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Abstract. Climate models project increases in globally av- apparently small changes in net irradiance we also examine
eraged atmospheric specific humidity that are close to theprojections of key surface energy balance terms. In terms of
Clausius—Clapeyron (CC) value of around 7 %whilst global averages, we find that the climate model projections
projections for mean annual global precipitatioR) (and are dominated by changes in only three terms of the surface
evaporation £) are somewhat muted at around 2%  energy balance: (1) an increase in the incoming long-wave
Such global projections are useful summaries but do not pro#rradiance, and the respective responses (2) in outgoing long-
vide guidance at local (grid box) scales where impacts ocwave irradiance and (3) in the evaporative flux, with the latter
cur. To bridge that gap in spatial scale, previous research hashange being much smaller than the former two terms and
shown that the “wet get wetter and dry get drier” relation, mostly restricted to the oceans. The small fraction of the re-
A(P — E)x P — E, follows CC scaling when the projected alised surface forcing that is partitioned infoexplains why
changes are averaged over latitudinal zones. Much of the rethe hydrologic sensitivity (2 % K1) is so much smaller than
search on projected climate impacts has been based on &C scaling (7 % K1). Much public and scientific perception
implicit assumption that this CC relation also holds at local about changes in the water cycle has been based on the no-
(grid box) scales but this has not previously been examinedtion that temperature enhancgs That notion is partly true

In this paper we find that the simple latitudinal average CChut has proved an unfortunate starting point because it has
scaling relation does not hold at local (grid box) scales overled to misleading conclusions about the impacts of climate
either ocean or land. This means that in term®of E, the  change on the water cycle. A better general understanding of
climate models do not project that the “wet get wetter and drythe potential impacts of climate change on water availability
get drier” at the local scales that are relevant for agricultural that are projected by climate models will surely be gained by
ecological and hydrologic impacts. In an attempt to develop astarting with the notion that the greater the enhancement of
simple framework for local-scale analysis we found that the E, the less the surface temperature increase (and vice versa).
climate model output shows a remarkably close relation toThat latter notion is based on the conservation of energy and
the long-standing Budyko framework of catchment hydrol- is an underlying basis of climate model projections.

ogy. We subsequently use the Budyko curve and find that the

local-scale changes i — E projected by climate models

are dominated by changesiwhile the changes in netirra-

diance at the surface due to greenhouse forcing are small and

only play a minor role in changing the mean annfal- E

in the climate model projections. To further understand the
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1 Introduction faithfully represent the simulations and projections, but for
scientific understanding, some level of synthesis is desirable.
The water cycle is like a vast heat engine with water evaporat- Held and Soden (2006) extended the globally averaged
ing at the surface and the vapour subsequently condensing at¢sults by studying changes projected to the end of the
relatively colder temperatures high up in the atmosphere be21st century in the latitudinal (i.e. zonal) averages of key
fore precipitating and thereby closing the atmospheric com-water and energy variables. Using a multi-model ensemble
ponent of the water cycle. The cycle begins with evaporationmean derived from CMIP3 models they uncovered a sim-
that by itself consumes around 80 % or so of the available enple relation where the projected changeAn- E in each
ergy at the surface (Trenberth et al., 2009; Wild et al., 2013) latitudinal zone scaled witl® — E, i.e. A(P — E)x P — E,
Because of the energetic importance, understanding globalwhere the scaling coefficient was the CC value (7 %X
scale changes in climate requires an understanding of globamultiplied by the temperature difference. In attempting to
scale changes in the water cycle. However, the water cycle isummarise their result they used the phrase the “wet get wet-
not just of interest at the global scale. Many of the key im- ter and dry get drier”. By that they meant thatfif— E was
pacts of anthropogenic climate change, e.g. on agriculturegreater than zero, then one could consider the surface to have
water resources, terrestrial ecology, etc., are projected to oa surplus of water (i.e. the hydrologic equivalent of runoff)
cur via changes in water availability. Of particular interest areand in that sense it was wet. Further, the change, — E),
changes in precipitatiorf), evaporation £) and their differ- ~ would have the same sigaf as P — E, hence the wet get
ence P — E). In that respect two key results have emergedwetter (and vice versa). That definition has some problems
from previous syntheses of climate model output. First, thewhen trying to interpret land and ocean changes in a sin-
atmospheric specific humidity is projected to increase at thegle integrative framework (see below). Despite that difficulty,
Clausius—Clapeyron (CC) value of around 7 %'K(Held the emergent relation remains an important insight for cli-
and Soden, 2000). That result is not programmed into thenate science because one can readily understand projected
models — rather it emerges and is more or less the same afhanges in theonally averagegoleward transport of heat
the original constant relative humidity assumption made byand moisture from theonally averagegrojected changes
Arrhenius in the first detailed calculations of the impact of in P — E (Held and Soden, 2006).
changing atmospheric GQ(Arrhenius, 1896; Ramanathan Given the now widespread use of the “wet get wetter
and Vogelmann, 1997). A second emergent projection fromand dry get drier” phrase it is important to briefly revisit,
climate models is for globaP to increase by around 1 to and understand, what the results presented by Held and
3%K~1 that is often summarised by the 2 % Kstatement Soden (2006) actually showed. Their zonal averages in-
(Boer, 1993; Allen and Ingram, 2002). These global scalecluded both ocean and land. At most latitudBsand E are
syntheses are useful because they enable scientists to beteminated by exchanges over the ocean (Oki and Kanae,
ter understand and interpret the climate model output. More2006; Lim and Roderick, 2009) and zonal averages will be
importantly, they offer ongoing opportunities to confront the mostly determined by exchanges over the ocean. Held and
model projections with observations (e.g. Wu et al., 2013;Soden (2006, p. 5693) were well aware of this limitation and
Wentz et al., 2007; Liepert and Previdi, 2009; Sherwood etalso noted the key difference between land and ocean; over
al., 2010; Paltridge et al., 2009; Vonder Haar et al., 2012). land the long-term average must be less than or equal Fo
Simplifying projected changes in the global water cycle In contrast, water is always available for evaporation over the
using temperature-based scaling relations is also useful beacean and: is not constrained by . This creates a problem
cause it readily relates to widely discussed projections andor interpreting the results. In particular, if we adopt their
political targets, e.g. a 3K increase in globally averaged sur-definition of wet, i.e.P — E >0, then all land is classified
face temperature for a doubling of GQPCC, 2007). How-  as wet as is around half the ocean while the remaining part
ever, the global results themselves have little direct appli-of the ocean will be defined as dry. That is clearly an un-
cation for impact studies because the impacts are local andatisfactory basis for interpretation. More generally, the dif-
not global. Some typical questions of direct relevance to im-ferent behaviour of land and ocean with respect to the water
pacts include: Will it rain more or less where | live? Or will cycle makes it difficult to treat land and ocean in one com-
the runoff increase or decrease in the local catchment ovemon interpretive framework (Roderick et al., 2012). Given
the coming century? Local-scale questions like these cannahat the zonal averages are dominated by the oceanic compo-
be answered using global averages. Simulations and projeaients, it follows that the\(P — E) x P — E relation should
tions of key water cycle variable®( E, P — E) are readily  be mostly relevant to the ocean. With that in mind, we rein-
available at local (grid box) scales for all climate models. Forterpret the Held and Soden (2006) result by first noting that
example, the widely used CMIP3 (Coupled Model Intercom- the ocean surface is always wet irrespective of the values of
parison Project Phase 3) simulations and projections are sunP andE. Instead,P — E is a useful index of the salinity sta-
marised in the Global Water Atlas (Lim and Roderick, 2009). tus of the surface ocean water (Durack et al., 2012). On that
Similar summaries are expected to become available shortlyasis, a better description of their finding is that firesh get
for the newly developed CMIP5 archive. Those summariesfresher and salty get saltiefwo important questions arise.
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Table 1. Mean annual water balance over the globe, ocean and land simulated at the end of the 20th century (1970-1999, 20C3M) and
the changes projected to the end of the 21st century (2070-2099, A1B). The percentages are shown below the projected changes. Not
that the change in global mean surface temperature between the two perie@i8 IS, giving a projected change in global(and E) of
(4.5%/2.8K=)1.6 %K1

Region  Area 1970-1999 (20C3M) 2070-2099 (ALB)
P E P-E AP AE A(P —E)
(x 10 m?) (mmal) (mmal)
GLOBE 5.09 1045 1045 0 47 47 0
[4.5% [45% [0%)]
OCEAN 3.62 1153 1248 —-95 50 58 -8
[4.3% [4.7% [8.4%
LAND 1.47 775 542 +233 41 20 +21

[5.3% [3.799 [9.0%

First, does thdresh get fresher and salty get salti'gmme-  of all individual model runs (including maps and summary

work hold at individual grid boxes over the ocean? Secondtables) are available in the Global Water Atlas (Lim and

is it possible to synthesise the model projections over land irRoderick, 2009). The mean annual water balance is repre-

terms of either zonal averages, or more importantly, for thesented by averages calculated for both the 1970-1999 and

individual grid boxes, because the latter is the relevant scal070-2099 periods. We also calculated averages over the

for assessing climate impacts. same time periods for all surface energy balance terms (units:
The aim of this paper is to address the two above-notedV m~2); incoming (Rs;) and outgoing Rso) short-wave

guestions. To maintain consistency in the interpretation weand long-wave R i, R o) irradiance as well as the latent

use the same climate model output (CMIP3) as originally(LE, with L (Jkg1) the latent heat of vaporisation arkl

used by Held and Soden (2006) and follow their analysis by(kgm—2s~1) the evaporation rate) and sensiblg)( heat

focusing on changes in the mean annual water and surfackuxes. The rate of change in enthalp¥)(is calculated as

energy balances over climatic timescales (here we use 30 ythe residual of the above terms.

averages). The paper begins with a brief overview of pro- The hydrologic analysis (Sects. 3 and 4) uses the tradi-

jected changes in the water cycle for the globe, and for landional depth units forP and E (mm per annum, mm&)

and ocean separately, and then tests whether the previowghilst the surface energy balance analysis (section 5) is based

zonally averaged results for changesHn- E also hold at  on energetic units (all heat fluxes have units W2 In that

local (grid box) scales. We then extend earlier work by incor-senseE in the hydrologic analysis (units: mnT4) is related

porating projected changes in the surface energy balance artd LE in the energetic analysis (units: W) via the latent

show that the climate model projections over land conformheat of vaporisation and the density of liquid water.

closely to the long-established Budyko framework of catch-

ment hydrology (Budyko, 1948, 1974, 1982). We finalise the

paper by presenting a novel framework that moves beyon® Projected changes in the water cycle over land and

the simple temperature-based scaling of the hydrologic im- ocean

pact of climate change to a more general surface energy bal-

ance framework. That new perspective is used to understand-1 Changes inP and E over land and ocean

how projected changes in the water cycle are simultaneous%

related to projected changes in greenhouse-induced surfaceroiécted changes for the globe and for the ocean and land
forcing and surface temperature in climate models. components are summarised in Table 1. Glabaind E are

both projected to increase by around 4.5 % by the end of the

21st century. The global mean surface temperature change
2 Climate model simulations and projections (per the A1B scenario used here) is 2.8 K and the projected

change in globalP and E is equivalent to 1.6 % K and
Following Held and Soden (2006), we use the same outputonsistent with results noted elsewhere (Boer, 1993; Allen
from IPCC AR4 models available in the CMIP3 archive for and Ingram, 2002). As expected the projection shows that
the 20th century simulations (20C3M scenario) and 21st cenP increases faster thafi over land leading to more runoff
tury projections (A1B scenario) (Meehl et al., 2007). A (Nohara et al., 2006) with the ocean behaving in the oppo-
multi-model ensemble mean (2.5 2.5 spatial resolution) site fashion as must happen to ensure global mass balance.
was constructed using 39 runs from 20 different climate mod-In preparing Table 1 we have ignored changes in the at-
els for precipitation P) and evaporationK). Full details  mospheric water content (i.e. humidity) because that makes
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Fig. 1. Annual average? and E over the (top panels) globe (land plus ocean) and over (bottom panelsjdahdtitudinal distribution of
P, E at the end of the 20th (1970-1999, 20C3M) (full) and 21st (2070-2099, A1B) (dotted) ceroixiagP — E) versusP — E averaged
over 10 latitudinal zones(c) A(P — E) versusP — E atindividual grid boxegd), (e), (f) Equivalent plots restricted to the land component.
Dotted line(b), (c), (€), (f) highlights the Held and Soden (2006) predictia(f — E)=0.07 K1 x 2.8 K x (P — E)=0.20x (P — E)).

little difference to the overall mass balance. In particular,ocean and only applies to zonal averages. It is not applicable
the globally averaged water content of the atmosphere ist local (grid box) scales over either the ocean or land.
around 30kgm? when expressed per unit of global sur-

face (Oki and Kanae, 2006; Wentz et al., 2007; Vonder3.2 RelatingP and E over land using the Budyko curve

Haar et al., 2012). The equivalent depth of liquid water is _
30mm and is projected to change by some 7% KHence In terms of the mean annual water balance, water is al-
ways available for evaporation over the ocean @nthere

for a warming of 2.8K, the projected change in the mass X ,
of water in the atmosphere is (300.07x 2.8=)5.9mm  can be larger tharP, whilst over land,E'< P. At in-

(equivalent depth of liquid water). Taken over the 100yr dividual grid boxe_s the multl-_model ensemble mean re-
period under consideration here, the change is too smaffPects those physical facts (Fig. 2a and d). Over land, the
(=5.9mm/100 a=0.059 mnT4) to have a measurable im- most general approach relating © to P is the Budyko
pact on either the global mean annualor E. This raises ~ (SUPPly-demand) framework (Budyko, 1948, 1974; Turc,
an interesting point — the absolute change in water content of 9°4; Mezentsev, 1955; Pike, 1964; Fu, 1981; Milly, 1994;
the atmosphere plays little role in the global mass balance bup©09€ et al., 1999; Koster and Suarez, 1999; Choudhury,
that same change leads to a substantial fraction of the globélggg? Zhang et al., 2001; Arora, 2002; Yang et al., 2007,
warming projected by the climate models via the so-calleg2008; Gerrits et al., 2009; Roderick and Farquhar, 2011;
positive water vapour feedback (Held and Soden, 2000; RusPonohue et al., 2011; Renner and Bernhofer, 2012). On

sell et al., 2013). We will return to this important point in the that approach the (steady s.tate) partitioningPobgtween
Discussion and Conclusions (Sect. 6). E and runoff (=P — E here) is treated as a functional bal-

Our results confirm the originah(P — E)x P — E rela- ~ &NC€ between the_ supply of water fro_m the atmosphere
tion for zonal averages (Held and Soden, 2006) (Fig. 1b){F) and a constraint on the upper limit far, here de-
We find that this relation does not hold over the land compo-"0t€d Eo, and defined as the liquid water equivalent of the
nent (Fig. 1e). At individual grid boxes there is no relation Nt irradiance (Rn/L). Ry is calculated from the multi-

betweenA(P — E) and (P — E) over either ocean or land Model ensemble meamk(| = Rs i — Rs,o+ Rii — Ri0). We
(Fig. 1c, 1f). We conclude that the original scaling relation, US€ the Mezentsev—Choudhury—Yang equation (Mezentsev,

A(P — E) (P — E) (Fig. 1b) is of most relevance over the 1955; Choudhury, 1999; Yang et al., 2008) to calculate
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Fig. 2. Relation between mean annuRland E over the (top panels) globe (land plus ocean) and over (bottom panels) land. All climate
model output are for the end of the 20th century (1970-1999). Model outp)fdr, E at individual grid boxegb) normalised by the

net irradiance Eo), and(c) averaged over T0latitudinal zones(d), (e), (f) Equivalent plots restricted to the land component. The energy
(E/Eo=1) and water £ < P) limits are discussed in the main text. The dotted curvgejrand(f) is the predicted Budyko curve (Eqg. (1))
with the default value of the parameter<1.8, Choudhury, 1999). (Note: ma better fit is obtained using=1.5 but adopting that value
does not materially change the subsequent results or conclusions.)

. P E, (1) is important to note here that this is an independent test since
(P" 4 Eg)l/”’ the cIimg_te models do not use the Budyko curve to calculate
the partitioning of water and heat at the surface. They cannot
wheren is the catchment properties parameter that modifies- the Budyko framework only applies to long-term averages
the partitioning of P betweenE and runoff (see Roderick (Donohue et al., 2007). Rather, each climate model solves
and Farquhar, 2011 for full details). In catchments studied tothe surface energy and water balance and steps (usually ev-
date the values of range from 0.6 to 3.6 but most fall within  ery 15 min) through time. When aggregated to 30 yr averages
a smaller range of 1.5 to 2.6 (Choudhury, 1999; Yang et al.,our results show that the multi-model ensemble mean con-
2007, 2008; Donohue et al., 2011). Settirrg 1.9 reproduces  forms to the Budyko framework. We also aggregated the land
the original Budyko curve (Donohue et al., 2011). Note thatdata into 10 latitudinal zones and this also conforms to the
a higher value of: implies a higher value of for given P Budyko curve (Fig. 2f). This is not a surprise given the re-
andE,. sults in Fig. 2e. In particular, the Budyko framework is based
Equation (1) has a strong foundation, being based on massn the fundamentals of mass and energy conservation and
and energy conservation and the fact that wiieis water-  the asymptotic limits inherent to the approach transfer across
limited (e.g. desert)E — P, and whenE is energy-limited  spatial scales. In that sense the result shown in Fig. 2f simply
(e.g. tropical rainforest)E — Eo. Note that over the ocean, follows from Fig. 2e. We also tested the Budyko framework
large quantities of heat can be advected (by ocean currentgjsing climate model output for the end of the 21st century
and E, does not set a useful upper limit at local (grid box) (2070-2099, A1B) and found almost identical results (not
scales (Fig. 2b)E, does set a limit at the global scale (Allen shown).
and Ingram, 2002; O’'Gorman and Schneider, 2009), and in
the model outputE, sets a limit toE over the ocean in the
zonal averages (Fig. 2c).
We use Eq. (1) to calculat at individual grid boxes over
land and express the result using a traditional Budyko dia-
gram. The result at the grid box scale is stunning (Fig. 2e). It
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4 Understanding projected changes in the water cycle in AE, (Fig. 3b), as expected (Roderick and Farquhar,

over land 2011; Donohue et al., 2011). Differences WP be-

tween individual grid boxes can be large (rang@67 to

The fact that the climate model output conforms to the {579 mm al) with the change, averaged over all grid boxes,
Budyko framework at grid box scales (Fig. 2e) is useful. of +53mma? (+{1sd 89 mmal). The spatial variations
Firstly, it establishes that over climatic time scales, the parin AE, are smaller (range-30 to +185mma?l) with
titioning of P betweenkE and runoff (=P — E) in climate  the change, averaged over all grid boxes4ef7 mmal
models is consistent with nearly a century of accumulated+ {1sd 30 mma'l). Because the sensitivity ak(P — E)
hydrologic experience embodied in the Budyko curve. Sec+o change im E, is relatively smaller (Fig. 3b), and the vari-
ondly, it opens up the possibility of using the Budyko frame- ations in AE, are also relatively small (Fig. 3d), the final
work to unravel the model projections of hydrologic change predicted map ofA(P — E) is dominated by the sensitivity
at the surface into the underlying causes. For that we us€g, and variations inA P.

the differential form of the Budyko curve (Roderick and  The theoretical predictions @f(P — E) (Fig. 3e) are com-

Farquhar, 2011), pared with the changes projected over the land surface by the
IE 9E 3E climate models (Fig. 3f) in Fig. 4. The theoretical model ac-

dE = —dP + —dE; + —dn, (2) counts for around 82 % of the variation in the global climate
P Eo on model (GCM) projections oA (P — E) over the global land

with the partial differentials given by surface (Fig. 4c). Note thak (P — E) is more or less inde-

pendent of the variations due to change&in(Fig. 4b) and
9E _E ( Eg > (3a) is instead dominated by the variations due to changd in
P P \P"+E!L)’ (Fig. 4a) confirming our earlier deductions. (See Appendix A

for a physically based interpretation of that result.) In simple
oFE E < pP" ) (3b) terms, whethelP-E increases or decreases in a given place

3_Eo - E_o P" 4+ E! depends mostly on changesim

5 Understanding projected changes in the surface water
and energy balance

n P+ E}

3E  E (In(P"+E2) (P"InP+EZInEo) 30
on n '

Note that the partial differentials are all functions of the exist- The results of the theoretical analysis (Sect. 4) showed that
ing climate (7, Eo) and the catchment properties parametermost of the grid box scale projected change®in E were

(n). We further note that century-scale changes in the catchgye to changes i with limited impact due to variations in
ment properties parametem{dare likely related to changes g, There was very little spatial structure in the mapadf,

in vegetation (Roderick and Farquhar, 2011; Donohue et al.(Fig. 3d) consistent with the notion of an increase in well-
2012). Given that the climate models (in the CMIP3 archive) mixed greenhouse gases but we noted only a small change
do not simulate changes in land cover we assume no changg g, (+47+30mma?, meant 1sd) despite the fact that

in the parameter value fd-0). With that assumption, the  the projected increase in global mean surface temperature is
change inP — E is given by nearly 3 K. Understanding why the projected changeB4n

are so small is the key to understanding whyand E are

d(P — E) = epdP — £odEo, (4a) apparently so insensitive to changes in greenhouse forcing in
with the sensitivity coefficients defined by the climate models. That is the focus of this section.
oF oE 5.1 Projected changes in the surface energy balance
SP:l— a—P, Eo = a? (4b)
(0]

The surface energy balance is defined as

(See Appendix A for a physical interpretation of this sen- , , .

sitivity framework using an alternate mathematical form of Rsi=Rsot Rui = RLo—LE—-H-G=0, ©)

the Budyko curve.) The Budyko framework is not intended With incoming and outgoing short-waveRg;, Rso) and

for use in the cryosphere since additional long-term masdong-wave R, Ri o) irradiance being balanced by the la-

balance terms (snow/ice) violate the mass balance assumjent (LE) and sensibleH) heat fluxes while the rate of

tions. We limit the calculations to the latitudinal range¢ €0  change in enthalpy (positive into the surface) is dendied

to 60> N. To help understand why the projected change in net irradi-
The results show that the theoretically based estimaté@NCeRN (= Rs,i— Rs o+ RLi — Ri0) is small, we compiled

(Fig. 3e) more or less replicates the model output (Fig. 3f).estimates of the surface energy balance variables from the

In more detail, A(P — E) is generally much more sen- multi-model ensemble mean for the two periods in question

sitive to variations inAP (Fig. 3a) than to variations (Table 2).
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Fig. 3. Comparison ofA(P — E) estimated using the Budyko-based framework vers(B — E) calculated from climate model output.
Components of the Budyko-based approach incii@ep (Eq. (4)),(b) o (Eqg. (4)),(c) AP (per climate model output)d) AEq (per
climate model output) and ti{e) calculated change\(P — E) ~ep AP — g0 AEo (EQ. (4)) compared witkf) A(P — E) calculated directly
from the climate model output.

In terms of the climatology (1970-1999) the magnitudesbalance and consider any differences between land and ocean
of terms in the simulated surface energy balance are genefater. For a perfect blackbody at 286.8K (=13@ 1970—
ally consistent with current understanding (Trenberth et al.,1999, Table 2) we expect the outgoing long-wave flux would
2009; Wild et al., 2013) (Table 2, also see Fig. 5 for a sum-increase by around @l o/dT =40 T3~5.4Wnr2K-1)
mary of changes between the two time periods). At the out5.4 W m 2 for every 1 K surface temperature increase. Hence
set we focus on understanding changes in the global energfpr the projected 2.8 K surfaceincrease (Table 2) we expect
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Fig. 4. Comparison between components of the change predicted by the theory with changes projected by the global climate multi-model en-
semble mean (GCM). Change — E due to change irfa) the rainfall ¢p AP) (regressiony =0.89x +13.8, R2=0.72, N =1119),

(b) the evaporative terme§ AEp) (regression:y =0.01x + 9.8, R2=0.00, N = 1119) and the(c) total calculated changeA(P — E)

=epAP — g0 AEp) (regressiony =0.89x + 4.0, R%=0.82,N = 1119) versus the GCM estimates®fP — E).

Table 2. Surface energy balance components for the globe, ocean and land simulated at the end of the 20th century (1970-1999, 20C3M) anc
projected to the end of the 21st century (2070-2099, A1B). Areas (globe, ocean, land) are listed in Tableat-surface air temperature;

Rs j, incoming short-wave irradianc&g o, outgoing short-wave irradiancgj_j, incoming long-wave irradiance®|_ o, outgoing long-wave
irradiance;RN (= Rs j— Rs o+ RLj — RL o), netirradiance; LE, latent heat fluk{, sensible heat flux;, rate of change in enthalpy.

Region Period T Rs Rs o RLj R0 RN LE H G

°CC) Wm?) (Wm™?) Wm? Wm?) Wm? (Wm? (Wm? (Wm?
GLOBE 1970-1999 13.6 185.8 25.5 335.2 392.0 103.5 82.3 20.0 1.3
2070-2099 16.4 184.1 23.8 353.8 406.8 107.3 86.0 18.9 2.4

A 2.8 —1.7 -1.7 18.6 14.8 3.8 3.7 —-1.1 1.1
OCEAN 1970-1999 15.8 183.6 16.2 349.3 402.1 114.7 98.3 15.2 1.2
2070-2099 18.2 181.8 14.8 366.6 414.9 118.7 102.9 13.2 2.7

A 2.4 —1.8 -1.4 17.3 12.8 4.0 4.6 —-2.0 1.5
LAND 1970-1999 8.3 191.3 48.4 300.4 367.2 76.0 42.7 31.8 1.5
2070-2099 12.1 189.8 46.1 322.1 386.8 79.0 44.3 33.1 1.6

A 3.8 -1.5 -2.3 21.7 19.6 3.0 1.6 1.3 0.1

AR o to be around+15.1 W nT2. The model projection is  fate of the increase in incoming long-wave irradiance. In the
very close to that value14.8 Wn12) implying that the  multi-model ensemble mean, most of that increase is simply
global surface is very close to a blackbody (as expected)returned to the atmosphere by an increase in outgoing long-
There is a projected reduction in short-wave irradiance arriv-wave irradiance AR o =+14.8 W nT?) with only a small

ing at the surfaceA Rsi=—1.7 Wn1?) that is exactly off-  residual fraction being partitioned into a non-radiative com-
set by a reduction in short-wave irradiance leaving the surponent — the latent heat flut A E =+3.7 W nT2). In sum-
face (ARs o= —1.7 W n12) because of a decrease in surface mary, the reason that models project relatively small changes
albedo. Consequently, there is no net change in the absorbed global E (and henceP) is that the models partition a
short-wave irradiance and any change in the global net irradismall fraction of the increase in incoming long-wave irra-
ance Ry) can only be due to change in the long-wave com-diance into the latent heat flux. Instead, the increased incom-
ponents. The projection is for a small reduction in the sen-ing long-wave irradiance mostly increases the outgoing long-
sible heat flux A H =—1.1 W nT2) with an equivalent rate  wave irradiance. In essence, in the climate model projections,
of increase in enthalpyAG =+1.1Wn1?2) that is aimost most of the realised surface (radiative) forcing is in the long-
entirely located in the ocean (Table 2) as expected (Pielkavave part of the spectrum and is not transformed into another
Sr., 2003; Levitus et al., 2005). With those relatively minor type of energy such as a convective flux.

changes out of the way, the major changes in the surface en- The same basic pattern, i.e. a large increase in incoming
ergy balance are in the incoming and outgoing long-wave irlong-wave irradianceX R ;) that is mostly partitioned into
radiance with a smaller residual change in the latent heat fluoutgoing long-wave irradiance\(R o) with a smaller resid-
that is mostly restricted to the global ocean (Fig. 5). What isual increase inL AE, also holds separately over land and
critical in terms of changes to the water cycle is the ultimateocean although there are some relatively minor differences
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(AG=+15WnT?). In contrast, over land there
are slight increases in absorbed solar radiation
(=ARsj— ARso=—-15—(-2.3)=40.8Wn7?)  while
the fraction of the increase in incoming long-wave irradi-
ance ARL;j=+21.7WnT?) partitioned into the outgoing
long-wave irradiance AR o=+19.6WnT?) is larger,
with only a very small residual energy flux available to
enhance the latentLAE=4+1.6WnT?) and sensible
- (AH=+1.3Wn1?) heat fluxes. Those minor differences
aside, the key finding is that the globally averaged increase
in incoming long-wave irradiance at the surfaceR| ;) is

Incoming Radiation Outgoing Fluxes

A y X 2 T A 2

ARs; AR | ARs, AR, LAE AH AG

(-1.7) (+18.6) (-17) (+14.8) (+3.7) (-1.1)  (+1.1) > ¢ ) ' ’
mostly partitioned into the outgoing long-wave irradiance
(a) GLOBE (AT=2.8K) (ARL o) with a small and essentially residual increase in the
Incoming Radiation Outgoing Fluxes latent heat flux { AE).
5.2 Synthesis
For the purposes of understanding model projections of
changes in the global water cycle it is clear from the previous
A v T v analysis that we can ignore changes in the short-wave radia-
-~ tive components, the sensible heat flux and the rate of change
AR.. AR AR. AR . LAE AH . AG in enthalpy. With that, we approximate the global projected
S, L,i S, L,
(—1.8)| (+17.3') (-1.4)o (+1243c3 (+4.6) (-2.0)| (+1.5) change by
| (b) OCEAN (AT=2.4) ARLi ~ ARLo + L AE. ©)
Incoming Radiation Outgoing Fluxes ' '
A For the climate change projection being considered here,

we previously noted that globaP (and E) increases by
1.6 % K1 and the averagd increase is 2.8K (Table 1).
What has not been readily apparent before is that this sim-
ple two statement summarA@ =1.6 %K1, AT =2.8K)
alreadycontains all of the informationeeded to reconstruct
.\ v A A the projected changes in the global surface energy balance.
To see that, we first define the incremental flux ratio,

ARS,i ARL,i ARS,0 ARL’0 LAE AH AG
(-1.5) (+21.7) (-2.3) (+19.6) (+1.6) (+1.3)| (+0.1) LAFE

X = .
(c) LAND (AT=3.8K) ARLo

)

9Combining that with Eq. (6), the evaporative fraction of the

Fig. 5. Stylised diagram showing projected changes (2070-2099, 2. . . " L
9 vy g g proj g ( tncrease In Incoming Iong-wave irradiance is given by

less 1970-1999) in components of the surface energy balanc

(units: Wmfz) over the(a) globe, (b) ocean andc) land. Data AE X

are from Table 2. Projected changes in (left) incoming radiation = , (8a)
(short-wave,ARs j; long-wave,AR| j) are separated from (mid- ARy 1+x
dle) changes in the outgoing radiativa s o, AR o) and con- . L
vective L AE, AH) fluxes and from (right) the rate of change in and the remaining thermal fraction is
enthalpy AG). AT (below each panel) denotes the surface temper-
ARL 0 l
ature change. : (8b)

AR, 1+x

The key point is that one can readily convert a statement on
between land and ocean (Fig. 5). Over the ocean ther¢he % change irP per degree of warming into an estimate
are slight reductions in both incoming and outgoing solarof x. In addition, the projected surface warming gives the
radiation with a small overall reduction in absorbed solarincrease in outgoing long-wave irradiance. Combining those
radiation ARs;— ARso=—1.8—(—1.4)=—0.4WnT?), two pieces of information allows one to reconstruct the pro-
and a larger reduction in the sensible heat fluxjected change. To do that we first note that the change in
(AH=-2.0Wn1?), while virtually all of the globalP isequaltothe change in globAland that a surface
global increase in enthalpy occurs in the oceanwarming of 1 K is equivalentto an increase in the outgoing
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blackbody irradiance (@ o/dT =40 T3~5.4WnT2K™1) 20[ .
of 5.4 Wn12. Setting globalE as 82.3W 2 (Table 2), R %K 1
the 1.6 % K! increase in globaFE can be converted to an i i3
estimate ofc as follows: 15 16%K ]
1.6 1 I : 1
= —(823) — = (1.6)(0.15 = 0.24. 9 < : ]
* =700 )5_4 (1.6)(0.15 ) g | F.
c. 15
With x =0.24, the incremental evaporative and thermal frac- < 10p 2 15
tions (Eg. (8)) are respectively 2 % 1
L o 14% K* 1
LAE _ 0.24 _ 019, 5[ : st 11
AR 1+024 r ]
ARL 0 1 b 1
= = =081 10 | : ]
AR 1+0.24 (10) oL. . . v vy 10
. . . 0 5 10 15 20
For AT =2.8K, the increase in outgoing blackbody LAE (W m?)

long-wave from the surfac&\ R, is (5.4x 2.8=)+15.1
Wm=2. With x=0.24 (Eq. 9),LAE will be (0.24x Fig. 6. Relation between global projected change in the la-
15.1=)+3.6Wm_2 and the increase in incoming long- tent heat flux [ AFE) and outgoing long-wave irradiance
wave irradianceA R, ; is (15.1+ 3.6 =)+18 7Wnt2. This (ARL,0) for a given increase in incoming long-wave irradiance
. ' o L ) e - 2 ; ;
independent reconstruction is very similar to the values(2RLi~ARLo+LAE=18.6WnT*). Equivalent surface tem
calculated directly from the multi-model ensemble mean perature Chang.es are noted (“ght'hand axis) as are the percentage
(Table 2, ARL;=+18.6WnT2, AR o=-+14.8WnT2 enhancements in glob& per Kelvin.
LAE=43.7WnT?).

One important consequence of the energy balance frame- o )
work used here is that it makes it clear that any increase ifmodel projections. In that respect what the climate models
evaporation will reduce the surface temperature increase (anroject is an emergent scale-dependent (zonal) relation that
vice versa). We can express that physical relation by rewritiS useful to help understand projected changes in the zonally

ing Eq. (6) as averaged poleward transport of heat and moisture (Held and
Soden, 2006). But that same relation does not hold at local
ARLi~ ARLo+ LAE = 40 T3AT + LAE grid box scales and is therefore not a useful summary of im-
ARLi — LAE pacts at the local scale. We note that it would have been a real
= AT~ T 45 T3 (11) surprise if the simple relatiom\(P — E) «x P — E, based on

CC scaling did hold anywhere over land because that simple
Yelation has never previously been identified in observations
hat span more than a century of hydrologic research (Bloschl
&fal., 2013).

. . To test an alternative approach to synthesise the model
hencek) did turn out to increase at the CC value of 7 %K projections over land we found that the climate model pro-

o oo o s ot fectons closeyollow e o tnding B ramenor
perature would be smaller at around. 7 K (Fig. 6). Fig. 2). The Budyko curve emerged at both local grid box

scales (Fig. 2e) and in zonal averages (Fig. 2f). This new re-
sult establishes that the climate model projection® ef E
6 Discussion and conclusions and A(P — E) accord with more than a century of catch-
ment research experience (Bloschl et al., 2013). It is also
Our study confirms that in the climate models, the relationvery useful because one can use differential forms of the
A(P — E)x P — E holds in terms of zonal averages over Budyko framework (Roderick and Farquhar, 2011; also see
the ocean, with the scaling coefficient being the Clausius-Appendix A) to unravel the underlying basis of the pro-
Clapeyron (CC) value (7 %®) multiplied by the temper-  jected response. The differential form introduced here is
ature difference (Fig. 1b) (Held and Soden, 2006). FurtherA(P — E) =ep AP — g0 A Eo Where the sensitivity termsg,
investigations showed that this relation does not hold at thesy) are calculated as a function of the existing climake (
grid box scale over the ocean (Fig. 1c) or the land (Fig. 1f). Eo) with E, defined as the evaporative equivalent of the net
That is important. For example, imagine one were to iden-irradiance. This approach accounts for most of the variation
tify a scaling relation likeA(P — E) x P — E based on CC in the model projections (Figs. 3e, f and 4). Further analy-
scaling in local scale (e.g. grid bogpservationsSuch are-  sis showed that most of the variation &(P — E) was ac-
sult would actually constitute a falsification of the climate tually due to thesp AP term (Fig. 4a). Here we used the

The inter-relationships between changes in the incomin
(ARL;) and outgoing AR o, L AE) fluxes, the change in
surface temperature and the percentage enhancement in t
global P are summarised in Fig. 6. Note that if gloaland
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multi-model ensemble mean but we note that there are largeariations but the overall trend tends to be the opposite of the
differences inA P projections at the grid box scale between above-noted model projections with increases in base flow
different models, and, sometimes, between different runs ofind little change in high flows and an associated reduction
the same model (Rotstayn et al., 2007; Lim and Roderick,n the extremes being reported (Lins and Slack, 1999, 2005).
2009). It is for this reason that local (grid box) scale rain- One important point to keep in mind is that real (as opposed
fall projections show the largest between-model differencedo modelled) streamflows are subject to human modifications
of all hydro-climatic variables (Johnson and Sharma, 2009).(e.g. extraction for irrigation, reservoir storage/release, etc.)
Hence, while the grid box scale projections Brmay be  that are not yet routinely included in global climate models.
highly uncertain, the results presented here show that thén that respect we note that at local and regional scales it
multi-model ensemble mean does in fact partition loBal is already clear that effects of human modifications in many
betweenE and runoff in a manner consistent with experi- river basins (Grafton et al., 2013) are substantially larger than
ence. Whether the output from each individual climate modelthose of the projected climate changes.
follows the Budyko framework remains a topic for future  Returning to the model projections, we expected, and
research. Perhaps the Budyko framework used here mafound, that the perturbed evaporative terg A Eo) would
prove useful for rapidly identifying individual climate mod- show little spatial variation (Fig. 3d) in line with a global
els with poorly performing surface water and energy balanceforcing induced by well-mixed greenhouse gases. However,
schemes. after 100 years the perturbation,(A E;) remained small
Our results show that the “wet get wetter dry get drier” with an average over all land of only around 10 mma
idea does not hold in terms of projected changes in the meafFig. 4b). The relevant sensitivity) is more or less equal to
annual water balance over land (Fig. 1). Instead a reasorthe runoff ratio (=¢ — E)/ P, see Appendix A). That ratio
able rule of thumb for the land surface that can adequatelys bounded and varies from near zero in very arid regions to
account for climate model projectionsAP — E) ~ep AP near 1.0 in wet humid regions (Fig. 3b, also see Appendix A).
with the sensitivity termdp) varying from near unity in wet  Even with that variation il accounted for, itis clear that the
regions whereP — E is relatively large to near zero in dry projected changes ih E, were also typically small (Fig. 3d)
regions whereP — E — 0 (Fig. 3, also see Appendix A). In  with a global average of only-47 mma®. Why is AE, so
the simplest possible terms our results show that when wesmall? To address that question we summarised all terms of
and dry are defined by — E, the dry regions are projected the surface energy balance (Table 2, Fig. 5).
to remain dry while wet regions could become either wetter Our summary of projected changes in the global surface
or drier depending on any change /h That result is also  energy balance revealed several key points. The fact that the
clearly evident in earlier maps for the land surface (see Fig. frojected increase in global evaporation over land is smaller
in Held and Soden, 2006). It is straightforward to calculatethan the increase over the ocean has been noted previously
ep from existing climatic data and the grand challenge is to(Nohara et al., 2006; Richter and Xie, 2008). Over land, the
estimateA P. evaporation increase is relatively small and the increase inin-
Our analysis was set in terms of the mean annual watecoming long-wave irradiance is mostly partitioned into out-
balance and does not contain any information on the intragoing long-wave irradiance that is physically related to the
annual (e.g. seasonal) variations that are so important fronprojected increase in surface temperature. Hence it is the
a variety of perspectives. Recent findings using the CMIP5smaller increase of over land relative to the ocean that is
archive have been used to argue that the “wet get wetter dra major factor permitting the land to warm faster than the
getdrier” idea holds for intra-annual (i.e. seasonal) variationsocean in the model projections (Boer, 1993; Sutton et al.,
in climate model projections out to the year 2100 (Kumar 2007).
et al., 2014). That study used the same multi-model ensem- We took the energy balance analysis one step further than
ble mean approach as we have and reported that at a given usual by separating the radiative terms into the respective
place, P — E is projected to increase at wet times of the incoming and outgoing short-wave and long-wave compo-
year but is projected to decrease during dry times of the yeanents. That approach clearly revealed the underlying basis of
(Kumar et al., 2014). Those conclusions relate specifically tothe projected warming that occurs in the climate models. In
intra-annual (i.e. seasonal) differences. One obvious concluparticular a relatively small top of the atmosphere forcing
sion from the Kumar et al. (2014) finding is that one would due to CQ and other long-lived greenhouse gases is am-
project the base flow to decrease whilst the high flows shouldlified, mostly by water vapour feedback, into a large in-
increase. When integrated over the land surface and over erease in the incoming long-wave irradiance at the surface
full year, the increases in high flow would have to be larger (Held and Soden, 2000; Russell et al., 2013). Paradoxically,
than the decreases in low flow so that the long-term mearthere is not yet enough warming to be able to confidently
annual runoff could still increase to maintain an overall in- test the projected changes against global observatio®s of
crease inP — E over land (Table 1). In contrast, observations and atmospheric water vapour (Liepert and Previdi, 2009;
of the intra-annual streamflow from the United States for Vonder Haar et al., 2012). In that respect, ongoing monitor-
the second half of the 20th century show important regionaling of P and especially the atmospheric water vapour remain
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central. However, the results presented here (Fig. 5) sugge&eferences

that monitoring the incoming long-wave irradiance at the sur-

face (Philipona et al., 2004, 2005, 2009; Philipona and Durr,A||eU: M. R. and Ingram, W. J.: Constraints on future changes in

2004) should perhaps have the highest priority. climate and the hydrologic c_ygle,_ Nature, 419, 224_—232, 2002.
What is not so well known, yet critical for understand- Arora, V. K.: The use of the aridity index to assess climate change

ing the projected impacts on water availability, is that most effect on annual runoff, J. Hydrol., 265, 164-177, 2002,

o fth lised f forcing i i di h Arrhenius, S.: On the influence of carbonic acid in the air upon the
(81 %) of the realised surface forcing is partitioned into the temperature of the ground, Philosoph. Mag., 41, 237-276, 1896.

outgoing |0nQ'WaVe irr.adiance that is in turn physically re- goer, G. J.: Climate change and the regulation of the surface mois-
lated to the increase in surface temperature. Only a small tyre and energy budgets, Clim. Dynam., 8, 225-239, 1993.

fraction of the realised surface forcing (19 %) enhances theudyko, M. I.: Evaporation under natural conditions, Israel Pro-
latent heat flux with further small and more or less residual gram for Scientific Translations, Jerusalem, 1948.
changes in other parts of the surface energy balance (Fig. 5Budyko, M. I.: Climate and Life, Academic Press, New York,

Because of that, the global sensitivity Bf(e.g. 1.6 % K1) 508 pp., 1974. _ _
can be used to calculate the flux partitioning (81 %, 19 %).Budyko, M. I.: The Earth's Climate: Past and Future, Academic
This comes about because in that ratio (1.6 %)X the nu- Press, New York, 307 pp., 1982.

merator gives the change in gloh@l(and hencez) (1.6 %) Choudhury, B. J.: Evaluation of an empirical equation for annual
: evaporation using field observations and results from a biophys-

whilst the.denominator (I_(l) g_ives the associatgd change in_ ical model, J. Hydrol., 216, 99-110, 1999.
thg outgoing long-wave irradiance. When PUt into .energetlcde Groen, M. M. and Savenije, H. H. G.: A monthly interception
units the sum of the numerator and denominator give the re-  gquation based on the statistical characteristics of daily rainfall,
alised surface forcing. This new integrative framework shows \ater Resour. Res., 42, W12417, d6i:1029/2006wr005013
that if the hydrologic cycle were to go faster, say at 7 %K 2006.
(e.g. Wentz et al., 2007), then the increase in surface tempebonohue, R. J., Roderick, M. L., and McVicar, T. R.: On the impor-
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Much public understanding of the projected impacts of cli- _ 11-983-20072007. _ .
mate change on water availability has been based on a cofRonohue, R. J., Roderick, M. L., and McVicar, T. R.: Assessing
ception that an increase ihleads to a faster hydrologic cy- the differences in sensitivities of runoff to changes in climatic

. . conditions across a large basin, J. Hydrol., 406, 234—-244, 2011.
cle in the sense that the global averdgéand hence?) in- Donohue, R. J., Roderick, M. L., and McVicar, T. R.: Roots, storms

F:reases becausg the temperature increases. ThaF ancept'o'%\nd soil pores: Incorporating key ecohydrological processes into
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Appendix A 3.0 T T
i 20C3M: LAND (GRID) ) 1
Derivation of alternative sensitivity coefficients by 25+ ]
Prof. H. Savenije i a ]
. . . . . 2.0 & 5
While this paper was under review, the journal editor pre- [ @f
sented an alternative derivation of the sensitivity coefficients ur 15 i y ]
(i.e. alternative to Egs. 2—4 in main text) based on an alterna- o U ]
tive mathematical form of the Budyko curve (de Groen and [ Energy Limit 1
Savenije, 2006; Gerrits et al., 2009). The new derivation was 1.0 o TUEQAL et
novel and offered advantages for the physical interpretation I e e Ea.A2
of the sensitivity coefficients (Savenije, 2014). An overview 0.5¢ e ]
of this new derivation due to Prof Savenije is presented here I /" ]
to aid in the physical interpretation of the sensitivity coeffi- 00y
cients €p, o) in the main text. 00 05 10 15 20 25 3.0
The form of the Budyko curve we used is (see Eq. 1 in P/E,
main text),
Fig. A1. Comparison of the two alternate forms (Eq. Al vs. Eq. A2)
P Eqy of the Budyko curve. All else is the same as Fig. 2e in the main text.
E = —— (A1)
(P" + E%)
In the review of our article, Prof Savenije began with the Similarly,
Schreiber form of the Budyko curve, 9E b P_E
o= —— =¢€ P = . (A6)
,[@} 0Eo P
E=P<1—e P). (A2)
Putting those two results into Eq. (A3) we have,
Note that Eqg. (A2) reproduces the climate model output P_E Eo
(Fig. Al). This implies that Eq. (A2) is more or less numeri- d(P — E) =< 7 > (7 + 1) dpr

cally identical to Eqg. (A1) when = 1.5 (see Fig. 2 caption).
Numerically either equation is an adequate description for _ (P — E) dE,. (A7)
our purpose. Equation (Al) has the advantage that the ad- p

justable parar_neten,_ can be yaned to descr_lbe real catch- The advantages of this form for physical interpretation be-
ments (see discussion in main text). Equation (A2) has theCome very clear. First, we note that - E)/P is simply the
advantage that the sensitivity coefficients take a particularlyrunoff ratio. In oiher V\;OY ds the sensitivity @f — E to varia-

simple form. To see that, we start with Eq. (4) from the main tions in net irradianceH,) is determined by the runoff ratio.

text, Secondly,Eq/P is known as the aridity index, Hence it is
OE 9E clear that the sensitivity af — E to variations inP depends
dP - E)= <1 - ﬁ) dp — B_EodEo on the runoff ratio and an enhancement that depends on the
aridity index.
— ¢pdP — sodEo. (A3) y

We found that &, is generally small in the model projec-

Calculating the sensitivity coefficients using Eq. (A2) we get, tions (Fig. 3d). If we ignore those variations in this instance

we have,
0F _ —Lo & & dr -5y~ (ZE) (2 1 1) ap A8
F=p ¢ ¢+l (A4) ( ) P T ; (A8)
and after some rearrangement and simplification we find, as a simple form that provides physical guidance to the
interpretation.
1 dFE P—E Eo+l (A5)
ep=1— — = — .
3 P P P
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