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Abstract. In this work, we present the first study resolv- trajectory analysis for the two longest cloud events revealed
ing the temporal evolution af?H ands'80 values in cloud  that variations in the entrained vapor were most likely related
droplets during 13 different cloud events. The cloud eventsto rain out or changes in relative humidity and temperature at
were probed on a 937 m high mountain chain in Germany inthe moisture source region or both. This study illustrates the
the framework of the Hill Cap Cloud Thuringia 2010 cam- sensitivity of stable isotope composition of cloud water to
paign (HCCT-2010) in September and October 2010. yhe changes in large scale air mass properties and regional recy-
values of cloud droplets ranged fror¥7 %o to —15 %o (§%H) cling of moisture.
and from—12.1% to —3.9%. (5*80) over the whole cam-
paign. The cloud water line of the measukdalues was
8%H = 7.8 x §180+13x10~3, which is of similar slope, but
with higher deuterium excess than other Central Europearl Introduction
Meteoric Water Lines. Decreasidgvalues in the course of
the campaign agree with seasonal trends observed in rain iftable water isotopologuetH>'80 and'H?H®0) are nat-
central Europe. The deuterium excess was higher in cloudsrally available indicators of atmospheric processes involved
developing after recent precipitation revealing episodes ofin water vapor transport and phase changes on different time
regional moisture recycling. The variationsdrvalues dur-  scales. By measuring stable water isotope ratios of ice cores,
ing one cloud event could either result from changes in me-information on past climate can be retrieved (&gnsgaard
teorological conditions during condensation or from varia- et al, 1993 Petit et al, 1999 Vimeux et al, 2001, Jouzel
tions in thes values of the water vapor feeding the cloud. To et al, 2007). On the time scale of days to years, measure-
test which of both aspects dominated during the investigatednents of stable water isotopologues in precipitation and an-
cloud events, we modeled the variationsivalues in cloud alyzing their spatial and temporal distribution all over the
water using a closed box model. We could show that theglobe improved our understanding of the hydrological cy-
variation ins values of two cloud events was mainly due to cle (e.g.Rozanski et al.1993 Gat 1996 2000. In ecol-
changes in local temperature conditions. For the other elevengy, stable water isotopologues have been used to assess soil
cloud events, the variation was most likely caused by changegvaporation, plant transpiration, drought effects on vegeta-
in the isotopic composition of the advected and entrained vation and water sources for plants (e@awson 1998 Yakir
por. Frontal passages during two of the latter cloud eventsind Sternberg200Q Farquhar et a].2007). For these fields
led to the strongest temporal changes in b#tH (~ 6 %o of application, a detailed mechanistic understanding of the
per hour) and180 (~ 0.6%, per hour). Moreover, a detailed isotopic signal in atmospheric water vapor and its changes
during transport and precipitation formation is essential.
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Stable isotopes are suitable tracers of phase transition asometimes as isotopically “light” rain. Inland regions receive
the isotopologue$H,1%0, 1H2H®0 and1H,180 differ in  air masses with water vapor that is more depleted in heavy
physical properties, like equilibrium vapor pressure and dif-isotopologues due to the prior rain out of the air mass, a pro-
fusivities, which are important during phase change. Due tocess that can be modeled using Rayleigh distillatiGat(
the lower vapor pressure of heavy isotopologdeH1%0 1996. Consequently, the rain in such regions was also found
and'H,'0 preferentially stay in the liquid phase. Under am- to be more depleted in heavy isotopologues than in warmer
bient environmental conditions, the equilibrium isotope frac- and coastal regions. Interpretation of the deuterium excess
tionation effect (which appropriately describes phase changén rain has been controversial. On the one hand, the deu-
under saturated conditions) 8f2H160/1H,160 is approx-  terium excess in rain is supposed to deliver information on
imately 8 times larger than fotH,80/1H,1%0 (Majoubg  the climatic conditions in the vapor source region. The deu-
1971, Horita and Wesolowskil994). For evaporation at rel-  terium excess decreases with increasing relative humidity by
ative humidity below 100 %, the evaporating molecules need.43%, %~ RH and decreases by 0i4°C~1 with decreas-
to pass a saturated transition layer above the water surfac@éng temperature during evaporation from the oce@naig
Consequently, the stable water isotope ratios during evapand Gordon 1965 Merlivat and Jouzel1979. Deuterium
oration under unsaturated conditions result from a combi-excess in precipitation also increases due to moisture recy-
nation of an equilibrium isotope fractionation during the cling (e.g. Gat and Matsyi1991, Henderson-Sellers et al.
transition from water to vapor and a kinetic isotope frac- 2002 Rhodes et al.2006 Froehlich et al. 2008. On the
tionation during diffusion through the saturated transition other hand, below-cloud evaporation of falling rain droplets
layer. As the diffusivityD decreases with increasing mass decreases the deuterium excess in rain and increases the
(D180 < Diyziep), the water vapor above the saturated deuterium excess in water vap&gnk and Papesc2005
transition layer is more depleted O during evaporation at  Froehlich et al.2008, overwriting the initial signature of the
lower relative humidities than it would be for evaporation at moisture source region. Therefore, addressing the question of
100 % relative humidity ifH is kept constantGappa et a).  atmospheric water vapor transport via stable water isotopo-
2003. logues in precipitation is difficult. However, measuring deu-

Measurements of both hydrogen and oxygen isotope raterium excess in cloud droplets could indeed reveal insights
tios are thus powerful tools to assess the atmospheric watdhto the initial isotopic signature of the moisture source re-
cycle. So far, focus has been set on the isotopic variationgion, because cloud droplets are not affected by additional
in precipitation, for example in the framework of the Global kinetic isotope fractionation as rain droplets below the cloud.
Network of Isotopes in Precipitation (GNIRraig 1961; So far, studies that measured stable water isotope ratios in
Dansgaard1964 Merlivat and Jouzell979 Rozanski eta).  cloud droplets were conducted in ground touching clouds,
1993 Araguas-Araguas et al1996. As the natural abun- Wwhich sometimes also had a larger vertical exteSthpll

dance of the heavy water isotopologues is small (0.2005 %t al, 2011. A cloud in contact with the ground is called
for H,180 and 0.0155 % fotH?H60; Risi, 2009, their ~ fog from the meteorological point of view and therefore

isotope ratios are commonly expressed usingithetation: ~ most authors addressed this as isotopologues in fog. As an
R advected cloud that intercepts with a mountaintop or slope
5 — _‘sample 1, (1) does not change its microphysical behavior, we will use the
Rv-smow terms cloud and fog interchangeably for a cloud touching the

where RsampleiS the isotope ratio of the heavy isotope to the ground. Isotopologues in fog water have been used in combi-
lighter isotope in the sample, arRl,.smow is the isotope  nation with rain to study water fluxes through the ecosystem
ratio of Vienna Standard Mean Ocean Water, which servegfirst proposed byngraham and Matthew4988 as well as
as an international measurement standard for water isotopde assess the hydrological budget (&ghmid et al.20103.
logues [AEA, 2009. For this purpose, fog and rain were sampled at monthly in-
The Global Meteoric Water Line (GMWLS%H = 8 x tervals Dawson 1998 Ingraham and Mark200Q Corbin
81804 10x 1073) is well-established as the average relation et al, 2005 Scholl et al, 2007 Fischer and StiJl 2007
betweens®0 and§2H in worldwide precipitation Craig Scholl et al, 2011]) or event wise Feild and Dawson1998
1961). The slope of the GMW.L arises from equilibrium iso- Corbin et al, 2005 Cui et al, 2009 Schmid et al.2010ab;
tope fractionation, whereas the intercept (also known as deuScholl et al, 2011). In most studies, fog water was found to
terium excesggmwL = 8°H — 8 x §180) results from kinetic  be enriched in heavy isotopologues in comparison to rain wa-
isotope fractionationGraig, 1967). In colder regions (high ter. Fog often condensed from local vapor, which was more
latitude and/or altitude), as well as at large distances fromenriched in heavy water isotopologues, while rain formed
the coast, the rain was found to be more depleted in heavyn the upper regions of the cloud from water vapor, which
isotopologues than in warmer and coastal regions. The wawas typically more depleted in heavy water isotopologues
ter vapor which forms by evaporation at low temperatures is(Scholl et al, 2011). Cloud water isotopic signatures could
depleted in heavy isotopologues, resulting in rain with a rel-be related to the water vapor sourc&ckoll et al, 2007).
atively lows value, referred to as depletedd and'®0 and Moreover, Spiegel et al.(2012 experimentally confirmed
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that fog droplets do not differ in isotopic composition with LU— 3 S sy

. posit - Ay
respect to droplet size. As most of the studies did not re- o) &
solve the temporal trends during a single cloud event, it re- Sy

mains unclear, whether the isotopic composition of cloud wa-
ter stays constant over time or is subject to large changes that
have not been identified yet. This potentially leads to misin-
terpretation of cumulative monthly cloud samples.

In this work, we present the first water isotopic data set /"
resolving in time thes value variation of individual cloud A
events during the Hill Cap Cloud Thuringia 2010 (HCCT- == [
2010) campaign in Thuringia in September and October %

2010. The primary goal of the present study is to deliver Y

the first52H and 51_80 values in cloud droplets measured Sse}'l(ﬁppeh
in Europe and to link them to air mass origin, seasonality, {3 Rhén

as well as measuretivalues in monthly precipitation. Sec- 1 ardi | \
ond, a classification of the measured events is proposed, in "\ ' ¢

which two possible mechanisms are identified to explain the ‘ . \’J' ' . Heldell?er
observeds values in cloud water: (1) condensation-driven = | : - N ,‘\‘
changes in isotopic composition of the cloud droplets,and (2) = S o/ 4 o~ | >
changes in the isotopic signature of the water vapor feeding UE ;
the cloud. Third, we assess how stable water isotopologues // - A= ’ A
in cloud water can be used as a tool to contribute to a better } / N
understanding of atmospheric water vapor transport.

2 Material and methods
2.1 Measurement site and HCCT-2010 campaign

Cloud data were collected during the HCCT-2010 cam- #
paign, a Lagrangian-type cloud experiment conducted close
to the summit of Schiicke (503919"N/10°46'15"E Fig. 1. Location map including the sample collection site Stioke
937m as.l, see Fidl) between 14th September and 24th (red square), the low mountain rangeiifinger Wald (green area),
October 2010. Schitke is nearly the highest elevation of Meiningen (red square, where the DWD launches its meteorolog-
a low mountain range in Germany (litinger Wald, see ical soundings), the closest GNIP station WasserkuppénRted

Fig. 1), extending 150 km from NW to SE and 35km from square) and Heidelberg (where Jacob and Sonntag (1990) collected
SW to NE. For south-westerly wind directions (the pre- the water vapor samples). The map is based on "Atlas der Schweiz*
dominant wind direction; 210to 250, Herrmann et a).  (Humi, 2010.

2005, this orographic barrier exhibits ideal conditions for

Lagrangian-type cloud experiments, cooling the arriving air

masses adiabatically by lifting and thus creating an oro-Processes) have been carried out on this mountain ridge be-
graphic cap cloud. Moreover, low frontal clouds also hit this fore in autumn 2001 and 2002 (elderrmann et a).2009.
barrier, resulting in foggy conditions at the mountain top sta-

tion. Independent of where the cloud forms it is continuously 2.2  Collection and measurement of cloud water samples
“fed” by the water vapor, which is entrained into the cloud

due to overflow over the mountain ridge. These air masse£loud water samples of three droplet size fractions (4 um to
are typically aged, originating either from polar or Mediter- 16 um, 16 pm to 22 um and 22 um in diameter) were col-
ranean regionsScherhagl948. They are influenced by an- lected using a three-stage Caltech Active Strand Cloudwater
thropogenic emissions originating from Western Europe andCollector (CASCC), similar to the two-size fraction CASCC
by biogenic emissions from local sources like the Rhine-presented bjpemoz et al(1996. The CASCC was installed
Main area and the Turinger Wald where Norway spruce is ona 20 m tall measurement tower at the site. Cloud collectors
the dominant tree species. Two cloud experiments during thef this type have been used previously for cloud water sam-
FEBUKO project (= Field Investigations of Budget and Con- pling for isotope ratio analysidMichna et al, 2007 Scholl
versions of Particle Phase Organics in Tropospheric Clouckt al, 2011) and tests revealed that no significant isotope

www.atmos-chem-phys.net/12/11679/2012/ Atmos. Chem. Phys., 12, 11871494 2012
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fractionation occurs during samplin@giegel et al.2012).

We collected a total of 41 cloud samples, each consisting
of one vial per sampling stage of the CASCC, distributed
over 13, non-raining cloud events with temperatures above
0°C such that liquid clouds only were sampled (Tal)e
Wind speed during sampling collection varied between 1 and
12ms ! for all cloud events. The prevailing wind direction
at the site was around 20 250. The sampling interval of
each cloud sample varied between 1 and 3 h, and each event
consisted of: samples (with: between 1 and 8, depending
on the duration of the event).

The samples were analyzed ##H and 5180 using iso-
tope ratio mass spectrometi@éhre et a].2004) with an un-
certainty of 0.3 units ¢2H) and 0.04 units $80, peak-
jump method) over all measurements. For details on col-
lection and sampling techniques, we referSpiegel et al.
(2012 and references therein. For the analysis in this work,

we use the volume weighted mean values of the three stages

from the CASCC. We used the subscript ¢ (=condensed
phase) when referring to the collected cloud water and the
subscriptv to refer to§ values in the vapor phase (see
Sect.2.4for details on the modeling procedure).

8c

YL Vi x$

SV @)

whereV; is the collected volume argi the measured value
of stage number (i= 1,2,3). The measurement error is cal-
culated as:

A(SC -

iy Vi X A

SV 3

whereAS$; represents the standard error from the three IRMS
measurements performed per vial.

2.3 Auxiliary measurements and tools for data

interpretation

For the box model (Sec2.4) as well as for the data interpre-
tation (Sect3), the following additional measurements and
tools were employed:

1. Liquid water content measurement: As input for the

model presented in Se@.4, we use the liquid water
content (LWC) of the cloud, which was measured close
to the tower by a PVM-100 (Particulate Volume Moni-
tor, Gerber Scientific, USA) with 1 min resolution. The
PVM-100 measures the LWC by means of light scatter-
ing. A detailed description of the PVM-100 measure-
ment setup can be found Berber(1991) and Arends

et al.(1994.

. Meteorological measurements: The temperature and air

pressure measurements needed to initialize the box
model (see SecR.4for details) were obtained from the
weather station (Vantage pro, 1 min resolution), which
was mounted on the tower at Schoke.

Atmos. Chem. Phys., 12, 116791694 2012
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3. HYSPLIT backwards trajectories: To interpret the iso-

5.

topic composition of cloud water based on air mass his-
tory, 96-h hourly backward trajectories were calculated
with the HYSPLIT model Draxler and Hess1997,
1998 Draxler, 2003, initiated 500 m above ground
level (= single run). In addition, an ensemble run was
performed, consisting of 26 additional runs with 26
starting points differingt 250 m in vertical andt one
meteorological grid point in horizontal dimension from
the starting point of the single run. The horizontal reso-
lution of the HYSPLIT trajectories is®lwhich is about
71.5km at 50N, and the temporal resolution is 1h.
Archived data from the global data assimilation system
(GDAS) have been used for trajectory calculation.

. Cumulative rain analysis of the single HYSPLIT tra-

jectories: To address how much water rained out of the
measured air masses (SexR.3, we first summed up
the amount of rain that formed along each trajectory as
calculated by HYSPLIT (Raif). Then we retrieved the
cumulative rain (Raig,) per cloud sample. This is the
total amount of rain that the air masses passing dur-
ing the sampling interval had formed before reaching
Schmicke. Raigy is calculated by accumulating Rain

of the back-trajectories that started during the sampling
interval of each cloud sample. E.g., for a cloud sample
collected from 12:15-14:15, the cumulative rain is cal-
culated as:

Rain,, = 0.75 x Rain,(13:00 +
Rain;(14:00 + 0.25 x Rain(15:00.

(4)

Synoptic weather charts: We used synoptic charts from
the German Weather Service (DWD) with a time reso-
lution of 6 h for the air mass classification and identifi-
cation of frontal passages (for details Sélgner et al,
2012.

6. Meteorological soundings: Meteorological soundings

were launched in Meiningen 30km South West (for
location of the site see Figl) at 00:00UTC and
12:00UTC by the German Weather Service (DWD)
(Heinold et al, 2005 Tilgner et al, 2012. From these
measurements, the dimensionless Froude number was
deduced to characterize the overflow over the mountain
ridge Pierrehumbert and Wymah985:

Fo 8% m
0dz U

)
whereg is the gravitational acceleration [m4, 6 the
potential temperature [K]g—(z is the vertical gradient
of the potential temperature [K™d], &, is the bar-
rier height [m], andU mean wind speed [nT$]. For

Froude numbers below 1, an overflow without block-
ing effects is expected; for4 F < 1.5 small blocking

www.atmos-chem-phys.net/12/11679/2012/
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Table 1. Sampling periods for the 13 cloud events probed during the field campaign HCCT-2010. Additionally, symbols used for the graphs
within this study, predominant air mass (accordingtherhad1948 as classified byilgner et al.(2012), and temperature range during

the cloud events are given.

Event Beginning End Symbol Predominant air mass Temperature range
[°Cl
1 14 Sep 11:00 15Sep 02:00 O Maritime Air from Northern Atlantic (mTp) 7.3-10.2
Greenlandic polar air (mP)
2 24 Sep 23:45 25Sep01:45 > Warmed Polar air (mPt) 7.8-8.5
3 27 Sep 01:00 27 Sep07:00 O Continental Polar air (cP) 3.9-4.2
4 28 Sep 11:00 28 Sep 13:00 - North Siberian Polar air (cPa) 6.2-6.6
5 1 Oct 12:00 10ct15:00 « Greenlandic Polar air (mP) 6.7-7.2
6 1 Oct 22:30 20ct05:30 A Greenlandic Polar air (mP) 6-6.3
72 2 Oct 14:30 20ct19:30 < Greenlandic Polar air (mP) 6.8-8.1
8 50ct 11:00 50ct13:00 + Mediterranean Tropical air (mTs) 7.8-9.2
9 50ct 19:15 60ct06:15 v Mediterranean Tropical air (mTs) 9.5-10.6
10 6 Oct 12:15 70ct03:15 (O Mediterranean Tropical air (MTS) 7.4-10.4
11 190ct21:30 200ct03:30 x Greenlandic Polar air (mP) 0.4-1.4
120 24 0ct01:30 240ct08:30 O Greenlandic Polar air (mP) 1.7-3.1
13 24 0ct09:15 240ct11:45 ¢ Artic Polar air (mPa) 0.4-1.7

awarm front passage
b right after cold front passage

effects are expected (= deceleration); fob * F < 2
blocking effects are expected (= stagnant flow); and for
Froude numbers-2 no overflow is expected (= stag-
nant area upwind of the mountairRierrehumbert and
Wyman 1985.

. Moisture source diagnostic: For the two longest cloud
events lasting for 15h, a detailed moisture source di-
agnostic was performed as described Sodemann
et al. (2008 and applied inPfahl and Wernli(2008.
Hourly wind analysis data of the regional model
COSMO (Steppeler et 812003 with a horizontal res-
olution of 7 km were used to compute kinematic three-
dimensional backward trajectoried/érnli and Davies
1997). Five horizontal starting points were selected in
a cross arrangement with the location of the Siabke
hilltop in the center of the cross. The four points defin-

uptakes. To account for the uncertainty in the bound-
ary layer height parametrization, as well as for the fact
that most uptakes of humidity occur at the edge of the
boundary layer and the free atmosphere, the boundary
layer height was scaled by a factor 1.5 a$Swdemann

et al. (2008. Each uptake location was weighted ac-
cording to its contribution to the final humidity of the
trajectory. The assignment of the weights to each uptake
was done in a mass consistent way. If a decrease in spe-
cific humidity (i.e. rain out) occurred after an uptake,
the weights of the previous uptakes were discounted.
The final contribution of each trajectory was weighted
by its final specific humidity. The meteorological condi-
tions at the uptake points were averaged over the uptake
region using the weights determined from the specific
humidity contribution.

ing the cross edges were shifted by 0.2 degree in evs 4 Model description

ery direction from the Schircke hilltop. Nineteen ver-

tical levels were selected as starting points for the tra-\when an air parcel is cooled below its dew poifi)( cloud
jectories. In the lowest part of the troposphere, trajec-droplets form by condensation on preexisting cloud conden-
tories started at every model level (1 to 10), higher up sation nuclei. With both phases (condensate and vapor) abun-
only every second level (10 to 20) and every fifth level gant, the isotope ratios of the condensBteand the vapor

(20 to 40). In total, 96 trajectories were computed five phaser, are described by the equilibrium isotope fraction-
days backward in time every hour during the selectedation coefficient as condensation can be considered as an

events. Several meteorological variables, including speequilibrium isotope fractionation from the isotopic point of
cific humidity, 2 m temperature, 2 m dew point temper- view:

ature, skin temperature and boundary layer height, were

interpolated along the backward trajectories. Moisturea(T) = —. (6)
uptake locations were identified by changes in specific Ry

humidity along the trajectories. Only increases in spe-Assuming that the cloud droplets are in immediate isotopic
cific humidity in the boundary layer were identified as equilibrium with the surrounding vapogpiegel et a.2012),

www.atmos-chem-phys.net/12/11679/2012/ Atmos. Chem. Phys., 12, 11871994 2012
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a) Scheme of the modelin?ﬂinéiﬁ)le\“
Measurement §_ o

¢,mod

Variables Variables
Measure- Tsm’ XVO 6\/0 Tsm’ XvO @ 8v,mod . e °
ment o=
height:
v @ v
Cloud T X =1 6
base @la Xy Yudew
(dew point):

b) Box model: i R, X

c) Example of the modeling principle

Measurements Intercomparison
>3
o ¢ YOrS y # *
vO0 )

Time @

modeled @ + ®
6\/,dew } + 6v,mod

Time Time

Fig. 2. (a)Sketch of a cloud forming at Schioke including the box model approadt) consisting of the two model runs A and B. The initial

values of each model run are framed in r@@) An example of the modeling principle as described in S2dt(variables are explained there

as well): from the measuresd (blue dots) g is derived® leading tody gew after model run A®). Starting with each of thé, gew, model

run B produces a series (three in total for the case shown here) of locally thermodynamicallysgriven®, from which ¢ g were

deduced and in a last step compared to the measured time sesie@oln this example, the transition between the last two measurement
points meet the local condensation criterion, because both measuredd¢duesvithin the errors of modeled valu&smod (cloud sample

2 is within the black error bar, which shows the uncertainty ofthgoq based ordy gey Of cloud sample 3 and wise versa). In contrast, the

error bar ofd¢ mog based ordy gew Of cloud sample 1 (green) does not overlap with cloud sample 2 (and the red error bar not with cloud
sample 1). So, the transition from the first to the second measurement point is found to be caused by changes in the water vapor isotope
composition feeding the cloud.

the change in the isotope ratio of the vapor phase in responsaith the surrounding water vapor. In this case, changes in
to phase change and to changes in the surrounding conditiorthe isotopic composition of vapor and condensate depend on
(such as temperature) can be modeled for an air parcel (=boxXemperatured = « (7)) and liquid water content (a% (T,

using the following equationrGedzelman1988:

= (7
RV Xv+OCA_(XAXV

Equation 7) applies t?H and!®0 separatelyXy is the mole

LWC) also depends on LWC). Closed system cloud mod-
els have been suggested as an adequate description of a non-
raining cloud Jouze) 1986 and used for studies on the for-
mation of hail fFacy et al. 1963 Knight et al, 1981).

By setting A = 0, the model represents an open system

fraction of the vapor phase (moles in the vapor phase dividedalso known as Rayleigh condensation) where all the conden-

by the moles of condensed and vapor phage the frac-

sate (precipitation) is removed immediately. The Rayleigh

tion of the condensate remaining in the volume of interestdistillation equation has been used to model the progres-

(later on referred to as “box”, see Figb for illustration).
Two limiting cases of EQ.1) are defined by.

sive depletion in heavy water isotopologues in precipitation
along an air mass trajectory (elDansgaard1964). More-

For A = 1, the box model is considered to be closed. Thisover,Jouzel(1979 showed that the difference ik, between
means that the condensate formed completely remains ithe two limiting cases is negligible as long & remains
the box and is in thermodynamic and isotopic equilibrium above 0.9.

Atmos. Chem. Phys., 12, 116791694 2012
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To evaluate the extent to which condensation controls the2.4.3 Condensation criteria
variation of measureélvalues for the cloud samples, we first
used the model (=model run A, in Figa and c) to obtain the  In order to evaluate the effect of condensation onstheal-
8 value of the water vapor at the dew poitj few). We then  ues, the modeledc moq values were compared to measured
simulated the condensation process by running the modeic (Fig. 2 @)). We categorized the temporal evolution of the
from the dew point to the actual temperature (= model runmeasuredic value as condensation-driven if the following
B, in Fig. 2a and c) and calculated the isotopic signature ofcriteria were fuffilled:
the cloud dropletss¢, mod) based on a certain isotopic signa-
ture of the water vapor at the dew point. In a last step, we
compared the modeled to the measusedhlues at the ac-
tual temperature. Because we basically sampled non-raining
clouds and becausk, was above 0.94 for all cloud events 5 cyriteria 1 was fulfilled for two consecutive measure-
we used the box model in the closed version for all model ments.
runs. Details are given in the next sections.

1. The modeled and the measured values were equal
within the measurement erro8c(€ [8¢.mod+ Adc.modl
Wlth A(Sc’mod = 2 X A(Sc)

3. Criteria 2 was fulfilled for bott$2H ands180.
2.4.1 Model run A: from measured temperature Tsm, to

dew point temperature Ty
3 Results and discussion

First, the box model was first initialized with the measure-
ments. To this end, for every sampling interval we calcu- For the discussion of the collected data we start from a gen-
lated the mean values for the temperatllg, the liquid wa-  eral and campaign-based context (S8ct), and then zoom
ter content (LWC) and the dew poinfy) of the Schniicke  in from the campaign scale to the event scale by focusing on
cloud from the measured data (see SB@). The dew point  the temporal evolution of individual cloud events (S&cB).
was calculated from the local mixing ratio, which itself
was determined from the local temperature, air pressure and-1  Isotopic composition of cloud droplets during
LWC. In addition toTsm at Schniicke, Xvo andsyg (corre- HCCT-2010: a campaign-based interpretation

sponding toR,p) are needed as initial values (framed in red hi . q ibe th di ic sianal of
in Fig. 2). X0 was calculated based on the equilibrium wa- " this section, we describe the measured isotopic signal o

ter vapor pressure (vapor phase) and the LWC (condenseﬁ'e CIOL_‘d_ sqmples in general and compare talues found
phase).Ryo — which is the vapor isotope ratio inside the I Precipitation and othekr] fog measurements (Sedt.). :n )
cloud in equilibrium with the condensate — was calculated>€ct-3-1.2 we discuss the deuterium excess and its link to

from measured; values using Eqs6j and ) (Fig.2 @)).  moisture recycling.
Herein og = a(Tsm) was calculated using the equations of
Criss (1999 p.103). Second, we repeatedly ran the model
for every cloud sample starting with the correspondiiag
down to the dew poinfy, thereby decreasing iteratively
from Tsm to Ty and increasingy from X, to 1. This model
run is referred to as model run A. By doing so, we calculatedp,q 5c values varied from—77% to —15%. (§2H) and
the sy value for each measurement point for the instant Whenfrom —12.1%, to —3.9%, (85}80, Fig. 3), during the whole
condensation started (Fig.(2)). We refer to these values as campaign. More detailed information can be found in

Sv,dew: the raw data sethftp://doi.pangaea.de/10.1594/PANGAEA.
788629. The temperature range was 0.4 to IQ6at
Schmmicke (Tablel). Highests; values were measured at the
beginning of the campaign (14 September), and the lowest

For run B, we used the model a second time in the reversedc values were measured at the end of the campaign (24 Oc-
direction, starting at the dew poiffy and increasing’ it- tober). Differences in monthly mean values are of the same

eratively to the actually measured temperatiie The ini- order as observed in rain and in water vapor in this r_egion
tial conditions for model run B ar&y, X, =1 andsy gey as (J(_';lcob and Sonntaj991 see Tabl@. Both theé values in
obtained from model run A. For every cloud event we per-"2in @s well as the ones measured in vapor show a clear sea-
formedn (=number of samples per event) different model §onql pattern with higher values in summer and lower ones
runs B, each starting from a differefit gew as obtained from in winter. Although the samples of this study were collected

model run A (Fig2 3)). This yielded:? calculated values only during 6 weeks, thé trend in the collected samples
(=8¢ mod)- points towards such a seasonal signal, because monthly dif-

ferences inS values agree with the ones from data sets col-
lected over the entire year (Tal®g Interestingly,éc values

3.1.1 Classification of the observations into the
framework of isotopic measurements in
precipitation and comparison to other fog
measurements

2.4.2 Model run B: from dew point temperature Ty to
measured temperatureTsm
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Table 2. Volume weighted monthly mean values for September and October for the collected cloud water samplesickeS(fivst part).

Second part: Differences between the volume weighted mean values for September and &@epé&zrtiber) minug(October)) for the
Schmicke cloud samples. For comparison differences between volume weighted monthly mean values in precipitation for the closest GNIP
station (Wasserkuppe Rh 50°30 N/9°57 E, 921 m a.s.l.; 60 km west of the measurement station) as well as for the water vapor values
collected in Heidelberg byacob and Sonntgd991) are also given. See Fid.for details on the sites.

Site  Month Year 8180 82H
Schmicke Sep 2010 —5.8+25%0 —32+21%
Schnucke Oct 2010 —7.94+1.2% —484 8%
Schmicke Sep-Oct 2010 2% 17 %o

Wasserkuppe Sep-Oct 1978-2007 %5 12 %o
Heidelberg Sep-Oct 1981-1988 %24 18%o

; ; ' ' On the other hand, the air mass origin was only a poor in-
20} a) B/@/B/@/@/E/‘g ] dicator of thej; values because cloud water collected during
the same week did not differ significantly for different air
mass origins (Fig3b). The air mass origin is strongly con-
_40 nected to potential rain out processes. The longer the travel-
OE + ing distance of an air mass, the higher the probability that its
= moisture has been affected by Rayleigh distillation rain out
T # . o .
Yo 60 7.5-10.5°C ] processes. So we could only expect differences in isotopic
composition if the traveling distance differed sufficiently for
0.4-3.1°C b different air mass sources. This was for example the case in
-80} == ] the study presented B¥yank and Papesq005. Due to the
' ' ' ' very central European measurement location, traveling dis-
—4r1 b) = 1 tances above the continent are comparable for different air
mass types, leading to simil& values, which was what we
-6} ] actually measured.
+ % Most of our measured; values fell into thes range of
g sl | previous fog studies (from-71% to +13%, for §2H and
o BT —10.4%0 to 2.7% for 8180 in Scholl et al, 2007, except
2 o ol ® | for a few, which were more depleted 31 and180 (Fig. 3).
- This is not surprising because most of the other measure-
* | Mediterranean E ments were performed at lower latitudes or in coastal areas
=12} Greenland (polar) 1 where more enrichedlvalues are expected due to the nearby
‘ ‘ : : ocean sourceScholl et al, 2011). For a continental site, such
12:00 18:00 0:00 6:00

as Schriicke, Rayleigh distillation by rain out is more pro-
nounced than for a coastal measurement site.

Fig. 3. Diurnal evolution (shown from 10:00am to 10:00am next _ 1 e Cloud Water Line for our measurements CWEH =
day) of thes2H and 5180 values (including measurement uncer- /-8 X 5320+ 131 x 10-%) was calculated by orthogonal re-
tainty Eq.3) for all measured cloud events during HCCT-2010: gression,R?=0.96. All our measured data lay above the
The different cloud events are represented with different symbolsGMWL. This was not expected a priori. First, other authors
as summarized in Table Different colors represeifa) the temper-  also found values below the GMWIS¢holl et al, 2011).
ature range an(b) the predominant air mass during the cloud event Second, Local Meteoric Water Lines (LMWL) in central Eu-
as classified byrilgner et al.(2013). rope have been found to be similar to the GMWachoch-
Fischer et al.1983. This was also the case for the LMWL

. ) L ... . ofthe closest GNIP station, Wasserkuppe@RILMWL y:
sometimes differed significantly for cloud events with similar (SCZH —8x 5%80+9.8 % 10~23, 50°30 N/9°57 E, 921 ma.s.l.:

local temperature (Figda and Tablel). As droplets in a hill

capture cloud are uniformly in equilibrium with local condi- was deduced by orthogonal linear regression féowalues
“9”3 (.Sp'|egel et a].2019), differences among cloud e.ven.ts in precipitation from a data set collected between 1978 and
W'th S'm'l_ar temperatures are strong ewd_ence for differing 5547 hased on monthly samples. It is probable that the lower
isotope signatures of the water vapor feeding the cloud. deuterium excess of the precipitation (LM\k) resulted

Hour of day (CEST) [h]

60 km west of the measurement station, see Ejgwhich
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line in Fig.4). The elevated deuterium excess could be an in-

dicator of moisture recycling whereas a lower deuterium ex-

No rain (6 days) | cess may represents an early stage condensation. However,
No rain average Rain average as most _cloud events were sampled during nighttime when

evaporation rates are close to zero due to the lack of net ra-

diative energy, moisture recycling due to evaporation of pre-

viously fallen precipitation was unlikely to happen directly

at the site.

At this time of the year, precipitation at the site is com-
monly linked to large-scale precipitation occurring during
frontal passages. This implies that precipitation at Satka
is most likely occurring simultaneously with (or slightly de-
layed after) precipitation upwind of the measurement site.
Consequently, the elevated deuterium excess of those cloud
events sampled directly after rainfall was most probably
1 2:'00 18:60 0:60 6:60 caused by_ moisture_ recycling upyvind of the Smhuke rat_her

than by different climatic conditions at the initial moisture

Hour of day (CEST) [h] formation above the ocean. This view is in agreement with
Fig. 4. Temporal evolution of the deuterium excegs< §2Hc —8x measurements of elevated deuterium excess presented by
5180¢) including measurement errors for the cloud events duringOthers both in rain and fogdat and Matsyi199% Rhodes
HCCT-2010. Different symbols are used for the different events (seeet al, 2006 Froehlich et al.2008 Cui et al, 2009.
Table 1). Different colors are linked to precipitation at Schoke.
Red symbols are used if there was no rain since the last cloud everd.2 Temporal evolution of§ values during different
and pinc indicates that there was no rain within the last 6 days. cloud events
The mean value of those values is indicated as a red dashed line.
Blue is used for cloud events where precipitation did not stop oneln this section we focus on the temporal evolution of &he
hour before the cloud event and cyan is used for cloud events whegalues during each cloud event separately. él?lreandaclso
precipitation stopped within one day before the cloud event. Theya|yes did not show any common trends in the evolution of
mean value of those cloud events is indicated as a blue dashed Iine[he different cloud events. While ttse values decreased for
events 3, 5 and 91, <, andy in Fig. 3), they increased for

i , : : _events 1, 7 and 127, <, and) or first increased and then
from below-cloud evaporation of falling rain droplets. De decreased (events/6, 100 and 11x).

creases of the deuterium excess caused by below-cloud evap_However looking at the data on a diurnal scale (R

oration have been shown to be in the range of 1 t 4 revealed highes values at night and lowest during daytime

for stations in Austria at a similar altitude during Septem- .
ber and October, analyzing a 20-yr precipitation data Setforat least six of the cloud events (Se&R.1). Furthermore,

(precipitation-weighted monthly average&oehlich et al, events 7{) and 12 (0) clearly differed from the other events

2008. Consequently, we assume that the difference betweeHVIth strongly increasingc values with gradients of 0

the precipitation LMWl and the CWL at Schiicke are pelrnrgjzurefrc])(;icljto S‘m\j/vﬁyg)tr?eerr Tr?g Ir(f:cl)c:(?JEdH t(r?:td\./iézr?{easured
likely to result from below-cloud evaporation, which de- P N
creases the deuterium excess of the LMyywith respect formed at the Schiicke or had already formed further away,
to the CWL the forced uplift of the air mass at Schinke continuously
' fed the cloud with water vapor. As cloud droplets quickly

31.2 Deuterium excess of the cloud water and moisture achieve isotopic equilibrium with their surrounding vapor,

recycling we suggest two different reasons for the observed variations

in §c values during the cloud events:

No rain Rain
24

20

161

deuterium excess [%o]

12

The deuterium excesd & §2H —8 x §180) of the Schriicke
cloud samples was rather high (10 to %20 Fig. 4, mean
value 14%.) as compared to European air moisture deuterium
excess of 7 to 1%, (Gat et al, 2003 and stayed rather con-
stant during most of the cloud events, except for events 1 and  The observed variation is a consequence of changes in
10, which are discussed in more detail in S&.3 Deu- thes values in the water vapor feeding the cloud.

terium excess tended to be higher in cloud events that devel-

oped directly after rainfall (mean value: %7, blue dashed The possible explanation 1 will be addressed in the next
line in Fig. 4) than in cloud events that formed after a cloud section by using the box model presented in S2etwith

free period without rainfall (mean value: %3, red dashed measured temperature and vapor fraction as variables, and

1. The observed variation results from changes in local
temperature and condensed fraction, changing thad-
ues during condensation.
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assuming constar#t values of the water vapor feeding the
cloud.
-110

3.2.1 The contribution of condensation fractionation

[%o]

=130

gi-l-

S

.

The modeled isotopic dew point composition of the vapor
(8v.dews @ result from model runs A; Se@.4.7) showed a
similar diel pattern as thé&; values of the condensed phase
(Fig. 5a and c). Moreover, modeled monthly averages of
dv.dew Values for September and October were slightly more
negative than thé values measured in the water vapor of
an 8-yr data set (Fighb and d), taken on a 1 to 2 day ba-
sis in Heidelberg, located 227 km upwind of the Sciuke
site Jacob and Sonnta@991 see Figl). This could result
from the higher altitude of the measurement site or the un-
certainty of the modeleél, 4ew values. However, thévalues
and their seasonal pattern were similar enough to assume the
our modeledy gew Values are reasonable and can be used as
an input for model runs B. More generally, these results sug-
gest as well that th& values of water vapor can be estimated
from cloud water samples.

Based on model runs B, the criterion for local condensa-
tion during the observation interval (Se2t4.3 was fulfilled
for part of the measurement period of event 6 (filled 2eih

+

Schmicke

v,dew

-150 fronts

T
< condensational

driven

b)

:

<) d)

Sep Oct
Month

18:00 0:00 6:00

Hour of day (CEST) [h]

12:00

Fig. 5a and c¢) and 9v(). We therefore consider the tempo-
ral evolution of thes. values of these events to be basically

stagnant area

stagnant flow

determined by the local condensation process. The criterion — w 1 > deceleration % o)
was also met for two cloud samples of event1) &nd event o5 Y &
10 (D). So, the temporal evolution of the isotopic signal of 0 e)

6 7 8 9 10 11 12 13
Event

these two events was most likely affected mainly by an ad- 1
vected signal of the water vapor, and only for a short time by

the condensation process. Additional samples also met thE' :

local condensation criterion either f6#20 or for §2H (red 'g. 5. values of the water vapor at dew point temperature cal-

. .. ulated with model run A (Eq7) from the measured cloud water

in Fig. 5&; and c).lfg\s condensation is supp(_)sed to be reflecteéamples foB2H (a) and (b) and 5180 (c) and(d). Black symbols

in both5“H and5™°0 values, these data points were not clas-jngicate high gradients i values in water vapor and liquid wa-

sified as condensation driven. However, we cannot rule outer samples, which could be associated to fronts. The measurements

that there might be some condensation contribution to thexplainable by local condensational effects according to the criteria

latter events as well. For the rest of the events, model resultspecified in Sect2.4 (using model run B) are plotted as filled red

suggest the temporal patterndgvalues to be caused by the symbols. For open symbols, the condensational criteria were only

temporal pattern in thé values of water vapor feeding the met for eithes?H or §180. The dotted blue and green vertical lines

cloud rather than by condensation processes. in panel(a) and(c) indicate the launch time of the meteo soundings
Interestingly, the two “condensation” cloud events (6 andin Meini.ngen (Fig.1). (e) The Froude numpeF calculated from

9) differ from the others in terms of overflow dynamics of _the profile data of thesg_launches for the different events c_harac_ter-

.. L . izes the overflow conditions at the measurement station, including
the Schniicke mountain ridge as derived from the Froude

b . ized the ranges of the overflow characterization as described in58ct.
numberF (Fig. 5e). Event 6 () was categorized as stagnant Panels(b) and(d) show the monthly means and their variation for

area (F=2.33), and event &) was categorized as stagnant september and October for the equilibrium derived water vapor val-

flow (F=1.75). Hence, there was either a poor or no over-es at the dew point for Sctiroke (black symbols) and for an 8yr
flow over Schniicke for both events. This means that the air data set collected in Heidelberg (cyan symbdts;ob and Sonntag

mass feeding the cloud most likely did not flow up the hill 1991).

but it rather reached the measurement site on the same height.

Consequently, these air masses might have been more decou-

pled from local sources, leading to a rather constant isotopienodel can potentially complement meteorological sounding
composition of the water vapor feeding the cloud (consider-launches and tracer measurements to better assess whether
ing this air mass to be well mixed). This suggests that stablecloud events can be qualified for the interpretation of La-
water isotope ratio measurements in combination with a boxgrangian type aerosol-cloud interaction experiment, where
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good overflow conditions are essential. A good agreement In summary, those cloud events associated with frontal
of the box model output produced by model run A and B passages were characterized by a strong increasealues
with the measured data then corresponds to a rather poand high deuterium excess, which is in agreement with what
overflow, while a disagreement of the modeled and measuretias been found for water vapor. However, further investiga-
time course inS@H andsclgo indicates a better overflow over tions of frontal passages are needed to compare the differ-
the mountain ridge. We strongly recommend this to be fur-ent changes in isotope ratios and effects of air mass origins,
ther evaluated with future experiments. as frontal passages are linked to air mass changes and thus
are important for air mass origin studies. In addition, under-
standing variability in isotope ratios is required to interpret
monthly mean values of cloud water, which have been used
for hydrological and ecological studieScholl et al, 2007).
Events 7 {) and 12 () were both characterized by a rather
high mean deuterium excess (8% 0.4 %, for 7 and 195+
0.6 %o for 12, Fig.4) and the highest gradients bothdgH
(5.3%0 per hour for 7 and 4.%, per hour for 12) and ia2%0
(0.63%0 per hour for 7 and 0.49. per hour for 12; Fig3).
Both events were associated with a frontal passage. In th&he §; values of the cloud samples revealed a diel (noctur-
case of event 7, a weak warm front passed during the clouahal) pattern with highest values at night and lowest values
event, and a cold front preceded the cloud eventTligifer  during daytime (Fig3). This was especially pronounced in
et al, 2019. No other measurements have been publishedhe two longest cloud events (1 and 10, both lasting 15h) in
yet resolving the isotopic composition of cloud water right 8§H, 86180 and deuterium excess. During event) (he é¢
after the passage of a cold front or during the passage of aalues increased and during event {0)hey first increased
warm front. In what follows we discuss how these results fitand then decreased. The peak-to-peak difference wis, 14
into the findings on front passages based on cumulative cloud.2%o, and 4.4%. for event 1 and 8w, 0.5%¢, and 3.8/ for
samples and measurements aflues of water vapor. event 10 ins?H, 8180 and deuterium excess, respectively.
Similar observations of elevated deuterium excess during Similar diel patterns — as well as peak to peak differences —
the passage of a cold front have been measurélfdayet al.  have been measured for vapor ph&salues during dry con-
(2008 in water vapor in Beijing. Water vapor originating ditions (below~ 80 % relative humidity) in populated areas
from evaporation sites with low relative humidities may be (Lee et al, 2006 Wen et al, 2010, as well as above ecosys-
the common feature explaining this similarity in deuterium tems (ai et al, 2006 Welp et al, 2008. Different explana-
excess observations during the passage of a cold front. tions have been given. Entrainmentif- and80-depleted
Cold fronts have been associated with more negétixsd- vapor from the free atmosphere into the convective bound-
ues in cumulative cloud sampleSdholl et al, 2007 as well ary layer at midday has been suggestétig et al, 2010.
as in water vaporWhite and Gedzelmari984 Wen et al, A combination of both atmospheric signal and biospheric
2008. This agrees with our data. The cold front carrfét signal (evapotranspiration) has been discussed as laall (
and'80-depleted water vapor causing the leywalues atthe et al, 2006 Welp et al, 2008.
beginning of event 12. Continuous measurements of isotope Changes in isotopic composition of an air mass are ei-
ratios in water vapor also revealed that after the passage dher related to changes in temperature or rain out or by in-

3.2.2 Frontal passages

3.2.3 Diel patterns: local water vapor sources versus
moisture source region

a cold front, thes values increased agaihde et al, 2005. corporation of new vapor through entrainment, transpiration
It is likely that we caught this increase &fvalues with the  or evaporation. Because the net radiative energy was either
clouds of event 12 (Fig3, 0). very small due to the cloudy environment (7 samples) or

Warm sectors have been associated with more positive lacking (8 samples were collected at nighttime), we assume
values of the water vapo¥\(hite and Gedzelmari984). We that the contributions of local evaporation and transpiration
therefore expect an increasedywvalues during the transition to the total moisture content of this air mass were small. Fog
from the colder air in front of the warm front to the warm sec- droplets equilibrate quickly with the advected vapspiegel
tor terminating the warm front. Based on the DWD synoptic et al, 2012 and moreover, we could show that condensa-
charts (Sect2.3) the exact time of the frontal passage can tion only had a minor impact on the temporal evolution of
not be determined, because the time resolution of the synopthese two events. Consequently, the temporal patteda in
tic charts used in the framework of the HCCT-2010 analysisvalues that we measured in the cloud water was probably
is 6 h exceeding the duration of cloud event 7. advected by the air mass. According to HYSPLIT ensem-

However, thes. values indicate the warm front passage. ble trajectories analysis, the air mass feeding the cloud spent
The§c values of event 7 (Fig3, <) increased from the first around 64 h (85 h) over land before reaching Sabke, for
cloud sample (which was similar to the ones from the previ-event 1 and 10, respectivelygn Pinxteren et §12011). So
ous cloud event (&) nine hours before) to the most positive for both events, significant uptakes over land could have oc-
3¢ values measured in October. curred, and we hypothesize the following processes that may
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11690 J. K. Spiegel et al.: Temporal evolution of stable water isotopologues in cloud droplets

a) g ey Y\ Ji»f/x%// =
| { L [
\Q, L1574 e
(X & /
e %W‘/”
M
b) Moisture source diagnostic @ + @
HYSPLIT rainout
analysis (1) Moisture uptake [% km?] RH and Temperature at
[ —— ) )
2 0.5 0.01 moisture source region
f} 10 80
_ ?_20 \/\,\/\ g
o | R / £
S > 60 5
1E ° : 2
w “ J‘_/_//_/_\/
-30 / GMWL 2 40
-5 -4 Ram(u - .
510 [% 00 1700 23:00
(%] mm] Time (CEST) [h]
o| 545 140 480
z|& -gf 100 g|
g = . {603
@) _s50 4 60 = w =
GMWL lao
20
-8 ~7.> Rain,, 1415 _ 20015 215

8'®0 [%0]  [mm] Time (CEST) [h]

Fig. 6. Panel(a): Suggested effects causing thevariation during cloud events 1 and @ rain out along the trajectorg;) meteorological
changes in the source moisture regior@ichange of source moisture region. Pafii! lllustration of mechanisni), @ and() for event
1 and 10. First column: cumulative rain along the HYSPLIT single trajectory for every measurement point as describe@.i& Second
column: geographical visualization of the moisture source region, deduced by the moisture source diagnostz:8)(Jéxtd column:

temporal evolution of the relative humidity (blue) and temperature (red) at the moisture source region for the cloud sampling intervals
indicated in black and gray.

have contributed to changes in isotopic composition of thesamples at the beginning of event 10 (R, column 1). A
fog droplets at Schiicke (Fig.6): similar trend was observed for event 1, for which the rain out
effect is smaller in amplitude. Hence, for both events, rain

1. The variations in thé values of the advected and en- : . i
; : . out prior to the arrival at Schiitke (1) would support the
trained vapor resulted from processes associated with

. . . measured time trends.
air parcel history such as rain out. . : . .
The moisture source diagnostic revealed minor geograph-

2. Changes in relative humidity and temperature in theical changes in the moisture source region for both cloud
moisture source region (influencing transpiration andevents, so effect 3 can be ruled out. Event 1 is charac-
evaporation) caused changes in thealues of the ad- terized by stable westerly to south westerly flow from the
vected vapor. British Isles over northern France and south western Ger-

) _ ) N many to Schriicke (Fig.6b, column 2). During the cloud

- The temporal evolution of the isotopic composition of eyent, the relative humidity in the moisture source region de-
these events was determined by geographical chang€geased from 75 % to 65 %, while the temperature increased
in moisture source region with distinct evaporative con-py ¢ (Fig. 6b, column 3). Event 10 is characterized by
ditions (relative humidity, temperature or isotopic Sig- re|ative humidities above 80% in the moisture source re-
nature of soil water). gion until midnight, followed by a significant decrease in the

These processes were evaluated by a HYSPLIT rain out anafarly morning (Fig6b, column 3). The moisture source re-

ysis (1) as well as by applying the moisture source diagnosti@ion for event 10 is large, indicating the importance of air

(2 and 3) as described in Se2t3. Note that the rain outanal- Mass mixing (Fig.6b, column 3). However, the moisture

ysis has some degree of uncertainty as only a single trajector§jources contributing the most (darkest areas) are very closed

was used. The rain out analysis showed strong rain out fof0 Schniicke, suggesting an important moisture contribution
the air parcels associated with the more depleted cloud wate?f regionally re-evaporated vapor.
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The deuterium excess is a measure for kinetic isotope frac- 2. Using a closed box model, we could identify two cloud
tionation which is primarily influenced by the relative hu- events where the variation i values was mainly de-
midity at the evaporation site and generally not affected by termined by changes in local temperature and vapor
rain out processes. Therefore it can be used as a proxy for  fraction during condensation, while for the rest of the
the importance of remote effects changing the cloud water  cloud events, the variation # values was driven by the
deuterium excess. Correlation between the relative humidity  variation iné values feeding the cloud. So cloud water
2 m above the ground (Rk}) with respect to ground temper- samples could be used as a tool to assess questions of
ature () at the moisture uptake location and the measured  water vapor transport more precisely than by precipita-
cloud water deuterium excess was found to be very high for  tion sampling, as cloud water is in isotope equilibrium

event 1 R?=0.84) and very low R%<0.1) for event 10. Lin- with the surrounding vapor and as such is not biased by
ear regression of the measured cloud water deuterium excess below-cloud evaporation. Moreover, there are hints that
(d) with relative humidity at the source yields the following isotope ratios in cloud water could deliver information

dependency for event 1: about the overflow characteristics over a mountain ridge

during a cloud characterization experiment.

d = —0.43%0 % ! RHam(Ty) + 46 % 8 L
o 2m(Tg) +46 % ® 3. The temporal variations i values of cloud water were

_ 2 _
This dependency of deuterium excess on the source relative 3'?}“’ ﬁ'%’ifoer hourfc:r;SCH elmdd 0.23 :0 +0'2(%° ted
humidity is close to the one found in earlier studi€sdig pt_%trh fourt cl)r c = exceph orc OltJ events asspc:a €
and Gordon 1965 Merlivat and Jouzel1979 Pfahl and with tron ab passaé?e;, w eLe asfegzruncrgasﬁgg?/-
Wernli, 2009. Thus, the 4.4 % increase in deuterium excess ues hwaS(; Saelgg $h00 ?er ourl or CI t‘f’m >f th %
as observed in the cloud water samples during the cloud event {)er_ our for C't' ).d € emfpor? levo ution ot the 'SC;'
1 could be explained by the decrease in moisture source rel- opic composition during a frontal passage requires fur-
ative humidity of 10%. The higher relative humidities ap- _ther me_asu_rements.anc_i research. .It potentially prqwdes
proaching saturation during event 10 are probably respon- !nteretstlntg |nS|tgfhts N air mass rmxmg Eﬁﬁdsta?d d'.s an
sible for the weaker effect of kinetic isotope fractionation important input for air mass origin and budget studies.

during evaporation. The strong mixing of different moisture 4. Rain out and changes in relative humidity of the mois-
sources increases the uncertainty in the identification method  tyre source region most likely have contributed to the

(consider the shaded area in Fép, column 3 representing temporal trend that was observedsinvalues and deu-
the estimated moisture source condition), thus changes inthe  terium excess of the two overnight cloud events. We rec-
deuterium excess could not be related to changes in the mois-  ommend parallel longterm measurements wélues in
ture source relative humidity for event 10. Furthermore, due  ¢loud water at the site and water vapor at additional lo-
to the limited spectral resolution of the wind analysis data cations upwind of Schiitke (close by as well as fur-

(7 km grid spacing) very localized recycling effects are likely ther away like e.g. France, Italy and Scotland) for future
underestimated by this method. Additional measurements of  measurement set ups to get a better understanding of the
water vapor and cloud water during different meteorological  contribution of the advectesivalues of the water vapor.

conditions are needed to quantitatively assess the importance
of the mechanisms of local transpiration, boundary layer dy-

namics and mixing of advected free atmospheric watervapo'ra\ Knowled hank Annika Ack ¢ )
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