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Quantifying and modeling water availability in temperate forests: a
review of drought and aridity indices

Matthias JR Speich “*?

Introduction

Water availability has long been recog-
nized as one of the major determinants of
vegetation composition, structure and dy-
namics (Eagleson 1982, Stephenson 1990).
The water regime characterizing a location

Climatic water availability is a major determinant of forest structure and com-
position, while drought events may severely impact forest dynamics. In recent
decades, an increasing number of severe drought events has been reported in
forests around the world. In the future, climate models project increasingly
dry conditions in many temperate regions. Various tools have been applied to
better understand the effects of drought on forests, such as dendrochronologi-
cal analyses, climatic trend analyses and dynamic models. With these ap-
proaches, water availability is often summarized as a single scalar, termed a
drought or aridity index. As droughts are complex phenomena, such indices
are always associated with a loss of information. Many different such indices
exist, and have been developed for various purposes. This review asks wheth-
er some of these indices are more suitable than others to quantify water avail-
ability in temperate forests. In a first step, the rationale and theoretical back-
ground of different drought indices are spelled out and compared among each
other. Then, evaluations and intercomparisons of drought indices from the lit-
erature are reviewed. The implementation of drought indices in dynamic for-
est models is also discussed. Finally, two current research questions are iden-
tified: the role of dry air for physiological drought, and the suitability of vari-
ous drought indices under climate change. It appears from this review that in-
dices accounting for evaporative demand generally perform better than in-
dices based on precipitation alone. When comparing sites with different
edaphic conditions, indices accounting for soil moisture storage are more suit-
able. Nevertheless, results from intercomparisons show considerable diver-
gence, and it is not possible to clearly favor one index. Furthermore, a differ-
ential response of tree species to different drought indices is often observed,
although no clear pattern emerges from this comparison. More intercompar-
isons of indices, across climates and species, might provide valuable knowl-
edge. Another key finding is that the properties of indices also depend on
choices regarding, e.g., the calculation of evaporative demand, or the under-
lying water balance model. Reporting such methodological details could
greatly increase the value of future evaluations of drought indices.
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is defined not only by long-term sums of
water supply and demand (Budyko 1974),
but also by their temporal distribution
(Porporato et al. 2001) and the frequency
and intensity of drought events (Zimmer-
mann et al. 2009).
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In recent years, a large number of studies
have reported increasingly severe effects
of water shortage on forests around the
world (Allen et al. 2015), including episodes
of large-scale diebacks and sudden drops in
productivity after extreme droughts (Bres-
hears et al. 2005) as well as chronic in-
creases in tree mortality and growth de-
cline (Bussotti & Pollastrini 2017). The in-
creasing severity of droughts is driven not
only by changes in precipitation, but also
by rising temperatures, which increase the
evaporative demand (Breshears et al.
2005). In the context of ongoing and pre-
dicted climate change, substantial impacts
are expected on forests in many parts of
the world and threaten their ecosystem
services (Allen et al. 2015). Therefore, un-
derstanding how droughts impact forest
productivity and tree mortality is essential
to devise adaptive forest management
strategies (Lindner et al. 2014). In recent
years, the physiology of plants under water
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shortage has been the subject of intensive
research, leading to many insights into the
mechanisms by which drought impacts
tree growth and mortality.

In addition to mechanistic approaches,
methods to derive statistical and empirical
relationships between water availability
characteristics and physiological impacts
are important tools in drought-related re-
search. Such relationships are useful for:
(1) retrospective analyses of drought im-
pacts on forests, e.g., through the study of
tree-ring chronologies; (2) assessments of
temporal trends in water availability; (3)
site characterization and assessments of
species suitability under present and pre-
dicted climates; and (4) representing the
effects of drought on growth, mortality
and establishment in dynamic forest mod-
els. The last point does not refer to mecha-
nistic models which explicitly simulate wa-
ter uptake and use, combined with photo-
synthesis and subsequent allocation of car-
bohydrates (Hickler et al. 2009), but to gap
and forest landscape models, which typi-
cally operate on a coarse time scale
(monthly to annual). In all these cases, wa-
ter availability is expressed as a scalar,
termed drought index. As droughts are
complex phenomena (Mishra & Singh
2010), such indices cannot capture all di-
mensions of drought events, and must be
chosen depending on the question at
hand. Many drought indices have been pro-
posed, and several reviews exist (Heim
2002). However, these reviews focus on
meteorological, agricultural or hydrological
aspects of drought, and many of the in-
dices typically used to describe forest
drought are absent. The aim of this review
is to provide an overview of indices used to
describe water availability in forests in the
four areas of application outlined above.
Indices are sometimes described as “physi-
ologically-based” or “ecologically meaning-
ful”, often without any further exploration
of what these terms mean. Therefore, this
review also aims to clarify the assumptions
behind the different indices, and how they
relate to physical and ecohydrological the-
ory. Based on experiences reported in the
literature, this review further asks whether
some indices can be considered more suit-
able than others for each of the applica-
tions described above. All indices that have
been used for one of the four purposes
listed above were considered.

Some of the terms used in this context
are ambiguous, or used interchangeably by
different authors. Moreover, the term
“drought” itself has different meanings,
overlapping to various degrees. Therefore,
the next section clarifies the use of these
terms throughout this review. The section
“Drought and aridity effects on trees and
forests” gives a brief overview of the state
of the research on water availability im-
pacts on trees and forests. The various in-
dices are presented in the section “A classi-
fication of drought and aridity indices”, in
order of increasing complexity. The section
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“Intercomparisons and evaluations of
drought and aridity indices” summarizes
the studies in which various indices have
been compared with each other or with
measurements. In the section “Water avail-
ability indices in dynamic forest models”,
the application of water availability indices
in dynamic forest models is discussed. The
section “Current debates and open ques-
tions” identifies and discusses open ques-
tions, and outlines possible further areas of
research. Finally, a synthesis of the review
in light of the research questions pre-
sented in the last paragraph are provided
in the section “Synthesis and conclusions”.

Definitions

In this review, a distinction is made be-
tween drought (an anomalously dry period
under a given climate) and aridity (a fea-
ture of climates with low water supply rela-
tive to evaporative demand), although
these terms are sometimes used inter-
changeably in the literature. It is acknowl-
edged, however, that a sharp distinction is
impossible, especially in the case of sessile
and long-lived organisms such as trees. In-
deed, a single drought event can have con-
sequences that last for several years, and
may interact with other disturbances, in-
cluding new droughts. Also, droughts
themselves may last for several years, such
as the recent dry spells in North America
and China. Under a changing climate,
trends in water supply and temperature
can lead to long-term aridification at a
given location. Lastly, the frequency and in-
tensity of droughts are an important fea-
ture of a region’s climate and contribute to
shaping the structure and composition of
ecosystems (Zimmermann et al. 2009).

A common element to most concepts of
drought (see Mishra & Singh 2010) is its
definition as a period of abnormally low
precipitation (or precipitation minus evap-
oration), streamflow or soil moisture.
These three variables form the basis for a
widely used (Heim 2002, Mishra & Singh
2010) classification of drought conceptual-
izations into meteorological, hydrological
and soil drought (the latter is also termed
“agricultural drought”). Drought concepts
based on other variables are also used,
e.g., the concepts of groundwater drought
or socio-economic drought proposed by
Mishra & Singh (2010). From the perspec-
tive of vegetation science, the term “physi-
ological drought” (Parolari et al. 2014) re-
fers to a period in which plant functioning
is impaired due to a lack of available water.
As soil moisture is the main source of wa-
ter for most forest trees, physiological and
soil drought are often well correlated in
space and time. A difference between the
two concepts resides in the fact that plant-
specific regulation mechanisms modulate
the characteristics (i.e., intensity and dura-
tion) of plant-internal water deficits (Paro-
lari et al. 2014). Plant-internal water deficits
may also be caused by high atmospheric
evaporative demand, even with ample soil

moisture (Tyree & Ewers 1991). However,
as vegetation water use feeds back to the
soil moisture state, soil drought and physi-
ological drought are intimately coupled.
Some of the indices reviewed here have
been developed to describe meteorologi-
cal or soil drought, but in vegetation sci-
ence, their role is to serve as proxies for
physiological drought.

By definition, temperate forests grow in
regions where aridity is low in global com-
parison. Nevertheless, water availability is
one of the main determinants of forest
composition and structure across temper-
ate regions. Aridity may be conceptualized
as the long-term ratio or balance of precipi-
tation and atmospheric evaporative de-
mand (Budyko 1974). This ratio is a strong
predictor of catchment-integrated evapo-
ration (Budyko 1974, Zhang et al. 2004),
which is closely linked to biological produc-
tivity. Still, other climatic and environmen-
tal factors can modulate the effect of dry-
ness on ecosystems. The temporal distribu-
tion of water supply and demand influ-
ences the availability of water when it is
most needed by the vegetation, i.e., in peri-
ods of high evaporative demand or during
key physiological processes. For example,
for a given annual or seasonal precipitation
sum, storm intermittency determines the
length of dry periods, so that more inter-
mittent storms translate to drier conditions
for the vegetation (Zhang et al. 2004). In
addition, a concentration of rain to fewer,
more intense events may mean that a
greater fraction of rain goes to runoff, re-
ducing the amount of available water (Por-
porato et al. 2001). Effective water avail-
ability also depends on physiographic as-
pects such as slope, soil water holding ca-
pacity or permeability, which control the
partitioning of water between runoff and
soil moisture storage (Eagleson 1982, Por-
porato et al. 2001, Zhang et al. 2004). In
this review, “aridity” is loosely defined as
reduced water availability due to climatic,
and possibly physiographic, factors.

The term “stress” is often used in con-
junction with drought, but not always ex-
plicitly defined. According to Gaspar et al.
(2002), stress is used to describe either an
environmental factor (biotic or abiotic)
that has the potential to affect an individ-
ual organism’s functioning; an organism’s
response to such adverse conditions; or
the physiological state resulting from such
conditions. The authors favor the latter
definition, but note that for sessile organ-
isms such as plants, the physiological state
is intimately linked to environmental condi-
tions. This definition is practically identical
with the definition for physiological
drought discussed above. Porporato et al.
(2001) proposed a phenomenological but
quantitative description of water stress,
based on soil moisture deficit as well as
plant-specific sensitivities and responses.
The various adaptations of vegetation to
environmental conditions reduce water
stress, e.g., by avoiding excessive soil mois-
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ture depletion (Eagleson 1982). In the case
of forests, the adaptation of vegetation
properties to water availability is well docu-
mented (Grier & Running 1977). Some au-
thors (Anfodillo et al. 2016) have argued
against the use of the term “stress” to de-
scribe long-term conditions that lead to
adaptations such as slow growth rates or
small leaf area. Indeed, Anfodillo et al.
(2016) show that these adaptations allow
plants to maximize their fitness in the
given environment. In this review, the term
stress is used in the narrow sense of physi-
ological drought.

Drought and aridity effects on
trees and forests

This section briefly summarizes the state
of knowledge on the impacts of water
shortage in forests. This summary is not ex-
haustive and has the purpose to provide
context for the interpretation of the vari-
ous indices in the next sections. For a more
complete treatment of the matter, the
reader is referred to the various reviews
cited here, at the scale of biochemical pro-
cesses (Chaves et al. 2003, Hsiao 1973), in-
dividual trees (McDowell et al. 2008, Mc-
Dowell et al. 2011) and forest stands (Clark
etal. 2016).

Water is crucial for a wide range of plant
physiological processes: cell survival (ma-
trix for biogeochemical reactions, turgor),
cell growth, and transport of nutrients and
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photosynthesis products. In addition, the
water and carbon budgets of a plant are
closely linked, as plants use the same path-
way (the stomata) for transpiration and
CO, assimilation. A schematic representa-
tion of the various physiological mecha-
nisms of drought stress is given in Fig. 1. A
decrease in plant water status, induced by
reduced soil moisture availability (or high
atmospheric demand) has a number of
quasi-immediate effects. Among the first
reactions is a reduction of cell growth and
cell-wall synthesis, due to the reduction of
within-cell water potential (Hsiao 1973, Por-
porato et al. 2001). In the xylem, a de-
crease in water potential leads to an in-
creasing occurrence of embolism, i.e., the
presence of air bubbles blocking the con-
duits (McDowell et al. 2011). While embo-
lized conduits can be repaired, the plant’s
ability to do so decreases as drought pro-
gresses. This interruption of the internal
water flow may lead to the desiccation of
leaves and branches, and ultimately to
whole-tree mortality. In the short term,
plants can regulate their water status by
partially or fully closing their stomata.
However, stomatal closure over a longer
period has a number of adverse effects on
the plant, the most direct being a reduc-
tion in assimilated carbon. Under severe
water deficit, the reduction of available
carbon may be further accentuated by the
difficulty in transporting carbohydrates in

the phloem (McDowell et al. 2011) and a
metabolic down-regulation of photosyn-
thesis (Chaves et al. 2003). Under these
conditions, the allocation patterns are
modified: less carbon is used for growth,
and more is stored in the form of carbohy-
drates. This allows the plant to sustain pro-
cesses critical to its survival, such as main-
tenance respiration and the repair of em-
bolized xylem conduits. The last point
shows the interconnectedness of meta-
bolic and hydraulic aspects of drought
stress (McDowell et al. 2011). While the
plant may down-regulate respiration to
some extent, photosynthesis often de-
creases much faster and earlier than respi-
ration (McDowell et al. 2011). A sustained
reduction in carbon availability (due to limi-
tations in photosynthesis and assimilate
transport) may lead to a depletion of car-
bohydrate storage, up to the point where
the plant cannot sustain its respiration
needs.

Much of the research on tree response to
drought in the recent years has been moti-
vated by increased observations of tree
mortality, and the need to understand the
processes leading to tree death (Allen et al.
2015). This has led to intensive study of the
mechanisms discussed above (generally
summarized under the labels “hydraulic
failure” and “carbon starvation’) from the
perspective of tree mortality. However,
these processes will not always result in
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Fig. 2 - Classification of the indices discussed in this review. The levels of the pyramid
indicates the levels of information accounted for by an index. Indices at the bottom
only consider precipitation (absolute values or anomalies), whereas indices on other
levels also account for evaporative demand, soil moisture storage, and variations in
vegetation properties. Indices at the top also take into account physiological proper-
ties of plants, so that they are expected to relate most directly to the processes
described in section “Drought and aridity effects on trees and forests”. Depending on
the data and models used, an index can belong to different pyramid levels. Indices on
the left side can only be used to quantify drought (i.e., anomalously dry conditions),
whereas those on the right side can also describe aridity (i.e., long-term water

scarcity).

immediate tree death. As long-lived organ-
isms, trees have greater carbohydrate re-
serves than short-lived plants, allowing
them to bridge a period of reduced carbon
uptake. On the other hand, trees are sus-
ceptible to carry-over effects, where a
drought may impact tree vitality in the sub-
sequent years (Bréda et al. 2006). These
delayed effects are not only due to fluctua-
tions in the carbohydrate storage, but also
reflect the damage suffered by leaves and
buds, and by the hydraulic system, during
drought and heat stress. In any case, such
effects contribute to weaken the tree, and
make it more susceptible to other stresses,
including new droughts (Bréda et al. 2006).
In the longer term, a tree may adjust to dry
conditions via a number of structural ad-

justments, such as an increase in root bio-
mass, a decrease in leaf area, and an ad-
justment of allometric relationships (L&-
pez-Serrano et al. 2005).

Besides the reduction of carbon assimila-
tion, the transpiration reduction associated
with stomatal closure may lead to a de-
crease in nutrient uptake as well as an in-
crease in heat stress. The former is due to
the fact that nutrients are generally ab-
sorbed from the soil by plant roots, and
may be further exacerbated by the lower
availability of nutrients in a form that can
be used by the plant in dry soils (Porporato
et al. 2001). Nutrient deprivation interacts
with the effects of water deficit and often
slows down growth and modifies alloca-
tion patterns (Chaves et al. 2003). Heat

Tab. 1- Abbreviations and full name of the indices shown in Fig. 1.

stress, amplified by the lack of evaporative
cooling due to transpiration reduction, in-
creases maintenance respiration and may
cause damage to plant tissue, especially
leaves (Bréda et al. 2006).

Another factor interacting with drought
stress is the effect of biotic agents, such as
insects and pathogens. Reduced carbon
availability lowers the ability of a tree to
defend itself against biotic attacks, e.g.,
through the production of certain com-
pounds. In these cases, a biotic attack may
be the ultimate cause of mortality of a tree
already weakened by drought. Further-
more, an outbreak occurring on a weak
tree may increase the population of biotic
agents to a size where they become threat-
ening even to neighboring healthy individu-
als (McDowell et al. 2011).

The effects of drought at the scale of for-
est stands are much less documented than
for individual trees (Clark et al. 2016). Due
to competitive interactions, it cannot sim-
ply be assumed that stand-level drought re-
sponse is the sum of all individual re-
sponses. As favorable site and climate con-
ditions increase competition, they can ac-
tually promote mortality (Clark et al. 2016).
It has often been observed that, with all
other factors constant, water stress de-
creases with decreasing stand density (EI-
kin et al. 2015), which is why stand thinning
is used as a management strategy to pre-
vent drought stress (Ameztegui et al.
2017). Another factor of stand-scale re-
sponse is the differential susceptibility of
trees of different sizes to drought effects.
Generally, seedlings and the tallest trees
are the most at risk, the former because of
their smaller rooting system and the latter
due to the longer hydraulic pathways, in-
creasing the risk of hydraulic failure (Mc-
Dowell et al. 2008). Stand-level drought re-
sponse is further complicated by the
changing light availability following mortal-
ity, which influences regeneration (Clark et
al. 2016). Over longer time scales, stand-
level indicators of dry conditions include
stand structure and composition, with
more drought-resistant species or geno-
types being favored (Bussotti & Pollastrini
2017), low stand density (Clark et al. 2016)

Abbreviation Description and a limitation of maximum tree height
SPI Standardized Precipitation Index (Rasche et al. 2012).
ESL Er:/csls:ﬁ‘tlz: ath A classification of drought and
. R o aridity indices

SPEI Standardized Precipitation Evapotranspiration Index . P -

L Fig. 2 shows a classification of the indices
or Om?rothermm indices described in this section (the full names of
Al Aridity index of Budyko (1974) all indices shown in Fig. 2 are given in Tab.
CwB Climatic water balance 1). The levels of the pyramid indicate the
PDSI Palmer Drought Severity Index various processes considered by each in-
BI Bioclimatic intensity dex — the higher up, the more processes
REW (Indices based on) Relative extractable water are included. A common feature that al-
SWB Site water balance most all indices take into account is precipi-
AT/PT Ratio of actual to potential transpiration tation (or its variability). The first level con-
AET/PET Ratio of actual to potential evapotranspiration tains the indices based on precipita.tion
DC15 Drought stress index of De Caceres et al. (2015) only.' The ‘secor!d c.lass of Ir!dlces combines
DWS Dynamic water stress of Porporato et al. (2001) p).recgjaltatlog with lnformatlolr: on evapora-
WS Water stress integral tive demand, or a proxy such as tempera-

ture. In the next class, soil moisture stor-
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age is introduced, thus allowing the index
to consider antecedent conditions. The
next class further includes the effect of
stand characteristics, such as leaf area or
rooting depth. Finally, the last class consid-
ers species-specific physiological proper-
ties, such as thresholds of plant-internal
water status corresponding to harmful
conditions. The pyramid is further divided
between indices of drought and of aridity.
The latter describe long-term, climatic con-
ditions, whereas the former describe short-
term disturbances. Any index of aridity can
also be used to characterize drought, by
applying it to shorter time scales and ana-
lyzing its temporal variation. The reverse is
not true, especially in the case of standard-
ized indices such as SPI or SPEI (see next
chapter), which express drought in terms
of a departure from long-term conditions.

Precipitation-based indices

Perhaps the most straightforward index
of water supply is an absolute value of pre-
cipitation over a season or year, repre-
sented by P in Fig. 2. P is sometimes used
to quantify annual water supply in den-
drochronological studies, or as a rough cli-
matic index (e.g., along with mean temper-
ature) in site description. This approach
overlooks the fact that vegetation water
supply does not only depend on precipita-
tion sum, but also on intermittency and in-
tensity of rainfall events (Porporato et al.
2001). A possible way to quantify rainfall in-
termittency is to calculate the maximum
dry spell length (DSL), i.e., the number of
days without rainfall. Gu et al. (2016) devel-
oped two indices of rainfall intermittency
and variability, and found strong relation-
ships with annually integrated measure-
ments of predawn leaf water potential.
Furthermore, these indices were well cor-
related with cumulative sums of tempera-
ture and vapor pressure deficit (VPD), sug-
gesting that these indices also implicitly
represented the effects of high evapora-
tive demand. If the aim is to compare
drought events across different locations,
P is not a suitable index, as the same abso-
lute value may indicate water deficit at one
location and surplus at another. It is there-
fore more informative to quantify to what
extent rainfall in a given period deviates
from long-term conditions. This has led to
the development of the Standardized Pre-
cipitation Index SPI (McKee et al. 1993).
The SPI can be calculated at various time
scales (typically between 1 and 24 months).
These scales represent the window over
which precipitation values are aggregated
(i.e., summed). For example, for a 3-month
time scale, aggregated precipitation in
June of a given year is the sum of precipita-
tion in April, May and June. Next, a proba-
bility density function is fitted over all
monthly aggregated values, which are then
standardized. The SPI in a given month is
the number of standard deviations from
the mean, with negative values indicating
dry anomalies, and positive values wet
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anomalies. The multiscalar nature of SPI
(i.e., the possibility to apply different ag-
gregation time scales) is seen as a strong
advantage of this index, as different sys-
tems (e.g., soil moisture, groundwater, ve-
getation) react to drought at different time
scales (Vicente-Serrano et al. 2012).

Inclusion of evaporative demand

As noted in the introduction, drought de-
pends not only on water supply, but also
on evaporative demand, which is not con-
sidered by the indices presented so far.
This may become especially problematic
under a changing climate, where evapora-
tive demand is expected to increase. A
wide range of empirical indices relating
precipitation to temperature have been
proposed (see Salamon-Albert et al. 2016
for a recent application). Some of these in-
dices are based on climate diagrams, such
as the Bagnouls-Gaussen aridity index (Ba-
gnouls & Gaussen 1957), so that they can
be expressed either numerically or graphi-
cally. In Fig. 2, these ombrothermic indices
are collectively labeled OT. Some indices
often used in forest-related studies are de
Martonne’s aridity index (De Martonne
1926) or the Forestry Aridity Index (Fuihrer
et al. 2011). They have been used to quan-
tify interannual variations in water supply
(Bhuyan et al. 2017), examine aridification
trends (Pravalie et al. 2014) and predict fu-
ture species distribution limits (Salamon-Al-
bert et al. 2016). Despite their simplicity
and the fact that they are based on climate
only, these indices show a strong associa-
tion with tree physiological quantities, such
as hydraulic traits (Vilagrosa et al. 2012).

While these ombrothermic indices take
temperature as a proxy for evaporative de-
mand, others need the estimation of po-
tential evapotranspiration (PET), such as
the aridity index Al = PET/P (Budyko 1974),
or the climatic water balance CWB = P-PET
(Braun et al. 2015). The term “potential
evaporation” is ambiguous, as there exist
many different formulations to calculate it,
with sometimes conflicting definitions.
One especially important point is that
some methods calculate PET as a purely
meteorological quantity, whereas others
account for the effect of surface proper-
ties (Shaw & Riha 2011). The implications of
such differences are discussed below. It is
also worth noting that the term “evapo-
transpiration” is subject to criticism in hy-
drology (Savenije 2004), as it combines
several independent processes. In this re-
view, this term will still be used, to reflect
the fact that some water balance models
do not calculate transpiration and soil
evaporation separately. By contrast, the
term “transpiration” will be used where
canopy transpiration is calculated on its
own. Vicente-Serrano et al. (2010) have
proposed the Standardized Precipitation
Evapotranspiration Index SPEI, which is
analogous to SPI, but based on monthly
CWB instead of precipitation. The SPEI
combines the advantages of the SPI, i.e., its

multiscalar nature and ease of calculation,
with the inclusion of evaporative demand,
which makes it more suitable for applica-
tions under climate change.

Inclusion of soil moisture storage

While the interaction of water supply and
demand is a primary determinant of vege-
tation water availability, the rooting zone
provides a buffer in which water can be
stored, allowing the vegetation to bridge a
dry period. Water availability indices that
consider this storage have a certain “mem-
ory”, i.e., they consider conditions prior to
the period for which the index applies. The
Site Water Balance (SWB) is the sum of
CWB and rooting zone storage capacity
(expressed in mm). This formulation ap-
plies to climates where soil moisture is
recharged outside of the growing season,
as is usually the case in temperate climates.
This variable has long been used in forest-
related research. For example, Grier & Run-
ning (1977) found a strong correlation be-
tween SWB and leaf area across multiple
stands. An example calculation of SWB is
given in Fig. 3 for two sample years (the
dry year 2003 and the humid year 2007) at
the meteorological station Montana, Switz-
erland. The daily sums of precipitation and
potential evaporation (calculated following
Priestley & Taylor 1972) are shown in Fig.
3a, whereas Fig. 3b shows daily cumulative
sum of precipitation minus PET, starting
from the rooting zone storage capacity
(set to 150 mm in this example). The SWB is
evaluated at the end of the growing sea-
son. In this example, SWB is approximately
-450 mm for the dry year and 100 mm for
the wet year.

Other approaches explicitly model local
water balance to include the effect of soil
moisture storage. Indices are then calcu-
lated based on the outputs of these mod-
els, i.e., potential and actual evapotranspi-
ration (AET) and soil moisture state. The
models used to this effect differ greatly in
complexity, temporal resolution and data
requirements. A popular, parsimonious wa-
ter balance model (Bugmann & Cramer
1998) operates at a monthly time step and
uses the empirical, temperature-based for-
mulation of Thornthwaite (1948) to esti-
mate PET. More complex models (Granier
et al. 1999, Wagner et al. 2015) operate at a
finer (daily or sub-daily) time scales, use
more physically-based methods to esti-
mate evaporative demand and resolve wa-
ter partitioning in a more mechanistic way.
An important, but sometimes overlooked
difference exists between these two types
of models: models like that by Bugmann &
Cramer (1998) are independent of surface
properties and simulate the water balance
for an implicitly defined reference crop
(Stephenson 1990). The “AET” simulated
by these models is therefore not necessar-
ily representative of the quantity of water
transpired by the prevailing vegetation at a
given location. Indices based on such mod-
els are representative of abiotic site condi-
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tions, independently of the current vegeta-
tion cover (Dyer 2009). By contrast, where
surface parameters may be adjusted to re-
flect differences in vegetation properties
(Wagner et al. 2015), drought indices might
differ between sites with a similar climate
but different vegetation. An even more ex-
plicit way to consider surface properties in
drought indices is discussed in the chapter
“Inclusion of vegetation properties”.

Soil moisture

One widely used variable to indicate wa-
ter availability is the simulated soil mois-
ture. Several different statistics have been
used to condense time series of soil mois-
ture simulations into a single scalar. These
indices are indicated as REW in Fig. 2. As
shown by their position on the pyramid,
they can be calculated with surface-depen-
dent or surface-independent models. Simu-
lated soil moisture is most commonly ex-
pressed as soil water potential Y [MPa], or
as a fraction of total plant-available water
(Relative Extractable Water, REW). The es-
timation of plant-available water requires
at least three parameters: water content at
field capacity FC and at the wilting point
WP, as well as the depth of the soil or of
the rooting zone. These parameters de-
pend strongly on soil properties. Extract-
able water is defined as the difference of
FC and WP, multiplied with soil or rooting
depth. An important threshold is the rela-
tive extractable water at which stomatal
closure is induced. This threshold is often
set at 40% of extractable water, based on a
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literature review by Granier et al. (1999). In
recent applications, soil moisture-based in-
dices have mostly been used to assess the
spatial variability of effects of meteorologi-
cal droughts (Gao et al. 2016), examine the
temporal or spatio-temporal variability of
water availability (Hogg et al. 2013) or to
characterize site conditions (Piedallu et al.
2013, Schwaérzel et al. 2009). Regarding the
last application, Schwdrzel et al. (2009)
pointed out the higher importance of ex-
treme events relative to long-term aver-
ages. Fig. 3d gives an example of simulated
soil moisture for the case described above.
The simulation was done with the water
balance model FORHYTM (Speich et al.
2018). Possible soil moisture-based drought
indices are the number of days where soil
moisture was below critical level (indicated
by the horizontal dotted line), or an inte-
gral of the curve below the critical level.

The AET/PET ratio

Another popular index is the ratio of ac-
tual to potential evapotranspiration, AET/
PET, where AET may take either of the defi-
nitions discussed above. If soil moisture is
the only factor reducing ET from its poten-
tial rate, such an index is very similar to the
soil moisture-based indices discussed in the
previous paragraph. Indices of this form
are widely used in agriculture, due to a
close empirical relationship with crop yield
(Doorenbos & Kassam 1979). Specht (1972)
proposed a model to simulate growth of
perennial plant communities based on
monthly AET/PET and canopy properties.

Fig. 3 - Example calculations for various
drought indices, based on data from the
meteorological station Montana (Switzer-
land). These examples show an abnor-
mally dry year (2003, left side) and an
abnormally wet year (2007, right side) at
that station. Vertical dotted lines indicate
the end of April and the end of August,
which approximately correspond to the
start and end of the growing season. (a)
Daily values of potential evaporation (cal-
culated following Priestley & Taylor 1972)
and precipitation. (b) Cumulative sum of
site water balance SWB. The difference
between the value at the end and at the
start of the growing season can be taken
as a seasonal drought index. (c) Daily
potential and actual transpiration, as sim-
ulated with the water balance model
FORHYTM (Speich et al. 2018). Surface
and soil properties are identical for both
years. Transpiration is lower than the
potential rate if stomata close due to low
soil moisture or high VPD. (d) Plant avail-
able soil moisture, from the same simula-
tion. Rooting zone storage capacity was
set to 150 mm. The horizontal dotted line
corresponds to 40% of storage capacity,
the critical threshold for stomatal regula-
tion.

Reed & Waring (1974) developed and pa-
rameterized a model to simulate daily ac-
tual and potential transpiration, where po-
tential transpiration was calculated using
the lowest measured stomatal resistance.
They calculated the actual to potential
transpiration ratio using meteorological
data from 14 forest sites. In conjunction
with a temperature index, they successful-
ly applied a regression to predict maximum
tree height at each site. Since then, annual
AET/PET or functionally similar indices have
been implemented in many dynamic vege-
tation models (Bugmann & Cramer 1998).
Used in this way, AET/PET serves to quan-
tify both long-term moisture supply and
demand ratio as well as inter-annual fluctu-
ations. Besides dynamic modeling, AET/PET
has also been used to model the distribu-
tion of tree species (Huntley et al. 1995),
with lower limits typically around 0.6 for
temperate European species. In all these
applications, water availability is one of
several environmental factors relevant for
tree growth and survival, typically in con-
junction with cumulative growing-season
temperature and winter chill. Although
early developments were based on upscal-
ing tree transpiration (Specht 1972, Reed &
Waring 1974), the routines estimating AET/
PET in the aforementioned cases generally
group transpiration together with soil
evaporation, and use an (implicit) refer-
ence vegetation cover to calculate AET.
The reasons for this lie partly in the modest
data and computational demands of such
models, and partly in the need to define a
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truly abiotic index (Dyer 2009). From a hy-
droclimatological point of view, the ratio of
long-term actual to potential evapotranspi-
ration, termed evaporation efficiency
(Zhang et al. 2004), serves to quantify en-
ergy partitioning. It can be estimated using
one of the various functionally similar
equations of the Budyko framework (Bud-
yko 1974), relating evapotranspiration to
the aridity index Al = PET/P. In the equation
of Budyko (1974), long-term water and en-
ergy partitioning depends on precipitation
and PET sums only. However, surface prop-
erties also affect long-term evapotranspira-
tion (Zhang et al. 2004).

The Palmer Drought Severity Index (PDSI)

The Palmer Drought Severity Index PDSI
(Palmer 1965) was one of the first indices
to account for evaporative demand and an-
tecedent soil moisture conditions, and is
still widely used for drought analysis and
monitoring (Heim 2002). As its calculation
is rather complex and has been described
in great detail elsewhere (Heim 2002,
Palmer 1965), the procedure is only briefly
outlined here. The required inputs are
weekly or monthly time series of precipita-
tion and temperature. At the core of the
PDSI is a water balance accounting scheme
using a two-component soil. At each time
step, incoming precipitation is added and
evapotranspiration (ET) is subtracted from
the reservoirs. Based on these calculations,
a “CAFEC” (Climatically Appropriate For Ex-
isting Conditions) precipitation value is de-
fined for each time step. The difference d
[mm/month] between actual and CAFEC
precipitation for a given month represents
the departure from normal water supply.
To ensure comparability across different
months and locations, Palmer defined an
empirical weighting factor K; for each
month j of the year. The product of d and
K;, termed Z, represents moisture anomaly
relative to long-term climatology. It is
sometimes used as a drought index as well.
Palmer uses empirical relationships to
translate Z into the PDSI, an index of
drought (or wet spell) severity, with values
typically ranging between -4 (extreme
drought) and 4 (extreme wet spell). The
PDSI is an accumulating index (Wells et al.
2004), meaning that the value in each
month depends on the value in the preced-
ing months. The PDSI algorithm contains
some empirical constants, which were esti-
mated by Palmer based on data from only
two locations. These values are not neces-
sarily transferable to other locations, which
hinders spatial comparability of PDSI val-
ues. Therefore, Wells et al. (2004) devel-
oped a self-calibrating version (scPDSI),
which calculates these empirical factors
based on the meteorological data at any lo-
cation.

Bioclimatic intensity

The Bioclimatic Intensity (BI) method was
originally proposed by Montero De Burgos
& Gonzdlez Rebollar (1974). This method
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has mainly been used for characterizing
site conditions for vegetation composition
and productivity in Mediterranean climates
(Garcia-Salmerdén 1980, Lépez-Serrano et
al. 2005, Condés & Garcia-Robredo 2012).
The Bl indices express the cumulated sum
of monthly temperatures above a thresh-
old of 7.5 °C, for periods where vegetation
activity is assumed to be unconstrained
(free BI), limited (constrained BI) and
halted (dry BI) by water shortage. This
method uses a simple water balance mod-
el, similar to the one of Bugmann & Cramer
(1998).

The free Bl was used by Condés & Gar-
cia-Robredo (2012) as a predictor of stand
growth across sites, along with other bio-
climatic indices. While the free Bl increases
with higher temperatures as well as with
greater water availability, it can be seen as
a measure of aridity when comparing sites
with a similar annual temperature profile.
Lépez-Serrano et al. (2005) used free and
constrained Bl to construct site-specific al-
lometric relationships. They used two ver-
sions of the BI indices, short-term (in the
last two years before data collection) long-
term (over a period of 60 years). Garcia-
Salmerdén (1980) gives species-specific
thresholds for dry UBC, which facilitates
the choice of species for afforestation. Fur-
thermore, Bl indices can give an estimation
of expected wood production of different
species at a given site (Garcia-Salmerdn
1980).

Inclusion of vegetation properties

Some water balance models explicitly
partition evapotranspiration into transpira-
tion, interception loss and soil evaporation
(Hammel & Kennel 2001, Seely et al. 2015,
Zierl 2004). As these models can be param-
eterized with properties of the actual vege-
tation cover, rather than a reference cover,
they enable a realistic simulation of a site’s
water balance, including soil moisture dy-
namics. These indices can be used to com-
pare the effect of meteorological drought
at sites with similar meteorological condi-
tions but different vegetation cover (Vilhar
2016).

The AT/PT ratio

This index is similar to AET/PET, but ex-
presses the ratio of actual to potential
transpiration rather than evapotranspira-
tion. Therefore, it is more directly repre-
sentative of the conditions experienced by
the canopy. The effect of soil evaporation
or understory transpiration is only indirect,
through soil moisture depletion. Although
it strongly depends on local meteorological
conditions (Zierl 2004), AT/PT is sensitive to
surface properties such as leaf area index
(LAI), canopy conductance and soil proper-
ties (Speich et al. 2018). It was shown to be
correlated with tree-ring width (Hammel &
Kennel 2001) and crown condition (Zierl
2004). An example of this index is shown
on Fig. 3c. Daily potential and actual tran-
spiration values were obtained from the

same simulation as for soil moisture. Tran-
spiration is reduced below potential rate
through the effect of low soil moisture and
high vapor pressure deficit on stomatal
conductance. This index has been imple-
mented in coupled, dynamic models of wa-
ter balance and forest dynamics (Lischke &
Zierl 2002, Seely et al. 2015). As AT/PT con-
siders the effect of surface properties,
these models include a negative feedback
between stand development and water
availability, through the effect of LAl (Lis-
chke & Zierl 2002). This is consistent with
observations and the theory of an equilib-
rium between climate, soil and vegetation
(Nemani & Running 1989). In these models,
AT/PT may be calculated for the whole
canopy (Lischke & Zierl 2002) or for groups
of similar trees (Seely et al. 2015). Recently,
empirical relationships have been imple-
mented in a dynamic forest model using
AET/PET to make evaporative supply and
demand dependent on canopy LAI (Elkin et
al. 2015). While this does not constitute an
explicit partitioning of evapotranspiration
into its components, the resulting index is
functionally similar to AT/PT. This process
formulation has been used to define sepa-
rate drought indices for trees, saplings and
herbaceous understory (Thrippleton et al.
2018).

Inclusion of physiological properties

The inclusion of vegetation properties
represents a shift from a description of abi-
otic site conditions towards drought as it is
experienced by the prevailing vegetation.
Aside from this difference, an index such as
AT/PT has essentially the same meaning as
the corresponding abiotic index AET/PET.
Both indices indicate a restriction in water
consumption, which is assumed to be re-
lated to a decrease in vitality. Neither of
these indices indicates to what extent the
different physiological processes are af-
fected by the water shortage. For a closer
representation of the effect of drought on
vegetation, some indices can be more di-
rectly linked to physiological processes.
The indices discussed in this section form
the uppermost compartment of the pyra-
mid, with the highest level of detail. How-
ever, summarizing a complex phenomenon
such as drought remains a vast simplifica-
tion and is still associated with a consider-
able loss of information.

Plant water status

Leaf water potential (W, [MPa]) is a wide-
ly used indicator of instantaneous water
stress. Water potential expresses the wa-
ter content of plant organs, among others,
and is defined as the difference in free en-
ergy per unit volume, compared to that of
pure water under reference conditions
(Porporato et al. 2001). However, it was
long unclear how short-term water stress
episodes related to long-term growth and
vitality. Myers (1988) proposed a method
to integrate W, over time and explored its
relationship with two growth indicators,
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needle length and basal area increment,
over four years. The new index, termed
water stress integral (WSI), is expressed in
MPa and consists of the sum of measured
W, over a growing season, with each value
weighted by the number of days since the
last measurement. Myers (1988) found
that WSI was better correlated with both
growth indicators than a cumulative soil
moisture index. This indicated that the
growth reductions due to water stress
were not solely due to soil moisture def-
icits. Myers (1988) further noted that even
a mild plant-internal water deficit could
have a great impact on needle length if it
persisted over a longer period. Since then,
WSI has been used in various studies (Ram-
bal et al. 2014). These studies revealed a
strong relationship between WSI and pro-
ductivity, allocation fractions and leaf area
(Rambal et al. 2014). The aforementioned
studies were carried out on monospecific
stands and do not provide a comparison
across species. As species differ in their
regulation of W, the effect of WSI on
growth and vitality are likely to vary across
species.

De Caceres et al. (2015) developed a dy-
namic model for simulating drought stress
in forest stands, on a tree cohort basis
(shown as DC15 in Fig. 2). Daily drought
stress of a cohort is defined as the one-
complement of relative whole-plant con-
ductance, which depends on soil water po-
tential and a species-specific parameter in-
dicating 50% loss of conductance. At the
annual timescale, a cohort-level drought in-
dex is defined as the fraction of days with
relative conductance less than 50%. This in-
dex was shown to be sensitive to varia-
tions in precipitation and leaf area, as well
as root and soil properties. The model of
De Céceres et al. (2015) was applied by
Ameztegui et al. (2017) to simulate the ef-
fect of thinning on physiological drought
across a humidity gradient.

Probabilistic approaches

In this classification, a distinction was
made between aridity indices, representing
long-term water availability, and drought
indices, representing a departure from nor-
mal conditions. Probabilistic approaches
offer a third perspective, in which the
probability of stress occurrence is calcu-
lated for given soil and climate characteris-
tics. In statistical dynamic water balance
models (Porporato et al. 2001), precipita-
tion events are described as a marked Pois-
son process with a certain frequency
[days'] and mean intensity [mm event'].
Based on a probabilistic calculation of soil
moisture dynamics, Porporato et al. (2001)
proposed a measure of water stress,
termed “dynamic water stress”. Stressful
conditions are assumed to occur when the
soil moisture content drops below a critical
level. Dynamic water stress (DWS) inte-
grates the effect of water shortage inten-
sity (value of soil moisture deficit), dura-
tion, and the frequency of water shortage
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episodes. The model requires abiotic inputs
(precipitation characteristics, soil depth
and water holding capacity) and plant
properties (rooting depth and two empiri-
cal parameters describing sensitivity to wa-
ter stress), as well as the specification of
potential transpiration, which integrates
evaporative demand and plant properties
such as leaf area and stomatal conduc-
tance. The two sensitivity parameters de-
scribe the shape of the non-linear relation-
ship between soil water deficit and plant
water stress, and the maximum value of
DWS that a plant can withstand. The dy-
namic water stress quantifies physiological
drought, analogous to the other indices
presented so far. It may be calculated for
the prevailing vegetation at a site or for a
hypothetical vegetation cover (Barkaoui et
al. 2017). This might be a useful way to as-
sess the suitability of various tree species
under projected future climates. However,
this index has rarely been applied to tem-
perate forests. A possible obstacle in its ap-
plication is the difficulty to estimate the
two species-specific drought sensitivity pa-
rameters. Parolari et al. (2014) coupled the
probabilistic soil moisture model of Porpo-
rato et al. (2001) to a description of plant-
internal water and carbon budget. Their
study, however, does not rely on the speci-
fication of a drought index such as DWS.

Variations

The classification presented here outlines
the methods to calculate different drought
indices. However, there are many ways to
extract a single number from time series of
simulated transpiration or soil moisture. In-
deed, different statistics can be used, dif-
ferent integration periods can be defined,
and the simulations can be performed with
different models, using divergent and
sometimes contrasting process formula-
tions.

Typically, drought indices give a single
value for a defined period, e.g., on an an-
nual basis. However, this value might be
calculated over a shorter period, e.g., the
growing season, or early summer, which is
a critical period for growth for many tem-
perate species. Also, as the effects of a dry
year affect tree vitality in several subse-
quent years, a rolling mean over two or
three years is sometimes used (Hammel &
Kennel 2001, Seely et al. 2015). As discussed
for the soil moisture and (evapo)transpira-
tion-based indices, the choice of input data
or model can also affect the properties of
an index. As already mentioned, different
definitions of potential evaporation exist,
and some formulations take into account
variations in surface properties, while oth-
ers do not. Depending on which definition
is used, the same index (e.g., SWB or AET/
PET) may or may not be suitable to exam-
ine or simulate the effects of varying vege-
tation properties on physiological drought.
Also, different water balance models have
different formulations for the movement
of water along the soil-plant-atmosphere

continuum. The implications of these dif-
ferences for the properties of drought in-
dices are discussed in the chapter “The role
of VPD for physiological drought”. As the
various parameters and thresholds used
(e.g., the critical soil moisture threshold)
often have generic and uncertain values, it
can be worthwhile to calculate the same in-
dex with different parameter values.

Intercomparisons and evaluations
of drought and aridity indices

This section reviews the studies known to
the author where different water availabil-
ity indices were compared with each other.
In most cases, these indices were evalu-
ated with regard to their association with
one or several indicators of tree vigor or
forest state, such as tree ring width, defoli-
ation or species distribution, whereas a
few studies simply compare the properties
of different indices without a target vari-
able. The reviewed studies compared in-
dices of aridity (Tab. 2) and drought (Tab.
3)-

Tab. 2 gives an overview of the studies
where water availability indices were as-
sessed with regard to their value in predict-
ing long-term forest properties, such as
species distribution or forest structure. Sta-
tistical methods to predict species habitats
commonly include one or more predictor
describing water availability (Hickler et al.
2009). For example, Czicz et al. (2011)
modeled the distribution of two species
with contrasting drought tolerance, the
more sensitive Fagus sylvatica and the
more tolerant Quercus petraea. They used
regression trees to relate species occur-
rence with environmental predictors. To
represent water availability, two alterna-
tive ombrothermic indices were used, in
addition to monthly temperature and pre-
cipitation: Ellenberg’s Quotient (EQ - Ellen-
berg 1996) and the Forestry Aridity Index
(FAI - Fuhrer et al. 2011). Where EQ was
used, it was an important predictor for the
distribution of F. sylvatica, whereas FAI
never appeared in the splitting variables of
the tree models. On the other hand, for Q.
petraea, neither of these two indices con-
tributed to improve the models. In another
study analyzing the distribution of F. sylvat-
ica, Salamon-Albert et al. (2016) found a dif-
ferent ranking of ombrothermic indices.
These examples suggest that it is difficult
to assess the suitability of ombrothermic
indices as proxies of physiological drought.

Piedallu et al. (2013) assessed the value of
including soil water balance in predicting
the distribution of 37 European tree spe-
cies. To this effect, they measured the im-
provement of species distribution predic-
tions over a null model based on tempera-
ture indices only. The candidate indices for
water availability included purely climatic
indices (precipitation and CWB) as well as
soil moisture indices (mean soil moisture
content and soil moisture deficit). For most
species, the soil moisture led to a greater
improvement of the models than climatic
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Tab. 2 - Overview of studies where water availability indices were compared with regard to their value in predicting long-term forest

properties.
Study Location Target Indices Meftho.d / Main conclusions
variable Criteria
Leathwick & New Potential distribution SMI, VPD Including VPD as a predictor improved
Whitehead (2001) Zealand of tree species models of species distribution
Rickebusch et al. Europe Potential natural P, CWB, REW Replacing P and CWB with dynamically
(2008) distribution of tree simulated REW greatly impacted habitat
and shrub species change predictions
Czlcz et al. Hungary Distribution of Fagus EQ, FAI Regression tree EQ is an important predictor of F. sylvatica
(2011) sylvatica predicting species distribution; FAl has no effect
occurrence
Piedallu et al. France Distribution P, CWB, Generalized Predictors including soil water storage
(2013) of 37 tree species SMI additive model usually perform better than purely climatic
(GAM) indices
Walthert et al. Switzerland Canopy height AT/PT (average Correlation Highest correlation of canopy height with

(2015)

and extreme),
CWB

average RTI; no significant correlation with
CwB

Tab. 3 - Overview of studies comparing drought indices on the inter-annual time scale. SMI stands for various soil moisture-based
indices. All other symbols are defined in Fig. 2 and in the text.

Study Location Target Indices Me_tho_d / Main conclusions
variable Criteria

Schwarzel et al. Germany RTI, REW, Nonlinear and soil-dependent relationship of RTD or REW
(2009) CWB with CWB
Grigoryan et al. Germany ws, REW, ET Higher inter-annual variability of SWP and REW than ET
(2010) deficit deficit
Schulte-Bisping Germany AT/PT, REW Weak temporal ; AT/PT deemed more sensible
& Beese (2013)
Vilhar (2016) Slovenia RTI, REW, REW indicated greater differences in drought duration

CWB between forests and gaps than RTI
Zierl (2004) Switzerland Crown AT/PT-based Correlation Species-dependent significance of different indices

condition indices

Kempes et al.  SW USA Tree-ring Precipitation, Regression Importance of soil moisture memory in semi-arid regions
(2008) width SPI, PDSI, OT
Condés & SE Spain Stand volume Precipitation, Multivariate Indices combining P and T perform slightly better than
Garcia-Robredo increment Al, OT regression indices based on P alone
(2012)
Vicente-Serrano Global Tree-ring SPI, SPEI, Correlation Flexible temporal scale is an advantage of SPI and SPEI
et al. (2012) width scPDSI,

z-Index
Hogg et al. Western Tree-ring CWB, REW Correlation Importance of deep soil water reserves
(2013) Canada width
Braun et al. Switzerland Basal area AET/PET, Multivariate SWB difference August-April
(2015) increment AT/PT, REW,  regression

CwB
Braun et al. Switzerland Mortality AET/PET, Multivariate SWB and AET/PE T performed equally well for beech;
(2015) AT/PT, REW, regression early AET/PET performed best for spruce

SWB
Wagner et al. Germany Tree ring Precipitation, Correlation AET/PET had highest correlation; P and T the lowest
(2015) width AET/PET,

REW, CWB
Von Wilpert et  Germany Tree ring AT/PT, REW, Correlation and Species-dependent effect
al. (2016) width ys, T deficit  regression
Gao et al. Finland Identification SPI, SPEI, REW Heuristic REW better suited at wet sites or sites with shallow soils
(2016) of extreme assessment of

years temporal and
spatial patterns

Bhuyan et al. Europe Tree-ring SPI, SPEI, Correlation Differential response to different indices and timescales
(2017) width scPDSI, OT across species and biomes
Cortini et al. NW North  Survival Precipitation, Regression Differential response to drought across species
(2017) America probability REW, OT

indices
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indices.

The moisture indices traditionally used to
predict species are abiotic and do not ac-
count for surface properties (Dyer 2009).
Rickebusch et al. (2008) replaced such abi-
otic indices (precipitation and CWB) with
mean soil moisture simulated with a dy-
namic ecosystem model (LPJ-GUESS - Hick-
ler et al. 2009). In these simulations, vege-
tation dynamics were coupled to water
availability, and simulated soil moisture re-
flected vegetation adaptations such as LAl
reduction under drier conditions. As a re-
sult, projected habitat changes under fu-
ture climates differed greatly compared to
those obtained with abiotic moisture in-
dices.

Leathwick & Whitehead (2001) were able
to improve a model of tree species distri-
butions in New Zealand through the inclu-
sion of Vapor Pressure Deficit (VPD) as a
predictor, in addition to soil moisture. They
explained this with the adverse effects of
high VPD on stomatal conductance and
carbon uptake, and the regional decou-
pling of soil and air dryness due to the fre-
quent occurrence of dry winds.

Instead of species distribution, Walthert
et al. (2015) compared moisture indices
with canopy height. The compared indices
were CWB, as well as two statistics of AT/
PT, the long-term average and the 2% quan-
tile (representative of extreme conditions).
Average AT/PT showed the best correlation
with canopy height, whereas CWB showed
no correlation. Furthermore, there was a
strong nonlinear association between aver-
age and extreme AT/PT. The authors con-
cluded that extreme AT/PT provided a bet-
ter differentiation between moist sites,
and average AT/PT between dry sites.

Tab. 3 lists the studies where drought in-
dices were compared with regard to their
short-term (e.g., annual) behavior. Some of
these studies simply compared the proper-
ties of several indices, whereas others in-
volved a quantitative assessment of the
value of indices in predicting environmen-
tal indicators of productivity or vigor, such
as tree ring width or survival.

Schwirzel et al. (2009) found a nonlinear
relationship between climatic water bal-

ance and AT/PT. Transpiration is practically
unlimited when CWB is positive (i.e., P >
PET), but AT/PT decreases sharply as the
CWB becomes negative. This relationship is
further modulated by soil properties: AT/PT
started decreasing at less negative CWB in
a soil with lower water holding capacity.
Another index was the number of days for
which REW indicated drought stress. Its re-
lationship with CWB also showed a clear ef-
fect of soil water holding capacity. Spatial
patterns of AT/PT and REW were similar,
suggesting that both indices behave simi-
larly. By contrast, Schulte-Bisping & Beese
(2013) found only a weak temporal correla-
tion of daily AT/PT and REW: transpiration
was sometimes reduced even at high soil
moisture content, or relatively high even
when soil moisture content was below the
critical level. The authors attribute this to
transpiration limitations in case of high
evaporative demand, and to the uneven
distribution of roots and incoming precipi-
tation in the soil profile. Differences be-
tween transpiration and soil moisture-
based indices were also found by Grigor-
yan et al. (2010) and Vilhar (2016). It is
worth noting that all these authors used
water balance with a high level of detail,
such as LWF-BROOK9o (Hammel & Kennel
2001). These models explicitly simulate soil
hydraulics and root water uptake. With
simpler water balance models, where REW
directly impacts transpiration (Granier et
al. 1999), a closer similarity between these
two types of indices is to be expected.

Tree ring width (TRW) is a widely used in-
dicator of environmental influences on tree
growth and vigor. Therefore, many of the
studies assessing the ecological and physi-
ological significance of different drought
indices used TRW as reference. Some stud-
ies examined the temporal correlation of
annual drought indices, whereas others
used regression models, sometimes also in-
cluding non-drought related predictors, to
predict annual TRW. Dendrochronological
studies have also been used to assess the
resistance, recovery and resilience of for-
ests after drought events (Cavin et al.
2013). Other studies used stand-level indi-
cators derived from forest monitoring,

Tab. 4 - Examples of drought indices and their use in dynamic forest models.

such as crown condition, volume incre-
ment or mortality, as reference.

Studies comparing SPI and SPEI found a
strong correlation between both indices
(Cavin et al. 2013, Gao et al. 2016) and simi-
lar correlation coefficients with TRW for
both indices (Vicente-Serrano et al. 2012,
Bhuyan et al. 2017). By examining the tem-
poral trends in the difference between SPI
and SPEI, Cavin et al. (2013) found that the
contribution of evaporative demand to
drought increased as temperatures rose
over a period of 92 years. Vicente-Serrano
et al. (2012) report a higher percentage of
sites for which SPEI had the highest corre-
lation than for SPI. Also, Gao et al. (2016)
obtained a higher correlation with a soil
moisture-based index for SPEI than SPI.
This suggests that considering tempera-
ture in addition to precipitation adds value
to drought assessments, even under pres-
ent conditions. This has been corroborated
by Condés & Garcia-Robredo (2012), who
applied multivariate regression models to
predict stem growth at inventory plots.
They found that ombrothermic indices
gave the best results compared to indices
considering only precipitation or only tem-
perature (although some OT indices did
not outperform absolute precipitation).

The good performance of SPI and SPEI
was attributed by Vicente-Serrano et al.
(2012) to their flexibility regarding time
scales. Indeed, for each site, they reported
the best correlation of SPI and SPEI calcu-
lated at time scales of 1to 48 months. Also,
Vicente-Serrano et al. (2014) reported that
the scale for which SPI and SPEI gave the
best correlations with TRW varied across
biomes. Typically, stands in arid climates,
which are adapted to withstand periods of
water shortage, respond to drought at
longer time scales only, whereas stands in
mesic climates already respond to drought
at shorter time scales. On the other hand,
in humid climates, a short-term deviation
from average conditions might not sub-
stantially affect ecosystem processes, and
only longer droughts might have a notice-
able effect. As shown by Bhuyan et al.
(2017), this is further modulated by species
identity. The effect of time scales can be

Model Indices Growth Mortality Other drought impacts
FORCLIM AET/PET Square-root function  Empirical function of growth Maximum height
(Bugmann & Cramer 1998) (Rasche et al. 2012)
FORECAST-Climate AT/PT Reduction of base Nonlinear function of 2-year

(Seely et al. 2015) growth rate AT/PT

3PG Monthly REW and Carbon uptake and Stem number-biomass allometry -

(Landsberg & Waring 1997) VPD allocation

Iland Similar to 3PG Similar to 3PG Function of C budget Bark beetle infestation;
(Seidl et al. 2012) Establishment

DSS-WuK CWB, AET/PET, W, Function of site index Function of extreme drought Bark beetle infestation;

(Thiele et al. 2017)

LANDIS drought extension
(Gustafson & Sturtevant 2013)

PDSI

length (W)

Site index

Statistical relationship between
drought length and mortality

10
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linked to soil moisture dynamics and the
associated memory. For example, scPDSI,
which accounts for soil moisture storage,
has been shown to behave in a similar man-
ner as SPI and SPEI at time scales of up to
12 months (Bhuyan et al. 2017). However, in
the intercomparison of Vicente-Serrano et
al. (2012), the performance of scPDSI and
similar indices was much worse than that
of SPI and SPEI. By contrast, Gao et al.
(2016) obtained more plausible spatial pat-
terns with REW than with SPEI, especially
at wet sites or on shallow soils. Also Kem-
pes et al. (2008) and Hogg et al. (2013)
highlight the improvement of correlation
when soil moisture is explicitly accounted
for. The soil moisture-based index of Hogg
et al. (2013) was also used by Cortini et al.
(2017) to predict mortality, and outper-
formed climatic indices.

Wagner et al. (2015) fitted regression
models to predict TRW anomalies. The se-
lected models combined several annual or
seasonal drought indices. Although the
models only accounted for 25 to 30% of the
variance in TRW anomalies, the predictors
all showed a high or very high level of sig-
nificance. Cumulative soil moisture deficit
and the number of days with critical REW
(both relating to the previous year) were
not as significant as the other predictors.
The authors attribute this to the threshold
property of these indices, which makes
them suitable to indicate extreme
droughts only. In a study comparing five
tree species, Von Wilpert et al. (2016) ex-
amined the correlation of various indices
with TRW. The correlation coefficient and
significance level varied greatly across spe-
cies. However, the correlation coefficient
for any index-species pair never exceeded
0.2. For four out of five species, the index
that showed the best correlation with TRW
was cumulative soil water potential deficit,
based on a threshold of -1.2 MPa. Subse-
quently, the authors fitted regression trees
to predict TRW from soil drought indices
and meteorological variables. Also there,
the effect of various indices differed across
species. The differential sensitivity of spe-
cies was also shown by Zierl (2004), who
compared various transpiration-related in-
dices with observations of crown defolia-
tion. Braun et al. (2015) assessed the value
of drought indices in predicting growth
and mortality. For growth, site water bal-
ance performed best, whereas for mortal-
ity AET/PET was best suited.

Water availability indices in
dynamic forest models

Tab. 4 shows various examples of
drought indices being used in dynamic for-
est models. This list is not comprehensive,
but provides an overview of different phe-
nomenological approaches to model the
effects of drought on growth and mortal-
ity. In all of these models, water availability
interacts with other environmental factors,
such as light, cumulative growing-season
temperature or winter chill. Often, the
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Fig. 4 - Example of two functions translating drought indices into modifiers of tree
vitality or mortality in dynamic forest models. (a) Square-root function of AET/PET,
calculating a drought-dependent vitality function. This function is commonly applied
as a multiplier of a potential growth term in dynamic models, often in conjunction
with other environmental factors. This function contains a species-specific drought
tolerance parameter, corresponding to the AET/PET value where the function reaches
zero. In this example, the solid line corresponds to a species with a higher drought
tolerance than the dashed line. Therefore, the same AET/PET value (e.g., 0.8) has very
different effects on these two species. (b) Weibull function relating a soil moisture
index (number of days below a critical soil water potential threshold) to the probabil -

ity of survival in a given year.

mean or minimum (i.e., the most severe
stress) of the different stress functions is
used. The interaction with other stress fac-
tors is not discussed further here.

The annual or seasonal AET/PET is a wide-
ly used water availability index in dynamic
forest models, illustrated here by FORCLIM
(Bugmann & Cramer 1998). The effect of
drought on annual growth is usually repre-
sented with a nonlinear function, with
slowly increasing effects at moderate lev-
els of drought, and rapidly increasing ef-
fects at more extreme levels. This is based
on various observations of radial growth
(Bassett 1964) and canopy height (Reed &
Waring 1974), where higher levels of
drought or aridity had a disproportionately
large effect (see also Porporato et al. 2001,
for a discussion of nonlinearity in plant
drought response). FORCLIM uses a square
root function, in which a species-specific
parameter indicates the level of AET/PET at
which annual radial growth is minimal. Fig.
4a illustrates this function for two species
with differing sensitivity. As can be seen,
the same level of AET/PET (e.g., 0.8) trans-
lates into a severe growth reduction for a

more sensitive species (e.g., Fagus sylvat-
ica), but barely impacts growth of a more
drought-tolerant species (e.g., Pinus sylves-
tris). The implementation of such growth
reduction functions varies across models.

For example, in FORECAST-Climate (Seely
et al. 2015), the annual AT/PT index is calcu-
lated at the level of groups of similar trees,
taking directly into account species-specific
drought sensitivity. While growth and mor-
tality are the only aspects affected by
drought in most models, other effects can
also be represented. For example, Rasche
et al. (2012) linked AET/PET to maximum
tree height, in addition to radial growth.
Other models (Seidl et al. 2012, Thiele et al.
2017) include a module simulating bark
beetle population dynamics and the associ-
ated damage to trees, where AET/PET influ-
ences the vulnerability of trees.

Other mainly phenomenological forest
dynamics models use somewhat more
mechanistic approaches, while still relying
on scalar indices to quantify drought. For
example, 3-PG (Landsberg & Waring 1997)

simulates carbon allocation based on
monthly environmental indices, among
11
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which a soil moisture index and atmo-
spheric VPD. An empirical stress index is
calculated for both of these quantities, and
the more severe of the two is taken to rep-
resent water availability constraints. Thus,
drought and other environmental modi-
fiers not only limit growth, but modify the
structure of the canopy, with more re-
sources being allocated to roots under un-
favorable conditions, and less to stems and
leaves. Mina et al. (2016) recently replaced
AET/PET in FORCLIM with a function inte-
grating monthly soil moisture status, with
seasonally varying parameters calibrated
against tree-ring width. This way, they
were able to account for intra-annual
drought effects with no increase in com-
plexity, which improved predictions of
basal area and stem numbers.

As radial growth is a reliable indicator of
tree vitality (Dobbertin 2005), many mod-
els (e.g., FORCLIM) use an empirical func-
tion to link environmentally dependent
mortality to simulated growth. In other
models, mortality is simulated indepen-
dently of growth. For example, FORECAST-
Climate uses a nonlinear function of two-
year AT/PT to calculate drought-related
mortality. The model DSS-WuK (Thiele et
al. 2017) uses two different drought indices
for growth and mortality: growth is linked
to climatic water balance through statisti-
cal relationships, whereas mortality is pa-
rameterized as a function of drought dura-
tion (Fig. 4a). This index is calculated at the
species level and expresses the number of
days with soil water potential below a
species-specific critical level. Therefore,
drought-induced mortality only occurs un-
der conditions that are relatively rare in the
model’s intended region of application
(Germany).

Gustafson & Sturtevant (2013) used the
PDSI to simulate drought-induced mortality
in the forest landscape model LANDIS. In
this rare example of using relative drought
indices in a dynamic model, they fitted em-
pirical relationships between drought char-
acteristics and observed mortality. In their
study area (Great Lakes region in the
Northern USA), they found that drought
length was a better predictor for mortality
than drought severity. However, transfer-
ring this model to other regions proved
challenging (Gustafson et al. 2016). Later
versions of LANDIS use an explicit calcula-
tion of biomass growth and allocation
(Gustafson et al. 2016).

The differential response of tree species
to water shortage requires the attribution
of a specific drought tolerance parameter
to each species represented in a model.
This parameter is usually set based on
meta-analyses where species were ranked
on a spectrum of drought tolerance (Ellen-
berg 1996), sometimes in combination with
the modeler’s expert opinion, or on ob-
served species distribution (Lischke & Zierl
2002). A potential drawback of using a sin-
gle parameter for drought sensitivity is
that this approach does not differentiate

12

between drought tolerance (the ability to
survive in an environment with frequent
water shortage) and drought sensitivity
(the magnitude of the response to a
drought event). Indeed, drought tolerant
species growing on dry sites may be more
sensitive to drought events than less toler-
ant species growing on a nearby wetter
site (e.g., with a greater soil water holding
capacity), as a (meteorological) drought
event translates into more severe (physio-
logical) drought at the drier site (Phillips et
al. 2016).

A related question pertains to the signifi-
cance of species-specific drought tolerance
parameters in mixed stands. In a dynamic
model, drought tolerant species have a
competitive advantage over less tolerant
ones in dry environments. However, this in-
volves various mechanisms, e.g., a better
tolerance of physiological drought or a
higher ability to mobilize water in a drying
soil. Belowground interactions are com-
plex and context-dependent, and consider-
able uncertainty remains regarding below
ground interactions between plants (Phil-
lips et al. 2016). The inability to properly ac-
count for such effects is a drawback of
many dynamic forest models. With indices
that are closer to physiology, it is possible
to circumvent these problems somewhat.
For example, the model of Thiele et al.
(2017) requires a critical soil water poten-
tial value for each species. Unlike the
drought tolerance parameters discussed
above, this quantity has a clear physical
meaning.

Current debates and open
questions

The role of VPD for physiological
drought

Various studies have highlighted the role
of atmospheric drought in plant-water rela-
tions, beyond its effect of depleting soil
moisture by increasing evaporative de-
mand. Variations in vapor pressure deficit
(VPD) account for a similar fraction of
changes in stomatal conductance (Novick
et al. 2016) as variations in soil moisture. At
longer time scales, static models of species
distribution have been improved by includ-
ing mean VPD (Leathwick & Whitehead
2001) as a covariate, along measures of soil
moisture. Increasing VPD and decreasing
soil moisture both have the effect of in-
creasing the tension of water in the xylem
(Tyree & Ewers 1991). As discussed above,
this puts the tree at a higher risk of loss of
hydraulic conductance and runaway em-
bolism. Trees can mitigate this risk through
stomatal regulation, at the risk of not tak-
ing up enough carbon or water to sustain
vital functions. Soil moisture and VPD are
correlated at seasonal time scales, but
largely independent at hourly to daily time
scales, as VPD varies much faster than soil
moisture (Novick et al. 2016).

Reduced soil water availability leads to
so-called “static stress”, with low water

potentials throughout the tree (Tyree &
Ewers 1991). By contrast, “dynamic stress”
(not to be confused with the dynamic wa-
ter stress of Porporato et al. 2001) involves
rapid movement of water through the
tree, and greatly increases the risk of cavi-
tation (Tyree & Ewers 1991). Typically, static
stress is more important during extended
soil drought or in more arid environments,
whereas dynamic stress has a greater role
when soil moisture is not limiting and at-
mospheric evaporative demand is high (Ty-
ree & Ewers 1991, Zweifel et al. 2005).

The water balance models used to calcu-
late AET/PET or AT/PT differ in their repre-
sentation of stomatal regulation. Physical-
ly-based models, such as BROOKg9o (Ham-
mel & Kennel 2001), include an explicit rep-
resentation of soil hydraulics, and account
for resistances in the rhizosphere and
within the plant during periods of high
transpiration. Thus, transpiration may be
reduced below its potential rate even if the
bulk soil water content is above critical lev-
els (Schulte-Bisping & Beese 2013). Other
water balance models use an empirical for-
mulation of stomatal behavior, where ac-
tual transpiration is defined as a function
of PT and soil water content only. The re-
sulting drought index can be expected to
behave very similarly to soil moisture-
based indices. To account for the effects of
high VPD, some of these models define an
additional growth modifier (Landsberg &
Waring 1997, Seidl et al. 2012) or use a com-
posite drought index combining the effects
of low soil moisture and high VPD (Zierl
2004). Like other versions of AET/PET or
AT/PT, these indices define physiological
drought as periods where stomata close
due to low water availability (or high de-
mand). Also here, stomatal closure does
not necessarily represent a cause of physi-
ological damage (e.g., through reduced
carbon uptake), but as a symptom occur-
ring at all stages of physiological drought,
and thus as a reliable indicator of water
shortage (Porporato et al. 2001). It is not
clear whether the effects of high VPD and
low soil moisture are best modeled as in-
teractive (both effects are combined by
e.g., multiplying the two modifiers, as in
Zierl 2004) or mutually exclusive (only the
more severe of the two modifiers is used,
as in Landsberg & Waring 1997 and Seidl et
al. 2012). In the only direct comparison
known to the author, Wei et al. (2014) used
both versions in 3-PG to predict stable car-
bon isotope ratios in plant tissue, and ob-
tained better results with the interactive
process formulation.

Suitability of drought indices under
climate change

One of the main uses of drought indices is
to assess temporal trends in drought fre-
quency and intensity, and to estimate their
future evolution under predicted climate
change. This was the main reason to de-
velop the SPEI, as variations in precipita-
tion alone do not capture the effect of
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higher temperatures and the associated in-
crease in evaporative demand (Vicente-Ser-
rano et al. 2010). While the inclusion of
evaporative demand is critical to assess
drought under climate change, the way in
which it is included can have great implica-
tions for the resulting drought index val-
ues. For example, various procedures to es-
timate potential evaporation (PE) have
been used, with important conceptual dif-
ferences. Some of these formulations, e.g.,
the widely-used function of Thornthwaite
(1948), rely only on empirical relationships
between temperature and evaporative de-
mand at a given latitude. On the other
hand, the Penman and Penman-Monteith
equations (Monteith 1965) are simplified
but robust models of the underlying physi-
cal processes and account for the effect of
net radiation, relative humidity and wind
speed in addition to temperature. It has
been demonstrated (Shaw & Riha 2011)
that empirical PE formulations are exces-
sively sensitive to changes in temperature
compared to more physically-based meth-
ods, raising concerns regarding their appli-
cability under climate change. Global-scale
comparisons of scPDSI and SPEI values ob-
tained with Thornthwaite and Penman-
Monteith formulations revealed that de-
spite great differences in PE, both formula-
tions indicated similar trends in most re-
gions of the world (Van Der Schrier et al.
2011, Cavin et al. 2013). Cavin et al. (2013)
even found a slightly stronger drying trend
over the period 1966-2006 when using SPEI
with Penman-Monteith instead of Thornth-
waite. Indeed, PDSI and its variants are
much more sensitive to changes in precipi-
tation than to changes in PE (Van Der
Schrier et al. 2011). The choice of PE meth-
od is probably more critical for other in-
dices, such as site water balance and AET/
PET, where the absolute values of PE have
a greater effect on the index value than for
PDSI and SPEI. As the Penman-Monteith
formula requires more meteorological in-
puts, it is also subject to other sources of
uncertainty. For example, changes in solar
radiation and wind speed can also affect
trends of PDSI (Zhang et al. 2016). Also,
higher CO, concentrations may affect stom-
atal conductance, which affects reference
evaporation, leading to less severe drought
estimates, all other factors kept equal (Mil-
ly & Dunne 2016).

Synthesis and conclusions

The aims of this review are twofold: first,
to clarify the rationale behind various
drought and aridity indices, and second, to
assess the suitability of these indices for
quantifying water availability in physiologi-
cal and bioclimatological analysis, as well
as in dynamic forest models. The indices re-
viewed here consider various degrees of in-
formation. Some indices only use informa-
tion on the temporal distribution, anom-
alies and absolute values of precipitation,
while others take into account evaporative
demand. These two groups of indices are
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thus based on atmospheric conditions
only, and do not take into account land sur-
face processes. From a long-term perspec-
tive, water supply and demand have long
been recognized as two crucial factors
shaping the spatial distribution of biomes
and species. When inter-annual variations
are of interest, it is reasonable to expect
that departures from the long-term condi-
tions will have an impact on plant physiol-
ogy. Analyzing temporal trends of these in-
dices can give information on how the abi-
otic conditions at a certain location
change, and to isolate this abiotic forcing
from ecosystem response. Another type of
indices take into account soil moisture dy-
namics. These indices are typically calcu-
lated on soil moisture simulated by a dy-
namic model. A similar approach is to use
the ratio or difference of actual and poten-
tial evaporation or transpiration. The as-
sumption behind this approach is that
stomatal regulation, a process simulated in
many water balance models, is an indicator
of periods in which water supply affects
plant physiology. Therefore, stomatal clo-
sure is not necessarily seen as a cause of
adverse conditions, but as a readily avail-
able indicator of physiological drought. Fi-
nally, some indices directly account for
physiological thresholds. Although these
indices can be expected to be well-suited
to quantify physiological drought, they are
still simplifications that reduce a complex
phenomenon into a single scalar, and are
therefore also associated with a consider-
able loss of information.

Many indices can be calculated in many
different ways, which affects their proper-
ties. For example, the temporal scale or in-
tegration period must be chosen a priori.
As different ecosystems react to droughts
at different timescales, this choice is crucial
for the analysis of drought effects. More-
over, different assumptions on the effect
of temperature on evaporative demand
can greatly impact projections of future
water availability under a changing climate.
For indices based on water balance, the
choice of model can have a great impact
on the ecological significance of the calcu-
lated indices. For example, some models
do not account for variations in vegetation
properties in their calculation of canopy
evaporative demand, so that the resulting
indices are indicative of abiotic site condi-
tions. On the other hand, with models that
take into account vegetation and site prop-
erties, the resulting indices reflect the con-
ditions experienced by the actual vegeta-
tion, with e.g., lower levels of physiological
drought for less dense vegetation, all other
factors being equal. Another distinction is
how the models simulate the transfer of
water along the soil-plant-atmosphere con-
tinuum. Indeed, models that explicitly sim-
ulate the movement of water in soil, as
well as plant-internal resistances, account
for the physiological effects of high atmo-
spheric water demand. On the other hand,
models that only include the effect of soil

moisture through stomatal regulation do
not include these processes. Reducing
stomatal conductance as a function of
VPD in addition to soil moisture might im-
prove the representation of physiological
drought with such models.

The relatively small number of studies
that have evaluated various drought in-
dices against physiological indicators, as
well as the sometimes diverging results,
make it difficult to derive general conclu-
sions regarding the suitability of drought
indices for analyses and modeling. A few
general patterns emerge from this review.
In a majority of studies, indices that com-
bine precipitation and evaporative demand
showed a closer relationship to drought in-
dicators than indices based on precipita-
tion alone. Including soil moisture storage
was especially beneficial when sites with
differences in soil water holding capacity
were compared. Several studies also re-
ported a differential sensitivity of tree spe-
cies to different indices. However, given
the small number of comparative studies, it
is not possible to determine whether this is
due to differing properties of the indices.
This suggests that further evaluations and
intercomparisons of drought indices are
necessary, and should include several cli-
mates and species. As discussed in the pre-
vious paragraph, there are many ways to
calculate the same index, i.e., using differ-
ent integration periods, threshold and pa-
rameter values, and underlying models. Re-
porting these methodological details and
discussing their physiological or ecological
implications might give some valuable con-
text. It is worth noting that several of the
intercomparisons reviewed here were pub-
lished as reports or in non-English language
journals. While this highlights the impor-
tance of this topic for practitioners, pub-
lishing such results in international journals
would provide useful guidance to the sci-
entific community for choosing appropri-
ate indices for biometeorological and phys-
iological analysis, as well as model develop-
ment.
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