire country was the biggest change. One-fi fth of the clusters are measured 
annually, except the clusters in the archipelago regions (Åland) between Finland and Sweden and 
the very northernmost part of the country, which was measured during one fi eld season in 2007. The 
very northernmost part was not measured in NFI10 and will be measured next time during NFI11. 
At the same time, the inventory rotation was shortened to 5 years, or nearly half of it’s previous 
rotation duration. Inventory progressed by regions from the fi fth inventory (1964–1970) until 
NFI9 (1996–2003). This change makes it possible to compute the basic forest resource estimates 
annually for the entire country. 

This change in inventory progress makes it possible to calculate also the MS-NFI results more 
frequently than during NFI8 and NFI9. In the NFI plans, MS-NFI results were decided to be 
calculated every second year for the most part of the country, and for North Finland every fourth 
year. The new approach to progress sets some additional challenges for the MS-NFI, e.g., fi eld 
measurements from several years can and must be employed. In the fi rst results, presented in 
this article, NFI10 fi eld data come from the years 2004 and 2005. Field data from NFI9 are also 
employed in order to get a high enough number of fi eld plots for training data for satellite image 
supported estimation. The inventory is called MS-NFI-2005 throughout this article.

The main users of the MS-NFI results, municipality level estimates and maps are the forestry 
authorities at forestry centres, forest industries and forest environment researchers. More details 
of the uses are given in Tomppo et al. (2008a and 2008b).

The objective of this article is to present the municipality-level results of the multi-source na-
tional forest inventory of Finland based on fi eld data from NFI10 from years 2004 and 2005 and 
computationally updated fi eld data from NFI9 (1996–2003). The updating method is also briefl y 
described. Otherwise, references for methods are given.

Materials2 

Field data 2.1 

Sampling designs2.1.1 

The Finnish national forest inventory is a sampling based inventory. The sample plots are arranged 
into clusters. An important aspect is that the cluster should represent one day’s average work. The 
fi eld measurements and assessments of the NFI are carried out on the fi eld sample plots and on 
those forest stands that include at least a part of a fi eld plot. The fi eld sample plot is also a unit in 
the fi eld data based estimation (Tomppo 2006a). The ninth inventory rotation was conducted during 
the years 1996–2003. The fi eld work proceeded by forestry centres (Fig. 2.1). 

The fi eld sample plot both in NF9 and NFI10 has been a Bitterlich plot (angle-gauge plot) with 
a maximum distance (Fig. 2.2). The maximum distance detracts very little from the reliability of 
the estimates but decreases the amount of fi eld work and also reduces possible errors caused by 
unobserved trees. 
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  1b Pohjanmaa
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 3 Häme-Uusimaa
 4 Kaakkois-Suomi
 5 Pirkanmaa
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 7 Etelä-Pohjanmaa
 8 Keski-Suomi
 9 Pohjois-Savo
 10 Pohjois-Karjala
 11 Kainuu
 12 Pohjois-Pohjanmaa
 13 Lapland

Fig. 2.1. Forestry centres 1.1.2007. Digital map 
data: ©National Land Survey of Finland,  
licence No. 363/MML/08.

Tally tree

Sample tree

A boundary tree - the inclusion checked 
with measurements - belonging to 
the sample plot

A boundary tree - the inclusion checked 
with measurements - not belonging 
to the sample plot

A tree belonging to Bittenlich plot, 
but outside of the sample plot

Fig. 2.2. A sample plot of NFI9 and NFI10. The maximum distance to trees to be counted is 12.52 m in South 
Finland (q=2) and 12.45 m in North Finland (q=1.5). Every 7th tree is measured as a sample tree, counted 
by crews and starting in the beginning of fi eld season.

The sampling design was adapted to the variability of the forests. The six sampling density regions, 
together with fi eld plot clusters, are shown in Fig. 2.3. The NFI9 sampling designs, cluster sizes, 
and distances between clusters, in the southernmost part of the country, Central Finland, North 
Central Finland, South Lapland, and North Lapland are shown in Fig. 2.4. The distances between 
clusters were 6 km by 6 km in the southernmost Finland (extra cluster lines were added to obtain 
high enough number of fi eld plots in Åland, Region 1, Fig 2.3a.), 7 km by 7 km in Central Finland, 
7 km by 7 km elsewhere in North Central Finland, with fewer plots than in Central Finland, and 
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Fig. 2.3. NFI layout of clusters and the six geographic regions with different sampling densities, a) NFI9 
1996-2003 and b) NFI10 2004-2005.
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Fig. 2.3. Continued 
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Fig. 2.4. The NFI9 sampling design in different inventory regions: (a) region 1, (b) region 2, (c) region 3, (d) 
region 4 (in region 5, the design is same but the distances are 10 by 10 km, (e) region 6. Stratifi ed sampling 
was used in region 6.
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Fig. 2.4. Continued

10 km by 10 km in the municipality of Kuusamo and in South Lapland except in the area of the 
three northernmost municipalities.

Satellite image-based digital volume maps and sampling simulations were employed to evaluate 
different sampling designs. The sampling intensity was fi tted to the spatial variation in forests 
throughout the whole country, being lower in the north than in the south (Henttonen 1991). 

A similar approach was employed for NFI10 sampling design. The basic principles of the NFI10 
design are similar to those of NFI9 (Tomppo 2008). The need to shift the locations of the clusters 
with temporary plots caused some changes. The clusters with temporary plots were shifted 1 km 
west and 1 km north in this rotation (Fig. 2.5). Shortening of the inventory rotation also added 
pressure to reduce the number of fi eld plots slightly. New sampling simulation studies were carried 
out in all parts of the country for the forest area, mean volumes by tree species (m3/ha), and total 
volumes (m3) variables. The number of the fi eld plots per cluster in different regions are shown 
in Fig. 2.5.
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same but the distances are 10 by 10 km,( d) region 6. Stratifi ed sampling will be applied in region 6.
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The employed satellite images2.2 

High-resolution (about 20–30 metres pixel size) multispectral satellite images were used in this 
operative application. Large coverage and good availability with reasonable price were additional 
selection criteria. Based on these requirements, the Landsat 5 TM sensor was most suitable for this 
application. The IRS-P6 LISS-3 sensor provided another alternative and it was used in one area 
where Landsat 5 TM imagery was not available from the preferred time point.

The land area in the processed area is 20.97 million hectares, and the total area together with 
lakes and rivers is 23.78 million hectares. For processing, this area was covered using 13 images 
assembled from 24 satellite image frames (Table 2.1, Fig. 2.6). Where possible, adjacent satellite 
image frames from same path and date were combined to large images to simplify processing.

For MS-NFI-2005, the target year of image acquisition was 2005. However, three images (6 frames) 
were from 2006 and one image from 2004. A suitable imaging season in Finland is from mid-May 
until the end of August, with the optimal time being from early June until the end of July. The 
imaging season is rather short and cloud cover is frequent even in the summer. The image acquisition 
is, therefore, problematic and it is common that the satellite images can not be obtained from the 
same year as the fi eld measurements have been carried out (Table 2.1).

9876450 m

45
0 

m

5

4

3

2

1 Fig. 2.5. Continuedd)

Table 2.1. List of satellite images used in the MS-NFI10 2004-2005: image index number in Fig. 2.6, satel-
lite sensor, path/row, image acquisition date and the forestry centres (Fig. 2.1) covered by the image (from 
largest to smallest cover).

Im-age No. 
(Fig. 2.6)

Sensor Path/Row Date Forestry centres covered

1 Landsat 5 TM 186/16,16fl oat 2.7.2005 10,6,4,9

2 Landsat 5 TM 186/16f 4.9.2005 10,4

3 Landsat 5 TM 187/14f,15f  9.7.2005 11,10,12,9

4 Landsat 5 TM 188/15f,16f,17f  2.9.2005 9,8,3,6,4,5,1a,11,12,10

5 Landsat 5 TM 190/14f/15f/16f  31.8.2005 12,5,8,11,7,1b,2

6 Landsat 5 TM 190/17,18  14.7.2005 2,5,1a,3,7

7 Landsat 5 TM 191/15f,16f  5.7.2005 7,12,1b,2,8,5

8 Irs P6 34/19  19.6.2005 12,11

9 Landsat 5 TM 190/14,15  17.7.2006 12,11,8,7

10 Landsat 5 TM 190/16,17,18  17.7.2006 5,8,2,7,3,1b

11 Landsat 5 TM 187/17f  4.6.2004 4,6,1a,3

12 Landsat 5 TM 188/18f  3.7.2006 1a,3,4

13 Landsat 5 TM 188/15f  14.6.2005 11,12
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The number of satellite image frames used earlier in NFI9 (1996–2003) was 42, compared to only 
24 in MS-NFI-2005. One reason for the large difference is the weather conditions combined with 
the satellite imaging schedule. However, there are also other reasons. The NFI9 results covered 
the whole country (land area 30.45 million hectares, total area with lakes and rivers 33.81 million 
hectares). In NFI9, the fi eld measurements were done in only a small number of inventory regions 
each year and the target year of image acquisition was the year of the fi eld measurements. This 
decreased the possibility of using large images assembled from several adjacent frames.

Digital map data2.3 

The use of the map data 2.3.1 

Digital map data are used to reduce the errors in the estimates. The errors in both the area and total 
volume estimates can be reduced signifi cantly by the multi-source method if the differentiation 
of forestry land from non-forestry land can be supported by digital map information in addition 
to satellite images (Tomppo 1996). The map information is used to separate forestry land from 

MS-NFI10:

2004-2005

7

8

9

12

11
10

6

5

4

3

2

1

13

Fig. 2.6. The satellite image mosaic used to cover the Finland in MS-NFI-2005. Digital map data: ©National Land 
Survey of Finland, licence No. 363/MML/08.
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other land classes, such as arable land, built-up areas, roads, urban areas and single houses. The 
effect of possible map errors on small-area estimates is reduced by using one of two alternative 
statistical methods (Katila et al. 2000, Katila and Tomppo 2002, Tomppo et al. 2008b). The fi rst 
is a calibration method using a confusion matrix derived from the land class distributions on the 
basis of fi eld plot data and map data, and the second employs stratifi cation of the fi eld plots on the 
basis of map data (see Subsect. 3.4.2). In addition, the map data are used to stratify the forestry 
land area and the corresponding fi eld plots into a mineral soil stratum and a peatland soil stratum 
(i.e. spruce mires, pine mires, open bogs and fens). This stratifi cation decreases the prediction and 
estimation errors due to the fact that mineral soils and different types of organic soils (peatland 
soils) can have signifi cantly different spectral signatures even when the growing stock is the same 
(e.g., Katila and Tomppo 2001). Digital map data is also used to delineate the computation units 
in the MS-NFI.

Almost all the map data were obtained from the National Land Survey of Finland (NLS), most 
often in raster format. The road data were rasterized from vector format to 25 m × 25 m pixel size. 
Some of the raster data were obtained in fi ner resolution and generalised to MS-NFI pixel size. 
The main principle in the rasterization and generalisation was to keep the total area covered by 
the map theme same as in the original data. The visual appearance of the non-forestry land classes 
in the MS-NFI output map was considered to be of secondary importance. The different map data 
were overlaid, ordered by the known accuracy of the data. The most precise map data was the fi nal 
layer on the land use map. However, for the purposes of the calibration method (Subsect. 3.4.2), 
the overlaying was done in such a way that the formed map stratum would be as homogeneous as 
possible with respect to the NFI fi eld plot based land class distribution (Katila et al. 2000). The 
main objective was to obtain as precise estimate as possible for the combined forest land, poorly 
productive forest land and unproductive forest land (denoted by forestry land) compared to the NFI 
fi eld data based estimate employing the combined digital land use map (Fig. 3.2b). The accuracy 
of the combined land use map data was studied against the NFI fi eld based land classes in Tomppo 
et al. (2008b).

The map data2.3.2 

In year 2000, the ´PerusCD´ digital map, corresponding to 1:20 000 printed maps, was obtained. 
The arable land and water were taken from these data. The main data source for ‘PerusCD’ was the 
NLS topographic database (TOPO) but in some regions -especially Lapland- map sheets were still 
from the 1:20 000 basic maps and dated from 1958–1990 (Table 2.2), see also Fig. 2.5 in Tomppo 
et al. (2008b). The topographic database has the most accurate positional data and is comparable 
to maps on scale 1:5 000–1:10 000 (Maanmittauslaitoksen maastotietokohteet 2005). In southern 
Finland, map data from the 1:50 000 topographic map database (TOPO50) were used, see Fig. 
2.5 in Tomppo et al. (2008b) (Maastotietojen keruuohje 1996). TOPO50 map elements used were 
peatland and urban areas. All the map elements were rasterized to 25 m by 25 m pixel size.

Peatland2.3.2.1 

The spectral response of peatland differs from that of mineral soils with the same growing stock. 
In addition, some peatland cannot be separated from mineral soils by means of remote sensing. 
Therefore, digital peatland information is used in order to improve the accuracy of MS-NFI estimates 
(Tomppo 1996, Katila and Tomppo 2001). The site class defi nition is vegetation-based in the NFI: 
the forest stand is considered to be peatland (spruce mires, pine mires, open bogs and fens) if the 
organic layer covering the mineral soil is peat or if 75% of the under storey vegetation is peatland 
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vegetation (Lehto and Leikola 1987). A geological defi nition of peatland is used for the topographic 
mapping: peatland is covered mainly by peat vegetation and the thickness of peat layer is over 
30 cm. Thus, the peatland mask can not be used in a categorical way, but it is used to stratify the 
forestry land area and corresponding fi eld plots for subsequent analysis in the estimation phase.

TOPO50 peatland data covered Southern Finland, see Fig. 2.6 in Tomppo et al. (2008b), while 
TOPO peatland data were obtained for the Central and Northern Finland in 2001. TOPO50 and 
TOPO data consisted of subclasses of open bogs, woody peatland and paludifi ed lands. It was 
therefore possible to stratify the peatland in the k-NN estimation into open bogs and woody peatland 
(Subsect. 3.4). Paludifi ed peatland, most often corresponding to spruce mires, were included to 
woody peatland. In Northern Lapland, TOPO data were not available and the peatland map data 
scanned from basic maps (scale 1:100 000) or GT-maps (scale 1:200 000) were used (Table 2.2) 
(Tomppo et al. 1998b). Thin peat layer mires (often spruce dominated) were missing from these 
data. In the TOPO50 and TOPO mapping process, the drained peatland, cf. corresponding main 
site class peatland in NFI, were not included to peatland element in Tomppo et al. (1998b). The 
accuracy of the scanned peatland map data and TOPO50 and TOPO peatland maps together was 
discussed in Tomppo et al. (2008b). 

Arable land2.3.2.2 

Arable land is the third largest land class after forestry land and inland waters with an area of 
2.794 million hectares in NFI9 (Tomppo et al. 2009). The area of the forestry land was 26.317 mil-
lion hectares and the area of the inland watercourses 3.367 million hectares. Most of the land use 
changes occur between arable land and other land classes. The arable land element was taken from 
´PerusCD´ digital map data (Table 2.2).

Table 2.2 Sources and quality of the numerical map data.

Map theme(s) Delivered by Scale Date of mapping Area covered Data source

Peatlands NLS 1:100 000 1954-1987 northern Lapland Topographic maps

Houses NLS/PRC - 1993 whole country HR

Urban areas Statistics Finland - 1991 central & north 
Finland

HR

Roads NLS - 2002 whole country Road data base

Peat production areas Metla/NFI raster 25m 1990-1994 central & north 
Finland

Digitized from 
satellite images

Municipality borders NLS 1:100 000 2007 whole country Administrational 
boundaries

TOPO50: urban areas, 
peatlands

NLS 1:50 000 1988-1995 southern Finland Topographic maps 
1:50 000

Topographic database: 
urban areas, peatlands, 
other built-up areas, 
open rocky soils, 
meadows, gardens

NLS 1:10 000 or 
1:20 000

1993-2000 central & north 
Finland

Topographic 
database

PerusCD: arable land, 
water

NLS 1:20 000 1958-1999, 
mostly 1990-1999 
in southern and 
central Finland

whole country Base maps and 
topographic 
database

Abbreviations: Metla = Finnish Forest Research Institute, NLS = National land survey of Finland, HR = Housing register, 
PRC = Population Register Centre.
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Urban areas, houses and other built-up areas2.3.2.3 

The coordinates of each house in Finland are kept in a housing register provided by the Civil Register 
of Finland. Buildings, when not covered by the urban or built-up area mask, were presented as 
squares of a size of 50  m by 50  m. These data were from the year 1993 (Tomppo et al. 1998b). 

TOPO50 elements contained urban areas, or residential buildings and industrial buildings, see Fig. 
2.7 in Tomppo et al. (2008b). Elsewhere, the urban area was derived from the housing register 
as follows: a group of houses with at least 200 inhabitants and covering a mutual distance of no 
more than 200 metres formed an urban area and this was combined into a connected built-up land 
polygon. These vector-form data were purchased from Statistics Finland and were converted into 
raster format after being buffered down by 75 m or 125 m from the original polygon to avoid the 
overestimation of urban areas (Tomppo et al. 1998b). These data originate from 1991.

TOPO map data contained a class of other built-up areas: e.g. mineral resources extraction areas, 
peat production areas, landfi ll areas, cemeteries, airfi elds, parks, sports and recreation areas, see 
Fig. 2.7 in Tomppo et al. (2008b). In addition, separate digitization from satellite images was made 
for these areas for MS-NFI10.

The peat production areas digitized for MS-NFI8 were used (Tomppo et al. 1998b). 

Roads2.3.2.4 

The road database was based on NLS topographic database was updated in 2002. The vector format 
data was rasterized to 25 m by 25  m pixel size. The road class information was used to defi ne 
the width of the road (13–75 m) in the rasterization process. The areal coverage of the roads was 
considered more important than continuity of the resulting rasterized roads (Table 2.2).

Water2.3.2.5 

The delineation of water was taken from ́ PerusCD´ digital map. A conservative threshold of water 
applying near infrared spectral channel values was used to ‘backup’ the cases of possible missing 
map data or seasonal changes in the water level. An additional constraint to the above masks and 
water thresholds was applied in the k-NN estimation by using a digital elevation model: for the 
water pixels, the angle between solar illumination and the normal terrain should be near the angle 
defi ned for fl at terrain, i.e., should not deviate from that angle more than a given small threshold 
(Tomppo et al. 1998b).

Digital boundaries of the computation units2.3.2.6 

The basic computation unit in the multi-source inventory is the municipality, of which there were 
416 at the beginning of 2007. Their land areas range from around 1 000 hectares to some hundreds 
of thousands of hectares. Digital municipality boundaries are used to delineate the units (Tomppo 
1996). The boundary information originates from NLS topographic database and was obtained in 
vector-form. The map data and land areas of the municipalities dating 1.1.2007 were employed to 
calculate the small area estimates (cf. calibration to offi cial land areas, Subsect. 3.4.2). 
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Digital boundaries of protected forests2.3.2.7 

Some estimates for municipalities were calculated for forestry land available for wood supply 
(Subsect. 4.1, Appendix Tables). Areas of protected forests obtained from the Finnish Environment 
Institute were used for this purpose. The data was obtained in vector format dating 31.12.2005 and 
rasterized to 25 m by 25  m pixel size. The protected areas included strict nature reserves, national 
parks, wilderness areas, special protected areas, protected old-growth forest areas, protected herb-
rich forest areas, mire conservation areas, nature reserves on private land (protected permanently 
or temporarily), protected areas established by the Finnish Forest and Park Service and natural 
habitat types preserved on the basis of Nature Conservation Act. The area of protected forests 
differs slightly from that employed in Nuutinen and Hirvelä (2006). The difference is caused by 
the fact that Nuutinen and Hirvelä (2006) includes the protected areas under nature conservation 
programmes as well as areas reserved for constructions. The most areas under the programmes 
were either realised or rejected by the date of the employed boundaries in this article wherefore 
the area of forests available for wood supply should be near the real one in here.

Digital elevation model2.4 

A digital elevation model is used in two ways: for stratifi cation on the basis of elevation data and 
for correcting the spectral values by reference to the angle between solar illumination and the 
terrain normal (Subsect. 3.4) (Tomppo 1992, Tomppo et al. 2008b). Stratifi cation in this context 
means using the maximum vertical distance from a pixel to its nearest neighbours. The selection 
of parameters for stratifi cation and spectral correction has been studied by Katila and Tomppo 
(2001). The digital elevation model (DEM) employed was a raster fi le with a horizontal spatial 
resolution of 25 metres by 25 metres and with a vertical resolution of 0.1 metres (Digital Elevation 
Model 2007). 

Large area forest resource data2.5 

The basic k-NN method was employed in NFI8. The improved ik-NN method was introduced 
during NFI9. The latter employs a coarse scale variation in the key forest variables to guide the 
selection of fi eld plots from which the data are transferred to the pixel to be analysed. The variation 
is presented in the form of coarse-scale digital forest variable maps (Fig. 2.7), derived either from 
the current inventory data or from the data of the preceding inventory. In MS-NFI9, the fi eld data 
from NFI9 was employed. The same maps were employed in calculating the MS-NFI-2005 results 
of the present article.

There were 81 249 fi eld plots on land across the entire country in the NFI9 of which 67 264 were 
on forestry land, 62 266 on combined forest and poorly productive forest land (FPPF), and 57 457 
were on forest land alone. All the plots on FPPF were used for the fi nal large-area maps. The 
creation of the maps is described in Tomppo et al. (2008b).
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Fig. 2.7 Large scale variation of mean volumes (m3/ha) of pine (a), spruce (b), birch (c) and other deciduous 
tree species (d) with boundaries of forestry centres. Digital map data: © National Land Survey of Finland, licence 
No. 363/MML/08.
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Methods3 

Updating of the NFI9 fi eld plots 3.1 

The employed NFI9 fi eld sample plot data was computationally updated to the date of the image 
data. Both image data and cutting statistics were used in the updating method. At the highest level 
of the method, the sample plots were divided into two groups:

1. Plots in which major changes have happened, e.g., regeneration cutting, thinning, forest 
damage, change in land use class, and

2. Plots where only normal growth has occurred.

The sample plots in group 1 were further divided into two subgroups: 

1. Plots with regeneration cuttings, and plots having been thinned. In the fi rst phase, the plots 
with likely regeneration cuttings were identifi ed.From the remaining plots, the plots having 
likely been thinned were identifi ed. 

2. The rest of the plots were assigned to group 2.

Both detection of regeneration cuttings and detection of thinning use the same basic methodology 
with the following two components:

1. A model used to order the fi eld plots into decreasing plausibility of regeneration cutting or 
thinning, and

2. A limit for the total volume of wood in cuttings in a defi ned region that is used to select the 
fi eld plots in the order established by component 1.

The limits for cutting and household use of timber have been computed using statistics collected 
by Metla. Separate limits have been computed for each of tree species (pine, spruce, birch, other 
deciduous species) and roundwood assortments (logs, pulpwood, waste wood).

New forest variable values have been predicted for all plots. Growth models have been used to update 
the plots in group 2, in which no major changes had occurred. New values have been generated 
for group 1 based on the variables in existing plots similar to the predicted new cutting subclass 
(clear cut, seed tree cut, thinning) of the plots.

The updating method used in this work is based on the methods fi rst developed in the project 
“Updating of the Finnish national forest inventory using remote sensing data” in years 1998–2001 
(Mäkisara et al. 2001). Growth estimation is given in detail later. The method has since then been 
used in several cases when predicting forest variables based on current satellite data and updated 
sample plot data. 

Computation of the expected volumes of removal from the cuttings3.1.1 

The expected volumes in both cutting classes were computed separately for each satellite image. 
The input data for the computations included the area covered by the satellite image, the updating 
interval (time between the fi eld work and image acquisition), and cutting statistics. Several comput-
ing methods have been considered based on the statistics available from Metla (Metinfo 2007). 
Several different statistics and assumptions can be used to derive the cutting volume predictions. 



Working Papers of the Finnish Forest Research Institute 111
http://www.metla.fi /julkaisut/workingpapers/2009/mwp111.htm

22

The method used in this project was based on the statistics for private commercial cuttings for the 
six roundwood assortments provided by Metla annually (Metinfo 2007).

The process consisted of the following steps:

1. Extract from statistics the volumes for private commercial roundwood removals in each 
municipality in the region of interest for all years in the time interval of interest for each 
roundwood assortment.

2. Compute the ratio of total roundwood removals and private commercial roundwood removals 
for each forestry centre and roundwood assortment. These ratios are assumed to apply to all 
municipalities in the forestry centre.

3. Compute estimates for all commercial cuttings for each municipality by combining the 
previous two steps. The result is a prediction of total roundwood removals for each municipal-
ity.

4. Divide the cuttings in each municipality by the forest land area in the municipality to obtain 
total roundwood removals per unit area.

5. Compute the total expected percentage of total volume in cuttings using the fi eld plots in the 
non-cloudy part of the satellite image. The representativeness (hectares) of each plot and the 
mean time between the fi eld data acquisition at each plot and the date of the satellite image 
are used in this computation.

The cuttings per unit area were divided into regeneration cuttings and thinning using ratios between 
these cutting types computed for each forestry centre. These ratios have been computed using 
cutting statistics from years 2001 and 2002 obtained from the METINFO group (private com-
munication).

Detection and updating of the fi eld plots with regeneration cuttings3.1.2 

A spectral model was used to order the sample plots on the basis of likelihood of being cut. A 
different model was used for each satellite image. The model was in this case a linear regres-
sion model from the spectral channel values in the satellite image to the total volume, computed 
using the NFI10 fi eld plots located within the satellite image. Separate models were computed 
for mineral soils and peatland soils. The likelihood of a regeneration cut was primarily defi ned 
as the magnitude of total volume difference between the fi eld plot data and the prediction based 
on the model. The search was further constrained to plots in which the total volume in the fi eld 
data exceeded a threshold (depending on the area) and the predicted volume was smaller than a 
threshold (depending on the area). Only plots in young and advanced thinning stands and mature 
stands were accepted as candidates.

The percentages of the total volumes in cuttings were transformed to absolute volumes using the 
fi eld plots located within the non-cloudy part of the satellite image. The representativeness (ha) 
of each plot was taken into account to compensate the possibly different fi eld plot arrangements 
within the satellite image area.

The tally tree data of a fi eld plot designated as cut were modifi ed to correspond to the new state 
of the plot. The regeneration cuts were divided into plots with natural and artifi cial regeneration 
(planting or sowing). The plots were assigned to the artifi cial and natural regeneration categories 
by comparing the spectral vector of a plot to the spectral average of plots of the mature stands in 
the NFI9 data. The average was computed based on the fi eld data where cutting candidates have 
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been removed. A predefi ned fraction of the plots nearest to the mature plot average in the spectral 
space were categorized as naturally regenerated. The fraction was computed separately for each 
forest centre using statistics on area treated with fellings from years 1995–2005.

Finally, the volume left on the plots was transformed to trees in the fi eld data. In case of artifi cial 
regeneration, all existing trees were removed from a fi eld plot. In case of seed-tree cut, the largest 
tree of a plot was left. All trees were also removed from plots with seed tree cut before the 
measurement.

Detection and updating of the fi eld plots with thinning3.1.3 

The plots with likely thinning cuttings were recognized among those plots which had not been 
treated with regeneration cuttings. Only plots with no cuttings during past fi ve years were accepted 
as candidates for thinning. The seed tree stands with seed tree removals during the update interval 
were also identifi ed. The number of plots been thinned or having seed tree removals was calculated 
from forest statistics. The same thinning intensity was applied in the plots detected to be thinned 
as in the earlier project (Mäkisara et al. 2001) being 32% from the volume. Mainly the stand 
characteristics of NFI9 fi eld plots were employed in allocating thinnings because they are diffi cult 
to identify using satellite images, particularly a single image. The plots with probable thinnings 
were selected and the strata were composed using of forest stand characteristics. The forestry 
centre, development class and dominant tree species group were same within each stratum. The 
three dominant tree species groups were pine, spruce and deciduous species. The spectral values of 
a satellite image and the basal area of the plot in the end of the updating period were used to order 
the sample plots according to the probability of being thinned within each stratum. Furthermore, 
the estimated number of plots to be thinned was divided into development classes. All of the pre-
commercial thinnings were assumed to take place in young thinning stands (development class 4). 
Other thinnings were shared between advanced thinning stands and mature stands (development 
classes 5 and 6). The proportional shares of types of thinning in these development classes were 
derived from the thinning done on the plots of the satellite image coverage area, i.e., on the ground 
true plots, during past fi ve years. The greatest likelihood for seed tree removals was on the seed 
tree stands, which had the longest time from earlier cuttings. 

The tally tree data of a fi eld plot designated as cut by thinning or seed tree removal were modifi ed to 
correspond to the state of the plot after cuttings. From the plots with seed tree removal, all the trees 
with a diameter 200 mm or more were removed. The trees were removed from the thinning plots 
on the basis of a likelihood of a tree to be removed. The number of trees removed from thinning 
plots was calculated for each plot separately to achieve 32% of the volume on the plot which was 
the removal percentage for volume. By default, each tree had an equal probability to be removed, 
but the probabilities were adjusted for each satellite image separately in such a way that removals 
by roundwood assortments would be fulfi lled. 

Growth models3.1.4 

The NFI9 fi eld plots were measured region-wise between 1996 and 2002 in the area which covered 
entire Finland, except Åland and Lapland, for which the updating was not made. The updating 
continued until the end of July in 2005, because most of the satellite images were acquired in that 
year. The length of the updating period varied from a little less than three years to nearly ten years, 
depending on the measurement date of the plots. The updating was carried out at the tree level, 
after which the updated variables were aggregated to the plot level. The updated variables were 



Working Papers of the Finnish Forest Research Institute 111
http://www.metla.fi /julkaisut/workingpapers/2009/mwp111.htm

24

the volume of growing stock, age, basal area, mean diameter and mean height. The volumes were 
updated separately for tree species and timber assortments. The cutting type and cutting time were 
also updated for the plots with cuttings. The stand development class was updated only in case of 
regeneration cutting. Otherwise, the stand characteristics were assumed to remain unchanged.

Individual tree growth models of Hynynen et al. (2002) were applied to predict the growth for two 
following 5-year periods. The basal area growth and height growth were predicted with models 
and other variables like volumes were derived from these fi gures. The tree height is measured in 
NFIs only for the sample trees. For the tally trees, the heights at the beginning of the period were 
estimated with models developed by Mäkisara et al. (2001). In the growth models, a fi ve-year 
growth period is applied (Hynynen et al. 2002) and the growths were calculated for two periods. 
The needed growth fi gures were interpolated from these predictions for each plot.

The tree volumes are estimated in a different way in the NFI than when using growth models. 
Therefore, all increment values were transformed into increment percentages. The updated variables 
were calculated by applying these increment percentages and the corresponding values of the 
variables on the NFI plots.

However, in the plots with growing stock less than 100 m3/ha, the predicted values of the variables 
were used directly without turning growth fi gures into increment percentages (Mäkisara et al. 
2001). All the growth predictions based on the measured tally trees, and no single trees, due to 
ingrowth, were generated at this phase. The natural losses were taken into account in the growth 
models (Hynynen et al. 2002).

Realisation of increment by growing trees did not work for the plots without any trees. A heuristic 
method to add trees to these stands was developed. The method copied trees to the plots in open 
regeneration and young seedling stands without trees from most similar plots measured in NFI10. 
The similarity was based on age, tree species, and development class.

Image rectifi cation and radiometric correction of the spectral values 3.2 

All images were rectifi ed to the national uniform coordinate system. Point-type objects (e.g., small 
islands) were identifi ed on both the satellite images and the basic maps and a regression model was 
fi tted to their image coordinates and map coordinates. Second-order polynomial regression models 
were usually employed for this purpose. A typical number of control points has been around 50. 
The nearest neighbour method was applied to a re-sampling of the images to a pixel size of 25 
m by 25 m. The absolute values of the residuals in the rectifi cation models typically ranged from 
0.3 pixels to 0.6 pixels.

Areas corresponding to the cloud-free parts of satellite images are used in operative applications. 
Forests under clouds and in cloud shadows are assumed to be similar on the average to those on 
the cloud-free part of the same areal unit (e.g., municipality). 

The slope and aspect of the terrain locally change the illumination conditions of the surface and 
affect the refl ectance from the ground and vegetation, as well as the radiance received by an imaging 
instrument. A digital elevation model was employed to remove the variation of the spectral values 
caused by the changes in the slope and aspect of the terrain. The details of the method are given 
in Tomppo (1992) and Tomppo et al. (2008b). The related parameter selection has been studied 
in Katila and Tomppo (2001).
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Preparation of input data sets 3.3 

Field measurement data, satellite images, different types of digital maps and large-area forest 
resource data are employed in the MS-NFI. The key input data fi le for the MS-NFI is the ground 
truth data, consisting of fi eld plot data as well as image and map data associated to each plot. For 
the present results, those NFI9 sample plots in southern Finland that were incorrectly located, 
were removed from the ground truth data. NFI9 plots in Northern Finland and all NFI10 plots 
were located using GPS. Plots intersecting forestry land and other land classes (e.g., water, fi elds, 
built-up land) were rejected. About 2 to 7% of the plots were excluded from the training data on 
the basis of these restrictions (Katila and Tomppo 2001, Tomppo et al. 2008b). 

NFI10 plots in which clear cuttings had been made between image acquisition and fi eld measurement 
dates were removed from the ground truth data. Two methods were employed to remove clear-cut 
plots (Tomppo et al. 2008b). Plots covered by clouds or their shadows were also removed from 
ground truth data. 

In the image analysis (Fig. 3.1), the input data sets were 1) ground truth data, i.e., one record for each 
centre point plot and sub-plot included in each plot part 1a) fi eld data and 1b) satellite image data, 
1c) digital map data, 1d) and other numeric feature data in text format, 2) a pre-processed satellite 
image, 3) a digital map of land classes and mire and open bog mask, 4) a digital elevation model 
and thereof derived image of the angle between terrain normal and sun illumination, 5) cloud and 
shadow delineation mask, 6) a large-area forest resource data and 7) a map of computation units 
to calculate small-area estimates (Fig. 3.2). The national uniform coordinate system was employed 
in the analysis. The sequential images from the same swath and all the other corresponding data 
sets were merged to be processed together.

Field measurements
Raw image data, 
e.g. Landsat TM

Original digital map data, 
DEM and coarse scale 
forest variable maps

Validation

Processed field data with 
(X,Y,Z -coordinates)

Preprocessed image 
data with (X,Y)

Digital map data in 
raster format with (X,Y,Z)

Prepared field data with spectral 
channel values and map data

k-NN estimation
- selection of estimation parameters
- weighting of features, genetic optimization

Data check & 
models

Preprocessing Conversions

Statistics for 
small areas

Thematic maps in digital 
and analog format

Statistics and reliability 
assessments for large areas 
and groups of municipalities

possible re-estimation

correction of 
map errors

Fig. 3.1. Data fl ow and computational scheme for multisource NFI.
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Fig. 3.2. Examples of the Landsat TM satellite image, multichannel colour composition of channels 2, 3, and 
4 (a); the elements of digital land use map data, separate map data and topographic map database (b); and 
MS-NFI9 thematic map of total volume (m3/ha) with other land use map data (c). Digital map data: ©National 
Land Survey of Finland, licence No. 363/MML/08.

Miscellaneous elements:
Peatland; 1:100 000/200 000
Field; 1:50 000
Houses; Civil Register
Statistical urban area
Road; main road
Road; local road
Water; satellite image
Open buitt-up area; satellite image
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The land class map was employed to distinguish combined forest land, poorly productive forest 
land and unproductive forest land (MS-NFI forestry land) from the other land classes. In this 
analysis all the area which was not peat production area, built-up land, arable land, roads or waters 
in the numerical map was considered forestry land. A threshold was used with satellite images to 
delineate those waters which were not in the numerical map, e.g. land covered by high water or 
fi sh ponds, as described in Subsect. 2.3.2.5. The numerical map data were not always up-to-date 
and could contain signifi cant errors. The effect of the map errors on the estimates were corrected 
using two optional methods (Section 3.4.2). 

The estimation methods 3.4 

The non-parametric k-NN estimation has been employed in the MS-NFI calculation since operational 
inception in 1990. The method has been improved continuously. The details of the current method 
employed for the results of this article are given in Tomppo and Halme (2004) and Tomppo et al. 
(2008b). The basic principles are listed here. With the k-NN method, the plot weights (formula 3.4) 
(not equal for each plot) are computed for each plot by computation units, e.g. by municipalities 
(Tomppo 1996). The weights are computed for each fi eld sample plot i ∈ F, where F is the set of 
fi eld plots belonging to forestry land. These plot weights are sums of the weights which are computed 
for the fi eld plots over all satellite image pixels on the forestry land mask of the computation 
unit. The plot weights corresponding to a single pixel (formula 3.2), in turn, are computed by a 
non-parametric k-NN estimation method (Tomppo 1991, 1996, Tomppo et al. 2008b). The method 
utilises the distance metric d, defi ned in the current version in the feature space of the satellite 
image data and coarse scale forest variables. The k nearest fi eld plot pixels pi, in terms of d, i.e., 
pixels that cover the centre of a fi eld plot i ∈ F, are sought for each pixel p under the forestry land 
mask of the cloud free satellite image area. A maximum geographical distance is employed, if 
necessary, set in both horizontal and vertical directions in order to avoid selecting the nearest plots 
(spectrally similar plots) from a region in which the response of image variables to fi eld variables is 
not equal to that of the pixel under consideration, due to, e.g., by changing atmospheric conditions 
or a large image frame. The feasible set of nearest neighbours for pixel p is thus 
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),(

, pRpRddddp i
zz

pp
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ppi ii
=≤≤  (3.1)
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d  is the geographical horizontal distance from pixel p to pixel pi, dz is the distance in 
the vertical direction, ),(

max
yxd  and zdmax  are their maximum allowed values, and R(p) is the indicator 

function of land class on the basis of map data (Tomppo, 1990, 1991, 1996, 2006b, Katila et al. 
2000, Katila, & Tomppo, 2001, Tomppo et al. 2008b).

Denote the k nearest feasible fi eld plots by i1(p),...,ik(p). The weight wi,p of fi eld plot i to pixel p 
is defi ned as
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The distance weighting power t is a real number, usually t ∈ [0,2]. A small quantity, greater to zero, 
is added to d when d= 0 and i ∈ {i1(p),...,ik(p)}. The distance metric d employed in MS-NFI-2005 
was 
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where  
fl,p is the lth normalised intensity value of the spectral band image variable, normalising done on the 
basis of digital elevation model, )(cos/,

0
, αr

plpl jj
ff = , with α  the angle between sun illumination 

and terrain normal, r the user given power for the cosine correction, gl,p the large area prediction 
of the lth applied forest variable, nf the number of image variables (or features), ng the number of 
coarse scale forest variables and ωf and ωg the weight vectors for image features and coarse scale 
forest variables respectively.

The values of the elements of the weight vectors ωf and ωg are computed by means of a genetic 
algorithm (Tomppo and Halme, 2004 and Tomppo et al. 2008b).

A pixel size of 1 km by 1 km is used in the coarse scale forest variable predictions gl,p. The fi rst phase 
of the improved version of k-NN, ik-NN, is to run the optimization algorithm in the applications 
possibly by strata, e.g., mineral soil stratum and mire and bog stratum. The estimation after that 
is similar to the basic k-NN estimation.

For computing forest parameter estimates for computation units, sums of fi eld plot weights to pixels, 
wi,p are calculated by computation units, for example, by municipalities, and by map stratum h 
over the pixels belonging to the unit u. An example of stratum is mineral soil forestry land. The 
weight of plot i in stratum h to computation unit u is denoted

.,,, ∑
∈

=
hup

piuhi wc  (3.4)

Reduced weight sums r
uhic ,,  are obtained from the formula (3.4), if clouds or their shadows cover 

a part of the area of the computation unit u. The real weight sum for plot i is obtained expanding 
the weight (3.4) by the ratio forestry land divided by the forestry land not covered by the clouds 
in each computation unit.

The weights (3.4) are computed within forestry land separately for mineral soil stratum and peatland 
strata. The weights are also computed for other land classes, arable land, built-up land, roads and 
waters using the plots falling in the corresponding stratum if the stratifi cation based map correction 
method is employed (Katila and Tomppo 2002), and plots falling into forestry land map stratum 
if the calibration method is used (Katila et al. 2000).

After the fi nal fi eld plot weights to computation units (ci,h,u) have been calculated, the ratio estima-
tion is employed to obtain the small-area estimates (e.g., Cochran 1977). In this way, the estimation 
is similar to that using fi eld plot data only (Tomppo 2006a, Tomppo et al. 2008b).

Predictions of some forest variables are written in the form of a digital map during the procedure. 
The land classes outside forestry land are transferred to map form predictions directly from the 
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digital map fi le. Within forestry land, the variables are predicted by the weighted averages of the 
k nearest neighbours (Tomppo 1991, 1996)

A pixel-level prediction py~ , of variable Y for pixel p is defi ned as 

∑
∈

=
hIi

ipip ywy ,
~ ,  (3.5)

where yi is the value of the variable Y on plot i and Ih the set of the fi eld plots belonging to map 
stratum h. 

The mode or median value can be used instead of the weighted average for categorical variables. 
Mode has turned out to work better than median in the practical tests. The predicted variables are 
usually land class, site fertility class, stand age, mean diameter of stand, mean height of stand, stand 
basal area, volumes by tree species (pine, spruce, birch, other broad leaved trees) and by timber 
assortment classes. The total number of the maps was, therefore, 20 (Table 4.4).

Selecting estimation parameters and their values for k-NN3.4.1 

The basic principle of k-NN estimation is straightforward. However, practice has shown that the 
predictions and estimation errors depend to a large extent on the core estimation parameters of the 
k-NN algorithm. These are:

1. the variables employed in the distance metric, spectral bands or their transformations, possible 
correction for variation in illumination angle of the pixel based on elevation variation (slope, 
aspect), (Tomppo 1996),

2. the distance metric (Tomppo and Halme 2004),

3. the value of k, (Katila and Tomppo 2001),

4. the weights to be attached to the nearest neighbours, e.g., even weights or functions of the 
applied distance and powers (negative),

5. the variables applied in restricting the area from which the nearest neighbours are sought for 
a pixel, e.g., a geographical reference area (Katila and Tomppo 2001), 

6. the use of additional information, e.g., large area variation of forest variables in the distance 
metric (Tomppo and Halme 2004), 

7. the use of ancillary data in the estimation, e.g., for stratifi cation. 

The parameters and their values in MS-NFI-2005 are given in Table 3.1. The parameters are selected 
by image scene and the selection is documented. The criteria are the mean square error and bias of 

Table 3.1. Applied ik-NN and k-NN estimation parameters employed in MS-NFI-2005.

Parameter Choice

Variables applied in the distance metric Illumination corrected spectral values for satellite image bands (Landsat 
TM 1-5, 7; IRS-P6 LISS-3 1-4) and large area forest variable estimates

Distance metric Weighted Euclidean distance

Value of k 5-10

Weights attached to the nearest 
neighbours

Weights proportional to the inverse or inverse squared distance (t=1 or 2)

Restrictions for search of nearest 
neighbours

A maximum vertical (100 m or more in Northern Finland) and horizontal 
reference area(HRA) (40-120 km), since NFI9 large area forest variable 
maps are used to direct the NN selection, possibly with a HRA limit
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pixel level predictions using leave-one-out cross validation, and particularly, the difference between 
areal estimates based on i) multi-source inventory and ii) on the fi eld data based estimates and their 
standard errors (Tomppo et al. 2008b). The differences of the areal estimates are assessed in terms 
of standard error based on the fi eld data plots (e.g., Katila and Tomppo 2002, Tomppo and Halme 
2004). The values of the parameters usually vary by image depending on, e.g., imaging conditions, 
number of available fi eld plots and variability of forests. The selections are not independent. A 
change in one parameter affects the optimal value of the other parameter. More studies are needed 
to optimize the values simultaneously.

Area and volume estimates for small areas – correction for map errors 3.4.2 

In the multi-source estimation, numerical map data (see Sect. 2.3) are employed to decrease esti-
mation errors. If the numerical map data would be error free, the computation unit weights (Eq. 
3.4) could be calculated using pixels belonging to forestry land (according the map data) only. 
However, map data can be out-of-date, include location errors and does not correspond exactly to 
the defi nitions of NFI land classes. Errors can also arise during the post-processing of map data. 
Two methods have been developed to reduce the effect of map errors on small-area multi-source 
forest resource estimates: a statistical calibration method (Katila et al. 2000, Katila 2006a) and a 
stratifi ed k-NN method (Katila and Tomppo 2002).

The calibration method is based on the confusion matrix between land use classes of the fi eld 
sample plots and corresponding map information. The bias in the land class or other total cover 
estimates, obtained, e.g., from remote sensing or map data, can be corrected by means of the error 
probabilities expressed as a confusion matrix (Czaplewski and Catts 1992, Walsh and Burk 1993), 
assuming that the employed fi eld sample are based on a statistical sampling design (Card 1982).

The applied map strata are defi ned in such a way that each stratum is reasonably homogeneous 
with respect to the ‘map errors’ and the NFI land class distribution. This enables the use of the 
synthetic small-area estimation method when correcting map errors (Rao 2003). The method 
utilises the error and land class proportions that have been estimated from a larger region. In the 
MS-NFI-2005 both NFI9 and NFI10 fi eld plots were used to compute the confusion matrix. The 
method given in Katila et al. (2000) was used to calculate the calibrated fi eld plot weights. The 
calibration typically increases the mean volume estimates and reduces the FRYL area estimates for 
small areas, if FRYL is overrepresented on maps. Calibration was carried out by forestry centres 
or groups of municipalities. However, for some calculation units, calibration did not decrease the 
errors of the estimates compared to the estimates based on the fi eld data only, and was not used. 
Despite the rather simple idea of the calibration, it is quite laborious when implemented in the 
MS-NFI. 

The MS-NFI employs a digital database for municipality boundaries, while the fi eld inventory 
employs land and water areas from offi cial statistics of the Finnish Land Survey (Suomen ... 2007). 
The area information from the latter data source is more accurate and there are slight differences 
between the total areas of municipalities from these two data sources. Hence, after the correction 
of map errors, the MS-NFI municipality land areas are calibrated to the offi cial land areas. The 
calibration coeffi cient is straightforward *

,_, LandUNLSLandU AA and this ratio is assumed to also hold 
for forestry land and the (calibrated or stratifi ed) weights Uic ,  are multiplied by this coeffi cient. 
For the calibrated MS-NFI, the calibrated land area *

,LandUA  must be fi rst estimated, see Tomppo 
et al. (2008b). The calibration to the offi cial land areas is valid only for (random) deviations 
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between the two data sets and not for the case where real and signifi cant boundary changes between 
municipalities have taken place in either of the two data sources.

Assessing the errors3.4.3 

Deriving an error estimator for an arbitrary group of pixels has proven to be a challenging task. 
The problem can be divided into the derivation of i) an error estimator for a pixel level prediction 
and ii) an error estimator for a parameter for an area of interest. 

Diffi culties arise because:

1. errors depend on the actual value of the variable to be predicted and so pixel-level errors are 
spatially dependent

2. the variables measured or observed on the fi eld plots are also spatially dependent

3. the spectral values of adjacent pixels of a satellite image are dependent due to the atmospheric 
properties (scattering) and imaging technique.

Furthermore, several error sources make the error estimation complex, examples of such error 
sources are given in Tomppo et al. (2008b).

During the data processing phase in the Finnish MS-NFI, the pixel-level root mean square error 
(RMSE) and the pixel level average bias are calculated using leave-one-out cross-validation using 
the available fi eld plots. This is also a part of the employed genetic algorithm and the selection of 
the estimation parameters of k-NN and ik-NN. For a suffi ciently large area consisting of a group of 
pixels, e.g., for areas of 200 000–300 000 ha, the MS-NFI estimates are compared to the estimates 
and error estimates based solely on fi eld data. Some empirical error estimates are also available for 
reliability assessments (Katila 2006b, Tomppo et al. 2008a and 2008b). Standard error estimates for 
groups of pixels are calculated as described in Tomppo et al. (2008b). Some recent developments in 
error estimation, particularly in model-based error estimation are also presented in that publication, 
see also Kim and Tomppo (2006), McRoberts et al. (2007) and Magnussen et al. (2009).

Results4 

Forest resources by municipalities4.1 

The primary results of MS-NFI are the forest resource estimates for municipalities. With the 
MS-NFI method, it is possible, at least in theory, to estimate for municipalities all the parameters 
which are usually estimated for forestry centres using fi eld data only. The estimates are presented 
in Appendix Tables 1–8 for those parameters whose estimates are considered to be suffi ciently 
precise. Some results are given separately for land available for wood supply except in case of 
Åland. In the result calculation phase, the MS-NFI estimates for the groups of the municipalities 
and at forestry centre level (regions) were compared to the estimates and error estimates based on 
fi eld data only in order to analyse possible signifi cant errors, including biases. 

The estimates can be divided into area and volume estimates. Some tables present only area 
estimates, some only volume estimates and some volume estimates for sub-area categories of forest 
land or poorly productive forest land, together with area estimates of the sub-area categories.
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The estimates of forest land, poorly productive forest land and unproductive forest land (three 
forestry land categories) are given in Appendix Table 1a for the entire forestry land and in Appendix 
Table 1b for forestry land available for wood supply. The areas and proportions of forestry land 
of mineral soils and peatland soils are given in Appendix Tables 2a and 2b separately for three 
forestry land categories. Similar estimates for forestry land available for wood supply are given 
in Appendix Tables 2c and 2d.

The dominant tree species by municipalities are presented in Appendix Table 3a and Fig. 4.1 for 
forest land and in Appendix Table 3b for poorly productive forest land. The dominant tree species 
is defi ned in the NFI for the fi eld assessment as a stand-level variable. It is the tree species with 
the highest volume for the development classes from young thinning stand to mature stand, and 
is defi ned as the tree species with highest number of stems capable of development in young and 
advanced seedling stands. The proportion of pine dominated forests of forest land is usually highest 
in Northern Finland, often over 80%, with the highest proportion in the municipality of Inari, 89%. 
It is high also in some areas in Southern Finland in coastal regions and Central Finland in areas 
where Sub-xeric heath forests are common. The proportion of spruce dominated forests varies in 
Southern Finland between 5 and 56% and in Northern Finland between 4 and 40%, and gets its 
highest value, 56%, in Hauho in forestry centre Häme-Uusimaa and 55% in Pälkäne (Pirkanmaa 
forestry centre). 

The area estimates for age classes on forest land by municipalities is presented in Appendix Table 
4a and the development class estimates in Appendix Table 5a. The proportion of forest land area 
with an age of not more than 40 years is presented by municipalities in Fig. 4.2a and that with an 
age of over 120 years in Fig. 4.2b. The proportion of forest land with a stand age not more than 
40 years varies by municipality in Southern Finland, from 12 to 52%. The proportional area of 
young forests is high in Eastern and South-Eastern Finland, and also in some municipalities in 
Central Finland. The range of the same proportion in Northern Finland is from 3% (in Utsjoki, in 
Northern Lapland) to 51% (in Kemi, in Pohjois-Pohjanmaa). One should note that the same age 
in Southern Finland and Northern Finland corresponds different development class of stand due 
to slower growth in the North.

The combined proportion of forest land area belonging to development classes open regenera-
tion area, young seedling, advanced seedling, young thinning, seed tree or shelterwood stand are 
presented by municipalities in Fig. 4.3a. The proportion of the area of mature stands, ready for 
regeneration cuttings are presented in Fig. 4.3b.

The combined proportion of young forests on forest land available for wood production, regeneration 
areas, seedling stands and young thinning stands is lowest in Southern Finland in some municipali-
ties in South-Western costal region varying between 20 and 30% and is highest in northern parts 
of Pohjois-Savo, around 65%. Note that an ‘ideal proportion’ on the basis of some commonly 
used rules is 55%, 25% for seedling stands and regeneration areas and 30% for young thinning 
stands. The proportion of young forests on forest land available for wood supply is much higher 
in Northern Finland than in Southern Finland. The highest proportions vary between 75 and 85% 
in Lapland (Appendix Table 5c).

The mean volume and total volume estimates are given in many different ways: mean volumes by 
tree species and by timber assortments for combined forest land and poorly productive forest land 
(FPPF) (6a) likewise with total volumes (6b), see also Fig. 4.4. The similar estimates are given for 
FPPF available for wood production in Appendix Tables 6c and 6d. Appendix Tables 7a-d present 
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29-42
42-52
52-62
62-68
68-74
74-78
78-82
82-86
86-88

NFI10
The proportion of pine
dominated forests 
on forest land, %

Fig. 4.1. The percentage of pine (a), spruce (b), birch (c) and other deciduous species (d) dominated forests 
on forest land by municipalities. Digital map data: ©National Land Survey of Finland, licence No. 363/MML/08.
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Fig. 4.1. Continued



Working Papers of the Finnish Forest Research Institute 111
http://www.metla.fi /julkaisut/workingpapers/2009/mwp111.htm

35

1-4
4-6
6-7
7-8
8-9
9-10
10-11
11-14
14-30

NFI10
The proportion of birch 
dominated forests 
on forest land, %
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Fig. 4.1. Continued
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Fig. 4.1. Continued
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Fig 4.2. The proportion of forests with age of 0–40 (a) and over 120 (b) years on forest land by municipalities. 
Digital map data: ©National Land Survey of Finland, licence No. 363/MML/08.

a)
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Fig. 4.2. Continued
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Fig 4.3. The proportion of development classes of open regeneration, seedling, young thinning, seed tree, 
and shelterwood (a) and mature forests (b) on forest land by municipalities. Digital map data: ©National Land 
Survey of Finland, licence No. 363/MML/08.



Working Papers of the Finnish Forest Research Institute 111
http://www.metla.fi /julkaisut/workingpapers/2009/mwp111.htm

42

4-10
10-11
11-12
12-14
14-16
16-18
18-20
20-28
28-49

NFI10
The proportion of mature 
stands on forest land, %

b)

Fig. 4.3. Continued
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Fig. 4.4. The mean volume of growing stock on forest and poorly productive forest land by municipalities: all 
tree species (a), pine (b), spruce (c), birch (d), other deciduous species (e). Digital map data: ©National Land 
Survey of Finland, licence No. 363/MML/08.

a)
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Fig. 4.4. Continued
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Fig. 4.4. Continued
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Fig. 4.4. Continued
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Fig. 4.4. Continued
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the similar estimates for forest land as Appendix Tables 6a-d for FPPF. Note that poorly productive 
forest land (PPF) consists either of rocky soils, fjeld forests or less fertile peatland soils, such as 
oligo-ombrotrophic or ombrotrophic peatland, e.g., Sphagnum fuscum dominated peatland. Note 
that the water balance of peatland soil also affects the wood production capacity and land class 
of peatland.

The mean volumes of the growing stock in the municipalities vary signifi cantly between forestry 
centres and also within forestry centres. Table 4.1a summarises the number of municipalities by 
forestry centre on the basis of mean volume of growing stock on forest land in MS-NFI-2005 
and Table 4.1b in MS-NFI9. The areas of forest land in the volume classes are also given. On the 
average, the mean volume has increased between MS-NFI9 and MS-NFI-2005.

The mean volume estimates on FPPF are given also separately for mineral soils and peatland 
soils, for the entire FPPF in Appendix Table 2b, and for FPPF available for wood production in 
Appendix Table 2d.

The mean volume estimates by age classes on forest land are given in Appendix Table 4b and 
the similar estimates for the forest land available for wood production in Appendix Table 4d. The 
corresponding mean volume estimates by development classes on forest land are given in Appendix 
Tables 5b and 5d.

The mean volume of the growing stock on combined forest land and poorly productive forest land 
by municipalities varies in Southern Finland from about 83 metres cubed per hectare (m3/ha) in 
the western part of Central Finland, near the coastal region of Gulf of Bothnia, to about 170 m3/ha 
in South Central Finland (170 m3/ha in Hauho and Lammi and 175 m3/ha in Pälkäne). The mean 
volume decreases towards north due to the growing conditions are vary from 15 m3/ha in Utsjoki 
and 32 m3/ha in Enontekiö (the two northernmost municipalities) to slightly over 100 m3/ha in 
southern regions in Northern Finland (100 m3/ha in Haapajärvi and Nivala).

The mean volume of spruce saw log available for wood supply by municipalities on combined forest 
land and poorly productive forest land is naturally highest in the region in which spruce volume is 
highest, that is, in southern part of Central Finland, in regions of Häme-Uusimaa, and the southern 
region of forestry centres Keski-Suomi and Pohjois-Savo, and is low in coastal regions and in some 
areas in Etelä-Pohjanmaa. The range is from 2 m3/ha in Halsua and 4 m3/ha in Kannus and Perho 
to near 50  m3/ha in Lammi and Padasjoki.

Available energy wood4.1.1 

Biomass estimates were calculated for each fi eld plot and plot part on FPPF in the ground truth 
data for energy wood estimation. Biomass estimates for tree compartments were predicted for 
sample trees on FPPF of NFI10 using tree level biomass models (Marklund 1988) (Table 4.2). Tree 
level biomass predictions were converted to kilograms per hectare (kg/ha), taking into account 
angle-gauge sampling (Bitterlich sampling) basal area factor, the maximum radius of the plot and 
sampling ratio of the sample trees. A separate MS-NFI estimation was carried out for the input 
images using NFI10 fi eld plots only to obtain new weights for computation units for energy wood 
estimation purposes. 

The biomass estimates by tree species groups in young thinning stands (development class) are 
presented in Appendix Table 8a with a unit of Gg (109 g). The biomasses of stem and bark, branches 
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and foliage were calculated using those fi eld plots on which fi rst commercial thinning was proposed 
for the fi rst 5-year-period or on which pre-commercial thinning was proposed and the treatment 
was already considered to be delayed in the corresponding stand. The proportion of the fi eld plot 
biomass capable to be removed (28–43%) was estimated applying the regional thinning regimes of 
pine, spruce and birch on most common site fertility classes (Mesic forests and Sub-xeric forests) 
according to the dominant tree species of the fi eld plot stand (Hyvän metsänhoidon suositukset 
2006) (Table 4.3). Appendix Table 8c presents similar estimates to those in Table 8a for land 
available for wood supply. The aboveground biomass estimates in young thinning stands, similar 
to those in Table 8c, were converted to potential energy per area of forest land available for wood 
supply in the municipality (except in Åland forestry centre per area of all forest land), MWh/ha. 
These energy estimates are presented by municipalities in Fig. 4.5. 10  g (a ton) of biomass equals 
fi ve mega-watt hours (MWh) in these calculations. The biomass estimates of mature forests are 
presented separately for branches, foliage and stem residuals, and stumps and large roots by tree 
species groups in Appendix Table 8b and for land available for wood supply in Table 8d. In practice, 
only spruce stumps are harvested from regeneration cutting areas. The biomass estimates for tree 
compartments of spruce in mature stands (Table 8d) were converted to potential energy, MWh/ha, 
in same way as for young thinning stands above and are presented by municipalities in Fig. 4.6.

The energy wood estimates represent energy wood potential rather than the energy wood available 
in practice. The practical constraints in use and harvesting of energy wood, like minimum removal 
and other cutting operations were not taken into account. Note also that the biomass estimates 
for energy wood were based on sample tree data only. For more details of deriving the biomass 
estimates and the reliability of the estimates, see Tomppo et al. (2008b).

Digital thematic output maps4.2 

Thematic forest maps in raster format were produced for the most important forest variables: land 
class, main site class, site fertility class, stand age, mean diameter and height of stands, stand 
basal area, and volumes by tree species and timber assortments, for four tree species or species 
groups (pine, spruce, two birch species combined, and other broad leaved tree species). Twelve 

Table 4.2. The compartments of tree biomass (Marklund, 1988).

Stem
Bark
Living branches
Foliage
Dead branches
Stump
Large roots, minimum diameter 2 cm
Small roots
Stem residual (from timber assortment class proportions and stem and bark biomass)

Table 4.3. Removal percentages applied for pre-commercial and fi rst commercial thinnings by regions 
(degree days) and dominant tree species of the NFI fi eld plot stands. Site fertility classes: Herb rich heath 
(HRHF), Mesic (M) and Sub-xeric (SX) forests.

Degree days Removal % (site fertility class of the regime)

Pine Spruce Deciduous

> 1200 dd 34 (SX) 32 (M) 43 (HRHF,M)

1000-1200 dd 32 (SX) 34 (M) 43 (HRHF,M)

< 1000 dd 33 (SX) 31 (M) 28 (HRHF,M peatlands)

6
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Fig 4.5. The potential energy per area of forest land, MWh/ha, of aboveground biomass in young thinning 
stands in forests available for wood supply by municipalities. Digital map data: ©National Land Survey of Finland, 
licence No. 363/MML/08.
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The potential energy per 
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of branches, foliage and 
stem residuals, of spruce 
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Fig 4.6. The potential energy per area of forest land, MWh/ha, of branches, foliage and stem residuals (a), 
stumps and large roots (b), alltogether (c) of spruce in mature stands in forests available for wood supply by 
municipalities. Digital map data: ©National Land Survey of Finland, licence No. 363/MML/08.

a)
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Fig. 4.6. Continued
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Fig. 4.6. Continued
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volume maps were produced for volumes of saw timber, pulp wood and total volume. The maps 
produced are in georeferenced raster layers of 25 m by 25 m resolution (Table 4.4), and cover 
Finland entirely. The data for forestry centres Lapland and Åland come from NFI9 (cf. Fig. 2.1). 
The non-forestry land use cover was obtained from the digital land use map data and overlaid on 
the satellite image data during the estimation phase. The k-NN pixel-level predictions were made 
for the rest of the area. An example of the total volume thematic map is given in Fig. 3.2c. The 
raster layers can be combined to produce new thematic maps, e.g. dominant tree species and mean 
volume classes by tree species dominance. More examples of digital thematic maps are given in 
Tomppo et al. (2008).

The sum and mean values calculated from raster layers will, in most cases, deviate from the area 
and volume estimates in the Appendix Tables due to the corrections for map errors. The forestry 
land area calculated from the maps will be greater, and the mean volume estimates smaller, than 
those in the Appendix Tables in most cases (cf. Subsect. 3.4.2).

Discussion5 

The development of the Finnish multi-source inventory (MS-NFI) method began in 1989 in the 
connection of the 8th National Forest Inventory of Finland (NFI8). The method utilises satellite 
images, fi eld data of the National Forest Inventory (NFI) and digital map data. The methods and 
results of the fi rst country-level MS-NFI, MS-NFI8, are presented in Tomppo et al. (1998b). The 
revised methods and results, MS-NFI9 methods and results, corresponding the ninth National 
Forest Inventory (1996–2003), were published in Tomppo et al. (2008b). The estimates obtained 
by MS-NFI are part of the offi cial NFI statistics in Finland, some of which are available via the 
internet (Metinfo 2007). 

The main purpose of the MS-NFI method is to obtain forest resource information for areas smaller 
than would be possible using only fi eld data. The developed k-Nearest Neighbour estimation 

Table 4.4. Twenty thematic map layers produced by MS-NFI-2005.

Thematic maps, raster format, 25 m by 25 m

20 layers
- stand age, a
- stand basal area, m2 
- total volume, m3/ha
- pine volume, m3/ha
- pine log volume, m3/ha
- pine pulpwood volume, m3/ha
- spruce volume, m3/ha
- spruce log volume, m3/ha
- spruce pulpwood volume, m3/ha
- birch volume, m3/ha
- birch log volume, m3/ha
- birch pulpwood volume, m3/ha
- other broadleaved volume, m3/ha
- other broadl. log volume, m3/ha
- other broadl.pulpwood volume, m3/ha
- mean height of stand, dm
- mean diameter of stand, cm
- land class (3 classes)
- main site class (4 classes)
- site fertility class (8 classes)
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method (k-NN) meets the requirements set to the method and the results. In addition to the small 
area estimates, the MS-NFI provides predictions of forest variables in map form.

The method has been improved continuously and new features have been added since its fi rst 
implementation. Similar development work is being carried out in several other countries.

Rapid changes in forests and in forest industries, as well as the approaching change in forest 
income taxation system in 2006, caused a need to update the forest resource estimates during the 
9th inventory to correspond year 2002. Following that case study and the agreed NFI10 plan, the 
small area forest resource estimates were calculated for the region in which the NFI9 measurements 
were carried out in 1996–2002, using NFI9 data from years 1996–2002 and NFI10 from years 
2004–2005. All the fi eld data were updated to correspond year 2005. This article presents the 
MS-NFI methods and results employed to update the NFI fi eld plot data to correspond a specifi c 
year, in this case year 2005.

The methods to update fi eld data were based on the predicted cuttings on the fi eld plots, carried out 
after the latest measurements. Satellite imagery from the new time point as well as fi eld plot and 
stand level data were employed in identifying the plots from which all trees or some trees had been 
removed, and in predicting the removed trees. Furthermore, growth models were applied to the trees 
not removed after the last measurement. The developed methods are described in Section 3.1.

The updated variables were the volume of growing stock, age, basal area, mean diameter and 
mean height. The development class of a forest stand was updated only in the case of regeneration 
cutting.

When comparing the estimates with those of MS-NFI9 one should note that the updated fi eld 
plot data includes updating errors. These errors also increase the prediction errors compared to 
the case in which fi eld data comes from the same season as the satellite image. The pixel level 
prediction error is also rather high in that case. The several error sources are listed in Tomppo et 
al. (2008b). For this article, the estimates and pixel level predictions were validated when selecting 
the estimation parameters comparing MS-NFI estimates and error estimates with those based on 
NFI10 fi eld data only using groups of municipalities.

The main users of the MS-NFI results, municipality level estimates and maps are the forestry 
authorities at forestry centres, forest industries and forest environment researchers. More details 
of the uses are given in Tomppo et al. (2008a and 2008b).

The most serious potential risk in the application of MS-NFI method is the availability of relevant 
satellite images. An individual satellite image scene should be large enough to cover high enough 
number of fi eld plots, preferably several thousands, to get satisfactory ground truth data. On the other 
hand, the spatial resolution, a pixel size, should not be larger than about 30 metres. In addition to the 
problems caused by clouds, the number of the natural resource satellite with suitable specifi cations 
for forest applications is not high, particularly when one relevant instrument, Landsat 7 ETM+, 
suffers from malfunctioning of the scan line corrector.

This article is one in the series in which the MS-NFI estimates are calculated every second year 
for the greater part of the country and every fourth year for northernmost Finland. The future 
method development work will focus, in addition to the decrease all kinds of estimation errors, to 
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investigate the possibilities to integrate airborne remote sensing data, e.g., lidar data, as a part of 
input data of MS-NFI.
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