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Abstract. The global hydrologic cycle is likely to increase 1 Introduction
in strength with global warming, although some studies in-
dicate that warming due to solar absorption may result in aThe hydrologic cycle plays a critical role in the physical
different sensitivity than warming due to an elevated green-functioning of the earth system, as the phase changes of lig-
house effect. Here we show that these sensitivities of thauid water to vapor require and release substantial amounts of
hydrologic cycle can be derived analytically from an ex- heat. Currently, as climate is changing due to the enhanced
tremely simple surface energy balance model that is congreenhouse effect and surface warming, we would expect the
strained by the assumption that vertical convective exchang@ydrologic cycle to change as well. The most direct effect of
within the atmosphere operates at the thermodynamic limitsuch surface warming is that the saturation vapor pressure of
of maximum power. Using current climatic mean conditions, near-surface air would increase, which should enhance sur-
this model predicts a sensitivity of the hydrologic cycle of face evaporation rates if moisture does not limit evaporation.
2.2% K1 to greenhouse-induced surface warming which isFor current surface conditions, the saturation vapor pressure
the sensitivity reported from climate models. The sensitivity of air would on average increase at a rate of about 6.5% K
to solar-induced warming includes an additional term, whichHowever, climate model simulations predict a mean sen-
increases the total sensitivity to 3.29K These sensitiv-  sitivity of the hydrologic cycle (or, hydrologic sensitivity)
ities are explained by shifts in the turbulent fluxes in the to global warming of about 2.2 %# (Allen and Ingram
case of greenhouse-induced warming, which is proportionaR002 Held and Soder2006 Allan et al, 2013, with some
to the change in slope of the saturation vapor pressure, and ivariation among models. This sensitivity is also reported for
terms of an additional increase in turbulent fluxes in the caseclimate model simulations of the last ice a@®0s 2012 Li
of solar radiation-induced warming. We illustrate an impli- et al, 2013, and is commonly explained in terms of radiative
cation of this explanation for geoengineering, which aimschanges in the atmospheidifchell et al, 1987 Takahashi
to undo surface temperature differences by solar radiatior2009.
management. Our results show that when such an interven- Some studies on the sensitivity of the hydrologic cy-
tion compensates surface warming, it cannot simultaneouslgle compared the response to elevated concentrations of
compensate the changes in hydrologic cycling because of thearbon dioxide (C@) with the sensitivity to absorbed so-
differences in sensitivities for solar vs. greenhouse-inducedar radiation. For instanceAndrews et al.(2009 report
surface warming. We conclude that the sensitivity of the hy-a hydrologic sensitivity from the Hadley Centre climate
drologic cycle to surface temperature can be understood anthodel of 1.5 % K1 for a doubling of CQ, while the sim-
predicted with very simple physical considerations but thisulated sensitivity for a temperature increase due to ab-
needs to reflect on the different roles that solar and terrestriagorbed solar radiation was 2.4%K The study byBala
radiation play in forcing the hydrologic cycle. et al. (2008 compared the effects of doubled €@ a
geoengineering scheme that reduces solar radiation. They
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also found different hydrologic sensitivities for greenhouse- solar terrestrial
induced and solar-radiation-induced changes in surface tem-  radiation  radiation
perature Govindasamy et a(2003, Lunt et al.(2008 and AL SLAL
Tilmes et al.(2013 report similar effects, namely, that the
hydrologic cycle reacts differently to surface temperature dif- atmospheric temperature 7,
ferences when the warming results from an enhanced green
house effect or enhanced absorption of solar radiation at the
surface. e
Strictly speaking from a viewpoint of saturation vapor ;:gg:;ee e:‘ge?nte ----»ecx‘lr;]‘;en‘;g’?m
pressure, we would not expect such a difference in hydro- Ri= Kk (Ts- Ta) :
logic sensitivity to surface temperature that would depend sensible . _ latent heat
on whether the surface temperature difference was caused b heat flux H flux A E

differences in solar or terrestrial radiation. However, when _
surface temperature Ts

we focus on the surface energy balance rather than the sat

uration vapor pressure, it is quite plausible to expect such a

difference in sensitivity. After all, the primary cause for sur- Fig. 1. Schematic illustration of the simple energy balance model

face heating is the absorption of solar radiation, while thethat is used to describe the strength of the hydrologic cycle through

exchange of terrestrial radiation as well as the turbulent heathe rate of surface evaporatiah, with the main variables and fluxes

fluxes generally cool the surface. When the surface warmsised here. AfteKleidon and Rennef2013.

because of changes in the atmospheric greenhouse effect,

then the rate of surface heating by absorption of solar ra-,

diation remains the same, so that the total rate of cooling by2 Model description

terrestrial radiation and turbulent fluxes remains the same a%e use the approach @fieidon and Rennef2013, which

well. In.case the warming IS caused by an increase in thedescribes a thermodynamically consistent global steady state
absorption of solar radiation, then the overall rate of cool- ¢ o surface—atmosphere system in which the hydrologic
ing by terrestrial radiation and turbulent fluxes needs to in'cycle is represented by evaporation (which balances precip-

crease. Hence, we should be able to infer such differences ifziion £=p in steady state). The layout of the model as
the hydrologic sensitivity by considering the surface energy, el as the main fluxes is shown in Fit. The model uses

balancg. ) L the surface and global energy balance to describe the surface
In th|§ paper, we show that hydrologic senS|t|V|t|es'can temperatureTs, as well as the (atmospheric) radiative tem-
be predicted by simple surface energy balance Cpns'der?eratureTa. The surface is assumed to be an open water sur-
tions in connection with the assumption that convective masy, .o 4| absorption of solar radiation is assumed to take place
exch.an.ge. within the atmosphere. operates at the thermodys e surface, and itis assumed that the atmosphere is opaque
hamic limit of ma_X|mum.powerI(Ie|do.n a”‘?' Renne2013. . for terrestrial radiation so that all radiation emitted to space
This approach will be briefly summarized in the next Section, o inates from the atmosphere. Atmospheric dynamics, and
while the deta'l.ed thermodyna'\m!c derivations of the Maxi- harticularly the turbulent heat fluxes, are not explicitly con-
mum power limit, a fuller description of the assumptions and jjereq, phut rather inferred from the thermodynamic limit of
I|m|tat|_ons as well as the comparison to observations can bpgenerating convective motion. The important point to note is
found inthe appendix and ileidon and Renne2013. The ot for convective exchange to take place in a steady state,
motion needs to be continuously generated against inevitable

analytic solution of this model will then be used to derive

analytical expressions of thg hydrologl.c Sensitivity t0 SUr- gictinnal losses. This kinetic energy is generated out of heat-
face temperature in Se&for dlfferences in the_ atmosphe_zrlc ing differences akin to a heat engine (as shown in BigThe
greenhouse effect as well as for differences in absorption OEonversion of heat to kinetic energy by this heat engine is

solar radiation. These sensitivities are compared to the Serlhermodynamically constrained, and such a thermodynamic
sitivities obtained from numerical climate model studies. We imit sets the limit to the turbulent exchange at the surface. A

provide a brief explangtiop of thes_e differenc_es' frqm an €Ny ief derivation of this limit from the laws of thermodynam-
ergy balance perspective in Setdiscuss the limitations of . is hrovided in the Appendix. We will refer to this limit and

our approach, and illustrate one implication of our interpre-y, o 4gqqciated state of the surface energy balance as the state
tation fqr geoengineering ap.proac;hes to global warming. V_Veof maximum power, with power being the physical measure
close with a brief summary, in which we also point out defi- J¢ - 1ate at which work is being performed. We then mea-

ciencies in the concept of radiative forcing that is often usedSure the strength of the hydrologic cycle by the valu€ att
in analyses of global warming and possible extensions of OUkhis maximum power state

approach to other aspects of global climatic change. In the model, the surface energy balance is expressed as

0=Rs— R — H — AE, (1)
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whereRs is the absorbed solar radiation at the surface (whichthat the net radiation of the surface at a state of maximum
is prescribed),R; the net cooling of the surface by terres- convective power is half of the absorbed solar radiation,

trial radiation, H the sensible heat flux, andt the latent This partitioning between radiative and turbulent heat
heat flux. We use simple, but common formulations for thesefluxes at the surface is associated with a characteristic tem-
fluxes which are simple enough to obtain analytical results.perature differencels — 75, which can be used to infer the
For the net radiative cooling, we assume a simple linearizedassociated temperatures. The radiative temperature of the at-
form, R =k;(Ts — T5). Here k, is a linearized radiative “con- mosphereI;, follows directly from the global energy bal-
ductance” that relates to the strength of the greenhouse efince, eqn2, and is unaffected by the partitioning:

fect. The sensible and latent heat fluxes are expressed as tur-
bulent exchange fluxes in the form &f =cppw(Ts — Ta) _(Rs 1/4
and LE =X pw(gsalTs) — gsaTa)). The heat capacity of "2~ (_) '
air is cpp=1.2 x 103Jm3K~1, with a density of about _ _
p=1.2kgnT3; w is a velocity which describes the rate of Surface temperaturels, at the maximum power state is
vertical mass exchange and is determined below from thé&lerived from the expression of net radiative exchange,
thermodynamic maximum power limig=2.5x 10°JK-1  Riopt=kr(Ts — Ta) = Rs/2, and is given by

is the latent heat of vaporizatioggai=0.622¢55y/ p is the R

saturation specific humiditysatis the saturation vapor pres- 7 = Ty + —. (6)
sure, angp = 1013.25 hPa is surface air pressure. For the sat- 2kr

uration vapor pressure, we use the numerical approximation |, kjeidon and Renne2013, we showed that this model

of esaT) =eo - e*~"/T (Bohren and Albrecht1998, with  (eproduces the global evaporation rate as well as poleward

eo=611Paa=19.83 andb=5417K and temperature in . mojsture transport very well. It is important to note, how-

K. The global energy balance yields an expression for theever, that the expression for evaporation given by BJ. (

temperaturd’a: represents the maximum evaporative flux that is achieved by

0= Re— oT? 5 locally generated motion near the surface only. In practice,
= fNs—0la, 2) the equilibrium evaporation rate is often corrected by the

whereo is the Stefan—Boltzmann constant. Priestley-Taylor coefficientRriestley and Taylqrl972 of

The strength of the convective heat fluxes are derived front 1.26, which can be understood as the effect of horizontal

the assumption that surface exchange is driven mostly by IO[notion that is generated by horizontal differences in absorp-

cally generated buoyancy at the surface, and that the power tgonr?f solar];f@dlatlo.n}(ltlaldon and Rennngf_)la._ I—(Ijowever, f
generate motion by dry CONVectioH, - (Ts — Ta)/ Ts is max- as this coefficient simply acts as a multiplier, it does not af-

imized. The Carnot limit has a maximum. because a greateFeCt the relative sensitivity of evaporation to changes in the
value of H is associated with a smaller vailuel}f— T, due surface energy balance. Also note that evaporation driven by

to the constraint imposed by the surface energy balance. Thi%Cal convection by surface heating can already explain more
0, - i -
tradeoff betweerld andTs — T, results in a distinct state of than 70 % of the strength of the present-day hydrologic cy

maximum power associated with convective exchange at in-Cle (Kle_ldon and R.enne|2013. We will t_hergfore conS|dt_ar
only this locally driven rate of evaporation in the following

termediate values for these two terms (see also Appendix); 7 ™ L
The maximization is achieved by optimizing the vertical ex- derivation of the sensitivities.
change velocityw. At maximum power, the optimum value

for the vertical exchange velocitysopt, is given by 3 Results

©)

o

- Rs ’ (3) To derive the hydrologic sensitivity to surface temperature,
s+y 2cpp(Ts = Ta) we are interested in the expressigiEIdE /dTs. We first note
) _ thatTs is not the independent variable of our model, because
where y =65PaK?! is the psychrometric constant and Ts=Ts(kr, Rs) With the relationship given by Eqs), and
s =desay/dTs is the slope of the saturation vapor pressureinat solar radiative forcinggs, and the greenhouse param-
curve. This maximum power state results in an energy pareter k,, are our independent variables. We can, however, use
titioning at the surface of Eq. (6) to makeTs andk; our independent variables, aRg
our dependent variable. This sounds a bit backward, but is
(4) mathematically sound and allows us to compyt& tiE /dTs
analytically.

The expression ofp is nearly identical to the equilibrium ~ We now use the expression Bbpt in Eq. (4) as the evap-
evaporation rateSlayter and Mcllroy 1961 Priestley and  Oration rate to derive the hydrologic sensitivity. This expres-
Taylor, 1972, a concept that is well established in estimating Sion depends om and Rs, which are both related to our in-
evaporation rates at the surface, with the additional constrainéleépendent variabl&. The derivative is thus given by

Wopt

Rs Y Rs S Rs
R = — Hopt= ——— MEgpt = —.
l,opt 2 opt sty 2 opt s+y 2
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1 dE 10E ds 1 0E 0R
===t o= 7
E de E 0s dTS E 8RS 3T5

SincedRs/dTs=(3Ts/dRs) L, we can also express this as

(%)

for which the derivatived Ts/0 Rs can be directly calculated
from Egs. 6) and &). We refer to Eqg. §) as the hydrologic
sensitivity.

The hydrologic sensitivity consists of two terms. The first

1 dE 1 0E ds

Edl.  E os dIu

1 90F

aTs
E 9Rs

3R (8)

term on the right hand side expresses the dependence of evap-

oration ons, which depends strongly on surface temperature
while the second term describes the dependence of evapo

temperature.

When a difference in surface temperatutd, is caused
by changes in the atmospheric greenhouse effect (i.e., a di
ferent value of;), then the solar radiative heating is a con-
stant and 1E dE/dTs=1/E 0 E/ds ds/dTs. This sensitivity

represents only a shift in the partitioning between the sensi-g 9Rs
ble and latent heat flux, as the overall magnitude of turbulen

fluxes does not change sing does not change.
If ATsis caused by a difference iRs, then Y E dE /dTs

consists of two terms, expressing the change of evaporatio

due to a change inthat is caused by the increase in temper-

ature, but also the overall increase in turbulent fluxes due to

the increase irRs. Hence, we would expect different hydro-

logic sensitivities to surface temperature, depending on the

A. Kleidon and M. Renner: Hydrologic cycling and global climatic change

To quantify this first term of the sensitivity for present-
day conditions, we us®&s=240W n12 and derive a value
for k,=3.64 W nT 2K~ indirectly from the observed global
mean temperatures[s=288K and 7,=255K and from
Eqg. (6) above. With this radiative forcing and values of
y=65PaK?! and s=111PaK?, we obtain a numerical
value of this sensitivity of

10E ds
E 9s dTs
which matches the mean sensitivity of climate models of
2.2%K-1 (Allen and Ingram2002 Held and Soder2006
Lietal., 2013.

The second term of Eq8)is due to a difference in absorp-

2.2%K! (10)

r’gpn of solar radiationA R, and is given by

tion on the solar radiative forcing, which also affects surface 1 9E

aTs
ORs

B Ak ot/ (11)
201/4Rs + kr Ré_/‘l

Fon (7))

f]'his sensitivity depends only on radiative properties and re-

sults in a sensitivity of

190F <8T5 (12)

-1
—3 ~ 1%KL
9 Rs

tI'his sensitivity is about half the value of the first term when

evaluated using present-day conditions, so that the total hy-
grologic sensitivity to surface temperature change caused by
solar radiation is about 3.2 %# and thus exceeds the above
sensitivity to changes in the atmospheric greenhouse effect.
These sensitivities are shown graphically in Ftg. The

relative proportion of this sensitivity to that caused by

hanges in the atmospheric greenhouse is consistent with the
proportions reported bBala et al(2008 andAndrews et al.
0(2009. In both studies, the authors reported a sensitivity to

surface temperature caused by changes in the atmospheric

type of radiative change. Changes in the greenhouse effect a
fect the first term of the right hand side of E) bnly, while
changes in solar radiation affect both terms of the right han

side of Eq. 8) and thus should result in a greater sensitivity.
The first term in Eq. &) expresses the change of evapora-
tion, E, to surface temperatur®;, by altering the value of:

10Eds  y 1ds
E ds dTs s+ y s dTs’

(9)

We note that this sensitivity does not involve the rela-
tive change in saturation vapor pressurésiidesay/dTs,
but rather the relative change in tBpein saturation va-
por pressure Asds/dTs. The proportionality to the slope
1/s ds/dTs, rather than lesaidesay/dTs, is due to the fact that
the intensity of the water cycle does not dependQi(Ts),
but rather on the difference @fa(7s) — esafTa), Which is
approximated in our model by the slopeHence, the sensi-
tivity of the hydrologic cycle does not follow/zsaidesay/ dT,
but rather ¥s ds/dT. The sensitivity is further reduced by a
factory /(s + y), which originates from the energy balance
(and maximum power) constraint and ensures fds not
unbound with much higher values fég, but converges to an
upper limit of Rg/2.

Earth Syst. Dynam., 4, 455465, 2013

greenhouse of 1.5%HK, while the sensitivity to changes

in solar radiation was given as 2.4 %K While the mag-
nitude of the sensitivity is smaller compared to the sensitiv-
ities calculated here and most other climate modalte

and Ingram 2002 Held and Soden2006 Li et al.,, 2013,

the sensitivity to temperature differences caused by differ-
ences in solar radiation is about 60 % greater than those due
to differences in the greenhouse effect, which is similar to
the difference that is estimated here.

We will next look at the sensitivities of convective mass
exchange that is associated with these differences in hydro-
logic cycling. The sensible and latent heat flux are accom-
plished by convective motion, which exchanges the heated
and moistened air near the surface with the cooled and dried
air of the atmosphere. To evaluate the sensitivity of convec-
tive motion to surface temperature, we evaluate the relative
difference inw in response to a difference ify, for which
we use the expression afyt as given in Eq.J):

Y )1.

www.earth-syst-dynam.net/4/455/2013/

ldw 10w
U)dTS_waTS

1 ow

aTs
w 8RS

9Rs (13)
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a. evaporation The second term in Eq18) describes the indirect effect
of differences in solar radiation an through differences in

19 aTs\ 7t k2 4k o4
2 (s) (g : i .(15)
w dRs ORs 25 1/4 RS7/4 20 Y4 Rg + ke Rs1/4

This expression yields a sensitivity af3.8% K1, so that
the total sensitivity of convective mass exchange to tempera-
0 - ture differences caused by differences in absorption of solar

relative sensitivity (% K-1)

gg o 2 T §§ g g‘ gé radiation is—_2._9_% K1, This s_ensitivity is notic_eably less

s 2 ‘3, c2:-.500% % 3 than the sensitivity to changes in the atmospheric greenhouse
s £2 gg *@ § § ‘§ 8 effect (see also Figb).

B ;z = 25 g g In summary, we have shown here that our analytical ex-
2 2 § ® pressions for the sensitivity of evaporation rate, B, ¢an

]

reproduce the reported mean sensitivity of climate models to
greenhouse-induced temperature differences. Due to an addi-
tional term that relates to changes in absorbed solar radiation
] (Eqg. 11), the hydrologic sensitivity is greater when the tem-
] perature increase is due to an increase in the absorption of
solar radiation, which is also consistent with what is reported
] e e from climate model studies. Associated with these changes
in the hydrologic cycle are changes in the intensity of verti-
cal mass exchange, which depend on the type of change in
the radiative forcing. Hence, our approach appears to repre-
sent a simple yet consistent way to capture the mean aspects
of climate change that are reflected in surface temperature
differences.

b. convective mass exchange

relative sensitivity (% K-1)

sensitivity to Ts
(egn. 14)
sensitivity to Rs
(egn. 15)
sensitivity to
greenhouse
sensitivity to
solar radiation

4 Discussion

Fig. 2. Sensitivity of(a) the hydrologic cycle (evaporatiofi) and Before we interpret our results in more detail, we first dis-
(b) convective mass exchange (exchange velagjtyo differences  cuss some of the limitations of our approach and evaluate
in surface temperaturg€). Shown are the numerical values for the the extent to which these affect the results. We then interpret
relative sensitivities as given in the text for present-day conditions.our results for the hydrologic sensitivity and relate this in-
Also included in(a) is the sensitivity of saturation vapor pressure, terpretation to previous explanations. We close with a brief
1/esatdesaydTs, as well as the mean sensitivity to greenhouse dif- ¢ ssion of one of the implications of our work for the cli-

ferences reported for climate models beld and Sodet200§ 1 aic impacts of climate geoengineering by solar radiation
(“GCM sensitivity”). management

As in the case of evaporation, the sensitivity consists of twoA"1 Limitations

terms, with the first term representing the direct response o

T L F\laturally, we have made a number of assumptions in our
w to s andTs. This first term is given by

approach. These assumptions relate to the assumption of
1 9w s 1 ds 1 (a) the maximum power limit for convective exchange, (b) a
e T T Lo ear. T - (14) steady state of the energy balances, (c) surface exchange be-
w 0Ts s+ysdls Ts— Ty ; / :

ing caused by local heating, and (d) a simple treatment of
Using the values from above, this yields a sensitivity of processes in our model.
—6.7% K-1. The sensitivity is negative, implying that con-  The use of the maximum power limit provided a means to
vective mass exchange is reduced by a stronger greenhousenstrain the convective exchange in our model. If this limit
effect. This sensitivity is consistent with previous interpre- would not have been invoked, the magnitude of the turbulent
tations as described Betts and Ridgway1989 andHeld heat fluxes would be unconstrained, and some form of em-
and Sodel2006), and the estimates of about 4—8 % reported pirical treatment of these fluxes would be required, typically
by Boer(1993. with an empirically derived value of the drag parameter. The
application of a thermodynamic limit to convective exchange

www.earth-syst-dynam.net/4/455/2013/ Earth Syst. Dynam., 4, 45865 2013
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avoids this empirical parameter. This limit relates closely torather than 240 W ir? of solar radiation which is absorbed
the hypothesis that atmospheric motion maximizes materiaht the surface. We used this simplification to keep the model
entropy production, noting that in steady state, power equal&s simple as possible (otherwise, we would need to account
dissipation, and entropy production is described by dissipafor atmospheric absorption in the expressionfgr For the
tion divided by temperature. This hypothesis was first pro-hydrologic sensitivity, this simplification plays a minor role
posed byPaltridge(1979, and has been quite successful, for because the sensitivity is formulated in relative terms, which
instance in predicting heat transport in planetary atmosphereis independent oRs (at least the first term in E@). In ad-
(Lorenz et al. 2001), in deriving an empirical parameter re- dition, we assumed that the atmosphere is mostly opaque for
lated to turbulence in a general circulation modele{don terrestrial radiation. This assumption does not hold for all re-
et al, 2003, and other applications in climate science (e.g.,gions. Particularly in dry and cold regions, the atmosphere
Ozawa et al.2003. Hence, the assumption that atmosphericis more transparent to terrestrial radiation. This would affect
motion operates near such a thermodynamic limit, while notour model in which it is assumed that all terrestrial radiation
widely recognized, has considerable support. For the derivato space originates from the atmosphere (cf. Bqg.
tion of our sensitivities, this assumption only matters to the Overall, while we made several assumptions and simplifi-
extent that it predicts that net radiation does not change ircations in obtaining our results, it would seem that our results
the case of greenhouse-induced warming. In other wordsare rather robust. These assumptions may need to be revis-
the derivation of the hydrologic sensitivity to greenhouse-ited and refined when using this approach at different scales
induced warming (Eg9) could have been done with the as- or conditions. For instance, when this approach is applied to
sumption that net radiation does not change. Likewise, thdand, then one would need to account for the additional con-
hydrologic sensitivity to solar-induced changes of surfacestraint of water limitation. When it is applied to the diurnal
temperature (Eq® and11) could have been derived from cycle, one would clearly need to account for changes in heat
the assumption that the ratio between radiative and turbulenstorage. These factors can, of course, be included in an exten-
cooling remains fixed. Both of these assumptions can then beion of the approach, but they should nevertheless not affect
justified and explained by the maximum power limit. our results at the global scale in the climatic mean.

We also assumed that the energy balances of the sur-
face and the atmosphere are in a steady state. This assumg-2 Interpretation
tion ignores the temporal variations on diurnal and seasonal
timescales, which result in the dynamics of boundary layerThe interpretation of our results is relatively straightforward
growth and changes in heat storage. These aspects are masid can be attributed entirely to changes in the surface en-
relevant on land, while over the ocean, these aspects arergy balance. This focus on changes in the surface energy
likely to play a minor role due to the large heat capacity of balance is plausible, because after all, convective mass ex-
water. Since the sensitivity of the hydrologic cycle is domi- change, the associated transport of sensible and latent heat,
nated by the oceans, it would thus seem reasonable to negleahd hence hydrologic cycling is caused by surface heating.
these variations. It is important to note that the actual heating of the surface

Another assumption that we have made is that the turbuis solely due to the absorption of solar radiatid®y, while
lent exchange at the surface results only from local surfaceerrestrial radiationR,, cools the surface. In the following,
heating. This assumption neglects the fact that the large-scal@e explain these changes and illustrate these for an example
circulation adds extra turbulence to the surface, thus generef a surface warming oA 75 =2 K, which is shown in Fig3.
ating more turbulence at the surface than what would be ex- When the surface warming is entirely caused by an in-
pected by local heating alone. This extra contribution wouldcrease of the atmospheric greenhouse effegis effectively
shift the partitioning in the surface energy balance towardsunchanged, but the cooling of the surface by terrestrial ra-
turbulent heat fluxes. In the framework of the equilibrium diation is less efficient. In our model, this reduced cooling
evaporation rate, this shift can be interpreted by the Priestleyefficiency is reflected in a lower value &f. This lower value
Taylor coefficient. We incorporated this effectdteidonand  of k,, however, does not affect the partitioning of absorbed
Renner(2013 by introducing a factor into the formulation of solar radiation into radiative and turbulent coolirg, and
the sensible and latent heat flux, but we did not use this facto + AE, at the maximum power state. This is noticeable in
here. The reason for omitting this factor is that as long as thisEq. @), since the partitioning does not depend on the value
factor is independent dfs, therelative sensitivities that we  of k. Hence,Rs and R do not change (cf. Fig3, blue bars).
derived here are not affected as this factor would cancel outHowever, becausk is reduced, it requires a greater temper-
Hence, this large-scale contribution to turbulent exchange isature differencefs — Ty, to accomplish the same radiative
unlikely to result in substantially different sensitivities. cooling flux, R;. SinceTy; is fixed by the global energy bal-

In addition, we implemented processes in our approach irance and is independentigf this can only be accomplished
a simplified way. We assumed that all absorption of solar ra-by an increase iffs. This surface warming is then associated
diation takes place at the surface, while observations (e.gwith a different partitioning between sensible and latent heat,
Stephens et gl2012 state that it is only about 165 W because the slope of the saturation vapor pressure cyrve,

Earth Syst. Dynam., 4, 455465, 2013 www.earth-syst-dynam.net/4/455/2013/
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B warming by greenhouse The situation is different when the surface warms due to
B warming by solar radiation enhanced absorption of solar radiation (F8y.red bars).
[0 solar geoengineering In this case, the surface is heated more stronglyi¢ in-
5 creased), so the rate of cooling, + H + AE, is increased
5.0 4.8 as well. Apart from the difference in surface temperature and
& o4 32 the associated differences in the partitioning between the sen-
S 25 . .
= 5 sible and latent heat flux, the overall magnitude of the turbu-
o 00 J lent fluxes is altered as well. Hence, the sensitivity is greater
g o0 D than in the case of greenhouse warming, which is noticeable
S 2 D °5 o in our example by the increase in sensible and latent heat
% . s TR (compare red vs. blue bars in Fig). The additional con-
i tribution by the overall increase in turbulent fluxes depends
-6 20 on Rs and on the temperature difference, which depends on

502 T =T W Rs andk;. Consequently, the second term in the sensitivities
Q= 2 < 2 X :—-f = depends explicitly on the radiative properties of the system
3 % % = __ig’ = 8 (Rs, kr, cf. Egs.11 and15). This enhancement of the turbu-

‘5’ S % S 2 ; lent fluxes favors greater convective mass exchange, so that
% = c - 7] % the sensitivity of convective mass exchange is reduced com-

pared to differences caused by a stronger greenhouse effect.
Fig. 3. Estimates of the changes in the surface energy balance OUr interpretation is quite different from the common ex-
components due to a warming @7s=2K caused by an in- planation for the hydrologic sensitivity (e.dditchell et al,
crease in the atmospheric greenhouse effect (blue, “warming byl987 Allen and Ingram2002 Takahashi2009 Allan et al,
greenhouse“), by an incrgase in absorbed solar radiation (red2013. The common explanation starts by considering the at-
“‘warming by solar absorption”), and when a greenhouse warm-mospheric energy balance. Surface warming results in a per-
ing of 2K is compensated for by a reduction of solar radiation rhation of this energy balance. It accounts for the extra re-
by some geoengineering management (yellow, “solar geoengineClaase of latent heah, AP, the change in radiative cooling
ing"). The numbers are obtained using valueskgF 240 W m of the atmosphere to spac&Ris the change in radiative

andkr =3.64WnT2K~1 for the present-day climate, a reduction . .
of kr to kr=3.44WnT2K~1 to get a surface warming of 2K by Eggiiljz(og]l;he surfaceA Ry, and a change in the sensible

changes in the greenhouse effect, an increasa R§=5W m~2

to get a surface warming of 2K by changes in absorption of so-

lar radiation, and a combined changekpf 3.44WnT2K-1 and

ARs=-5Wm~2 to implement the solar radiation management g common explanation for the lower sensitivity of precip-

effects. itation to surface warming compared to the sensitivity of the
saturation water pressure argues that the additional release of

has a greater value at a warmer temperature, resulting in Btentheati AP, is constrained by the ability to radiate away
greater proportions/(s +v), of the turbulent C00|ing be- the additional heat by the termRiga— AR). The termAH
ing represented by the latent heat flux, thus resulting in dn these considerations is commonly neglected becauise
stronger hydrologic cycle (Figa). In the example shown in  duite a bit smaller than the latent heat flux.
Fig. 3 the consequence of the warming is reflected merely in  This energy balance is, of course, indirectly also obeyed
the shift from the sensible heat flux to the latent heat flux, butin our model even though we do not explicitly consider
the magnitude of both does not change. it. First, we consider a steady state, so thaRs= A Ryipa,
Since the differencels — T, is enhanced, the turbulent AAP=AAE, and, ¥P-dP/dTs=1/E -dE/dTs.
heat fluxes are accomplished by less convective mass ex- We first consider the case of greenhouse-induced sur-
change, which results in the negative sensitivitywBw /3 Ts face warming. In this case, changes in the greenhouse effect
(Fig. 2b). Since both sensitivities deal with the intensity of do not change the radiative temperature of the atmosphere
convective transport and its partitioning into sensible and la-Whichiis entirely determined b§s, Eq.5), hence A Rioa=0.
tent heat, the sensitivities are expressed only in terms of re] he termk; does not change either, because the surface heat-
lated propertiess( y, Ts — Ta, cf. Eqs.9 and14), but do not ~ ing by solar radiation did not changa s = 0) and the maxi-
depend explicitly on radiative properties of the systekg, ( Mum power constraint results in an equal partitioning among
kr). This interpretation is consistent with the general under-Ri andH + AE, no matter how strong the greenhouse effect
standing of the greenhouse effect, but it emphasizes that this- Hence, the overall changes in the atmospheric energy bal-
atmospheric greenhouse effect acts to reduce the efficiencgnce reduce to

by Whlc_h '_[he surface cools through the emission of terres-AAP — _AH (17)
trial radiation.

AAP = ARwa— AR — AH. (16)
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This implies that the weak, 2.2 %K increase in the strength a. evaporation
of the hydrologic cycle can simply be explained by the re- AT oK
duction of the sensible heat flux at the surface. This inter- ~ ITQK I

pretation is identical to what we found for the changes in the £ 44
surface energy balance: a greenhouse-induced surface warns
ing merely affects the partitioning between sensible and la-
tent heat, but does not affect the magnitude of the turbulent
heat fluxes (see also example in F3gblue bars). This ex-

Evaporat
(6]
L1 ‘ |

o

I ‘ AE/E = 4.4%

planation is different to the common explanation, which ne- .£ ] X AE/E = -6.4%

glects changes in the sensible heat flux. In our explanation,§ _5]

the hydrologic sensitivity due to greenhouse-induced surfaceg . g

warming is entirely due to the reduction &f. E 01,
The changes in the atmospheric energy balance are dif-2 4 -3 -2 4 0 1 2 3 4

ferent if the surface temperature change was caused by Difference in Temperature (K)

changes in solar radiation. If absorbed solar radiation in-

creases by R, then the global energy balance requires that b. convective mass exchange

ARiwa=ARs, so that the radiative temperatufg must in-

crease. The partitioning of energy at the surface changes a

well. At a state of maximum power, the additional heating &

of ARsresults in an equal increase in radiative and turbulent g

fluxes of AR = ARs/2, and of A(H + AE)=ARs/2. In ad- s

dition, the increase in surface temperature alters the partition-'é

ing betweerH and\ E. Hence, in this case, all four terms are “c‘ —

going to change in Eq16), which is quite a different change g Awhw = -13.4%

than the greenhouse-induced warming. % T A = +5.8%
Overall, our explanation is quite different to the common '__ag E—

explanation of the hydrologic sensitivity. Yet, our explana- &

I
-2 -1 0 1 2 3 4

tion is simple, physically based, consistent with the atmo- -4 -3
spheric energy balance, and predicts the right value of the Difference in Temperature (K)
sensitivities.

Fig. 4. lllustration of the contrary effects of greenhouse vs. solar-
induced changes ofa) evaporation,E, and (b) convective mass
exchangew. The sensitivity of evaporation to a surface warm-

. o . . ing of ATs=2K by an elevated greenhouse effect results in an in-
An important implication of our interpretation of the hydro- rease of 2.2 % KX, resulting in a change from point A to B (blue

|OgiC SenSitiVity is that the forCing of the surface cannot be|ine). A geoengineering response aimed at compensating this in-
simply lumped into a single, radiative forcing concept. The crease in surface temperature by reducing solar radiation would
notion of a “radiative forcing” combines the changes in solar change evaporation at a rate of 3.2 % resulting in a change
and terrestrial radiation into one variable. However, as thesdrom point B to C (red line). Likewise, the surface warming would
sensitivities show, solar radiation plays a very different role decrease the vertical exchange veloaityby —6.7 % K~ (point A
than terrestrial radiation. The strength of hydrologic cycling ©© B). while the geoengineering response would increase it at a rate
as well as convective mass exchange react quite differenthpf 2-9 %K™~ (point B to C). Hence, while the geoengineering re-
if the surface is warmed due to stronger heating by solar raSPONse may undo differences in surface temperature, it cannot com-
diation or due to a weaker cooling by a stronger greenhousg
effect. An immediate consequence of this notion is that cli-
mate geoengineering cannot simply be used to undo global
warming (see alsBala et al, 2008andTilmes et al, 2013.
This can be illustrated using the sensitivities given above. by 4.4 % with a warming of 2 K. This increase is shown by
We consider the case of surface warming of 2K causedhe arrow in Fig.4a from the original climatic state “A’ to
by an enhanced greenhouse effect, as before, except thttie state in which the surface is heated by 2K (point “B”).
we look at the relative sensitivities rather than the absoluteThe convective mass exchange would be reduced following
changes in the surface energy balance. Since this increagbe sensitivity Ywow/d7Ts (Eq. 14), which has a value of
of surface temperature is caused by the greenhouse effect;6.7 % K-1. With a 2K warming, the convective mass ex-
the hydrologic cycle would be strengthened by the sensitivitychange would be reduced by 13.4 % (Fb).
1/EJE/ds ds/dTs (Eq.9 and blue bars in Fig3). This sen- If this surface warming is reduced by a reduction of ab-
sitivity has a value of 2.2 %K?, so thatE would increase  sorbed solar radiation (cf. yellow bars in F8), as proposed

4.3 Implications

ensate changes in the hydrologic cycle and vertical mass exchange
t the same time.

Earth Syst. Dynam., 4, 455465, 2013 www.earth-syst-dynam.net/4/455/2013/



A. Kleidon and M. Renner: Hydrologic cycling and global climatic change 463

by some geoengineering schemes, then the valikg wbuld analytical expressions yield sensitivities that are consistent
change and we need to consider both terms in the sensitiwith those found in rather complex climate models. We con-
ities of evaporation (Eg8) and convective mass exchange clude that the hydrologic sensitivity to surface warming can
(Eg.13). The hydrologic cycle would be reduced not at a rate be explained in simple, physical considerations of the surface
of 2.2% K~ as in the case above, but rather at the combinecenergy balance.
value of 3.2 % K1, which includes the additional sensitivity An important implication of our results is that geoengi-
given by Eqg. L1). Hence, with a cooling of 2K that would neering approaches to reduce global warming are unlikely
be necessary to undo the surface warming, the strength of thie succeed in restoring the original climatic conditions. Be-
hydrologic cycle would be reduced in total by 6.4 %. This is cause of the difference in hydrologic sensitivities to solar vs.
shown in Fig.4a by the arrow from point B to C. Overall, greenhouse induced surface warming, the changes in hydro-
the warming would be undone, but the strength of the hydro4ogic cycling and convective mass exchange do not compen-
logic cycle at this state of geoengineering (point C) would sate even if surface temperature changes are compensated by
be weaker by 2% compared to the original state (point A).solar radiation management. This example emphasizes the
Likewise, the sensitivities of convective mass exchange ddlifferent roles that solar and terrestrial radiation play in the
not compensate either. The cooling of 2K by the reductionsurface energy balance and challenges the frequently used ra-
of absorbed solar radiation follows the weaker sensitivity of diative forcing concept, which lumps these two components
—2.9% K1, so that the convective mass exchange would in-together. It would seem insightful to extend our study in the
crease by only 5.8 % (see arrow from point B to C in Hig). future to other aspects of global climatic change, in which the
Hence, overall, the greenhouse warming by 2 K and the geodifferent roles in solar and terrestrial radiation are explicitly
engineering cooling by 2 K would weaken convective massconsidered in a thermodynamically consistent way.
exchange by 6.8 % (compare point A and C in Hig, which
is also seen in the yellow bars in Fig). )

Hence, such intervention by geoengineering may undd*PPendix A
surface warming, but it cannot undo differences in hydro- o
logic cycling and convective mass exchange at the same time! "érmodynamic limits

What this tells us is that it is important to consider the differ- The first and second law of thermodynamics set a fundamen-

studies on the strength of the hydrologic cycle and global letal d|rect|_on as well as limits to.energy conversions .W'Fh'n
matic change (see alsones et 22013 any phyS|caI_ sy;tem. We apply it her_e to derive the .I|m|t to

' how much kinetic energy can be derived from the differen-
tial radiative heating between the surface and the atmosphere.

. The following derivation summarize$leidon and Renner
5 Summary and conclusions (2013

In this study we showed that the sensitivity of the hydro- . Tc_) derive the "”."“t’ we consider a heat engine as marked
X o . in Fig. 1 that is driven by the sensible heat flu{, In the
logic cycle to surface temperature can be quantified usin

o . teady-state setup used here, the first law of thermodynamics
a simplified surface energy balance and the assumption that ~ " : . .
. ._requires that the turbulent heat fluxes in and out of the engine,
convective exchange near the surface takes place at the lim

of maximum power. This model yields analytical expres- andHouy, are balanced by the generation of kinetic energy,

sions for the hydrologic sensitivity and shows that it doesG'

not scale with the saturation vapor pressure, but rather withyy _ 5 _ Hout — G. (A1)

its slope. The hydrologic sensitivity scales with the slope of

the saturation vapor pressure curve because hydrologic CyFhe second law of thermodynamics requires that the entropy
cling relates to the differences in saturation vapor pressurgy the system does not decrease during the process of gen-
between the temperatures at which evaporation and condererating kinetic energy. This requirement is expressed by the
sation takes place. This difference is approximated by theentropy fluxes associated with the heat flu¥ésand Hoy
slope. The actual sensitivity is then further reduced by a facthat enter and leave the heat engine at the temperatures of the
tory /(s + y), which originates from the surface energy bal- syrface and the atmosphere:

ance constraint. Our analytical expressions also show that

surface warming caused by increases in absorbed solar rad  Hout -0 (A2)
diation result in a greater sensitivity of the hydrologic cy- Ts Ta —

cle than warming caused by an increased greenhouse effect. .

This greater sensitivity for warming due to solar radiation is In the best case, the entropy balance eqL_Jals zero, which then
simply explained by the requirement for a greater total cool-a"_OWS us to express the flilo,t as a function off, Ts, and

ing rate by radiative and turbulent fluxes. Even though ourla

approach is highly simplistic and omits many aspects, the
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formulate a hypothesis, namely, that the surface-energy par-
titioning would operate near this maximum power limit. This
hypothesis is very closely related to the proposed princi-
ple of Maximum Entropy Production (MER)zawa et a|.
2003 Kleidon et al, 2010, noting that in steady stat®,= D,

and entropy production is described By T. A more com-
plete discussion on this relationship is giverKileidon and
Renner(2013. In this paper, we assume that natural pro-
cesses operate at this thermodynamic limit to derive the ana-
lytical expressions.

Ta

Hoyt=H - —.
out T

(A3)
When combined with Eq.A2), this yields the well-known
Carnot limit of the power generated by a heat engine:

Ts— Ty
Ts

G=H":

(A4)

In steady state, this generated power is dissipated by friction
so thatG = D.

While the Carnot limit provides a constraint on how much
power can be generated, it does not directly provide a limit
on the value ofd. Such a limit is obtained when we consider Acknowledgementsile ~ thank  two anonymous  reviewers,
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Hence, the surface energy balance demands that the tempera-
ture difference7s — T, decreases with an increasing value of
H.When combined, this yields an expression for the CarnotReferences
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