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Abstract

In order to complement the picture of the atmospheric water cycle in the Southern Ocean, we
have continuously monitored water vapor isotopes since January 2020 oin Amsterdam Island
{37-7983-°S7#.5378°E}-in the Indian Ocean. We present here the first 2-year-long water
vapor isotopic record menitored-on this site. We show that the water vapor isotopic
composition largely follows the water vapor mixing ratio, as expected in marine boundary
layers. However, we evidence-detect 11 eeld-front-periods of a few days where there is a
strong loss of correlation between water vapor 3180 and water vapor mixing ratio—These
periods-are-associated-with as well as abrupt negative excursions of water vapor 3'80. These
excursions; often occurring toward the end of precipitation events. Six of these events show a

decrease in gaseous elemental mercury suggesting subsidence of air from higher altitude.

Our study aims at further exploring the mechanism driving these negative excursions in water

vapor §'80. We used two different models to provide a data-model comparison over this 2-

year period.

isetopes—\WWhile the European Centre Hamburg model (ECHAMG6-wiso) at 0.9° medel-was

able to reproduce most of the sharp negative water vapor 8180 excursions_hence validating the

physics process and isotopic implementation in this model, the Laboratoire de Météorologie

Dynamique Zoom model (LMDZ-iso)-medel at 2° (3°) resolution was only able to reproduce

7 (1) of the negative excursions_highlighting the possible influence of the model resolution for

the study of such abrupt isotopic events.- Based on a-our detailed model-data comparison, we

conclude that the most plausible explanations for such isotopic excursions are rain-vapor
interactions associated with subsidence at the rear of a precipitation event.

[Mis en forme: Couleur de police : Automatique
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1. Introduction

The main sources of uncertainty in the atmospheric components of Earth System Models for
future climate projections are associated with complex atmospheric processes, particularly
those related to water vapor and clouds (Arias et al., 2021; Sherwood et al., 2014:-Arias-et-ak;
2021). Decreasing these uncertainties is of vital interest as the hydrological cycle is a

fundamental element of the climate system because it allows, via the transport of water vapor,
to ensure the Earth's thermal balance.

Stable water isotopes are a useful tool to study the influence of dynamical processes on the
water budget at various spatial and temporal scales. They provide a framework for analyzing
moist processes over a range of time scales from large-scale moisture transport to cloud
formation, precipitation, and small-scale turbulent mixing (Bailey et al., 2023; Dahinden et al.,
2021; Galewsky et al., 2016; Thurnherr et al., 2020;

The relative abundance of heavy and light isotopes in different water reservoirs is altered during
phase change processes due to isotopic fractionation (caused by a difference in saturation vapor
pressure and molecular diffusivity in the air and the ice). Each time a phase change occurs, the
relative abundance of water vapor isotopes is altered. We express the abundance of the heavy
isotopes D and 180 with respect to the amount of light isotopes H and 160, respectively, anrd-H

in the water molecules through the notation &:

(180/ >
16
10/ sampte

6180 _ : —_1 %1000 (Eq 1)
( /ﬁo)vs"”ow
(/s
6D = M — 1) 1000 N
( /H)VsMOW

where (80/160) and (D/H) represent the isotopic ratios of oxygen and hydrogen atoms in water

and VSMOW (Vienna Standard Mean Ocean Water) is an international reference standard for
water isotopes.

There are two types of isotopic fractionation: equilibrium fractionation, which is caused by the
difference in saturation vapor pressure of different isotopes, and non-equilibrium fractionation,
which occurs due to molecular diffusion (e.g. during ocean evaporation in undersaturated
atmosphere or snowflakes condensation in oversaturated atmosphere). In the water vapor above
the ocean, the proportion of non-equilibrium fractionation, and hence diffusive processes can

- [Mis en forme: Exposant
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be estimated by the deuterium excess, a second order isotopic variable denoted d-excess,
defined as (Dansgaard, 1964):

d-excess=8D — 8x3180 (Eq.3)

Over the recent years and thanks to the development of optical spectroscopy enabling
continuous measurements of water isotopes ratios in water vapor, an increasing number of
studies have focused on the use of water vapor stable isotopes in-water-vaper-to document the
dynamics of the water cycle over synoptic weather events, such as cyclones, cold fronts,
atmospheric rivers (Fremey—et-al;—2014:—Aemisegger et al., 2015; Ansari et al., 2020;
Bhattacharya et al., 2022; Munksgaard-et-al;—2015:-Ditsch et al., 2016; Graf et al., 2019; Lee
et al., 2019; Ansari-et-al,—2020; Bhattacharya-etal;—2022 Munksgaard et al., 2015; Tremoy et
al., 2014) or water cycle processes such-as-water-eyele-processes-such as evaporation over the
ocean or deep convection (Benetti et al., 2015; Bonne et al., 2019:-Benettiet-al—2015). For-this
objective;—sSeveral instruments have been installed either in observatory stations (e.g.

Aemisegger et al., 2012; Guilpart et al., 2017; Leroy-Dos Santos et al., 2020; Steen-Larsen et

al., 2013; Tremoy et al., 2012;:-Guilpart-et-al—2017;-Steen-Larsen-etal; 2013 Leroy-Dos-Santes
et-al;—2020;-Aemiseggeret-al;—2012),-er on boat (e.g. Benetti et al., 2014; Thurnherr et al.,
2019;-Benetti-et-al;20144) or on aircraft (Henze et al., 2022). In the aforementioned studies, the

interpretation of the isotopic records is often performed using a hierarchy of isotopic models,

from conceptual models (Rayleigh type) to general circulation models or regional weather
prediction models equipped with water isotopes (Ciais and Jouzel, 1994; Markle and Steig,

2022; Risi et al., 2010; Werner et al., 2011:-Ciais-and-Jouzeb-1994:—Markle-and-Steigr—2022).

Such data comparisons enables one to test the performances of the models either in the

simulation of the dynamic of the atmospheric water cycle or in the implementation of the water
isotopes.

_Our study is part of these dynamics analyses and aims at improving the documentation of
climate and atmospheric water cycle in the Southern Indian Ocean, a region which has been

poorly documented until now.
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Over the previous years, we have installed 3-three water vapor analyzers on La Reunion Island
at the Maido observatory, {21.079°S, 55.383°E, 2160m) (Guilpart etal., 2017) and in Antarctica
(Dumont d’Urville, 66,663°S, 140°E, 202m —and Concordia, 75.1°S, 123.333°E, 3233m;
{erey-Des-Santes-etal—2021:-Bréant et al., 2019; Casado et al., 2016; Leroy-Dos Santos et

al., 2021). These instruments have been used for the following purposes. They document the

diurnal variability of the isotopic signal with the influence of the subtropical westerly jet on the
water isotopic signal at-in night as well as the cyclonic activity #on La Réunion_Island. In
Antarctica, the recordsinstruments have shown a strong influence of katabatic winds on the
isotopic composition of the-water vapor (Bréant et al., 2019). In order to complete the picture
of the atmospheric water cycle over the Indian basin of the Southern Ocean already
measureddecumented by these three analyzers, we installed a new water vapor isotopic analyzer
in the mid-latitude of the south Indian Ocean on Amsterdam Island (Figure 1) in November
2019._Amsterdam Island is one of the very rare atmospheric observatories in the southern

hemisphere. Moreover, the south Indian Ocean is a significant moisture source for Antarctic

precipitation, notably in the region encompassing Dumont d’Urville and Concordia stations
(Jullien et al., 2020; Wang et al., 2020).

The objective of this study is to provide the first analyses of isotopic records (vapor and

precipitation) oin Amsterdam Island, with a comparison of meteorological data and
environmental data collected in parallel on the Amsterdam Island Observatory (e.g.
atmospheric mercury) to help with the interpretation of isotopic records. This study includes
analyses of meteorological maps, back trajectories as well as outputs from general circulation
models equipped with water isotopes. After a description of the different records over the years
2020 and 2021, model simulations and back trajectoriesy-methedelogy, we focus on some low-
pressure events {eeld-frents)-associated with a strong negative excursion of the-5180,ef water
vaper over a few days_ and a decoupling between 5180, and humidity. These events;-expressed
strengly—in—the—water—vaper—isotopic—+ecord,—_are then used for evaluation of to evaluate

atmospheric component of Earth system models general-ecirewlation—medels equipped with
water isotopes.

2. Methods

2.1 Site
Labelled as a global site for the GAW-WMO{Global Atmosphere Watch World Meteorological
Organization}-glebal-site, Amsterdam Island (37.7983° S, 77.5378=° E) is a remote and very
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small island of 55 km2 with a population of about 30 residents, located in the southern Indian
Ocean at 3300 km and 4200 km downwind from the nearest lands, Madagascar, and South
Africa, respectively (Sprovieri et al., 2016). Climate is temperate, generally mild with frequent

presence of clouds_(average total sunshine hours is 1581 hours per year over the period 1981 —

2010 from MeteoFrance data). Seasonal boundaries awere defined as follows: winter from July

to September and summer from December to February, in line with previous studies (Sciare et
al., 2009). Average temperature is lower in winter compared to summer (10.5°C vs 15°C) while
relative humidity and wind speed remain high (respeetively—50-85% and 5 to 15 m st
respectively) most of the year without a clear seasonal cycle.

Numerous atmospheric compounds and meteorological parameters are and were continuously
monitored at the site frem-since 1960 (Angot et al., 2014; El Yazidi et al., 2018; Gaudry et al.,
1983; Gros et al., 1999, 1998; Polian et al., 1986; Gros-et-al—1999,-1998;-Sciare et al., 2000,
2009; Anget-et-al—20%4:-Slemr et al., 2015; El-Yazidi-et-al;—206148:-Slemr et al., 2020). In
particular, the Amsterdam (AMS) site hosts several dedicated atmospheric observation

instruments notably at the Pointe Bénédicte atmospheric observatory (70 m above sea level)
where greenhouse gases {GES)-concentrations and mercury (Hg) speeies—are monitored.

aenrvice a ance—Atmosphere OS-AMS-416 |PE\/ n ZYa MO 028 |Ip

and-Hgspeeiesrespeetively}—C0.-CO-CHyand Hg species have been continuously measured
since : ; 2012-respeetively.
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Figure 1 : Location (left) and picture (right) of the-Amsterdam Island. CRO: Crozet
Island; RUN: La Réunion lisland; KER: Kerguelen Island; AMS: Amsterdam Island.
Picture credit: left — Magand adapted from (Angot et al., 2016); right — photo taken by
0. Magand.

2.2 Long term measurements

2.2.1 Meteorological measurements

OneTwe meteorological stations is are installed at the top of an observation mast (25 m above
ground level, hence 95 m above sea level-agl) at the Pointe Bénédicte observatory-{data-tsed
during-this-study); since 1980 (data used during this study). tastalled-and-managed-by-1COS-
AMS-416PEM program—wWind speed and direction, atmospheric pressure, airsurface
temperature and relative humidity data are currently measured-by-a-WXTF520-Vaisala-weather
system—Data-obtained at a minute resolution. {mintte—acquisitionfrequency)arecleaned-and

processed—hy—the 1GE—in-theframework—of-the-GMOStral-1028—IPEV-—program-—Another

meteorological station is based on the island and is operated by Météo France at Martin-de-
Viviegs-Viviés life base around 27 m above sea level, about two kilometers east from the Pointe
Bénédicte observatory_collecting - Fhis—second—weather—station—ecollects—air temperature,
humidity, precipitation, wind speed and direction, pressure and solar radiation via—a-rereury

2.2.2 Gaseous elemental mercury (GEM)

Atmospheric GEM (Gaseous Elemental Mercury) measurements have been are-conducted since
2012 in the framework of IPEV GMOStral-1028 observatory program at the Pointe Benedicte
atmospheric research facility —Data—are—freely—available—on—thenational- GMOS-FR—data
platferm—AERIS{(Magand and Dommergue, 2022))(https//gmes-aeris-data-frlastaceess:
0H12/2022).

_GEM is continuously measured (15-—minute data frequency acquisition) using a Tekran 2537
A/B instrument models (Fekran-tne;—TForonte,—Canada)-(Angot et al., 2014; Li et al., 2023;
Slemr et al., 2015, 2020; Sprovieri et al., 2016:—i-etak-—2023). The measurementeperation
deviee is based on mercury enrichment on a gold cartridge, followed by a-thermal desorption




P06
P07
208
209
210
P11
212
213
214
215
216
P17
218
219
220
P21
P22
P23
P24
P25
226
P27
P28
229
230
P31
232
233
P34
235
P36
P37
P38
239

and a-detection by cold vapor atomic fluorescence spectroscopy {EVAFS)-at253-7nm-(Bloom
and Fitzgerald, 1988; Fitzgerald and Gill, 1979;—Bleem—andFitzgerald,—1988). Switching

Concentrations are expressed in nanograms per cubic meters at SFR-standard temperature and

pressure conditions (2173.15 K and 1013.25 hPa) with an instrumental detection limit below
0.1ngm= and a GEM average uncertainty value around 10% (Slemr et al., 2015). The
instrument is automatically calibrated following a strict procedure adapted from that of
Dumarey et al. (1985). Ambient air is sampled at 1.2 L min through a heated (50°C) and UV
protected PTFE sampling line, with an inlet installed outside, 6 m above ground level (76 m
above sea level). The air is filtered through two 0.45 pm pore size polyether sulphone {PES)
and one PTFE (polytetrafluoroethylene) 47 mm diameter filters before entering in the-Tekran

to prevent the introduction of any particulate material into the detection system as well as to

capture any GOM-(Gaseeus-gaseous Oxidised-oxidized Mereurymercury) or particulate bound
mercury {(PBM)-species ensuring that only GEM is sampled. To ensure the comparability of

Hgmercury measurements around the world, the instrument is operated according to the Global

Mercury Observation System (GMOS)-and-CAMNET-AMNET-standard operating procedures
(Sprovieri et al., 2016; Steffen et al., 2012:—Sprovieriet—al—2016). The—detalled—quality

In this study, and even if long-range transport and a variable tropopause height may modulate

the signal, atmospheric GEM is used as potential tracer of stratosphere-to-troposphere intrusion

and/or subsidence of upper troposphere (above 5-6 km) that may impact the atmospheric

records at the Pointe Benedicte Observatory where marine boundary layer is collected most of

the time

oy pa eSp ore 6 B d OFY-WA 6 a

boundary-layer-most-of the-time (Angot et al., 2014 ; Slmer et al., 2015, 2020; Sprovieri et al.,
2016 Slmer-et-al;—2015-2020). Mercury in the atmosphere consists of three forms: gaseous

elemental mercury (GEM as defined above), gaseous oxidized mercury and particulate-bound

mercury. y :
- - —HgBr—Hg[OH]2)—and-PBM-—GEM, the dominant form of

atmospheric mercury-species, is ubiquitous in the atmospheric reservoir and originates from a

[Mis en forme: Couleur de police : Automatique




P40
P41
P42
P43
D44
P45
D46
pAT
P48
P49
250
251
P52
P53
P54
P55
P56
257
Fss
259
260
261
262
P63
P64
P65
266
D67
P68
P69
p70
P71
272

multitude of anthropogenic and natural sources (Edwards et al., 2021; Gaffney et al., 2014 ;
Gustin et al., 2020 ; Gworek et al., 2020 ; Gustin-et-al—2020--Edwards-et-al—2021). Near the
surface (marine or terrestrial boundary layer) and out of polar regions, GOM-gaseous oxidized

mercury and particulate-bound mercuryPBM represent only a few percent of the total

atmospheric mercury (Gustin and Jaffe, 2010 ; Gustin et al., 2015; Swartzendruber et al., 2006-;
Gustin-and-Jaffe 2010 Gustin-et-ak—2015). Even-iteChemical cycling and spatiotemporal
distribution of mercury in the air—_is still poorly understood whatever atmospheric layer

considered (surface, mixed or free troposphere, stratosphere), is-still-peerly—understood-and
complete GEM oxidation schemes remain still-unclear (Shah et al., 2021 and associated

references). Still,; several studies provided evidence that vertical distribution of atmospheric
mercury measurements from boundary layer to lower/upper troposphere and stratosphere shows
a decreasing trend in GEM concentration with increasing altitude, in parallel with an increase
in the concentration of divalent mercury {GOM—+PBM)-resulting from GEM oxidation
mechanisms (Brooks et al., 2014 ; Fain etal., 2009 ; Fu et al., 2016 ; Koenig et al., 2023; Lyman
and Jaffe, 2012; Murphy et al., 2006 ; Swartzendruber et al., 2006, 2008 ; Sheu et al., 2010 ;
Talbot et al., 2007-—Fai :

). The identification of such observational processes
(lower GEM concentrations in high-altitude air masses versus marine boundary layer ones) is
used here to help characterizing possible high altitude air masses exeursien-intrusions atin low

altitude Pointe Benedicte Observatory.

2.3 Water vapor isotopic measurements

The isotopic-composition-of-near-surface water vapor 580 and 8D -(hereafter 8180, and 8Dy

| Mis en forme:

Non Exposant/ Indice

expressed in %o versus SMOW and enabling to calculate water vapor d-excessy as d-excessy =

Indice

(
[ Mis en forme:
(
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SDy —8x5180,) and the water vapor mixing ratio (qy in ppmv) have been measured continuously |

since November 2019. The measurements have been done with a Picarro Inc. instrument ;

(L2130-+-i_model) based on wavelength-scanned cavity ring down spectroscopy. The
instrument has been installed in a temperature-controlled room at the ebservatory—on-the
Amsterdam Island_observatory and the sampling of water vapor is done outside at ~ 6 m above

ground level (or 76 m above sea level) through a 5 m long inlet tube made of PFA

(perfluoroalkoxy alkanes) and heated at 40°C.
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Figure 2: Bependeney-Influence of the water vapor mixing ratio onef measured -6D (top) and
8180 (bottom) (anomaly from the true value of the standard)-en-the-mixing-ratie. The results
are shown for two different standards (GREEN_AMS in green and EPB_AMS in black). The

crosses indicate the data obtained with the set-up and the solid lines are the best regression

curves (same curves for 5180 for both standards).

The calibration of water vapour mixing ratio was performed in the laboratory before sending

the instrument. In the field, we found an excellent agreement between mixing ratio measured

by the Picarro instrument and mixing ratio measured by the weather station (the difference

between the two records always stays below 2% and there is no systematic shift between the
two records).

The calibration of the water isotopic data is performed in eifferent-several steps following
previous studies (Leroy-Dos Santos et al., 2020; Tremoy et al., 2011;terey-Des-Santes-et-al;

2020) and using a standard delivery module by Picarro. First, we quantified the influence of

the water vapor mixing ratio on the water isotope ratios. This effect is large at very low
humidity (Leroy-Dos Santos et al., 2021). It can also depend on the isotopic composition of
the standard water (Weng et al., 2020). Here, we introduced two different water standards,
EPB-AMS and GREEN-AMS, with respective values of (-5.66 %o, -47.31 %) and (-32.65 %o,
-263.76 %o) for the couple (5180, 3D) which encompass the isotopic values observed on site

observations. While we would expect a constant null value for (880Omeasured= 88 Ostandard) in

[Mis en forme: Couleur de police : Automatique

Figure 2 because we always inject the same water standards, the measured 5180 values of
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both EPB-AMS and GREEN-AMS standards in fact decrease with increasing humidity with

the same amplitude. The (8 Dmeasured-0 Dstandard) displayed in Figure 2 also shows variations but

in contrast to the relative evolution of 8180 with respect to water vapor mixing ratio, the D

measurements of EPB-AMS and GREEN-AMS standards exhibit different behavior: 6D of

EPB-AMS increases by 1.5%0 and 6D of GREEN-AMS decreases by 2.5 %o over the same
6,000-24,000 ppmv range for water vapor mixing ratio qv. The-8*0-measurements-of-both

As a consequence, the raw 8180, measurements are corrected with the following regression:

58 Oyeorr = 5180V,meamed +1.1.107° x q + 0.232 (Eeq4) [ Mis en forme: Police :12 pt

For the correction of the raw 3Dy, we use two different regression splines for EPB-AMS and
GREEN-AMS (cf Figure 2):

9300
0Dgpp—ams,corr = ODgpp—amsmeasurea ~ 0.383 (Eeq 5)

22400
q

ODGREEN-aMS,corr = ODGREEN-aMSmeasured — +1.05  (Eeq6)

The raw 8Dy are thus weighted-corrected according to their distance ef-the-measured-6D
value-fremto the EPB_AMS and the GREEN_AMS splines as follows:

8Dy measured =D GREEN-AMS, ed

X (6DEPBfAMS,cmr - SDGREENfAMS,cmr)

(eq 7)

6Dv,cmr = 6DGREEN7AMS,coﬂ + 5D sD
EPB—AMSmeasured ~ ©” GREEN—AMS,measured

This first calibration step (correction from the influence of mixing ratio on the isotopic

composition) has been performed every year over the whole range of mixing ratio values and

provided very similar results from one year to the other.

11



25
FZG
327
328
329
330

31
FSZ
333

F34

335

336
337

Fss

339
340
341
342
343
344
345
B46
347
348

349
350
351
52
53
354

355
356

The second calibration step consists in the injection of the same two isotopic standards every <
47 h at a water vapor mixing ratio of 13,000 ppmv to correct for any long-term drift. The
correction associated with this drift is less than 0.4 %, for 8180 and 2.5 %o for 8D over the two
years of measurements.

Precipitation were also sampled on a weekly basis in a rain gauge filled with paraffin oil which
permits to have measurements of water isotopic composition in the precipitation on a weekly

basis. The water samples are then sent for analyses at-to LSCE (Laboratoire des Sciences du

Climat et de ’'Environnement) and measured enwith an isotopic analyzer L2130-i by Picarro.

The uncertainty associated with this series of measurements is of £0.15 %o, for 5180 and 0.7 %o
for 3D leading to a-quadratic-erreran uncertainty of £1.4 %o for d-excess.

2.4 Back trajectories: FLEXPART

The origin and trajectory of air masses were assessed-calculated by FLEXPART, which is a
Lagrangian particle dispersion model (Pisso et al., 2019). All the meteorological data used to
simulate the back trajectories are taken from the ERA5 atmospheric reanalysis (Hersbach et al.,
2020) with a 6-hourly resolution. The ERAS reanalysis is carried out by the European Center
for Medium-Range Weather Forecasts (ECMWEF), using ECMWF’s Earth System model IFS
(Integrated Forecasting System), cycle 41r2. For a few selected events, we used FLEXPART
to calculated back trajectories over 105 days with 1000 launches of neutral particles (sensitivity
test) of inert air tracers released randomly (volume of 0.1°x0.1°x100 m) every 3 hours at 100 m
altitude-above sea level (Leroy-Dos Santos et al., 2020); centered around the coordinates of
Amsterdam Island. The results of the FLEXPART back trajectories are then displayed in-as
particle density probability as well as through the location of their humidity weighted averages.

2.5 General atmospheric circulation model equipped with water stable

isotopes

2.5.1 LMDZ-iso model (Laboratoire de Météorologie Dynamigue Zoom model

[Mis en forme: Gauche ]

- [Mis en forme: Couleur de police : Automatique ]

[ Mis en forme: Police :(Par défaut) Times New Roman ]

equipped with water isotopes)

LMDZ-iso (Risi et al., 2010) is the isotopic version of the atmospheric general circulation
model LMDZ6 (Hourdin et al., 2020). We have used LMDZ-iso version 20230111.trunk with

12
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the physical package NPv6.1, identical as-to the atmospheric setup of IPSL-CM6A (Boucher et
al., 2020) used for phase 6 of the Coupled Model Intercomparison Project (CMIP6, {Eyring et
al., 2016)). We performed two simulations, one at very low horizontal resolution (VLR, 3.75°
in longitude and 1.9° in latitude, 96x95 grid cells) and the second at low horizontal resolution
(LR, 2.0° in longitude and 1.67° in latitude, 144x142 grid cells). Both simulations have 79
vertical levels and the first atmospheric level is located around 10 m above ground level. The
LMDZ-iso 3D-fields of temperature and wind are nudged toward the 6-hourly ERAS5 reanalysis
data with a relaxation time of 3 hours. Surface ocean surface boundary conditions are taken
from the monthly mean SST and sea-ice fields from the CMIP6 AMIP Sea Surface Temperature
and Sea Ice dataset version 1.1.8 (Durack et al., 2022; Taylor et al., 2000). LMDZ-iso outputs
are used at a 3-hourly resolution. Fhe-Amsterdam Island (58 km?) is too small to be represented
in the LMDZ-iso model.

2.5.2 ECHAMG6-wiso model (European Centre Hamburg model equipped with water

isotopes)

ECHAMBG6-wiso (Cauquoin et al., 2019; Cauquoin and Werner, 2021) is the isotopic version of
the atmospheric general circulation model ECHAMG6 (Stevens et al., 2013). The
implementation of the water isotopes in ECHAMBG6 has been described in detail by Cauquoin et
al. (2019), and has been updated in several aspects by Cauquoin and Werner (2021) to make
the model results more consistent with the last findings based on water isotope observations
(isotopic composition of snow on sea ice considered, supersaturation equation slightly updated,
and kinetic fractionation factors for oceanic evaporation assumed as independent of wind
speed). We have used ECHAMB6-wiso model outputs from a simulation at-with a T127L95 high
spatial resolution (0.9° horizontal resolution and 95 vertical levels).-nudged-te-ERAS+eanalysis
{Hersbach-etat—20620-ECHAMG6-wiso is thus run with a finer resolution than both LMDZ-iso
simulations. The ECHAM®6-wiso 3D-fields of temperature, vorticity and divergence as well as

the surface pressure field were nudged toward the ERAS reanalysis data (Hersbach et al., 2020)

—every 6 hours. The orbital parameters and greenhouse gases concentrations have been set to
the values of the corresponding model year. The monthly mean sea surface temperature and
sea-ice fields from the ERAS reanalysis have been applied as ocean surface boundary
conditions, as well as a mean 580 of surface seawater reconstruction from the global gridded

data set of {LeGrande and Schmidt; (2006). As no equivalent data set of the D composition of
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seawater exists, the 8D of the seawater in any grid cell has been set equal to the related 5180

composition, multiplied by a factor of 8, in accordance with the observed relation for meteoric
water on a global scale (Craig, 1961). The ECHAMG6-wiso simulation is described in detail and
evaluated in-by Cauquoin and Werner (2021). ECHAMG6-wiso outputs are given at a 6-hourly
resolution. As for the LMDZ-iso model, the-Amsterdam Island (58 km?2) is too small to be

represented by ECHAM6-wiso.
3. Results

3.1 Data description
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Figure 3 : Meteorological, isotopic and GEM records for the years 2020 and 2021 on the

Amsterdam Island : (a) correlation coefficient between water~vaper-5'80, and mixing ratio
(dark blue, top) and between water-vaper-8180, and d-excessy (light blue, bottom) over a
moving time window of 8 days, (b) atmospheric pressure (hourly average), (c) atmospheric
temperature (hourly average), (d) water vapor mixing ratio (hourly average), (e) 5180y ef water
vaper-(hourly average), (f) d-excess, ef-watervapor-(hourly average), (g) 6180 of precipitation
sampled on a weekly basis, (h) GEM concentration_(hourly average), (i) daily precipitation.
The green—grey shaded areasrectangles indicate the period-the negative excursions in 380,
associated with decorrelation between water vapor mixing ratio and 380, and with—+{Ha
correlation coefficient >-0.5 between d-excess, and 5'80-of watervaperand-(2)-occurrence-of
a negative excursion in water vapor 3*0..
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3.1.1 Temporal variability in the meteorological records

As mentioned earlier, there is a clear annual cycle at Amsterdam Island as recorded in the
temperature and water vapor mixing ratio for the years 2020 and 2021. The December-February
period (austral summer) has the highest temperatures with an average of 15.0°C, while in winter
(July-September) the average temperature varies around 10.5°C. In parallel, we do not see clear
patterns of a diurnal cycle in the temperature record except for some periods in-the-temperature
reeerds-yet with a small amplitude (4-5 °C).

The impact of synoptic events at the scale of a few days is visible in the temperature and water

mixing ratio with a covariation of temperature and water vapor mixing ratio_and—with
amplitudes of up to 10°C in-temperature-and more than 10,000 ppmv.-in-water-mixing-ratio-

3.1.2 Temporal variability in the GEM record

Previous studies clearly showed that AMS is little influenced by anthropogenic sources of
Hgmercury, and greatly influenced by the ocean surrounding the island (Angot et al., 2014;
Hoang et al., 2023; Jiskra et al., 2018; Li et al., 2023; Slemr et al., 2015, 2020:-Jdiskra—etal-
2048-—Liet-al—2023: Hoang-et-al-—2023). Angot et al., {2014) reported mean annual GEM

concentrations of about 1.03 + 0.08 ng m= from 2012 to 2013. These concentrations are ~30%

lower than those measured in-at remote sites of the northern hemisphere. Over the period 2012
to 2017, Slmer et al. (2020) confirmed that higher GEM concentrations can be found during
austral winter. Lower GEM values are generally observed in October and November, as well
as in January and February during austral summer. Using this 6-year long data set, mean annual
GEM concentration iwas 1.04 + 0.07 ng m= (annual range: 1.014 to 1.080 ng m-) i.e. very
close to the one observed byin Angot et al. (2014).

mentioned-studies—Surprisingly, unlike the 2012-2017 data set, GEM presented in this study
did not show a significant higher mean concentration during the austral winter months than

during the summer months (Figure 3), with consequently no discernible seasonal amplitude of
GEM. On afiner timescale, the lack of a clear pattern of GEM seasonal cycle is counterbalanced
by days showing abrupt increases or decreases in concentrations. Some of the sudden GEM
decreases {until-more-than-15-%-of the-concentration-in-few-hours,i-e—up-t0-0.15-0.20-ng-m-3
differenee)-appear concomitant with important negative peaks of several %o in watervaper
5180,

16



3.1.3 Temporal variability of water isotopic composition

The isotopic composition of precipitation (5180,) sampled on a weekly basis displays a quite
large variability (8180, = -3.06 + 1.75 %o, n=104) with values slightly higher during austral
summer (difference between summer and winter 5180, values is about 2 to 3 %o) (Figure 3). No
significant seasonal variations are observed in the record of d-excess of the-precipitation_(not
shown).

No diurnal cycle can be detected in the 380y, and d-excessy. Fhe-annual-cycles—are-alseAn
annual cycle is -not visible either (1 %o difference between summer and winter mean 8180y
value while standard deviation of the entire record at 1 h resolution is 1.7 %o). Only the synoptic
scale variability is well expressed in the records of 5180, and d-excessy with an anticorrelation
between both parameters when looking at the 2-year series at hourly resolution (R = 0.61 with

R? being the coefficient of determination for a linear regression). Moreover, water-vaper880y

[ Mis en forme: Exposant

is most of the time correlated with water vapor mixing ratio (R2= 0.55 for the 2-year series at
hourly resolution).

There are a few exceptions to the general correlation between water vapor §180 and water vapor
mixing ratio as illustrated en-in Figure 3. Short periods of a few days are associated with a
decrease of the correlation coefficient, R estimated from the correlation between 5180y and qyv
(R is calculated continuously from hourly records in-8-censecutive—dayson an 8-day moving

window). The periods of lowdeereased R are also often characterized by a negative peak of

several %o in 3180y, which are-is not visible in the d-excessy. During these 880y excursions

eceurring-during-cold-fronts, the general anti-correlation between 380y and d-excessy hence
also breaks down. Our study mostly focuses on the 11 most prominent abrupt events highlighted

in the by the-watervaper-6180, record (only 10 visible on Figure 3 because of the scale). The

11 most abrupt events occurring when correlation coefficient R between 580, and d-excessy is

larger than -0.5 are associated with §180, negative excursion larger than 3 %o (at 6h resolution)

over a period of less than 24 h, the length of the event being measured between the mid-slopes

of the decrease and subsequent increase of the 5180,. The 11 selected negative excursions occur

at a rate larger than -0.5%. h* and the 50, increase at the end of each excursion has an

[ Mis en forme: Indice
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amplitude larger than half the amplitude of the corresponding initial decrease.

3.2 Model-data comparison
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Figure 4: Model-measurement comparison (January — March 2020); a- 520, (light blue for :

data on hourl

average, dotted dark blue for data resampled at a 6-hour resolution); b- water

vapor mixing ratio from our data set; c- vertical velocity; d- Precipitation amount. The grey

shaded areas highlight the negative 5180, excursions as defined in 3.1.3 (note that in this figure

the excursions of the 3™ and 9t of January 2020 are distinct while the distinction could not be
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done on Figure 3 because of the scale).
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We selected a 3-month period (January to March 2020) for the comparison between our set-of
datadataset and the outputs of the ECHAMG6-wiso and LMDZ-iso models. This period has been

selected for display because it encompasses 4 out the 11 negative excursions of 5180y, but the
extended comparison over the whole 2 years period is displayed ea-in Figure STAL. There is
an overall agreement between the measured and modelled water-vaper-6180, and water vapor
mixing ratio (Figure 4). The best agreement over the 3-month series is obtained with the
ECHAMG6-wiso and LMDZ-iso (LR) models (R2 = 0.59 — 0.6 and 0.87 - 0.90 respectively
for 180, and water vapor mixing ratio series) while a slightly less good agreement is observed
with the VLR simulation of the LMDZ-iso model (RZ = 0.49 and 0.79 respectively for 5180y
and water vapor mixing ratio series). The same observation can be done on the entire twe2-year
time series. We also compare the precipitation amount modelled by ECHAMG6-wiso and
LMDZ-iso to the precipitation amount measured by the MeteoFrance weather station. The
correlation between modeled and measured precipitation is close to zero for LMDZ-iso (R? =
0.08 —0.13for VLR - LR) while there is a better -ane-ir-general-the-agreement when comparing
with-measured precipitation amount to outputs of is-better-for ECHAMG6-wiso (R? = 0.45). than
for LMBZ-ise{R>=0-08—0-13-for VLR—LR). Finally, when focusing on the 4-short term
negative 3180y excursions ef-the-watervaper-&*80-(grey+eetanglesin-Figures 54 and Al), they
are in general more strongly expressed in the measurement timedata series than in the model
series. Part of this disagreement can be explained by the fact that the which-is-erly-party-due
to—the—hourly—reselution—of-the-5180y record has a higher temporal resolution (1h) than the

compared-to-the-3h-and-6h+reselution—of-the-model outputs (eutputs-ef-the-3h for LMDZ-iso
and 6h for ECHAMG6-wiso)-medels-respeetively. However, when interpolating the 80, record
at a 6h resolution (dotted dark blue), the negative excursions are still clearly visible while not
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captured by the LMDZ-iso model -(Figure 4-red-dashed-and-solid-lines-on-panel-e4 and Table
1-9%-¢column)). When looking at the whole twe2-year series, the LMDZ-iso VLR simulation

fails to reproduce most of these 5180, excursions (only the negative excursion of the-31 of
January, 2020 is reproduced) while the ECHAMG6-wiso model is able to capture all the 5180y
excursions. The LMDZ-iso LR simulation produces a negative 5180y excursion over many

events with a significantly lesser amplitude than butsigrificantlyless-expressed-than in the data
and in the ECHAMG6-wiso model (Table 1).

4. Discussion

The most remarkable pattern from this twe2-year series is the succession of short negative
excursions of 5180, associated with decorrelation between 5180, and humidity, §180y and d-

excessy, and which are highlighted with green-grey rectangles-shaded areas in Figure 3, detailed

in Figures 5 and A2 and referenced in Table 1. They-These negative 50y excursions always

occurred during low pressure periods (atmospheric pressure below 1005 mbar) and- we observe
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the presence of a cold front within a distance of 100 km around Amsterdam Island in a 48h

period covering the time of the event (supplementary material Figure S1). The focus on the first

three months of the series presented en-in_Figure 4 shows that these events are captured by

ECHAMG-wiso at 0.9° resolution, but not systematically by LMDZ-iso at 2x1.67° and even

less by LMDZ-iso at 3.75x1.9° resolution. Such mismatch makes the understanding of the
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processes at play during these events particularly important to investigate to further improve

the performances of atmospheric general circulation models equipped with water isotopes. Sueh
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Figure 5-: Evolution of GEM, water-vaper-5180,, water vapor mixing ratio, meteorological
parameters (surface temperature, surface atmospheric pressure, daily precipitation) measured
by the MeteoFrance weather station and vertical velocity from the ERAS5 reanalyses at 500 and
850 hPa over the three isotopic excursions of January 2020 identified on Figure 4. A focus on

the other excursions is provided in Figure A2.

Table 1: List of the 11eold-front events associated with both loss of correlation between 3180,
and qv, 8180y and d-excessy and negative excursions of 3180, over 2020-2021. Fhe-length-of

amplitude of the negative 5180, anomaly is calculated from ealewlated-between—the-average
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80, level 24h-before-and-24h-after-the-excursion-and the minimum of 3180, on the record at
hourly resolution (at 6h resolution). .When the calculated amplitude is smaller than 1 %o, we

indicate only “-”. When the vertical velocity is between -0.25 and 0.25 Pa/s, we indicate “~0”.

litude of th
) Relative | vertical velocity | vertical velocity |Lenth of the| amplitude of | amplitude of the |* g o " [amplitude of the
Date of the Negative Low pressure Rain Humidity at | from reanalyses | from reanalyses event he 5'°0 peak 50 peak i 570 peakin 80 peaki
event excursion of GEM |(< 1005 mbar) v v the 570 pea peakin | \ibz-iso VLR peakin
the surface (850 hPa) (500 hPa) (hours) | in the data (%o) | ECHAM-wiso (%o) (%) LMDZ-iso LR (%o)
o
06/12/2021 Yes Yes Yes 82% ~0 up 3h -6 (-5) -2.3 N A
08/11/2021 Yes Yes No 85% ~0 ~0 17h -5.5(-5.5) -5 - -4
23/06/2021 No Yes Yes 75% ~0 ~0 10h -5.5(-5.4) -6 - =
07/06/2021 No Yes Yes 80% up ~0 9h -6.5(-5.8) -5.8 N A
08/03/2021 Yes Yes Yes 89% down up 20h -6 (-6) -4 - -
09/08/2020 No data Yes Yes 87% down up 8h -8(-6) -7 - -2
10/05/2020 Small Yes Yes 95% down down 14h -4.9 (-4) -3 - -3
04/03/2020 No data Yes Yes 98% Up Up %h -6.1(-5.3) -5 - -
24/01/2020 1st peak up and |1st peak up and
Y Y Y 93% and 90% 17h -7.8(-7.5 -4.5 - &5
(double peak) s es s oan 2nd peak down | 2nd peak down (7.5)
09/01/2020 Yes Yes Yes 94% up up 4h -9(-4) -5 - -
03/01/2020 Yes Yes No 90% down ~0 6h -2.8(-2.5) -2.4 -3 &5
Relative Humidit, y litude of th
ot Excursifn of GEM (< 10:5 o) Rain (at minimum | from reanalyses | from reanalyses | the event | the 50, peak | 50 peakin LMDZp'E& V‘L”R %0 peakin
%0, (850 hPa) (500 hPa) (hours) i the data (%) | ECHAM-wiso (%) (;/'::’ LMDZ-iso LR (%)
\ o
06/12/2021 Yes Yes Yes 82% ~0 up 3h 6 (-5) 23 2
08/11/2021 Yes Yes No 85% ~0 ~0 17h -5.5(-5.5) -5 - -4
23/06/2021 No Yes Yes 75% ~0 ~0 10h -5.5(-5.4) -6 -
07/06/2021 No Yes Yes 80% up ~0 9h 6.5 (-5.8) 5.8 - 2
08/03/2021 Yes Yes Yes 89% down up 20h -6 (-6) -4 - -
09/08/2020 No data Yes Yes 87% down up 8h -8(-6) -7 - L2
10/05/2020 Small Yes Yes 95% down down 14h -4.9 (-4) -3 -3
04/03/2020 No data Yes Yes 98% up up 9h -6.1(-5.3) -5 -
24/01/2020 o o, |1st peak up and|1st peak up and
(double peak) Yes Yes Yes 93% and 90% 2nd peak down | 2nd peak down 17h 7.8(-7.5) 4.5 3.5
09/01/2020 Yes Yes Yes 94% up up 4h 9(-4) 5 - =
03/01/2020 Yes Yes No 90% down ~0 6h 2.8(-2.5) 2.4 3 35
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Several hypotheses can be proposed to explain the negative excursions of watervaper-5180y
during-cold-frontperiods. The beginning of these excursions is associated with a decrease of
the water vapor mixing ratio and they—occurs in most cases {but—noetalways)-during a
precipitation event (Table 1). These events share similarities with the-negative 5180, and 880,
short events previously observed in temperate regions during a cold front passage (e.g.
Aemisegger et al., 2015). Three possible processes at play to explain such events havewere
already been listed in previous studies (e.g. Ditsch et al., 2016) (i) local interaction between
the vapor and the rain droplets (rain equilibration and rain evaporation), (ii) vertical subsidence
of water vapor with depleted isotopic composition, or (iii) horizontal advection through the
arrival of a cold front._We first-explore below how we can gain information on the different
processes listed-abeve-fremusing our data set, back trajectories and model-data comparison.

4.1 5180, vs gy relationship ,

mixing (evaporation + end of Rayleigh distillation)

moist adiabatic

5"°0 (%0)
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Figure 6: Relative Eevolution of gythe-rrixingratio and 580, isetopiccompesition-of-water
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vaperfor the different events (colors according to the date as explained ein the graph) and for
the entire 2 years records (grey). The solid lines are theoretical lines irspired-whose equations
are detailed infrem {Noone_;(—2012) for different processes (remoistening associated with
exchange between rain and water vapor; Rayleigh distillation assuming that all formed
condensation is removed from the cloud; moist adiabatic process assuming that liquid
condensation stays in the cloud with the water vapor; mixing of water vapor from ocean

evaporation around Amsterdam Island and water vapor from the end of the Rayleigh
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588

distillation, i.e. high altitude water vapor). The water vapor for the calculation of Rayleigh

distillation and for the evaporation above the ocean has a gy orrixing+atie of 20,000 ppmv and -

a 8180y of -9.3 %o. The vapor at the end of the distillation line was taken with a water vapor
mixing ratio of 1,000 ppmv and a 5280y of -40 %o.

data-set=First, to test the hypothesis of vapor-droplet interactions, we looked at the 180y vs qv

distribution following the approach already used by Guilpart et al. (2017) (Figure 6). We

acknowledge that our approach is crude and should be taken as a first order approach since we

can only look at the water vapor §180, vs qy distribution in the surface layer using adapted .-

boundary conditions while it may be more relevant to look at this relationship in the free
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troposphere. In general, the 80, vs gy evolution lies on a curve which can be explained by
condensation processes (Rayleigh distillation or reversible moist adiabatic process). However,
for the 11 events highlighted above, the water vapor 880y vs qv evolution follows an evolution

characteristic-of remeistening-processese—a-eurve-standing below the curve of the 5180y vs

qgv evolution observed for the rest of the series. Even if the water vapor 580y vs gy evolution is

rather steep, there is some resemblance with the idealized theoretical curve for remoistening

initially calculated for the free troposphere (Noone, 2012) and adapted here with initial

conditions corresponding to the surface water vapor isotopic composition. Remoistening is

described through a modification of the equilibrium fractionation coefficient between water
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vapor and rain (o) so that the effective fractionation factor is a=(1+b)x0,, & being the degree ;

to which o deviates from equilibrium. This effective fractionation coefficient is then introduced

in the Rayleigh distillation equation to deduce the link between 5180, and mixing ratio as:
5,8 8180, 0)=(a-1)*In(qv/qy.0) (Eq 8)

Despite the simplicity of our approach, the fact that the water vapor §80, vs g, evolution lies

below the idealized curve for condensation processes supports the depleting effect of vapor-

rain_interactions for our negative water vapor 580, excursions (Noone, 2012; Worden et al.,
2007). - whi
Noeene—2012)—Sinee—+Surface relative humidity remainis relatively high during these events
(values given in Table 1 compared to a mean value of 77 %), which favors —it-meretikely
refleets—rain-vapor diffusive exchanges—than—ain—evaperation. Such interpretation is also
supported by the stable d-excessy during these events.
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4.2 5180, vs GEM relationship

Second, to test the hypothesis; of subsidence of air from higher altitude, GEM is used. Indeed, :
' . Mis en forme: Police :Gras, Exposant

aircraft measurements as well as model simulations demonstrated that the upper
troposphere/lower stratosphere (UFLS)-is depleted in GEM and enriched in species composed
of reactive gaseous mercury and particulate bound mercury (Lyman and Jaffe, 2012; Murphy
etal., 2006; Sillman et al., 2007; Swartzendruber et al., 2006, 2008; Sitman-et-al-—2007;-Talbot
et al., 2007, 2008;Lyman-and-Jaffe,2012). This leads to lower GEM concentrations than those
usually observed when the lowest atmosphere layer is only under marine influence (Angot et
al., 2014; Lindberg et al., 2007;-Anget-et-ak—2044). The fact that GEM negative excursions are

observed in phase with negative 5180y excursions in most of the events (76 events on a total of

9 events with GEM data, cf Figure 5and A2, Table 1) suggests that vertical subsidence of water
vapor, 380-depleted by Rayleigh distillation and/or rain-vapor interactions, can have an
influence on the observed excursions of 5180y, in agreement with the conclusion of Ditsch et

al. (2016).

A

4.3 Back trajectories information

To further explore the processes leading to the decoupling of humidity and 5180y as well as
sharp negative excursions of 8180y during the 11 events identified here, we also use information
from the ERAS reanalyses. In particular, the influence of atmospheric circulation (vertical and
horizontal advection) and moisture origin can be studied through back trajectories. The back
trajectories, presented here for 3 events (see-seme-examplesin-Sh-Figures 7, A3 and A4S2-and
$3), confirm the information from wind directions that there is no systematic change in the
horizontal origin of the trajectories for the different events. On-the-contrary,-back-trajectories
elearly-indicate-a-strong-subsidence-oNo systematic pattern is identified either in the vertical
advection even if we note that verseme-events—in-partietdar for the event of the-3*-ef-January
31.: the averagemaximum altitude of the envelope of the 5-day back trajectories increases from

5;000-t6-8;060-m-when comparing the situation before the excursion and the situation durirg

when the most negative water-vaper-5'80y values are reached. This observation may support ;

henee-confirming the occurrence of air subsidence as indicated by the GEM record for this
particular event (Figure S25). Adess—¢lear-but-similarsituation-is-observed-forthe-anemaly-of
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Figure 7 : FLEXPART footprints of 5-day back trajectories for the event of the 3rd-4th of
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event. (b) Same as a for January 3 2020 at 22h30. (c) Top shows the evolution of the water

| Mis en forme:

Couleur de police

: Automatique

vapor mixing ratio of the back trajectories for January 3 2020 at 13h30; bottom shows the
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The subsidence over the different events can alse-directlybetter be studied fromfelewed-en the

vertical velocity from the ERAS reanalyses (Figure 4 and Al). Subsidence (positive vertical

velocity) is not systematically associated with negative 5180, excursions: subsidence at either
850 hPa or 500 hPa is observed only for 5 events over 11 (Table 1). In 4 cases, there is rather
an ascending movement of the atmesphere-atmospheric air associated with the rain event. In
the other cases, there is no clear vertical movement. However, we note that when negative 5180y
excursions are not concomitant with subsidence, they occur right after an ascending movement

and are generally followed by subsidence (Figures StAl and A2).

4.4 Model — data comparison and atmospheric dynamic

With the information gathered above, both subsidence and isotopic depletion associated with
rain occurrence and further interaction between droplets and water vapor can explain the
negative excursions of 8180,. We note however that the data gathered so far do not permit to
provide a simple and unique explanation. Neither subsidence nor rain systematically occurred
for each of the 8180y excursion. Still, the fact that at least ECHAMG6-wiso is able to reproduce
every negative 5180, excursions (whether they are associated or not with subsidence or rain-

water vapor reequilibration) shows that not only the atmespherie—eireulation—patterns of
atmospheric water cycle are correctly reproduced (a validation which can also be performed

using humidity and precipitation data) ane-but also that the isotopic processes are correctly

implemented in this model. Such abrupt 5180, events can hence be used as a test bed of the
performances of water isotopes enabled general circulation models—eguipped—with—water
isetepes.

To better-understane-whyfurther explore -the 580y data-models_comparison and associated
processes-are-less-able-te-reproduee-the-5*%0,excursions-at-coarserreselution, we compare the
performances of the ECHAM®6-wiso and the LMDZ-iso models over the first months of 2020
in terms of atmospheric dynamics (the-whele-series—is-displayed-in-SOMFigures 4 and Al).

First_and as expected because of the nudging, the two models reproduce rather well the
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evolution of the vertical velocity offrem-t the ERAS reanalyses with a stronger ascent for the
model predicting the strongest precipitation amount (e.g. LMDZ-iso for 24*-of January 24t
2020). The event of -the-3*-ef January 3 is the only one reproduced by both ECHAM6-wiso

and the two versions of the LMDZ-iso model: the three simulations show a clear subsidence
over the isotopic event and a clear negative 8180y excursion-(Figure-4). For the other events,
neither LMDZ-iso nor ECHAMG6-wiso show a clear signal of subsidence neither at 500 nor at
850 hPa (Figures 4 and Al). However, the horizontal distribution of vertical velocity obtained
with ECHAMG6-wiso and LMDZ-iso are significantly different (Figure 7-8 for the event of the
9th of January, supplementary material Figures S2 and S3Figures-S5 for the other events). While

the LMDZ-iso modelled vertical velocity displays a rather strong homogeneity on the vertical
axis, ECHAM6-wiso modelled vertical velocity highlights subsidence of air below the
ascending column at the exact location of the negative 580, anomaly (Figure 7€8c). This
subsidence of depleted 5180, below the ascending column is responsible for the sharp negative
8180y excursion in the ECHAMS6-wiso model. The fact that subsidence of air occurs just below

uplifted air, at the limit between ascendance and subsidence (Figure 87j and Supplementary

Material Figure S4), permits to reconcile the GEM data suggesting subsidence and the sign of
the vertical velocity of the ERAS reanalyses at Amsterdam Island. We-propese-that-the-reasen
why-tSince the isotope implementation was done similarly in the two models, the reason why

the LMDZ-iso model does not reproduce the water isotopic anomaly is its too coarse resolution
as also supported by the comparison between performances of —tndeed—TFable-1-and-Figure4
shew-that-for the-event-of the- 24" -of Januarythe LMDZ-iso model at low resolution is-able-te

eproduce-the-isetopic-anomaly-while-the- LMBZ-ise-medel-atand very low resolution failsfor
the event of the 24™ of January (Table 1 and Figure 4). As already pointed by Ryan et al. (2000),

e [Mis en forme: Exposant

o [Mis en forme: Exposant

Aa fine resolution is necessary to correctly simulate front dynamics and we extend this result
here toeapture-the-details-of the high resolution temporal spatial-patterns of surface the-vertical

velocity-and 3180y, Similar-observations canbe done on-other eventsas show j

- [ Mis en forme: Police :Symbol

S5-to-S11)-

4.5 Synthesis

Figure 8-9 summarizes the proposed mechanism for negative 80, excursions as inferred from
our data — model comparison when there is a clear rain event. A rain event is associated with a
strong ascending column in which 380y is depleted by progressive precipitation during the

ascent and by interaction between rain and water vapor. This ascending column is coupled to
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the subsidence of 5180y depleted air at the rear of the event, which is pushed toward Amsterdam

Island through a south west advection of cold air.
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Figure 78: PatternEvelution of the modelled 580, and vertical velocity for ever the event of |
the-9th-ef-January 9t 2020. (a) low level (=83 m) contourplot of 3180y ien a latitude vs longitude
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plot, the yellow line indicates the -15%. level and grey contours indicate precipitation contours
at 0.5, 10, and 50 mm day! (thin, medium and thick lines respectively); (b) 3180y evolution ien
an altitude vs longitude plot, the yellow lines indicate the 80y levels at -30 and -15 %o, the
blue one plots the contour of —0.05 Pa s vertical velocity (ascendance) and the vertical black
line denotes Amsterdam Island longitatitude; (c) vertical velocity evelution-ein an altitude vs
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longitude plot with similar lines as in (b) ; (a), (b) and (c) are drawn using outputs of the
ECHAMG6-wiso model ; (d), (e) and (f) are the same as (a), (b) and (c) but obtained from the
LMDZ-iso model at low resolution (LR) ; (g), (h) and (i) are the same as (a), (b) and (c) but
obtained from the LMDZ-iso model at very low resolution (VLR); (j) shows the vertical
velocity ien an altitude vs longitude plot from ERAS.
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Figure 89: Scheme of the mechanism explaining the sharp negative excursion of 580y

recorded at the surface for cold front events associated with precipitation. The scheme is based

on the profile modelled by ECHAMG6-wiso for event of January 9t 2020 (see supplementary

[ Mis en forme: Exposant

material Figure S5). The top panel show the altitude vs longitude dynamics of air masses with
vertical saturated lifting in the center and subsidence at the rear of the lifting. The bottom panel
shows the associated evolution of 8180y and precipitations on the same longitude scale than on

the upper panel.

5. Conclusion

We presented here the first water vapor isotopic record over 2 years i#-on Amsterdam Island.
The water vapor isotopic variations follow at first order the variations of water vapor mixing
ratio as expected for such afrem-a marine site. Superimposed to this variability, we have

evidenced 11 periods of a few hours characterized by the occurrence of one or two abrupt

negative excursions of 3'80, /-days-where-while the correlation between §'80, and water vapor
mixing ratio does not hold. Fhese—periods—are-associated-with-the-eeceurrence-of-one-or-two
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abrupt-negative-excursions-of-8*0,~These negative excursions asseciated-with-cold-fronts-are
often occurring toward the end of precipitation events. They are most of the time characterized
by a decrease in water vapor mixing ratio. Representation of these short events is a challenge
for the atmospheric components of Earth System Models equipped with water isotopes and we
found that the ECHAMG6-wiso model was able to reproduce most of the sharp negative 5180y
excursions while the LMDZ-iso model at 2°low (very low3°) resolution was only able to
reproduce 7 (1) of the negative excursions. The good agreement between modeled and

measured 8'80, when using ECHAMG6-wiso validates the physics processes within the

[Mis en forme: Couleur de police : Automatique

ECHAMG6-wiso model as well as the implemented physics of water isotopes.

Using previous modeling studies as well as information provided by (1) the confrontation with
other data sources (GEM, meteorology) obtained in parallel on this site, (2) back trajectory
analyses and (3) the outputs of the two models ECHAM®6-wiso and LMDZ-iso, we conclude
that the most plausible explanations for such events are rain-vapor interactions and subsidence
at the rear of a precipitation event. Both can be combined, since rain vapor interactions can help
maintaining moist conditions in subsidence regions.

This study highlightsed the added value of combining different data from an atmospheric
observatory to understand the dynamics of the atmospheric circulation. These twe2-year
records are also a good benchmark for model evaluation. We have especially shown that the
isotopic composition of water vapor measured at the surface is a powerful tool to identify
aspects to be improved in the atmospheric component of the general-ciretlationEarth system

models. In our case, we used it to test different-sueh-as-the horizontal resolutions which may

influence the representativity of the vertical dynamics and have important implication in the

simulation of surface variations of water vapor 58Q,. Our study highlights the importance to ,

have high-resolution models (e.g9. mesoscale models) equipped with isotopes to further study

[Mis en forme: Police :Symbol
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such abrupt isotopic events.
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from our data set; c- vertical velocity; d- Precipitation amount. The grey shadings highlight the negative
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Figure A3; FLEXPART footprints of 5-day back trajectories for the event of January 9" 2020.

(a) Latitude-longitude projection of the FLEXPART back trajectory footprint for January 9t
2020 at 7h30. The yellow to green colors on each grid point of these projections represent the

density of particles. The white to blue colors indicate the water vapor mixing ratio on the

humidity weighted average back-trajectory. Each red point indicates the location of the average

back-trajectory for each of the 5 days before the date of the considered event. (b) Same as a for

January 9t 2020 at 13h30. (c) Top shows the evolution of the water vapor mixing ratio of the
back trajectories for January 9t 2020 at 7h30; bottom shows the altitude evolution of the back
trajectory for January 9 2020 at 7h30. (d) same as (c) for January 9t 2020 at 13h30.
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Figure A4: FLEXPART footprints of 5-day back trajectories for the event of January 215t 2020.
(a) Latitude-longitude projection of the FLEXPART back trajectory footprint for January 21st

2020 at 7h30. The yellow to green colors on each grid point of these projections represent the

density of particles. The white to blue colors indicate the water vapor mixing ratio on the

humidity weighted average back-trajectory. Each red point indicates the location of the average

back-trajectory for each of the 5 days before the date of the considered event. (b) Same as a for

January 215t 2020 at 13h00. (c) Top shows the evolution of the water vapor mixing ratio of the

back trajectories for January 215t 2020 at 7h30; bottom shows the altitude evolution of the back
trajectory for January 21t 2020 at 7h30. (d) same as (c) for January 215t 2020 at 13h00.

Data availability: AMS L2 GEM data (https://doi.org/10.25326/168) are freely available
(Magand and Dommergue, 20212) at https://gmos.aeris-data.fr/ from national GMOS-FR
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website data portal coordinated by IGE (Institut des Géosciences de I'Environnement,
Grenoble, France; technical PI: Olivier Magand) with the support of the French national
AERIS-SEDOO partners, data and services center for the atmosphere (last access: 08 December

2022). Hg species measurements belong to international monitoring networks

(http//www.gos4m.org/). Water isotopic data and modeling outputs are available on the
Zenodo platform (https://zenodo.org/record/8164392; https://zenodo.org/record/8160871).,
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