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Abstract During 7-12 July 2012, extreme moist and warm conditions occurred over Greenland, leading
to widespread surface melt. To investigate the physical processes during the atmospheric moisture
transport of this event, we study the water vapor isotopic composition using surface in situ observations
in Bermuda Island, South Greenland coast (lvittuut), and northwest Greenland ice sheet (NEEM), as well

as remote sensing observations (Infrared Atmospheric Sounding Interferometer (IASI) instrument on
board MetOp-A), depicting propagation of similar surface and midtropospheric humidity and 5D signals.
Simulations using Lagrangian moisture source diagnostic and water tagging in a regional model showed
that Greenland was affected by an atmospheric river transporting moisture from the western subtropical
North Atlantic Ocean, which is coherent with observations of snow pit impurities deposited at NEEM. At
Ivittuut, surface air temperature, humidity, and 6D increases are observed. At NEEM, similar temperature
increase is associated with a large and long-lasting ~100%o0 6D enrichment and ~15%o deuterium excess
decrease, thereby reaching Ivittuut level. We assess the simulation of this event in two isotope-enabled
atmospheric general circulation models (LMDz-iso and ECHAM5-wiso). LMDz-iso correctly captures the
timing of propagation for this event identified in IASI data but depict too gradual variations when compared
to surface data. Both models reproduce the surface meteorological and isotopic values during the event
but underestimate the background deuterium excess at NEEM. Cloud liquid water content parametrization
in LMDz-iso poorly impacts the vapor isotopic composition. Our data demonstrate that during this
atmospheric river event the deuterium excess signal is conserved from the moisture source to

northwest Greenland.

1. Introduction

In summer 2012, a warm spell over Greenland led to a record extent of surface snow melt, covering 97% of
the ice sheet surface during 11-12 July [Nghiem et al., 2012]. A negative North Atlantic Oscillation pattern
in summer 2012 induced persistent anticyclonic conditions over Greenland, leading to melting lasting up
to 2 months longer than the 1979-2011 mean in some Greenland areas, causing a decrease in the ice sheet
surface mass balance reaching three standard deviations below mean value [Tedesco et al., 2013].

Other occurrences of melt episodes were observed in central Greenland ice cores over the past 10,000 years
[Meese et al., 1994; Alley and Anandakrishnan, 1995]: recurrent events at a multidecadal time scale in the
early Holocene (6000 to 8000 years ago) and once every about 250 years from 4000 to 1000 years ago.
Several events occurred in the medieval warm period, followed by an event around year 1250. Since then,
only one such event occurred in summer 1889 [Meese et al., 1994; Alley and Anandakrishnan, 1995] for which
limited meteorological information is available [Neff et al., 2014].
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The July 2012 event provides a unique directly observed case study to explore the atmospheric processes
involved in the transport of warm and moist air masses toward Greenland and the associated feedbacks
occurring in these meteorological conditions. Air mass trajectories analysis [Neff et al., 2014] has evidenced
that this event was triggered by the advection of dry and hot continental air from North America toward
subtropical North Atlantic, initiating intense evaporation. The resulting warm and moist air was then quickly
transported northward from the subtropics ahead of an advancing cold front. Greenland warming was
significantly enhanced by the presence of thin low-level “liquid water” clouds (clouds containing liquid
water droplets) advected from the south Bennartz et al. [2013]. While ubiquitous in the Arctic [de Boer et al.,
2009; Shupe et al., 2006], this type of clouds is currently poorly simulated by state-of-the-art Atmospheric
General Circulation Models (s), leading to biases in surface radiation [Klein et al., 2009; Cesana and Chepfer,
2012; Cesana et al., 2012]. Therefore, understanding the processes involved in this event may be useful to
help improving the representation of extreme events in AGCMs.

The northward transport of warm and moist air during the summer 2012 event has been described as an
atmospheric river [Neff et al., 2014]. Atmospheric rivers correspond to filamentary structures of large water
vapor transport in the troposphere [Newell et al., 1992], typically on the order of magnitude of the Amazon
river flux, readily identifiable by vertically integrated water vapor retrieved from satellite observations. They
are responsible for more than 90% of the poleward water vapor transport in midlatitudes [Zhu and Newell,
1998], produce extreme precipitation in coastal regions, and cause mild temperatures in upper latitudes
[Ralph and Dettinger, 2011; Sodemann and Stohl, 2013; Stohl et al., 2008; Gorodetskaya et al., 2014]. It was
recently evidenced that they also provide a significant contribution to the Antarctic ice sheet surface mass
balance [Gorodetskaya et al., 2014]. A change of the frequency of this type of events over Greenland might
lead to important climate feedbacks [Tedesco et al., 2013], through effects on the ice sheet surface mass
balance and albedo.

Water-stable isotopic composition provides integrated information on the evolution of atmospheric
moisture and can be applied to atmospheric rivers. We focus here on H,0, H;SO, and HDO water-stable
isotopologues, hereafter denoted isotopes. As they have different saturation vapor pressure and diffusivity
in the air, fractionation processes occur during phase changes (such as evaporation or condensation), with
heavier isotopes being preferentially distributed in the condensed phase. Successive water phase changes
during condensation processes caused by air mass cooling lead to a gradual depletion of the heavy isotopes
in water vapor. Water isotopic compositions are commonly reported against an international scale (here
Vienna SMOW (VSMOW)) in %o unit using the § notation, defined as a deviation of the sample isotopic ratio
R compared to a standard isotopic ratio Rysyow:

8= 1000 X (R/Rysyow — 1) (1)

At the global scale, precipitation isotopic composition is distributed along the Global Meteoric Water Line
[Dansgaard, 1964], identified in a 6D-6'80 diagram with a slope of 8 and an offset of 10. The second-order
isotopic parameter deuterium excess, hereafter d-excess (d-excess =6D—8-6'80), was introduced to
quantify the distance to the Global Meteoric Water Line and highlight kinetic effects [Dansgaard, 1964;
Craig and Gordon, 1965; Merlivat and Jouzel, 1979]. The d-excess of initial evaporated water is predominantly
driven by sea surface temperature and relative humidity [Merlivat and Jouzel, 1979; Steen-Larsen et al., 2014a;
Pfahl and Sodemann, 2014], and this parameter should theoretically preserve a signal related to the initial
moisture origin [Jouzel et al., 2013; Steen-Larsen et al., 2011; Bonne et al., 2014; Pfahl and Sodemann, 2014].
Using d-excess to track the moisture origin is an original technique which has been applied to ice core
records but seldom applied for present-day monitoring.

So far, only one atmospheric river has been investigated regarding water isotopic composition, using
precipitation samples along the Californian coast. Large changes in precipitation isotopic composition were
initially interpreted as the mark of different condensation heights [Coplen et al., 2008]. This was challenged
by regional atmospheric simulations which stressed the importance of droplet reevaporation at the onset
of the event followed by variations driven by horizontal advection [Yoshimura et al., 2010]. This example
highlights the complexity of processes affecting the isotopic composition of water during this type of events
and the added value of atmospheric models to interpret isotopic variations in terms of processes.

Here we investigate moisture origins during the July 2012 atmospheric river based on observations and
simulations of the water vapor isotopic composition, which opens new perspectives compared to analyses
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based on precipitation sampling which are limited to rainy conditions and performed at lower frequencies.
Surface water vapor isotopic composition was monitored continuously with laser-based techniques at three
sites: at the potential origin of the atmospheric river [Neff et al., 2014] in the Bermuda Islands [Steen-Larsen
et al., 2014a], in South Greenland at lvittuut [Bonne et al., 2014], and in northwest Greenland at NEEM
[Steen-Larsen et al., 2013, 2014b]. In South Greenland, Ivittuut measurements have previously depicted a
close relationship between surface water vapor D and local air temperature and humidity, at the seasonal
and synoptic time scales, whereas d-excess appears to be related with relative humidity at the surface of its
usual North Atlantic moisture source [Bonne et al., 2014]. Both Greenland stations have revealed fingerprints
of air masses origins in the water vapor isotopic composition. In particular, Arctic air masses were shown
to be associated with higher d-excess values [Bonne et al., 2014; Steen-Larsen et al., 2013]. Water vapor with
such high d-excess could be produced, predominantly during autumn and winter [Pfahl and Sodemann,
2014], when evaporation occurs with low relative humidity, leading to strong kinetic effect. This could take
place in particular at the sea ice margins where dry air from areas covered with sea ice encounter open
waters [Kurita, 2011]. The Bermuda Islands observations confirm the theory of Merlivat and Jouzel [1979]
where d-excess of evaporated water depends on the difference between atmospheric humidity and ocean
skin surface humidity. No link has been detected with wind speed or sea surface temperature [Steen-Larsen
et al., 2014a). Surface measurements are completed by remote sensing observations of specific humidity
and 6D in the free troposphere above the North Atlantic performed by the Infrared Atmospheric Sounding
Interferometer (IASI) on board the MetOp-A satellite [Lacour et al., 2012]. Both isotopic data sets will allow
to evaluate the relationships between water vapor isotopic composition and meteorological parameters
(temperature, humidity) during and outside of the melt event along the moisture transport path. Surface
snow pits at NEEM were sampled for impurity content before and after the melt event. The chemical
composition of impurities deposited during the melt event provides additional information on air masses.

In order to investigate the atmospheric water cycle processes and the moisture source changes during
the event, we use regional atmospheric models, water tagging, and moisture source diagnostic based on
Lagrangian backward trajectories. We investigate if state-of-the-art AGCMs equipped with water-stable
isotopes modeling and nudged to meteorological analyses can reproduce the observed isotopic signal
along the atmospheric river, and we discuss the impact of cloud parametrizations on the simulated
temperature, humidity, and water vapor isotopic composition.

This manuscript is organized in the following way. First, we introduce the data and methods (section 2).
Results are presented in section 3: we first discuss the meteorological context, with a specific focus on the
water cycle from the moisture sources and along the transport path; we then report the observed changes
in water vapor isotopic composition and their representation in general circulation models. Our conclusions
are given in section 4.

2. Data and Methods

Throughout the manuscript, we will use the notations T, g, and RH, respectively, for air temperature, specific
humidity, and relative humidity.

2.1. In Situ Water Vapor Isotopic Measurements

This study is based on in situ observations of surface water vapor isotopic composition performed at two
Greenland sites and in Bermuda Islands, using continuous laser-based analyzers. Two types of analyzers
have been used at these stations: WS-CRDS (Wavelength Scanned Cavity Ring-Down Spectrometry)

or OA-ICOS (Off-Axis Integrated Cavity Output Spectroscopy). These instruments have been operated
semi-autonomously and are calibrated against the VSMOW scale using different liquid water standards.

Ivittuut is a coastal South Greenland site (61.2°N, 48.17°W, altitude 30 m above sea level (asl)) where several
instruments have been deployed for the autonomous monitoring of atmospheric composition. A Picarro Inc.
WS-CRDS analyzer (product number L2120-i) has been deployed on site from September 2011 to September
2014, with an inlet located at about 5 m above ground level (agl). Meteorological parameters (T, RH, air
pressure, and wind speed and direction) have also been measured in the station as well as in Grgnnedal,

5 km east from lvittuut. Temperature observations presented here are based on observations from both
sites. Further details on the water vapor isotopic composition and meteorological monitoring methods are
given in Bonne et al. [2014].
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The NEEM camp was established on the ice sheet in northwest Greenland (77.45°N, 51.05°W; 2484 m asl)
for drilling Greenland oldest ice [NEEM-Community-Members, 2013]. In order to understand the processes
controlling the isotopic composition of surface snow, continuous measurements of water vapor isotopic
composition were performed during four summer field campaigns. Cold trap sampling provided first
discrete measurements in 2008 [Steen-Larsen et al., 2011]. During three successive summer campaigns,
from 2010 to 2012, WS-CRDS and OA-ICOS (Off-Axis Integrated Cavity Output Spectroscopy) instruments
were deployed and provided continuous records of surface water vapor isotopic composition in 2010
[Steen-Larsen et al., 2013], 2011, and 2012 [Steen-Larsen et al., 2014b]. During the summer 2012 melt event,
water vapor isotopic composition was monitored on site by a Picarro Inc. WS-CRDS analyzer (product
number L1102-i). Two inlet levels were located at 3 m and 20 cm height. Alternate measurements of the
3 m and 20 cm levels were performed, respectively, for 45 and 15 min every hour. Here we only use the
measurements performed at 3 m height. Meteorological measurements have also been performed
(measuring T, RH, air pressure, and wind speed and direction). Further details on the water vapor isotopic
composition and meteorological monitoring methods are given in Steen-Larsen et al. [2014b].

Bermuda observations have been performed at the Tudor Hill Atmospheric Observatory in Bermuda
(32.26°N, 64.88°W) since November 2011, on a meteorological tower situated ~ 30 m inland from the coast,
where meteorological parameters are also recorded (T, RH, air pressure, and wind speed and direction).
Water vapor isotopic composition was monitored on site by a Picarro Inc. (Model HBDS-2120) WS-CRDS
analyzer. Inlets were located on the tower at ~49 m asl. Further details on the water vapor isotopic
composition and meteorological monitoring methods are given in Steen-Larsen et al. [2014a].

The instrumental accuracies and precisions have been evaluated, respectively, for D and d-excess at 2.2%o
and 4.9%o for Ivittuut [Bonne et al., 2014], at 1.4%o0 and 2.3%o for NEEM [Steen-Larsen et al., 2013], and at
0.85%o and 1.1%o for Bermuda [Steen-Larsen et al., 2014a]. We will also use the surface T and RH values
provided by meteorological instruments at each site.

2.2. IASI Remote Sensing Data and Model-Data Comparison Methodology

In this study, we use remote sensing observations from the IASI instrument on board the MetOp-A satellite
to provide vertically integrated estimates of both atmospheric water vapor content and 5D ratios in water
vapor. Water vapor content and 6D were inferred from IASI radiance spectra following the method described
in Lacour et al. [2012]. IASI observations are restricted to clear sky areas and cannot be exploited over
continental surfaces in this study due to the difficulty of the sounder to get reliable information over ice.
The IASI observations are vertically integrated between 3.5 and 6.5 km, as the instrument sensitivity peaks at
these altitudes. It is therefore difficult to compare it directly with in situ measurements at the surface. The 6D
observational error for the 3-6 km layer has been estimated to be 38%o on an individual observation [Lacour
et al., 2012]. This error is lowered when averaging several observations. Here IASI observations have been
horizontally regridded on the LMDz-iso model grid (see section 2.4) in order to facilitate the model-data
comparison. IASI retrievals have also been a posteriori corrected to provide an optimal combined use of
water vapor content and 5D [Schneider et al., 20121, as in Pommier et al. [2014].

2.3. Distillation Simulation Using a Theoretical Model

The most simple modeling approach to understand the evolution of the water vapor isotopic composition
between lvittuut and NEEM relies here on the use of the mixed cloud Rayleigh distillation model Mixed
Cloud Isotopic Model (MCIM), introduced by Ciais and Jouzel [1994] and already applied for NEEM ice core
water isotopes [Steen-Larsen et al., 2011]. Assuming that the surface isotopic composition and temperature
are representative of condensation conditions, we use the lvittuut data (surface T, air pressure, RH, and
water vapor isotopic composition) at the time of the local g maximum (identified as the time of the
atmospheric river) as a starting point for distillation calculations and NEEM data (surface T and pressure)
at the beginning of the warm period to estimate the final condensation characteristics. This calculation
assumes that lvittuut moisture is the only moisture source for NEEM. The same calculation has also been
performed using the average summer lvittuut and NEEM conditions.

This simulation is to be interpreted with caution, as the fast variations of lvittuut conditions during the event
(decorrelated g and T maxima, associated with fast changes in water vapor isotopic composition) creates an
ambiguity in the values which should be compared to those at NEEM.
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2.4. Isotopic Enabled Atmospheric General Circulation Models

In order to investigate whether Atmospheric General Circulation Models (AGCMs) can reproduce the main
features of the observed atmospheric river and the associated changes in water vapor isotopic composition,
we use here simulations performed with two AGCMs (LMDz-iso and ECHAM5-wiso) including water-stable
isotopes modeling. In these models, the water-stable isotopes are introduced in atmospheric models by
replacing the variables representing water by a set of variables representing each isotope (e.g., H;GO, H;SO,
and HDO). All isotopes are passively transported and undergo fractionation during phase changes. For both
simulations, large-scale dynamics are nudged to atmospheric reanalyses, but the hydrological cycle and the
water isotopic composition is freely modeled by the physics of each atmospheric model.

2.4.1. LMDz-iso Model

The isotope-enabled version of LMDZ4 [Hourdin et al., 2006], LMDz-iso, has been developed at the
Laboratoire de Météorologie Dynamique (LMD) by Risi et al. [2010]. The model has a uniform horizontal
resolution of 3.75° in longitude and 2.5° in latitude and 19 vertical levels. The simulation used here was
performed using monthly observed sea surface temperature (SST) and sea ice cover and nudged to
6-hourly three-dimensional wind fields derived from the European Centre for Medium-Range Weather
Forecasts (ECMWF) operational analyses [Dee et al., 2011; Rabier et al., 2000], which drives a realistic synoptic
variability. Daily outputs from the lowermost model layer are used for the comparison with Ivittuut, NEEM
and Bermuda in situ observations. The top of this bottom model layer is located in Greenland about 20 hPa
above the ground. We use LMDz-iso model outputs from the grid cells centered at the location of the
measurement sites: 62.11°N, 48.75°W for lvittuut, 77.32°N, 52.5°W for NEEM and 31.69°N, 63.75°W for the
Bermuda Islands.

In order to perform model-data comparisons with IASI remote sensing observations, LMDz-iso simulations
have been extracted on the same vertical layer as IASI observations. Because 6D observations from 1ASI
contain a certain amount of a priori information and have limited vertical sensitivity, the comparison with
LMDz-iso makes more sense when smoothing model vertical profiles with the averaging kernels of the IASI
retrieval (sensitivity matrices of the retrieval). By doing so, the model outputs consider the same part of the
atmosphere as IASI and with the same content of a priori information.

In both Ivittuut and NEEM [Bonne et al., 2014], LMDz-iso is able to reproduce the timing of observed
variations in surface water vapor 5D at the interannual to intraseasonal time scales. However, it shows
significant biases in both sites, with too cold and dry air associated with overdepleted precipitation and
surface vapor at Ivittuut, and oppositely too warm and wet air and enriched precipitation and surface vapor
at NEEM. At Ivittuut, the observed amplitude of variations is in between those simulated at the nearest

ice sheet grid cell and at the nearest oceanic grid cell (respectively producing too large and too small
variations), as the station is at the interface of ocean and ice sheet and the model spatial resolution is
relatively low. The model also underestimates the amplitude of 6D variations at NEEM. LMDz-iso has been
shown to strongly underestimate the d-excess synoptic variations in NEEM and its synoptic and seasonal
variations in Ivittuut. The stronger relationship between North Atlantic surface RH and Ivittuut observed
d-excess compared to simulated lvittuut d-excess suggests an underestimation of d-excess conservation
during transport in the model.

2.4.2. ECHAM5-wiso Model

The ECHAMS5-wiso AGCM [Werner et al., 2011] is the isotope-enabled version of ECHAMS5 [Roeckner et al.,
2006]. We have used here a simulation performed at the spectral resolution T63, corresponding to an
horizontal grid of 1.9° by 1.9°, and a vertical resolution of 31 levels. ECHAM5-wiso is also nudged to 6-hourly
ECMWEF analyses using pressure, temperature, divergence, and vorticity [Rast et al., 2013]. This nudging
method is therefore stronger than for LMDz-iso, due to the use of the temperature constraint. For the
comparison with lvittuut and NEEM surface data, we use the ECHAM5-wiso model outputs from the nearest
grid cells: 60.62°N, 48.75°W for Ivittuut and 77.41°N, 50.63°W for NEEM. Here the coordinates represent the
center of the grid cells. Contrary to LMDz-iso model, the diagnostic of estimate of IASI retrievals in the model
is not implemented in ECHAM5-wiso.

To our knowledge, no evaluation of ECHAM5-wiso over Greenland has been published yet. However, in
an evaluation of the previous model release ECHAM4-iso over Greenland, a warm bias has been depicted
over the ice sheet, probably associated with model biases for surface temperature inversion or albedo
[Sjolte et al., 2011; Werner and Heimann, 2002].
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2.5. Regional Atmospheric Modeling

2.5.1. MAR Model

Modéle Atmosphérique Régional (MAR) is a regional climate model coupled to the 1-D Surface Vegetation
Atmosphere Transfer scheme SISVAT (Soil Ice Snow Vegetation Atmosphere Transfer). The atmospheric part
of MAR is fully described in Gallée and Schayes [1994], while the SISVAT scheme is detailed in De Ridder and
Gallée [1998]. MAR has been specifically developed for the polar regions and has been intensively validated
over the Greenland Ice sheet [Fettweis et al., 2013], particularly for the simulation of the Greenland ice sheet
surface mass balance [Fettweis et al., 2011]. It correctly captures the summer 2012 exceptional melt extent
and duration [Tedesco et al., 2013].

The MAR setup used here is at a spatial resolution of 25 km, an integration domain of 2000 km x 3500 km
centered on Greenland and 23 vertical levels from 3 m to 15 km with seven levels below 100 m. The ERA-40
analyses (1957-1978) and after that the ERA-Interim analyses (1979-2013) from the ECMWF are used to
initialize the meteorological fields at the beginning of the simulation in September 1957 and to force the
lateral boundaries with T, g, and wind components at each vertical level of MAR during the simulation. The
6-hourly wind fields from reanalyses are also used to force the upper boundary (above the tropopause)

of MAR over the whole integration domain. Finally, the SST and the sea ice extent are also prescribed

into MAR.

2.5.2. Water Tagging in CHRM Model

In order to identify the atmospheric river moisture sources, we use the Climate High Resolution Model
(CHRM) regional atmospheric model [Sodemann et al., 2009] as the water tagging method is implemented
in this model. This method consists in introducing dye in the model hydrological cycle: the water is marked
by its origin with a tag or label, and the tags are redistributed with water during phase changes. CHRM has
mostly been used to simulate climate in the midlatitudes [Vidale et al., 2003] and in contrast to MAR does not
contain special adjustments to high-latitude processes. The CHRM simulation setup is similar to the setup
described by Sodemann and Stohl [2013] for the diagnostic of moisture origins during an atmospheric river
over western Scandinavia. The description of the tagging method is given in Sodemann et al. [2009].

The model has been run for a large North Atlantic domain encompassing Greenland and Europe (see the
tracers location in Sodemann and Stohl [2013, Figure 11). The model has a 0.5° x 0.5° horizontal resolution,
with 40 vertical levels. As shown in Figure 4a, the tracers (or tags) were initialized from 10° latitudinal bands
over the North Atlantic, from the land (representing one single moisture source) and from moisture entering
the domain from the southern, western, and northeastern boundaries [Sodemann and Stohl, 2013]. The
simulation is initialized from operational ECMWF analyses at a spectral resolution of T799 and 91 vertical
levels and interpolated onto a 1°x 1° horizontal grid spacing. Wind fields were nudged to ECMWF
atmospheric reanalyses throughout the simulation. In a spin-up period from 1 to 15 June 2012, a stronger
nudging coefficient was employed to obtain a well-defined initial state for the meteorological situation
while allowing moisture with undefined origin to leave the domain. Thereafter, the nudging coefficient was
decreased by 1 order of magnitude to allow for a more free evolution of the meteorological conditions in the
domain. Throughout this latter period, typically about 98% of the water vapor in the model domain belongs
to identified sources. At the location of both stations, we extract the fraction of each source region tracer
contributing to the vertically integrated water vapor in the lower troposphere (below 600 hPa).

2.6. Moisture Source Diagnostic

In order to analyze moisture origins, we use a moisture source diagnostic based on Lagrangian backward
trajectories [Sodemann et al., 2008]. Backward trajectories are computed using the FLEXPART model version
8.1 [Stohl et al., 2005], following the ECMWF ERA-Interim reanalyses at 1° horizontal resolution and 60
vertical levels [Dee et al., 2011]. Air parcels are traced 10 days backward in time from a box over NEEM
(77.50°N, 51.60°W to 77.90°N, 50.60°W and from 2400 to 2900 m asl). Variations of g along the air masses
trajectories from one time step to the next are interpreted as moisture being taken up or released between
both time steps (see Sodemann et al. [2008] for further details). Multiple outputs are computed on a global
1° X 1° grid. The locations of moisture uptakes and loss contributing to NEEM moisture are given by the
integration of all moisture uptakes and loss occurring along the multiple trajectories projected on this
grid. Integrated uptakes are differentiated depending on the location within or above the boundary layer,
respectively called “moisture uptake in the boundary layer” and “moisture uptake in the free troposphere.”
Both quantities are reported in millimeter per day (mm/d), representing the height of liquid water column
added each day in the air masses over the grid cell area. The difference between gain and loss of water
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along the trajectories integrated over the multiple trajectories and projected on the output grid provides an
estimate of the locations where air masses predominantly gain or lose water during transport. This
parameter, called “evaporation-precipitation,” is expressed in millimeters per day. If this quantity is positive
(negative), the air masses predominantly gain (lose) water in this area. The integrated quantity of water
transported along the multiple trajectories (taking into account all gain and loss of water along trajectories)
is an estimate of the total amount of water present in the air masses advected to NEEM. This parameter,
hereafter called “moisture transport,” is reported in millimeters (mm) representing the corresponding height
of the liquid water column contained in the grid cell that is then going to NEEM, integrated over the particles
lifetime (here 10 days). This methodology is here employed to map the origins of NEEM moisture, following
the same procedure as described in Bonne et al. [2014] for Ivittuut moisture source identification. Ivittuut
moisture source identification results for this event are also presented in supporting information Figure S1.

2.7. Time Scales Used for the Analyses

For the interpretation of all data sets, we used two different averaging time steps. The analyses of
meteorological observations (section 3.1) and water vapor isotopes in situ measurements (section 3.3) are
based on observations with a step of 6 h averaged over 30 min. The comparison of model outputs (MAR
model in section 3.1, moisture transport models in section 3.2, and AGCMs in section 3.5) and remote
sensing observations with in situ observations (section 3.3) are based on daily averages.

3. Results and Discussion

3.1. Greenland Meteorological Changes During the Melt Event

We first look at the meteorological situation, depicted by the regional model MAR and by surface
observations at lvittuut and NEEM. This allows us to diagnose the timing of air masses arrival in both
Greenland stations and to quantify the meteorological changes (T, g, and precipitations) occurring during
the melt event.

Figure 1 displays the daily evolution of T, g, and precipitation over Greenland, as simulated in the model
first vertical level of MAR (2-3 m agl), from 7 July to 12 July 2012. On 8 July, a moist air mass arrives over the
southwest coast of Greenland. This air mass then moves northward along the Greenland west coast on 9 July
and 10 July. Precipitation occurs along this path, mostly over the southwest coast of Greenland (probably
driven by the Greenland coast topography). The wet air mass then shifts eastward and is lifted onto the
Greenland ice sheet on 11 July. It progressively expands over the whole Greenland ice sheet, where surface
g values increase (for example in NEEM from about 2 g/kg on 8 July to about 4 g/kg on 12 July).

At lvittuut, surface air T increases by about 10°C from 8 July to 9 July and reaches peak values of 21.1°C

at 21 h UTC on 9 July (Figure 2a). lvittuut g increases from 6 to maximum values of 11 g/kg observed on

8 July at 21 h UTC (Figure 2b), therefore 1 day earlier than peak T. Both T and g anomalies last altogether

2 days. The g levels then decrease and reach background levels on 10 July. CALIPSO data (see supporting
information Text S1) show enhanced high-altitude cloudiness over Ivittuut between 8 and 10 July. This
observation is supported by the MAR simulated cloud cover, presenting few episodic clouds over Ivittuut
on 8 July and a large cloud cover on 9 and 10 July which moves eastward on the ice sheet on 11 July. This
suggests that the lag between the T and g maxima might be linked with the radiative effect of clouds, but
this hypothesis needs further analysis, e.g., on the different types of clouds (compositions and altitude) and
on their radiative forcing. The importance of cloud positive radiative feedback has also been highlighted at
Summit on top of the ice sheet during the atmospheric river event [Bennartz et al., 2013]. We note that the T
and g increases at lvittuut reach larger magnitudes than the other synoptic events encountered year round
(on average +7°C, ~+2.5 g/kg) [Bonne et al., 2014].

At NEEM (Figures 2a and 2b), T and g simultaneously sharply increase within 12 h. On 10 July, surface air T
shifts from —10.3°Cat 6 h UTC to +0.5°C at 18 h UTC. In parallel, surface g has a more than twofold increase
from ~1.5 to ~4 g/kg. From 10 July at 18 h UTC to 15 July at 00 h UTC, surface air temperature stays above
—1°Cand even reaches +2.9°C on 14 July at 18 h UTC. T and g values gradually decrease after 16 July and
reach background levels around 19 July. In summary, we observe the same amplitude of T anomaly (10°C)
in South and northwest Greenland. The amplitudes of g increases are on the same order of magnitude in
Ivittuut and NEEM, but the duration of the event is longer above the ice sheet than on the southern coast.

Another high T maximum is observed between 27 and 29 July 2012 but with a relatively lower importance in
terms of Greenland ice sheet melting [Tedesco et al., 2013]. We again observe a lag between T and g spikes in
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Figure 1. Simulated daily mean surface temperature (top color maps), specific humidity (bottom color maps, in g/kg),
and precipitation (black curves on bottom maps, in mm/day) from MAR regional model outputs at the first model vertical
level (2-3 magl), from 7 to 12 July 2012.

Ivittuut, but in this case, the g maximum occurs after the T maximum. In NEEM, T and g increase are almost
as important as for the first event, but the perturbation is much shorter and lasts about 1 day.

3.2. Moisture Sources Locations

We now investigate the origins of moisture contributing to the atmospheric river event. Backward
trajectories simulations of air masses have already been performed by Neff et al. [2014] for Summit in central
Greenland. Here we use the moisture source diagnostic based on Lagrangian backward trajectories to gain
information on the uptakes and outtakes of moisture during air masses transport. Outputs from the regional
model CHRM also provide a quantification of the relative contributions of different moisture sources without
the constraints of backward trajectory lifetime, taking into account the integrated water gains and losses
along transport and with thinner horizontal resolution. Results from atmospheric moisture transports are
finally coherent with direct observations of snow pits impurities performed in NEEM.

The atmospheric circulation has been described during the event by Neff et al. [2014], showing that this
period was characterized by an abrupt change in the Arctic atmospheric circulation. The Arctic Oscillation
(AO) transited from a negative to a positive phase between 5 July and 12 July 2012, potentially creating
an opportunity for northward transport of heat and moisture. On 9 July 2012, a cyclonic circulation was
centered over the coast of Newfoundland, whereas an anticyclonic circulation was centered over the
southeast coast of Greenland, leading to northward winds along the west coast of Greenland. Neff et al.
[2014] also noted that the Atlantic Multidecadal Oscillation (AMO) was in its positive phase during June and
July 2012 and may have enhanced the warm and wet anomaly, as it led to 2°C positive SST anomalies just
south of Greenland. This large-scale atmospheric and oceanic situation allowed the atmospheric transport
of air masses from North America over subtropical North Atlantic where intense evaporation could take
place; these warm and wet air masses subsequently shifted northward to Greenland [Neff et al., 2014]. We
will now analyze the atmospheric transport of moisture in these air masses.
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Figure 2. Observations averaged over 30 min every 6 h at lvittuut (IVI,
red) and NEEM (blue) of (a) temperature (°C), (b) specific humidity

(9/kg), (c) 8D (%), and (d) d-excess (%o), from 1 July to 31 July 2012. sug.gest .that this fr.ee-tr.opospheric
Temperature observations from lvittuut are an average from lvittuut moistening may arise either from
and Grgnnedal (5 km west of lvittuut) observations. The gray-shaded detrainment of boundary layer air

rectangle represents the atmospheric river event. due to convective processes or from

precipitation evaporation. The oceanic
area providing most moisture uptake inside the boundary layer is located at the southern part of usual
moisture sources for lvittuut high-humidity synoptic events [Bonne et al., 2014].

During the second event at the end of July, our analyses show moisture sources in NEEM similar to those
during the first event but with more intense precipitation between lvittuut and NEEM (not shown).

The attributions of integrated water vapor at Ivittuut and NEEM to different moisture sources, calculated
from the decomposition of the total water vapor into contribution from the tagged water tracers using
CHRM regional model, are presented in Figure 4b. The small fraction of water vapor not assigned to

any tracer is due to numerical diffusion and numerical inconsistencies [Sodemann and Stohl, 2013]. For
both stations, prior to the melt event, summer moisture mostly originates from land evapotranspiration
(gray), followed by a western boundary tracer (mainly North American continent). This is consistent with
intense continental recycling in summer and with earlier moisture source diagnostic depicting a dominant
contribution to lvittuut moisture during summer from the northeastern American continent and South
Greenland [Bonne et al., 2014]. NEEM receives a larger fraction of moisture from northeastern boundaries,
while lvittuut is diagnosed to receive a larger fraction of nearby sources (50-70°S, T4 and T5, red and
purple). The contribution of this region to Ivittuut moisture has been independently suggested by the
correlation between Ivittuut d-excess intraseasonal variability and North Atlantic surface RH [Bonne et al.,
2014]. The melt event is associated with a major change in moisture origin, identified from 8 to 9 July at
Ivittuut and 11 to 14 July at NEEM, marked by a dramatic reduction of the proportion of land surface
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Figure 3. Map of moisture sources and transport to NEEM identified from the Lagrangian moisture source diagnos-
tic on 11 July 2012. (a) Moisture uptake inside boundary layer (mm/day); (b) moisture uptake in the free troposphere
(mm/day); (c) moisture transport (mm); and (d) evaporation minus precipitation (mm/day). Dots show the positions of

NEEM, lvittuut, and Bermuda.
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Figure 4. (a) Calculation domain of the CHRM model (solid black line) and interior model domain (dashed black line),
figure adapted from Sodemann and Stohl [2013] (©American Meteorological Society; used with permission). Colors show

water vapor tracers released by surface evaporation from every 10° latitude band of ocean area (T1 to T6), from land (TL,

here plotted in white), and from advection through the southern (TS), western (TW), and northeastern (TNE) boundaries
reaching from the bottom to top of the model domain. Initial atmospheric tracer (TA) is not displayed. (b) Time series

of the simulated relative proportion (%) of the different tracers in the lower troposphere (below 600 hPa) for the two
Greenland sites during 3-14 July 2012.
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moisture source (from ~65 to ~10% in lvittuut and from ~55 to ~20% in NEEM) and a major increase in the

contribution of moisture from the subtropical Atlantic (T2, 30-40°N, blue tracer, from ~2 to ~40% in lvittuut
and from ~2 to ~30% in NEEM) and, second, the nearby oceanic regions (T3, 40-50°N, green tracer, from ~4
to ~10% in lvittuut and from ~2 to ~10% in NEEM).

To further characterize the moisture source leading to the Greenland melt event, we investigated impurities
in snow pits at NEEM prior to and after the melt event (see supporting information Text S3). These data
reveal a sevenfold increase of sodium (Na*) concentrations following the melt event (Table S1 and Figure S7
in the supporting information). Such high levels of sea salts are unusual for high-altitude inland sites and
have not been observed in the NEEM deep ice core record covering the entire current interglacial period (the
Holocene). These results suggest that the precipitation which occurred during the melt event originated
from an air mass unusually enriched in sea salts. This is consistent with the moisture uptake that occurs with
strong convective updraft.

3.3. Observations of Water Vapor Isotopic Composition

Different moisture sources have been depicted for the background summer conditions and for the melt
event period. The isotopic composition of water should reflect these distinct moisture sources. We use here
the surface-based observations as well as satellite remote sensing observations of water vapor isotopic
composition to track the propagation of an isotopic signal associated with this atmospheric river event.

The time series of lvittuut and NEEM surface water vapor isotopic observations are shown in Figures 2c
and 2d. Before the melt event, they display a north-south isotopic gradient, as expected from air mass
distillation, with 150%o to 200%o0 more depleted 6D values at NEEM compared to Ivittuut. The isotopic
gradient is also marked by a much higher level of d-excess at NEEM (20%o0 above Ivittuut level). The poleward
increase in water vapor d-excess possibly results from the impact of cold temperatures on fractionation.

It is also expected to vary if NEEM receives either more moisture from the low latitudes (warmer moisture
source) and/or more moisture from the Arctic. Indeed, moisture formed at the sea ice margin, where kinetic
effects are expected to be strong, would have a high d-excess [Kurita, 2011; Steen-Larsen et al., 2013].

The isotopic signal at Ivittuut shows a +6%o d-excess increase occurring between 9 July at 09 h and 10 July
at 21 h UTC. The 6D data depict a brief 46%o0 enrichment on 8 July, followed by a fast decrease on 10 July. The
6D maximum occurs in phase with the local g spike (see section 3.1), but earlier than the T maximum. This
6D maximum corresponds to the highest recorded 6D value in Ivittuut measurements, about 50%o higher
than usual summer 2012 and 2013 values [see Bonne et al., 2014, Figure 5]. The 6D local minimum following
the D maximum is reached when T is still high and begins to decrease. At Ivittuut, 6D variations are similar
to usual synoptic variations but coincide with a d-excess increase. This contrasts with the anticorrelation
between d-excess and 6D during synoptic events [Bonne et al., 2014]. During the few days before this event,
Ivittuut moisture sources (not presented) are already located southwest of Greenland, and the melt event
corresponds to moisture sources located unusually further south. During common synoptic events, the
antiphase of d-excess and 6D indeed reflects the shifts between Arctic sources prior to the events and
Atlantic sources during the storm events. We stress that the parallel increase of 6D and d-excess of surface
vapor is therefore a good indicator of subtropical moisture inflow.

Two days later, the atmospheric river reaches NEEM where it produces large and long-lasting variations. T,
g, 6D, and d-excess changes (respectively +10°C, +2.5 g/kg, +75%o, and —15%o) occur very abruptly within
12 h on 10 July and simultaneously, contrary to the observations at lvittuut. lvittuut station is located next
to a fjord a few kilometers from both the ice sheet and the Labrador Sea. As a result, local water vapor might
reflect a more complex set of influences than in NEEM, over the ice sheet. At NEEM, the recovery during the
days after the event (from 14 July to 21 July 2012) is progressive for 6D and meteorological parameters. We
note that this recovery is more stepwise for d-excess than for the other parameters, possibly as a result of
changes in moisture origin, while other parameters may be more strongly affected by local feedbacks asso-
ciated with surface snow-air interactions and/or cloud radiative feedbacks. During the event, the d-excess
gradient between lvittuut and NEEM is reduced from 20%o to less than 5%o. This reduced d-excess gradient
is consistent with a similar moisture source affecting first southern then northern Greenland.

At NEEM, the 6D/T, 6D/q, d-excess/T, d-excess/q, and d-excess/SD relationships during the event are similar
with the same relationships during the rest of the summer 2012 period (see supporting information
Figure S2).
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Figure 5. (a to d) IASI and LMDz-iso specific humidity (g/kg) and 5D (%o) daily averaged data along a series of grid
cells, presented in Figure 5e, following the air mass trajectory from the North Atlantic to NEEM, from 5 to 11 July 2012.
Data are vertically integrated between 3.5 and 6.5 km. The horizontal axes represent the grid cell indexes as noted on
the map from Figure 5e, and the vertical axes represent the time (in days of July 2012). Specific humidity observed

by IASI (Figure 5a); 6D observed by IASI (Figure 5b); specific humidity simulated by LMDz-iso smoothed with IASI
kernel (Figure 5¢); and 6D simulated by LMDz-iso smoothed with IASI kernel (Figure 5d). (e) Grid cells where data of
Figures 5a-5d are extracted, with their index number.

The second event at the end of July shows strong similarities in the surface isotopic measurements. It has a
weaker fingerprint in meteorological data (particularly concerning the event duration at NEEM). Concerning
the water vapor isotopic composition, we note that similarly enriched values are observed at lvittuut (close
to —100%o in 6D), associated with comparable d-excess variations. At NEEM, this second event displays an
increase in 6D and a decrease in d-excess. However, the fast change of air masses origins associated with
more intense precipitation occurring between lvittuut and NEEM probably explains the reduced amplitude
of 6D and d-excess spikes at NEEM.

Using IASI retrievals, we have also extracted the evolution of the atmospheric integrated vapor isotopic
composition between 3.5 and 6.5 km above ground level, for a series of grid boxes located along the
moisture transport path (Figure 5e). As seen in Figures 5a and 5b, we detect the progression of the atmo-
spheric river with the same timing as in surface observations. The 6D increase at the surface is also detected
at higher altitudes, with about the same magnitude at lvittuut between 7 July and 10 July and comparable
magnitude at NEEM (+100%o for the marine grid point closest to NEEM) on 11 July. For this event, the water
vapor monitored at the surface is thus representative of the water vapor at higher altitudes (here 3.5 to

6.5 km) and therefore of condensation water vapor. These remote sensing observations suffer from lower
precision and are restricted to clear sky conditions, compared to in situ surface observations, which also give
access to d-excess. The latter will thus be useful for an evaluation of water vapor isotopic composition and
meteorology in this case study and can be used to evaluate the simulation of these parameters in AGCMs.

3.4. Simulation of Isotopic Distillation During Water Transport

The isotopic composition has been measured during the atmospheric river event at Ivittuut and NEEM, and
we have identified a common moisture origin, transported toward both sites. To study the importance of
Rayleigh distillation along transport, we compare the NEEM observations with the evolution of water vapor
isotopic composition from lvittuut to NEEM simulated with the MCIM model. These simulated and observed
water vapor isotopic composition at Ivittuut and NEEM are presented in Figure 6.

For background summer conditions (June-July), as seen in Figure 6, due to the latitudinal temperature
gradient between these two sites, MCIM produces a 6§D decrease explaining half of the observed gradient
and a small increase in d-excess but not as large as observed. This is probably due to different summer
moisture sources for the two sites (e.g., more Arctic moisture contributions for NEEM than lvittuut), which is
not taken into account in this calculation.

For the atmospheric river conditions, as seen in Figure 6, MCIM produces a reduced 5D gradient (albeit not
as small as observed) but fails to reproduce the observed d-excess level because it simulates a decrease
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Figure 6. Idealized evolution of water vapor isotopic composition and northwest Greenland, in contrast
(6D and d-excess) between lvittuut and NEEM against surface with the usual latitudinal gradient. This

temperature, inferred from MCIM model simulation (plain curves) and calculation relies on the underlying
from observations (diamonds for lvittuut and circles for NEEM), for assumptions that the condensation
June-July 2012 period (black) and for the 10-11 July 2012 melt event

(red). MCIM model water vapor isotopic composition is initialized with occurs at the same temperature as at the
observed values at Ivittuut, and the model simulates its evolution surface or that the water vapor isotopic
when the temperature and atmospheric pressure goes from Ivittuut to  composition is vertically homogeneous.
NEEM observed values. The isotopic compositions and meteorological This simplification partly explains the
parameters correspond to the 2 month average conditions for the

June-July period and to 8 July at 2100 h UTC at Ivittuut and 11 July at too enriched water vapor at .NEEM in
1800 h UTC at NEEM for the melt event. the model, as the condensation occurs

at higher altitude than the surface.

Measurements of precipitation isotopic
composition would help to refine the simulation setup by providing further constraints on the condensation
vapor and temperature. Finally, processes related to droplet reevaporation associated with precipitation are
not taken into account (which should contribute to the depletion of surface moisture as the reevaporated
water originates from higher altitudes).

3.5. Simulations of Water Vapor Isotopic Composition

We now investigate the representation of the event in the most comprehensive AGCMs incorporating

the explicit representation of water isotopes. Sensitivity tests are finally performed with different cloud
parametrizations, in order to explore the impact of liquid cloud contents on meteorological parameters and
water vapor isotopic composition in Greenland.

Figure 7 compares time series of daily averaged isotopic composition observed at lvittuut and NEEM,

with outputs from LMDz-iso and ECHAMS5-wiso simulations, as well as MAR regional model outputs for
near-surface T and g. The MAR outputs are taken at its first vertical level (2-3 m), while the LMDz-iso and
ECHAMS5-wiso outputs correspond to higher altitudes (respective levels top altitudes at about 20 and 8 hPa
above ground level, thus around 160 and 70 m). First, consistent with earlier studies described in section 2.4,
both LMDz-iso and ECHAM5-wiso models have a cold and dry bias at Ivittuut (with similar differences over
July month of 5°C and 3 g/kg) and a wet and warm bias at NEEM (2°C and 1 g/kg). While they bracket the
Ivittuut 6D level, both models simulate too enriched 6D levels at NEEM. LMDz-iso produces a reasonable
level of d-excess at Ivittuut, even with too small variability, and strongly underestimates the mean level at
NEEM. ECHAMS5-wiso produces too low d-excess values at both sites, but the variability is more important
than in LMDz-iso and closer to the observations. As expected for a regional model, MAR is the closest to
observations for both T and g, with lower biases and a correct amplitude of variations. Model performance is
systematically better at NEEM than at lvittuut, where the spatial resolution of the models is not high enough
to resolve the complex coastal topography around lvittuut.

During the melt event, ECHAMS5-wiso does not simulate the observed temperature increase at Ivittuut,
while LMDz-iso underestimates this temperature variation and produces a maximum 1 day earlier than in
observations (+5°C in LMDz-iso and +10°C in observations). At NEEM, both models produce temperatures
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Figure 7. Observed (gray) and modeled LMDz-iso (magenta), ECHAM5-wiso (cyan), and MAR (green) daily averaged
values for lvittuut (left) and NEEM (right) of (downward): temperature (°C), specific humidity (g/kg), 6D (%o), and
d-excess (%o).

close to 0°C during the warm event. Because they have a warm bias prior to and after this event, this again
implies that they underestimate the magnitude of the event. Concerning the isotopic composition of
surface water vapor, LMDz-iso and ECHAM5-wiso show only small changes in D or d-excess at Ivittuut,
which is consistent with the damped signal in daily averaged observations. They both capture the sharp
increase in 6D observed at NEEM, again with a faster increase for ECHAM5-wiso than LMDz-iso, consistent
with model differences for gand T.

Sensitivity tests have been performed with LMDz-iso using different parametrizations of mixed clouds (see
supporting information Text S2). As they affect the amount of liquid water and ice in clouds, they could
potentially have an impact on water vapor isotopic composition. While the simulated T and g variations
during the event at NEEM appear sensitive to these tests, no distinguishable impact on NEEM surface water
vapor isotopic composition could be detected. The low-level cloud fraction observed and modeled at
Ivittuut and NEEM is relatively small (10 to 20%) during the melt event (see supporting information Text S2).
This might explain the small impact of mixed cloud parametrization of surface water vapor isotopic
composition, within the very simplified representation of microphysical processes in LMDz-iso. This result
suggests either that the water isotopes cannot be used to constrain the microphysical processes occurring
in the mixed clouds or that the model representation of cloud composition is not adapted to this type of
evaluation using surface water vapor isotopic composition. Further sensitivity tests on atmospheric models
using different microphysics representations could thus be useful to distinguish the model gaps from the
real processes.

Along the whole moisture path (Figure 5), we can only compare LMDz-iso outputs with IASI data,
because we need to account for the specific vertical sensitivity of IASI retrievals (see section 2.2) and this
implementation is not yet available for ECHAM5-wiso. The comparison shows that LMDz-iso correctly
captures the timing of changes in midtropospheric g and 5D at Ivittuut and NEEM. However, the mean
values of both g and 5D show large differences, only allowing for an investigation of variations rather than
absolute values because of the lack of validation of IASI observations in this area.

Detailed investigation of the water vapor content and isotopic composition at the two stations from surface
and upper level simulations and remote sensing observations as well as surface in situ observations (see
Figure 8) shows that the magnitude of g and 6D variations are in good agreement between LMDz-iso

and IASI but again with significant moist biases (about 1 g/kg) in LMDz-iso for both stations and a 6D
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Figure 8. Specific humidity (top) and water vapor 6D (bottom) evolution over Ivittuut (left) and NEEM closest oceanic
grid cell (right), from 6 to 10 July 2012, extracted from IAS| and surface observations (blue and black thick lines),
LMDz-iso with IASI averaging kernel data at 3.5 and 6.5 km, and LMDz-iso data at the surface (green and red thin lines).

underestimation in Ivittuut (about 50%o). IASI outputs are only considered above the sea, which complicates
the comparison with NEEM surface measurements. However, because of the elevation at NEEM, we observe
small differences in absolute values of g and 6D between NEEM surface data and IASI outputs at the closest
sea grid point. At lvittuut, the gap in absolute values is larger between surface and midtropospheric data.
The evolution of g and 6D at the end of the event (fast decrease between 9 and 10 July and new increase of
11 July) seems in better agreement between IASI and surface observations than between both observations
data sets and LMDz-iso modeled values. LMDz-iso produces variations which are generally smoother

than in observations. The timing of the §D maximum is delayed for 1 day in IASI compared to surface
observations and LMDz-iso and does not correspond to the g maximum. As seen from the differences in

6D evolution around lvittuut between grid cells 18 and 19 in Figure 5, this is a very local pattern. It might
be related with the alternating periods without and with cloud cover and precipitation around lvittuut,
which might affect the vertical profiles of water vapor isotopic composition (due to condensation or droplet
reevaporation). The magnitude of g variations is approximately twice larger at the surface than in the
midtroposphere, whereas similar D amplitudes are recorded. Table 1 gives correlations between surface
and midtropospheric g and 5D estimated from LMDz-iso model and IASI and surface in situ observations.
The comparison of LMDz-iso values at the two stations between surface and the upper altitude from 3.5 to
6.5 km shows that both surface and midtropospheric g and 6D strongly covariate (R > 0.85) in the model. In
LMDz-iso, surface water vapor is therefore isotopically representative of midtropospheric water vapor (at the
vertical location of IASI maximum of sensitivity). This is also the case when comparing the IASI and surface
observations for g in Ivittuut and NEEM, as well as for 5D at NEEM.

At lvittuut, the delay between g and §D maxima depicted in IASI is not observed in surface data and not
depicted by LMDz-iso. As a result, there is here no significant correlation between IASI and surface 5D at
Ivittuut. This may arise from the low signal-to-noise ratio in IASI data or from the small number of data
points (short period of comparison), but it cannot be ruled out that upper altitude processes linked with
cloudiness are not well reproduced by LMDz-iso. This can be due to physical parametrization or to the low
model resolution (the grid might be too large to treat these small-scale cloud patterns).

3.6. Meteorological Conditions and Water Vapor Isotopic Composition in the Moisture Source Region
We now investigate the relation between water vapor isotopic composition in Greenland with that of the
source region, at the time of moisture uptake, identified using our moisture source diagnostic.

Using the moisture source area identified by moisture source diagnostic based on backward trajectories,
we extract the water vapor isotopic composition and meteorological data at the source. T, RH, and d-excess
values from 1 to 9 July 2012 are reported in Table 2, extracted from three data sets: from LMDz-iso outputs
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Table 1. Statistics of Linear Correlation Analysis? at Ivittuut and NEEM Calculated From Daily
Averaged g and 5D Values Between 6 July and 10 July 2012

Ivittuut NEEM
R N  pValue R N  pValue
g 08 6 0016 094 5 0006
LMDz-iso surface LMDz-iso top
6D 093 6 0.002 098 5 le—4
N LT . g 082 6 0.031 092 5 0.009
S il 5D 036 6 0466 097 5 0001
q 054 6 0.249 0.83 5 0.047
LMDz-iso top observations surface
6D 069 6 0.102 069 5 0.157
B . b " . 086 6 0.014 088 5 0.022
z-iso surface observations surface S 0.286 A o
I b . . g 072 6 0.085 095 5 0.004
op observations surface
- 6D 024 6 0.645 078 5 0.084

aCorrelation coefficients, R; number of data points, N; p value.

bBetween LMDz-iso surface values and LMDz-iso values in the middle troposphere (3.5 to
6.5 km), between LMDz-iso surface values and IASI values in the middle troposphere (3.5 to
6.5 km), between LMDz-iso in the middle troposphere and surface in situ observations, and
between IASI in the middle troposphere and surface in situ observations.

averaged over a band between 38.0 to 35.5°N and 71.25 to 48.75°W, from LMDz-iso outputs at one
grid cell over the Bermuda Islands (31.69°N, 63.75°W), and from local observations at the same location
[Steen-Larsen et al., 2014al.

During the moisture uptake period, high T and RH are observed over the subtropical Atlantic. This high
humidity results from intense evaporation occurring after the advection of hot air masses coming from
the American continent, also highlighted by Neff et al. [2014]. LMDz-iso indeed simulates T and RH of,
respectively, 29°C and 90% on 1 July for the grid cell at 36.75°N and 78.75°W.

Concerning 6D, the values simulated by LMDz-iso over the moisture source region vary between —81%o and
—74%o during the event, which is close to the mean summer 2012 background values (—80%o from June to
August). This is slightly lower than that observed in Bermuda [Steen-Larsen et al., 2014a]. The data and model
outputs depict 30%o enriched 6D values compared to those observed in South Greenland, clearly indicating
distillation along northward transport.

Table 2. Averaged, Minimum, and Maximum Values of Relative Humidity (%), 6D (%o) and d-excess (%o) Values From 1
to 9 July 2012, From Three Data Sets®

LMDz-iso source region LMDz-iso Bermuda Island Observations Bermuda Island

Mean 1-9 July 2012 94.0 89.5 86.9
Relative Min 1-9 July 2012 92.2 829 80.2
humidity (%) Max 1-9 July 2012 95.9 90.6 90.4
Mean June-July 90.2 84.9 80.0
Mean 1-9 July 2012 —77.1 —85.3 —70.0
Min 1-9 July 2012 -814 -92.6 —76.0
D el Max 1-9 July 2012 —74.1 —78.0 —67.9
Mean June-July -81.3 —85.1 -77.0
Mean 1-9 July 2012 58 11.6 4.1
Min 1-9 July 2012 5.1 9.9 0.5
d-excess (%0} \1ax 1-9 July 2012 6.9 127 84
Mean June-July 74 11.6 7.8

aLMDz-iso outputs on a band of 38.0 to 35.5°N in latitude and 71.25 to 48.75°W in longitude, LMDz-iso outputs
over the Bermuda Islands (31.69°N, 63.75°W), and observations from Bermuda station (32.26°N, 64.88°W).
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Over Bermuda Islands, LMDz-iso depicts a wet bias compared to observations. As already well documented
by the literature [Benetti et al., 2014; Steen-Larsen et al., 2014a; Pfahl and Sodemann, 2014], high RH at the
source of evaporation causes low d-excess. From LMDz-iso in the moisture source region, the modeled
d-excess of water vapor is lower during the moisture uptake period (5.8%o) than on average during summer
2012 (7.4%o0 on June and July 2012). At the Bermuda Islands during the moisture uptake period, the model
shows a higher d-excess (11.6%o) than the observations (4.1%o on average). In general, during summer 2012
at Bermuda, LMDz-iso model underestimates the variability of d-excess and does not represent the lowest
nor the highest observed d-excess values (not shown). As depicted by the moisture source diagnostic
simulation, the moisture uptake has an important spatial variability, with very localized high evaporation
spots over the subtropical Atlantic. Such spatial variability cannot be resolved by LMDz-iso at its low
resolution. This may explain that the observed isotopic signal at Bermuda is closer to the LMDz-iso signal
averaged over the complete moisture source region than to the LMDz-iso signal at the Bermuda grid cell.

The availability of water vapor isotopic measurements in Bermuda, close to the atmospheric river event
moisture source, shows (i) distillation along transport, based on §D measurements, also consistent with
IASI retrievals along the trajectory, and (i) particularly low d-excess values (4—6%o), associated with moist
and warm surface conditions, close to the level recorded in South and northwest Greenland. These findings
provide the first observed case where d-excess is conserved during atmospheric transport.

4, Conclusions and Perspectives

In this paper, we aimed to document the water vapor isotopic fingerprint of an atmospheric river leading
to pervasive melt conditions in Greenland around 12 July 2012. We evaluate the potential of using
observations of water vapor isotopic composition to determine the origins of humidity during this event, to
study the physical processes affecting moisture during transport, to evaluate the cloud microphysics, and to
assess the ability of AGCMs to simulate this type of events.

The remote sensing and in situ observations of water vapor isotopic composition presented here reveal
that the variations recorded at the surface are closely related to those occurring in the free troposphere,
despite some variations in remote sensing 6D values which can either be attributed to observational noise
or may result from changes in local cloudiness. lvittuut coastal site in South Greenland depicts short-lived
meteorological and 6D variations and unusual parallel changes in d-excess. Sharp meteorological, 6D, and
d-excess changes occur a few days later in NEEM, and those anomalies persist during several days. NEEM
d-excess reaches the same value as in Ivittuut, and half of 6D difference between Ivittuut and NEEM can
be explained by simple Rayleigh distillation occurring under positive temperatures, depicting common
moisture sources. The d-excess signal in Greenland is also compatible with the isotopic composition of the
water evaporated in the subtropical Atlantic from 30 to 40°N, following the eastward advection of an air
mass from the American continent during an intense drought. The influence of this zone as an important
moisture source was highlighted by atmospheric simulations: Lagrangian moisture source diagnostic
showing an important evaporation along backward trajectories arriving to NEEM during the event; CHRM
water tagging simulations confirming that this water vapor is conserved during transport and represent

a dominant part of surface water vapor at both Ivittuut and NEEM (respectively, 40 and 30% of moisture
originating from 30 to 50°N latitudinal band).

The evaluation of the representation of this particular event in atmospheric general circulation models
(AGCMs) equipped with water isotopes has shown that those models do capture the evolution of T, g, and
water vapor isotopic composition for this event, reflecting the influence of large-scale processes. However,
difficulties to simulate high d-excess prior to and after the event above the Greenland ice sheet indicate
an incorrect representation of water vapor second-order isotopic composition, probably associated with
Arctic moisture. This mismatch was already observed over Greenland [Steen-Larsen et al., 2013; Bonne et al.,
2014] and might be related to misrepresentation of processes (e.g., kinetic effects at evaporation near sea
ice margins) or the transport of the moisture originating from this region. New measurements of water
vapor isotopic composition closer to the Arctic sources of evaporation (Svalbard, northern Siberia, on
board Polarstern) should provide new information on processes at play. Preliminary sensitivity tests were
performed here with LMDz-iso in order to assess the impact of cloud liquid water on water vapor isotopic
composition, as this was suggested by Bennartz et al. [2013] to play a role in central Greenland surface
climate. However, no significant conclusion arises from these tests. Thus, further investigation is needed
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to understand the added value of Arctic moisture isotopic composition with respect to the representation
of mixed cloud microphysics in atmospheric models and the importance of cloud feedbacks at NEEM. The
regional model MAR was demonstrated to best reproduce the surface meteorological variations during
the event. It would therefore be most interesting to integrate water vapor isotopes in this type of regional
model, opening further possibilities to investigate cloud radiative properties and the impacts of cloud
parametrizations on Greenland surface climate and water isotopic composition during this event.

This heat wave event has contributed to the understanding of mechanisms controlling d-excess variations
above the Greenland ice sheet. The data support the fact that a strong signal in d-excess is related to
moisture origin [Jouzel et al., 2013]. We have demonstrated that d-excess in Greenland surface moisture
decreases when moisture sources are predominantly of subtropical origin. This contradicts the
interpretation of changes in ice core d-excess in terms of exclusive changes in sea surface temperature at
the moisture source [Masson-Delmotte et al., 2005] and supports the argument of the strong sensitivity

of d-excess to surface RH [Jouzel et al., 1982; Pfahl and Sodemann, 2014; Steen-Larsen et al., 2014al. This
should motivate new investigation and interpretation of d-excess variations in ice cores and the climatic
interpretation of melt layers recorded in ice cores.

Measurements of snow pit impurities were conducted at NEEM before and after the melt event. Before the
melt event, the deposited impurities were within the normal range found for interglacial (Holocene) climate.
Significantly elevated levels off Na* were recorded following the melt event, which is consistent with
deposition of moisture from an air mass with a high content of marine salts. Such an air mass likely took

up marine moisture by strong convective updraft and experienced limited distillation between source and
sink. This scenario is consistent with the d-excess measurements and moisture transport calculations. These
isotopic and chemical fingerprints provide an indicator of similar circumstances driving past melt events
found in ice core records.

Finally, this study shows the importance of a coordinated monitoring network combining (i) in situ data
which provide high-resolution and high-accuracy information including d-excess and (ii) remote sensing
products which allow to investigate changes in atmospheric composition at the moisture source and along
the air mass trajectory. Our findings stress the added value of such measurements in order to constrain the
origin of Arctic moisture, evaluate atmospheric models, and motivate the construction of a coordinated
Arctic monitoring network.

In this manuscript, we have only investigated measurements performed in South and northwest Greenland.
Another laser instrument has been operated in central Greenland on top of the ice sheet at Summit station
during the 2012 summer season (D. Noone, personal communication, 2014). This opens the perspective

to assess if the same atmospheric river fingerprint can be detected at Summit and to quantify surface
snow-water vapor interactions [Steen-Larsen et al., 2014b] occurring above the ice sheet under such
exceptionally warm conditions.

This water vapor isotopic composition approach of atmospheric rivers analyses could also be applied to
other locations such as east Antarctica, where atmospheric rivers strongly influence the ice sheet surface
mass balance [Gorodetskaya et al., 2014].

Notation

d-excess Deuterium excess
T Specific humidity
RH  Relative humidity
g Specific humidity
SST  Sea surface temperature
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