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Abstract

Purpose of review: Different types of methods give very conflicting impressions about whether
water will become scarcer on land as Earth warms, and in what sense(s). Here I examine how
environmental records from past climate changes can be used to clarify the interpretation of these
confusing results.

Recent findings: Evidence from the last ice age and the historical era agrees that CO2-driven
warming causes a runoff response dominated by regional signals of varying sign, and a
vegetation response dominated by greening. This result supports comprehensive Earth system
model output, while casting doubt on the interpretation of temperature-driven indices that project
widespread "drying" with warming. In contrast, evidence from pre-Quaternary warm climates
points to exotic features such as wet subtropics and extremely polar-amplified warming which
are not found in model simulations, suggesting unknown forcings and/or feedbacks.

Summary: The terrestrial eco-hydrologic response to CO2-driven warming in the recent past is
consistent with comprehensive models, and not with drought indices. However, in the deeper

past it is consistent with neither.



1. Introduction

Fresh water at Earth's surface is required for all terrestrial life, including human
civilization. Terrestrial plants, many of which humans depend upon, need to take up water from
the soil in order to replenish the large amount of water they lose to the air (transpiration) when
they open their leaf stomata to ingest CO» for photosynthesis. (Their additional requirement of
water for the photosynthesis reaction itself is usually far smaller.) Also, humans directly need
river and groundwater flow (water resources or runoff; equal to precipitation minus
evapotranspiration on climate time-scales) for irrigation, industry and household use and for the
maintenance of freshwater ecosystems.

Because these services are so essential to us, we call it a drought when they can no longer
be sustained. Meteorological drought occurs when regional precipitation falls below normal for
a few months or longer. If this results in low soil moisture, constraining plant transpiration (and
thus photosynthesis), it is called agricultural drought. If it further leads to low streamflow or
groundwater recharge, it is termed Aydrological drought [1,2].

Yet agricultural and hydrological drought can also be amplified by high temperatures,
sunny conditions and/or dry air, because these increase the evaporation and transpiration rates for
a given surface state (or, equivalently, decrease the stomatal conductance and photosynthesis
possible given an evapotranspiration rate.) Thus, while some common drought indices (e.g.
standardized precipitation index [SPI]; rainfall deciles) depend on precipitation alone, many
others (e.g. Palmer drought severity index [PDSI]; standardized precipitation-evaporation index
[SPEI]) also depend on temperature, radiation and/or humidity, usually through the construct of
potential evapo(transpi)ration (PE, PET, E,, ET,, Eo, ETo, or similar.) Likewise, the overall

aridity of a climate is often quantified using the ratio of precipitation to PE (the aridity index or



Al rather than precipitation alone, because the aridity index is much better related to vegetation
and runoff production patterns [e.g. 3-5].

Thus, when these metrics are applied to historical and future climate model output, in
which temperature strongly increases but precipitation has little systematic trend, they obtain
apparent widespread and large increases in droughts [6,7] and aridity [5,8¢,9,10], unless a
temperature-independent formulation of PE is used [11¢°,12]. These dryness-metric responses
strongly resemble the models' direct projections of topsoil moisture [e.g. 13+¢] and surface-layer
relative humidity [e.g. 14], suggesting they have some physical relevance.

Yet, the same models' direct projections of photosynthesis and runoff, which are the main
human motivations for defining drought/aridity (and for considering soil moisture) as discussed
above, are much less dire-looking [15¢¢,16°]: photosynthesis is projected to increase nearly
everywhere [17¢¢,18¢], while runoff change broadly resembles precipitation change, with regions
of increase and decrease but little systematic trend outside the high latitudes [e.g.
11ee,13¢18+,19]. Deeper-layer soil moisture, most relevant for plants, also shows little
systematic change [20+¢]. Thus, drought indices do not resemble key drought impacts in climate
model projections. Figs. 1 and Al of [17¢¢] summarize these contrasts.

For photosynthesis, the divergence from drought/aridity indices is clearly due to the
modeled direct effects of CO; on the plant water and carbon balance: higher ambient [CO>]
permits more CO; uptake for a given stomatal opening, counteracting the negative effects of
warming-forced stomatal closure captured by the indices [21]. Indeed, the large increases in
photosynthesis vanish in simulations that turn off CO; effects [22,23]. For runoff, the modeled
divergence from drought/aridity indices may be caused by a mix of CO; effects on stomata [e.g.

12,15¢2,16°¢], strong effects of vapor pressure deficit on stomata [e.g. 24++], more intense rain



events that increase the runoff fraction [13<¢], and/or a possible lack of real temperature
dependence of PE [11e¢].

However, it is not immediately clear which of the two projection types to trust: the
dryness indices may not account for all of the above processes, but they have been used
extensively and successfully for applications. By the same token, the complex land schemes that
produce the direct projections do not account for nutrient constraints or for drought-induced
plant mortality, both of which inhibit COz's photosynthesis benefits [e.g. 25¢,26,27]; and they
often have trouble simulating runoff reasonably [e.g. 28,29].

This presents a major dilemma of interpretation [30]: will future vegetation and runoff
changes resemble their direct land-model projections, or will they more resemble the climate-
based drought and aridity indices that are successfully used to understand their present
variability? The question may be approached theoretically, but one potentially effective strategy
is to just examine the responses to CO2-driven global temperature changes that have already
occurred. Here we review the evidence for global vegetation, runoff and hydroclimatic
responses to three such changes: the historical anthropogenic warming, the warming from the
Last Glacial Maximum (LGM) to the preindustrial Holocene, and finally the deeper-time
warming between our present, cold Quaternary period and the warmer Pliocene epoch that
preceded it.

2. Historical-period evidence

The world has warmed by about 1 K over the past century (mostly over the more recent
decades) and almost all of this warming is due to CO> and other greenhouse gases, offset to some
degree by aerosol-driven cooling [e.g. 31]. Thus, the recent warming is potentially a relevant

test case for the above question. However, large regional trends in vegetation, runoff and



hydroclimate over this short of a period can also be caused by unforced, internal precipitation
variability [32] and by direct human changes to land cover and land use. So, it is most useful to
focus on the planetary-scale character of historical changes.

Dai and Zhao [33++] have globally mapped the trends in PDSI from 1950-2012, using
precipitation from the US Climate Prediction Center (CPC) and the Global Precipitation
Climatology Project (GPCP), and PE computed from Climatic Research Unit (CRU) atmospheric
data. Similar to the future simulations, PDSI has significantly declined (i.e. become "drier") over
very widespread areas, but has significantly increased only in a few smaller areas. This is
especially so over the Old World continents, but is also noticeable over the Americas. As a
result, global-mean PDSI has also significantly declined. This is shown to be mostly due to the
effect of warming on PE (as in the simulations), and it is especially strong after 1979.

Independently, Huang et al. [9¢] mapped the trends in the aridity index from 1948-2005,
using precipitation from the CPC only, and PE computed by Feng and Fu [2013] from a mix of
CPC and Global Land Data Assimilation System (GLDAS) data. The aridity index has also
tended toward lower, drier values, though not as ubiquitously as the PDSI (particularly in the
Americas.) Still, the global-mean aridity index has significantly declined (especially since
1979). Feng and Fu [2013] showed that this global Al decline is mostly due to precipitation
(unlike for PDSI), and that it is much stronger than the Al decline simulated by the models over
the same period.

Yet, there is no evidence of any global-scale tendency toward runoff decline
(hydrological drought.) Dai and Zhao [33+¢] have also mapped water-year 1950-2012 runoff
trends across almost all of Earth's land, using a large compilation of stream gauge data. The

spatial pattern is similar to the PDSI trend spatial pattern (likely since both are driven by the



precipitation trend spatial pattern). However, the global balance is much less negative than for
PDSI or Al, with large areas of both increasing and decreasing runoff in the Old World, and
increasing runoff dominating in the Americas. Of the largest 200 rivers in the dataset, 29 have
declined significantly, 26 have increased significantly, and 145 have insignificant trends [34].
Similarly, Milliman et al. [35] found that there was no systematic global runoff trend from 1951-
2000, except for anthropogenic alterations to certain mid-latitude rivers. All of this qualitatively
resembles the model direct runoff simulations, rather than the drought and aridity indices.

For vegetation, the contrast with the drought and aridity indices is even stronger: most
global estimates obtain widespread increases, rather than declines. Using three different satellite
datasets, Zhu et al. [36+¢] found that since 1982 leaf area declined significantly over less than 4%
of global vegetated land, while it increased significantly over 25-50% of global vegetated land.
(They infer that only 4% of the increase was due to land-use change; rather most of it was due to
CO; and climate change.) The leaf area corresponding to a given annual precipitation amount
has also increased, over a wide range of dry climates [21]. The strong increase in seasonality of
global CO; levels since 1974, driven by more productive growing seasons, independently
constrains the global photosynthesis trend to be large and positive [37¢]. Similarly, the ice-core
history of carbonyl sulfide (for which photosynthesis is the main sink) since 1900 can only be
explained by a large increase in global photosynthesis [38]. It is often highlighted that there has
been no significant change in Canadian boreal forest productivity since 1950 [39], but this still
strongly contrasts with what one might have inferred from the extremely negative PDSI trends
[33<¢] and Al trends [9¢] occurring in this region. In fact, Zhu et al. [36+¢] did not find robust

leaf area trends in Canada either; rather, their positive global signal comes from other regions.



Thus, for the historical period, evidence strongly suggests that global vegetation and
water-resource generation have qualitatively followed their (more optimistic) direct climate-
model projections, rather than the (more pessimistic) implications of the drought and aridity
indices.

3. Glacial-interglacial evidence

During the Quaternary period, globally-warm interglacial stages and globally-cool glacial
stages have followed each other, ultimately driven by changes in Earth's orbit that affect the
viability of large, reflective boreal ice sheets [e.g. 40.] However, much of the global temperature
change between each glacial and interglacial was likely accomplished by known changes in CO2
and other greenhouse gases, particularly away from the immediate vicinity of the ice sheets [e.g.
41]. Thus, known glacial-interglacial differences in climate, vegetation, and hydrology could
also be used to test the questions in section 1. The contrast between the Last Glacial Maximum
or LGM (~21000 years ago) and the pre-industrial era makes a particularly powerful test case
due to the wealth of data, the very large temperature and CO; signals, and the almost total lack of
contamination by precessional hydroclimate forcing or by abrupt climate change [17++,42].
However, relatively few studies have explicitly examined global vegetation and runoff patterns
at the LGM.

For vegetation, Prentice et al. [43] (building on extensive previous work) used a global
LGM pollen and plant macrofossil database to show that global natural forest cover is much
more extensive today than it was during the LGM, despite the warmer temperatures - and that
LGM vegetation was much more open, sparse and unproductive. Critically, they found that a
standard plant model which successfully reproduces preindustrial vegetation can only reproduce

this LGM sparseness (given LGM climate estimates) if the direct effects of low CO2 (180 ppm at



the LGM) on the plants' carbon and water balance are included. Without direct CO, effects, the
predicted LGM vegetation is much too green, forested and productive compared to data. Thus,

global plant fossil data confirm a CO,-driven greening under glacial-to-interglacial greenhouse

warming, rather than an aridity-driven loss of production.

Scheff et al. [17+¢] added to this analysis by explicitly mapping the present-to-LGM
vegetation-greenness contrast for each site in the above fossil database, enabling direct
comparison between the actual present-to-LGM changes in vegetation and the model-projected
present-to-LGM contrasts in variables such as photosynthesis, PDSI and Al. They found that the
model projections strongly resemble those for the future, with much higher photosynthesis
simulated in the preindustrial than the LGM (see also [18¢]), but generally lower (drier) PDSI
and Al in the preindustrial than the LGM, especially outside of the high latitudes. The plant
fossil data again confirm a widespread greening, resembling the photosynthesis projections but
not at all resembling the PDSI or Al projections. Very large regions have projections of PDSI
and Al drying from LGM to preindustrial, but data showing vegetation greening.

For LGM-present runoff contrasts, the most comprehensive dataset is the global closed-
basin lake area compilation of Harrison and Bartlein [44], figure 14.8e. (Steady-state lake water
balance requires that the area of an endorheic or closed-basin lake is proportional to the total
runoff input to the lake from the surrounding basin.) In this dataset, declines in runoff (from
LGM to preindustrial) are stronger and more widespread than increases, perhaps suggesting that
the Al and PDSI drying result is actually relevant for runoff change in this case. However, past
lake highstands are by nature much more geologically visible than past lake lowstands, biasing
any such compilation towards a forward drying trend [S. Harrison, pers. comm, 2015.] Indeed,

almost all of the individual sites in this compilation seem consistent with the local direct climate
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model projections of LGM-present runoff contrast, qualitatively validating the land models'
ability to project runoff [17+¢]. The more focused compilation of Putnam and Broecker [45]
similarly emphasized the regional nature of the large LGM lakes (and assumed a drier LGM
tropical belt to balance), rather than suggesting a global tendency towards more or less water
resource availability. Again, this is consistent with the LGM direct runoff simulations.

4. Neogene (deeper-time) evidence

Even Quaternary interglacials, such as our current Holocene, are quite cold and icy
compared to most of Earth's recent history [46]. In fact, most of the Cretaceous, Paleogene and
Neogene periods (145 to 2.6 million years ago) were much warmer than today, with high-latitude
forests reaching further poleward, and much-reduced (or absent) polar ice [47]. The reasons for
this warmth are not completely clear, but geologic proxies suggest that CO2 was higher - at times
much higher - than preindustrial [42]. In the Pliocene (~5-3 million years ago) epoch of the
Neogene, for which there is a particular wealth of data, CO> was likely about 400 parts per
million [48], and the planet was several degrees warmer than preindustrial, particularly in the
subtropics and extratropics [49,50].

Yet, the evidence for Pliocene terrestrial ecology and hydrology does not at all resemble
future model projections, whether direct or drought-index-based: the subtropics and dry parts of
the midlatitudes of both hemispheres were apparently much wetter than today, on the basis of
both vegetation and runoff proxies [51-54,55¢+¢]. 400 ppm of CO> hardly seems large enough to
cause such a greening by direct effects on vegetation alone [55¢¢], and the runoff increases are
recorded in the very regions where climate models project future runoff to decline. Much of the
Mediterranean basin even supported laurel-leaved forests during this time [56], which are

specifically adapted to high, year-round rainfall.
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Two immediate causes have been invoked to explain this surprising pattern. It was
recognized early on [52,54] that the "permanent El Nifio" tropical Pacific state reconstructed for
the Pliocene [57] would contract and extend the subtropical jets and storm tracks, wetting parts
of the subtropics by the same mechanism that a transient El Nifio event does today. More
recently, Burls and Fedorov [49,55¢¢] showed that coupled climate models can reproduce neither
the Pliocene's wet subtropics nor its strongly polar-amplified, tropically-damped warming
structure. However, when this observed warming structure is imposed as a lower boundary
condition, models succeed in simulating strong subtropical wetting, as the Hadley cells
dramatically weaken.

Thus, whatever unknown factor(s) explain the Pliocene warming's extreme latitudinal
dependence, and its El Nifio-like pattern in the tropical Pacific, also dynamically explain the
large divergence of Pliocene hydrology from projected future hydrology. Speculatively, these
factors may include missing warm-pool negative longwave feedbacks from convective
organization [58], much weaker high-latitude negative cloud phase feedbacks than modeled [59],
vegetation-dust-cloud feedbacks [60+], or possibly chemistry-climate feedbacks [61]. However,
they also may simply reflect totally unknown forcings or boundary conditions that were active in
the Pliocene but are not a factor in future warming. Thus, it is hard to say whether future
warming will produce Pliocene-like hydrologic and temperature responses. (Indeed, the
historical evidence reviewed in section 2, and the more uniform observed structure of warming
so far, would argue against it.) However, the Pliocene greenhouse reminds us that dynamical
hydroclimate surprises could still await us in the future, defying both the dryness-index-based
projections and the land-scheme-based projections of drought and aridity impacts.

5. Synthesis and caveats
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Thus, despite the strong global trend toward droughts and aridity projected under future
CO»-linked warming using climate-based indices, past CO»-linked warming has not caused any
major global increase in the main drought and aridity impacts (i.e. vegetation and runoff
decline.) Instead it has tended to cause changes in the opposite, positive sense (Table 1),
particularly for vegetation.

For the historical warming and the glacial-interglacial warming, this is because the direct
climate-model projections of vegetation and runoff impacts are actually much more positive (or
less negative) than the drought/aridity index changes, and the actual vegetation and runoff
changes were far more like the direct projections than like the indices. For the interglacial-to-
Pliocene warming, however, the actual vegetation and (especially) runoff changes did not
resemble either type of projection, instead featuring strong dynamically-driven subtropical
wetting and greening with just a modest CO; increase. Thus, we understand the drought-impact
changes due to CO> and warming in the more recent past, but key feedbacks or forcings must
still be missing from our understanding of the changes that accompanied deeper-time warming.
In any case, all of this evidence suggests that future projections of index-based trends toward
drought and aridity are unlikely to be relevant to future changes in runoff and vegetation
production, which are the primary drought impacts.

One might ask whether the index-based drought projections are still important for other
impacts. Indeed, one major drought impact that does not stem from either runoff declines or
photosynthetic declines is fire. Drought instead encourages fire via its negative effects on
vegetation liquid water content or fuel moisture, which normally inhibits fire by evaporatively
cooling the vegetation when it is heated by flames or lightning. To the extent that fuel moisture

responds to climate change in a similar manner to topsoil moisture (which in turn responds much
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like the drought indices, as discussed in the Introduction), the index-based global drying
projections may in fact be relevant for global fire and flammability trends.

Speculatively, this seems particularly likely for dead fuels, whose insides are more
exposed to the air. Live fuels may not dry out in this way because they are hydraulically
connected to the deeper soil, which is not projected to systematically dry [20+¢], and because
they have working stomata that can conserve water in response to increasing CO; and vapor
pressure deficit. However, if live fuels' moisture content is still affected by atmospheric
conditions to some extent, the drought index trends may be relevant for live fuels as well. In any
case, there is clearly a need for physical, explicit modeling of fuel moisture under greenhouse
climate change, rather than the empirical approaches that currently prevail [62].

In addition to all of this, CO2-driven increases in vegetation productivity would
presumably increase the total amount of fuel to burn, even as that fuel becomes drier. Thus, CO>
greenhouse warming could actually be an ideal forcing for more frequent and intense fires, even
as it does not systematically affect runoff. Indeed, Harrison and Bartlein [44] also compiled the
global LGM charcoal flux records (their Fig. 14.8d), and found that the warm preindustrial had
significantly higher charcoal deposition than the cold LGM at a large majority of their sites
(though this contrast could also be due to the large increase in agricultural and ecological
burning by humans from the LGM to the preindustrial, rather than climate or CO2.)

Another important drought impact that does not simply follow from runoff or
photosynthesis is the increase in surface sensible heat flux at the expense of latent heat flux [i.e.
the decline in evaporative fraction, or increase in Bowen ratio], which causes warming and an
increase in temperature variability [63] with societal impacts. However, the climate models

project little systematic trend in evaporative fraction or Bowen ratio, even as they project strong
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index-based drying [8¢]. Thus, this also may be a drought impact for which the drought indices
are not relevant under CO»-driven climate change. Reasons could include the above-mentioned
coupling of transpiring plants to the non-drying deeper soil rather than to the drying topsoil, as
well as the direct positive temperature effect on the evaporative fraction from basic
thermodynamics [64]. Even more fundamentally, the evaporative fraction is determined by the
actual evaporation flux and by the radiative energy supply to the surface, neither of which is
projected to systematically change much [15¢,19].

Finally, a reminder is needed that the large model-projected increases in photosynthesis
may fail to verify in some locations in the near term, due to processes like nutrient limitation
[252,26] and mortality [27,65]. Paleo-increases in atmospheric CO; were much slower than
future increases, giving ecosystems more time to take advantage of them, and recent historical
increases were more modest than anticipated future increases, decreasing the potential role of
nutrient constraints. The above caveat is particularly relevant for crops, which are usually highly
nutrient- (or even light-) limited, grown as monocultures, and very negatively sensitive to
warming itself, independent of any water or CO; effects [66,67¢]. However, the higher CO>
should still usually enable plants to lose less water to transpiration for the same amount of
photosynthesis [68¢], counteracting the opposite tendency from warming that is reflected in the
drought/aridity indices. Thus the index-based drying should still be treated with skepticism for
crops, even as the model projections of large productivity increases should also be treated with
skepticism. Also, to the extent that the models overestimate greening for any region (crop or
non-crop), they must also underestimate the runoff increase for that region under the same local

climate projection, since greening increases transpiration and thus decreases runoff for a given
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precipitation amount [15¢¢,172,69¢]. This would cause the runoff responses to match the
dryness indices even more poorly than they already do.
6. Conclusion

Several commonly used temperature-sensitive drought and aridity indices, when applied
to future climate model output, warn us of widespread global drying trends to come. However,
drought and aridity affect society mainly through negative impacts on photosynthesis and on
runoff production - and the same climate models project photosynthesis to broadly increase, and
runoff to not systematically change outside of the high latitudes. This leads to a quandary of
interpretation: should we believe the index projections, or the impact projections?

Here I address this question by reviewing the evidence from three past cases in which
global warming and CO» increase were accompanied by well-known global vegetation and
runoff changes: the historical warming over the last decades to century, the warming from the
Last Glacial Maximum to the pre-industrial, and the warming between the pre-industrial and the
greenhouse Pliocene (5-3 million years ago.)

In each case, the observational literature implies that vegetation indeed became broadly
greener, and runoff did not systematically decline. In the historical and glacial-interglacial cases,
these responses were in general agreement with direct climate-model projections, but did not
usually resemble the concurrent, drying-dominated changes in the drought and aridity indices. In
the Pliocene case, the responses did not resemble either type of projection: rather, the subtropics
became much wetter with warming in every sense, likely due to the dynamical effects of the very
extreme (and unpredicted) spatial pattern of the warming. In short, past CO»-linked warming has
not been accompanied by the drought impacts one might expect given the familiar drought and

aridity index projections.
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Therefore, we should be skeptical of the tacit assumption that future trends toward index-
based drought and aridity will actually be accompanied by systematic negative impacts to
vegetation and water resources. However, other negative impacts of dryness, especially to fuel
moisture and fire, may still loom large - and positive impacts to vegetation may also fail to
materialize in some settings (in crops, especially.) More physically-based modeling and long-
term observation are clearly needed to better understand all of these potential responses.
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