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Abstract. Understanding how water, energy and carbon arel Introduction

partitioned to primary production and effective precipitation

is central to quantifying the limits on critical zone evolu- Understanding how water, energy and carbon are partitioned
tion. Recent work suggests quantifying energetic transferso evaporation, primary production, runoff and base-flow is
to the critical zone in the form of effective precipitation and central to quantifying the limits on critical zone function and
primary production provides a first order approximation of evolution, and represent grand challenges to the Earth Sci-
critical zone process and structural organization. Howeverence community (NRC, 2010; Sivapalan, 2005). The criti-
explicit linkage of this effective energy and mass transfercal zone, defined as the Earth surface system extending from
(EEMT; Wm~2) to critical zone state variables and well de- the top of vegetation down to and including groundwater,
fined physical limits remains to be developed. The objectivesustains and enables life on the planet (NRC, 2001). The
of this work was to place EEMT in the context of thermo- importance of coupled water-energy-carbon dynamics to un-
dynamic state variables of temperature and vapor pressurgerstanding critical zone function is well recognized across
deficit, with explicit definition of EEMT physical limits us-  Earth science disciplines (Berry et al., 2005; Brantley et al.,
ing a global climate dataset. The relation of EEMT to em- 2011; Minasny et al., 2008; Schimel et al., 1997). Recent
pirical measures of catchment function was also examinedvork suggests that quantifying the energetic transfer associ-
using a subset of the Model Parameter Estimation Experiated water, energy and carbon transfers to the critical zone
ment (MOPEX) catchments. The data demonstrated thregh the form of effective precipitation and primary produc-
physical limits for EEMT: (i) an absolute vapor pressure tion provides a first order approximation of critical zone pro-
deficit threshold of 1200 Pa above which EEMT is zero; (ii) @ cess and structural organization (Rasmussen et al., 2011b).
temperature dependent vapor pressure deficit limit followingThis work found significant empirical correlations of these
the saturated vapor pressure function up to a temperature @&nergy and mass transfers to critical zone properties and pro-
292K; and (iii) a minimum precipitation threshold required cesses. However, explicit linkage of these empirical relations
from EEMT production at temperatures greater than 292 K.to critical zone state variables and well defined physical lim-
Within these limits, EEMT scales directly with precipitation, its on primary production and evapotranspiration remains to
with increasing conversion of the precipitation to EEMT with be developed.

increasing temperature. The state-space framework derived The critical zone functions as an open system relative to
here presents a simplified framework with well-defined phys-energy and matter fluxes in the form of water, carbon and
igal limits that has the potential fqr d_irectly iqtegrating ré- radiation. Open system thermodynamics and its focus on
gional to pedon scale heterogeneity in effective energy andnoyement of energy and mass across gradients thus present a
mass transfer relative to critical zone structure and funCtior‘promising framework within which to quantify the physical
within a common thermodynamic framework. limits of critical zone process and evolution. Open system
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Fig. 1. Conceptual diagram of the critical zone as an open thermodynamic system described by the state variables of teffiparadure (

vapor pressure deficit (VPD), and energy and mass flux terms deriving from solar radiation, precipitation, and carbon input as primary
production. The energy and mass transfer drives internal critical zone processes, change and storage of internal energy and mass, ar
export of dissipative products in the form of evapotranspiration, carbon from plant and microbial respiration and runoff and baseflow. Note
that geophysical energy and mass transfers associated with tectonics and denudation are not included here. Modified from Rasmussen ¢
al. (2011b).

thermodynamic principles have been applied broadly acrosstructure and function, including chemical weathering rates,
the Earth sciences to understand and model the movemessbil depth, classification and geochemistry, and ecosystem
of energy and mass through various components of the Earthespiration. The objective of this work is to place these
system including: turbulent flows in the atmosphere (Ozawaempiricisms into a well-defined thermodynamic context of
et al., 2003), the global hydrologic cycle (Kleidon, 2009), physical state-space. Specifically, effective energy and mass
stream network organization (Rinaldo et al., 1998), ecologi-transfer is placed in the context of the state variables tem-
cal interactions and ecosystem development (Jgrgensen amerature and vapor pressure deficit, and physical limits de-
Fath, 2004; Odum, 1988), physical and biological controlsfined for the partitioning of energy, water, and carbon to
on landscape evolution (Phillips, 2009), pedogenesis (SmeckEEMT. Furthermore, the relation of EEMT to empirical mea-
et al., 1983; Volobuyev, 1983), and the movement of soil-sures of catchment function is examined using a subset of the
water along preferential flow paths (Zehe et al., 2010). Sim-MOPEX watersheds.
ilar to engineered systems (Bejan, 2006), it is posited that
gradient driven fluxes of energy and mass through the crit-
ical zone drive the development of subsurface process and Materials and methods
structural organization, such as preferential soil hydrologic
flow paths, with a selection for those paths that maintain the2,1  Theoretical construct — thermodynamic framework
strongest gradients. The coupled process and structural or-
ganization serves to optimize the cycling and degradation ofThe critical zone operates as an open system with respect to
work energy associated with the energy and mass fluxes flowenergy and mass fluxes that include solar radiation, water,
ing through the critical zone system (Lin, 2010; Schneidercarbon, and sediment (Fig. 1). These fluxes drive internal
and Kay, 1994; Odum, 1988). critical zone processes such as primary production, chemical
In a series of papers, Rasmussen et al. presented a coweathering, mineral transformation, and sediment transport.
pled energy and mass transfer term referred to as “effectiv@’he processes manifest changes in critical zone energy and
energy and mass transfer” (EEMT) that couples energy ananass in the form of stored organic matter, secondary min-
mass flux to the subsurface in the form of effective precipi-erals, and sedimentation, among others. The products of
tation and net primary production in a common energy unitcritical zone processes include energy and mass flux asso-
[Wm~2] (Rasmussen et al., 2005, 2011b; Rasmussen andiated with evapotranspiration, respiration, and chemical de-
Tabor, 2007). The EEMT parameter exhibits strong and sig-nhudation that may be exported from the critical zone system.
nificant correlation to a variety of measures of critical zone Exported energy and mass represent dissipative products
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equivalent to entropy production and export in a thermody-2.2 Theoretical construct — energy and mass balance
namic context. Critical zone function may thus be charac-
terized using principles of energy and mass balance withinThe flux, storage, and export of critical zone energy and mass
an open system thermodynamic framework (e.g., Kleidon,components may be characterized using balance equations
2010). for the dominant energy (net radiation), water (precipitation)
In a thermodynamic framework, state variables are used t@nd carbon (primary production) fluxes. The balance equa-
define the system state, or the ensemble of thermodynamiton for net radiation g,) may be stated as (Berry et al.,
properties, such as internal energy and entropy, at a giveR005): Rn=AET + H + G + A+ AE [Wm~2], where is la-
point in time (Bejan, 2006). State variables include quan-tent heat of vaporization, ET is evapotranspiration réfe,
tities that are independent of system size, internal energythe sensible heat flux; the heat flux into the soil4 the flux
and internal processes, and may be used to place physicaf energy into chemical bonds formed during photosynthe-
constraints on the change in system state. In the strictestis and stored in the form of reduced organic compounds,
sense, thermodynamic systems with a given set of state varand AE is advected energy. Over annual time scales and
ables and rates of energy and mass transfer will converge ttor a given location AE and> approach zero, and in gen-
the same ensemble of thermodynamic properties, regardlesyal, A is only a fraction ofR, and typically ignored in most
of the path or suite of internal processes (Anderson, 2005)soil and hydrologic applications. Note that advected energy
Common thermodynamic state variables include temperatur@nd soil heat flux may perform important physical work on
and pressure, parameters directly applicable to defining critisubsurface soil systems through volumetric changes result-
cal zone energy and mass transfer. Indeed, Montieth’s (1965)g from freeze-thaw processes. These are not directly con-
modification of Penman’s (1948) equation for evaporationsidered here. The transfer of energy to reduced organic com-
from a saturated surface used a thermodynamic state-spag®unds represents a central energetic flux in terms of subsur-
approach, with vapor pressure and temperature as state vaiface critical zone development (Amundson et al., 2007) and
ables, to include evaporation for dry surfaces removed fromis thus central to the framework discussed herein.
the saturated vapor pressure-temperature state function. Va- The critical zone water balance may be expressed fol-
por pressure deficit, temperature, and partial pressure of atowing the catchment scale approach of Lvovich (1979):
mosphere C@exert strong control on the physical and bi- W =PPT—SR=ET+F +BIO [kgm~2s71], where W is
ological processes of evaporation and transpiration (Jarvisubsurface or catchment wetting, PPT is precipitation, SR is
and McNaughton, 1986), primary production (Running andquick runoff, ET is mass of water returned to the atmosphere
Coughlan, 1988), and chemical weathering rates (Rasmussdy evapotranspiratiorf; is mass flux to base flow and equiv-
etal., 2011a). For practical purposes, it may be assumed thatent to the fraction of precipitation available to flux through
pCQOy is constant such that in the context of the critical zonethe soil and participate in weathering processes and solute
as a thermodynamic system presented here, vapor pressut@nsport, and BIO is the mass of water incorporated into
deficit and temperature may be defined as the system stat@omass via primary production.
variables. Energy and water cycles are directly coupled via pho-
As noted, the dominant energy and mass transfers to theosynthesis and primary production (Campbell and Nor-
critical zone include solar radiation, water, carbon, and sedman, 2000): 6 C@+6 H,O 7 CgH1206 +6 Oy, where at-
iment supply and transport. In a generalized form, this maymospheric CQ and water sourced from the critical zone,
be expressed as: equivalent to the BIO fraction of the water balance, are cou-
pled via photosynthesis powered by solar radiation, equiva-
lent to A from the net radiation balance, to produce energy-
where CZ is critical zone state quantified in terms of en-ich reduced organic compounds. Primary production essen-
ergy per areal’ temperature [K], VPD vapor pressure deficit tially represent_s a conversion of radiative energy to chemical
[Pa], PPT precipitation [kg m?s~1], Ry net solar radiation €Nergy stored in C-C and C-H bonds of organic compounds
[Wm~—2], CO, carbon dioxide [kgm2s~1], § is mineral (Berry et al., 2005). Carbon assimilation into organic com-

supply/sediment transport [kgThs~1], and is the relative pounds by photosynthesis is coupled with substantial loss of

age of the system [s]. Thus, for a given temperature and vaWvater via transpiration, with approximately 90 % of water ad-

por pressure deficit state-space, the function and state of thg?"P€d by roots transpired to the atmosphere (Raven et al.,
critical zone may be directly related to fluxes of water, radia- 1971)- The relative water use efficiency, defined as the ra-
tion, carbon, and sediment. This equation is essentially a reli© Of carbon assimilation to transpiration, may be expressed
statement of the classic “state-factor” statement proposed b§liréctly as a function of intra-leaf and atmosphericaon-
Jenny (1941) for characterizing the state of soil systems, angentrations and vapor pressure deficit, with increased parti-

similar to other state-factor approaches defining critical zond!0NiNg of water to transpiration with increasing vapor pres-
evolution and process (e.g., Phillips, 1998; Hugget, 19955Ure deficits (Comstock and Ehleringer, 1992). Primary pro-
Pope et al., 1995). duction is thus a central process linking the flux of water,

energy, and carbon into and through the critical zone, and

CZ = f (T, VPD, PPT, Ry, CO, S, 1), [Im?] (1)
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is strongly controlled by the state variable of vapor pressure The production of EEMT may be expressed in a general-
deficit. Assimilation is also coupled with substantial loss of ized state-factor form as:
CO, back to the atmosphere, on the order of 50 %, as a result

— -2
of plant metabolic processes (Farrar, 1985). Net primary pro-EEMT = f (I, VPD, PPT, Ry, CO2), [Wm™] @)

i 21y i - .

duction [kg nT<s™7] is the balance of gross primary produc- gimjlar to the general statement of factors controlling evapo-
tion and plant resp{ratlon, end thus represents th.e_ net trangztion put forth by Jarvis and McNaughton (1986). For sim-
fer of photosynthetic chemical energy into the critical zone plicity and ignoring the effects of changed EEMT rates on

(Lovett etal., 2006). It should be noted that nutrients, such ag,et radiation and Cuptake, the total differential of Eq. (3)
N and P, can significantly limit primary production in areas yields:

with otherwise sufficient water and radiation (e.g., Melillo

et al., 1993). For simplicity, the analysis here does not takegegmT — <3EEMT> dVPD- <3EEMT) 7
nutrient limitation into account. dVPD /1 ppt VDP,PPT

Based on these balance equations, Rasmussen et
al. (2011b) derived a coupled energy, water, and carbon bal- (BEEMT> dPPT (4)
ance for the critical zone that in simplified form equates to: OPPT J1.veo
EEMT = Eppt+ Egio [W m™2] ) As noted, the variables VPD anfl represent state vari-

ables independent of the system such that for a given VPD-
where EEMT is the total “effective energy and mass trans-T space, EEMT may be stated as a direct function of PPT
fer” into the critical zone and represents energy that carwhere: dEEMT F(2550T), o dPPT. Here we explicitly
perform work on the subsurfacéppr is the energy flux  define this function for a range of temperature and vapor
associated with effective precipitation, afigo is the en-  pressure deficit space and thereby define the physical state-
ergy flux from net primary production. The individual space for EEMT production.
terms of Eq. (2) may be quantified in units of Was
Eppt=F -cw- AT, where F is mass flux of precipitation 2.3 Dataand methods

to base flow [kgm?s1], ¢y is specific heat of water _ _ _
[Dkg 1K1, and AT = Tambient— Tref [K] With Tambientthe The analysis here is based on average monthly climate data

ambient temperature at time of water flux afids set at from 314 meteorological stations distributed across nearly
273.15K; andEgio = NPP- hgio, where NPP is mass flux all latitudes and longitudes as compiled by the IAEA's Wa-
of carbor; as net primary produ,ction [kgths1], andhgio ter Resource Program and the World Meteorological Orga-

the specific biomass enthalpy [J#g assumed here to be nization in the Global Network of Isotopes in Precipitation
22 10° Jkg L. (GNIP) database (IAEA/WMO, 2006). Meteorological data

The formulation of EEMT does not include important geo- in the GNIP database include average monthly precipitatiqn,
physical energy inputs, e.g., tectonics, isostasy, and graVt_emperature and vapor pressure with a median observation
ity driven mass flows. A complete critical zone energy bal- €¢0rd of 14 years for each station and 10 % and 90 % quan-

ance must include these components to properly account fdil€S Of 4 and 38 years, respectively.

physical and chemical weathering, and the transfer of sedi- 1he calculation ofEpprand Egio were based on the bal-
ment associated with tectonic uplift and gravitational forcesNC€ Of precipitation and evapotranspiration following Ras-
(Phillips, 2009: Volobuyev, 1964; Odum, 1988). In systems MUSsen and Tabor (2007). Given the lack of site specific
of rapid tectonic uplift and limited energy and mass trans-Water balance data, the base-flow, farterm for calculat-

fer from precipitation and biological production, geophysi- N9 £ppTWas approximated using an effective precipitation
cal fluxes may dominate critical zone energy and mass flows:

term: Pet = PPT— PET [kg nmT2s71], where PET is poten-
However, for many systems the geophysical fluxes can be ori2l evapotranspiration. - This method of calculatify
ders of magnitude less thafppr and Egio (Rasmussen et does not account for months with precipitation and actual
al., 2011b). Furthermore, given that the energy associate® ' 'S 1€ss than PET or for moisture carry-over in the form
with evapotranspiration is returned back to the atmosphere?f SOil moisture storage and thus only provides an approx-
Epprand Egio can represent the primary sources of energy'mat'on of the total effective precipitation for a given loca-
transferred to the subsurface critical zone system. Thus fo

fion. Monthly PET was calculated using the Thornthwaite
simplicity, the presentation here focuses on energy and mas3"

d Mather (1957) approach that uses a minimal site spe-
fluxes associated with effective precipitation and net primaryCific dataset of temperature and latitude to approximate sur-
production. The sum ofpptand Ego is termed “effective

face energy budget and provides a simple and meaningful ap-
energy and mass transfer” (EEMT) to recognize that this fluxProximation of PET for global scale climate characterization
represents the effective chemical and heat energy available

{Black, 2007).
perform work on the subsurface system.

Biological energy flux derived from net primary pro-
duction (NPP) was calculated following Rasmussen et
al. (2005) using a modified form of the sigmoid equation
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of Lieth (1975) relating NPP to mean annual temperature:and monthly climate data from the Parameter-elevation Re-
NPP =3000[1 ©1-315-0119-1 [gm~2yr-1]. Using this  gressions on Independent Slopes Model (PRISM) (available
equation, NPP was calculated on a monthly time step forat http://www.prism.oregonstate.edu/Daly et al., 2002).

all months of PP® PET, and NPP scaled to a monthly The PRISM data were spatially averaged within each catch-
time step based on each months percentage of one year (i.enent and monthly temperature data used to calculate PET
daysnontdaysear). This method of NPP estimation does not using the Hamon'’s equation (Hamon, 1961). Daily stream-
account for primary production that occurs using stored soilflow values,Q, were partitioned to baseflow;, and quick
moisture and thus likely underestimates total NPP. Howeverrunoff, SR, and summed to provide monthly and annual val-
comparison of NPP calculated using this method relative toues for each parameter (see Brooks et al., 2011 for full detalil
global NPP datasets indicates good agreement between tten partitioning methods).

two (Rasmussen et al., 2005). As noted previouglyio Catchment functioning was quantified using empirical
was calculated as NPP times an average specific enthalpy faneasures of annual water and energy partitioning as quan-
organic materials of 22 106 Jkg1. tified by the Budyko curve (Budyko, 1974) and the Horton

Vapor pressure deficit was calculated as: VPR =e¢ Index (HI) (Horton, 1933; Troch et al., 2009) using data
[Pa], whereesis saturated vapor pressure, arig vapor pres-  derived from the MOPEX data. The Budyko curve repre-
sure as reported in the GNIP dataset. Saturated vapor presents catchment water and energy balance data arrayed in
sure was calculated using a form of the Clausius-Clapeyrorihe space defined by actual evapotranspiration over precip-
equation that defines the change in saturated vapor pressuit@tion (AET/PPT) versus potential evapotranspiration over

per unit temperature: precipitation (PET/PPT) and describes the relative partition-
ing of precipitation to actual evapotranspiration for a given
Ly (1 1 potential evaporative demand and precipitation space. Catch-
s = €o &XP |:R_v (Fo a 7>:| (Pd ®) " ments where PET/PPT1 represent energy-limited systems

where the amount of precipitation exceeds the evaporative

wheree, of 611.73 Pa is the reference saturated vapor presgemand, whereas values of PET/PPT represent water-
sure at7p of 273.16 K, Ly is latent heat of vaporization at |imited systems. Actual evapotranspiration was calculated
To [2.501x 10° Jkg1], and Ry is the gas constant for moist as: AET=PPT- Q. The Horton Index is a dimensionless
air [461.50 JK ™ kg™]. It was assumed thaty is constant  number ranging from 0 to 1 that describes the fraction of
with temperature and the small decreaséinwith increas-  catchment wettingW, partitioned to evapotranspiration cal-
ing temperature was not accounted for (Iribarne and Godsorgulated as: HI = ETW = (PPT— Q)/(PPT— SR).
1981). Effective energy and mass transfer for each catchment was

The data analysis here focused on monthly time scalesdetermined using a combination of the MOPEX data and
The monthly data were subset to exclude stations with anynmodeled NPP. Specifically, théppT term was calculated as
missing meteorological data and locations where monthlynoted previously:Eppt=F - ¢y - AT, whereF is mass flux
VPD was less than zero for a totak 2276. MonthlyEppt,  of precipitation to base flow estimated from the MOPEX
Egio, and EEMT data were scaled to Wh data. Net primary production anflzio were calculated as

described above.
2.4 MOPEX data analysis

Data from eighty-six of the eighty-nine MOPEX dataset 3 Results

catchments analyzed by Troch et al. (2009) and Brooks et

al. (2011) were used for comparison of EEMT to empirical 3-1  Physical constraints on effective energy and mass
measures of catchment scale water and energy partitioning ~ transfer

(data available atttp://www.nws.noaa.gov/oh/mopexThe

selected catchments have minimal snow storage to avoid iscocations with positive EEMT clustered near the saturated

sues of winter-to-spring water carryover or snow water lossVaP0r pressure line across all temperatures (Fig. 2a). State-

to sublimation, and are predominantly located in the south-SPace limits on EEMT were determined by re-projecting the
eastern United States, with a few from the western Pacificl@t@ in VPD? space (Fig. 2b). The upper VPD limit for
states of the United States. The selected catchments spanec™ 1 Was defined using two functions with a functional
broad climate space with substantial variation in water avail-2réak point of 202K. Below 292K, the VPD limit was de-
ability and vegetation cover (Duan et al., 2006). rived using a modified form of the Clausius-Clapeyron func-
The MOPEX data used here were derived from the analtion: VPDr =VPD, eXp[fe—‘\j (Tio - %)] where VPR is a
ysis of Brooks et al. (2011) that expanded the data recordeference vapor pressure deficit of 350 P&anf 273.16 K,
for the selected catchments to cover 2000 to 2008 wateand VPD; is equivalent to the upper bound of EEMT produc-
years using daily streamflow data from the US Geologi-tion at temperatur@. The value for VPR was determined
cal Survey (available dtttp://waterdata.usgus.gov/nwis/ilv/ through an iterative process constraining V{PElues to fall
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Fig. 2. Climate data ir(a) vapor pressure and temperature éojdvapor pressure deficit and temperature state space. The solid (e)dsn

the saturated vapor pressure line, the gray squares are locations of positive effective energy and mass transfer (EEMT), and cross hairs ar
locations of zero EEMT. Irfb), the solid lines indicate the upper physical limit of EEMT as defined using a modified Clausius-Clapeyron
equation for locations temperatuwe292 K and set at 1200 Pa for locations with temperatu2®2 K; dashed lines indicate the extension of

those limits beyond their point of intersection. The colored squares are locations of positive EEMT scaled with increasing EEMT, and cross
hairs are locations of zero EEMT.

above the VPD of locations with positive EEMT for a given
temperature. This limit maintains the thermodynamic scaling 4000 -
inherent in the Clausius-Clapeyron equation and captures thes
non-linear temperature dependent change in the upper VPE%’
bound for locations with temperatu£e292 K. At tempera-
tures greater than 292K, an upper VPD boundary was de-
fined at 1200 Pa based on visual inspection of the data. Thez 5o |
VPD boundaries may be related directly to the thermody- g
namically defined phase change of liquid water to water va- 5
por in that these limits represent the vapor pressure deficit& 1000 -
where the evaporative demand for water supersedes the pc
tential for water partitioning to primary production or base
flow at a given temperature.

The locations with monthly VPD greater than 1200 Pa oc-
curred in the low- to mid-latitudes ranging frowil2 to 50
absolute latitude (Fig. 3 and Table 1). Ecosystems that exFig. 3. The global relationship of monthly vapor pressure deficit
hibit values above 1200 Pa were predominantly characterizetb absolute latitude for the IAEA dataset. The inset shows the
as tropical and subtropical grassland, savanna, and shrulprobability distribution function for those ecosystems that experi-
land, desert scrub, moist tropical and subtropical forest, temence monthly vapor pressure deficit greater than 1200 Pa. Global
perate grassland, savanna, and shrubland, and Mediterraneﬁ?PsyStem distri_bution was taken from the _WWF ter_restrial ecore-
scrub (Fig. 3 inset) (ecosystem distribution derived from thedion dataset available attp://vyww.worIdW{IdIlfe.orgISC|encg/data/
WWEF terrestrial ecoregion dataset availablehtip:/www. terreco.cfm The ecosystems include tropical and subtropical grass-

o . . land, savanna and shrubland (T/S-GSS), desert scrub (DS), tropi-
worldwildlife.org/science/data/terreco.cimThe data indi- cal and subtropical moist forest (T/S-MF), temperate grassland, sa-

cate that all of these systems may experience periods of watgfnna and shrubland (Tmp-GSS), and Mediterranean scrub (Med-
limitation thereby limiting production of EEMT (Table 1). Scrub).

3000 -

Defi

Absolute Latitude

3.2 PPT-EEMT function

that EEMT tended to increase linearly with precipitation at a
For a given VPDT space, the generalized statement of given temperature.
Eq. (3) takes the form of: dEEMTé%EPE—F'E"TT)VPD’T dPPT. The data were thus binned atK intervals to explicitly
The data indicated that the rate of EEMT generally in- define temperature dependent EEMT-PPT functions within
creased with temperature within the vapor pressure deficithe vapor pressure deficit bounds. Examination of the
limits defined above (Fig. 2b). Further, the data indicatedbinned data indicated strong and significant linear correlation
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between precipitation and EEMT across all temperature bins 30

in the form:

dEEMT “

dPPT

EEMT; = ( ) PPT+ by, [Wm?] (6)
T 20 |
where EEMT; is effective energy and mass transfer at a
given temperature(d('szLQ"TT) [Jkg™1] is the slope of the
function at a given temperaTture and represents the potentia 2 |, |
production of EEMT per unit of precipitation (note that the

units of ( dEPE,E"TT) L are [W n2)/[kg m~2s~1], equivalent to

Jkg ! given that 1Wm?2=Jnm2s1), andby [Wm—?]

is the intercept for a given temperature. Locations with
zero EEMT were excluded from each temperature bin when .
solving Eq. (6). The temperature dependent EEMT-PPT EEMT (EEMT-PPT function) [W m™]
functions accurately reproduced modeled EEMT based on

monthly Epprand Eg o calculations with a root mean square Fig. 4. Relationship of effective energy and mass transfer (EEMT)
error (RMSE) of 0.36 W m?2 around the 1:1 line (Fig. 4) derived from empirical estimates of energy associated with primary

o . production Egjo) and effective precipitationAppt) relative to
The slope of the individual temperature functions EEMT predicted with temperature dependent EEMT-PPT function.

(%)T demonstrated a strong linear relationship to tem-solid line is the 1:1 line. A close fit between these data is expected,
. but demonstrates that the EEMT-PPT function effectively describes

perature in the form(dEEyTT)T =4.15T —1136;r2=0.98, the Egyo + Eppr

P <0.0001, and RMSE =5.45Jk§ (Fig. 5a). These data

indicate a strong trend of increased potential conversion of . :

precipitation to EEMT with increasing temperature, up to estlmate.s (PEdkin) may be eg)(gpgrressed 6}2 aﬁ{unctzmn of tem-

values of 120 MJ of EEMT per kg of precipitation-ag0oK.  Perature: PEfin=0.31 exf [kgm B 1. r*=0.99,

In contrast, the intercept of Eq. (6) exhibited a strong non—P <0.0001, and RMSE =0.0026 kghs™* (Fig. 6a).

: ; . : . The data thus quantify three physical limits on monthly
linear relationship to temperature (Fig. 5b). The intercept re- o . o .
mained essentially constant-a0.5 W n2 for temperatures EEMT: (i) the VPD" space defined by a modified Clausius-

below 292 K with a strong non-linear decrease to values OfCIapeyron function for Fe_mp.er.atures292 K; (i) an up-
less than-7 W m-2 at temperatures greater than 300 K. per vapor pressure deficit limit of 1200 Pa for tempera-

The x-intercept of Eq. (6) yields the precipitation rate at tures> 292.K; and (iii) a prec!p|t§1t|on th.resho.ld. that in-
zero EEMT, equivalent to: creases with temperature coincident with minimum val-

ues for potential evapotranspiration. Within these bounds,

SEEMT [kg m2s1] ) EEMT scales linearly with PPT as a function of temperature:
L 1 1

( dPPT>T If T < 292K and VPD> VPD, exp [_V (_ _ _)}

where PP§ may be considered a minimum threshold of Ry

precipitation required for EEMT production. Values of EEMT =
PPTo also exhibited a strong non-linear relationship to tem- s + _ 292 Kk and VPD> 1200 Pa EEMT= 0
perature, with values less than zero at temperatures below

292K, and positive values, that increased with temperadf T > 292 Kand PPT< 0.31 exp-9% EEMT =
ture up to 0.06kgm?s~! for temperatures ranging from dEEMT
292 to 305K (Fig. 5¢c). Negative PRTvalues indicate Else EEMT; = (W
that any precipitation entering the system may be converted

to EEMT, whereas positive PRBTquantifies the minimum  The bounds defined here are strongly temperature dependent.
amount of precipitation needed for EEMT production. The Temperature is a primary parameter in the calculation of both
noted non-linear transition ihy (Fig. 5b) and negative Eppt and Egjo through temperature controls on PET, the
to positive transition in PRI (Fig. 5¢) quantify a thresh- specific heat of water in the calculationBfpT, and the tem-

old in precipitation required to produce EEMT. Further, the perature dependent modified NPP equation of Leith (1975).
break in scaling oby and PP at 292 K corresponds with  Direct empirical measures of EEMT may prove to be not as
the transition to an upper vapor pressure deficit bound ofsensitive to temperature as the results presented here. How-
1200 Pa. The values of PRBcaled directly with the min-  ever, previous work and relations presented below indicate
imum potential evapotranspiration for temperatures greatethis model formulation correlates well with measures of crit-
than 292 K (Fig. 6b). Minimum potential evapotranspiration ical zone function and structure.

15

ppr T Epie) [W m-z]

EEMT (

5 10 15 20 25 30

b
PPTo = ——

) PPT+ br.
T
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precipitation threshold (PR required for effective energy and mass transfer.

3.3 Biological and physical partitioning of EEMT EEMT to Eg|o and Epptis an important parameter for con-
straining critical zone evolution (Rasmussen et al., 2011b).

The fraction of EEMT derived from biological pl’OdUCtiOﬂ The Fgio term decreased exponentia"y with increasing

(Fio) was quantified as:Fgio = 28% [unitless]. Pre-  EEMT (Fig. 7) indicating “low” EEMT systems dominated

vious work indicated much stronger correlation of EEMT by Eg o and “high” EEMT systems dominated h§ppr.

to critical zone properties for systems dominated&pptr  The Fgio=0.5 transition occurs in the EEMT region of

and a Fgio < 0.5, suggesting the relative partitioning of
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1-4 W n1 2 indicating this may be a critical range for de- 1.0 1

termining transitions in critical zone structure and function.

Further, for a given EEMT valueFg|o varied predictably -

with temperature (Fig. 7). The relationship@f o to EEMT -

and temperature was characterized for each temperature bi\§J

with the function: B

Feio-r = (FBIO-ref)T EEMTCT [unitless, (8) Eﬁ 0.4 -
[y

whereFg|o-r is the fraction of EEMT partitioned t&'g|o at
a given temperaturé Fgio-ref) 7 iS @ reference o, andcr
an exponent describing the functional relationshipFefo
to EEMT. The parameters for Eq. (8) varied with temper- 0.0 . \ . \
ature (Fig. 8). SpecificallyFgio-ref followed a sigmoid : p . & Zh 23 S
function with increasing temperature reflecting the empir- EEMT [Wm™]

ical function used to quantify net primary production (Li-

eth, 1975), whereas;y was relatively constant at a value Fig. 7. The fraction ¢g)p) of effective energy and mass transfer
of —1.0 across all temperatures except for temperatures leSEEMT) derived from primary productiorg|o) relative to EEMT.
than 275K where-r increased to values near0.7. This Upper and lower bounds were calculated as function of tempera-
strong temperature dependent result is not surprising givef'e: Feio-r = (FBI0-re TEEMTCT , whereFgjo-ref andc vary as
that temperature is the sole parameter for estimating NPP fof function of temperature/(). The color scale corresponds to tem-
months of PP PET for the NPP model used here. The Perature.

temperature dependencef@o relative to EEMT may well
vary with different models or empirical measures of NPP.

above which EEMT is zero; (ii) a temperature dependent
3.4 MOPEX data analysis vapor pressure deficit limit that scales with temperature fol-
' lowing the slope of the saturated vapor pressure function up

The MOPEX data indicated clear patterns figio when (O @ temperature of 292K; and (i) a precipitation thresh-
arrayed in the Budyko curve space (Fig. 9a). The uppeP'd that scales directly to minimum potential evapotranspira-
bound on AET/PPT is a value of 1 where all available pre-tion for temperatures greater than 292 K. Within these lim-
cipitation is partitioned to evapotranspiration. Values for ItS: EEMT scales directly with mass flux of precipitation,
Faio increased to~1 coincident with AET/PPT approach- With increasing conversion of precipitation to EEMT with
ing 1 across the water-limited space (PET/PPT), indicat- increasing temperature. These relationships thus define the
ing EEMT dominance bygio as water becomes dominantly State space and physical limits of EEMT. As noted, effec?i\'/e
partitioned to evapotranspiration with little to no water avail- €Nergy and mass transfer has been directly related to critical
able for base flow an&ppr. zone structure and function (Pelletier and Rasmussen, 2009;
There was also a strong negative correlation between HRasmussen etal., 2005, 2011b; Rasmussen and Tabor, 2007,
and EEMT (Fig. 9b). Similar to the AET/PPT ratio, HI Sheldon and Tabor, 2009), such that the limits defined here
values approaching 1 indicate the majority of water avail-May aiso define the climatic state space important for con-
able for catchment wetting partitioned to evapotranspiration Straining critical zone evolution. _
The negative correlation thus reflects decreased water avail- 11€ Physical limits for production of EEMT defined here
able for primary production and baseflow, the two compo-correspond directly to well defined temperature and vapor
nents of EEMT. Further. these data also demonstrated tharessure deficit limits on transpiration, photosynthesis, and
Faio increased towards 1 as HI approaches 1. Both thgPrimary production; processes mediated by a combination of
Budyko curve and the HI indicate that water-limited catch- Piophysical controls on plant stomatal conductance and car-
ments where the water balance is dominated by evapotranspOn assimilation, and physical controls on evaporation (Law

ration correspond to low EEMT locations with EEMT domi- €t &l 2002; Aphalo and Jarvis, 1991; Damour et al., 2010;
nated by primary production. Oren et al., 1999; Jolly et al., 2005; Schulze et al., 1994;

Jarvis and McNaughton, 1986; Pieruschka et al., 2010).

While EEMT does not include the mass and energy transfer
4 Discussion associated with evapotranspiration, the production of EEMT

is closely coupled with water, energy and carbon balances
The data demonstrated three physical limits for effectiveas mediated by photosynthesis and evapotranspiration and
energy and mass transfer characterized by vapor pressutbus expresses similar physical limits. The physical limits
deficit, temperature, and precipitation. The limits include: on EEMT suggest two state-space zones of EEMT produc-
(i) an absolute vapor pressure deficit threshold of 1200 Pdion that separate at 292 K. The commonality among both
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ration (PET) to precipitation an¢b) the Horton Index (HI) relative to effective energy and mass transfer (EEMT) for eighty six MOPEX
catchments. The color scale(#) and(b) correspond tdFg o, defined as the relative fraction of EEMT derived from primary production.

zones is an upper vapor pressure deficit limit above whichl977): Ac=¢ fss PAR, weres is efficiency of conversion of
EEMT goes to zero. These upper limits represent cold/dryradiation toA¢, fs is the fraction of intercepted radiation,
and hot/dry conditions, respectively, and indicate strong con-and PAR is photosynthetically active radiation. Carbon as-
trol of evaporative gradients on EEMT (Table 1). similation, and thus th&g o term of EEMT, is limited in

At temperatures less than 292K, the upper vapor presthe hlgh latitude systems by available photosynthetic radia-
sure deficit limit was temperature dependent. The tempertion and by temperature in the high elevation systems. There-
ature control likely reflects both temperature and solar radi-fore, despite the relatively low vapor pressure deficits at these
ation limitation on EEMT. The enzymes that catalyze pho- locations that would favor maximum stomatal conductance,
tosynthesis are all very temperature dependent such that prfarbon assimilation and primary production are limited by
mary production is limited in cool environments (Berry and @ combination of low temperatures and/or available phOtO-
Bjorkman, 1980; Holaday et al., 1992). Empirical measuressynthetic radiation. Further, given thBppris a function of
indicate strong decline in stomatal conductance and rate§oth water in excess of evapotranspiration and temperature,
of carbon assimilation with decreases in temperature belowhe transfer o p pr is directly limited by low temperatures,
~290 K across range of Species (Stewart, 1988; White et a|_,even in locations with substantial water in excess of evapo-
1999; Guardiola-Claramonte et al., 2010; Jarvis, 1976). Intranspiration. As a result, the potential EEMT produced per
terms of radiation limitation, carbon assimilatioad) may ~ unit precipitation was minimal in these systems, less than
be expressed directly as a function of radiation (Monteith,40 MJkg*, and tends to be dominated ig|0. Thus these
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systems have the potential for limited primary production However, if water is available in sufficient amounts and vapor
and flushing of cold water through the subsurface, indicat-pressure deficit is below 1200 Pa, these systems exhibit the
ing limited potential for chemical weathering and subsurfacegreatest potential for conversion of precipitation to EEMT.
structural development due to temperature limitations and ki-Of note, systems with temperatures greater than 292K also
netic constraint on weathering reactions (Kump et al., 2000) corresponded with the onset of a threshold precipitation level
This is reflected in local- (Rasmussen and Tabor, 2007) tdor EEMT (Fig. 5). The precipitation threshold values scaled
global-scale (Rasmussen et al., 2011b) synthesis of soil propdirectly with the minimum estimates for potential evapotran-
erties relative to EEMT in that relatively cold, low EEMT spiration indicating a minimum amount of precipitation re-
systems exhibit minimal soil development and limited chem-quired to overcome a priori evaporative gradients for EEMT
ical weathering. Note that the EEMT formulation presentedproduction. However, for a given mass flux of precipita-
here does not account for freeze-thaw work and rock shattion beyond the precipitation threshold, these systems hold
tering in cold environments that can form relatively deep re-the greatest potential for conversion of precipitation to ef-
golith profiles (Ollier and Pain, 1996). fective energy and mass transfer, with conversion values up
For warm systemsT{ > 292 K), the upper vapor pressure to 120 MJkg! of precipitation for systems greater than 300
deficit limit of 1200 Pa corresponds with empirical and mod- K. The warm temperatures favor the activity of photosyn-
eled data indicating substantial reduction in stomatal conducthetic enzymes and imply sufficient available radiation to
tance and leaf to canopy level transpiration at vapor presdrive photosynthesis, factors that favor primary production
sure deficits greater than 1200 Pa (Damour et al., 2010; Pierand Egjo. Further, water in excess of the evapotranspi-
uschka et al., 2010; Oren et al., 1999). Carbon assimilarative in these systems has the potential for carrying sub-
tion via photosynthesis is directly related to stomatal con-stantial heat energytppT, that would favor rapid rates of
ductance such that decreased stomatal conductance at highemical processes and chemical weathering in the subsur-
vapor pressure deficit equates to a reduction in carbon assimface (White and Brantley, 1995). Indeed, the studies of Ras-
lation and primary production (Schulze et al., 1994). Further,mussen et al. (2005, 2007, 2011b) indicate that soils in warm,
the relative partitioning of water to transpiration and assim-high EEMT systems are highly weathered and express sub-
ilation is strongly controlled by vapor pressure deficit, with stantial subsurface structural development in terms of soil
increased water loss to transpiration with increasing vaporepth, chemical depletion and presence of clay rich subsur-
pressure deficit. For these systems, carbon assimilation mafiace horizons.
be expressed as a function of transpiration and vapor pres- These general patterns were confirmed with the MOPEX
sure deficit (Campbell and Norman, 2000); =kE/VPD catchment data that indicated strong negative correlation
whereE is transpiration, and is equivalent to the ratio of of EEMT to the relative amount of catchment wetting
stomatal and atmospheric vapor conductance, and the gradpartitioned to evapotranspiration and thas o values ap-
ent between atmospheric and interleaf Ggncentrations, proached 1 with increased water limitation. The relative
g—: (C, — C;) (Farquhar et al., 1980). Given a constant value composition of EEMT Egjo Vvs. Epp7) reflects hydrologic
fgor k, the rate of carbon assimilation per unit transpiration partitioning as illustrated by the Budyko curve. In terms of
decreases as vapor pressure deficit increases, resulting EEMT, greaterFg|o in the water-limited, low EEMT catch-
a greater amount of water partitioned to transpirative lossments suggests the energy available to perform work in the
rather than primary production. This corresponds with de-subsurface is carbon cycle dominated with limited leaching
creased potential foEg|o or Eppt production as systems and removal of solutes or subsurface development and thus
approach the 1200 Pa vapor pressure deficit limit in that pri-favoring shallow soils with minimal chemical denudation or
mary production is reduced, and less effective precipitationmineral weathering. In contrast, in the energy-limited, high
is available to flux into the subsurface due to enhanced parEEMT locations dominated b¥ppt the majority of avail-
titioning of water to transpiration. At vapor pressure deficits able work energy comes in the form of baseflow that can par-
greater than 1200 Pa stomata move towards complete cldicipate in chemical weathering reactions, transport solutes
sure, effectively shutting down both transpiration and assim-and solid matter, and thus produce deep soils with substan-
ilation. Coincident with these biophysical controls, the phys-tial chemical denudation and mineral transformation. Fur-
ical evaporative demand increases directly with vapor presthermore, Brooks et al. (2011) found negative correlation
sure deficit (Kucera, 1954), such that at high vapor pressuref vegetative cover to the Horton Index for the same set of
deficits precipitation is dominantly partitioned to evapora- catchments, indicating decreased vegetative cover with in-
tion. Therefore, the combination of reduced carbon assim-<creased partitioning of catchment wetting to evapotranspira-
ilation per unit transpiration and increased physical evaporation. Thus, even though a number of factors beyond water
tion strongly favor partitioning of precipitation to evapotran- use efficiency affect the Horton Index, the data here suggest
spiration rather than primary production and base-flow, thea positive feedback amongst EEMT and catchment function
primary components of EEMT. and evolution, e.g., in the high EEMT catchments, deep soils
The warm systems are thus strongly water-limited with with greater vegetation cover promote less efficient water use
high physical and biophysical demands on available wateras expressed in the Horton index, such that more baseflow
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