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Troposhpere: 99% of water vapor and aerosols in atmosphere

½ of direct contribution to greenhouse effect 

Residence time of only 9-10 days in atmosphere 



Road map for lecture:

1) The hydrological cycle and atmospheric water 
vapor

2) Evaporation vs transpiration: an ecological 
perspective. Soil pore water – unknowns

3) Do lakes record catchment-scale E vs T? 

4) Sublimation and evaporation from seasonal 
snowpack



• Water vapor is an 
important greenhouse gas

• Clouds and tropospheric 
moisture have important 
radiative effects on Earth’s 
surface

• Land-surface feedbacks 
are important control on 
climate and precipitation

• Precipitation is important 
control on terrestrial 
ecosystem productivity

•Evapotranspiration and 
photosynthesis are linked 
through stomata

1) The hydrological cycle and atmospheric 
water vapor



Atmospheric water vapor at a global scale

àAtmospheric water vapor = 10-5 of water in oceans

àAtmospheric water vapor = 4x10-4 of water on continents

• >90% of ocean evaporation returns to ocean by precipitation
• The 8% of ocean water advecting to land accounts for about 3X as much 
precipitation due to evapotranspiration recycling

in Gat (2000) Hydrological Processes
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Download a Quicktime animation of this comparison (12 MB)

Total Rainfall
The rainfall maps show total monthly rainfall in millimeters as recorded by NASA’s Tropical Rainfall Measuring
Mission (TRMM) satellite. High rain totals are represented in dark blue, while small rainfall totals are shown in
white. TRMM measures rainfall in the tropics. High-latitude regions, where TRMM does not record rainfall, are
gray.

Net Primary Productivity
These maps show net primary productivity, which is how much carbon dioxide vegetation takes in during
photosynthesis minus how much carbon dioxide the plants release during respiration (metabolizing sugars and
starches for energy) or decay. The data come from the Moderate Resolution Imaging Spectroradiometer (MODIS)
on NASA’s Terra satellite. Values range from near 0 grams of carbon per square meter per day (tan) to 6.5 grams
per square meter per day (dark green). A negative value means decomposition or respiration overpowered carbon
absorption; more carbon was released to the atmosphere than the plants took in.

View, download, or analyze more of these data from NASA Earth Observations (NEO):
Total Rainfall
Net Primary Productivity
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NASA TRMM and MODIS data

http://eoimages.gsfc.nasa.g
ov/images/globalmaps/data
/mov/MOD17A2_M_PSN-
MYDAL2_M_SKY_WV.mov

Net primary productivity is driven largely by precipitation 
(and temperature)

http://eoimages.gsfc.nasa.gov/images/globalmaps/data/mov/MOD17A2_M_PSN-MYDAL2_M_SKY_WV.mov


112 B.E. Law et al. / Agricultural and Forest Meteorology 113 (2002) 97–120

Fig. 6. Monthly GEP increased with ET in: (a) evergreen coniferous forests, where black symbols are boreal forests; (b) deciduous broadleaf
forests, where gray symbols are poplar, white symbols are beech, and black symbols are oak/maple; (c) grasslands and croplands. (d) The
correlation was weaker for tundra vegetation. (e) Pooled data show that the slope was similar across biomes.

Law et al. 2002

Gross ecosystem production is positively correlated 
with evapotranspiration



Sterling et al. 2013

Change in global scale terrestrial ET with anthropogenic 
land-cover change

• Humans are appropriating 41% of terrestrial ET
• ET reduced by 5% (3,500 km3/yr)
• 7% increase in runoff



Isotopes and biosphere-atmosphere coupling of 
water

• What are the sources of air masses and atmospheric 
water vapor?

• What controls the isotope ratio of precipitation?
• What does the isotope ratio of water vapor at the land 

surface reveal about mixing of different air masses?
• How much of atmospheric moisture is recycled from 

terrestrial evapotranspiration? 
• What is the proportion of T vs E across terrestrial 

surfaces? 



Isotope Transfer Functions (ITFs)
Set of rules describing change in isotope composition resulting from 
the passage of water from input to output of a system (Gat 1997)

Fractionation

Selection

Mixing



• Trap using dry ice and EtOH (-

79°C) 

• Flow rate < 500 mL/min

• Need to capture enough water 

for isotopic analysis (0.5 mL for 

CO2-H2O equilibration; much less 

for Zn reduction, TC/EA or laser 

spectroscopy)

Vapor traps (old school)



Cavity Ring-Down Spectroscopy 
(CRDS); by Picarro

Cavity enhanced laser spectroscopy

Off-axis Integrated Cavity Output 
Spectroscopy (ICOS); by Los Gatos



NCAR C-130 Research Aircraft

Ameriflux tower in 
Snowy Range 
Wyoming

Adriana Bailey’s mobile lab

Sampling/observation platforms 
for isotopes in atmospheric water 
vapor

GOSAT and TES are sensitive to 
isotopic ratios of atmospheric water 
vapor 



Ideal Rayleigh model – no mixing, no recycling 



d18O

d2H
Evaporation
Sublimation
(slope < 8)

Meteoric water line 
(slope ≈ 8)

Warm season 
precipitation

Cold season 
precipitation

d-excess = d2H - 8*d18O

Effects of hydrologic processes on d2H-d18O



Precipitation d-excess and vapor 
recycling

Bowen & Revenaugh, 2003

d-excess = d2H - 8d18O
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Adding up this e}ect along the trajectory of a precipitating system shows that the recycling diminishes
both the rainout and the evaporation e}ect[ The complete evaporation of raindrops before they reach
ground level is the ultimate expression of such a trend[

CONTINENTAL!SCALE WATER AND ISOTOPE BALANCE OF THE ATMOSPHERE
General considerations] evapotranspiration versus the Raylei`h rainout model

As is evident from the global model "Figure 0# that part of the precipitation falling on the land is recycled
more than once as the air moves over the continents[ Thus the total amount of precipitation is not a proper
measure of the water budget over the continent[ From material balance consideration one expects that the
evaporation ~ux of about 0 m:year from the oceans is balanced by the sum of the river runo} from the
continental areas together with the marine precipitation[ Only the precipitation held up for long periods in
glaciers or deep groundwaters is then not accounted for[
The isotopic balance\ on a continental scale\ is rather di.cult to establish\ especially in view of insu.cient

data on the isotopic composition of the advected moisture\ the fragmentary nature of the river runo} data
and\ _nally\ the lack of data on the isotopic composition of the water vapour leaving on the leeside of the
continents[
Simply adding up the precipitation data as a loss to the atmospheric waters may result in a double

accounting in those areas where evapotranspiration is a signi_cant factor in the atmospheric water balance[
This very fact\ however\ enables one to quantify the return!~ux into the atmosphere by comparing the actual
depletion of the heavy isotopes in an air mass to that expected from a {Rayleigh| law where the factor {f| is
based on the cumulative rain amounts[ The most prominent example is that of the Amazon basin "Dall|ollio\
0865^ Salati et al[\ 0868#\ where\ as shown in Figure 3\ a large discrepancy is observed between the expected
{Rayleigh| plot and the actual rain data[ On the assumption that the precipitation is returned to the
atmosphere unchanged isotopically\ one can calculate a recycling coe.cient[ In the Amazon basin\ evidently
all of the precipitation is recycled once during winter months[
Simple material balance considerations involving atmospheric waters and their isotopic composition as

well as that of the surface runo} from such a basin\ enables one to formulate a regional water balance
"runo}# model to complement the previously described {recycling model|\ which is based on precipitation
data only[
Taking F"in# as the integrated vapour in~ux\ Ru as the runo} discharge\ F"out# as the vapour ~ux out of

Figure 3[ Seasonally averaged oxygen!07 content of precipitation at network station in the Amazon basin "from Salati et al[\ 0868#[×\
ž\e refer to norther\ central and southern parts of the basin\ respectively[ The expected evolution of d07O with distance from the coast
is shown according to a sample Rayleigh Law model "which sums up the precipitation amounts# and according to the model of

Dall|ollio "0865#\ which takes the re!evaporated moisture into account

Precipitation over Amazon shows substantial 
evaporation recycling

Salati et al. 1979



dent and the analytical uncertainties do not
provide a robust basis for evaluating the strength
of the predicted spatial patterns.

To assess the stability of the spatial patterns we
conducted a full cross-validation of the interpo-
lation process, creating 97 prediction surfaces
based on independent model calibrations and
interpolations using all possible subsets of 96
data. A map of the range (maximum ! mini-
mum) of these predictions at each grid point
shows that at most locations predictions vary by
less than 0.5% across all iterations, but also
highlights several hot spots where predictions
are more sensitive to individual observations
(Fig. 5B). The highest range values occur in the
vicinity of local ‘outlier’ observations. The pres-
ence of a small number (;6) of these outlier
values in the data set is not surprising given the
potential for secondary factors (e.g., evaporation
of precipitation and infiltrating water, variation
in recharge age), to produce groundwater d
variation at local scales. Overall, the range values

are higher in regions where mapped d values are
highest and lowest, but the relatively small
magnitude of the cross-validation ranges com-
pared to the range of spatial variation in the d
prediction map confirms that the mapped pat-
terns are not particularly sensitive to individual
observations.

Accepting that climatological variation in
recycled water contributions to precipitation is
the primary control on the large-scale patterns of
d, the map values can be translated directly to
values of the fraction of recycled water in
precipitation ( fr) using Eq. 2. The fr values are a
linear transformation of the mapped d values and
exhibit the same spatial pattern, with the highest
fraction of recycled water in groundwater in the
northwest and southwest corners of the Lower
Peninsula and lower values characterizing the
eastern and central parts of the study region. The
fr values for the gridded groundwater map range
from 3% to 12% using h ¼ 0.88 and from 5% to
21% using h ¼ 0.61 (see Eq. 1).

Fig. 6. Estimated climatological mean annual (1961–1990) precipitation (PPT) amounts derived from recycled

Lake water. Values shown in the legend represent lower and upper estimates derived using values of 0.88 and

0.61 for h, respectively. The dashed line shows the boundary of the Lake Michigan drainage basin.

v www.esajournals.org 10 June 2012 v Volume 3(6) v Article 53

SPECIAL FEATURE: ISOSCAPES BOWEN ET AL.

Bowen et al. 2012 

Amount of precipitation derived from recycled 
evaporation over Michigan

10-20% of water evaporated from Lake Michigan falls back as precipitation in 
downwind drainage basin



Take home section 1

Atmosphere-biosphere water coupling key to 
understanding climate system and terrestrial feedbacks

Methods for monitoring isotopes of atmospheric water 
vapor have evolved rapidly
• Satellites and lasers

Continental air masses do not follow ideal Rayleigh 
distillation during rain-out, and are not disconnected from 
oceans
• Rain evaporation
• Evapotranspiration
• Convection of marine vapor into continental air mass



Fig. 5.4. (top; 5.4a): 
Landscape view of 
St. David Cienega 
wetland along the 

upper San Pedro 
River. (bottom; 

5.4b): Yerba mansa 
(Anemopsis californica) 

and other wetland 
plants growing in a 
San Pedro cienega. 

Photo credits: 
Elizabeth Makings.
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Water balance equation helps define the problem
P - R - D - ET - DS = 0

2) Evaporation vs transpiration: an ecological 
perspective



But only transpiration 
is directly involved 
with photosynthetic 
gas exchange

Need to understand 
processes affecting 
transpiration and 
evaporation separately



Partitioning evapotranspiration using isotopes

1) Isotope mass balance of soil water and modeling isotope fluxes in soil
Hsieh et al. 1998; Ferretti et al. 2003; Rothfuss et al. 2012 

2) Linear mixing with atm vapor (Keeling plots)
Yepez et al. 2003, 2005; Williams et al. 2004

3) Isotope mass balance of vapor in boundary layer
Lai et al. 2006; Dubbert et al. 2014

3) Flux gradient approach
Yakir and Wang 1996

5) Eddy covariance
Griffis et al. 2010

6) Lake water records for whole catchments
Jasechko et al. 2013



ca = cb + cs
daca = dbcb + dscs

da = cb(db - ds)(1/ca) + ds

The �Keeling plot� (Keeling 1958)

ca, cb and cs are concentrations of the gas in the ecosystem air (a), background air 
(b) and from the ecosystem source (s). da, db and ds are the isotope ratios from 
those same components.

Slope (m)

y = mx + b
Intercept (b)



ET partitioning using the Keeling plot approach



Partitioning T from E

Fractional contribution by transpiration, FT, given as;

Assumptions:
1)  dT is at isotopic �steady state� (transpired vapor = stem water)

If not at steady state, then value is measured directly or modeled
2) No condensation!
3) Source contributions do not change over collection period
4) Only linear mixing between atmosphere and surface; no complex structure 
from advection in profile

If true, then:

FT (%) = (dETeco - dE)/(dT - dE) X 100 



Williams and Ewers 2014

17m

13.5m

9.7m

Leaf water isotopic (non)steady state



Yepez et al. 2005. Ag and Forest Met

Leaf water isotopic 
enrichment at non-steady 
state…

seems to matter in some 
cases.

Does assumption of isotopic steady-state transpiration 
matter for ET partitioning?



dE (isotope ratio of soil evaporation) is modeled from 
measurements of the isotopic compositions of soil water and 
surface vapor, soil temperature, and surface humidity.

Modified Craig-Gordon steady-state model for evaporation.

see Wang and Yakir, 2000

dE = (dL - hda - e* - De) / (1 - h)
Where:
dL is isotope ratio for soil water (liquid)
da is isotope ratio of air in turbulent layer above soil
e* is liquid-vapor equilibrium fractionation
De is kinetic effect of diffusion through boundary layer



Sampling profile 
within canopy air 
column



Olive orchard
Marrakech, Morocco
100 mm irrigation

Williams et al. 2004, Ag & For Met



ET partitioning in olive orchard

Before 

irrigation

Day 1

after

Day 3 

after

Day 5 

after

Transpiration (%) 100 87 81 70

Soil evaporation (%) 0 13 19 30

Increasing vapor pressure deficit

Williams et al. 2004, Ag & For Met



Evapotranspiration
(eddy covariance)

Transpiration
(scaled sap flow)

Soil 
evaporation

?

Williams et al. 2004, Ag & For Met

Compare isotope approach with sap flow 
and eddy covariance



Williams et al. 2004, Ag & For Met

• Geo-referenced trees

• Classified by tree type

• Overlain on flux footprint

• Scaled sap flow accordingly



Williams et al. 2004, Ag & For Met

Two separate methods for ET partitioning agree



Here is where we are still learning

How do we model soil evaporation at steady state and non-
steady state?

Which fractions of water in soil pore spaces are taken up by 
plant roots, or evaporate to atmosphere?

How do H and O isotopes interact with soil particles, organic 
surfaces, and cations in solution?

What are the best approaches for sampling water isotopes from 
the soil?



sponding to errors relative to sampling and vacuum distillation
steps in determining hliq). However, SiSPAT-Isotope overestimated
soil water contents on day 4 (bias = !0.030 m3 m!3) and could not
simulate the observed surface drying on day 28. The latter could be
corrected by splitting the soil into two separate horizons (surface
and bottom horizons) of distinct hydraulic properties (i.e. different
retention and conductivity curves parameters). But it would have
introduced six new parameters and hence reduced their identifi-
ability (Efstratiadis and Koutsoyiannis, 2010).

A very good agreement was observed between measurements
and simulations of soil isotopic profiles (RMSE and bias inferior
to 0.3‰) at the exception of day 36 (RMSE = 0.7‰) (Fig. 7, right pa-

nel). Differences between observation and simulation on day 36
were significant. A possible reason for this would be the heteroge-
neity of the monolith’s soil. With time, simulated dsurf decreased
from 4.6 ‰ (day 4) to !3.2‰ (day 43). Interestingly, maximum
simulated dliq was reached just below the surface on day 43, i.e.
the soil was dry enough at the surface (h0.00 m = 0.181 m3 m!3) so
that water vapour flux was dominant (Braud et al., 2005a).

6.5. Simulation of tiller isotopic composition and root extraction
depths

Fig. 6e gives the evolution of simulated dTi and a comparison
with collected data. Calculated RMSE between observation and
simulation (i.e. C3) was equal to 0.9‰, which was greater than
the estimated measurement’s precision (0.15–0.30‰, Rothfuss
et al., 2010).

For each day, simulated values of dTi were the most enriched
at the end of the light period (18:00) whereas minimum daily
values were found just before lights were turned on (8:00). It
was due to progressive soil surface water isotopic enrichment
and back diffusion towards bottom of monolith induced by evap-
oration. At the beginning of the experiment, roots extracted
water from surface layers near the evaporation front, leading to
strong increase of dTi during the day. Simulated dTi daily maxi-
mum decreased along the experiment from +4.3‰ (day 7) to
!6.2‰ (day 43) as a consequence of root developing and extract-
ing water in deeper soil layers, which were less (or not) influ-
enced by surface enrichment.

Corresponding simulated water extraction depths on partition-
ing days were investigated. The evolution of the daily root density
fraction corresponding to soil layer j (i.e. Fj, Eqs. (12), (13)) was
determined from adjustments to collected data during the Mono-
lith IIC and IID experiments (equivalent to days 36 and 43 of the
Monolith I experiment, respectively). There were too few root
materials to make adjustments for the Monolith IIB experiment.
zrt and F10 had therefore to be estimated between day 7 (germina-
tion stage) and day 36. Values of zrt were interpolated from the
observations of the root system development in the rhizotron.
They were estimated to approximately increase by 0.01 m every
day. F10 was estimated to decrease from 0.5 to 0.2 from days 7 to
43. This was in agreement with observed data at soil mean temper-
ature (around 20 !C) (Gregory, 2006). Table 3 gives both Fj and con-
tributions to total root water uptake corresponding to soil layer j
(i.e. RWUj) on partitioning days. More than 80% of total root uptake
happened in the top 0.02 m as water was not limiting. Contribution
of bottom layer (0.10–0.12 m) increased up to 4.6% of total water
uptake on day 43. This result was a direct consequence of the func-
tioning of the stress compensation mechanism of Li et al. (1999,
2001) water uptake model.

7. Conclusion, limits, and perspectives of the study

Controlled experiments, although they have some limitations
(e.g. scale and edge effects) can provide insights into processes
and hypotheses from the confrontation of results with theory. Cali-
brated state-of-the-art SVAT models such as SiSPAT-Isotope in this
context can inform on soil–plant and -atmosphere interactions.
Multi-objective calibration tools have been substantially used by
the hydrological community for nearly a decade (e.g. Madsen,
2003; see review of Efstratiadis and Koutsoyiannis, 2010) and to a
lesser extent by the SVAT modelling community (e.g. Bastidas
et al., 1999; Coudert and Ottlé, 2007; Demarty et al., 2004, 2005)
but, to our knowledge, never for laboratory experiments. From the
multi-objective calibration results, we could emphasize the critical
need of further knowledge on isotopic parameters controlling the

Fig. 7. Comparison between simulation and observation of soil liquid water content
measured by destructive sampling (hliq_sampling in m3 m!3, left panel) and isotopic
composition (dliq in ‰, right panel) on partitioning days.

84 Y. Rothfuss et al. / Journal of Hydrology 442–443 (2012) 75–88

Barnes & Allison (1988) Tracing of water movement in the unsaturated zone using stable 
isotopes of hydrogen and oxygen. Journal of Hydrology, 100(1-3):143-176.
Great description and literature review of factors influencing the distribution of H and O 
isotopes in soil water profiles

Rothfuss et al. (2012) Factors controlling the isotopic partitioning between soil 
evaporation and plant transpiration: Assessment using a multi-objective calibration of 
SiSPAT-Isotope under controlled conditions. Journal of hydrology, 442:75-88. 
Advanced modeling and experiments to examine soil evaporation and plant uptake on H 
and O isotopes in soil water profiles
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Abstract

Soil water dynamics within a vadose (unsaturated) zone is a key component in the hydrologic cycle, especially in arid
regions. In applying the Craig-Gordon evaporation model to obtain isotopic compositions of soil water and the evaporated
vapor in land-surface models (LSMs), it has been assumed that the equilibrium isotope fractionation factors between soil
water and water vapor, a(2H) and a(18O), are identical to those between liquid and vapor of bulk water. Isotope effects in
water condensation arise from intermolecular hydrogen bonding in the condensed phase and the appearance of hindered rota-
tion/translation. Hydrogen bonding between water molecules and pore surface hydroxyl groups influences adsorption isotope
effects. To test whether equilibrium fractionation factors between soil water and water vapor are identical to those between
liquid and vapor of bulk water and to evaluate the influence of pore size and chemical composition upon adsorption isotope
effects, we extended our previous experiments of a mesoporous silica (15 nm) to two other mesoporous materials, a silica
(6 nm) and an alumina (5.8 nm). Our results demonstrated that a(2H) and a(18O) between adsorbed water and water vapor
are 1.057 and 1.0086 for silica (6 nm) and 1.041 and 1.0063 for alumina (5.8 nm), respectively, at saturation pressure (po), which
are smaller than 1.075 and 1.0089, respectively, between liquid and vapor phases of free water at 30 !C and that the differences
exaggerate at low water contents. However, the profiles of a values with relative pressures (p/po) for these three materials differ
due to the differences in chemical compositions and pore sizes. Empirical formula relating a(2H) and a(18O) values to the
proportions of filled pores (f) are developed for potential applications to natural soils. Our results from triple oxygen isotope
analyses demonstrated that the isotope fractionation does not follow a canonical law. For the silica (15 nm), fractionation expo-
nents (17h) are 0.5361 ± 0.0018 and 0.5389 ± 0.0016 at p/po = 0.72 and 0.77, respectively. For the silica (6 nm), 17h values are
0.5330 ± 0.0011 at p/po = 0.65 and 0.5278 ± 0.0010 at p/po = 0.81. For the alumina (5.8 nm), 17h value is 0.5316 ± 0.0015 at
p/po = 0.78. These values are greater than or equal to that of liquid-vapor equilibrium of bulk water (0.529 ± 0.001).
" 2018 Elsevier Ltd. All rights reserved.

Keywords: Adsorption isotope effects; Liquid-vapor equilibrium; Craig-Gordon evaporation model; Isotope fractionation factor; Isotope
fractionation exponent

1. INTRODUCTION

The land surface system in arid regions of terrestrial
environments is located at a very critical interface
with land-vegetation-atmosphere continuum of the
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Our results demonstrated that a(2H) and a(18O) between adsorbed water and water 
vapor are 1.057 and 1.0086 for silica (6 nm) and 1.041 and 1.0063 for alumina (5.8 nm), 
respectively, at saturation pressure, which are smaller than 1.075 and 1.0089, 
respectively, between liquid and vapor phases of free water at 30 C and that the 
differences exaggerate at low water contents. 
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Abstract. Hydrophilic surfaces influence the structure of wa-
ter close to them and may thus affect the isotope composition
of water. Such an effect should be relevant and detectable
for materials with large surface areas and low water con-
tents. The relationship between the volumetric solid : water
ratio and the isotopic fractionation between adsorbed wa-
ter and unconfined water was investigated for the materials
silage, hay, organic soil (litter), filter paper, cotton, casein
and flour. Each of these materials was equilibrated via the
gas phase with unconfined water of known isotopic compo-
sition to quantify the isotopic difference between adsorbed
water and unconfined water. Across all materials, isotopic
fractionation was significant (p<0.05) and negative (on aver-
age �0.91 ± 0.22 ‰ for 18/16O and �20.6 ± 2.4 ‰ for 2/1H
at an average solid : water ratio of 0.9). The observed isotopic
fractionation was not caused by solutes, volatiles or old wa-
ter because the fractionation did not disappear for washed or
oven-dried silage, the isotopic fractionation was also found in
filter paper and cotton, and the fractionation was independent
of the isotopic composition of the unconfined water. Isotopic
fractionation became linearly more negative with increasing
volumetric solid : water ratio and even exceeded �4 ‰ for
18/16O and �44 ‰ for 2/1H. This fractionation behaviour
could be modelled by assuming two water layers: a thin layer
that is in direct contact and influenced by the surface of the
solid and a second layer of varying thickness depending on
the total moisture content that is in equilibrium with the sur-
rounding vapour. When we applied the model to soil water
under grassland, the soil water extracted from 7 and 20 cm
depth was significantly closer to local meteoric water than
without correction for the surface effect. This study has ma-
jor implications for the interpretation of the isotopic com-
position of water extracted from organic matter, especially
when the volumetric solid : water ratio is larger than 0.5 or
for processes occurring at the solid–water interface.

1 Introduction

The 18/16O and 2/1H isotope composition of water reflects
climate and many processes within the water cycle (Bowen,
2010; Gat, 1996). Changes in the isotope composition of wa-
ter can either result from the mixing of water with differing
isotopic composition or from the change in isotopic compo-
sition by fractionation, especially between vapour and liquid.
The vapour/liquid fractionation is not only affected by tem-
perature but also by ion hydration (Kakiuchi, 2007). In aque-
ous solutions, ions change the activities of the isotopologues
of water (H2O, HDO and H18

2 O) due to their hydration. This,
in turn, causes the isotopic fractionation between aqueous so-
lutions and water vapour to differ from the fractionation be-
tween pure water and vapour (Kakiuchi, 2007; Stewart and
Friedman, 1975). Similar to salt, the surface of hydrophilic
materials also interacts with water molecules creating a two-
dimensional ice-like water layer near the surface and a three-
dimensional liquid layer far from the surface (Asay and Kim,
2005; Miranda et al., 1998). Additionally, adsorption may
cause an energetic difference between water molecules at the
surface of solids and the bulk water molecules (Richard et al.,
2007). These structural and energetic differences may cause
a difference in isotopic composition between these two layers
of water. If existent, such a surface effect should be strongest
in materials with large specific surface area and with low wa-
ter content. There are some indirect hints from studies of
plant water uptake from soil, which show that mobile wa-
ter differs isotopically from immobile water (Brooks et al.,
2010; Evaristo et al., 2015; Tang and Feng, 2001) but to the
best of our knowledge, such a surface effect has only been
directly studied for clay (Oerter et al., 2014) and silica sur-
faces (Richard et al., 2007). It is not known how large the
effect is for organic matter, which is associated with practi-
cally all mineral surfaces in the critical zone or forms major
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Isotopic fractionation became linearly more negative with increasing volumetric 
solid:water ratio and even exceeded −4‰ for 18/16O and −44‰ for 2/1H. This 
fractionation behaviour could be modelled by assuming two water layers: a thin 
layer that is in direct contact and influenced by the surface of the solid and a 
second layer of varying thickness depending on the total moisture content that is in 
equilibrium with the surrounding vapour. 
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Abstract
The water cycle in urban and hydrologically managed settings is subject to perturbations that are

dynamic on small spatial and temporal scales; the effects of which may be especially profound in

soils. We deploy a membrane inlet‐based laser spectroscopy system in conjunction with soil

moisture and temperature sensors to monitor soil water dynamics and H and O stable isotope

ratios (δ2H and δ18O values) in a seasonally irrigated urban‐landscaped garden soil over the

course of 9 months between the cessation of irrigation in the autumn and the onset of irrigation

through the summer. We find that soil water δ2H and δ18O values predominately reflect seasonal

precipitation and irrigation inputs. A comparison of total soil water by cryogenic extraction and

mobile soil water measured by in situ water vapor probes reveals that initial infiltration events

after long periods of soil drying (the autumn season in this case) emplace water into the soil

matrix that is not easily replaced by, or mixed with, successive pulses of infiltrating soil water.

Tree stem xylem water H and O stable isotope composition did not match that of available water

sources. These findings suggest that partitioning of soil water into mobile and immobile “pools”

and resulting ecohydrologic separation may occur in engineered and hydrologically managed soils

and not be limited to natural settings. The laser spectroscopy method detailed here has potential

to yield insights in a variety of critical zone and vadose zone studies, potential that is heightened

by the simplicity and portability of the system.

KEYWORDS

ecohydrologic separation, irrigation, isotope hydrology, laser spectroscopy, membrane inlet, soil

water partitioning, Technosol

1 | INTRODUCTION

The use of natural variations in the stable isotopes of hydrogen and

oxygen (2H and 18O) in the water molecule as a tracer of water move-

ment has been employed in a variety of natural settings from water-

sheds to ecosystems (e.g., Kendall & McDonnell, 1998). Their use

in soil hydrology includes providing information on unsaturated zone

infiltration and mixing (e.g., Gazis & Feng, 2004; Mueller et al., 2014),

quantifying the influence of evaporation on H and O stable isotope

profiles with soil depth (Barnes & Allison, 1983, 1988), evapotranspi-

ration partitioning (e.g., Hsieh, Chadwick, Kelly, & Savin, 1998;

Sutanto et al., 2014), estimating transit times for vadose waters (e.

g., Asano, Uchida, & Ohte, 2002; Sprenger, Seeger, Blume & Weiler,

2016), and spatiotemporal patterns of plant water use (e.g., Dawson

& Ehleringer, 1991; Evaristo, McDonnell, Scholl, Bruijnzeel, & Chun,

2016).

In contrast to measurements of other soil hydrologic variables

such as soil water content that can be made repeatedly in situ via a

sensor, H and O stable isotope values (δ2H and δ18O) have until

recently required removal of soil samples with intact soil water for lab-

oratory analysis. These approaches are inherently destructive to the

soil system's in‐place integrity, preclude repeated analysis through

time in the same place, and are often prohibitively disruptive in urban

settings. Traditionally, removal of water from soil samples under

vacuum distillation and subsequent analysis of the liquid water have

been the trusted methods despite evidence that it is not reproducible

and is error prone (Araguas‐Araguas, Rozanski, Gonfiantini, & Louvat,
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stored under refrigeration until vacuum extraction and IRIS analysis

(detailed below). Irrigation water samples were collected in October

2015, May 2016, and August 2016, into 20 ml glass vials with polyseal

caps, wrapped in parafilm, and stored under refrigeration until IRIS

analysis.

Samples of stem material from a Prunus cerasifera tree approxi-

mately 5 m from the soil site were collected at each sampling event

starting in February 2016. Healthy, suberized stems of 10 to 15 mm

diameter were collected in duplicate or triplicate (from different loca-

tions on the tree), peeled of bark with a razor knife, stored in 20‐ml

glass vials with polyseal caps, wrapped in parafilm, and stored under

refrigeration until vacuum extraction and IRIS analysis.

2.2 | Water vapor probe system

The water vapor probe analytical system is similar to that used by

Oerter et al. (2017) to measure δ2H and δ18O values of soil water in

ex situ soil samples and has been implemented in a utility cart such that

the system can be mobilized for portable operation in the field. Dry N2

gas is supplied from a compressed gas tank regulated to 7 kPa and is

carried through the system by Excelon Bev‐A‐Line IV tubing composed

of polyethylene liner with ethyl vinyl acetate shell (6.35 mm outside

diameter and 1.6 mm wall thickness; Thermoplastic Processes Corp.,

USA). The N2 gas supply is split into primary and diluter flows after

exiting the tank regulator. The primary N2 stream is controlled to 60

standard cubic centimeters per minute flow rate and held constant

by a mass flow controller (MFC 1 in Figure 1b; Sierra Instruments,

USA). This primary N2 flow is directed to each soil water vapor probe

(Figure 1a), which is constructed of a 12‐cm length of gas permeable

Accurrel PP V8/2HF polypropylene tubing (8.65 mm outside diameter,

1.55 mm wall thickness, and 0.2 μm nominal porosity; Membrana

GmbH, Germany) attached to impermeable Bev‐A‐Line tubing that

supplies dry N2 to one end of the water vapor probe. Another length

of Bev‐A‐Line tubing carries N2 and water vapor from the exhaust

end of the vapor probe and is joined by the diluter flow of N2 (regu-

lated by an adjustable mass flow controller, MFC 2 in Figure 1b) before

entering the cavity ring‐down spectroscopy (CRDS) instrument. The

tubing lines connecting the system to each water vapor probe are

heated by electrical resistance cable to prevent condensation, wrapped

with polyethylene foam insulation, and temperature controlled to 40 °

C ± 1 °C. The sampling lines are 2 m in length, thus allowing flexible

connection to the vapor probe lines emerging from the ground surface

at the field site, while minimizing sample gas travel distance and time.

Excess water vapor and carrier N2 are vented to the atmosphere after

the CRDS pump system inducts a portion of the sample stream into

the CRDS instrument (Figure 1b). The system is self‐contained in a

small all‐terrain utility cart (~60 kg total system weight) that is field

deployable by one person. At the FASB site, 120 volt line power was

used for power supply, but the system is also capable of being powered

by a small (~1 kW, ~13 kg) gasoline‐powered generator.

2.3 | Field analytical methods

Before the first measurement of each soil water vapor probe during a

measurement session, dry N2 is used to preflush each probe for 2 min

in order to remove any water films accumulated inside the probe and

lines since the previous measurement session. After preflushing, the

CRDS analyzer is operated in continuous flow mode, and the measure-

ment sequence initiates with establishing a dry flow of N2 through the

system by directly connecting the supply N2 line to the CRDS inlet line,

which creates water vapor mixing ratios ([H2O]) at the CRDS of less

than 1,000 ppmV. The sampling lines are then connected to a water

FIGURE 1 Schematic drawings of (a) subsurface portion of soil water vapor probe; (b) layout of the water vapor probe analytical system, arrows
indicate carrier gas (N2) flow direction; (c) field installation of water vapor system and soil water content and temperature sensors in the wall of the
soil excavation, shown at four depths only for diagrammatic clarity. MFC = mass flow controller
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A comparison of total soil water by 
cryogenic extraction and mobile soil 
water measured by in situ water vapor 
probes reveals that initial infiltration 
events after long periods of soil drying…
emplace water into the soil matrix that 
is not easily replaced by, or mixed with, 
successive pulses of infiltrating soil 
water. 
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Take home section 2

• Separation of E and T is important for understanding 
biological responses and feedbacks in the H2O and C 
cycles

• Isotopic approaches are useful for partitioning E & T

• Large uncertainty lies in estimating isotope value of 
soil water(isotopic interactions of water with soil 
particle surfaces, ions, two soil pore domains, etc)
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Terrestrial water fluxes dominated by transpiration
Scott Jasechko1, Zachary D. Sharp1, John J. Gibson2,3, S. Jean Birks2,4, Yi Yi2,3 & Peter J. Fawcett1

Renewable fresh water over continents has input from precipita-
tion and losses to the atmosphere through evaporation and tran-
spiration. Global-scale estimates of transpiration from climate
models are poorly constrained owing to large uncertainties in sto-
matal conductance and the lack of catchment-scale measurements
required for model calibration, resulting in a range of predictions
spanning 20 to 65 per cent of total terrestrial evapotranspiration
(14,000 to 41,000 km3 per year) (refs 1–5). Here we use the distinct
isotope effects of transpiration and evaporation to show that trans-
piration is by far the largest water flux from Earth’s continents,
representing 80 to 90 per cent of terrestrial evapotranspiration. On
the basis of our analysis of a global data set of large lakes and rivers,
we conclude that transpiration recycles 62,0006 8,000 km3 of
water per year to the atmosphere, using half of all solar energy
absorbed by land surfaces in the process. We also calculate CO2

uptake by terrestrial vegetation by connecting transpiration losses
to carbon assimilation using water-use efficiency ratios of plants,
and show the global gross primary productivity to be 1296 32 giga-
tonnes of carbon per year, which agrees, within the uncertainty,
with previous estimates6. The dominance of transpiration water
fluxes in continental evapotranspiration suggests that, from the
point of view of water resource forecasting, climate model develop-
ment should prioritize improvements in simulations of biological
fluxes rather than physical (evaporation) fluxes.

Unlike river discharges to the oceans7, the global fluxes of evapora-
tion and transpiration are poorly constrained owing to a lack of meth-
odology to decouple these two water fluxes at the catchment scale.
Stable isotope ratios of oxygen (18O/16O) and hydrogen (2H/1H) in
water can be used to separate transpiration from evaporation8, because
the two processes have different effects on these ratios in water. The
physical process of evaporation enriches residual water in the heavy
isotopes of oxygen and hydrogen, whereas the biological process of
transpiration does not produce an isotopic fractionation, assuming
an isotopic steady state over annual timescales8–11. The pathway water
takes after falling as precipitation within a catchment includes mixing,
evaporation (fractionation labelled) and transpiration (non-fractionation
labelled), until the remaining water accumulates in a downstream lake or
river. Each of these catchment processes is ultimately recorded by the
isotopic composition of the lake’s water. We have compiled a data set of
d18O and d2H values of large lake waters and capitalize on dissimilar
isotope effects between evaporation and transpiration to decouple and
quantify these two freshwater losses from Earth’s surface (isotope
content is given by (Rsample/RV-SMOW2 1)3 103%, where R is
18O/16O for d18O and 2H/1H ford2H, andV-SMOWrepresents standard
mean ocean water).
To proceedwith this calculation, we first report on the stable oxygen

and hydrogen isotope compositions of Earth’s large lakes (Fig. 1). The
isotopic compositions of lake waters show a broad range in d18O and

1Department of Earth and Planetary Sciences, University of New Mexico, Albuquerque, New Mexico 87131, USA. 2Alberta Innovates – Technology Futures, Vancouver Island Technology Park, Victoria,
British Columbia V8Z 7X8, Canada. 3Department of Geography, University of Victoria, Victoria, British Columbia V8W 3R4, Canada. 4Department of Earth and Environmental Sciences, University of
Waterloo, Waterloo, Ontario N2L 3G1, Canada.
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Figure 1 | d18O and d2H values of large lakes and semi-enclosed seas. The
global meteoric water line12 (GMWL) is shown. The map at top left shows
catchment areas covered by the data set. The schematic graph at bottom right

shows water inputs to a lake (diamond) and the evaporation trajectory of a lake
(percentages refer to evaporation amount).
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3) Do lakes record catchment-scale E vs T? Big 
iso-assumptions…



Assumptions/approach:
• T and E have different effects on stable isotope ratios of soil water
• Water in soil is completely mixed, and excess water not lost to atmosphere 

then drains into lakes and large rivers, carrying the signal of E vs T from 
catchment

Conclusions:
• Transpiration is 80-90% of terrestrial ET
• Recycles 62 km3 H2O / yr to atmosphere
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Terrestrial water fluxes
dominated by transpiration:
Comment
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The fraction of evapotranspiration (ET) attri-
buted to plant transpiration (T ) is an important
source of uncertainty in terrestrial water fluxes
and land surface modeling (Lawrence et al. 2007,
Miralles et al. 2011). Jasechko et al. (2013) used
stable oxygen and hydrogen isotope ratios from
73 large lakes to investigate the relative roles of
evaporation (E) and T in ET from their catch-
ments and to estimate global T/ET. Two recent
contributions have addressed data issues with
their work highlighting uncertainty propagation
(Coenders-Gerrits et al. 2014) and global inter-
ception estimates (Coenders-Gerrits et al. 2014,
Schlesinger and Jasechko 2014). We address here
the underlying assumptions of the model applied
by Jasechko et al. (2013). They assumed that the
isotope ratios of the lake water incorporate

spatially integrated fractionation effects of total
E and T over the entire catchment. This assump-
tion is invalid and leads to substantial errors both
for catchment-scale and global estimates of T/ET.

Several processes at the catchment-scale un-
derlying the assumption that lakes integrate
watershed ET are misrepresented or overlooked
in the paper. First, soil water pools undergoing
ET do not completely mix with water that
contributes runoff to lakes in catchments where
precipitation is .ET, and are rarely recorded in
catchments where precipitation is !ET (Kendall
and McDonnell 1998, Brooks et al. 2010). The H
and O isotope ratios of water in streams, shallow
groundwater and lakes therefore do not neces-
sarily carry the isotope signal of total T/ET from
all terrestrial surfaces, despite evidence of sub-
stantial soil E in the isotope signals within plant
waters (Tang and Feng 2001); such E signals are
not apparent in the waters of many lakes even
within large, arid catchments (Henderson and
Shuman 2009). Second, Jasechko et al. (2013) do
not include sublimation (S ) in their analysis as an
important water flux at the catchment scale or as
a potentially non-fractionating isotopic process
(Earman et al. 2006). Consequently, the isotope
mass balance models presented are appropriate
for open, non-frozen water, but do not accurately
capture isotopic exchange effects in terrestrial
ecosystems (Kendall and McDonnell 1998) or
snow-dominated catchments. We offer new data
demonstrating that lakes do not consistently
record H and O isotope signals from catch-
ment-scale E and T (our main point) and that T is
not the only non-fractionating isotopic process
with significant water loss to the atmosphere (a
secondary point).

Jasechko et al. (2013) extrapolated catchment-
scale estimates to global T/ET by calculating
global deuterium excess of E as an average of
catchment values (Jasechko et al. 2013, their
Appendix S2); this method, however, assumes
that the mean of their 73 catchments is an
unbiased statistical representation of global
water fluxes, that all relevant water fluxes are
correctly estimated and that isotopic signatures
are correctly interpreted. This method requires
that every water flux that is important for a
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catchment be included in the analysis (e.g.,
decoupling of lake and terrestrial water in arid
catchments, or snow sublimation in snow-dom-
inated catchments). Consequently, a biased esti-
mate for any of the 73 catchments will multiply
to large errors when T/ET is extrapolated to the
global scale.

Our data reveal that the H and O isotope ratio
values of lake water from watersheds across
North America differ from the values of ground-
water and stream samples collected at the same
time (Figs. 1 and 2). The relationships in the data
indicate that the lakes derive little of their

isotopic value from the terrestrial landscape,
and thus cannot provide the hoped for informa-
tion about T. Lake inputs cannot be differentiated
from adjacent streams and groundwater, which
share the isotopic values of mean annual precip-
itation. The lakes, but not the stream and
groundwaters, include the only meaningful E
signal. Consequently, the related E must take
place within the lake from the open water and
not the surrounding watershed, despite isotopic
evidence of E within soil waters (Fig. 2 and, e.g.,
Allison et al. 1983, Barnes and Allison 1988, Tang
and Feng 2001). The isotopic values of soil water

Fig. 1. Isotopic values of lakes (orange) from two regions in Wyoming, USA, stream (blue squares), and
groundwater (blue circles) show that evaporative trends (local evaporation lines, LELs) develop within lakes. In
Wyoming, precipitation (crosses, gray for snow, blue for rain) and snowpack data reveal that substantial
moisture loss from the snowpack through sublimation (Fig. 3) does not cause the isotopic values of the residual
snowpack to diverge from the local meteoric water line, and confirms that lake inputs represent the mean of the
annual range of precipitation rather than the mean of the snow-dominated surplus (which would be the case if a
substantial fraction of growing season rain was transpired before water flows into the lakes). Each symbol
indicates a different lake. Isotopic values are reported in per mil relative to international reference material,
Vienna standard mean ocean water (VSMOW).
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Considerable sublimation loss to the atmosphere with no 
net kinetic isotope effect in snowpack
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Fig. 3. Stand level T/ET values in relation to precipitation amount (a) and mea-
surement technique (b). (a) A linear regression of T/ET and precipitation at each
study site produces a weak correlation coefficient (R2 = 0.011, dashed lines mark
95% confidence interval). (b) T/ET varies in relation to measurement technique,
with boxes marking the 75th and 25th percentiles (median value shown as thick
black line). Isotope-based approaches (n = 9) produce a median T/ET of 72%, evapo-
ration models that incorporate field observations (e.g., soil moisture, meteorological
measurements; n = 31) produce a median T/ET of 55%.

2013) is likely to increase runoff and lead to shifts in the distribution
of vegetation, especially in semiarid regions.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.agrformet.
2014.01.011.
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a  b  s  t  r  a  c  t

A  compilation  of  81 studies  that have  partitioned  evapotranspiration  (ET)  into  its
components—transpiration  (T)  and  evaporation  (E)—at  the  ecosystem  scale indicates  that  T  accounts
for  61%  (±15%  s.d.)  of  ET  and  returns  approximately  39 ± 10%  of incident  precipitation  (P)  to  the
atmosphere,  creating  a dominant  force  in  the  global  water  cycle.  T as a proportion  of ET is highest  in
tropical  rainforests  (70  ±  14%)  and  lowest  in steppes,  shrublands  and  deserts  (51  ± 15%),  but there  is
no relationship  of T/ET  versus  P across  all available  data (R2 = 0.01).  Changes to transpiration  due  to
increasing  CO2 concentrations,  land  use  changes,  shifting  ecozones  and  climate  warming  are  expected
to  have  significant  impacts  upon  runoff  and groundwater  recharge.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Precipitation on the land surface is lost to runoff, groundwa-
ter, or evapotranspiration (ET) to the atmosphere. ET is seldom
partitioned into its components—one physical evaporation from
surfaces (E), and the other biological transpiration (T), involv-
ing root uptake of soil moisture and the loss of water vapor
through plant stomates during photosynthesis. Partitioning ET in
field studies is not easy. Some studies have inferred T by changes
in soil moisture or runoff after the harvest of vegetation, accept-
ing that harvest involves changing the surface area of vegetation
that might otherwise intercept and evaporate water. Other studies
have used a combination of eddy-covariance methods to estimate
ET, and separately estimate T by measures of sap-flow in domi-
nant trees, accepting errors associated with a small and potentially
non-representative sample of trees and often ignoring subcanopy
vegetation. Recently, several studies have partitioned E and T by
measurements of the isotopic composition of oxygen in soil and
runoff waters, recognizing that !18O is enriched by evaporation
but not by transpiration (Wershaw et al., 1966). Isotope studies are
affected by variations in the isotope ratio in incident precipitation
and differential contributions of soil and groundwater throughout
the year.

2. Results and discussion

Only a limited dataset is available for field studies that partition
ET (Supplemental Table 1). Hardly any studies are available in Africa

∗ Corresponding author. Tel.: +1 845 677 7600x106.
E-mail address: schlesingerw@caryinstitute.org (W.H. Schlesinger).

or southern and northeastern Asia (Fig. 1). We focused on stud-
ies using eddy-covariance and sap-flow measurements or isotopic
approaches. Many of these studies used combinations and compar-
isons of methods, coupled to biophysical models to estimate E and T.
We did not include estimates from FLUXNET studies that partition
ET by assuming losses of water vapor from the canopy and under-
story represent T and E, respectively (Baldocchi and Ryu, 2011).
This approach ignores the evaporation of P that is intercepted by
the canopy and the transpiration of understory plants.

The proportion of precipitation (P) that is lost as T has a median
value of 45% and only a few values are greater than 80%. The median
value for T/ET is 59%. Weighting T/ET to either ecozone P or ET (Mu
et al., 2011) yields a global T/ET estimate of 61 ± 15% (s.d.; Table 1).
Several of the studies include only the growing season and pre-
sumably T/ET would be lower on an annual basis. Some crop and
greenhouse studies report an increasing fraction of T/ET as plant
cover increases (Ashktorab et al., 1994; Young et al., 2009; Wang
et al., 2010). Among the values compiled in Appendix 1, T/ET is
greater in tropical rainforests than in deserts, although there is a
considerable overlap in values (Fig. 2). In forests the interception
of precipitation by the canopy and its loss to evaporation is typ-
ically 10–35% of incident precipitation (Waring and Schlesinger,
1985; Wang et al., 2007). Additional evaporative loss occurs from
the surface of understory vegetation and soils. This interception
loss is compatible with T/P less than 65–90%.

T/ET is generally higher in wet climates (e.g., T/ET for tropical
forests is 70 ± 14% (s.d.) and lower in semi-arid ecosystems (the ET-
weighted T/ET value for steppe, desert and shrubland is 51% ± 15%).
Nevertheless a regression of T/ET versus P shows no global trend
(Fig. 3a). Differences in the partitioning of ET are important to assess
the impact of anthropogenic CO2 enrichments and land-use change.
The greater role of T in tropical forests suggests that changes to

0168-1923/$ – see front matter ©  2014 Elsevier B.V. All rights reserved.
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Transpiration 
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90% of global 
terrestrial ET
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Abstract Even though knowing the contributions of transpiration (T), soil and open water evaporation
(E), and interception (I) to terrestrial evapotranspiration (ET = T+ E+ I) is crucial for understanding the
hydrological cycle and its connection to ecological processes, the fraction of T is unattainable by traditional
measurement techniques over large scales. Previously reported global mean T/(E+ T+ I) from multiple
independent sources, including satellite-based estimations, reanalysis, land surface models, and isotopic
measurements, varies substantially from 24% to 90%. Here we develop a new ET partitioning algorithm,
which combines global evapotranspiration estimates and relationships between leaf area index (LAI) and
T/(E+ T) for different vegetation types, to upscale a wide range of published site-scale measurements. We
show that transpiration accounts for about 57.2% (with standard deviation ± 6.8%) of global terrestrial ET.
Our approach bridges the scale gap between site measurements and global model simulations,and can be
simply implemented into current global climate models to improve biological CO2 flux simulations.

1. Introduction

Terrestrial evapotranspiration (ET) consists of evaporation from canopy-intercepted water (I), soil and open
water evaporation (E), and transpiration (T) from plants. The contribution of T to ET (T/(E+ T+ I)) is a require-
ment for understanding changes in carbon assimilation and in water cycling in a changing environment and
has received increasing attention from the scientific community in recent years [Coenders-Gerrits et al., 2014;
Good et al., 2015; Jasechko et al., 2013; Maxwell and Condon, 2016; Miralles et al., 2016]. Although most of the
published studies suggest that T accounts for the majority of the flux of vapor from terrestrial lands to the
atmosphere, there remain significant uncertainties. As an example, Miralles et al. [2011] attributed about
80% of land ET to T based on a wide range of remotely sensed observations, while Jasechko et al. [2013]
reported that T represents 80–90% of terrestrial ET based on the isotopic analysis of a global data set of large
lakes and rivers. More recently, Good et al. [2015] estimated that the mean transpired fraction of ET is 64%
based on satellite water vapor isotopic measurements and isotope mass budget. A model-based partitioning
approach based on lateral ground flow also suggested that the T amounted to two thirds ET globally [Maxwell
and Condon, 2016]. On the other hand, studies based on land surface models have suggested that the
fraction of transpiration is much smaller, ranging around a mean value of about 43% [Dirmeyer et al.,
2006; Lawrence et al., 2007, 2011;Wang-Erlandsson et al., 2014; Yoshimura et al., 2006], and some results based
on satellite data yielded transpiration fractions as low as 24%. Finally, in the Coupled Model Intercomparison
Project 5 (CMIP5 ), the fraction of T varies from 22% to 58%, with an ensemble mean of 43% (supporting
information Figure S1). These uncertainties mostly arise from methodological assumptions that cannot be
directly contrasted against field observations. While some studies have compared in situ site measurements
with global model simulation results [Schlesinger and Jasechko, 2014; Wang et al., 2014], the limited
spatial scale of in situ studies—on the order of a few plants to several hectares—hampers the ability to
upscale results to global mean values. The wide range of T/(E+ T+ I) values in previous studies reflects how
poorly we understand ET partitioning, with the corresponding implications for the terrestrial water and
carbon cycles.
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Abstract Even though knowing the contributions of transpiration (T), soil and open water evaporation
(E), and interception (I) to terrestrial evapotranspiration (ET = T+ E+ I) is crucial for understanding the
hydrological cycle and its connection to ecological processes, the fraction of T is unattainable by traditional
measurement techniques over large scales. Previously reported global mean T/(E+ T+ I) from multiple
independent sources, including satellite-based estimations, reanalysis, land surface models, and isotopic
measurements, varies substantially from 24% to 90%. Here we develop a new ET partitioning algorithm,
which combines global evapotranspiration estimates and relationships between leaf area index (LAI) and
T/(E+ T) for different vegetation types, to upscale a wide range of published site-scale measurements. We
show that transpiration accounts for about 57.2% (with standard deviation ± 6.8%) of global terrestrial ET.
Our approach bridges the scale gap between site measurements and global model simulations,and can be
simply implemented into current global climate models to improve biological CO2 flux simulations.

1. Introduction

Terrestrial evapotranspiration (ET) consists of evaporation from canopy-intercepted water (I), soil and open
water evaporation (E), and transpiration (T) from plants. The contribution of T to ET (T/(E+ T+ I)) is a require-
ment for understanding changes in carbon assimilation and in water cycling in a changing environment and
has received increasing attention from the scientific community in recent years [Coenders-Gerrits et al., 2014;
Good et al., 2015; Jasechko et al., 2013; Maxwell and Condon, 2016; Miralles et al., 2016]. Although most of the
published studies suggest that T accounts for the majority of the flux of vapor from terrestrial lands to the
atmosphere, there remain significant uncertainties. As an example, Miralles et al. [2011] attributed about
80% of land ET to T based on a wide range of remotely sensed observations, while Jasechko et al. [2013]
reported that T represents 80–90% of terrestrial ET based on the isotopic analysis of a global data set of large
lakes and rivers. More recently, Good et al. [2015] estimated that the mean transpired fraction of ET is 64%
based on satellite water vapor isotopic measurements and isotope mass budget. A model-based partitioning
approach based on lateral ground flow also suggested that the T amounted to two thirds ET globally [Maxwell
and Condon, 2016]. On the other hand, studies based on land surface models have suggested that the
fraction of transpiration is much smaller, ranging around a mean value of about 43% [Dirmeyer et al.,
2006; Lawrence et al., 2007, 2011;Wang-Erlandsson et al., 2014; Yoshimura et al., 2006], and some results based
on satellite data yielded transpiration fractions as low as 24%. Finally, in the Coupled Model Intercomparison
Project 5 (CMIP5 ), the fraction of T varies from 22% to 58%, with an ensemble mean of 43% (supporting
information Figure S1). These uncertainties mostly arise from methodological assumptions that cannot be
directly contrasted against field observations. While some studies have compared in situ site measurements
with global model simulation results [Schlesinger and Jasechko, 2014; Wang et al., 2014], the limited
spatial scale of in situ studies—on the order of a few plants to several hectares—hampers the ability to
upscale results to global mean values. The wide range of T/(E+ T+ I) values in previous studies reflects how
poorly we understand ET partitioning, with the corresponding implications for the terrestrial water and
carbon cycles.
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ET partitioning algorithm based on relationships between T/ET and LAI 
to upscale from site based measurements using stable isotopes, 
satellite based estimates, sap flow, micrometeorological fluxes, land 
surface models, etc

The answer?
Transpiration accounts for 57.2% of ET globally (+/- 6.8%)



Take home section 3

Do lakes faithfully integrate and record catchment E vs T?
Not necessarily

• Large regions in arid and semi-arid zones do not drain 
into lakes

• No evidence of evaporation (E) signal from catchment is 
found in headwater streams

• Sublimation from annual snowpack is a large flux to 
atmosphere, but kinetic isotope fractionation is often 
not recorded in snowpack



4) Sublimation:  Using isotopes to understand processes of winter 
recycling of vapor to the atmosphere



Biederman et al. 2014

Pine and spruce beetle epidemics in North Americastand type (four groups) and lowest in the MPB-2007 stand
type (two groups). With increased time since infestation,
areas of medium to dense canopy tended to higher SWE:P,
whereas areas of sparse or no canopy showed monotonically
decreasing SWE:P (i.e. gap areas retained a smaller fraction
of winter snowfall at peak seasonal accumulation).
The balance of canopy-mediated snow process responses

(study question 1)was further informed by subcanopy climate
observations during the second winter (2011, Table 2).
Subcanopy mean temperatures and vapour pressure deficits
for the winter season were similar among all plots, with
temperature ranging from !1.9 "C (Unimpacted) to !0.9 "C
(MPB-2008) and vapour pressure deficit ranging from
a winter mean of 0.20 kPa (MPB-2007) to 0.23 kPa
(Unimpacted). Incoming shortwave radiation averaged
14Wm!2 in the Unimpacted plots as compared with
25Wm!2 in the MPB-2008 plots (in grey phase in 2011),
equating to 70% greater insolation of the MPB-2008

snowpack than Unimpacted snowpack during the winter.
During the April–July 2011 assessment of subcanopy
(3-m height) wind speeds, above-canopy and below-canopy
wind speeds were 2.73 and 0.36m s!1 in the Unimpacted
stand and 3.00 and 0.43m s!1 in the MPB-2009 stand.

The enrichment of stable water isotopes in snowpack
differed between Unimpacted and MPB-impacted stands.
Unimpacted stand snowpack plotted along the LMWL,
indicating no kinetic fractionation. This does not exclude
equilibrium fractionation (saturated conditions at the snow–air
interface), which is not detectable with this method. MPB-
impacted stand snowpack plotted on a line below (Figure 7)
and statistically different from the LMWL (p < 0.05) with a
slope of 6.2, indicating kinetic sublimation at an average
relative humidity of 90%. We calculated d 18Oreact–d

18O0-react

as 3.6 and d 2Hreact–d
2H0-react as 22.2. The fraction of SWE lost

from the combinedMPB-impacted stand snowpack via kinetic
sublimation is estimated at 24% using 18O and 18% using 2H.
These estimates of snowpack kinetic sublimation loss would
include neither sublimation of intercepted snow completely
sublimated from the MPB canopy nor sublimation of
snowpack under equilibrium (saturated) conditions. The
estimate may be further reduced by condensation back into
the snowpack, which may bring the isotopic signature of
snowpack back towards the LMWL and obscure the
sublimation signal. These 18–24% snowpack loss estimates
are therefore lower bounds of total winter snowpack
sublimation in the MPB stands, consistent with estimates of
an additional 0–8.4% lost by canopy sublimation and snow
surveys showing a total of 36–38% winter season ablation
of snowfall.

DISCUSSION

In this study, we observed shifts in two canopy-mediated
snow processes following MPB forest mortality: decreased
interception (Figure 3) and increased snowpack sublimation
(Figure 7). Ultimately, these compensated for one another,
resulting in no difference to peak normalized SWE (Figure 6),
in contrast with the few previous direct observations of snow

Table III. Distributed snow depth and SWE and SWE:P values
from surveys conducted in headwater catchments (~1 km2) near

peak accumulation for winters 2010 and 2011.

Year Depth SWE
Stand (cm) (cm) SWE:P

2010
Unimpacted 88#3 (0#6) 23#0 (0#2) 0#61
MPB-2009 92#9 (0#3) 28#2 (0#1) 0#65
MPB-2008 96#4 (0#8) 29#3 (0#2) 0#68
MPB-2007 94#0 (0#3) 28#6 (0#1) 0#66

2011
Unimpacted 87#8 (0#7) 27#0 (0#2) 0#64
MPB-2009 82#6 (0#5) 28#2 (0#2) 0#61
MPB-2008 83#2 (1#5) 28#5 (0#5) 0#61
MPB-2007 79#0 (1#6) 27#0 (0#5) 0#58

MPB-2007 and MPB 2008 stand types experienced 75% mortality in their
initial infestation year; the MPB-2009 stand type experienced 15%
mortality by winter 2010 and a total of 25% by winter 2011. The sample
mean and standard error of the mean are shown to reflect the uncertainty
associated with estimating the population mean. Sample sizes of depth
observations are Unimpacted = 1766, MPB-2009 = 746, MPB-2008 = 923
and MPB-2007 = 1199. MPB, mountain pine beetle

Figure 7. Water isotopic contents of fresh snowfall and evolved snowpack for (a) Unimpacted stands and (b) combined mountain pine beetle (MPB)
stands. ‘+’ symbols denote fresh snowfall and ‘#’ denote snowpack. The MPB stands snowpack slope was significantly less than that of the Local

Meteoric Water Line or LMWL (p < 0#05).
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Mountain pine beetle



Snow pit sampling for isotopes



• The snowpack H2O isotopes plot 
along the local meteoric water line 
(LMWL).

• Isotopic layers are formed in the 
snowpack with each winter storm.

• These layers persist, even through 
snowpack ablation.

Relative local meteoric water line
No

rm
al

ize
d 

sn
ow

 w
at

er
 e

qu
iva

le
nt

Using snow water isotopes to understand sublimation from snowpack



Land cover classification

Spatial patterns of snowpack water isotope variation
Evan Kipnis



Predictors – forest cover and elevation



Spatially lagged regression model for 

LC-excess (like d-excess) in snowpack

APRIL 2014
Variable Coefficient Value p-value
Elevation 0.011 0.00038

%grey canopy 3.9 0.017

Lag Distance 0.195 0.17

LC-excess = ρ(Wy) + β1elevation + β2%dead_tree + β0 + ε

LC-excess calculated as d2H - 8.2 * d18O - 10.3
(Landwehr & Coplen 1996)



‰

LC-excess isoscape for mountain snowpack



Hypotheses to explain LC-excess pattern in snowpack:

• Sublimation (kinetic isotope fractionation) in intercepted 
snow that then falls to snowpack

• Longwave radiation is higher under green canopy, leading to 
greater sublimation during winter

• Pressure pumping and lower kinetic isotope fractionation is 
more prevalent in open gaps (Bowling et al. 2009)
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• Can we attribute this 
decrease to the spruce 
beetle epidemic?

• We won’t know until we 
construct a realistic model to 
explain the sublimation 
process.

• Total sublimation is lower 
after canopy loss in 2010.

• There is a relationship 
between sublimation and 
snowfall

• This relationship also 
decreases by 1/3 after the 
loss of canopy.

Sublimation has decreased in the years following 
the spruce beetle outbreak

John Frank, unpublished



Snow intercepted by canopy sublimates within 72 hours after storm



Frank et al. in preparation

Model development: Explaining sublimation by water and energy 
balance



Los Gatos Research Inc. water vapor isotope analyzer 
installation - February 2014

MS student – Evan Kipnis

PhD student – John Frank



Continuous monitoring of the isotopic composition of 
water vapor, Snowy Range, Wyoming 

Frank et al. in revision
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Continuous monitoring of the isotopic composition of 
water vapor, Snowy Range, Wyoming 

Frank et al. in revision



Take home section 4       THAT’S IT!

• Snow at high elevation is lost (ablated) layer-by-layer 

from top of snowpack with no mixing of isotopes 

between layers. No net kinetic isotope effects of 

sublimation or evaporation

• However, ablation processes vary across landscape, 

potentially imparting distinctive isotopic fingerprints 

to melt water and vapor lost to atmosphere

• The Isotope Transfer Function for input to output of 

snowpack is complex – need more lasers and better 

models!


