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Tritium as hydrological tracer in Mediterranean precipitation events
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Abstract. Climate models are in need of improved constraints for water vapor transport in the atmosphere and tritium can
serve as a powerful tracer in the hydrological cycle. Although general principles of tritium distribution and transfeegroces
within and betwen the various hydrological compartments are known, variation on short timescales and aspects of altitude
dependence are still under debate. To address questions for tritium sources, sinks and transfer processes, samplirad of indivi
precipitation everstin Corte on the island of Corsica in the Mediterranean Sea was performed between April 2017 and April
2018. Tritium concentrations of 46 event samples were compared to their moisture origin and corresponding air mass history
Air mass bacKrajectories wre generated from the novel higésolution ERA 5 data set of the ECMWF (European Centre

for MediumRange Weather Forecast§eographical sourceegions of similar tritium concentrations were predefined using
generally known tritium distributiopatterns such as a ‘' &nd fiomidate nedordd derigeld fateleegm’
measurement stationsf tritium in precipitation across the working area. Our modelrived source region tritium
concentrations agreed well widmnualmeanstation values. Moiste that originated from continental Europe and the Atlantic
Ocean was most distinct regarding tritium concentrations with values up T@&8d near 0U, respectively. Seasonality

of tritium values ranged from 1°BJ in January to 10.TU in May and ekibited weltknown elevated concentrations in spring

and early summer due iocreased stratosphem@posphere exchangeélowever, this pattern was interrupted by extreme
events. The average altitude of trajectories correlated with tritium concerdratjgnecipitationespecially in spring and early
summer and if outlier values of extreme tritium concentrations were exclhdecever, in combination with the trajectory
information, these outlier values proved to be valuable for the understandingiof tnidivement in the atmospherf@ur work

shows how everbased tritium research can advance the understanding of its distribution in the atmosphere.

Keywords hydrologic cycle, tritium, is@pe hydrology, air mass trajectory, atmospheric moisture trangpetipitation
events, HYSPLIT
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1 Introduction

The hydrologic cycle is one of the key components in to
in the face of climate change. An improved constraint of model input parameterssairthospheric moisture transport has
gained increased scientific intergflato et al., 2013)For instance, cloud formatigiseinfeld et al., 2016and planetary
boundary layer (PBL) representati¢fieixeira et al., 2008are considered some of the main sources of error in model
scenariosin addition to computational advances, sw&ments of hydrochemical parameters can serve to better constrain
moisture transport patterns. Ideal parameters for this task should therefore directly trace the movement of the wager molecul
itself.

One widely used tracdor thisis tritium (H or T) that enters the hydrologicalycle mostlyin the form of tritiated water

(HTO). Tritium is a radiogenic isotope of hydrogeith a halflife of 12.32 (x0.02) year(Lucas and Unterweger, 200@hat

has natural and anthropogenic soutcethe environment.

Natural tritium is produced by cosmic radiation that interacts with nitrogen in the upper atmd§phayand Lal, 1961)

Since the natural production of tritium as well as its decay is constant over time, there is a constant global invattoay of n
tritium. The average concentratiaithout anthropogenic influenégabout 5TU (1 TU = *H/'H ratio of 10%) in precipitation

for Northern EuropéRoether, 1967)into this natural background, fusion bomb tests, conducted until the early 1960s, added
high concentrations of tritium to the environment. This resulted in peak concentrations of tritium in the hydrosi®&3e in
(GNIP station in Vienna; IAEA/WMO, 2019T his tritium bombpeak was used in various studassa method to trace and
dategroundwatefVVon Buttlar and Wendt, 1958; Allison and Holmes, 1918)quantify rechargé/ogel et al., 1974; Allison

and Hughes, 197%)r to investigate ocean circulatigdenkins and Rhines, 1980; Fine et al., 198he generally observed
decline of tritium concentration in precipitation since peak times in the 1960s is the result of multiple processes. Due to
radioactive decay elevated concentrations decrease over time. Additionally, intermediate storage of tritium in groundwater,
absorption byplants, and longerm storage in deep ocean water lowers the tritium amount in the more pativof the
hydrologic cycle. Currentrdhropogenic release of tritiuinto the environmenis a byproduct of nuclear facilitiesuch as

nuclear power and repecessing plant€Emissions from these sources are several magnitudes lower than historical bomb
derived tritium concentrations. In the pasatural variations of tritium in meteoric waters were masked by input of bomb
generated tritiunfPalcsu et al., 2018 he latter has now decayed to concentrations near levels, which allows investigations
into the natural tritium cycleNatural leves are expected tbe reached during the next decgHastoe et al., 2012 hus, a
thorough assessment of these variations is necessary for closer understanding of tritium distribution in recent aididsture st

to map natural tritium distributions and delineate sasig@d sinks in the hydrologic cyql€auquoin et al., 2016; Cauquoin

et al., 2015)

A conceptual model of tritium with exclusively natural origin would have the upper atmosphere as the only source of tritium.
Through rainout, tritium would reach the groundwater where it is stored and eventually discharged to streams and the ocear

In the ocean, any continental runoff or direct precipitation becomes diluted in the much larger volume of ocean water. The
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larger timescales of ocean circulation prevent a buildup of the decaying tritium. Thus, tritium concentrations of ocean water
and its evapated vapor are expected to be near zero. During air mass transport, direct uptakeriifumghapor from the

upper atmosphere and-egaporation control the distribution of tritium in precipitation that is collected on land. Comparable

tothe stableist ope rati os of oxygen and hydrogen in the water m
in precipitation. The *‘latitude effect’ s(sahelstal, 0¢4fheasi n
‘seasonal effect’' exhibits increasi ng(Lidby,1963) umndobhbent cat
effect’ describes rising tritium concentr &theloeha., 1B70) pr e

Additionally, stratospherienoisture contains tritium contents of dighhalt, 1971})o seveal magnitudegEhhalt et al., 2002)

higher than moisture near ground level. Even small amounts of this moisture can substantially increase tritium concentration:
of resulting precipitation(Aggarwal et al., 2016 Since the exchange between stratosphere and troposphere varies
geographically and over tim@ordan et al., 2003}he dynamics o$tratospheridritium contributionremains a partly open
guestion(Cauquoin et al., 2015)

All these effects have been observed in monthly integrated samples of precigitiok et al., 2001)and predicted by

models (Cauquoin et al., 2015; Visser et al., 201Bpwever, they currently lack a thorough investigation on single
precipitation event basis. To better understand short term tritium variations in precip#atioass backajectory modelling

was applied here to émtify sources of water vapor for individual precipitation events and in order to compare resulting tritium
concentrations with their expected origin. In particular, we aimed to compare spatial tritium distribution patterns from the
Global Netwok of Isotopes in PrecipitatiofGNIP; IAEA/WMO, 2019)with moisture source regions of discreetly sampled
events. This comparison also had the purpose to assess influences of sampling on different timescales. Additionally, we
examined correlations between tritium concentrations &titdde history of air masses to outline contributions of upper
atmosphere tritium to single precipitation events. iffqgroved resolution of available meteorological grid datasets in the form

of the new ERA 5 datasé€operniculimateChangeService(C3S), 2017¥rom the European Centre for MeditiRange

Weaher Forecasts (ECMWF) was an important prerequisite for ourrbggdiution study. Another important aspect of this

study is the location of sample collection in Corsica in the Mediterranean. In the Mediterranean multiple origins oésir mass
are observa throughout the yed hiébault and Moatti, 2016Precipitation samples with varying moisture origin are crucial

for an indepth comparison of multiple source regions. Our results will enhance the understanding of natural tritium dynamics

and moisture movement ihé atmosphere.

2  Study site and methods

Precipitation samples were collected between April 2017 and April 2018 in the city of Corte on the Mediterraneah island
Corsica, France (42.30057R 9.148592 E, 415m a.s.|, Figurel). It is located in central Corsica, on the eastern part of the

island’s main mountain ridge tmaa.l East efaCorteeasmoumtain ranges mamédi o0 n
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Castagniccia, isituated with an elevation of up to 176va.s.l. Corte lies on the west wind lee side of the main mountain
ridge, and also because it is not directly situated at the sea, a more diverse moisture origin for precipitation gxesitgis ex

The transport fowater vapor in the western Mediterranean is mainly controlled by atmospheric weather systems, which cause
a strong seasonality in its occurrence and origin. During the boreal winter season Corsica is generally affected by the larg
scale circulation pagtns related to the Northern Atlantic Oscillation (NAO) as well as Arctic Oscillation (AO) and
accompaniedlominant westerly wind regimé®iinkeloh and Jacobeit, 200Farticularly the windward side of the island,

i.e. western slopes experiences airsges originating over the Atlantic Ocean, while the eastern slopes are mostly in the
leeward side. Precipitation thus mainly occurs from SeptemitiéApril when extratropical cyclones passes the island. The
atmospheric forcings change in the summessedo weak synoptic conditions. This enables the development of local-breeze
systems in the diurnal cycle, e.g. sdape breezes, which induce modifications in the vapor transport along altitudinal
gradientgowards the inland of Corsi¢8urlando et al., 2008)he result is the formation of rather local precipitation events

in the highlands. At coastal areas the descending branch of the local circulation cell from the slope breezes tends to suppre
convective activities and induce dry conditions from mainly May August.

For tritium analyses, IL samples of precipitation were collected for 42 evehtss number is a subset of all precipitation
eventghatis expected to be representative of the total rainfall during the study pkriodier to achieve this sample volume

also from small precipitation events, a canvas tarp was laid out for collection of rooftop water. Samples were traosferred fr
the collecor bucket to 1 bottles directly after the rain event. The sample bottles were then shipped to the Department of
Oceanography of the Institute of Environmental Physics (IUP) at the University of Bremen for analyses. Tritium concentrations
were analyzed uisg the ®He-ingrowth method(Clarke et al., 1976)Sampés were divided into two aliquots of 564,
degassed and stored in dedicated helitga glass bulbs for the accumulation of the tritium decay protigctAfter a period

of two to three months, tiéle content was analyzed by noble gas spectrometryiletethe instrument setup can be found

in SiltenfulR eal. (2009) All laboratory results of tritium concentrations were corrected for radioactive decay back to the time
of the precipitation event. Concentration values are reported in tritium units (TU), wAddeefjuals a radioactivity
concentration of A18Bq L. This analytical setup allows a precision of%3and a detection limit of 0.0PU.

In total, 46 samples were analyzed that represent 42 single rain events on different days. The discrepancy between sample a
event count is due to a chronologi division of three precipitation events into multiple samples in order to identify

possible moisture origin changes during longer rain events.

2.1 HYSPLIT trajectory model

The Hybrid SingleParticle Lagrangiatntegrated Trajectory model (HYSPLIT) of the National Oceanic and Atmospheric
Administration (NOAA) Air Resources Laboratoffgolph et al., 2017; Stein et al., 201#gs used to identify the origin afr
masses at the precipitation sampling site during shempl ec

to identify locations where air masses gained and lost moisture along their travel paths to the study site.
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The HYSPLIT mael requires input in the form of meteorological grid data. We used the newly available ERA5 grids
(CopernicuLlimateChangeService(C3S), 2017)from the European Centre for MediuRange Weather Forecasthis
dataset originally has horizontal resolution ofi3km on a global scale, a vertical resolutidr8@ interpolated pressure levels

and a temporal resolution of one hoAs input for this HYPLSIT analysis a data subset was extracted with the following
specifications: The horizontal and temporal resolutions were left Rtn3dnd 1 hourThe spatial etent of our model area

was clipped to an area of about4titudinal and longitudinal distance from our sampling locatiotN@ 80°N, 31°W to

49 °E). The upper 6 pressure levels were omitted, leaving 31 pressure levels from 1000t 2dditiomlly, the modekun

was cropped in HYSPLIT tanelevation limit of 10000n a.s.| HYSPLIT tracks air parcels from a given fedimensional
coordinate (start time, start location, and start altitude) backwards in time. The result is a trajectory qfoapistiatl hourly

time intervals. Additional meteorological parameters, such as specific humiditya(8atjached to each point. The run time

of the model determines the length of each trajectory.

The location that served as input corresponds todbedinates of our sampling site (see above). To track the specific air mass
that results in cloud formation at the sampling site, the model input for elevation should ideally correspond to thewdeud al

at the sampling site. The cloud altitude atshepling site was not measured, and we therefore performed twelve model runs
for elevations from 0 to 6000 m above ground level in steps 500 m each. To cover the time period of a rain event, we starte
the model on each full hour during a rain event. fitretime was set to 10 days backward from the time of the precipitation
even. Trajectories that leawbe spatial domairspecified by the meteorological input data (see abweed truncated because
accuracy of trajectories after long distances and eslpeon long time scales (20 days) were assumed to be too low to allow

a satisfactory interpretation. An example rain event of four hours duration thus results in 48 trajectories (four stathtimes
twelve start elevations) with 240 hourly spaced fso@gach, when assuming they stay within the model boundariesder

to test for the influence of trajectory backward runtime on the comparison with tritium concentrations we repeated tke moistu
source calculation for shorter durations of 3, 5 andys.di@r consistency, all figures display the maximurddf-trajectory

results. Differences between different trajectory run times, if significant, are discussed in the text where appropriate.

2.2  Moisture source identification

In order to identify moisture swces for the sampled rain events, meteorological parameters from the calculated HYSPLIT
trajectories were applied. The basic idea is that changes in specific humidity, which is one of the output parameters of the
HYSPLIT model run, show locations wheresthir parcel took up or gave away moisture from its surroundings. This general
concept has already been widely used with some small modifications to the calculation pr(Rfdilirend Wernli, 2008,

2009; Sodemann et al., 2008)

In this study, v used the approach Wfsser et al. (2018)ith minor adjustments to locatewce areas of moisture uptake

for the sampled rain eventSor each point of latrajectoriesthree numerical values (weights) are calculated, whereas the
product of those three weights represents the relative moisture contribution of thahtimpeintto the precipitation event

moisture.The first weightw; is used to determine which hours of the precipitation event have more influence on the rain

5
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sample compositionTherefore, all points oéll trajectories that start at the same hour rec¢he same weight. It is
calculatedas the proportion of the precipitation rate at the trajectory stattr to the total precipitation amount of the
corresponding event. The second weighis used to disentangle the contribution of the different trajectory start altitudes to
the event. All points of a single trajectory receive the same weigfithe assumption is th#te difference irwater content
between the last two points of a trajegtleading up to its termination at the sampling site is representative of this trajectory
altitude’ s r el at iThefirstratep tacdnstrucsy, iscalcnlatingithe differeimca in specific humidity (SH)
between the last and second to tegjectory point. If this difference is positive (increase in humidity during the lastistep)

set to zero. Then this decrease in moisture is diiigetie sum of SH decrease during the last hour of all trajectories with the
same start timewvhich eaqialsw.. The third weightviner reflects the water uptake along a trajectoegulting in different values

for each trajectory point. The calculation procedure for this weighs a stepwise summation of SH differences from oldest

to newest point of a djectory. So an increase of SH from one trajectory point to the next denotes moisture uptake and is
assigned to this trajectory point. A decrease of SH between two points corresponds to a loss from the present total amount ¢
moisture. Therefore, the weitghof all previous contributing trajectory points (moisture sources) are proportionally reduced,
because the lost moisture is assumed to represent thmixetl pool of previous moisture sourcésthe end of this stepwise
calculation procedure all weithare divided by the SH value of the final trajectory point in order to give the proportional
contribution Thus,the sum of these finak.r valuesalongone trajectory sum up to one. Teembinedweightws after which
moisture sources are evaluated is calculated by multiplication of the three previous weightandwinc for each trajectory

point. All values forws of a singleprecipitationevent sum to one, and therefore each one denotes the frafctimisture that
originates from a single trajectory point. Fanaredetailed explanation of these calculation procedimetuding figures and
equationsye refer to the Methods section\disser et al. (2018)

Two examples for trajectories calculated for a precipitaevent are shown iRigure 1. Example(a) from mid-December

2017 shows an air mass origin from Northern Atlantic and Polar regions, with main moisture uptake above the northeasterr
Atlantic Ocean and the northeastern Mediterranean Sea. Exémfitem the beginning of November 2017 shows air seas

that took a different route, via the Strait of Gibraltar, and other parts that arrive from the southern Mediterraneha. Here t
main moisture source is the southern to western Mediterranean Sea.

[Figurel near here]

2.3 Tritium in moisture source regions

In order to investigate the tritium content of air masses of different origin, trajectory points were assigned to one of five
different geographical region&i@ure2). These five regions were delineated based on expected similarity in tritium values
from the currently known tritium formation and distribution processes. This region aaseifi was verified by the annual
tritium average of GNIP station§ifure 2). Western Europe shows lower values than the more eastern, continental parts.
Further, the asumption of low values in marine moisture makes it plausible to delineate the Atlantic Ocean and the

Mediterranean Sea from land masses. Africa was singled out as a rare, continental source area of moisture for the trajectori

6
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investigated. This is plalsie because predominant wind directions in the investigation are expectedérovast and north
(Thiébault and Moatti, 2016)

[Figure2 near here]

In this simplified model of distinct tritium source areas, the final tritium value of a precipitation event was expeefsshtb d

on the amount of moisture that originates from réade moisture region. This leads to the equation of a linear mixing model
5

TWyent TY-wg @
T
whereTUeventis the tritium concentration of the rain event), is the tritium concentration afne of the five sourceegions,

andwsn is the relative moisture contribution of the source regions to the precipitation event. The tritium concentration of 46
precipitation events was measured and the relative moisture contribution of the five source areas was calcutheed from
trajectory analyses. For further calculations, it was assumedUhatlues of source areas were constant over time and greater
than zero. Potential seasonal trends in tritium values will be discussed later. This leads to 46 equations with ¥ives unkno
each. The solution of this overdetermined system of equations can be approximated by a least squares approach, in which t
sum of all squared deviations of predicted to measured values is minimized.

3 Results

Results of laboratory analyses of event watamples can be found Trablel and are also archived in the World Data Center
PANGAEA! Tritium values range between 1.62 and 1d.07with a mean value of 4.5PU. A seasonal distribution with a

spring to early summer maximum can be observed.

I www.pangaea.deDOI: 10.1594/PANGAEA.911474


http://www.pangaea.de/

Table 1. Values for precipitation amount and tritium concentration of all measured precipitation event samples.etters after tritium
concentration refer to the discussion of outlier values in Sect.3.

Date precipitation Tritium
amount /mm concentration /TU

2017-04-18 0.2 7.46
2017-04-27 0.8 3.26
2017-04-27 1.0 3.64
2017-04-27 4.0 4.48
201705-03 0.4 4.00
20170504 1.4 4.71
20170504 0.4 5.69
201705-06 0.9 6.18
201705-06 3.0 3.71
2017-05-08 2.6 8.55(A)
2017-05-19 1.0 10.07(B)
2017-06-01 0.8 4.93
201706-02 0.2 8.10(C)
201706-03 0.8 3.93
201706-05 3.0 5.50
201706-28 2.2 5.18
201706-30 2.6 4.96
201707-15 7.8 5.62
201707-26 10.2 5.61
201709-08 1.4 2.82
20170910 4.0 3.44
2017-09-15 0.2 2.24
2017-09-18 10.1 2.88
201711-05 6.7 4.38
201711-06 1.2 4.14
201711-09 0.2 3.29
201711-10 3.2 3.22
201711-13 0.8 8.85(D)
201711-29 0.8 3.17
201712-02 15.2 2.58
201712-08 0.2 2.83
201712-10 2.0 2.06
2017+12-14 0.1 1.80(E)
2017+12-16 2.8 2.79
201712-17 2.7 4.76
201712-18 1.4 411
201801-08 0.1 1.62(F)
201802-03 18.0 3.90
201802-06 13.2 3.79
201802-21 4.4 5.28
201802-22 2.2 5.23
201802-24 27.2 3.99
201803-02 12.6 4.26
201803-21 8.0 456
201803-31 6.6 3.82
201804-04 6.0 6.36
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The relative contribution of moisture to the 46 precipitation samples that originated from the five tritium source regions wa
calculated after Eq1) and displayed ifrigure3. The average moisture contribution of each region is showabte2. Most

of the moisture at the sampling site, around/Chas its origin in the Mediterranean Sea. Western Europe and the Atlantic
Ocean are the other two major contributors with around 10 % tr®isture contribution. Continental Europe and Africa show
only minor contribution with values from 2@ (mean) to  (median). Relative contributions for some of these regions are
not normally distributed, which results in the deviation of mean frodianevalues. This is especially the case for the regions
Africa and Continental Europe, where the dataset is skewed because they do not contribute any moisture for nibis¢ events.
mean and median moisture contribution of the constructed tritium soufoagepes not vary considerable with the chosen
trajectory backward run timé& éble2) of 3, 5, 7, and 10 days

[Figure3 near here]

The results of the tritium model in source regiofst]e2) after Eq. 1) show the highest tritium concentrations in Continental
Europe with around 8.8U, followed by Western Europe with 713J. The negative value for the Atlantic Ocean is a result

of the computation algorithm and indicatigat a general trend towards minor tritium concentrations is the best fit to
measurement®ismissing the negative values of modelled tritium concentration for the Atlantic Ocean, the range of tritium
values introduced by different trajectory run timemisstly less than 1 TU. For Western Europe theld@trajectories show

a notably higher tritium concentration of 7.3 TU.
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Table 2. Results for the relative moisture contribution and the estimation of tritium in source regions (asalined in Figure 2) as
calculated by Eq.1 for different trajectory backward run tim es

. Mean moisture Median moisture . . Standard error of
Tritium source o L Estimate of tritium ! .
; contribution to contribution to . estimate of tritium
region L L concentration .
precipitation events precipitation events concentration
% % TU TU

For days of trajector 3 5 7 10 3 5 7 10 3 5 7 10 3 5 7 10
backward run time

Africa 6 6 6 5 O O O O 550 456 4.80 552 1.85 1.77 1.81 1.97

Atlantic Ocean 8§ 11 11 12 4 9 10 9 -0.14* 1.39 0.12 -1.21* 2.58 242 2.79 2.74
Continental Europe 10 10 11 10 0 0 0 1 7.84 8.15 8.72 881 137 136 132 156
Mediterranean Sea 61 58 57 57 64 60 59 60 4.34 454 423 414 0.62 0.76 0.74 0.73

Western Europe 16 15 14 15 13 14 13 14 510 4.20 582 7.34 181 253 2.74 2.50

* For negative values see results and discussion

10
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4 Discussion
4.1 Basic trends intritium concentration s

The measured tritium values in precipitation at Corte are well within the range of observed tritium variances measured by
European GNIP stations. A ShapMdilk test reveals that the tritium concertoas of precipitation events are normally
distributed p = 0.0053), and a € plot shows a higher occurrence of high concentration outliers. These four events with the
highest tritium concentration will be discussed latdre meartritium value of 4.52TU measuredt Corte over the sampling

period compares well to annual averages of GNIP stations in Western Europe and on the shores of the Mediterranean St
(Figure 2), suth asthe nearby stations in Girona (4.58), Palma de Mallorca (4.6PU), Monaco (3.76I'U), and Ninfa
(4.69TU). These observations indicate that measurements of tritium in precipitation over the course of one year produce a
distribution of concentratiodata that statistically represent averaged values for spatial comparison.

Concerning seasonalitgne can usually expect a spring to early summer maximum of tritium concentrations in precipitation
because of increased moisture exchange from the stratespphiiie tropospher@ropopause leak’; Martell, 1959; Storebg,

1960) Observed seasonal distributioftritium concentrations roughly follows this trerféidure4). While the highest values

were found from April to June, the remainder of the year exhibit depleteortrconcentrations. Outlier events, such as in
Novemberdo not fit the general concept. However, they rarely occurred and contributed only with small rain amounts. They
will be discussedeparatelyn the Sect.4.3.

[Figure4 near here]

4.2  Comparison of tritium and trajectory -derived parameters

The contribution of moisture from the five defined source regiéigufe 3) confirms some of the initial hypothesis about
atmospheridynamicghatprobablyinfluence tritium concentration3 he surrounding Mediterranean Sea is the main moisture
contributor for the station at Corte. Moisture from Western Europe is contributing less than the Mediterranean Sea.
Nonetheless, its contribution is more frequent than from Continental Europessadtafthe prevailing pressure systems that
induce western windg he Atlantic Ocean plays a subordinate role. This is most probably due to the long travel path of air to
the measurement site and rainout on land barriers, such as Western Europe.ifbetabregions of Africa and Continental
Europe do hardly contribute moisture, due to their low moisture capacity when compared to open watdn loodieast to

tritium concentrationsgn obvious seasonal change in moisture sources could notdageatbtSuch variances were difficult to
reveal, because our results rely on calculations of air trajectories of individual events.

In order toadvance the knowledge of tritium distribution, tritidwentconcentrationsre compared to differeprameters

derived from trajectory calculations in the following paragraphs.

The classification of the working area into five tritium source regions was made under consideration of theoretical processes
that are thought to shape tritium distribution in the atmospasedetailed in the introduction. With this, oceanic environments

were expected to exhibit very low tritium values in water vapor due to equilibratibroaeégtan waterOver continental parts

11
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of the working area, namely Continental Europe and Africa, tilaosphericsourceof tritium was expected teadto an
increase in tritium concentrationsie to less moisture convection and equilibration with other water compartments, such as
oceanic moisturéd comparison of relative moisture contributiontbésefive sourceregions with tritium concentration at the
measurement site shows low correlations. While linear regressions of moisture contribution against TU of Africa, the
Mediterranean Sea, and Western Europe exhibit determination coeffigitsless than0.06 the Atlantic Ocean shows a
negative correlation with an of 0.11 t00.15 depending on trajectory run timehis is in line with an expectation of lower
tritium values in precipitation if substantial parts of the precipitated water oridifrata evaporated, low tritium ocean water.
Moisture contribution from Continental Europe shows a slight positive correlation with tritium concentration
(0.14<r2< 0.23. These two regions seem to have the most distinctive influence on precipitatiemegasurement site when
they contribute moisture to traversing air masses.

The least square regression of water contribution and tritium measurements frabh [fqd(i@s estimates for the tritium
concentration in these source regiohalfle2). The general trend of expected values is well represented with high values for
Continental Euspe, wheredilution of elevated,stratospheric tritium concentrationgith oceanic moisture is inhibited
(‘continental effect’; Weiss et al., 197%he calculated value @f8 to8.8 TU is in the range of most GNIP stations in Central
Europe. Westerkurope shows valgeof 4.2 to7.3TU, whereas the upper value of 7.8 was only found for calculations

from 10-day-trajectories. This concentratismmore than expected from GNIP station values in this reg®Western Europe

is positioned between thtlantic and the Mediterraneait was expected to be more influenced by oceanic moisture and thus
should have lower tritium concentratigssich as shown by trajectory run times of 3 to 7 dagbl€2). This is also reflected

by precipitation of the corresponding GNIP stations. One explanation of some higher tritium values in mdisitiregion

could be anthropogenic influenceftritium-enrichedwater vapoias a esultof nuclear power plant releasétowever, these
spatially restricted eventgere not expected fofluence water vapor of multiple precipitation events after transport of several
hundred kilometerszurther discussion on the influence of nuclealitées can be found at the end of SécB8.1 The modelled

range ofvalues for Africa of 4.6 t05.5TU fits well with observed tritium concentrations [mecipitation of the sparsely
distributed north African GNIP stationBigure2). Duetothe¢ | at i t ude ef fect ', in which |
lower tritium ncentrationsan even smaller amount of tritium was expected to be typical for precipitation from. &friea
possible scenario for tritium content as high asT&J5could be the low water vapor content in the dry desserfaithe
downward winds abovéhe Sahara Desert contain only minimal amounts of water vagen minor contributions of
stratospheric tritium could significantly increase the tritium concentratiaim moisture However, as Africa contributes only
verysmall absolute amounts afoisture to the measured precipitation, its relatively high tritiahie should not be overrated.
Model estimates for contributions from the Atlantic Ocean produogximum concentration of 174J (for 5-day-trajctories)

but alsonegative tritium concentriains. This shows a tendency of the model to assign as small amounts of tritium as possible
to the oceanic origin and therefoserves as an indicator of minor tritium contributioBarface watemf the openNorth
Atlantic Ocearis expected to havecenttritium values ofaround0.5 to 1.5TU (Oms, 2018)where the naturddackground

concentration should be betwe@2 TU (pre-bomb concentration; Dreisigaekand Roether, 1978) 1 TU (Begemann and
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Libby, 1957) This is due to the increased vertical exchange of moisture over the ocean, where stratospheric moisture with
high tritium content is diluted by oceanic water vagaur model results matdhis expected low concentrations of tritium in

the resulting precipitation of water vapor of oceanic origire dilution of anthropogenic and natural inputs result in a tritium
concentration of € TU for Mediterranean Sea surface watéyache et al., 2015; Roether et al., 201B)erefore, the
modelled valuse of 4.1 to 4.5TU for the Mediterranean regioare higher than expectedrom our initial theoretical

considerationsThis is probably a consequened t hi s model s cal cul ation procedur
with the highest moisture contribution (around%®n averageTable2) receives values cleso the average of all tritium
measurements of 41BU.

In summarythe aboveshows thatssumed tritium concentration tendencies of certain areasasenably well represented

when calculated from single precipitation eveiitsis is especially the caser areas contributing distinct tritium signals.

To assess the accuracy of the chosen model representation, the modelled tritium values of the source regions can be used
calculate estimates of the measured tritium concentration at Gagied5). The trend through the estimateasurement
comparison deviates from the 1lifie with a slope of onl¥.21 to 0.27, depending on trajectory run tiffibis shows that this

simple fiveregion nodel can only reproduce around a quarter of the variability of real tritium measure@mailisnitation

of the calculations of the regionalized tritium model is the assumption that tritium values for selected regigimsrefain

constant over timerhis is not expected to be the case, due to the seasonality of the tropopause leak that controls the input o
tritium from the stratosphere.

[Figure5 near here]

Compared to the long residence time of tritium in the stratosphere of several years, tritium is removed from the troposphere
through rainout in much shorter tinf€auquoin et al., 2016)n order toassesthe dynamics of this tropospheric tritium
remova) the altitudeevolution of trajectories had to be summarizdétbr each measured precipitation event a moisture
contribution weifpted median altitude was calculated and compared to the measured tritium concerfigaiet). The

median is expected to be a more robiapresentation of a central tendency compared to the mean, because altitude exhibits a
nortnormal distribution and frequent outliers. The altitude values of trajectory points were weighted by their moisture
contribution valuesws) in order to better repsent the average altitude of moisture origihe quality of the fit between these
altitude values and their corresponding tritium concentrati@able 3) was expectedo yield information about the
dependeng of tritium values on air mass altitude history.

[Figure6 near here]
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Table 3. Coefficients of determination for the correlation of measured tritium concentration against moisture source weighted
median altitude (Figure 6) for different trajectory r un times.

Trajectory backward run
time in days
3 5 7 10

Subset of samples

All samples 0.03 0.10 0.07 0.10

All samples

. o . . 0.06 0.17 0.11 0.32
excluding tritium outlier concentrations

Samples from July to March (no stratosphere le 0.01

excluding tritiumoutlier concentrations 0.09 0.03 0.11

Samples from April to June (stratosphere leak

. o ' . 0.01 0.16 0.20 0.51
excluding tritium outlier concentrations

335
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The above comparison shows a positive correlation of the altitude of moisture origin anccwitcentratiorior the complete
set of measurementsowever with a low r2 value @03 to 0.1(qFigure6, solid ling. If selected extreme outlier values above
8 TU and below 2TU are excludedi? increases tdetween 0.06 and 0.38ot-dashed line)In this study less than & of
events are desbed as outliers and they do therefore not seem to have a strong influence on slope and intercept of the

340 regressiorn(Figure6) that remain almost the samidditionally, a seasonal difference in the altitude dependence could be
observed. Tritium measurements during the tropopause leak period from April to June exhibited a stronger correlation with
trajectory altitude@.01< r2< 0.51). During the rest of the ye#éing sbpe of theritium-altitude correlation wasmaller and r2
was onlybetween 0.01 an@d.11.These observations are in line witteasured vertical profiles, where tritium concentrations
in tropospheric water vapor generally increased with altitude, esgyedisihg spring and summe@Eehhalt, 1971; Bradley and

345 Stout, 1970) Interestingly, determination coefficients improved considerably with trajectory run(Tiadge 3). This could
suggest that longer trajectory run times might better represent tritium contribution to a precipitatiomihadyt.a reverse
behavior would be expected, because of incbaseertainty andiigher variability ofintegrated altitude signabf longer
trajectories Since the moisture contributiqgrercentages of the tritium source regions and their calculated tritium values do
not really change with different trajectory run &s{Table?2), tritium concentrations are apparendlyleast partlyuncoupled

350 from moisture uptake
Overall, the correlation with altitude is better than with any of ttheroregressors (source regions) discussed above. This
general trend seems to imply that higltitude, hightritium moisture influences precipitation eventait trackng these
processesvith backtrajectory modelproves to be challenginglowever, theevents of extreme tritium concentrations that
deviate from the trend hint at further influences that have to be taken into account as well.

355 In short, moisture source altitude dependence of tritium concentrations in precigétatizervedo be strongesturing times
where vertical input from the stratosphere is increased. Additinfiaénces that are not connected to moisture coratet

origin seem to play a rokdso especially during these times.

4.3  Tritium outlier events

Six measured precipitation ews exhibited notably higher or lower tritium concentrations. All events that have more than
360 8TU orless than U are discussed separately, here. Their corresponding trajectories and its moisture origin are shown on
maps and altitude profiles Figure7. Additionally, they aremarked inFigure3, Figure4, andTablel.

[Figure7 near here]

4.3.1 High tritium extreme events

With respect to seasonal dynamics, events A to C fall into the period of the tropopause leak. Therefore, elevated tritium
365 concentrations in precipitation are not unexpected. However, the altitude distributieair dfajectories is in contrast to the
generally observed trend of increasing tritium concentration with increasing moisture contribution from high tropospheric

altitudes.Events A and B both show similar airass movements. Event A consists almostusiegly of moisture from
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Continental Europe, while event B also must have received moisture from Mediterranean Sea sources. For both events,
majority of moisture uptake happens at lower altitudes of below ~2088.1. Although a correlation of altitueéth increased

tritium concentration could be detected in genaral especially in spring and sumn@Ergure6), the highest tritium values

were measured for thesegents with lowaltitude air mass history. This indicates taither the leakage of stratospheric tritium

into the troposphere is too variable to always result in a vertical tritium gradient in the troppepb#rer sources of tritium
influence lowaltitude moisture trajectoried.he significant uptake of lowltitude moisture from Continental Europe points

to recycled precipitation and continental waters as a further tritium source. The elevated tritium concentration ofigmecipita
over ContinentaEurope Figure2) thus can be transferred to the next precipitation event elsewhereckiggeration and
transport.

Event C draws its moisture from trajectories in nplétialtitudes, from ground level up to around 350A.s.l. Most of the
moisture entered the air mass above the Mediterranean Sea, where low tritium concentrations are expected. A possibl
explanation for the measured high tritium value of 8ll0could betritium entrainment in higlaltitude air (3000 a.s.l.),
especially in the early parts of some trajectories that collect moisture above Continental Europe. Even minor amounts of
moisture from high altitudes could significantly increase tritium conceomiiin precipitatior{Aggarwal et al., 2016)

Event D shows a tritium concentration of 8 B3. In contrast to events A to C, event D did not occur during the tropopause
leak in spring to earlgummer, where tritium concentrations in precipitation are expected to be elevated. This general seasonal
trend could be observed in our data, with the exception of event D in NoveRitpere(d). The trajectories show rapidly
traveling air masses that reach the working area boundary within less than four days. Most of the moisture enterséhe air par
above the Mediterranean Sddagure 3), while secondary moisture uptake happens above the Atlantic Ocean and Western
Europe. From these observations and the rather low altitude of trajectory points (&230D) only minor amounts ofitium

would be expected in the resulting precipitation. This discrepancy can possibly be explained by the addition of tritium by
anthropogenic sources. The observed trajectory path leads oceanic air masses over Britain and France, where anthropogel
soures of tritium are presenthere is debatehich influencesuchsources of tritium have on their environmédntthe near
surroundings of nuclear facilitiesp to several kilometersvapor eleasewas shown toenrich atmospheric tritim
concentrationge.g. Mihok et al., 2016; Chae et al., 201MH)e shape and distance of these plumes can vary greatly depending
on the type of nuclear facility and atmospheric conditi@NSC, 2009) With the help of atmospheric dispersion models,
plumes vere shown to influence tritium concentrations up to K®0from the release poirf€Castro et al., 2017However,

farther distancesf 200km and more have yet to be asseg§ahnan et al., 2017)n addition to vapor releasasver wates
areinfluencedby liquid dischargdrom nuclearfacilities (e.g. Gffroy et al., 2006; JeaBaptiste et al., 2018[levated tritium
concentrations in river water that discharges into the sea are diluted but can affect tritium concentrations in cozestal surfa
waters. Increased tritium concentrations are found for instartbe English Chann¢Masson et al., 2005he Bay of Biscaya

(Oms, 2018) the Celtic SedOms, 2018) and near the mouth of the RhoeanBaptiste et al., 2018)Exchange of
atmospheric moisture with these water bodies with elevated tritium concentrations can increase tritium concentrations in wate

vapor as wel(Connan et al., 2017; Momoshima et al., 19&Ithough it seems unlikely that elevated tritiuoncentrations
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in a single precipitation event can be traced back to anthropogenic tritium release over Western Europe, the general conce
of anthropogenic influence on the atmosphisrin line with findings ofLewis et al. (1987who report elevated Tritium

concentrations frorfongerair mass trajectoriethat originatedrom Western Europe.

4.3.2 Low tritium extreme events

Both low tritium eventshappen in winter where low tritium concentrations are expected due to the stable separation of
stratosphere and atmosphere.

The straight and rapidly moving trajectory of event E hints on low amounts of moisture exchange in Western Europe and ovel
the Medierranean. The relative moisture contribution inferred figigure 3 shows a substantial contribution of Atlantic
sources that are expected to contain triticoncentratioa significantly below I'U, and the low altitude of the air parcel

above the Atlantic Ocean can explain the matching equilibration with Atlantic moisture. This event seems to be a prime
example of parameters that prevent a buildup of tritium in moistlieased in a precipitation event.

Event F has calculated trajectories for 24l hours of the day at which the event took pldierause the exact time of
precipitation was not logged. Therefore, the exact determination of the moisture origin was né#.gdsgiever, since most

of the trajectories originate from the Atlantic Ocean, this seems to be a more robust indicator of the low tritium doncentrat
than the supposedly major moisture uptake above the normally relatively dry North Africa. This exadglines the

importance of an accurate timeframe for this type of analysis.

5 Conclusions

In order to assess moisture sources for precipitation ewaamnsgss backrajectoriesvere calculated and locations of moisture
uptake were derived.he Mediterranean Sea and Western Européoarel to behe prime moisture contributors to measured
precipitation eventsin conjunction with the measurement of tritium concentrations of these precipitation events and the
assumption of regionally simildritium source valuethis allowed to identify regions with notable influence on the tritium
content.Air masses carrying moisture fro@ontinental Europe and Atlantic Ocean produdestinct high andlow tritium
concentrations, respectively. A simple rebdalculated thaverageof tritium concentrations for each of the source regions.

Its resultsaremostlyin line with valuesxpected from generalized tritium distribution processesvaaburedaluesat long

term GNIP stationsAlthough a forward rurof the model could onlgescribearound a quarteof the variability of tritium
concentrationsthis shows that event based data can reasonably reproduce spatialdistribution, especially for regions

that have distinct source signatuféis verifies tritium as a good moisture source trdgetateral origin The most probable
source of errofor the model are seasonal variations in the stratosjit@yesphee exchange that are not included in the
calculations. With an increased number of event samples, a simple workaround could be a division of the model into two

separate calculations, with and without influence of the tropopause leak.
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An obvious seasonal cycle in tritium concentrations could be observed and is in line with expectasivatgihere
troposphere exchang8ince the input of stratospheric tritium could be detected in precipitation, the question arose if the
altitude history of air masses that contributed to an event is correlateditgithitium content. The average moistsource

altitude was the best predictor of all tested paramet®psing and summer eventader influence of the tropopause leak
exhibited good agreement with moisture source altjtuepecially if extreme events were evaluated separately. This
strengthens the general concept of altitude dependence of tritium concentrations, not only invesidiessipor, but also in

the resulting precipitationAdditional information from different trajectory runtimes hint on tritium influences that are
decoupled from moisture dynamidsinally, a closer inspection of outlier events revealed possible retyobmtinental
moisture as an important source of tritium to precipitation.

The importance of further research into tritium dynamics in the atmosphere is highlighted by the large variance of tritium
concentrations in precipitation when comparing successieats. Considering the supposedly sound knowledge of seasonal
tritium distribution, extreme events such as shown in this study can occur all year round. Such events remain mostly hidder
when only using the monthly integrated GNIP sampling schéuditionally, assessing the contribution of anthropogenic
tritium point sources over long distances remains an important issue with respect to tritium concentrations in precipitation

events.
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Figure 1. Example for HYSPLIT backward trajectories of two events on 201712-16 (a), and 201711-05 (b). The relative amount

595 of moisture uptake of the air mass during movement to the final location is colezoded and sums up to 1. For more details to the
air mass movement refer to the text.

23



30 20 10 O 10 20 30 40

80 80
70 70
60 60
50 50

£

2 40 40

2

5 30 30
20 20
10 10

0 0

=30 20 -10 0 10 20 30 40
Longitude °E

|

Tritium source regions

[] Africa L
[l Atlantic Ocean 0 Tritium 10
[ Continental Europe concentration /TU

[ Mediterranean Sea
I Western Europe

Figure 2. Map of GNIP stations that provide tritium concentration in precipitation and of the derived tritium source regions.
600 GNIP stations are color coded by the mean of annual averages of tritium concentration over the period of 2000 to 2Qi#ta
coverage of individual stations vary) For more details on differentiation of the five tritium source regions refer to the text.
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Figure 3. Relative moisture contribution of each tritium source region to individual precipitation evens (depicted as vertical bars)
605 based on l1eday trajectories. Events are listed in chronological order, with their month on the »axis. Letters on top of the graph
correspond to outlier events as detailed ifrigure 7 and in the discussion.
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Figure 4.. Time-series of measured tritium concentration of precipitation events. The horizontal line is the mean of all measured
610 tritium concentrations. Blue areas are above, red areabelow the mean concentrationThe solid line isa LOESS regression of the
measured values.
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Figure 5. Comparison between calculated tritium concentrations after Eq(1) and measuredtritium concentrations based on 10
615 day trajectories. The dotted line is the 1:1 line while the solid line is the linear regression through the data points with the grey
band showing the 98% confidence interval.

27



all

TU =(0.00103 £ 0.00048) - ma.s.l. +(3.73 £ 0.45) , R* = 0.09

e —-—- TU=(0.00125 £ 0.00030) - ma.s.l. +(3.31 £0.27) , R* = 0.32
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Figure 6. Tritium concentration of precipitation events plotted against the median of all evertrajectory points weighted by their

620 moisture contribution based on 16day trajectories. The solid line shows a regression through all data points. Thiot-dashed line
is the regression throughcolored data points only, which excludes outliers above BU and below 2TU. The dashed line is the
regression through the blue data points that correspond to events from April to June. The dotted line is the regresstbrough red
points from the rest of the year.
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Figure 7. Maps and vertical cross sections of air mass trajectories for outlier everitgsed on 16day trajectories. For definition of
extreme events refer tdSect.4.3. Map background colors and cross section trajectory point colors refer to assumed tritium source
regions (cf.Figure 2). Colors of map trajectory points and size of cross section trajectory points correspond to relative moisture
contribution to the precipitation event (cf. Figure 1).
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