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Abstract Hydrologic intensity is often quantified using precipitation without directly incorporating
atmospheric water demand. We develop a hydrologic intensity index called the surplus deficit intensity
(SDI) index that accounts for variation in supply and demand. SDI is the standardized sum of standardized
surplus intensity (mean of daily surplus when supply > demand) and deficit time (mean of consecutive days
when demand > supply). Using an observational ensemble of global daily precipitation and atmospheric
water demand during 1979–2017, we document widespread hydrologic intensification (SDI; +0.11 z‐score
per decade) driven primarily by increased surplus intensity. Using a climate model ensemble of the United
States, hydrologic intensification is projected for the mid‐21st century (+0.86 in z‐score compared to
1971–2000), producing greater apparent intensification when compared to an index that does not explicitly
incorporate demand. While incorporating demand had a minor effect on observed hydrologic
intensification, it doubles hydrological intensification for the mid‐21st century.

Plain Language Summary Increasing air temperatures have resulted in an intensification, or
acceleration, of the terrestrial hydrologic cycle, which is defined as an increase of the water fluxes
(precipitation and evapotranspiration) between the surface and the atmosphere. Efforts to quantify
hydrologic intensification have traditionally only considered “supply” variables such as precipitation rates
without considering “demand” that varies over space and time. For this work we develop a method to
quantify hydrologic intensification using supply and demand. This approach shows widespread hydrologic
intensification from 1979–2017 across much of the global land surface, which is expected to continue into
the future. We additionally compare this new method to a previously developed method that uses only
supply without explicitly incorporating demand. Incorporating demand results in a notable hydrologic
intensification compared to methods that only use supply or a simplified representation of supply and
demand. This work suggests that demand needs to be considered when quantifying
hydrologic intensification.

1. Introduction

Climate change is expected to intensify, or accelerate, the hydrologic cycle, defined as an increase in the
freshwater flux of water between the atmosphere and land/ocean surface. Increased precipitation, and in
particular increased incidence of extreme precipitation, can impair plant function and drive increased runoff
rates, leading to greater flood severity and frequency (Huntington, 2006). At the same time, contempora-
neous increases in evapotranspiration can cause soil moisture deficits to develop more quickly between
precipitation events.

In recent years, substantial effort has been made to develop holistic metrics that quantify the rate of hydro-
logic intensification (e.g., Giorgi et al., 2011; Gloor et al., 2013; Huntington et al., 2018). Using observations,
these metrics suggest that the intensification of the hydrologic cycle is already underway (Barbero et al.,
2017; Westra et al., 2013). These metrics are useful heuristics for understanding how climate change can
impact a range of variables (i.e., precipitation surpluses and drought) that impact natural ecosystems and
socioeconomic systems, often deleteriously. However, most of these existing studies have primarily focused
on supply‐side hydrologic intensification by examining changes in precipitation characteristics (Giorgi et al.,
2011; Gloor et al., 2013; Wu et al., 2013), including the length of dry spells and their resulting effects on other
hydrologic components (Alfieri et al., 2017; Déry et al., 2009; Huntington, 2006). This focus on the “supply”
side of the cycle, while common in the hydrology literature (Fisher et al., 2017), does not account for changes
in atmospheric demand, which has historically increased and is expected to continue to increase under
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climate change (Ficklin & Novick, 2017; Greve & Seneviratne, 2015; Milly & Dunne, 2016; Novick et al.,
2016; Trenberth et al., 2014).

Considering demand when quantifying hydrologic intensification provides a more balanced seasonal, geo-
graphic, and temporally varying view of water fluxes, allowing for a more direct link between intensity
metrics and associated water resources and agricultural impacts. If supply and demand increase in a coordi-
nated fashion and at similar magnitudes, high atmospheric demand or potential evapotranspiration will
accelerate the rate at which excess supply is returned to the atmosphere where surface water is not limiting
(Seneviratne et al., 2010) such that the actual effect on soil moisture and/or streamflow may be relatively
small. On the other hand, increased supply during periods when demand is low can lead to saturated soils,
flooding (Arnell & Gosling, 2016), and crop loss (Lesk et al., 2016). Increased demand without a coincident
change in supply can increase the severity and duration of dry spells, leading to more rapid soil moisture
depletion and a host of ecosystem impacts (Abatzoglou & Williams, 2016; McDowell et al., 2008; Sulman
et al., 2016; Williams et al., 2013). These scenarios would not be well diagnosed by a supply‐only approach
for intensification; intensification metrics that consider temporally and spatially varying demand are more
closely coupled to ecohydrologic conditions at the land surface and how they change over the subannual
timescales at which hydrologic stress evolves and resolves.

While both supply and demand are considered in indices aimed at diagnosing drought (Vicente‐Serrano
et al., 2010), only a few studies have attempted to account for both supply and demand in hydrologic inten-
sification (Feng et al., 2017; Huntington et al., 2018; Vicente‐Serrano et al., 2018); however, these studies
relied on proxies for actual evapotranspiration, as opposed to atmospheric demand. Intensity metrics that
focus on actual evapotranspiration have many practical uses (Huntington et al., 2018) and may be well sui-
ted to capture land‐atmosphere feedbacks emerging from plant response to supply and demand (Berg et al.,
2016; Oishi et al., 2010; Sulman et al., 2016; Tardieu & Simonneau, 1998; Zhang et al., 2015).

Intensity metrics that rely on atmospheric demand using potential evapotranspiration may better represent
the atmosphere's ability to “pull”water from the Earth's surface and are conceptually more closely linked to
drought monitoring frameworks (which incorporate information about potential, but not actual, evapotran-
spiration; Hobbins et al., 2016). Increases in atmospheric demand using observations (Dai, 2011; McAfee,
2013; McCabe & Wolock, 2015; Sheffield et al., 2012) and global climate models (GCMs) have been found
(Cook et al., 2014; Scheff & Frierson, 2014), although methods that account for dynamic vegetation
responses with elevated atmospheric CO2, or only the radiative components, moderate such increases
(Swann, 2018). No studies, to our knowledge, have considered supply and demand at submonthly time scales
in evaluating hydrologic intensification.

This study explores a new hydrological intensity index that uses the magnitude and timing of supply and
demand; specifically, we expand upon a preexisting supply‐only intensity index proposed by Giorgi et al.
(2011) that integrates both precipitation intensity and dry spell length where demand is not explicitly
incorporated and does not change over space and time. Many definitions of hydrologic intensification
exist in the literature; specifically, we are seeking a methodology and definition that better incorporates
the hydrologic cycle balance using supply and demand that varies over space and time. We use this
new index to examine the recent character of hydrologic intensification across global terrestrial surfaces
from 1979–2017 relative to supply‐only indices that do not explicitly incorporate demand. Finally, we
additionally explore these differences using an ensemble of climate model output for the contiguous
United States.

2. Materials and Methods
2.1. Supply and Demand Index

We develop a hydrological intensity index using supply (precipitation or P) and demand (defined using refer-
ence grass evapotranspiration; ETo) that varies over space and time based on the concept of water surplus (P
> ETo) and water deficit (ETo > P) at daily, or equivalent, time scales. It is important to note that we equate
demand with atmospheric demand and not necessarily other aspects of hydrologic demand such as ground-
water or soil moisture demand. The hydrological intensity index, termed the surplus deficit intensity (or SDI)
index, is defined as follows:
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SDI ¼ z SurINTð Þ þ z DTð Þ
std z SurINTð Þ þ z DTð Þð Þ (1)

where std is the standard deviation over the entire time period and z is the standardization of surplus inten-
sity (SurINT) and deficit time (DT). SurINT is defined as the mean surplus (P − ETo) for days when P > ETo
over each time period—here defined as a calendar year, but scalable to other time periods. SurINT represents
the mean daily depth of surplus (P > ETo) for days when P > ETo over each time period. DT is the mean dry
spell length for days when P < ETo over each time period. Before standardization, DT represents the mean
consecutive duration (e.g., in days) when ETo > P. SurINT and DT are standardized (hereafter termed z‐
score) using their respective base period mean and standard deviation (1979–2017 for observational data
and 1971–2000 for the climate model projections) so that the values are centered to have a mean of 0 and
scaled to have a standard deviation of 1. A positive (negative) value then indicates a larger (smaller) value
compared to the baseline time period. This also allows for spatial comparisons, as every grid point is on
the same scale regardless of climate. The use of z‐scores can be somewhat abstract, and therefore, we have
also added the percent change in SurINT (in millimeter surplus) and DT (in deficit days) when first introdu-
cing the results of the new metrics as such measures may be more tangible for understanding impacts.
Percent change values of SDI are not shown because it is by definition a combination of standardized values.

Combining both SurINT and DT captures the intensity of surplus events juxtaposed with the overall time in
water deficit, defined as SDI. This is different than previous approaches that examine changes in hydrocli-
matic variability (e.g., wetter wet years and drier dry years; Seager et al., 2012; Swain et al., 2018). A year
of anomalously high surplus on wet days (P > ETo) juxtaposed with anomalously high deficit duration (days
in a row where ETo > P) would indicate a high SDI (or hydrologically intense) year. As further illustration, a
year of intense flooding might not have high SDI because anomalously high surplus (positive SurINT) may
not be juxtaposed by a long consecutive duration of demand (negative DT). We summarize the daily data at
the annual time step, but other time steps (i.e., standardized seasonal or monthly) can also be assessed.

2.2. Comparison With a Supply‐Only Hydrologic Intensity Index

To understand more clearly the impact of incorporating demand into the SDI, we compare SurINT, DT, and
SDI with an intensity metric similar to that developed by Giorgi et al. (2011) and further discussed in the
hydrologic intensification literature (Giorgi et al., 2014; Huntington et al., 2018). Giorgi et al. (2011) defined
the hydrologic intensity (HYINT_GIORGI) index as follows:

HYINT GIORGI ¼ INT*DSL (2)

where INT is the mean annual precipitation intensity (mm) for days where P > 1 mm and DSL is the mean
number of consecutive days with P < 1 mm for a given year in days. Both DSL and INT are normalized by
their long‐term mean value. A HYINT_GIORGI > 1 indicates a hydrologically intense time period. Giorgi
et al. (2011) use 1 mm to distinguish between wet and dry days. Giorgi et al. (2011) is therefore only con-
cerned about the intensity of P > 1 mm (defined as INT) and the temporal distance between these precipita-
tion events (DSL). While P > 1 mm could simply be interpreted as the threshold for a precipitation event of
sufficient depth to infiltrate soil, it also effectively functions as a static‐in‐time and space minimum atmo-
spheric demand. As an example of using this threshold, we find that globally, on average, terrestrial ETo
exceeds 1 mm 291 days per year for the three ETo data sets used in this work (see section 2.4 for description
of data sets).

Equation (3) below facilitates a direct comparison with SDI, where SurINT and DT are replaced with INT
and DSL as written in equation (1).

HYINT ¼ z INTð Þ þ z DSLð Þ
std z INTð Þ þ z DSLð Þð Þ (3)

2.3. Physical Description and Advancement of the New Metric

Our metrics (SurINT, DT, and SDI) build upon Giorgi et al.'s (2011) definition of HYINT but explicitly incor-
porates temporal variability of atmospheric demand. In this case, the balance of two climatic variables (P and
ETo) are used to quantify hydrologic intensification (see Table S1 in the supporting information). Whether or
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not demand is considered in the calculation of surplus and DT can have a substantial impact on the magni-
tude and direction of hydrological intensification. Our approach explicitly recognizes that, as ETo increases
and the atmosphere becomes more desiccating, precipitation will be stored as soil moisture for a shorter per-
iod of time, and the land surface may experience drier conditions even if precipitation patterns themselves
are stationary. For days when there is a surplus of moisture (P > ETo, herein defined as SurINT), this surplus
can replenish soil moisture, groundwater recharge and potentially result in surface runoff. On the other
hand, on days when P < ETo any precipitation that occurs is insufficient to overcome atmospheric evapora-
tive demand, resulting in a deficit of moisture for plant‐usable water, soil moisture, and groundwater
recharge. As a result, DT is more closely coupled to ecosystem processes than DSL as it reflects the duration
over which plant‐available water might be limiting and soil moisture/groundwater is being depleted.

Complementary to Giorgi et al. (2011), we combine DT and SurINT in the development of a hydrological
intensity index. Climate change is generally projected to result in an increase in intense precipitation with
a corresponding increase in atmospheric demand. SDI is able to capture these changes, while metrics such
as Giorgi et al. (2011) would only be able to assess the changes in intense precipitation events because
demand does not change over time and space. We realize that the comparison between our metrics and
Giorgi et al.'s (2011) metrics is not a one‐to‐one comparison and the definitions of the two metrics may pro-
duce differences in the magnitude of hydrologic intensification.

2.4. Supply and Demand Data Sets

An ensemble of global supply and demand data sets were used to diagnose changes in HYINT during 1979–
2017. We used an ensemble approach for historical assessments of change to better understand the degree to
which changes are robust to structural uncertainty in climate data sets of different provenances, particularly
given the notable uncertainty in precipitation trends from different data sets (Beck et al., 2017). We used four
global precipitation data sets for historical analyses: Multi‐SourceWeighted‐Ensemble Precipitation Version
2 (MSWEP; Beck et al., 2017), National Centers for Environmental Prediction‐National Center for
Atmospheric Research reanalysis (NCEP‐NCAR; Kalnay et al., 1996), Modern‐Era Retrospective Analysis
for Research and Applications, Version 2 (MERRA‐2; Gelaro et al., 2017), and ERA‐Interim reanalysis
(ERA‐I; Dee et al., 2011). For the demand data sets, we used the American Society of Civil Engineers
Penman‐Monteith method for a reference grass surface (ETo; Walter et al., 2000) using daily
maximum/minimum temperature, daily mean specific humidity, wind speed, and downward shortwave
radiation flux inputs from the National Centers for Environmental Prediction‐National Center for
Atmospheric Research reanalysis, Modern‐Era Retrospective Analysis for Research and Applications,
Version 2 reanalysis, and the ERA‐Interim reanalysis. This results in an ensemble of 12 total combinations
of P and ETo data sets, all regridded to a common resolution of ~1.87° after hydrologic intensificationmetrics
were calculated at the native resolution of the original data set. These data sets are described in the support-
ing information. For comparison with Giorgi et al. (2011), we focus on ensemble mean and standard devia-
tion of SurINT, DT, and SDI for each P data set using the three ETo data sets, resulting in four supply and
demand ensemble data sets to be compared with the four P‐only data sets used to calculate INT, DSL, and
HYINT. Figure S1 displays the ensemble averaging for comparison with Giorgi et al. (2011).

For the projected climate analysis, we used an ensemble of 11 GCMs for the contiguous United States
derived from the Coupled Model Intercomparison Project Phase 5 (Taylor et al., 2012), which can be found
in Table S2. Data were considered for two time periods: (a) 1971–2000 for historical forcing and (b) 2041–
2070 for RCP8.5 forcing. GCM output was bilinearly interpolated from their native resolution to a common
1° resolution grid.

2.5. Statistical Analyses

We examine SDI and HYINT metrics for each grid point and their trends during 1979–2017 using the Sen‐
Theil slope estimator (Sen, 1968; Theil, 1992) and the Mann‐Kendall trend test (Kendall, 1975; Mann, 1945)
for trend significance at p < 0.05. It is important to note that the trend estimates should be interpreted with
caution as gridded data sets may be prone to inhomogeneities that can lead to spurious trends (Beck, van
Dijk, et al., 2017; Maidment et al., 2015), thus prompting our analysis of trends using several different data
sets. For the projected climate data, we calculated z‐score differences for the mid‐21st century (2041–2070)
relative to the late twentieth century (1971–2000) for the SDI and HYINT metrics.
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Trends for all supply and demand combinations for the historical time period and projected changes for each
GCM are found in the supporting information. To address the uncertainty of the input data sets, we present
the ensemble mean, ensemble variability, and the fraction of terrestrial area that contains significant
increases and decreases. To capture statistical significance of the trends, we also summarize the ensemble
significance by presenting the number of data sets (12 for SDI and its individual components and 4 for
HYINT and its individual components) that agree on significance for each grid point.

3. Results and Discussion
3.1. Temporal and Spatial Variability in Historic SurINT, DT, and SDI

The ensemble spatial mean of SurINT increased from 1979–2017 by +0.11 z‐score per decade (2.2 % increase
per decade in surplus; Figure S2) for terrestrial surfaces (Figures 1, 2, S2, and S3). The fraction of terrestrial
area with a significant increase ranged from 0.15 to 0.3 compared to <0.1 for areas with a significant decrease
(Figure 2). The largest increases occurred in central South America (0.34 z‐score per decade; 6.7% increase
per decade in surplus; Figure S2) and southern Africa (0.12 z‐score per decade; 7.6% increase per decade
in surplus; Figure S2) with strong ensemble agreement in these regions (Figures 1 and S4). Decreased
SurINT were detected in portions of western North America, Europe, central Africa, and Asia, although
the magnitudes of the declines were relatively small (compared to the areas where SurINT increased).

We find a nominal increase of +0.01 z‐score per decade for DT over terrestrial surfaces (1.12 % increase in
deficit days per decade; Figure S2), with no clear agreement among the ensemble (Figures 1, 2, and S5).
We find nearly equal fractional areas of significant increases and decreases, with an overall ensemble range
of 0.05 to 0.23 for significant increases and 0.08 to 0.18 for significant decreases (Figure 2). The most signifi-
cant and largest agreement of significance was found in central Africa (ensemble mean of 0.14 z‐score per
decade; 3.3% increase per decade in deficit days; Figure S2), western North America (0.19 z‐score per decade;
4.6% increase per decade in deficit days; Figure S2), and throughout Europe and Asia (Figure 1, Figure S5).
The largest decreases in DT occurred in southern (as well as portions of eastern and western) Africa, north-
ern North America, northern South America, and portions of central Asia (Figure 1 and Figure S4–S5).

The confluence of observed trends in ensemble mean SurINT and DT drove an increase ensemble average
increase in SDI with a trend of +0.11 z‐score per decade and an ensemble range of +0.025 to +0.15
(Figures 1, 2, and S6). We also find more fractional area of significant increases (ensemble range 0.8 to
0.28) than significant decreases (<0.10; Figure 2). SDI increased for all continents, but the largest increases
were located where both SurINT and DT increased, namely, central Africa, the western United States, South
America, and central/northern Asia (Figure 1).

3.2. Comparison of Recent Climate Trends With a Supply‐Only Intensity Metric

The surplus metrics (SurINT and INT) showed similar patterns and magnitude of trends, and fractional
areas of significant change for 1979–2017 (Figures 2, S2, and S7–S9). The ensemble spatial average trends
were also similar on the deficit side of the intensity question but with an overall larger area of significant
increases of DT compared to DSL (Figure 2). This result is consistent with steady or decreasing P
(Figure S10) with an overall increase ETo, but also seasonal and geographic changes (Figure S11), resulting
in more P events failing to exceed ETo. Differences in these changes resulted in differences in SDI and
HYINT, with an overall larger increase in SDI (+0.11 z‐score per decade) as compared to HYINT (+0.07 z‐
score per decade).

The spatial patterns between trends in the SDI and HYINT metrics and their components were also similar
(Figure S7) and further indicated by strong Pearson correlations between terrestrial spatial trends in SurINT
and INT (0.92), DT and DSL (0.80), and SDI and HYINT (0.76). Noticeable differences can be found, how-
ever. Trends in SurINT and DT were overall larger than INT and DSL, though the differences were nominal
(Figures S7 and 2). DT for several regions (western United States, central Africa, and much of Asia) were lar-
ger than the trends in DSL, with much of this area having also experienced increasing ETo (Figure S11),
which is not accounted for in the Giorgi et al. (2011) intensity metric. More widespread decreases in DSL
were observed in the Southern Hemisphere, a result that is likely linked to widespread increases in P
and/or decreases in ETo (Figures S10 and S11).
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While the definition of intensification is different, the incorporation of temporally and spatially varying
demand to quantify intensification becomes clearer when considering trends in precipitation and ETo
(Figures S10 and S11; correlations found in Table S3). Specifically, we decompose the relationship between
trends during 1979–2017 in P and ETo into four quadrants corresponding to bivariate increases and
decreases in P and ETo (Figure S12). For the historical climate, we find that larger trends in INT, DSL,
and HYINT compared to SurINT, DT, and SDI are found in quadrants where ETo decreased. More positive
trends for metrics that incorporate demand are found in quadrants where ETo increased (Figure S12). This
indicates that explicitly considering demand that varies will generally lead tomore positive hydrologic inten-
sification trends (r= 0.17 between SDI minus HYINT and ETo trend), consistent with the conceptual scenar-
ios presented in Table S1.

3.3. Comparison of Projected Climate Trends With a Supply‐Only Intensity Metric

For the GCM ensemble, SDI shows stronger and more widespread hydrologic intensification by midcentury
across the continental United States (ensemble mean z‐score of +0.86 with intermodel range of +0.6 to
+1.25) than HYINT (z‐score of +0.47 with intermodel range of +0.1 to +0.95; Figures 2, 3, and S13) as a
result of changes in their individual components (Figures S14–S19). The fraction of area with a significant

Figure 1. Ensemble mean trends in hydrological intensification using indices with supply and demand (surplus intensity
[SurINT], deficit time [DT], and surplus deficit intensity [SDI]) during 1979–2017 expressed in units of z‐score per decade.
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increase for SDI ranged from 0.75 to nearly 1.0, while the fraction ranged from 0.2 to 0.92 for HYINT
(Figure 2). Both metrics had a fraction of area with a significant decrease less than 0.1. Widespread
increases were found in both SurINT and INT (Figures 2, 3, and S13), with an overall larger mean
ensemble z‐score in SurINT (z‐score of +0.79) compared to INT (z‐score of +0.56). Additionally, increases

Figure 2. (a) Area‐weighted global mean trends in hydrologic intensity metrics during 1979–2017, (b) the fraction of area
with significant (p < 0.05) increases, and (c) significant decreases. (d–f) Area‐weighted projected changes for 2041–2070
relative to 1971–2000 period for the contiguous United States. Hydrologic intensity metrics that incorporate supply and
demand include surplus intensity (SurINT), deficit time (DT), and surplus deficit intensity (SDI), while supply and static
demand intensity metrics include precipitation intensity (INT), dry spell length (DSL), and hydrologic intensity (HYINT)
from Giorgi et al. (2011). The filled symbols for panels (a)–(c) indicate combinations of precipitation (P) and reference
evapotranspiration (ETo) from various data sets, while the hollow symbols indicate the supply‐only hydrologic intensity
calculations. For the projected time period, the filled circles indicate an individual global climate model projection for
the supply and demand intensity metric, while the filled triangles indicate an individual global climate model projection
for the supply‐only intensity metric. Black asterisks represent the ensemble mean of supply and demand intensity metrics,
while the grey asterisks represent the ensemble mean of the supply‐only intensity metrics.
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in DT were much larger (ensemble mean z‐score of +0.64) compared to DSL (z‐score of +0.19) and is further
shown by their fraction of significant increase and decrease (Figure 2).

Compared to the historical time period, DT becomes a larger component of hydrologic intensification for the
future time period. This phenomenon is largely explained by increased ETo from temperature‐driven
increases in vapor pressure deficit, which is not accounted for with a static 1‐mm demand term implicit in
the Giorgi et al. (2011) index. As a result, in the future, consecutive days when ETo > P occur more fre-
quently. Our results are consistent with projected future increases in an aridity index assessed on longer
timescales (P/ETo; Scheff & Frierson, 2015), but our study is uniquely focused on the balance of P and
ETo at timescales over which hydrologic stress often evolve and resolve. Despite the clear role of increased
DT in driving the future intensification, it is important to note that SurINT is also projected to increase in
the future. Chou et al. (2013) also support this finding using historical data, showing that the historical
annual range of precipitation has increased where wetter seasons have become wetter and drier seasons
have become drier. Likewise, models generally project increased precipitation intensity along with more

Figure 3. Multimodel mean z‐scores of hydrological intensification using indices with supply and demand (surplus inten-
sity [SurINT], deficit time [DT], and surplus deficit intensity [SDI]) for 2041–2070 from 11 global climate models (see
Table S1). The baseline time period for standardization is 1971–2010.
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days with low precipitation (Polade et al., 2013) that in conjunction with increased ETo would favor hydro-
logic intensification. Finally, land surface feedbacks including increased water use efficiency under elevated
CO2 and changes in leaf area and biomass can be important regulators of how the actual ET rates that drive
the hydrologic cycle forward. Linking our results to these specific mechanisms is beyond the scope of this
paper, though we note that our results reflect these processes as they are represented in the land surface that
inform the CoupledModel Intercomparison Project model projections for future ETo and precipitation (Berg
et al., 2016; Swann, 2018).

These projected changes in intensification are linked to projected changes in P (Figure S20) and ETo
(Figure S21) across the continental United States. Average mean annual P increases of +0.36 z‐score for
the GCM ensemble mean and significant increases in projected ETo of +2.4 z‐score are found, a result also
found in Greve and Seneviratne (2015). Explicit inclusion of a demand component in HYINT metrics that
varies over space and time resulted in a larger increase in intensity in regions where ETo is projected to
increase regardless of projected changes in P (Figure S12). Hydrologic intensification using demand is higher
for nearly every grid point as compared to hydrologic intensification for supply‐only approaches (Figures S12
and S13).

4. Conclusions

We expand upon previous HYINT work of Giorgi et al. (2011) by explicitly incorporating a temporally and
spatially varying demand (ETo) term. Using this new perspective, we find widespread hydrologic intensifica-
tion across global terrestrial surface from 1979–2017 with slightly larger rates of intensification and broader
geographic extent than analogous approaches that consider supply and simplified demand terms. Including
a demand term that varies over space and time shifts the definition of HYINT toward a perspective more clo-
sely linked to ecohydrologic conditions at the land surface and thus provides an informative comparison that
may be useful when considering the impacts of HYINT. Using an ensemble of climate projections of themid‐
21st century, we show that this new perspective results in more notable increases in HYINT across the con-
tinental United States than supply‐only indices. This is in large part due to the widespread increases in ETo,
where larger demand will cause fewer precipitation events to meet the P‐ETo threshold, thereby increasing
the DT.

There is good evidence that the hydrologic cycle has been intensifying, which is leading to an increase in jux-
taposed hydrologic extremes such as droughts or floods (Zolina et al., 2013; Zscheischler et al., 2018), which
is further confirmed by this work. Most often, hydrologic intensification is assessed by quantifying changes
in precipitation without the influence of increasing atmospheric demand. We show that including demand
results in more widespread hydrologic intensification than indicated by previous metrics, especially under
climate change. When considering the consequences of hydrological intensification for human and natural
systems, especially under climate change, the evolution of the balance between supply and demand must
be considered.
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