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Abstract

Droughts can impact on forest functioning and production, and even lead to tree mor-
tality. However, drought is an elusive phenomenon that is difficult to quantify and define
universally. In this study, we assessed the performance of a set of indicators that have
been used to describe drought conditions in the summer months (June, July, August)5

over a 30 year period (1981–2010) in Finland. Those indicators include the Standard-
ized Precipitation Index (SPI), the Standardized Precipitation–Evapotranspiration Index
(SPEI), the Soil Moisture Index (SMI) and the Soil Moisture Anomaly (SMA). Herein,
regional soil moisture was produced by the land surface model JSBACH. While SPI,
SPEI, and SMA show a degree of anomalies from the statistical means over a period,10

SMI is directly connected to plant available water and closely dependent on soil prop-
erties. Moreover, the buffering effect of soil moisture and the associated soil moisture
memory can impact on the onset and duration of drought as indicated by the SMI and
SMA, whereas SPI and SPEI are directly controlled by meteorological conditions.

In particular, we investigated whether the SMI, SMA and SPEI are able to indicate the15

Extreme Drought affecting Forest health (EDF) in Finland. EDF thresholds for these in-
dicators are suggested, based on the spatially representative statistics of forest health
observations in the exceptional dry year 2006. Our results showed that SMI was the
best indicator in capturing the spatial extent of forest damage induced by the extreme
drought in 2006. In addition, the derived thresholds were applied to those indicators to20

capture EDF events over the summer months of the 30 year study period. The SPEI
and SMA showed more frequent EDF events over the 30 year period, and typically de-
scribed a higher fraction of influenced area than SMI. In general, the suggested EDF
thresholds for those indicators may be used for the indication of EDF events in Finland
or other boreal forests areas in the context of future climate scenarios. However, the re-25

sults have to be interpreted carefully, with due consideration of their different properties
and the complexity of drought. Our results would suggest that in order to take appro-
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priate precautions to mitigate against possible forest losses, an integrated analysis of
projected drought with drought indicators is recommended.

1 Introduction

Droughts are expected to become more frequent and severe under global warming
(Sergio et al., 2014; Dai, 2013; Schär et al., 2004; IPCC, 2012). Boreal forests have5

been recognized as a “tipping element” of the Earth system as they are highly sensitive
to climate warming (Lenton et al., 2008). In addition to a reduction in forest productivity
(Ciais et al., 2005; Granier et al., 2007), severe drought can lead to tree mortality
in boreal forests (Allen et al., 2010; Peng et al., 2011). Disturbance of boreal forests
could give rise to further feedbacks to the global climate system, due to the complex10

interactions between boreal forests and the climate system via the control on energy,
water and carbon cycles (Bonan, 2008; Ma et al., 2012).

Drought can be essentially defined as a prolonged and abnormal moisture deficiency
(World Meteorological Organization, 2012). However, the cumulative nature of drought,
the temporal and spatial variance during drought development, and the diverse sys-15

tems that drought could impact on, make drought difficult to quantify and define uni-
versally (Heim, 2002; Veit et al., 2015). The American Meteorological Society (1997)
classifies drought into four categories: meteorological or climatological drought, agri-
culture or soil moisture drought, hydrological drought, and socio-economic drought.
Drought is principally induced by a lack of precipitation. Furthermore, high atmospheric20

water-demand (i.e. potential evapotranspiration, PET), due to warm temperatures, low
relative humidity and changes in other environmental variables, often coincides with
the absence of precipitation. Through land–atmosphere interactions, prolonged mete-
orological drought can further exacerbate soil moisture drought, or even hydrological
drought (Mishra and Singh, 2010; Tallaksen and Van Lanen, 2004).25

Soil moisture strongly regulates transpiration and photosynthesis for most terrestrial
plants, consequently modulating water and energy cycles of the landscape, as well as
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biogeochemical cycles of the plants (Seneviratne et al., 2010; Bréda et al., 2006). Re-
duction of tree transpiration at the stand-level induced by the low soil moisture condition
has been broadly observed in most tree species (Irvine et al., 1998; Bréda et al., 1993;
Clenciala et al., 1998). In recent years, micrometeorological flux networks with inten-
sive ancillary data have greatly supported the investigation of the relationship between5

drought and carbon fluxes over diverse ecosystems (Grossiord et al., 2014; Krishnan
et al., 2006; Welp et al., 2007; Law et al., 2002; Grünzweig et al., 2003). In general,
those studies observed a growth reduction in forests as a consequence of drought. In
addition, studies have shown that regardless of the frequency, duration and severity of
droughts, drought-induced forest damages may be connected to specific soil and plant10

characteristics, such as soil texture and depth, exposure, species and their composi-
tion and life stage (Muukkonen et al., 2015; Grossiord et al., 2014; Dale et al., 2001;
Gimbel et al., 2015).

Forest damage induced by drought is a cumulative effect and is closely linked to soil
moisture. Nevertheless, most soil moisture drought studies have been conducted at15

a stand-scale due to the limited observational data in space. Regional analysis is nec-
essary to fully capture the spatial heterogeneity of the impacts of drought on ecosys-
tem functioning (Aalto et al., 2015). In recent years, a multi-decadal global soil moisture
record that incorporates passive and active microwave satellite retrievals has become
available (Liu et al., 2012). However, microwave remote sensing can only provide sur-20

face soil moisture in the upper centimeters of the soil. Land surface models (LSMs) are
a valuable tool to derive spatial maps of soil moisture in deeper soil layers, for instance,
the root-zone soil moisture which is of particular importance in many climate studies
(Hain et al., 2011; Rebel et al., 2012; Seneviratne et al., 2010).

A number of drought indicators have been developed in the past in order to quantify25

the characteristics of the different drought types and their potential impacts on diverse
ecosystems and societies (Heim, 2002). The most prominent and widely used drought
indicator is the Standardized Precipitation Index (SPI), which has been recommended
as a standard drought indicator by the World Meteorological Organization (WMO) due
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to its flexibility for various time scales, simplicity in input parameters and calculation,
as well as effectiveness in decision making (Sheffield and Wood, 2011; Hayes et al.,
2011). The SPI was developed to provide a spatially and temporally invariant compari-
son of drought determined by precipitation at different time scales (McKee et al., 1993,
1995). The Standardized Precipitation–Evapotranspiration Index (SPEI) is developed5

based on the SPI, and, in addition to precipitation, also accounts for temperature im-
pacts on drought (Vicente-Serrano et al., 2010). Soil moisture status has been explored
through the Soil Moisture Anomaly (SMA) and Soil Moisture Index (SMI). The SMA has
been adopted in the Coupled Model Intercomparison Project (CMIP) in order to study
soil moisture drought in present and future projections in Global Circulation Models10

(GCMs) (Orlowsky and Seneviratne, 2013). The SMI (also referred to as Relative Ex-
tractable Water (REW)) is often used to investigate soil water related plant physiology
issues, as it can represent the relative plant available water in the root zone (Lagergren
and Lindroth, 2002; Granier et al., 1999).

In this study, we assessed the performance of several drought indicators (SPI, SPEI,15

SMA and SMI) for their ability to capture the timing and spatial extent of droughts in
Finland. In particular, we examined the effectiveness of the indicators to capture the ex-
treme drought that took place in Finland in 2006, and which caused visible impacts on
forest appearance. The damaged forest sites were mainly located in southern Finland
during the 2006 drought, and 24.4 % of the forest health observational sites over entire20

Finland (total number of sites= 603) were affected, in contrast to 2–4 % damaged sites
in a normal year (Muukkonen et al., 2015). This information was then used to deter-
mine indicator thresholds for Extreme Drought affecting Forest Health (EDF). Based on
the derived indicator thresholds, the EDFs for the summer months of a 30 year period
(1981–2010) in Finland were indicated. In addition, the soil moisture based drought25

indicators (SMA, SMI) were derived from the regional soil moisture, which was simu-
lated by the JSBACH LSM with its updated soil hydrology scheme. Thus, this study
also aims to gain insights into the capability of the updated soil hydrology scheme with
its parameters in the JSBACH LSM to simulate soil moisture dynamics across Finland.
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2 Data and methods

2.1 Study area

Our study area is focused on Finland (Fig. 1). Finland is a northern European coun-
try, situated between 60 and 70◦N in the northwestern part of the Eurasian continent,
close to the North Atlantic Ocean. The coastline of Finland borders the Baltic Sea, the5

Gulf of Bothnia, and the Gulf of Finland. There are many inland lakes in Finland, espe-
cially in the southeastern part of the country. The highest points in Finland appear in
the Scandinavian mountain range in northern Lapland, reaching an elevation of around
1000 ma.s.l. The rest of Finland shows only small variations in elevation, thereby fa-
voring the development of wetlands and the formation of peat. The topography in these10

areas is less than 300 ma.s.l.
Climatic features in Finland follow the geographical characteristics of the region. The

westerly winds bring warm air masses from the North Atlantic Ocean in winter, while in
summer they bring clouds that decrease the amount of incoming solar radiation. There-
fore, the temperature of Finland is generally moderate, compared to many other places15

at the same latitudes (Tikkanen, 2005). However, the continental high pressure system
located over the Eurasian continent occasionally influences the climate causing warm
and cold spells in summer and winter, respectively. The precipitation in Finland is influ-
enced by the Scandinavian mountain range, which blocks large amounts of moisture
that are transported from west to east. Both temperature and precipitation show spatial20

variations along a south to north gradient. The annual mean surface temperature is
about 5–6 ◦C in the south of Finland and extends below −2 ◦C in the coldest area lo-
cated in northern Lapland. Annual precipitation, averaged over the 1971–2000 period,
is more than 700 mm in the south and less than 400 mm in the north (Aalto et al., 2013;
Drebs et al., 2002).25

The soil types in Finland mainly include mineral soils and peat. Peatland coverage
is higher in northern Finland. The shallow soil areas are mostly located around the
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coastline in southern Finland because of a high proportion of bare rock areas, and are
also found in north-west Finland, which is a part of the Scandinavian mountain range.

Coniferous forest, including Scots pine and Norway spruce, is the dominant forest
type in Finnish boreal forests (Finnish Statistical Yearbook of Forestry 2012, 2012).
Broadleaved forest accounts for less than 10 % of the forest area. 75 % of the total5

forest land area is located on mineral soils. Moreover, as a result of the originally high
proportion of pristine peatlands and timber production requirements, large areas of un-
productive peatlands have been drained to grow forests in Finland in the past (Päivänen
and Hånell, 2012).

2.2 Observational data10

The gridded meteorological data compiled by the Finnish Meteorological Institute (FMI
gridded observational data) are interpolated products from stand meteorological ob-
servations in Finland (Aalto et al., 2013). In this study, daily FMI gridded observational
data were used on a 0.2◦ longitude×0.1◦ latitude grid for the period 1981–2010. These
data comprise daily mean, minimum and maximum temperatures, precipitation, rela-15

tive humidity, and incoming shortwave radiation. In addition, the 10 m wind speed of
ECWMF ERA-Interim reanalysis data (Simmons et al., 2007) was used to calculate
the reference evapotranspiration (ET0) for SPEI from the Penman–Monteith equation
(Allen et al., 1998).

In addition, meteorological and soil moisture data at three micrometeorological sites20

were used as meteorological forcing for site level simulations and for a comparison of
modelled and observed soil moisture, respectively (Fig. 1; Table 1). Soil parameters
derived from observations are only available for the Hyytiälä site (water content at
saturation (θSAT) = 0.50 m3 m−3, water content at field capacity (θFC) = 0.30 m3 m−3,
water content at wilting point (θWILT) = 0.08 m3 m−3). As explained in more detail below,25

we used the second layer of simulated soil moisture in the JSBACH soil profile (layer-
2; 6.5–30 cm). Therefore, the observed soil moisture data were taken from existing
measurement depths, which are consistent with the JSBACH layer-2 soil depth. For
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the Sodankylä site, an average of the measurements at soil depths −10, −20 and
−30 cm was employed and for the Kenttärova site, the measurement at −10 cm was
used. The two levels in the Hyytiälä soil moisture measurement, −5 to −23 and −23 to
−60 cm, were both used.

2.3 JSBACH land surface modelling5

JSBACH (Brovkin et al., 2009; Raddatz et al., 2007) is the land surface scheme (LSS)
of the Max Planck Institute for Meteorology Earth System Model (MPI–ESM) (Stevens
et al., 2013; Roeckner et al., 1996). It simulates energy, hydrology and carbon fluxes
in response to climate drivers. In the original bucket scheme for soil hydrology, the
maximum water can be stored in the soil moisture reservoir (Wcap), which corresponds10

to the root zone water content (Hagemann, 2002). The bucket can be supplied from
precipitation and snow melt, but depleted through evapotranspiration (evaporation from
the upper 10 cm of soil and plant transpiration from below), and lateral drainage. These
processes are related to the amount of soil moisture in the bucket and are regulated
by the Arno scheme, which separates rainfall and snow melt into surface runoff and15

infiltration, and considers soil heterogeneity (Dümenil and Todini, 1992).
In order to more adequately simulate the soil hydrology, a five layer soil moisture

scheme has been introduced in JSBACH (Hagemann and Stacke, 2015). The five layer
structure is defined with increasing layer thickness (0.065, 0.254, 0.913, 2.902, and
5.7 m) and reaches almost 10 m depth below the surface. However, the soil depth to20

the bed rock, determines the active soil layers. Therefore, in the updated soil hydrology
scheme, the root zone is differentiated into several layers, and there could be soil layers
below the root zone, which transport water upwards for transpiration when the root zone
has dried out. Moreover, evaporation from bare soil can occur when the uppermost
layer is wet, while the whole soil moisture bucket must be largely saturated in the25

bucket scheme. For a more detailed description of the improved soil hydrology scheme
in JSBACH and how it affects soil moisture memory, see Hagemann and Stacke (2015).
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In this work, the regional JSBACH simulation was driven by the prescribed mete-
orological data (1980–2011) simulated by the regional climate model REMO (Jacob,
2001; Jacob and Podzun, 1997), whose biases of modelled temperature and precip-
itation were corrected with the FMI gridded observational data (Aalto et al., 2013).
A quantile–quantile type bias correction algorithm was applied to daily mean temper-5

ature (Räisänen and Räty, 2013), while daily cumulative precipitation was corrected
using parametric quantile mapping (Räty et al., 2014). The ECWMF ERA-Interim re-
analysis (Dee et al., 2011) was used as lateral boundary data for the atmospheric
variables and as the initial values of surface variables for the REMO simulation. Both
the regional JSBACH and REMO simulations were conducted in the Fennoscandian10

domain centered on Finland with a spatial resolution of 0.167◦ (15–20 km). The land
cover distribution over this domain was derived from the more up-to-date and more pre-
cise Corine land cover 2006 data (European Environment Agency, 2007) rather than
the standard GLCCD (US Geological Survey, 2001), which is important for simulat-
ing land–atmosphere interactions (Gao et al., 2015; Törmä et al., 2015). As shown in15

Fig. 1, an improved FAO (Food and Agriculture Organization of the United Nations)
soil type distribution is adopted in the JSBACH LSM (FAO/UNESCO, 1971–1981, see
Hagemann and Stacke, 2015, for details), while the soil depth distribution is derived
from the soil type dataset and FAO soil profile data (Dunne and Willmott, 1996).

In addition, simulations were carried out for the three measurement sites with the20

observed local meteorological forcing and one plant functional type to describe the
vegetation of the site. The characteristics of the sites together with the corresponding
model settings are described in Table 1.

Prior to the multi-year JSBACH production runs, a 30 year run was conducted for
both the regional and the site level simulations by cycling meteorological forcing to25

obtain equilibrium for the soil water and soil heat balances.
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2.4 Drought indicators

A set of hydro-meteorological indicators were analyzed. The SPI, SPEI and SMA
were calculated with 4 weeks (28 days) running mean inputs over the 30 year period.
Both are considered to be of sufficient duration climatologically under WMO guide-
lines (World Meteorological Organization, 2012). The SMI was calculated daily. SPI5

and SPEI were calculated using both the regional observational dataset and the re-
gional JSBACH forcing data, while SMA and SMI were computed with the layer-2 soil
moisture from the regional JSBACH simulation. In addition, the SMIs were derived from
site soil moisture observations, as well as from site JSBACH simulations. The layer-2
soil moisture from the JSBACH simulations was used, because the soil moisture in the10

shallower layer (layer-1) is highly sensitive to small changes in climatic variables, and
the soil moisture dynamics in the deeper layers are excessively suppressed. Further-
more, the layer-2 is representative of the root zone in forest soils.

2.4.1 Soil Moisture Index (SMI)

The SMI is a measure of plant available soil water content relative to the maximum15

plant available water in the soil (Betts, 2004; Granier et al., 2007; Seneviratne et al.,
2010). The soil water above field capacity cannot be retained, and produces gravita-
tional drainage and usually flows laterally away. The soil water below the wilting point is
strongly held by the soil matrix to such an extent that the plants are unable to overcome
this suction to access the water (Hillel, 1998).20

The SMI is calculated as follows:

SMI = (θ−θWILT)/(θFC −θWILT),

where θ is the volumetric soil moisture [m3
H2O m−3

soil], θFC is the field capacity, θWILT is
the permanent wilting point.

Note that soil water content can exceed θFC and reach water-holding capacity (i.e.25

saturation ratio) under certain circumstances. For those cases, the SMI is set to 1,
8100
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indicating maximum plant available water. θFC and θWILT depend on soil types in this
study, although θWILT is also related to PFTs in some other studies. At Hyytiälä, θSAT
(saturation ratio) was used instead of θFC to be consistent with the JSBACH soil hy-
drology where θFC acts as a proxy for θSAT on the large ESM grid scale (Hagemann
and Stacke, 2015).5

2.4.2 Soil Moisture Anomaly (SMA)

The SMA is an index relevant to plant functioning (Burke and Brown, 2008). The SMA
depicts the deviation of the soil moisture status in a certain period of a year to the soil
moisture climatology over this period. It can be normalized by the standard deviation of
the soil moisture in this respective period over all years, for direct comparison with the10

other standardized drought indicators, e.g. SPI, SPEI.
The SMA in this study is calculated following the method of Orlowsky and Senevi-

ratne (2013):

SMA =
(
θ−µ

)/
σ,

where θ denotes the averaged volumetric soil moisture over a certain period in a year,15

while µ and σ denote the mean and standard deviation of the volumetric soil moisture
of this period over all the studied years.

2.4.3 Standardized Precipitation Index (SPI)

The SPI inspects the amplitudes of precipitation anomalies over a desired period with
respect to the long-term normal. The homogenized precipitation series is fitted into20

a normal distribution to define the relationship of probability to precipitation (Edwards
and McKee, 1997). In this work, a Pearson Type III distribution is adopted because it is
more flexible and universal with its three parameters in fitting the sample data than the
two parameter Gamma distribution (Guttman, 1994, 1999). Typically, the timescales of
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SPI range from 1–24 months. The reduced precipitation under various durations can
illustrate the impacts of drought on different water resources (Sivakumar et al., 2011).
A time frame of less than 1 month is not recommended as the strong variability in
weekly precipitation may lead to erratic behavior in the SPI (Wu et al., 2007). However,
the “moving window” of a minimum of 4 weeks with daily updating is acceptable (World5

Meteorological Organization, 2012). Furthermore, attention should be paid when in-
terpreting the 1 month SPI to prevent misunderstanding. Large values in the 1 month
SPI can be caused by relatively small departures from low mean precipitation (World
Meteorological Organization, 2012).

The SPI is a probabilistic measure of the severity of a dry or wet event. An arbitrary10

drought classification with specific SPI thresholds was defined by McKee et al. (1993).
Recently, an objective method based on percentiles from the United States Drought
Monitor (USDM) has been recommended for defining location-specific drought thresh-
olds (Quiring, 2009).

2.4.4 Standardized Precipitation–Evapotranspiration Index (SPEI)15

The SPEI is similar to SPI, but also accounts for the impact of temperature on drought
through PET, in addition to the water supply from precipitation (Vicente-Serrano et al.,
2010). The climatological surface water balances, normalized by the Log-logistic prob-
ability distribution over the analysis period, are used to derive SPEI. In this work,
PET was calculated according to the FAO-56 Penman–Monteith equation (Allen et al.,20

1998), which is predominately a physical-based method and has been tested over
a wide range of climates (Ventura et al., 1999; López-Urrea et al., 2006).
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3 Results and discussion

3.1 Comparison of site soil moisture from JSBACH simulations with
observations

The SMI series at the three study sites from the site and the regional (the model grids
where the sites are located) JSBACH simulations were compared with the observed5

soil moisture data over the common data coverage periods (Fig. 2). SMI based on the
Hyytiälä observational data was calculated with θSAT and θWILT values measured at the
site. Due to the lack of soil parameters at the Sodankylä and Kenttärova sites, the vol-
umetric soil moisture measurements were directly used to examine the simulated soil
moisture dynamics. An upper limit was set on the presented volumetric soil moisture to10

exclude abrupt and instantaneous peaks due to heavy snow melting or precipitation.
Simulated soil moisture corresponded well with the observations in describing the

timing of dry spells in summer in most of the years at the three sites. Moreover, there
was good agreement between the minimum values reached by the simulated and ob-
served SMIs in summertime at Hyytiälä. The late summer of 2006 was noticeable as15

being extremely dry in the simulations and observations at Hyytiälä and Sodankylä. At
Kenttärova, the extent of the SMI was quite different in the regional and site JSBACH
simulations. This was mainly because different soil types are prescribed for this site,
which affects not only the soil hydrology but also the values of SMI. In the regional
simulation, Kenttärova was situated in a peat soil area, while in reality and in the site20

simulation the site is classified within a mineral soil area. The soil type in an individual
grid for the regional simulation is defined according to the soil type with the highest cov-
erage. The summer of 2009 was the driest among the three years at Kenttärova, and
the timing of the driest period in late summer shown in the observations was success-
fully captured by both site and regional simulations. Moreover, the soil at Kenttärova25

was unsaturated during those three years, even in the site simulations where it was
realistically represented as a mineral soil. This could be related to the small amount of
precipitation during those years.
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Furthermore, the diverse features of soil moisture among these sites in wintertime
were captured by JSBACH. The soil tends to be saturated at Hyytiälä in winter, whereas
at Sodankylä and Kenttärova there is a winter recession period of soil moisture when
the soil tends to dry out. At Hyytiälä, the difference is due to infiltration of snowmelt wa-
ter during intermittent periods when air temperature is above 0 ◦C, while at Sodankylä5

and Kenttärova, periods when the surface soil is frozen are more persistent and only
percolation takes place then. The exceptionally low soil moisture during the winter
2003–2004 was also well simulated for Hyytiälä. This winter dry spell was caused by
low rainfall in autumn 2003 and the relatively cold winter afterwards when there was not
enough snowmelt water to recharge the deficit volume. This autumn-to-winter drought10

in 2003 at Hyytiälä was a rain to snow season drought (a precipitation deficit in the
rainy season and at the beginning of the snow season) in combination with a cold snow
season drought (Van Loon and Van Lanen, 2012). The winter recession period of soil
moisture at Kenttärova is longer than that in Sodankylä, probably because Kenttärova
is located at higher latitudes. Large and obvious decreases in soil water immediately15

after the winter recession periods of soil moisture in 2008 and 2009 were shown by
the site simulation, but not by the regional simulation. This is due to less precipitation
during this period in the meteorological forcing data for the site simulation, in compari-
son to the regional simulation (data not shown). Moreover, the balance between water
consumption through evapotranspiration and water gained from snow melt was more20

negative in the site simulations. In general, the layer-2 soil moisture in the regional sim-
ulation for Kenttärova, captures the observed soil moisture dynamics at −10 cm depth
better. However, a full evaluation would require observational data from several closely
spaced soil layers.

Overall, there is a good agreement with respect to the seasonal dynamics between25

simulated and observed soil moisture, although the simulated soil moisture shows
larger amplitudes and a faster response to changes in water inputs. The discrepan-
cies in soil moisture between the site and the regional JSBACH simulations are mainly
due to the differences in precipitation in summertime and in surface temperature dur-
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ing winter in the meteorological forcing data, as well as different soil types in specific
locations. The latter is related to the difference in scales between the regional grid and
the site. Soil characteristics tend to be heterogeneous, so that the characteristics may
vary on scales from a meter to a kilometer. While for modelling on the regional grid,
effective soil characteristics are chosen that represent the average characteristics of5

a gridbox.

3.2 Comparison of drought indicators

The time correlations over our study period between the SPI calculated with the obser-
vational dataset and the SPI calculated with the JSBACH forcing data were derived for
the gridboxes in Finland. The same approach has been adopted for the SPEIs. More-10

over, the time correlations between the meteorological based drought indicators (SPI,
SPEI) calculated with the JSBACH forcing data and the soil moisture based drought in-
dicators (SMI, SMA) calculated with the JSBACH simulated soil moisture were derived
for the gridboxes in Finland, as well as the time correlation between SMI and SMA
(Fig. 3). In general, high correlation coefficients were found throughout Finland. The15

medians of the time correlation coefficients over the whole of the country were greater
than 0.6; with the 5 % percentiles also greater than 0.5, with the exception of the cor-
relation coefficient between SMA and SPI. The agreement between SPEIs calculated
with the JSBACH forcing data and the observational dataset was better than that for
SPIs. Furthermore, the soil moisture based drought indicators revealed a better corre-20

spondence with SPEI than with SPI, which is reasonable as SPEI is based on the water
balance. Therefore, in the following, we will focus on SPEI as the climatic driver indi-
cator, and as there was a good correlation between the JSBACH forcing data and the
observational data based SPEIs, we restricted the dataset by using the JSBACH forc-
ing data based SPEI, which was better related to the two soil moisture based drought25

indicators from the model. Moreover, the correlation between SPEI and daily SMI was
higher than that between SPEI and SMA. This is especially true for peatland areas
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while the correlations in mineral soil areas are more similar (data not shown). This may
be a result of differing soil moisture memory effects in those soil types.

The spatial and temporal evolution of drought depicted by the selected indicators
was compared through time–latitude transections (Fig. 4). The most exceptional dry
years in our study period (e.g. 1994, 2006) can be distinguished in all three indicators,5

as well as the exceptionally wet years (e.g. 1981, 1998). Although there is generally
a good correlation among all three indicators in capturing drought, there are differences
among them in depicting drought durations and latitudinal extent at detailed locations
and time. Firstly, SPEI and SMA generally show more consistent patterns extending
through a wider range of latitudes than SMI. Also, the buffering effect of soil moisture10

and the associated soil moisture memory can delay and extend dry or wet events as
indicated by SMI and SMA, in comparison to those by the SPEI. For instance, the dry
period in 1992 over southern Finland in SMI and SMA is longer than that in SPEI, and
the wet period in the same year over northern Finland as indicated by SMA starts later
in comparison to SPEI, however this difference is not shown by SMI. Secondly, SMI15

exhibits a more distinct south–north gradient than the other two indicators. In particular,
SMI describes more frequent droughts in the extreme southern parts of Finland. This is
because the shallow soil in those areas is more sensitive to climate drivers. However,
there is much less drought indicated by SMI in the extreme northern part of the country
(above 68◦N). This could be due to the atmospheric water demand at the same SPEI20

drought level in the north is weaker than that in the south. In other words, the deviation
of the multi-year mean value in precipitation surplus (precipitation – evapotranspiration)
can lead to a relatively higher change in SPEI values in the very north of Finland than
in the south, as the variability of the climate in the north of Finland is lower. Thirdly,
SMI between latitudes 66 and 68◦N shows an evident narrow range, i.e. the soil is25

not saturated or deeply dried out. This is due to the abundance of peatland areas with
a larger soil moisture buffer than mineral soil areas.

SMI values vary within different ranges for the two soil types in southern and northern
Finland, whereas SMA and SPEI show no differences regarding the soil type or location
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as they are standardized indicators (Fig. 5). The regionally averaged SMI over the
peatland areas mainly varies from 0.4 to 0.6 in both the south and north of Finland,
while the SPEI averaged over the same area ranges between −2.0 and 2.0. SMI in
the mineral soil shows larger variations compared to peat soil under the same climatic
conditions. The SMI averaged over the mineral soil areas ranges between 0.1 and5

1.0 in the south of Finland and 0.4 to 1.0 in the north of Finland. The higher values
associated with the regionally averaged SMI in the north are due to less shallow soils
and less meteorological drought in comparison to the south.

3.3 Extreme Drought that affects Forest health (EDF) indicated by drought
indicators10

According to the forest health observation data, the forest sites that showed drought
damage symptoms in the severe drought in 2006 were mainly located in southern
Finland. The proportion of the damaged forest sites reached 30 % in southern Finland
(Muukkonen et al., 2015). Herein, we consider this fraction of sites as the fraction
of the area influenced by drought, which is a reasonable assumption based on the15

dense and even distribution of observation sites over southern Finland. Based on this
information, we utilized the cumulative area distributions of the SMI and SMA over
southern Finland during the driest 28 day period of southern Finland in 2006 (i.e. in
the case of SMI, this is the lowest 28 day running mean value averaged over southern
Finland) to derive indicator thresholds for this kind of extreme drought (Fig. 6). Herein,20

as SMA was calculated with 28 day running means for soil moisture, the same time
window was adopted for SMI to be consistent with SMA.

Our results showed that the driest 28 day periods of southern Finland in 2006 were
the same (from 20 July to 16 August) for SMI and SMA. The SMI and SMA thresh-
olds for the EDF are 0.138 and −2.287, respectively. Moreover, according to the rec-25

ommended percentile classification (Quiring, 2009), the SPEI threshold for extreme
drought, which is selected as 2 % of the SPEI data series, is −1.85 averaged over the
gridboxes in Finland (–1.843 averaged over Southern Finland). The averaged SPEI val-
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ues over the EDF influenced areas in Finland depicted by SMI and SMA for the same
period are −1.84 and −1.89, which are very close to the percentile dependent SPEI
threshold for extreme drought. This demonstrates that the degrees of EDF described by
the derived SMI and SMA thresholds are consistent with the percentile based threshold
of extreme drought for SPEI, which is taken as the EDF threshold for SPEI.5

Furthermore, we compared the regional distributions of the areas influenced by the
2006 EDF in the driest 28 day period indicated by SMI, SMA and SPEI (Fig. 7). The
SMI showed that the EDF influenced areas were mainly located in southern Finland,
whereas the SMA showed more EDF affected areas located in the middle to north-
ern part of the country (mainly above 64◦N). The EDF influenced areas presented by10

SMA in the north were mainly located in peatland areas, where the porosity of peat is
much higher than that of mineral soils. Although there was a strong decrease in relative
soil moisture with respect to the long-term mean value in those areas during this EDF
event, the absolute soil moisture for SMI was not sufficiently low for those areas to be
recognized as EDF impacted areas (Fig. 5). Moreover, the EDF influenced areas in the15

southeastern part of Finland, as indicated by SMI, were not shown by SMA, although
these areas comprise relatively low SMA values. This is because there were more EDF
influenced areas indicated by SMA in the middle of Finland compared to SMI. Those
areas took up a part of the 30 % influenced area over the entire southern Finland, which
has been used for the selection of EDF thresholds by the cumulative area distributions.20

The areas impacted by EDF as indicated by SPEI, are widespread over Finland, com-
plying with the climate conditions in this period. The extremely dry climate in northern
Finland led to the EDF shown by SMA, but was not sufficiently intense for EDF to be
captured by SMI. In southern Finland, the EDF areas of SMI generally agree with those
of SPEI, except for the shallow soil area along the southern coastline and in the south-25

eastern part of the country (at 63◦N). This more severe drought, which was indicated
by SMI rather than by SPEI in the driest 28 day period, points to the vulnerability of
shallow soil to climate variability. Also, it is worth noting that the EDF area in the driest
28 day period as indicated by the SMI, shows a similar spatial pattern to the locations
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of damaged forest sites in the observation data, where few forest damaged sites are
found in northern Finland.

A more comparative analysis of the ability of the three indicators to represent EDF
under the derived thresholds was conducted for the summer months of the 30 study
year period (Fig. 8). As the shallow soil is quite sensitive to climate variation, areas with5

soil depths less than 3 m were excluded to eliminate the influence on drought period by
sporadic drought episodes that would have exaggerated the number of drought days.
In general, the drought periods (number of days) influenced by EDF show a better
consistency among the three indicators than the mean fraction of affected areas. SMI
shows less area under EDFs in both southern and northern Finland than the other two10

indicators. In particular, the only EDF indicated by SMI in the north was for 2006, but
with only a small fractional area of around 1–2 %. In the south, the SMI indicates EDF
events in 1994 and 2006, with the mean influenced area larger than 5 % and the period
longer than 30 days. In 2006, the mean influenced areas indicated by the SMI and SMA
are similar, as are the drought periods. However, the SMA shows less mean influenced15

areas compared to SMI in 1994. The SPEI displays higher mean areas influenced by
EDFs than the soil moisture drought indicators in all years, except 1990. The reason for
this is that the EDF as indicated by SPEI in that year had already commenced before
June, which is the first month of summer in our study. The SMA shows a prolonged
effect in comparison to meteorological drought, which is not sufficiently strong to allow20

SMI to reach the EDF threshold due to the high initial soil moisture content.

4 Conclusions

This study aims to improve our understanding of the properties of different drought
indicators (including SPI, SPEI, SMA and SMI), and their ability to indicate the Extreme
Drought that affects Forest health (EDF) in boreal forests in Finland.25

The soil moisture based drought indicators (SMA, SMI) were calculated with the
regional soil moisture as simulated by the land surface model JSBACH with its up-
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dated soil hydrology scheme. Simulated soil moisture was in good agreement with the
observed soil moisture data at the three sites with regard to seasonal dynamics of
soil moisture and the timing of dry spells, although inconsistencies exist in the rates
of change and amplitudes of variations in soil moisture. The discrepancies between
site and regional forcing data in precipitation and temperature explain the differences5

between site and regional simulated soil moisture in summertime and wintertime, re-
spectively.

Moreover, the SPEI showed higher time correlation coefficients with the soil mois-
ture based drought indicators than SPI, as SPEI takes into account the surface water
balance rather than precipitation only. Further inspections of the temporal and spatial10

variability of SPEI, SMA and SMI revealed that, in general, the SPEI and SMA showed
latitudinal-consistent patterns, whereas the SMI described more droughts for the south
than the north of Finland. This is because SPEI and SMA are both standardized indi-
cators that describe the degrees of anomalies over a period, whereas SMI is directly
related to plant available water. The vulnerable shallow soil area along the coastline15

in southern Finland, and the peat soil area in northern Finland are drought-prone and
drought-resistant areas respectively as indicated by SMI. Therefore, soil characteristics
impact on SMI. In addition, soil moisture buffering effects and the associated soil mois-
ture memory can delay and extend the drought as indicated by soil moisture based
drought indicators, in comparison to those by the SPEI.20

The SMI, SMA and SPEI thresholds for EDF were derived as 0.138, −2.287 and
−1.85, respectively. The SMI was found to be more capable in spatially representing
the EDF in 2006. High discrepancies were found among the indicated EDF periods and
the mean fraction of affected areas by the three indicators for the summer months of the
30 year study period. The SPEI was the most sensitive drought indicator and showed25

the highest amount of EDFs with larger influenced areas, while the SMI showed much
less EDF events than the other two indicators. The SMI indicated EDF events in 1994
and 2006 in southern Finland, with the mean affected area larger than 5 % and the
period longer than 30 days. Here, the shallow soil areas with a soil depth less than
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3 m were excluded. In general, the suggested SMI, SMA and SPEI thresholds for EDF
could be adopted to indicate EDF events in Finland or other boreal forests areas under
future climate scenarios. However, it is strongly recommended that integrated analyses
of drought indicators representing different types of drought should be conducted for
future drought projections, in order to ensure the most beneficial drought management5

decision.
Additionally, drought damage on different tree species could be studied in the future,

although this would require more detailed information at the forest observation sites.
Moreover, to improve the accuracy of soil moisture based drought indicators (especially
SMI) calculated with LSM simulated soil moisture, high quality soil type distribution and10

soil parameters data are essential. More sophisticated models are expected to improve
simulated soil moisture; for instance, soil layers with different soil types along the soil
profile, and thorough consideration of the model formulations and parameters that reg-
ulate the rate of evapotranspiration, drainage and run-off. Furthermore, uncertainties
associated with the drought indicators may originate from their input data (Naumann15

et al., 2014), therefore unbiased forcing data are of vital importance for the accurate
simulation of soil moisture by a LSM (Maggioni et al., 2012).
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Table 1. Characteristics of the three micrometeorological sites. The plant functional types and
the soil types in the JSBACH site simulations corresponding to observed tree species and soil
types at the three sites are shown in brackets.

Site Location Period Main Tree Soil Type Analyzed Measurement References
Specie Measurement Technique

Depth of soil for soil
moisture moisture
(cm)

Hyytiälä 61◦51′ N, 1999– Scots Pine Haplicpodzol −5 to −23; TDR Vesala et
24◦18′ E 2009 (Conifers) (Mineral) −23 to −60 al. (2005)

Sodankylä 67◦21′ N, 2001– Scots Pine Sandy Podzol −10, −20, −30 ThetaProbe Thum et
26◦38′ E 2008 (Conifers) (Mineral) (averaged) al. (2008)

Kenttärova 67◦59′ N, 2008– Norway Spruce Podzol −10 ThetaProbe Aurela et
24◦15′ E 2010 (Conifers) (Mineral) al. (2015)
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NF

SF

Figure 1. Soil depth and soil type distributions in JSBACH over Finland (peatland area – dotted
area; mineral soil area – area without dots). Northern (NF) and southern Finland (SF) are
divided at the 65◦ N latitude. The location of the three ecosystem sites used in this study are
marked as stars on the map (Green–Hyytiälä; Yellow–Sodankylä; Blue–Kenttärova).
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a)

c)

b)

c)

1999 2000 2001 2002 2003 2004 2006 2008 200920072005

2001 2002 2003 2004 2005 2006 2007 2008

2008 2009 2010

Figure 2. Soil moisture dynamics at the three micrometeorological sites: (a) Hyytiälä, (b) So-
dankylä and (c) Kenttärova, comparing results from regional (the model gridboxs where the
sites are located) and site JSBACH simulations with observations. The volumetric soil moisture
(θ) is shown for the Sodankylä and Kenttärova sites.
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Figure 3. Percentiles of the time correlation coefficients across the gridboxes over Finland. The
time correlations over the study period between the SPIs and SPEIs derived from the JSBACH
forcing data and the observational dataset (SPIforcing vs. SPIobs, SPEIforcing vs. SPEIobs), as well
as the time correlations between SPI, SPEI calculated with the JSBACH forcing data and SMI,
SMA calculated with the JSBACH simulated soil moisture (SPIforcing vs. SMI, SPIforcing vs. SMA,
SPEIforcing vs. SMI, SPEIforcing vs. SMA) are investigated. Dashed lines extend from 5th to 95th
percentile of the correlation coefficients over Finland, boxes extend from 25th to 75th percentile
and middle horizontal lines within each box are the medians.
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Figure 4. Latitude–time transections of (a) SPEIforcing, (b) SMA and (c) SMI over Finland in the
study period (the summer months (June, July, August) in 1981–2010).
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Figure 5. Time correlations over the study period between SPEIforcing and SMI (a, b), SPEIforcing
and SMA (c, d) with the spatial means over the mineral soil areas (brown) and the peat soil
areas (blue) in southern Finland (left column) and northern Finland (right column), respectively.
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a) b)

Figure 6. Cumulative area distribution of the (a) SMI and (b) SMA over southern Finland in the
driest 28 day period of southern Finland in 2006 (i.e. the driest day of 28 day running means of
the regionally averaged SMI and SMA over southern Finland). The red dashed lines indicate
the corresponding SMI and SMA values at which 30 % of the area is affected by the Extreme
Drought that affects Forest health (EDF).
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a) SMI b) SMA c) SPEI
forcing

Figure 7. The (a) SMI, (b) SMA, (c) SPEIforcing in the driest 28 day period of southern Finland
in 2006. The dotted areas are under the derived thresholds for EDF.
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Figure 8. The summer drought periods (a, b) and the mean fractional areas affected by drought
in these periods (c, d) induced by EDF events that are indicated by SMI, SMA and SPEIforcing
for southern Finland (left column) and northern Finland (right column) in the study period (note
that areas with shallow soil (soil depth< 3 m) are excluded).
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