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INTRODUCTION

Quantifying area and volume loss of the world’s glaciers outside the large ice sheets has caught the
attention of policy makers and the public due to the potential impact on sea-level rise (e.g., AMAP,
2019; IPCC, 2019; Wouters et al., 2019; Zemp et al., 2019). Recent in-situ measurements from the
Greenland Ice Sheet and its peripheral glaciers show that they are on average losing mass due to
climate change (e.g., AMAP, 2019).

The robustness of sea-level rise predictions rely heavily on observational data from glaciers in
the world, which is why reliable mass balance measurements are in high demand (AMAP, 2019;
IPCC, 2019). The Programme for Monitoring of the Greenland ice sheet (PROMICE) initiated
in 2007, is delivering such in situ data from a network of automatic weather stations (AWSs)
covering eight different regions of the Greenland ice sheet and one location on the peripheral
glacier Mittivakkat in south-east Greenland (Figure 1, Van As et al., 2011). The PROMICE in situ
data is also valuable for calibrating and validating melt and energy balance estimates from remote
sensing or surface mass balance models (AMAP, 2019; IPCC, 2019). A database accessible through
the PROMICE data portal (https://www.promice.org/PromiceDataPortal) provides a Greenland
wide mass balance data collection with associated background information (Machguth et al., 2016).
In this data report, we focus on the AWS location on the peripheral glacier Mittivakkat (MIT) in
south-east Greenland and present its annual surface mass balance for the period 2009-2019 derived
from the daily automatic weather station data product found on the PROMICE data portal (https://
doi.org/10.22008/promice/data/aws).

METHODS

Mittivakkat Automatic Weather Station

The Mittivakkat (MIT) automatic weather station (AWS) is part of the PROMICE network in
Greenland, which currently consists of eight regions with two (or three) AWSs all located at
different elevations (see Figure 1 for details) (Ahlstrom et al., 2008). In PROMICE, the MIT
location is currently the only station on a glacier in Greenland outside the main ice sheet.
Mittivakkat glacier is located in SE Greenland on the island of Ammassalik (Figure 1, MIT).
Mittivakkat glacier covers an area of ca. 32 km? (e.g., Mernild et al., 2015) and the AWS is located
below the long-term equilibrium altitude (ELA), resulting on average in a negative surface mass
balance at the AWS site. The AWS location is 65.69 N 37.83 W 440 m a.s.] and it was established on
3 May 2009 at the start of the melt season on top of winter snowpack. During the establishment, we
also made a snowpit with a snowheight of 2.7 m and a mean bulk density of 425 kg m .
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FIGURE 1 | (A) Map of Greenland with the locations of the PROMICE automatic weather stations. Dotted lines: elevation contours. (B) Photograph of a standard

In general, the PROMICE AWSs measure the following
meteorological variables: air temperature, pressure, humidity,
wind speed, and the downward and upward components of
shortwave and longwave radiation, originating from the sun and
earth system, respectively. The AWSs also record temperature
profiles in the upper 10m of ice, GPS-derived location and
diagnostic parameters such as station tilt, which is crucial for
correcting solar radiation measurements. A GEUS-developed
pressure transducer and two sonic ranging devices measure snow
and ice surface height change due to ablation and accumulation
(Fausto et al., 2012a). The AWSs record instantaneous values
of all parameters at a 10-min time interval, apart from wind
speed, which is recorded as an average based on the number of
propeller rotations. All data is stored locally awaiting collection
during maintenance visits. On top of the 10-min data stored
locally, the AWS also transmits hourly averages of the most
transient variables (Figure 1, instruments: 1, 4, and 6) via the
Iridium satellite between days 100 and 300 of each year, while
the remaining variables are transmitted at 6-h intervals. In the
wintertime, transmissions have a daily frequency to save battery
power. All data and metadata specifications for all sensors is

stored in the PROMICE database and is freely available for
download at www.promice.dk (Fausto and Van As, 2019).

Instrumentation and Accuracy

The PROMICE AWSs are equipped with an @rum & Jensen
NT1400/NT1700 pressure transducer assembly (PTA) and two
Campbell Scientific SR50A sonic ranging devices that allow us to
monitor surface height change due to accumulation and ablation.
The pressure transducer assembly is made of a sealed (non-
freezing) liquid-filled hose with a pressure transducer located at
the bottom/end (Figure 1, instrument 7). The hose is drilled into
the ice and a pressure signal is then monitored by the transducer,
which is exerted by the vertical liquid column over the sensor
(see Fausto et al, 2012a for more detail on the setup). The
depth of the pressure transducer inside the hose can be scaled to
depth using the density of the antifreeze liquid and atmospheric
pressure variation. The free-floating tripod of the AWS moves
downward with a melting ice surface, while the hose melts out of
the ice, effectively reducing the overburden pressure of the liquid
column over the pressure transducer at the bottom of the hose.
The reduction in pressure thus returns ice ablation estimates.
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Boggild et al. (2004) constructed and deployed the first assembly
in 2001 and during its first successful tests, the system was
developed further resulting in a significantly improved pressure
transducer assembly with an associated improvement in data
quality (Fausto et al., 2012a).

Fausto et al. (2012a,b) also demonstrates that the PROMICE
ice ablation measurements by pressure transducers are well-
suited in remote regions outperforming other established
methods. The pressure transducer assembly is especially suitable
for high melt areas due to the independency of stakes drilled

into the ice. For instance, at every AWS maintenance visit, we
perform stake readings, which offer information on changes in
the surface height. However, stake readings only produce a low-
frequency record because measurements can only be achieved
when stakes are visited. The PROMICE AWSs also have two
SR50A sonic ranging devices, with one mounted on the tripod
sensor boom, while the other is mounted on a separate stake
assembly (Figure 1, Instrument 5). The manufacturer (Campbell
Scientific) of the SR50A gives an accuracy of & 1 cm or £ 0.4%
of the height measured with temperature correction. Fausto et al.

TABLE 1 | Mean annual and June, July, August (JJA) air temperatures.

Year Mean annual air Mean JJA air End of winter Surface mass
temperature (°C) temperature (°C) snowpack height (m) balance (m ice eq.)

2009 - 4.0 2.7+ 01 —-1.7+ 01
2010 —2.2 52 21 +£041 —3.7+01
2011 —-3.7 3.7 20+ 01 —-1.5+0.1
2012 2.4 4.6 2.3+ 0.1 —-2.8+0.1
2013 -3.2 3.7 >2.6% —-0.4+0.1
2014 -1.9 4.6 2.5+ 0.1 —29+0.1
2015 -3.5 3.4 >2.6" 0.0+ 0.1
2016 -1.8 4.1 2.0+ 0.1 -39+ 0.1
2017 —-2.9 3.1 21 +0.1 —2.8+0.1
2018 -3.3 2.3 22 +0.1 —0.6 £ 0.1
2019 —-2.9 3.6 21 +£041 —-3.0+0.1

End of winter snow pack height, as the difference between the surface height at the start of the melt season and the end of the melt season the year before. Annual surface mass
balance for MIT, as the difference between the surface height at end of the melt season and that of the year before, in meters ice eq. per year.
*The height of the winter snowpack was covering the sonic ranger, so an accurate estimate could not be made.
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FIGURE 2 | Corrected pressure transducer assembly (PTA) readings following Fausto et al. (2012a). PTA readings were vertically shifted for new PTAs drilled into the
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ice in order to align the data into a continuous cumulative ice ablation record.
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(2012a) tested this accuracy for periods with zero surface mass
balance and found standard deviations of 1.7cm and 0.6 cm
(after spike removal) or 0.7 and 0.6% of the measured distance
by the two SR50As, respectively. Precision of the readings may
in general reduce over time due to sensor degradation. The
challenge with surface mass balance studies using sonic ranging
devices mounted on stake assemblies drilled into the ice is
that the assemblies often become unstable when they melt out
more than 3m. Unstable stake assemblies often move with
the wind or could even collapse during strong wind events,
making the readings from the sonic ranging device unreliable.
In comparison, the PTA continues to stay operational until it
has melted out, reducing the need for annual station visits, in
turn lowering the expense associated with logistics in Greenland
considerably. The manufacturer states that the measurement
uncertainty of the pressure transducer sensor is 2.5 cm, while
a mean standard deviation outside of the melt season is found
to be 1cm (Fausto et al., 2012a). The relatively small standard
deviation indicates a small random error, which is comparable to
the sonic ranging device. Fausto et al. (2012a) also investigated
the precision of the pressure transducer readings over time and
found that it is reduced over time due to a degradation of
the sensor because of a continuous pressure. Calibration tests
of the pressure transducer show that sensor sensitivity drift
amounts to 1.6% on average for a 4-years measuring period,
which suggests that drift is not a large source of error. Using
the combined information of measurement uncertainty of the
pressure transducer and the sensor sensitivity drift, we arrive
at an uncertainty on annual surface mass balance estimates
of ~0.1 mice eq.

Mittivakkat Annual Surface Mass Balance
Records for 2009-2019

We present the MIT annual surface mass balance record in
Table 1. The surface mass balance record is based on the
corrected measurements of the PTA from the PROMICE AWS
dataset product (Fausto and Van As, 2019). When the PTA fails,
we supplement the annual surface mass balance estimate with
sonic ranger readings and with manual stake readings obtained
during maintenance visits. We calculate the annual surface mass
balance as the difference in height between the end-of-melt-
season minimum surface level in the given year and the previous
year (Figure 2).

Table 1 and Figure 2 shows that 2016 was the largest mass
loss year followed by 2010 and 2019 for the 10-years PROMICE
dataset. For instance, the record-warm summer of 2012 (in most
regions of Greenland) is only ranked the sixth largest mass loss
due to a large amount of winter/spring snow at the MIT location
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