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Abstract

As meltwater runoff increases from local glaciers and ice caps in Greenland, there

IS motivation to better quantify this runoff to improve the understanding and more accurately
estimate its contribution to global sea level rise, dynamics of seawater freshening on ocean
currents and gauging the potential for natural resource exploitation. Twelve percent of the
world’s glaciers and ice caps are contained around the periphery of Greenland and the vast
majority lies in partially glaciated basins that are ungauged and without weather stations,
thereby, resulting in a gap of available data required to calculate meltwater runoff in these
catchment areas. This then leaves climate models as the key method to simulate and predict
the amount of future runoff produced. Currently, calculating meltwater discharge with coarse
resolution general circulation models or even regional climate models, does not completely
capture the intricacies of the terrain in a partially glaciated basin and can create large potential
for error. This study highlights these errors by presenting the strengths and shortcomings of
several global and regional climate models on local scales on glacier catchments, with the aim
to predict runoff more accurately. This evaluation has shown that none of the climate models
adequately captures either spatial or temporal variability in air temperature and meltwater
production. Statistical downscaling of climate grids, from 11 kms to 30 m, was applied as a
tool to better resolve air temperature and precipitation in partially glaciated basins but was
unable to counteract inaccuracies leaking from climate models into local estimates. The total
monthly runoff was predicted, out to 2060, using a positive degree day model that focused on
one drinking water catchment in Southwest Greenland, with a discharged peak in 2040. The
catchment is therefore assessed as being able to provide a continuous source of drinking water

for export throughout the next 40 years.



Abstrakt

Efterhanden som smeltevandsafstramningen fra Grgnlands gletsjere og iskapper stiger, er der
et gget behov for at kvantificere denne afstremning, for at forbedre forstaelsen og give et mere
ngjagtigt estimat af bidraget til den globale havniveaustigning, e&ndringer i havstramme pa
grund af en faldende saltkoncentration og potentialet for udnyttelse af naturressourcer.

12 % af verdens gletsjere og iskapper findes langs Grgnlands periferi, hvor langt starstedelen
ligger i oplande med delvist isdeekke, uden malinger og vejrstationer til at

kunne beregne smeltevandsafstremningen. Klimamodeller har derfor en ngglerolle i at simulere
0g estimere meangden af smeltevand i fremtiden. Generelle cirkulationsmodeller og regionale
klimamodeller har for lav oplgsning til at fange terreenvariationerne i oplande med delvist
isdekke og kan resultere ungjagtigheder ved beregning af smeltevandsafstramninger

Denne undersggelse fremhaver disse ungjagtigheder ved at praesentere styrker og svagheder
ved flere klimamodeller; undersggelsen validerer regionale klimamodeller pa lokal skala, for
at opna afstremning af smeltevand i mindre afvandingsomrader i Grgnland. Statistisk
nedskalering fra 11 km til 30 m blev anvendt som et verktgj til at forbedre oplgsningen pa
lufttemperatur og nedbgrsdata i oplande med delvist isdaekke. Den samlede manedlige
afstramning i et afvandingsomrade, i Vestgrenland, blev forudsagt frem til 2060 ved hjalp af
en positiv gradedagsmodel. Med en beregnet smeltevandsafstremning, der topper i 2040,
konkluderer denne undersggelse, at maengden af smeltevand er tilstraekkelig til kommerciel

udnyttelse i de naste 40 ar.
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1 Introduction

Glaciers are vital resources to many human populations across the planet. They provide a
natural source of potable water, contribute to energy production, and provide tourism
opportunities for many countries. As an example of their importance, in parts of South America,
50 % of the drinking water derives from glacial runoff (Oerlemans., 2010, pp.6). The economic
and social benefits that accrue from glaciers have varied over time within countries that possess
them. In the last few decades, advances in technology, coupled with the impact of a warming
climate not only provide several opportunities for nations that have glaciers, but are cause for
significant concerns for those lower laying ones threatened with territorial displacement due to
the rise in sea level. In Greenland, it is becoming more frequent to see hydro plants being used
to provide power to settlement communities, which are also dependent on glacial runoff as its
source (Ahlstrgm et al., 2018). Although the main supply of drinking water in Greenland is
from surface water, in other parts of the world, the runoff from glaciers is increasingly
becoming an important resource. As a result, future opportunities exist for glacial runoff to be
used in aid of those countries that are currently in need or those that could soon suffer from

severe water shortages and/or a growing rate of water sources being polluted.

More pressingly, as global temperatures continue to rise, the world is likely to turn more of its
attention towards Greenland. This unique continent contains one of the largest ice sheets in the
world. It is abundant in natural resources and it has a stunning landscape with large open
wilderness areas to enjoy. Of significance, the largest reserve of freshwater in the Northern
Hemisphere is located here. Impressively, its holdings are equivalent to approximately seven
meters in sea level rise (Ettema et al., 2010) and with its glaciers, ice caps and the ice sheet
melting, the freshwater it will discharge could be made readily available as a common good.
The ability to harvest this abundant source of potential freshwater for commercial means
remains a question as to how glaciers and ice caps will continue to react in a changing
climate. Of equal importance is understanding what a warming planet is doing to the melting
of glaciers and ice caps and its follow-on effect to positive climate feedback loops, future
weather patterns, sea level rise and the impact on marine ecosystems. An example is
understanding the dynamics from seawater freshening on ocean currents and the strength of the

thermohaline circulation.
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From a scientific perspective, there has been a lack of observational data at the periphery of the
Greenland continent in the mountain valley catchments. To that end, the challenge is to fully
understand and to quantify the amount of runoff being produced from these specific catchment
areas. The aim of this paper will be to study glacial runoff from small scale catchments that are
of interest to both industry, in support of their efforts in assessing the commercial viability of
exporting the freshwater being produced, while also contributing to the glaciological
community’s understanding of glacier dynamics at these smaller scale catchments situated

within Greenland’s Periphery Glaciers and Ice Caps (PGIC).

Where observational data has been absent, Regional Climate Models (RCM) are used as one of
the primary tools for determining climate data. Over the years, these have become more reliable
as their accuracy and precision improves. Previous studies have compared the data from various
weather stations with that obtained through climate model outputs and have highlighted certain
biases within the interannual cycle across the Greenland Ice Sheet (GrlS). When Box and Rinke
compared the interannual variability, it was determined to be greater in the climate model than
that of the observational data (Box and Rinke, 2003). Comparing climate model performance
with observational data is an initial step to better understand how the models perform in the
specific areas being studied. When calculating the performance of RCMs, correlation
coefficients and the root mean square error (RMSE) are commonly used methods to evaluate
them (Noel et al., 2019, Andersson and Erikson, 2018, Ettema et al., 2010).

In addition to RCMs, when assessing catchments, another pertinent necessity is the need for
high resolution climate data, particularly in remote places. In compensating for the lack of high
resolution data, downscaling of climate data outputs is a method that has been used for some
time. There are several different downscaling methods to obtain the data to achieve the desired
climate model resolution. Three downscaling methods that are used within the climatological-
glaciological community are: (1) statistical, (2) dynamical, and (3) hybrid (Machguth et al.,
2013, Jarosch et al., 2012). The simplest form of downscaling utilizes a fixed relationship
between the coarser resolution of the climate model grids and subgrid surfaces, which are
further described by higher resolution grids of elevation and topography (Fiddes and Gruber,
2014). This study uses a simple statistical downscaling method that requires the calculation of
slope lapse rates as the transfer function between the two scales. The background on these

downscaling techniques are further explained in Section 2.1.5. Regardless of the downscaling
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method used, after producing a downscaled product, surface mass balance models can then be

used to calculate the runoff of a specific glacier at the catchment scale.

There are several types of surface mass balance (SMB) models with the main categories falling
under: (1) surface energy balance (SEB), and (2) temperature index modeling such as positive
degree day (PDD). In defining it, SMB is the overall sum of what is accumulated versus what
is lost over a period (Hanna et al., 2011). Throughout the history of SMB modeling of glaciers,
several schemes over the last century have been developed and tested, proving to be a valuable
method when studying glaciers (Reeh., 1991, Arnold et al., 1996 Calov and Greve., 2005).
Employing either of the two models comes with both benefits and limitations when simulating
the SMB. These will be discussed in more detail later in the paper, but for the purposes of this
study, the PDD model is used to calculate meltwater runoff using air temperature as the input
parameter. Finsterwalder and Schunk first applied the concept of the positive degree day model
in 1887. Over time, slight improvements and minor changes to the model have occurred, but

overall, it has remained relatively unchanged.

1.1 Thesis Objective
As the overall mean temperature of the Earth continues to rise, the knock-on effects are elevated

levels of greenhouse gases and an increasing rate at which glaciers and ice caps are melting
(Edward et al., 2019). As aresult, predicting runoff from catchments in Greenland is important
in being able to estimate the effect that this will have on the planet and the well-being of its
inhabitants. Obvious effects are the sea level rise and freshening of oceans from melting
glaciers and ice caps, with global impacts on coastal lines, thermohaline circulation and marine
ecosystems, to name but a few. To that end, the principle aim of my thesis is about better
understanding climate dynamics that are necessary to predict meltwater runoff from small scale
catchments in Greenland and to which extent these are captured by climate models used to make
regional predictions of future climate conditions. In addition, aspects of this study are being
done in collaboration with the Geological Survey of Denmark and Greenland (GEUS) who are
investigating the natural resource potential from several small catchments for the purposes of
determining the feasibility of exporting potable water. In support of their decision-making
process, it will provide specific insight emanating from my work that will better inform the
debate on the viability of exporting drinking water from this Arctic nation; a motivational aspect
that has been a driver for me to undertake this work. The sub-objectives that underpin this

study’s main aim are:
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« How well do the climate models simulate climate in Greenland on local scales?

e Do regional climate models and their downscaled products replicate observations from
weather stations more accurately than the output from coarse resolution global climate

models?

o Is the selected drinking water site viable for a consistent long-term extraction of this

resource?

1.2 Problem Statement
The focus of this study is on Greenland’s small catchments, including a catchment located in

South West Greenland. The challenge is that these areas do not contain any observational data,
ergo making climate models the main tool for providing climate data in these catchments. Given
that the scale of these study sites is smaller than the typical size of grid cells in climate models,
it is necessary to use downscaling methods to attain higher resolution of the climate variables
and calculate glacial runoff from each catchment.
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Figure 1: Picture from June 2019 at the drinking water catchments. Top photo (on previous page) is at the
glacier tongue with melt water channel in the foreground. Bottom photo is the melt water channel flowing
through the valley.
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2 Background

This section introduces the importance of quantifying runoff in small glacial catchments. It
will elaborate on previous work that has been done by other experts in this field. It will also
describe the intricacies of the climate dynamics that exist within the valley system.

2.1 Periphery Glaciers and Ice Caps in Greenland
Glaciers and ice caps on the

periphery (PGIC) of Greenland

compromise less than 5 % of the A
area of the Greenland Ice Sheet

(Bjark et al., 2018) as shown at 2'
Figure 2. Of importance, in the - .
first part of this century (2003- “l;
2008), PGIC accounted for 20 % >

re®

of glacier loss in Greenland and ﬁ

the global rise in sea level (Bolch é‘"

et al., 2013). The hypsometry,

seasonal dynamics, and location of ?

PGIC in Greenland make them £

more sensitive to atmospheric '%
%

N

changes than that of the GrIS and W_A@,v

marine terminating glaciers. In s
their work, Bjgrk and others 0 170 340 Km

studied PGIC lengths for almost Figure 2: Location of periphery glaciers (in purple) in Greenland and the
landic alaci f sites of the drinking water catchments in the SW and the observational
350 Greenlandic glaciers from validation study site in the NE at Zackenberg (in the red boxes).

when the Little Ice Age (LIA)

ended, 1890 on the West Coast and 1910 on the East Coast, until 2015. On the West Coast of
Greenland, they discovered that the PGIC retreat rate was substantially greater (16.6 m yr=1)
over the last five decades as compared to the entirety of the time period covered by their study
(Bjerk et al., 2018). Contrasting this to the East Coast of Greenland, in the same study, Bjork

et al documented that a steady rate of warming had been observed from 1972 to 2012 that
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reflected a constant PGIC retreat rate of 6.7 m yr~1. The difference between east and west
retreat rates is as a result of a higher snow accumulation rate in Eastern Greenland, which is
an important factor that explains the reduced rate of change in the length of these glaciers.
From a holistic perspective, again based on Bjork et al.’s study, the overall result concludes
that all 350 PGICs studied had a greater rate of retreat over the last five decades. Of note, they
determined that the rate of deglaciation on the East Coast over a 20-year period, centered on
1920, to be more severe than the other PGICs.

From a global perspective, Jacob and others (2012) looked at the individual mass loss of
glaciers and ice caps (GIC) for all glaciated regions, except for Greenland and the Antarctic.
Their study was unable to accurately capture the mass loss of ice from the PGIC in Greenland
and Antarctic due to the low resolution of the Gravity Recovery and Climate Experiment
(GRACE) satellite. This study went on to highlight the importance of sea level contribution
from GICs over a seven-year period (2003 to 2010) that concluded a 0.41 +/-0.08 mm yr!
increase in sea level rise, excluding the PGIC of Greenland and Antarctica (Jacob et al.
2012).

A different approach was used by Machguth and others to predict sea level rise emanating
from PGIC in Greenland. By inputting the data obtained from three regional climate models
through a simplified surface energy balance model, they ascertained the rise in sea level out
to 2098. The data from the three RCM’s used (HIRHAM, RACMO and MAR) produced the
respective projections of 5.8, 7.4 and 11.2 mm when inputted into the surface energy balance
model. Their study showed that the contribution from sea level rise from the north-east
regions of Greenland would be less in contrast to the southern half of Greenland due to
increase in precipitation rates and a more stable hypsometry (Machguth et al. 2013).

PGIC are an important contributor to global rise in sea level. Though the GrlS is extensively
studied and as global warming is a significant potential source of sea level rise, it is somewhat
surprising that the PGIC in Greenland have not had the same level of scientific attention.
According to Abermann et al. (2019), only six out of the 20,300 PGICs are monitored in
Greenland, of which three of them are located on the West Coast. From their study, it was
reported that between 1985 and 2014, there was a volume loss of 25 % from mountain PGIC
in the western part of Greenland (Abermann et al., 2019). As PGIC continue to retreat, it will
be important to better understand their dynamics through a changing climate, so a more
reliable means can be developed to project glacier losses into the future. This could be the

continued development of models and monitoring networks, improving the use of existing

20



methods through novel approaches or a combination of both. The approach for my study will
be to use differing methods, by utilizing existing climate and glacier models, with a focus on
the lesser studied field of PGIC in Greenland.

2.1.1 Drinking Water Catchments
As mentioned earlier, this study is part of a collaborative effort with GEUS. The results of this

work will inform them of the viability of sustainable drinking water sources for those
catchments analyzed within this thesis. In fulfillment of this requirement, the location of the
study areas was determined by GEUS. Of the several potential sites they have listed, the six
selected are the ones that | assisted in the fieldwork conducted by GEUS, during the summer
and fall of 2019. These six catchments were selected due to them being readily accessible, as
well as, the abundance and quality of the water at the glacial runoff areas. Of the six
catchments of interest, one was selected for further study and analysis in determining

downscaled runoff.
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Figure 3: Southwest coast of Greenland place names and location of the drinking water catchments, where L-DW(C is the catchment downscaled
and modelled in this study. With an inset map of Greenland in the bottom right of the study area. Top right map shows the fjord system with the
L-10 catchment outlined.
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The drinking water catchment studied is in South West Greenland where the climate is low
Arctic continental (Cappelen, 2019). The mean annual air temperature in these areas average -
6 °C, with summer daytime temperatures periodically exceeding 15 °C. In the winter months,
the temperatures can dip as low as -40 °C. The catchments are in maritime climates, close to
the coastline and therefore, experience less fluctuation in temperature extremes and have

typical precipitation rates of 300 to 400 mm yr".

Of the six selected catchments by GEUS, three of them are found in Evighedsfjord, where L-
10 is depicted in Figure 3 and the two other catchments are in proximity to L-10. They are
situated approximately 50 kms north of Maniitsog. These catchments are all partially
glaciated and drain from a larger ice cap, noting that neither are connected to the GrlS. The
other three catchments are located at L-08, L-09, and one other in the same region and
situated approximately 40 kms north of Qegertarsuatsiaat (Fiskenasset). These last three
catchments drain from local glaciers that are similarly disconnected from the GrIS. All six of
these catchments are embedded within mountain valley systems and each grouping
respectively drains into their deep fjord systems (Ahlstrem et al., 2019).

Appreciating that there are several potential catchment areas that can be investigated for
commercial means, for this study, showing the feasibility of the meltwater runoff modeling
developed does not necessitate all catchment areas being calculated, but rather selecting only
one to demonstrate its utility. The catchment area selected for this purpose is one located near
L-10 and will be referred to as the drinking water catchment (L-DWC). Referring to it as
location L-DWC is due to the commercial sensitivity of its position as well as the location of

the other two undisclosed sites mentioned earlier.

2.1.2 Validation Site: Zackenberg

Zackenberg is in North Eastern Greenland and is host to the Zackenberg Research Station.
This region is characterized as being a continental climate even though it is located near the
coast. The nearby sea is frozen most of the year creating cold winters and generally dry
conditions (Stendel et al., 2008). It is situated in a valley surrounded by relatively high
mountains that creates a drainage basin for the surrounding glaciers and the A.P. Olsen Ice
Cap. This well-known Ice Cap is the headwaters for the river basin which includes St. Sgdal
Valley, Lindeman Valley and Zackenberg Valley. The basin covers an area of approximately
514 km2 where 106 km? of it is covered by glaciers and the A.P. Olsen Ice Cap. Again, none

of these are connected to the GrIS. The annual mean air temperature for this area is -9 °C and
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it is only in June, July, August, and September that the average monthly air temperature
increases above 0 °C. Its mean annual precipitation is 211 mm yr !, which predominantly falls
as snow during the eight to nine months of winter (Sgndergaard et al., 2015). In the summer
months, the slope lapse rate averages -0.5 °C/100m (Stendal et al., 2008).

Although the location of Zackenberg is at a considerable distance from the catchments of
interest, this area was used as part of the validation process for the climate and glacier models
used in this study as it is a partially glaciated catchment. In addition, it also benefits from having
extensive monitoring programs, which makes the much-needed observational data available.

2.1.3 Climate in Greenland
It is well known that Greenland has seen an increased level of warming since the early 1990s.

The increasing temperatures being experienced on this continent are attributed to Arctic
Amplification (Stendel et al., 2008). This phenomenon results from an accelerated climate
change induced warming in the Arctic that comes from a wavier jet stream caused by a
reduced poleward temperature gradient (Ahlstrgm et al., 2017). In turn, this is coupled with
the positive feedback cycle of snow-ice albedo. The obvious effect from rising temperatures is
an increase in glacier runoff. As a follow on, this creates a densification of the firn layer
(snow that is older than a year), thereby reducing the storage capacity of these layers, which
contributes to increased meltwater production (van Angelen et al., 2013). The climate in
South West Greenland is typically subjected to high atmospheric pressure, which in turn
reduces the amount of cloud cover that enhances the absorption of solar radiation, with the
effect being increased runoff. Conversely, in the northern part of Greenland, it has
experienced significant mass loss of its glaciers since the 1990’s, resulting in enhanced
meltwater runoff. This is due to rising temperatures and increased cloud cover. This
combination has led to an increased summertime rainfall of approximately 42 % (Noel et al.,
2019). The climate in Eastern Greenland is colder compared to that of the western region for
similar latitudes (Steffen and Box, 2001). Despite these similarities, it is considerably wetter
than that experienced on the west side, with nearly 1000 mm/year of precipitation, mostly in

the form of snow, on the south east coast (near Tasiilag/Ammassalik) (Stendel et al., 2008).

2.1.4 Mountain Valley Microclimates
The climate where glaciers exist typically exhibit differences between those observed at a

large atmospheric scale versus those mountain valley areas in proximity to coastlines.

Conversely, these mountain valley areas are often referred to as microclimates and are also
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more susceptible to inversions. Inversions occur when a warmer upper layer traps cold air
underneath it (Zhang et al., 2011). The occurrence rate of inversions varies in the different
coastal areas, but when they happen, it influences lapse rate calculations in the respective
mountain valley systems. This is further discussed in the downscaling section that follows in
Section 7.2.2.

In addition to the effect that inversions have on a glacier, other attributes such as varying
slope lapse rates, the glacier’s aspect and katabatic winds also have an impact on the climate
of the glacier. The air temperature of the surrounding environment varies, whereas, the
temperature at the surface of the glacier is for the most part fixed at 0 °C. However, this
variation in air temperature is less so in the winter months because the surrounding
environment is covered in snow. Valley winds are generated at the lower end of the glacier
and flow upwards driven by the vertical differences in temperature. This then creates a mixing
of the warmer and cooler air masses in the valley. Over the glacier’s surface, the cooler air
creates a downward katabatic wind that causes turbulence to occur, which impacts the
exchange of mass and energy from the atmosphere to the glacier. Oelermanns’ observations
noted these winds to be shallow and can be as much as 20 m above the glacier's surface
(Oelermanns., 2010, p.20).

2.1.5 Downscaling Background
As part of the background, the theory behind the two general downscaling categories, nested

models, and empirical approaches (Raju and Kumar, 2018), will be explained. In comparing
the two types, the nested models apply a more process-based technique, whereas the empirical
approach uses a transfer function between the two scales (Hewitson and Craine, 1996). From
these two categories emerge three different types of downscaling methods: (1) dynamical, (2)
hybrid and (3) statistical. Other downscaling methods, such as weather generators and
weather typing, are used when long term observation data exists, which is not the case for this

study; ergo, these methods were not factored into the assessment.

2.1.6 Dynamical Downscaling
The first of the three methods to be discussed is dynamical downscaling which comes from

nested models. This downscaling method is typically how regional climate models are
produced from GCM, where the RCM is nested within the GCM. The RCM is integrated into
the GCM along the boundaries at each time step and at each vertical profile. The RCM then
simulates the atmospheric conditions within the boundaries resulting in a process that can

replicate the important synoptic and mesoscale atmospheric circulations that captures the
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features of the region. Although RCMs improve the output of the GCMs, in areas with more
complex terrain, the dynamical method can bring with it the biases and internal errors of the
GCM used. Flowing from this, the RCMs will also reflect the errors inherent in the GCMs
climate simulation (Hostetler et al., 2011). Of note, the complexity in producing nested
models and the high computational processing subsequently required (Raju and Kumar, 2018)

were limiters.

2.1.7 Hybrid Downscaling
The hybrid method uses both the statistical and dynamical downscaling methods and

according to Jarosch et al. (2010) is computationally a more efficient approach. A study by
Jarosch et al. (2010) describes the benefits of using the hybrid method which was used to
model glacier dynamics with high resolution air temperature and precipitation data. They set
out to create a method that established four criteria: (1) a method that captures climate
variations and patterns that replicate alpine glacier climate, (2) it must work in an area without
in situ data, (3) it must perform well with little or no calibration, and (4) it must be
computationally efficient. In adhering to these criteria, the result obtained is a method that sits
between dynamical and statistical downscaling methods. It uses a linear model of orographic
precipitation to simulate the saturated air that is driven by prevailing winds when approaching
mountain slopes. It uses Fourier transform for the wave numbers of the topography and air
parcels that downscale the precipitation to the high resolution 90 m digital elevation model
(DEM). The air temperature downscaling is an extension of previous studies that have applied
similar methods to modeling alpine snowpack (Durand et al., 1993) and the mass balance of
individual glaciers (Rasmussen and Conway, 2001). In their study, they use a piecewise
function that is linearly fit to the vertical air temperature column. The use of this function
makes it possible to identify inversions that can often occur from Arctic air masses in winter
or inversions that can occur during the nights in summer. Although this approach would have
been ideal to use for this thesis, based on its criteria, the complexity required in building a
Fourier transformational model was beyond the capability and timeframe to develop for this

thesis.

2.1.8 Statistical Downscaling
Statistical downscaling, an empirical approach, is a simple method for resolving air

temperature data at finer spatial resolutions. Methods for statistical downscaling involve
using a transfer function between the predictor and predictand (Raju and Kumar, 2018). An

example of this would be the empirical relationship between air temperature and elevation
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calculated to downscale air temperature. A study by Machguth et al. (2013) used a
downscaling procedure based on the statistical downscaling method. Their approach applied a
two-step process. The first step consisted of interpolating the climate model topography grids
to the resolution of the DEM by inverse distance weighting, followed by making adjustments
to the air temperature relative to the elevation of the DEM using a lapse rate that was derived
by the parameterization work done by Fausto et al. (2009). This was also the same method
that they used for precipitation.

The statistical method was the one selected for this thesis, as it represented the most feasible
approach for the scope and format of the present study. In particular, the way it effectively
downscales for air temperature at given elevations, which is a pertinent aspect of my work. Of
note, it follows a similar process, the exception being that the SLR is derived from AWS data
by way of PROMICE and GC-NET for the nine respective regions in Greenland, as opposed
to the parameterization used by Machguth et al. (2013).
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3 Methods

There are different methods that exist for assessing glacial melt. As each method varies, the
challenge is to select the ones that best fits the specific research being done and available
data. The description of the methods used in this paper are divided into four sections: (1) the
datasets in Section 3.1 to 3.3, (2) comparing climate models to AWS in Section 3.4, (3)
downscaling in Section 3.5 and (4) positive degree day modeling in Section 3.6. This chapter
begins with describing the spatial datasets in Section 3.1 to 3.3 that provides information on
all the data used for the methods. This is followed by the weather station datasets in Section
3.4 that will compare climate data obtained by automatic weather stations and those generated
by the climate model, assessing the differences in performance between them. Section 3.5
describes the method and workflow for downscaling the climate model dataset selected from
the previous section. The last section, Section 3.6 on positive degree day modeling, goes on to

describe both the melt modeling process and the parameters that are required as inputs.

3.1 Spatial Datasets

3.1.1 Ice Mask from Randolph Glacier Inventory
Glacier outlines from the Randolph Glacier Inventory (RGI) were used as binary ice masks

formulating the inputs for the positive degree day model. This model distinguishes ice from
bare ground within the catchments. The RGI is a collection of outlines across the globe,
noting that they exclude the Greenland and Antarctica ice sheets. Several institutions worked
together to produce these outlines through various satellite imagery acquired from 1999
onward. RGI uses semi-autonomous or autonomous routines to map the glaciers from satellite
imagery based on the distinctive spectral reflectance signatures of snow and ice (Pfeffer et al.,
2014).

3.1.2 Catchment Shapefiles
The catchment Shapefiles outline the area where the surface water drains. Dr. Ken Mankoff,

from GEUS, produced Shapefiles for these catchment areas. As these Shapefiles are still
under consideration for commercial licensing, they cannot be disclosed to the public at this
time. These files were imported into ArcGIS and rectangle polygons were drawn around the

catchments and exported as a raster for easier manipulation in MATLAB. The catchment
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rasters are used as binary masks to indicate whether the climate model cell is located within

the catchments.

3.1.3 GIMP 30m DEM

The Greenland Ice Mapping Project (GIMP) produced a 30 m resolution digital elevation

model that is used for the downscaling aspect in this thesis. The GIMP DEM is created from

two satellite image series, Landsat-7, and RADARSAT-1, with imagery acquired for the time

period between 1999 to 2002. It covers the entirety of Greenland. The DEM is projected in

polar stereographic, positioned over Greenland. It is centered at 90° N, 45 W and referenced

to the WGS84 ellipsoid (Howat et al. 2014). The GIMP DEM was clipped specifically to

study area catchments in ArcGIS using the clip tool. The tiles 1.1 and 1.2 were downloaded

for the South West Greenland study area, while tiles 4.3 and 5.3 were downloaded for the
Zackenberg area in North East Greenland. These tiles were downloaded from the National
Snow and Ice Data Center (NSIDC) from the following link: https://nsidc.org/data/nsidc-

0645/versions/1.
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Figure 4: Digital elevation model from GIMP DEM for the L-DWC catchment
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3.2 Weather Station Datasets

3.2.1 PROMICE
The Program for Monitoring of the

Greenland Ice Sheet (PROMICE) is an
ongoing program for monitoring the
health of the GriIS. It was installed in
2007 with five pairs of Automatic
Weather Stations (AWS), which has
since been increased to seven pairs in
2010. They are all currently in
operation. One of the weather station
pairs is in the accumulation zone of the
ice sheet and situated at a higher
elevation, whereas, the second one is
placed in the ablation zone. Each AWS
is configured to take samples every 10
minutes that measure several
parameters. The ones required for this
study are air temperature (°C), where
the measurement height is positioned
approximately 0.1 m or 2.6 m above
the bare ice surfaces and air pressure
(hPa). The full list of AWS

measurements being used for this
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Figure 5: Map of locations of all AWS used in the study for slope lapse rate
calculation, and the PROMICE AWS used for the climate model

evaluation.

study can be found in Table 1. Of note, the mean monthly air temperatures are calculated

from daily averages (van As et al. 2011). The other variables that are captured by the

PROMICE program are: humidity, wind speed, wind direction, sensible heat flux, latent heat

flux, shortwave radiation, and long wave radiation.

3.2.2 GC-NET

The Greenland Climate Network (GC-NET) was established in 1995 and currently has 18

weather stations distributed across the Greenland ice sheet. These weather stations measure
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daily, annual and interannual variability. They are set up to record

accumulation rate, surface-climatology, and surface

energy balance to monitor the state of the GrIS. Most of the AWS are
located near the 2000 m elevation line in the accumulation zone. The
lowest station, JAR2, is located at 568 m above sea level and the
highest one is located at Summit station at 3254 m above sea level.
Hourly average data is transmitted from the weather stations via a
satellite link throughout the year (Steffen et al. 1996). Daily air
temperature data for this study was downloaded from the webpage
(http://ciresl.colorado.edu/steffen/gcnet/) for all stations and this
data was then averaged to monthly mean temperatures in MATLAB.
GC-NET also captures the following weather variables: wind speed,
wind direction, humidity, pressure, surface radiation, sensible and

latent heat fluxes, and accumulation rates.

3.2.3 GEM
The Greenland Ecosystem Monitoring (GEM) program is a long-

term monitoring program operated by several research institutes in
Greenland and Denmark. It consists of five coordinated groups;
ClimateBasis, GeoBasis, BioBasis, MarineBasis and GlacioBasis,
that are positioned to monitor across three locations in Greenland in
the following places: Nuuk; Disko Bay; and Zackenberg. This
study uses the data captured by the GlacioBasis program in
Zackenberg and it consists of three climate stations that are run by
Asiag — Greenland Survey (Abermann et al. 2019). Hourly air
temperature and precipitation data were downloaded and are
available for the time between 1995-08-17 to 2017-12-31. This data

can be downloaded from the g-e-m.dk webpage.

3.3 Climate models
Climate models can vary from each other with variations from how

they are programmed and the different forcings used for each from these for these models.
Germane for this paper is the requirement to evaluate how these various models perform in

the Greenland environment. Regional climate models are preferred as they produce higher
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Table 1: List of AWS used and
associated periods.

Time
Dataset AWS Period
PROMICE KAN_B 2011-2018
KAN_L 2011-2018
KAN_M 2011-2018
KAN_U 2011-2018
NUK_K 2010-2018
NUK_L 2015-2018
NUK_N 2010-2018
NUK_U 2010-2018
QAS_A 2016-2018
QAS L 2016-2018
QAS_ M 2016-2018
QAS_U 2016-2018
UPE_L 2009-2018
UPE_U 2009-2018
KPC_L 2009-2018
KPC_U 2009-2018
SCO_L 2008-2018
SCO_U 2008-2018
TAS_A 2015-2018
TAS_L 2009-2018
TAS_U 2009-2015
MIT 2009-2018
THU_L 2010-2018
THU_U 2010-2018
UPE_L 2009-2018
UPE_U 2009-2018
GC-NET  01_Swiss_Camp1996-2018
04_GITS 2001-2019
08 DYE2 1996-2018
09 JAR1 1997-2018
17_JAR2 1999-2013
19 JAR3 2000-2004
GEM GlacioBasis 2008 - 2017



http://cires1.colorado.edu/steffen/gcnet/

resolution data, but often the results obtained cause greater uncertainty since these types of
models need to be forced at the boundaries by using general circulation models (GCM). The
two GCMs, HADGEM and ECHAM, are evaluated in the sections that follow. These two
models are used to force the regional climate models (RCM) at the boundaries. This is of
importance for this study, as it investigates the periphery glaciers; it is often in these boundary
areas where the models tend to lack in performance. When near the boundary regions, these
models are more sensitive to inputs than what is typically the case for inland regions.

All outputs from these climate models are downloaded in NetCDF format to obtain the
parameters of air temperature and precipitation. The reference to the specific downloadable link

is found in each respective section and further detail of the models used are described below.

3.3.1 General Circulation Models (GCMs)

3.3.2 HadGEM
The Hadley Centre Global Environment Model version 2 (HadGEM) general circulation

model is a configuration of the Met Office Unified Model stemming from a family of models
that address the uncertainty in projections of the climate system. This model includes
projections of the atmosphere, ocean and sea-ice models to a well-resolved stratosphere, and
Earth System components that include the terrestrial, ocean carbon cycle and atmospheric
chemistry. The Met Office Unified Model seeks to address the Earth system feedback in the
climate system and the necessity of including such feedback to predict future climate change.
(Bellouin et al., 2011). The physical model configuration is derived from the HadGEM1
climate model and has an atmospheric horizontal resolution of 1.25 x 1.875 in latitude and
longitude with 38 layers in the vertical, extending to over 39 km in height (Collins et al.,
2011). Several experiments were run for the HadGEM model with different projections that
predicts future climate. This project uses air temperature and precipitation outputs from
representative concentration pathway (RCP) 4.5 which has a monthly time step and ranges
from 2005 to 2098. HadGEM was accessed from the World Data Center for Climate (WDC),
a webpage by DKRZ (Deutsches Klimarechenzentrum) using the link https://cera-
www.dkrz.de/WDCC/.

3.3.3 ECHAM
The European Centre HAMburg (ECHAM) is a fifth generation of the general circulation

model and will be evaluated for its performance in Greenland. The model was developed at

the Max Planck Institute for Meteorology and built on the European Centre for Medium
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Range Weather Forecasts (ECMWF) physics package (Roeckner et al., 2003). The latest
version of this model shows improvements for land surface processes and datasets. Surface
processes include land surface air temperature, water budget, lake model, sea ice, surface, and
albedo. These are coupled to a mixed layer ocean. Monthly air temperature and precipitation
were downloaded from https://cera-www.dkrz.de/WDCC as GRIdded Binary (GRIB) files.
The temporal coverage of the model is from 800-01-01 to 2100-12-31, noting that only the
time from 2005 to 2019 was evaluated in this thesis.

3.3.4 Regional Climate Models (RCMs)

3.3.5RACMO
The Regional Atmospheric Climate Model (RACMO2.1) is a regional climate model that was

developed in the early 1990s at the Royal Netherlands Meteorological Institute (KNMI); it
was developed in cooperation with the Danish Meteorological Institute (DMI). This model is
based on the High-Resolution Limited Area Model (HIRLAM) numerical weather prediction
model. As of 1993, the Institute for Marine and Atmospheric Research Utrecht (IMAU)
modified the RACMO model so that it could better model the climate over extreme
conditions, such as over glacier surfaces. RACMO2.1 combines HIRLAM with the European
Centre for Medium-range Weather Forecasts’ (ECMWF) developed integrated forecast
system (IFS); this regional climate model has been effectively applied to both the Greenland
and Antarctic Ice Sheets. The grid distances are defined in fraction of degrees and they do not
have a polar stereographic projection plane. Since RACMO is a regional model, it requires
forcing at the boundaries. In this study, two versions of RACMO are used. The first version is
RACMO2.1 GRIS/FUT. This version is forced by HadGEM2-ES under the RCP 4.5 and
spans the time from 1971 to 2100, however, only the period 2005 to 2100 is used in this
thesis. It has a spatial resolution of 11 km, 306x312, at 40 levels (van Angelen et al., 2013,
Noel et al., 2015). For the remainder of the thesis, this dataset will be referred to as
RACMOus. The second version is RACMO2.3p2 GRIS11/3. It was used for the observation
period to validate the model. It has a spatial resolution of 1km and a temporal resolution of
1958-2019 at daily time steps. The 1 km resolution of RACMO2.3p2 was statistically
downscaled for all components of the surface mass balance and reflected good agreement
with in-situ observations. The model is forced by ECMWF Re-Analysis (ERA- 40) (1958-
1978) and ERA-Interim (1979-2019), which are both climate reanalysis models (Noel et al.,

2019). This is discussed further in the climate reanalysis section below in 3.3.6 and it will be
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referred to as RACMOE for the remainder of the thesis. The data from IMAU was sent by the

author on request.

3.3.6 Climate Reanalysis
ERA-Interim is a climate reanalysis model and is different from the conventional climate

models described above, as it gives a numerical description of the recent climate using both
model and observational data. Therefore, its use is only available if observational data exists,
noting it cannot be used to calculate future projection. Climate reanalysis models are useful
for creating continuous climate observations for areas without weather stations and are used
as the validation dataset to compare runoff values and to show any improvements within the

downscaling process.

3.3.7 MAR
The Modele Atmosphérique Régional (MAR) model is developed by Xavier Fettweis at the

University of Liege in Belgium and is used to simulate climate over the Greenland and
Antarctic Ice Sheet. For projections of the future climate in Greenland, MAR is coupled to a
1-D surface vegetation atmosphere transfer scheme Soil Ice Snow Vegetation Atmosphere
Transfer (SISVAT). With the snow-ice part of SISVAT, based on the Centre d’Etudes de la
Neige (CEN) snow model called CROCUS, it is a one-dimensional multi-layered energy
balance model that determines the exchange between the sea ice, the ice sheet surface, the
snow-covered tundra and the atmosphere. Several simulations are run with MAR for future
projections, but this study uses the outputs at 25km resolution that is forced by HadGEM2-ES
RCP 8.5. This corresponds to a high-end scenario with a radiation forcing of > +8.5 Wm -2
by 2100 with a greenhouse gas concentration that is projected to occur by the end of this
century to a level of > 1370 CO2 equivalent p.p.m. Results of this simulation are assessed as
being a considerable overestimation of snowfall and water run-off due to the GCM being too
warm at the 700 hPa in summer (Fettweis et al., 2016). The outputs from the MAR model
runs were downloaded from http://climato.ulg.ac.be/cms/index.php?climato=en_dr-xavier-
fettweis under the heading ‘MAR outputs for ISMIP6’.

3.3.8 HIRHAM
HIRLAM ECHAM (HIRHAM) is a state-of-the-art regional climate model developed at the

Danish Meteorological Institute (DMI) and is based on a subset of HIRLAM and ECHAM
models. The latest version of HIRHAMS has been updated with the completely new version

of ECHAMS. It has been re-written in Fortran 90/95 and its physical parametrizations have
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changed within HIRHAMDS (Christensen et al. 2007). HIRHAM has been applied to a wide
range of Arctic climate studies (Rinke et al., 2008, Langen, et al. 2017, Vandecrux at el.
2018), the spatial resolution of the model is 0.5° and projected on a rotated-pole grid
corresponding roughly to 25 km. The atmosphere has thirty-one vertical layers (Box and
Rinke, 2003). The version of HIRHAM used in the thesis is forced by ERA-interim data.
Mean monthly temperature data was downloaded over the time period of 1980 to 2014 from
http://prudence.dmi.dk.

3.4 Comparing climate model data to observations
All climate model datasets are loaded into MATLAB using the ncread function and each

variable was extracted from the Network Common Data Form (NetCDF) files
(temperature/precipitation, longitude, latitude, and time). The temperature variable was often
in a 4-dimensional array with height or pressure making up the 4» dimension. The pressure
level was selected to match those of the AWS and the remaining temperature variable was
compressed to a 3-dimensional array using squeeze. The time dimension from each climate
model was in different formats and required it to be converted to a common time unit. For
instance, the HadGEM climate model’s time unit was reported in days since 1859-12-01 and
was converted to MATLABs datetime function. The function datet ime stores points in
time as arrays and can account for time zones, daylight savings and leap seconds. All climate
model and AWS data are converted to datetime for easier interpretation of the time.
PROMICE, GEM and GCNET AWS climate data is stored as text files for each station and
was imported into MATLAB using readtable.

Once MATLAB has processed all the climate data, the graph from it can be evaluated against
the observed AWS data. From this, a distance matrix was created to locate the climate model
cell centers that are closest to each AWS (Equation. 1). The distance matrix was created by
subtracting the AWS coordinates from those of the climate model and taking the square root

of the squared differences:

Equation 1: Distance Between AWS Point and Climate Model Grid

distance = J/(latyy, — latgy,s)?* + (long, — long,s)?

The index of the minimum distance was found and used to index back into the original

coordinate matrix of the climate model. The results of this procedure are then plotted on the
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same line graphs for each AWS for further analysis. The details of this will be presented later

in the results section.

3.4.1 Statistical Test
To evaluate the models a statistical test was applied on the climate model datasets against the

AWS data. The root mean square error (RMSE) is used to measure the difference between
values, it is calculated as the standard deviation of the residuals (prediction errors). Where
residuals are a measure of the spread from the regression line between the two datasets
(Rogerson, 2006). The RMSE is calculated in MATLAB by taking the square root of the
mean of the differences between the climate data values and raised to the exponent of 2:

RMSE CM(m, 1) = sqgrt(nanmean((CM_temperature — AWS temperature).”2));

3.5 Downscaling of Climate Model Data
The following section describes the process of downscaling the outputs from the CM datasets.

Both air temperature and precipitation are downscaled using a simple statistical downscaling
method where the CM data is resampled to higher resolution and corrected for changes in

elevation.

3.5.1 Lapse Rate Calculations
The first aspect of the downscaling process is to calculate the slope lapse rate (SLR) from the

AWS data. The SLR is the calculation of the change in air temperature with elevation. The
calculation of the SLR was based on each set of the AWS in Greenland that were situated
closest to the coast and had one or more weather station pairs. In MATLAB, vectors of all the
elevations at each of the AWS were created, as well as vectors for all the air temperature data
from these AWS for overlapping time periods. The SLR is calculated for all July time
periods, as it is the most representative of the melt period in Greenland and has the highest
values of SLR throughout the annual cycle (Gardner et al., 2009). The functions polyfit
and polyval are used to fit the data to a polynomial curve, while polyval evaluates the
polynomial at each point within the AWS data. The slope is then calculated from the
relationship between the air temperature from each AWS and elevation. The results of the
SLR calculations are presented in Table 3 and discussed later in Section 7.2.2 to show how

SLR differs across Greenland. The SLR for precipitation was also calculated, but only in the
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area that was downscaled, and it used the same method to calculate the SLR for air

temperature.

3.6 Method for Downscaling Climate Model Data
This study uses a statistical downscaling method that encompasses the topography variables

to adjust climate model outputs. Furthermore, since the study areas are in particularly
mountainous terrain, this means that elevation becomes one of the main factors that controls
air temperature and precipitation. The goal of downscaling is to have climate model data that
is at a higher resolution than its original output. As a result, the climate model data from
RACMOH was downscaled from 11 km to 30 m resolution. The final resolution can be as high
as the finest resolution DEM available. The downscaling process was conducted in
MATLAB. After several failed attempts in Arc Geographic Information System (ArcGIS),
where the workflow was too user intensive, it ended up taking several hours to complete the
whole downscaling process. The total time for the script to run in MATLAB was
approximately eight seconds. The climate model temperature/precipitation data, climate
model topography data and the GIMP DEM are the only inputs required for this downscaling
process. The climate model (CM) data is then clipped to the size of the DEM by finding its
corner coordinates. The DEM coordinates are then used to find the nearest neighbor of the
CM points that would be encompassed by the DEM. The CM data is resampled using nearest
neighbor interpolation to create a matrix of climate data with 30 m spacing. The same process
is done for the CM topography and it is resampled to the DEM resolution through nearest
neighbor interpolation. The resampled CM topography is then subtracted from the DEM and
multiplied by the SLR for the area and then added to the resampled CM data. This last step is

summarized in the following line in MATLAB:

Downscaled = (dem - CM dem) * SLR + CM temperature;

This process was successfully repeated for all downscaled datasets in the two study areas.

3.7 Method for Positive Degree Day (PDD) Model
The positive degree day model was specifically developed for this study. It was written in

MATLAB to simulate the melt from days with above zero temperature. The PDD sum was

first tested and validated with in-situ data from the Zackenberg area in North Eastern
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Greenland, as it is the one location in Greenland with long term climate data that can be used
to validate the model. Two methods of calculating the PDD sum were also incorporated to
test how they compare with observational data. The first of the three methods is the baseline;
it is a simple method. This method sums the positive air temperature (T °C) hourly (h) data for
each month and multiplies it by the amount of days in the month (t) and then averages it over
the year, as depicted in Equation 2:

Equation 2: Positive Degree Day Calculation (Method 1)
PDDgimpre = (mean(Th)) t

The second method, proposed by Reeh (1991) and later modified by Ahlstrgm (1999),
calculates the PDD sum from the normal probability distribution around the long term
monthly mean temperatures where the annual temperature cycle follows a cosine function,
where TMA and TMJ are the long-term annual mean and mean July air temperatures,
respectively, and A represents one, for one year. This is shown in Equation 3:

Equation 3: Annual Temperature Cycle
2r
TCA = TMA + (TM] — TMA)cos (7)

Now determined, the TCA value is then used in the PDD equation to determine the
contribution of the annual degree days from the integration of temperature and time over a

one-year cycle, as per the following at Equation 4:

Equation 4: Positive Degree Day Calculation (Method 2)

1 A TCA+2.50 _(T _ TCA)Z
PDD = f f T exp | —————2| dT dt
oV2r Jy Jo 20

Of note, the improvements to the PDD sum equation made by Ahlstrem (1999) was to adjust
the temperature integral, where it goes from 0 to TCA+2.5 standard deviations (o). His
change results in a 99% confidence interval from the normal distribution curve over an annual

cycle.

The third and last method uses the semi analytical solution proposed by Calov and Greve
(2005). Their method improves the accuracy and processing time when calculating PDD

sums. Calov and Greve’s method removes the need for double integration over temperature
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and instead uses a Gaussian distribution for the error function to simulate the probability of
temperature around the monthly mean. This is depicted in Equation 5, where Ta is the
monthly temperature in °C. The error function, erfc, is derived from Equation 6 below and is
a built-in function within MATLAB (erfc):

Equation 5: Positive Degree Day Calculation (Method 3)

PDD fAl 9 exp( T“ZC>+T“C fe(——2c 3] gt
= —eX _—— —erJc\—
0 V21 P 202 2 V20

Equation 6: Error Function
2 (o]
erfc(x) =1—erf(x) = —j exp(—x~2) dx
Vi J,,

The inputs for all PDD sum methods are derived from statistically downscaled air
temperature and a calculated standard deviation; the standard deviation is calculated from
observational data. The standard deviation value of 2.5 °C was calculated from observational

air temperature data at the KAN AWS site, given its proximity to the location at L-DWC.

3.7.1 Melt Model
The inputs for the melt model are the PDD sums, air temperature (°C), precipitation (mm) and

an ice and basin mask for the catchment. The melt aspect of the model goes through each
month of the year (see Figure 6) and checks to determine if the monthly sum of the PDD is
above 0. Then it checks to verify if the surface is located over ice or bare ground. Leveraging
the work of Janssen and Huybrechts (2000), the melt factors of 2.7 ©C mm yr™! for snow and
7.2 °C mm yr! for ice were used for the catchment area. If there is snow to melt, then the
model will begin to melt snow according to the melt factor of 2.7 mm oC™t d™1. Otherwise, if
the snowpack is depleted, then there is only ice to melt and a higher melt factor of 7.2 mm
oC 1 d™ is used. If the melt is over bare ground, meaning that there is no longer any snowpack
to melt, then any precipitation that exists is added as rainfall to the total melt. Where the total
melt (M) in the following equation is a function of snow and ice melt according to the

calculated amount of PDD:

Equation 7: Total Melt Calculated from the Ice and Snow Factor
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M = f,;¥.PDD

If the amount of PDD is below zero, i.e. no melt, then the precipitation would be added to the

snowpack for the next month. See Figure 6 for a schematic of the positive degree day model.

3.7.2 Discharge calculation
The discharge was calculated for the basin from the melt results. The basin area was

multiplied by the melt values and divided by one billion to achieve gigatons per year of

discharge. Where the basin is 35 km?2 in area and M is the runoff values in mm.
Equation 8: Discharge Calculation for the L-DWC Catchment.

[M(0.001)](basin area m?)
1000000000
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4 Results of Model Intercomparison

4.1 Comparison of Climate Models to Observational Data
Due to the remoteness and lack of data in the catchment areas, climate models are the best

method for providing continuous climate data coverage of these locations. In this section six
climate models will be compared and then evaluated against the available observation data for
specific locations across Greenland from the Program for Monitoring of the Greenland Ice
Sheet (PROMICE) weather stations. Of note, given the lack of observational data for
precipitation, it was not possible to evaluate this performance aspect across Greenland, ergo
constituting a limitation. In this section, the data series generated through the PROMICE
weather stations are compared against each climate model to illustrate how air temperature
can be simulated over the interannual cycle. It will only be the graphs for the first two AWS
at Kangerlussuaq and Nuuk (Figure 7 and 8, respectively) that are presented in this part, the
remainder of the graphs for the stations at Upernavik, Qassimuit, Scoresby Sund, Tasiilaq,
Thule and Kronprins Kristian Land can be found in the Appendix. The results of the RMSE

statistical test can be found in Table 2 for all the weather stations.

4.1.1 Kangerlussuag Weather Stations
In the Kangerlussuag region there are four weather stations situated at different elevations

along a transect: KAN_L (350 m), KAN_B (670 m), KAN_M (1270 m) and KAN_U (1840
m). The weather stations have a monthly mean air temperature range between -31.85 °C to
8.91 °C. The results are plotted in Figure 7. At the lowest elevation station, the data from
HadGEM has the lowest RMSE (5.04 °C). There was good agreement when comparing
HadGEM’s temporal series against the observational data than from ECHAM. As the weather
stations increased in elevation ECHAM was found to outperform HadGEM, this is supported
by a lower RMSE values and an interannual cycle that resembles closer to the temporal curve
of the PROMICE data. The highest RMSE values for HadGEM occurred at the upper station,
noting that there was a lack of time series data for HadGEM across its upper station.
Throughout all, the time series data from each weather station at KAN, it is HadGEM that
produces the coldest extremes. To that end, it can be deduced that HadGEM performs better
where air temperatures are above zero and conversely overestimates the air temperature

during the months that are below zero degrees.
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In comparing the regional climate models, HIRHAM performed very well on the interannual
cycle for all the KAN weather stations, with the exception of that at KAN B, where
overprediction of the temperature occurred by 2 °C to 5 °C for air temperatures that were above
zero: nevertheless, this model was better at replicating air temperatures below zero. Despite
this, HIRHAM is assessed as being the RCM that agrees the closest to the observational data.
At the two lower stations, both RACMOH and MAR produced larger cold biases for the winter
months and both predicted temperatures of up to 20 °C colder than that recorded. These two
RCMs were better at replicating air temperatures that were above zero degrees, noting that

RACMOH performed slightly better than MAR over the summer periods.
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Figure 7: Top four graphs (previous page) are GCM plotted with PROMICE KAN AWS air temperature. Bottom four
graphs are RCMs plotted with PROMICE KAN AWS air temperature, description of the graphs in Section 4.1.1.
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4.1.2 Nuuk Weather Stations
The Nuuk AWS consists of four weather stations at the following elevations: NUK_L (530

m), NUK_K (710 m), NUK_N (920 m) and NUK_U (1120 m). The monthly mean air
temperature range for these stations range between -22.96 °C to 6.57 °C. The results are
plotted in Figure 8. Beginning with the two GCMs, HadGEM and ECHAM, both have very
similar RMSE values observed across all four stations. Like that observed at the KAN AWS,
HadGEM overpredicts for negative temperatures, reflecting extremes of 15 °C colder than that
observed. For NUK_L, HadGEM was shown to be the best choice in replicating the positive
air temperatures, as ECHAM was underpredicting the positive air temperatures by as much as
5°C. For the other three stations, ECHAM produced better results that more closely
simulated the air temperature to the observational data than did HadGEM.

At the lowest station in Nuuk, RACMOu was assessed as performing the best for positive
degree temperatures. When comparing it with MAR, MAR consistently overestimates how
warm it was by 3 °C to 7 °C, whereas RACMOW predicted air temperatures within an accuracy

of 1 °C to 2 °C.

Throughout, RACMOH continued to predict very extreme cold temperatures during the winter
months, of note were those recorded in December 2014 where it showed an air
temperature drop down to -33 °C and the station at NUK L recorded a monthly mean of only
-8 °C. HIRHAM was able to simulate the annual cycle the best, but it still consistently reflected

air temperatures that were several degrees colder than that measured at NUK_L.

At Nuuk’s highest station there were more periods of missing data in the PROMICE record,
but in the years that temperature was being recorded the two climate models are closely
comparable in their performance in predicting positive air temperatures. In the later years,
between 2016 to 2018 MAR overestimated the positive air temperatures, whereas RACMOH

more closely replicated the observed air temperatures.
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Figure 8: Top four graphs (previous page) are GCM plotted with PROMICE NUK AWS air temperature.
Bottom four graphs are RCMs plotted with PROMICE NUK AWS air temperature, description of the
graphs in Section 4.1.2.
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Table 2: Root mean square error (RMSE) values for all the climate models and PROMICE data. N/A values occur
where the climate model does not have coverage to compare with the observational data.

PROMICE Stn  HadGEM ECHAM RACMOn MAR  HIRHAM RACMOe
(11 km) (1 km)
KPC_L 4.45 6.84 8.70 3.17 4.50 1.46
KPC_U 6.25 7.74 7.35 3.35 2.72 1.98
EGP N/A 15.15 8.46 4.33 N/A N/A
SCO_L 3.26 7.61 11.41 3.67 2.81 8.20
SCo_U 3.87 6.37 10.07 2.90 2.55 2.59
MIT 4.35 4.28 3.93 3.13 3.49 1.13
TAS L 4.80 4.15 4.24 2.72 2.51 1.27
TAS U 3.40 3.42 3.96 2.48 1.59 1.48
TAS_A 2.89 3.27 4.08 2.35 1.51 0.76
QAS_L 5.42 4.68 4.75 3.52 2.87 1.20
QAS_M 2.70 4.33 4.57 2.84 N/A N/A
QAS_U 3.78 4.13 3.94 321 0.98 1.35
QAS_A 4.62 5.51 4.93 3.37 1.44 0.62
NUK_L 5.86 5.83 7.16 5.34 2.54 1.68
NUK_U 4.59 4.89 5.04 4.20 1.28 0.94
NUK_K 5.20 5.45 6.22 4.18 2.30 2.21
NUK_N 3.72 4.98 6.71 4.37 N/A 0.98
KAN_B 6.15 7.98 9.24 5.48 2.41 1.07
KAN_L 5.04 6.57 7.21 4.99 0.98 0.67
KAN_M 5.41 6.02 5.71 4.32 1.35 0.82
KAN_U 10.97 7.76 6.13 3.86 1.66 1.11
UPE_L 5.46 8.45 9.41 5.39 2.58 1.04
UPE_U 4.16 6.09 7.25 4.39 0.94 0.53
THU L 4.19 6.67 8.88 5.44 1.72 0.77
THU_U 3.85 6.72 8.26 5.51 1.69 0.61

4.1.3 Qassimuit Weather Stations
The Qassimuit weather stations are the southernmost stations in the PROMICE, and the third

of three weather station series with four stations set up at varying elevations in proximity to
one another. The weather stations are situated at heights of; QAS_L at 280 m, QAS_M at 630
m, QAS_U at 900 m and QAS_A at 1000 m. The weather stations have a monthly mean
temperature range of -20.16 °C to 5.93 °C. At the lower station, the GCM ECHAM is the one

that most closely replicated the observational data for those temperatures above zero degrees.

For the air temperatures below zero, both GCMs overestimated the cold amplitudes, but it is
HadGEM that created the greater extreme dips in temperature. At the QAS_U station, both
climate models had similar RMSE scores, 3.78 °C or HadGEM and 4.13 °C for ECHAM.
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Meaning that the performance of both models was similar in being able to predict air
temperature, but with more investigative work in the interannual cycle, it was shown that they
were outperforming one another. For air temperatures above zero, ECHAM more frequently
replicated the positive amplitudes as per that seen in the observational data, but conversely it
struggled to simulate the air temperature lows during the winter months, where it was
underpredicting colder air temperatures at QAS_U. HadGEM, however, produced more
extreme negative temperature amplitudes than that which was observed, with 2015, 2017 and
2018 being the exception where the observed data was several degrees colder than either of
the models predicted.

In terms of the performance of the three RCMs at QAS_L, each were able to simulate the
interannual cycle, however, misalignment with the amplitude’s peaks and troughs were
observed. RACMOH is assessed as being the one that most closely resembles the observed
temperature at the QAS L station, with 2013 being the exception when the MAR’s amplitude
was a closer fit with that of the observed data. At the upper station (QAS_U), RACMOH
underperformed when compared against the observed data, whereas HIRHAM and MAR
simulated the observed data the closest. HIRHAM had better result in producing the troughs of

the annual cycle, whereas MAR would over predict how cold it was during the winter months.

4.1.4 Tasiilag Weather Stations
On the Eastern side of Greenland, the Tasiilag weather stations are the most southerly, located

near the settlement of Tasiilag. The monthly mean temperature profile for this area has a
smaller temperature range, averaging between 3.96 °C in the summer months to a low of -
16.96 °C in the winter months. There are three weather stations at this location: TAS_L (250
m), TAS_U (570 m) and TAS_A (890 m). TAS_U was discontinued in August 2015. At the
TAS_L location there are periods of missing data for 2011 and 2017. When further examining
this site HadGEM was found to overpredict the temperature of the mean monthly coldest
trough, while ECHAM was assessed as being able to better simulate the negative
temperatures during the interannual cycle. For those temperatures above zero, both ECHAM
and HadGEM appear to simulate the temperatures at the lower station with mixed results. In
certain years HadGEM better simulated the climate, particularly in 2012, 2013, 2015, 2016,
and 2018, whereas for the remaining years ECHAM is better at simulating the positive air

temperatures at TAS_L. At the two upper stations, HadGEM simulated the observed

50



temperatures slightly better than ECHAM for the positive temperatures. HadGEM continued
to overpredict the coldest monthly means.

The regional climate models were assessed as performing better than the GCMs at TAS_L, with
RACMO4 simulating the temperature better than the other two RCMs for positive temperatures.
At the lower station MAR was overpredicting the temperature profile between a range of 2 °C
to 5 °C. HIRHAM replicated the air temperatures annual cycle better as it did not overestimate
the monthly mean of the coldest temperature, but it had a greater challenge in simulating the
maximum positive temperatures during the months where the temperature was above zero
degrees. For the upper stations (TAS_A and TAS_U) the performance of the climate models
was like that of the lower stations.

4.1.5 Scoresby Sund Weather Stations
Near Scoresby Sund there are two weather stations located inland at the following elevations:

SCO_L at 460 m and SCO_U at 970 m. The monthly mean temperature range for the weather
stations were -22.84 °C to 4.6 °C. At the lower and upper station, ECHAM underperformed as
compared to HadGEM. ECHAM reported negative values when the AWS was recording air
temperatures well above zero. Furthermore, HadGEM did not over predict the coldest mean
month, rather it was able to simulate the observed temperature with good agreement at the
lower station. At the upper station HadGEM temperatures were warmer than the monthly cold

mean by up to a difference of 5 °C.

At the regional level HIRHAM performed well in simulating the coldest monthly mean, while
overpredicting the positive monthly mean by 4 °C for each annual cycle. Compared to
RACMOHR which over predicts the cold monthly mean temperature, again by reporting values
that were up to 15 °C colder than the observed data. Whereas, MAR’s overall performance was
better at the lower station, it ably simulated the temperature throughout the whole interannual
cycle. At SCO_U HIRHAM performed better than the other two RCMs in simulating positive
temperatures, but it was outperformed by MAR when simulating negative temperatures. While
RACMOH overpredicts the positive temperatures by 2 °C to 3 °C, it continued to overpredict

negative temperatures by up to 13 °C of difference for the coldest monthly mean.
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4.1.6 Konprins Kristians Land Weather Stations
The Konprins Kristian Land weather stations are the most northerly weather stations situated

in North East Greenland within the National Park. The air temperature range measured for the
period was between and -32.26 °C to 1.66 °C. It contains two weather stations located at:
KPC_L at 370 m and KPC_U at 870 m. There is a gap in data at KPC_L during the years
2011 and 2012. Throughout the annual cycle at KPC_L both HadGEM and ECHAM were
comparable in performance with only slight deviations from each other. Although more often
HadGEM simulated the observed air temperatures better as compared to ECHAM, which was
reinforced through the RMSE values, where HadGEM had a lower RMSE than ECHAM
(4.45 °C and 6.84 °C, respectively). At KPC_U the GCMs also performed in a similar manner,
each following the other quite closely in the interannual cycle with RMSE scores of 6.25 °C
for HadGEM and 7.75 °C for ECHAM. The weak points of both GCMs were the ability to
simulate the coldest mean monthly temperatures, as they underpredicted the temperatures by
up to 10 °C warmer than the observed data. Both had strengths in being able to simulate the

temperature at positive temperature months.

For the regional climate models at KPC_L HIRHAM and RACMO4 both overpredicted the
maximum temperatures for positive monthly means by 4 °C to 6 °C prior to 2014. RACMOH
overpredicted the monthly mean for the positive temperature by 2 °C to 7 °C for the remainder
of the period. MAR was able to best simulate the air temperature at KPC L, but it still reflected
differences of up to 4 °C for some of the monthly means within the interannual cycle. This was
reinforced by the RMSE scores for all three RCMs of 8.7 °C for RACMO, 4.50 °C for HIRHAM
and 3.17 °C for MAR. At the KPC_U site, the results were the same as at the lower station,
where MAR performed more closely to the interannual cycle of the observed temperatures at
KPC_U. The best match for MAR with that of the AWS data occurred during the positive
temperature monthly means. During the negative temperature monthly means it was RACMOn

that was able to simulate the climate more accurately.

4.1.7 Thule Weather Stations
The Thule weather stations are the northern most stations on the West Coast of Greenland.

There are two weather stations located at Thule: THU L at 570 m and THU_U at 760 m. Of
note, there is a gap in data during the winter months of 2016. The temperature in this region
ranges from to -30.17 °C to 4.63 °C. ECHAM consistently replicated the interannual air
temperature cycle at THU_L more accurately than HadGEM. However, when comparing the
results of the RMSE it was HadGEM with a lower RMSE of 4.2 °C, whereas ECHAM had a
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RMSE of 6.68 °C. In way of assessment these results could be reflecting how HadGEM was
better at simulating the most extreme of the coldest monthly means compared to ECHAM.
These results were similarly reflected at the upper station at Thule.

At THU_L all the RCMs were in good agreement with the AWS during the period 2011 to
2014, as they can replicate the positive monthly mean temperatures within 1 °C to 2 °C.
HIRHAM more closely simulated the negative monthly mean within a range of 2 °C to 5 °C,
while RACMOH and MAR overpredict by up to 11 °C for the whole period. These results were

similarly reflected at the upper station at Thule.

4.1.8 Upernavik Weather Stations
Upernavik weather stations are located at a similar latitude to the Scoresby Sund stations, but

they are located on the West Coast of Greenland. There are two weather stations located in
this area: UPE_L at 220 m and UPE_U at 940 m, with data gaps at UPE_L during the winter
of 2013. The temperature range at the weather stations range between -28.78 °C to 7.09 °C. At
both the upper and lower stations HadGEM can better simulate the temperature profiles of the
AWS. Although HadGEM overpredicted the coldest months up to a 14 °C of difference
during the winter of 2017. When comparing the RMSE, HadGEM had a lower result of 5.46
°C and 4.16 °C respectively at the lower and upper stations, while ECHAM’s RMSE results
were 8.48 °C and 6.09 °C.

At the upper station, HIRHAM simulated the interannual cycle better than RACMOHx or MAR
since it did not produce overpredicted air temperature values for the coldest monthly means.
For the positive temperature values the three climate models agreed well with each other as
compared to the AWS. At UPE_L it was MAR that outperformed the other two for air
temperatures that were above zero degrees. During the colder monthly means that were below

zero, MAR and RACMO4 continued to overpredict the extreme temperatures.

4.1.9 Climate Reanalysis Versus AWS
Climate reanalysis data was used for validation of the downscaled methods and was first

evaluated to show the agreement between the climate reanalysis data and observational data.
The RACMO02.3p2 (RACMOE) downscaled dataset is presented in its own section since it is
reanalysis data and was shown to outperform the rest of the climate models. This was
expected since it is forced using observational data. The results (Figure 9) produced in this
paper are in good agreement with the study done by Noel et al. (2019). In it, it compared the
same dataset to PROMICE and GC-NET. They concluded that the RACMOE dataset
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accurately replicated the climate of Greenland. Their results reflected small air temperature
biases of 0.14 °C that likely reflect uncertainty in the sensor measurements. The results from
this study are presented in the graphs, providing an example of how RACMOE accurately
simulates the PROMICE AWS data (Figure 9). Of note is the exception at the Scoresby Sund
station (not shown) where a large root mean square error of 8.2 °C was observed. The
remainder of the AWS comparisons to RACMOE had smaller root mean square errors of 0.7
°C to 2.2 °C. However, at the Zackenberg station, RACMOEe was not able to replicate the
climate to the same degree as that of the PROMICE stations. The RMSE was higher than the
PROMICE stations at a root mean square error of 4.8 °C. During the negative degree air
temperatures, the RACMOE was unable to replicate the extremes as well as during the positive
degree months. However, overall, it was able to simulate the interannual cycle with good
agreement. It was this RACMOE dataset that was used during the reference period for the
validation of the downscaled methods and runoff modeling for this paper.
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5 Results of Downscaling

Downscaling climate model data is the next and necessary step to acquire high resolution
temperature and precipitation data for the small-scale drinking water catchments. This section
will show the results of the downscaling process. This process involves calculating lapse
rates, creating downscaled air temperature matrices and from these the downscaled climate
data will be compared using downscaled RACMO4 that has been forced by reanalysis data for

Greenland.

5.1.1 Slope Lapse Rates Over Greenland
The slope lapse rates (SLR) for July were calculated across Greenland from nine different sets

of weather stations (Table 3) and ranged from -2.2 °C/km (+0.95) at Tasiilaqg to -6.3 °C/km
(x0.42) at Kangerlussuag. The Eastern and Southern regions of Greenland represent the areas
with the lowest SLRs, with Scoresby Sund and Qassimuit having the same mean monthly July
SLRs of -2.3 oC/km (£0.85 and +0.47, respectively). In the North of Greenland, the SLRs are
more comparable to the ones in the West. This is exampled by the locations at Nuuk, where
the SLR is -5.1 oC/km (£0.72) and in Thule and Konprins Kristian Land, where the values are
-4.9 oC/km (£1.48) and -5.6 oC/km (+0.59) respectively. Higher SLRs are generally a sign of
colder climates and less melt activity over the glacier surfaces, which generates less area at
the surface at a fixed surface temperature of 0 oC (Gardner et al., 2009). At the Northern
stations, the mean monthly July air temperature ranges between 1.66 °C and 4.63 oC, while
the higher SLRs in Western Greenland have higher July air temperatures of 2.69 oC to 6.52
oC, in which the difference between the Northern and Western difference in the respective
magnitude of range could be explained by the location of the weather stations. Specifically,
the lower stations at KAN and NUK are located on bare ground, while the upper stations are
located over glacier ice and are therefore exposed to the cooling effect from the glacier. As a
result, this can produce artificially high SLRs since the lower stations are not as affected by
the cooling effect. The correlation coefficients between the air temperature and elevation were
also calculated for each July SLR over an eight-year period using the observed air

temperatures with the resulting range of r =-0.98 to -0.91.
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Table 3: Slope lapse rates (SLR) for temperature and standard deviations for nine regions in Greenland.

Region Slope Lapse Rate Std Dev.
Location (Short name) (°C/km) (°C/km)
Kangerlussuaq (KAN) -6.3 0.42
Nuuk (NUK) -5.1 0.72
W
est llulissat (1LU) 4.4 0.48
Upernavik (UPE) -4.8 1.1
South Qassimiut (QAS) -2.3 0.47
East Scoresby Sund (SCO) -2.3 0.85
Tasiilaq (TAS) -2.2 0.95
North Thule (THU) -4.9 1.48
Konsprins Land (KPC) -5.6 0.59

5.1.2 Catchment Scale Results
To show if there had been any improvements from the downscaling procedure, the

downscaled outputs were compared to the RACMOE dataset. RACMOEg was downscaled to
the same resolution as that of the RACMOH dataset, using the same downscaling method.
These two datasets were compared to determine where the biases occurred and to see how
well RACMOH was able to replicate the temperature as a downscaled output. The period from

2005 to 2014 was used as the reference time frame to compare the two.

5.1.3 Drinking Water Catchment
In comparing the results from the downscaled

data, it is obvious that from the procedure used,

it can create high resolution data that covers the

entire area on a continuous basis (Figure 10).

Upon further investigation, there are still large

discrepancies between the two datasets. In
general, the RACMOudownscaled is less

accurate in replicating air temperature at higher

o High : 6.05

elevation, as it creates biases of 3 °C + at F  Low: 7.50

elevations above 1000 m.a.s.l. during the

I Figure 10: Example of downscaled temperature: Jul
summer months. Within the valley systems, at 20%6 for Catchme?,t L-DWC. P Y

lower elevations below 1000 m.a.s.l., the biases
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are smaller. During the winter months, larger differences are observed up to 28 °C at the
higher elevation points. The summer months consistently produce lower biases between 2 °C
to 10 oC, whereas the larger biases are observed at the higher elevations. RACMOR is
predicting colder air temperatures at higher elevations and predicting warmer ones at lower
elevations than that observed from RACMOE. Figure 11 plots downscaled RACMO# monthly
air temperatures against RACMOE. The results show that RACMORhas a cold bias at extreme
winter temperature values but was able to replicate the interannual cycle with better

agreement.
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Figure 11: Downscaled RACMOy air temperature plotted with RACMOE for the reference period of 2005 to
2014

58



5.1.4 Zackenberg Catchment
RACMOE was similarly downscaled in the catchment of Zackenberg and compared with the

downscaled RACMOG#. The summer months show the best agreement between the datasets,
with smaller biases of up to 10 °C and as low as 0.16 °C across the catchment. While in the
winter months larger biases are produced between the two datasets, for instance in February
2010 a bias of up to 20 °C was produced in higher elevation parts of the catchments.
Furthermore, during the summer months there is also larger biases at higher elevations where
A.P. Olsen Ice Cap is located, while within the valleys and the lower elevations (below 1000
m) produce smaller biases and better agreement to RACMOE dataset is achieved.

Due to the availability of observational data the downscaled RACMO4 dataset was also
compared with observational data to show if any improvements from RACMO4 at 11 km
resolution. The plot below in Figure 12 shows how the downscaled datasets resolves the winter
temperatures with better agreement but is not able to accurately predict the observed data.
During the summer months overall, the downscaled dataset has better agreement except, during
the years 2012 and 2013. The downscaled RACMOHR has a smaller average bias of 6.32 °C than
11 km RACMOH with a bias of 9.92 °C.
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Figure 12: RACMOy 11km and statistically downscaled RACMO4y at 30m compared with observation data at
Zackenberg
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6 Results from Positive Degree Day Modeling

The final step of this thesis is to determine the amount of future meltwater runoff from the
catchment areas in Greenland in being able to predict drinking water availability and its
viability for commercial means. This will be done using downscaled climate model data that
will be run through the positive degree day (PDD) model that has been written specifically for
this purpose. Described in this section will be the validation and the steps used in calculating
the PDD sum against the observational data at the A.P. Olsen Ice Cap located in Zackenberg,
as well as the results of the runoff modeling for the amount of drinking water produced at the
respective catchment area. Recalling that the Zackenberg and L-DWC locations were selected
as the sites respectively for the observational data and the area catchment runoff.

6.1.1 PDD Sum at Zackenberg
Earlier in this paper it described the various methods to calculate positive degree day

sums. Three methods used are: (1) Simple, (2) Reeh (1991), and (3) Calov and Greve
(2005). The observational data obtained for each of these methods is the hourly air
temperature from the A.P. Olsen Ice Cap. The aim in doing this was to validate the
performance of the statistical methods for (2) Reeh, and (3) Calov and Greve and compare
them to the data observed (1) simple. As can be observed in Figure 13, where the three
methods are plotted and the relative comparisons made, it demonstrates that both methods 2
and 3 reflect an accurate simulation to the observed PDD sum of method 1, showing good
agreement across all three. The largest discrepancy between the methods is noted in 2014
where the 3rd method has a 10 °C days difference than that observed with the 1st method. Of
note, during this same year there was less discrepancy between methods 2 and 1. As a result,

the 3rd method by Calov and Greve was selected for the meltwater modeling primarily due to
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its computational simplicity of a single integration over time instead of the method used by

Reeh, in which a double integration over time and temperature is used.
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Figure 13: Calculated PDD sum at A.P Olsen Ice Cap for 2008 to 2017 using three different methods: simple (blue), Calov and
Greve (orange) and Reeh (yellow).

6.1.2 Total Runoff
Confident that the PDD sums are accurately simulated using the Calov and Greve method,

this melt model was subsequently applied at drinking water catchment area L-DWC. The
mean total meltwater runoff over time in the three different periods is reflected in Figure 14
for the following timeframes: 2005-2019, 2020-2040 and 2041-2060. Based on the result, the
runoff is predicted to increase in the future. During 2005-2019 the mean monthly value during
the melt season is 123.51 mm w.e, whereas 2020-2040 the mean monthly runoff value is
131.50 mm w.e and 140.35 mm w.e in 2041-2060. The largest values of runoff are observed

at the tongue of the glacier and the lowest values are seen at the higher elevation areas.
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Figure 14: Total mean runoff (mm) for the three time periods: (a) 2005-2019 (b) 2020-2040 (c) 2041-2060 in the drinking water
catchment.

6.1.3 Spatial Distribution of Runoff
Three points (A, B, C) in the catchment area, shown in Figure 15, were selected, and
evaluated to show the spatial distribution of the total runoff between each point. Where point
A is located at the outlet of the basin, B is in the ablation area of the glacier and C is located
further up in the glacier’s accumulation zone. For the period 2005 to 2019, point B
consistently has the highest runoff values, the exception being where the meltwater runoff at
point A surpassed that of point B in 2012. Whereas point C had the least amount of meltwater
runoff of all three points. It was also observed that point B had the sharpest peaks of
meltwater runoff, while the other two points had more gradual transitions into and out of the
peak runoff values. From the results, shown in Figure 16, it is assessed that over the next five
years (2020-2025) the amount of runoff from the three points is predicted to be similar to that
experienced in the previous period, the amount being between a monthly mean of 500 to 1000
mm w.e. of runoff at one 30 m data point. In the follow-on period from 2026 to 2033 the
runoff from point B is predicted to be
between 1200 mm w.e to 2200 mm w.e. After .
2033 the total runoff of the three points will
be like the first observational period, at which
in 2039 it starts to increase again for three
more years. Looking beyond 2039, for the
next 20 years the runoff values fluctuate, but
continue to have greater runoff values than

the first period. Overall, the largest runoff

value occurs at point B in 2060, where its

Figure 15: Locations of A, B, C, within the L-DWC
runoff amount approaches 2500 mm w.e. plotted in Figure 16. GIMP DEM (in meters) as the

background image.
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Figure 16: Total Monthly Runoff (mm w.e) at three different points in the catchment from 2005 to 2060 as depicted in Figure 15.
The graphs from 2005 to 2019 and 2020 to 2041 are located on the previous page. Note the varying scales between the graphs.
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6.1.4 Total Discharge
To estimate the volume of the runoff for the drinking water industry, the discharge from the

catchment was also calculated and evaluated over time. The discharge from each cell of the
basin was then summed for each year of the period and plotted in Figure 17. The discharge
over the period 2005 to 2019 has a peak discharge in 2007 with 0.0121 Gt and a minimum in
2005 at 0.0051 Gt. In the period between 2020 and 2040 the values are similiar to that of the
previous period with a slighltly greater peak discharge in 2040 of 0.0136 Gt, this is also the
maximum for the whole period. The year directly after 2040 is a minimum peak discharge of
0.0065 Gt for the final period of 2041 to 2060 and a maximum of 0.0114 Gt in 2043.
Through out all the years the peak discharge occured in the month of July. The discharge was
similiarily calculated using the RACMOE dataset presented in Figure 18. The results of the
discharge from RACMOE was in total greater than from the downscaled RACMOH. The peak
discharge year is in 2010 at a rate of 0.033 Gt per year.

2010 2020 2030 2040 2050
Year

Figure 17: Yearly discharge (Gt) for the period 2005 to 2060 at the L-DWC catchment.
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Figure 18: RACMOE discharge in Gt for 2005 to 2014.
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7 Discussion

Recalling the underlying aim of this thesis, the meltwater runoff for the period of 2005-2060
was calculated using climate model data and a positive degree day (PDD) model. The PDD
model developed for this project had to be validated against observed data. The challenge
being that no observed data exists at location L-DWC, the catchment area of interest for this
study, ergo PDD model validation had to be done using a suitable automatic weather station
(AWS). The AWS at Zackenberg was selected, as it had extensive observational data and like
L-DWOC, it too, is a partially glaciated catchment. Once the PDD model was validated, it was

then used to calculate the amount of future meltwater runoff.

The process to quantify the amount of runoff commenced with selecting the climate model that
best replicates the observational data. Using a statistical downscaling method, air temperature
and precipitation from RACMO4 was downscaled from 11 kms down to a favorable resolution
of 30 m. This downscaled data was subsequently run through the PDD model to calculate future

meltwater discharge.

In the Discussion section that follows, climate model performance will be assessed based on
the questions presented in the Thesis Objective outlined in the Introduction section. Each aspect
will be addressed based on the findings of this paper and compared with other relevant studies.

The limitations will also be presented in each section.

7.1 Climate Model Performance for Greenland
Many climate models exist for varying regions across the globe, whereas for Greenland only

three RCMs are currently used (Fettweis et al., 2012). The results from these three and the
two GCMs that force them at the boundaries were presented earlier in Chapter 4. A byproduct
from the results has been the process used to choose a climate model deemed most feasible, to
select the most appropriate one, based on the specifics of a study area in Greenland.
Observational data is necessary to validate climate models and to determine their ability to
predict future projections of climate more accurately. These projections, from validated
climate models, have played and will continue to play an important part in being able to better
predict and inform adaptation plans for future shifts in climate, where the potential effects
resulting from them, such as: sea level rise, water shortages, increased severity of weather

patterns and other global phenomena.
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Therefore, an important aspect for this study was the need to evaluate existing climate models
for Greenland. As the catchments are located near the boundaries and at small scales, it will be
an RCM that is most realistically able to simulate conditions to the applicable scale of the
catchment. In selecting the best one, it is also necessary to determine any uncertainties affecting
runoff results stemming from the input data of the chosen climate model. However, the fact that
these glacier catchments are placed near the boundaries of the RCM reconstructions,
necessitates a thorough evaluation of the low-resolution GCMs used to force the RCMs, with
respect to possible leakage of GCM biases into the RCM model domain.

The observational data obtained through PROMICE was used to evaluate the climate models.
Although the PROMICE database captures the full breadth of weather variables, air
temperature is the only one evaluated for this study, because it is the one weather variable that
most affects the amount of meltwater runoff produced and the only input used for the PDD
model (Braithwaite, 1995). The following subsections describe the analysis done to select the
most suitable climate model and it then provides an explanation for discrepancies that still
exist between the different models studied.

7.1.1 Temporal Comparison
Assessing the accuracy of climate models over the interannual cycle, for the purposes of

calculating runoff from glacier catchments fringing the GrlS, is an important aspect when
selecting the most appropriate one, particularly when determining runoff during the summer
months. Of the five climate models selected for comparison, the three RCMs were assessed as
being better when simulating Greenland’s summer months as compared to the two GCMs.
During the winter months, all five climate models would generally overpredict air

temperature amplitudes, accentuating cold climate conditions.

When comparing the relative performance of each climate model, HadGEM would often
overpredict extremely cold temperatures during the winter months and this was similarly
reflected in the RCMs that were forced by it. In doing a similar comparison between the two
RCMs receiving boundary conditions from HadGEM, RACMO4y also overpredicts air
temperature amplitudes during the cold months when comparing it to the outputs of MAR. In
contrast, ECHAM had a more conservative simulation of the air temperature throughout
Greenland, which was the same for HIRHAM. Of note, both ECHAM and HIRHAM best
reflected Greenland’s interannual cycles, but were often less able to recreate the extreme high

and low temperatures within that cycle. To that end, given the significance of accurately
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determining summer air temperatures for this study, both ECHAM and HIRHAM were assessed
as not being as ideal when compared to the RCMs forced by HadGEM. Among the two
remaining RCMs, RACMOn showed better agreement with the observational values in the
summer months and a higher level of disagreement in winter. Overall, this reflected the general
limitations of these climate models to reliably simulate the climate dynamics in Greenland, in

which each exacerbated the air temperatures during the winter months.

Since the focus for this study is to select the best climate model that aligns with the ablation
period, RACMOH was selected when compared with the other models.

7.1.2 Spatial comparison
Temperature patterns across Greenland’s various regions are not uniform. In this section, a

comparison between each will be made to better understand the dynamics that contribute to
these heterogeneities. A map of all eight regions evaluated across Greenland is presented in
Figure 19, with four examples used from KAN, QAS, KPC and SCO to help guide the
discussion. From the results obtained in East Greenland, where the temperature range is less
over the interannual cycle, climate model figures reflect the observed air temperature data
more realistically. Moreover, due to the proximity of the GrlS and lower proportion of bare
ground in the east, this combination contributes to a more stable temperature pattern (Stendel
et al., 2008). At Tasiilag, where the temperature ranges from -16.25 °C to 3.96 °C, climate
models performed with a high level of accuracy, whereas, in the other regions, where larger
air temperature range exist, climate model predictions are conversely less accurate. For
example, the South West coast of Greenland experiences an air temperature range from -31.85
°C to0 8.91 °C and is exposed to a larger influence of the sea surface temperatures, where
circulation of warmer water along the coast prevents the formation of sea ice at the lower
latitudes and hence drives a higher variability in winter temperatures. While on the East Coast
of the island, the formation of sea ice during the winter months, creates a more stable
temperature with a lower air temperature gradient between land and sea (Li et al., 2005). In
the South of Greenland, at Qassimuit, RACMOy was assessed as the best performer out of all
the regions in terms of replicating the interannual cycle when comparing it to the
observational data. At this location, the air temperature ranges from -20.16 °C to 5.93 °C and
represents a smaller span when comparing it with the temperatures at the South West stations

in Greenland.
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In general, my assessment of the five climate models across the various regions of Greenland
revealed better performance at lower elevations when compared to the observational data
obtained at higher ones. On reflection, this result was somewhat unexpected, as | intuitively
figured that the RCMs would perform better at higher elevations due to the dynamical
downscaling that is forced over finer resolution topography. The glacial runoff being
modelled is located within the valley at lower elevations, which is typically below 1000m.
This reinforces the selection of RACMOH as the most suitable CM for use in this study.
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7.1.3 Possible Drivers of Difference Between Two RCMs
With RACMOw as the selected CM for this study, for completeness, this section takes a more

in depth look between the regional models RACMOu and MAR as forced by
HadGEM. Doing this will help provide a better understanding of the drivers of the
differences between them.

The discrepancies between these two models can partially be explained in how they are set up
and initialized. One differentiating factor is ice mask selection when simulating the climate over
Greenland; MAR uses the ice mask from Bamber et al. (2013), whereas the ice masks produced
from GIMP are adapted by RACMOH. The ice mask product developed by Bamber et al. (2013)
is part of a bed elevation dataset that includes a land surface mask created from aerial
photography of the GrlIS. This product differentiates between permanent ice and the tundra
through the percentage of cells that were covered by ice. From Bamber et al.’s work, the
combined errors of the land surface ice mask product are dependent on the distance from where
the airplane photographed the landscape. The locations that were closer to the aircraft’s flight
path showed better results, whereas those areas photographed in the periphery, that were not on
the direct flight path, had greater errors when extrapolating from the different flight path angles
(Bamber et al., 2013). Furthermore, depending on how the ice mask coverage is depicted in the
cell, it can have a large effect when comparing it to the climate simulation results (Vernon et
al., 2013). The land and ice mask from GIMP used by RACMO4 is derived from three
geospatial products of existing DEMs: SPIRIT DEM, GDEM2 and Photo-Enhanced Bamber.
Each of these geospatial datasets is described in Howat et al. (2014). The combined data
products from the work done by Howat et al., have been validated with the ICEsat dataset and
from their work the RMSE values were calculated to be 8.5 m over ice and 18.3 m over bare
ground (Howat et al., 2014). The higher RMSE value for bare ground illustrates the
complexities of interpreting the margins of Greenland, where steeper terrain presents a

challenge when differentiating bare ground from ice.

In addition to factoring in the effect of ice masks on the two models, the differences produced
by the various elevation models must also be taken into consideration. MAR uses the same ice
mask dataset to produce elevation data from the work championed by Bamber et al.,
(2013). Their work was based on multiple airborne ice thickness surveys from 1970 to 2012,

where they state error estimates that range from +10 m to about £300 m. In comparison,
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RACMO used the 90 m GIMP DEM, where the overall RMSE value for Greenland was
calculated to be 9.1 m when compared with the validation dataset of ICEsat (Howat et al.,
2014). From this, it confirms the RACMOH produced dataset as being a better reflection of that
observed.

Understanding that RCMs are forced by GCMs, when MAR and RACMOw are forced by
HadGEM there are different biases in air temperatures when compared against each other. A
study by Fettweis et al. found HadGEM to be the best GCM in producing the atmospheric
circulation over Greenland, however a drawback is that it simulates an atmosphere that was
too warm in the summer months. As a result, it overestimates the ice melt by a factor of two
(Fettweis et al., 2012). However, this overestimation is not reflected in the RCMs when
forced by HadGEM. When comparing RACMOH to HadGEM, RACMOH was assessed as
being able to better simulate the interannual climate cycle. This difference in their respective
outputs is due to the surface processes that are better accounted for in RACMO4. The work
done by van Angelen et al., showed that RACMOH produces a more realistic representation of
snow albedo and reacts more sensitively to snow metamorphism at higher temperatures (van
Angelen et al., 2013). This result is due to a positive feedback between higher temperatures
and changes in the snow grain size that better captures the air temperature during the ice melt
season. Furthermore, RACMOWH’s tendency to overestimate in the winter months was due to
insufficient downward longwave radiation (Ettema et al., 2010). This observation in winter
months has been equated to the difficulty in predicting cloud cover; the ability to do this is
based on accurately predicting downward longwave radiation. Generally, what has been
described when forcing RACMOH to HadGEM is similar when doing the MAR to HadGEM

comparison (Fettweis et al., 2012)

Another important comparison when assessing MAR against RACMOw4 output is the grid cell
resolution data. The resolution for the MAR grid cells are 25 km, whereas for RACMO4 they
are 11 km. Based on this, the spatial simulation of the climate is better resolved when using
RACMO-H and it more accurately captures the intricacies of both the landscape and the

atmosphere at higher resolutions.

It can therefore be deduced from the analysis of the three drivers presented, that their
differences as compared between MAR and RACMOw vary. What is important, is
understanding the degree of difference between them to determine which performs

better. RACMOH was assessed as having lower errors for both ice mask data and data derived
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from digital elevation models, as well as a higher grid cell resolution output. In comparing
these differences, RACMO4 performs better than MAR.

7.1.4 Climate Model Intercomparison Conclusions
The right climate model selected is critical when studying specific areas within a vast territory

such as Greenland. Factored into this selection, is dealing with the complexity to integrate
other types of inputs that form part of the CM whole, such as: ice mask data, digital elevation
models and grid cell resolution. In analyzing the various climate models, | agree with the
other experts in this field, confirming that there is no overall one ‘best-fit” RCM. For
example, as stated by Stendel et al, each climate model has its degree of uncertainty when
downscaling the RCMs, and from that, the notable variations in output from each, in their
respective performance (Stendel et al. 2008). Internal differences exist in the representation of
relevant physical processes and boundary conditions that may capture regional climate more
realistically in one area or during one season, while causing less realistic results in other
regions and during other time periods. Therefore, when conducting smaller scale modeling, it
is important to consider the specific areas and temporal intervals of interest and from that
verify which model performs best when comparing it to observational data. Alternatively,
another approach is to use an ensemble of climate models to produce a wider range of the

outputs.

For this study, in assessing the modeling requirements for reliable simulation over the winter
month, neither models forced by HadGEM produced sufficiently reliable winter air
temperatures. As a result, RACMOn was selected due to its better performance in summer
months and at lower elevations, as well as the resulting lower errors in the ice mask data, lower
errors in the digital elevation model and a higher resolution in the climate output grid cells when
using this RCM.

7.2 Downscaling within catchments
The previous chapter presented the arguments that resulted in the selection of RACMO4 as

the most suitable RCM to be used for this study. However, even RCMs currently provide
climate variables at the resolution, which is too low for resolving melt water runoff at the
glacier catchment scale (11 km resolution for RACMOH and 25 km for MAR versus meter
resolution required). Hence, the data from RACMOH needed to be downscaled to a high
resolution of glacier catchments prior to it being fed into the PDD model. This subsection

discusses the outcomes of statistical downscaling of air temperature for the catchment area
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that can be upscaled to the island wide applications. Furthermore, | here analyze spatial
variations in the major parameter of the statistical downscaling method, the slope lapse rates
(SLR) across nine regions in Greenland to determine the values that are most representative of

the areas under investigation.

7.2.1 Discussion of Downscaled Outputs
Inherently, there is a tremendous level of complexity whenever attempting to model the

climate dynamics. As described (see Section 2.1.5), there are various methodologies that help
illustrate the challenges in dealing with the complexities of nature and how each method deals
with climate downscaling. Using the statistical method for this paper, the air temperature was
downscaled to a fine of 30m, which is currently beyond the resolution enabled by dynamical
downscaling methods. As shown earlier, the downscaled RACMOn was compared to that of
the downscaled RACMOE&to emphasize the improvements of the resolution enhanced
temperature field as compared to the coarser resolution climate model output. As a result, the
downscaling method enabled a significantly improved spatial representation of air
temperature variations over the complex terrain with landforms, which are not adequately
captured by the topographic boundary conditions of RACMOw, such as fjords, mountains, and
ice caps. These have become more distinguishable in the respective air temperature profiles
and are assessed as being better resolved both spatially and temporally at low elevations.
Furthermore, at the catchment in Zackenberg, when comparing downscaled RACMO4 and 11
km RACMOH to observational data on the glacier, it was shown that large improvements
were noted during the winter months. During the summer months it was also shown that
downscaled RACMOH can replicate observations more accurately for all years except 2012
and 2013, both of which were rather exceptional in terms of heat waves and surface melt

extents across Greenland.

Accounting for the differences between RACMOEg and RACMOH could be due to an
inaccurate SLR that was used to downscale the RCM data to the finer resolution. Again, as
expected, better performance of the resolution enhanced dataset was also observed during
summer months in both catchment areas over those in winter, due to the bias that has been
inherited from the original RACMOw dataset. This analysis has therefore shown that
statistical downscaling enables improvement in the RCM derived air temperature data when
considering elevation at the catchment scale, although the results of downscaling can be
further improved through the selection of more representative terrain-sensitive regional values

for the SLR parameters.
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7.2.2 Slope Lapse Rates in Greenland
To add more physical and dynamic variation to the statistical downscaling methods on

regional scales, | have analyzed the spatial variability in its major parameter, SLR, based on
the observational data for the warmest summer months, July, which is most relevant for the

scope of the present study.

When calculating SLR there is a large uncertainty due to the presence of inversions during the
period being calculated. This occurs when the normal profile of decreasing air temperature with
elevation is inverted. Inversions occur when a warmer air layer sits over top a cooler one. To
account for this process concerning daily time steps, the values with warmer air temperatures
at higher elevations could be eliminated from the SLR calculation (Zhang et al. 2011). Since
this study is working with monthly datasets, vice daily, it was not necessary to eliminate the
warmer air temperatures at higher elevations. The study done by Gardner et al., (2009) supports
the use of a SLR in summer, as they demonstrate a linear relationship between air temperatures
in summer and less so in winter, when inversions can be more persistent. Gardner et al.,
provides an example of this when they calculated the slope lapse rates in the Canadian Arctic
and found that the monthly mean air temperature correlated better with elevation in the summer
than in winter. As a result, this observation is consistent with the relationship of a linear SLR
during the summer months in Greenland. During the winter months in the Arctic, a persistent
lower-tropospheric temperature inversion is observed creating lower SLRs than that recorded
in the summer. Lapse rates can fluctuate on a diurnal scale, as well as a seasonal scale, and as
a result it would be most appropriate to use a SLR that fluctuates over time. This is particularly
true when dealing with the uncertainty of future climate change, as historically SLRs have
changed over longer time periods between interglacials. A study from Erokhina et al. (2017)
compared the SLR over the GrIS from the Holocene and the Last Glacial Maximum (LGM),
which represent two extreme states of climate during the last glacial cycle and showed that their
SLRs vary significantly when compared to each other. For instance, during the LGM the SLR
was 0.85 - 1.71 °C/km above interglacial values and had great variations in lapse rates during
the late winter. Conversely, in the early Holocene, pre-industrial, and the observational period,
they found larger differences between the autumn and spring months for the SLRs (Erokhina et
al., 2017). Concluding that the relationship between SLR and elevation would remain the same,
would be an oversimplification and becomes a limitation to be factored into this thesis
(Praskievicz, 2018).
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Using a SLR that varies spatially acknowledges that it is a variable that typically has large
fluctuations from region to region and over time. In doing this, the process of calculating the
SLR in the nine regions selected across Greenland produced noteworthy results.

The SLR results from the two stations, SCO (-2.3 °C/km) and TAS (-2.2 °C/km), located
along the East Coast of Greenland and the most Southern stations, QAS, (-2.3 °C/km)
produced the lowest July SLR, while higher SLRs were observed along the Western Coast of
Greenland. The high July SLR from several of the more coastal stations, such as NUK (-5.1
°C/km) and UPE (-4.8 °C/km), were more prone to inversions during the summer months due
to effects from being in proximity to the sea. As a result, contributing to the likelihood that
artificially high SLRs were being produced in these areas. Whereas, for the stations that were
more inland, such as KAN (-6.3 °C/km), KPC (-5.6 °C/km), SCO (-2.3 °C/km), they were less
affected by inversions and were assessed as likely being truer predictions of the SLRs.
Furthermore, colder air temperatures were creating high SLRs, this was reflected at the KAN

stations where large temperature ranges were observed.

The automatic weather station (AWS) setup for the PROMICE and GC-NET programs are used
to monitor the GrIS and are in proximity to or on the ice sheet. This creates a limitation for the
calculation of the SLRs, as there is a lack of AWSs within valley systems in Greenland
(Abermann et al., 2019). Although the AWS setup through PROMICE differs in elevation over
space, the AWSs are mainly located over the GrlS and there are subsequent implications for
the dynamics of the weather when air masses are travelling over ice as opposed to bare ground.
Not being able to obtain more accurate SLR within mountain valley systems in Greenland is
therefore assessed as a limitation. However, in this study | use air temperature data to capture
the air temperature variability above the ice surface more accurately since air temperature over

an ice surface is always fixed at zero during ablation months (Gardner et al. 2009).

Another key aspect underpinning the selection of SLR values for downscaling is the effect of
continentality as presented by Taurisano et al. (2004), where they studied the differences in air
temperature and precipitation between the AWS in Nuuk fjord situated on the coast to that of
an AWS located 115 km in-land and 700 m higher in elevation. The results of this work reflect
large spatial temperature gradients between stations located on the coast versus those that are

inland. Their study also emphasized that lapse rates can change over time.
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Given the above considerations and the proximity of the KAN stations to the area of where the
downscaling and runoff modeling are tested, | have adapted the SLR estimates from the KAN
region within the catchment at L-DWC.

7.2.3 Downscaling Conclusions
In sum, this section presented the discussion of the results of statistical downscaling of air

temperature. Of the three methods mentioned earlier (dynamical, hybrid and statistical) the
statistical downscaling one was selected as being feasible for resolving air temperature at fine
resolution required by this study, with an outlook for the future possibilities to extend its
applications to the glacier systems across the entire island. The ability to equitably compare
between the three downscaling methods was not fully pursued due to the complexity and
limitations articulated earlier. Nevertheless, the outcome of the statistical downscaling
method used, did show significant improvements for coarse resolution outputs obtained from
climate models. For the purposes of this study, the statistical downscaling method was
deemed sufficient in advancing the follow-on work for this project. To add a dynamic region-
specific component to the downscaling, the major parameter of the downscaling method,
SLR, was calculated based on observations from the nine regions across Greenland. Although
more needs to be done to improve these preliminary SLR estimates given the scarcity of

observation data along Greenland’s coast and the potential impacts of inversions.

7.3 Meltwater Runoff
The last section in this chapter addresses whether future meltwater runoff is assessed as being

a viable resource to be extracted in the long-term. Here I discuss the PDD model, including its
major parameters, and the results of the runoff modeling demonstrated for an exemplary case
of the catchment area located at L-DWC.

7.3.1 PDD Validation
The melt model (using PDD), developed as part in this thesis, was used to quantify the

meltwater runoff from the drinking water catchments. PDD models, as discussed in the
introduction, are commonly used for calculating meltwater runoff from glaciers, regardless of
their simplicity and limitations. Such models are based on a simple statistical method that
uses air temperature as an input to determine the amount of runoff based on the sum of days
and degrees above zero in a certain month. The PDD sum is multiplied by the snow and ice
melt factors to determine meltwater in mm. The melt factors are known to vary across

regions and are often used as tuning factors for calibrating the model (Wake and Marshall,
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2015). Given that there is no observational data in the catchment areas, the melt factors were
taken from literature to apply to these catchments. Measured ice and snow factors vary
significantly through time and space, ranging from 2.7 mm oC™* d™* to 11.6 mm °oC™* d™* for
ice and 5.5 mm oC™t d™* to 20 mm oC™ d™* for snow. While 8.8 mm °oC™* d™* for ice and 2.8
mm °C™1 d™* for snow has observational support for the GrlIS (Wake and Marshall, 2015). The
standard deviation used in the calculation of the PDD sum is also known to change over space
and time and is observed as being lower in the ablation areas of the GrlS, and similarly during
the summer months for local glaciers and ice caps. Therefore, a growing number of studies
have incorporated a temporally and spatially varying standard deviation (Wake and Marshall,
2015, Rogozhina and Rau, 2014). With the lack of observational data in the catchment, the
closest AWS was selected for this thesis to calculate the standard deviations of air
temperature throughout the summer months. Based on my calculations from observational
data, an average value of 2.5 oC standard deviation was calculated for the summer months
which is lower than the commonly used fixed values of standard deviation of 4.5- 5 oC that
have been applied in previous studies (Fausto et al., 2009, Calov and Greve, 2005, and
Janssens and Huybrechts et al., 2000), but is similar to the values inferred from climate

reanalysis by Rogozhina and Rau (2014) along the GrlIS margins.

As explained earlier (Section 3.7), the calculation of the PDD sum was validated through
observational data from the Zackenberg area using a statistical method to determine PDD
sums from hourly air temperature data in the catchment. This then yielded good agreement
between the three methods (see Section 3.7). Among these, the largest deviation of 10 °C days
is observed in the model by Calov and Greve (2005) during the year 2014. The above
validation approach is based on the work done by Braithwaite (1995), who calculated PDDs
from both Switzerland and Western Greenland and used a simple method with the observed
values that were compared against the calculated PDD sums using a statistical method. His
findings at Qamanarssup Sermia showed quite good agreement between the calculated and
observed values (Braithwaite, 1995). Therefore, it can be concluded that the PDD sums as
calculated in this study are deemed to be sufficiently accurate in determining meltwater runoff

from the RACMOw air temperature dataset.
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7.3.2 Runoff in the Near Future
Determining the runoff in the foreseeable future is a key aspect for the scope of this thesis. In

Chapter 6, | presented the runoff results over the next 40 years and determined that the
calculated amount available for drinking water export will continue increase over the
highlighted timeframe. Over this period, the summer air temperatures are predicted to stay
within a similar range as during the historical period since 2005. In addition, the winter air
temperatures are predicted to increase and ablation season to extend, representing an
important reason for a subsequent increase of future meltwater runoff. As observed during the
reference period (2005 to 2014), when calculating the PDD runoff results of RACMOR. can
be shown that its values are underestimated when compared to that of RACMOE. Specifically,
downscaled RACMOwis underpredicting this discharge by a factor 2.5 to 5, depending on the
year. This was expected as when comparing the downscaled air temperatures, RACMOEg was
often a few degrees warmer than RACMOH.during the ablation period meaning that the
projected discharge represents a conservative estimate for future runoff and could likely be
two to five times greater than that calculated. This result reflects by the insufficient quality of
RCMS when forced by GCMs and supports the need to further validate RCMs across other
regions in Greenland.

Furthermore, other factors that have not been accounted for in this study will need to be
considered when more accurately calculating future meltwater runoff. The two principal ones
being: glacial retreat and the snowpack. With warming temperatures contributing to glacial
retreat, the quantity of ice that will melt will be somewhat lessened in the future as ice-
covered areas shrink. Bjark et al. (2018) calculated that Periphery Glaciers and Ice Caps
(PGIC) have been retreating at 16.6 m per year in the West of Greenland. This means that the
glaciers in the catchment area of interest, L-DWC (which has a length of 4 km), will continue
to produce meltwater runoff at an increasing rate over the next four decades, but potentially
over a smaller area. Of note and adding to this, with warmer winter months, runoff will
increase further due to precipitation occurring in the form of rain as opposed to it being stored
as firn (Vandecrux et al., 2018) and the associated decrease in the surface albedo will further
accelerate surface melting during the early stage of the ablation seasons. Furthermore,
warming temperatures will also cause melting of the snowpack, and coupled with an increase
in precipitation, will result in these both contributing to an increase in the amount of runoff

being produced.
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7.3.3 Broader Implications of Increasing Meltwater Runoff
As was outlined earlier, the runoff produced from glacial melt is an important source that

contributes to the global rise in sea level. Another known phenomenon of concern from this
runoff is the effect that it has on ocean currents, freshening of the seawater and the subsequent
impact it has on the marine ecosystems. Studies have shown that the Arctic Ocean has
significantly increased its freshwater content, within the past decade due to accelerating
climate change from melting sea ice, glaciers, ice sheet, and ice caps (Sejr, 2017,
Dukhovskoy, 2019). Specifically, a study from Northeast Greenland has shown that the
accelerated melting of glaciers could influence deep water convection, due to the reduced
density of water in the Sub-Arctic Ocean (Sejr, 2017). The salinity of the oceans has varied
over the Earth's geological history. As recently as 8200 years ago, a freshening of the Atlantic
Ocean occurred during the terminal stage of the Laurentide Ice Sheet disintegration in North
America. The effect from this was a rapid cooling between 1 °C to 3 °C in the Northern
Hemisphere resulting from the freshening of the Labrador Sea and a subsequent a slowdown
in the Atlantic Meridional Overturning Circulation (AMOC) (Lochte et al., 2019), the
thermohaline circulation system that transports warm seawater from the southern oceans,
northward.

An additional benefit from the methodology used in this study in determining the amount of
meltwater runoff and providing local validation of climate model projections could be further
exploited across all similar small-scale catchments in Greenland. The figures obtained from
this work could then be used to inform the studies used to determine the rate of freshening
that affects the slowdown of the AMOC. Industries that are reliant on the marine ecosystems

would benefit from the insight it could provide.

7.3.4 Uncertainties in the PDD model
The simplicity of the PDD model, which only accounts for air temperature impacts on surface

melting and does so through a statistical relation utilizing largely unconstrained parameters,
implies certain limitations to this method and the results derived from it. These include
variations in local conditions that are not adequately reflected in the static melt factors. The
melt factors can change depending on the slope, aspect, surface roughness and local weather
conditions (wind, cloud cover and humidity), which are important contributors to the total
sum of melt (Wake and Marshall, 2015). Other physical characteristics, such as the presence
of firn, have different properties of albedo and meltwater retention (Shea et al., 2009), which
are not accounted for within the PDD model developed in this thesis. Finally, the ice masks

within the catchments are assumed to be constant in time, which is not the case, as the

81



geometry of the glacier changes over time as it melts. To account for these complex
processes, one would need to use a dynamic glacier model coupled to surface energy and
snowpack models, which is unfeasible given the temporal limitations and format of a master

study and is therefore outside its scope.

7.3.5 Meltwater Runoff Conclusion
This final section of the thesis demonstrates the runoff from the selected drinking water

catchment to be a long-term resource for drinking water for export purposes. The monthly
PDDs were validated against observations and used to calculate the melt across the
catchment, using varying melt factors for snow and ice. Although the absolute values of
projected melt rates should be treated with caution due to several limitations that could cause
errors in the quantification of the melt rates, the approach proposed here has allowed for a
significant insight into the inadequate quality of the RCM projections currently available for
Greenland and enormous impacts of climate model inaccuracies on local projections of the
surface melt. Such inaccuracies should therefore be treated with priority, before an adaptation
of more complex, computational demanding workflows for local downscaling of climate

variables and calculation of meltwater trends within catchments is justified.
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8 Conclusion

As the temperature of the planet continues to rise, it will have both debilitating consequences
as well as some beneficial outcomes and regardless of outcomes adaptation to these changing
conditions will be necessary. The fact that humanity must deal with rising sea levels and
degrading marine ecosystems has grown in importance over the last few decades, with an
accelerating importance of it not only capturing much of the media headlines, but it has been
an increasing area of focus for science and scientific research. As a result, from the growing
body of knowledge and research work that has emerged from it, the world has developed a
better understanding of climate change around the globe in determining what has occurred well
before to help us better understand what is likely to occur in future. The significance of better
understanding the future is that it will better inform decision making, so humankind is able to
minimize any devastating impact, while taking advantage of opportunities in preparing for what
may lie ahead.

Throughout the progression of climate change, Greenland has been prominent in the
conversation. This is understandable given the important role Greenland’s ice masses play in
contributing to the planet’s climate due to their location, size, and the impacts from the
meltwater produced. Greenland has attracted a significant amount of scientific research over
the last half century and continues to do so. This research has predominantly been focused on
the Greenland Ice Sheet (GrlS), whereas less scientific attention has been devoted to the study

of Periphery Glaciers and Ice Caps (PGIC).

In contributing to this growing body of scientific knowledge, this thesis adds to better
understanding of the anticipated responses of PGIC to climate change, by developing a
workflow for a validation of regional climate model (RCM) projections on local scales and
obtaining the meltwater runoff from the small catchment areas. Different stages of the workflow
are tested and validated across disparate spatial scales, zooming into a catchment in Southwest
Greenland, where all workflow stages are sequentially applied to estimate the future viability
of the amount of drinking water. While contributing to the overarching objective of the thesis,

the methods and results of this study address the three initial research questions:
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(1) How well do climate models simulate climate in Greenland on local scales?

(2) Do regional climate models and their downscaled products replicate observations from
weather stations more accurately than coarse resolution global climate model outputs?

(3) Is the selected drinking water site viable for a consistent long-term extraction of this

resource?

By answering these research questions, the present study enables a better understanding of the
climate model skills to simulate the present-day and future climate conditions along the
periphery of Greenland, as well as the future effects of climate change on partially glaciated

catchment areas and local meltwater production.

From this study, the regional climate model, RACMO, was selected as best suited when
compared amongst the three RCMs used in Greenland and the two global climate models that
forced these RCMs at the lateral boundaries of model domains. Of note, climate model
intercomparison showed that all climate models overpredicted air temperature during the winter
months, but were shown to perform better in summer, which coincides more favorably with the
period of interest for this study. Regardless of the above climate model inaccuracies leaking
into the generated outputs of statistical downscaling, the new resolution-enhanced products
have been found to capture air temperature variations on local scales more accurately than the
non-downscaled ones. Stemming from the positive degree day model that was particularized
for this study, the meltwater discharge rate calculated for one of the potential drinking water
sites selected by GEUS, indicates that over the next forty years it will be a commercially viable
resource with a peak discharge rate of 0.0136 Gt occurring in the year 2040. An important
conclusion that emerges from this is the viability in harnessing the vast amount of drinking
water that is being and will continue to be produced. If applied over larger scales along the
periphery of Greenland, an exploitation of meltwater runoff for industrial purposes will
simultaneously contribute to the UN sustainable goal on water security and reduce impacts of

freshwater discharge on the ocean circulation and marine ecosystems.

Given the limitations of the methods used within the study, its results should be used as a first
order estimate in determining the future runoff potential from PGIC catchments in Greenland.
Nevertheless, the presented workflow has clearly demonstrated the worth of this relatively
simple approach, namely the use of the positive degree day model and statistical downscaling,

for the validation of climate model projections on local catchment scales and the need to
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prioritize improvements of such projections to justify the use of more complex, computationally
demanding methods for downscaling and modeling. When comparing air temperatures from
the best performing RCM (RACMO4) to the dynamically downscaled reanalysis dataset
(RACMOE), it had an underestimation of meltwater runoff by a factor of 2.5 to 5 during the
observational period. Results from this thesis provide an in depth look at one catchment in
Greenland, but the inferred trend of increasing runoff in the future aligns with other studies that
have also shown similar trends regarding the changing state of glaciers and ice caps around the
world. This means that as the Earth’s climate continues to warm, the ability to quantify
meltwater runoff from the world’s glaciers and ice caps is of utmost importance in adaptation
strategies for its future impacts on freshwater availability, sea level rise and seawater

freshening, including its effects on ocean currents and the marine ecosystems.

From a climate change perspective, it is understood that what is happening in Greenland will
be a significant driver of global change that will greatly affect the future of the planet. The work
emanating from this study is contributing to the existing body of knowledge that has amassed
and as it pertains to the less observed phenomena around PGIC.
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Appendices

Appendix 1: Remainder of the Model Intercomparison Graphs with the Station Names Indicated in the
Title.
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