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1 Introduction

1.1 Background

Drought is a recurring natural hazard that results from a sustained reduction in precipitation.
Drought has significant impacts on agricultural production and forest ecosystems worldwide (Ciais
et al. 2005; Santini et al. 2022). In recent decades, drought events have become more frequent and
severe in Europe due to climate warming (Cammalleri et al. 2020; Naumann et al. 2021). From 1981
to 2010, the average annual loss due to drought in Europe was approximately €9 billion, with half
of these losses being agricultural (Cammalleri et al. 2020; Naumann et al. 2021). The most recent
European drought, which occurred in 2018-19, had a significant impact on crop yields and forest

growth in northern and central Europe (Boergens et al. 2020; Conradt et al. 2023).

Drought affects multiple aspects of the agricultural sector. Firstly, it reduces crop productivity, which
can lead to risks of food insecurity and water scarcity for both livestock and humans (Carrao et al.
2016). Furthermore, drought can increase cropland net carbon release into the atmosphere
(Humphrey et al. 2018), which introduces uncertainties in cropland carbon accounting (Oldfield et
al. 2022). Additionally, drought stress can make plants more susceptible to pests and diseases,
which further reduces crop yields (Maxmen 2013). Drought also has a significant impact on forest
ecosystems in Europe. For example, drought stress increased the vulnerability of trees to insect
infestations, forest fires, and other disturbances, resulting in forest degradation and loss (Anderegg
et al. 2015). Furthermore, drought can alter the composition and structure of forest communities,

with some species being more resilient to drought than others (Lafleur and Humphreys 2018).

This deliverable is partly compiled from a white paper, High Resolution Vegetation Phenology and
Productivity Use Case: Local Scale Impacts of the2018 Drought on Vegetation in N. Europe., drafted
by the authors for the Copernicus HRVPP project (CLMS 2022).

1.2 Study of 2018 drought using Sentinel-2
1.2.1 The 2018 northern Europe drought
While historically drought has not been widespread in northern Europe, the year 2018 saw a

drought that had severe and widespread impacts in northern Europe (Conradt et al. 2023). This



drought was caused by an exceptionally warm spring and a very dry summer (Peters et al. 2020).
The drought caused severe losses in crop production in northern and eastern Europe (Beillouin et
al. 2020). For example, the drought led to the lowest crop yields in Sweden since 1959, including
43% lower yield for grain and 35% lower for oilseeds compared to the last 5 years, and less than half
the production of ley to normal (SCB 2018). Additionally, the drought led to forest fires and
increased insect attacks on trees. Many forest stands reduced their carbon uptake in 2018 as a
consequence of increased heterotrophic respiration (Lindroth et al. 2020), and several northern
wetlands (mires) turned from carbon sinks to carbon sources (Rinne et al. 2020). To visualize the
extent and severity of the 2018 drought across Europe, an interactive map of vegetation and

drought indices can be found at https://expertonrs.users.earthengine.app/view/eudrought2018

using Google Earth Engine platform.

1.2.2 Sentinel-2 HR-VPP products

In this study, we examine the local-scale impact of the 2018 drought on crops and forests using data
from the Pan-Europe Sentinel-2 product High-Resolution Vegetation Phenology and Productivity
products (HR-VPP) during period 2017-2020. These products were developed by the Copernicus
Land Monitoring Service (CLMS), which provides geographical information on land cover and its
changes, land use, vegetation state, water cycle and earth surface energy variables to a wide range
of users in Europe and across the world for environmental terrestrial applications. The CLMS is a
joint initiative between the European Environment Agency and the European Commission DG Joint

Research Centre (JRC).

The HR-VPP products are generated from high-resolution (10m x 10m) Sentinel-2A and Sentinel-2B
satellite data, with an average joint revisit time of 5 days. These products cover the entire EEA39
region, which includes 32 member countries, the UK, and 6 cooperating countries in the Western
Balkans from January 1, 2017, onwards. The Seasonal Trajectories (ST) product of HRVPP is derived
by fitting a function (Cai et al. 2017) to the yearly time-series of raw Plant Phenology Index (PPI, Jin
and Eklundh 2014) for each pixel per 10-day interval. The Vegetation Phenological and Productivity
parameters (VPP) are generated on a yearly basis and provide thirteen metrics up to two growing

seasons, such as start of season, end of season, seasonal productivity, etc.


https://expertonrs.users.earthengine.app/view/eudrought2018

1.3 The aim of the study

The aim of the study is to investigate the instantaneous local impacts of the 2018 drought on crops
and forests, while also highlighting the capability of the novel high-resolution HR-VPP products for
studying local-scale vegetation dynamics under drought stress. To do so, we used the Standardized
Precipitation Evapotranspiration Index (SPEI) developed by Vicente-Serrano et al. (2010), which
considers the multitemporal nature of atmospheric water balance (precipitation-minus-potential-
evapotranspiration). The SPEI has been widely used in recent analyses of drought impacts on
vegetation (e.g. Christopoulou et al. 2021; Huang and Wang 2021; Lawal et al. 2021; Mokhtar et al. ;
Zhong et al. 2021). We focused on selected areas in six European countries (Belgium, Germany,

Denmark, S Sweden, E Sweden, and Finland) to exemplify the local effects of the 2018 drought.

2 Data and methodology

2.1 Data

2.1.1 Drought data

High-temporal and spatial resolution (9 km) climate data from ECMWEF ERA5-land reanalysis dataset
and the Multi-Source Weighted-Ensemble Precipitation (MSWEP) for calculation of SPEI 3-month

and 12-month drought indices at weekly time step.

2.1.2 Crop yield and growth phenology data

Crop field delineations for 2017-2020 for southern Sweden from the Swedish Board of Agriculture.
Crop vyield statistics from the Swedish Central Bureau of Statistics. HR-VPP phenology parameters
and seasonal trajectories from Sentinel-2 at 10 m spatial resolution, 2017-2020 of six tiles (31UFS,

32UPE, 32UPG, 33UUB, 33VWC, 35VL]) located in central and northern Europe (Figure 1).

2.1.3 Forest data
Forest cover from CLC land cover, updated 2018. Medium resolution growing season parameters

(phenology and productivity) from MODIS NBAR data aggregated to 5 km spatial resolution.
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Figure 1. Six selected Sentinel-2 tiles, located in Belgium, Northern Germany, Denmark, southern
Sweden, Eastern Sweden, and Central Finland, for the analysis of drought impacts on crops and
forests at the local scale.

2.2 Estimation of meteorological drought severity

The SPEI data were used to estimate drought severity in the different test areas. Drought severity is
defined as the run sum of SPEI (Dracup et al. 1980; Mishra and Singh 2010) over the yearly-averaged
growing season in this study. The SPEl was computed using three-parameter log-logistic distribution
for the water balance (the difference between precipitation and potential evapotranspiration)

following Vicente-Serrano et al. (2010). The potential Evapotranspiration (ETo, reference



evapotranspiration) was calculated from ERA5-land climate variables using the Penman-Monteith
equation following FAO56 (Allen et al. 1998).

S = %2505 SPEL, (1)

SZS_%W (2)

where S is the drought severity (i.e. growing season SPEI sum). Sfit and $ are robust linear trend
values and robustly-detrended drought severity values, respectively. The trend was estimated using

robust fitting by iteratively reweighted least-squares (Holland and Welsch 1977) to account for trend

bias caused by extreme drought events.

Standardized anomalies (z-scores) of drought severity were computed pixel-wise as follows:

Z, ==t (3)

Ox

where Zx is the z-score of variable x, ux is the mean of x, and ox is the standard deviation of x. Note
that x is the value of robustly detrended drought severity S, so as to address the issue of varied
mean of a non-stationary time series used in the z-score calculation. The standard anomaly of
drought severity was computed from SPEI at 3 and 12 months’ time scale respectively to address

the short-term and long-term climatic drought respectively.

2.3 Analysis of drought effects on local agriculture
We conducted an analysis of the effects of drought on local agriculture in Sentinel-2 tile 33UUB,
located in southern Sweden (Figure 2). This area was chosen due to its documented effects of the

2018 drought and availability of relevant data.

Our analysis focused on six common crop types, namely spring barley, rye, autumn wheat, autumn
rapeseed, sugar beet, and hayfield, which together account for approximately 75% of the arable

land in the region (Figure 3).
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Figure 1. Map of the test area for drought effect on crops, southern Sweden. Source of data:
Swedish Board of Agriculture. Reproduced from CLMS (2022) with permission.

To assess the impact of drought on these crops, we examined the following phenological parameters:
e TPROD:the seasonal large integral of PPI, indicative of total seasonal vegetation productivity

e AMPL: seasonal amplitude, indicative of maximum-minimum of vegetation productivity

during the season



e LENGTH: season length

e SOSD, EOSD: start and end of season dates: indicative of shifts in the growing season.

We calculated normalized phenological parameters for each crop type between 2017 and 2020.
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Figure 2. Area cover of most common crops in southern Sweden 2017-2017. Data source: Swedish
Board of Agriculture. Reproduced from CLMS (2022) with permission.

Since severe drought can cause the value of PPl to drop to a low level during the growing season,
we treated it as one growing season if two separate seasons occurred within a year. As a result, our
VPP parameters for a given year were derived from the aggregation of the two seasons, with the
SOSD representing the start of the first season, EOSD representing the end of the second season,

and LENGTH representing the number of days between SOSD and EOSD.

2.4 Analysis of HR-VPP in forest lands
To analyze the seasonal vegetation productivity of broad-leaved and coniferous forests, we overlaid
phenological data at a resolution of 10 m with land cover data from CLC at a resolution of 100 m.

We calculated the normalized statistics for the same phenological parameters (TPROD, AMPL,



LENGTH, SOSD, EOSD) for each forest type, using the same approach as in section 2.2 for local

agriculture.

3 Results

3.1 Drought severity during 2017-2020

In the study areas, 2018 was an exceptionally dry year when compared to the previous 20 years, as
evident from the standardized anomaly of drought severity (Z-scores of growing season aggregated
SPEI-3), depicted in Figure 4. However, the preceding year, 2017, had positive SPEI values indicating

a wetter growing season using short-term accumulation, while 2019 was neutral.

32UPE m32UPG 33UUB 35vLU 31UFS 33vwcC

Z-score of detrended SPEI3 sum
N ! o =
I
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Figure 3. Drought severity (standard anomaly of SPEI3 sum) for each of the study areas 31UFS:
Belgium, 32UPE: Germany, 32UPG: Denmark, 33UUB: southern Sweden, 33VWC: SE Sweden, and
35VLU: Finland. Reproduced from CLMS (2022) with permission.

The drought index SPEI for the study areas is further illustrated in Figure 5 and Figure 6 for SPEI-3
and SPEI-12, respectively. For 2018, the standard anomaly of drought severity calculated from short-
term drought index SPEI-3 was very low for the majority of the study areas, especially in Jutland
Denmark, Sweden, Norway, and Finland. However, the following years did not indicate general
drought, except for Lithuania and a small part of Poland, which had negative SPEI values during 2019.
In contrast, drought severity from longer-term drought index SPEI-12 shows a different pattern with
low values during 2019, particularly in S. Denmark, N. Germany, Netherlands, Belgium, and the
Baltic countries, indicating the sustained effect of the 2018 drought and its impact on water

availability at deeper soil levels.
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Figure 4 SPEI-3 drought severity for the study area. Reproduced from CLMS (2022) with

permission.

2017 drought severity 2018 drought severity

R ) ) T @B
L (W \> i
i 1 o v/ .,
g 0 g “\ j
) 5 “ \ J
Loy
2 !

purs sl

R e MV S LA
2019 drought severity 2020 drought severity

Figure 5. SPEI-12 drought severity for the study area. Reproduced from CLMS (2022) with

permission.



3.2 Overall effect of SPEI on remotely sensed vegetation productivity

The relationship between SPEI and productivity, as estimated by annual values of total productivity,
can be assessed by studying maps of total PPl productivity across the area, as shown in Figure 7. The
map series indicates that the PPl pattern in 2018 resembles that of SPEI-3 in 2018, while the PPI
pattern in 2019 is similar to that of SPEI12 in 2019. However, other factors such as variations in
weather and land use practices may also influence the satellite-derived patterns. For example, the
2020 map suggests an effect in northern Germany and Benelux, not corresponding to any of the

climate indices.
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Figure 6. Z-scores of total PPl productivity estimated from detrended MODIS data mapped to 5 km
resolution. Reproduced from CLMS (2022) with permission.

3.3 Drought impacts on croplands

The impact of severe drought on croplands in Southern Sweden can be seen in Figure 8. The SPEI-3
(black line) indicates a strong negative deviation starting from the beginning of 2018 and reaching
its lowest point around August 1st. The PPI for different crops responds in two ways: lower peak
values and a shift from uni-modal to bi-modal patterns. This bi-modal pattern is also observed in

some crops in later years.

10



Spring Barley 3 3 Rye 2
2
150 ;0 2 50
a o
a gL o
H{-2 1+ H{-2
i _/\./\
Y -4 0 . -4
2017 2018 2019 2020 2021 2017 2018 2019 2020 2021
DOY DOY
3 Autumn Wheat 2 Autumn Rap d 2
2 |-
2 0 1.5+ i 0
o o
o o 1-
1 2 q1-2
_/\/\ "l
0 -4 0 ! -4
2017 2018 2019 2020 2021 2017 2018 2019 2020 2021
DOY DOY
Sugar beet 5 3 Hayfleld o
2 L
1.5 0 2r 0
o o
o 1+ o
2 1 2
03r N
0 -4 0 -4
2017 2018 2019 2020 2021 2017 2018 2019 2020 2021
DOY DOY
‘ Std 2017 mean 2017 Std 2018 mean 2018 Std 2019 mean 2019 Std 2020 mean 2020 —SPEIE‘

Figure 7. PPl seasonal trajectories (colored lines) and SPEI (black lines) for common crops in
southern Sweden 2017-2020. Notice the discontinuous seasonal trajectories in different years due
to the crop rotation. Reproduced from CLMS (2022) with permission.

The immediate drought effect on seasonal productivity in an intensively cropped area in S. Sweden
is seen in Figure 9. It shows the general decline during 2018 in the productivity of the agricultural
fields.

11
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Figure 9. Seasonal integral (TPROD) of PPI for the years 2017-2020 for a small agricultural area in
southern Sweden.

Figure 10 shows data that demonstrate the relationship between annual deviations in PPI total
productivity for the area covered in Figure 2, versus official crop yield statistics for the administrative
district covering the area (Skane). In 2018, the lower yields (fluctuating around —30 % lower than
the 4-year average for the different crops) correspond nearly perfectly with the lower PPI
productivity (around —40% from the mean) in the same year. The relative relationships between

different crops in 2018 match the two graphs.

3.4 Drought impacts on forest

The impact of drought on PPl is not as apparent for forest land as it is for agricultural land. Figure
11 displays annually aggregated PPI productivity data for the different study areas, separated for
coniferous and deciduous forest pixels. It is evident that the productivity of conifers was neutral in
2018 compared to the mean, but showed some negative values, down to around -6%, in 2019. For
deciduous forest pixels, productivity was slightly higher in 2018 but negative in 2019, around —10%

from the mean.

12



0% TPROD

40%

20%

I Spring Barley
I Rye
[JAutumn Wheat
I A utumn Rapeseed
[ Sugar beet

[ Hayfield

0%

-20%

-40%

-60%

|
2017 2018 2019 2020
Year

60% Yield

40% .

20%

I Spring Barley
[ Rye
[CJAutumn Wheat

0,
0% I 2 utumn Rapeseed
[ Sugar beet

-20% [ Hayfield

-40%

-60%

|
2017 2018 2019 2020
Year

Figure 10. Relative deviations of total productivity (TPROD) from the 2017-2020 mean values (top),
and corresponding deviation in crop yield (kg/ha)(bottom). Reproduced from CLMS (2022) with

permission.
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Figure 11. The relative deviation of total productivity (TPROD) for coniferous (top) and deciduous
(bottom) forest lands across the different test areas. Reproduced from CLMS (2022) with
permission.
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To investigate the variation in total annual productivity across a small region in southern Sweden
comprising forest, agricultural land, and an urban area, we created maps for each of the four years
2017-2020 (Figure 12). The forested area encompasses both broadleaf and coniferous stands. Our
analysis reveals that during 2018, the productivity of the agricultural land (primarily grassland such
as hayfields) experienced negative deviations, while forest productivity exhibited a slight increase.
However, in 2019, we observed negative deviations in the forested area. Furthermore, the

productivity in the agricultural land, predominantly grazing land, was highly negative in 2018.

Figure 13 depicts the variation in the length of the growing season. Notably, the forested areas
experienced a considerably shorter growing season in the wet year of 2017, followed by a neutral
or somewhat longer season in 2018 and 2019. There was no clear pattern in the agricultural areas
regarding the duration of the growing season. We also found that the forested areas had an earlier
start to the season in 2019 and a later end to the season in 2018. Furthermore, the end of the season

in the hayfield was later during the drought year.
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Figure 12. Annual deviations in total productivity (TPROD for both detected seasons) from the
2017-2020 mean values, along with an RGB image. Agricultural fields are delineated with black
vectors, and areas under crop rotation are masked with grey patches. The area is located in
southern Sweden centered at 55°41°10”’N, 13°21’40"E. Reproduced from CLMS (2022) with
permission.

14



‘ Crop Field d
boundaries ‘

Land use mask

Crop Rotation

& Change of length
/e of season

= - 50 days shorter
A 25 days shorter

‘ no change

‘ 25 days longer 1 2 km

e S - 50 days longer

Figure 13. Annual deviations in season length (LENGTH) from the 2017-2020 mean values, along
with an RGB image. Agricultural fields are delineated with black vectors, and areas under crop
rotation are masked with grey patches. The area is located in southern Sweden centered at
55°41’10”N, 13°21’40”E. Reproduced from CLMS (2022) with permission.

4 Discussion

The study observed variations in phenology and productivity through the use of 10 m spatial
resolution data used in the HR-VPP product, which are logical when compared with climate statistics
expressed through the SPEI index and crop yield statistics. The 2018 drought had a direct and severe
impact on crop yields, and the deviation in HR-VPP total productivity across crop fields in southern
Sweden correlates well with official crop yield statistics, validating the total productivity (TPROD)

parameter for assessing seasonal vegetation growth and biomass production.

In grasslands, the growing season during the drought was divided into two parts, possibly due to a
return of rain in August, which provided moisture for a second greening of herbaceous vegetation
before the winter. However, the pattern observed in some of the cropland may relate to the

cropping cycle and cannot be explained without access to more detailed farming data.

In forest areas, total productivity responded only slightly during 2018, but there was a pronounced

decline in 2019. This was consistent for five out of six analyzed areas. The negative deviation in 2019
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was more prevalent on forest land than on open land, as shown by the deviation in medium-
resolution PPI productivity data. (Figure 6). The delayed drought response in forests may be a result
of a combination of several factors, including low soil water availability at the root level, damage to
buds during the previous summer, change in carbon allocation, and modifications of the soil
microbiota and structure. Such legacy effects have been shown to affect growth several years after

drought (Huang et al. 2018; Kannenberg et al. 2020).

Drought effects on forest growth are rather complex and found to be more severe if the drought
occurs during the dry season rather than the wet season (Huang et al. 2018), but it is also modulated
by local conditions such as soil type, moisture, and elevation (Adams and Kolb 2005; Rehschuh et al.
2017). There is also some evidence that management activities, like thinning and mixing of species,
may reduce drought sensitivity (Cabon et al. 2018; Laurent et al. 2003; Schéafer et al. 2019). The
prolonged effect on water availability was shown by the SPEI-12 pattern that showed the strongest

negative deviations in 2019 (Figure 5).

Drought impact due to increasing temperatures is an important factor limiting carbon uptake in N.
American forests during the past century (Barber et al. 2000). With future increasing temperatures
and possible increased risk of drought, the health and climate mitigating effect of northern forests

may be seriously threatened.

The observation that forest PPl did not decrease during the drought year needs further analysis.
However, it has been observed that leaf areas of beech (Fagus Sylvatica) increased rather than
decreased during drought due to increased spring temperatures. Furthermore, the number of
leaves in a tree is determined by the number of buds that are set in the previous summer period
(Meier and Leuschner 2008), thus explaining the effect on PPl in the next rather than the present
year. A recent analysis of the carbon cycle effects of the 2018 drought in northern Europe pointed
to a mostly negative effect on forest gross primary productivity, but with varying size and signs
across the 11 analyzed sites (Lindroth et al. 2020). The fact that much of this effect was related to
surface conductance (Lindroth et al. 2020), would indicate that the drought affected the
photosynthetic efficiency rather than the actual light absorption, explaining why PPl was not much
affected. Thus, there is a likelihood that the productivity decrease in forests may be underestimated

in the PPl data. The effect of low soil moisture on photosynthetic light use efficiency is a contributing

16



factor to the systematic underestimation of drought impact on vegetation photosynthesis in

remotely sensed products (Stocker et al. 2019).

5 Conclusions

The impacts of drought on crops and forests were analyzed in six areas across central and northern
Europe. The effects of drought were clearly observable in Sentinel-2-derived products of high-
resolution vegetation phenology and productivity (HR-VPP), including seasonal trajectories,
phenology, and productivity parameters of HR-VPP. The total productivity (TPROD) was found to be
the most sensitive parameter to the drought, particularly in croplands and forage grasslands
(hayfield), where a significant decrease in TPROD correlated well with the decrease in crop yield per
hectare reported by farmers in southern Sweden. This demonstrates the usefulness of seasonality

parameters derived from Sentinel-2 data for monitoring agricultural disturbances due to drought.

In forested areas, the total productivity did not decrease during the drought year but was observed
to decrease significantly the year after, particularly in deciduous forests. The decrease was
correlated with SPEI-12, indicating a lag effect of one year. This observation is consistent with known
mechanisms of drought impact on forest vegetation, such as disturbed bud formation, groundwater
depletion, changes in soil microbiota and structure, etc., as reported in the literature. The study also
observed changing phenology during and after the drought year, such as a prolonged growing
season during the same year and an earlier growing season the next year. However, given the
complex relationships between environment and tree growth, further studies are needed to fully
understand these mechanisms and to assess the full utility of HR-VPP for drought impact assessment

in forests.

The study highlights the importance of using remote sensing data to monitor and assess both
regional and local scale impacts of drought on different land use types. It also underscores the need
for more research to better understand the complex mechanisms that govern the responses of
different ecosystems to drought, particularly forested ecosystems, and to improve the accuracy of
drought impact assessments. Such information is crucial for developing effective strategies for
mitigating the impacts of drought on agriculture and forest ecosystems in the face of future climate

change.
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