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Abstract. The land surface energy and water balances arevaporation, precipitation imposes a constraint on how much
tightly coupled by the partitioning of absorbed solar radiationwater can potentially evaporate. The relative proportion of
into terrestrial radiation and the turbulent fluxes of sensiblethese two factors shape the energy and water balances on land
and latent heat, as well as the partitioning of precipitationand thereby the characterization of land into humid and arid
into evaporation and runoff. Evaporation forms the critical regions Mueller et al, 2013.

link between these two balances. Its rate is strongly affected These two factors — the availability of energy and of water
by turbulent exchange as it provides the means to efficiently- were combined bBudyko (1974 (also,Schreiber 1904
exchange moisture between the heated, moist surface and tit&'Dekop, 1911) into a simple scheme to characterize terres-
cooled, dry atmosphere. Here, we use the constraint that thigial environments regarding the mean availability of radia-
mass exchange operates at the thermodynamic limit of maxtive energy and water at the surface. In this scheme, the frac-
imum power to derive analytical expressions for the parti-tion of precipitation that is evaporated, the so-called evap-
tioning of the surface energy and water balances on land. Werative index,e, is expressed as a function of the dryness
use satellite-derived forcing of absorbed solar radiation, sur{or aridity) index,®, which is the ratio of net radiation at
face temperature and precipitation to derive simple spatiathe surface divided by the energy equivalent of precipitation
estimates for the annual mean fluxes of sensible and later(Fig. 1). Arid regions are characterized by a dryness index
heat and evaluate these estimates with the ERA-Interim re® > 1, and evaporation is limited by the supply of water by
analysis data set and observations of the discharge of larggrecipitation, withe = 1. This condition is represented by
river basins. Given the extremely simple approach, we findsection A in Fig.1. Humid regions have a low value of the
that our estimates explain the climatic mean variations in netdryness index withb < 1, and evaporation is limited by ra-
radiation, evaporation, and river discharge reasonably welldiative energy and thus< 1 (section B in Figl). However,

We conclude that our analytical, minimum approach pro-while observations generally are close to these limits, they
vides adequate first order estimates of the surface energtypically follow a line as shown by “C” in Figl, so that evap-
and water balance on land and that the thermodynamic limibration is typically below the limits described by sections A
of maximum power provides a useful closure assumption tcand B. These deviations were attributedMilly (1994 to
constrain the energy partitioning at the land surface. seasonality in precipitation, net radiation, and seasonal soll
water storage.

Yet there is more to the partitioning of the surface energy
and water balance than the availability of radiative energy
1 Introduction and water. A critical process that maintains the exchange of

vapor between the surface and the atmosphere is the vertical
The partitioning of absorbed solar radiation at the land sur-mass exchange associated with turbulence and atmospheric
face into radiative cooling and turbulent fluxes shape the terconvection. To sustain this exchange of heated, moistened
restrial environment and this partitioning is strongly affected air from the surface with the cooler, drier air of the atmo-

by the availability of water on land. While absorption of so- sphere, motion needs to be maintained, which requires the
lar radiation heats the surface and supplies the energy for
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Figure 1. lllustration of the Budyko framework for the partition- _. I . .
. ) Figure 2. Schematic illustration of the simple energy balance
ing of water and energy at the land surface, using mean values of

. T . model, with the main variables and fluxes used here. Adteidon
net surface radiatiorkp, precipitation,P (with a latent heat of va- and Renne(20133
porization,1), and evaporationt. Section A of the solid line cor- )
responds to environmental conditions in which precipitation limits

evaporation, while section B represents conditions in which radia—the covariation of variables that we did not account for here
tive energy limits evaporation. Observations typically fall onto a line variatl varl wedi u ’

(C, Budyko curve) that is to some extent removed from the limits A are describe.d in the discussion, as \_/veII as_the relation of our
and B. AfterBudyko(1974 andMilly (1994). work to previous works. We close with a brief summary and
conclusions.

continuous generation of kinetic energy due to inevitable? Theory

frictional | . IrKlei Rennef201 . .
rictiona 0SS€s eidon and enn 0 .33’ we usede} . We use the theoretical approach kéfeidon and Renner
thermodynamic approach to derive a maximum power limit

associated with this exchange that is driven by local surfacézoma' This app_roach uses the surface energy _balance n
. Lo . A Steady state and imposes the thermodynamic limit of maxi-
heating. From this limit, we estimated the partitioning of the

mum power to convective heat exchange at the surface to de-
surface energy balance and a strength of the global hydro- .

. . termine the fluxes of the surface energy balance. We extend
logic cycle and found that these estimates reproduced obse[—

. . ) his approach to account for water limitation on land. To do
vations very well. This approach also set the basis to ana- . :

: : T so0, we formulate the climatological mean surface energy and
lytically derive the sensitivity of the water cycle to surface

. . . o water balance first, describe how the maximum power limit
warming Kleidon and Renner2013h), and this sensitivity ) L
. .~ .. constrains the partitioning of energy fluxes at the surface, and
was found to reproduce the reported hydrologic sensitivity

from much more complex climate models extremely well. place the partitioning associated with this maximum power

The success of this approach implies that atmospheric transsitate in contextwith the Budyko framework.
P P P We consider a system composed of the land surface and

port plays an important role as a constraint on land surfaceihe overlying atmosphere in steady state, as shown irgEig.

exchange, and it supports the hypothesis t_hat natural Ioro']'his system is considered to be local so that motion is gener-
cesses of the Earth system operate near their thermodynami

limit (Kleidon, 2012, acted within the system. Water cycling takes place locally as
. . . well, except for the convergence of lateral moisture transport
The goal of this paper is to extend our thermodynamic ap- .. . ;
within the atmosphere and the export of river discharge at the

proach to the surface energy and water balance on land. B : L : . : :
: . . . . urface. This setting is, of course, idealized and highly sim-
doing so we aim for a description of the climatological mean

A . . . plistic, yet this formulation is complete in that we only need
state in its simplest possible, yet physically consistent form,a minimum set of variables to specify the system in stead
rather than a highly detailed description that is likely to better b y y

reproduce observations. This approach is first briefly sum-State' Specifically, we do not need to specify wind veloci-

. . . . T L ; ties or relative humidities, as both variables represent inter-
marized in the following section, including its extension to

include the effects of water limitation on the surface energynal variables of the system. We use this local assumption here

balance. We then use global data sets, which are described Iz’i;'nd discuss the potential limitations that originate from this

. h S . . assumption in the discussion.

Sect.3, to provide spatially explicit estimates for the climatic . ; . _

. The variables used in the following description of the
mean partitioning of the surface energy and water balance. . .

X . : approach are summarized in Talile
These estimates are shown in the results section, where the)P
are compared to ECMWEF reanalysis products (ERA-Interim,
Dee et al.2011) as well as to observations of river-basin dis-
charge. The limitations of our approach, specifically regard-

ing the effect of the large-scale atmospheric circulation and
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Table 1. Variables and parameters used in this study.
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Symbol Variable Value or units Equation

B Bowen ratio - Eqg. (10)

cp heat capacity of air 1004 J kg -

E evapotranspiration nre Eq. 9)

€ evaporative index - Eqld)

fw water availability factor 0.1 EqlQ)

o} Budyko dryness index - Eql®

y psychrometric constant 65 Pak -

G convective power W m?2 Eq. (7)

LE latent heat flux W m?2 Eq. @)

H sensible heat flux W e Eqg. ©)

kr linearized radiative exchange coefficient WK1 inferred indirectly fromTs
A latent heat of vaporization 26100 Jkg 1 -

P precipitation ms? forcing

0 discharge mst Eq. 6)

0 air density 1.2kgm3 -

Rs absorbed solar radiation at the surface WPm forcing

R net flux of terrestrial radiation W i Eqg. ®)

s slope of saturation pressure curve PalK (eg b)/ T2 4= 0/T
o Stefan—Boltzmann constant 56710 8Wm—2K—4 -

Ta atmospheric radiative temperature K obtained from global energy balance
Ts surface temperature K forcing

w vertical exchange velocity nTd Eq. A9)

balance of the systenks = aTa{1 + A(P — E), with o being

the Stefan—Boltzmann constant, and® — E) being the net

We consider the surface energy and water balances in a cliatent heat transport into the system by the convergence of
matological steady state. The surface energy balance is egtmospheric moisture transport. The difference betwRen
pressed by andR, is the net radiationR,, at the surface:

2.1 Surface energy and water balance

O=Rs— R —H—\E, (1) Rn=Rs— R|. 3)
where Rs is the radiative heating by absorption of solar ra- The turbulent heat fluxe¢/ andA E, are expressed in terms
diation, which constitutes the primary forcing of the system, of the convective vertical mass exchange between the surface
Ry is the cooling by net exchange of terrestrial radiation be-and the atmosphergw, wherep is the air density ana is
tween the surface and the atmosphere, Ahdnd AE are  an exchange velocity associated with the mass exchange. The
the turbulent fluxes of sensible and latent heat. Because wheat fluxes are then expressed as

consider a steady state, we neglect the ground heat flux. The

net exchange of terrestrial radiatioRy, is the difference in 1 = cplow)(Ts — Ta) 4)
fluxes of terrestrial radiation at the surface between the up- N Jws

ward flux of emitted radiation from the surface and the ab-** = (%) fw(4s —ga) ~ Cp(pw)T(TS_ Ta), )
sorption of the downward flux of terrestrial radiation that was ) ) ) .
emitted from the atmosphere. We use linear approximationdVNerécp is the heat capacity of aigs and g the specific
for both radiative fluxes as iKleidon and Renne(2013g ~ numidity of air near the surface and the atmosphgris, the

B g 1 .
Appendix A2) and thus obtain an approximation for the netPSYchrometric constant(= 65PaK™), s is the slope of the
saturation water vapor pressure curye; desay/d7’, and the

terrestrial exchange between the surface and the atmosphe A LR
in the form of parametery, is introduced to account for the water limitation
of evaporation. For the latent heat flux, we assume that air is
near its saturation, so th@ ~ ¢sai 7s) andqa ~ ¢saTa), and
linearize the saturation vapor pressure curve with sfojée
wherek; is a linearized radiative conductandg,is the sur-  determine the slope from the numerical approximation for
face temperature, arifh is the radiative temperature of the the saturation vapor pressuega(7) = eg - ¢*~?/T (Bohren
atmosphere. The temperaturg is set by the total energy and Albrecht 1998, with eg =611 Pa,a = 19.83, andb =

R =k((Ts— Ta), (2)
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5417 K and temperatur€ in K. This yields an expression (i.e., H+AE =0 and R| = Rs), there would be no power

for s of s = desay/dT = (egb)/ T2e*b/T, to drive convection becaug# = 0. Hence, the expression of
The magnitude of evaporation is further constrained by thethe Carnot limit has a maximum power state with respect to
surface water balance in steady state: H, because a greater value Hf decreases the temperature
difference,Ts — T,, which is a direct consequence of the sur-
0=P—-E-Q, (6)  face energy balance (Egsand2). The range in which this
engine produces power further implies that the net exchange
whereP is precipitation.E is evaporation, an@ is runoff. of terrestrial radiation is greater than zeR),> 0. In other

The surface energy and water balances are intimately couyords, the operation of a convective heat engine implies that
pled by the rate of evaporatiot;. The water balance im- net terrestrial radiation needs to cool the surface in steady
poses a constraint in thd@ cannot exceed® — Q (Eq. 6), state.
while the energy balance imposes the constraint through the The maximization yields an optimum partitioning of ab-
availability of energy, as expressed by Ef). (The case in  gorhed solar radiation into net terrestrial radiatiBnept, and

which evaporation is not limited by water availability is given tyrpylent heat fluxes, so that the optimum radiative fluxes are
in our approach by a value ofy = 1. For the case of water gjyen by (cf. EqA11)

limitation, the value off, is derived from the limit of the sur-

face water balancé = P in which we neglect surface runoff Rs Rs
(i.e., Q = 0). For water limited conditions, we use this latter Ri.opt= o Rn.opt= PN (®)
constraint to obtain the value ¢fy for the optimization of

The optimum turbulent heat fluxeHopt andi Eqpt, are given
2.2  Maximum power limit by (cf. Egs.A12 andA13)
The magnitude of the turbulent heat fluxég+ AE, is not Hopt 14 Ro.opt )Eopt = Jws . opt )

sufficiently constrained by the surface energy balance, par- R Sfws + fws
ticularly regarding the magnitude of vertical mass exchange,

pw. A small value of turbulent heat fluxes could be realized ~ This partitioning of the energy balance is associated with
with an associated large value Bf, or a large value of tur- & Bowen ratio Bop, of

bulent heat fluxes could satisfy the surface energy balance

with a small value ofR|. We impose a thermodynamic limit Bopt= — = Y (10)

to this partitioning by the assumption that the power involved AE fws

in convection is maximized, that is, that the generation rate We obtain the valugf representing water limitation by

of convective kinetic energy is maximized. This assumptione uating the optimum evaporation rate (Bjto precipita-
represents an upper bound that is permitted by the thermagJ 9 P P precip

dynamics of the system. A brief summary of this limit and tion (3. Eopt = 1.P) and get
an explanation why it represents a thermodynamic bound is P

presented in the Appendi&kl and inKleidon and Renner fw = SR
(20133. In the following, we briefly describe the outcome of s (Rn )
this maximization. Note that this expression is only valid for valuesfaf < 1,

The maximum power state is obtained by maximizing the s that the denominator cannot become zero in Et). With
powerG for dry convection given by the Carnot limit applied this expression, the partitioning between sensible and latent

(11)

to the sensible heat flux/ (cf. Eq.A5): heat flux in the presence of water limitation is simply given
by
Ts—T.
) @
a HopLIim = Rn,opt— AP )»Eoptlim =AP. (12)

By using the Carnot limit as a basis, we essentially view 3 Budvko f K
convection as the result of an atmospheric heat engine (se%‘ Heyko framewor

aIsoRennq and |ngerso|ll99§ Bister and.Emanuell99a. This partitioning of energy at the land surface can be related
Note that in steady state this heat engine can only gener: X

. to the Budyko framework. The Budyko framework is based
ate power as long as the surface is warmer than the atmo-

. on two variables: the dryness (or aridity) indek, defined
sphere/Js > Ta. If the temperatures were equal (i.e., isother- by the ratio of net radiation to the energy equivalent of pre-
mal, Ts = Ty), then this would not yield any power to drive y gy €q P

convection because of the lack of a temperature difference ir(f'p'tat'on’ which by using Eq#) yields:

Eq. (7). Inthis case, the net terrestrial radiation would be zero Rn Rs

2 o e — N 13
R = 0. In the other extreme case of radiative equilibrium P onp (13)
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and the evaporative index, defined by the ratio of actual basins (see alddirschi et al, 2006for a water-balance com-

evaporation to precipitation: parison of the ECMWEF data).
The forcing variables of solar radiation and sur-
€= E (14) face temperature were obtained from the NASA Lang-
P ley Research Center Atmospheric Sciences Data Center
which for values offw =1is given by NASA/GEWEX SRB Project((—)upta et al. 1999 available
for download atttp://eosweb.larc.nasa.gov/PRODOCS/srb/
=" & (15) table_srb.htm)l From this data set the annual mean values
y+s are computed for the period 1988-2007 to yield a 20year

average. The mean precipitation rate is obtained from the
global gridded precipitation data set of the Global Precip-
e=1 (16) itation Climatology Centre (GPCC data s8gcker et al.
2013 Schneider et al2014 available for download dittp:

Note that in Eq.15), the factors /(s +y) depends ontem-  //gpcc.dwd.de Periods of drought that are caused by frozen
perature, so that the energy limit of the Budyko framework water cannot be inferred from the precipitation rate. To ac-
has a temperature dependence (seefsra, 2002). count for this form of drought, we compute a fractigp
of the year that experiences temperatures belé@.0f this
fraction is less than the value derived from precipitation by
Eqg. 1), we use the temperature-based valyg instead.

his alternative form of water limitation to evaporation is im-
portant particularly in the high latitudes.

The forcing variables of absorbed solar radiation, precip-
itation, surface temperature and the derived value of water

and for fyy < 1,

2.4 Summary

The energy and water partitioning at the land surface of th
approach described here is fully determined by the values o
absorbed solar radiation at the surfaRe, precipitation,P,
and surface temperatufie. The value ofRs determines di-
rectly the radiative fluxe®| and R, at maximum power by .~ .~ ' .
_ : limitation, fw, are shown in Fig3.

Eqg. 8). The value of the radiative conductankgis then not .

N . ) . We compare the estimated surface energy and water bal-
explicitly needed, because it can be derived by setting the ex-

) . L ance to two sets of observations. A first evaluation com-
pression of the optimum radiative flu (Eq.8) equal to the ; . i .
. . : ) pares the derived estimates of net radiation, sensible, and la-
expression given by Eq2), with the given value ofis and

. : tent heat flux to the annual mean energy partitioning in the
a value ofT, derl\_/ed from the value oRs in the global en- ECMWF reanalysis project (ERA-Interiree et al, 2017,
ergy balance (or inferred from observed values of Iong-waveEven though these estimates were generated b)’/ a numerical
radiation). The value ofs then also determines the partition-

L . : weather prediction model, we chose to use the ERA-Interim
ing into H and\ E by setting the slope of the saturation vapor : : i

- data set because it represents a relatively complete and inter-
pressure curve, (Eq.9). This slope depends on temperature,

so that information offs is needed to determine the partition- nag)é c;r;selzt)enrg Crfgzr?settgf(tar\]/zl3:;Iaa(t:ﬁeen2rr%¥i:rﬂlr?nc\?v.e use
ing into H andAE. The value ofP is needed to determine P g

the degree of water limitatiory,y (Eq. 11), which then leads the a””“"’?' mean water balance (B).HO depve runoff and
oL : compare it to observed values of river discharge of the 35
to the energy partitioning according to Eq2J for fy < 1.
: . . : largest catchments by area of the world. To do so, the pre-
Hence, the information of the climatological valueskaf

. : cipitation forcing, our estimate of evaporation, and the ERA-
Ts and P from observational data sets can fully describe the bita oreing . /ap .
. o Interim estimate of evaporation are integrated over these river
surface energy and water balance, and this partitioning cal

then be compared in the Budyko framework Basins. We base our seleption of river basins on the stu'dy of
' Vorosmarty et al(2000. Discharge data for the river basins

is mostly taken fronDai and Trenbertl{2002. Their data

3 Data sources set comprises 200 river basins sorted by discharge volume.

Some basins in the study B8fai and Trenberttf2002 have

We use global data sets of the main forcing variabRs, an area large enough to be included in the 35 world’s largest

P, and Ts to quantify the geographic variation of the sur- river basins, but show too little discharge to be listed in the

face energy and water balance in the climatological meanstudy ofDai and Trenbertf2002. Discharge data for these

We perform this analysis using annual mean values to makéasins are derived from additional sourdesopst and Tardy

it simple and comparable to the Budyko framework. This ag-1987 Shahin 1989 Aladin et al, 2005 Meshcherskaya and

gregation to annual means is also justified by the relativelyGolod, 2003. A list of the rivers as well as a map with the

linear relationships in the energy partitioning in E@.4nd  associated catchments is given in Appeniis

(9). Potential biases introduced by this averaging will be con-

sidered in the discussion. The estimated water balance is

then compared to the ECMWF ERA-Interim reanalysis data

set and to discharge observations of the world’s largest river

www.hydrol-earth-syst-sci.net/18/2201/2014/ Hydrol. Earth Syst. Sci., 18, 22@1218 2014
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a. absorbed solar radiation b. precipitation
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Figure 3. Geographic variation of the annual mean forcing dat@pabsorbed solar radiatioRs, (b) precipitation,P, (c) surface temper-
ature,Ts, and(d) derived water limitation fyy, which includes limitations due to precipitation and frozen periods. Note that the annual mean
precipitation in(b) has been scaled such that the maximum roughly corresponds to an energy equivalent of 120Wm

4 Results subtropics, the latent heat flux is essentially absent due to
the lack of water. Mid-latitudes show intermediate values of
We present and evaluate the results first in terms of the surthe latent heat flux, which is mostly due to lower rates of
face energy balance partitioning, then in terms of the parti-absorbed solar radiation and some periods of frost. High lat-
tioning of precipitation into evaporation and runoff, and close jtudes show low rates of the latent heat flux due the combi-

by placing our estimates into the Budyko framework. nation of low solar radiation and extended periods of below-
o zero temperatures. The sensible heat flux is highest in the
4.1 Energy balance partitioning desert regions and lowest in the humid regions, although

. __even in humid regions, it is maintained at values of about
The annual mean partitioning of the absorbed solar radia W nt-2

tion, Rs, into the turbulent fluxes of sensible and latent heat,
Hopt and Eqpt, associated with the maximum power state is
shown in Fig4. Note that the net emission of terrestrial radi-
ation associated with maximum power is half of the absorbed ¢ |+ 1adiation follows broadly the patterns of the ERA-

solar radiation Rs, S0 that net ra_d|at|on |s_al_so about half of Interim data set. A linear regression through the origin yields
Rs. Hence, the spatial patterns in net radiation correspond t%n explained variance of = 0.78, with a slope ofi = 0.55

th(?rﬁatterng (I)RS that arefsrr]lovlvn n Frl]g3a. f " h Given that the maximum power state predicts a slope®f 0
& spatial patterns of the latent heat flux reflect the com-y,; implies that turbulent fluxes in the ERA-Interim reanaly-

bined limitations of absorbed solar radiatidi, and precipi- sis are on average about 10 % higher than our simple estimate
tation, P, (cf. Eqs.9 and12) and show patterns that would be of Rs/2 that is predicted by the maximum power approach.

expected. The Iater_1t heafc qu_x is largest in the _trqpics Whe_rENoticeable deviations from th&s/2 partitioning are found
absorbed solar radiation is high and water sufficiently ava|l—in the high latitudes, where net radiation is negative in the
able due to high precipitation. In the desert regions of the

Our estimates of net radiation, sensible and latent heat flux
are compared to the surface energy partitioning of the ERA-
nterim reanalysis in Figs. The maximum power estimate

Hydrol. Earth Syst. Sci., 18, 22012218 2014 www.hydrol-earth-syst-sci.net/18/2201/2014/
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a. sensible heat flux a. turbulent fluxes
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Figure 4. Partitioning of net radiation int¢a) sensible,Hopt, and
(b) latent heat flux Eopt, inferred from maximum power in the c. sensible heat flux
annual mean. Since net radiation at maximum poweRd&2, its
spatial patterns corresponds to the variation of absorbed solar radi-
ation shown in Fig3a.

150
1
7

100
|

ERA-Interim data set (blue grid points in Figp), and in the
equatorial tropics, where net radiation is consistently higher
than Rs/2 (red grid points in Figha). The bias in high lati-
tudes can be explained relatively easily by the climatological
mean heat transport into those regions. We explicitly did not
account for this aspect due to our assumption that surface ex-
change is mostly generated by local heating. The bias in the
equatorial tropics cannot easily be explained and is discussed
in more detail further below.

The values of the latent heat fluxEopt, correlate closely  Figure 5. Comparison of annual mean values(aj turbulent heat
to the ERA-Interim estimates. A linear regression appliedfluxes of the simple estimatélgpt-+2 Eopt, and ERA-Interim values
to our estimate and the ERA-Interim estimate of the latentto observed absorbed solar radiatifi), latent heat fluxi Eqpt, and
heat flux yields an explained variance if=0.86, with a () the sensible heat flufopt to ERA-Interim values. Each point
slope ofa = 0.67. This slope mirrors the general tendency of represents a land grid cell, with its color representing the latitude of
our estimates to be too low, as indicated by the majority Ofthg grid cell (red: tropics, latitude 15°; y_ellow: subtropics, 15<
the grid cells being below the 1: 1 line in Fi§b. This bias latitude < 38°; green: temperate, 88< latitude < 66°; blue: polar,
. . . . ’ . . . . latitude> 66°). Also shown in the plotsisthe 1: 1 line. The red line
is particularly noticeable in the equatorial tropics (red grid . L )

: o . in the top plot represents the partitioning at maximum powRer2.
points in Fig.5b), where our estimates level off at a value

max. power (W m-2)
50

T T T T
0 50 100 150
ERA-Interim (W m-2)
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of about 80 W 72, while the ERA-Interim estimates of the a. basin-averaged evaporation
latent heat flux reach values of 120 Wand above. The
bias in the equatorial tropics can at least in part be attributed | & maximum power estimate
to the underestimation of net radiation described above. © ERA-Interim estimate o
The values for the sensible heat fluigp, are in general 2
also well reproduced. A linear regression through the origin
yields an explained variance of = 0.50, with a slope of
a =1.14. Yet, the estimated values of the sensible heat flux
show a slight bias towards values that are too high. Also, the
negative values found in high-latitude regions cannot be re-
produced. These negative values result when the near-surface
air is warmer than the ground, and are indicative for heat
advection through atmospheric circulation. As already ex- ‘ ‘ ‘ ‘
plained above, our approach of locally generated surface ex- 0 500 1000 1500
change cannot explain this phenomenon. derived from observations (mm yr-)
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Q,

1000
1

o ?
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4.2 Water-balance partitioning at river-basin scale b. basin-averaged runoff

1500

"| ® maximum power estimate

O ERA-Interim estimate ’.

We next evaluate the latent heat flux estimates at maximum
power in terms of the partitioning of precipitation into evapo-
ration and runoff at the scale of large river basins. This com-
parison is shown in Fig6. To perform this comparison, the
grid-point-based estimates for evaporation of our maximum
power approach and for the ERA-Interim were averaged over
large river basins. These estimates were then compared to the
difference of basin-integrated precipitation minus river-basin
discharge, both taken from observations.

Our estimate of evaporation explains the broad variation of o |/
observed river-basin discharge with ah= 0.89 (Fig. 6a). (‘, 5(‘)0 ] O‘OO 15‘00
Nevertheless, we notice the same bias of our estimates of
evaporation of being too low. This bias is also reflected in

the slope of the linear regression, which yields a slope ofgigyre 6. Comparison of the annual mean partitioning of precipi-
a=0.79. tation, P, into (a) evaporation,E and (b) runoff, Q, of the max-

In the second comparison in Figb, we compare esti- imum power estimates and ERA-Interim evaporation to observed
mates of river-basin discharge frofi— E to observations. estimates inferred from precipitation minus river-basin discharge.
Although the broad variation is explained very well with an The color coding marks the geographic location of the basins, as in
r?2 =0.95, we notice that our estimates consistently overesFig. 5.
timate river-basin discharge. This overestimation is reflected
in a linear regression slope af= 1.32, so that our estimates
on average overestimate runoff by about 30 %.

1000
1
(@)

500
|

modelled (mm yr-')

observations (mm yr1)

This gap is due to the factay (s 4+ y) in the estimate of the
4.3 Comparison to the Budyko framework latent heat flux, which enters the estimate of the evaporative

index for humid regions (EdL5). This factor originates from
As a final step of our analysis, we analyze our estimates irthe energy balance constraint and from the requirement of a
the context of the Budyko framework. In Fig,. we plot the  non-vanishing sensible heat flux. To illustrate the importance
evaporative indexe, derived from our estimate of evapora- of this factor, note that even for a high surface temperature of
tion against the aridity indexp, for both the estimated water 75 = 30°C, the value of /(s + y) ~ 0.8, so that 20 % of net
balance at each grid cell (Figa) and at the scale of the river radiation is partitioned into the sensible heat flux. At a tem-
basins (Fig7b). perature offs = 15°C, its value is about/(s + y) ~ 0.63,

The grid point estimates of the evaporative index show awhile for 7s = 0°C, the value is reduced ¢/ (s + y) ~ 0.40.
large scatter, yet all points are below the two limits shown This factor results merely from the properties of the satura-
as lines A and B in Figl. This constraint merely reflects tion vapor pressure curve and the energy balance, and does
that our estimates obey the local energy and water balancesot account for the fact that once water is in its frozen state,
There is also a noticeable gap between the energy limit ofates of sublimation are even lower than evaporation rates.
the evaporative index (“line B” in Figl) and our estimates. This effect clearly contributes to the scatter in Fig, and
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a. grid-point estimates work, particularly regarding the Budyko framework, and de-
scribe implications of the results as well as future directions.

1.0

5.1 Limitations

0.8

Due to the simplicity of our approach, there are a number of
aspects that potentially limit our results. These aspects in-
clude the assumption of maximum power to constrain the
turbulent heat fluxes, the omission of other sources than local
heating that cause turbulent exchange at the surface, the use
of annual means, but also the simplicity of the model that we

0.6

Evaporative Index € = E/P
02 04

3 ‘ : : : ‘ ‘ : used. In the following, we will briefly discuss each of these
o 1 2 3 a4 5 & aspects and how they may affect our estimates.
Dryness Index ® = Ry/(\P) The starting point for our estimates is the ass_umpnon that
the exchange fluxes at the land surface are limited by at-
b. river-basin estimates mospheric exchange, so that we can use the thermodynamic
limit of maximum power to infer the fluxes between the land
2 o surface and the atmosphere. This limit results fundamen-
® tally from the laws of thermodynamics, as shown in the brief

0.8

derivation in the Appendir1, and surface exchange fluxes
are subjected to this limit. This limit relates very closely
to a range of previous applications of thermodynamic lim-
S I its to similar systems, for example, to turbulent phenomena
(Ozawa et a].2001), planetary heat transpoitdrenz et al,

- 2001), to the atmospheric circulatiofKlgidon et al, 2003

¢ observed

0.6

Evaporative Index € = E/P
02 04

o modelled 2006, and to hydrology Kleidon and Schymansk2008

g Budoor Zehe et al.201Q 2013 Kleidon et al, 2013. While the ex-
o 1 2 3 4 5 & istence of this thermodynamic limit should hence not be a
Dryness Index ® = Ry/(AP) concern, the question is rather whether land surface fluxes

indeed operate at this limit, and whether the assumption of
Figure 7. Comparison of the evaporative index derived from maxi- the steady state is justified. If the convective exchange op-
mum power to ERA-Interim data faa) each grid cell andb) av- erates below the limit, this would reduce the magnitude of
eraged over major river basins. The color coding marks the geoconvective exchange fluxes. However, the comparison above
graphic location of the basins, as in Fig.The grey line represents  showed that our estimates tend to underestimate turbulent
the Budyko curve, as in Fig. fluxes (Fig.5). On the other hand, one can imagine greater
heat fluxes in our model which would then be associated with
a lower power. Such lower power would result in lower tur-
it also contributes to the deviation of the evaporative indEXbu|ent dissipation because power equa|s dissipation in the
from the energy limit as represented by line B in Fig. steady state that we consider. Since dissipation should di-
When the estimates are averaged over the scale of rivefectly be related to the magnitude of turbulent fluxes at the
basins, some of the scatter from the grid-point scale is resyrface, this should reduce the turbulent fluxes, although we
duced (Fig.7b). We note that our estimates broadly follow did not consider this direct linkage between turbulent dissi-
the Budyko curve, although they are generally lower thanpation and turbulent heat fluxes here. In any case, overall it
those obtained from the ERA-Interim estimates. This bias toyould rather seem that our low bias in the magnitude of tur-

lower values can again be attributed to the general Underestbulent exchange fluxes is caused by an underestimation of
mation of the evaporation rate. the maximum power limit.

There are a two potential sources for underestimating the

maximum power limit. The first source relates to our assump-
5 Discussion tion that the exchange fluxes at the surface are driven only by

local surface heating. By doing so, we neglect the effect of
Our approach of estimating the surface energy and water balarge-scale flow that is generated from horizontal differences
ance is, obviously, extremely simple, but its advantage is thatn radiative heating. This contribution, while also thermody-
it requires merely a minimum of information. Hence, it natu- namically constrained at the large scale, may generate addi-
rally is subject to a number of limitations, some of which we tional turbulence near the surface. This affects bathand
discuss in the following. We then relate the results to previous. E, and can explain the deviation from the 1:1 partitioning
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towards greater turbulent heat fluxesKlieidon and Renner When we want to include temporal dynamics to improve
(20133 we showed for global estimates that this contribu- the estimates, the treatment of the surface energy and wa-
tion can add in the order of 30 % to the turbulent heat fluxester balance would obviously need to be extended. At a min-
This enhancement of the latent heat flux can be related to thenum, this would require a formulation that would specifi-
empirically derived Priestley—Taylor coefficient, which en- cally simulate temporal changes in heat and water storage on
hances the equilibrium evaporation rate by a factor of aboutand. To formulate these storage changes would require sub-
1.26 (Priestley and Taylqrl972. Yet it is not quite so sim-  stantially more information, in terms of temporally resolved
ple to account for this large-scale contribution in a thermo-forcing, but also in terms of related land surface properties
dynamically consistent way at the spatial scale. To do so, wde.g., heat capacity, soil textural information, vegetation pa-
would need to include additional information of large-scale rameters such as rooting depth, etc.). The additional infor-
momentum transport to the surface and, ideally, also conmation could certainly be included in the approach to refine
strain the magnitude of this transport using thermodynamicsthe estimates and deal with some of the limitations related
Nevertheless, the exclusion of this large-scale contribution igo the covariation of variables described above. This would
certainly one potential explanation for the tendency of ourcertainly be feasible to do in future work, but it is not the
estimates in the sum of turbulent fluxes of being too low.  motivation for this study in which we aim to get estimates by
The second source for underestimation relates to theahe simplest possible means with the least amount of infor-
steady-state assumption that is being made in the derivatiomation.
of the limit. In this steady state, power equals dissipation, and Another source for biases is the very simple formulation
in the maximum power limit the driving temperature gradi- of the surface energy balance. In fact, our formulation can
ent is in balance with the heat flux. This may not always bebe seen as a minimum representation that satisfies the physi-
the case, particularly on the diurnal timescale of atmospherical constraints of the conservation of energy and water at the
boundary layer growth, where these aspects may not haviand surface in the climatological mean. This minimal de-
reached such a steady state. Yet, such dynamics would stificription necessarily does not account for several aspects that
be exposed to a thermodynamic limit, but this limit would could affect the estimates to some extent. One of these as-
need to account for the diurnal variations in boundary layerpects is the highly simplified formulation of radiative transfer
development, in which the flux and the depletion of the driv- and the assumption that the atmosphere absorbs all radiation
ing gradient may be temporally offset. One approach whereemitted at the surface. This assumption does not hold in all
this has been done to some extent is giveKamings et al.  regions, particularly not in dry and cold regions, where the
(2012, where thermodynamics has been applied to diurnalgreenhouse effect is comparatively weak. In these regions,
boundary layer development. However, their study did notsome of the radiation emitted from the surface would not be
consider the feedback on the depletion of the driving gradieneaibsorbed within the atmosphere, but would be transmitted
that sets the maximum power limit. To describe such tempo+to space. This fraction is not considered in our model, but
ral dynamics and how the maximum power limit would apply it would act to reduce the net radiation available for driving
to such dynamics would obviously require us to go beyondturbulent fluxes (see also Appendh2 for a simple way to
the steady-state condition that we used here (see also belowipclude the effects of a partially transparent atmosphere and
A source for the bias in the partitioning between sensi-that shows that optimum heat fluxes are reduced in a partially
ble and latent heat relates to the use of annual means. Odransparent atmosphere). This bias is evident, when the devi-
estimate of net radiation is simply linear in absorbed solarations of net radiation shown in Fifa are looked at spatially
radiation (cf. Eq8), so that temporal variations average out (shown by the zonal coloring of the grid points). The spread
and the estimate of net radiation would not seem to be muclaround the 1:1 partitioning shows a strong spatial pattern,
affected by this simplification. The partitioning into sensible with dry and cold regions showing net radiation that is below
and latent heat is also proportional to absorbed solar radiathe 1: 1 partitioning (i.e., less net radiation than predicted by
tion, but is modified by the factoss/(y +s) ands/(y +s). Rs/2), while moist regions show a greater net radiation in
As these factors depend on surface temperature, which ithe ERA-Interim estimate thaRs/2. This bias is not related
turn depends on absorbed solar radiation, these factors dée our maximum power limit, but rather to the highly simpli-
pend indirectly on absorbed solar radiation. This covariationfied treatment of the radiative transfer within the atmosphere.
between the factors and solar radiation causes a non-linearityhis aspect could add to further explain the low bias at low
in the expressions, and diurnal and seasonal variations woulthtitudes.
not average out. In fact, since temperatures at high values of Clearly, we neglected many aspects in the estimates pre-
solar radiation are generally higher than at low values of solaisented here, some of which could be improved by a more de-
radiation, our use of annual averages would tend to underedailed treatment of the processes. Yet, given our goal to derive
timate the latent heat flux and overestimate the sensible hea simple, physically consistent estimate of the climatological
flux. This effect is likely to explain at least in part our low surface energy and water balance, we feel that despite these
bias that we identified in the comparison of the estimates forshortcomings, our approach can represent the estimates from
evaporation rates. the ERA-Interim reanalysis rather well.
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5.2 Interpretation the other side, the primary forcing of the land surface by ab-
sorbed solar radiation is strongly affected by the presence
Our approach to infer the partitioning of energy and waterof vegetation by its low albedo. Since vegetated surfaces are
at the land surface required only a mere minimum of infor- generally darker than non-vegetated surfaces, the observed
mation on the climatological forcing in combination with value of absorbed solar radiation at the land surface already
the physical balances of energy and water at the surfacdancludes this effect of terrestrial vegetation. Also, the use of
We only required information on the absorbed solar radia-annual mean precipitation in water-limited regions as a con-
tion at the surface as the dominant driver of the surface enstraint for evaporation implies that there is a sufficient ability
ergy balance, surface temperature, which indirectly providedf the surface to store water in the soil. This storage is re-
the needed information on the atmospheric greenhouse efjuired to balance periods of water surplus and water deficits
fect, and precipitation to constrain the terrestrial water bal-in seasonal environments (e.Mlilly , 1994, and the access
ance. Our approach did not require information on relativeto this storage is mostly provided by the rooting system of
humidity, wind velocity, or aerodynamic resistances or dragvegetation, which then affects the surface energy balance
coefficients. These latter attributes are not truly independenaénd continental moisture recycliniyl{lly and Dunne 1994
variables, but relate closely to the intensity of atmosphericKleidon and Heimann2000. These two effects of vegeta-
motion and turbulent exchange at the surface. To deal withion are indirectly reflected in our estimates (see &lsoo-
motion, we made the critical closure assumption that the genhue et al,2007). While there is certainly a range of other ef-
eration of vertical exchange at the surface operates at théects, for example, the role of stomatal conductance in shap-
thermodynamic limit of maximum power. ing transpiration fluxes, effects on surface roughness, etc., it
That the maximum power limit provides reasonable esti-would seem that these two effects — enhanced ability to ab-
mates of the turbulent fluxes is a non-trivial insight. It would sorb solar radiation and enhanced ability to store and access
seem to imply that the emergent, simple behavior of the sursoil water — play a quite substantial, first-order role in our
face energy partitioning at this state would result from a sim-estimates.
ple organization of the land surface system. Yet, the opposite What is less obvious in our interpretation of the partition-
is more likely the case. It is probably exactly because of theing of the energy and water balance is that it is not energy
vast complexity that is inherent in the turbulent structures ofavailability that limits evaporation, but rather the ability of
these fluxes that the turbulent fluxes near the land surfacéhe atmosphere to exchange the moistened surface air with
appear to operate near this thermodynamic limit. Then, thehe drier air aloft. This mass exchange is driven by solar ra-
thermodynamic limit can be used to predict the behavior ofdiative heating of the surface, and it is this convective ex-
the surface energy and water balances. change to which we applied the maximum power limit. This
Another important insight from the success of the maxi- exchange aspect becomes clearer when we revisit the formu-
mum power limit is that it reflects a strong interaction be- lation of the latent heat flux in terms of convective mass ex-
tween the flux (i.e., the turbulent heat fluxés+AE) and  changepw. The optimum rate of this mass exchanggt,
the driving gradient (i.e., the temperature differeriGe; T,). that is associated with maximum power shows two important
This interaction results from the fact that the driving gradient aspects that relate to evaporation on land (cf.AQ):
(Ts—Ty) in the expression of the Carnot limit (Eq. 7) is not an y Rn,opt
independent property of the system, but that it needs to dewopt = . .
crease with greater turbulent fluxes due to the constraint im- v+ fws cop(Ts—Ta)
posed by the surface and atmospheric energy balances. This First, this expression illustrates the point made above that
trade-off between flux and driving gradient is a general prop-it is not energy that limits evaporation, but rather the inten-
erty of this limit, and the related proposed principle of maxi- sity of atmospheric exchange. At first sight, it would seem
mum entropy productiondzawa et al.2003 Kleidon et al, that evaporation is driven by net radiation as its expression
2010. What this implies is that the emergent flux partitioning (cf. Eq.9) is directly proportional to the energy supplied by
in the surface energy balance reflects the strong interactionet radiation. However, when considering the expression for
of the surface with the overlying atmosphere. While this no-evaporation of Eq.5), we note that the expression fegpt
tion of land-surface—atmosphere interactions is not new (e.g.s also proportional to net radiation, so that when combined,
Betts et al. 1996, the maximum power limit reflects how this yields the expression fdypin Eq. @). What this means
fundamental this interaction between the surface and the atis that it is not primarily the energy for the phase transition
mosphere is in shaping the observed state of the land surfacgssociated with evaporation that is limited, but rather the abil-
system. ity of the atmosphere to exchange the moistened air from the
The simplicity of our approach and its purely physical ba- surface with the drier air of the atmosphere. This interpreta-
sis should not be misinterpreted in a way that physical pro-tion is, in fact, not new since similar considerations have been
cesses dominate the emergent behavior of the land surfacesed to derive the equilibrium evaporation ra®after and
Clearly, the turbulent exchange fluxes are of physical natureMcllroy, 1961 Priestley and Taylgrl972, with the main
play a critical role, and are physically constrained. Yet, ondifference here being the equal partitioning of absorbed solar

(17)
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radiation into radiative and turbulent cooling which is asso-a ratioT /(15+ T'). The coefficients in these relationships,
ciated with the maximum power limit. It thus seems more andb, were then empirically related to environmental factors,
adequate to interpret the proportionality of evaporation tospecifically temperature, relative humidity, and wind speed.
Rs as an atmospheric transport limitation, which in turn de- Xu and Singh(2000 also reported that the empirical fac-
pends primarily on the magnitude of surface heating by abtors needed calibration when pan evaporation measurements
sorption of solar radiation. The combination of EQ, (9), were to be reproduced.
and @9) provides a consistent description of the surface en- These functional forms are closely related to our approach
ergy and water balances as well as the associated atmosphehere, particularly of Categories C and D. Hence, the empir-
exchange that can describe these interrelationships and limieal parameters; andb, in these approaches can be related
tations. This interpretation in terms of a transport limitation to our functional forms. The temperature dependency in our
rather than an energy limitation may help us to better underapproach relates to the factof(y + s), in whichs depends
stand changes in the hydrologic cycle that are related directhon 7. If we refer to this factor as(Ts), then we can linearize
to changes in atmospheric motion (e.g., the decrease in paith around some reference temperatteand express it as
evaporation has been related to a stilling of the atmosphere; ~ r(s(T1)) +dr/ds -ds/dT - (Ts— T1) = C(Ts— T’), which
Roderick et al.2007 McVicar et al, 2012. then yields the same functional form as the above, empiri-
The second aspect that follows from the expression of coneally derived estimates of Category A and B. In the Category
vective mass exchange relates to the shift in the energy bal€ and D, the factor is already directly used, as well as in the
ance partitioning in the presence of water limitation for a approach oPriestley and Taylof1972 (which falls into Cat-
given value ofRs. With greater water availability, that is, a egory D in the classification oXu and Singh2000). Our
greater value offy, evaporation increases (cf. Eg), but approach yields an expression that is, in fact, almost identi-
the rate of surface exchangeept, is reduced. This reduc- cal toPriestley and Taylo(1972, except for the additional
tion of mass exchange results from a more efficient coolingresult that net radiation should be about half of the absorbed
of the surface by a greater latent heat flux due to a greatesolar radiation.
value of fiy (gs— qa), while the overall rate of turbulent cool- It should nevertheless be noted that there are some fac-
ing, H+AE, remains unchanged because the partitioning betors that are not captured in our approach, for example, a
tween radiative and turbulent cooling is unaffected by watervalue of the Priestley—Taylor coefficient @f= 1.26, which
availability (cf. EQ.9). Since the surface is cooled more effi- points out that some factors that shape evapotranspiration at
ciently with a greater latent heat flux, less vertical exchangethe surface are not considered in our approach. Such factors
is needed to accomplish the same turbulent cooling rate. Thignay relate to the dryness of air, which is explicitly treated in
description of the coupling between evaporation and verticathe Penman—Monteith approacAehman 1948 Monteith
exchange is consistent with our recent interpretation of thel969. This approach includes an additional drying power
sensitivity of the hydrologic cycle to surface warming«i- term to the expression for evaporation, which in turn de-
don and RenneR0138), except that here it is applied to the pends on the aerodynamic conductance and the vapor pres-
sensitivity to large-scale geographic differences in the watersure deficit of the surface air. To reconcile our approach with
limitation on land. Penman—Monteith, we would need to consider explicitly the
In summary, our simple approach of the surface energyrole of vapor pressure deficit of near-surface air in the frame-
balance and the imposed limit of maximum power provideswork of our model, how it varies throughout the day and is
a physically consistent and constrained way to infer the paraffected by atmospheric transport. On the other hand, our ex-

titioning of the surface energy and water balance. pression of the exchange rabgpt (cf. Eq.A9) essentially de-
scribes the aerodynamic conductance in such an approach, so
5.3 Comparison to empirical evaporation estimates that in principle the maximum power limit could yield a bet-

ter constrained expression for the aerodynamic conductance
Our expression for evaporation can also be related to emin the Penman—Monteith equation. This would, however, re-
pirically derived estimates of potential evaporation that usequire further extensions to our approach.
information on temperature and absorbed solar radia¥an.
and Singh(2000 provide an overview of such approaches 5.4 Future work
and they categorized these approaches into five categories,
A to E, of different functional forms. Category A expressed Our approach can be applied to related topics of land surface
a simple linear relationship witRs of the formAE = aRs. functioning and how it responds to change, and it can be ex-
The functional relationship in category B introduced a lin- tended further. In the following, we want to briefly describe
ear dependence of the proportionality on temperature of thgossible lines of applications and extensions for future work.
form AE = a(T + b) Rs. Categories C and D used relation-  In terms of future applications, the expressions of the en-
ships of the formhE = as/(y + s)Rs+ b, with D using Rp, ergy and water-balance partitioning can be used to derive an-
instead ofRs in the expression. The last category E used aalytical derivatives to evaluate the sensitivity of the land sur-
similar form, except that the factay (y + s) is replaced by  face to aspects of global change. In recent work, we used
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such an analytical approach to evaluate the sensitivity of thelerived surface resistances or drag coefficients that are com-
global hydrologic cycle to surface warmingléidon and  monly used in parameterizations of surface—atmosphere ex-
Renner 20131, were able to reproduce the mean responsechange.

of global climate models, but also identified different roles
of solar vs. terrestrial radiation in driving the surface energy
balance. A similar type of analysis could be performed with
the extensions presented here to evaluate the sensitivity

Summary and conclusions

. g cU\/e presented a simple approach to estimate the climatologi-
the terrestrial energy and water balance to surface warming ;o e e energy and water balance on land from first prin-

(similar to the recent work dRoderick et al.2014), but also . . L
ciples and thermodynamics. The approach is internally phys-
to other forms of global change (e.g., land cover change). . . .
. . . ically consistent in that it obeys the energy and mass bal-
By doing so, we can compare this analytical response to the I . ; .
) . ance and it is thermodynamically constrained by using the
behavior of much more complex climate models and thereby " . . 2
. : . maximum power limit to determine the energy partitioning
identify the most important processes that govern the change, : ) :
o at the land surface. The main result of this approach is that
Such an analysis is not meant to replace complex model: o " .
. . X the absorbed solar radiation is partitioned about equally into
ing approaches, but rather reduce their complexity to better .~ © . . o
. . . radiative and turbulent cooling, with the partitioning of the
understand the dominant constraints that determine the re- . . . .
turbulent fluxes into sensible and latent heat being consistent
sponse to change. Such an approach should allow us to fur-. S . )
: . . . with the equilibrium evaporation rate. The comparison of the
ther our understanding and confidence in predicting the ef-_. : : . : .
climatological estimates with observations and ERA-Interim

fects of global change on the state of the land surface.

By linking the energy and water partitioning to vertical ex- estimates show that our estimates reasonably represent the

. rtitioning of the surface energy and water balance on land.
change near the surface, this approach can also be extend . .
. . . . - ence, we conclude that this approach provides an adequate,
to provide a simple yet physically consistent description of

other exchange fluxes at the surface (e.g., the net ecosyste?r'\mple description of the land surface energy and water bal-

o i nces and that our closure assumption of maximum power is
exchange of carbon dioxide, reactive trace gases, or dust],
X . easonable.

However, because the optimum vertical exchange radg, : . .

) ; ; We view our study as a baseline estimate of the land sur-
cannot easily be expressed in terms of the dryness index R .
o ) . . ace energy and water balance in its simplest form. It is, ob-
it involves dependencies @il forcing variables Rs, P and

T), such an extension cannot be built on the Budyko frame-V'OUSIy’ not meant to be the most accurate representation of

work, but rather on the explicit treatment of the surface en_the land surface, but rather as a first order reference state.

o This reference state can be estimated from a minimum of
ergy and water balances. Furthermore, the sensitivity of such : .

: ) . ..~ Observations that are easy to observe. Because our model is
estimates could be analyzed analytically for climate variabil-

ity, as it has been done very successfully with the Budykoexpress,ed in analytical form, it can be used to derive the sen-

framework Koster and Suare2999 Arora, 2002 Milly and sitivity of the land surface state to different forcing variables,

Dunne 2002 Roderick and Farquha2011, Roderick et al, to vggeta}tlon charact(_anstlcs, or to human modn‘matmns and
2014, provide first-order estimates of change. This, in turn, should

However, at present, one major simplification in this study support us in better understanding how the land surface func-

is the use of annual mean conditions. The extension to seatlons and responds to global changes.

sonal and possibly diurnal variation would certainly be of
great value as it would allow us to evaluate the importance of
covariances among driving variables and the role of memory
on these estimates. This would need to involve the explicit
representation of the changes in soil heat and water storage.
The tight interaction between surface fluxes and the state of
the atmosphere would also require us to consider an atmo-
spheric storage term and deal with boundary layer dynam-
ics more explicitly if this approach is applied to the diurnal
timescale. It would furthermore be important to explicitly in-
clude the influence of the large-scale circulation in driving
turbulence near the surface. Extending this approach to in-
clude more drivers explicitly at a finer temporal resolution
would then allow us to explicitly compare such theoretical
estimates to a range of observations, particularly from eddy
covariance measurements. This, in turn, may help us to de-
rive a simpler, and more general way to formulate surface
exchange fluxes without requiring information of empirically
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Appendix A heat engine rather thaH. It can easily be shown that this
leads to a slightly different Carnot limit of the form:
Al Thermodynamic limits

_n. 5= T"", (A5)
T.

a

The first and second law of thermodynamics set a direction
and limits to energy conversions within any physical system.
We apply it here to derive the limit to how much kinetic en- where the only difference to the Carnot limit is the us&pf
ergy can be derived from the radiative heating of the surfacen the denominator instead @, resulting in a slightly higher
and the temperature difference between the surface and thealue of G by a factorTs/ T, (note that7s > Ty, so that the
atmosphere. The following derivation summarizes the morgatio is greater than one). In this case, the entropy production
detailed treatment iKleidon and Rennef2013ab), except by dissipative heating is given by = D/ Ts. This latter case
that we also use the concept of a dissipative heat engine dfEq. A5) has been referred to as the Carnot limit of a dis-
Renno and Ingerso(l1996 andBister and Emanug1998 sipative heat engineRegnno and IngersqlL996 Bister and
here as well which avoids making one of the approximationsEmanuel 1998. Note that both combinations @ and D
of Kleidon and Rennef20133. The outcome in terms of the yield an overall entropy production of = H(1/Ta—1/T5)
optimum partitioning of heat fluxes is nevertheless identical.so that they only differ in the generated power. In the follow-
To derive the limit, we consider a heat engine as markedng, we will use this latter limit of a dissipative heat engine,
in Fig. 2 that is driven by the heat flu¥/. In the steady-state  which is slightly different to our previous derivationsléi-
setup used here, the first law of thermodynamics requires thaion and Renner2013a b). Apart from yielding a greater
the heat fluxes in and out of the engidé.and Hy, are bal-  power, it has the mathematical advantage that the tempera-

anced by the generation of kinetic energy, ture T, in the denominator is fixed by the total energy balance
and thus is insensitive to the value Bt
0=H — Hout—G. (A1) The maximum power limit of a system is then obtained

H q| f th q , . hat th by first noting that the temperature differen@e;- Ty, is not
e second law of thermodynamics requires that the er'h}udependent ofH, but rather constrained by the energy bal-

tropy of the system does not decrease during the process Ance. The temperature difference can be derived by using
generating kinetic energy. This requirement is expressed b’éqs (1) and @) from above

the condition that the entropy fluxes associated with the heat
fluxes H and Hyyt that enter and leave the heat engine at the Rs— H — AE

temperatures of the surface and the atmosphere need to He — 7a= P (AB)
greater or equal to zero:

The expression of the Carnot limit of the dissipative heat en-
Hout  H

>0 (A2) gine (Eq.A5) then takes the following form:
Ta Ts —
Rs— H—AE
In the best case, the entropy balance equals zero. Then, tt@ =H - ————— (A7)
entropy balance can be used to express themlyixin terms kiTa
of H, Ts, andT: This equation is a quadratic function &f.
Ta When using the expressions of the sensible and latent heat
Hout=H - T (A3)  flux given by Egs.4) and €) from above, the expression for

the convective power, is a function of an undetermined
When combined with Eq.A1), this yields the well-known rate of convective mass exchange;:
Carnot limit of the power generated by a heat engine:
G= “pot R?
G=H. _Ts; Ta (Ad) (ke + cppw(L+ fus/yNTa °
S

(A8)

. . . . The maximum power limit is obtained by maximiziggwith
This power is in steady state dissipated by friction, so thatrespect tow, which yields an optimum exchange velocity,
G = D. The dissipative heating can be accounted for in twowopt of

different ways. First, the heat can add to the waste heat flux

of the engine, so thatly,i+ D = H are added to the atmo- % Rn.opt

spheric reservoir. In this case, it is assumed that the frictional’opt = _ (A9)

L. . v+ fws cpo (Ts—Ta)

dissipation takes place mostly within the atmosphere at a

temperature/s, so that the entropy production by this dis- a maximum power of

sipation is given by = D/ T,. The second way to account

for the dissipative heating is by assuming that it takes place y R§

near the surface, so that in fact a heat flix- D drives the ~ Omax= 4 T,
Y + fws 4k Ta

(A10)
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and an optimum partitioning of the heat fluxes at the surfaceA2 Effects of a partially transparent

of
R
Rl,opt= 75 (All)
Hopt= Y & (A12)
Y+ fws 2
S RS

AEopt = —. Al3

opt Y+ fws 2 ( )

The maximum power limit describes the upper limit for gen-

atmosphere

The effect of an atmosphere which is partly transparent to
terrestrial radiation can easily be included in our approach by
introducing an additional parametgt, which describes this
partial transparency (similar to tkein Kleidon, 2004 and
which would be related to the long-wave optimal depth of
the atmosphere. With this parameter, the atmospheric energy
balance would change to (we neglect the effect@ — E)

for simplicity)

erating turbulent heat fluxes out of local radiative heating by

absorption of solar radiation at the surface. It does not nec
essarily imply that this limit is achieved. This would rather
form a hypothesis, hamely, that the surface energy partition
ing would operate near this limit. This hypothesis is very
closely related to the proposed principle of maximum en-
tropy production (MEPOzawa et al.2003 Kleidon et al,
201Q seeKleidon and Renngr2013afor a more complete
discussion on this relationship).

It may also be noted that in the above derivation the atmo
spheric heat transport associated with E does not directly
affect the partitioning of fluxes at the surface. This lack of ef-
fectis easily explained. The heat transported by — E) af-
fects the atmospheric energy balanke= o T4 +1(P — E).
This, in turn, affects; and, by using Eq.A6), Ts. This ef-

fect does not affect the magnitude of energy partitioning at

the surface, as this is forced IRg, but it rather affects the
temperature at which this partitioning takes place. Since w
used observed surface temperatures here, this efféctaf

on temperatures is already accounted for in the observation

and does not affect our estimates of the surface energy bal
ance components.

www.hydrol-earth-syst-sci.net/18/2201/2014/

e

R — foTg+H+AE=0 (A14)
while the surface energy balance would be (using above lin-
earizations for terrestrial radiation)
R~ k[(Ts—Ta) — H —AE =0, (A15)
whereR; = Rs— (1— f)(Ri.0+ k- (Ts— To)), k; = fkr, and

R\ o is the emission of terrestrial radiation at a reference tem-
perature Tp, that is used to linearize the emission. This for-
mulation results in the original model whegh= 1, and rep-
resents a partially transparent atmosphere for cases in which
0<f<l1l.

The formulation of the surface energy balance is very sim-
ilar to the case of a fully absorbent atmosphere except for
using the somewhat different parameteR§,and k;. Since
RL < Rs, the sum of the turbulent heat fluxes at maximum
power iSR;/2 < Rs/2. This is going to be expected as some
gf the emitted radiation from the surface passes the atmo-
Sphere without absorption, so that less of the absorbed so-
ar radiation is exchanged between the surface and the atmo-
sphere. Hence, our formulation can incorporate the effects of
a partially transparent atmosphere and yields consistent re-
sults, yet it would require additional information to derive
the value off from observations.
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river basins Table Al. River basins used for model evaluation. Data is taken
mostly fromVorosmarty et al(2000 andDai and Trenbert(2002),
with additional data taken frorRrobst and Tardy1987, Shahin
(1989, Aladin et al.(2005, andMeshcherskaya and Gol¢d003.

IDin Runoff Basin
Basin Fig Al  (km3yr~1) area (knf)
Amazon 1 6642 5854000
Nile 2 40 3826000
Zaire 3 1308 3699000
Mississippi 4 610 3203000
3 Amur 5 354 2903000
-180"  -90° o 90’ 180° Parana 6 568 2661000
Figure Al. Map of the river basins used in this study, with the Yenisel ! 599 2582000
names of the river basins given in Tai&. Ob 8 412 2570000
Lena 9 531 2418000
Niger 10 193 2240000
A Ri basi Zambezi 11 117 1989000
3 River basins Tamanrasett 12 0 1819000
The names of the river basins used in the evaluation of the es- I(\:/Ig?:rllgngliing 11 f ;;'04 11771934 ggg
Fimates are Ii§ted in Tabl&1. Their geographic distribution Ganges-Brahm. 15 1032 1628000
is shown in FigAL. Chari 16 37 1572000
\Volga 17 243 1463000
St.Lawrence 18 363 1267000
Indus 19 104 1143000
Syr-Darya 20 18 1070000
Nelson 21 126 1047000
Orinoco 22 1129 1039000
Murray 23 9.4 1032000
Great-Basin 24 0 978000
Shatt-el-Arab 25 35 967 000
Orange 26 4.6 944000
Huang He 27 47 894000
Yukon 28 212 852000
Senegal 29 22 847000
Irharhar 30 0 842000
Jubba 31 0 816 000
Colorado 32 12 808000
Rio Grande 33 15 805000
Danube 34 202 788000
Mekong 35 525 774000
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