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Abstract. Strong winds may uproot and break trees and represent one of the major natural disturbances for European forests.
Wind disturbances have intensified over the last decades globally and are expected to further rise in view of the climate change
effects. Despite the importance of such natural disturbances, there are currently no spatially-explicit databases of wind-related
impact at Pan-European scale. Here, we present a new database of wind disturbances in European forests (FORWIND).
FORWIND comprises more than 80,000 spatially delineated areas in Europe that were disturbed by wind in the period 2000-
2018, and describes them in a harmonized and consistent geographical vector format. Correlation analyses performed between
the areas in FORWIND and land cover changes retrieved from the Landsat-based Global Forest Change dataset and the MODIS
Global Disturbance Index corroborate the robustness of FORWIND. Spearman rank coefficients range between 0.27 and 0.48
(p-value<0.05). When recorded forest areas are rescaled based on their damage degree, correlation increases to 0.54. Wind-
damaged growing stock volumes reported in national inventories (FORESTORM dataset) are generally higher than analogous
metrics provided by FORWIND in combination with satellite-based biomass and country-scale statistics of growing stock
volume. Overall, FORWIND represents a valuable and open-access spatial source to improve our understanding of the
vulnerability of forests to winds and develop large-scale monitoring/modelling of natural disturbances. Data sharing is
encouraged in order to continuously update and improve FORWIND. The dataset is available at
https://doi.org/10.6084/m9.figshare.9555008 (Forzieri et al., 2019).

1 Introduction

Natural forest disturbances represent a serious peril for maintaining productive forests. Studies indicate that their excess can
reduce primary production and partially offset carbon sinks or even turn forest ecosystems into carbon sources (Kurz et al.,
2008; Yamanoi et al., 2015; Ziemblinska et al., 2018). This is particularly critical for windthrow and tree breakage due to
strong winds, which represent one of the major natural disturbance for European forests (Schelhaas et al., 2003; Seidl et al.,
2017). Such disturbances are intensifying globally, a trend which is expected to continue with further climate change (Bender
et al., 2010; Knutson et al., 2010; Seidl et al., 2014).

European windstorms are associated with areas of low atmospheric pressure that typically occur in the autumn and winter
months(Martinez-Alvarado et al., 2012). Deep low-pressure areas frequently track across the North Atlantic Ocean towards
Western Europe, pass the north coast of Great Britain and Ireland and into the Norwegian Sea. However, when they track
further south, they can potentially hit any country in Europe. In 1999, storm Lothar damaged approximately 165 million m? of
timber, which is equivalent to 43% of the average annual harvest rate, mainly in France, Germany, Switzerland and
Scandinavia(Gardiner et al., 2010). In 2005, 75 million m3, equivalent to one year’s cuttings, were damaged by storm Gudrun
in Sweden. In 2007, the storm Kyrill caused the loss of 49 million m?® of timber in Germany and the Czech Republic. In 2009

and 2010, storms Klaus and Xynthia hit forests in France and Spain and caused timber losses totalling approximately 45 million
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md. In 2018, the Vaia storm hits the North-Eastern regions of Italy causing a damaged growing stock volume of about 8.5
million m3.

The socio-economic consequences of wind disturbances can be critical especially for local economies highly dependent on the
forest sector. Countries in Northern Europe and Central-Eastern Europe, where the forest sector may cover up to 6% of the
national GDP(FOREST EUROPE, 2015), are, therefore, potentially more vulnerable to wind-related impacts.

Despite the risks they pose, spatially explicit databases of wind disturbances across European currently do not exist. Recent
assessments of current and future forest damages due to windstorms at European scale are based on catalogues of disturbances
collected at country level(Gregow et al., 2017; Schelhaas et al., 2003; Seidl et al., 2014; Senf et al., 2018). Such databases are
subject to multiple sources of bias and uncertainty associated to the diversity of the underlying inventories. Furthermore,
estimates of forest damage aggregated at national scale may only partially represent the spatial variability of the phenomenon.
In fact, the coarse spatial resolution of such data hampers inferential analysis of potential drivers of forest vulnerability and
their use in spatially explicit models to monitor or forecast wind-related impacts(Masek et al., 2015; Phiri and Morgenroth,
2017). Despite the lack of systematic mapping of wind disturbances in European forests, a multitude of local, national, and
transnational initiatives have accurately mapped forest areas affected by wind over the last decades These data represent highly
informative observational records to characterize spatial patterns of forest damages. However, they are collected by different
institutes, and are often difficult to retrieve or poorly documented. Since 2012, the Copernicus Emergency Management

Service (https://emergency.copernicus.eu/) produces maps of natural disasters throughout the world based on the analysis of

satellite images and other geospatial data. While this important initiative can help map wind-affected areas, it only covers
recent years and, being an on-demand service, it is not comprehensive as it depends on the interests of individual authorized
users of the service to map a given forest disturbance.

In this study, we try to fill the above-mentioned gap. To this aim, we collected and harmonized 89,434 forest areas damaged
by wind into a consistent geospatial dataset. The work was carried out through a unique joint effort of 26 research institutes
and forestry services across Europe. This collaboration led to the first spatially-explicit database of wind disturbances in
European forests over the period 2000-2018, hereafter referred to as the FORWIND database. We believe that it provides
essential spatial information to improve our understanding of forest damage from wind and can assist in large-scale systematic
monitoring and modelling of forest disturbances. In the following sections, we describe the data collection, the harmonization
process, and the cross-comparison performed against satellite-retrievals of changes in vegetation cover and data from national
inventories of forest disturbances. We conclude the data description with some examples of the possible usage of the
FORWIND database.



105

110

115

120

125

130

d

Earth System
Science

Data

https://doi.org/10.5194/essd-2019-141
Preprint. Discussion started: 5 September 2019
(© Author(s) 2019. CC BY 4.0 License.

Open Access
Su0ISSNOS|

2 Methods

We collected wind disturbances events caused by windstorms or tornadoes that occurred in Europe between 2000 and 2018.
A wind disturbance event is represented by a georeferenced polygon that delineates the damaged forest stand, regardless of
the degree of damage. The data were managed mostly on the Google Earth Engine platform (Gorelick et al., 2017) to efficiently
quantify the extent of disturbances over large scales and extract additional informative attributes (e.g., Hansen et al., 2013;
McDowell et al., 2015). We structured the data collection process in four main phases, described below.
e Literature review and data gathering. We searched PubMed and Scopus for articles published up to January 2019,
with no language restrictions, using the search terms “wind disturbance” OR “windthrow” OR “forest damage” OR
“wind damage” OR “forest disturbance” AND “Europe” OR single country name in the publication title OR abstract.
The identified studies had mainly mapped the effects of wind on forests for single events and/or for a limited areal
extent. We then retrieved the spatial delineation of the observed wind damages from the corresponding authors or
contact persons responsible for the data acquisition. The collected data were originally recorded by different research
institutes and international initiatives across Europe using diverse methodologies. Table 1 lists the data providers and
the acquisition methods.
e Coordinate system transformation. The wind disturbances were transformed to the same geographical unprojected
coordinate system (World Geodetic System 1984, WGS84, EPSG:4326).
e Spatial segregation. The spatial segregation of each record was verified. In case multiple features for the same event
overlapped, they were merged.
e Harmonization of the degree of damage. A damage classification for forest disturbances was originally recorded
for windstorms that occurred in France in 2009, in Lithuania in 2010, in Germany in 2017, in Italy in 2015 and —for
part of the records - in 2018. In order to make these records comparable in terms of the severity of damage, the original

classes were harmonized into a single damage metric following the rationale reported in Table 2.

3. Data records

The FORWIND database is the final output of the data collection procedure and it is publicly available at
https://doi.org/10.6084/m9.figshare.9555008 (Forzieri et al., 2019). The FORWIND dataset contains records as polygon

features in shapefile format (.shp). The geometry of a feature is stored as a shape comprising a set of vector coordinates

corresponding to the boundaries of the area of a given wind disturbance. Records are georeferenced in geographical
coordinates, i.e. latitude and longitude, following the WGS84 standard (EPSG:4326). Basic attributes of each disturbance

(Table 3) are provided in an associated table, stored in a .dbf file.
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Overall, FORWIND includes 89,434 records, corresponding to ~1 million ha of forest area affected by wind disturbances
during the 2000-2018 period. Each record should not be viewed as independent as a single storm may cause multiple,
geographically disjunct, disturbances. At European level, the median wind-caused forest disturbance measures 1.08 ha (Table
4). However, there is substantial variability across disturbances and countries likely driven by the high heterogeneity of forest
and landscape characteristics. Figure 1 shows the spatial and temporal variations of records in the FORWIND database. In
order to better visualize the data, we summed the areas affected by wind disturbances in 0.5-degree cells (Fig. 1a). A similar
aggregation was used to show the timing of the disturbances, here expressed as the year in which most area was disturbed
within a given cell (Fig. 1b). The current release of FORWIND includes wind disturbances that occurred in Austria,
Switzerland, the Czech Republic, France, Germany, Ireland, Italy, Lithuania, Poland, Romania, Russia, Slovakia and Sweden.
The major windstorms that occurred in the last two decades are included in FORWIND, particularly Gudrun in 2005 (Sweden),
Kyrill (Germany) in 2007, Klaus in 2009 (France), Xhynthia in 2010 (Germany) and Vaia in 2018 (Italy). The high spatial
detail of FORWIND is illustrated in Figure 2 for some key windstorms.

4. Technical validation

The lack of alternative datasets with the same spatially explicit mapping of wind disturbances as in FORWIND does not allow
for a standard validation exercise. Therefore, we evaluated the validity of FORWIND based on the plausibility of the collected
spatial delineations of wind disturbances with respect to two satellite-based proxies of forest disturbances and estimates of

forest damages reported in national inventories.

4.1 FORWIND versus LANDSAT-based forest cover loss

FORWIND was initially compared with satellite-based estimates of forest cover loss derived from the Global Forest Change

maps(Hansen et al.,, 2013) (GFC, https://earthenginepartners.appspot.com/science-2013-global-forest). GFC maps

characterize the annual forest coverage at global scale during the period 2000—-2018 at 30-meter spatial resolution based on
time-series analysis of Landsat images. Forest cover loss is defined as an area that has changed from a state of forest to non-
forest, following a given disturbance event (natural or anthropogenic). The change detection is based on the variation in the
spectral properties of the land surface. Windstorm events in Europe often occur in autumn and the beginning of winter, when
the availability of cloud-free images is typically much more limited than in summer. Hence, satellite retrievals of forest cover
loss may miss the exact timing of the disturbance. Therefore, the GFC-based forest cover loss may only record wind
disturbances the year after the event occurred. In addition, fallen trees following a windstorm or tornado often maintain their
leaves for months. This may lead to limited or no change in land reflectance properties, even when cloud-free images are
available. Therefore, satellite-based products may underestimate forest cover loss in the short-term (interannual scale). In order
to account for these effects, we considered the forest cover loss by summing up the forest loss over the year of a given event

5
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together with that of the following year (lag-01). The loss estimate was quantified with respect to the pre-event conditions (the
forest cover in the year before the event). To reduce potential contamination effects from other disturbances on the resulting
total forest cover loss, we removed areas affected by fires the year following a wind event. Information on forest areas affected

by fires were retrieved from the European Forest Fire Information System (EFFIS, http://effis.jrc.ec.europa.eu/). Insect

outbreaks, which may be triggered by large numbers of dead trees following wind disturbances(Stadelmann et al., 2013),
generally lead to a slow change in tree cover, which may only marginally affect the 1-year temporal lag used for our estimates
of forest cover loss. Furthermore, forest logging following a wind event can be considered a secondary effect of the strong
winds, as it is often employed to reduce the risk of other forest disturbances (specifically insect outbreaks and fires). Therefore,
the resulting estimates of forest cover loss for the selected areas should reflect wind disturbances first and foremost. We
emphasize that Landsat-derived estimates of forest cover loss are affected by the uncertainty in satellite retrievals and do not
represent the true impacts. However, their suitability for detecting forest disturbances over large scale has been widely
recognized(Curtis et al., 2018; Hansen et al., 2013) and, therefore, they are here considered a good proxy of forest loss.

For each selected FORWIND record we computed the area of affected forest based on the spatial delineation of the polygon
and the corresponding Landsat-derived forest cover loss and calculated the correlation between the two sets of estimates. In
order to account for the spatial dependence structure of FORWIND data, correlation values were derived for 100 subsets of
1000 records randomly selected from the entire dataset. The final estimate of correlation was then quantified as the average of
the correlation values derived from the 100 subsets.

Results for the whole dataset are shown in Figure 3a. Overall, we found a modest but significant Spearman rank correlation
coefficient (px=0.48, p-value<10-%), which supports the validity of FORWIND in mapping areas subject to changes of forest
coverage due to wind disturbances. We point out that for this calculation we did not mask the data based on the degree of
damage, because such information is available only in some countries. However, a similar correlation analysis performed by
rescaling the recorded areas based in their damage degree (for those records that report the information) led to higher
correlation values up to 0.54. We further tested the sensitivity of our results to the temporal lag used to quantify the forest
cover loss. To this aim, we complemented the previous analysis (lag-01) using Landsat-based forest cover loss estimated for
the year of the event only (lag-0) and the following year only (lag-1). In order to investigate possible scaling relations, the
correlation analysis was performed accounting for the FORWIND records with a spatial extent above a given threshold derived
from the percentiles 0, 0.25, 0.50 and 0.75 of the full dataset (corresponding to about 0, 0.5, 1, and 3.5 ha, respectively). Results
show that correlation values between FORWIND affected areas and lag-0 forest cover loss tends to slightly decrease with an
increasing size of the wind disturbance (Fig. 3b). The opposite pattern is observed for correlation values with lag-1 forest cover
loss. The forest cover loss accumulated over the two years considered (lag-01) appears dominated by the contribution of lag-
1 forest cover loss. We argue that such contrasting tendencies may be linked to the scale and climatology of extreme winds.
Wind-related forest impacts of limited areal extent originate from local windstorms or tornadoes that may occur throughout
the year. For these events, most of the damage is probably well captured by lag-0 effects, as it is more likely that cloud-free

images are available after the event. In contrast, the larger and more damaging windstorms, which affect larger forest areas,

6
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typically occur in autumn and early winter (decreasing the likelihood of cloud-free images after the storm and before the end

of the year). For these events, the inclusion of the lag-1 effect is key to characterize the impact on forest cover.

4.2 FORWIND versus MODIS Global Disturbance Index

FORWIND was also compared with an independent dataset of satellite-based estimates of forest disturbance as expressed by
the MODIS-based Global Disturbance Index(Mildrexler et al., 2007, 2009) (MGDI,
http://files.ntsg.umt.edu/data/NTSG_Products/MGDI/). MGDI maps quantify the overall annual forest disturbance globally

for the period 2004-2012 at 500-meter spatial resolution. The disturbance retrieval is based on the variations in the Enhanced
Vegetation Index and land surface temperature following a given sudden change in forest cover. Consistent with the previous
Landsat-based analysis - the total change in MGDI potentially related to a given wind disturbance was computed as the
accumulated net change in MGDI over the event year and the following year (lag-01). The change was quantified with respect
to the pre-event conditions (MGDI in the year before the event). The technique used to disentangle the fire signal, as well as
the correlation and sensitivity analyses with respect to the temporal lags and wind disturbance size, were performed
analogously to the previous validation exercise.

Overall, we found a low but significant correlation coefficient (pk=0.27, p-value<103) (Fig. 3c). The lower correlation
compared to the Landsat-based dataset is presumably due to the coarser spatial resolution of MGDI that probably does not
fully capture the changes in land surface properties due to wind disturbances(Mildrexler et al., 2009). This seems to be
supported by the generally increasing correlation values up to 0.31 for wind disturbances of 1 ha consistently across the
different temporal lags (Fig. 3d).

4.3 FORWIND versus FORESTORM

FORWIND data were finally compared with estimates of damaged growing stock volume (GSV) that are recorded at country
level in the FORESTORM database (http://www.iefc.net/storm/) for five windstorm events: Slovakia in 2004; Sweden in 2005

(Gudrun storm), Germany in 2007 (Kyrill storm), the Czech Republic in 2007 (Kyrill storm) and France in 2009 (Klaus storm).
We derived the damaged GSV by multiplying the estimated GSV by the percentage damaged, both of which are reported in
FORESTORM. An analogous metric was derived from FORWIND data by first calculating for each FORWIND record the
amount of GSV lost by multiplying the areal average GSV by the damage level reported for the record. As the damage level
was only reported for Klaus, for the other events we assumed a damage level equal to the average level reported for Klaus
weighted on the spatial extent of each record. The GSV was retrieved from the GlobBiomass dataset(Santoro et al., 2018)
(https://doi.pangaea.de/10.1594/PANGAEA.894711) which is based on multiple remote sensing products and is considered

the state-of-the-art global biomass product. This satellite-based GSV estimate refers to the year 2010 and has a spatial
resolution of 100 meter. The damages to GSV were then summed by event and country. Event-scale FORWIND damaged
GSVs were then compared with estimates derived from FORESTORM.
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Overall, results show that the magnitude of damages estimated from FORWIND and FORESTORM are largely different,
except for the 2009 Klaus storm in France for which we found a very good agreement (Fig. 3e). For most of the events,
however, FORESTORM tends to systematically give higher forest damage estimates than FORWIND with differences
exceeding 90%. We note that such differences persist when we derive FORWIND estimates of damaged GSV assuming a
100% damage degree for all records (not shown). Therefore, the uncertainty in the damage degree in FORWIND does not
affect substantially the difference between FORWIND and FORESTORM. We recognize that estimates of forest damages
based on FORWIND are fully dependent on the GSV derived from GlobBiomass. Indeed, any deviations of the mapped GSV
from the true forest state are inherently translated into our damaged GSV estimates. In particular, the GSV map refers to the
year 2010, therefore it is very likely that it largely reflects the biomass conditions following, rather than preceding, the
windstorm events (all the five events considered in this validation exercise occurred before 2010).

In order to disentangle such source of bias we derived country-scale estimates of average GSVs for the year 2000 (pre-event
conditions) from the State of Europe’s Forest(FOREST EUROPE, 2015)
(https://www.foresteurope.org/docs/SoeF2015/OUTPUTTABLES.pdf). We then derived the damages GSVs by multiplying

Forest Europe-derived GSVs by the total forest area affected for each of the considered wind events by assuming a 100%
degree of damage. Similar to the previous results, expect for the Klaus storm, we found higher values of damaged GSVs in
FORESTORMS than in our estimates based on the integration of FOREWIND and country values of GSVs (Fig. 3f). We
recognize that FORWIND could miss some wind damage occurrences. However, according to the institutions responsible for
the data acquisition, the forest areas affected by the windstorm events considered in this validation exercise were exhaustively
mapped. Therefore, possible residual omissions are expected to only marginally affect our results. We therefore argue that a
possible source of error may be associated to the FORESTORM database. Estimates of forest damages from FORESTORM
originate from different sources and are collected by multiple actors. Hence, the loss figures should be viewed in light of their

potential biases, including a possible overestimation of the true impacts.

5 Data usage and conclusions

The FORWIND database is the first Pan-European collection of spatially delineated forest areas affected by wind disturbances
and includes all major events that occurred over the 2000-2018 period. FORWIND provides fundamental spatial and temporal
information to improve our understanding of the vulnerability of forests to winds and develop large-scale monitoring and
modelling of natural disturbances.

For demonstration purposes, we show how FORWIND data can be used to quantify forest vulnerability as a function of the
fraction of evergreen needleleaf forest (ENF) and annual maximum wind speed. The fraction of ENF was derived from the
annual land cover maps of the European Space Agency’s Climate Change Initiative(ESA, 2017) (ESA-CCI, https://www.esa-
landcover-cci.org/) aggregated at 0.5 degree spatial resolution. Annual maximum wind speeds were computed from
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NCEP/NCAR Reanalysis 2 data(Saha et al., 2010) (NCEP2,

https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html). Daily average wind data at 0.5 degree spatial

resolution were acquired and the two horizontal components combined to derive the magnitude of the wind vector. For each
cell, the fraction of ENF and the annual maximum wind concomitant with a wind disturbance were then selected from the time
series and used in our experiment as potential drivers of vulnerability (Fig. 4a,c). The values of fraction of ENF and annual
maximum wind speed (predictors) were linked with the corresponding FORWIND affected area (response variable) within
each 0.5 degree cell. In order to increase the spatial consistency of the emerging relationships, spatial averages in the response
variable were derived using bins that spanned the sampled ranges of the predictors (bin sizes of 10% and 2 m/s for fraction of
ENF and annual maximum wind speed, respectively). The resulting datasets were ultimately fitted by linear regression models
(Fig. 4b,d).

Wind disturbance areas manifest a substantial variability, as evident form the generally high values of the coefficient of
variation. However, when data are spatially averaged at bin level, simple linear regression models show a reasonably good fit,
with R? values of 0.52 and 0.81 for the fraction of ENF and annual maximum wind speed, respectively. Emerging patterns are
largely consistent with expectations and previous studies. An increasing fraction of ENF leads to an increase in wind
disturbance area (growing rate of 12 ha of affected forest per 0.1 increase in ENF fraction). Indeed, this plant functional type
is typically characterized by shallower rooting systems compared to other forest types. Combined with the limited flexibility
of its branches and trunk this makes ENF more prone to uprooting and breakage by strong winds(Klaus et al., 2011; Ruel,
1995). A similar pattern emerges with respect to annual maximum wind speed(Seidl et al., 2011). Wind disturbance area tends
to increase with rising wind speed (growing rate of 32 ha of affected forest per 1 ms* increase in wind speed). Maximum wind
speeds are the primary determinant of wind disturbances. However, we point out that the coarse spatial and temporal resolution
on NCEP2 data largely underestimate the speed of wind gusts and may completely miss peak winds originating from tornados.
This is clearly evident from the range of values of annual maximum wind speed (6-22 m/s) which are far lower than the wind
speeds reported in country-scale inventories of forest disturbance (e.g., 42 m/s for Gudrun, FORESTORM).

We recognize that the above example is an oversimplification of the biomechanical processes that may cause wind
disturbances. Multiple variables, susceptibility factors, and drivers (e.g., tree species, tree dimension, management regimes,
planting patterns, soil depth, snow cover), contribute concurrently to the vulnerability of trees(Hart et al., 2019; Klaus et al.,
2011; Mitchell, 2013) and therefore their contribution should be analysed in a multidimensional space. Therefore, the approach
described here should not be considered as a reference methodology to analyse the vulnerability of forests but only as an
informative application to explore the usefulness of the FORWIND database.

FORWIND could also be suitable in diverse contexts for large-scale monitoring and modelling of forest ecosystems. For
instance, some pioneering studies have begun producing classification maps of various forest disturbance agents based on
remote sensing data(Cohen et al., 2016; Hermosilla et al., 2015; Potapov et al., 2015; White et al., 2017). However, the
attribution of forest change to windstorms remains challenging. Previous systematic monitoring has been performed only over

limited areal extents and showed considerable uncertainty(Baumann et al., 2014; Schroeder et al., 2017) mostly due to the

9
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limited number of sampled wind-affected areas available for training/testing classification algorithms(Schroeder et al., 2017).
Similar critical issues affect land surface models (LSM) now widely applied to support policy-relevant assessments on the
impact of climate change on terrestrial ecosystems. Recently, windstorm effects have been incorporated in LSMs(Bonan and
Doney, 2018; Chen et al., 2018). However, these models are hampered by the lack of harmonized spatially-explicit information
on windstorms required as input for robust model parameterization and large-scale representation of wind disturbance. In such
contexts, the FORWIND database represents a valuable source of harmonized wind-affected forest areas for improving model
calibration and validation.

6 Data availability

Data are freely available at https://doi.org/10.6084/m?9.figshare.9555008 (Forzieri et al., 2019) and will be periodically updated

with new and historical events. To this effect, the authors welcome further data contributions and commit to properly

acknowledging them.

Author contributions. G.F. designed the study. M.P. performed the data collection and harmonization. M.G. assisted in data
integration tasks, M.M., C.Nikolov., M.R., J.T., D.S., C.Nistor., D.J., F.G.,R.C., AW., F.P.,F.M., S.I., W.L-S., K.S,, K.Z-K.,
P.S-J.,, M.M,, F.S,, L.K,, I.LH., M.N., P.W. and G.C. collected forest disturbance data. G.F. analysed the data and wrote the
manuscript with contribution from all co-authors.

Competing interests. The authors declare no competing financial interests.

Acknowledgements. The study was funded by the Exploratory Project FOREST@RISK of the European Commission, Joint

Research Centre.

References

Baumann, M., Ozdogan, M., Wolter, P. T., Krylov, A., Vladimirova, N. and Radeloff, V. C.: Landsat remote sensing of forest
windfall disturbance, Remote Sensing of Environment, 143, 171-179, doi:10.1016/j.rse.2013.12.020, 2014.

10



325

330

335

340

345

350

355

d

Earth System
Science

Data

https://doi.org/10.5194/essd-2019-141
Preprint. Discussion started: 5 September 2019
(© Author(s) 2019. CC BY 4.0 License.

Open Access
Su0ISSNOS|

Bender, M. A., Knutson, T. R., Tuleya, R. E., Sirutis, J. J., Vecchi, G. A., Garner, S. T. and Held, I. M.: Modeled Impact of
Anthropogenic  Warming on the Frequency of Intense Atlantic Hurricanes, Science, 327(5964), 454-458,
doi:10.1126/science.1180568, 2010.

Bonan, G. B. and Doney, S. C.: Climate, ecosystems, and planetary futures: The challenge to predict life in Earth system
models, Science, 359(6375), eaam8328, doi:10.1126/science.aam8328, 2018.

Chen, Y.-Y., Gardiner, B., Pasztor, F., Blennow, K., Ryder, J., Valade, A., Naudts, K., Otto, J., McGrath, M. J., Planque, C.
and Luyssaert, S.: Simulating damage for wind storms in the land surface model ORCHIDEE-CAN (revision 4262),
Geoscientific Model Development, 11(2), 771-791, doi:https://doi.org/10.5194/gmd-11-771-2018, 2018.

Cohen, W. B., Yang, Z., Stehman, S. V., Schroeder, T. A., Bell, D. M., Masek, J. G., Huang, C. and Meigs, G. W.: Forest
disturbance across the conterminous United States from 1985-2012: The emerging dominance of forest decline, Forest
Ecology and Management, 360(Supplement C), 242-252, doi:10.1016/j.foreco.2015.10.042, 2016.

Curtis, P. G., Slay, C. M., Harris, N. L., Tyukavina, A. and Hansen, M. C.: Classifying drivers of global forest loss, Science,
361(6407), 1108-1111, doi:10.1126/science.aau3445, 2018.

ESA: Land Cover CCI Product User Guide Version 2., 2017.

FOREST EUROPE: State of FEurope’s Forests 2015 Report, Forest FEurope [online] Available from:
https://foresteurope.org/state-europes-forests-2015-report/ (Accessed 23 November 2018), 2015.

Forzieri, G., Pecchi, M., Girardello, M., Mauri, A., Klaus, M., Nikolov, C., Riietschi, M., Gardiner, B., Tomastik, J., Small,
D., Nistor, C., Jonikavicius, D., Spinoni, J., Feyen, L., Giannetti, F., Comino, R., Wolynski, A., Pirotti, F., Maistrelli, F., lonut,
S., Lucas-Stephanie, W., Stefan, K., Zieba-Kulawik, K., Strejczek-Jazwinska, P., Mokro$, M., Stefan, F., Krejci, L., Haidu, L.,
Nilsson, M., Wezyk, P., Chirici, G., Cescatti, A. and Beck, P. S. A.: A spatially-explicit database of wind disturbances in
European forests over the period 2000-2018, , doi:10.6084/m9.figshare.9555008.v1, 2019.

Gardiner, B., Blennow, K., Carnus, J.-M., Fleischer, P., Ingemarson, F., Landmann, G., Lindner, M., Marzano, M., Nicoll, B.,
Orazio, C., Peyron, J.-L., Reviron, M.-P., Schelhaas, M.-J., Schuck, A., Spielmann, M. and Usbeck, T.: Destructive Storms in
European Forests: Past and forthcoming Impacts, European Forest Institute., 2010.

Gorelick, N., Hancher, M., Dixon, M., llyushchenko, S., Thau, D. and Moore, R.: Google Earth Engine: Planetary-scale
geospatial analysis for everyone, Remote Sensing of Environment, 202, 18-27, d0i:10.1016/j.rse.2017.06.031, 2017.

Gregow, H., Laaksonen, A. and Alper, M. E.: Increasing large scale windstorm damage in Western, Central and Northern
European forests, 1951-2010, Scientific Reports, 7, 46397, doi:10.1038/srep46397, 2017.

Hansen, M. C., Potapov, P. V., Moore, R., Hancher, M., Turubanova, S. A., Tyukavina, A., Thau, D., Stehman, S. V., Goetz,
S.J., Loveland, T. R., Kommareddy, A., Egorov, A., Chini, L., Justice, C. O. and Townshend, J. R. G.: High-Resolution Global
Maps of 21st-Century Forest Cover Change, Science, 342(6160), 850—853, doi:10.1126/science.1244693, 2013.

Hart, E., Sim, K., Kamimura, K., Meredieu, C., Guyon, D. and Gardiner, B.: Use of machine learning techniques to model
wind damage to forests, Agricultural and Forest Meteorology, 265, 1629, doi:10.1016/j.agrformet.2018.10.022, 2019.

Hermosilla, T., Wulder, M. A., White, J. C., Coops, N. C. and Hobart, G. W.: Regional detection, characterization, and

attribution of annual forest change from 1984 to 2012 using Landsat-derived time-series metrics, Remote Sensing of
Environment, 170, 121-132, doi:10.1016/j.rse.2015.09.004, 2015.

11



360

365

370

375

380

385

390

https://doi.org/10.5194/essd-2019-141
Preprint. Discussion started: 5 September 2019
(© Author(s) 2019. CC BY 4.0 License.

Earth System g
Science

Data:

Open Access

Kempeneers, P., Sedano, F., Seebach, L., Strobl, P. and San-Miguel-Ayanz, J.: Data Fusion of Different Spatial Resolution
Remote Sensing Images Applied to Forest-Type Mapping, IEEE Transactions on Geoscience and Remote Sensing, 49(12),
4977-4986, doi:10.1109/TGRS.2011.2158548, 2011.

Klaus, M., Holsten, A., Hostert, P. and Kropp, J. P.: Integrated methodology to assess windthrow impacts on forest stands
under climate change, Forest Ecology and Management, 261(11), 1799-1810, doi:10.1016/j.foreco.2011.02.002, 2011.

Knutson, T. R., McBride, J. L., Chan, J., Emanuel, K., Holland, G., Landsea, C., Held, I., Kossin, J. P., Srivastava, A. K. and
Sugi, M.: Tropical cyclones and climate change, Nature Geoscience, 3(3), 157-163, doi:10.1038/ngeo779, 2010.

Kurz, W. A., Dymond, C. C., Stinson, G., Rampley, G. J., Neilson, E. T., Carroll, A. L., Ebata, T. and Safranyik, L.: Mountain
pine beetle and forest carbon feedback to climate change, Nature, 452(7190), 987-990, doi:10.1038/nature06777, 2008.

Martinez-Alvarado, O., Gray, S. L., Catto, J. L. and Clark, P. A.: Sting jets in intense winter North-Atlantic windstorms,
Environ. Res. Lett., 7(2), 024014, doi:10.1088/1748-9326/7/2/024014, 2012.

Masek, J. G., Hayes, D. J., Joseph Hughes, M., Healey, S. P. and Turner, D. P.: The role of remote sensing in process-scaling
studies of managed forest ecosystems, Forest Ecology and Management, 355, 109-123, doi:10.1016/j.foreco.2015.05.032,
2015.

McDowell, N. G., Coops, N. C., Beck, P. S. A., Chambers, J. Q., Gangodagamage, C., Hicke, J. A., Huang, C., Kennedy, R.,
Krofcheck, D. J., Litvak, M., Meddens, A. J. H., Muss, J., Negron-Juarez, R., Peng, C., Schwantes, A. M., Swenson, J. J.,
Vernon, L. J., Williams, A. P., Xu, C., Zhao, M., Running, S. W. and Allen, C. D.: Global satellite monitoring of climate-
induced vegetation disturbances, Trends in Plant Science, 20(2), 114-123, doi:10.1016/j.tplants.2014.10.008, 2015.

Mildrexler, D. J., Zhao, M., Heinsch, F. A. and Running, S. W.: A New SaTELlite-Based Methodology for Continental-Scale
Disturbance Detection, Ecological Applications, 17(1), 235-250, doi:10.1890/1051-
0761(2007)017[0235:ANSMFC]2.0.CO;2, 2007.

Mildrexler, D. J., Zhao, M. and Running, S. W.: Testing a MODIS Global Disturbance Index across North America, Remote
Sensing of Environment, 113(10), 2103-2117, doi:10.1016/j.rse.2009.05.016, 2009.

Mitchell, S. J.: Wind as a natural disturbance agent in forests: a synthesis, Forestry (Lond), 86(2), 147-157,
doi:10.1093/forestry/cps058, 2013.

Pekkarinen, A., Reithmaier, L. and Strobl, P.: Pan-European forest/non-forest mapping with Landsat ETM+ and CORINE
Land Cover 2000 data, ISPRS Journal of Photogrammetry and Remote Sensing, 64(2), 171-183,
d0i:10.1016/j.isprsjprs.2008.09.004, 2009.

Phiri, D. and Morgenroth, J.: Developments in Landsat Land Cover Classification Methods: A Review, Remote Sensing, 9(9),
967, doi:10.3390/rs9090967, 2017.

Potapov, P. V., Turubanova, S. A., Tyukavina, A., Krylov, A. M., McCarty, J. L., Radeloff, V. C. and Hansen, M. C.: Eastern
Europe’s forest cover dynamics from 1985 to 2012 quantified from the full Landsat archive, Remote Sensing of Environment,
159, 28-43, doi:10.1016/j.rse.2014.11.027, 2015.

Ruel, J.-C.. Understanding windthrow: Silvicultural implications, The Forestry Chronicle, 71(4), 434-445,
doi:10.5558/tfc71434-4, 1995.

12



395

400

405

410

415

420

425

https://doi.org/10.5194/essd-2019-141
Preprint. Discussion started: 5 September 2019
(© Author(s) 2019. CC BY 4.0 License.

Earth System g
Science

Data:

Open Access

Saha, S., Moorthi, S., Pan, H.-L., Wu, X., Wang, J., Nadiga, S., Tripp, P., Kistler, R., Woollen, J., Behringer, D., Liu, H.,
Stokes, D., Grumbine, R., Gayno, G., Wang, J., Hou, Y.-T., Chuang, H.-Y ., Juang, H.-M. H., Sela, J., Iredell, M., Treadon, R.,
Kleist, D., Van Delst, P., Keyser, D., Derber, J., EK, M., Meng, J., Wei, H., Yang, R., Lord, S., Van Den Dool, H., Kumar, A,
Wang, W., Long, C., Chelliah, M., Xue, Y., Huang, B., Schemm, J.-K., Ebisuzaki, W., Lin, R., Xie, P., Chen, M., Zhou, S.,
Higgins, W., Zou, C.-Z., Liu, Q., Chen, Y., Han, Y., Cucurull, L., Reynolds, R. W., Rutledge, G. and Goldberg, M.: The NCEP
Climate Forecast System Reanalysis, Bull. Amer. Meteor. Soc., 91(8), 1015-1057, doi:10.1175/2010BAMS3001.1, 2010.

Santoro, M., Cartus, O., Mermoz, S., Bouvet, A., Le Toan, T., Carvalhais, N., Rozendaal, D., Herold, M., Avitabile, V.,
Quegan, S., Carreiras, J., Rauste, Y., Balzter, H., Schmullius, C. and Seifert, F. M.: A detailed portrait of the forest aboveground
biomass pool for the year 2010 obtained from multiple remote sensing observations, in EGU General Assembly Conference
Abstracts, vol. 20, p. 18932. [online] Available from: http://adsabs.harvard.edu/abs/2018EGUGA..2018932S (Accessed 2 May
2019), 2018.

Schelhaas, M.-J., Nabuurs, G.-J. and Schuck, A.: Natural disturbances in the European forests in the 19th and 20th centuries,
Global Change Biology, 9(11), 1620-1633, doi:10.1046/j.1365-2486.2003.00684.x, 2003.

Schroeder, T. A., Schleeweis, K. G., Moisen, G. G., Toney, C., Cohen, W. B., Freeman, E. A., Yang, Z. and Huang, C.: Testing
a Landsat-based approach for mapping disturbance causality in U.S. forests, Remote Sensing of Environment, 195, 230-243,
d0i:10.1016/j.rse.2017.03.033, 2017.

Seidl, R., Schelhaas, M.-J. and Lexer, M. J.: Unraveling the drivers of intensifying forest disturbance regimes in Europe,
Global Change Biology, 17(9), 2842-2852, do0i:10.1111/j.1365-2486.2011.02452.x, 2011.

Seidl, R., Schelhaas, M.-J., Rammer, W. and Verkerk, P. J.: Increasing forest disturbances in Europe and their impact on
carbon storage, Nature Clim. Change, 4(9), 806-810, doi:10.1038/nclimate2318, 2014.

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., Wild, J., Ascoli, D., Petr, M., Honkaniemi,
J., Lexer, M. J.,, Trotsiuk, V., Mairota, P., Svoboda, M., Fabrika, M., Nagel, T. A. and Reyer, C. P. O.: Forest disturbances
under climate change, Nature Clim. Change, 7(6), 395-402, d0i:10.1038/nclimate3303, 2017.

Senf, C., Pflugmacher, D., Zhigiang, Y., Sebald, J., Knorn, J., Neumann, M., Hostert, P. and Seidl, R.: Canopy mortality has
doubled in Europe’s temperate forests over the last three decades, Nature Communications, 9(1), 4978, doi:10.1038/s41467 -
018-07539-6, 2018.

Shikhov, A. and Chernokulsky, A.: A satellite-derived climatology of unreported tornadoes in forested regions of northeast
Europe, Remote Sensing of Environment, 204, 553-567, doi:10.1016/j.rse.2017.10.002, 2018.

Stadelmann, G., Bugmann, H., Meier, F., Wermelinger, B. and Bigler, C.: Effects of salvage logging and sanitation felling on
bark beetle (Ips typographus L.) infestations, Forest Ecology and Management, 305, 273-281,
doi:10.1016/j.foreco.2013.06.003, 2013.

White, J. C., Wulder, M. A., Hermosilla, T., Coops, N. C. and Hobart, G. W.: A nationwide annual characterization of 25years
of forest disturbance and recovery for Canada using Landsat time series, Remote Sensing of Environment, 194, 303-321,
d0i:10.1016/j.rse.2017.03.035, 2017.

Yamanoi, K., Mizoguchi, Y. and Utsugi, H.: Effects of a windthrow disturbance on the carbon balance of a broadleaf deciduous
forest in Hokkaido, Japan, Biogeosciences, 12(23), 6837-6851, doi:https://doi.org/10.5194/bg-12-6837-2015, 2015.

13



430

https://doi.org/10.5194/essd-2019-141 ﬁ Earth System g
Preprint. Discussion started: 5 September 2019 &5’ S Ci ence 2
(© Author(s) 2019. CC BY 4.0 License. < 7]

o
tData:

Ziemblinska, K., Urbaniak, M., Merbold, L., Black, T. A., Jagodzinski, A. M., Herbst, M., Qiu, C. and Olejnik, J.: The carbon
balance of a Scots pine forest following severe windthrow: Comparison of reforestation techniques, Agricultural and Forest
Meteorology, 260261, 216-228, doi:10.1016/j.agrformet.2018.06.012, 2018.

14



https://doi.org/10.5194/essd-2019-141
Preprint. Discussion started: 5 September 2019
(© Author(s) 2019. CC BY 4.0 License.

Earth System
Science

Data

Open Access
suoIssnasIq

i Number of -
Data provider records Eventtype  Acquisition method
Alto Adige province forest service, Italy 1457  Windstorm  Aerial photointerpretation and field survey
Copernicus Emergency Service 4425  Windstorm  Aerial photointerpretation
Department of Cartography and Geoinformatics, Perm State University, Perm, Russia 3056 Tornado Satellite data classification
Department of Forest Management, Geomatics and Forest Economics, Institute of Forest
ResourcesManagement, Faculty of Forestry, University of Agriculture in Krakow, 321 Windstorm  Aerial photointerpretation
Poland

Department of Forest Resource Planning and Informatics, Faculty of Forestry, Technical
University in Zvolen, Slovakia

Department of Geoinformatics, Faculty of Science, Palacky University, Czech Republic 1175 Windstorm  Aerial photointerpretation

Department of Land Change Science, Swiss Federal Institute for Forest, Snow and
Landscape Research WSL, Birmensdorf, Switzerland

14 Windstorm  Aerial photointerpretation and field survey

64  Windstorm  Aerial photointerpretation

Department of forestry Mecklenburg-Vorpommern state, Germany 2073 Windstorm  Aerial photointerpretation

Forest national service of Sweden, Sweden 19358  Windstorm  Semiautomatic classification

Friuli Venezia Giulia forest service, Italy 191 Windstorm  Aerial photointerpretation and field survey
Ign-Institut National de information geographique et forestiere 21691 Windstorm  Aerial photointerpretation

Laboratory of Geomatics, Institute of Land Management and Geomatics, Aleksandras

Stulginskis University, Lithuania 14571  Windstorm  Aerial photointerpretation

National Forest Centre, Forest Research Institute, Slovakia 555 Windstorm  Aerial photointerpretation
North Rhine-Westphalia forest service, Germany 13642 Windstorm  Aerial photointerpretation
Tesaf Department- Padua University 1532  Windstorm  field survey and aerial photointerpretation
Trento province forest service, Italy 3596 Windstorm  Aerial photointerpretation and field survey
University of Bucharest, Faculty of Geography, Romania 186  Windstorm  Aerial photointerpretation and field survey
University of Lorraine 256  Windstorm  Aerial photointerpretation

geoLAB - Laboratory of Forest Geomatics, Department of Science and Technology in
1271  Windstorm  Field survey
Agriculture, Food, Environment and Forestry, University of Florence, ltaly

435 Table 1: List of institutions responsible of wind disturbance mapping and corresponding number of records collected and acquisition methods
employed. @ Spatial delineation of tornado-related impacts on forests have been based on a semi-automatic algorithm and every record has been singularly
validated based on visual inspection of high-resolution of satellite images(Shikhov and Chernokulsky, 2018). ® Area subject to wind disturbances have been
retrieved for FORWIND by intersection of the 2005 registered forest clear-cuts between 2005-01-07 and 2005-12-31 larger than 500 m?
(http://skogsdataportalen.skogsstyrelsen.se/Skogsdataportalen/) with the spatial delineation of the Gudrun storm(Gardiner et al., 2010). The use of forest clear-

440  cuts as proxy for wind-affected areas is reasonable because the morning after the storm all normal felling activity stopped and moved to storm damaged areas
(Swedish Forest Agency, personal communication).
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Class of damage Definition of damage (D) Degree of
damage
France 0 no forest area (not included in FORWIND)
2009 1 D < 20% 0.1
2 20% <D <40% 0.3
3 40% < D < 60% 0.5
4 60% <D < 80% 0.7
5 80% < D <100% 0.9
6 marginally affected missing data
7 missing data missing data
Lithuania 0 no damage (not included in the FORWIND)
2010 1 D < 25% 0.125
2 25% < D <50% 0.375
3 50% <D <75% 0.625
4 D >75% 0.875
Germany 1 D <50% 0.25
2017 2 50% < D < 90% 0.7
3 90% > D 0.95
Italy 2018 1 D <30% 0.15
2 30% < D <50% 0.4
3 50% < D <90% 0.7
4 D > 90% 0.95

Earth System
Science

Data

Table 2: Conversion table to pass from class of damage to degree of damage. Records of windstorms occurred in Italy in 2015 are
already expressed as damage degree in a consistent range between 0 (no damage) and 1 (full destruction of forest pattern).
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Attribute name Description

Id_poly Identifier code

EventDate Date of event (MM/DD/YYYY)

StormName Storm name

EventType Type of event: windstorm/tornado

Country Country where the wind disturbance occurred

Area Area affected by wind disturbance (in hectares)

Perimeter Perimeter of the forest area affected by wind disturbance (in meters)
Damage_deg Damage degree (in %)

Methods Acquisition method

Dataprovid Data provider responsible of the wind disturbance mapping
Source Original source of the data

Table 3: Attribute table of the FORWIND database. Name and description of the attributes associated to each wind disturbance in
FORWIND and listed in the .dbf file. Missing data are reported as -999.
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Accumulated
Number of affected area Median affected Standard deviation of
Country records (ha) area (ha) affected area (ha)
AU 646 1222.15 0.78 5.69
CH 64 41.28 0.26 0.79
Ccz 1175 540.98 0.14 1.67
DE 18909 34075.95 0.64 5.33
FR 21947 875407.23 8.79 993.80
IR 561 541.03 0.36 1.60
IT 8047 33991.61 1.06 14.18
LT 14571 13378.80 0.53 1.28
PL 345 46065.34 24.03 573.29
RO 186 417.59 0.80 4.92
RU 3056 17188.38 0.85 25.41
SE 19358 24450.73 0.82 1.73
SK 569 9150.24 0.65 118.65
Europe 89434 1056471.32 1.08 494,05

Open Access

Earth System
Science

Data

Table 4: Statistics of wind disturbance records collected in the FORWIND database aggregated at country level and for whole

450 Europe.
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FORWIND timing [windtrhow occurrence year]

L L L L
-1 0 1 2 3 4 5 2000 2002 2004 2008 2008 2010 2012 2014 2016 2018

Figure 1: Spatial and temporal distribution of wind disturbances in the FORWIND database. (a) The total area affected by wind
455  disturbances over the multi-year observational period (2000-2018) in 0.5-degree cells. (b) Wind disturbance occurrence year in the same
cells. Red circles in (a) refer to site locations shown in Fig. 2.
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460 Figure 2: Examples of wind disturbances recorded in the FORWIND database. (a,b) Tatra Mountains, Slovakia, affected by a
windstorm in 2004. (c,d) Southern Sweden affected by the Gudrun storm in 2005. (e,f) Western Germany affected by the Kyrill storm in
2007. (g,h) Western France affected by the Klaus storm in 2009. Wind disturbances recorded in the FORWIND database are shown as red
polygons. Background colors show forest and non-forest areas derived from the 25-meter forest cover map of 2000(Pekkarinen et al., 2009)
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while water bodies are derived from the 25-meter land cover type map of 2006(Kempeneers et al., 2011)
(https://forest.jrc.ec.europa.eu/en/past-activities/forest-mapping/#Downloadforestmaps). Site locations in (a,c,e,g) are shown in Fig. la
whereas zoomed plots in (b,d,f,h) refer to black boxes in (a,c,e,g).
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470 Figure 3: Validation of the FORWIND database. (a) Density plot of FORWIND affected area versus LANDSAT-derived forest cover
loss, both expressed in logarithmic scale and for lag-01 effects. The color reflects the number of records, top left labels report the Spearman
rank correlation coefficient (p), the significance (p-value) and the sample size (n). (b) Spearman rank correlation coefficients for different
affected area thresholds (on the x-axis) and different lagged effects displayed in color bars. Lagged effects considered include the forest
cover loss cumulated over the event of a given year together with that of the following year (lag-01), forest cover loss estimated for the year

475

event only (lag-0) and forest cover loss estimated for the following year only (lag-1). (c) and (d) as (a) and (b) but for the MODIS-derived

Global Disturbance Index in place of Landsat-derived forest cover loss. (e) Scatter plot of damaged growing stock volume estimated from
FORWIND (on the x-axis) and FORESTORM (on the y-axis) for five windstorms: Slovakia in 2004 (SK2004); Sweden in 2005 (SE2005
(Gudrun)), Germany in 2007 (GE2007 (Kyrill), the Czech Republic in 2007 (CZ2007 (Kyrill)) and France in 2009 (FR2009 (Klaus)).
FORWIND estimates are derived using GlobBiomass-derived estimates of GSVs and reported damage degree information. (f) as (e) but
480  with estimates of GSVs derived from Forest Europe national inventories and assuming a 100% damage degree for all FORWIND records.
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Figure 4: Use of FORWIND to explore susceptibility factors and drivers of forest vulnerability to wind disturbances. (a) Spatial map
485  of the fraction of evergreen needleleaf forest (ENF). (b) Relation between the fraction of ENF (on the x-axis) and area affected by wind
disturbances (on the y-axis) as derived from the FORWIND database. Averaged values, shown in grey circles, were derived using bins that
spanned the sampled range. Colour patterns reflect the coefficient of variation within each bin. The fitted linear regression model is shown
in black line with the coefficient of determination (R?), slope (p1) and intercept (pz) reported in the labels. The confidence interval for each
of the coefficient is shown in brackets. (c) Spatial map of annual maximum wind speed; (d) as (b) but for annual maximum wind speed in
490 place of the fraction of ENF. The grid cells in (a) and (c) with no wind disturbances occurred over the 2000-2018 period are masked out.
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