
Climate 
Change and 
Drought in a
Warmer 
World
Benjamin I Cook, 
Richard Seager,
Jason Smerdon, Park Williams, 
Sloan Coats, Ed Cook, 
Dave Stahle, Toby Ault



van der Molen, et al (2011): Agricultural and Forest Meteorology

766 M.K. van der Molen et al. / Agricultural and Forest Meteorology 151 (2011) 765–773

6. Discussion and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 769
6.1. State of the art and emerging gaps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 769
6.2. Plant strategies as the key component . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 770
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 771
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 771

1. Introduction

Water is essential for life on Earth. Water – and drought – are
therefore intimately linked with the terrestrial carbon cycle. Recent
notable droughts occurred in Central/SW Asia (1998–2003), West-
ern North America (1999–2007), Australia (2002–2003), Europe
(2003) and Amazonia (2005) (Cook et al., 2004; Thomas et al., 2009;
Trenberth et al., 2007). Droughts impact a broad range of climates
and ecosystems, on a regional to sub-continental scale. The geo-
graphic area affected by droughts globally has increased strongly
in the last four decades (Dai et al., 2004). Although there are consid-
erable uncertainties in climate model predictions, a majority of the
IPCC-AR4 future climate projections indicate that more frequent
and intense droughts are expected, in particular at the mid-
latitudes and over Africa, Australia and Latin America (Bates et al.,
2008; Meehl et al., 2007). Intermittent droughts impacting produc-
tive regions can cause abnormally high atmospheric CO2 growth
rates (Knorr et al., 2007), and therefore droughts are expected to
impact the carbon cycle more strongly in the future. In this study we
focus on the relation between soil moisture drought and the carbon
cycle of terrestrial ecosystems, characterized by the severity, dura-
tion and frequency of the drought, and its impact on the exchanges
of carbon among vegetation, soils and the atmosphere. This focus
complements other specific interests in droughts, such as mete-
orological drought (precipitation), hydrological drought (run-off,
water levels), ecological drought (ecosystem functioning), agricul-
tural drought (yield reduction) and socioeconomic drought (Bates
et al., 2008; Dai et al., 2004; Heim, 2002). We review the state of
understanding of the relation between drought and the ecosystem
carbon cycle, and identify knowledge gaps. We complement anal-
ysis of the short-term responses in photosynthesis and respiration,
by looking at the more complex and uncertain long-term implica-
tions of drought on ecophysiology and ecosystem dynamics. The
paper is organized around four aspects relevant to drought and the
ecosystem carbon cycle (Fig. 1):

1) Direct effects of drought on gross primary production, total
ecosystem respiration and net ecosystem exchange;

2) carry-over effects of droughts;
3) drought-induced vegetation mortality;
4) species competition and drought.

This paper is written from the perspective that these aspects are
highly interconnected through a series of species-specific survival
strategies ranging over short and long time scales. We argue that
this interconnection of short and long-term processes is essential
to develop a comprehensive view of the relation between drought
and the carbon cycle of terrestrial ecosystems. Dynamic vegetation
models currently consider broad plant functional types, and one of
the emerging gaps is that they cannot account for species-specific
drought survival strategies, which determine the response of the
ecosystem carbon cycle.

2. Direct effects of drought on GPP, TER and NEE

Drought affects the terrestrial carbon balance by modifying both
the rates of carbon uptake by photosynthesis (GPP) and release by
total ecosystem respiration (TER), and the coupling between them
(Meir et al., 2008). We call these direct effects, because the changes
occur largely during the course of droughts (Fig. 1, left). Carbon
uptake and release are non-linear functions of, among others, water
availability and temperature. Using CO2 flux measurements col-
lected in a global network (Baldocchi et al., 2001), it was shown that
the majority of sites experience reductions in both GPP and TER dur-
ing drought (Baldocchi, 2008; Bonal et al., 2008; Ciais et al., 2005;
Granier et al., 2007; Reichstein et al., 2007b; Schwalm et al., 2010).
Because autotrophic respiration (foliage, stems, roots) accounts for
∼60% of TER (Janssens et al., 2001; Law et al., 1999, 2001), and field
experiments indicate a strong correlation between root respira-
tion and recent carbon assimilation (Irvine et al., 2005), short-term
variations in TER are largely determined by the supply of labile

Fig. 1. Schematic illustration of the interaction of drought and the carbon cycle, before, during and after a period of intense moisture stress, and the time scales involved in
the response. In situation (1) soil moisture is sufficient, and the flows of water and carbon are correlated through stomatal conductance (Section 2). In situation (2) a severe
drought occurs, resulting in cavitation and/or carbon starvation, followed by increased vulnerability to other disturbances such as insects, fire and wind throw (Section 3).
In situation (3) selective mortality and regrowth occurs, coherent with species’ strategy (Sections 4 and 5).Drought Impacts
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FIGURE 2 | Scheme representing different categories of drought
and their development. (Derived from Peters,53 Van Loon,54 Stahl55).

an observation-modeling framework to distinguish
between drought and water scarcity. Probably the
worst situation with regard to water management is a
drought in the low-flow season in an arid climate that
additionally suffers from water scarcity.

The term ‘desertification’ is related to misuse
or mismanagement of a region with a dry climate,
leading to a reduction in vegetation cover.69,70 Dry
periods can intensify desertification. ‘Heat waves’
develop as a result of high temperatures. Soil moisture
drought can aggravate heat waves, due to feedbacks
of the land surface with the atmosphere.71–74 The
typical time scale of heat waves is in the order of
weeks, whereas drought generally has durations of
months to years.7 ‘Forest fires’ are uncontrolled fires
in a wooded area. The risk of forest fire appears to
increase with drought,75 although in some regions
human activities were found to be the most important
driving force for forest fires.76

If hydrological drought is framed as a natural
hazard, terms for the hazard literature are often used,
e.g., ‘disaster’ for its negative impacts on society and
the environment,52 and ‘vulnerability’ to denote the
lack of capacity to cope with the ‘risk’ of drought.77,78

Alternatively, hydrological drought can be viewed as a
water resources issue, with emphasis on the imbalance
between water availability and demand e.g., Ref 79.
This view incorporates societal and ecological aspects
into the phenomenon. It also makes hydrological
drought less an external hazard, and more a normal
part of the hydrological system.

HYDROLOGICAL DROUGHT
PROCESSES
There are a multitude of relevant processes underlying
the development and also the recovery of hydrological

drought. In this section, an overview is provided of the
current knowledge of these processes.

Drought Propagation
Reasons for the occurrence of hydrological drought
are complex, because they are dependent not only on
the atmosphere, but also on the hydrological processes
that feed moisture to the atmosphere and cause storage
of water and runoff to streams.7

The atmospheric processes that are the starting
point of hydrological drought development are a result
of climatic variability.8,66 Generally, a prolonged pre-
cipitation deficiency generates less input to the hydro-
logical system (Figure 3). Causative mechanisms of
precipitation deficits can be blocking high-pressure
systems81,82 and monsoon failure.83,84 Alternatively,
hydrological drought can be triggered by anoma-
lies in temperature, such as prolonged freezing con-
ditions in winter in snow-dominated catchments85

or low temperatures in summer in glacier-dominated
catchments.86 Both temperature and precipitation
anomalies can be associated with large-scale atmo-
spheric or ocean patterns like ENSO, NAO, and sea
surface temperatures e.g., Ref 87, 88.

Depletion of soil moisture storage is related to
its antecedent condition, evaporation from bare soil,
evapotranspiration through plants, drainage to the
groundwater, and runoff to streams. During a dry
spell, drainage and runoff are usually low, but poten-
tial evapotranspiration can increase due to increased
radiation, wind speed, or vapor pressure deficit (e.g.,
caused by a decreased moisture availability or an
increased temperature). This can lead to increased
actual evapotranspiration, resulting in an extra loss
of water from the soil and open water bodies. In
extreme drought, a lack of available soil moisture
and wilting of plants can limit evapotranspiration,
thus limiting a further soil moisture depletion, but
possibly also limiting locally generated precipitation,
contributing to the maintenance of drought condi-
tions. Vegetation is an important factor in modifying
these feedbacks. Examples with evidence for strong
feedbacks are given in D’Odorico and Porporato,89

Teuling et al.,90 Bierkens and van den Hurk,91

Dekker et al.,92 Ivanov et al.,93 and Seneviratne
et al.94

The depletion of soil moisture storage causes
a decreased recharge to the groundwater system,
resulting in declining groundwater levels. Actual
groundwater levels are dependent on the pre-event
conditions and the rate of decline, which again
depends on the amount of recharge and discharge
and the storage characteristics of the aquifer. Since
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site dominated by grasses and a 15-year-old
aspen (Populus tremuloides) forest compared
with an 80-year-old black spruce (Picea mariana)
forest, primarily in spring and summer. Annual
sensible heat flux decreased by more than 50%
compared with the 80-year site, mostly in spring
and summer. During summer, the aspen forest
had the highest latent heat flux, lowest sensible
heat flux, and lowest midday Bowen ratio
(defined as the ratio of sensible heat flux to
latent heat flux).

Boreal ecosystems store a large amount of
carbon in soil, permafrost, and wetland (2) and
contribute to the Northern Hemisphere terrestrial
carbon sink (3), althoughmature forests have low
annual carbon gain (Fig. 1C). The climate forcing
from increased albedo may offset the forcing
from carbon emission so that boreal deforestation
cools climate (8). Similar conclusions are drawn
from comprehensive analysis of the climate forc-
ing of boreal fires (25). The long-term forcing is a
balance between postfire increase in surface

albedo and the radiative forcing from greenhouse
gases emitted during combustion. Averaged over
an 80-year fire cycle, the negative forcing from
surface albedo exceeds the smaller positive bio-
geochemical forcing. Yet in the first year after
fire, positive annual biogeochemical forcing from
greenhouse gas emission, ozone, black carbon
deposited on snow and ice, and aerosols exceeds
the negative albedo forcing.

Boreal forests are vulnerable to global warming
(5). Trees may expand into tundra, but die back
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Fig. 2. The current generation of climate models treats the biosphere and
atmosphere as a coupled system. Land surface parameterizations represent
the biogeophysics, biogeochemistry, and biogeography of terrestrial
ecosystems. (A) Surface energy fluxes and (B) the hydrologic cycle. These
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carbon cycle and (D) vegetation dynamics so that plant ecosystems respond to
climate change. Somemodels also include (E) land use and (F) urbanization to
represent human alteration of the biosphere.
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Figure 3 | Patterns of precipitation change. Multi-model mean relative precipitation change for two seasons (December–February, DJF, and June–August,
JJA) and two 20-year time periods centred around 2025 and 2090, relative to 1986–2005, for CMIP5 (left) and CMIP3 (right). Stippling marks high
robustness, hatching marks no significant change and white areas mark inconsistent model responses (see Methods and Supplementary Figs S2 and S3).

score used in weather prediction (seeMethods). In contrast to other
criteria19–21, it considers the magnitude of change, the sign, natural
variability and inter-model spread. The main conclusions are
similar if other methods are used to measure model agreement20,21.
Small and large dots indicate good and very good agreement
between models, respectively (see Methods). Hatching marks areas
where at least 80% of the models show no significant change,
information that is often not highlighted yet clearly relevant for
impacts and adaptations. A significant warming with high model
agreement is evident already for a projection centred around
2025. Regions where most models show significant changes but
do not agree well (robustness R< 0.5) are masked as white. Even
for precipitation, the extent of those is limited, as pointed out
recently20,22. The area of the Earth where the robustness R exceeds
0.8 (fine stippling) for precipitation change is depicted in Fig. 4a
(black lines). The area fraction with robust projections is increasing
with global temperature as the precipitation signal emerges, but
levels off at about 3 �C, where the signal further strengthens, but
model differences also become pronounced. There are also large

areas with no significant precipitation change (that is, 50% of the
globe in boreal winter for 2 �Cwarming)20,23.

Whereas the similarity of the projected precipitation change in
CMIP3 and CMIP5 is reassuring, the similarity of the measure
of robustness is more troublesome. The stippled area in CMIP3
and CMIP5 is nearly identical, implying little increase in model
agreement in CMIP5 for precipitation changes. The corresponding
results for RCP4.5 and SRES B1 are similar. Robustness over land
is slightly higher but also similar in CMIP3 and CMIP5 (Fig. 4c).
There are several hypotheses that potentially explain the lack of
convergence and associated reduction of uncertainty. There could
be (1) inherent limitations in the way models are built given
limited computational resources and spatial resolution, (2) lack of
process understanding, (3) lack of accurate long term observations
to constrainmodels, (4) lack of consensus onmetrics of present-day
model performance that clearly separate better from worse models
in terms of projection quality, (5) inherent limitation of climate
change not being predictable owing to internal variability, (6)
addition of dissimilar models from institutions new in CMIP5
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projected widening of the Hadley Circulation that shifts downwelling, 
thus inhibiting precipitation in these regions. The large-scale drying in 
the Mediterranean, southwest USA, and southern Africa appear across 
generations of projections and climate models and is deemed likely 
as global temperatures rise and will increase the risk of agricultural 
drought. In addition, an analysis of CMIP3 and CMIP5 projections of 
soil moisture in five drought-prone regions indicates that the differ-
ences in future forcing scenarios are the largest source of uncertain-
ty in such regions rather than differences between model responses 
(Orlowsky and Seneviratne, 2012).

Other recent assessments include multi-model ensemble approaches, 
dynamical downscaling, and regional climate models applied around 
the globe and illustrate the variety of issues influencing soil moisture 
changes. Analyses of the southwestern USA using CMIP3 models 
(Christensen and Lettenmaier, 2007; Seager et al., 2007) show consist-
ent projections of drying, primarily due to a decrease in winter precipi-
tation. In contrast, Kellomaki et al. (2010) find that SRES A2 projections 
for Finland yield decreased snow depth, but soil moisture generally 
increases, consistent with the general increase in precipitation occur-
ring in high northern latitudes. Kolomyts and Surova (2010), using pro-
jections from the CMIP3 models, GISS and HadCM2, under the SRES 
A2 forcing, show that vegetation type has substantial influence on the 
development of pronounced drying over the 21st century in Middle 
Volga Region forests. 

Projected changes in soil moisture from the CMIP3/5 models also show 
substantial seasonal variation. For example, soil moisture changes in 
the North American midlatitudes, coupled with projected warming, 
increases the strength of land–atmosphere coupling during spring and 
summer in 15 GCMs under RCP8.5 (Dirmeyer et al., 2013). For the 
Cline River watershed in western Canada, Kienzle et al. (2012) find 
decreases in summer soil moisture content, but annual increases aver-
aging 2.6% by the 2080s using a suite of CMIP3 GCMs simulating B1, 
A1B and A2 scenarios to drive a regional hydrology model. Hansen et 
al. (2007), using dynamical downscaling of one GCM running the A2 
scenario, find summer soil moisture decreases in Mongolia of up to 
6% due to increased potential evaporation in a warming climate and 
decreased precipitation and decreased precipitation.

Soil moisture projections in high latitude permafrost regions are crit-
ically important for assessing future climate feedbacks from trace-
gas emissions (Zhuang et al., 2004; Riley et al., 2011) and vegetation 
changes (Chapin et al., 2005). In addition to changes in precipitation, 
snow cover and evapotranspiration, future changes in high-latitude 
soil moisture also will depend on permafrost degradation, thermokarst 
evolution, rapid changes in drainage (Smith et al., 2005), and changes 
in plant communities and their water demands. Current understanding 
of these interacting processes at scales relevant to climate is poor, so 
that full incorporation in current GCMs is lacking. 

Figure 12.23 |  Change in annual mean soil moisture (mass of water in all phases in the uppermost 10 cm of the soil) (mm) relative to the reference period 1986–2005 projected 
for 2081–2100 from the CMIP5 ensemble. Hatching indicates regions where the multi-model mean change is less than one standard deviation of internal variability. Stippling 
indicates regions where the multi-model mean change is greater than two standard deviations of internal variability and where at least 90% of models agree on the sign of change 
(see Box 12.1). The number of CMIP5 models used is indicated in the upper right corner of each panel.

Annual mean near-surface soil moisture change (2081-2100)
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Figure 1 |Global temperature change and uncertainty. Global temperature change (mean and one standard deviation as shading) relative to 1986–2005
for the SRES scenarios run by CMIP3 and the RCP scenarios run by CMIP5. The number of models is given in brackets. The box plots (mean, one standard
deviation, and minimum to maximum range) are given for 2080–2099 for CMIP5 (colours) and for the MAGICC model calibrated to 19 CMIP3 models
(black), both running the RCP scenarios.
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Figure 2 | Patterns of surface warming. Multi-model mean surface warming for two seasons (December–February, DJF, and June–August, JJA) and two
20-year time periods centred around 2025 and 2090, relative to 1986–2005, for CMIP5 (left) and CMIP3 (right). Stippling marks high robustness,
hatching marks no significant change and white areas mark inconsistent model responses (see Methods and Supplementary Figs S2 and S3).
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Warming increases atmospheric 
demand for water
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How robust is the 
drying across 
indicators?



How will future droughts 
compare to the past?

Drier

Wetter



Drier

Wetter

Megadrought
Centuries 2050-2099



PDSI

SM-30 cm

Most drying from 
increased 

evaporation

Central 
Plains



Southwest
Doubly hit by 

increased 
evaporative demand 

AND reduced 
precipitation

PDSI

SM-30 cm



21st Century Risk of a 
multidecadal 

(>35 years) drought 
increases from

10-15%
 

to
 

>80%



Best Practices for  
Climate Models & Drought

Consider your drought variable.

Embrace uncertainty across models, 
regions, and indicators.

Think probabilistically, not deterministically.

What do you care about? Average aridity? 
Recurrence intervals? Drought severity?
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