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Abstract We present a 1 year long record of the isotopic composition of near-surface water vapor (δ18Ov)
at the Maïdo atmospheric observatory (Reunion Island, Indian Ocean, 22°S, 55°E) from 1 November 2014 to 31
October 2015, using wavelength-scanned cavity ring down spectroscopy. Except during cyclone periods
where δ18Ov is highly depleted (�20.5‰), a significant diurnal variability can be seen on both δ18Ov and qv
with enriched (depleted) water vapor (mean δ18Ov is �13.4‰ (�16.6‰)) and moist (dry) conditions (mean
qv is 9.7 g/kg (6.4 g/kg)) during daytime (nighttime). We show that δ18Ov diurnal cycle arises from mixing
processes for 65% of cases with two distinct sources of water vapor. We suggest that δ18Ov diurnal cycle is
controlled by an interplay of thermally driven land-sea breezes and upslope-downslope flows, bringing
maritime air to the observatory during daytime, whereas at night, the observatory is above the atmospheric
boundary layer and samples free tropospheric air. Interestingly, δ18Ov record also shows that some nights
(15%) are extremely depleted (mean δ18Ov is �21.4‰). They are among the driest of the record (mean qv is
2.9 g/kg). Based on different modeling studies, we suggest that extreme nocturnal isotopic depletions are
caused by large-scale atmospheric transport and subsidence of dry air masses from the upper troposphere to
the surface, induced by the subtropical westerly jet.

1. Introduction

Water vapor isotopic ratios (δ18Ov and δDv, hereafter δv) have been used for decades to explore atmo-
spheric processes. The earliest studies provided measurements of the isotopic composition of near-
surface vapor using cold trap and mass spectrometric techniques [Jacob and Sonntag, 1991; Lawrence
et al., 2004; Lee et al., 2006; Angert et al., 2008]. Tropospheric water vapor isotopic ratios have also been
obtained from ground-based and spaceborne passive remote sensing techniques [Frankenberg et al.,
2009; Herbin et al., 2009; Worden et al., 2007; Nassar et al., 2007; Schneider et al., 2010; Steinwagner
et al., 2010]. They allow for isotopic measurements in total or partial columns. Recently, with the advent
of commercial water vapor isotopic analyzers using cavity-enhanced spectroscopic methods [Gupta et al.,
2009], continuous time series coupling near-surface δ18Ov and δDv with specific humidity (qv) have been
obtained with a very high precision (<1‰ for δDv) [e.g., Tremoy et al., 2011; Steen-Larsen et al., 2014] and
a high frequency (<1 min).

All studies of the isotopic composition of water vapor have clearly revealed that monitoring pairing measure-
ments of δv with qv provides an additional value to our knowledge of atmospheric water budget, compared
with measurements of water vapor mixing ratio alone. They have led to an improved understanding of many
processes affecting atmospheric humidity, from polar to tropical regions, such as large-scale transport and
mixing of air masses [Noone et al., 2011, 2013; Noone, 2012; Bailey et al., 2013, 2015; Tremoy et al., 2012;
Steen-Larsen et al., 2015], convective organization and intensity [Risi et al., 2008; Tremoy et al., 2014; Conroy
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et al., 2016], moistening processes such as evaporation of raindrops in lower troposphere [Worden et al., 2007;
Tremoy et al., 2014], sublimation of ice or condensate detrainment in the upper troposphere [Moyer et al.,
1996; Kuang et al., 2003; Webster and Heymsfield, 2003; Nassar et al., 2007; Bony et al., 2008; Steinwagner
et al., 2010], clouds microphysics [Samuels-Crow et al., 2014], or dehydration processes induced by large-scale
subsidence or equatorward transport from midlatitudes [Galewsky et al., 2007, 2011; Galewsky and Hurley,
2010; Risi et al., 2010a].

Water vapor in subtropical atmosphere plays a key role in the Earth’s radiative budget [Held and Soden, 2000;
Pierrehumbert et al., 2006]. Understanding processes that control the subtropical water budget, like moisten-
ing and dehydration, is crucial regarding the expected changes and their uncertainties in the subtropics in
the context of climate change [Seidel et al., 2008]. In this context, several studies have recently used paired
δv-qv observations in subtropical regions to examine moisture transport and mixing in the troposphere
(see Galewsky et al. [2016] for a recent review). Among these studies, isotopic measurements on stations
located in a subtropical marine environment have provided new insights about the controls of the humidity
of the atmospheric boundary layer (ABL) and the free troposphere. Noone et al. [2011], Hurley et al. [2012],
and Bailey et al. [2013] on Mauna Loa, Hawaii (subtropical North Pacific), and González et al. [2016] in
Tenerife, Canary Islands (subtropical North Atlantic), showed the relevance of water vapor exchange
between the boundary layer and the free troposphere due to shallow convection at local scale. The later
can transport boundary layer moisture across the trade wind inversion while entraining dry free tropo-
spheric vapor into the boundary layer. In addition, Bailey et al. [2015] showed the importance to account
for residual surface layers formed during previous mixing events to explain the isotopic composition of
water vapor with simple mixing isotopic models. Subtropical humidity is also strongly affected by large-scale
moisture transport and subsidence. Pairing measurements of humidity with isotopic observations have
been used to detect extratropical moisture transport into the subtropics and to examine how important this
transport is to influence moisture budget of the subtropical free troposphere [Hurley et al., 2012; Bailey et al.,
2015; González et al., 2016].

However, studies based on isotopic observations and dealing with the variability of the subtropical atmo-
spheric humidity, and its controls, in a marine environment in the Southern Hemisphere have not been
reported, so far. Actually, as noted by Galewsky et al. [2016], there is an overrepresentation of studies dealing
with the isotopic composition of water vapor in the Northern Hemisphere, whereas very few studies are con-
ducted in the Southern Hemisphere and none in the Indian Ocean.

In order to fill this gap, we present and discuss here pairing measurements of humidity with isotopic obser-
vations obtained at Reunion Island, a French island located in the subtropical western part of the Indian
Ocean, 700 km east of Madagascar (Figure 1). The mechanisms responsible for tropospheric moisture varia-
bility in this region can differ from previous ones pointed out in subtropical North Atlantic and Pacific.
Moreover, the southwest Indian Ocean is somewhat poor in ground-based atmospheric observations. Our
in situ measurements actively participate to the international effort to monitor atmospheric variables in this
region [Baray et al., 2013], while a number of emerging activities related to climate change impacts are orga-
nized under the patronage of the Indian Ocean Commission at http://commissionoceanindien.org/. In parti-
cular, our isotopic observations will be very helpful to detect general circulation models biases in this region
[Risi et al., 2012].

In our study, we explore the controls of subtropical humidity in the troposphere based on a 1 year long δ18Ov

and qv data set in order to understand better the scheme of moisture exchange and transport. In addition to
previous work done in Hawaii and Tenerife, we will also briefly discuss deuterium excess of water vapor
defined as dv= δDv� 8× δ18Ov [Dansgaard, 1964]. We aim at understanding how important mixing processes
are to control humidity variability in the troposphere. Specifically, we aim at estimating the frequency of
thosemixing processes between the boundary layer and the free troposphere. We also examine how the sub-
tropical jet may control extratropical transport during austral winter when it is nearest Reunion Island. We
thus intend to discuss and to quantify the importance of local mixing processes and remote moisture trans-
port for the control of the tropospheric humidity in a subtropical area where those questions have not been
investigated yet. At last, we also discuss the interest to provide long-term monitoring of water vapor isotopic
ratios at Reunion Island to track the different processes responsible for the expected changes in subtropical
humidity in response to climate change.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD026791

GUILPART ET AL. WATER VAPOR ISOTOPES IN REUNION ISLAND 9629

http://commissionoceanindien.org/


2. Data and Methods
2.1. The Maïdo Observatory

We have taken advantage of the facilities offered by the Maïdo observatory, an atmospheric platform dedi-
cated to observations in the troposphere and stratosphere [Baray et al., 2013]. The Maïdo observatory (here-
after, MO) is located on a summit on the western side of Reunion Island (21.079°S, 55.383°E, 2160 m, Figure 1).
The terrain of Reunion Island is dominated by two volcanic mountains, Piton des Neiges (~3070 m) and Piton
de la Fournaise (~2630 m), both exceeding 2500 m in height, above the typical height of trade wind inversion
(~2000 m). Thus, the northwestern and western parts of the island (the leeward side) are protected by the
elevation from the prevailing easterly trade winds. In consequence, within a stable maritime environment
with weak trade winds, the flow regime of the island is marked by land-sea breeze circulations and thermally
driven diurnal winds, combining daytime sea breeze/upslope flow and nighttime land breeze/downslope
flow [Schroeder et al., 1977; Schroeder, 1981; Whiteman, 1990; Stull, 1988; Feng and Chen, 1998]. As a result,
during the day, air masses from the marine boundary layer are transported by upslope winds along the west
coast toward the MO [Lesouëf et al., 2011]. When the daytime sea breeze weakens on the west coast, moist air
masses can also originate from the nearby Cirque de Mafate (caldera east of Maïdo in Figure 1) or being
advected from the windward (eastern) side of the island to Maïdo site by strong southeasterly trade winds
[Lesouëf, 2010; Lesouëf et al., 2011, 2013; Tulet et al., 2017]. During the night, the transport pattern is reversed
as trade wind flow is pushed offshore by divergence of cooled air from the land [Baray et al., 2013]. As the
mixed layer collapses at sunset, the nocturnal boundary layer is typically below the altitude of the MO. As
a consequence, we expect this site to be ideal to track mixing processes between the boundary layer and
the free troposphere at the diurnal scale. In addition, Reunion Island is under the influence of large-scale tro-
pical atmospheric circulation (Hadley cell and consequent subtropical subsidence and easterly winds, the
presence of the Intertropical Convergence Zone far northward) and it also undergoes influences from midla-
titude storm tracks, jet streams, and oceanic fronts [Taupin et al., 1999]. The MO site is thus expected to be
also a good place to examine the influence of extratropical air incursion into the subtropical troposphere.

Figure 1. (a) Location of Reunion Island in the Indian Ocean, (b) topography of Reunion Island, and (c) west-east transect
used in the MESO-NH simulation. The red star shows the location of the Maïdo observatory.
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2.2. Water Vapor Isotopic Measurements

Specific humidity (qv) and the isotopic composition of water vapor (δv) have been measured at the MO
from 1 November 2014 to 31 October 2015 by a Picarro Inc. instrument (L2130-i model), which is based
on wavelength-scanned cavity ring down spectroscopy. The measurements have been made continuously
except during periods of few days due to power failure or minor analyzer malfunctions. Our experimental
setup is similar to the one described in Tremoy et al. [2011]. In short, water vapor is captured at 6.6 m
above the surface (1.5 m above the roof of the MO) through a heated intake of 10 m long, 3/8 inch dia-
meter tubing (perfluoroalkoxy). The sample line is pumped at ~0.6 L/min. As described in Tremoy et al.
[2011], qv was calibrated against relative humidity and temperature sensors (Hobos from Onset
Computer Corp) over 12 months (Figure 2a). We also apply corrections to account for humidity depen-
dence of the isotopic composition and for the instrumental isotopic drift following the protocol described
in Tremoy et al. [2011]. Both corrections are determined using the Standard Module Delivery from Picarro
Inc. The first correction was determined by injecting two water standards at different humidity levels from
~1600 to ~36,000 ppm (see Figure 2b and its legend). The isotopic calibration of the instrument is per-
formed every 48 h based on the injection of two standards at a reference water vapor concentration
of 20,000 ppm.

The short-term precision of the instrument (±1σ) during a 10 min stable measurement of water standard is
better than ±0.2‰ and ±0.9‰ for δ18Ov and δDv, respectively, leading to a precision better than ±1.8‰
for deuterium excess. In the manuscript, we will only refer to δ18Ov and dv.

2.3. Models

In this section, we describe different modeling tools that will be used to discuss mixing processes between
the marine boundary layer and the free troposphere and to examine large-scale moisture transport and sub-
sidence. We present them in the next subsections.
2.3.1. The Isotopic Signature of Air Masses Mixing
The paired measurements of δv with qv are used in this study to trace air masses mixing. In a δv-qv diagram,
mixing lines between two end-members (moisture sources) will trace hyperbolic curves [Noone et al., 2011].
We consider that a marine air mass reservoir (marine end-member with qm and δm as humidity and isotopic
composition) is mixed with a free tropospheric air mass reservoir (free-tropospheric end-member with qTropo
and δTropo as humidity and isotopic composition) as time passes. In that case, the mass and the isotopic

Figure 2. (a) Specific humidity of the Hobo sensor (qHobo, ppm) as a function of specific humidity measured by the
Picarro (qPicarro, ppm) from 1 November 2014 to 31 October 2015 (5 min averaged data). The linear regression is shown
(red line, qHobo = 0.82 qPicarro + 505.45). (b) Isotopic dependence of the Picarro Inc. instrument on qPicarro for two
different isotopic water standards along with one standard deviation (±1σ). The results are given as a deviation from the
values at 15,000 ppm (named, δref and dref). The first (second) standard was injected 32 (24) times at different humidity
levels from 1738 (1669) to 32,590 (36,520) ppm.
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balances between the two sources lead to a hyperbolic relationship between the isotopic composition (δv) of
the mixing and its specific humidity (qv) (our observations) which is described by the following equation:

δv ¼ qTropo � δTropo � δm
� �� 1

qv
þ δm (1)

2.3.2. The Isotopic Composition of the Ocean Evaporative Flux
In our discussion, we will investigate whether or not the daytime isotopic composition of water vapor at the
MO site is consistent with a marine boundary layer origin and we will discuss our daytime observations rela-
tively to the isotopic composition of the evaporative flux at the ocean surface (noted δV0). The later can be
estimated following the model of Merlivat and Jouzel [1979]:

δV0 ¼ 1
αeq

� 1� k
1� kh

� 1 (2)

where αeq is the isotopic fractionation factor for oxygen 18 at equilibrium between liquid and vapor, h is the
relative humidity of the atmosphere with respect to SST (sea surface temperature), and k is an empirical factor
representing the wind regime over the ocean depending on the wind speed [Merlivat and Jouzel, 1979].

In order to estimate δV0 above the Indian Ocean around Reunion Island, we used the European Centre for
Medium-Range Weather Forecasts (ECMWF) Interim reanalysis data set [Dee et al., 2011] at 0.125° with a
6 h resolution for SST, h (at 2 m above sea level (asl)), and wind speed (at 10 m asl). Those three parameters
were averaged over a small area surrounding Reunion Island: 54°–57°E, 20°–23°S (101,475 km2).
2.3.3. Evolution of the ABL Diurnal Variability at the MO Site
While marine air is expected to reach the MO during the day because of the sea breeze/upslope transport, the
MO site is expected to be in the free troposphere during the night as explained in section 2.1. However, no
direct observation or measurement of the ABL height at the MO can confirm this assumption. We use a 24 h
simulation (31 March to 1 April 2015) from the limited area research mesoscale model MESO-NH [Lafore et al.,
1998] (http://mesonh.aero.obs-mip.fr/) to examine in detail the ABL evolution in the vicinity of the MO.
Specifically, we examine vertical cross section of water vapor mixing ratio and squared Brunt-Väisälä fre-
quency (N2). The later is a proxy for maximum of vertical stability and is defined as follows in the atmosphere:

N2 ¼ g
θ
dθ
dz

(3)

where θ is the potential temperature, z the altitude, and g the gravitational acceleration.

The simulation is done for a specific day with conditions representative of days outside cyclone periods (i.e.,
when the orographic and land-sea breeze regimes dominate).

Several MESO-NH simulations have been successfully performed over Reunion Island at different resolutions
to study cyclone formation or pollutant transport [Tulet and Villeneuve, 2011; Lesouëf et al., 2011, 2013; Jolivet
et al., 2013; Durand et al., 2014; Sivia et al., 2015; Vérèmes et al., 2016]. The model was set up with four two-way
nested domains having horizontal grid spacing of 16, 8, 2, and 0.5 km and grid size of 200 × 200, 128 × 128,
128 × 128, and 192 × 160 points, respectively. Seventy vertical levels were used with the highest resolution
near the surface (40 m) and the lowest at 27 km (600 m) (layer thickness increases of 7% up to 700 m and 8%
above). The model was initialized on 29 March 2015 at 00:00 UTC. Initial and 6-hourly boundary conditions
are provided by the operational ECMWF analyses [European Centre for Medium-Range Weather Forecasts,
2011]. The MO altitude in the model is ~1800 m.
2.3.4. Impact of Large-Scale Transport
To explore the relationship between the isotopic composition of water vapor and large-scale subsidence and
to help determine the importance of extratropical transport in setting the free tropospheric end-member in
our simple mixing isotopic model, we use two different models.
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2.3.4.1. FLEXPART Simulations in May 2015 During the MORGANE Campaign
First, we will use the FLEXPART (FLEXible PARTicle dispersion model) Lagrangian particle dispersion model to
assess air masses origin and transport pathways. We will focus on May 2015 to take advantage of the Maïdo
ObservatoRy Gaz and Aerosols Ndacc Experiment (MORGANE) field campaign that started in May [Duflot
et al., 2017]. Several meteorological radiosondes were launched from the MO during the campaign as part
of an intercomparison exercise with the water vapor and ozone lidars. We used high vertical resolution pro-
files of temperature, relative humidity, and pressure measured by Vaisala RS92 radiosondes. This enables us
to characterize in details the thermodynamic profile of the atmosphere above the MO during this period and
to clearly identify nights during which the MO is above the ABL.

FLEXPART simulates the transport and dispersion of air masses by calculating the trajectory of a multitude of
particles [Stohl et al., 2005]. Themodel is driven by operational ECMWF operational data with a temporal reso-
lution of 1 h (analyses at 00:00 and 12:00 UTC are combined with hourly forecasts from 01:00 to 11:00 UTC
and from 13:00 to 23:00 UTC) and a horizontal resolution of 1° × 1° on 137model levels. The vertical resolution
decreases with altitude: it is about 20 m at the surface, 150 m at the top of the boundary layer (~2000 m), and
up to 2500 m at around 75 km height.

For each FLEXPART simulation, 20,000 particles were released from the MO surface. The FLEXPART model
simulations are run 10 days backward in time, and the position data of all particles every hour are used to
define the centroid (or center of mass) of all particles [Stohl et al., 2002]. This technique reduces the results
of the FLEXPART backward simulations to a condensedmodel output. This facilitates the analysis of the origin
of the air masses by looking at a few trajectories associated with the centroids instead of analyzing each sin-
gle back trajectory.
2.3.4.2. LMDZ-Iso Simulation From 1 November 2014 to 31 October 2015
Second, we will use the atmospheric general circulation models (AGCMs) ability to capture large-scale circu-
lation to help evaluate the importance of extratropical transport and large-scale subsidence and their conse-
quences on water vapor isotopic ratios at the surface but also on the vertical scale. We will use the AGCM
LMDZ-iso, implemented with water stable isotopes [Risi et al., 2010b], with also a focus on May 2015.

LMDZ-iso resolution is 2.5° in latitude and 3.75° in longitude and offers here 27 vertical levels (from 1008 to
114 hPa). The vertical resolution is maximal at the surface (the first layer thickness is 72 m) and decreases with
altitude (for example, the layer thickness including the MO is 443 m and increases to 882 m at 500 hPa). The
simulated horizontal wind fields are nudged by those of the operational ECMWF analyses to ensure that the
large-scale circulation is realistic on a day-to-day basis. It is worth noting that due to the coarse resolution of
LMDZ-iso, Reunion Island is not represented in the model and the later can be used only to discuss impact of
large-scale atmospheric circulation. As expected, δ18Ov simulated in the first layer by LMDZ-iso is consistent
with our calculations of δ18OV0 (Table 2).

3. Results
3.1. The 1 Year Long δ18Ov and qv Variability

The δ18Ov and qv observations are presented in Figure 3. As expected, qv shows a clear seasonal cycle with the
highest (lowest) values (~12 g/kg) (<4 g/kg) occurring from December to January (July to September) during
the wet (dry) season (Figure 3). By contrast, no seasonal cycle can be seen on δ18Ov whose annual mean is
�15.7 ± 3.4‰ (we give the mean ± 1σ, here and throughout the manuscript) (Figure 3). However, we clearly
detect on δ18Ov strong isotopic depletions at the synoptic scale that are related to three tropical cyclone
events in 2015: Bansi (from 8 to 19 January), Chedza (from 13 to 22 January), and Haliba (from March 5 to
12) systems (δ18Ov is �20.5 ± 3.2‰, averaged over 23 days). It is worth noting that qv does not exhibit any
specific signal during those cyclone periods, pointing out here the added value of water stable isotopes.
Although previous studies as Lawrence and Gedzelman [1996], Lawrence et al. [1998], Scholl et al. [2007],
and Fudeyasu et al. [2008] have pointed out the potential of water stable isotopes for hurricane studies, this
is beyond the scope of this paper and the specificity of our observations during those low-pressure systems
will be addressed in a subsequent study.

As expected, our record shows quasi-permanent diurnal variations both in qv and δ18Ov, except during the
aforementioned tropical cyclone events. We characterize in details in the next section those diurnal cycles
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that are supposed to capture mixing processes between the ABL and the free troposphere due to local
diurnal upslope-downslope flow.

3.2. The δ18Ov Diurnal Cycle

During the day, δ18Ov (qv) attains a maximum and almost constant value between 11 A.M. and 5 P.M. LT (local
time, UTC + 4) (mean δ18Ov (qv) is�13.4 ± 1.3‰ (9.7 ± 2.4 g/kg) over the whole period without accounting for
the aforementioned cyclone periods), whereas at night both δ18Ov and qv exhibit minimum values between
11 P.M. and 5 A.M. LT (�16.6 ± 3.2‰ and 6.4 ± 2.9 g/kg, respectively). Daily (11 A.M.–5 P.M.) δ18Ov values vary
between �11.3 and �19.4‰, whereas at night (11 P.M.–5 A.M.) δ18Ov values vary between �12.5 and
�34.4‰, reaching for some nights very depleted values (without the aforementioned cyclonic periods).
Regarding qv, it varies from 1.9 and 14.0 g/kg in the 11 A.M.–5 P.M. time period and from 0.73 and
12.2 g/kg in the 11 P.M.–5 A.M. time period.

By further exploring nighttime, we are able to define extremely depleted and dry nights considering (1) the
nights for which more than 75% of 5 min observations are available from 11 P.M. to 5 A.M. LT and (2) the
nights exhibiting 5 min δ18Ov values lower than the mean δ18Ov minus 2σ (calculated over the whole 1 year
record without tropical cyclone activity, i.e., δ18Ov < �21.9‰) between 11 P.M. and 5 A.M. LT. In this way, 52
extreme nights (relatively to classical nights) were identified out of 290 nights from 1 November 2014 to 31
October 2015 (i.e., 15.2%) with amean δ18Ov (qv) between 11 P.M. and 5 A.M. of�21.4 ± 4.8‰ (2.9 ± 2.2 g/kg).
The lowest 5 min isotopic values for those 52 nights are found sometimes before 11 P.M. or after 5 A.M. but
always between 6 P.M. and 10 A.M.. Their mean δv and qv values are �28.0 ± 4.7‰ and 1.70 ± 1.40 g/kg,
respectively. Indeed, the use of the 11 P.M.–5 A.M. interval is less meaningful for extreme nights (compared
to classical nights) which do not exhibit a flat isotopic level in the middle of the night (see Figure 4 for an
example during May 2015). In comparison, mean δ18Ov and qv for classical nights are �16.0 ± 1.4
(�17.4 ± 1.8)‰ and 6.9 ± 1.9 (6.1 ± 2.1) g/kg, respectively, considering the 11 P.M.–5 A.M. period (the lowest
5 min isotopic values within 11 P.M.–5 A.M.). It is worth noting that (i) extreme nights are preferentially found
during the dry austral winter season: 48% of them occur between June and September 2015 versus 6%

Figure 3. Time series from 1 November 2014 to 31 October 2015 of (a) specific humidity (qv, g/kg) and (b) the isotopic com-
position (oxygen 18) of water vapor (δ18Ov,‰) as measured by the Picarro Inc. instrument. Black, red, and blue lines refer
to 1 h averaged data, 1 day, and 15 day running average data, respectively. The lack of data in qv and δv corresponds to
power interruptions or maintenance periods. The three hurricane events in 2015 are labeled with small rectangles as
follows: 1-Bansi, 8–19 January; 2-Chedza, 13–22 January; and 3-Bansi, 5–12 March.
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between December 2014 and February 2015 and (ii) extreme nights tend to cluster over a 1 week period
instead of being sporadically dispersed throughout the year.

4. Discussion About the Water Vapor Isotopic Ratios Diurnal Cycles

In this section, we first discuss the diurnal isotopic variations in terms of air masses mixing between a marine
source reaching the MO during daytime and the free troposphere sampled at the MO at night (section 4.1).
We use simple mixing isotopic models to determine how frequent mixing is and to characterize the moisture
sources involved in mixing processes. In a second section, we focus on the extreme isotopic depleted nights
defined in section 3. We examine whether atmospheric large-scale subsidence can explain such isotopic
depletions and how important extratropical transport is in setting the free tropospheric source in mixing pro-
cesses (section 4.2). At last, we compare the dynamical processes identified in Reunion Island to influence the
tropospheric humidity with processes identified in other similar subtropical locations in Hawaii [Noone et al.,
2011; Bailey et al., 2013, 2015] and Tenerife [González et al., 2016] (section 4.3).

4.1. Is Diurnal δ18Ov Cycle Due To Air Masses Mixing?
4.1.1. Daytime Processes: Do Marine Air Masses Reach the MO?
The daytime MO water vapor ratio is remarkably stable year-round. In this section, we verify that the daytime
isotopic composition of water vapor can be explained by arrival of water vapor originating from the sur-
rounding ocean evaporation. To check this hypothesis, we compare our observations to the isotopic compo-
sition of the water vapor just above the Indian Ocean around La Reunion Island (δ18OV0, calculated from
equation (2); see section 2.3.2). δ18OV0 exhibits a very weak and constant diurnal cycle all year long due to
the small diurnal ECMWF Interim relative humidity variations (Figure 5). Over the whole record, the mean
value of δ18OV0 is �11.1 ± 0.6‰ and the mean amplitude of the diurnal δ18OV0 cycle is 0.55 ± 0.08‰ (mean
difference between the 11 A.M.–5 P.M. and 11 P.M.–5 A.M. stable periods). In consequence, the diurnal varia-
tions of δ18Ov at the MO are not produced by any diurnal variation in δ18OV0. However, we expect to sample

Figure 4. (a) Diurnal cycles of qv (g/kg), δ18Ov (‰), and dv (‰) in May 2015 for each extreme nights (thin lines) and
their mean (thick line). (b) Same for classical nights. Stars represent the hour of departure in FLEXPART model for the
back-trajectories calculations (the most depleted hour in δ18Ov). Gaps are due to isotopic calibrations, except the gap of
26–27 May which is due to power issue.
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marine air at the MO during the day because of the upslope and sea breeze flow regimes. Then, the day value
of δ18OV0 (�11.3‰ between 11 A.M. and 5 P.M.) has to be compared to our observations during daytime
(�13.4‰). The observed δ18Ov is �2.1‰ more depleted than δ18OV0, leading to a mean isotopic gradient
of �0.10‰/100 m for δ18Ov. This altitude gradient is in the expected range of isotopic gradients found in
literature for tropical precipitation, especially in Reunion Island for which Grunberger [1989] found a
gradient between �0.09 and �0.16‰/100 m from precipitation measurements. As the MO is 2160 m
high, we attribute this isotopic difference to the entrainment mixing during convective boundary layer
development drawing dry free tropospheric air into the boundary layer and lowering the water vapor
isotope ratios close to the observatory [Angert et al., 2008; Welp et al., 2012; Bailey et al., 2013].

Thus, the isotopic values of water vapor during daytime at the MO are consistent with arrivals of marine vapor
all year long. It likely originates from evaporation of the ocean west of the island before being transported to
the MO by upslope flow. However, we cannot exclude that marine air masses are also transported to the MO
from the windward side of the island. Lesouëf et al. [2011] showed in a high-resolution simulation that air
masses measured near the surface at the MO could come from the east when a strong southeasterly trade
wind regime dominates the flow over the island. However, the upslope regime along the west side of the
island often dominates the flow at the MO and water vapor likely originates from the west.

Interestingly, it is worth noting that chemical species such as CO, O3, and NOx measured at the MO (in the
framework of the international network GWA-Global Atmospheric Watching) that have anthropogenic ABL
sources (urban and industrial activities in the northwestern part of the island) and, in consequence, that
are supposed to be possible tracers of the ABL lack significant diurnal variations (A. Colomb, personal com-
munication, 2017). While the isotopic composition of water vapor at the MO during the day is influenced
by upslope transport from the marine boundary layer, other synoptic processes exert a control on the con-
centration of chemical tracers strong enough to offset the effect of sea breeze/upslope flow [see Lesouëf
et al., 2011]. Therefore, water vapor isotopes appear to be the only adequate tracer of the ABL at the MO site.
4.1.2. Influence of the Free Troposphere at the MO During Nighttime
In the previous section, we showed that upslope transport of marine air masses controls the isotopic compo-
sition of water vapor at the MO during the day. The isotopic composition of water vapor at the MO is much
lower at nighttime as well as humidity. This can reveal another moisture source that could be the free

Figure 5. Monthlymean diurnal cycle for qv (g/kg) and δ18Ov (‰) as measured by the Picarro Inc. instrument (1 h data with
one standard deviation, (±1σ)) from November 2014 to October 2015 in local time (tick lines). The dashed lines correspond
to δ18OV0 (‰) which is the isotopic composition of water vapor formed by the ocean surface evaporation as calculated
with the Merlivat and Jouzel [1979] model (see text).
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troposphere. In order to confirm that free tropospheric air can attain the MO at night, we now examine the
diurnal variation of the ABL height at the MO site. Figure 6 shows hourly vertical cross sections of water vapor
mixing ratio and squared Brunt-Väisälä frequency (N2, see equation (3)) from MESO-NH simulation done on
31 March (section 2.3.3). The MO is located on the first western summit in Figure 6. Between 01:00 and
04:00 UTC (05:00 and 08:00 LT), high values of water vapor mixing ratio (qv > 15 g/kg) are encountered
below 800 m on the western side of the island, and there is a strong humidity gradient between 800 and
1800 m. The strong humidity gradient region coincides with the maximum values of N2 (delimited by the
black isoline at 4 × 10�4 s�2), a proxy for maximum of vertical stability, which is found around 1500 m.
Higher static stability is usually observed within the entrainment zone at the top of the ABL and beneath

Figure 6. Vertical cross section of water vapor mixing ratio (g/kg) and square of the Brunt-Väisälä frequency (the black isoline is at 4.10�4 s�2) along the west-east
transect shown in Figure 1c between 31 March 2015 01:00 UTC and 1 April 2015 01:00 UTC as simulated by MESO-NH. The MO is the first summit on the left.
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the free troposphere, and thus, maximum values of static stability give an estimate of the ABL height. During
the morning, thermally driven circulations develop and a sea breeze/upslope flow transports maritime air
over the coastal areas along the western slope as depicted by high values of qv (~13–14 g/kg) at
05:00 UTC. The sea breeze flow propagates further and supplies maritime water vapor to the MO. A wet layer
with qv values ~10–12 g/kg develops over the western mountain flank and attains a depth of ~1 km above
the MO between 10:00 and 11:00 UTC. This demonstrates the vertical development of the ABL at the MO dur-
ing the morning and early afternoon. The entrainment layer at the top of the ABL, as indicated by the max-
imum of the static stability, is displaced upward as the ABL develops. The early evening (14:00 UTC, 18:00 LT)
corresponds to the onset of the downslope/land breeze flow and qv values above the top of the mountains
start to decrease. By 17:00 UTC (21:00 LT), the western summit is above the region of strong static stability and
the surface water vapor mixing ratio (7–8 g/kg) has dropped by half compared to the daytime values (12–
14 g/kg). Hence, the high-resolution Meso-NH simulation clearly indicates that for a representative day, the
MO is immersed in the ABL during the day and is in the free troposphere at night. The Meso-NH simulation
shows that the surface boundary conditions at the MO are produced by an interaction of the thermally driven
local circulation with the free tropospheric flow. During the day, the upslope flow carries local, more humid
air from the western coast to the MO, while during the night downslope flow brings air generally represen-
tative of the free troposphere to the observatory.

Thus, the depleted isotopic signature of δv during the night at the MO, coupled with lower specific humidity,
can reflect water vapor originating from higher atmospheric levels in the free troposphere. This is consistent
with expected isotopic composition of water vapor from higher altitude that are supposed to be more
depleted as shown by several modeling studies and satellite observations [e.g., Bony et al., 2008] (see also
section 4.2.2.4].
4.1.3. Evidence for Air Masses Mixing Between Marine and Free Tropospheric Sources
Our investigations done in sections 4.1.1 and 4.1.2 show that marine air mass reservoir (qm and δm) is sampled
at the MO around midday, while the free tropospheric air mass reservoir (qTropo and δTropo) is sampled at the
MO during the night. In time, one can assume that mixing occurs between those two reservoirs due to a com-
petition between upslope and downslope transports. To check this hypothesis, we interpret our observations
in a δv-qv diagram (see section 2.3.1).

All 5 min δ18Ov and qv observations over 1 year are shown in Figure 7a. All the data follow a statistically
hyperbolic fit (black curve, r2 = 0.50, p < 0.001) except during hurricane events. The later are isolated in
the right lower corner of the figure and exhibit a sharper decreasing of δv with qv, consistent with what
we expect for a pure Rayleigh or a super Rayleigh distillation as described by Noone [2012]. Considering
the statistically hyperbolic fit as a potential mixing curve (see equation (1)), the isotopic composition of
the moist end-member is �13.1‰. This value is lower by 1.8‰ than the isotopic composition of marine
vapor formed during daytime (see section 4.1.1) and similar to the mean daytime δ18Ov at the MO (see
section 3).

To further discuss mixing processes, we distinguish classical and extreme nights in two δv-qv diagrams
(Figures 7b and 7c, respectively) and we exclude periods with tropical cyclones. In each diagram, we show
two arbitrary mixing curves. They intercept one end-member that can correspond to the free troposphere
(low values for qv and δv) and another one that can correspond to the marine boundary layer (higher values
for qv and an isotopic composition slightly lower than δV0). Those mixing curves are determined to capture a
maximum number of 5 min observations with end-members values calculated from our daytime and night-
time qv and δ18Ov observations as explained below.

Figure 7b corresponds to data recorded during the 52 extreme nights from 11 A.M. LT on the day correspond-
ing to that night to 5 P.M. the following day. The higher mixing curve (light blue) depicts a mixing between a
marine air with a composition of qv = 15 g/kg (maximum observed values) and δ18Ov = �12.1‰ (mean day-
time isotopic composition in the observations plus 1σ) (see section 3) and a free tropospheric end-member
with a composition of qv = 0.3 g/kg and δ18Ov = �23.0‰ (the driest 5 min data over the whole period). The
second mixing curve (pink) depicts a mixing between a marine source similar to the previous one but with a
δ18Ov of�14.7‰ (mean daytime isotopic composition in the observations minus 1σ) and a free tropospheric
end-member with a composition qv = 0.9 g/kg and δ18Ov = �40.0‰ (the most depleted 5 min data over the
whole period). Those two theoretical mixing curves include 77% of our observations.
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In Figure 7c, we plot observations
recorded around the classical nights
as done in Figure 7b for extreme
nights. The light blue mixing curve
is the same as in Figure 7b. It cap-
tures the more enriched observa-
tions as in Figure 7b. This is not
surprising as daytime qv and δ18Ov

values exhibit no difference whether
or not the surrounding nights are
extreme or classical nights. In order
to capture the observations appear-
ing in the lower left corner of the
figure (depleted nights with middle-
to high-humidity levels), we add a
third arbitrary mixing curve (orange)
with a marine end-member with a
composition of qv = 15 g/kg and
δ18Ov = �17.3‰ (mean daytime
isotopic composition in the observa-
tions minus 3σ) and a free
tropospheric end-member with a
composition of qv = 1.6 g/kg and
δ18Ov = �30.8‰ (the most depleted
5 min data over the whole period,
excluding the extreme nights). This
later mixing curve and the first one
include 86% of our observations.

As the mixing is supposed to occur at
the daily scale (from day to night and
from night to day), we further explore
the robustness of mixing in δv-qv dia-
grams over 18 h periods (day to
night: 11 A.M.–5 A.M. (day + 1) or
night to day: 11 P.M.–5 P.M. (day + 1))
for which more than 75% of 5 min
observations are available (n > 162).
As prescribed in Noone et al. [2011],
we determine that an 18 h period is
controlled by mixing processes when
data from that period can be charac-
terized by a hyperbolic fit with a
r2 > 0.8 (p < 0.001). In this case,
93% of 18 h periods exhibit a mixing
for extreme nights. In contrast, this
percentage decreases to 59% when
considering the 18 h classical peri-
ods. However, it is worth noting that
Reunion Island is most of the time
exposed to the lowest layers of the

free troposphere. Indeed, in Figure 7c (classical nights), we only see a small section of the mixing gradient
compared with Figure 7b (extreme nights). This limits the robustness of the hyperbolic fittings andmay lower
the estimation of mixing frequency for classical nights.

Figure 7. (a) The 5 min averaged δ18Ov as a function of qv from 1 November
2014 to 31 October 2015. Green dots represent all the cyclone periods (see
text). Day (11 A.M.–5 P.M.) and night (11 P.M.–5 A.M.) data are in red and
blue, respectively. Observations between day and night times are repre-
sented in grey. The distribution of 5 min δ18Ov and qv data is also shown for
day and night times (red and blue bars, respectively) with a resolution of
0.25‰ and 0.1 g/kg, respectively. The statistically hyperbolic fit for the
observations is plotted in black (it does not include cyclone periods). We also
show for hurricane periods a pure Rayleigh (purple) and a super Rayleigh
(dashed purple) distillation curves (T = 17.5°C, h = 86%, re-
evaporation rate is 10%). (b) Same as Figure 7a without the cyclone periods
but only for extreme nights and surrounding daytime (see text). Two theo-
retical mixing curves are represented (light blue, qm = 15 g/kg, δm =�12.1‰,
qTropo = 0.3 g/kg, and δTropo = �23.0‰ and pink, qm = 15 g/kg,
δm = �14.7‰, qTropo = 0.9 g/kg, and δTropo = �40.0‰). We also show the
mean of the most depleted 5 min δ18Ov for extreme nights (extended
between 6 P.M. and 10 A.M.) (pink dot) and the mean of the most enriched
5min δ18Ov for days surrounding extreme nights (between 11 A.M. and 5 P.M.)
(yellow dot). (c) Same as Figure 7b but for classical nights. A third theoretical
mixing curve is shown (orange, qm = 15 g/kg, δm =�17.3‰, qTropo = 1.6 g/kg,
and δTropo = �30.8‰). We also show the mean of the most depleted 5 min
δ18Ov for classical nights (between 11 P.M. and 5 A.M.) (blue dot) and themean
of the most enriched 5 min δ18Ov for days surrounding classical nights
(between 11 A.M. and 5 P.M.) (orange dot).
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4.1.4. Summary
As a conclusion, we show that our
diurnal δv and qv observations are
well described by mixing between
marine and free tropospheric
sources, except during hurricanes
when observations are described by
Rayleigh or super Rayleigh processes.
Whereas the marine end-member is
stable, the free tropospheric end-
member differs between classical
and extreme nights. We further
explore in the next section the role
of large-scale subsidence in setting
the free tropospheric end-member.

4.2. Focus on Nocturnal Extreme
Isotopic Depletions

To better explore the variability of
the isotopic composition during
nights and especially the atmo-
spheric mechanisms leading to
extreme isotopic depletion for 15%
of them, we focus our discussion on
May 2015 for which independent
observations obtained during the
MORGANE campaign confirm that
the MO is most of the time above
the ABL at night (section 4.2.1).
Then, we explore how extratropical
moisture transport and large-scale
subsidence can explain the extre-
mely depleted δv in May 2015 over
Reunion Island (section 4.2.2).
4.2.1. Analysis of Nighttime
Periods During the MORGANE
Campaign in May 2015
A total of 18 radiosondes were
launched during the MORGANE

campaign (see section 2.3.4.1): 8 during the day between 1 P.M. and 4 P.M. LT and 10 at night between
8 P.M. and 12 A.M. LT. Based on both equivalent potential temperature (Θe) and relative humidity profiles,
daily radio soundings clearly show that the MO is within the ABL (not shown). Six nighttime profiles of Θe

(11–12, 12–13, 18–19, 22–23, 26–27, and 28–29) clearly show a stable atmosphere indicating that the MO
is in the free troposphere (see Figure S1 in the supporting information). Three nighttime profiles of Θe (7–
8, 15–16, and 19–20) show rather constant value above the MO, and the relative humidity profiles depict
values between 50 and 75% that could be associated with isolated humid layers potentially altering the Θe

profiles (see Figure S1). This assumption is supported by the fact that Meteosat infrared satellite pictures at
the closest hour of these night radio soundings show cloudy sky (not shown). At last, for the 21–22 night,
Θe profile decreases until ~2700 m (as well as the relative humidity) (see Figure S1) indicating the pre-
sence of an unstable layer up to this altitude. Θe profile then increases above 2700 m, and the humid
layers above 4000 m can be also associated to cloudy layers according to Meteosat pictures. Thus, those
nighttime Θe and relative humidity profiles tend to confirm that the MO is most of the nighttime above
the ABL in May 2015 and that a residual surface layer can be maintained for some nights nonetheless.

Figure 8. (a) qv (g/kg) and δ18Ov (‰) as in Figure 3 during May 2015 (inter-
ruptions (10, 15–18, and 26 May) are due to power issues). Other gaps,
around 2 h, are due to isotopic calibration sequences. The green dashed line
corresponds to the annual δ18Ov mean (without cyclone periods) minus 2σ.
Blue arrows show the four extreme nights. The red dashed period corre-
sponds to extreme nights in LMDZ-iso (23 to 29 May 2015). (b) δ18Ov-qv
diagram. Small dots are 5 min averaged data as in Figure 7. Black curves
represent the hyperbolic fit from day to night or night to day when r2 > 0.8.
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During May 2015, we have identified on our observations four extreme nights following the definition of an
extreme night given in section 3 (see arrows in Figure 8a): one night from 22 to 23 May and three nights from
25 to 28 May. Those extreme nights have a mean signature (11 P.M.–5 A.M.) of 2.3 ± 1.7 g/kg and
�20.3 ± 4.1‰ for qv and δ18Ov, respectively, while the other nights have a mean signature of 7.0 ± 1.9 g/
kg and �17.5 ± 1.6‰ for qv and δ18Ov, respectively. The mean of the lowest 5 min isotopic composition
(qv) for the four extreme nights is �29.2 ± 3.5‰ (1.4 ± 0.3 g/kg) and is observed between 6 P.M. and
10 A.M. We note that for two of those extreme nights we have radio soundings that clearly indicate that
the MO is in the free troposphere (no radiosounding is available for the 25–26 and 27–28 May nights).

As in section 4.1.3, we examine our observations in a δv-qv diagram (Figure 8b) to ensure that mixing pro-
cesses occur during this period. We determine that 53% of the 18 h periods in May 2015 are controlled by
mixing processes (the four extreme nights and surrounding daytime observations are included).
4.2.2. Influence of the Subtropical Jet and Induced Large-Scale Subsidence on δv
4.2.2.1. The Be7 Observations
First, it is worth noting that the presence of large-scale subsidence occurring at the end of May 2015 is sup-
ported by independent daily measurements of the Be7 concentration at Sainte-Suzanne in Reunion Island, in
the northeast of the island (P. Heinrich, personal communication, 2017). Be7 can be a proxy of large-scale sub-
sidence: it is produced in the stratosphere with a half-life of 52.8 days preventing the particles to reach the
surface in normal conditions [Dorman, 2004]. However, during periods of intensification of large-scale subsi-
dence, the Be7 concentration at the surface increases [Feely et al., 1989]. This is what we observe on 25–29
May 2015 (not shown).
4.2.2.2. Subtropical Jet Position in May 2015 and Associated Large-Scale Subsidence
A prominent feature of the upper tropospheric circulation in the Southern Hemisphere is the subtropical wes-
terly jet that is stronger during the austral winter season (May to September). Figure 9a shows the average
wind speed at 200 hPa for May 2015 as well as the 500 hPa vertical velocity in pressure coordinate (omega
in units of hPa/d). At 200 hPa, the jet is discontinuous with a jet streak at 25°S from about 80°E to about
120°W and a jet streak near 40°S south of Africa. We then compare large-scale vertical motions (uplifts or sub-
sidence) in the atmosphere for classical versus extreme nights. The vertical velocity at 500 hPa is used to indi-
cate rising (negative omega values) or subsiding (positive omega values) air masses in the vicinity of Reunion
Island. We then average daily omega values over the dates corresponding to classical and extreme nights. A
strong contrast in the omega values exists around Reunion Island between classical (Figure 9b) and extreme
periods (Figure 9c). During classical nights, regions of rising motions prevail near 30°S with omega peaking at
�100 hPa/d. Classical nights also correspond to an absence of the jet over the Western Indian Ocean and an
eastward shift of the jet over Australia. In contrast, during extreme nights a distinct region of increased sub-
sidence is observed south of Reunion Island and is associated with the westward displaced jet stream over
the Indian Ocean. During extreme nights, the entrance region (i.e., region upstream from wind speed maxi-
mum in the jet stream) of the subtropical jet is east of the island. In the entrance region, at high levels, air is
accelerating due to the flow confluence. This acceleration generates ageostrophic wind from the north in the
Southern Hemisphere, creating divergent and convergent zones on the northern and southern side of the jet
streak, respectively. The convergence on the southern side of the jet streak results in downward motion of air
in the right entrance region.

Interestingly, Figure 9c exhibits a wavelike structure in the 500 hPa omega field east of Madagascar
spreading from the Western Indian Ocean to Australia between 20° and 30°S. The evolution of this pattern
after approximately 21 May seems to indicate eastward propagation across the Indian Ocean and is linked
to the jet activity over the Indian Ocean/Australia. A similar wavelike pattern can be found in the meridio-
nal wind field at ~200 hPa (not shown). Rossby waves can produce large-scale meridional movement of air
and strong westerly jets can act as Rossby waveguides, i.e., focusing and trapping perturbations. In addi-
tion, Hoskins and Karoly [1981] indicate that the upper troposphere is the most important region for
Rossby wave propagation in the tropical and subtropical regions. We thus suggest that the wavelike struc-
ture observed at the end of May 2015 may be a synoptic Rossby wave train in the upper troposphere. To
further highlight the wave propagation and evolution, additional analysis of dynamical fields (e.g., horizon-
tal winds and potential vorticity) would be required. However, the direct relationship between Rossby
wave activity and variability in the upper level wind field over the Indian Ocean is beyond the scope of
the present study.
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Figure 9. (a) Monthly mean wind speed (m/s) at 200 hPa and monthly mean pressure vertical velocity (omega in hPa/d)
at 500 hPa for May 2015. (b) Mean omega at 500 hPa and wind speed at 200 hPa for periods corresponding to classical
nights in May 2015 (1–2, 7–8, and 8–9 May) and (c) Same as Figure 9b for extreme nights (22–23, 25–26, 26–27, and
27–28 May). On each figure the isotachs (in magenta) are labeled and contoured every 10 m/s. The data are from opera-
tional ECMWF data at a resolution of 1° × 1°. The position of Reunion Island is indicated by a green star on each figure.
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As a conclusion of this subsection, the location of the jet, east of the island, during extreme nights in May
2015, favors increased subsidence over the island and transport of air from the upper troposphere to
the surface.
4.2.2.3. Moisture Sources and Air Masses Trajectories
Here we compare air mass transport pathways for three classical nights in May 2015 with the four extreme
nights described above (we selected only three classical nights representative to limit the number of
FLEXPART simulations). We selected classical nights following three criteria: (1) at least one night for which
a radio sounding is available and shows that the MO is in the free troposphere as a reference case, (2) nights
with continuous isotopic data or limited gaps in the measurements, and (3) nights for which the difference
between daytime and nighttime isotopic mean values is as small as possible. Thus, nights on 1–2, 7–8, and
8–9 May 2015 were selected as classical nights. In particular, the night on 7–8 May was chosen because there
is a radio sounding at 8 P.M. LT clearly showing that the MO is in the free troposphere although an isotopic
calibration on the Picarro instrument leads to a gap in the data at the start of the night. The δv and qv diurnal
cycles for those four extreme and three classical nights can be seen in Figures 4a and 4b, respectively.

Figure 10a shows the 10 day FLEXPART back trajectories of the centroids of particles released from the MO
surface for periods corresponding to isotopic minima during classical and extreme nights (indicated by stars
in Figure 4). The FLEXPART simulations clearly show that air mass transport pathways are completely different
for classical and extreme nights. For classical nights, air masses originate from the Indian Ocean or from South
Africa, and transport pathways are no longer than 3900 km over 10 days. In contrast, the FLEXPART back tra-
jectories indicate that air masses measured during extreme nights experienced long-range transport from

Figure 10. (a) The 10 day back trajectories computed with the FLEXPART Lagrangian model for extreme and classical
nights. The mean back trajectories for classical nights (red thick line) and extreme nights (blue thick line) are also indi-
cated. They are temporal means (mean position at day-1, day-2, and so on). Initial release times of the trajectories from the
MO surface are indicated in Figure 4 (stars) and summarized in Table 1. Dots along back trajectories show the air parcel
position every 24 h. (b) Evolution of the altitude of air parcels along each back trajectory (thin lines), also reported in Table 1.
The mean air parcel altitude for classical and extreme nights is also shown in red and blue, respectively (tick line).
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the southern part of South America over the Atlantic Ocean and subsequent subsidence over Reunion Island,
following the subtropical jet dynamic. Air masses traveled a mean distance of around 15,000 km in 10 days.
The wavelike patterns in the trajectories for those extreme nights indicate that air parcels followed the sub-
tropical jet dynamic.

We also examine the variations in altitude of the air masses represented by the FLEXPART back trajectories
(Figure 10b). The daily altitudes for each trajectory are reported in Table 1. The air parcels altitude profiles
for the three classical nights are similar, i.e., a linear decreased altitude along the pathway from 5560–
6920 m, suggesting a slow and continuous subsidence over the course of the air masses history (420 m
per day in average). Altitude variations of air parcels for the four extreme nights are highly different. For
22–23 and 27–28 May nights, air masses travel in the high troposphere before day-6 and start subsiding at
day-5 south of South Africa/Madagascar which is consistent with the effects of the jet and the subsidence.
For the two other nights (25–26 and 26–27), air parcels travel at low altitude at the beginning and attain
the high troposphere (7400 and 8000 m, respectively) where they stay for about 1 day. Then, they leave
the subtropical jet at around day-4 and day-2, respectively, before attaining theMO. This pathway, combining
alternative low and high altitudes, could be explained by an atmospheric wave at 45°S which is visible in
omega anomalies in Figure 9c. Thus, the extreme isotopic depletion during those four nights could arise from
a long-range transport associated with the jet dynamic that brings higher-altitude dryer and depleted air to
the MO surface. The isotopic depletion can be caused by an important air masses isotopic distillation, a
reduced water vapor recharge from the surface due to high travel altitude and a higher-altitude/latitude
transport in colder conditions.

The upper tropospheric origin of water vapor during the four extreme nights is also supported by deuterium
excess and specific humidity. From 22–23 to 27–28 May deuterium excess show values up to 40‰ during
night (Figure 4a), compared with a mean of 11.5 ± 3.1‰ (from 11 P.M. to 5 A.M.) and values within a
5.1‰–34.1‰ range for classical nights in May 2015 (see also deuterium excess for the three classical nights
in Figure 4b). This second-order parameter is difficult to interpret in this subtropical region. However, high
deuterium excess could be associated with subsidence of air from the upper troposphere as expected from
vertical 1-D and cloud-resolving models implemented with water stable isotopes [Bony et al., 2008; Blossey
et al., 2010] and from the atmospheric general circulation models LMDZ-iso (see below). At last, extreme
nights at the end of May 2015 show a very low specific humidity of 1.5 ± 0.2 g/kg compared with a mean
value of 6.3 ± 2.0 g/kg for the other nights in May 2015 (averages here are calculated over the most

Table 1. Mean Altitude (m) of Air Parcels Every 24 h Along the 10 Days Long Back Trajectories Calculated With the
FLEXPART Model for the Selected Classical (1–2, 7–8, and 8–9) and Extreme (22–23, 25–26, 26–27, and 27–28) Nights
During May 2015a

May 2015 Classical Nights May 2015 Extreme Nights

Date (DT, UTC) 1 (23:30) 7 (18:30) 9 (01:30) 22 (23:30) 25 (17:30) 27 (04:30) 27 (19:30)
δ18Ov (‰) �18.6 �16.6 �16.8 �24.9 �27.2 �29.5 �26.3
Mean (‰) �17.3 �27.0
qv (g/kg) 9.3 7.2 8.1 1.5 1.3 1.8 1.3
Mean (g/kg) 8.2 5.9
Days (24 h) from DT
From 0 to �1 2438 2463 2591 2615 2311 2527 2325
From �1 to �2 2600 3086 3125 3314 2630 2868 2641
From �2 to �3 2550 3733 3563 3267 4467 3073 2939
From �3 to �4 2580 4337 4714 3805 7396 3803 3086
From �4 to �5 2706 4787 5523 4471 3334 4067 3414
From �5 to �6 3457 4912 5568 4937 2526 7980 4388
From �6 to �7 3914 5053 5686 6613 2159 5595 7018
From �7 to �8 4675 5298 6247 8112 1665 3282 7369
From �8 to �9 5173 5860 6662 7725 1537 2882 7018
From �9 to �10 5559 6591 6921 7856 1751 2571 6516

aδ18Ov (‰) and qv (g/kg) are also given for each night at the hour corresponding to the departure time (DT) at the
MO for back-trajectory calculations, as well as an average for classical and extreme nights. Departure time (DT) is the
nocturnal hour for which water vapor isotopic ratio is the most depleted at day 0 (in brackets, UTC time, see also stars
in Figure 4).
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depleted 1 h δ18Ov and so they are
slightly different from values
given in section 4.2.1). Those low
specific humidity values are consis-
tent with a high-altitude origin of
water vapor.
4.2.2.4. Large-Scale
Atmospheric Circulation in
LMDZ-Iso in May 2015
Finally, we explore the ability of
LMDZ-iso to reproduce extreme
nights at the end of May 2015.
Then, we discuss the link between
those extreme depleted nights
and large-scale subsidence based
on the simulated vertical profiles
of both water vapor isotopic ratios
and vertical velocity (ω) that are
expected to be different for classi-
cal and extreme nights.

As expected, LMDZ-iso shows
stronger subsidence in the tropo-
sphere, between 195 and 867 hPa,

at 00:30 UTC from May 23 to 29 (time period including the four extreme nights in our observations in
May 2015 as highlighted in Figure 8) compared with other nights in May 2015 although the difference
in ω is lower than 100 hPa/d (see mean ω profiles in Figure 11a for 23–29 May nights and the other nights
of May).

As a consequence, LMDZ-iso simulates more depleted isotopic composition at 00:30 UTC for 23–29 May
nights (hereafter, LMDZ-iso extreme nights) than during the other nights of May (hereafter, LMDZ-iso clas-
sical nights) within the atmospheric layers above the Maïdo altitude (see Table 2 and Figures 11a and 11b).
The model simulates a significant depletion in the isotopic vertical profiles for LMDZ-iso extreme nights
between 790 and 342 hPa (Figure 11b). The mean isotopic composition in this layer is �31.1 ± 12.1‰ (com-
pared with�26.8 ± 12.8‰ considering the LMDZ-iso classical nights). A maximum difference (Figure 11b) of
�9.3‰ is found between 637 and 578 hPa considering the LMDZ-iso extreme and classical nights isotopic
mean profiles. It is worth noting also that vertical profiles of deuterium excess simulated by LMDZ-iso for
May 2015 confirm increased values of dv with altitude above 578 hPa (not shown). Mean deuterium excess
from surface to 578 hPa is 12.0 ± 0.3‰ with no vertical gradient. Above 578 hPa, dv increases at a rate of
~8‰/100 hPa until ~200 hPa and then around 75‰/100 hPa up to 114 hPa (not shown). We also observe

Figure 11. (a and b) LMDZ-iso δ18Ov vertical profiles (‰). The vertical velo-
city (ω, in hPa/d) is also shown in Figure 11a. Outputs are given at 00:30 UTC
for each day. Profiles refer to the grid including Reunion Island. Thick black
profiles correspond to the mean from 1 November 2014 to 31 October 2015.
Dashed black profiles refer to May 2015 mean profile. Thin red (blue)
profiles refer to LMDZ-iso classical (LMDZ-iso extreme) nights from 1 to 22
and 30 to 31 May 2015 (from 23 to 29 May 2015). We also show the corre-
sponding May 2015 mean profiles (thick red and blue profiles). The green
diamond represents the MO altitude.

Table 2. Mean (±1σ) Isotopic Composition of Water Vapor (δ18Ov, ‰) in May 2015 at 00:30 UTC (00:04 A.M. LT) for the
Whole Month, the Classical and the Extreme Nights for Observations at the Maïdo Observatory, δ18OV0 (Calculation From
Merlivat and Jouzel [1979]) (see text), and in LMDZ-Iso for Different Atmospheric Layersa

δ18Ov (‰)
May 2015
00:30 UTC

May 2015 Classical
Nights 00:30 UTC

May 2015 Extreme
Nights 00:30 UTC

Maïdo δv (~790 hPa) �16.9 ± 2.4 �16.3 ± 1.4 �19.9 ± 4.4
Ocean surface (δV0) �10.9 ± 0.5 - -
LMDZ-iso 1008 hPa �11.1 ± 0.6 - -
LMDZ-iso 790 hPa �13.7 ± 0.5 �13.8 ± 0.5 �13.8 ± 0.4
LMDZ-iso 744 hPa �14.9 ± 1.7 �14.4 ± 0.7 �16.8 ± 2.6
LMDZ-iso 693 hPa �16.8 ± 3.0 �15.5 ± 0.8 �21.5 ± 3.2

aExtreme nights in LMDZ-iso are recorded from 23 to 29 May. Extreme and classical nighttime isotopic values at
00:30 UTC in LMDZ-iso only differ above the 790 hPa level and are not mentioned below this layer.
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that vertical profiles for LMDZ-iso extreme nights show higher deuterium excess in water vapor from the
surface to 578 hPa by 3.3 ± 0.8‰ (the mean surface dv value for LMDZ-iso extreme night is higher by
4.3‰) (not shown).

So LMDZ-iso well captures the large-scale subsidence at the end of May 2015 and their impact on both δv and
dv, at the surface but also on the vertical scale. This clearly supports our interpretation linking large-scale sub-
sidence and extreme depleted isotopic values during some nights, as well as the added value of deuterium
excess measurements to examine such processes.
4.2.2.5. Summary
In conclusion of this section, we demonstrate that the free tropospheric end-member of mixing process is
sensitive to large-scale subsidence, which is controlled by the subtropical jet dynamics. Therefore, nighttime
δv and dv can be seen as tracers of the subtropical jet position relative to Reunion Island. The repartition of
extreme nights over our 1 year long record supports this assumption as most of them are recorded during
austral winter (see section 3) when the subtropical jet is close to Reunion Island. In the meantime, air masses
that are transported by the subtropical jet have different origins (Atlantic and South America versus eastern
Africa/Indian Ocean). Therefore, these differences in air masses origin and history could also contribute to the
isotopic composition variations observed in our measurements.

4.3. How Reunion Island Results Compared With Other Similar Locations?

This section is a comparative discussion of previous studies dealing with isotopic observations in subtropical
marine environments in regard to our study: what lessons can be drawn?

The strong common finding between our study and previous ones at Mauna Loa observatory in Hawaii
[Noone et al., 2011] and on Tenerife Island [González et al., 2016] is the capacity of pairing δv measure-
ments with qv to capture mixing processes at the diurnal scale between the ABL and the free tropo-
sphere although upslope flow dynamic can vary from the windward to the leeward side of island [Bailey
et al., 2015].

Our nighttime δv observations at Reunion Island provide also additional insights on extratropical moisture
transport when Reunion lies under a jet entrance. Based on an Eulerian and a Lagrangian last saturation
model, Hurley et al. [2012] demonstrated the importance of accounting for extratropical transport to explain
paired isotopic observations over a few weeks in Hawaii. Bailey et al. [2015] confirmed the importance of the
jet position in determining the isotope ratios at that site based on longer observations. González et al. [2016]
led to a similar conclusion correlating back trajectories to isotopes ratios. In addition to previous work, our
observations at Reunion Island suggest that nighttime deuterium excess might be a stronger tracer of such
moisture remote transport as it exhibits very high values during extreme nights when extratropical transport
dominates. Therefore, special efforts should bemade in all studies to calibrate carefully laser spectrometers in
order to provide reliable deuterium excess values.

Our study also confirms that water vapor isotopic ratios are much more robust in tracing the ABL diurnal
variability compared with chemical or aerosol tracers as already pointed out by Bailey et al. [2015].
González et al. [2016] showed also that water stable isotopes provide new insights in addition to dust mea-
surement into the influence of the African continent on the moisture budget of subtropical North Atlantic.

As a conclusion of this comparative section, the studies on Hawaii, Tenerife, and Reunion islands lead to very
similar conclusions about the controls of the humidity in the subtropical troposphere. Mixing processes and
large-scale subsidence exert a control strong enough on subtropical humidity to explain most of water vapor
isotopic ratios variability although atmospheric processes characterizing each location can play an occasional
role (as the dust outbreaks over the subtropical North Atlantic or the hurricane events at Reunion Island dur-
ing the austral summer).

A major and common lesson from those studies is that high-altitude stations in the free subtropical tropo-
sphere in both hemispheres are key locations to study moisture exchange and transport. Long-termmonitor-
ing of both δ18Ov and δDv will thus offer information to investigate moistening and dehydration processes in
subtropical troposphere (in opposite to diurnal qv variations alone) and their changes in a context of climate
change. Indeed, other tracer studies have shown that the frequency of extratropical transport to subtropics is
sensitive to climate variability [Lin et al., 2014].
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5. Conclusion

In this paper, we present a 1 year long time series of the isotopic composition of near-surface water vapor
isotopic and of specific humidity at the Maïdo observatory (2160 m asl) in Reunion Island.

Our observations show the influence of the free troposphere and the ABL air on δv at night (depletion) and
during the day (enrichment), respectively. The δv diurnal variations are controlled by an interplay of thermally
driven land-sea breezes and upslope-downslope flows and reflects the immersion of the Maïdo site in the
ABL during the day, whereas at night the site is located above the ABL, leading to a depletion of δv. This is
supported by Meso-NH simulation of the ABL evolution in the vicinity of the observatory for a day in
March 2015 with typical flow patterns for this time of the year (i.e., weak trade wind flow over the island
and diurnal island-induced flow on the slopes of the island) and also by LMDZ-iso simulation of vertical pro-
files of water vapor isotopic ratios, showing isotopic depletion increasing with altitude consistent with our
observations. Analysis of the observations in a δv-qv diagram confirms that the water vapor isotopic ratio diur-
nal cycle at the Maïdo site is well described by mixing processes for 59% of the data, increasing to 93% when
considering only periods of extreme nocturnal isotopic depletion.

Indeed, our observations exhibit a large range of isotopic depletions at night, with some extreme isotopic
depletion for 15% of nights. Based on May 2015 observations as an initial exploration, we suggest here that
the extreme nocturnal depletions are caused by large-scale atmospheric transport and subsidence over
Reunion Island induced by the subtropical jet. The FLEXPART simulations show that air parcels sampled dur-
ing extreme nights originate from southern part of South America and travel over the Atlantic Ocean to
Reunion Island before subsiding toward Reunion Island from 2 to 6 days before attaining the Maïdo surface.
For classical nights, the source is located in the Indian Ocean or in South Africa and air masses travel mostly in
the lower troposphere.

Thus, we show that δv in Reunion Island can be used to trace mixing processes between the ABL and the free
troposphere. It also records extratropical transport and subsidence bringing upper troposphere air to the sur-
face. We suggest that deuterium excess in water vapor can be a better tracer of the large-scale subsidence.
The investigations done with LMDZ-iso also suggest that large-scale subsidence could be further examined
from vertical observations of the isotopic composition of water vapor.

However, our interpretation on the links between variations in large-scale subsidence, long-range transport,
and strong isotopic depletion at night is mostly based on nights in May 2015. We will need to extend our ana-
lysis to other months in 2015 (July and September capture themost depleted nights) and in 2016 and 2017 to
reinforce our conclusions. In addition, the study of longer series of δv and qv will also enables us to further
explore the hurricane events signal, characterized by a strong depletion of water vapor with a complete dis-
appearance of diurnal cycles and so mixing processes.

Thus, general climate conclusions cannot be drawn yet from this relatively short-term record. But our study
demonstrates that mountain sites, such as the Maïdo observatory, can provide a unique window for contin-
uous long-term isotopic observations in the subtropical Southern Hemisphere where there is a relative lack
of observations. More generally, this study and the previous ones, carried out in subtropical environments,
show that long-term observations of water isotopic ratios might provide important insights in understand-
ing future changes in subtropical water cycle, specifically the extratropical moisture transport and its
frequency evolution.
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