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Abstract. Studying the evaporation process and its link to region of 62 % is found albeit with a large event-to-event
the atmospheric circulation is central for a better under-variability (0 % to 89 %) for continental Europe. During days
standing of the feedbacks between the surface water conmnf strong local moisture recycling a higher overall transpira-
ponents and the atmosphere. In this study, we use 5 month#on fraction of 76 % (varying between 65 % and 86 %) is
of deuterium excesslj measurements at the hourly to daily found. These estimates are affected by uncertainties in the
timescale from a cavity ring-down laser spectrometer to charassumptions involved in our method as well as by parameter
acterise the evaporation source of low-level continental wa-uncertainties. An average uncertainty of 11 % results from
ter vapour at the long-term hydrometeorological monitor- the strong dependency of the transpiration estimates on the
ing site Rietholzbach in northeastern Switzerland. To recon-choice of the non-equilibrium fractionation factor. Other un-
struct the phase change history of the air masses in whicleertainty sources like the influence of boundary layer dynam-
we measure theé signature and to diagnose its area of sur-ics are probably large but more difficult to quantify. Never-
face evaporation we apply a Lagrangian moisture source ditheless, such Lagrangian estimates of the transpiration part
agnostic. With the help of a correlation analysis we inves-of continental evaporation could potentially be useful for
tigate the strength of the relation betweémeasurements the verification of model estimates of this important land—
and the moisture source conditions. Temporal episodes witlatmosphere coupling parameter.

a duration of a few days of strong anticorrelation betwéen
and relative humidity as well as temperature are identified.
The role of plant transpiration, the large-scale advection of

remotely evaporated moisture, the local boundary layer dy—l Introduction

namics at the measurement site and recent precipitation aé . . .
) . ; .Evaporation of water from the earth surface is a key coupling
the site of evaporation are discussed as reasons for the exis-

: : rocess in the hydrological cycle between the earth surface
tence of these modes of strong anticorrelation betwieamd b Y 9 y

moisture source conditions. We show that the importance of.md the atmosphere. The energy available from global radia-

. . ; S ion for the phase change from liquid water in the land sur-
continental moisture recycling and the contribution of plant : . :
face reservoirs to water vapour in the atmosphere is modu-

transpiration to the continental evaporation flux may be de- . - :
. - . lated by meteorological conditions. On continental surfaces,
duced from the/-relative humidity relation at the seasonal ; .
the actual moisture flux from the land to the atmosphere is

timescale as We." as for |no!|V|duaI_events. The_ methodol further constrained by the available soil water and groundwa-
ogy and uncertainties associated with these estimates of the ;

I . o ter (e.g.Entekhabi and Eaglesph989 Koster et al. 2004
transpiration fraction of evapotranspiration are presented an

. : S eneviratne et gl2010. The evapotranspiration flux in turn
the proposed novel framework is applied to individual events - .

. . feeds back on the temperature and humidity conditions of
from our data set. Over the whole analysis period (August to, ;
December 2011) a transpiration fraction of the evapotrans ithe lower atmosphere (e-getts 2004 Seneviratne et al,

: P evap P 2006 Mueller and Seneviratn012. Long-term changes
ration flux over the continental part of the moisture source. . .
in spatial and seasonal evaporation patterns over land and
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ocean were identified in model simulations and observationbeen used (e.dpansgaard1964 Merlivat and Jouzell979
based data sets for the twentieth century (8gsilovich Gat, 1996 Pfahl and Wernl|i2008 Welp et al, 2012):

et al, 2005 Jung et al.201Q Douville et al, 2013 and for

future climate projectionsHeld and Soden2006 Senevi-  d = §°H — 8- §180. (1)
ratne et al.2006 Boé and Terray2009. Positive trends in

ocean evaporation in the last decade were diagnosed frorBecause equilibrium fractionation is temperature dependent,
satellite observationsSghlosser and House2007 Yu and the ratio of the two equilibrium fractionation factarer') =

Weller, 2007). Such changes in surface evaporation driven SZH’_ll varies between 8.6 at@ and 7.7 at 30C (Majoubg

by ch : heri diti h . 180
y changes in atmospheric conditions have a strong Impacig7y) 4 can thus slightly change even under thermodynamic

on the regional continental water cycle and the strength ofqilibrium conditions. Since non-equilibrium fractionation
the coupling between the earth surface and the atmospherg inyinsically dominant during evaporatiodjs an interest-
(Seneviratne et 312010. Studying the evaporation process g yariable for the study of surface evaporation and the as-

and its link to the atmospheric circulation is thus central for g5 iated meteorological conditior@raig (1961) found that
a better understanding of the feedbacks between the eartfpq global mean meteoric water hag @f 10 %o, reflecting
surface and the atmosphere. the fact that the ocean is generally out of equilibrium with

To investigate the impact of atmospheric circulation on yhe gimosphere and the mean relative humidity of air at the
surface evaporation and the subsequent transport of MOISsvaporating ocean surface<4<.00%.

ture in the atmosphere, the use of stable water isot_opo_logues In the following we present a short review on the use of
(*H21°0, 2H'H'®0 and'H,'®0) as a proxy in combination 5 5 proxy for ocean evaporation (Sect). In Sect.1.2we

with Lagrangian modelling techniques is an established apgmmarise the findings from studies aimed at understanding
proach (see e.g3at et al, 2003 Pfahl and Wernli2008 \yhich processes contralin low-level continental moisture,

Sodemann et al2008H. In a Lagrangian framework the his- hich js generally also affected by land surface evaporation
tory of air parcels can be followed back in time using global ,cesses like soil evaporation and plant transpiration.
or regional (re-)analysis data of the three-dimensional atmo-

spheric wind fields. Such a modelling approach is appropri-{ 1 4 as a proxy for ocean evaporation
ate to relate the geographical location of the measurement of
stable water isotopes in atmospheric water vapour with theMerlivat and Jouze{1979 published one of the first studies
location of surface evaporation of this moisture. The mois-using thed signal in precipitation to derive global mean sea
ture source can be local (i.e., close to the measurement sitegurface temperatures and relative humidity above the ocean.
remote (e.g>100 km away from the site), or a combination The relationship presented Merlivat and Jouze1979 in-
of the two. The dependency of the isotope fractionation pro-volves the so-called closure assumption of a climate in steady
cesses during phase changes on environmental variables likgate, in which ocean evaporation is the only source of mois-
temperature, relative humidity and wind speed makes stableure for the atmospheric boundary layer. Using@raig and
water isotopes particularly suited for the study of the com-Gordon (1965 linear resistance model for evaporation and
plex atmospheric controls on evaporation. applying the closure assumption discussedvierlivat and

The isotopic content of a water vapour sample is ex-Jouzel(1979, the following relationship can be obtained be-
pressed in terms of the relative deviation of the iso-tweend of the ocean evaporation flux, sea surface tempera-
topic mixing ratio from an internationally accepted stan- ture (SST) irfC and relative humidity with respect to sea sur-
dard (§ = M{ﬁ and is indicated in permil (%). face temperaturks (s stands for surface) in % (see coloured

Rstandard . o ) ) |d | . F. 1)
When thermodynamic ‘equilibrium prevails (i.e., for satu- Selid lines in Fig.1):

rated conditions), the variability af?H in natural waters
is approximately 8 times larger than the variabilitysittO. d =0.33-SST—-0.44- hs+ 37. @)

This is due to the differences in the saturation vapour pres;l_h Jin th tion flux | ith d S
sure of the two heavy isotopologugd*H60 andH, 0. €d 1n the evaporation Tiux increases with decreastgg

Equilibrium fractionation is theoretically well understood and increasing SST in accordance with the general physical

(Bigleisen 1963 and has been studied in laboratory experi- qnderstanding of equilibrium and non-equilibrium fractiona-

ments (e.gHorita and Wesolowskil994). The temperature-

dependent equilibrium fractionation factar= 1%' relates

The theoretical link betweed in atmospheric moisture
the isotope ratio of the condensatgeto the isotope ratio of and hs as well as SST at the location of evaporation th_us
provides a powerful framework to study remote evaporation

the vapour phas&,. Non-equilibrium fractionation occur- diti . M | del studi d
ring in unsaturated conditions, results from differences in theConditions using/ as a proxy. Many early model studies use

diffusivity of the different isotopes. To quantify the deviation the Craig and. Gordor(196'5).moglel together with the CI.O'
from thermodynamic equilibrium during phase changes, theSure assumption to relate initial isotope concentrations in the

second-order isotope parameter deuterium ex¢éss often air parcel_ o conditions at the evaporative source dngzel
pep and Merlivat 1984 Johnsen et gl1989 Petit et al, 1997).
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Theoretical relation using
Craig and Gordon, 1965
and global closure:

—— Merlivat and Jouzel, 1979
— uqgm=5m/s

—.Z. Merlivat and Jouzel, 1979
u1om=10m/s

d [%o]

Pfahl and Wernli, 2009
100% soil evaporation

--- Pfahl and Wernli, 2009
40% soil evaporation
60% transpiration

Empirical relation
hg [%] —— Pfahl and Wernli, 2008

Fig. 1. The d in the evaporation flux as parameterised by the Craig—Gordon linear resistance @waigland Gordon1965 using the
closure assumption fromerlivat and Jouze{1979. Different non-equilibrium fractionation factors were used for the different lines. For
the solid coloured lines the non-equilibrium fractionation factorsleflivat and Jouze{1979 were used withi1gm =5 ms-L. For the red
and the blue dash-dotted line the non-equilibrium fractionation factokdesfivat and Jouze{1979 were used with 10 m wind speeds of
u10m= 10ms 1. The black line shows the empirical relationshigRé&hl and Wernl{2008. The dashed red line represents the evaporation
flux d from the land surface in summer assuming 40 % fractionating bare soil evaporation with non-equilibrium faetors bD039 for

82H andaX = 1.0076 fors180 (Pfahl and Wern|i2009 and 60 % non fractionating transpiration (eYgpez et al.2005 Lawrence et aJ.
2007 Sutanto et a).2012. The soil moisture isotopic composition for the red dashed line was chosers foibe —88 %0,8180 = —12 %o,
which results in a source vapadifath = 100 % and 27C of df = 10.8 %.. The dashed blue line represeditsf the evaporation flux from the
land surface in winter assuming 100 % bare soil evaporation with non-equilibrium factefs-01.0039 fors2H andaK = 1.0076 fors180
(Pfahl and Wernli2009. The soil moisture isotopic composition for the blue dashed line was choser#bibe —200 %o,5180 = —24 %o,
which results in a source moistu# = 3.5 %o for 7s = 5°C. The estimates for the soil moisture isotopic composition are best guesses of
typical values for winter and summer.

These studies showed that thesignature of the evapora- thus may lead to an overestimation of the slope ofdhks
tion conditions is at least partially conserved along the trajec+elationship.
tory of the advected vapour until rainout, for example, over In several recent studieg, samples obtained from the
the Greenland ice sheet. General circulation models (GCMsbceanic boundary layeiGat et al, 2003 Uemura et al.
equipped with stable water isotope physics (daussaume 2008 or from a near-ocean site over larféfghl and Wernli
etal, 1984 Hoffmann et al, 1998 explicitly simulated evap- 2008 were shown to be a good proxy for the meteorolog-
oration using theCraig and Gordor(1965 model. These ical conditions over the ocean at the point of evaporation.
models generally reproduced the climatological signals ofPfahl and Wernli(2008 showed that for isotope data mea-
the individual isotopes in precipitation reasonably well. The sured in Rehovot (Israel) between 1998 and 2006 on short
d signal as simulated by GCMs, however, suffers from largetimescales (8 h accumulation time on averafj@jas primar-
biases Jouzel et a].2007 Yoshimura et al.2008 Risi et al, ily a proxy for hg at the point of evaporation of the probed
2010 20138. moisture and not for SST (see black line in Fly. Uemura
Jouzel and Kostef1996 showed that GCM-derived in et al. (2009 performed ship measurements over the South-
the evaporation flux over the ocean was strongly correlatedern Ocean and found a linear multivariate relationship be-
with hs and SST, when using the approachiCohig and Gor-  tweend, hs and SST. The slope of the linear dependency
don (1965 without the closure assumption. For this case theybetweend and hs, which is a central measure used in our
deduced the relationship= 0.38- SST— 0.238. hs+ 23.1. study, is very similar inJemura et al(2008 andPfahl and
When assuming closure to compute the initial isotopic com-Wernli (2008 with —0.52 %0 % and—0.53 %, % * respec-
position of water vapour over the ocean using the &§&nd  tively. Both studies analysed isotope data from moisture that
doceandata from the GCM,Jouzel and Kostef1996 found directly emanates from ocean evaporation without any rel-
a slightly different relationshipi = 0.598 SST—0.381 s+ evant influence of continental moisture recycling processes.
25.5. The feedback of the atmospheric moisture on the iso-On a climatological timescaléis mainly used as a proxy for
topic composition of the evaporation flux seems to weakenSST Johnsen et gl1989 Vimeux et al, 1999 based on the
the sensitivity ofd to changes in SST ankk in the GCM  argument that GCM simulations show only small glacial-to-
used byJouzel and Kostef1996. The closure assumption interglacial changes ihs.
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In the present study, we investigate the isotopic composiimentioned above byouzel and Koste(1996, Pfahl and
tion of low-level continental moisture, which generally only Wernli (20089 andUemura et al(2008 (~ —0.5 %0 % 1).
partly originates from ocean evaporation and is strongly af- The ratio of diffusive to turbulent transport in evapora-
fected by continental evaporation processes. Thus in the foltive transition layers as well as the diffusivity of the heavy
lowing section the possible influence of continental evapo-water molecules in vapour represent further uncertainties in
ration on water vapouf and particularly on the lineat—hg the estimation of the isotopic composition of the evapotran-

relationship is discussed. spiration flux as well as for the ocean evaporation flux. As
shown in Tablel the spread of the non-equilibrium frac-
1.2 Thed in continental low-level moisture tionation factors for bare soil and ocean evaporation found

in the literature is large. Generally, a wind speed dependent

Water isotopes have been used as tools to investigate contdescription of the non-equilibrium fractionation process is
nental moisture recycling in different studies in the past (e.g.used for ocean evaporatioMérlivat, 1978 Cappa et al.
Salati et al. 1979 Gat and Matsyil991 Risi et al, 2013. 2003. For high wind speeds the water vapour transport is the
There are some indications from recent vapour measuresame for all the isotopes. For small wind speeds, molecular
ments at different continental locations in China and Northdiffusivity has a more pronounced impact on water vapour
America that thel of continental surface air can be signifi- transport, which leads to non-equilibrium isotopic fractiona-
cantly altered by local processes on the subdiurnal timescal@on. For continental evaporation, small-scale turbulence may
(Welp et al, 2012. These authors therefore cast some doubtseven enhance rather than suppress non-equilibrium fraction-
on whether continental water vapafican be used as a con- ation (Lee et al, 2009. Based on their Lagrangian anal-
served tracer of environmental conditions during evapora-ysis of isotope measurements in Israefahl and Wernli
tion at the moisture source location. Several processes affe¢2009 suggested a wind speed independent formulation of
the isotopic composition of water vapour after its evapora-the non-equilibrium fractionation factor for wind speeds be-
tion from land or ocean, during its transport. Cloud and pre-low 15msL. For soil evaporation from wet soils, the mois-
cipitation formation, partial below-cloud evaporation of rain ture transfer is controlled by the atmospheric conditions and
droplets, snow formation and mixing with water vapour from the same non-equilibrium factors as for an open water surface
other evaporative sources can affect the isotopic compositiogan be applied\lathieu and Bariacl996. For dry soils, the
of the water vapour transported in an air parc@iaf{s and  transfer is dominated by soil characteristics and the transport
Jouze) 1994 Field et al, 2010. To a first order, the micro- of water vapour is primarily controlled by molecular diffu-
physical processes in clouds can be assumed to occur in cosivity in the soil. From cryogenically collected soil vapour
ditions of equilibrium between the different phases. Thus,dataBraud et al(20093 find that the non-equilibrium frac-
these processes do not strongly afféct-urthermore, it is  tionation factor is not constant in time and seems to depend
unclear whether a consistefits relation as discussed above on the shape of the vertical soil water isotopic profile.
for ocean evaporation exists for evapotranspiration which is In this paper we present a Lagrangian analysis of laser-
characterised by additional controls like soil moisture andbasedd measurementsAgmisegger et al.2012 in conti-
vegetation activity. nental boundary layer water vapour in northeastern Switzer-

The relationship betweeti and is strongly depends on land at the hydrometeorological measurement station Ri-
the isotopic composition of the soil moisture and the contri- etholzbach $eneviratne et 312012. Five months of hourly
bution of transpiration, which can be assumed in first orderd averages of 5s measurements are analysed and interpreted
to be non-fractionating over timescales>of day Harwood  using the corresponding diagnosed remote moisture source
etal, 1999 Farquhar et al2007). The partitioning of the la- k% and skin temperaturer{) as well as measured locaf
tent heat flux between transpiration and evaporation is a cenand 7¢ (see Table2 for a summary of the variable names).
tral parameter for its isotopic signature. Isotopes have beefThe goal of this study is to tackle the question whether the
used in several studies as a tool for the separation of the lanotopic composition of continental boundary layer moisture
surface latent heat flux into evaporation and transpirationcan be considered as a tracer for the evaporation conditions
(e.g.Moreira et al, 1997 Yakir and Sternberg200Q Yepez  hfandT7y.
et al, 2005 Robertson and Gazi2006 Sutanto et a).2012 More specifically, the three main aspects addressed are(1)
Jasechko et al2013. The potential influence of land surface the impact of the boundary layer dynamics on the timescale
processes on the isotopic composition of the evaporation fluof low-level moisture memory of evaporation conditions; (2)
is shown in Fig.1 by the dashed lines. The slope of e the influence of land surface processes like recycling and
hs relation is expected to be smaller when transpiration playsevapotranspiration on thie-h and thed—h relations of con-
a dominant role in the evapotranspiration flux from the landtinental boundary layer water vapour and (3) the use of the
surface Welp et al.(2012 indeed found smallef—hs slopes  d—hs relation for estimating the partitioning of continental
for isotope measurements in the continental boundary layeevapotranspiration in soil evaporation and plant transpiration.
and localhs measurements—0.36 %0% 1 in New Haven, In the following we present the measurement site as well
USA and—0.22%.% ! in Borden, Canada) than the ones as the measurement techniques used in this study (§ect.

Atmos. Chem. Phys., 14, 40291054 2014 www.atmos-chem-phys.net/14/4029/2014/



F. Aemisegger et al.: Deuterium excess as a proxy for continental moisture recycling 4033

Table 1. Comparison of kinetic fractionation factosX found in the literature, for 10 m wind velocities betweerym=0s anduigm=
12ms1 (values show the minimum to maximum value in this range of wind velocities).

Study Study Body (X — 1) - 1000 [%o]
82H s80
Merlivat and Jouze(1979 lab open water 3.08-6.82 2.70-6.01
Cappa et al(2003 lab open water 1.73-3.90 3.47-7.65
Pfahl and Wernl{2009 field open water 3.92 7.56
Mathieu and Baria€1999 model bare soll 16.76 (wet), 25.12 (dry)  18.72 (wet), 28.07 (dry)

Table 2. Description of variable names used in the text.

Variable name  Description

hs relative humidity with respect to skin temperature
h§ remotehs diagnosed using the Lagrangian moisture source diagnostics
hé local ks measured at Rietholzbach
hgm h with respect to 2 m temperature measured at Rietholzbach
Ts skin temperature
s remote skin temperature diagnosed
using the Lagrangian moisture source diagnostics
T local skin temperature measured at Rietholzbach
TZZm local 2 m air temperature measured at Rietholzbach
deuterium excess measured at Rietholzbach
s diagnosed deuterium excess of the remote moisture source
dt diagnosed deuterium excess of the local moisture source
do deuterium excess of ocean water
de deuterium excess of continental surface water (soil moisture)
dp deuterium excess of precipitation

then we briefly introduce the applied moisture source identi-precision of the measurement systemdas 0.3%. and the
fication method in SecB and discuss the moisture sources accuracy is 3.1%. (seAemisegger et al.2012 for techni-
of water vapour at the Rietholzbach site between August andal details). The inlet on the measurement field is-&t5 m
December 2011 identified with our Lagrangian approach inheight and consists of a rain protection and a 5mm stain-
Sect.4. The timescale and modes of anticorrelation betweerless steel filter (Fig2a). A heated PTFE tubing at 7€ (6 m
hs andd is discussed in Sech. The occurrence and charac- long with an inner diameter of 10 mm) leads to the instru-
teristics of events of high anticorrelation between ldcabr ~ mentin the cellar. Figurgc shows a schematic of the flow of
remotehy andd is analysed in Sec6. From the analyses of ambient air through the measurement system. The main 6 m
these events we deduce and present a method for quantifyingbing is flushed by a membrane pump with a throughflow of
the transpiration fraction of the continental evaporation flux9 L min—1. The internal pump of the laser instrument induces
using deuterium excess measurements and the Lagrangianflow of 25 mLmirr® through the instrument. The typical
moisture source diagnostics (Segt. travel time of a water molecule from the inlet to the outflow
of the measurement systenrid min.

Calibration was done two times a day with each time
two standards at 03:00UTC and 15:00UTC. During the
night calibration period, four calibration runs with two stan-

The isotopes and hydrometeorological measurements used ﬁifar?s and tV\;lo different water vapour mixing ratlcr)1$ were
this study were performed at the Rietholzbach site, situated if€rformed. The water vapour mixing Iratloi were chosen at
the northeastern Swiss Preal&(eviratne et gl2012. The 3000 ppmMv _above_ and 3000 ppmv below t € amb|e_nt wa_ter
water vapour isotope measurement system was set up durinPOUr mixing ratio of the previous 15 min of ambient air
5 consecutive months (1 August 2011 to 31 December 2011§n€asurements. During the daytime calibration period only
for hourly measurements at the Rietholzbach site in a lysime:"° callbr.atuon runs were performed at the amb!er_1t water
ter cellar. The instrument used is a Picarro L111&vity vapour mixing ratio with the two standards. If variations in

ring-down laser spectrometer. For hourly measurements, th&/ater vapour mixing ratios during the day wer&000 ppmv,

2 Measurements from the site Rietholzbach

www.atmos-chem-phys.net/14/4029/2014/ Atmos. Chem. Phys., 14, 40054 2014
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Table 3. Isotopic composition of the standards used for calibration
of the laser water vapour isotope measurements for 1 August 201

F. Aemisegger et al.: Deuterium excess as a proxy for continental moisture recycling

global scale we used 6-hourly data from the ERA-Interim
teanalysesee et al. 201]) interpolated on a horizontal

to 18 November 2011 (period 1) and 18 November 2011 to 31 De-grid with a gr|d Spacing of 4 On the regiona| scale we

cember 2011 (period 2).

Standard 1 Standard 2
period 1 period 2 period 1 period 2
§2H  —78.68%c —78.68% —153.90% —256.11%o
s180  —10.99% —10.99% —24.89% —46.02 %o

the measurements were corrected for water vapour mixingi_?

ratio dependency (seAemisegger et al.2012. The wa-
ter vapour mixing ratio correcte#f80 and §2H measure-

ments were then normalised to the international VSMOW2-

VSLAP2 scale FAEA, 2009 using the known reference
standards with a linear relation between the measured sta
dard$ values and their reference value (TaB)e Thed =
8°H — 8- 5180 was obtained from the calibratédneasure-
ments. The 5s calibrated water vapour measurements we
averaged to hourly isotope and water vapour mixing ratio
data.

Bi-weekly accumulated water samples from the lysimeter
outflow were measured by IRMS on a DEKHSXP mass
spectrometer (Thermo Fisher Scientific Inc., Germany) for
the whole measurement period.

3 Lagrangian moisture source diagnostic

An established moisture source diagnosBodemann et al.
20083 is used in this paper to identify the and 7y condi-

used hourly analysis data of the limited-area model COSMO
(Doms and SchéttleP002 Steppeler et al2003 provided
operationally by MeteoSwiss with 7 km horizontal grid spac-
ing.

The measurement site Rietholzbach is situated in north-
eastern Switzerland (47.38Bl, 8.99 E) at an elevation of
755 mas.l. (Seneviratne et 3l2012. Five horizontal starting
points were selected for the trajectories in a cross arrange-
ent with the location of the isotope measurement station
ietholzbach in the centre of the cross. The four points defin-
ing the cross edges were shifted bydrRthe meridional and
zonal direction from the measurement site, respectively.

A constant maximum starting height of 1800 ek was

r§_et to cover a representative part of the lower troposphere,

where the water vapour isotope measurements were con-
ducted. Seven vertical levels were thus selected as start-

ligg points for the COSMO trajectories, corresponding to

every second model level between levels 1 and 13 (be-
tween 780ma.l. and 1800 ma.l. every ~ 150 m). With

this setting, in total 35 trajectories were computed five days
backward in time for every hour in the period August to
December 2011 using COSMO analysis fields. With the
ERA-Interim analysis data every second model level was
chosen between levels 1 and 11 (between 78@mand
1800 mas.l. every ~ 200 m) leading to 25 trajectories that
were computed ten days backwards in time every six hours
for the same time period. Several meteorological variables
including specific humidity, 2 m temperature, 2 m dew point
temperature, skin temperature, and boundary layer height,

tions at the evaporative sources of atmospheric water vapoue€re interpolated along the backward trajectories from both

analysed for its isotopic composition at the Rietholzbach site models for the Lagrangian diagnostic and further analysis. In

This Lagrangian tool is based on the diagnosis of changes jgeneral, ERA-Interim surface conditions and observational

specific humidity along backward trajectories started at thedata sets have been shown to be in good agreenSemk (

location of measurement. Lagrangian techniques have beefons, et al.201Q Pfahl and Niederman2011).

used in previous studies for the interpretation of stable wa-

ter isotope measurements especially in precipitaRings-  3-2 Moisture source diagnostic

berger et al.1983 Anker et al, 2007, Barras and Simmongls

2008 Sodemann et gl2008h but also in water vapouQat

et al, 2003 Lawrence et a).2004 Strong et al.2007 Pfanl ~ Was developed bfodemann et a20083 for identifying

and Wernlj 2008. moisture sources of precipitation. The same diagnostic tool
The first step in the identification procedure of moisture Was applied irPfahl and Wernl(2008 for the interpretation

sources is the trajectory calculation as described in Sect.  Of water vapour isotope data. With this technique, evapora-

Then the moisture source diagnostic tool to identify the mois-tion sites of the moisture can be identified by following the

ture sources (uptake points) and the meteorological condir parcels back in time and registering changes in specific

ditions at the source locations is applied as presented ifumidity along the trajectories. Positive increments in spe-
Sect3.2 cific humidity along trajectories for a given time increment

(1 h for COSMO and 6 h for ERA-Interim) are regarded as
moisture uptakes from the underlying surface at the centre
of the corresponding trajectory segment. Each uptake loca-
Two different model data sets have been used in this papetion is weighted according to its contribution to the final hu-
to compute kinematic three-dimensional backward trajecto-midity of the trajectory. If a decrease in specific humidity
ries using the method dlMernli and Davieq1997. On the  (i.e., precipitation) occurs along a trajectory after one or more

The Lagrangian moisture source analysis used in this study

3.1 Trajectory calculations

Atmos. Chem. Phys., 14, 40291054 2014 www.atmos-chem-phys.net/14/4029/2014/
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a) Inlet c) Flow diagramm

Inlet ﬁ
A filter

rain protection
1.5 mI

ground

cellar heated PFA tubing

94 min™

Calibration unit
SDM+Vapouriser
Y

Picarro L1115-i g 25 m¢ min™
—

b) Laser system in the lysimeter cellar

o

30 cm

CW-WS-CRDS

Picarro L1115-i

Fig. 2. Setup of the laser spectrometer at the Bliel measurement site of the research catchment Rietf@lzidathf the sampling system.
(b) Setup of the Picarro L1115€avity ring-down laser spectrometer in the cellar of the measurement(figllow diagram of the setup
including the inlet and the laser spectroscopic measurement system.

uptakes, the weights of the previous uptakes are discountetb be vertically linked to surface evaporation. Originally this
(seeSodemann et 3120083 for a detailed description). For parameter was chosen to be dependent on the boundary layer
each backward trajectory, the meteorological conditions aheight Sodemann et gl20083. Detailed inspection of in-
the uptake points are averaged over all identified uptakes ugdividual cases along our trajectories however show that due
ing the weights determined from the specific humidity con- to shallow convection air parcels can experience uptakes with
tribution. For a given measurement, the moisture source ina clear vertical link with ground evaporation, even though oc-
formation from all 35 (COSMO) or 25 (ERA-Interim) trajec- curring well above the boundary layekdmisegger2013.
tories is averaged, weighted by the specific humidity at eachn these cases, the vertical link is due to convective mixing of
trajectory’s starting point. boundary layer air upward in the atmospheric column. Thus
The moisture source diagnostic was used for both sets ofio use of a maximum uptake height for the present study is
trajectories calculated with the COSMO analyses and theapplied. As shown in Appendi®2, the impact of the choice
ERA-Interim reanalysis data. Moisture sources were thus obof the maximum uptake height on our analysis is very small
tained every hour using COSMO analysis fields and everyand does not change the interpretation of our results.
6 h using ERA-Interim. The sensitivity of our results to the
choice of the analysis data is discussed in AppeBdixEsti-
mates of water residence time in the atmosphere from globa‘fJr
model simulations are-8 days [renberth 1998. Thus the
moisture sources identified with the 10-day backward trajec-
tories calculated with ERA-Interim should largely cover the
sources of the moisture sampled at the Rietholzbach site.

_An important parameter in the moisture source diagnosy, yis section, the moisture sources obtained from trajec-
tic is the maximum altitude at which we consider an uptakeias calculated with COSMO analyses and ERA-Interim

Moisture sources and source conditions of the water
vapour analysed in Rietholzbach between August and
December 2011

4.1 Geographical distribution of moisture sources

www.atmos-chem-phys.net/14/4029/2014/ Atmos. Chem. Phys., 14, 4C®%4 2014
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Fig. 3. Monthly average moisture sources between August and December 2011 identified using ERA-Interim (left) and COSMO analyses
(right). Colour coding indicates percental contributions to the final specific humidity pér(ki The integral over the entire moisture

source region sums up to 100 % of the explained moisture at the Rietholzbach site. The white cross indicates the location of the isotope
measurement site Rietholzbach. The COSMO domain is indicated by a curved black frame.

reanalyses for thé measurements between August and De-using ERA-Interim data to 88%. When considering only
cember 2011 are presented and compared. Fi@ysihews the  the domain of the regional model, the integrated monthly
monthly average moisture sources identified for the measuremoisture source distributions between August and Decem-
ment period using ERA-Interim (left column) and COSMO ber 2011 obtained with ERA-Interim agree very well with
analysis data (right column). The panels show the percentahose identified with the COSMO analyses. When looking
contribution per kA of the moisture sources to the specific at the global picture, the limitation of the COSMO domain
humidity at the measurement site. With COSMO, the “ex- hasits largestimpact in September, November and December
plained fraction”, i.e., the part of the moisture for which (Fig.3c versus d, g versus h and i versus k). In September and
our diagnostic can identify the sources, amounts to 71 %December the moisture source analysis using the regional
Because of the global domain, this fraction increases whemodel data misses parts of the moisture sources over the

Atmos. Chem. Phys., 14, 40291054 2014 www.atmos-chem-phys.net/14/4029/2014/
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Moisture sources identified with COSMO analyses under-

° —hzzm , estimate the ocean contribution (mainly due to the limited
5l _hts AN | domain), whereas it is possible that the moisture source di-
o agnostics applied to ERA-Interim data overestimates it due to

— hg COSMO ; ‘ the relatively low temporal and spatial resolution of the data.

y 1 The interaction between the continental near-surface vapour
) and the air parcels in ERA-Interim is treated in a coarser way
! 1 due to the 6 h temporal andl1° spatial resolution.

- - - hs ERA-Interim

frequency [-]
w

4.2 Conditions at the moisture sources

) The conditions at the moisture source were obtained as de-
b ! \ 1 scribed in Sect3.2 by weighting the individual moisture
A | sources depending on their contribution to the specific hu-
0 ‘ ‘ o/ . N midity of the air parcel at the point of measurement. The sta-
0 0.2 0.4 0.6 0.8 1 tistical properties ofrg at the moisture source differ from
h [%] point measurements &t.

The i conditions derived from the moisture source diag-
Fig. 4. Distributions ofhgm measurements at the Rietholzbach site ngstics (Sect3.2) are characterised by lower variability than
with respect to 2 m temperature in blug measurements with re-  the locally measurett’, conditions (Fig4). The variability in
spect to .soil temperature 5cm below ground in red. The distr.ibu-the diagnosed sourdd is also smaller than what has previ-
tion of diagnosed moisture souré§ using COSMO analyses is  o;5ly been found for water vapour sources in Rehovot, Israel
shown by the black solid line, the diagnosed moisture sokfes- (Pfahl and Wern|i2008. Due to the mixing of different air
ing ERA-Interim data is shown by the black dashed line. All the . . .
distributions are shown for the complete data set from August tomasse_s _durlng tr_ansport and the spatlal extent of the mois-
December 2011 ture origin, the diagnosed source signals are expected to be
smoother than local humidity signals. The distributionsof
at the moisture sources as identified by COSMO and ERA-
western Atlantic just outside the model domain. In NovemberInterim are however very similar.
(Fig. 3d) the sources in the eastern Mediterranean are outside The distribution of the measuréd with respect td¢ (red
of the regional model domain. The average distance to theurve in Fig.4) is shifted towards lower relative humidities
moisture source diagnosed with COSMO for the whole pe-compared to the distribution of measuriégn normalised to
riod is ~500 km, whereas this quantity obtained for the sameT;  (blue curve in Figd). This is especially the case in win-
period using ERA-Interim is more than three times larger.  ter and during the night in summer, when the soil is warmer
Contributions from ocean evaporation are estimated in thehan the air. The regular occurrence of fog leads to very high
range 10-30% using COSMO and 35-55% using ERA-values ofi ., and somewhat lower values bf. We can ex-
Interim. The correlation between the time series of theclude any effect of snow cover on the observed difference
ocean evaporation contribution based on COSMO and ERAbetween: andhs,.,, as only a short period with snowfall not
Interim is 0.77, indicating that even if the exact amplitude is resulting in lasting snow cover occurred in December 2011.
different, the temporal variability of the ocean contribution is The relative humidity driving soil evaporation is probahfy
similar in the two data sets. However, for transpiratioh‘ém may better describe the con-
The moisture sources obtained for vapour at the meatrolling humidity gradient. Since at the daily timescale tran-
surement station Rietholzbach between August and Decemngpiration does not fractionate, we focus fanhere to study
ber 2011 compare very well in terms of general patterns withthe effects of soil evaporation ahof continental boundary
the 7yr climatology of precipitation moisture sources for layer water vapour.
the Alpine region from January 1995 to August 2002 com-  In the following,d measurements in water vapour are in-
piled by Sodemann and Zublg¢R010. We also find strong  terpreted with the diagnosed moisture source conditions from
regional moisture recycling over the Alpine region in sum- trajectories calculated using COSMO analysis data. The fo-
mer, an important contribution of the Eastern Mediterranearcus of our interest in interpreting measurements in bound-
during autumn and predominantly North Atlantic moisture ary layer water vapour is on the effects of continental mois-
sources in winter. However, the importance of land surfaceture recycling, which justifies the use of the higher-resolution
evaporation seems to be much larger in the present study thamgional model rather than the global model as a basis for the
expected from the climatology. The main reason for this dis-analysis. The sensitivity of our results to the choice of the
crepancy might be that precipitation forms at higher altitudesanalysis data set is discussed in Apperidlix
where the remote moisture sources certainly become more
important than for the near-ground moisture.

www.atmos-chem-phys.net/14/4029/2014/ Atmos. Chem. Phys., 14, 40054 2014
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Fig. 5. (a) Time series of hourly averages gf measured in Ri-
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Fig. 6. Close-up of thed time series of Fig.5a measured at
Rietholzbach in violet anché (a) respectivelyhg (b) in blue

for (a) summer (28.08.2011 to 07.09.2011) afid late autumn
(02.12.2011 t0 10.12.2011).

a weak anticorrelation<0.34) is found betweed and i
as predicted by theory (see Setcand Fig.1). This suggests

etholzbach in violet, moving average over 5days in dark blue, lo-that the average evaporation conditions of the advected mois-

cally measuredi§, 7¢ and latent heat flux . h§ for the local

measurements is computed from 2 m dew point measurements al

normalised with respect t@¢, where7¢ is the soil temperature
5cm below ground(b) Time series of:f and 7{ diagnosed at the
moisture source.

5 Modes of anticorrelation betweenhs, Ts and d

5.1 Anticorrelation timescale betweerd and moisture
sourcehg and T

ture have been identified reasonably well using the COSMO

"Wajectories and that remote, conditions at the moisture

sources are more important than loggl variations to ex-
plain the variability ofd. Thus, this result shows that overall
at the hourly timescale the effect of the large-scale moisture
sources is more important for tlesignal than the effect of
local evapotranspiration.

Daily boundary layer mixing processes and local evapo-
transpiration however affect the strength of #hé relation-
ship. The influence of local boundary layer processes, which
are essentially regulated by the incoming solar energy and

The hourlyd measurement series between August and Dethe energy budget at the surface, can be filtered out by using
cember 2011 in Figh shows strong variability between 0 %o a uniform averaging timescale of 24 h férA 5-day moving

and 30 %.. In summer, fairly clear daily cycles can be dis- window correlation betweedi andhg was computed over the
tinguished (Fig6a). Local processes such as boundary layer5 months of 24 h filtered data. A window of 5 days for the
mixing, entrainment of free atmospheric air and evapotran-computation of the moving correlation is regarded as rep-
spiration (see local latent heat flux in Fig). dominate the resentative for two reasons. On the one hand it reflects the
variability at the subdaily timescale in the warm season adimescale of typical weather situations. On the other hand
well as in certain periods of high pressure influence and weakt makes it possible to treat the data robustly in a statisti-
horizontal pressure gradients in autumn (e.g. in late Novem<¢al sense, which involves keeping a representative number
ber). The drivers of these local processes have also been disf data points. Slightly shorter and longer time windows for

cussed irLai and Ehleringe(2011) andWelp et al.(2012.

the computation of the moving correlation yield qualitatively

A second variability component with a timescale of a few similar results.
days, associated mainly with changing large-scale weather The 24 h filtered! andhj for the whole 5-month period are

conditions, is indicated by the dark moving averabéne

more strongly anticorrelated-0.47, Fig.7) than the hourly

in Fig. 5a. This synoptic-scale variability component acts asdata (-0.34). In the warm seasofif > 10°C), linear regres-

a low-frequency modulator of the daitycycle in the warm
season and appears to dominatedisgnal in autumn and

sion of the 24 h filtered signals of and &, yields a slope
of —0.17 %% 1, which is flatter than the slopes found in

winter (Fig.6b), when the diurnal variability is reduced. This the literature and discussed in Sett.In the cold season
d variability component is dominated by processes at the(7{ < 10°C) thed sensitivity onhg is much stronger than

remote moisture sourcéfahl and Wernli2008 Pfahl and
Sodemann2014.

in summer with—0.57 %0% 1, which is slightly larger than
what Pfahl and Wernli(2008 (—0.53 %0% ') and Uemura

When analysing the whole time period at the hourly et al.(2008 (—0.52 %0% 1) found for the eastern Mediter-
timescale,d and h{ are not correlated (0.02). In contrast, ranean and the Southern Ocean, respectively.

Atmos. Chem. Phys., 14, 40291054 2014
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a) (GNIP) stations show &, of on average around 10 %véns-
100 gaard 1964). Knowing that precipitation forms the soil mois-
30 % ture implies highet! for the moisture source of land evapo-
v‘ ‘ ration than for ocean evaporation.
— \ 80 _ Figure7 clearly shows that during certain periods the an-
£20 ‘ o = ticorrelation betweew andhf is stronger than during other
°© iy “‘ ‘\'.”\M"\ W' “‘v“‘”““{‘n"ﬂ;\ I, 0 periods. To investigate the effects of moisture advection and
il " U‘W‘M"\U}J | ] 60 recycling on the 24 h filtered—hL andd—h relationships at
10 ' U M the synoptic timescale in more detail, we identified periods
Liq%0 which are more strongly affected by remote or local evapora-
tion using the 5-day moving window correlation time series
Aug Sep Oct Nov Dec betweend and i’ respectivelyrt. This aspect will be anal-
b) T rol ysed and discussed in the next section.
35
2
’ 5.2 Moving window anticorrelations: identification of
20 time periods affected by remote and local
5 5 evaporation
°© 10 The influence of moisture advection ah at the daily
timescale is investigated by performing a correlation analy-
¥ sis ofd measurements with the diagnosed renidtand7;.
0 The three data series 1L and Ty were uniformly smoothed
o 5 = 5 T with a 24 h filter. The influence of local moisture recycling
) ond at the daily timescale is analysed using the measured
hs %] local h{ andT¢. In the moisture source diagnostics the con-

Fig. 7. (a) Time series of 24h moving average filteredsig- tribution of evaporation sites are weighted depending on their

nal (blue) measured between August and December 2011 at RicONtribution to the final humidity of the air parcel. To be con-
etholzbach and the 24 h filtered diagnosed sotifaesing COSMO  Sistent with this weighting scheme for the remote sources,
trajectories (red)b) Scatter plot for the and’, signals from panel ~ we weighted the locat$ and 7{ data with the latent heat
a. The colour coding indicates skin temperature at the moistureflux measurements at Rietholzbach when computing the 24 h
source. The correlation betweérmndhg is —0.47. For the cold sea-  moving averages. The results are qualitatively the same as if
son (Tsr < 10°C) linear regression yi6|d$: —0.57. hg+61 (blue no such Weighting were performed_
line), which implies an average sourggof 4 %.. For the warm sea- In Fig. 8 the 5-day moving window correlations between
son (¥ > 10°C) the linear regressioq yields= —0.19- h{+ 30 d andhs as well asd and Ts are shown. In Fig8a, 5-day
with an average sourat of 11%. (red line). time periods with corg(hk, d) < —0.5 are identified and re-
ferred to as high remote anticorrelation (HRA) events. In
these cases, the local water vapour carries a distinguish-
The intersection of the linear regression/dfon d with able imprint of the evaporation conditions at remote mois-
hi=100% provides information on the averagdg of the ture source locations. In Figb, 5-day time periods with
moisture source, as equilibrium fractionation does not altercorrs d(hg,d) < —0.5 are identified as high local anticorrela-
d (see AppendiA). The average soure&(hg = 100%) di-  tion (HLA) events, because the humidity carries sghgignal
agnosed from linear regression in Fig.is smaller in the of local to regional evaporation. During HLA periods, the
cold season (4 %o) than in the warm season (11 %o). In winterocal measurements &f and 7¢ are representative for the
large-scale advection dominates theariability and conti-  conditions of evaporation at the moisture source. The tempo-
nental moisture recycling is weak. In the warm season, theal correlation structure of locally measured and diagnosed
largerdg points towards much stronger continental moistureremote7s with d as well ashs with Ts are also shown in
recycling and less large-scale advection of water vapour diFig. 8a and b to investigate the role @ for 4 and to allow
rectly evaporated from the ocean (for whigh= do ~ 0 %o). the detection of potential cross-correlation effects.
Continental recycling increasesas the soil moisturd; is The anticorrelation betweedt and diagnosed:? at the
generally higher than oceafy if at least part of the con- source identified in Fig8a (uppermost axes) strengthens
tinental evaporation occurs in the form of soil evaporationtowards autumn and winter. The increasing importance of
and if there is loss of soil water by drainage. Otherwige, large-scale moisture advection towards winter and the lower
for ocean evaporation and evapotranspiration are globallycontribution of local evaporation to the regional moisture
approximately the same. Monthly precipitation samples atbudget probably explains this strengthening. However, the
the Global Network for Isotopes in Precipitation Network influence of local evaporation is probably not negligible even

www.atmos-chem-phys.net/14/4029/2014/ Atmos. Chem. Phys., 14, 4C®%4 2014
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a) remote correlation

Deuterium excess as a proxy for continental moisture recycling
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Fig. 8. (a)Five-day moving window correlation between 24 h filteresheasurements and moisture sourgand7{ conditions. The orange
band in the coggay(hs, d) plot identifies HRA events. Time periods wittB0> corrs gay(h5, d) > —0.5 are identified as NRA events. The
black solid line in the coggay(hS, ) plot represents a linear fit to the moving window correlation curve. The straight blue and red lines show

COrts gay(TL. d) =

0 and corg da,(hg, Td) = 0. (b) As in (a) but moving window correlations are shown for local conditions. A few selected

HRA and HLA events ina) and(b) are marked by orange vertical lines (see text for details). The grey vertical line (N) indicates a 5-day
period in which we find no anticorrelation dfeither with locally measuret or with remotekf. The dates for the HRA and HLA events

are given in Table§ and®6, respectively.

in winter (Fig.5). The same strengthening tendency but with |corts 4(Ts, d)| there is often a strong correlation or anticorre-

a weaker trend as for the anticorrelation betwdemdhay is
found for the anticorrelation betweerand local:{ (Fig. 8b,

lation signal betweehs andTs (high|corrs g(hs, Ts)|). Cross-
correlation effects withhs thus probably affect the correla-

uppermost axes). This can be explained by the weakeningjon structure of7s with d. The first and the second HRA
effect of transpiration, which can be assumed to be non-events in August (events 1 and 2 in F&a, see Fig9a and

fractionating at the timescale of 1 daygrwood et al.1999.

b for the corresponding moisture sources) occur in combi-

Furthermore, the fact that the anticorrelation between locahation with high corg4(74, d) and anticorrelatedy andx,

h& andd is also strong in winter may indicate more homo- which could be related to shallow convection and precipita-
geneous temperature and humidity conditions over westertion at the moisture source locations. In the 10 days preced-
Europe and the North Atlantic than in the warm season. In-ing HRA events 1 and 2 rain occurred at the moisture source

deed the correlation of loc#ls and diagnosed remots is

sites according to the European daily precipitation data set

generally low (0.04) from August to November and some- (E-OBS; Haylock et al, 2008 not shown). Clouds and pre-
what higher (0.3) in December during the concurrent HRA cipitation cool the surface and moisten the boundary layer

and HLA periods.

During HRA and HLA eventsTs andd are mostly either
strongly correlated or anticorrelated (higtorrsq(7s, d)|).
The fact that the sign of cayg(Ts,d) is changing how-
ever shows that there is no consistent relation betwien
andd. Furthermore, during HRA or HLA events with high

Atmos. Chem. Phys., 14, 40291054 2014

leading to highks. After the precipitation event, clouds clear
up, the ground heats up again and the relative humidity de-
creases, partly due to the warming, partly due to the reduced
humidity input. In winter, in contrast, HRA events occur in
combination with highly anticorrelatefll andd and highly
correlatechg and7y. This pattern is typical over mid-latitude

www.atmos-chem-phys.net/14/4029/2014/
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Fig. 9. Integrated moisture sources diagnosed for the HRA events 1 to 5, 15, 19 and 20 discussed in the text. The colour coding indicates
percental contribution to the final specific humidity perzk(w). The integral over the entire moisture source region sums up to 100 % of the

explained moisture at the Rietholzbach site (white cross).

ocean regionsRfahl and Niedermanr2011) due to the con-

Ad  As180

corr(z7, =x;—) = —0.3. The temperature-dependent effect

currence of cold air advection and subsidence bringing dryof equilibrium fractionation ons?H is 8 times stronger
air into the boundary layer (HRA events 19 and 20, seethan that ons*®0. For 5180 the variables controlling the
Fig. 9g,h for the corresponding moisture source distribution). non-equilibrium effect are important, whereas the non-
Warm and moist air advection from the Mediterranean (HRA equilibrium effect ons?H is relatively smaller. Thus, vari-

events 3, 4 and 15, see Fige,d,g) can also result in high

ations ind that are mainly driven by large changesstH

corrs g(hg, Ts). Strong changes in the geographical location will have a stronger temperature dependency than variations
of the moisture sources over the time frame of a HRA eventin ¢4 that are mainly driven byis-induced changes i680.

can be a further cause of high oniths, Ts) if the large-

However, variations i@ that are mainly driven by changes in

scale advection pattern changes from a cold dry region tg180 should rather refledt; changes at the moisture source.
advection from a warm moist region. Occasionally, when theThe higher correlation between the temporal changés¥ia
temperature variability is very small, HRA events occur with andd than fors2H andd found in our data indicates that

no concurrent correlation betwe@@ andd (HRA event 5,
Fig.9).

A further confirmation that/s may not be a very good
proxy for d in our study is the fact that the overall cor-
relation between hourly changes éhand hourly changes

in 82H is very small (cor¢3<, AgiH) =0.01 for Ar =1h).

The correlation between hourly changesdirand §180 is

www.atmos-chem-phys.net/14/4029/2014/

should rather be interpreted as a proxy &Qrin this study,
which is consistent with the more detailed analysis above.

As shown in AppendiiD1, the majority of the HRA events
are found both when using COSMO or ERA-Interim data
to compute the backward trajectories. The reasons for the
identification of a few HRA events only if using COSMO
as well as the identification of additional HRA events with
ERA-Interim are discussed in AppendiX.

Atmos. Chem. Phys., 14, 40054 2014
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Table 4. Median values of the conditions during HRA and NRA evefasand during HLA and NLA eventgb). The ocean moisture

source contribution, the source distance, the explained fraction and the specific humidity at the source are properties of the moisture source
diagnostics (MSD in the Type column, see S&®). The boundary layer height (BLH) was interpolated to the Rietholzbach site from the
COSMO model. LH denotes the latent heat flux measured locally at Rietholzbach (indicated by RHB in the Type column). Negative CO
fluxes are downward. Numbers in bold indicate statistically significant differences between the median of the HRA and NRA distributions
in (a) and between HLA and NLA distributions ifb) according to a Wilcoxon rank sum tessipbons and Chakrabort2011). For the

ocean contribution and the source distance the difference is shown only for the cold season as for the whole time period the difference is not
significant.

(a)
HRA NRA Type
Ocean contribution for 1 Nov to 31 Dec 28% 23% MSD
Source distance for 1 Nov to 31 Dec 644 km 413 km MSD
Soil moisture anomaly 5cm —-0.7% —4.2% RHB
Specific humidity at the source 9.4gkg?! 6.0gkg! MSD
Local LH at 11:00-13:00 UTC 98Wm—2 108 Wm—2 RHB
Local BLH at 11:00-13:00 UTC 709 m 1500 m COSMO
(b)
HLA NLA Type
Soil moisture anomaly 5 cm 3.1% —4.2% RHB
Cumulative precipitation 453 mm 312mm RHB
10 m wind 1.4ms1 09ms1? RHB
CO, flux for 1.8 to 30.9 at 11:00-13:00UTC —0.75mgn2s™1  —0.81mgm?2s1  RHB
BLH at 11:00-13:00 UTC 818m 620m COSMO
5.3 Differences between anticorrelation and During HRA events, the dominance of large-scale advec-
no-anticorrelation events tion to the site of isotope measurements over local bound-

ary layer processes and local recycling is also reflected by
HRA and HLA events can occur simultaneously in some smaller latent heat flux as well as a smaller boundary layer
cases (e.g. HRA event 4 and HLA event 7 in F8a and  height at the measurement site compared to NRA events (Ta-
b) if the localh{ variations are representative for the mois- ple 4a). Furthermore, local soil moisture at the Rietholzbach
ture source region. HLA event 1 occurs during a period withmeasurement site during HRA events indicates much dryer
no correlation between the diagnosed moisture sodre@d  conditions than during HLA events. During the cold season,
the measured. Periods such as HLA event 1 can clearly be HRA events are connected to more distant moisture sources
identified as being influenced by local processes. and higher ocean contribution.

Periods without anticorrelation afwith locally measured Specific humidity at the evaporation site (Tad) indi-

h¢ (referred to as no local anticorrelation, NLA, events) or cates wetter conditions during uptake for HRA periods than
with remotehg (no remote anticorrelation events, NRA) can during NRA periods. In summer and over land, recent rainfall
be found over several successive 5-day periods (see e.g. grein lead to a temporal reduction of transpiration and stronger
line in Fig. 8). In summer and early autumn, these periodscontribution of soil evaporationYepez et al. 2005 Shim
may be associated with a very high transpiration contributionet al, 2013. This aspect is confirmed by the analysis of the
to the land surface latent heat flux, which lowers the sensicharacteristics of the HLA events. The 5 cm soil moisture and
tivity of d to hs as it can be assumed to be non-fractionatingjocal precipitation during HLA events is higher than in the
over the timescale of 1 day (see also SéptIn November  case of NLA events (Tabldb). Moist soil conditions at the
such periods of concurrent NLA and NRA could be associ-measurement site thus strengthen dhé’ relation, due to
ated with shorter typical correlation time periods than 5 daysstronger bare soil evaporation and weaker transpiration. This
or strongly changing day-to-day moisture sougewhich  hypothesis is underlined by the lower local downward,CO
alters the characteristics of tlie-hs relation. In principle,  flux in summer and early autumn (reflecting reduced transpi-
periods of no correlation betweehand remotézg may also  ration) during HLA events than during NLA events. Further-
occur due to errors in the Lagrangian moisture source analymore, during HLA events, the local boundary layer dynamics
sis or due to additional influences d@rsuch as strong below- seems to be Stronger than during NLA or HRA events with
cloud evaporation of precipitation. higher boundary layer heights and stronger winds pointing
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towards an enhanced atmospheric forcing of local evapora T'I°C)
tion (Table4b). s

At our site, moisture sourck’, local boundary layer dy- O ' ' ' ' ' 26

namics, the partitioning of the latent heat flux over land into I R ] 24

soil evaporation and plant transpiration as well as precipita- is

tion seem to play a key role in determining tesignal of 18

continental water vapour at the daily timescale. The role of 16

precipitation in influencing the strength and properties of the = 114

d—hs relationship is fourfold: = {12

© 10

1. In a quantitative sense, the amount and frequency o 8

occurrence of precipitation determines the wetness of 6

the soil.Mathieu and Baria¢1996 suggested the use g

of larger non-equilibrium fractionation factorsl) for 0

dry than for wet soils (see also Taldlg Differences in 2

soil wetness and thus in the non-equilibrium fraction- -4

ation factor can lead to differences in the properties of 0 40 50 6 70 80 90 100
the d—hs relationship as will be discussed in Seat. hs [%]

2. The occurrence of precipitation may play an impor- Fig. 10. The d— relations for HRA events. The colour bar indi-
tant role for HRA and HLA events in summer as men- cates diagnosed ground temperaflgfeat the pOIn’[ of eVapOratiOn.
tioned above in the discussion of Taeand b. dueto  1he solid coloured and black lines are as in HigThe dashed or-

its momentarv effect of reducing transpiratiofebez ange line reprt_esents the linear regression ofdheeasurements
et al, 2005 Sf)llim etal, 2013 9 P b against the moisture sourég for 7§ > 10°C: d = —0.22- h{+ 33

and thus a sourcéf of 11 %.. The dashed blue line represents the
linear regression of thé measurements using the moisture source
K in winter for T3 < 10°C: d = —0.56- h§+ 60 and thus a source
dg of 4 %o.

3. Precipitationd determinesd; of the soil moisture.
The global averagdp of precipitation is about 10 %o
(Dansgaard1964). Recycled moisture from continen-
tal origin can produce precipitation samples withk-
10%.. This can affect the intercept of tiehs rela- 1, _ 0 199%,941 for T{ > 10°C for the overall data series

tionship, as will be discussed in Se6t. of 24h filtered data. In the cold season the slope is be-
tween—0.25 %0 % 1 and—1.10 %0 % * (Table5), compared

to —0.57 %0 % for T < 10°C for the overall data series of
24 hfiltered data. The extrapolated soudgéat.g = 100 %)

very different for frontal or cyclonic precipitation than [0F HRA fvgnts is on average around 7% in summer and
for purely convective or orographic precipitation sys- around 2 %o in winter (Figl0 and Table5). In summer and

tems Barras and Simmong&009 Guan et al.2013. fall the d—h{ relation of continental moisture strongly de-
This is an interesting topic for future research. pends on the contribution of transpiration. For an increas-

ing fraction of transpiration to the total evapotranspiration
flux, assuming transpiration to be non-fractionating, dhe
) ) ) hy, slope becomes flatter (compare the orange and light blue
6 Thed—hsrelation for moisture affected by continental  gashed lines in Figl0). In the cold season transpiration is re-
recycling duced and the evapotranspiration flux largely consists of soil
evaporation. The intra-seasonal variability in thé:{ slopes
and intercept is probably due to the variable contributions of
transpiration and the changing soil moisture properties im-
pacting the moisture sourek and the non-equilibrium frac-
tionation factors, which differ for wet and dry soilslathieu
and Baria¢ 1996. Below-cloud interaction of precipitation
. . . . . with ambient water vapour is another process that can influ-
soil evaporation from soil water that typically has higlier ence thel—/! slopes and intercept by depleting the surround-

compared to ocean water (see also Sed). ing water vapour of heavy isotopes. Post-condensational ex-

A clear seasonal tendency can be identified in the proper- . . X
. : A change can thus lead to an increase/ah vapour durin
ties of thed—hg relationship in Fig.10 (see also Tabl&). g N ! vapour during

: . o
In the warm season the slope is smaller with values be-IIght rainfall ath < 100% Field et al, 2010).

tween—0.16 %0 % 1 and—0.58 %0 % ! (Table5), compared

4. The type of weather system producing precipitation is
relevant in determining thé signature of precipita-
tion. The moisture source area of moisture uptakes i

The d—h{ scatter plot for all HRA events shown in Figj0
reveals 5 to 10 %o highed values for the saméy than in
the relation found byPfahl and Wernli(2008 in a region
with a dominant ocean evaporation contribution. The gener
ally higherd values can be attributed to continental moisture
recycling, which increases tlkof moisture by repeated bare
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Table 5. Slope and intercept af—hf, for HRA events. The whole HRA data set is shown in Fi@.in a d—hf scatter plot. The columns
show the date of the events, the slope, the diagnosed salyrite> mean ground temperature and the ocean contribyigidnrring the events
(obtained from the moisture source diagnosti)shows the transpiration fraction of the evapotranspiration flux over the continental part
of the moisture source region (see S&dbr more details). The statistical significance level for the slope obtained by linear regression was
checked using atest with a 98 % confidence interval. Thevalue for the regressions of all the events is smaller than 0.001.

HRA event Date Slope [%0%1] dl[%] TI[°C] fol%] fi [%]
1 14 Augto 19 Aug -0.164+0.01 11+1 195 16 89
2 19 Augto 24 Aug —0.35+0.01 6+1 23.2 13 68
3 29 Augto 03 Sep —0.36+0.06 5+4 18.1 17 70
4 03Septo08 Sep —-0.51+0.07 3+5 18.6 21 57
5 09 Septo 14 Sep —0.37+0.06 5+4 18.4 19 69
6 15Septo20Sep —0.26+0.04 10+3 15.2 15 78
7 20Septo25Sep —-0.35+0.06 9+4 13.5 7 67
8 25Septo30Sep -0.58+0.10 3+8 13.7 4 49
9 01Octto 06 Oct —0.19+0.01 11+1 135 6 79
10 06 Octto 11 Oct —0.31+0.02 8+2 12.1 28 81
11 11 Octto 16 Oct —0.34+0.05 11+5 10.8 26 77
12 210ctto26 Oct —0.25+0.04 14+ 3 6.0 18 83
13 27 Octto 01 Nov  —0.45+0.08 5+ 6 7.5 12 61
14 02Novto 07 Nov —-0.76+0.08 —-2+6 12.9 39 30
15 10 Novto 15 Nov —0.44+0.05 8+4 4.1 8 60
16 18 Novto 23 Nov —0.25+0.03 15+3 3.7 20 85
17 24 Novto29 Nov —0.67+0.11 1+9 2.1 15 43
18 02 Decto 07 Dec —0.30+0.05 7+4 7.8 36 87
19 07 Decto12Dec -083+007 —-7+6 7.7 40 21
20 13 Decto 18 Dec —0.60+0.10 1+7 5.4 33 50
21 18 Decto 23 Dec —1.1+£0.05 —5+5 2.3 27 0

When selecting only HRA data with a direct contribution 7 Estimates of the transpiration fraction of continental
of ocean evaporation of more than 50 % the sensitivity of  evaporation from the d—hs relation
d to changes i} is —0.28 %.% L. The continental mois-
ture contribution for these events is still between 20 % andThe d—hs relation obtained from boundary layer mea-
50 %, which explains the weaker slope and the larger off-surements and the Lagrangian moisture source identification
set @ = 36 %o) than in the study dPfahl and Wernl{2009 scheme provides a novel and useful framework to partition
(—0.52 %0 % 1). the continental evaporation flux into transpiration and soil
The relationship betweest and locally measured’ for ~ evaporation. As already discussed, the slope of/thg; re-
HLA events shown in Figll also exhibits a seasonal cy- lation depends on the contribution of transpiration, soil evap-
cle in thed—h slopes (see also Tab®. In summer thel—h’ oration and ocean evaporation. The theoretical slope of the
slopes of the HLA events are similar to the HRA®, slopes ~ d—hs relation of continental evaporation (Fig2a) can be
(around—0.15 %0 % 1). However, for the HLA events asso- computed using th€raig and Gordor{1965 model under
ciated with cold temperatures tleh slopes remain rather  the following assumptions:
small, with a maximum negative value 6f0.35%.% 1 in
December. The smallet— slopes for HLA events (com-
pared tod—h{ slopes for HRA events) may be explained
by higher local non-equilibrium fractionation factors (i.e.,
a'g values), by a non-negligible contribution of transpiration
even in winter and the intense recycling process of moisture
condensing and freezing on the grass and soil during night
and evaporating again during daytime. In the cold season, the
sourced{ for HLA events are higher than for HRA events.
The 2-weekly measurements #fin the soil moisture (out-
flow of the lysimeter, TableA1) are comparable to theé
diagnosed here for HLA events (Tab®, even though the
2-weekly samples of course show a smoothed signal.

1. The only source for boundary layer water vapour
is surface evaporation (closure assumption, see Ap-
pendixA for more detailsMerlivat and Jouzell979
A sensitivity study on how the closure assumption is
applied (on each evaporation flux separately or glob-
ally) is given in AppendixC. Furthermore, as men-
tioned in Sect.1, the d—hs slope may be overesti-
mated when applying the closure assumptidougel
and Koster 1996. This implies that we may in turn
slightly underestimate the transpiration fraction with
our approach.
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Table 6. Slope and intercept af—h% relation for HLA events. The whole HLA data set is shown in Fig.in a d-h§ scatter plot. The
columns show the date of the events, the slope, the diagnosed sléL(toeaI soil moistured signature) and the mean ground temperature.

ft shows the transpiration fraction of the evapotranspiration flux at the Rietholzbach measurement site (FeferSacte details). The
ocean contribution for HLA events is set fig = 0 as the moisture source is assumed to be local. The statistical significance level for the
slope obtained by linear regression was checked usingest with a 98 % confidence interval. Thevalue for the regressions of all the
events is smaller than 0.001.

Event Date Slope [%e%']  d[%] TL[°Cl  fi [%]
1 03Augto 08 Aug —0.06+0.01  14+1 189 86
2 08 Augto 13 Aug —0.19+0.03 6+2  18.0 75
3 16 Augto 21 Aug —020+0.03  12+2  19.7 74
4 21Augto26 Aug —0.06+001  18+1  20.4 86
5 26 Augto 31 Aug —0.25+0.03 9+2 175 71
6 31Augto05Sep —0.07+0.01 1541 183 84
7 05Septo 10 Sep —0.14+0.02 8+1 177 70
8 14Septo19Sep —0.07+001  16+1  17.1 85
9 30Septo050ct —0.14+002 13+2 153 79
10 050ctto 10 Oct —0.16+0.02  10+1  13.1 78
11 10Octto 150ct  —0.21+0.01  10+1  13.1 74
12 210ctto 26 Oct —0.14+0.02 1542 8.8 80
13 26 Octto 31 Oct —0.18+0.03  12+2 9.1 77
14 05Novto 10 Nov —0.2940.05 8+4  10.0 68
15 10Novto 15Nov —0.21+002  10+1 8.5 75
16 04 Decto 09 Dec —0.08+0.02 542 5.5 84
17 09 Decto 14 Dec —0.3240.02 242 5.3 67
18 14 Decto 19 Dec —0.35+0.03 8+2 4.8 65
19 19 Decto 24 Dec  —0.24+0.01 541 37 73
20 24 Decto 29 Dec —0.1840.02 6+1 2.1 77

2. Transpiration is assumed to directly transmit the signa-The linear relation between tlak-/ s slope and the transpira-
ture of the soil moisture, which is assumed to be con-tion fraction obtained in this way (Fid.2b) is very sensitive
stant over the 5-day time period of a HRA or HLA to the non-equilibrium fractionation factor in tli&graig and
event. Gordon(1969 model. As shown in Tabl& and discussed in

. . - . several recent publicationBi@ud et al. 2009h Haverd and
3. hsand the isotope ratio of liquid sq|l watek{) repre- Cuntz 201Q Soderberg et al2012 large uncertainties are

;ent average conditions at the moisture source for eaCstociated with the non-equilibrium fractionation factors for
time step. soil evaporation. This is the most important source of error

Using these assumptions tH/*°0 and the?H/*H ratio of associated with the transpiration fraction estimation method

boundary layer water vapour can be expressed as (see Alpresented here. It is illustrated in FiRb using different lit-

pendixB for the derivation) erature values for the non-equilibrium fractionation factor.
Because we only use the slope of théis relation, no infor-
foﬁ + (11— fo) [ftRc +(1- me] mation on the soil moisturé; is needed. Changes in the soil
—_ o C

v ) moisture isotopic composition induce a parallel shift of the

1 hs 1_ 1— hs .

+foggiithg T A= Ao d—hs relation and do not affect the slope.
whereR, is the isotope ratio of boundary layer water vapour, 10 obtain the transpiration fractions for each HRA and
R, the isotope ratio of ocean watek the isotope ratio of ~HLA event, the theoretical linear relation between the
continental surface watef, the contribution of ocean evap- /s Slope and the transpiration fraction is computed using
oration to the continental low-level moisturg, the tran-  EG- @). In the case of HRA events the average ocean evap-
spiration fraction of continental evaporatian,the equilib- oration fraction for each event is obtained from the moisture
rium fractionation factoreX the non-equilibrium fractiona- ~ Source diagnostics. For HLA events the ocean evaporation
tion factor for ocean wategX the non-equilibrium fraction- ~ fractionis setto 0. o -
ation factor for soil evaporation arid the relative humidity We used the non-equilibrium fractionation factors for wet
at the moisture source. Th is known from the moisture  SCils of Mathieu and Baria¢199 for soil evaporation and
source diagnostics. Transpiration is assumed to be the oni§0se ofPfahl and Wemli(2009 (see Tablel) for ocean
non-fractionating evaporation flux at the timescale of 1 day.€vaporation to obtain the transpiration fraction estimates
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Tt °C] of the non-equilibrium fractionation factor becomes very im-
40 : : : : : : S portant.
20 Applying our transpiration fraction estimation method to
351 18 HLA events (Table6) yields higher transpiration fractions
sl |6 due to the flattet/—hs slopes than for HRA events, as dis-
cussed in Sect6. Averaged over all HLA events we find
o5t 114 a transpiration fraction of 76 % with values between 65 %
12 and 86 % for the individual events. When using the non-
g 20f equilibrium fractionation factor for dry soils dflathieu and
e 10 . . . . .
Ll ] Bariac(1996 we obtain an average tr_ansp_lratlon fractlt_)n for
) 8 HLA events of 82%. Other non-fractionating local moisture
10} 5 6 sources like intercept evaporation, dew formation and re-

evaporation might also have contributed to these large tran-
spiration fractions for Rietholzbach. This could be particu-

5.

. . . . _ . 2 larly important in late autumn and winter when the contribu-
% 20 50 60 70 80 90 100 tion of plant transpiration is expected to be close to zero. En-
hg [%] trainment of free tropospheric air may be a further confound-

ing factor, as it brings dry air with low and larged values
Fig. 11.Thed-h§ relations of HLA events. The colour bar indicates  into the boundary layer. Neglecting this effect in the analysis
ground temperaturi%z. The dashed red line represents a fit to the of HLA events is a Strong assumption, which should be stud-
data for7§ > 10°C:d = ~0.12-h¢+25 and thus a diagnosed local jeq in more detail in the future. Furthermore, the grassland-
soil moistured§ of 13 % in the Rietholzbach area. The daeshed blue yominated local land use at the Rietholzbach measurement
H . o _
grr']z rﬁ}ﬂ:f%ﬁi&:g;g?gggzg r;o?sotm%é if_lo 004,01|7n ﬁ;;’ ZRT §ite probably induces higher transpirgtion fractions than dur-
etholzbach area. The black line shows the empirical relationship of"9 HRA events, for \_Nh'Ch evaporation from large parts of
Pfahl and Wernl{2008. continental Europe with a Ignd use combination of crop land,
forest and grassland contribute to the sampled water vapour
(Teuling et al, 2010. This may also contribute to explaining
the lower values and the larger variability of the transpiration
shown in Table® and6, because they are probably represen-fraction for HRA events than for HLA events.
tative for the moisture sources of HRA events with a dom- There are two main differences between our approach and
inance of evaporation from western and central Europe agvapotranspiration partitioning methods based on an isotope
well as for Rietholzbach for the transpiration part estimatesmass balance at the measurement site (see revihéng
during HLA events. et al, 2010. Firstly, by combining a Lagrangian moisture
The transpiration fractions of continental evapotranspira-source diagnostic tool with locdlmeasurements we propose
tion obtained from thel—hs slopes of the 21 HRA events a framework to estimate the evapotranspiration partitioning
(Table 5) and the 20 HLA events (Tablé) lie within the over the whole footprint region of continental evaporation
range of values presented in other studies using isotope meder time periods during which large-scale moisture advec-
surementsNloreira et al, 1997 Yepez et al.2003 Williams tion dominates over local evapotranspiration. This approach
et al, 2004 Robertson and Gazi2006 Zhang et al.2010Q could be useful for model verification as it provides region-
Sutanto et aJ.2012 Jasechko et 3l2013 or from GCM ally integrated estimates of the transpiration fraction (in the
modelling Cawrence et a).2007). The event-to-event vari- case of HRA events). Secondly, we do not need to apply an
ability of the transpiration fraction associated with the dif- isotope mass balance at the measurement site to obtain the
ferent HRA events is large and varies between 0 and 89 %partitioning, in contrast to the traditional evapotranspiration
with an average value of 62 %. These values are very senspartitioning methods using isotopes.
tive to the non-equilibrium fractionation factors and increase The values of the transpiration fraction found here over
with Iargera'g (see Figl2b as well as the sensitivity study in 5 months ofd measurements are generally lower than the
AppendixC). The sensitivity of the transpiration fraction es- global estimates of 80—90 % on average presented in a re-
timates obtained using Eq3)(with respect to different non- cent study bylasechko et a(2013 using isotope measure-
equilibrium fractionation factors for soil evaporation is much ments from lake catchments in various regions. The transpi-
more important than the way that the closure assumption isation fractions found here show that even though the transpi-
applied. When using the non-equilibrium fractionation fac- ration fraction of continental evaporation can be very high,
tor for dry soils of Mathieu and Baria1996 we obtain  especially in summer, the event-to-event variability is sub-
an average transpiration fraction for HRA events of 73 % stantial. Clearly, because different timescales are considered
with a minimum value of 31 %. Particularly for low transpi- (i.e., daily data here versus annual datalasechko et al.
ration fractions, when soil evaporation is strong, the choice2013 a direct comparison of our estimates with those from
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Fig. 12. (a) The d—hs relations obtained using theraig and Gordor§1965 evaporation model assuming closure for different fractions of
transpiration contributions to continental evaporation (colours). The non-equilibrium fractionation factors for wet soils (s&davViathlieu
and Bariac 1996 were used hergb) Theoretical linear relationship between the transpiration fraction and the slope &f/itbeelation
using theCraig and Gordor§1969 evaporation model and applying the closure assumptiofifet 25°C. The different lines correspond
to the use of different non-equilibrium fractionation factors. PW09 standBffdrl and Wernl{(2009, MJ79 forMerlivat and Jouze(1979,

CO03 for Cappa et al(2003, and MB96 forMathieu and Baria€1996. For the estimates of the transpiration fraction in Talllesd6

the non-equilibrium factors for wet soils (see TahleMathieu and Bariac1996 are used for soil evaporation and the non-equilibrium
fractionation factors oPfahl and Wernl(2009 are applied for ocean evaporation.

Jasechko et a{2013 is difficult. Furthermore, no estimates measurement techniques are critical to reduce the uncertainty
can be done for NRA or NLA events with our approach. For associated with the non-equilibrium fractionation factor.
many of the NRA and NLA events, especially in summer,
the high transpiration fraction is supposed to be responsible
for the absence of anticorrelation betweémnd zs. How- 8 Conclusions
ever, like for the traditional isotope mass balance based meth-
ods ¢Zhang et al.2010, some assumptions usedliasechko In this paper, we presented 5 months of hourly laser spectro-
et al. (2013 should be further investigated, particularly the metric measurements dfin the continental boundary layer
assumptions involved in computing the isotopic compositionin northeastern Switzerland. Earlier studies revealed dhat
of the soil evaporation flux to explain the very high values measurements in a marine environment are a good proxy for
of d in the soil evaporation flux (75 %), the role of the non- kg at the evaporation site of the moistu@at et al, 2003
equilibrium fractionation factor, and the influence of the iso- Pfahl and Wernli2008 Uemura et al.2008. Our goal in
topic signature of ambient water vapour in contrast to usingthis study was to find out whether continental moisture af-
the equilibrium vapour isotopic composition from precipita- fected by land surface recycling processes still can be used
tion isotope measurements. as a tracer for evaporation conditions at the source. We inter-
In future research a comparison of the transpiration fracpreted ourd measurements using loce{ and 7 measure-
tion estimates obtained here with traditional isotope massnents as well as a Lagrangian moisture source diagnostic
balance methods as well as with estimates from regionaproviding kg and 7 conditions integrated over the evapora-
climate models could provide further constraints for the tion source region.
robust modelling of the land surface evaporation compo- We found that at the hourly to daily timescaleneasure-
nents. Specific simulations of HRA events using isotope-ments were strongly influenced by boundary layer mixing
enabled numerical weather prediction models would allow usof local evapotranspiration and water vapour in the free at-
to perform sensitivity experiments on the importance of themosphere. These processes are driven by the daily cycle of
non-equilibrium fractionation factor for soil evaporation and the incoming solar energy. At a longer timescatel (day),
eventually help to better constrain this important parameterthis daily cycle ofd is modulated by large-scale advection
Furthermore, the importance of other non-fractionating evap-of moisture from land surface and ocean evaporation with
oration fluxes like intercept or dew evaporation should be in-a generally larger footprint than the local evapotranspiration
vestigated. From the experimental side, controlled chambesource.
or soil column experiments of soil evaporation for different  Using a 5-day running window correlation @éfwith 1§ as
soil moisture contents using the advantages of the novel laserell as withi for 24 h filtered data, events of strong anticor-
relation betweed andhl (HRA) as well as betweesandh

www.atmos-chem-phys.net/14/4029/2014/ Atmos. Chem. Phys., 14, 4C®%4 2014



4048 F. Aemisegger et al.: Deuterium excess as a proxy for continental moisture recycling

(HLA) could be identified. The temporal correlation pattern addressed in future research. Particularly the validity of the
of the diagnosed;, at the moisture source and the measuredclosure assumption and the effect of entrainment and bound-
d signal in Rietholzbach revealed different modes of strongary layer dynamics should be studied in detail in future work.
anticorrelation between moisture souvceandd measure-  The non-equilibrium fractionation factor used in the Craig
ments. These modes can be explained by either a higher thaand Gordon (1965) model for soil evaporation is another im-
normal contribution of ocean sources or the dominance ofportant source of uncertainty. Future studies investigating the
soil evaporation over plant transpiration. Periods with a weakvariability of this factor as a function of soil conditions (wet-
or absent relationship between #hend the sourcég coin- ness and temperature) could help to provide better constraints
cide with periods and source locations that are probably charfor the estimate of the transpiration fraction and for the repre-
acterised by the dominance of plant transpiration. The cleasentation of land surface evaporation in isotope-enabled nu-
seasonal pattern in the properties of dhég, link for both di- merical models.
agnosed sourde, and localz support this hypothesis. With Finally, our results show that despite the generally intense
the decreasing importance of plant transpiration as well as lomixing processes in the atmospheric boundary layer a de-
cal boundary layer dynamics towards winter and increasingectable imprint of the evaporation conditions of the wa-
importance of large-scale advection, the strength of the 5-dayer vapour remains present in its isotopic composition. This
moving average anticorrelation betweeandhf increases.  highlights the potential use of measurements as a tool for
We found thatTs is a secondary predictor of. On the  the study of evaporation conditions over land and ocean as
one hand it indirectly characterises the seasonality ofithe well as its role as a proxy for circulation patterns.
hs relationship, being a proxy for transpiration intensity. On
the other hand it plays a role through cross-correlation ef-
fects betweerfs andhs. Furthermore, COBgay(d, Ts) MOre  acknowledgementsie are grateful to Camille Risi and an
often showed strongly negative values rather than positivesnonymous referee for their detailed and constructive reviews.
ones as would be expected if the small temperature effect omve thank MeteoSwiss for providing COSMO analysis data and
d through the equilibrium fractionation factor played an im- ERA-Interim reanalyses, Karl Schroff for technical help in setting
portant role. up the isotope measurements at the Rietholzbach measurement site
Due to the stronger influence of transpiration in the warmand Roland Wemer for the IRMS measurements of the 2-weekly
season, we found a weaker sensitivitydofo changes irh{ soil moisture samples.
at the moisture source in summer 0.2%0% 1) than in
winter. Thed—h{ relations found for oceanic settings in the
literature are larger< —0.5%0% 1) due to the absence of
moisture from plant transpiration. In the cold season, how-
ever, the sensitivity of/ to changes im% at the moisture  References
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Table Al. Isotopic composition of~ 10 days accumulated soil — all uptakes, filter 24h
. | f he Ivsi Il d h — uptakes z<1800 m, filter 24h
moisture samples from the lysimeter collected at the measuremer uptakes z<1.5xBLH, filter 24h

station Rietholzbach between 27 July 2011 and 12 January 2012. 1— . . : :
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26 Dec-12Jan —1013+0.09 -6842+0.34 1265+1.04 Fig. A2. Sensitivity of the 5-day moving window correlation be-

tweend and hf to the uptake height threshold. A comparison is

shown of the correlation pattern with a fixed uptake threshold al-
titude of 1800 m (green curve), with an uptake threshold altitude
of 1.5 times the boundary layer height (red curve) and without an

—— COSMO, filter 24h
— ERAInterim, filter 24h
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Fig. A1l. Comparison of the 5-day moving window correlation be-

tween 24 h filtered and diagnosed sourég with COSMO (grey)

and with ERA-Interim (violet). The horizontal black line shows the

corr(d, hf) = —0.5 line used as a threshold for the HRA event defi-
nition in Sect5.3.

Appendix A
The closure assumption andi of the moisture source

According to the closure assumptioniderlivat and Jouzel

(1979 the only source of vapour in the boundary layer is
X

surface evaporation. The isotopic ratio of the evaporation flu

Re in this case equals the isotopic ratio of boundary layer

VapourRy:

Re = Rv. (Al)

Atmos. Chem. Phys., 14, 40291054 2014

1 uptake height threshold (grey curve).

The isotope ratio of the evaporation flux followiGgaig and
Gordon(1969 is

B —hs Ry

Ro=< 5"V
€7 k(1 —hy)

(A2)

whereq is the equilibrium fractionation factosX the non-
equilibrium fractionation factorR, the isotope ratio of the
liquid water andhs the relative humidity with respect to the
surface temperature.

If the closure assumption (EgAQ)) is applied, Eq. A2)
simplifies to

Ry = R (A3)
YT a(@f 4 hg(1— k)
Forhs =1 we have
R
Ry=—. (Ad)
o

Thed is derived fromr, © and R2H and is not substantially
affected by equilibrium fractionation, thug (25 = 100%
provides information on the averageof liquid water at the
moisture source.
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Appendix B

Derivation of Eq. (3) for the estimation of the transpira-
tion fraction of continental evaporation

4053

Appendix C

Sensitivity of transpiration fraction estimate on closure
assumption and non-equilibrium fractionation factor

When assuming closure for total evaporation, the heavy isoThe closure assumption can be applied to B{)(n three

tope ratio of the water vapour miR, containing moisture
originating from ocean evaporatia®,,, plant transpiration
Ryt and soil evaporatioRye is

Ry = foRvo+ (1— fo) - [ft- Rut + (1 — f1) - Rvel. (B1)

If we replaceRy, and Rye by their respective expression us-
ing the Craig and Gordor{(1965 model (Eq.A2) and as-
suming thatR,; = Rc with R the isotope ratio of liquid soil
water we obtain

Roé—thv
v=fom+( - fo)
— hsRy
|:ft Rc+(1— ft)—k(l hs):|

hs hs
[1+fo—k(1 i A= P s hs)}

1 1

+(1- fo)[ftRc+(l fok(f“h)} (B2)

Ro
= o ak(1— hs)

Dividing through the brackets on the left-hand side yields
Eqg. 3).

www.atmos-chem-phys.net/14/4029/2014/

different ways:

1. Overall, for the total evaporation flux, to obtain Eg).(

2. For continental and oceanic sources separately to ob-

tain
Ry = Ko
v f°a(ag+hs(1—ag))
Re(1—hs)
+ (1= )[
P - Za—mw
Re
+@-f :| C1
ﬁaaé(l—hs(l—;}ga—ﬁ))) )

. For each individual evaporation type, i.e. ocean evap-
oration, soil evaporation and plant transpiration sepa-
rately, to obtain

Ro
oz(a'g + hs(1— ag))

+A-fo) [ﬁRc+ 1-1

Ry = fo

Rc
oe(oz'é +hg(1— a‘é))

I

(C2)

The transpiration fractions for HRA and HLA events ob-
tained from these three approaches differ by a maximum of
2% and 6 % respectively. When using version 1 the average
ft is 62% for HRA events and 76 % for HLA events; when
using version 2 the averagg is 61 % for HRA events and
78 % for HLA events; when using version 3 the averggis
63 % for HRA events and 82 % for HLA events.

When using the closure version 1 and the non-equilibrium
fractionation factors for wet (dry) soils frolathieu and
Bariac (1996, the transpiration fraction range for HRA
events is 0-89% (31-92%) and for HLA events 65—
86 % (73-89 %). Particularly for low transpiration fractions,
when soil evaporation is important, the choice of the non-
equilibrium fractionation factor becomes very important.

Atmos. Chem. Phys., 14, 4C@%4 2014
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Appendix D D2 Impact of setting an uptake height threshold
Sensitivity of anticorrelation modes to uptake diagnostic ~ The uptake height has been mentioned in S8@.as an
parameters important parameter in the setup of the moisture source di-
agnostic. To distinguish between cloud processes and sur-
D1 Global reanalysis compared to regional model face evaporation an uptake height threshold can be set above
analysis data for trajectory calculation which the uptakes along the trajectories are not considered.

However, convection can be associated with strong moist up-
The impact of using ERA-Interim data instead of COSMO drafts, which can lead to a rapid vertical mixing over a layer
data as a basis for the trajectory calculation and the moisgeeper than the boundary layer. Although, based upon de-
ture source identification on the correlation structure betweenajled analysis of a few cases, we regard the diagnosed above-
d and diagnosed Sourdé is Iarge Only for a few events boundary |ayer uptakes as re|e\/aAe(nisegge’r20]_3, we
(Fig.Al), for example, in mid-November. Many HRA events assess here the impact of the boundary layer height threshold
discussed in Sech.3are also found using ERA-Interim data on the tempora| correlation pattern betweeHndh; at the
(67 %, 14 HRA events of 21). Sometimes a small temporalmoisture source. In Figh2 the 5-day moving window corre-
shift of the start and end of the HRA events or the Strength in|ation is shown between 24 h filteredand SOUFCélg using
the anticorrelation can be noticed. Five Supplementary HRAg|| uptakes (grey line in F|go\2) and on|y uptakes Occurring
events are found with ERA-Interim that are not present inpelow a fixed maximum uptake height of 1800 m (red line in
the d—hg running window correlation using COSMO. These Fig. A2). The differences between the two moving window
ERA-Interim HRA events are strongly influenced by sourcescorrelation signals are small in November and December, but
outside the COSMO domain and the fraction of explained|arger in the warm season, in which parameterised convection
moisture is below 50 % using the COSMO trajectories. Theplays an important role. In this study, choosing a maximum
seven HRA events found using COSMO but not detected uUsyptake height that is 50 % higher than the model boundary
ing thed—hg running window correlation from ERA-Interim |ayer he|ght as in previous Studi@ddemann et 912008a
are not identified either when using 6-hourly changes inpfahl and Wern|i2008 does not impact the moving correla-
specific humidity along the COSMO trajectory data for the tion signal significantly (compare the grey and green curves
moisture source identification. These events can thus onlyn Fig. A2). With the scaled boundary layer top as a maxi-
be detected with higher temporal resolution of the evolu-mum uptake height we miss a few HRA events (e.g. one at
tion of specific humidity along the trajectories. Due to the the end of September, one at the beginning of October and
limited model domain, the moisture sources identified with one at the end of October)_ Furthermore, the anticorrelation
COSMO trajectories strongly emphasise continental sourcesound here is generally weaker when using the scaled bound-
The modes of anticorrelation betweérand/g found using  ary layer height as an uptake threshold than without uptake
COSMO trajectories thus reflect large-scale situations withthreshold, especially in summer. This confirms that the ap-
a strong continental recycling component. proach of considering all uptakes leads to meaningful results

here but obviously does not preclude the use of the boundary

layer height criterion for other studies.
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