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Abstract Climate change intensifies the Earth's hydrologic cycle, which has far‐reaching consequences
including water availability, agricultural production, and electric power generation. The rate of
intensification projected by state‐of‐the‐art global climate models (GCMs) with increasing greenhouse gas
emissions, however, is highly uncertain. Thackeray et al. (2018, https://doi.org/10.1029/2018GL079698)
show that these uncertainties are related to how GCMs distribute future precipitation by either strongly
increasing extreme precipitation at the cost of nonextreme events or by increasing nonextreme precipitation
at the cost of extreme precipitation events. These results could help to constrain uncertainties in future
hydrologic cycle intensification, thereby improving our understanding of future water resource availability
and extreme hydrologic events.

Plain Language Summary How precipitation changes with warming is critically important for
anticipating and responding to climate change, but climate models still disagree on many aspects of its
change. A new study by Thackeray et al. (2018, https://doi.org/10.1029/2018GL079698) reveals two
intriguing aspects of precipitation change among the most recent generation of climate model projections: a
compensation between precipitation change arising from the heaviest events and events that are not
heavy events, and a dependence of this relationship on the climate model's resolution. We argue that their
findings point toward paths that could lead to further understanding and improvements in simulations of
precipitation change.

Main Manuscript

Climate change‐induced modifications of the hydrologic cycle have been a long‐standing research topic
(Held & Soden, 2006; Newell et al., 1975; Milly et al., 2008; Mitchell et al., 1987). It is well established that
a warming planet results in an intensification of the hydrologic cycle (e.g., Huntington, 2006), which could
have far‐reaching consequences such as reduced water‐resource availability (e.g., Eekhout et al., 2018;
Schewe et al., 2014), increased frequency and intensity of extreme tropical cyclones (e.g., Walsh et al.,
2016), extreme precipitation (e.g., Hirabayashi et al., 2013; Prein et al., 2017), and droughts (e.g., Allen
et al., 2010). Besides these social impacts, changes in the hydrologic cycle also affect the large‐scale atmo-
spheric circulation. This is because of the large heat capacity and latent energy of atmospheric water vapor
that drives circulation by heating the atmosphere and allows efficient vertical and poleward transport of
energy (Trenberth et al., 2009).

There is high confidence that precipitation has increased over the historical record since 1951 in midlatitude
land areas; observed trends are more uncertain in other regions and in earlier periods (Intergovernmental
Panel on Climate Change, 2013). Precipitation trend assessments are complicated due to incomplete mea-
surement networks, observational inhomogeneities, and the effects of aerosols (e.g., Myhre et al., 2018).
Despite this uncertainty in the historical record, global precipitation is expected to increase in the future
as climate change progresses (Held & Soden, 2006; Laîné et al., 2014) according to global climate model
(GCM) projections. Observations and climate models also show that climate change increases precipitation
variability across time scales (Pendergrass et al., 2017). In general, wet areas will become wetter and dry
areas do expand over oceans (Dore, 2005; Knutti & Sedláček, 2013), though deviations from this paradigm
are expected over land (Byrne & O'Gorman, 2015; Greve et al., 2014). Extreme precipitation tends to increase
more uniformly (Kharin et al., 2013) and has already intensified over most Northern Hemisphere land areas
(Min et al., 2011). The simplest explanation for extreme precipitation changes is that they are related to the
exponential increase of saturation vapor pressure with increasing air temperature (Trenberth et al., 2003)

©2019. American Geophysical Union.
All Rights Reserved.

COMMENTARY
10.1029/2018GL081529

Key Points:
• New findings by Thackeray et al.

(2018) show compensating effects
betweenmodeled climate changes in
extreme and nonextreme
precipitation

• These findings might help to
constrain climate change projections
of the Earth's hydrologic cycle

Correspondence to:
A. F. Prein,
prein@ucar.edu

Citation:
Prein, A. F., & Pendergrass, A. G.
(2019). Can we constrain uncertainty in
hydrologic cycle projections?
Geophysical Research Letters, 46,
3911–3916. https://doi.org/10.1029/
2018GL081529

Received 30 NOV 2018
Accepted 24 MAR 2019
Accepted article online 1 APR 2019
Published online 9 APR 2019

PREIN AND PENDERGRASS 3911

https://orcid.org/0000-0001-6250-179X
https://orcid.org/0000-0003-2542-1461
https://doi.org/10.1029/2018GL079698
https://doi.org/10.1029/2018GL079698
http://dx.doi.org/10.1029/2018GL081529
http://dx.doi.org/10.1029/2018GL081529
mailto:prein@ucar.edu
https://doi.org/10.1029/2018GL081529
https://doi.org/10.1029/2018GL081529
http://publications.agu.org/journals/


that is closely followed by observed increases in atmospheric water vapor (Willett et al., 2007). In general,
changes are amplified under higher‐emission scenarios. However, substantial uncertainties in future climate
projections remain; for instance, the hydrologic sensitivity, which is the normalized global precipitation
change per degree of warming, has a range of 1% to 3% across the most recently completed generation of
GCM projections (Kharin et al., 2013).

The exact reason for this large spread is not understood, but could be related to different assumptions about
how to represent atmospheric processes in GCMs (e.g., Richardson et al., 2018), including numerical discre-
tization of dynamics (e.g., Chen et al., 1997), precipitation efficiency (Mauritsen & Stevens, 2015; Webb et al.,
2015), and also parameterizations of convection (e.g., Déqué et al., 2007), radiative, and turbulent heat fluxes.
Besides differing assumptions, GCMs have common errors and typically simulate low‐intensity precipitation
too frequently (Trenberth et al., 2017). Hawkins and Sutton (2011) diagnose the sources of uncertainty in
future projections due to models, emissions scenarios, and internal variability (though they neglect effects
from increasing internal variability of precipitation). They show that until the mid‐21st century, internal cli-
mate variability is the dominant source of projected precipitation uncertainty at the global scale. Thereafter,
model uncertainty becomes dominant. But on regional scales, internal variability will continue to dominate
even at the end of the 21st century. Emissions scenario uncertainty is small in comparison, except in polar
regions toward the end of the 21st century. Uncertainty in projections of precipitation with climate change
could be significantly decreased by reducing climate model biases if climate change signals are robustly
related to these biases through physical mechanisms (Caldwell et al., 2018). Recent studies indicate that such
a relationship exists at least on regional‐scales (e.g., Gobiet et al., 2015; Ivanov et al., 2018), though more
work is needed to better establish robustness and understand the mechanisms of this relationship.

Thackeray et al. (2018) reveal a new dimension of how precipitation change differs among climate models.
They show that GCMs from the CMIP5 ensemble (Taylor et al., 2012) simulating a large increase in extreme
precipitation also simulate a decrease or smaller increase in light and moderate precipitation events (see
Figure 3 in their paper). This compensation can be understood as a manifestation of global energy con-
straints, as follows (Figure 1). Extreme events with large precipitation amounts release correspondingly large
amounts of latent heat. This should result in increased potential temperature aloft which is communicated
by dynamical adjustments (Flannaghan et al., 2014; Sobel et al., 2002) throughout the tropics (where most of
the intermodel spread in extreme precipitation occurs). This increased stability suppresses the development
of weaker precipitating storms both near and far—much, though not all, of which is in the tropics and sub-
tropics (Figure 3d of Thackeray et al., 2018).

The strong relationship between projected changes in extreme and nonextreme precipitation events could be
used to constrain GCM simulations using observational estimates and theoretical approaches, which has the
potential to reduce uncertainties in future precipitation projections. Revisiting these results with the upcom-
ing CMIP6 set of GCM simulations will provide a test of their robustness. Key for constraining GCM simula-
tions is to understand the mechanisms responsible for the relationship between extreme and nonextreme
precipitation changes. Thackeray et al. (2018) identify the horizontal grid spacing of GCMs as one compo-
nent, with higher resolution GCMs projecting stronger increases in extreme precipitation. While their focus
is on differences in resolution across a multimodel ensemble, the result raises the question of whether
convergence could be achieved by systematically increasing model resolution within each GCM. The new
HighResMIP simulations (Haarsma et al., 2016) in the CMIP6 experiment with target horizontal grid
spacings of 25–50 km could provide such insights.

Model physics are another likely contributor to variations in weak versus extreme precipitation change. In
particular, cumulus parameterizations and their interactions with microphysics have been shown to intro-
duce model biases and uncertainties in simulated precipitation (Bony & Dufresne, 2005; Mooney et al., 2017;
Zhao et al., 2016). To understand the effects of convective parameterization on the global hydrologic cycle
would require targeted and systematic sensitivity tests. Another potential path to reduce parameterization
uncertainties is by using high‐resolution models that explicitly simulate key processes. At kilometer‐scale
grid spacings, atmospheric models start to explicitly simulate deep convection, which results in a significant
improvement in capturing the frequency, intensity, and amount of precipitation (Prein et al., 2015). In par-
ticular, extreme precipitation associated with organized convection, such as mesoscale convective systems,
is much more accurately captured at higher resolution (Ban et al., 2014; Kendon et al., 2017; Prein et al.,
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2017). While most of these simulations so‐called convection‐permitting simulations were performed over
northern midlatitudes, initial results over the tropics also show very promising results in improving long‐
standing model biases associated with a too weak Hadley cell circulation (Hart et al., 2018) or
misrepresented tropical wind patterns (Klocke et al., 2017). Although running convection‐permitting
models over long periods is challenging due to computational constraints, they can be used for targeted
experiments, for example, time‐slice experiments, which could help to better constrain state‐of‐the‐art
GCM predictions and projections. Examples for such applications exist for regional climate analyses (e.g.,
Ban et al., 2015; Junk et al., 2014). Experimental intercomparing projects with global convection‐
permitting models are already underway, for example, in the DYnamics of the Atmospheric general
circulation Modeled On Non‐hydrostatic Domains project (DYAMOND, 2019; https://www.esiwace.eu/
services/dyamond). The ultimate goal is to simultaneously simulate deep convection explicitly while also
accounting for global energetic constraints; this will be possible with global‐scale convection‐permitting
simulations. Initial work on global‐scale convection‐permitting modeling shows promising results that
this goal is achievable (Fuhrer et al., 2018; Satoh et al., 2008; Schwitalla et al., 2018). These simulations
will be much more computationally intensive than GCM simulations, and coupling them to other Earth
system processes is farther from the horizon, but nonetheless, they can be leveraged to inform our use
of GCMs.

In summary, Thackeray et al. (2018) provide novel insights into how the hydrologic cycle responds to climate
change, which have the potential to reduce uncertainties in future climate projections. Such a reduction in
uncertainty would be particularly valuable if it could be extended to precipitation extremes, which can drive
flooding and droughts. A socially relevant question is whether the findings of Thackeray et al. (2018) extend
over land; another is what their implications for midlatitudes are. Their results indicate that uncertainties
might be constrainable in subtropical storm track and atmospheric river corridors. Yet, no clear signal is
found in areas with high tropical cyclone frequency, though this might be related to the poor representation
of tropical cyclones in these GCMs (Walsh et al., 2007; Zhao et al., 2009).

Constraining uncertainties in the Earth's hydrologic sensitivity is a key to advancing modeling of the hydro-
logic cycle in a changing climate. Deriving observational constraints for the Earth's hydrologic sensitivity is
challenging since we lack homogeneous long‐term records of precipitation observations with global cover-
age that are accurate across the full range of precipitation intensities, from light to extreme (Berg et al.,
2010). Current best estimates of historic (1979–2015) global average precipitation trends show no significant
changes (Adler et al., 2017) despite ~0.6 °C warming during this period (Intergovernmental Panel on

Figure 1. A schematic of potential tropical precipitation responses to climate change. The top panel shows nonextreme (light blue rain shafts) and extreme (dark
blue rain shafts) tropical precipitation under current conditions. The bottom panels show two possible outcomes of future climate change. In one, where
tropical extreme precipitation increases modestly and nonextreme precipitation increases more (lower left); in the other, extreme precipitation rapidly increases at
the cost of nonextreme events, which slightly decrease (lower right). A potential mechanism is that when extreme storms increase faster, they release more
latent heat, which increases stability across the tropical middle to upper troposphere by dynamical adjustment, reducing the probability and/or intensity of non-
extreme precipitation storm development.
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Climate Change, 2013). The following points summarize key challenges and promising pathways that have
the potential to advance research in this area.

1. Observational data sets that accurately capture precipitation frequency and intensity for both light
through heavy precipitation, with global coverage over as long a period as possible are necessary for
establishing the global distribution of precipitation but are not available from the current fleet of space-
borne radars and products based on them.

2. While observed long‐term global precipitation trend estimates are uncertain, the effects of natural cli-
mate variability on global precipitation can be observed more accurately (e.g., Adler et al., 2017) espe-
cially during recent decades. Global precipitation rates increase by ~9% per degree warming during El
Niño years and decreased by ~8% per degree cooling after major volcanic eruptions (El Chichon, 1982
and Pinatubo, 1991). Understanding why these rates are so different from the impacts of long‐term cli-
mate change is essential and could help to better constrain hydrologic sensitivities in climate models.
Previous studies showed that climate models tend to underestimate the observed precipitation reduction
after volcanic eruptions (Gillett et al., 2004; Hegerl & Solomon, 2009) and have a poor representation of
El Niño–Southern Oscillation‐related precipitation patterns (Bellenger et al., 2014).

3. Thackeray et al. (2018) highlight model resolution as one component that impacts future changes in
weak and heavy precipitation. Future studies should investigate the contribution of other model compo-
nents such as model physics on future precipitation changes. Especially, better understanding the rela-
tionship between current model biases and future precipitation projections is important.
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