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Abstract

Increase in surface melting is the main contributor to Greenland Ice Sheet (GrlS)
mass loss, therefore its quantification is extremely relevant in assessing the future
rise of sea levels. However, direct measurements of surface melt and runoff are
difficult and present many gaps in time and space. Therefore, numerical modeling
is essential to calculate melt and assess the current state of the GrIS Surface Mass
Balance (SMB), which is the sum of the mass fluxes removing or accumulating mass
at the ice-sheet surface. Besides this, the last decades have been marked by a shift
in the atmospheric circulation over Greenland, with more negative North Atlantic
Oscillation (NAO) phases and higher frequency blocking events during summer that
increased the Greenland Blocking Index (GBI). These accompany the decrease in
SMB, bringing relatively warm and moist air towards the GrIS. This study uses the
latest output of the Regional Atmospheric Climate Model RACMO2.4p1 (5.5 km
horizontal resolution) and observations from selected Automatic Weather Stations
(AWSs) and annual stakes measurements to: (1) evaluate the model performance;
(2) reconstruct the GrlS integrated Surface Mass Balance (SMB) and its components
from 1945 to 2023; (3) relate the interannual variability of SMB and SMB components
to GBI variability, highlighting the connections between summer melt and higher
GBI values. The results show that (1) RACMO2.4p1 underestimates the net short-
wave radiation (-3 W/m?) due to a delayed onset of the melting season. The SHF
is also underestimated (-2 W/m?), hence leading overall to an underestimation of
melt energy, especially in the low-lying stations (i.e. KAN_ L, QAS L, TAS L),
for which the SMB bias between modeled and observed annual SMB is higher (0.1
m w.e. yr—! for stations above 1000 m a.s.l. vs. 1.7 m w.e. yr~! below 1000 m
a.s.l.). (2) The modeled GrIS integrated SMB between 1945 and 2023 is 491 Gt
yr~! the integrated runoff is 257 Gt yr~! and the integrated accumulation is 822 Gt
yr~!. The rate of integrated SMB decline accelerated from 1982, which marks the
onset of a series of climatological periods characterized by the most rapid decreases
in SMB. (3) Finally, the SMB is anti-correlated to the summer GBI (R?=-0.67)
through the correlation between summer melt and summer GBI (R?=0.85). Both



correlations show different spatial sensitivity to GBI, whereas the integrated SMB
shows a decrease of 102 Gt/yr when the summer GBI increases by one-standard-
deviation. Therefore, this study highlights the important relationship between SMB
and summer GBI, and the necessity of realistically simulating regional circulation
variability to model future GrIS SMB, as much as refining RACMO2.4p1 to better
constrain the current state of the GrIS SMB.
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Chapter 1

Introduction

The Greenland Ice Sheet (GrIS) plays a pivotal role in the current rise in global sea
levels (Shepherd et al., 2020), contributing through various processes that lead to ice
mass loss. These processes are primarily categorized as dynamical ice loss and surface
meltwater runoff, and since the 1990s, both mechanisms have increased, contributing
equally to the mass loss of the GrlIS (King et al., 2020). However, surface meltwater
runoff has increasingly dominated since 2000, driven by intensified surface melt and
a consistent decline in Surface Mass Balance (SMB), which is the net budget of all
the mass fluxes that determine surface accumulation and ablation (Fettweis et al.,
2017; Hanna et al., 2021; van den Broeke et al., 2016). This acceleration in melt
has been linked to shifts in atmospheric circulation over Greenland, particularly the
increased frequency of blocking patterns that enhance the advection of warm, moist
air, and that can modulate extreme events like heatwaves that further amplify GrIS
mass loss (Hanna et al., 2021) . These patterns are quantified through the Greenland
Blocking Index (GBI), which provides a measure of atmospheric blocking intensity
(Fettweis et al., 2013) based on_the mean atmospheric pressure at 500 hPa over
Greenland (Hanna, Hall, et al., 2018). Global circulation models (GCMs) struggle
to represent the recent negative summer (JJA) NAO phases and higher GBI values
(Hanna, Fettweis, and Hall, 2018). Therefore, it is important to understand how
the GBI can be better predicted and if it is possible to use summer GBI values as
predictor for future annual SMB. To quantify the long-term and present state of the
GrIS SMB, in situ observations are not enough due to their discontinuity in both time
and space. Therefore, numerical models are widely used since they can fill the space-
time observational gaps and give an accurate representation of the whole GrIS mass
balance (Fettweis, 2007). For this purpose, limited-area Regional Climate Models are
the most used for their higher spatial resolution and dedicated parameterisations, and



in this study SMB and SEB variables simulated by the updated Regional Atmopheric
Climate Model (RACMO) in its polar version 2.4pl (RACMO2.4p1) are presented
with the aim of:

1. Evaluating the model using in situ observations from Automatic Weather Sta-
tions (AWSs);

2. Use the SMB output to reconstruct the evolution of the integrated GrIS SMB
from 1945 to 2023;

3. Find whether there is any correlation between the RACMO2.4p1 SMB vari-
ability and atmospheric conditions as quantified by the GBI.

To achieve these objectives, different methods were used, which are explained in
the Methods section along with more thorough definitions of basic concepts used
in this study (the SMB, the SEB, how the GBI is defined) and of the regional
atmospheric model, RACMOZ2.4p1, of which the output was used. Successively, the
Results section illustrates the obtained results showing time-series, bias plots and
maps realized from the used methods. The Discussion section explains in more
detail how the results are found in the context of the physical processes occurring in
Greenland and how they control and relate to the SMB and the GBI. Finally, the
Conclusions will answer the research questions and provide suggestions for further
studies.



Chapter 2

Methods

This section deals with the methods, providing the basic concepts and processes
analyzed in this work. The SMB, its components, the SEB variables and the atmo-
spheric circulation over Greenland with the GBI will be first explained. We use data
from the latest version of the Regional Atmospheric Climate model RACMO2.4p1,
therefore the model and its evaluation are presented, along with the handling of the
data and a description of the observational dataset with which the evaluation was
done. We describe how the integrated GrIS SMB and components were computed
from RAMCO2.4pl. Finally, the GBI dataset is described and correlated to the
SMB/SEB variables from the model.

2.1 Surface Mass Balance (SMB) and
Surface Energy Balance (SEB)

The total mass balance (MB) of the grounded GrlS is given by the mass gains at the
surface (SMB) minus the mass that is lost through solid ice discharge across the ice
sheet grounding line (D) over one year, therefore representing the GrlS integrated

fluxes, expressed in Gt year —!:

MB:aa—]:[:SMB—D (2.1)

The SMB can be either positive or negative since it considers all the mass fluxes
directed towards and away from the ice sheet surface:

SMB - Ptot - SUtot - ERdS - RU (22)



And is specific, with units of kg m=2 yr~!. P, represents the total precipitation
(snowfall, SN, plus rainfall, RA), SU;, the total sublimation (at the surface and
from the drifting snow), ERgys is the erosion of the snow due to the divergence of
the drifting snow transport, and RU is the runoff of meltwater. If the accumulation
and ablation terms are not in balance, SMB assumes either a positive or negative
sign, partly determining the mass balance of the GrIS. The SMB in (3.2) is more
commonly called climatic mass balance and deviates from its formal definition, given
that it does not only considers surface processes, but also subsurface processes such
as water retention and refreezing. The SMB varies significantly across regions and
seasons, with higher accumulation occurring in winter and enhanced melting taking
place at lower elevations during summer, even though the SMB is defined over the
entire year. The liquid water balance equation explains the runoff term in the SMB
equation, and considers all processes that generate or remove liquid water present in
the ice column, from the surface down to the firn/ice transition:

RU = RA+CO + ME — RT — RF (2.3)

Here, runoff (Gt year ~!) is given as the sum of sources: melt water (ME), rainfall
(RA) and condensation (CO), while water retention (RT) and refreezing (RF) are
sinks, since they store the melt water in the ice column, reducing runoff. Finally,
melt (ME), but also surface sublimation and condensation, are all determined by the
Surface Energy Balance (SEB), which is the sum of all the energy fluxes towards and
away from the surface:

0=SEB = SWpet + LWyt + SHF + LHF + GHF — M (2.4)
M = SWe + LWyer + SHF + LHF + GHF (2.5)

Where energy fluxes are in Wm™2 and are positive when directed towards the
surface. SW,; is given by SW,; = SWy, + SWo = SW,,, (1- «), where « is
surface albedo; LW, is dependent on the incoming LW and the surface temperature
through the formula LW,,.; = LW,,,-0 T where o is the Stefan Boltzmann’s constant
(0 =5.67 x 1078 W m~2 K*), T, is the temperature of the snow/ice surface (skin
temperature) and surface emissivity is assumed to equal one. SHF, LHF and GHF
are respectively the sensible, latent and ground heat fluxes. The SHF depends on
the vertical gradient of wind speed and temperature, while the LHF is controlled by
the vertical gradient of wind speed and specific humidity. The GHF is usually small
when studying monthly /yearly fluctuations on average, while significant on subdaily
time scales. In this equation no SW radiation is assumed to penetrate below the
surface. This way, a value for T can be iteratively found for which the SEB equals



zero. If the found Ty value is greater than 0°C, the temperature is reset to 0°C and
any excess energy is allocated to melt energy (M). Iteration is needed due to non-
linearity and coupled processes within the equation, since the turbulent heat fluxes
depend on the value of Ty itself, and the outgoing long-wave radiation flux is non-
linearly dependent on skin temperature (van den Broeke et al., 2016; van den Broeke
et al., 2017).

2.2 Model Evaluation

2.2.1 RACMO2.4pl

As introduced, numerical models are necessary to overcome the space and time gaps
of observations for the SMB of the GrIS and other variables. The main dataset used
in this study was the latest output of the updated polar Regional Atmospheric Cli-
mate Model, RACMO2.4p1, developed at the Institute for Marine and Atmospheric
Research Utrecht (IMAU). The model itself was created at the Royal Netherlands
Meteorological Institute (KNMI) in collaboration with the Danish Meteorological
Institute (DMI) in the 1990s, after which a polar version (identified with the letter
'p’) with specific parameterizations to better simulate polar regions was developed
at IMAU. These include a glaciated surface tiles where a multilayer snow model
is adopted, to account for complex snow processes like snow metamorphism, com-
paction, melt and refreezing (van Dalum et al., 2021, 2024). RACMO uses the High
Resolution Limited Area Model (HIRLAM) (Undén et al., 2002) to simulate the
dynamical processes of the atmosphere. In HIRLAM, a semi-Lagrangian and semi-
implicit scheme is employed to track air parcels at the fixed points of the Eulerian
grid. Their evolution over time is then computed by using a two-step integration
method for the momentum equations. In the first half-step, the Coriolis term is
implicitly integrated (to maintain stability), while the pressure gradient term is ex-
plicitly integrated. In the second half-step, the process is reversed, with the Coriolis
term integrated explicitly and the pressure gradient term implicitly. This approach
helps to preserve numerical stability while allowing the use of unconditionally large
time steps (Undén et al., 2002). Regarding physical processes, RACMO uses the Inte-
grated Forecasting System (IFS) of the European Center for Medium-Range Weather
Forecasts (ECMWF) model. RACMO2.4p1 employs HIRLAM 5.0.3 dynamical core,
as its previous version, RACMOZ2.3p2, but presents major improvements regard-
ing the IFS physics modules, going from cycle 33r1 (ECMWF, 2009) to cycle 47r1
(ECMWF, 2020; van Dalum et al., 2024). Other processes are better represented
through specific parameterizations made separately from the new 47rl IFS cycle.
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Some of the most relevant improvements (in terms of ice sheet surface energy and
mass balance) regard the water content of clouds, for which now different prognostic
variables for liquid water and ice are present, and they can interact in the formation
of mixed-phase clouds, so that both clouds and the formation of precipitation are bet-
ter represented (van Dalum et al., 2024); rain and snowfall are also separate variables
and have distinct fall speeds and horizontal advection: instead of being immediately
deposited at its formation location, snow can be advected horizontally before accu-
mulating at the ground, which is especially important in regions where strong winds
are present, like in southeast Greenland e.g. at the (QAS-stations, where observed
snowfall is high (Hermann et al., 2018); long-wave radiation scattering within clouds
is improved, to increase the accuracy in simulating how clouds trap and emit heat
(van Dalum et al., 2024); the ice cover is now fractional (from 10% to 100%), over-
coming the binary field for which grid cells were either fully ice covered or ice free,
and allowing for a more detailed and realistic representation of how ice interacts
with the surface and the atmosphere, especially at lower ablation regions. All these
improvements are presented in more detail in van Dalum et al. (2024), along with
all the other improvements made in the model not mentioned here.

2.2.2 Model Output

Being a limited-area model, RACMOZ2.4p1 is forced at its lateral boundaries with
3-hourly ERA5 multilevel reanalysis data (Hersbach et al., 2020) for wind speed, tem-
perature, humidity and pressure from 1940, with a spin-up period of 5 years, and is
nudged at its upper boundary (van Dalum et al., 2024). The dataset therefore covers
a period that runs from 1945 to 2023, extending further in time than RACMO2.3p2
(1958-2016) and has a spatial resolution of 5.5 km (Noél et al., 2018). The land-ice
mask is based on the bed topography and bathymetry map of Greenland from the
BedMachine project (BedMachine Greenland 5, Morlighem et al., 2021 ) and covers
Greenland, Iceland, Svalbard and part of Arctic Canada. The variables of inter-
est from the extensive RACMO2.4pl output for this study were the energy fluxes
involved in the Surface Energy Balance (SEB): downward and upward shortwave
and longwave radiation, sensible and latent heat fluxes; near-surface meteorology
variables: specific humidity, wind speed and air temperature; SMB and SMB com-
ponents (for glaciated tiles only) melt, runoff, total precipitation and refreezing. As
a first step in the model evaluation, time-series of the mentioned variables were ex-
tracted at the selected AWSs’ locations by selecting the pixels in the model that are
closest to the coordinates of the selected AWSs. As a consequence, small mismatches
between real vs. modeled AWSs’ locations and elevations are present and/or differ-

11



ent stations are modeled in the same pixel, like S5 and KAN_ L or S10 and KAN_U
along the K-Transect (in table @ and R.2). Interpolation between the four closest
points as done in other studies (van Dalum et al., 2021) was not chosen here since
it introduces a new uncertainty and prevents a direct comparison of the model with
observations, which is the main purpose of this research.

2.2.3 Observations

The RACMO2.4p1 model output was compared to observational data from AWSs.
The observational dataset used in this study is from PANGEA (Tiggelen et al., 2024)
and includes SEB energy fluxes components (daily averages) from 19 Automatic
Weather Stations (AWSs) from both PROMICE and IMAU. AWSs started being
deployed in Greenland from the 1990s, allowing for year-round measurements and
a higher spatial coverage than previous observations. Key programs include the
Greenland Climate Network (GC-Net) (Vandecrux et al., 2023) initiated in 1990 and
the K-Transect, which started in 1993 in the south-west of Greenland (Smeets et al.,
2018). Since then, many other AWS were installed, and in 2007 the Programme
for Monitoring of the Greenland Ice Sheet (PROMICE) started. The PROMICE
network presently includes 25 AWSs across the Greenland Ice Sheet (GrlS), mainly
in the ablation area, to complement the AWSs located in the accumulation regions
from the GC-Net programme. PROMICE AWSs are strategically placed at different
elevations with a lower (L) station close to the ice margin in the ablation zone and
an upper (U) complementary one closer to the equilibrium line (ELA - where mass
gains and losses balance) or in the accumulation zone. The studied AWSs are:

1. KAN_L, KAN_M and KAN_ U stations, located along the southwestern slope
of the GrIS, near Kangerlussuaq, with KAN__U being the highest at 1840 m,
close to the accumulation zone, while KAN L and KAN M are in the ablation
zone;

2. KPC L, KPC_U: situated in Kronprins Christian Land in northeastern
Greenland, with the lower station (KPC_L) near the ice margin and the
upper station (KPC U) higher up at 870 m, near the ELA;

3. QAS_ L, QAS M and QAS_ U, QAS A, located in the Qassimiut region, rang-
ing from the ice margin around 288 m to upper elevations, 1008 m, but still
inthe ablation zone. The higher station (QAS_A) only has one year of data,
and the "M’ in QAS M stands for 'middle’;
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4. TAS L, TAS U and TAS A, in the Tasiilaq region, also spatially spread to
monitor varying climatic conditions.

The AWSs from IMAU (Utrecht University) were initiated in the 1990s but
started collecting robust data in 2003 with stations S5, S6, S9 near Kangerlussuaq
in western Greenland along the K-Transect, to which S10 was successively added in
the lower accumulation zone in 2010 (Smeets et al., 2018). In addition to these, also
station S21 near the QAS - PROMICE stations and stations S22-S23 were employed
in this study, for a total of 7 AWSs from IMAU and 12 from PROMICE. The location
and names of the stations are presented in Fig. , while their exact coordinates,
elevation and activity period are given in table and P.2, where also the modeled
latitude, longitude and elevation from RACMOZ2.4p1 are showed for comparison.
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Figure 2.1: Map of the elevation of the GrIS (contour every 500m) and the location
of PROMICE and IMAU AWSs. Stations in red are used to evaluate RACMO2.4p1
near-surface meteorology, SEB and SMB data, while blue dotted stations were used
for the evaluation of RACMO2.4p1 SMB only.
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Table 2.1: Description of AWS stations and modeled positions (Part 1). The second
row for each station represents the modeled values.

Station Latitude Longitude Elevation Start End

(°N) (°W) (m Date Date

a.s.l.)

S5 67.09 50.07 490 2003 2016
Modeled S5 67.09 50.01 585.44 - -
KAN_L 67.10 49.95 670 01,/09/2008 09,/09/2020
Modeled KAN_ L 67.09 50.01 585.44 - -
S6 67.08 49.41 1020 2003 2016
Modeled S6 67.10 49.36 1049.97 - -
KAN_M 67.07 48.84 1270 02,/09/2008 12/09/2020
Modeled KAN_ M 67.09 48.83 1287.11 - -
S9 67.05 48.27 1520 2003 2016
Modeled S9 67.07 48.30 1472.61 - -
S10 67.00 47.03 1840 2009 2016
Modeled S10 67.01 46.98 1856.07 - -
KAN_U 67.00 47.03 1840 04,/04/2009 08,/09/2020
Modeled KAN_ U 67.01 46.98 1856.07 — -
KPC_L 79.02 24.08 370 17/07/2008 12/07/2019
Modeled KPC_ L 79.89 24.13 397.68 - -
KpPC_U 79.83 25.17 870 17/07/2008 13/07/2019
Modeled KPC_U - - - - -
QAS_L 61.03 46.85 280 24/08/2007 29/08/2020
Modeled QAS_ L 61.04 46.87 437.75 - —
QAS_M 61.10 46.83 630 11/08/2016 09,/09/2020
Modeled QAS_M 61.10 46.79 645.49 - -
QAS_U 61.18 46.82 900 07,/08,/2008 29/08,/2020
Modeled QAS_U 61.20 46.82 979.51 - -
QAS_A 61.24 46.73 1000 20/08/2012 24/08/2015
Modeled QAS_A 61.25 46.73 1073.03 - -
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Table 2.2: Description of AWS stations and modeled positions (Part 2). The second
row for each station represents the modeled values.

Station Latitude Longitude Elevation Start End

(°N) (°W) (m Date Date

a.s.l.)

TAS_L 65.64 38.90 250 23/08/2007 19/08/2020
Modeled TAS_L 65.64 38.95 263.78 - -
TAS_U 65.70 38.87 570 15/08/2007 13/08/2015
Modeled TAS_U 65.69 38.83 586.23 — —
TAS_ A 65.78 38.90 890 28/08/2013 17/08/2020
Modeled TAS_A 65.79 38.95 980.03 - -
S21 66.18 39.04 1615 2014 2017

Modeled S21 — — - — —

S22 78.91 22.38 535 2016 2020
Modeled S22 78.88 22.41 551.82 - -
S23 78.92 21.44 142 2016 2020
Modeled S23 78.94 21.53 260.03 - -

Directly measured variables from the AWSs are: air pressure (hPa), air tempera-
ture, converted to 2 meters height temperature (°C) for easy comparison to RACMO,
relative humidity (%) conveerted to specific humidity at 2 m height, wind speed
(m/s) also converted at 10m height wind speed, and wind direction (°); downward
and upward short-wave and long-wave radiation, ice/snow surface height, subsurface
temperature and GPS position (Fausto et al., 2021; Huai et al., 2020a) . From the
measured variables, other variables are derived: specific humidity, sensible heat flux
(SHF), latent heat flux (LHF), surface temperature, albedo; all equations are given
in Fausto et al. (2021). In the calculation of SHF and LHF, uncertainties arise from
the selection of the surface roughness parameter, which for the PROMICE AWSs
is set to a constant value of z0=0.001 m which could overestimate the roughness
over snow surfaces while underestimating it for rough ice, with possible consequent
inaccuracies in the estimate of the turbulent heat fluxes (Fausto et al., 2021)) . Given
the difficulty of obtaining direct measurements for the turbulent heat fluxes and the
different parameterizations used in the AWS models and in RACMO2.4p1, turbulent
fluxes are usually the ones suffering the most when assessing models’ performance
(van Tiggelen et al., 2024a); however, it is still valuable to compare them to evaluate
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how well the model represents temporal variations and patterns, such as seasonal or
daily cycles, rather than focusing solely on the precise magnitudes.

Regarding the SMB, in-situ observations were used from the compilation of ablation
measurements available at the PROMICE web portal (Machguth et al., 2016), which
includes stake ablation and snow-pits point-measurements. Out of the 46 sites in-
cluded in the database (Machguth et al., 2016), readings in locations where AWS
data is used were employed, thus for the K-Transect (KAN and S5, S6, S9, S10
stations), Qassimiut Ice Lobe (QAS stations), the Kronpris Christian Land (KPC
and S22-S23 stations), Isertoq Ice Lobe, close to Tasiilaq (where the TAS stations
are located, close to where S21 is). Given the availability, also SMB at NUK, UPE
and THU was evaluated to gain a more robust SMB evaluation from RACMO2.4p1,
which is discussed later.

2.2.4 RACMO2.4p1 Data Treatment

RACMO2.4p1 data covers different aspects of the GrIS, hence the variables that were
selected to be employed in this study are the SEB variables: SWd, SWu, LWd, LWu,
SHF, LHF; near-surface meteorological variables: 2 m air temperature, 2 m specific
humidity, 10 m wind speed; SMB and its components: melt, runoff, refreezing,
retention, precipitation. The employed ice mask covers the continuous ice-sheet
and the smaller ice caps at the margins that are not directly connected to it, so the
computation of the integrated quantities also includes these ice caps.

Daily data was used to test RACMOZ2.4p1’s ability of capturing daily meteorological
variability. Scatter plots with the observed and modeled daily values of the near-
surface meteorology and SEB variables are presented in the results. Time alignment
was reached by matching the time-span of the modeled data to the time-span of the
available observations for each AWS based on their specific activity period, as shown
in tables @ and @ interpretations will follow in the Results section.

Monthly data was employed to study the differences between the modeled and the
observed annual cycle of the SEB fluxes; shorter time-scales would have made the
yearly cycle too noisy. The figures were realized by first removing from the model
dataset of each variable the months that were not available from the observations, or
the months that had less than 15 days of observations; then, for each variable, the
monthly value of a given month was averaged with the monthly value of that month
of all the available years, to obtain mean monthly-means of each month of the year
representative of the whole dataset. Mean monthly-means of melt energy were also
computed and plotted to relate it to the SEB cycle.

Time-series of the modeled and observed SMB were realized. The stations were
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grouped per transect to show how the model can represent the differences from lower
to higher stations. The entire available observed and modeled dataset is shown
per AWS, referencing the length of the observational period. Yearly values from
RACMO2.4p1 were computed by summing monthly SMB values and aligning the
start and end of the year in RACMO2.4p1 to the hydrological year (from september
to september (Hermann et al., 2018)), to better approximate the observed beginning
and ending of the melting season. The last value of each annual RACMO2.4p1 SMB
time-series was removed since it would be a sum of monthly data from september to
december only of that year, since RACMO2.4p1 data starts each year on January and
ends on December of that year. Also, in computing mean SMB yearly values from
RACMO2.4p1, the modeled years were again aligned to the available observed ones.
Since the SMB observational data was available for more locations where PROMICE
AWSs are present (NUK, THU, UPE stations, the blue dots in Fig. @), these were
also employed. Therefore, time-series at the nearest grid-point for these stations
were also extracted from RACMO2.4pl. However, AWSs data for SEB /near-surface
meteorology was not available for those stations, and the model evaluation was not
carried out for those variables. Modeled melt was also compared with observations
for the same stations employed to study the SMB, and the same data treatment of
computing and time-aligning modeled SMB to observed SMB was employed. Both
SMB and melt were studied with respect to their change with elevation across the
same transect, like at the K-Transect or the Q-Transect, and compared to the model’s
ability of portraying SMB and melt at the same region, presented in the results.

2.3 GrlIS Integrated SMB and SMB components

The model was used to calculate the SMB integrated across the entire GrIS and sur-
rounding ice caps evolution from 1945 to 2023, extending further back in time than
the previous RACMO2.3p2 dataset. To do so, RACMO2.4p1 data in the spatial do-
main covering Greenland was used, and monthly SMB and SMB components values
were first summed to get yearly values at each pixel, and then multiplied by the area
of the pixels and summed across the whole mask to get yearly values, obtaining the
integrated SMB and SMB components. To further the analysis, periods with the
highest decreasing SMB rate were identified by calculating the slope and regression
of SMB each 30 years (representing a climatological period) with a moving time win-
dow. This method found 1982 as the year of beginning of a series of climatological
periods with SMB decreasing rates constantly higher than the SMB rates found in
the climatological periods before 1982. Therefore, 1982 was chosen in this study as
divide year between a period of SMB stability and a period of sharp SMB decrease.
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This is slightly earlier than other studies found, for which this higher declining SMB
rate starts in the 1990s (Fettweis et al., 2017; Hanna et al., 2011). Finally, maps
were realized, by averaging the yearly SMB and SMB components over the last 30
years of RACMO2.4p1 (1993-2023) and over the first 30 years of RACMO2.4p1 data
(1945-1975) to see how the SMB and SMB components changed spatially across the
GrIS.

2.4 GrIS SMB variability and Summer GBI

2.4.1 Atmospheric Circulation over Greenland and the GBI

The atmospheric circulation above the GrIS is complex, the circulation patterns
more relevant for the study of the GrIS SMB are those controlling the radiative
fluxes and the inflow of warm and moist air masses. Greenland is located north of
the North Atlantic Storm Track, where cyclons bring moist air to the southern and
eastern part of the GrIS and enhance precipitation in the form of snowfall in those
regions (Hanna, Hall, et al., 2018&; Silva et al., 2022). Rossby waves breaks or other
disruptions in the polar jet stream can cause a poleward steering of these cyclones
or create high pressure systems (the so-called blockings) that transport anomalously
warm and moist air towards the western part of the GrIS. Therefore, atmospheric
dynamics impact in a spatially and seasonally differential way the SMB of the GrIS
(Pettersen et al., 2022; Silva et al., 2022).

Different indexes can be used to represent the atmospheric circulation and
pressure patterns above and in the vicinity of the GrIS. One of them is the NAO
index, which is historically defined as the standardized difference in atmospheric
pressure at sea-level between two points in the North Atlantic, the Azores and
Iceland (Hanna et al., 2022), where 0.0 is the mean value and 1 is the standard
deviation. Azores and Iceland are usually characterized by a persistent high-pressure
for the first and a persistent low-pressure cell for the latter. However, their difference
can be more or less strong, therefore defining a more or less strong latitudinal
pressure gradient that affects the strength of the polar jet stream, making the
NAO more positive when the jet stream stronger and more negative when the jet
stream is weaker. The NAO can also be defined through Principal Component
Analysis (PCA) to remove bias from local anomalies and implement its calculation
with spatial values that improve its representation, since the center of action of
the NAO can vary spatially with varying climatic conditions (Hanna et al., 2022).
Given its relation to pressure systems and the polar jet stream, the NAO is found
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to negatively correlate with high summer melt and the observed SMB decrease of
the last decades, for which a more persistent_negative phase of the NAO has been
observed (Fettweis et al., 2013; Hanna et al., 2022).

Another important index to which the NAO is negatively correlated to is the
Greenland Blocking Index (GBI). The GBI has been chosen for this study for its
more precise spatial range of definition (Hanna et al., 2013). The GBI is defined as
the mean geopotential height at 500 hPa in the area between 60-80°N and 20-80°W
(Hanna et al., 2013), thus it more closely captures air circulation changes specific to
Greenland, while still being correlated to the NAO. The GBI is a measure of the
atmospheric blockings occurring in the vicinity of Greenland. To give a more precise
description, blockings are large-scale (hundreds of km wide) quasi-stationary (few
days to weeks or longer) anticyclonic systems (flowing clockwise in the northern
hemisphere) forming in the mid-troposphere that deflect the normal zonal flow of
westerly winds and cyclones in the North Atlantic Storm Track, both upstream and
downstream of the block Pettersen et al., 2022. High GBI values are associated with
a suppression of cloud cover and an increase of warm air advection to the western
part of Greenland, thus increasing incoming short-wave radiation and sensible heat
flux towards the surface, leading to higher surface melt (Ward et al., 2020). Figure

shows the general circulation above the GrIS and how it changes in a high or
low summer GBI, with 500 hPa geopotential height, wind speed and direction,
temperature and total cloud cover. The means were computed over 30 years of
ERA5 data (1991-2021), while the anomalies were computed by subtracting the
mean of the variables for the high (low) summer GBI years from the climatological
mean, where high (low) summer GBI years are defined as years for which the mean
summer GBI is at least 1o higher (lower) than the mean summer GBI (the dataset
employed for the GBI values is described in the following section). High summer
GBI leads to positive temperature anomalies over the GrIS and especially in its
central part, while cloud cover decreases with higher negative anomalies in the
eastern part of the GrIS; cloud cover increases in the southern tip of the GrIS. On
the contrary, when summer GBI is low, air temperatures decrease over the ice sheet
and cloud cover shows a positive anomaly, stronger in the eastern part of the GrIS.
The GBI strongly correlates with summer melt and the overall trend of decreasing
SMB through the said alteration of SEB variables (Fettweis et al., 2013; Hanna,
Hall, et al., 2018; Hofer et al., 2017; Huai et al., 2020h), and the correlation between
SMB, summer melt and summer GBI will be further discussed in the following
sections.
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Figure 2.2: Mean atmospheric circulation over Greenland and circulation anomalies
for high and low JJA GBI years computed over 30 years of ERA5 data (1991-2021).
Climatological means are in the first column, while high JJA GBI and low JJA GBI
years in the second and third. First and second row show wind direction and 500
hPa geopotential height with surface temperature in the first row and total cloud
cover in the second.

2.4.2 GBI dataset description

The dataset used in this study was produced by Hanna et. al (2016) last updated in
2023 (until september) and maintained at the NOAA Physical Science Laboratory
(PSL). The dataset includes monthly GBI values from the NCEP/NCAR Reanalysis
and the Twentieth-Century Reanalysis version 2¢ (20CRv2c¢) data from 1851 to 2023,
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and is based on means of the GBI monthly anomalies standardized to the 1951-2000
period (Hanna et al., 2016). The data is then unitless since the GBI anomalies for

each month were divided by its standard deviation, and values range between ca. +-
2.

2.4.3 SMB, SEB and GBI

To correlate SMB/SEB variables to the GBI, first GrIS integrated SMB values were
used. Summer GBI values were computed (JJA) and correlated to the annual SMB
and melt calculating Pearson correlation coefficients and R? values to quantify the
strength of the linear relationships; values of the slope are also shown in the figures
presented in the results, representing the change in annual SMB caused by a change
in JJA GBI
Secondly, spatial differences in the response to summer GBI across the ice sheet
were studied. Spatial correlation and slope maps were realized on a pixel by pixel
basis, for which annual SMB and SMB components and the summer-averaged SEB
variables at each pixel were regressed against the JJA GBI time-series, to realize
maps of the correlation and slope between the GrIS SMB/SEB and the JJA GBI. The
slope represents the change in the SMB/SEB variable for a one-standard-deviation
change in summer GBI (0GBI). Therefore, the calculated slope provides a measure
of the rate of change in the SMB/SEB variable with respect to GBI variability.
Annual values were considered for SMB, melt, runoff, refreezing and retention since
their annual values depend on their summer values and only occur when melting
occurs, which is mainly in summer. In addition, SMB refers by definition to the
annual balance between input/output mass fluxes. Therefore, all mass fluxes were
considered in their annual sums. Melt was also converted in terms of energy flux via
the latent heat of fusion:

Epeir = melt x pice * Ly (2.6)

Where melt is in mm w.e. (equivalent to kg m™2), p. is 917 kg/m? and the
latent heat of fusion (L;) is 3.34e5 J/kg, obtaining melt energy (Ee;) in Wm™2 .
This way, the correlation and slope maps of the SEB variables presented in Wm ™2
can be directly compared to the values obtained for the JJA SEB variables.
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Chapter 3

Results

This chapter presents the results divided into the three main research questions: (1)
model evaluation; (2) GrlS integrated SMB reconstruction with RACMO2.4p1; (3)
correlation between SMB/SEB and GBI.

3.1 Model evaluation

3.1.1 SEB Variables

Figure El] compares observed and modeled SEB variables for all AWSs. The
radiative fluxes (SWu, SWd, LWu, LWd) are in good agreement with observations,
all having a bias < 10 W/m? (apart from LWd) . The bias in SWd is 0.2 W/m?
with a RMSE of 39.2 W/m? | while for the SWu the bias is 3.2 W/m? and the
RMSE 344 W/m?. Both SWu and SWd bias values are within the measure-
ment error (10%), so RACMO2.4pl is accurate within measurement accuracy
(van Dalum et al., 2021; van Tiggelen et al., 2024b). The presence of many non
zero modeled values while the observed SWd or SWu is equal to zero, can be
explained by the snow covering the sensors in some locations that hinders the
ability of the sensors of measuring shortwave radiation. The correlation coefficients
(R?) for SWd and SWu are 0.91 and 0.85, respectively. The LWd bias is -16
W/m? with a RMSE of 25.4 W/m? and an R? of 0.72, while the LWu is slightly
more accurate, with a bias of -6.6 W/m?, RMSE of 11.76 W/m? and R? equal to 0.92.

The turbulent heat fluxes are not well represented in RACMO2.4pl and their

bias and RMSE are higher: the SHF has a bias of 1.9 W/m? with RMSE of 21.7
W/m? and an R? of 0.45, while the LHF has a bias of 4.6 W/m? and a RMSE of 11.3
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W/m?, and a slightly larger R? of 0.52; these results can be compared to how well
RACMO2.4p1 captures the near-surface meteorology. Figure @ shows plots for air
temperature, wind velocity and specific humidity at 2 m, while surface temperature
is not since is constant. The three plots show a very good agreement between
observations and the model, thus not serving a straightforward explanation as to
why the turbulent fluxes are so poorly simulated, which will be further addressed in
the discussion.

swd SWu Sensible Heat Flux
500 500 250
N: 59755 N: 62166 / N: 57980
Slope: 0.92 Slope: 0.92 / Slope: 0.47
Intercept: 11.08 Intercept: 10.17 yd 200 {-{Intercept: 13.57
R?: 0.85 / R?: 0.45
4001 |Bias: 3.15 S Bias: -1.91
RMSE: 34.39 // RMSE: 21.71

100

RACMO2.4p1 SWd [W/m?]
RACMO2.4p1 SWu [W/m?]
RACMO2.4p1 SHF [W/m?]

400 500 0 100 400 500 ~100 -50 o 150 200 250

200 200 300 0 0
Observed SWd [W/m?] Observed SWu [W/m?] Observed SHF [W/m?]

Lwd LWu Latent Heat Flux
400 400 > 150

N: 62241 N: 62173 v N: 57984
Slope: 0.99 Slope: 1.03 / Slope: 0.40
Intercept: -13.92 s Intercept: -14.88 / Intercept: 0.04
R2: 072 4 350 1-|R?: 0.92 100 2 0.52
Bias: -6.63 Bias: 4.55
RMSE: 11.76 RMSE: 11.25

350

Bias: -15.98
RMSE: 25.43

300

RACMO2.4p1 LHF [W/m?]

2004: 200

RACMO2.4p1 LWd [W/m?]
RACMO2.4p1 LWu [W/m?]

-100

100 -150
100 150 200 250 300 350 400 100 150 200 250 300 350 00 =t

Observed LWd [W/m?] Observed LWu [W/m?] Observed LHF [W/m?]

50 100 50 o 50 100 150

Figure 3.1: Scatter plots for daily averaged observed vs. RACMO2.4p1 modeled
SEB variables: shortwave down, shortwave up, longwave down, longwave up and
the sensible and latent heat flux. The number of observations (N), determination
coefficient (R?), root-mean-squared-error (RMSE) and bias are shown in the figures.

As a complement to the scatter plots shown above, monthly averages from the
AWSs daily observations and from RACMOZ2.4p1 were used to see how well the sea-
sonal SEB cycle is portrayed by RACMO2.4p1. In Figure @, the yearly cycle of the
mean-monthly means of SWnet, LWnet, SHF, LHF, Gs and melt energy (computed
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Figure 3.2: Scatter plots for daily averaged observed vs. modeled from RACMO2.4p1
near-surface meteorological variables: 2m height air temperature, wind speed at 10m
and 2m height specific humidity (g/kg); the number of observations (N), determi-
nation coefficient (R?), root-mean-squared-error (RMSE) and bias are shown in the
figures.

from the melt flux available in the RACMO2.4pl output using the latent heat of
fusion) is shown for the stations along the K-transect. Melt energy is mostly well
simulated by RACMOZ2.4p1, however, at most stations it is slightly underestimated
due to over-/underestimation of the different energy fluxes. Station S5 and similarly,
KAN_ L, show that the net short-wave radiation is overestimated during summer by
RACMO2.4p1, while the SHF is underestimated. Therefore, the two biases have a
compensating effect and the melt energy is slightly underestimated at both stations.
At station S6, the SHF is in agreement with the observed values throughout the
year. However, the netSW is overestimated by 20-30 W/m? in July so that the melt
energy is overestimated by around 10-20 W/m?, which can be explained by the small
underestimation of the netLW radiation. For station S9, both netSW and netLW are
slightly underestimated, and melt is also underestimated. Station KAN__ U presents
very good agreement throughout the seasons for all energy fluxes. S10 and KAN_ U
are at the same location hence the over/under-estimation of fluxes is also controlled
by observational biases. In general, throughout the K-Transect, the difference be-
tween the observed and the modeled seasonal energy fluxes decreases going from
the lower to the higher stations, a pattern visible for the Q-Transect and the other
regions as well; see the discussion. Another visible pattern, is the delayed modeled
increase in SWnet that occurs at the beginning of the melting season in Apr/May
at stations KAN_ U, S5 and other stations such as QAS-M and TAS-L which are
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low-elevation stations. At these locations, the net shortwave radiation modeled in
RACMO2.4p1 is lower than the observed from February until May/June, then, dur-
ing the melting season, the modeled net short-wave fluxes are overestimated by the
model. The possible reasons for this are further explored in the discussion, but seem
to be mainly due to an overestimation/underestimation of surface albedo. Regarding
the turbulent heat fluxes, the high spread of SHF in the bias plots is visible in the
yearly cycles as well: low-stations have a summer SHF that is underestimated by
RACMO2.4p1 while higher-elevation stations (like S9, KAN U, S10, KAN U) have
a well modeled summer SHF, but the SHF during winter is overestimated. Other
fluxes are better represented: the difference between modeled and observed netLW is
lower even though RACMO2.4p1 seems to underestimate it throughout the year for
all AWSs, in agreement with the scatter plots. LHF and the subsurface conductive
heat flux are also close to observations.

3.1.2 Surface Mass Balance and Melt

The SMB appears to be overestimated by RACMO2.4p1 with respect to observations
at all stations, as shown in figure B.4, where data points tend to cluster above the 1:1
line. The bias is 1, the RMSE is 0.7 and the R? is 0.65 m w.e./yr, which leaves 35%
of the variability unexplained by the model with an average overestimation of the
mean observed SMB. However, for some AWS, RACMO2.4p1 represents the mean
SMB almost perfectly, like at station S6, UPE_ L, KAN M, S9, KPC_U, KPC_L.

Regarding station-specific SMB values, Figure shows that the greater dis-
crepancies between observations and RACMO2.4pl values are present at the lower
stations, KAN_L and S5 (considering however that both stations are modeled in
the same pixel for RACMO2.4pl). The difference between modeled and observed
yearly SMB per station is shown also in the bias (as difference between the mean
modeled values and mean observed mean values per station over all years) in Figure
@‘ where S5 has the greatest bias, -0.92 m w.e., so RACMO2.4p1 underestimates
the SMB at this station, i.e. simulates it to be less negative. The bias decreases with
elevation, with the lowest value of 0.08 m w.e. at S9. The ability of RACMO2.4p1
of representing the SMB is also related to how well it can represent melt, which
shows the same pattern of a bigger discrepancies for the lower stations, and is overall
underestimated, which could explain the overestimated SMB. The mean observed
and modeled yearly melt values are shown in the Table @, where the stations are
divided into their region and placed in order of elevation, to show how much the
modeled melt becomes closer to the observed one when going from the lower to the
upper stations.
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Figure 3.3: The mean-monthly means for net shortwave, net longwave, SHF,
LHF, Gs and melt energy are portrayed in the figure, comparing observations to
RACMO2.4pl. The means were computed by removing from the observational
dataset months with less than 15 days of observations and the corresponding months
from the model dataset for time-alignment (see Methods). The dashed lines are the
modeled values while the solid colored lines represent the observational data.

27



Average annual SMB

[ ] o0 00 [ ]
3 g

>
=
[
sy
==

|

RACMO2.4p1 [mWE/yr]

>

=
wn
-

E N: 24

—4 | Slope: 0.58 % S5
Intercept: 0.27 S6

R?: 0.65 x S8

Bias: 1.03 x 510

RMSE: 1.40

>
5
n
=

> = 2 ; :
Observed [mMWE/yr]

Figure 3.4: Observed on the x-axis vs. RACMO2.4pl yearly SMB values on the
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THU, NUK and SCO) with the one-to-one line and the black line which represents
the regression line between the two datasets. The slope, intercepet, R?, Bias and
RMSE values are also shown in the figure.
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Observed and Modelled SMB in the K-Transect
[1990/07 - 2020/09]
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Figure 3.5: Annual SMB along the K-Transect. SMB change during the years of
available data (panel a); yearly SMB values as a spread around the mean for the
different AWS against their elevation (panel b). Yearly melt for that AWS against
the modeled and observed elevation (panel ¢).
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Table 3.1: Difference between modeled and observed mean annual melt at AWSs
with mean bias

AWS Mg‘lo S(f:lvjv(.ie.) Meli{clo((rirelli:fj.e.) Blas

S23 2.56 1.26 -50.78
KPC_L 2.19 1.12 -48.86
522 1.42 1.10 -22.54
KPC_U 0.61 0.67 9.84

QAS L 6.03 3.44 -42.96
QAS_ M 3.48 2.49 -28.45
QAS_U 2.36 1.68 -28.81
QAS A 2.24 1.56 -30.36
TAS L 3.61 1.69 -93.19
TAS U 3.26 1.59 -51.23
TAS A 2.40 1.33 -44.58
S21 0.54 0.77 42.59
S5 3.97 3.22 -18.89
KAN_L 3.81 3.23 -15.23
S6 2.03 2.27 11.82
KAN_M 1.86 1.67 -10.22
S9 1.66 1.17 -29.52
S10 0.36 0.61 69.44
KAN U 0.57 0.52 -8.77

So far, RACMOZ2.4p1’s ability of representing SEB variables, near-surface mete-
orology and SMB and melt for the selected AWSs seems to be successfully capturing
temporal patterns and spatial variability, but with the tendency of underestimat-
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ing melt and overestimating the SMB, especially in the lowest ablation regions. For
SMB, the small bias (1 m w.e.) and the high R* =0.65 m w.e. allow for the use of the
model for integrated SMB reconstructions, while acknowledging its limitations and
deviations that may arise from local processes. The following part will present results
of the SMB integrated across the whole GrIS from 1945 to 2022 and its correlation
with the Greenland Blocking Index (GBI).

3.2 Greenland Ice Sheet Integrated SMB

The SMB of the entire GrIS was studied by integrating the SMB and components
(runoff, accumulation, melt and refreezing) through the GrlIS area, as explained in
the methods. Figure presents the results, highlighting the variability of the SMB
and its components from 1945 to 2023. As mentioned, the reconstruction goes further
back in time with the use of the ERA5 compared to previous RACMO simulations.
The SMB decreases from 1945 to 2023 with a rate of -0.7 +- 0.6 Gt/yr?, which
accelerates from the 1980s reaching values of -3.8 +- 1.4 Gt/yr? from 1982 to 2023.
Accumulation has increased too little to offset the strong increase in surface melt and
runoff. In fact, accumulation changed at a rate of 0.4 +- 0.4 Gt/yr? from 1945-2023
while from 1982 to 2023 its slope decreased (0.14 +- 1 Gt/yr? )). However, runoff
has been increasing by 1.7 +- 0.4 Gt/yr? from 1945-2023 and more than doubled
from 1982-2023 up to 4.2 +- 0.9 Gt/yr.

Spatial differences are shown in Fig. , where first the average SMB throughout
the whole time-span is shown and secondly the differences between the recent and
early selected periods for the SMB and its components. In the SMB map, the values
where accumulation and ablation are balanced correspond to the Equilibrium Line
Altitude (ELA) which is marked by white values. On average, the SMB is most
positive in SE Greenland, while it is negative along the ablation zone in the western
GrIS and in the North and North-Eastern parts. The SMB became increasingly
negative towards the most recent period, especially along the margins, where runoff
increased most (Fig. ) While melt increased also in higher-elevation areas of
the ice sheet, runoff increased specifically in the ablation regions: this is because
refreezing increased strongly at the higher elevations, where also melt increased, and
it decreased in the regions where runoff increased, along the ablation parts of the ice
sheet, while maintaining on average the same values along the ELA. Precipitation
increased in NE Greenland and along the western part, while it decreased in the
southern tip and along the Q-Transect (Fig. )
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Integrated GrlS SMB and SMB components
RACMO2.4p1 - 1945-2022
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Figure 3.6: GrIS and disconnected ice caps integrated SMB and SMB components
from 1945 to 2023 using RACMO2.4p1 data and regression lines from 1982 to 2023.
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Figure 3.7: Mean GrIS RACMO2.4p1 SMB and the difference between 1993-2023
and 1945-1975 means.
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Figure 3.8: (a) Difference in the recent and early average melt and runoff; (b) dif-
ference in early and recent precipitation and refreezing.
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3.3 Greenland Blocking Index and Surface Mass
Balance

3.3.1 SMB, GBI and Melt Connections

The relationship between the GrIS SMB and the GBI was examined with qualitative
and quantitative methods. Fig. @ presents in the first panel the time series of
annual SMB alongside summer and winter GBI, highlighting their inter & intra-
annual variability. The second panel displays scatter plots of annual SMB against
JJA and DJF GBI, with regression lines and corresponding statistics. The analysis
showed a stronger anti-correlation between annual SMB and JJA GBI, with a R=-
0.67 and an R?=0.44, while R=-0.20 and R?=0.04 with the DJF GBI. The third panel
shows the relationship between annual SMB and summer melt, for which R=-0.75
and R?=0.57. This indicates that while the annual SMB is influenced by multiple
components, summer melt serves as the main driver. This is confirmed in the fourth
panel, which shows the connection between summer melt and summer GBI, showing
a strong positive correlation (R=0.85, R?=0.72). This result bridges the relationship
between annual SMB and summer GBI, demonstrating that summer GBI exerts its
influence on SMB primarily through its impact on summer melt.

3.3.2 Spatial correlations

The correlation map of SMB (Fig. ) shows that the annual SMB is especially
anti-correlated in the marginal parts of the ice-sheet, with higher correlation values
found in the entire western part of Greenland. High negative values are found in the
north and north-eastern part as well, while the anti-correlation decreases along the
south-eastern tip of the ice-sheet. The only part of the ice sheet that seems weakly
positively correlated to summer GBI is in the interior, in the NE part of Greenland,
where the annual SMB slightly increases when summer GBI increases. Similar re-
gional differences of correlation can be found for the precipitation, which is weakly
negatively correlated to summer GBI, apart from NE Greenland, where the correla-
tion is slightly positive. The spatial correlation of melt is positive everywhere on the
GrlS, and it is less strong going within the interior parts of the ice-sheet. Runoff has
a strong positive correlation from the ELA down to the ice-sheet margins; on the
contrary, refreeze and retention have a negative correlation where runoff is positive.
In the rest of the ice-sheet retention and refreeze have a positive correlation with
summer GBI. The sensitivity of the annual SMB and SMB components to summer
GBI, as shown in Fig. , follows the spatial patterns of their correlation. The
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and Annual RACMO2.4p1 Surface Mass Balance [1945-2023]
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Figure 3.9: Annual SMB and DJF-JJA GBI from 1945 to 2023 are shown in the
upper panel; the bottom subplots represent the correlation between 1. annual SMB
and winter and summer GBI; 2. annual SMB and summer melt; 3. summer melt
and summer GBI. Pearson correlation values and values for the R? are given as well.

annual SMB decreases up to 400 mm w.e. per year when the summer GBI increases
of 10GBI in the south and western part of the ice-sheet, which are the regions where
melt and runoff show the higher sensitivity, up to 400 mm w.e. Precipitation, re-
freeze and retention have a smaller sensitivity but follow a similar spatial pattern for
which when the summer GBI increases, they both increase at higher elevations and
decrease below the ELA, even though values are close to zero and their decrease is
not high.

To explain these correlations, the spatial variability of summer SEB components
(SWu, SWd, netSW, LWd, LWu, netLW, LHF, SHF) to summer GBI was studied,
and the results point to an increase of netSW radiation caused by a decrease in
the SWu radiation (Fig. E) Other fluxes are not strongly affected, as shown
in the Figure. The relation between these spatial patterns will be explored in the
discussion.
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Correlation of RACMO2.4p1l annual SMB and SMB components with JJA GBI
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Figure 3.10: Correlation (a) and sensitivity (b) of the annual SMB and other annual
SMB components (runoff, melt, precipitation, refreeze and retention) to the summer
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Correlation of RACMO2.4p1 Summer SEB variables with Summer GBI

SW down LW down
1.00 1.00 7 1.00 1.00
0.75 0.75 0.75 0.75
0.50 0.50 0.50 0.50
c c c c
0.25 S 0.25 S 0.25 S 0.25 S
5 5 =1 =1
& & & &
0.00 ] 0.00 ] 0.00 ] 0.00 [}
5 5 5 5
025 Q 025 Q 2025 O 0250
-0.50 0.50 -0.50 -0.50
0.75 0.75 -0.75 -0.75
+ -1.00 1.00 -1.00 1.00
H
g
2
1.00 1.00 1.00 1.00
0.75 0.75 0.75 0.75
0.50 0.50 0.50 0.50
c c c c
0.25 S 0.25 S 0.25 S 0.25 S
5 5 =1 =1
& & & &
0.00 e 0.00 e 0.00 Q 0.00 E
-0258 0258 -0258 -0258
0.50 0.50 -0.50 0.50
0.75 0.75 -0.75 -0.75
-1.00 1.00 -1.00 1.00
Sensitivity of RACMO2.4p1 summer SEB variables to summer GBI
SW down SW up LW down LW up
6.00 6.00 6.00 6.00
4.00 4.00 4.00 4.00
2.00 2.00 2.00 2.00

°
S
8

m~2 JJA"10GBI"!
°
S
8

m~2 JJA"10GBI™!
°
S
8

m=2 JJA"10GBI™!
°
S
8

m~2 JJA-10GBI}

2.00 3 2.00 3 2.00 3 2.00 =

-4.00 -4.00 -4.00 -4.00

-6.00 -6.00 -6.00 -6.00
Latent Heat Flux

6.00 6.00 6.00 6.00

4.00 4.00 4.00 4.00

N

3

8
N
3
8
N
3
8
~
3
8

°
S
8

m~2 JJA"10GBI™!
°
S
8

m~2 JJA"10GBI™!
°
S
8

m=2 JJA"10GBI™!
°
S
8

m~2 JJA-10GBI?

2.00 3 2.00 3 2.00 = 2.00 =
-4.00 -4.00 -4.00 -4.00
-6.00 -6.00 -6.00 -6.00

Figure 3.11: Correlation (a) and sensitivity (b) of the summer mean SEB variables
(SWd, SWu, netSW, LWu, LWd, LHF, SHF) to the summer GBI; changes in the
variables are in W/m? and correspond to an increase of 10GBI over summer (JJA).
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Chapter 4

Discussion

This chapter tries to identify processes and caveats: why the model over-
/underestimates energy fluxes, how it is related to the SMB computation at the
different AWSs, and why RACMO2.4p1 is a reliable source for the GrIS integrated
SMB. The variability of the integrated SMB and SMB components with respect to
the GBI will be discussed and the atmospheric conditions inducing higher summer
melt when JJA GBI values increase will be also explained.

4.1 Model Evaluation

SEB variables (SWnet, LWnet, SHF, LHF) determine the available melt energy at
the surface of the GrIS, which controls the runoff flux and the SMB. RACMO2.4p1
represents the near-surface meteorology well, with small biases. SEB variables
present more issues, with the overestimation of the SWd, SWu, LHF, and the
underestimation of the LWd, LWu and SHF. The values are summed up in Table
@, where R?, bias and RMSE of RACMO2.4pl vs. observations at the 19 AWSs
for daily values are shown, along with the R?, bias and RMSE from Noél et al.
(2018) for RACMO2.3p2; note that 4 additional AWSs were considered which are
not considered here and SHF and LHF were not studied. R?, bias and RMSE values
from van Dalum et al. (2024) for RACMO2.4p1 are also presented, with the 11 km
ice-mask and the additional UPE U and NUK U AWSs, while S22 and S23 were
not considered. Therefore, the values in the table are presented as a qualitative
measure of RACMO2.4p1-5.5km’s improvements from previous versions, with the
acknowledgment that a thorough comparison with the same data filtering criteria
and selection of the same AWSs is necessary to further constrain its refinements.
Some are, however, already visible, i.e. the 2 m air temperature and the 2 m
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specific humidity from RACMO2.3p2. However, the turbulent heat fluxes have not
improved, which can be due to the high sensitivity to data errors in calculating
SHF and LHF and to the lower filtering applied in this study to observational data.
Possible problems with albedo, cloud cover and other parameters are discussed
below to try and explain RACMO2.4p1’s SEB and SMB variables representation.

AWS Variable RACMO2.4p1-5.5km RACMO2.4p1-11km RACMO2.3p2-11km
R? Bias (W/m?) RMSE (W/m?) R? Bias (W/m?) RMSE (W/m?) R? Bias (W/m?) RMSE (W/m?)

2mT 1.00 -0.66 0.68 0.99 -0.63 2.18 0.95 -0.1 2.4
2mQ 0.99 -0.14 0.15 0.95 0.1 04
10mWs 0.92 0.88 1.05 0.94 -0.39 1.77 0.68 -0.02 2.0
SWd 0.91 0.18 39.19 0.99 -0.60 24.5 0.95 3.8 27.1
SWu 0.85 3.15 34.39 0.98 -4.47 28.1 0.88 6.8 32.1
LwWd 0.72 -15.98 25.43 0.96 -14.5 24.3 0.83 -7.1 21.2
LWu 0.92 -6.63 11.76 0.99 6.56 11.4 0.92 -4.4 121
SHF 0.45 1.91 21.71 0.86 0.28 19.0

LHF 0.52 4.55 11.25 0.85 4.84 10.5

Table 4.1: R?, bias and RMSE between different RACMO versions and AWSs data.
The first column shows RACMO2.4p1 with the 5.5 km resolution ice-mask and the
selected 19 AWSs for this study; the second one presents values from van Dalum
et al. (2024), where RACMO2.4p1 data was obtained using the 11 km ice-mask; last
column has values from Noél et al. (2018), which used RACMO2.3p2.

Albedo and Snowfall

The background bare ice in RACMO2.4pl is set as constant value from MODIS (van
Dalum et al., 2024), while the snow albedo is implemented by translating it into its
impurity content. The bias plots and annual SEB fluxes cycle suggest that the SWnet
is underestimated, especially at lower lying stations, which have higher ablation rates.
This netSW underestimation is mostly dependent on the overestimation of SWu,
which is in turn caused by an overestimation of the surface albedo. However, albedo
values for the bare ice seem to be correct and in accordance with observation: when
the snow cover is completely removed, the netSW modeled by RACMO2.4p1 matches
the observed one at station S23 for example, or at station S6, S10, KAN__L, meaning
that the bare-ice albedo has realistic values. Therefore, overestimation of the surface
albedo is more probably an overestimation of snowfall during winter. In fact, snowfall
overestimation, delays the onset of the ice ablation season and explains the higher
albedo values observations, because bare ice is exposed later on in the model. This
is especially visibile at QAS L., where the modeled yearly netSW cycle does follow
the observations; however, the modeled netSW peak is delayed in RACMO2.4p1,
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therefore the SWu is higher than it should for a longer period, meaning that it takes
longer for the model to remove all the snow covering the ice accumulated during
winter /spring. The Qassimiut ice lobe, where the QAS stations are located is notably
difficult to model (Hermann et al., 2018), due to the high observed snowfall rates.
A similar pattern is visible for S5, however, the albedo overestimation could be in
this case also caused by the inability of MODIS to represent the heterogeneity of this
area (Huai et al., 20204; Noél et al., 2018). An overestimation of snowfall is plausible
since RACMO2.4p1 is implemented with horizontal advection of hydrometeors, and
redistributing snowfall across the ice sheet may lead to higher accumulation rates
in regions that are very steep or regions that receive moist air from the ocean. An
example is south-east Greenland, where the TAS stations are located. All stations
here show an underestimated netSW by RACMO2.4p1 (Fig. [1!), while the netLW is
not underestimated in the same months, pointing to problems with snowfall (instead
of, for example, summer cloud cover) that have been found in van Dalum et al.
(2024) as well. However, note that van Dalum et al. (2024) used the 11 km ice-mask,
while in this study the higher resolution 5.5 km ice-mask was employed, therefore
snowfall (and other variables) would be expected to be better captured; while it is
not possible to directly compare the modeled precipitation with observations, it is
still possible to see that the SWd bias is lower here than in RACMO2.4p1-11km,
where the bias was -0.6 W/m?, and also for the SWu, where the bias was -4.5 W /m?
(Table @), (van Dalum et al., 2024). A deeper region-specific comparison of the
two would be interesting in assessing RACMO2.4p1’s performance in relation to its
spatial resolution.

Cloud Cover

LWd is underestimated by RACMO2.4p1, especially for the lower LWd values, which
are found in clear sky, thin clouds or low temperature conditions. These biases likely
contribute to the year-round underestimation of netLW radiation observed across
the studied AWSs (Fig. @) The LW is influenced by air temperature and cloud
properties, with small biases in air temperature leading to amplified LWd errors
due to non-linear relationship. However, upper air temperatures are constrained by
ERAD reanalysis, minimizing temperature-driven bias, and van Dalum et al. (2024)
attributes the LWd bias mostly to cloud cover, which would be especially true under
cloudy conditions, for which the LWd is heavily dependant on cloud base temperature
and emissivity. SWd in overestimated by the model, which along with the underes-
timation of LWd could stem from an under-representation of cloud cover or clouds’
optical thickness, especially for colder and drier regions. While RACMO2.4p1 incor-
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porates improvements to the clouds’ scheme including the explicit representation of
mixed-phase clouds, uncertainties in liquid-to-ice ratio, droplet size distribution, and
cloud optical properties could still be present. These biases affect both the transmis-
sivity of SW radiation (SWd) and the emissivity of LW radiation (LWd). In addition,
the netLW is constantly underestimated in RACMO2.4p1, with values more negative
than observed. Therefore, a surface radiative cooling is also causing a higher vertical
temperature gradient that enhances the modeled SHF, which is typically overesti-
mated when the netLW is underestimated, like during winter at S6, S9 or KAN_ M
and KAN_U. This compensating effect between netLW and SHF was also present
in previous versions of the model (RACMO2.3p2-2.3p3) (van Dalum et al., 2021),
which then leads to accurate values for the modeled melt energy.

Roughness Lengths, Wind, Temperature and Humidity

As observed, the SHF is underestimated and the LHF is overestimated by
RACMO2.4p1, on average, with the difference between observed and modeled SHF
being higher during winter and at the lower stations, where ablation is higher.
These stations are located in regions where the surface roughness varies strongly
(Noél et al., 2018) and fixed roughness length values for heat and momentum in
RACMO2.4p1 (which on glaciated tiles has not changed from the previous versions)
can easily lead to biases, with the momentum roughness length being 5 mm for bare
ice and 1 mm for snow-covered grid points, that indeed underestimates the observed
surface roughness for momentum, especially in summer when the hummocky and
rough surfaces are exposed reaching values up to 50 mm (Noél et al., 2018.) Other
issues could be found in the near-surface meteorology; however, as mentioned,
biases in 2 m temperature, 2 m specific humidity and 10 m wind speed are too
small to explain the spread in SHF and LHF, and problems in the representation of
the turbulent heat fluxes could then be related to vertical gradients of temperature,
wind speed and specific humidity, which can be caused by how evaporation rates
or sublimation over ice/snow are modeled and with the representation of winds
(van Dalum et al., 2024). Lower stations like S5 and KAN_L show a SHF that
is underestimated by RACMO2.4p1, which could be due to the proximity of S5
and KAN_L to ice-free tundra and the higher summer temperatures that impose
a strong temperature gradient and S/N barrier winds (van den Broeke and Gallée,
1996), allowing for a higher turbulent exchange of heat that is difficult to portray in
the model. In addition, the tile fraction of S5 is almost 1 and therefore a feedback
in heat fluxes coming from the ice-free tundra is not plausible, because the SHF
would then be overestimated instead of underestimated. Similarly, katabatic winds
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in winter also increase the SHF - even though the temperature gradient induced
barrier winds are not present - causing another peak visible at S5 and KAN_ L in
February (Huai et al., 2020a) that is also underestimated by RACMO2.4pl, again
showing issues with how winds are modeled.
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Yearly SEB and Melt Energy Cycle
QAS stations
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Figure 4.1: Annual cycle of energy fluxes at QAS (a), TAS (b) and KPC-522-S23
(c) stations. The presented values are mean motnhly-means averaged through the
available years of observations. The solid colored lines are observed means and the
dashed lines are modeled values by RACMO2.4pl.
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4.1.1 SMB

SEB biases have an impact in the annual AWSs SMB as well, which seems to be
overestimated by RACMOZ2.4p1, especially in AWSs located closer to the ice-sheet
margin. The fluxes that may cause the underestimated melt energy are, as men-
tioned, the net short-wave radiation, due to the overestimation of surface albedo,
and the SHF, which is most likely caused by a plurality of factors. In addition to
melt energy being too small, snowfall also seems to be overestimated: this in itself
can explain the underestimation of melt energy, since the energy that would be avail-
able for ice-melt is used to melt the present snow, which for most of the low-lying
stations is visible in the mean-monthly means plots, such as in Fig. for S5 and
KAN L, but also TAS L, TAS U, QAS L, QAS_ U and KPC_L and S23 (Fig.
4.1d). Both the melt underestimation and the overestimation of snowfall lead to an
overestimation by RACMOZ2.4p1 of the SMB. shown in the results for all AWSs and
then specifically for the K-Transect (Fig. E) The same pattern is visible along
the Q-Transect, where annual modeled SMB is less negative than observed, and for
which the greatest difference is found at the lowest station, QAS_ L, for which also
the difference in melt is greater (Fig. @) Stations like S6, KAN_ M., S9, KPC_ U
are very well represented in their annual SMB, as shown in Figure @, and other
stations are close to the 1:1 line; difficult stations remain the QAS and the TAS,
which also showed most of the problems discussed about snowfall, albedo and net
short-wave radiation. All things considered, RACMO2.4p1 manages to model SMB
and melt reasonably well, with improvements from its previous versions, and is a
valuable tool to study the current state and evolution of the GrIS integrated SMB.
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Observed and Modelled SMB at the QAS stations
Qassimiut Ice Lobe [2000/08 - 2020/08]
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Figure 4.2: Observed and RACMOZ2.4p1l yearly SMB and melt values for QAS_ L,
QAS_M, QAS_ U and QAS__A. Time evolution of the yearly SMB (a); modeled and
observed yearly and mean SMB for the different stations against their modeled and
observed elevations (b); same as b) but for yearly melt. The bias represents the
difference in the mean modeled and observed melt averaged over all available years

for that station.
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4.2 Integrated SMB Variability and GBI Melt
connections

4.2.1 SMB: annual and spatial variability

GrIS integrated annual SMB and SMB components show strong interannual vari-
ability, as presented in Figure @, and RACMO2.4p1 also shows the extreme melt
events of 2012 and 2019 (Tedesco and Fettweis, 2020). The highest decrease of SMB
is observed from the 1908s-1990s, mostly attributed to an increase in runoff and sur-
face melt, since accumulation has remained basically constant (also found in other
studies, Slater et al., 2021). Maps of the difference from the early and recent period
(see Methods) show that SMB decreased in the ice-sheet margins widening the ab-
lation areas, while it slightly increased in the interior parts of the ice-sheet. As a
results, SMB gradients are steepened (Slater et al., 2021) and the change in SMB is
reflected in the change of the other SMB components as well. Melt increased mostly
everywhere (apart from in the innermost regions), but it has been buffered by the
refreezing of the water percolating in the snow/ice column, for which it is possible
to see that refreezing increased all around the ice sheet at the higher elevation down
until the ELA, after which its buffering action decreased - since at lower elevation
in the ablation zone, temperatures are not low enough to permit the refreezing of
meltwater within the ice column and pore space is not sufficient. Melt water then
converts into surface runoff in the ablation areas, where runoff increased strongly,
especially in the west and south of the GrIS. Precipitation increased in the north-east
GrIS and decreased in the south-east part, probably explaining the SMB increase in
this region.

4.2.2 Connections with GBI

The large variability of melt and SMB can eb attributed tolarge scale atmospheric
circulation and local feedback processes (Slater et al., 2021)). Annual SMB decreases
when summer GBI increases and summer melt is directly related to summer GBI,
strongly increasing when the index increases. Therefore, it is melt anomalies that
drive changes in the annual SMB (Hofer et al., 2017) more than precipitation
changes, with R=-0.75 (Fig. @) The correlation maps (Fig. 3.10a| and bld)
show the spatial response of the SMB and the SMB components to summer GBI,
while the correlation maps of the SEB variables (Fig. B.114 and ) explain the
higher/lower summer melt in the different regions of the GrIS. Taking as example
two main regions, the SW ablation zone and the NE part of the GrIS, we can say
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for the first one that higher summer GBI values cause an increase of surface melt
(buffered by water retention and refreezing above the ELA) and runoff, reducing the
annual SMB. For the second region, on the other hand, the SMB weakly increases
when summer GBI increases, which is led by a slightly positive correlation between
precipitation and JJA GBI. Zooming in and looking at the correlation for the SEB
variables, it is possible to see that when JJA GBI increases, the SWd of the SW
ablation zone decreases with a consequent increase of netSW. On the contrary,
netSW decreases in the NE part of the GrIS, along with an increase in the netLW.
The different responses of the radiative fluxes to JJA GBI increase can be due to
cloud cover and/or surface albedo changes. Other studies have found that cloud
cover has decreased in the past decades, especially in SW Greenland (Hofer et al.,
2017), where warm air is advected from SW. On the contrary, cloud cover slightly
increased in the NE part of the GrIS, where the anticyclonic conditions induced by
blocking events drive moister air enhancing cloud formation. This cloud pattern ex-
plains the decrease in SWd observed in northern Greenland when the GBI increases,
since a higher cloud cover (or thicker clouds) would reflect less incoming short-wave
radiation. The increase in cloud cover also explains the positive sensitivity and
correlation of LWd in northern Greenland, through the warming radiative effect of
clouds. On the other end, less cloud cover leads to an increase of SWd in southern
Greenland and a decrease in LWd. However, looking at the sensitivity maps of
SWd and LWd, the first only slightly increases in SW Greenland and the latter
almost does not change over summer. Therefore, SMB changes in SW Greenland
are mostly driven by changes in albedo, which is what we can see in the sensitivity
map of the SWu to JJA GBI: SWu strongly decreases in the western ablation region
of Greenland, causing the netSW to increase in the same regions, and also overall in
the margins of the ice-sheet. This albedo decrease/netSW increase is caused by the
melt-albedo feedback, which is an important local feedback process impacting the
annual SMB of the GrIS. When air temperature increases - i.e. warm air advection
during blocking events - and melt occurs, the surface albedo decreases, leading to
a higher absorption of short-wave radiation which then amplifies the temperature
increase and melting itself. Another cause that can trigger the melt-albedo feedback,
is if albedo shows lower values than average when summer snowfall decreases, which
usually happens in SW Greenland because high pressure conditions suppress
precipitation (also visible in the precipitation map in Fig. ) Therefore, the
increase in netSW can be due to both processes: the reduced cloud cover, that
makes SWd increase, and the lower albedo, which decreases SWu (Hofer et al., 2017)).

However, atmospheric circulation imposing differences in cloud cover, pressure
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systems, high GBI in summer etc., are also directly affected by changes in tempera-
ture. Therefore, it would be interesting to disentangle for further research the effect
on the GrIS SMB and SEB variables from temperature changes and circulation
changes to clearly find the drivers and improve SMB quantification in a changing
climate. In fact, atmospheric drivers are more difficult to model, and model
ensembles (CMIP5 but also CMIP6) struggle to represent the observed increase in
JJA GBI values in the last decades, either pointing at an internal variability as
cause to this increase or at their lacking ability of representing the dynamical and
physical processes causing blocking events (Delhasse et al., 2018; Delhasse et al.,
2021;; Tedesco and Fettweis, 2020). This would mean that the modeled future SMB
decrease of the GrlIS is underestimated by climate models, and considering that the
impact of blockings on the SMB can double the surface mass loss so far projected
(Maddison et al., 2024; Michel et al., 2021) it is relevant to study how atmospheric
circulation is actually impacting the GrIS SMB and how it will change in the future.
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Conclusions

In this study, data from the latest version of the regional climate model
RACMO2.4pl was employed to (1) evaluate its performance using in situ AWSs
observations; (2) reconstruct the SMB of the GrIS and (3) find correlations between
the SMB interannual variability and atmospheric circulation, quantified using the
GBI index.

For the first research question, we find that RACMOZ2.4pl realistically models
near-surface meteorology and radiative fluxes while it poorly represents turbulent
fluxes. At the lower stations, i.e., KAN_ L, S5, QAS_ L, the model slightly
underestimates the netSW due to the underestimation of the surface albedo, most
probably caused by too much modeled snowfall precipitation or too little snow melt.
As a consequence, we find a delay in the onset of the ice ablation season, which
leads to an underestimation of melt and an overestimation of SMB at different
AWSs. Therefore, improvements can be made regarding the albedo and netSW
representation, as well as the turbulent heat fluxes. However, the SMB is on average
well represented by RACMO2.4p1, with a mean difference with in situ observations
of only 1 m w.e.

RACMO2.4p1 data is therefore used to reconstruct the integrated SMB and SMB
components of the GrIS from 1945 to 2023. The results show a high interannual
variability and an increased declining trend of SMB from the climatological periods
starting in 1982. This is attributable to the increase in surface melt and runoff,
while accumulation did not decrease.

Regression analysis revealed an anti-correlation between annual SMB and summer
GBI (R2? = -0.67) which is mainly driven by the correlation between summer GBI
and summer melt (R? = 0.85). The spatial response of summer melt to summer
GBI varies regionally within the GrIS. In the SW part, high summer GBI decreases
cloud cover which induces snowfall suppression. Therefore we observe a decrease in
SWu and an increases in netSW, which is caused by lower surface albedo values.
In the NW part of Greenland, for high summer GBI we find a netSW decrease
and netLW increase, probably associated to the higher cloud cover caused by moist
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air inflow caused by Greenland atmospheric blockings. Finally, we find that a
one-standard-deviation increase in summer GBI results in a 102 Gt/year SMB
decline, highlighting the influence of atmospheric circulation on the surface mass
loss of the GrIS through increased summer melt. For further research, given the
observed high anti-correlation between annual SMB and summer GBI, it would
be interesting to use JJA GBI as a predictor of future annual SMB, comparing
the results to what ESMs find. Also, to better constrain the current state of the
GrIS SMB, improvements in RACMO2.4pl are necessary, with an emphasis on the
turbulent heat fluxes, surface albedo and precipitation.
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