
Ecological Drought Framework



Host working groups that integrate scientists, 
policymakers, and field practitioners for questions at the 

intersection of nature conservation, economic development, 
and human well-being.
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Dr. Kelly Redmond 
1952 - 2016

“Like the tree falling in 
the forest, does drought 

occur if there is no 
human to record or 

experience it?” 
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100s of millions of $ in lost 
ecosystem services.

Banerjee et al. 2013, Ecol. Econ.
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• Meteorological Drought 

• Agricultural Drought 

• Hydrological Drought 

• Socioeconomic Drought 
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“…the ecological 
foundation of the world’s 

food system—is often 
overlooked.”

Avoiding Future Famines: 
UNEP Synthesis Report



Ecological Impacts of Drought

Photo: Stephanie Pappas 
livescience.com

Need a holistic, integrative definition of drought that connects 
ecological impacts to human communities.

“…the ecological 
foundation of the world’s 

food system—is often 
overlooked.”

Avoiding Future Famines: 
UNEP Synthesis Report



Ecological Drought: an episodic deficit in water availability that drives 
ecosystems beyond thresholds of  vulnerability, impacts ecosystem services, and 
triggers feedbacks in natural and human systems. 



Ecological Drought: an episodic deficit in water availability that drives 
ecosystems beyond thresholds of  vulnerability, impacts ecosystem services, and 
triggers feedbacks in natural and human systems. 



Exposure
Sensitivity & 

Adaptive 
Capacity

Impacts+

Vulnerability



Meteorological drought

U.S. Drought Monitor

Linares et al. 2013
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Fig. 6. Progressive forest canopy water stress for the years 2011–2015, computed as the total percentage CWC loss for the study period. Inset graph indicates
the mapped forest area and estimated maximum number of trees (!12.7 cm or 5 inches diameter at breast height) affected in differing CWC loss classes. Black
areas indicate fire extents reported between 2011 and 2015 by the US Forest Service (31).
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Breshears et al. 2009, Front. Ecol. Env.
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Breshears et al. 2009, Front. Ecol. Env.

Ecological Characteristics

Variation in ecological 
characteristics drives 
variation in sensitivity.
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Anthropogenic Climate Change

Williams et al. 2015, 
Geo. Phys. Res. Lett.

3.2. Effect of Warming on Recent Drought

Figures 3a and 3b compare PDSIsc (orange) to an alternate calculation in which only precipitation varies and
PET is held at its mean annual cycle (blue). While there is no long-term trend in precipitation-driven PDSIsc
since 1948 or 1901, trends in actual PDSIsc are significant and negative (p< 0.05 according to Spearman’s
Rho and Kendall’s Tau) due to increasing PET. During 2014 and 2012–2014, PET anomalies accounted for
22–32% and 24–37% of the JJA PDSIsc anomalies, respectively (Figures 3c and 3d). Recalculating PDSIsc
considering the temperature and nontemperature components of PET separately, we find that the inten-
sifying effect of high PET on recent drought was nearly entirely caused by warmth (Figures 3c and 3d).
High temperatures accounted for 20–26% and 18–27% of the JJA PDSIsc anomalies in 2014 and 2012–2014,
respectively (Figures 3c and 3d).

The contribution of temperature is further separated into contributions from natural temperature variability
and anthropogenic warming in Figure 4. Figures 4a and 4b show the WY temperature record and the four
anthropogenic warming scenarios, which indicate an anthropogenic warming contribution in WY 2014 of
0.61–1.27°C relative to the 1931–1990 mean. The empirically derived trends suggest a weaker anthropogenic
warming contribution in recent years than the CMIP5 trends because (1) the linear trend does not account for
the nonlinear increase in anthropogenic forcing and (2) the 50 year low-pass filter trend indicates slowed
warming in the past two decades that is partly due to our conservative smoothing approach and partly
due to decadal climate variability. The CMIP5 trends represent the nonlinear increase in radiative forcing
without being affected by decadal climate variability or smoothing artifacts. The similarity between the
adjusted and unadjusted CMIP5 warming trends suggest that the CMIP5 provides a reasonable represen-
tation of the anthropogenic warming influence in CA despite having stronger warming trends than the
conservatively designed empirical trends.

Breaking the temperature contributions to PDSIsc into anthropogenic and natural components, the four
anthropogenic warming trends account for 5–18% of the JJA PDSIsc anomaly in 2014 and 8–27% of the
anomaly in 2012–2014 (Figures 4c and 4d). Despite differences in these relative contributions of warming

Figure 4. Contributions of anthropogenic warming and natural temperature variability to recent temperature and drought.
(a) Annual and (b) 3 year running water year temperature records with four alternate scenarios of anthropogenic warming.
Contributions of anthropogenic warming versus natural temperature variability to (c) 2014 and (d) 2012–2014 JJA PDSIsc
anomalies, where bar colors correspond to the colors of the four anthropogenic warming trends in Figures 4a and 4b. For
each of the anthropogenic warming scenarios, natural temperature variability is calculated as the observed temperature
minus the warming trend. All time series and bars represent mean conditions across all combinations of climate products.
Whiskers bound all values for all combinations of data products.
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Figure 4 |Observed and modelled climate and forest drought-stress.
a–d, The warm-season VPD (a), warm-season Tmax (b), cold-season
precipitation (c) and the FDSI (d). Black: observed records. Coloured bold
lines: CMIP3 ensemble mean values. Shading around time series: inner
50% of CMIP3 values. Green time series: 2042–2069 dynamically
downscaled NARCCAP ensemble mean values. Horizontal brown line and
shading in d show the mean and 95% confidence FDSI values of the most
severe 50% of years during the 1572–1587 megadrought. The horizontal
grey lines show the anomaly in standard deviations from the observed
1896–2007 mean (right y axis). See Supplementary Figs S5 and S6 for
individual model projections and alternative emissions scenarios.

in years of relatively high drought-stress (Supplementary Fig. S7).
This may indicate that forest sensitivity intensifies as drought
intensifies, consistent with exponential relationships between the
FDSI and tree mortality (Fig. 2c,d). Interestingly, the observed
intensification of drought sensitivity during high drought-stress
years was mainly due to heightened sensitivity to variability in
cold-season precipitation (Supplementary Fig. S7a,b,g). This may
mean that cold-season precipitation will gain relative importance as
drought intensifies in the coming decades. To account for this and
other possible nonlinear effects, we estimated the future FDSIwhere
the relative predictive contributions of cold-season precipitation
and the warm-season VPD are forced to vary. Reducing the future
predictive contribution of the warm-season VPD to 25%—less than
half the observed contribution—and increasing the contribution
of cold-season precipitation to 75%, the ensemble mean FDSI is
still estimated to equal or exceed 1500s megadrought levels by the
2060s in a business-as-usual emissions scenario (Supplementary
Fig. S8a). In the hypothetical case that climate models have over-
predicted VPD trends by a factor of two, possibly influenced
by model misrepresentation of SWUS monsoon characteristics,
megadrought levels are still surpassed during the late twenty-first
century (Supplementary Fig. S8d).

Importantly, forest-decline events are particularly sensitive to
extreme conditions (Fig. 2c,d). As widespread forest decline seems
to have occurred during the 1572–1587 megadrought, we treat the
mean FDSI during the most extreme half of the years during this
period as a forest-stress benchmark signifying a level of extreme
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Figure 5 | Extreme drought stress. a, Cumulative distribution functions of
tree-ring derived FDSI during AD 1000–2007 (black) and model-projected
FDSI during AD 2000–2100 for the A2 (red), A1B (green) and B1 (blue)
emissions scenarios. Brown line: mean FDSI during the most extreme half
of the 1572–1587 megadrought. b, Fifty-year running frequency of annual
FDSI values more negative than the mean FDSI during the most negative
half of the years during the 1572–1587 megadrought. The colours in b
represent the same as in a. Shaded areas: 95% confidence ranges for
tree-ring-derived values and inner-quartile values for model ensemble
projections.

drought-stress likely to correspond with widespread forest decline
(benchmark FDSI = �1.41). Although the 1200s megadrought
was longer, the 1500s megadrought was more extreme. During
ad 1000–2007, 4.8% of the FDSI values weremore negative than the
1500s benchmark, and the highest 50-year frequency of benchmark
years was 18% during 1247–1296. During the present drought
event, 4 of the 13 years (31%) qualify as benchmark years. On the
basis of ensemblemean projections, 59%of years will be benchmark
years during 2000–2100 assuming the A2 emissions scenario
(Fig. 5a), and the frequency of benchmark years is projected to reach
approximately 80% during the second half of this century (Fig. 5b).
Assuming the most optimistic emissions scenario (B1), this value
is 53%. Very extreme FDSI values of less then �3 (unprecedented
during 1000–2012) are projected to occur with a frequency of ap-
proximately 20% in the twenty-first century (A2 scenario, Fig. 5b).

Projections of increased forest drought-stress and tree mortality
are relevant throughout the SWUS, not only to the most drought-
prone sites. Recent bark-beetle- and wildfire-induced tree mortality
has occurred approximately uniformly among a wide variety of
SWUS sites ranging from very drought prone to less drought prone
than average (Fig. 6a,b; see Supplementary Methods). Mortality
has been less common within the ⇠20% of forest area least
prone to drought (high cold-season precipitation, low warm-
season VPD). Observed exponential relationships between the
FDSI and forest-decline processes suggest that less drought-prone
SWUS forests may become progressively more vulnerable to forest
decline processes and mortality as the warm-season VPD increases.
Furthermore, regeneration of common conifer species in the SWUS
generally occurs in pulses linked to wet/cool conditions13, and
often requires the presence of parent tree sources32. Loss of mature
trees across increasingly large areas due to high-severity fires
and bark-beetle-induced mortality (Fig. 2c,d and Supplementary
Fig. S9b), coupled with ongoing and projected increases in drought
stress due to climate change (Fig. 4), means that species-specific
tree regeneration needs are increasingly less likely to be met after
disturbance43. This increases the risks of long-term forest structural
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Williams et al. 2012, Nature CC

CC will continue to 
exacerbate drought in 

the 21st century.
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mitigation and adaptation, this separation 
is not always useful for drought monitoring 
and management. Drought monitoring 
is designed to observe a lack of water in 
di!erent parts of the hydrological system 
without attributing it to climate anomalies or 
human factors. And the impacts of drought 
on socioeconomic and ecological systems 
are the result of the lack of water that is 
caused by the complex interaction of natural 
and anthropogenic processes.

We therefore propose to broaden the 
de"nition of drought to include water 
shortage caused and modi"ed by human 
processes. Drought is then simply an 
exceptional lack of water compared 
with normal conditions. Although the 
anthropogenic in#uence has not been 
explicitly recognized, this revised de"nition 
of drought is e!ectively already in use in 
drought monitoring and impact analysis. 
It is also important to de"ne drought as 
an episodic phenomenon distinct from 
water scarcity, which re#ects a long-term 
imbalance between water demand and 
water supply3.

A drought can manifest itself in below-
normal soil moisture levels (soil moisture 
drought) or below-normal river discharge, 
groundwater, lake or reservoir levels 
(hydrological drought). In the absence of 
heavy modi"cation of the water cycle by 
human activities, soil moisture drought 
and hydrological drought are caused by 
meteorological anomalies and modi"ed by 
catchment properties such as land cover, 
soil and geology3. However, in most of 
the world today, drought has both natural 
and human drivers — for example, surface 
and subsurface water abstraction — and 
is modi"ed by land properties reshaped 
by human activities — for example, 
urbanization and deforestation (Fig. 1). 
Human in#uences can be recognized 
explicitly in the de"nition of drought by 
distinguishing between climate-induced 

drought, human-induced drought and 
human-modi"ed drought (Fig. 2). %e 
recent drought in Brazil, for example, is 
a human-modi"ed drought, in#uenced 
by deforestation, urbanization and 
reservoir construction8.

Drought research in the Anthropocene
Human activities modify the hydrological 
processes underlying drought propagation 
(Fig. 1). For drought prediction, we need 
to understand how a precipitation de"cit 
is transformed into soil moisture drought 
and hydrological drought and how human 
activities are a!ecting this transformation 
positively and negatively. Despite some 
studies on the e!ects of land-use change 
on low stream#ow, there are still many 
open questions. Answering these questions 
requires development of new statistical and 
modelling tools to analyse existing data, 
as well as the collection of qualitative and 
quantitative datasets on water use and land 
and water management.

Attribution of the causes of drought 
is crucial to determine whether drought 
management should focus on adaptation to 
climate-induced drought or mitigating the 
actions that lead to human-induced drought. 
Making this separation requires combining 
observations and models in virtual model 
experiments, in which groundwater levels 
or stream#ow in the absence of human 
in#uences can be assessed7,9 (Fig. 2).

Regardless of the underlying causes, soil 
moisture drought and hydrological drought 
have impacts on society and economy that 
are indirect and confounded by a range of 
other factors. For instance, the impacts of 
recent droughts in California and China on 
farmers’ pro"ts are di&cult to disentangle 
from the impacts of policy changes on 
water rights and access, water pollution, 
political instability and commodity prices2. 
Furthermore, socioeconomic and ecological 
impacts are not independent (Fig. 1). 

Industries such as agriculture, forestry and 
recreation depend on ecosystems and the 
mitigation of socioeconomic impacts can 
aggravate environmental impacts2,9.

A better understanding of how the public 
perception of drought4 and adaptation 
strategies2 in#uence these impacts is 
also needed. To assist this, large drought 
impact databases are being compiled, 
such as the Drought Impact Reporter 
(http://droughtreporter.unl.edu) and the 
European Drought Impact Report Inventory 
(www.geo.uio.no/edc/droughtdb) for the 
US and Europe, respectively. Together 
with improved data analysis methods, 
such databases should provide insight into 
the relationships between drought and 
its impacts.

Society is not a passive victim of drought. 
Instead, society responds to drought, both in 
the short term — by extracting more water 
and implementing water-saving measures — 
and in the long term — by increasing 
water storage through infrastructure, 
and by changing policy and regulations 
(Fig. 1). Perhaps surprisingly, the resulting 
feedbacks on soil moisture, stream#ow and 
aquifer water levels are rarely quanti"ed. 
For example, water-saving measures and a 
new groundwater law will come into e!ect 
over the coming years in California1, but 
it is essentially unknown how much these 
measures will alleviate current and future 
droughts. Frameworks for analysing socio-
ecological systems8 and multidisciplinary 
modelling tools10 could assist in answering 
these questions if applied speci"cally to 
drought events.

Importantly, long-term societal responses 
to drought alter the baseline (the normal 
water level for a region) against which 
droughts are assessed, as do long-term 
changes in climate and landscape. We need 
to integrate the natural and social sciences 
to anticipate such changes and to evaluate 
pathways for drought adaptation. %is 
will give us the tools to predict drought in 
the future.

Crossing the watershed divide
Drought research should no longer view 
water availability as a solely natural, climate-
imposed phenomenon and water use as 
a purely socioeconomic phenomenon, 
and instead more carefully consider the 
multiple interactions between both. First 
steps have been made in the broader "eld 
of hydrology in which there has been a 
recent research shi' towards considering 
interactions between the hydrological cycle 
and society10,11.

We can also draw inspiration from two 
success stories in drought management 
where natural and human processes 

Figure 2 | Hypothetical schematic of the distinction between climate-induced drought, human-induced 
drought and human-modified drought. Observed water levels (solid black line) that are influenced by 
both natural and anthropogenic factors are compared to simulated water levels from virtual model 
experiments7 (dashed line) that consider only natural drivers. Note that human-modified drought can be 
aggravated or alleviated with respect to the natural situation.
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Van Loon et al. 2016, Nature Geo.

Human land & water use

Nature Humans&

human modifications may reduce water availability more than 
climate change in some regions.

Haddeland et al. 2014, PNAS
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Natural Resource Management

Forest management 
improves drought 

resistance and 
resilience. 

Bottero et al. 2017, J. Appl. Ecol.
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Need a holistic, integrative definition of drought that connects 
ecological impacts to human communities.


