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e31 Abstra
t32 Land-surfa
e models (LSMs) exhibit large spread and un
ertainties in the way they partition33 pre
ipitation into surfa
e runo�, drainage, transpiration and bare soil evaporation. To explore34 to what extent water isotope measurements 
ould help evaluate the simulation of the soil water35 budget in LSMs, water stable isotopes have been implemented in the ORCHIDEE LSM. This arti
le36 presents this implementation and the evaluation of simulations both in a stand-alone mode and37 
oupled with an atmospheri
 general 
ir
ulation model. ORCHIDEE simulates reasonably well the38 isotopi
 
omposition of soil, stem and leaf water 
ompared to lo
al observations at ten measurement39 sites. When 
oupled to LMDZ, it simulates well the isotopi
 
omposition of pre
ipitation and40 river water 
ompared to global observations. Sensitivity tests to LSM parameters are performed41 to identify pro
esses whose representation by LSMs 
ould be better evaluated using water isotopi
42 measurements. We �nd that measured verti
al variations in soil water isotopes 
ould help evaluate43 the representation of in�ltration pathways by multi-layer soil models. Measured water isotopes44 in rivers 
ould help 
alibrate the partitioning of total runo� into surfa
e runo� and drainage and45 the residen
e time s
ales in underground reservoirs. Finally, 
o-lo
ated isotope measurements in46 pre
ipitation, vapor and soil water 
ould help estimate the partitioning of in�ltrating pre
ipitation47 into bare soil evaporation.48
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1 Introdu
tion49 Land-surfa
e models (LSMs) used in 
limate models exhibit a large spread in the way they partition ra-50 diative energy into sensible and latent heat ([Henderson-Sellers et al., 2003, Qu and Henderson-Sellers, 1998℄,51 pre
ipitation into evapo-transpiration and runo� ([Koster and Milly, 1996, Pol
her et al., 1996, Wetzel et al., 1996℄),52 evapo-transpiration into transpiration and bare soil evaporation ([Desborough et al., 1996, Mahfouf et al., 1996℄),53 and runo� into surfa
e runo� and drainage ([Du
harne et al., 1998, Boone and Coauthors, 2004, Boone et al., 2009℄).54 This results in an large spread in the predi
ted response of surfa
e temperature ([Crossley et al., 2000℄)55 and hydrologi
al 
y
le ([Gedney et al., 2000, Milly et al., 2005℄) to 
limate 
hange ([Crossley et al., 2000℄)56 or land use 
hange ([Lean and Rowntree, 1997, Pitman et al., 2009℄). Therefore, evaluating the a

u-57 ra
y of the partitioning of pre
ipitation into surfa
e runo�, drainage, transpiration and bare soil evap-58 oration (hereafter 
alled the soil water budget) in LSMs is 
ru
ial to improve our ability to predi
t59 future hydrologi
al and 
limati
 
hanges.60 The evaluation of LSMs is hampered by the di�
ulty to measure over large areas the di�erent61 terms of the soil water budget, notably the evapo-transpiration terms and the soil moisture stor-62 age ([Moran et al., 2009, Seneviratne et al., 2010℄). Single point measurements of evapo-transpiration63 �uxes ([Baldo

hi et al., 2001℄) and soil moisture ([Robo
k et al., 2000℄) are routinely performed within64 international networks, but those measurements remain di�
ult to ups
ale to a 
limate model grid box65 due to the strong horizontal heterogeneity of the land surfa
e ( [Va
haud et al., 1985, Rodriguez-Iturbe et al., 1995℄).66 Spatially-integrated data su
h as river runo� observations are very valuable to evaluate soil water bud-67 gets at the regional s
ale ([Nijssen et al., 1997, Oki and Sud, 1998℄), but are insu�
ient to 
onstrain68 the di�erent terms of the water budget. Additional observations are therefore needed.69 In this 
ontext, water isotope measurements have been suggested to help 
onstrain the soil wa-70 ter budget ([Gat, 1996, Henderson-Sellers et al., 2004℄), its variations with 
limate or land use 
hange71 ([Henderson-Sellers et al., 2001℄), and its representation by large-s
alemodels ([Henderson-Sellers, 2006,72 Wong, 2016℄). For example, water stable isotope measurements in the di�erent water pools of the73 soil-vegetation-atmosphere 
ontinuum have been used to quantify the relative 
ontributions of tran-74 spiration and bare soil evaporation to evapo-transpiration ([Moreira et al., 1997, Yepez et al., 2003,75 3



Williams et al., 2004, Rothfuss et al., 2010℄), to infer plant sour
e water depth ([Brunel et al., 1997℄),76 to assess the mass balan
e of lakes ([Krabbenhoft, 1990, Gibson, 2002, Gibson and Edwards, 2002℄)77 or to investigate pathways from pre
ipitation to river dis
harge ([Wels et al., 1991, Millet et al., 1997,78 Weiler et al., 2003, Ladou
he et al., 2001℄). These isotope-based te
hniques generally require high fre-79 quen
y isotope measurements and are best suitable for intensive �eld 
ampaigns at the lo
al s
ale. At80 larger spatial and temporal s
ales, some attempts have been made to use regional gradients in pre
ipi-81 tation water isotopes for partitioning evapo-transpiration into bare soil-evaporation and transpiration82 ([Salati et al., 1979, Gat and Matsui, 1991, Jase
hko et al., 2013℄).83 To explore to what extent water isotope measurements 
ould be used to evaluate and improve land84 surfa
e parameterizations, water isotopes were implemented in the LSM ORCHIDEE (ORganizing85 Carbon and Hydrology In Dynami
 E
osystEms, [Du
oudré et al., 1993, Krinner et al., 2005℄). This86 isotopi
 version of ORCHIDEE has already been used to explore how tree-ring 
ellulose re
ords past87 
limate variations ([Shi et al., 2011b℄) and to investigate the 
ontinental re
y
ling and its isotopi
88 signature in Western Afri
a ([Risi et al., 2010a℄) and at the global s
ale ([Risi et al., 2013℄.89 The �rst goal of this arti
le is to evaluate the isotopi
 version of the ORCHIDEE model against90 re
ently-made-available new datasets 
ombining water isotopes in pre
ipitation, vapor, soil water and91 rivers. The se
ond goal is to evaluate the isotopi
 version of the ORCHIDEE model when 
oupled to the92 atmospheri
 general 
ir
ulation model (GCM) LMDZ (Laboratoire de Météorologie Dynamique Zoom,93 [Hourdin et al., 2006℄). The third goal is to perform sensitivity tests to LSM parameters to identify94 pro
esses whose representation by LSMs 
ould be better evaluated using water isotopi
 measurements.95 After introdu
ing notations and models in se
tion 2, we present ORCHIDEE simulations in a96 stand-alone mode at measurement sites (se
tion 3) and global ORCHIDEE-LMDZ 
oupled simulations97 (se
tion 4).98
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2 Notation and models99 2.1 Notations100 Isotopi
 ratios (HDO/H16
2 O or H18

2 O/H16
2 O) in the di�erent water pools are expressed in h rela-101 tive to a standard: δ =

(

Rsample

RSMOW
− 1

)

· 1000, where Rsample and RSMOW are the isotopi
 ratios of102 the sample and of the Vienna Standard Mean O
ean Water (V-SMOW) respe
tively ([Craig, 1961,103 Gon�antini, 1978℄). To �rst order, variations in δD are similar to those in δ18O but are 8 times larger.104 Deviation from this behavior 
an be asso
iated with kineti
 fra
tionation and is quanti�ed by deu-105 terium ex
ess (d = δD − 8 · δ18O, [Craig, 1961, Dansgaard, 1964℄). Hereafter, we note δ18Op, δ18Ov,106
δ18Os, δ18Ostem and δ18Oriver the δ18O of the pre
ipitation, atmospheri
 vapor, soil, stem, river water107 respe
tively. The same subs
ripts apply for d.108 2.2 The LMDZ model109 LMDZ is the atmospheri
 GCM of the IPSL (Institut Pierre Simon Lapla
e) 
limate model ([Marti et al., 2005,110 Dufresne et al., 2012℄). We use the LMDZ-version 4 model ([Hourdin et al., 2006℄) whi
h was used in111 the International Panel on CLimate Change's Fourth Assessment Report simulations ([Solomon, 2007,112 Meehl et al., 2007℄). The resolution is 2.5◦ in latitude, 3.75◦ in longitude and 19 verti
al levels.113 Ea
h grid 
ell is divided into four sub-surfa
es: o
ean, land i
e, sea i
e and land (treated by OR-114 CHIDEE) (�gure E.1a). All parameterizations, in
luding ORCHIDEE, are 
alled every 30 min. The115 implementation of water stable isotopes is similar to that in other GCMs ([Joussaume et al., 1984,116 Ho�mann et al., 1998℄) and has been des
ribed in [Bony et al., 2008, Risi et al., 2010b℄. LMDZ 
ap-117 tures reasonably well the spatial and seasonal variations of the isotopi
 
omposition in pre
ipitation118 ([Risi et al., 2010b℄) and water vapor ([Risi et al., 2012℄).119 2.3 The ORCHIDEE model120 The ORCHIDEE model is the LSM 
omponent of the IPSL 
limate model. It merges three sepa-121 rate modules: (1) SECHIBA (S
hématisation des EChanges Hydriques a l'Interfa
e entre la Biosphère122 5



et l'Atmosphère, [Du
oudré et al., 1993, De Rosnay, 1999℄) that simulates land-atmosphere water and123 energy ex
hanges, (2) STOMATE (Sa
lay-Toulouse-OrsayModel for the Analysis of Terrestrial E
osys-124 tems, [Krinner et al., 2005℄) that simulates vegetation phenology and bio
hemi
al transfers ; and (3)125 LPJ (Lund-Postdam-Jena, [Sit
h, 2003℄) that simulates the vegetation dynami
s. Water stable iso-126 topes were implemented in SECHIBA, and we use pres
ribed land 
over maps so that the two other127 modules 
ould be de-a
tivated.128 Ea
h grid box is divided into up to 13 land 
over types: bare soil, tropi
al broad-leaved ever-green,129 tropi
al broad-leaved rain-green, temperate needle-leaf ever-green, temperate broad-leaved ever-green,130 temperate broad-leaved summer-green, boreal needle-leaf ever-green, boreal broad-leaved summer-131 green, boreal needle-leaf summer-green, C3 grass, C4 grass, C3 agri
ulture and C4 agri
ulture. Water132 and energy budgets are 
omputed for ea
h land 
over type.133 Figure E.1b illustrates how ORCHIDEE represents the surfa
e water budget. Rainfall is partitioned134 into inter
eption by the 
anopy and through-fall rain. Through-fall rain, snow melt, dew and frost �ll135 the soil. The soil is represented by two water reservoirs: a super�
ial and a bottom one ([Choisnel, 1977,136 Choisnel et al., 1995℄). Taken together, the two reservoirs have a water holding 
apa
ity of 300 mm137 and a depth of 2 m. Soil water undergoes transpiration by vegetation, bare soil evaporation or runo�.138 Transpiration and evaporation rates depend on soil moisture to represent water stress in dry 
onditions.139 Runo� o

urs when the soil water 
ontent ex
eeds the soil holding 
apa
ity and is partitioned into140 95% drainage and 5% surfa
e runo� ([Ngo-Du
, 2005℄). Snowfall �lls a single-layer snow reservoir,141 where snow undergoes sublimation or melt. By 
omparison, when not 
oupled to ORCHIDEE, the142 simple bu
ket-like LSM in LMDZ makes no distin
tion neither between bare soil evaporation and143 transpiration nor between surfa
e runo� and drainage ([Manabe et al., 1965℄).144 Surfa
e runo� and drainage are routed to the 
oastlines by a water routing model ([Pol
her, 2003℄).145 Surfa
e runo� is stored in a fast ground water reservoir whi
h feeds the stream reservoir with residen
e146 time of 3 days. Drainage is stored in a slow ground water reservoir whi
h feeds the stream reservoir147 with residen
e time of 25 days. The water in the stream reservoir is routed to the 
oastlines with a148 residen
e time of 0.24 days.149 6



2.4 Implementation of water stable isotopes in ORCHIDEE150 We represent isotopi
 pro
esses in a similar fashion as other isotope-enabled LSMs ([Riley et al., 2002,151 Cuntz et al., 2003, Aleinov and S
hmidt, 2006, Yoshimura et al., 2006, Haese et al., 2013℄). Some de-152 tails of the isotopi
 implementation are des
ribed in [Risi, 2009℄. In absen
e of fra
tionation, water153 stable isotopes (H16
2 O, H18

2 O, HDO, H17
2 O) are passively transferred between the di�erent water154 reservoirs. We assume that surfa
e runo� has the isotopi
 
omposition of the rainfall and snow melt155 that rea
h the soil surfa
e. Drainage has the isotopi
 
omposition of soil water ([Gat, 1996℄). We 
al-156 
ulate the isotopi
 
omposition of bare soil evaporation or of evaporation of water inter
epted by the157 
anopy using the Craig and Gordon equation ([Craig and Gordon, 1965℄) (appendix B.2). We negle
t158 isotopi
 fra
tionation during snow sublimation (appendix B.1). We 
onsider isotopi
 fra
tionation at159 the leaf surfa
e (appendix B.4) but we assume that transpiration has the isotopi
 
omposition of the160 soil water extra
ted by the roots (appendix B.1).161 In the 
ontrol 
oupled simulation, we assume that the isotopi
 
omposition of soil water is homo-162 geneous verti
ally and equals the weighted average of the two soil layers. However, transpiration, bare163 soil evaporation, surfa
e runo� and drainage draw water from di�erent soil water reservoirs whose164 isotopi
 
omposition is distin
t ([Brooks et al., 2010, Bowen, 2015, Good et al., 2015℄). Therefore, we165 also implemented a representation of the verti
al pro�le of the soil water isotopi
 
omposition (ap-166 pendix C).167 3 Stand-alone ORCHIDEE simulations at MIBA and Carbo-168 Europe measurement sites169 First, we performed simulations using ORCHIDEE as a stand-alone model at ten sites (se
tion 3.2).170 Using isotopi
 measurements in soil, stem and leaf water (se
tion 3.1), simulations are evaluated at171 ea
h site at the monthly s
ale (se
tion 3.4). Sensitivity tests to evapo-transpiration partitioning and172 soil in�ltration pro
esses are performed (se
tion 3.5).173
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3.1 Measurements used for evaluation174 To �rst order the 
omposition of all land surfa
e water pools is driven by that in the pre
ipitation175 ([Kendall and Coplen, 2001℄). Therefore, a rigorous evaluation of an isotope-enabled LSM requires176 to evaluate the di�eren
e between the 
omposition in ea
h water pool and that in the pre
ipitation.177 Besides, to better isolate isotopi
 biases, we need a realisti
 atmospheri
 for
ing. We tried to sele
t178 sites where (1) isotope were measured in di�erent water pools of the soil-plant-atmosphere 
ontinuum,179 during at least a full seasonal 
y
le and (2) meteorologi
al variables were monitored at a frequen
y180 high enough (30 minutes) to ensure robust for
ing for our model and (3) water vapor and pre
ipitation181 were monitored to provide isotopi
 for
ing for the LSM. Only two sites satisfy these 
onditions: Le182 Bray and Yatir. Relaxing some of these 
onditions, we got a more a representative set of ten sites183 representing diverse 
limate 
onditions (table 1, �gure E.2, se
tion 3.1.1).184 3.1.1 Des
ription of the ten sites185 The ten sites belong to two kinds of observational networks: MIBA (Moisture Isotopes in the Biosphere186 and Atmosphere, [Twining et al., 2006, Knohl et al., 2007, Hemming et al., 2007℄) or Carbo-Europe187 ([Valentini et al., 2000, Hemming et al., 2005℄).188 Le Bray site, in South-Eastern Fran
e, joined the MIBA and GNIP network in 2007. It is an even-189 aged Maritime pine forest with C3 grass understory that has been the subje
t of many e
o-physiologi
al190 studies sin
e 1994, notably as part of the Carbo-Europe �ux network ([Stella et al., 2009℄). In 2007 and191 2008, samples in pre
ipitation, soil surfa
e, needles, twigs and atmospheri
 vapor were 
olle
ted every192 month and analyzed for δ18O following the MIBA proto
ol ([Hemming et al., 2007, Wingate et al., 2010℄).193 This site was also the subje
t of intensive 
ampaigns where soil water isotope pro�les were 
olle
ted194 between 1993 and 1997, and in 2007 ([Wingate et al., 2009℄).195 The Yatir site, in Israel, is a semi-arid Aleppo pine forest. It is an a�orestation growing on the edge196 of the desert, with mean-annual pre
ipitation of 280 mm ([Grünzweig et al., 2009, Raz-Yaseef et al., 2009℄).197 It has also been the subje
t of many e
o-physiologi
al studies as part of the Carbo-Europe �ux network198 ([Raz-Yaseef et al., 2009℄) and joined the MIBA network in 2004. It. In 2004-2005, samples of soil199 8



water at di�erent depth, stems and needles were 
olle
ted following the MIBA proto
ol. The water200 vapor isotopi
 
omposition has been monitored daily at the nearby Rehovot site (31.9◦N, 34.65E,201 [Angert et al., 2008℄) and is used to 
onstru
t the water vapor isotopi
 
omposition for
ing (se
tion202 3.2). We must keep in mind however that although only 66 km from Yatir, Rehovot is mu
h 
loser203 to the sea and is more humid than Yatir. The pre
ipitation isotopi
 
omposition has been moni-204 tored monthly at the nearby GNIP station Beit Dagan (32◦N, 34.82◦E) and is used to 
onstru
t the205 pre
ipitation isotopi
 
omposition for
ing (se
tion 3.2).206 The Morgan-Monroe State Forest, Donaldson Forest and An
horage sites are part of the MIBA-207 US (MIBA-United States) network and are lo
ated in Indiana, in Florida and in Alaska respe
tively208 (table 1). Sampling took pla
e in 2005 and 2006 a

ording to the MIBA proto
ols. The Donaldson209 Forest site, whi
h jointed the MIBA-US network in 2005, is lo
ated at the AmeriFlux Donaldson site210 near Gainesville, Florida, USA. The site is �at with an elevation of about 50 m. It was 
overed by a211 forest of managed slash pine plantation, with an uneven understory 
omposed mainly of saw palmetto,212 wax myrtle and Carolina jasmine ([Zhang et al., 2010℄). The leaf area index was measured during a213 
ampaign in 2003 and estimated at 2.85. We use this value in our simulations.214 The Mitra, Bily Kriz, Brloh, Haini
h and Tharandt sites are part of the Carbo-Europe proje
t.215 Haini
h and Tharandt are lo
ated in Germany. The experimental site of Herdade da Mitra (230 m216 altitude, nearby Évora in southern Portugal) is 
hara
terized by a Mediterranean mesothermi
 humid217 
limate with hot and dry summers. It is a managed agroforestry system 
hara
terized by an open218 evergreen woodland sparsely 
overed with Quer
us suber L. and Q. ilex rotundifolia trees (30 trees/ha),219 with an understorey mainly 
omposed of Cistus shrubs, and winter-spring C3 annuals. The isotopi
220 samplings of leaves, twigs, soil, pre
ipitation and groundwater were performed on a seasonal to monthly221 basis. All samples where extra
ted and analyzed at the Paul S
herrer Institute (Switzerland).222 Bily Kriz and Brloh are both lo
ated on the Cze
h Republi
. Bily Kriz is an experimental site in223 Moravian�Silesian Beskydy Mountains (936 m a.s.l.) with detailed re
ords of environmental 
onditions224 ([Krato
hvilová et al., 1989℄). It is dominated by Norway spru
e forest. It joined the MIBA proje
t225 in the season 2005. Brloh is a South Bohemian site in the Prote
ted Lands
ape Area Blanskýles (630226 9



m a.s.l.). It is dominated by de
iduous bee
h forest and was used as MIBA sampling site from 2004227 to 2010 ([Voelker et al., 2014℄).228 3.1.2 Isotopi
 measurements229 Samples of soil water, stems and leaves were 
olle
ted at the monthly s
ale. The MIBA and MIBA-230 US proto
ols re
ommend sampling the �rst 5-10 
m ex
luding litter and the Carbo-Europe proto
ol231 re
ommends sampling the �rst 5 
m ([Hemming et al., 2005℄), but in pra
ti
e the soil water sampling232 depth varies from site to site. At some sites, soil water was sampled down to 1 m. For evaluating233 the seasonal evolution of soil water δ18O, we fo
us on soil samples 
olle
ted in the �rst 15 
m only.234 Observed full soil water δ18O pro�les were used only at Le Bray and Yatir for evaluating the shape of235 simulated soil water δ18O pro�les (se
tion 3.4.4).236 Carbo-Europe samples were extra
ted and analyzed at the Department of Environmental S
ien
es237 and Energy Resear
h, Weizmann Institute of S
ien
e, Israel. MIBA-US samples were extra
ted and238 analyzed at the Center for Stable Isotope Biogeo
hemistry of the University of California, Berkeley.239 Analyti
al errors for δ18O in soil, stem and leaf water vary from 0.1h to 0.2h depending on the sites240 and involved stable isotope laboratory.241 3.1.3 Meteorologi
al, turbulent �uxes and soil moisture measurements242 At most of the sites, meteorologi
al parameters (radiation, air temperature and humidity, soil temper-243 ature and moisture) are 
ontinuously measured and are used to 
onstru
t the meteorologi
al for
ing244 for ORCHIDEE.245 Fluxes of latent and sensible energy are measured using the eddy 
o-varian
e te
hnique and are246 used for evaluating the hydrologi
al simulation (se
tion 3.4.1). Gaps are �lled using ERA-Interim247 reanalyses ([Dee et al., 2011℄).248 Soil moisture observations are available at most sites.249
10



3.2 Simulation set-up250 To evaluate in detail the isotope 
omposition of di�erent water pools, stand-alone ORCHIDEE sim-251 ulations on the ten MIBA and Carbo-Europe sites (se
tion 3.1.1) were performed. We pres
ribe the252 vegetation type and properties and the bare soil fra
tion based on lo
al knowledge at ea
h site (table253 3).254 ORCHIDEE o�ine simulations require as for
ing several meteorologi
al variables: near-surfa
e255 temperature, humidity and winds, surfa
e pressure, pre
ipitation, downward longwave and shortwave256 radiation �uxes. At Le Bray and Yatir, we use lo
al meteorologi
al measurements available at hourly257 time s
ale. At other sites, we use lo
al meteorologi
al measurements when available and 
ombine them258 with ERA-Interim reanalyses at 6-hourly time s
ale for missing variables. At other sites, no nearby259 meteorologi
al measurements are available and only ERA-Interim reanalyses ([Dee et al., 2011℄) are260 used (table 3).261 At ea
h site, we run the model three times over the �rst year of isotopi
 measurement (e.g. 2007262 at Le Bray). These three years are dis
arded as spin-up. Then we run the model over the full period263 of isotopi
 measurements (e.g. 2007-2008 at Le Bray). We 
he
ked that at all sites, the seasonal264 distribution of δ18Os, whi
h is the slowest variable to spin-up, is identi
al between the last year of265 spin-up and the following year.266 We for
e ORCHIDEE with monthly isotopi
 
omposition of pre
ipitation and near-surfa
e water267 vapor. Sin
e we evaluate the results at the monthly time s
ale, we assume that monthly isotopi
 for
ing268 is su�
ient. At Le Bray and Yatir, monthly observations of isotopi
 
omposition of pre
ipitation and269 near-surfa
e water vapor are available to 
onstru
t the for
ing. Unfortunately, these observations are270 not available on the other sites. Therefore, we 
reate isotopi
 for
ing using isotopi
 measurements in271 the pre
ipitation performed on nearby GNIP or USNIP stations (se
tion 4.3.1). To interpolate between272 the nearby stations, we take into a

ount spatial gradients and altitude e�e
ts by exploiting outputs273 from an LMDZ simulation (appendix D).274
11



3.3 Model-data 
omparison methods275 3.3.1 Simulated isotopi
 
omposition in soil, stem and leaf water276 The soil pro�le option is a
tivated in all our stand-alone ORCHIDEE simulations (appendix C). We277 
ompare the soil water samples 
olle
ted in the �rst 15 
m of the soil (in the �rst 5-10 
m at many278 sites) to the soil water 
omposition simulated in the uppermost layer.279 The observed 
omposition of stem water is 
ompared to the simulated 
omposition of the transpi-280 ration �ux.281 When 
omparing observed and simulated 
omposition of leaf water, the Pe
let e�e
t, whi
h mixes282 stomatal water with xylem water (appendix B.7), is dea
tivated. Negle
ting the Pe
let e�e
t may lead283 to overestimate of δ18Oleaf values (se
tion 3.4.5).284 3.3.2 Impa
t of the temporal sampling285 Over the ten sites, samples were 
olle
ted during spe
i�
 days and hours. This temporal sampling286 may indu
e artifa
ts when 
omparing observations to monthly-mean simulated ORCHIDEE values.287 For soil and stem water, the e�e
t of temporal sampling 
an be negle
ted be
ause simulated soil and288 stem water 
omposition vary at a very low frequen
y. For leaf water however, there are large diurnal289 variations ([Lai et al., 2006a℄). For example, if leaf water is sampled every day at noon when δ18Oleaf290 is maximum, then observed δ18Oleaf will be more enri
hed than monthly-mean δ18Oleaf . The exa
t291 sampling time is available for Le Bray site only, where we will estimate the e�e
t of temporal sampling292 in se
tion 3.4.5.293 3.3.3 Spatial heterogeneities294 We are aware of the s
ale mismat
h between pun
tual in-situ measurements and an LSM designed295 for large s
ales (a typi
al GCM grid box is more than 100 km wide). However, for soil moisture296 it has been shown that lo
al measurements represent a 
ombination of small s
ale (10-100m) vari-297 ability ([Va
haud et al., 1985, Rodriguez-Iturbe et al., 1995℄) and a large-s
ale (100-1000km) signal298 ([Vinnikov et al., 1996℄) that a large-s
ale model should 
apture ([Robo
k et al., 1998℄). The sampling299 12



proto
ol allows us to evaluate the spatial heterogeneities. For example at Le Bray, two samples were300 systemati
ally taken a few meters apart, allowing us to 
al
ulate the di�eren
e between these two301 samples. On average over all months, the di�eren
e between the two samples is 3.5h for δ18Os, 4.8h302 for δ18Ostem and 1.3 h for δ18Oleaf . At Yatir, samples were taken several days every month, allowing303 us to 
al
ulate a standard deviation between the di�erent samples for every month. On average of all304 months, the standard deviation is 0.9h for δ18Os, 0.4h for δ18Ostem and 1.2 h for δ18Oleaf . These305 error bars need to be kept in mind when assessing model-data agreement.306 3.3.4 Soil moisture307 Soil moisture have a di�erent physi
al meaning in observations and model. Soil moisture is measured308 as volumetri
 soil water 
ontent (SWC) and expressed in %. In ORCHIDEE, the soil moisture is309 expressed in mm and 
annot be easily 
onverted to volumetri
 soil water 
ontent: the maximum310 soil water holding 
apa
ity of 300 mm and soil depth of 2 m are arbitrary 
hoi
es and do not re�e
t311 realisti
 values at all sites. In LSMs, soil moisture is more an index than an a
tual soil moisture 
ontent312 ([Koster and Milly, 1996℄). In this version of ORCHIDEE in parti
ular, it is an index to 
ompute soil313 water stress, but it was not meant to be 
ompared with soil water 
ontent measurements. Therefore,314 to 
ompare soil moisture between model and observations, we normalize values to ensure that they315 remains between 0 and 1. The observed normalized SWC is 
al
ulated as SWC−SWCmin

SWCmax−SWCmin
where316

SWCmin and SWCmax are the minimum and maximum observed values of monthly SWC at ea
h317 site. Similarly, simulated normalized SWC is 
al
ulated as SWC−SWCmin

SWCmax−SWCmin
where SWCmin and318

SWCmax are the minimum and maximum simulated values of monthly SWC at ea
h site.319 3.4 Evaluation at measurement sites320 In this se
tion, we evaluate the simulated isotopi
 
omposition in di�erent water reservoirs of the321 soil-vegetation-atmosphere 
ontinuum at the seasonal s
ale.322
13



3.4.1 Hydrologi
al simulation323 Before evaluating the isotopi
 
omposition of the di�erent water reservoirs, we 
he
k whether the324 simulations are reasonable from a hydrologi
al point of view. ORCHIDEE 
aptures reasonably well325 the magnitude and seasonality of the latent and sensible heat �uxes at most sites (�gures E.3 and E.4,326 left 
olumn). At Le Bray for example, the 
orrelation between monthly values of evapo-transpiration327 is 0.98 and simulated and observed annual mean evapo-transpiration rates are 2.4mm/d and 2.0mm/d328 respe
tively. However, the model tends to overestimate the latent heat �ux at the expense of the329 sensible heat �ux at several sites. This is espe
ially the 
ase at the dry sites Mitra and Yatir: the330 observed evapo-transpiration is at its maximum in spring and then de
lines in summer due to soil331 water stress. ORCHIDEE underestimates the e�e
t of soil water stress on evapo-transpiration and332 maintains the evapo-transpiration too strong throughout the summer.333 The soil moisture seasonality is very well simulated at all sites where data is available (�gures E.3334 and E.4, 
entral 
olumn), ex
ept for a two-month o�set at Yatir (�gure E.3f).335 3.4.2 Water isotopes in the soil water336 The evaluation of the isotopi
 
omposition of soil water is 
ru
ial before using ORCHIDEE to inves-337 tigate the sensitivity to the evapo-transpiration partitioning (se
tion 3.5.1) or to in�ltration pro
esses338 (se
tion 3.5.2), or in the future to simulate the isotopi
 
omposition of paleo-proxies su
h as speleothems339 ([M
Dermott, 2004℄).340 In observations, at all sites, δ18Os remains 
lose to δ18Op, within the relatively large month-to-341 month noise and spatial heterogeneities (�gures E.3 and E.4, right 
olumn, brown). At most sites (Le342 Bray, Donaldson Forest, An
horage, Bily Kriz and Haini
h), observed δ18Os exhibits no 
lear seasonal343 variations distinguishable from month-to-month noise. At Morgan-Monroe and Mitra, and to a lesser344 extent at Brloh and Tharandt, δ18Os progressively in
reases throughout the spring, summer and early345 fall, by up to 5h at Morgan-Monroe. The in
rease in δ18Os in spring 
an be due to the in
rease in346
δ18Op. The in
rease in δ18Os in late summer and early fall, while δ18Op starts to de
rease, is probably347 due to the enri
hing e�e
t of bare soil evaporation. At Yatir, δ18Os in
reases by 10h from January348 14



to June, probably due to the strong evaporative enri
hment on this dry site. Then, the δ18Os starts349 to de
line again in July. This 
ould be due to the di�usion of depleted atmospheri
 water vapor in the350 very dry soil.351 ORCHIDEE 
aptures the order of magnitude of annual-mean δ18Os on most sites, and 
aptures352 the fa
t that it remains 
lose to δ18Op. ORCHIDEE 
aptures the typi
al δ18Os seasonality, with353 an in
rease in δ18Os in spring-summer at Morgan-Monroe, Donaldson Forest, Mitra and Bily Kriz.354 However, the sites with a spring-summer enri
hment in ORCHIDEE are not ne
essarily those with355 a spring-summer enri
hment in observations. This means that ORCHIDEE misses what 
ontrols the356 inter-site variations in the amplitude of the δ18Os seasonality. The seasonality is not well simulated at357 Yatir. This 
ould be due to the missed seasonality in soil moisture and evapo-transpiration (se
tion358 3.4.1). This 
ould be due also to the fa
t that at Yatir ORCHIDEE underestimates the proportion of359 bare soil evaporation to total evapo-transpiration: less than 10% in ORCHIDEE versus 38% observed360 ([Raz-Yaseef et al., 2009℄), whi
h 
ould explain why the spring enri
hment is underestimated. Besides,361 ORCHIDEE does not represent the di�usion of water vapor in the soil, whi
h 
ould explain why the362 observed δ18Os de
rease at Yatir in fall is missed.363 When 
omparing the di�erent sites, annual-mean δ18Os follows annual-mean δ18Op , with an inter-364 site 
orrelation of 0.99 in observations. Therefore, it is easy for ORCHIDEE to 
apture the inter-site365 variations in annual-mean δ18Os. A more stringent test is whether ORCHIDEE is able to 
apture366 the inter-site variations in annual-mean δ18Os − δ18Op. This is the 
ase, with a 
orrelation of 0.85367 (�gure E.5a) between ORCHIDEE and observations. In ORCHIDEE (and probably in observations),368 spatial variations in δ18Os − δ18Op are asso
iated with the relative importan
e of bare soil evaporation369 (detailed in se
tion 3.5.1).370 3.4.3 Water isotopes in the stem water371 In observations, observed δ18Ostem exhibits no seasonal variations distinguishable from month-to-372 month noise (�gures E.3 and E.4, right 
olumn, blue). At Le Bray, Yatir, Mitra, Brloh, Haini
h,373 observed δ18Ostem is more depleted than the surfa
e soil water. It likely 
orresponds to the δ18O374 15



values in deeper soil layers, suggesting that the rooting system is quite deep. For example, at Mitra,375 the root system rea
hes least 6 m deep, and 
ould at some pla
es rea
h as deep as 13 m where it 
ould376 use depleted ground water. At Donaldson Forest, Morgan-Monroe, An
horage and Tharandt, δ18Ostem377 is very 
lose to δ18Os, maybe re�e
ting small verti
al variations in isotopi
 
omposition within the soil378 or shallow root pro�les.379 At Bily Kriz, observed δ18Ostem is surprisingly more enri
hed than surfa
e soil water. Several380 hypotheses 
ould explain this result: (1) the surfa
e soil water 
ould be depleted by dew or frost at381 this mountainous, foggy site; (2) spru
e has shallow roots and therefore sample soil water that is not so382 depleted; (3) the twigs that were sampled were relatively young so that evaporation from their surfa
e383 
ould have o

urred when they were still at tree; (4) twigs were sampled in sun-exposed part of the384 spru
e 
rowns during sunny 
onditions, whi
h 
ould favor some evaporative enri
hment. Additional385 measurements show a lower Deuterium ex
ess in the stem water 
ompared to the soil water, supporting386 evaporative enri
hment of stems.387 ORCHIDEE 
aptures the fa
t that δ18Ostem is nearly uniform throughout the year. As for soil388 water, it is easy for ORCHIDEE to 
apture the inter-site variations in annual-mean δ18Ostem (inter-389 site 
orrelation between ORCHIDEE and observations of 0.90). ORCHIDEE is able to 
apture some390 of the inter-site variations in annual-mean δ18Ostem − δ18Op, with a inter-site 
orrelation between391 ORCHIDEE and observations of 0.60. However, ORCHIDEE simulates δ18Ostem values that are very392 
lose to δ18Os values (�gure E.5b). It is not able to 
apture δ18Ostem values that are either more393 enri
hed or more depleted than δ18Os. This 
ould be due to the fa
t that ORCHIDEE underestimates394 verti
al variations in soil isotopi
 
omposition (se
tion 3.4.4). Also, ORCHIDEE is not designed to395 represent deep ground water sour
es or photosynthesizing twigs.396 3.4.4 Verti
al pro�les of soil water isotope 
omposition397 At Le Bray, we 
ompare our o�ine simulation for 2007 with soil pro�les 
olle
ted from 1993 to 1997398 and in 2007 (�gure E.6a-b). The year mismat
h adds a sour
e of un
ertainty to the 
omparison. In399 summer (pro�les of August 1993 and September 1997), the data exhibits an isotopi
 enri
hment at400 16



the soil surfa
e of about 2.5h 
ompared to the soil at 1 m depth (�gure E.6a), likely due to surfa
e401 evaporation ([Mathieu and Baria
, 1996℄). Then, by the end of September 1994, the surfa
e be
omes402 depleted, likely due to the input of depleted rainfall. Previously enri
hed water remains between 20403 and 60 
m below the ground, suggesting an in�ltration through piston-�ow ([Gazis and Geng, 2004℄).404 ORCHIDEE predi
ts the summer isotopi
 enri
hment at the surfa
e, but slightly later in the season405 (maximum in September rather than August) and underestimates it 
ompared to the data (1.5h406 enri
hment 
ompared to 2.5h observed, �gure E.6b). The model also 
aptures the surfa
e depletion407 observed after the summer, as well as the imprint of the previous summer enri
hment at depth.408 However, ORCHIDEE simulates the surfa
e depletion in De
ember, whereas the surfa
e depletion 
an409 be observed sooner in the data, at the end of September 1994.410 At Yatir, observed pro�les exhibit a strong isotopi
 enri
hment from deep to shallow soil layers411 in May-June by up to 10h (�gure E.6
). As for Le Bray, the model 
aptures but underestimates412 this isotopi
 enri
hment in spring and summer by about 3h (�gure E.6d). This dis
repan
y 
ould be413 the result of underestimated bare soil evaporation. Observed pro�les also feature a depletion at the414 surfa
e in winter that the model does not reprodu
e. This depletion 
ould be due to ba
k-di�usion of415 depleted vapor in dry soils ([Barnes and Allison, 1983, Allison et al., 1983, Mathieu and Baria
, 1996,416 Braud et al., 2009b℄), a pro
ess that is not represented in ORCHIDEE but likely to be signi�
ant in417 this region. Soil evaporation �uxes measured with a soil 
hamber at Yatir shows that when soils are418 dry, there is adsorption of vapor from the atmosphere to the dry soil pores before sunrise and after419 sunset ([Raz-Yaseef et al., 2012℄).420 3.4.5 Water isotopes in leaf water421 It is important to evaluate the simulation of the isotopi
 
omposition of leaf water by ORCHIDEE if422 we want to use this model in the future for the simulation of paleo-
limate proxies su
h tree-ring 
el-423 lulose ([M
Carroll and Loader, 2004, Shi et al., 2011a℄), for the simulation of the isotopi
 
omposition424 of atmospheri
 CO2 whi
h may be used to partition CO2 �uxes into respiration from vegetation and425 soil ([Yakir and Wang, 1996, Yakir and Sternberg, 2000℄) or for the simulation of the isotopi
 
om-426 17



position of atmospheri
 O2 whi
h may be used to infer biologi
al produ
tivity ([Bender et al., 1994,427 Blunier et al., 2002℄).428 In the observations, δ18Oleaf exhibits a large temporal variability re�e
ting a response to 
hanges429 in environmental 
onditions (e.g. relative humidity and the isotopi
 
omposition of atmospheri
 water430 vapor). At all sites ex
ept at Yatir, δ18Oleaf is most enri
hed in summer than in winter, by up to 15h.431 (�gures E.3 and E.4, right 
olumn, green). This is be
ause the evaporative enri
hment is maximum in432 summer due to drier and warmer 
onditions .433 ORCHIDEE 
aptures the maximum enri
hment in summer. However, ORCHIDEE underestimates434 the annual-mean δ18Oleaf at most sites (�gure E.5). This 
ould be due to the fa
t that most leaf435 samples were 
olle
ted during the day, when the evaporative enri
hment is at its maximum, while for436 ORCHIDEE we plot the daily-mean δ18Oleaf . At Le Bray, if we sample the simulated δ18Oleaf during437 the 
orre
t days and hours, simulated δ18Oleaf in
reases by 4h in winter and by 10h in summer.438 Su
h an e�e
t 
an thus quantitatively explain the model-data mismat
h. After taking this e�e
t439 into a

ount, simulated δ18Oleaf may even be
ome more enri
hed than observed. This is the 
ase at440 Le Bray, espe
ially in summer. The overestimation of summer δ18Oleaf 
ould be due to negle
ting441 di�usion in leaves or non-steady state e�e
ts (appendix B.4).442 Again, Yatir is a parti
ular 
ase. Minimum δ18Oleaf o

urs in spring-summer while the soil evap-443 orative enri
hment is maximum. In arid regions and seasons, leaves may 
lose stomata during the444 most stressful periods of the day, inhibiting transpiration, and thus retain the depleted isotopi
 signal445 asso
iated with the moister 
onditions of the morning ([Yakir and Ye
hieli, 1995, Gat et al., 2007℄).446 ORCHIDEE does not represent this pro
ess and thus simulates too enri
hed δ18Oleaf .447 3.4.6 Summary448 Overall, ORCHIDEE is able to reprodu
e the main features of the seasonal and verti
al variations449 in soil water isotope 
ontent, and seasonal variations in stem and leaf water 
ontent. Dis
repan
ies450 
an be explained by some sampling proto
ols, by short
omings in the hydrologi
al simulation or by451 negle
ted pro
esses in ORCHIDEE (e.g. fra
tionation in the vapor phase).452 18



The strong spatial heterogeneity of the land surfa
e at small s
ales does not prevent ORCHIDEE453 from performing reasonably well. This suggests that in spite of some small-s
ale spatial heterogeneities454 at ea
h site, lo
al isotope measurements 
ontain large-s
ale information and are relevant for the eval-455 uation of large-s
ale LSMs.456 3.5 Sensitivity analysis457 3.5.1 Sensitivity to evapo-transpiration partitioning458 Several studies have attempted to partition evapo-transpiration into the transpiration and bare soil459 evaporation terms at the lo
al s
ale ([Moreira et al., 1997, Yepez et al., 2003, Williams et al., 2004,460 Wang et al., 2010℄). Estimating E/ET , where E is the bare soil evaporation and ET is the evapo-461 transpiration, requires measuring the isotopi
 
omposition of soil water, stem water and of the evapo-462 transpiration �ux. The isotopi
 
omposition of the evapo-transpiration 
an be estimated through463 �Keeling plots� approa
h ([Keeling, 1961℄), but this is 
ostly ([Moreira et al., 1997℄) and the assump-464 tions underlying this approa
h are not always valid ([Noone et al., 2012℄).465 Considering a simple soil water budget at steady state and with verti
ally-uniform isotopi
 distri-466 bution (appendix E), we show that although estimating E/ET requires measuring the isotopi
 
ompo-467 sition of the evapo-transpiration �ux, estimating E/I (where I is the pre
ipitation that in�ltrates into468 the soil) requires measuring temperature, relative humidity (h) and the isotopi
 
omposition of the469 soil water (δ18Os), water vapor (δ18Ov) and pre
ipitation (δ18Op) only. Su
h variables are available470 from several MIBA and Carbo-Europe sites. More spe
i�
ally, E/I is proportional to δ18Op − δ18Os471 (appendix E):472
E/I =

αeq · αK · (1 − h) ·
(

δ18Op − δ18Os

)

(δ18Os + 103) · (1 − αeq · αK · (1 − h)) − αeq · h · (δ18Ov + 103)
(3.1)where αeq and αK are the equilibrium and kineti
 fra
tionation 
oe�
ients respe
tively.473 Below, we show that this equation 
an apply to annual-mean quantities, negle
ting e�e
ts asso
iated474 with daily or monthly 
o-variations between di�erent variables. We investigate to what extent this475 equation allows us to estimate the magnitude of E/I at lo
al sites.476 19



At the Yatir site, all the ne
essary data for equation 3.1 is available. An independent study has477 estimated E/I=38% ([Raz-Yaseef et al., 2009℄). Using annually averaged observed values (δ18Op =-478 5.1h and δ18Os=-3.7h in the the surfa
e soil), we obtain E/I=46%. However, in ORCHIDEE, the479 annually averaged surfa
e δ18Os is 0.8h lower when sampled at the same days as in the data. When480 
orre
ting for this bias, we obtain E/I=28%. Observed E/I lies between these two estimates. This481 shows the appli
ability of this estimation method, keeping in mind that estimating E/I is the most482 a

urate where E/I is lower.483 When we perform sensitivity tests to ORCHIDEE parameters at the various sites, the main fa
tor484 
ontrolling δ18Os is the E/I fra
tion. This is illustrated as an example at Le Bray and Mitra sites485 (�gure E.7). Sensitivity tests to parameters as diverse as the rooting depth or the stomatal resistan
e486 lead to 
hanges in δ18Os − δ18Op and in E/I that are very well 
orrelated, as qualitatively predi
ted487 by equation E.4. This means that whatever the reason for a 
hange in E/I, the e�e
t on δ18Os−δ18Op488 is very robust.489 Quantitatively, the slope of δ18Os − δ18Op as a fun
tion of E/I among the ORCHIDEE tests is490 of 0.78h/% (r=0.94, n=6) at Le Bray and of 0.25h/% (r=0.999, n=5) at Mitra, 
ompared to about491 0.25-0.3h/% predi
ted by equation E.4. The agreement is thus very good at Mitra. The better492 agreement at Mitra is be
ause it is a dry site where E/I varies greatly depending on sensitivity tests.493 In 
ontrast, Le Bray is a moist site where E/I values remains small for all the sensitivity tests, so494 numerous e�e
ts other than E/I and negle
ted in equation E.4 
an impa
t δ18Os − δ18Op.495 To summarize, lo
al observations of δ18Os − δ18Op 
ould help 
onstrain the simulation of E/I in496 models. This would be useful sin
e the evapo-transpiration partitioning has a strong impa
t on how497 an LSMs represents land-atmosphere intera
tions ([Lawren
e et al., 2007℄).498 3.5.2 Sensitivity to soil in�ltration pro
esses499 Partitioning between evapo-transpiration, surfa
e runo� and drainage depends 
riti
ally on how pre-500 
ipitation water in�ltrates the soil ([Wetzel et al., 1996, Du
harne et al., 1998, Boone et al., 2009℄),501 whi
h is a key un
ertainty even in multi-layer soil models where in�ltration pro
esses are represented502 20



expli
itly ([De Rosnay, 1999℄). It has been suggested that observed isotopi
 pro�les 
ould help under-503 stand in�ltration pro
esses at the lo
al s
ale ([Gazis and Geng, 2004℄). The 
apa
ity of ORCHIDEE504 to simulate soil pro�les (se
tion 3.4.4) allows us to investigate whether measured isotope pro�les in505 the soil 
ould help evaluate the representation of these pro
esses also in large-s
ale LSMs.506 With this aim, we performed sensitivity tests at Le Bray. The simulated pro�les are sensitive to507 verti
al water �uxes in the soil. When the di�usivity of water in the soil 
olumn is de
reased by a fa
tor508 10 from 0.1 to 0.01 
ompared to the 
ontrol simulation, the deep soil layer be
omes more depleted by509 about 0.7h (�gure E.8, blue) and the isotopi
 gradient from soil bottom to top be
omes 30% steeper510 in summer, be
ause the enri
hed soil water di�uses slower through the soil 
olumn.511 Simulated pro�les are also sensitive to the way pre
ipitation in�ltrates the soil. When pre
ipitation512 is added only to the top layer (piston-�ow in�ltration) the summer enri
hment is redu
ed by mixing513 of the surfa
e soil water with rainfall, and it propagates more easily to lower layers during fall and514 winter. Conversely, when rainfall is evenly spread throughout the soil 
olumn (a 
rude representation515 of preferential pathway in�ltration), the surfa
e enri
hment is slightly more pronoun
ed and the deep516 soil water is more depleted by up to 0.8h in winter (�gure E.8, green). However, the observed surfa
e517 depletion o

urs in February with preferential pathways, 
ompared to De
ember in the piston-like518 in in�ltration. The qui
k surfa
e depletion observed after the summer suggests that in�ltration is519 dominated by the piston-like me
hanisms.520 To summarize, we show that verti
al and seasonal variations of δ18Os are very sensitive to in�ltra-521 tion pro
esses, and are a powerful tool to evaluate the representation of these pro
esses in LSMs.522 4 Global-s
ale simulations using the 
oupled LMDZ-ORCHIDEE523 model524 4.1 Simulation set-up525 To 
ompare with global datasets, we performed LMDZ-ORCHIDEE 
oupled simulations. In all our526 experiments, LMDZ three-dimensional �elds of horizontal winds are nudged towards ECMWF (Euro-527 21



pean Center for Medium range Weather Fore
ast) reanalyses ([Uppala et al., 2005℄). This ensures a528 realisti
 simulation of the large-s
ale atmospheri
 
ir
ulation and allows us to perform a day-to-day529 
omparison with �eld 
ampaign data ([Yoshimura et al., 2008, Risi et al., 2010b℄). At ea
h time step,530 the simulated horizontal wind �eld ~u is relaxed towards the reanalysis following this equation:531
∂~u

∂t
= ~F +

~uobs − ~u

τwhere ~uobs is the reanalysis horizontal wind �eld, ~F is the e�e
t of all simulated dynami
al and532 physi
al pro
esses on ~u, and τ is a time 
onstant set to 1h in our simulations ([Coindreau et al., 2007℄).533 To 
ompare with global datasets (se
tions 4.3.2 and 4.4), LMDZ-ORCHIDEE simulations are per-534 formed for the year 2006, 
hosen arbitrarily. We are not interested in inter-annual variations and fo
us535 on signals that are mu
h larger. To ensure that the water balan
e is 
losed at the annual s
ale, we per-536 formed iteratively 10 times the year 2006 as spin-up. In these simulations, the Pe
let and non-steady537 state e�e
ts are de-a
tivated.538 To 
ompare with �eld 
ampaign observations in 2002 and 2005 (se
tion 4.2), we use simulations539 performed for these spe
i�
 years, initialized from the 2006 simulation. In these simulations, we test540 a
tivating or de-a
tivating the Pe
let e�e
t.541 In all LMDZ-ORCHIDEE simulations, 
anopy-inter
eption was de-a
tivated (
onsistent with sim-542 ulations that our modeling group performed for the Fourth Assessment Report).543 4.2 Evaluation of water isotopes in leaf water at the diel s
ale during 
am-544 paign 
ases545 4.2.1 Daily data from �eld 
ampaigns546 Two �eld 
ampaigns are used to evaluate the representation of δ18Oleaf diurnal variability. The �rst547 
ampaign 
overs six diurnal 
y
les in May and July 2002 in a grassland prairie in Kansas (39.20◦N548 96.58◦W , [Lai et al., 2006b℄). The se
ond 
ampaign 
overs four diurnal 
y
les in June 2005 in a pine549 plantation in Hartheim, Germany (7.93◦N, 7.60◦E , [Barnard et al., 2007℄).550 Be
ause meteorologi
al and isotopi
 for
ing are not available for the entire year, we prefer to551 22




ompare these measurements with LMDZ-ORCHIDEE simulations. At both sites, the simulated δ18Ov552 and δ18Ostem are 
onsistent with those observed (model-data mean di�eren
e lower than 1.4h in553 Kansas and 0.4h at Hartheim), allowing us to fo
us on the evaluation of leaf pro
esses.554 4.2.2 Evaluation results555 At the Kansas grassland site, δ18Oleaf exhibits a diel 
y
le with an amplitude of about 10h ([Lai et al., 2006b℄).556 LMDZ-ORCHIDEE 
aptures this diel variability, both in terms of phasing and amplitude (�gure E.9).557 The model systemati
ally overestimates δ18Oleaf by about 4h, in spite of the underestimation of the558 stem water by 1.4h on average. This may be due to a bias in the simulated relative humidity (LMDZ559 is on average 13% too dry at the surfa
e, whi
h translates into an expe
ted enri
hment bias of 3.9h560 on the leaf water assuming steady state based on equation B.6 of appendix B.4) or to un
ertainties in561 the kineti
 fra
tionation during leaf water evaporation.562 At the Hartheim pine plantation, δ18Oleaf is on average 8h more depleted for 
urrent-year needles563 than for 1-year-old needles. Also, the observed diel amplitude is weaker for 
urrent-year needles (5 to564 8h) than for 1-year-old needles (10 to 15h). These observations are 
onsistent with a longer di�usion565 length for 
urrent-year needles (15 
m) than for 1-year-old needles (5
m) ([Barnard et al., 2007℄) and566 with a larger transpiration rate, leading to a stronger Pe
let e�e
t. When negle
ting Pe
let and non-567 steady state e�e
ts, ORCHIDEE simulates an average δ18Oleaf 
lose to that of 1-year-old needles,568 
onsistent with the small di�usion length and evaporation rate of these leaves. ORCHIDEE 
aptures569 the phasing of the diurnal 
y
le, but underestimates the diel amplitude by about 4h. This is probably570 due to the underestimate of the simulated diel amplitude of relative humidity by 20%. A

ounting for571 Pe
let and non-steady state e�e
ts strongly redu
es both the average δ18Oleaf and its diel amplitude572 (dashed brown on �gure E.9a), in 
loser agreement with 
urrent-year needles.573 To summarize, ORCHIDEE simulates well the leaf water isotopi
 
omposition. The leaf water574 isotope 
al
ulation based on [Craig and Gordon, 1965℄ simulates the right phasing and amplitude for575 leaves that have short di�usive lengths or low transpiration rates. Non-steady state and di�usion576 e�e
ts need to be 
onsidered in other 
ases. By a
tivating or de-a
tivating these e�e
ts, ORCHIDEE577 23




an simulate all 
ases.578 4.3 Evaluation of water isotopes in pre
ipitation579 4.3.1 Pre
ipitation datasets580 To evaluate the spatial distribution of pre
ipitation isotopi
 
omposition simulated by the LMDZ-581 ORCHIDEE 
oupled model, we use data from the Global Network for Isotopes in Pre
ipitation (GNIP,582 [Rozanski et al., 1993℄), further 
omplemented by data from Antar
ti
a ([Masson-Delmotte et al., 2008℄)583 and Greenland ([Masson-Delmotte et al., 2005℄). We also use this network to 
onstru
t isotopi
 for
ing584 at sites where the pre
ipitation was not sampled (se
tion 3.2, appendix D), 
omplemented with the585 USNIP (United States Network for Isotopes in Pre
ipitation, [Va
hon et al., 2007℄) network.586 4.3.2 Evaluation results587 At the global s
ale, the LMDZ-ORCHIDEE 
oupled model reprodu
es the annual mean distribution588 in δ18Op and dp observed by the GNIP network reasonably well (�gure E.10), with 
orrelations of 0.98589 and 0.46 and root mean square errors (RMSE) of 3.3h and 3.5h respe
tively.590 This good model-data agreement 
an be obtained even when we de-a
tivate ORCHIDEE. When we591 use LMDZ in a stand-alone mode, in whi
h the isotope fra
tionation at the land surfa
e is negle
ted592 ([Risi et al., 2010b℄), the model-data agreement is as good as when we use LMDZ-ORCHIDEE. There-593 fore, fra
tionating pro
esses at the land surfa
e have a se
ond order e�e
t on pre
ipitation isotopi
594 
omposition, 
onsistent with [Yoshimura et al., 2006, Aleinov and S
hmidt, 2006, Haese et al., 2013,595 Wong, 2016℄.596 To quantify in more detail the e�e
t of fra
tionation at the land surfa
e, we performed additional597 
oupled simulations with LMDZ-ORCHIDEE. We 
ompare the 
ontrol simulation des
ribed above598 (
trl) to a simulation in whi
h fra
tionation at the land surfa
e was de-a
tivated (nofra
) (�gure E.11).599 In nofra
, the 
omposition of bare soil evaporation equals that of soil water. Even when restri
ting600 the analysis to 
ontinental regions, the spatial 
orrelations between the 
trl and nofra
 simulations are601 0.999 and 0.95 for δ18Op and dp respe
tively, and the root mean square di�eren
es are 0.27h and 1.1h602 24



for δ18Op and dp respe
tively. This 
on�rms that fra
tionation at the land surfa
e has a se
ond-order603 e�e
t on pre
ipitation isotopi
 
omposition 
ompared to the strong impa
t of atmospheri
 pro
esses.604 However, to se
ond order, a detailed representation of fra
tionation at the land surfa
e lead to605 a slight improvement in the simulation of δ18Op and to a signi�
ant improvement in that of dp. In606 
trl, δ18Op is lower by up to 1.5h and dp higher by up to 5h than in nofra
 over boreal 
ontinental607 regions su
h as Siberia, Canada and 
entral Asia, 
onsistent with the expe
ted e�e
t of fra
tiona-608 tion at surfa
e evaporation ([Gat and Matsui, 1991℄). Taking into a

ount fra
tionation at the land609 surfa
e leads to a better agreement with the GNIP data over these regions, where δ18Op is overes-610 timated by about 4h and dp underestimated by 4 to 7h when negle
ting fra
tionation at the land611 surfa
e. The e�e
t of fra
tionation is maximal over these boreal regions be
ause (1) the fra
tion612 of bare soil evaporation is maximal, (2) a signi�
ant proportion of evaporatively-enri
hed soil water613 is lost by drainage and (3) a larger proportion of the moisture 
omes from land surfa
e re
y
ling614 ([Yoshimura et al., 2004, van der Ent et al., 2010, Risi et al., 2013℄). Similar results were obtained615 with other models ([Kanner et al., 2013℄).616 To summarize, LMDZ-ORCHIDEE simulates well the spatial distribution of pre
ipitation isotopi
617 
omposition, but this distribution is not a very stringent test for the representation of land surfa
e pro-618 
esses in ORCHIDEE. In the next se
tion, we argue that the distribution of river isotopi
 
omposition619 is a more stringent test.620 4.4 Evaluation of water isotopes in river water621 Large rivers integrate a wide range of hydrologi
al pro
esses at the s
ale of GCM grid boxes ([Abdulla et al., 1996,622 Nijssen et al., 1997, Bosilovi
h et al., 1999, Oki and Sud, 1998, Du
harne et al., 2003℄). Here we eval-623 uate the isotopi
 
omposition of river water simulated by ORCHIDEE using data 
olle
ted by the624 Global Network for isotopes in Rivers (GNIR, [Vitvar et al., 2006, Vitvar et al., 2007℄).625 Observed annual mean δ18Oriver follows to �rst order the isotopi
 
omposition of pre
ipitation626 ([Kendall and Coplen, 2001℄), and is thus also well simulated by LMDZ-ORCHIDEE (�gure E.12a,b),627 with a spatial 
orrelation between measured and simulated δ18Oriver of 0.80 and a RMSE of 3.2h628 25



over the 149 LMDZ grid boxes 
ontaining data. Regionally however, the δ18O di�eren
e between629 pre
ipitation and river water (δ18Oriver − δ18Op) 
an be substantial and provides a stronger 
onstraint630 for the model. Over South Ameri
a, Europe and some parts of the US, the river water is typi
ally 1h631 to 4h more depleted than the pre
ipitation (�gure E.12a), be
ause pre
ipitation 
ontributes more to632 rivers during seasons when it is the most depleted ([Dutton et al., 2005℄). In 
ontrast, over 
entral Asia633 or northern Ameri
a, river water is more enri
hed than pre
ipitation, due to evaporative enri
hment634 of soil water ([Kendall and Coplen, 2001, Gibson et al., 2005, Dutton et al., 2005℄). This is further635 
on�rmed by a simulation where fra
tionation at the land surfa
e was negle
ted (not shown), for636 whi
h the river water is in global average 5.0h more depleted.637 ORCHIDEE reprodu
es moderately well the magnitude and patterns of δ18Oriver − δ18Op, with a638 spatial 
orrelation of 0.39 and a RMSE of 2.7h over the 22 LMDZ grid boxes that 
ontain δ18Oriver639 observations. It simulates the negative values over the western US, Europe and South Ameri
a and the640 positive value over Mongolia. However, the model does not 
apture the positive δ18Oriver − δ18Op in641 Eastern US, though positive values are simulated further North. This suggests that su
h a diagnosti
642 may help identify biases in the representation of the soil water budget, as dis
ussed in the following643 se
tion.644 4.5 Sensitivity to the representation of pathways from pre
ipitation to645 rivers646 At the lo
al s
ale, water isotopes have already been used to partition river dis
harge peaks into the 
on-647 tributions from re
ent rainfall and soil water ([Wels et al., 1991, Millet et al., 1997, Weiler et al., 2003℄).648 Given the property of rivers to integrate hydrologi
al pro
esses at the basin s
ales ([Abdulla et al., 1996,649 Nijssen et al., 1997, Bosilovi
h et al., 1999, Oki and Sud, 1998, Du
harne et al., 2003℄), we now ex-650 plore to what extent δ18Oriver 
ould help evaluate pathways from pre
ipitation to rivers in LSMs.651 We illustrate this using seasonal variations in δ18Oriver on two well established GNIR and GNIP652 stations in Vienna (Danube river) and Manaus (the Amazon) (�gure E.13). The seasonal 
y
le in653
δ18Oriver is attenuated 
ompared to that in δ18Op, and δ18Oriver lags δ18Op (by 5 month at Vienna654 26



and 1-3 months at Manaus).655 LMDZ-ORCHIDEE (
ontrol simulation) simulates qualitatively well the amplitude and the phasing656 observed in δ18Op and δ18Oriver . To understand better what determines the attenuation and lag of the657 seasonality in δ18Oriver 
ompared to that in δ18Op, we perform sensitivity tests to ORCHIDEE pa-658 rameters. Parameters tested in
lude the partitioning of ex
ess rainfall into surfa
e runo� and drainage659 and the residen
e time s
ale of di�erent reservoirs (slow, fast and stream) in the routing s
heme. River660 dis
harge is extremely sensitive to these parameters ([Guimberteau et al., 2008℄).661 If all the runo� o

urs as surfa
e runo� (�gure E.13, blue), then the seasonal 
y
le of δ18Oriver662 is similar to that of δ18Op. This shows that the attenuation and lag of the seasonality in δ18Oriver663 
ompared to that in δ18Op are 
aused by the storage of water into the slow reservoir, whi
h a

umulates664 drainage water.665 When the residen
e time s
ale of the slow reservoir is multiplied by 2 (i.e. the water from the slow666 reservoir is poured twi
e faster into the streams, �gure E.13, red), the simulated lag of δ18Oriver at667 Vienna in
reases from 4 to 5 months (in 
loser agreement with the data). In 
ontrast, the seasonal668 
y
le in δ18Oriver is not sensitive to residen
e time s
ales in the stream and fast reservoirs, whi
h are669 too short to have any impa
t at the seasonal s
ale.670 To summarize, ORCHIDEE performs well in simulating the seasonal variations in δ18Oriver . In671 turn, δ18Oriver observations 
ould help estimate the proportion of surfa
e runo� versus drainage and672 
alibrate empiri
al residen
e time 
onstants in the routing s
heme, o�ering a mean to enhan
e model673 performan
e.674 4.6 Evapo-transpiration partitioning675 In this se
tion, we generalize at the global s
ale our results on evapo-transpiration partitioning esti-676 mates (se
tion 3.5.1).677 We apply equation 3.1 to annual-mean outputs from a LMDZ-ORCHIDEE simulation. We 
ompare678
E/I estimated from equation 3.1 to E/I dire
tly simulated by LMDZ-ORCHIDEE. The spatial pattern679 of E/I is remarkably well estimated by equation 3.1 (�gure E.14). The equation 
aptures the maximum680 27



over the Sahara, Southern South Ameri
a, Australia, 
entral Asia, Siberia and Northern Ameri
a. The681 isotope-derived spatial distribution of E/I 
orrelates well with the simulated distribution (r=0.91).682 Average errors are lower than 50% of the standard deviation at the global s
ale. This 
on�rms that683 
o-variation between the di�erent variables at sub-annual time s
ales has a negligible e�e
t, so that684 the equation 
an be applied to annual-mean quantities. Generally, E/I estimates are best where E/I685 is relatively small.686 To test the e�e
t of the assumption that the soil water isotopi
 
omposition is verti
ally 
onstant,687 we applied equation 3.1 using δ18Os − δ18Op from a simulation with soil pro�les a
tivated. This688 assumption is a signi�
ant sour
e of un
ertainty on estimating E/I (table 4). We also analyzed the689 e�e
t of potential measurement errors in δ18Os, δ18Op, δ18Ov , temperature or relative humidity on690 the E/I re
onstru
tion. Results are relatively insensitive to small errors in these measurements (table691 4). However, results are sensitive to the 
hoi
e of the n exponent in the 
al
ulation of the kineti
692 fra
tionation αK (table 4): knowing the n exponent with an a

ura
y of 0.07 (e.g. estimated n ranges693 from 0.63 to 0.70) is ne
essary to estimate E/I with an absolute pre
ision of 2%.694 Finally, estimating E/I using equation 3.1 bears additional sour
es of un
ertainty in that we 
annot695 estimate using the ORCHIDEE model. These are related to all pro
esses that ORCHIDEE does not696 simulate. For example, ORCHIDEE underestimates or mis-represents the verti
al isotopi
 gradients in697 soil water at some sites (se
tion 3.4.4, appendix C.2) and does not represent the e�e
t of water vapor698 di�usion in the soil (appendix C.2). These e�e
ts may disturb the proportionality between E/I and699
δ18Os − δ18Op in pra
ti
al appli
ations.700 To summarize, 
o-lo
ated isotope measurements in pre
ipitation, vapor and soil water 
ould provide701 an a

urate 
onstrain on the proportion of bare soil evaporation to pre
ipitation in�ltration.702 5 Con
lusion and perspe
tives703 The ORCHIDEE LSM, in whi
h we have implemented water stable isotopes, reprodu
es the isotopi
704 
ompositions of the di�erent water pools of the land surfa
e reasonably well 
ompared to lo
al data705 from MIBA and Carbo-Europe and to global observations from the GNIP and GNIR networks. Despite706 28



the s
ale mismat
h between lo
al measurements and a GCM grid box, and despite the strong spatial707 heterogeneity in the land surfa
e, the 
apa
ity of ORCHIDEE to reprodu
e the seasonal and verti
al708 variations in the soil isotope 
omposition suggests that even lo
al measurements 
an yield relevant709 information to evaluate LSMs at the large s
ale.710 We show that the simulated isotope soil pro�les are sensitive to in�ltration pathways and di�usion711 rates in the soil. The spatial and seasonal distribution of the isotope 
omposition of rivers is sensitive712 to the partitioning of total runo� into surfa
e runo� and drainage and to the residen
e time s
ales713 in underground reservoirs. The isotopi
 
omposition of soil water is strongly tied to the fra
tion of714 in�ltrated water that evaporates through the bare soil. These sensitivity tests suggest that isotope715 measurements, 
ombined with more 
onventional measurements, 
ould help evaluate the parameteriza-716 tion of in�ltration pro
esses, runo� parameterizations and the representation of surfa
e water budgets717 in LSMs.718 Evaluating an isotopi
 LSM requires 
o-lo
ated observations of the isotope 
omposition in pre
ipi-719 tation, vapor and soil at least at the monthly s
ale. However, su
h 
o-lo
ated measurements are still720 very s
ar
e, and most MIBA and Carbo-Europe sites are missing one of the 
omponents. Therefore,721 for LSM evaluation purpose, we advo
ate for the development of 
o-lo
ated isotope measurements in722 the di�erent water pools at ea
h site, together with meteorologi
al variables. Our results suggest that723 isotope measurements are spatially relatively well representative and that even monthly values are724 already valuable to identify model bias or to estimate soil water budgets. Therefore, in the perspe
tive725 of LSM evaluation, if a 
ompromise should be made with sampling frequen
y and spatial 
overage,726 we favor 
o-lo
ated measurements of all the di�erent water pools at the monthly s
ale on a few sites727 representative of di�erent 
limati
 
onditions, rather than multiplying sites where water pools are not728 all sampled. Additionally, at ea
h observation site, 
olle
ting di�erent soil samples a few meters apart729 is helpful to 
he
k that they are spatial representative. In the future, development in laser te
hnology730 ([Lee et al., 2007, Gupta et al., 2009℄) will allow the generalization of water vapor isotope monitoring731 at the di�erent sampling sites, whi
h has long been a very tedious a
tivity ([Angert et al., 2008℄).732 From the modeling point of view, kineti
 fra
tionation pro
esses during bare soil evaporation are a733 29



sour
e of un
ertainty, and a better understanding and quanti�
ation of this fra
tionation is ne
essary734 ([Braud et al., 2009b, Nusbaumer, 2016℄). In addition, the a

ura
y of isotopi
 simulations by LSM735 is expe
ted to improve as the representation of hydrologi
al pro
esses improves. In parti
ular, given736 the importan
e of verti
al water ex
hanges for the isotopi
 simulation, implementing water isotopes737 in a multi-layer hydrologi
al parameterization with su�
ient verti
al resolution ([Riley et al., 2002℄) is738 
ru
ial. In the future, we plan to implement water isotopes in the latest version of ORCHIDEE, whi
h739 is multi-layer and more sophisti
ated ([de Rosnay et al., 2000, Zhu et al., 2015, Ryder et al., 2016℄).740 Finally, latest �ndings largely based on water isotopi
 measurements suggest that di�erent water pools741 
o-exist within a soil 
olumn and that evaporation, transpiration, runo� and drainage tap from these742 di�erent pools ([Botter et al., 2011, Bowen, 2015, Evaristo et al., 2015℄). These e�e
ts are not yet rep-743 resented expli
itly in global LSMs. These e�e
ts were mainly eviden
ed based on isotope measurements,744 and in turn, their representation expe
ted to signi�
antly impa
t isotopi
 simulations. Su
h feedba
ks745 between isotopi
 resear
h and hydrologi
al parameterization improvements should lead to LSM im-746 provements in the future. With this in mind, LSM inter-
omparison proje
ts would strongly bene�t747 from in
luding water isotopes as part of their diagnosti
s, in the lines of iPILSP (isotope 
ounterpart of748 the Proje
t for Inter
omparison of Land-surfa
e Parameterization S
hemes, [Henderson-Sellers, 2006℄).749
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A Lists of abbreviations and symbols750 Abbreviation MeaningLMDZ Laboratoire de Météorologie Dynamique-Zoom: the atmospheri
 modelORCHIDEE ORganizing Carbon and Hydrology In Dynami
 E
osystEms: theland-surfa
e modelGCM General 
ir
ulation modelLSM land-surfa
e modelLAI Leaf Area IndexMIBA Moisture In Biosphere and Atmosphere: network for water isotopes in soil,stem and leaf waterMIBA-US MIBA in the United StatesGNIP Global Network for Isotopes in Pre
ipitationUSNIP United States Network for Isotopes in Pre
ipitationGNIR Global Network for Isotopes in RiversECMWF European Center for Medium range Weather Fore
astRMSE Root Mean Square ErroriPILPS isotope 
ounterpart of the Proje
t for Inter
omparison of Land-surfa
eParameterization S
hemes

751
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Symbol Meaning
δ18O Anomaly of H18

2 O/H2O ratio relatively to the mean o
ean water (se
tion2.1), in h

d Deuterium ex
ess (se
tion 2.1)
δ18Os Soil water δ18Oin h

δ18Ostem Stem or twig water δ18Oin h

δ18Oleaf Leaf water δ18Oin h

δ18Oriver River or stream water δ18Oin h

dp Deuterium ex
ess in pre
ipitation
R H18

2 O/H2O ratio
Rs Isotopi
 ratio in the soil water
Rv Isotopi
 ratio in the near-surfa
e atmospheri
 water vapor
P pre
ipitation �ux in mm/d
E bare soil evaporation �ux in mm/d
R surfa
e runo� �ux in mm/d
D drainage �ux in mm/d
I in�ltration �ux in mm/d: I = P −R

Rp, RE , RT , et
... Isotopi
 ratio in the pre
ipitation, bare soil evaporation, transpiration, et
...
αeq, αK Equilibrium and kineti
 fra
tionation 
oe�
ients

h relative humidity

752

B Representation of isotope fra
tionation during evaporation753 from land surfa
e water pools754 B.1 Pro
esses for whi
h we negle
t fra
tionation755 Snow sublimation is asso
iated with a slight fra
tionation due to ex
hanges between snow and vapor756 in snow pores ([Sokratov and Golubev, 2009, Ekaykin et al., 2009, Noone et al., 2012℄). However, we757 32



assume that these e�e
ts are small enough to be negle
ted, as in other GCMs ([Ho�mann et al., 1998℄).758 Water uptake by roots has been shown to be a non-fra
tionating pro
ess ([Washburn and Smith, 1934,759 Barnes and Allison, 1988℄), but fra
tionation at the leaf surfa
e during transpiration impa
ts the 
om-760 position of transpired �uxes at s
ales shorter than daily ([Lai et al., 2006a, Lee et al., 2007℄). As the761 appli
ation of ORCHIDEE in the 
ontext of our study fo
uses mainly on time s
ales of a month or762 longer, we assume here that the transpiration and stem water have the 
omposition of soil water763 extra
ted by the roots.764 B.2 Evaporation from bare soils and 
anopy-inter
epted water765 We represent isotope fra
tionation during evaporation of soil and 
anopy-inter
epted water using the766 model of [Craig and Gordon, 1965℄: at any time t, the isotopi
 
omposition of evaporation RE is given767 by:768
RE(t) =

Rl(t) − αeq · h · Rv(t)

αK · αeq · (1 − h)
(B.1)where Rl and Rv are the isotopi
 
ompositions of liquid water at the evaporative site and of water769 vapor respe
tively, h is the relative humidity normalized to surfa
e temperature, αeq is the isotopi
770 fra
tionation during liquid-vapor equilibrium ([Majoube, 1971b℄) and αK is the kineti
 fra
tionation771 during water vapor di�usion. The kineti
 fra
tionation during soil evaporation is still very un
ertain772 ([Braud et al., 2009b, Braud et al., 2009a℄). We use the very widespread formulation of [Stewart, 1975,773 Mathieu and Baria
, 1996℄:774

αK =

(

D

Di

)n (B.2)where D and Di are the mole
ular di�usivities of light and heavy water vapor in air, respe
tively, and775
n is an exponent that depends on the �ow regime (0.5, 0.67 and 1 for turbulent, laminar and stagnant776 regimes respe
tively) but remains di�
ult to estimate ([Braud et al., 2009b, Braud et al., 2009a℄). In777 this study, we take n = 0.67 for both evaporation of soil and 
anopy-inter
epted water, 
orresponding to778 moist 
onditions in the 
ase of soils ([Mathieu and Baria
, 1996℄). However, we also tried 0.5 and 1.0 to779 estimate the range of un
ertainty related to this parameter. The isotopi
 
omposition of pre
ipitation780 33



is only slightly sensitive to the formulation of the kineti
 fra
tionation: when n varies from 0.5 to 1,781 signi�
ant 
hanges in δ18Op and dp are restri
ted to areas where bare soil 
overs more than 70%. Even782 in those 
ase, 
hanges in δ18Op and dp never ex
eed 2h and 7h respe
tively. The impa
t is slightly783 stronger on soils. Varying n from 0.5 to 1 leads to δ18Os variations of 2h in o�ine simulations on the784 Bray site, of the order of the observed average di�eren
e between two samples 
olle
ted on the same785 day (2.2h). In 
oupled simulations, the impa
t on δ18Os and ds rea
hes 8h and 20h respe
tively on786 very arid regions su
h as the Sahara.787 To 
al
ulate the temporal mean isotopi
 
omposition of evaporation over the time step ∆t, RE ,788 we assume Rv and h are 
onstant throughout ea
h time step. On the other hand, we allow the isotopi
789 ratio of liquid water to vary over the simulation time step ∆t following [Stewart, 1975℄. While assuming790 
onstant Rl is a valid assumption for models with very short time steps ([Braud et al., 2005℄), it is not791 the 
ase in ORCHIDEE (∆t=30min). We then 
al
ulate RE as:792
RE =

Rl0 ·
(

1 − fβ+1
)

− γ · Rv · f ·
(

1 − fβ
)

1 − f
(B.3)where Rl0 is the initial isotopi
 ratio of liquid water, f is the remaining liquid fra
tion in the water793 reservoir a�e
ted by isotopi
 enri
hment, and β and γ are parameters de�ned by [Stewart, 1975℄:794

β =
1 − αeq · αK · (1 − h)

αeq · αK · (1 − h)and795
γ =

αeq · h
1 − αeq · αK · (1 − h)For 
anopy-inter
epted water, the water reservoir is su�
iently small to assume that the water796 reservoir a�e
ted by isotopi
 enri
hment is the total 
anopy-inter
epted water. For soil evaporation797 on the other hand, we assume that the depth of the water reservoir a�e
ted by isotopi
 enri
hment798 equals the average distan
e traveled by water mole
ules in the soil:799
L =

√

KD · ∆t (B.4)34



where KD is the e�e
tive self-di�usivity of liquid water in the soil 
olumn. Negle
ting the disper-800 sion term, KD is given by ([Munni
h et al., 1980, Barnes and Allison, 1983, Barnes and Allison, 1988,801 Melayah et al., 1996, Braud et al., 2005℄):802
KD = Dm · τ · θl (B.5)whereDm=2.5·10−9m2/s is the mole
ular liquid water self-di�usivity ([Mills, 1973, Harris and Woolf, 1980℄),803

τ is the soil tortuosity and θl is the volumetri
 soil water 
ontent. In the 
ontrol simulation, we assume804
θl · τ=0.1 leading to L =0.67 mm. This 
hoi
e is 
onsistent with a τ of 0.67 ([Braud et al., 2005℄) and805 an average θl of about 15%. At the Bray, measurements along pro�les show θl varying from about 5806 to 30%. Sin
e these values are di�
ult to 
onstrain observationally and very variable spatially and807 temporally, sensitivity tests to θl ·τ are performed and des
ribed in se
tion 3.5.2. We negle
t the vapor808 phase in the soil and asso
iated fra
tionation and di�usion pro
esses ([Melayah et al., 1996℄).809 B.3 Dew formation810 We assume fra
tionation during dew and frost formation following a Rayleigh distillation of the vapor811 in the lowest 10hPa (~80m) of the atmosphere. Sin
e the atmospheri
 water vapor 
ondenses in small812 proportion during frost and dew, this 
hoi
e of the depth of atmosphere involved in the 
ondensation813 has almost no impa
t on the 
omposition of the dew and frost formed. Following 
ommon pra
-814 ti
e, we use equilibrium fra
tionation 
oe�
ient from [Merlivat and Nief, 1967℄, [Majoube, 1971a℄ and815 [Majoube, 1971b℄ and the kineti
 fra
tionation formation of [Jouzel and Merlivat, 1984℄ with λ=0.004,816 whose 
hoi
e has very little impa
t on the results.817 B.4 Leaf water evaporation818 B.4.1 Steady-state819 At isotopi
 steady state, the 
omposition of water transpired by the vegetation is equal to that of the820 soil water extra
ted by the roots. In default simulations, we assume that isotopi
 steady state for plant821 water is established at any time and we diagnose the 
omposition of the leaf water at the evaporation822 site, RSS

e , by inverting the Craig and Gordon equation ([Craig and Gordon, 1965℄):823 35



RSS
e = αeq · (αK · (1 − h) · Rs + h · Rv) (B.6)where Rs and Rv are the isotopi
 ratio in soil water and water vapor respe
tively, h is the relative824 humidity normalized to surfa
e temperature, αeq is the isotopi
 fra
tionation during liquid-vapor equi-825 librium ([Majoube, 1971b℄) and αK is the kineti
 fra
tionation during water vapor di�usion. We take826 the same kineti
 fra
tionation formulation as for the soil evaporation (appendix B.2, [Stewart, 1975℄),827 with n = 0.67 ([Riley et al., 2002, Williams et al., 2004℄). Leaf water 
ompositions are signi�
antly828 sensitive to parameter n, with variations of the order of 10h as n varies from 0.5 to 1. We assume829 that the leaf temperature used to 
al
ulate αeq is equal to the soil temperature, but results are very830 little sensitive to this assumption.831 B.4.2 Non-stationary and di�usive e�e
ts832 The isotopi
 
omposition of leaf water has been the subje
t of many observational and numeri
al model-833 ing studies ([Farquhar and Cernusak, 2005, Cuntz et al., 2007, Ogée et al., 2007, Wingate et al., 2010℄).834 Several studies have shown that the 
omposition of the leaves is a�e
ted by mixing with xylem wa-835 ter and by non-stationary e�e
ts ([Ogée et al., 2007, Cuntz et al., 2007, Dubbert et al., 2014℄). Non-836 steady state e�e
ts are also in
orporated in ORCHIDEE following [Farquhar and Cernusak, 2005℄.837 The isotopi
 ratio in the leaf mesophyll RSS

L is the result of the mixing between leaf water at the838 evaporative site and xylem water (Pe
let e�e
t):839
RSS

L = RSS
e · f + Rs(1 − f) (B.7)where f is a 
oe�
ient de
reasing as the Pe
let e�e
t in
reases:840

f =
1 − e−P

Pand P is the Pe
let parameter ([Cuntz et al., 2007, Barnard et al., 2007℄):841
P =

E · Leff

W · Dm36



E is the transpiration rate per leaf area, Leff is the e�e
tive di�usion length and W is the leaf water842 
ontent per leaf volume (assumed equal to 103kg/m3, order of magnitude in [Barnard et al., 2007℄).843 The Pe
let number P 
an be tuned by 
hanging Leff , that depends on leaf geometry and drought844 intensity (e.g. 7 to 12 mm in [Cuntz et al., 2007℄, 50 to 150mm in [Barnard et al., 2007℄). We take845
Leff=8 mm to optimize our simulation on Hartheim (se
tion 3).846 For some simulations, we a

ount for the e�e
t of water storage in leaves (leading to some memory in847 the leaf water isotopi
 
omposition) following [Dongmann et al., 1974℄). Assuming that W is 
onstant,848 we 
al
ulate the leaf lamina 
omposition RL as ([Farquhar and Cernusak, 2005℄):849

RL(t) = RL(t − dt) · e−dt/τ + RSS
L (t) ·

(

1 − e−dt/τ
) (B.8)where850

τ =
W · αK · αeq · f

gand g is the sum of the total (stomati
 and boundary layer) 
ondu
tan
es. The isotopi
 
omposition851 of transpiration is then 
al
ulated so as to 
onserve isotope mass.852 C Representation of the verti
al distribution of soil water iso-853 topi
 
omposition854 C.1 Prin
iple855 In 
ontrol simulations, we assume that the isotopi
 
omposition of soil water is homogeneous verti
ally856 and equals the weighted average of the two soil layers. In addition, to test this assumption, we857 implemented a representation of the verti
al distribution of the soil water isotopi
 
omposition: the soil858 water is spread verti
ally between several layers. The �rst layer 
ontains a water height L =
√

KD · ∆t859 , where KD is the di�usivity of water mole
ules in water and ∆t is the time step of the simulation,860 and the other layers 
ontain a water height resol · L. The parameter resol 
an be tuned to �nd a861 
ompromise between verti
al resolution and 
omputational time. Layers are 
reated from the top to862 bottom until all layers are full with water ex
ept the deepest one that 
ontains the remaining soil863 37



water. For example, with L =0.67 mm, up to 16 layers 
an thus be 
reated if the soil is saturated.864 Bare soil evaporation is extra
ted from the �rst layer. Transpiration is extra
ted from the di�erent865 layers following a root extra
tion pro�le that re�e
ts the sensitivity of transpiration to soil moisture866 ([Rosnay and Pol
her, 1998℄). Drainage takes water from the deepest layer. In the 
ontrol simulation,867 rain and snow melt are added to the �rst layer (piston-like �ow). In a sensitivity test, that 
an also be868 homogeneously distributed in the di�erent layers, to 
rudely represent preferential pathways through869 fra
tures or pores in the soil.870 At ea
h time step, the soil water isotopi
 
omposition in ea
h layer is re-
al
ulated by taking into871 a

ount the sour
es and sinks for ea
h layer and ensuring that ea
h layer remains full ex
ept the872 deepest one. Isotopi
 di�usion between adja
ent layers is applied at ea
h time step (equation B.5).873 The water budget of the total soil remains exa
tly the same as without verti
al dis
retization.874 C.2 Evaluation for an idealized 
ase875 The module representing verti
al distribution of water isotopes in the soil is �rst evaluated for an876 idealized 
ase when it is not yet embedded into ORCHIDEE.877 First, we use a 
ase in whi
h the soil 
olumn evaporates at its top and is permanently re�lled at the878 bottom by a water with δ18O of -8h ([Braud et al., 2005℄). The soil remains saturated, and we fo
us879 on the steady state rea
hed after a few hundreds of days ([Braud et al., 2005℄). An analyti
al solution is880 available for this 
ase ([Zimmermann et al., 1967, Barnes and Allison, 1983℄). The analyti
al solution881 and a mu
h more sophisti
ated model of soil water isotopes (MuSICA, [Ogée et al., 2003℄) yield very882 similar results (�gure E.15a): the bottom of the soil is at -8h while the top of the soil is enri
hed up883 to 15h. The soil module of ORCHIDEE is able to reprodu
e these results when the value of θl · τ884 is set to be very low (0.001) and when the verti
al resolution is su�
iently high (layers of 0.75 mm).885 Whatever the value for θl · τ , ORCHIDEE results be
ome less sensitive to the verti
al dis
retization886 when layers are thinner than about 2 mm.887 Se
ond, we use a 
ase in whi
h the soil 
olumn, initially with a soil water of -8h, evaporates888 at its top until the soil water 
ontent is only 20% ([Mathieu and Baria
, 1996, Braud et al., 2005℄).889 38



The atmosphere has a relative humidity of 20% and a vapor δ18O of -15h. The sophisti
ated models890 MuSICA and SiSPAT ([Braud et al., 2005℄) feature a typi
al evaporative enri
hment pro�le, with δ18O891 in
reasing from its initial value of -8h at the bottom to a maximum δ18O of 13h about 10 mm below892 the surfa
e (�gure E.15b). In the uppermost 10 mm, there is a slight depletion due to di�usion of893 water vapor into the soil 
olumn ([Barnes and Allison, 1983℄). ORCHIDEE is not able to reprodu
e894 this verti
al pro�le. First, sin
e di�usion of water vapor in the soil is negle
ted, it is not able to895 simulate the depletion near the surfa
e. Se
ond, sin
e θl · τ is temporally and verti
ally 
onstant in896 ORCHIDEE, it is not able to adapt to the drying of the soil. In the sophisti
ated model, as the soil897 dries, the soil water 
ontent θl de
rease, thus inhibiting verti
al mixing of soil water and favoring898 strong isotopi
 gradients. In 
ontrast in ORCHIDEE, θl · τ remains 
onstant at a value representative899 of a moister soil, thus favoring verti
al mixing of soil water and leading to a nearly uniform enri
hment900 with depth.901 To summarize, our representation of isotopi
 verti
al pro�les in ORCHIDEE is probably most902 suited when soil moisture remains high and does not vary too strongly.903 D Cal
ulation of isotopi
 for
ing from LMDZ outputs and nearby904 GNIP or USNIP stations905 When pre
ipitation and water vapor isotopi
 observations are not available at a given site, we 
reate906 isotopi
 for
ing using isotopi
 measurements in the pre
ipitation performed on nearby GNIP (Global907 Network for Isotopes in Pre
ipitation, [Rozanski et al., 1993℄) or USNIP (United States Network for908 Isotopes in Pre
ipitation, [Va
hon et al., 2007℄) pre
ipitation stations. To interpolate between the909 nearby stations, taking into a

ount spatial gradients and altitude e�e
ts, we use outputs from an910 LMDZ simulation.911 Let's assume there are n GNIP or USNIP stations around the site of interest (MIBA or Carbo-912 Europe). The isotopi
 
omposition of pre
ipitation at the site of interest and for a given month, δp,site,913 is 
al
ulated as:914 39



δp,site = δp,lmdz(s) + as · (zsite − zlmdz(s)) +

n
∑

i=1

ri · (δp,NIP (i) − δp,lmdz(i))where915
ri =

1/di
∑n

j=1
1/djand where di is the geographi
al distan
e between the site of interest and the GNIP or USNIP916 station, δp,lmdz(s) is the pre
ipitation isotopi
 
omposition simulated by LMDZ in the grid box 
on-917 taining the site s, δp,lmdz(i) is the pre
ipitation isotopi
 
omposition simulated by LMDZ in the grid918 box 
ontaining the GNIP or USNIP station, δp,NIP (i) is the pre
ipitation isotopi
 
omposition ob-919 served at the GNIP or USNIP station, zsite is the altitude of the site of interest, zlmdz(s) is the altitude920 of the LMDZ grid box 
ontaining the site of interest and as is the slope of the isotopi
 
omposition921 as a fun
tion of altitude simulated by LMDZ in the grid boxes 
ontaining and surrounding the site of922 interest. The �rst term on the right hand side 
orresponds to the raw LMDZ output for the site of923 interest. The se
ond term allows us to 
orre
t for the altitude e�e
t. Sin
e LMDZ is run at a 2.5◦924 latitude ×3.75◦ longitude resolution, we 
annot expe
t the average grid box size to be representative of925 the lo
al altitude at the site. The third term allows us to 
orre
t for possible biases in LMDZ 
ompared926 to GNIP and USNIP observations. Table 3 lists the GNIP and USNIP stations used to 
onstru
t the927 for
ing at ea
h site of interest.928 To 
al
ulate the isotopi
 
omposition of the water vapor, we assume that although LMDZ might929 have biases for simulating the absolute values of pre
ipitation and water vapor 
omposition, it sim-930 ulates properly the pre
ipitation-vapor di�eren
e ([Risi et al., 2010b, Risi et al., 2010a℄). Therefore,931 the isotopi
 
omposition of water vapor at the site of interest, δv,site, is 
al
ulated as:932

δv,site = δp,site + δv,lmdz(s) − δp,lmdz(s)where δv,lmdz(s) is the isotopi
 
omposition of water vapor simulated by LMDZ in the grid box933 
ontaining the site of interest.934 40



E A simple equation to relate the soil water isotopi
 
omposi-935 tion to the surfa
e soil water budget936 To explore how the isotopi
 
omposition of soil water 
an help estimate terms of the soil water budget,937 we derive here a very simple theoreti
al framework.938 We assume that the water mass balan
e is:939
P = E + T + D + R (E.1)where P is the pre
ipitation,R the surfa
e runo�, E is the bare soil evaporation, T the transpiration940 and D the drainage. Similarly, the isotopi
 mass balan
e is:941

P · Rp = E · RE + T · RT + D · RD + R · RR (E.2)where Rp, RE , RT , RD and RR are the isotopi
 ratios of in
oming water at the soil surfa
e, bare942 soil evaporation, transpiration , drainage and surfa
e runo� respe
tively.943 We assume that the bare soil evaporation isotope ratio depends on that of the soil (Rs) following944 the [Craig and Gordon, 1965℄ relationship (equation B.1) and that the transpiration 
omposition is945 equal to that of the soil (RT = Rs), implying little verti
al variations in soil water isotope ratios.946 We assume that the isotopi
 
omposition of surfa
e runo� is that of the in
oming water (RR = Rp)947 and that the isotopi
 
omposition of drainage is that of the soil water (RD = Rs). In doing so, we948 negle
t again verti
al isotope variations in the soil and the temporal 
o-variation between Rs, D and949
T . Combining equations for the mass balan
e of water (equation E.2) and of water isotopes (equation950 E.1) then yields:951

Rp = E/I · RE + (1 − E/I) · Rs (E.3)where I = P −R represents the in
oming water that in�ltrates into the soil. E/I represents the952 proportion of the in�ltrated water whi
h is evaporated at the soil surfa
e.953 41



The 
omposition of the bare soil evaporation �ux, RE , is a fun
tion of Rs following the [Craig and Gordon, 1965℄954 formulation (equation B.1). Repla
ing RE by its fun
tion of Rs in equation E.3 allows us to dedu
e955
E/I:956

E/I =
αeq · αK · (1 − h) · (Rp − Rs)

Rs · (1 − αeq · αK · (1 − h)) − αeq · h · Rv
(E.4)Therefore, E/I is a fun
tion of the isotopi
 di�eren
e between the soil water and the pre
ipitation957 water, whi
h is easy to observe on instrumented sites su
h as MIBA or Carbo-Europe sites.958 A
knowledgments959 We thank Katia Laval for fruitful dis
ussion and 
omments on an earlier version of this manus
ript. We960 thank Matthias Cuntz for dis
ussions. We thank Arthur Gessler and Romain Barnard for providing961 their data from Hartheim, and thank Chun-Ta Lai for providing his data from the Kansas prairie.962 We thank Danilo Dragoni, Kim Novi
k and Ri
h Phillips for providing information and data on the963 Morgan-Monroe site. We thank Marion Devaux, Cathy Lambrot (Inra-Ephyse, Fran
e), Rolf Siegwolf964 (Paul S
herrer Institute, Switzerland), Glyn Jones and Howard Gri�ths (University of Cambridge,965 UK) for sampling and analysis of the isotopi
 data on the Bray and Mitra sites. We thank Eyal966 Rotenberg and Jean-Mar
 Bonnefond for providing the meteorologi
al for
ing over Yatir and the Bray967 respe
tively. We thank Dan Yakir for the isotopi
 and meteorologi
al data 
olle
tion in Yatir, his role968 in the MIBA initiative and 
omments on the manus
ript. Part of the work was done while Camille969 Risi was a post-do
 advised by David Noone, who I thank as well. This work bene�ted from �nan
ial970 support of the LEFE proje
t MISSTERRE. Cathy Kurz-Besson was supported by the Fundação para971 a Ciên
ia e Te
nologia (PTDC/AAG-REC/7046/2014). Lisa Wingate was supported by a Marie972 Curie Career Development Fellowship, thus some of the resear
h leading to these results has re
eived973 funding from the [European Community's℄ Seventh Framework Programme ([FP7/2007-2013℄ under974 grant agreement n° [237582℄. The resear
h was supported partly by the Cze
h S
ien
e Foundation975 proje
t to JS (14-12262S) and by the Cze
h resear
h infrastru
ture for systems biology C4SYS proje
t976 (LM2015055).977 42



Referen
es978 [Abdulla et al., 1996℄ Abdulla, F. A., Lettenmaier, D. P., Wood, E. F., and Smith, J. A. (1996).979 Appli
ation of a ma
ros
ale hydrologi
al model to estimate the water balan
e of the Arkansas-Red980 River Basin. J. Geophys. Res., 101:7449�7459.981 [Aleinov and S
hmidt, 2006℄ Aleinov, I. and S
hmidt, G. A. (2006). Water isotopes in the GISS Mod-982 elE land surfa
e s
heme. Global and Planet. Change, 51:108�120.983 [Allison et al., 1983℄ Allison, G. B., Barnes, C. J., and Hughes, M. W. (1983). The distribution of984 deuterium and oxygen 18 in dry soils: II. Experimental. J. Hydrol., 64:377�397.985 [Angert et al., 2008℄ Angert, A., Lee, J.-E., and Yakir, D. (2008). Seasonal variations in the isotopi
986 
omposition of near-surfa
e water vapour in the eastern Mediterranean. Tellus, 60 (4):674�684.987 [Baldo

hi et al., 2001℄ Baldo

hi, D., Falge, E., Gu, L., Olson, R., Hollinger, D., and 
o authors988 (2001). FLUXNET: A New Tool to Study the Temporal and Spatial Variability of E
osystem-S
ale989 Carbon Dioxide, Water Vapor, and Energy Flux Densities. Bull. Am. Meteor. So
., 82 (11):2415�990 24�34.991 [Barnard et al., 2007℄ Barnard, R. L., Salmon, Y., Kodama, N., Sörgel, K., Holst, J., Rennenberg, H.,992 Gessler, A., and Bu
hmann, N. (2007). Evaporative enri
hment and time lags between d18O of leaf993 water and organi
 pools in a pine stand. Plant, Cell and Environment, 30:539�550.994 [Barnes and Allison, 1988℄ Barnes, C. and Allison, G. (1988). Tra
ing of water movement in the995 unsaturated zone using stable isotopes of hydrogen and oxygen. J. Hydrol, 100:143�176.996 [Barnes and Allison, 1983℄ Barnes, C. J. and Allison, G. B. (1983). The distribution of deuterium and997 oxygen 18 in dry soils: I. Theory. J. Hydrol., 60:141�156.998 [Bender et al., 1994℄ Bender, M., Sowers, T., and Labeyrie, L. (1994). The Dole E�e
t and Its Varia-999 tions During the Last 130,000 Years as Measured in the Vostok I
e Core. Glob. Biogeo
hem. Cy
les,1000 8 (3):363?376.1001 43



[Blunier et al., 2002℄ Blunier, T., Barnett, B., Bender, M. L., , and Hendri
ks, M. B. (2002). Biologi
al1002 oxygen produ
tivity during the last 60,000 years from triple oxygen isotope measurements. Glob.1003 Biogeo
hem. Cy
les, 16 (3):DOI 10.1029/2001GB001460.1004 [Bony et al., 2008℄ Bony, S., Risi, C., and Vimeux, F. (2008). In�uen
e of 
onve
tive pro
esses on the1005 isotopi
 
omposition (deltaO18 and deltaD) of pre
ipitation and water vapor in the Tropi
s. Part 1:1006 Radiative-
onve
tive equilibrium and TOGA-COARE simulations. J. Geophys. Res., 113:D19305,1007 doi:10.1029/2008JD009942.1008 [Boone and Coauthors, 2004℄ Boone, A. and Coauthors (2004). The Rh�ne-Aggregation Land Surfa
e1009 S
heme Inter
omparison Proje
t: An Overview. J. Clim., 17:187�208.1010 [Boone et al., 2009℄ Boone, A., de Rosnay, P., Balsamo, G., Beljaars, A., Chopin, F., De
harme, B.,1011 Delire, C., Du
harne, A., Gas
oin, S., Grippa, M., Gui
hard, F., Gusev, Y., Harris, P., Jarlan,1012 L., Kergoat, L., Mougin, E., Olga Nasonova, Anette Norgaard, T. O., Ottlé, C., Po

ard-Le
ler
q,1013 I., Pol
her, J., Sandholt, I., Saux-Pi
art, S., Taylor, C., and Xue, Y. (2009). The AMMA Land1014 Surfa
e Model inter
omparison Proje
t (ALMIP). Bull. Am. Meteor. So
., 90 (12):1865�1880,1015 DOI:10.1175/2009BAMS2786.1.1016 [Bosilovi
h et al., 1999℄ Bosilovi
h, M. G., Yang, R., and Houser, P. R. (1999). River basin hydroloy1017 in a global o�ine land-surfa
e model. J. Geophys. Res., 104:19661�19673.1018 [Botter et al., 2011℄ Botter, G., Bertuzzo, E., and Rinaldo, A. (2011). Cat
hment residen
e and travel1019 time distributions: The master equation. Geophysi
al Resear
h Letters, 38(11).1020 [Bowen, 2015℄ Bowen, G. (2015). Hydrology: The diversi�ed e
onomi
s of soil water. Nature,1021 525(7567):43�44.1022 [Braud et al., 2009a℄ Braud, I., Baria
, T., Biron, P., and Vau
lin, M. (2009a). Isotopi
 
omposition of1023 bare soil evaporated water vapor. Part II: Modeling of RUBIC IV experimental results. J. Hydrol.,1024 369:17�29.1025
44



[Braud et al., 2005℄ Braud, I., Baria
, T., Gaudet, J.-P., and Vau
lin, M. (2005). SiSPAT-Isotope, a1026 
oupled heat, water and stable isotope (HDO and H218O) transport model for bare soil. Part I.1027 Model des
ription and �rst veri�
ations. J. Hydrol., 309:301�320.1028 [Braud et al., 2009b℄ Braud, I., Biron, P., Baria
, T., Ri
hard, P., Canale, L., Gaudet, J., and Vau
lin,1029 M. (2009b). Isotopi
 
omposition of bare soil evaporated water vapor. Part I: RUBIC IV experimental1030 setup and results. J. Hydrol., 369:1�16.1031 [Brooks et al., 2010℄ Brooks, J. R., Barnard, H. R., Coulombe, R., and M
Donnell, J. J. (2010).1032 E
ohydrologi
 separation of water between trees and streams in a mediterranean 
limate. Nature1033 Geos
ien
e, 3(2):100�104.1034 [Brunel et al., 1997℄ Brunel, J., Walker, G., Dighton, J., and Montenya, B. (1997). Use of stable1035 isotopes of water to determine the origin of water used by the vegetation and to partition evapo-1036 transpiration. A 
ase study from HAPEX-Sahel. J. Hydrol, 188-189:466�481.1037 [Choisnel, 1977℄ Choisnel, E. (1977). Le bilan d'énergie et hydrique du sol. La Météorologie, 6 (11):103�1038 133.1039 [Choisnel et al., 1995℄ Choisnel, E., Jourdain, S. V., and Jaquart, C. J. (1995). Climatologi
al evalua-1040 tion of some �uxes of the surfa
e energy and soil water balan
es over Fran
e. Annales Geophysi
ae,1041 13:666�674.1042 [Coindreau et al., 2007℄ Coindreau, O., Hourdin, F., Hae�elin, M., Mathieu, A., and Rio, C. (2007).1043 Assessment of physi
al parameterizations using a global 
limate model with stret
hable grid and1044 nudging. Mon. Wea. Rev., 135:1474.1045 [Craig, 1961℄ Craig, H. (1961). Isotopi
 variations in meteori
 waters. S
ien
e, 133:1702�1703.1046 [Craig and Gordon, 1965℄ Craig, H. and Gordon, L. I. (1965). Deuterium and oxygen-18 variations in1047 the o
ean and marine atmosphere. Stable Isotope in O
eanographi
 Studies and Paleotemperatures,1048 Laboratorio di Geologia Nu
leate, Pisa, Italy:9�130.1049 45



[Crossley et al., 2000℄ Crossley, J. F., Pol
her, J., Cox, P. M., Gedney, N., and Planton, S. (2000).1050 Un
ertainties linked to land-surfa
e pro
esses in 
limate 
hange simulations. Clim. Dyn., 16:949�1051 961.1052 [Cuntz et al., 2003℄ Cuntz, M., Ciais, Pand Ho�mann, G., and Knorr, W. (2003). A 
omprehensive1053 global three-dimensional model of D18O in atmospheri
 CO2: 1. Validation of surfa
e pro
esses. J.1054 Geophys. Res., 108:doi:10.1029/2002JD003153.1055 [Cuntz et al., 2007℄ Cuntz, M., Ogee, J., Farquhar, G., Peylin, P., and Cernuzak, L. (2007). Modelling1056 adve
tion and di�usion of water isotopologues in leaves. Plant, 
ell and environment, 30:892�909.1057 [Dansgaard, 1964℄ Dansgaard (1964). Stable isotopes in pre
ipitation. Tellus, 16:436�468.1058 [De Rosnay, 1999℄ De Rosnay, P. (1999). Représentation de l'intera
tion sol-végétation-atmosphère1059 dans le Modèle de Cir
ulation Générale du Laboratoire de Météorologie Dynamique. PhD thesis,1060 Université de Paris 06.1061 [de Rosnay et al., 2000℄ de Rosnay, P., Bruen, M., and Pol
her, J. (2000). Sensitivity of the surfa
e1062 �uxes to the number of layers in the soil model used in GCMs. Geophys. Res. Let., 27 (20):3329�3332.1063 [Dee et al., 2011℄ Dee, D., Uppala, S., Simmons, A., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U.,1064 Balmaseda, M., Balsamo, G., Bauer, P., et al. (2011). The era-interim reanalysis: Con�guration and1065 performan
e of the data assimilation system. Quarterly Journal of the royal meteorologi
al so
iety,1066 137(656):553�597.1067 [Desborough et al., 1996℄ Desborough, C., Pitman, A., and Irannejad, P. (1996). Analysis of the1068 relationship between bare soil evaporation and soil moisture simulated by 13 land surfa
e s
hemes1069 for a simple non-vegetated site. Glob. Planet. Change, 13:47�56.1070 [Dongmann et al., 1974℄ Dongmann, G., Nurnberg, H., Forstel, H., and Wagener, K. (1974). On the1071 enri
hment of H2018 in the leaves of transpiring plants. Rad. and Environm. Biophys., 11:41�52.1072 [Dragoni et al., 2011℄ Dragoni, D., S
hmid, H. P., Wayson, C. A., Potter, H., Grimmond, C. S. B.,1073 and Randolph, J. (2011). Eviden
e of in
reased net e
osystem produ
tivity asso
iated with a longer1074 46



vegetated season in a de
iduous forest in south?
entral Indiana, USA. Global Change Biology,1075 17(2):886�897.1076 [Dubbert et al., 2014℄ Dubbert, M., Cuntz, M., Piayda, A., and Werner, C. (2014). Oxygen isotope1077 signatures of transpired water vapor: the role of isotopi
 non-steady-state transpiration under nat-1078 ural 
onditions. New Phytologist, 203:1242�1252.1079 [Du
harne et al., 2003℄ Du
harne, A., Golazb, C., Leblois, E., Lavala, K., Pol
her, J., Ledoux, E.,1080 and de Marsily, G. (2003). Development of a high resolution runo� routing model, 
alibration and1081 appli
ation to assess runo� from the LMD GCM. J. Hydrol., 280:207�228.1082 [Du
harne et al., 1998℄ Du
harne, A., Laval, K., and Pol
her, J. (1998). Sensitivity of the hydrologi
al1083 
y
le to the parametrization of soil hydrology in a g
m. Clim. Dyn., 14:307�327.1084 [Du
oudré et al., 1993℄ Du
oudré, N., Laval, K., and Perrier, A. (1993). SECHIBA, a new set of1085 parametrizations of the hydrologi
al ex
hanges at the land-atmosphere interfa
e within the LMD1086 atmospheri
 general 
ir
ulation model. J. Clim., 6:248�273.1087 [Dufresne et al., 2012℄ Dufresne, J.-L., Foujols, M.-A., Denvil, S., Caubel, A., Marti, O., Aumont, O.,1088 alkanski, Y., Bekki, S., Bellenger, H., Benshila, R., Bony, S., Bopp, L., Bra
onnot, P., Bro
kmann,1089 P., Cadule, P., Cheruy, F., Codron, F., Cozi
, A., Cugnet, D., de Noblet, N., Duvel, J.-P., Ethé, C.,1090 Fairhead, L., Fi
hefet, T., Flavoni, S., Friedlingstein, P., Grandpeix, J.-Y., Guez, L., Guilyardi, E.,1091 Hauglustaine, D., Hourdin, F., Idelkadi, A., Ghattas, J., Joussaume, S., Kageyama, M., Krinner,1092 G., Labetoulle, S., Lahelle
, A., Lefebvre, M.-P., Lefevre, F., Levy, C., Li, Z. X., Lloyd, J., Lott, F.,1093 Made
, G., Man
ip, M., Mar
hand, M., Masson, S., Meurdesoif, Y., Mignot, J., Musat, I., Parouty,1094 S., Pol
her, J., Rio, C., S
hulz, M., Swingedouw, D., Szopa, S., Talandier, C., Terray, P., and Viovy,1095 N. (2012). Climate 
hange proje
tions using the IPSL-CM5 Earth System Model: from CMIP3 to1096 CMIP5. Clim. Dyn, 40 (9-10):1�43, DOI 10.1007/s00382�012�1636�1.1097 [Dutton et al., 2005℄ Dutton, A. L., Wilkinson, B., Welker, J. M., and Lohmann, K. C. (2005). Com-1098 parison of river water and pre
ipitation delta18O a
ross the 48 
ontiguous United States. Hydrol.1099 Pro
esses, 19:3551�3572.1100 47



[Ekaykin et al., 2009℄ Ekaykin, A. A., Hondoh, T., Lipenkov, V. Y., and Miyamoto, A. (2009). Post-1101 depositional 
hanges in snow isotope 
ontent: preliminary results of laboratory experiments. Clim.1102 Past Dis
uss., 5:2239�2267.1103 [Evaristo et al., 2015℄ Evaristo, J., Jase
hko, S., and M
Donnell, J. J. (2015). Global separation of1104 plant transpiration from groundwater and stream�ow. Nature, 525(7567):91�94.1105 [Farquhar and Cernusak, 2005℄ Farquhar, G. and Cernusak, L. (2005). On the isotopi
 
omposition1106 of leaf water in the non-steady state. Fun
tional Plant Biology, 32:293�303.1107 [Gat, 1996℄ Gat, J. R. (1996). Oxygen and hydrogen isotopes in the hydrologi
 
y
le. Annual Review1108 of Earth and Planetary S
ien
es, 24:225�262.1109 [Gat and Matsui, 1991℄ Gat, J. R. and Matsui, E. (1991). Atmospheri
 water balan
e in the Amazon1110 basin: An isotopi
 evapotranspiration model. J. Geophys. Res., 96:13179�13188.1111 [Gat et al., 2007℄ Gat, J. R., Yakir, D., Goodfriend, G., Fritz, P., Trimborn, P., Lipp, J., Gev, I.,1112 Adar, E., and Waisel, Y. (2007). Stable isotope 
omposition of water in desert plants. Plant Soil,1113 298:31�45, doi:10.1007/s11104�007�9321�6.1114 [Gazis and Geng, 2004℄ Gazis, C. and Geng, X. (2004). A stable isotope study of soil water: eviden
e1115 for mixing and preferential �ow paths. Geoderma, 119:97�111.1116 [Gedney et al., 2000℄ Gedney, N., Cox, P. M., Douville, H., Pol
her, J., and Valdes, P. (2000). Char-1117 a
terizing g
m land surfa
e s
hemes to understand their responses to 
limate 
hange. J. Clim.,1118 13:3066�3079.1119 [Gholz and Clark, 2002℄ Gholz, H. L. and Clark, K. L. (2002). Energy ex
hange a
ross a 
hronose-1120 quen
e of slash pine forests in Florida . Agri
ultural and Forest Meteorology, 112 (2):87�102.1121 [Gibson, 2002℄ Gibson, J. (2002). Short-term evaporation and water budget 
omparisons in shallow1122 Ar
ti
 lakes using non-steady isotope mass balan
e. J. Hydrol., 264:242�261.1123
48



[Gibson and Edwards, 2002℄ Gibson, J. J. and Edwards, T. W. D. (2002). Regional water balan
e1124 trends and evaporation-transpiration partitioning from a stable isotope survey of lakes in northern1125 Canada. Glob. Biogeo
hem. Cy
les, 16:1026, 10.1029/2001GB001839.1126 [Gibson et al., 2005℄ Gibson, J. J., Edwards, T. W. D., Birks, S. J., Amour, N. A. S., Buhay, W. M.,1127 M
Ea
hern, P., Wolfe, B. B., and Peters1, D. L. (2005). Progress in isotope tra
er hydrology in1128 Canada. Hydrol. Pro
esses, 19:303�327.1129 [Gon�antini, 1978℄ Gon�antini, R. (1978). Standards for stable isotope measurements in natural 
om-1130 pounds. Nature, 271:534�536.1131 [Good et al., 2015℄ Good, S. P., Noone, D., and Bowen, G. (2015). Hydrologi
 
onne
tivity 
onstrains1132 partitioning of global terrestrial water �uxes. S
ien
e, 349(6244):175�177.1133 [Grünzweig et al., 2009℄ Grünzweig, J. M., Hemming, D., Maseyk, K., Lin, T., Rotenberg, E., Raz-1134 Yaseef, N., Falloon, P. D., and Yakir, D. (2009). Water limitation to soil 
o2 e�ux in a pine forest1135 at the semiarid ?timberline? Journal of Geophysi
al Resear
h: Biogeos
ien
es, 114(G3).1136 [Guimberteau et al., 2008℄ Guimberteau, M., Laval, K., Perrier, A., and Pol
her, J. (2008). Stream�ow1137 Simulations by the Land Surfa
e Model ORCHIDEE Over the Mississippi River Basin: Impa
t of1138 Resolution and Data Sour
e on the Model. In Ameri
an Geophysi
al Union, Fall Meeting.1139 [Gupta et al., 2009℄ Gupta, P., Noone, D., Galewsky, J., Sweeney, C., , and Vaughn, B. H. (2009).1140 Demonstration of high-pre
ision 
ontinuous measurements of water vapor isotopologues in laboratory1141 and remote �eld deployments using wavelength-s
anned 
avity ring-down spe
tros
opy (WS-CRDS)1142 te
hnology. Rapid Commun. Mass Spe
trom., 23:2534�2542.1143 [Haese et al., 2013℄ Haese, B., Werner, M., and Lohmann, G. (2013). Stable water isotopes in the 
ou-1144 pled atmosphere-land surfa
e model ECHAM5-JSBACH. Geos
ienti�
 Model Development, 6:1463�1145 1480, doi: 10.5194/gmd�6�1463�2013.1146
49



[Harris and Woolf, 1980℄ Harris, K. A. and Woolf, L. A. (1980). Pressure and temperature dependen
e1147 of the self di�usion 
oe�
ient of water and oxygen-18 water. J. Chem. So
. Faraday Trans., 761148 (1):377�385.1149 [Hemming et al., 2007℄ Hemming, D., Gri�ths, H., Loader, A., Robertson, I., Wingate, L., and Yakir,1150 D. (2007). The Moisture Isotopes in Biosphere and Atmosphere network (MIBA): initial results1151 from the UK. Eos Trans. AGU, 88 (52).1152 [Hemming et al., 2005℄ Hemming, D., Yakir, D., Ambus, P., Aurela, M., Besson, C., Bla
k, K., Bu
h-1153 mann, N., Burlett, R., Ces
atti, A., Clement, R., et al. (2005). Pan-european δ13
 values of air and1154 organi
 matter from forest e
osystems. Global Change Biology, 11(7):1065�1093.1155 [Henderson-Sellers, 2006℄ Henderson-Sellers, A. (2006). Improving land-surfa
e parameterization1156 s
hemes using stable water isotopes: Introdu
ing the `iPILPS' initiative. Glob. Planet. Change,1157 51:3�24.1158 [Henderson-Sellers et al., 2003℄ Henderson-Sellers, A., Irannejad, P., M
Gu�e, K., , and Pitman, A. J.1159 (2003). Predi
ting land-surfa
e 
limates-better skill or moving targets? Geophy. Res. Lett., 301160 (14):1777�1780, doi:10.1029/2003GL017387.1161 [Henderson-Sellers et al., 2004℄ Henderson-Sellers, A., M
Gu�e, K., Noone, D., and Irannejad, P.1162 (2004). Using Stable Water Isotopes to Evaluate Basin-S
ale Simulations of Surfa
e Water Budgets.1163 J. Hydromet., 5:805�822.1164 [Henderson-Sellers et al., 2001℄ Henderson-Sellers, A., M
Gu�e, K., and Zhang, H. (2001). Stable1165 Isotopes as Validation Tools for Global Climate Model Predi
tions of the Impa
t of Amazonian1166 Deforestation. J. Clim, 15:2664�2677.1167 [Ho�mann et al., 1998℄ Ho�mann, G., Werner, M., and Heimann, M. (1998). Water isotope module1168 of the ECHAM atmospheri
 general 
ir
ulation model: A study on times
ales from days to several1169 years. J. Geophys. Res., 103:16871�16896.1170
50



[Hourdin et al., 2006℄ Hourdin, F., Musat, I., Bony, S., Bra
onnot, P., Codron, F., Dufresne, J.-L.,1171 Fairhead, L., Filiberti, M.-A., Friedlingstein, P., Grandpeix, J.-Y., Krinner, G., Levan, P., Li, Z.-X.,1172 and Lott, F. (2006). The LMDZ4 general 
ir
ulation model: 
limate performan
e and sensitivity to1173 parametrized physi
s with emphasis on tropi
al 
onve
tion. Clim. Dyn., 27:787�813.1174 [Jase
hko et al., 2013℄ Jase
hko, S., Sharp, W. D., Sharp, J. J., Birks, S. J., Yi, Y., and Faw
ett,1175 P. J. (2013). Terrestrial water �uxes dominated by transpiration. Nature, 496:347�350,1176 doi:10.1038/nature11983.1177 [Joussaume et al., 1984℄ Joussaume, S., Jouzel, J., and Sadourny, R. (1984). A general 
ir
ulation1178 model of water isotope 
y
les in the atmosphere. Nature, 311:24�29.1179 [Jouzel and Merlivat, 1984℄ Jouzel, J. and Merlivat, L. (1984). Deuterium and oxygen 18 in pre
ipi-1180 tation: modeling of the isotopi
 e�e
ts during snow formation. J. Geophys. Res., 89:11:749.1181 [Kanner et al., 2013℄ Kanner, L. C., Buenning, N. H., Stott, L. D., and Timmermann, A. (2013). The1182 role of soil evaporation in delao18 terrestrial 
limate proxies. Glob. Biogeo
hem. Cy
les.1183 [Keeling, 1961℄ Keeling, C. (1961). The 
on
entration and isotopi
 abundan
es of 
arbon dioxide and1184 marine air. Geo
him. Cosmo
him. A
ta, 24:277�298.1185 [Kendall and Coplen, 2001℄ Kendall, C. and Coplen, T. B. (2001). Distribution of oxygen-18 and1186 deuterium in river waters a
ross the United States. Hydrol. Pro
esses, 15:1363�1393.1187 [Knohl et al., 2003℄ Knohl, A., S
hulze, E.-D., Kolle, O., and Bu
hmann, N. (2003). Large 
arbon1188 uptake by an unmanaged 250-year-old de
iduous forest in Central Germany. Agri
ultural and Forest1189 Meteorology, 118:151�167.1190 [Knohl et al., 2007℄ Knohl, A., Tu, K. P., Boukili, V., Brooks, P. D., Mambelli, S., Riley, W. J., and1191 Dawson, T. E. (2007). MIBA-US: Temporal and Spatial Variation of Water Isotopes in Terrestrial1192 E
osystems A
ross the United States. Eos Trans. AGU, 88 (52).1193
51



[Koster and Milly, 1996℄ Koster, R. D. and Milly, P. C. D. (1996). The Interplay between Transpira-1194 tion and Runo� Formulations in Land Surfa
e S
hemes Used with Atmospheri
 Models. J. Clim.,1195 10:1578�1591.1196 [Krabbenhoft, 1990℄ Krabbenhoft, D. P. (1990). Estimating groundwater ex
hange with lakes 1. the1197 stable isotope mass balan
e method. Water Resour. Res., 26 (10):2445�2453.1198 [Krato
hvilová et al., 1989℄ Krato
hvilová, I., Janous, D., Marek, M., Barták, M., and Ríha, L. (1989).1199 Produ
tion a
tivity of mountain 
ultivated norway spru
e stands under the impa
t of air pollution.1200 i. general des
ription of problems. EKOLOGIA(CSSR)/ECOLOGY(CSSR)., 8(4):407�419.1201 [Krinner et al., 2005℄ Krinner, G., Viovy, N., de Noblet-Du
oudre, N., Ogee, J., Pol
her, J., Friedling-1202 stein, P., Ciais, P., Sit
h, S., and Prenti
e, I. C. (2005). A dynami
 global vegetation model for1203 studies of the 
oupled atmosphere-biosphere system. Glob. Biogeo
hem. Cy
les, 19.1204 [Kurz-Besson et al., 2006℄ Kurz-Besson, C., Otieno, D., Lobo do Vale, R., Siegwolf, R., S
hmidt, M.,1205 Herd, A., Nogueira, C., David, T. S., David, J. S., John Tenhunen, Pareiro, J. S., and Chaves, M.1206 (2006). Hydrauli
 Lift in Cork Oak Trees in a Savannah-Type Mediterranean E
osystem and its1207 Contribution to the Lo
al Water Balan
e . Plant and Soil, 282 (1-2):361�378, DOI: 10.1007/s11104�1208 006�0005�4.1209 [Ladou
he et al., 2001℄ Ladou
he, B., Probst, A., Viville, D., Idir, S., Baqué, D., Loubet, M., Probst,1210 J.-L., and Baria
, T. (2001). Hydrograph separation using isotopi
, 
hemi
al and hydrologi
al1211 approa
hes (strengba
h 
at
hment, fran
e). Journal of hydrology, 242(3):255�274.1212 [Lai et al., 2006a℄ Lai, C.-T., Ehleringer, J., Bond, B., and U, K. P. (2006a). Contributions of evap-1213 oration, isotopi
 non-steady state transpiration, and atmospheri
 mixing on the deltaO18 of water1214 vapor in Pa
i�
 Northwest 
oniferous forests. Plant, Cell and Environment, 29(1):77�94.1215 [Lai et al., 2006b℄ Lai, C.-T., Riley, W., Owensby, C., Ham, J., S
hauer, A., and Ehleringer, J. R.1216 (2006b). Seasonal and interannual variations of 
arbon and oxygen isotopes of respired CO2 in a1217 tallgrass prairie: Measurements and modeling results from 3 years with 
ontrasting water availability.1218 J. Geophys. Res., 111:D08S06,doi:10.1029/2005JD006436.1219 52



[Lawren
e et al., 2007℄ Lawren
e, D. M., Thornton, P. E., Oleson, K. W., and Bonan, G. B. (2007).1220 The partitioning of evapotranspiration into transpiration, soil evaporation, and 
anopy evaporation1221 in a g
m: Impa
ts on land?atmosphere intera
tion. J. Hydrometeor, 8:862?880.1222 [Lean and Rowntree, 1997℄ Lean and Rowntree, P. (1997). Understanding the sensitivity of a GCM1223 simulation of Amazonian deforestation to the spe
i�
ation of vegetation and soil 
hara
teristi
s. J.1224 Clim., 10:1216�1235.1225 [Lee et al., 2007℄ Lee, X., Kim, K., and Smith, R. (2007). Temporal variations of the 18O/16O signal1226 of the whole-
anopy transpiration in a temperate forest. Global Biogeo
hem. Cy
les, 21:GB3013,1227 doi:10.1029/2006GB002871.1228 [Mahfouf et al., 1996℄ Mahfouf, J.-F., Ciret, C., Du
harne, A., Irannejad, P., Noilhan, J., Shao, Y.,1229 PThornton, Xue, Y., and Yang, Z.-L. (1996). Analysis of transpiration results from the RICE and1230 PILPS Workshop. Glob. Planet. Change, 13:73�88.1231 [Majoube, 1971a℄ Majoube, M. (1971a). Fra
tionnement en O18 entre la gla
e et la vapeur d'eau.1232 Journal de Chimie Physique, 68:625�636.1233 [Majoube, 1971b℄ Majoube, M. (1971b). Fra
tionnement en Oxygène 18 et en Deutérium entre l'eau1234 et sa vapeur. Journal de Chimie Physique, 10:1423�1436.1235 [Manabe et al., 1965℄ Manabe, S., Smagorinsky, J., and Stri
kler, R. (1965). Simulated 
limatology of1236 a general 
ir
ulation model with a hydrologi
 
y
le. Mon. Weath. Rev., 93:769�798.1237 [Marti et al., 2005℄ Marti, O., Bra
onnot, P., Bellier, J., Benshila, R., Bony, S., Bro
kmann, P., Cdule,1238 P., Caubel, A., Denvil, S., Dufresne, J.-L., Fairhead, L., Filiberti, M.-A., Foujols, M.-A., Fi
hefer,1239 T., Friedlingstein, P., Grandpeix, J.-Y., Hourdin, F., Krinner, G., Lévy, C., Made
, G., Musat,1240 I., de Noblet, N., Pol
her, J., and Tanlandier, C. (2005). The new IPSL 
limate system model:1241 IPSL-CM4. Te
hni
al report, IPSL, Note du p�le de modélisation de l'IPSL, 26: 1-86.1242 [Masson-Delmotte et al., 2008℄ Masson-Delmotte, V., Hou, S., Ekaykin, A., Jouzel, J., Aristarain, A.,1243 Bernardo, R. T., Bromwhi
h, D., Cattani, O., Delmotte, M., Falourd, S., Frezzotti, M., Gallée, H.,1244 53



Genoni, L., Isaksson, E., Landais, A., Helsen, M., Ho�mann, G., Lopez, J., Morgan, V., Motoyama,1245 H., Noone, D., Oerter, H., Petit, J., Royer, A., Uemura, R., S
hmidt, G., S
hlosser, E., Simoes,1246 J., Steig, E., Stenni, B., Stievenard, M., van den Broeke, M., van de Wal, R., van den Berg, W.-1247 J., Vimeux, F., and White, J. (2008). A review of Antar
ti
 surfa
e snow isotopi
 
omposition:1248 observations, atmospheri
 
ir
ulation and isotopi
 modelling. J. Climate, 21:3359�3387.1249 [Masson-Delmotte et al., 2005℄ Masson-Delmotte, V., Landais, A., Stievenard, M., Cattani, O.,1250 Falourd, S., Jouzel, J., Johnsen, S. J., Dahl-Jensen, D., Sveinsbjornsdottir, A., White, J. W. C.,1251 Popp, T., and Fis
her, H. (2005). Holo
ene 
limati
 
hanges in Greenland: Di�erent deuterium1252 ex
ess signals at Greenland I
e Core Proje
t (GRIP) and NorthGRIP. J. Geophys. Res., 110.1253 [Mathieu and Baria
, 1996℄ Mathieu, R. and Baria
, T. (1996). A numeri
al model for the simulation1254 of stable isotope pro�les in drying soils. J. Geophys. Res., 101 (D7):12685�12696.1255 [M
Carroll and Loader, 2004℄ M
Carroll, D. and Loader, N. (2004). Stable isotopes in tree rings.1256 Quat. S
i. Rev., 23:771�801.1257 [M
Dermott, 2004℄ M
Dermott, F. (2004). Palaeo-
limate re
onstru
tion from stable isotope varia-1258 tions in speleothems: a review. Quaternary S
ien
e Reviews, 23 (7-8):901�918.1259 [Meehl et al., 2007℄ Meehl, G. A., Covey, K., Delworth, T., Latif, M., M
Avaney, B., Mit
hell, J. F. B.,1260 Stou�er, R. J., and Taylor, K. (2007). The WCRP CMIP3 multimodel dataset: A new era in 
limate1261 
hange resear
h. Bull. Am. Meteor. So
., 7:1383�1394.1262 [Melayah et al., 1996℄ Melayah, A., Bru
kler, L., and Baria
, T. (1996). Modeling the transport of1263 water stable isotopes in unsaturated soils under natural 
onditions 1. theory. water resour
es res.,1264 32:2047�2054.1265 [Merlivat and Nief, 1967℄ Merlivat, L. and Nief, G. (1967). Fra
tionnement isotopique lors des 
hange-1266 ments d'états solide-vapeur et liquide-vapeur de l'eau à des températures inférieures à 0C. Tellus,1267 19:122�127.1268
54



[Millet et al., 1997℄ Millet, A., Baria
, T., Ladou
he, B., Mathieu, R., Grimaldi, C., Grimaldi, M.,1269 Hubert, P., Moli
ova, H., Bru
kler, L., Valles, V., Bertuzzi, P., Brunet, Y., and Boulègue, J. (1997).1270 In�uen
e of deforestation on the hydrologi
al behavior of small tropi
al watersheds. Revue des1271 S
ien
es de l'eau, 1:61�84.1272 [Mills, 1973℄ Mills, R. (1973). Self di�usion in normal and heavy water in the range 1-45C. J. Phys.1273 Chem., 77:685�688.1274 [Milly et al., 2005℄ Milly, P. C. D., Dunne, K. A., and Ve

hia, A. V. (2005). Global pattern of trends1275 in stream�ow and water availability in a 
hanging 
limate. Nature, 17.1276 [Moran et al., 2009℄ Moran, M., , S
otta, R., Keefera, T., Emmeri
ha, W., Hernandeza, M., Nearing,1277 G., Paige, G., Cosh, M., , and O?Neille, P. (2009). Partitioning evapotranspiration in semiarid1278 grassland and shrubland e
osystems using time series of soil surfa
e temperature. Agri
. and For.1279 Meteorol., 149 (1):59�72.1280 [Moreira et al., 1997℄ Moreira, M., Sternberg, L., Martinelli, L., Vi
toria, R., Barbosa, E., Bonates,1281 C., and Nepstad, D. (1997). Contribution of transpiration to forest ambient vapor based on isotopi
1282 measurements. Global Change Biol., 3:439�450.1283 [Munni
h et al., 1980℄ Munni
h, K. O., Sonntag, C., Christmann, D., and Thoma, G. (1980). Isotope1284 fra
tionation due to evaporation from sand dunes. Z. Mitt. Zentralinst. Isot. Stralenfors
h., 29:319�1285 332.1286 [Ngo-Du
, 2005℄ Ngo-Du
, T. (2005). Modélisation des bilans hydrologiques 
ontinentaux : variabilité1287 interannuelle et tendan
es. Comparaison aux observations. PhD thesis, Université Pierre et Marie1288 Curie.1289 [Nijssen et al., 1997℄ Nijssen, B., Lettenmaier, D. P., Xu Liang, S., Wetzel, W., and Wood, E. F.1290 (1997). Stream�ow simulation for 
ontinental-s
ale river basins. Water Resour. Res., 33:711�724.1291 [Noone et al., 2012℄ Noone, D., Risi, C., Bailey, A., Brown, D., Buenning, N., Gregory, S., Nusbaumer,1292 J., Sykes, J., S
hneider, D., Vanderwende, B., Wong, J., Meillier, Y., and Wolf, D. (2012). Fa
tors1293 55




ontrolling moisture in the boundary layer derived from tall tower pro�les of water vapor isotopi
1294 
omposition following a snowstorm in 
olorado. Atmos. Chem. Phys. Dis
uss., 12:16327�16375,1295 doi:10.5194/a
pd�12�16327�2012.1296 [Nusbaumer, 2016℄ Nusbaumer, J. (2016). An examination of atmospheri
 river moisture transport1297 and hydrology using isotope-enabled CAM5. PhD thesis, University of Colorado at Boulder.1298 [Ogée et al., 2003℄ Ogée, J., Brunet, Y., Loustau, D., Berbigier, P., and Delzon, S. (2003). MuSICA,1299 a CO2, water and energy multilayer, multileaf pine forest model: evaluation from hourly to yearly1300 time s
ales and sensitivity analysis. Global Change Biology, 9 (5):697�717, DOI: 10.1046/j.1365�1301 2486.2003.00628.x.1302 [Ogée et al., 2007℄ Ogée, J., Cuntz, M., Peylin, P., and Baria
, T. (2007). Non-steady-state, non-1303 uniform transpiration rate and leaf anatomy e�e
ts on the progressive stable isotope enri
hment of1304 leaf water along mono
ot leaves. Plant, Cell and Environment, 30:367�387.1305 [Oki and Sud, 1998℄ Oki, T. and Sud, Y. C. (1998). Design of Total Runo� Integrating Pathways1306 (TRIP) - A Global River Channel Network. Earth Intera
tions, 2:1�36.1307 [Pitman et al., 2009℄ Pitman, A. J., de Noblet-Du
oudre, N., Cruz, F. T., Davin, E. L., Bonan, G. B.,1308 Brovkin, V., Claussen, M., Delire, C., Ganzeveld, L., Gayler, V., van den Hurk, B. J. J. M., Lawren
e,1309 P. J., van der Molen, M. K., Muller, C., Rei
k, C. H., Seneviratne, S. I., Strengers, B. J., , and1310 Voldoire, A. (2009). Un
ertainties in 
limate responses to past land 
over 
hange: First results from1311 the LUCID inter
omparison study. Geophy. Res. Lett., 36:L14814, doi:10.1029/2009GL039076.1312 [Pol
her, 2003℄ Pol
her, J. (2003). Les pro
essus de surfa
e à l'é
helle globale et leurs intera
tions ave
1313 l'atmosphère. In Thèse d'habilitation à diriger des re
her
hes, Université Paris 6.1314 [Pol
her et al., 1996℄ Pol
her, J., Laval, K., D�menil, L., Lean, J., and Rowntree, P. (1996). Comparing1315 three land surfa
e s
hemes used in general 
ir
ulation models. J. Hydrol., 180:373�394.1316
56



[Qu and Henderson-Sellers, 1998℄ Qu, W. and Henderson-Sellers, A. (1998). Comparing the s
atter in1317 pilps o�-line experiments with that in amip i 
oupled experiments. Global and Planetary Change,1318 19:209�223.1319 [Raz-Yaseef et al., 2009℄ Raz-Yaseef, N., Yakir, D., Rotenberg, E., S
hiller, G., and Cohen, S. (2009).1320 E
ohydrology of a semi-arid forest: partitionning among water balan
e 
omponents and its impli-1321 
ations for predi
ted pre
ipitation 
hanges. E
ohydrolohy, page 10.1002/e
o.65.1322 [Raz-Yaseef et al., 2012℄ Raz-Yaseef, N., Yakir, D., S
hill, and Cohen, S. (2012). Dynami
s of evapo-1323 transpiration partitioning in a semi-arid forest as a�e
ted by temporal rainfall patterns. Agr. Forest1324 Meteorol, 157:77�85.1325 [Riley et al., 2002℄ Riley, W. J., Still, J., Torn, M. S., and Berry, J. A. (2002). A me
hanisti
 model1326 of H218O and C18OO �uxes between e
osystems and the atmosphere: Model des
ription and sen-1327 sitivity analyses. Global Biogeo
hem. Cy
les, 16 (4):1095, doi:10.1029/2002GB001878.1328 [Risi, 2009℄ Risi, C. (2009). Les isotopes stables de l'eau: appli
ations à l'étude du 
y
le de l'eau et1329 des variations du 
limat. PhD thesis, Université Pierre et Marie Curie.1330 [Risi et al., 2010a℄ Risi, C., Bony, S., Vimeux, F., Frankenberg, C., and Noone, D. (2010a). Under-1331 standing the Sahelian water budget through the isotopi
 
omposition of water vapor and pre
ipita-1332 tion. J. Geophys. Res, 115, D24110:doi:10.1029/2010JD014690.1333 [Risi et al., 2010b℄ Risi, C., Bony, S., Vimeux, F., and Jouzel, J. (2010b). Water stable isotopes1334 in the LMDZ4 General Cir
ulation Model: model evaluation for present day and past 
limates1335 and appli
ations to 
limati
 interpretation of tropi
al isotopi
 re
ords. J. Geophys. Res., 115,1336 D12118:doi:10.1029/2009JD013255.1337 [Risi et al., 2013℄ Risi, C., Noone, D., Frankenberg, C., and Worden, J. (2013). Role of 
ontinental1338 re
y
ling in intraseasonal variations of 
ontinental moisture as dedu
ed from model simulations and1339 water vapor isotopi
 measurements. Water Resour. Res., 49:4136�4156, doi: 10.1002/wr
r.20312.1340
57



[Risi et al., 2012℄ Risi, C., Noone, D., Worden, J., Frankenberg, C., Stiller, G., Kiefer, M., Funke,1341 B., Walker, K., Bernath, P., S
hneider, M., Wun
h, D., Sherlo
k, V., Deuts
her, N., Gri�th, D.,1342 Wernberg, P., Bony, S., Jeonghoon Lee, D. B., Uemura, R., and Sturm, C. (2012). Pro
ess-evaluation1343 of tropi
al and subtropi
al tropospheri
 humidity simulated by general 
ir
ulation models using1344 water vapor isotopi
 observations. Part 1: model-data inter
omparison. J. Geophy. Res., 117:D05303.1345 [Robo
k et al., 1998℄ Robo
k, A., S
hlossera, C. A., Vinnikova, K. Y., Speranskayad, N. A., Entina,1346 J. K., and Qiua, S. (1998). Evaluation of the AMIP soil moisture simulations . Glob. Planet. Change,1347 19 (1-4):181�208.1348 [Robo
k et al., 2000℄ Robo
k, A., Vinnikov, K. Y., Srinivasan, G., Entin, J. K., Hollinger, S. E.,1349 Speranskaya, N. A., Liu, S., and Namkhai, A. (2000). The global soil moisture data bank. Bull.1350 Am. Meteor. So
., 81:1281�1299.1351 [Rodriguez-Iturbe et al., 1995℄ Rodriguez-Iturbe, I., Vogel, G., Rigon, R., Entekhabi, D., Castelli, F.,1352 and Rinaldo, A. (1995). On the spatial organization of soil moisture �elds. Geophys. Res. Lett.,1353 22:2757�2760.1354 [Rosnay and Pol
her, 1998℄ Rosnay, P. D. and Pol
her, J. (1998). Modelling root water uptake in a1355 
omplex land surfa
e s
heme 
oupled to a GCM. Hydrol. Earth S
i., 2:239�255.1356 [Rothfuss et al., 2010℄ Rothfuss, Y., Biron, P., Braud, I., Canale, L., Durand, J.-L., Gaudet, J.-P.,1357 Ri
hard, P., Vau
lin, M., and Baria
, T. (2010). Partitioning evapotranspiration �uxes into soil1358 evaporation and plant transpiration using water stable isotopes under 
ontrolled 
onditions. Hydro-1359 logi
al pro
esses, 24(22):3177�3194.1360 [Rozanski et al., 1993℄ Rozanski, K., Araguas-Araguas, L., and Gon�antini, R. (1993). Isotopi
 pat-1361 terns in modern global pre
ipitation. Geophys. Monogr. Seri., AGU, Climate Change in Continental1362 Isotopi
 re
ords.1363 [Ryder et al., 2016℄ Ryder, J., Pol
her, J., Peylin, P., Ottlé, C., Chen, Y., Gorsel, E. v., Haverd,1364 V., M
Grath, M., Naudts, K., Otto, J., et al. (2016). A multi-layer land surfa
e energy budget1365 58



model for impli
it 
oupling with global atmospheri
 simulations. Geos
ienti�
 Model Development,1366 9(1):223�245.1367 [Salati et al., 1979℄ Salati, E., Dall'Olio, A., Matsui, E., and Gat, J. (1979). Re
y
ling of water in the1368 Amazon basin: An isotopi
 study. Water Resour
es Resear
h, 15:1250�1258.1369 [S
hmid et al., 2000℄ S
hmid, H. P., Grimmond, C. S. B., Cropley, F., O�erle, B., and Su, H. B.1370 (2000). Measurements of 
o2 and energy �uxes over a mixed hardwood forest in the mid-western1371 united states. Agri
ultural and Forest Meteorology, 103 (4):357�374.1372 [Seneviratne et al., 2010℄ Seneviratne, S. I., Corti, T., Davin, E. L., Hirs
hi, M., Jaeger,1373 E. B., Lehner, I., Orlowsky, B., and Teuling, A. J. (2010). Investigating soil moisture-1374 
limate intera
tions in a 
hanging 
limate: a review. Earth-S
i Rev., 99 (3-4):125�161,1375 doi.org/10.1016/j.ears
irev.2010.02.004.1376 [Shi et al., 2011a℄ Shi, C., Daux, V., Risi, C., Hou, S.-G., Stievenard, M., Pierre, M., Li, Z., and1377 Masson-Delmotte, V. (2011a). Re
onstru
tion of southeast Tibetan Plateau summer 
loud 
over1378 over the past two 
enturies using tree ring delta18O. Clim. Past, pages doi:10.5194/
pd�7�1825�1379 2011.1380 [Shi et al., 2011b℄ Shi, C., Masson-Delmotte, V., Risi, C., Eglin, T., Stievenard, M., Pierre, M.,1381 bin Zhang, Q., and Daux, V. (2011b). Sampling Strategy and Climati
 Impli
ations of Tree-1382 Ring Stable isotopes in Southeast Tibetan Plateau. Earth Planet. S
i. Lett., 301 (1?2):307�316,1383 doi:10.1016/j.epsl.2010.11.014.1384 [Sit
h, 2003℄ Sit
h, S. e. a. (2003). Evaluation of e
osystem dynami
s, plant geography and terrestrial1385 
arbon 
y
ling in the LPJ dynami
 vegetation model. Global Change Biol., 9:161�185.1386 [Sokratov and Golubev, 2009℄ Sokratov, S. A. and Golubev, V. N. (2009). Snow isotopi
 
ontent1387 
hange by sublimation. Journal of Gla
iology, 55 (193):823�828.1388 [Solomon, 2007℄ Solomon, S. (2007). Climate 
hange 2007-the physi
al s
ien
e basis: Working group1389 I 
ontribution to the fourth assessment report of the IPCC, volume 4. Cambridge University Press.1390 59



[Stella et al., 2009℄ Stella, P., Lamaud, E., Brunet, Y., Bonnefond, J.-M., Loustau, D., , and Irvine,1391 M. (2009). Simultaneous measurements of CO2 and water ex
hanges over three agroe
osystems in1392 South-West Fran
e. Biogeos
ien
es Dis
uss., 6:2489�2522.1393 [Stewart, 1975℄ Stewart, M. K. (1975). Stable isotope fra
tionation due to evaporation and isotopi
1394 ex
hange of falling waterdrops: Appli
ations to atmospheri
 pro
esses and evaporation of lakes. J.1395 Geophys. Res., 80:1133�1146.1396 [Twining et al., 2006℄ Twining, J., Stone, D., Tadros, C., Henderson-Sellers, A., and A, W. (2006).1397 Moisture Isotopes in the Biosphere and Atmosphere (MIBA) in Australia: A priori estimates and1398 preliminary observations of stable water isotopes in soil, plant and vapour for the Tumbarumba1399 Field Campaign. Global and Planetary Change, 51:59�72.1400 [Uppala et al., 2005℄ Uppala, S., Kallberg, P., Simmons, A., Andrae, U., da Costa Be
htold, V., Fior-1401 ino, M., Gibson, J., Haseler, J., Hernandez, A., Kelly, G., Li, X., Onogi, K., Saarinen, S., Sokka,1402 N., Allan, R., Andersson, E., Arpe, K., Balmaseda, M., Beljaars, A., van de Berg, L., Bidlot, J.,1403 Bormann, N., Caires, S., Chevallier, F., Dethof, A., Dragosava
, M., Fisher, M., Fuentes, M., Hage-1404 mann, S., Holm, E., Hoskins, B., Isaksen, L., Janssen, P., Jenne, R., M
Nally, A., Mahfouf, J.-F.,1405 Mor
rette, J.-J., Rayner, N., Saunders, R., Simon, P., Sterl, A., Trenberth, K., Unt
h, A., Vasilje-1406 vi
, D., Viterbo, P., and Woollen, J. (2005). The ERA-40 re-analysis. Quart. J. Roy. Meteor. So
.,1407 131:2961�3012.1408 [Va
haud et al., 1985℄ Va
haud, G., Passerat de Silans, A., Balabanis, P., and Vau
lin, M. (1985).1409 Temporal stability of spatially measured soil water probability density fun
tion. Soil S
i. So
. Am.,1410 49:822�828.1411 [Va
hon et al., 2007℄ Va
hon, R. W., White, J. W. C., Gutmann, E., and Welker, J. M. (2007).1412 Amount-weighted annual isotopi
 (d18O) values are a�e
ted by the seasonality of pre
ipitation:1413 A sensitivity study. Geophy. Res. Lett., 34:L21707, doi:10.1029/2007GL030547.1414
60



[Valentini et al., 2000℄ Valentini, R., Matteu

i, G., Dolman, A., S
hulze, E.-D., Rebmann, C., Moors,1415 E., Granier, A., Gross, P., Jensen, N., Pilegaard, K., et al. (2000). Respiration as the main deter-1416 minant of 
arbon balan
e in european forests. Nature, 404(6780):861�865.1417 [van der Ent et al., 2010℄ van der Ent, R. J., Savenje, H. H. G., S
hae�i, B., and Steele-Dunne, S. C.1418 (2010). Origin and fate of atmopheri
 moisture over 
ontinents. Water Resour. Res., 46:W09525.1419 [Vinnikov et al., 1996℄ Vinnikov, K., Robo
k, A., Speranskaya, N., and S
hlosser, C. A. (1996). S
ales1420 of temporal and spatial variability of midlatitude soil moisture. J. Geophys. Res., 101:7163?7174.1421 [Vitvar et al., 2006℄ Vitvar, T., Aggarwal, P., and Her
zeg, A. (2006). Towards a global network for1422 monitoring isotopes in rivers. Geophys. Res. Abstra
ts, EGU, 8.1423 [Vitvar et al., 2007℄ Vitvar, T., Aggarwal, P. K., and Her
zeg, A. L. (2007). Global network is laun
hed1424 to monitor isotopes in rivers. Eos Trans. AGU, 88 (33):doi:10.1029/2007EO330001.1425 [Voelker et al., 2014℄ Voelker, S., Brooks, J., Meinzer, F., Roden, J., Pazdur, A., Pawel
zyk, S., Hart-1426 sough, P., Snyder, K., L., P., and J., S. (2014). Isolating relative humidity: dual isotopes delta18o1427 and deltad as deuterium deviations from the global meteori
 water line. E
ologi
al Appli
ations,1428 24:960�975.1429 [Wang et al., 2010℄ Wang, L., Caylor, K. K., Villegas, J. C., Barron-Ga�ord, G. A., Breshears, D. D.,1430 and Huxman, T. E. (2010). Partitioning evapotranspiration a
ross gradients of woody plant 
over:1431 Assessment of a stable isotope te
hnique. Geophy. Res. Lett., 37:L09401, doi:10.1029/2010GL043228.1432 [Washburn and Smith, 1934℄ Washburn, E. and Smith, E. (1934). The isotopie fra
tionation of water1433 by physiologi
al pro
esses. S
ien
e, 79:188�189.1434 [Weiler et al., 2003℄ Weiler, M., M
Glynn, B. L., M
Guire, K. J., and M
Donnell, J. J. (2003). How1435 does rainfall be
ome runo�? A 
ombined tra
er and runo� transfer fun
tion approa
h. Water1436 Resour
es Resear
h, 39.1437 [Wels et al., 1991℄ Wels, C., Cornett, J., and Lazerte, B. D. (1991). Hydrograph separation: a 
om-1438 parison of geo
hmi
al and isotopi
 tra
ers. J. Hydrol., 122:253�274.1439 61



[Wetzel et al., 1996℄ Wetzel, P. J., Liang, X., Irannejad, P., Boone, A., Noilhane, J., Shao, Y., Skelly,1440 C., Xue, Y., , and Yang, Z. L. (1996). Modeling vadose zone liquid water �uxes: In�ltration, runo�,1441 drainage, inter�ow. Global and Planetary Change, 13 (1-4):57�71.1442 [Williams et al., 2004℄ Williams, D. G., Cable, W., Hultine, K., and 
o authorso (2004). Evapotranspi-1443 ration 
omponents determined by stable isotope, sap �ow and eddy 
ovarian
e te
hniques. Agri
ult.1444 Forest. Meteor., 125:241�258.1445 [Wingate et al., 2010℄ Wingate, L., Ogée, J., Burlett, R., and Bos
, A. (2010). Strong seasonal disequi-1446 librium measured between the oxygen isotope signals of leaf and soil CO2 ex
hange. Glob. Change1447 Biology, pages doi: 10.1111/j.1365�2486.2010.02186.x.1448 [Wingate et al., 2009℄ Wingate, L., Ogée, J., Cuntz, M., Genty, B., andUlli Seibtf, I. R., Yakir, D.,1449 Maseyk, K., Pendallh, E. G., Barbouri, M. M., Mortazavij, B., Burlett, R., Peylin, P., Miller, J.,1450 Men
u

ini, M., Shimn, J. H., Hunti, J., , and Gra
ea, J. (2009). The impa
t of soil mi
roorganisms1451 on the global budget of deltaO18 in atmospheri
 CO2. PNAS, page doi: 10.1073/pnas.0905210106.1452 [Wong, 2016℄ Wong, T. (2016). The Impa
t of Stable Water Isotopi
 Information on Parameter Cali-1453 bration in a Land Surfa
e Model. PhD thesis, University of Colorado at Boulder.1454 [Yakir and Sternberg, 2000℄ Yakir, D. and Sternberg, L. d. S. L. (2000). The use of stable isotopes to1455 study e
osystem gas ex
hange. Oe
ologia, 123:297�311.1456 [Yakir and Wang, 1996℄ Yakir, D. and Wang, X.-F. (1996). Fluxe of CO2 and water between terrestrial1457 vegetation and the atmosphere estimated from isotope measurements. Nature, 380:515�517.1458 [Yakir and Ye
hieli, 1995℄ Yakir, D. and Ye
hieli, Y. (1995). Plant invasion of newly exposed hyper-1459 saline Dead Sea shore. Nature, 374:803�805.1460 [Yepez et al., 2003℄ Yepez, E., Williams, S., S
ott, R., and Lin, G. (2003). Partitioning overstory and1461 understory evapotranspiration in a semiarid savanna woodland from the isotopi
 
omposition of1462 water vapor. Agri
ultural and Forest Meteorology, 119:53�68.1463 62



[Yoshimura et al., 2008℄ Yoshimura, K., Kanamitsu, M., Noone, D., and Oki, T. (2008). His-1464 tori
al isotope simulation using reanalysis atmospheri
 data. J. Geophys. Res., 113:D19108,1465 doi:10.1029/2008JD010074.1466 [Yoshimura et al., 2006℄ Yoshimura, K., Miyazaki, S., Kanae, S., and Oki, T. (2006). Iso-MATSIRO,1467 a land surfa
e model that in
orporates stable water isotopes. Glob. Planet. Change, 51:90�107.1468 [Yoshimura et al., 2004℄ Yoshimura, K., Oki, T., Ohte, N., and Kanae, S. (2004). Colored moisture1469 analysis estimates of variations in 1998 asian monsoon water sour
es. J. Meteor. So
. Japan, 82:1315�1470 1329.1471 [Zhang et al., 2010℄ Zhang, G., Le
ler
1, M. Y., and Karipot, A. (2010). Lo
al �ux-pro�le relationships1472 of wind speed and temperature in a 
anopy layer in atmospheri
 stable 
onditions. Biogeos
ien
es,1473 7:3625?3636, doi:10.5194/bg�7�3625�2010.1474 [Zhu et al., 2015℄ Zhu, D., Peng, S., Ciais, P., Viovy, N., Druel, A., Kageyama, M., Krinner, G., Peylin,1475 P., Ottlé, C., Piao, S., et al. (2015). Improving the dynami
s of northern hemisphere high-latitude1476 vegetation in the or
hidee e
osystem model. Geos
ienti�
 Model Development, 8(7):2263�2283.1477 [Zimmermann et al., 1967℄ Zimmermann, U., Ehhalt, E., and Munni
h, K. (1967). Soil-water move-1478 ment and evapotranspiration: 
hanges in the isotopi
 
omposition of the water. Pro
eedings of the1479 symposium on isotopes in hydrology, 14-18 November, IAEA, Vienna:567�585.1480

63



qw

Slow reservoirD

qsg

qsb

P Ew T Es S

M

E

qsnow

R

Ps

a

b

Fast reservoir Stream reservoir

ORCHIDEE
LMDZ atmospheri
 GCM

o
ean: pres
ribedsurfa
e temperaturesea-i
e land i
e

Figure E.1: a) The four sub-surfa
es in the LMDZ GCM: land, o
ean, sea i
e and land i
e. Their relativefra
tion in ea
h grid box is pres
ribed. The sea surfa
e temperature of the o
ean is pres
ribed, and intera
-tively 
al
ulated for sea-i
e and land-i
e. Over land, the land-surfa
e model (LSM) ORCHIDEE 
al
ulatesintera
tively the surfa
e temperature and outgoing water �uxes. b) Water �uxes and pools represented in theORCHIDEE LSM. Water pools are the soil water in the super�
ial (qsg) and bottom (qsb) layers, the waterinter
epted by the 
anopy (qw) and the snow pa
k (qsnow). Fluxes onto the land surfa
e are the total rain (P )and snow (S), and possibly dew or frost. As some rain is inter
epted by the 
anopy, only throughfall rain (Ps)arrives at the soil surfa
e. Evaporation �uxes are the evaporation of inter
epted water (Ew), transpirationby the vegetation (T ), bare soil evaporation (E) and snow sublimation (Es). Snow melt may be transferredfrom the snow pa
k to the soil (M). Water from rainfall, melt (and possibly dew) ex
eeding the soil 
apa
ityis 
onverted to surfa
e runo� (R) and drainage (D). The routing model then transfers surfa
e runo� anddrainage to streams. 64



0.1 3 4210.5

annual−mean precipitation (mm/d)

MMSF

DOFO

BFOA
Tharandt Hainich

Brloh
Mitra

Le Bray
Bily Kriz

Yatir

70N

50N

30N

10N

160W 100W 40W 20E 60E

Figure E.2: Lo
ation of the ten stations used in this study for single-point model-data 
omparison. Theba
kground represents the annual-mean pre
ipitation from GPCP (Global Pre
ipitation ClimatologyProje
t) to illustrate the diversity of 
limate regimes 
overed by the ten stations. Ea
h station isdes
ribed in more detail in table 1.

65



−20

−15

−10

−5

 0

 5

 10

 15

 2  4  6  8  10  12

−15

−10

−5

 0

 5

 10

 15

 20

 2  4  6  8  10  12

−30

−25

−20

−15

−10

−5

 0

 5

 10

 2  4  6  8  10  12 2  4  6  8  10  12

−20
−10
 0
 10
 20
 30
 40
 50
 60
 70

−30

 0

 20

 40

 60

 80

 100

 120

 2  4  6  8  10  12

 2  4  6  8  10  12
 0

 20

 40

 60

 80

 100

 120

−20
 0
 20
 40
 60
 80
 100
 120
 140
 160
 180
 200

 2  4  6  8  10  12

 2  4  6  8  10  12
−40

−20

 0

 20

 40

 60

 80

 100

 120

 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 1

 2  4  6  8  10  12

 0

 0.2

 0.4

 0.6

 0.8

 1

 2  4  6  8  10  12

 0

 0.2

 0.4

 0.6

 0.8

 1

 2  4  6  8  10  12

 2  4  6  8  10  12
−20

−15

−10

−5

 0

 5

 10

−15

−10

−5

 0

 5

 10

 15

 2  4  6  8  10  12

data not available

month

month

data not available

monthmonth

month

month

month

month month

month

month

month

month

ERA-InterimobservationsORCHIDEE simulation Key for latent �ux plotssensiblelatent stem waterKey for δ18O plotspre
ip for
ingvapor for
ingsoil waterleaf water

d) f)f)Yatir

δ
1
8
O

(h)

δ
1
8
O

(h)

δ
1
8
O

(h)

δ
1
8
O

(h)
δ
1
8
O

(h)

g) i)h)MMSF
j) k) l)DOFO heat�ux(W

/m2)
m) n)BFOA heat�ux(W

/m2) o)

heat�ux(W
/m2)hea
t�ux(W/m
2)

a) 
)b)
heat�ux(W
/m2)Le Bray SWC

SWC
SWC

Figure E.3: Evaluation of hydrologi
al and isotopi
 variables simulated by ORCHIDEE on di�erentMIBA or Carbo-Europe sites. a, d, g, j, m: latent (green) and sensible (red) heat �uxes observedlo
ally when available (
ir
les), simulated in the ERA-Interim reanalyses (stars) and simulated byORCHIDEE (lines). b, e, h, k, n: normalized soil moisture 
ontent (SWC, without unit) observedlo
ally (
ir
les) and simulated by ORCHIDEE (lines). 
, f, i, l, o: δ18O of the surfa
e soil (brown) andstems (green) simulated by ORCHIDEE in the 
ontrol o�ine simulations (thin 
urves) and observed(
ir
les). Observed δ18O in pre
ipitation (thi
k dashed red) and vapor (thi
k dashed blue) used asfor
ing are also shown. a-
: Le Bray, d-f: Yatir, g-i: Morgan-Monroe, j-l: Donaldson Forest, m-o:An
horage. The normalized SWC (soil water 
ontent) is 
al
ulated as explained in se
tion 3.1.1.66



 2  4  6  8  10  12
−20

 0

 20

 40

 60

 80

 100

 120

−40
−20
 0
 20
 40
 60
 80
 100
 120

 4  6  8  10  12 2

−40
−20
 0
 20
 40
 60
 80
 100
 120

 2  4  6  8  10  12

−40

−20

 0

 20

 40

 60

 80

 100

 2  4  6  8  10  12

−60
−40
−20
 0
 20
 40
 60
 80
 100

 2  4  6  8  10  12  2  4  6  8  10  12
 0

 0.2

 0.4

 0.6

 0.8

 1

 2  4  6  8  10  12
 0

 0.2

 0.4

 0.6

 0.8

 1

 2  4  6  8  10  12

 0.2

 0.4

 0.6

 0.8

 0

 1

 2  4  6  8  10  12
−20
−15
−10
−5
 0
 5
 10
 15
 20

−25
−20
−15
−10
−5
 0
 5
 10
 15

 2  4  6  8  10  12

−25

−20

−15

−10

−5

 0

 5

 2  4  6  8  10  12

 2  4  6  8  10  12
−25
−20
−15
−10
−5
 0
 5
 10
 15

−25
−20
−15
−10
−5
 0
 5
 10
 15
 20

 2  4  6  8  10  12

data not available

data not available

month

month

month

monthmonth

monthmonth

month

month

month

month

month

ERA-InterimORCHIDEE simulationobservations sensiblelatentKey for latent �ux plots Key for δ18O plotspre
ip for
ingvapor for
ingsoil waterstem waterleaf water

Mitra
Bily f)
Brloh

heat�ux(W
/m2)

i)


)
g)
j)
m)
p)

δ
1
8
O

(h)
δ
1
8
O

(h)

δ
1
8
O

(h)
SWC

SWCheat�ux(W
/m2)hea
t�ux(W/m
2)heat�
ux(W/m2)
heat�ux(W
/m2)

Haini
h

δ
1
8
O

(h)a)

h)
e)

k) l)

Tharandt n) SWC o)

b)

δ
1
8
O

(h)

Figure E.4: Same as �gure E.3 but for Mitra (a-
), Bily Kriz (d-f), Brloh (g-i), Haini
h (j-l: DonaldsonForest), and Tharandt (m-o)
67



b)a)

15

10

5

0

0 5 10 15 −2 0 2 4

−2

0

2

4

LeBray

Yatir

DOFO

MMSF

BFOA

Hainich

Tharandt

Brloh

Bily

Mitra

Stem water

Soil water

Leaf water

Water reservoir: ORCHIDEE or observations:

ORCHIDEE

observations

Sites:

y=x
y=x

δ
1
8
O

re
se

rv
oi

r
−

δ
1
8
O

p

ORCHIDE
E(h)

δ
1
8
O

st
em

−
δ

1
8
O

p

(h)

δ18Oreservoir − δ18Op observations (h) δ18Osoil − δ18Op (h)

Figure E.5: a) Relationship between simulated and observed annual-mean δ18O in the soil water(red), stem water (blue) and leaf water (green), to whi
h the pre
ipitation-weighted annual-meanpre
ipitation δ18O is subtra
ted. In the 
ase of perfe
t model-data agreement, markers should fall onthe y=x line. b) Relationship between the annual-mean δ18O in the soil water and in stem water, towhi
h the pre
ipitation-weighted annual-mean pre
ipitation δ18O is subtra
ted, for both ORCHIDEE(magenta) and observations (
yan). When soil and stem water share the same δ18O, they fall on they=x line.
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