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The origin of moisture for the Southern Patagonia Icefield and the transport of moisture

toward it are not yet fully understood. These quantities have a large impact on the stable

isotope composition of the icefield, adjacent lakes, and nearby vegetation, and is hard to

quantify from observations. Clearly identifiedmoisture sources help to interpret anomalies

in the stable isotope compositions and contribute to paleoclimatological records from the

icefield and the close surrounding. This study detects the moisture sources of the icefield

with a Lagrangian moisture source method. The kinematic 18-day backward trajectory

calculations use reanalysis data from the European Centre for Medium-Range Weather

Forecasts (ERA-Interim) from January 1979 to January 2017. The dominant moisture

sources are found in the South Pacific Ocean from 80 to 160◦W and 30 to 60◦S. A

persistent anticyclone in the subtropics and advection of moist air by the prevailing

westerlies are the principal flow patterns. Most of the moisture travels less than 10 days

to reach the icefield. The majority of the trajectories originate from above the planetary

boundary layer but enter the Pacific boundary layer to reach the maximum moisture

uptake 2 days before arrival. During the last day trajectories rise as they encounter

topography. The location of the moisture sources are influenced by seasons, Antarctic

Oscillation, El-Niño Southern Oscillation, and the amount of monthly precipitation, which

can be explained by variations in the location and strength of the westerly wind belt.”

Keywords: Southern Patagonia Icefield, moisture sources, moisture origin, moisture transport, El-Niño Southern

Oscillation, Antarctic Oscillation, ERA-Interim, trajectories

1. INTRODUCTION

The Southern Patagonia Icefield is the biggest temperate ice mass in the Southern Hemisphere, and
thus an important fresh water storage for southern South America. It is located at the southern
end of the Andes cordillera between 48.3 and 51.0◦S along 73.0◦W with an average width of 30–
40 km and the narrowest section being 8 km wide (Figure 1) (Aniya et al., 1996). The icefield
consists of 48 major outlet glaciers and over 100 small cirque and valley glaciers and has an average
elevation of 1,600 m above mean sea level (mmsl), while the icefield extends from the sea level
with the highest peaks reaching above 3.000mmsl. Overall the climate can be summarized as
temperate, very humid with freezing levels generally above 1 kmmsl, with a modest annual cycle
and high annual precipitation rates (Miller, 1976; Weischet, 1996; Garreaud et al., 2013). Extreme
environmental conditions and inaccessibility of the icefield pose a challenge for scientists to acquire
records of meteorological conditions.
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Langhamer et al. Moisture Sources of the Southern Patagonia Icefield

FIGURE 1 | (a) ERA-Interim model topography in meters (contour lines) and the Patagonian icefields (light blue). The red rectangle illustrates the target area. (b)

ERA-Interim total monthly mean precipitation and raw measurements of automatic weather stations from north to south: Puerto Eden, Amalia, Torres del Paine. The

red crosses illustrate the trajectory starting positions.

The reconstruction of past climate behavior is essential to
predict accurate the development of the icefield. Appropriate
climate proxies are the stable isotopes of hydrogen and oxygen
contained in firn and ice cores, adjacent lakes (sediments), and
nearby vegetation. The isotope composition is mainly dependent
on the moisture source, the sea surface temperature of marine
moisture sources, ambient air temperature and the saturation
vapor pressure (Merlivat and Jouzel, 1979). Thus the stable
isotope composition is a natural tracer for changes in the
global hydrological cycle (Gat, 1996). The knowledge of moisture
origin and transport is important to interpret stable isotope
data (Mayr et al., 2007; Steen-Larsen et al., 2013). Anomalies
in the isotope composition not only result from changes in the
environmental surrounding, but can be an effect of anomalies
in the moisture sources and/or different moisture transport
pathways (Berkelhammer and Stott, 2008; Wernicke et al.,
2017). Thus clearly identified moisture sources contribute to
paleoclimatological studies and help to reconstruct past climate
conditions. A better understanding of the general atmospheric
circulation in context with the hydrological cycle is one principal
component to make accurate climate projection. But where does
the moisture come from?

We currently know that the cyclones embedded in the
circumpolar vortex and orographic enhancement are responsible
for the high precipitation sum at the icefield (Schneider et al.,
2003; Schneider and Gies, 2004; Smith and Evans, 2007; Barrett
et al., 2009; Garreaud et al., 2013; Viale et al., 2013). In-situ
measurements show that over 90% of the moisture is advected

from southwesterly to northwesterly direction (Rivadeneira,
2011). Prevailing westerlies advect moist air masses from the
Pacific Ocean, which makes the Pacific as major moisture
contributor very likely. But so far studies, which indicate the
moisture sources of the icefield, have been missing. Filament
structures of tropospheric water vapor, so called “atmospheric
rivers” (Newell et al., 1992), transport moist air masses from
the subtropics polewards, and are responsible for heavy winter
precipitation events upstream the central Andes (Viale and
Nuñez, 2011). Another case study indicated that atmospheric
rivers are the principal moisture source for narrow cold-frontal
rainbands approaching the Andes (Viale et al., 2013). But the
significance of moisture transported by atmospheric rivers from
the subtropics and its contribution to the precipitation of the
icefield is vague. Also the role of Antarctic Cold Air Outbreaks
(Papritz et al., 2015) as a trigger of a moisture uptake region
remains uncertain.

This study presents a diagnostic picture of the moisture source
regions from the icefield, the average transport time of moisture
and favored pathways. Backward trajectories in combination with
an established moisture source diagnostic technique are used to
reach these objectives.

2. METHODOLOGY

Trajectories allow to trace the moisture contributions to air
parcels. Various models for computing trajectories based on
output of numerical prediction models exists. Stohl et al.
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(2001) carried out a survey of the Lagrangian analysis

tool (LAGRANTO) (Wernli and Davies, 1997), the KNMI
(Koninklijk Nederlands Meteorologisch Instituut) trajectory tool
TRAJKS (Scheele et al., 1996), and the hybrid single-particle

Lagrangian integrated trajectory model (HYSPLIT). Trajectories
differ by <2% between the average distance of the starting
and ending position within the free atmosphere during a 48 h
time interval. This paper uses LAGRANTO, which Sprenger and
Wernli (2015) describe in detail.

2.1. Lagrangian Moisture Diagnostic
Trajectories describe the motion of air particles through space
and time. By neglecting the impact of mixing with adjacent
air parcels and ignoring the presence of liquid water and ice
in the atmosphere, evaporation E and precipitation P along a
trajectory during the time interval 1t0 control the change in
specific humidity q (Stohl and James, 2004),

Dq

Dt
≈

1q

1t0
= E− P. (1)

The atmosphere is assumed to be well mixed in the planetary
boundary layer (PBL) where turbulent fluxes can change
moisture of an air parcel (trajectory). Therefore, the moisture
content can increase where air parcels entrain PBL air. If a
moisture uptake happens above the PBL, moisture changes are
detached from the surface and attributed to other physical
or numerical processes, such as convection, evaporation of
precipitating hydro-meteors, change of liquid water content
or ice water content, subgrid-scale turbulent fluxes or to
numerical diffusion, numerical errors associated with the
trajectory calculation, or physical inconsistence between two
analysis time steps (Sodemann et al., 2008).

The present study applies the moisture source diagnostic
of Sodemann et al. (2008). Along the trajectories moisture
uptake inside the PBL is weighted by the contribution to the
total precipitation in the target area. En route precipitation is
considered. Winschall et al. (2014) show that the approach yields
similar moisture source regions as the more complex Eulerian
tagging approach for a case study in Europe and recommend
using the Lagrangian approach of Sodemann et al. (2008) for
climatological studies due to lower computational cost.

Since numerical weather prediction models underestimate the
marine PBL (Zeng et al., 2004), a somewhat arbitrary factor of
1.5 counteracts the underestimation (Sodemann et al., 2008). A
moisture uptake within the PBL, and thus a moisture source is
defined if the following condition holds,

ptraj ≥ p0

(

1−
1.5γ hPBL

T0

)5.2561

, (2)

where p0 and T0 are pressure (in hPa) and temperature (in K)
at the surface respectively, ptraj is the pressure height of the
trajectory (in hPa), hPBL the planetary boundary layer height
(in meters above ground level) of the point x at the time t.
The conversion of the hPBL into pressure height ensued by a
constant lapse rate γ = 0.0065Km−1. These assumptions allow

a conversion into pressure height more precisely than using a US
standard atmosphere as originally suggested.

2.2. Implementation
The trajectory calculation is based on the global atmosphere
reanalysis product ERA-Interim (Berrisford et al., 2011; Dee
et al., 2011; Persson, 2015). ERA-Interim is a numerical weather
prediction model which assimilates the most accurate initial
conditions (reanalysis) based on in-situ measurements and
remote sensing. Due to a lack of data in high southern latitudes,
the accuracy of reanalyzed products is likely less than in
other regions. Bromwich et al. (2011) evaluate the temporal
variability of the Antarctic surface mass balance. The authors
conclude that ERA-Interim offers the most accurate and reliable
depiction of precipitation changes in high southern latitudes
during 1989–2009. Bracegirdle and Marshall (2012) compared
the Antarctic tropospheric pressure and temperature of common
reanalysis products with observations. One of their findings
was that ERA-Interim has the most reliable mean sea level
pressure and 500 hPa geopotential height trends. Nicolas and
Bromwich (2011) investigated the precipitation changes in high
southern latitudes from different global reanalysis products. The
authors achieved the most realistic depiction with ERA-Interim.
Bracegirdle (2013) emphasize the accuracy of ERA-Interim to
capture individual weather systems over the Bellingshausen Sea.
On these grounds ERA-Interim is particularly suitable for the
study presented here.

Fields fromERA-Interim have a horizontal resolution of 0.75◦,
are vertically subdivided in 60 model levels (from the surface
to 0.1 hPa), and are available every 6 hours (1t0). The dataset
consisting of the 3-D wind field Eu = (u, v,w), the logarithm of
surface pressure, the PBL height, the 2 m-temperature, and q, is
taken from 10◦N to 90◦S latitudes and all longitudes and covers
the period from January 1979 to January 2017.

The starting position of the backward trajectory calculation
are the nodes of a 0.75◦ regular grid, extending from 74.25 to
72.75◦W and 48.0 to 51.75◦S at levels equally spaced (1p =

49.9 hPa) from the surface to 500 hPa (red crosses Figure 1). A
starting grid thus defined leads to 198 trajectories (3 × 6 ×

11 starting points). To clarify the nomenclature of backward
trajectory modeling, the trajectory starting position is the starting
point of the backward trajectory calculation above the icefield,
and the trajectory ending position is the position where an air
parcel is located after a particular time of backward trajectory
calculation. Since the fraction of moisture already included at
the trajectory ending position, hereinafter called total unknown
moisture uptake fraction, goes to zero for an infinitely long
backward calculation time, the interval is chosen to have the best
efficiency. Longer backward trajectory calculation increase the
computational cost and have no notable improvements on
the results. Shorter backward trajectory calculation increases
the total unknown moisture uptake fraction significantly. A
backward calculation time of 18-day was found to have the best
relation between computational cost and detection efficiency.
Every 6 h an 18-day backward trajectory calculation is started
from the predefined grid points. Only trajectories responsible
for the precipitation in the target region are considered (red
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rectangle). They have to satisfy at their starting point: (i) the
relative humidity has to exceed a threshold of 80% and (ii)
q has to decrease during the last 1t0, as in Sodemann et al.
(2008). Whenever a trajectory would cross the lower boundary,
LAGRANTO artificially lifts trajectories to 10 hPa above the
model surface.

3. THE LARGE SCALE FLOW

The trajectory calculations are based on the ERA-Interim
Re-Analysis meteorological fields. Before we examine the
Lagrangian perspective this section illustrates a selection of
the corresponding Eulerian fields to highlight the main
characteristics of the large scale atmospheric circulation, and
surface conditions in South America and surrounding.

The Hadley circulation at∼30◦S and the circumpolar band of
low pressure around Antarctica at ∼60◦S are the main drivers of
the climate in southern South America. The two regions generate
a strong north-south pressure gradient. As a consequence a
strong circumpolar vortex exists around Antarctica (Figure 2).
There are small seasonal variations. Austral winter months show
an equatorwards displacement of the subtropical high-pressure
belt of about 5◦ in comparison to the summer months. The
northern shift and the weakening of the anticyclone during
austral winter cause a geopotential height gradient decrease at
800 hPa from ∼15m to ∼11m per degree around 50◦S over the
South Pacific. Thus, the austral winter months exhibit the lowest
wind velocities on average over the South Pacific.

The Pacific Ocean is free from topographic disturbances. High
wind velocities are present even in lower levels and the westerly
wind belt almost coincides with the jet axis at approximately 50◦S
(Figure 3). The highest 10 m mean wind velocities (∼15m s−1)
occur at the Antarctic coast. Strong Antarctic outflow is present
at the Bellingshausen and Amundsen Sea with its minimum in
the austral summer months. Only on extreme rare occasions
does a meridional circulation cause blocking of the west wind
drift (Trenberth and Mo, 1985). Hence, the prevailing westerlies
permanently advect moist air from the Pacific Ocean toward the
southern tip of South America. This makes the southern Andes
cordillera the only obstacle for the embedded baroclinic waves.

The north-south oriented Andes mountain ridge intersects
the westerlies forming a pronounced climatic wall with very
moist conditions on its upstream side and very dry conditions
on the lee-side (Weischet, 1996; Schneider and Gies, 2004; Smith
and Evans, 2007; Garreaud et al., 2009, 2013). Upstream of
the mountain ridge orographic enhanced uplift leads to high
accumulation rates of precipitation. The orography enhances
the precipitation at the icefield. The amount of orographic
precipitation in a stable flow depends, among other factors, on
the strength of the crossbarrier flow U, the terrain height H,
and the thermodynamic stability of the oncoming flow quantified
by the Brunt-Väisälä Frequency N, and can be summarized
in a non-dimensional ratio U(NH)−1. It is often referred to
as Froude number (or the inverse non-dimensional mountain
height), which determines the flow regime (Houze, 2012). Past
studies findings show a correlation between u and precipitation

in west Patagonia (Schneider et al., 2003; Garreaud et al., 2013).
The crossbarrier flow is one of three main drivers to describe
the flow over a terrain and thus reasonable to correlate with the
orographic precipitation.

Estimates of annual mean precipitation at the icefield range
from 5,000 to 10,000 mm (Miller, 1976; DGA, 1987; Carrasco
et al., 2002; Garreaud et al., 2013). Firn core measurements
indicate extremely high accumulation rates. For example,
net annual accumulation at glacier Tyndall, located at the
southernmost part of the icefield, is 11,000–17,800 mm water
equivalent (Shiraiwa et al., 2002). By contrast, only a few
dozen kilometers downstream, the annular mean precipitation
decreases to 300mm (Garreaud et al., 2013). This west-east
precipitation gradient is the most intense one worldwide
(Schneider et al., 2003; Garreaud et al., 2013) and can be
quantified with the drying ratio. The drying ratio describes
the fraction of water vapor which rains out while passing
a mountainous barrier. Smith and Evans (2007) estimated
drying ration ≈ 0.56 in the southern Andes (40 to 48◦S), the
highest value yet found to date in a mountain range.

The precipitation accumulated over the target region amounts
220mm per month on median obtained from ERA-Interim.
The monthly variation of the amount of precipitation hardly
shows any seasonality (Figure 4). Warmer austral summer (DJF)
and autumn (MAM) months indicate slightly more precipitation
(PDJF,median = 233mm per month and PMAM,median = 232mm
per month) than colder winter (JJA) months (PJJA,median =

198mm per month). But austral winter months show the
highest variation of the monthly mean precipitation in the
target region indicated by the inner-quartile range of 96mm per
month. During spring (SON) the median of the monthly mean
precipitation accounts 213mm per month. Note, the monthly
resolved precipitation accumulated over the target area shows
only the absolute amount, and is not a measurement for the
intensity and frequency of individual precipitation events.

The ERA-Interim model topography reaches from the sea
surface to 1.011mmsl with an average of 595mmsl (Figure 1a).
Only a few long term precipitation records are present in
the vicinity of the icefield (Figure 1b). The automatic weather
stations (AWS) “Amalia” and “Puerto Eden” are situated
upstream of the icefield. The mean precipitation amounts
significantly (p-value < 0.002) correlate with the ERA-Interim
reanalysis (rPearson = 0.65 to 0.70 ) after the annual cycle
is removed. They register a monthly mean sum of 255mm
at Amalia and 249mm of Eden, respectively. Downstream
of the icefield the AWS “Torres del Paine” provides 14 years
of measurements. The monthly mean observations, obtained
from http://explorador.cr2.cl/, correlate positively with the ERA-
Interim data (rPearson = 0.68, p-value = 3.5e-26). The
averaged monthly mean amounts to 64mm, about a quarter
of the upstream values. The AWS report a strong decreasing
precipitation amount going from west to east across the
cordillera. The ERA-Interim re-analysis data reproduces the
precipitation features of southernmost South America in a
temporal and spatial sense but a validation of the amounts of
precipitation is impossible in absence of reliable observations.
Extreme high wind velocities, with 10m s−1 on average, and
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FIGURE 2 | Mean wind velocity (colored areas) and geopotential height (contour lines) of 800 hPa from 1979 to 2017 obtained from ERA-Interim subdivided into

seasons. An isohypse is plotted every 30m. The interval of the meridians and parallels is 30◦.

snow events cause an under-catch of the rain gauges especially
upstream of the cordillera e.g. AWS Puerto Eden, where the
monthly mean observations are lower than the ERA-Interim
data (Figure 1b) and the root-mean-square error indicate a
deviation of RMSEPuerto Eden = 154mm. In general, global re-
analysis data tends to underestimate the amount of precipitation
in southern South America (Ward et al., 2011; Lenaerts et al.,
2014). This feature is also observed by the station Amalia
(RMSEAmalia = 80mm) and Puerto Eden (RMSETorres del Paine =
48mm).

4. RESULTS

4.1. Moisture Sources for the Southern
Patagonia Icefield From 1979 to 2017
The mean moisture sources are derived from the Lagrangian
methodology and represent the mean moisture uptake (in mm
per month) within the scaled PBL, which contributes to the
monthly precipitation in the icefield averaged over the time
period from February 1979 to January 2017 (Figure 5). This plot
contains 2,972,903 18-day backward trajectory calculations. The
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FIGURE 3 | Seasonal precipitation (blue contours in mm per month), 10m wind field (arrows with reference arrow), sea surface temperature (contour lines, 2K interval)

and sea ice cover (gray shaded area) from ERA-Interim (1979–2017). The corresponding monthly mean precipitation sum P accumulated over the target area is

written in the header.

identified moisture sources are interpolated on a regular 1.5◦

grid.
The majority of the moisture uptake originates from the

South Pacific Ocean. The absolute maximum of 3.16mm per
month is close to the coast line of West Patagonia from where
it takes about 1 day to reach the icefield. In that region the
moisture transport time is about 1 day. Moisture source regions,
which contribute more than 1mm per month, reach to the
subtropics. Within this region the transport of moisture takes
up to 6 days from the source to the precipitation at the icefield.

Significant moisture source regions southward of 60◦S and in
the Atlantic Ocean are absent. The contribution of moisture
to the precipitation at the icefield from within the scaled PBL
(evaporation from the surface) is 71%. At the trajectory ending
position is already 4% of moisture included and 25% originate
above the scaled PBL (see also Table S1 in Supplementary
Material). The origin of this moisture is unknown and excluded
in Figure 5.

At the trajectory ending position (t = −18 d) 75% of the
trajectories are above the median of the scaled hPBL (Figure 6a).
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FIGURE 4 | Monthly precipitation accumulated over the target area obtained from ERA-Interim (1979–2017).

FIGURE 5 | Mean moisture sources of the Southern Patagonia Icefield (colored area) in mm per month. Only moisture sources within the scaled PBL are considered.

The maximal moisture uptake is 3.16mm per month. The red lines indicate the mean travel time of the trajectories toward the icefield in days before arrival. The

averaged mean sea level pressure (gray lines) and sea ice cover (gray shaded area) are depicted as well.

From −18 days to −2 days, the median trajectory pressure level
decreases from 703 hPa to 905 hPa. The moisture content within
the trajectory increases from 2.0 g kg−1 at −18 days to 4.8 g kg−1

at t = −12 h (blue line, Figure 6b). Most of the trajectories
are located within the scaled hPBL from t = −4 d to arrival.
During that time interval the largest six-hourly moisture uptake
within the PBL contributes with 1qmedian = 0.024 g kg−1 to

the precipitation at the icefield. The moisture change along the
trajectory above the scaled PBL is about 1/3 of the moisture
change within the scaled PBL. From t = −1 d to arrival we
see an overall lifting of the trajectories to 835 hPa (on median).
Since moisture decrease for all trajectories in the last 6 hours
before reaching the icefield the moisture uptake is 0 g kg−1 at
−6 h to 0 h. Note that only the trajectories were selected, for
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FIGURE 6 | Vertical cross section of the trajectories. (a) (Bottom) Mean pressure height, quartiles and extremes (red), and the scaled boundary layer height (gray).

(Top) Changes of the weighted specific humidity of moisture uptake within the scaled planetary boundary layer (PBL) (blue) and above the scaled PBL (green), which

contribute to the precipitation at the icefield. Dashed lines show the corresponding upper quartile. (b) Quartiles and mean of relative humidity (green) and specific

humidity (blue) of the trajectories.

which RH > 80% and 1q < 0 during t = −6 h to 0 h.
Trajectories above the Antarctic continent originate from higher
levels [ptraj(t > 13 d) ≤ 600 hPa] (Figure 7). Above the central
Andes they reach mean heights of up to 500 hPa. Over the South
Pacific Ocean a west-east gradient is visible with higher mean
trajectory elevations in the west.

The trajectories are very dry (RH < 20%) at the subtropical
west coast of South America and Africa (Figure 8) due to
subsidence. Very humid parts of the trajectories (RH > 80%) are
present in the tropics and in the southeastern Pacific Ocean. The
trajectories naturally cluster in the vicinity of the starting location
of the icefield. The gradient of the number of trajectories per grid
point is stronger in north-south than in west-east direction. Some
regions show an absence of trajectories (white areas). During the
whole calculation period not even one trajectory reached central
Africa for instance.

4.2. Moisture Source Anomalies
4.2.1. Seasonal Variation

Seasons influence the moisture sources of the icefield
(Figures 9a–d). Orange areas highlight a loss and green
areas a surplus of the moisture source relative to the long-term
annual climatological mean (1979–2017, Figure 5). A dipole like
pattern is visible comparing the moisture source anomalies of JJA
with DJF months, and MAM with SON months. The moisture
uptake is reduced by 0.55mm per month in the eastern South
Pacific in the months DJF (Figure 9a). There is a moisture source
deficit northwards and southwards of the icefield. By contrast
there are positive anomalies along the 45◦S parallel (0.5–0.25
mm per month). The 800 hPa geopotential height rises about
30m in the central South Pacific which enhances the westerlies
from 45 to 60◦S parallel. Enhanced anticyclonic flow occurs in
the subtropics. The geopotential height anomaly over the Ross
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FIGURE 7 | Mean pressure height of the trajectories interpolated on a 1.5◦ regular grid. White lines indicate the mean transport time of the moisture toward the

Southern Patagonia Icefield in days before arrival.

FIGURE 8 | Mean relative humidity RH of the trajectories interpolated on a 1.5◦ regular grid. White contour lines present the averaged number of trajectories per grid

point. White areas indicate a lack of information due to absence of trajectories.

Sea is 80m, concomitant with a weakening of the westerlies in
the proximity of Antarctica.

The austral winter months (Figure 9c) show an inverted
situation of the moisture source and geopotential height
anomalies. In the eastern South Pacific northward of the icefield
the monthly mean moisture sources increases to up to 0.55mm
permonth. There is a deficit along the 45◦S parallel, with themost
pronounced region in the eastern South Pacific Ocean (up to
−0.25mm per month). An up to 40m lower geopotential height
decreases the negative poleward oriented gradient. In fact lower
wind velocities occur upstream of the icefield at 800 hPa. The
south-western part of the South Atlantic Ocean contributes up
to 0.15mm per month more to the precipitation at the icefield.
MAM and SON months show small wind field anomalies (≤
1.6m s−1) (Figures 9b,d). Despite small wind field anomalies
those seasons show contrary moisture source anomalies. The
MAM months show a positive evaporative moisture source
anomaly in the eastern South Pacific of up to 0.55mm per month.

SONmonths showmoisture source anomalies from−0.35 to 0.15
mm per month.

4.2.2. El-Niño Southern Oscillation and Antarctic

Oscillation Teleconnections

Beside seasons, determine large scale flow anomalies in the
atmosphere the moisture sources of the icefield. A period of at
least five consecutive overlapping 3-month seasons must exceed
(deceed) an Ocean Niño Index (ONI) threshold of 0.5 (−0.5)
in order to be classified as a full-fledge El-Niño (La-Niña)
episode (National Oceanic and Atmospheric Administration,
2017). Considering these definitions, the time period from
February 1979 to January 2017 contains 126 El-Niño and 90
La-Niña months (also see Figures S1, S2 in Supplementary
Material). Both phenomenas have a similar seasonal distribution
(Figure 10). Nevertheless, the annual cycle is considered in
Figures 9e–h by subtracting the monthly climatology for each
month respectively.

Frontiers in Earth Science | www.frontiersin.org 9 November 2018 | Volume 6 | Article 219

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Langhamer et al. Moisture Sources of the Southern Patagonia Icefield

FIGURE 9 | Significant (p < 0.05) moisture source anomalies (shaded areas in mm per month) derived from the climatological mean (1979–2017, Figure 5). Also

shown are the geopotential height field anomalies at 800 hPa level in m (solid and dashed lines), wind field anomalies (> 1.5m s−1, blue arrows), and the mean wind

field at 800 hPa level (white arrows with reference arrow). The anomalies are given for different seasons (a–d), La-Niña (e), El-Niño (f), strong negative (g), and positive

(h) Antarctic oscillation index (AOI). Orange areas highlight lower, green areas a higher than average contribution to icefield precipitation from the evaporative moisture

sources within the scaled PBL. The header includes the monthly mean precipitation in the target region.
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FIGURE 10 | Seasonal distribution of El-Niño and La-Niña months relative to

their respective totals.

El-Niño Southern Oscillation (ENSO) periods have moisture
source anomalies of up to 0.35mm per month (Figures 9e,f).
La-Niña related positive anomalies of up to 0.25mm per month
occur in the central South Pacific Ocean between 30 and 45◦S
(Figure 9e). Up to 0.25mm per month lower contributions
appear in the subtropics at 30◦S, 90◦W. During El-Niño events,
the moisture source decreases by 0.25mm per month in the east
South Pacific along the 45◦S parallel (Figure 9f). Slightly more
moisture of up to 0.15mm per month originates from the east
South Pacific Ocean northward and southward of the icefield. La-
Niña (El-Niño ) months indicate a lower (higher) geopotential
height of up to 20m at the South Pacific Ocean around 60◦S,
120◦W. The largest 800 hPa wind field anomalies appear in the
tropical west Pacific. La-Niña (El-Niño ) months show 2m s−1

stronger (weaker) easterlies, and depict the typical ENSO feature
in the equatorial band.

A subset of months with standardized monthly mean
Antarctic Oscillation index (AOI) falling the 10 percentile
(AOI < −1.27) and exceeding the 90 percentile (AOI >

1.27) during the time period from February 1979 to January
2017 is taken to investigate Antarctic Oscillation dependent
moisture source variations. Strong negative AOI months have up
to 0.35mm per month lower moisture uptake between 30 and
45◦S in the east South Pacific, whereas moisture uptake from
the ocean PBL in the proximity of the southern tip of South
America is enhanced. Geopotential height anomalies weakens
the westerly wind belt between 45 and 65◦S in the South Pacific.
Strong positive AOI months show stronger westerlies. Up to
0.35mm per month more moisture originates from the mid-
latitudes to the subtropics. The moisture sources in between
45 and 65◦S show a deficit.

4.2.3. Extreme Events

The moisture source variability with respect to climatic extreme
precipitation events is investigated. For purpose, we selected
months with precipitation above the 90 percentile and below the
10 percentile, respectively, accumulated over the icefield obtained
from the whole ERA-Interim data set. These selection represents

dry (Pmedian = 343mm) and humid (Pmedian = 111mm)
months.

Dry months are characterized by a 60m increase of the
geopotential height in the Drake Passage and 30m lower
geopotential heights over the South Pacific Ocean between 30 and
45◦S. The lower meridional geopotential height gradient leads
to weaker westerlies, an enhanced northerly flow at the west
Patagonian coast, and have a deficit in the major moisture source
region (Figure 11a). They contribute 0.15mm per month less
moisture just off the coastline of the icefield. A shift of the
moisture source toward the south-west South Atlantic Ocean is
apparent. This moisture source contributes up to 0.15mm per
month to the precipitation at the icefield. Dry months show
up to 0.3mm per month more moisture uptake over the South
American continent where trajectories need on average less time
(approximately 4 days; not shown) to reach the icefield.

During humid months the Drake Passage shows a 40m
decrease and in the subtropics a 10m increase of the geopotential
height in 800 hPa. The stronger poleward decreasing gradient
of the 800 hPa geopotential height strengthens the westerlies.
Trajectories which originate from southern South America, parts
of the subtropical east South Pacific and the south-west South
Atlantic in vicinity of the South American continent, need longer
(approximately 12–15 days; not shown) to reach the icefield.
There are negative anomalies (−0.15mm per month) just off the
coast line of South America. In the major moisture source region
an overall increase ofmoisture uptake (up to 0.90mmpermonth)
is visible (Figure 11b).

An almost contrary pattern show the geopotential height
anomaly of 800 hPa and the moisture source anomaly.
The indicated anomalies in between the climatic extreme
precipitation months have a dipole-like character. As before the
annual cycle is taken into account.

The sea surface temperature and the mean sea level pressure
anomaly are shown in Figure S3. The 800 hPa geopotential
height and wind velocity (Figure S4), and the moisture sources
(Figures S5–S8) are depicted as well.

5. DISCUSSION

5.1. Major Evaporative Sources
The South Pacific Ocean is the major moisture source of the
icefield in the 38 year climatology (Figure 5). The main moisture
sources are located around 45◦S and extend from 160◦W to the
west coast of South America. Those uptake regions appear a few
degrees northward of the circumpolar vortex. There is a region
of cyclogenesis at approximately 170◦W in the proximity of
New Zealand (Taljaard, 1968). In addition, along 45◦S baroclinic
instabilities exist due to the polar front. These features explain the
longitudinal extent of the moisture sources close to New Zealand
at 45◦S and their location a few degrees northward of the westerly
wind belt.

The prevailing westerlies in the high southern latitudes
cause a high trajectory density, count of trajectories per grid
point, upstream of the target region (Figure 8), which is
responsible for the moisture uptake maximum in a small
region just off the coast line of west Patagonia. On the
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FIGURE 11 | Significant (p < 0.05) moisture source anomalies (shaded areas in mm per month). Also shown are the geopotential height field anomalies at 800 hPa (in

m; solid and dashed lines), wind field anomalies (> 1.5m s−1, blue arrows), and the mean wind field at 800 hPa level (white arrows). The anomalies are given for

extremely (a) dry (10 percentile) and (b) humid (90 percentile) months. The minimum of the moisture uptake is −1.07mm per month and maximum 0.90mm per month

respectively. The header includes the monthly mean precipitation in the target region.

one hand the moisture uptake of each trajectory add up
at the same grid point. On the other hand, uptake regions
closer to the target have greater influence. They achieve a
higher contribution due to less en route precipitation in
comparison with identified uptake regions several days before
arrival.

Moisture uptake regions extend to the subtropics and make
an important contribution to the precipitation at the icefield.
This highlights the role of the subtropical high pressure system
in terms of the moisture origin of the icefield. In the Subtropics
downstream of the Andes relatively dry air masses descend.
Under the influence of the anticyclonical flow the air masses
reach low heights (Figure 7) and moisten with the Pacific PBL
(Figure 8). The air masses travel polwards into the mid-latitudes,
where they come into the influence of the strong westerly storm
track and finally reach the icefield. Pfahl et al. (2014) identified
a moisture source in the subtropical South Pacific of warm
conveyor belts. The importance of the warm conveyor belts in
association with the regional precipitation at the icefield remains
unknown in the present results.

The stationary high pressure region in the middle of
Antarctica characterizes the circulation features at the coast of
the continent (Figure 2). A closer examination of the 10m wind
shows the characteristics of the katabatic outflow (Figure 3).
High offshore wind velocities occur close to the surface at
Bellingshausen Sea, Amundsen Sea, and Ross Sea. Trajectories
from those regions originate from the lower troposphere and
indicate a subsidence at the transition from the continent to the
South Pacific Ocean (Figure 7). The dominant mechanism for
the offshore air flow in the Bellingshausen and Amundsen Sea
is the persistent low pressure system in the Ross Sea (Papritz
et al., 2015). This location is characterized by having the lowest
mean sea level pressure of the South Pacific (Figure 5). If the
cold and dry air masses from the inner Antarctic Continent
are advected equatorwards across the sea ice shelfs over the

relatively warm and moist ocean (cold air outbreaks), they can
trigger convection and PBL fronts (Drüe and Heinemann, 2001).
Thus the Ross, Amundsen and Bellingshausen Sea have a high
density of mesocyclones (Irving et al., 2010). Seasonal trends of
mesoscale cyclone activity over the ice-free southern ocean from
1999 to 2008 show an agreement with the examined seasonal
moisture source anomaly. For instance, the ERA-Interim re-
analysis data shows the strongest mean outflow off Antarctica
during MAM and JJA (Figure 3) when Irving et al. (2010)
indicate the highest density of mesocyclones in the Amundsen
and Bellingshausen Sea. The moisture sources during this time
period display positive anomalies south of 50◦S (Figures 9b,c).
Specially during JJA the positive moisture source anomalies reach
close to the Amundsen and Bellingshausen Sea. This could be
an evidence for cold air outbreaks, which moisten inside the
Pacific PBL and contribute to the precipitation at the icefield. The
identified source regions in the southernmost South Pacificmight
be the result of polar lows and their strengthening of the storm
track.

5.2. Transport Time of Moisture
A substantial amount of moisture needs <10 days from its
origin to the icefield (Figure 5). The zonal moisture exchange
is faster than the meridional due to the westerly wind belt.
Trajectories have the highest density (Figure 8) and reach
on average the highest velocities in vicinity of the jet axis.
The highest moisture uptake occurs 2 days before arrival
(Figure 6). At this point, the majority of the trajectories are
located inside the scaled PBL. The day before arrival the
trajectories show an overall lifting due to the orography.
Beyond 10 days before arrival, backward trajectories originate
from higher levels, and hence indicate higher moisture
uptake rates above the scaled PBL. This contribution is
negligible. The highest moisture loss of the trajectories is
due to precipitation at icefield. The absence of obstacles
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FIGURE 12 | (a) ERA-Interim 800 hPa geopotential height and wind velocity from May 2016. (b) Sample of trajectories with moisture uptake in the south-west South

Atlantic during May 2016. The color indicate their pressure height.

in the Pacific Ocean leads to only small amounts of en
route precipitation (compare averaged precipitation amounts in
Figure 3).

5.3. Moisture Source Variabilities
Disturbances of the westerly wind belt, caused by baroclinic
instabilities in the mid-latitudes, inject moist air masses from
the tropics into the westerly wind belt. Thus, the westerlies
are the dominant transport mechanism of moist air toward
the icefield. A dislocation of the westerly wind belt leads to
anomalies of precipitation (Garreaud et al., 2013), changes
transport pathways of moisture toward the icefield and the
location of moisture sources concerning the icefield. The
contribution from the south-west South Atlantic Ocean is
negligible. A substantial amount of moisture originates in
the South Atlantic only in particular situations. One of the
requirements is a positive geopotential height anomaly close to
the Drake Passage (Figure 11). As a consequence, anticyclonic
flow occurs over southern South America accompanied by a
shift of the moisture sources to the south-east South Atlantic.
The moisture uptake decreases in the major moisture source
region between 40 and 50◦S. Positive moisture source anomalies
appear only in the vicinity of the southern South American coast.
This phenomenon is more likely during El-Niño (Figure 9f)
and JJA months (Figure 9c), and characterizes dry months
(Figure 11a). Dry months are the most frequent during El-
Niño and JJA (Figure 13), and thus they exhibit similar
anomaly patterns. May 2016 shows the lowest accumulation
rate of precipitation at the icefield in the whole ERA-Interim
data and is used to point out those circulation features
(Figure 12).

For May 2016 the averaged 800 hPa geopotential height
indicates strongly meridional flow upstream of southern South
America (Figure 12a). The high pressure ridge above southern

South America causes an anticyclonic flow with the center
at the southern South American continent. The polewards
displacement of the storm track (positive geopotential height
anomaly in the Drake Passage) forces the trajectories to
travel through the Drake passage (Figure 12b). Anticyclonic
curvature above the south-eastern South Atlantic Ocean moves
the trajectories equatorwards. The air masses moisten inside
the PBL of the Atlantic and the anticyclonic flow controls
their westward flow over the continent. En route precipitation
above the continent, with the maximum upstream of the
Andes cordillera (see Supplementary Material Figure S9) due to
orographic lifting, decreases the moisture source contribution of
the South Atlantic but increases the intercontinental moisture
recycling also visible in Figure 11a. Finally, meridional flow
occurs along the coast line of west Patagonia. Trajectories
within the Pacific PBL increase their moisture content and
contribute to the positive moisture source anomaly along
the western Patagonia coast. The strongly meridional flow at
high southern latitudes in vicinity of the South American
continent causes a low monthly precipitation sum at the icefield.
This phenomenon is twice as frequent during austral winter
compared to summer months (Figure 13 and Trenberth andMo,
1985).

By contrast, a strengthening of the zonal westerly flow
in the south-east South Pacific increases the moisture uptake
in the major moisture source region. During humid months
(Figure 11b), DJF (Figure 9a), and La-Niña months (Figure 9e)
the zonal flow around 50◦S is most intense. Those months show
a poleward shift of the subtropical anticyclone accompanied
by a poleward shift of moisture sources from the subtropics
to the mid-latitudes. In addition, a lower geopotential height
at around 60◦S increases the north-south pressure gradient
between 45 and 60◦S and results in a strengthening of the
westerlies. As a consequence, long-range transport of moisture

Frontiers in Earth Science | www.frontiersin.org 13 November 2018 | Volume 6 | Article 219

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Langhamer et al. Moisture Sources of the Southern Patagonia Icefield

FIGURE 13 | The count of humid (90 percentile) and dry (10 percentile)

months grouped by seasons, El-Niño, La-Niña , negative and positive antarctic

oscillation index (AOI).

occurs with its maximal extent close to 180◦W during humid
months.

5.4. Variations of the Moisture Sources
Extreme precipitation events coincide with the strongest north-
south pressure gradient anomaly between 45 and 60◦S. Past
studies emphasize a correlation between wind velocity and
precipitation in west Patagonia (Schneider et al., 2003; Garreaud
et al., 2013). The strength and location of the westerly wind
belt controls the orographic precipitation at the icefield. The
crossbarrier flow is one of three main drivers to describe
the flow over a terrain and thus reasonable to correlate
with the orographic precipitation. The main drivers can be
summarized in a nondimensional ratio U(NH)−1, which is often
referred to as Froude number (or the inverse nondimensional
mountain height), and determines the flow regime (Houze,
2012). Whenever the upstream Froude number is high (fast
flow velocity, low stability, and/or a small mountain height), the
airflow rises over the terrain. If the upstream Froude number is
low (slow flow velocity, high stability and/or high mountains)
the upcoming air is blocked and the flow is deflected laterally.
In case of a narrow mountain ridge, high wind velocities and
atmospheric conditions as observed in southernmost South
America, the maximum of precipitation shifts from the hill
top to the windward slope (Smith and Evans, 2007). Enhanced
upstream precipitation at the icefield is also indicated by ERA-
Interim and shown in Figure 3.

ERA-Interim reanalysis data indicate no significant
monthly correlation between the ENSO phenomenon and the
precipitation at the icefield (rPearson = −0.06, p-value = 0.34).
The moisture source variability during ENSO months is half
of the magnitude in comparison to the seasonal variation.
El-Niño monthly evaporative moisture source anomalies show
similarities to the austral winter months. La-Niña months show
similarities to summer months. But both events show similar
seasonal occurrence and thus only mirror the ENSO related

anomalies. A direct link between SST anomalies in the South
Pacific and moisture source anomalies does not exist.

The monthly mean precipitation at the icefield is independent
of the AOI (rPearson = −0.06, p-value = 0.19). Strong
negative AOI months show less moisture contribution from the
subtropics and enhanced moisture uptake in the mid-latitudes
(Figure 9g). A reduction of the westerly wind in the South Pacific
decreases the moisture transport from the subtropics toward
the icefield. Enhanced Antarctic outflow in the Bellingshausen
and Amundsen Sea increases the moisture sources in the south-
east South Pacific. Strong positive AOI months indicate an
opposite pattern (Figure 9h). They show stronger westerly winds
around 60◦S. Less katabatic outflow from the Bellingshausen and
Amundsen Sea results in a moisture source deficit in the south-
east South Pacific. The north-westerly wind field anomalies in
vicinity of the icefield increase the moisture uptake regions from
the subtropics to 45◦S.

5.5. Uncertainties
Evaporation or precipitation affect the net moisture change
along a trajectory (Equation 1). We have omitted formation and
dissolution of clouds and the amount of evaporative moisture
source. Considering the specific cloud ice water content and the
specific cloud liquid water content the whole amount of moisture
sources decreases by approximately 5% (not shown). It has a
negligible effect on the evaporation pattern. Furthermore, the
applied moisture source detection technique neglects moisture
changes due to convection. Especially in warmer regions, such
as the tropics and subtropics, or due to cold air outbreaks
in high southern latitudes, convection plays a major role.
In those regions we expect lower accuracy of the detected
moisture sources. Transport errors increase significantly for
trajectory calculations beyond 10 days (Stohl and Seibert, 1998).
We applied 18-day backward trajectory calculations and have
to consider inaccurate trajectory ending positions. However, a
longer backward trajectory calculation time period than 10 days
is not necessary to examine the moisture sources of the icefield
(Figure 5). This is in accordance with the average residence
time of water in the atmosphere (Van Der Ent and Tuinenburg,
2017). Shorter backward calculation periods are recommended
for upcoming studies.

6. CONCLUSION

An established moisture source detection technique (Sodemann
et al., 2008) was applied to identify moisture sources for
precipitation at the Southern Patagonia Icefield. The three-
dimensional kinematic 18-day backward trajectories are based
on ERA-Interim reanalysis data from January 1979 to January
2017. This method is able to quantify the water vapor origin,
the transport time and the favored transport paths, and
presents a diagnostic picture of moisture source regions of the
icefield.

The major moisture source of the icefield is found in the
South Pacific between 80 to 160◦W and 30 to 60◦S (Figure 5).
We detected 71% of the moisture sources responsible for
the precipitation at the icefield. The cause for the moisture
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uptake above the PBL (25%) and the moisture content already
included at the trajectory ending position (4%) have not been
investigated.

The maximummoisture uptake is located just off the coastline
of west Patagonia. The largest contribution of moisture sources
extends north up to the subtropics, where a persistent anticyclone
centered around 100◦W and 30◦S exists. Moisture uptake
regions in the subpolar regions have a smaller contribution. In
the high southern latitudes, cold air outbreaks are likely the
dominant mechanism for moisture uptake. Relatively cold and
dry descending air masses become moistened in the relatively
warm planetary boundary layer over the ice-free Southern
Pacific. The rather instable situation of relatively cold air masses
above the relatively warm sea surface initialize convection and
enhance the baroclinity of the westerly storm track. Furthermore,
moisture sources which coincide with the prevailing westerlies
have the biggest westward extent to 160◦W. This region shows
the highest trajectory density and indicates the favored pathways
of moist air masses (Figure 8).

In addition controlling the transport pathways, the location
of the westerly wind belt determines the amount of precipitation
and the moisture origin of the icefield (Figure 3 and Figure 11).
In general, stronger westerly winds around 50◦S lead to more
long-range transport and enhanced moisture uptake from
subtropics to mid-latitudes, and characterize climatic humid
months (Figure 11b). By contrast, a weakening of the westerlies,
and/or a poleward shift of the jet axis, is accompanied by
enhanced moisture uptake along the southern tip of South
America and less moisture supply from the subtropics and
mid-latitudes in the central South Pacific (Figure 9g and
Figure 11a). An appropriate proxy is an anomaly of the
800 hPa geopotential height extending from the Ross Sea to
the Drake Passage. An extraordinarily strong positive anomaly
of the geopotential height in the Drake Passage results in
an anticyclonic flow over the southern tip of South America
(Figure 12a). The high pressure ridge transports moisture
from the south-western Atlantic above the Andes along the
west Patagonians coast toward the icefield (Figure 12b). The
north-westerly advection of moisture enhances the moisture
source contribution from the subtropics only along the coast
line. These events occur during climatologically drier months
(Figure 11a).

Seasonal variation of moisture source regions exist. During
MAM (Figure 9b) and JJA (Figure 9c) up to ∼40% more
moisture originates from the subtropics. Austral summer
months have enhanced moisture uptake in the mid-latitudes
and less contribution from the subtropics (Figure 9a). The
ENSO related moisture source anomalies are half as large
as the seasonal anomalies. During La-Niña more moisture
originates from the mid-latitude region of South Pacific
due to enhanced westerlies (Figure 9e). Opposite behavior
is exhibited by El-Niño months (Figure 9f). The Antarctic
Oscillation related moisture source anomalies show a similar
strength of anomalies as the seasonal anomalies. Months with a
strong negative Antarctic Oscillation Index show less moisture
sources between subtropics and mid-latitudes (Figure 9g). More
moisture originates from high southern latitudes due to increased

outflow from Bellingshausen and Amundsen Sea. By contrast,
months with a strong positive Antarctic Oscillation Index
show an opposite pattern in moisture source and geopotential
height anomalies, due to the anomalousmeandering geopotential
pattern (Figure 9h).

The Lagrangian analysis of precipitation origins for the
icefield considers en route precipitation. A large part of the
moisture uptake in remote regions such as the Indian Ocean
or the tropics does not reach the icefield since it is rained
out during transport. Identified moisture sources outside the
10-day backward calculation time period have a negligible
impact as expected due to the average residence time of
water in the atmosphere (Van Der Ent and Tuinenburg,
2017). The moisture uptake is at its maximum 2days before
arrival, when the majority of air masses are inside the PBL
(Figure 6a).

The Lagrangian perspective highlights the interplay between
the large scale climate modes and moisture sources of the
icefield. These findings may help to interpret anomalies of
paleo-climatological records of isotopic composition obtained
from lake sediments (e.g. Mayr et al., 2005), lakes or
precipitation samples (e.g. Mayr et al., 2007), ice cores (e.g.
Schwikowski et al., 2013), or vegetation (e.g. Grießinger et al.,
2018), in Fuego-Patagonia where a direct link to ambient
environmental changes is absent. Thus, the identified moisture
sources are one more building block to interpret climate
proxies at the icefield from 1979 to 2017. A companion
paper compares the findings of the Lagrangian moisture source
detection with tree-ring records from Perito Moreno (Grießinger
et al., 2018). The comparison shows, that variations in the
moisture sources influence the δ18O Tree-ring chronology
of Nothofagus pumilio located in the vicinity of the Perito
Moreno Glacier. A simultaneous study compares findings
of the stable hydrogen and oxygen isotope composition of
precipitation, and lake and river systems from different sites
in southern South America with results of the moisture
source detection method presented in this manuscript. They
found that identified moisture sources and major transport
pathways of moist air masses can clarify isotopic fractionation
processes.
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