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ABSTRACT

For several decades, the Greenland ice sheet has been rapidly and continuously melting,
causing changes in surface mass balance and destabilizing large parts of the ice sheet. However,
melting across the ice sheet is not evenly distributed as shown by the acceleration of surface melt
in the northwest, especially during periods of anomalously slow-moving high-pressure systems
known as atmospheric blocks. As blocking events are predicted to become more frequent and
intense, it is imperative to understand how blocking has changed from the past to help
understand how they could change in the future. The key findings are that extreme blocking has
more reliably contributed to mass loss in northwestern Greenland especially since the latter half
of the 2010s, and that recent mass loss is of a greater magnitude due to an increase in runoff,
temperatures, and positive sensible heat flux, as well as a decrease in snowfall, greater rainfall,

and a resulting reduction in surface albedo.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

For several decades, observations have shown that the Greenland ice sheet is melting at
an accelerated pace (Chen et al., 2006; Rignot et al., 2011) and that rates of warming in the
Arctic are approximately 2.5 times greater than the rest of the world (Previdi et al., 2021;
Rantanen et al., 2022; Serreze et al., 2009). The overall mass balance of the ice sheet is a
function of the surface mass balance (SMB) and dynamic losses, where the latter consists of
solid ice discharge through marine- and land-terminating calving losses. Solid ice discharge is
commonly seen as the collapsing of ice shelves on the edges of the sheet into the water below.
Further, SMB is determined by the difference between accumulation and ablation and
sublimation. While the ratios of accumulation to ablation have historically been near balance, the
last several decades of aforementioned anomalous warming have tipped the scale of surface mass
balance increasingly in favor of ablation variables, causing concern for rising sea levels from the

shrinking ice sheet (Cazenave & Remy, 2011; Khan et al., 2015; Shepherd et al., 2012).

The current perception of climate change for the public is largely centered around the
rising of surface temperatures globally. However, rising temperatures are only a part of a larger
dynamic shift in the Earth’s atmosphere that is further complicated through differential impacts

across the globe due to changes in oceanic and atmospheric circulation. One such dynamic that is



causing great concern is atmospheric blocking, a center of anomalous high-pressure that
dislodges from large-scale longwave patterns and remains quasi-stationary over a region for an
extended period. Blocking events are especially significant over Greenland due to their
documented impact on the SMB of the ice sheet. The unprecedented melt event that occurred
during Summer 2012 was subsequently linked to intense blocking regimes (Hanna et al., 2014;
McLeod & Mote, 2016; Tedesco et al., 2013), and even non-extreme blocking events have been

linked to enhanced levels of melt (Hanna et al., 2013).

The relationship between atmospheric blocking and melt events is further complicated by
outside influences from warm moisture transport, latent and sensible heat flux, and radiation
terms as documented in prior studies (Barrett et al., 2020; Ettema et al., 2010; Mattingly et al.,
2018; Van Den Broeke et al., 2011; Wouters et al., 2013). The effect of atmospheric blocking
may be further enhanced through the transport of latent and sensible heat on the upstream side of
the block through long filaments of enhanced water vapor transport via atmospheric rivers.
Atmospheric rivers are long, narrow bands of enhanced water vapor in the lower atmosphere,
often facilitated by blocking events (Barrett et al., 2020; Henderson et al., 2021), and have been

shown to affect the SMB of the GrIS (Mattingly et al., 2016, 2018, 2020).

Previously, literature has focused on the impacts of atmospheric blocking on Greenland
as a whole without consideration for how the impact might differ across the ice sheet. A minority
of studies focused on more regional effects of blocking and often conclude that the associated
effects are not spatially homogenous across the entire ice sheet. In addition, the rate of mass loss
in response to blocking events has changed over time, particularly in the northwest (Mouginot et
al., 2019; Tedesco et al., 2016; Velicogna et al., 2014). Therefore, this thesis aims to examine

the mechanisms of the most extreme blocking events, and how they have changed over time



in one specific area of northwestern Greenland. I plan to accomplish a more detailed

understanding of how the SMB during extreme blocking events has changed over the last several
decades in an area of the ice sheet signaling accelerated surface mass loss. In addition, this work
aims to provide possible explanations for why this acceleration is happening and how conditions

during blocking events differ in the present day compared to the 1990s.

The project uses model data that is particularly well-suited for resolving small-scale ice
sheet processes. Summer extreme blocking days were selected from 1990-2023 and a set of key
variables was extracted from within the boundaries of the major drainage Basin 8 in
northwestern Greenland (Zwally et al., 2012). Average yearly values for these variables were
compared to the SMB over the 30 years to provide greater context for accelerating surface mass
loss. The findings presented here provide important insights into the impact of climate change on
the Greenland ice sheet, especially if blocking becomes more frequent and more intense in

response to a greenhouse-enhanced climate.
1.2 Literature Review
1.2.1 Atmospheric Blocking

At its most broad description, atmospheric blocking is defined as a quasi-stationary
anticyclonic system that interrupts the large-scale pattern of waves in the atmosphere (Barrett et
al., 2020; Lupo, 2021; Nakamura & Huang, 2018; Rex, 1950; Schwierz et al., 2004; Tyrlis &
Hoskins, 2008; Woollings et al., 2018). While all definitions include a duration component, the
exact threshold is not widely agreed upon but is generally understood to be greater than five
consecutive days. The most common metrics of blocking include the frequency of occurrence,
duration of individual events, and intensity of blocking (Lupo, 2021), where there is a positive

correlation between blocking duration and intensity (Lupo et al., 2019).



Since the mid-20" Century, atmospheric blocking events have been documented and
discussed in scientific literature, but to this day the exact physical mechanisms that lead to
blocking are still not widely understood, and have therefore spawned a variety of blocking
indices to reflect a varied range of opinions and blocking types (Woollings et al., 2018). For
example, Rex (1950) specified that blocks were anticyclones stationed upstream of a mid-
latitude cyclone (Woollings et al., 2018), interrupting long Rossby waves and supporting easterly
meridional flow (Hoskins et al., 1985), which is later largely associated with the Pelly-Hoskins
Index for blocking (Pelly & Hoskins, 2003). On the other hand, omega blocking, where a large
anticyclone is flanked by two low pressure systems both downstream and upstream of the
anticyclonic ridge, has different blocking indices that are popularly utilized in research.
Wachowicz et al. (2021) examined multiple metrics for Greenland blocking and found that no
single blocking metric is without its own drawbacks, and further exemplified the difficulties
associated with standardizing blocking metrics across a single region, let alone multiple distinct
regions.

While the exact dynamics that lead to atmospheric blocking are not fully understood,
certain aspects of the formation of atmospheric blocks are more widely agreed upon, as have
there been dedicated studies and reviews that sought to further understand blocking dynamics
(Michel et al., 2021; Steinfeld & Pfahl, 2019; Woollings et al., 2018). Often, blocking dynamics
are defined by an anticyclonic system formed from an air mass of low vorticity that is advected
towards the poles due to a large-scale stationary ridge (Davini et al., 2012; Steinfeld & Pfahl,
2019; Woollings et al., 2018). These differences in blocking structure and location cast a
challenge for current agreement on blocking events but also forecasting for future blocking in an

ever-changing climate.



Blocking can be characterized by different patterns or types: an omega block, stationary
ridge, cyclonic wave breaking pattern, anticyclonic wave breaking pattern, or rex/dipole block
(Kautz et al., 2022; Lupo, 2021; Preece et al., 2022; Woollings et al., 2018). Omega blocks are
identified as a high-pressure ridge that sits stationary between two low-pressure systems (e.g.,
Figure 1.1). A stationary ridge is an area where an anomalous, anticyclonic system moves very
slowly relative to its surrounding areas (Woollings et al., 2018). Cyclonic and anticyclonic wave
breaking represent ridges folding in either a clockwise or anti-clockwise configuration
(Woollings et al., 2018). Rex or Dipole blocks occur when a high-pressure system sits poleward

of a low-pressure system (Woollings et al., 2018).

As scientific interest has grown in the impacts of blocking over the past several years,
many reviews have been published that further discuss and explain various facets of anticyclonic
blocking in general (Lupo, 2021; Woollings et al., 2018), as well as region-specific (Henderson
et al., 2021; Wazneh et al., 2021). As blocking events occur in various locations and climates,
seasonality also affects blocking conditions differently. The frequency of blocking changes
throughout the year, most commonly occurring in winter and spring and least commonly
occurring during the summer (Barriopedro et al., 2006; Lupo, 2021). Blocking can enhance harsh
winters by obstructing polar air and deflecting air masses toward the equator (Hoskins &
Sardeshmukh, 1987; Woollings et al., 2018). Alternatively, blocking is also associated with
decreased summer cloud cover and higher temperatures that amplify summer heatwaves and

droughts (Black et al., 2004; Fang & Lu, 2020; Woollings et al., 2018).
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Figure 1.1: (Top Row) Contours are 500 hPa geopotential heights, shading shows integrated water vapor
transport (kg m's™), vectors are 700 hPa wind vectors (m s!). (Bottom Row) Meltwater production (mm
w.e. day™!). In August of 2023, an omega block formed and stationed over the interior of the Greenland
ice sheet. In response, warm water vapor from the midlatitudes moved over the northwestern ice sheet
over the course of a week. The above figures reflect a three-day period where anomalous meltwater

production occurred in response to Greenland Blocking and water vapor intrusion.

Atmospheric circulation and the prevalence of atmospheric blocking has already
responded to post-industrial climate change from anthropogenic causes, which is especially
prominent and fast-paced in the Arctic (Previdi et al., 2021; Serreze et al., 2009). Blocking
occurrences overall have increased in the 21% Century (Lupo, 2021). The period from 2007-2013
was found to have higher blocking frequency and duration compared to decades prior, and this

pattern is especially prevalent during the spring and summer months (Hanna et al., 2022;
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McLeod & Mote, 2015). Some metrics suggested an increase for winter and summer Greenland
blocking events when accounting for a 5-year running mean (Wachowicz et al., 2021). In
addition to increasing blocking frequency, the number of extreme blocking events has also
increased, as has the magnitude of recent seasonal extremes (Barrett et al., 2020).

Models have difficulty resolving blocking characteristics like intensity, duration, and
frequency (Lupo, 2021; Maddison et al., 2024; Matsueda, 2009; Tedesco & Fettweis, 2012) and
recent research suggests that most climate models have failed to indicate the recent increasing
trend in summertime atmospheric blocking over Greenland (Maddison et al., 2024). Many
models also fail in adequately considering changes in ice topography (Helsen et al., 2012;
Tedesco & Fettweis, 2012). As previously discussed, the formation of blocking conditions is not
the same across the globe, leading to uncertainties in future model predictions. These
uncertainties are apparent even for low-frequency modes of atmospheric circulation that are well
understood (e.g. teleconnections) and have historically already shown a correlation with
blocking, such as the North Atlantic Oscillation (NAO) (Hanna et al., 2015).

Previous studies suggest that blocking events over Greenland have often affected the
SMB as well as the energy balance of the ice sheet, and that notable significant blocking events
over Greenland have been linked to unprecedented ablation of the ice sheet. As there are many
different types of blocking that occur, there are also differences in the temperature and SMB
effects that blocking patterns have on various areas of the ice sheet (Sousa et al., 2018), such as
studies that have shown discrepancies in melt conditions between northern and southern
Greenland from past observations and future models (Tedesco et al., 2016; Tedesco & Fettweis,
2012). Past research suggests that in Greenland, omega blocks are primarily associated with

intense melt events in the northern basins (Preece et al., 2022), especially during the



summertime, where blocking events largely influence the acceleration of ice mass loss of the
Greenland ice sheet (Hanna et al., 2016; McLeod & Mote, 2015). However, blocking types are
not exclusively associated with regional melting events. The anomalously warm summer of 2012
saw unprecedented surface mass loss throughout the coast and far inland in response to an omega

block (Hanna et al., 2013; Nghiem et al., 2012).

1.2.2 Surface Mass Balance

In its simplest terms, the balance between the accumulation and ablation of Greenland’s
surface ice is known as surface mass balance (SMB). Accumulation, or variables that increase
SMB, consists of snowfall and deposition, while ablation terms, those that decrease SMB,
include runoff and sublimation. Rainfall is a complicated process that adds mass to the firn but

also adds latent heat that contributes to ablation.

Runoff tends to be the dominant component of surface ablation and is composed of
meltwater produced from melting surface ice as well as non-percolating rainfall. Not all
meltwater contributes to runoff, as some meltwater is retained in the firn and refreezes. However,
once the pore space in the firn is sufficiently filled, runoff begins. The buffering capacity of the
firn to retain meltwater is a function of the firn density. As the firn densifies due to increased
melt, the buffering capacity in future years is reduced. It possibly contributes to an impermeable
surface layer, potentially increasing runoff in future years, even if the climate remains static

(Amory et al., 2024; Braithwaite et al., 1994; Harper et al., 2012; Pfeffer et al., 1991).

1.2.2.1. Radiation

The surface energy budget drives the processes that determine whether accumulation or

ablation become the dominant term. The surface energy budget includes shortwave and



longwave radiation as well as sensible and latent heat and the energy storage into the firn. The
surface radiation balance includes the flux of incoming and outgoing radiation from the Earth’s
surface and atmosphere and has been shown to have an impact on surface melt before (Ettema et
al., 2010; Van Den Broeke et al., 2011). Incoming shortwave solar radiation passes through the
Earth’s atmosphere, where it is either reflected or scattered by clouds or other atmospheric
hydrometeors, or absorbed by the atmosphere and the surface. Longwave radiation originates
from the surface and makes its way back into the atmosphere, where it once again is either

absorbed, reflected, or transmitted into space.

1.2.2.2 Cloud Radiation Budget

However, factors that complicate this process include numerous variables such as cloud
coverage as well as the diurnal cycle. A clear, sunny day may have more shortwave radiation
reaching the surface as there are fewer clouds. Alternatively, a cloudy night may have higher
surface temperatures due to clouds blocking the transmission of radiation back into space.
Various physical characteristics of clouds also impact the radiation budget. For instance, cloud
optical thickness describes the optical depth between the top and bottom of a cloud. It is more
difficult for radiation to pass through thick, puffy clouds than it is through thin, wispy ones.
Cloud phase is also important, as clouds that are primarily composed of ice will be able to reflect
more radiation than liquid-based ones. Cloud base height and temperature are components that
affect cloud emissivity, as lower/warmer clouds will re-emit more infrared radiation than
higher/cooler clouds. Prior studies have spoken on the importance of cloud radiative effects on

Greenland’s SMB (Bennartz et al., 2013; Ryan, 2024; Ryan et al., 2022; Van Tricht et al., 2016).



1.2.2.3 Sensible and Latent Heat

Further complicating these dynamics are latent and sensible heat flux. Latent heat is the
exchange of heat between water and the atmosphere as water transitions between its solid, liquid,
and gas phases. Latent heat is released during the condensation of water vapor into liquid, such
as during the formation of clouds, which impacts the surface energy budget as previously stated.
Sensible heat is the exchange of heat that is not associated with the changing of phases. Both
latent and sensible heat flux are shown to have a positive relationship with melt energy
(Mattingly et al., 2020), meaning that higher heat flux is more likely to positively influence

ablation terms than accumulation terms.

1.2.3 Atmospheric Rivers

Large influxes of water vapor, latent heat, and sensible heat, as well as their subsequent
impacts, can often be attributed to the movement of atmospheric rivers. Atmospheric rivers (AR),
also known as warm moisture conveyor belts or tropospheric rivers, are long narrow streams of
water vapor that occur in the lower atmosphere and are often accompanied by a strong low-level
jet ahead of extratropical cyclones (Dacre et al., 2015; Gimeno et al., 2016; Newell et al., 1992;
Ralph et al., 2017). In the Arctic, atmospheric rivers also play a limited positive role in SMB
(Mattingly et al., 2018). Increased water vapor transport into Greenland’s atmosphere supplies
the critical moisture component for cloud formation, which is also associated with higher rates of
frozen precipitation and accumulation. Increasing cloud coverage also helps prevent a fraction of
shortwave solar radiation from reaching Earth’s surface by limiting absorption, subsequent re-
emission, and therefore further surface warming. However, studies show that there has been a
significant decrease in summertime cloud coverage that limits the positive effects of cloud

coverage and contributes to the melt-albedo feedback loop (Hofer et al., 2017; Neff, 2018).
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1.3 Project Motivation

Despite the growing body of work seeking to understand blocking scenarios and their
impact on the SMB of Greenland’s ice sheet, there is still much to learn about past, present, and
future conditions that can — and already have — impacted the ice sheet. We already know that
blocking, moisture transport, and the energy budget all work together to impact both small- and
large-scale ablation of the ice sheet, but the scale and inconsistency with which these variables
impact ablation differs spatially. This body of work aims to closely examine how the rate of melt
in northwestern Greenland is affected by using high-resolution model output, in hopes that it will

further our understanding of how Greenland's surface ice will change over time.

Atmospheric blocking events over the Greenland Ice Sheet (GrIS) are highly correlated
with atmospheric rivers and subsequent melt events (Barrett et al., 2020; Mattingly et al., 2018;
Neft, 2018; Wouters et al., 2013), as well as changes in cloud coverage, surface albedo,
temperatures, shortwave and longwave radiation, and precipitation amounts that all further
accelerate GrIS mass loss (Ettema et al., 2010; Mattingly et al., 2018, 2020; McLeod & Mote,
2015, 2016; Tedesco et al., 2016; Van Den Broeke et al., 2011; Woollings et al., 2018). Quasi-
stationary blocking conditions over GrIS form a ridge that facilitates the movement of water
vapor, sensible heat, and latent heat from the midlatitudes onto the ice sheet, which negatively
impacts ice mass through various physical processes. The anticyclonic nature of blocking
conditions is also linked to decreased cloud coverage that amplifies heatwaves and droughts,

especially in the summertime (Black et al., 2004; Fang & Lu, 2020; Woollings et al., 2018).

Atmospheric blocking conditions over Greenland are shown to be increasing in frequency
over the last several decades (Barrett et al., 2020; Lupo, 2021; Mattingly et al., 2016; McLeod &

Mote, 2015). As previous research has indicated that atmospheric blocking enhances melt and
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other forms of surface mass loss, it is important to continue studying these events in a world
where a changing climate is impacting the intensity and frequency of such events in ways never

seen before.

Greenland Drainage Basins

Figure 1.2: Outlines of Greenland’s major ice drainage basins. Data is sourced from NASA’s Cryospheric

Sciences Laboratory (Zwally et al., 2012), and the graphic was created using MATLAB.

Historically, surface mass loss has varied over GrIS during periods of extreme blocking
and periods not affected by extreme blocking. As previously mentioned, blocking events have
far-reaching consequences for many atmospheric variables and surface conditions, including
cloud coverage and latent heat flux. Since blocking conditions do not have a standard impact

across the entire ice sheet, we would also see differences in surface and atmospheric variables.
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Recent studies have also suggested that surface mass loss in northwestern Greenland, as
seen in Figure 1.2 as Basin 8, contributes greatly to total GrIS mass loss and that regional mass
loss is accelerating, particularly during blocking events (Mouginot et al., 2019; Tedesco et al.,
2016; Velicogna et al., 2014). Further research on water vapor flux and surface energy budget
during blocking periods could further our understanding of how blocking conditions accelerate

surface mass loss in northwestern Greenland.
1.4 Research Questions

This work focuses on the following questions related to the role of blocking on the SMB

of the Greenland ice sheet, as well as case studies:

1. Greenland Blocking: How does surface mass loss over northwestern Greenland
compare to other regions of the ice sheet on days experiencing extreme
atmospheric blocking conditions?

2. Surface Energy Balance: How have surface energy balance components, such as
latent and sensible heat flux, radiative fluxes, and accumulation and ablation
terms, changed in northwestern Greenland during extreme blocking events

between 1990 and 2023?

We hoped to use our analyses to further our understanding of atmospheric blocking
events over northwestern Greenland. We sought to possibly explain the changes that have
resulted in increased ice mass loss during recent extreme blocking events using various modes of
analysis, such as statistics and time series. We also created case studies to further investigate how
differences in surface and atmospheric variables changed the SMB of several extreme blocking

events. As blocking episodes over Greenland are expected to become more frequent and intense,
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the ice sheet is increasingly at risk for large-scale melt events. By studying the previous changes
to extreme blocking episodes, it will give greater insight to scientists and affected communities

and therefore greater planning and adaptability.
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CHAPTER 2

DATA AND METHODOLOGY

Increased ablation of the Greenland ice sheet (GrIS) has negative consequences on SMB.
In recent years, there has been a sheet-wide acceleration in ice loss through large-scale ice
discharge and ablation processes. Large scale ablation events have been particularly prevalent
during atmospheric blocking events over Greenland that help facilitate warm-moisture transport
into the Arctic and affect surface energy budget variables, therefore having consequences on all
portions of the sheet. By examining these blocking events and their relationship with the surface
radiation and energy budget, we can better understand the differences in how GrlS reacts in
response to changes in atmospheric conditions, particularly in areas like the northwest that have

seen accelerated surface mass loss during blocking conditions.

This work is focused on understanding atmosphere-ice interactions that are quantified
using SMB, the relationship between ablation and accumulation terms for the Greenland ice
sheet. This chapter details the data and methods to address the research questions posed at the
end of Chapter 1 around the impact of extreme atmospheric blocking events on the mass balance

of the GrIS with a focus on northwestern Greenland.

2.1 Mod¢le Atmosphérique Régionale (MAR)

The main data source used in this study was Modéle Atmosphérique Régionale (MAR)
(Gallée & Schayes, 1994) version 3.14.0 that was forced using ERA5-Renalaysis. MAR is a

regional climate model (RCM) that is a coupled atmosphere-land model using a one-dimensional
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scheme known as SISVAT (Soil Ice Snow Vegetation Atmosphere Transfer (Gallée and Schayes,
1994, Fettweis, 2022). SISVAT uses CROCUS, a numerical model that simulates snow and rain
processes including refreezing, compaction, albedo, and meltwater production (Fettweis, 2022;
Brun et al, 1989). SISVAT allows MAR to better account for the exchanges of energy between
land ice, sea ice, and the atmosphere, making it ideal for polar research (Fettweis, et al., 2013;
Fettweis et al., 2017). MAR has been extensively validated through field campaigns and passive
remote sensing observations, as well as used in prior Greenland-based studies (Mattingly et al.,
2018; Mattingly et al., 2020; Noél et al., 2014; Lambin et al., 2023; Fettweis et al., 2013;
Fettweis et al., 2005; Leeson et al., 2018). Additionally, due to MAR being used as a downscaled
model, providing higher spatial resolution that makes it favorable over global models to better

understand impacts on the ice sheet (Franco et al., 2012).

This study utilized a MAR simulation with a spatial resolution of 15km. Temporal
resolution of the MAR database is once daily from 1950 through 2023, but only years from
19902023 were used. Both SMB and surface energy budget variables from MAR were used in

analysis for this study.
2.2 ERAS-Reanalysis

ERAS, the successor to ERA-Interim, is gridded data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) and provides data on atmospheric, land, and ocean
variables at greater spatial and temporal resolutions. ERA5-Reanalysis is climate reanalysis data
that includes the use of boundary conditions and radiative forcing. It is available on a global
scale with the possibility of scaling to smaller regions and is advantageous to use temporally
because of its availability at hourly intervals as well as daily and monthly averages. In addition,

ERAS is available over both single and multiple pressure levels, as well as potential temperature
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levels (Climate Reanalysis | Copernicus, n.d.; Hersbach et al., 2020; Setchell, 2020). ERAS
benefits over previous ERA iterations by having a more refined and accurate method of resolving
atmospheric physics (Bell et al., 2021). It also includes better and larger integration of historical

observations using data assimilation techniques (Climate Reanalysis | Copernicus, n.d.;

Hersbach et al., 2020; Setchell, 2020).

This study used ERA5-Reanalysis hourly data on single levels as well as hourly data on
multiple levels that has been regridded to 0.25° by 0.25° (Copernicus Climate Change Service,
2018) over an area encompassing Greenland from 10°W-80° W and 50°N-90°N. Because of the
seasonality of blocking events, only the meteorological summer consisting of June, July, and
August was analyzed in this study. Future research could replicate these methods focusing on

other seasons.
2.3 Atmospheric Blocking Analysis

Analysis of atmospheric blocking events will consist of Summer (June, July, August) for
the years 1990-2023. The Greenland Blocking Index (GBI) is a common metric of geopotential
heights used to identify and quantify Greenland blocking events (Hanna et al., 2016). The GBI
consists of the average geopotential height at 500 hPA for the area encompassing the Greenland
ice sheet, or 60-80° N and 20-80° W (Hanna et al., 2016). High, positive GBI values will indicate
anomalous blocking events over Greenland. As this body of work is focused on extreme values
of blocking and therefore does not need to account for the increasing trend in geopotential

heights due to atmospheric warming, the original version of GBI was used.

To calculate GBI, geopotential at the 500 millibar level from ERAS5-Reanalysis was
divided by gravitational acceleration (g = 9.80665 m/s?) to calculate geopotential heights and

then spatially averaged over 60-80° N and 20-80° W°. GBI values for JJA are compiled over the
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time span from 1990 to 2023 and ranked from highest to lowest. Following similar methodology

to Mattingly (2020), the top 10% of GBI days are then categorized as “extreme” blocking days.

2.4 Surface Energy Balance Analysis

MAR data for net radiation, latent heat and sensible heat flux, as well as accumulation
and ablation terms from the pre-selected extreme blocking events were further investigated. After
masking the data to only include Basin 8, yearly averages for every variable were calculated and
graphed alongside SMB to create a timeseries. Decadal averages were also used to conduct
Analysis of Variance (ANOVA) testing and determine statistical significance (o = 0.05) between
the averages of each decade. Statistically significant values were noted with an asterisk. Cloud
variables such as total cloud coverage and cloud optical depth, integrated water vapor,
geopotential, and wind vectors from MAR and ERA5-Reanalysis data were utilized to create the
case study maps in MATLAB. Case studies were selected by time and SMB to allow for a range

of extreme blocking responses.

2.5 Ice/Land Masking

As this body of work hopes to distinguish the differences in SMB between each of
Greenland’s 8 major drainage basins (Figure 1.2), masking was utilized to distinguish between
basin boundaries as well as oceans. The data used to create the outlines for Greenland’s major
drainage basins was acquired from NASA’s Cryospheric Sciences Laboratory (Zwally et al.,
2012) and further used to create a mask for each basin. Only gridded values that were at least

50% within the boundaries of the mask were considered part of a basin.

Utilizing timeseries and decadal averages allowed us to examine long-term trends, while

our case studies provided us with further context as to what discerns extreme blocking events
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that result in positive SMB from negative ones. In summary, this thesis methodology aimed to
use multiple types of analyses and data to help create a more thorough understanding of extreme

blocking events in northwestern Greenland.
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CHAPTER 3

RESULTS

3.1 Greenland Blocking

This work aimed to examine the unique impacts of extreme blocking episodes on
northwestern Greenland on both short and long timescales. In recent years, extreme blocking
events have increasingly resulted in large surface mass loss, and these events are only expected
to become more frequent in the future. Using downscaled, regional climate data from MAR and
ERAS5-Reanalysis, several time series encompassing extreme blocking days during summers
from 1990 to 2023 were created. In addition, case studies from four different extreme blocking-
related events were chosen based on the resulting SMB. Using case studies, I hoped to better
understand why some events have led to negative mass balance while others to surface mass gain

and how the effect of blocking on mass balance has changed across the past three decades.

Extreme blocking was defined using the top 10% of Greenland Blocking Index (GBI)
days from 1990-2023, and an event was defined by sequential extreme blocking days + 2 days to
account for the latency effect of water vapor transport. Each day was temporally and spatially
averaged within the boundaries of each basin to calculate the mean SMB for each event (Figure

3.1).
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Figure 3.1: A histogram of all Greenland Blocking Index values from JJA 1990-2023. The red line shows

the point where the GBI days begin to be considered ‘extreme’ by the definition presented here (>= 90%).
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Average Yearly Surface Mass Balance during JIA Extreme Blocking Events
1990 - 2023
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Figure 3.2: Timeseries of average JJA surface mass balance (mm w.e. day™") on days of extreme blocking
during 1990-2023 from MAR. Basin 8 in northwestern Greenland is highlighted in black and shows a

general downward trend.

The average JJA SMB during extreme blocking events varied over the entire period
(Figure 3.2; 1990-2023). This graph only encompasses “extreme” blocking events that occurred
during meteorological summer (JJA) for this period. This study chose to focus on the most
extreme blocking episodes as a changing climate is expected to make blocking episodes more
frequent and intense. Therefore, the episodes that are now considered extreme may in the future
become normalized. Atmospheric blocking already often results in large-scale melt events in the
Arctic which is also warming faster than the rest of the planet. When this warming is coupled

with more frequent and intense blocks, the resulting surface loss will be compounded.
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Consequently, it is essential to further our understanding of blocking episodes in order to help

communities prepare and adapt.

When examining the yearly trends of SMB during extreme blocking events, Basin 8
followed a trend similar to most other basins, with the exception of Basins 5 and 6 in the
northeast. Figure 3.2 shows the temporal variability in extreme blocking effects, and it is
important to note that not all years resulted in net negative SMB in Basin 8. In several years
extreme blocking events had positive effects on SMB, with one example as recent as 2014.
However, following 2014, extreme blocking events have only coincided with negative SMB
values. The slight negative trend of the SMB time series in conjunction with several years of
negative SMB values does suggest that extreme blocking events may be shifting to a greater

tendency toward mass loss in Basin 8.

Table 3.1: Average surface mass balance (mm w.e. day') of extreme blocking events averaged by

decade.

Decade Basinl Basin2 Basin3 Basin4 Basin5 Basin6é Basin7 Basin8
1990s -1.116 -0.696 -1.429 -2.178 -7.751 -5.692 -0.734 -0.905
2000s -1.873 -1.469 -1.841 -2.051 -9.109 -6.682 -1.353 -1.598
2010s -2.294 | -1.688 -2.121 -2.315 -8.627 -7.374 -1.912 -2.284
2020s -2.487 -1.269 -1.448 -1.110 -7.553 -5.240 -1.056 -1.919

As prior studies have found that blocking episodes are becoming more intense and

frequent (Lupo, 2021; McLeod & Mote, 2015, 2016), we further examined our data to see if this

change is also evident in the subsequent impacts on SMB. When comparing the average SMB

during extreme blocking events from past decades, a familiar pattern appeared for several basins.
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For many of the GrIS major ice drainage basins, including Basin 8, the magnitude of surface
mass loss increased decade over decade, but then decreased in the 2020s (Table 3.1). When
omitting Basins 5 and 6, which have always had higher mass loss than other basins, Basin 8 had
the second highest average surface mass loss in the 2010s and 2020s. Considering this ice
drainage basin had initially been the third lowest on average during the 1990s, this would mean
that extreme blocking-related surface mass loss had clearly shown an acceleration. However, it
should be noted that the data for the 2020s was limited to 3 years, so conclusions for this decade
were not as robust as previous decades.

3.2 Surface Energy Balance

In section 3.1, it was found that surface mass loss in northwestern Greenland during
extreme blocking events had increased over the study period. It was also found that not all
extreme blocking events exclusively resulted in negative SMB, as several years had net surface
mass gain on average. To further investigate possible reasons for why surface mass loss was
increasing, as well as possibly explain what resulted in years with positive SMB, this thesis also

examined surface energy balance variables during extreme blocking events.
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Table 3.2: The average latent heat flux (W m™) and sensible heat flux (W m™) of Basin 8 during

JJA extreme blocking events by decade, followed by the corresponding p-value of ANOVA testing meant
to show the statistical difference in means between decades. Both turbulent heat fluxes had statistically

significant changes in means over our study period where latent heat flux had significantly decreased, and

sensible heat flux had significantly increased.

Basin 8 LHF [W/m? SHF [W/m’|
1990s -5.699 8.379
2000s -4.828 12.307
2010s -5.005 12.858
2020s -3.297 14.333

ANOVA p-value 0.034* 7.05E-05*

Average Yearly Surface Mass Balance of Basin 8
during Extreme Blocking Episodes from 1990 - 2023
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Figure 3.3: Average surface mass balance (mm w.e. day™") (bars) and latent feat flux (W m) (line) of

Basin 8 during JJA extreme blocking episodes from 1990-2023.
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Figure 3.4: Average surface mass balance (mm w.e. day™) (bars) and sensible heat flux (W m?) (line) of

Basin 8 during JJA extreme blocking episodes from 1990-2023.

In the long term, latent heat flux during extreme blocking events had a modest decrease
of less than 0.5 W m™? decade over decade until the 2020s, where it dropped by over 1 W m2,
over twice as much as before (Figure 3.3, Table 3.2). Sensible heat flux on the other hand
increased more irregularly, stagnating between the 2000s and 2010s before increasing again in
the 2020s. When examining the year-by-year trend, latent heat and sensible heats fluxes had
differences in their variability. Latent heat was more consistent and on average was confined to a
much smaller range, despite its decreasing trend. Sensible heat flux however, had been more
variable with a range of approximately 0 W m™ in 1997 to 20 W m™ in 2021 (Figure 3.4). While
these are small differences in aggregate, they represented large differences in heat input when

averaged over the entire ice drainage basin.
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Table 3.3: This table shows the average snowfall (mm w.e. day™') and rainfall (mm w.e. day™') of
Basin 8 during JJA extreme blocking events by decade, followed by the corresponding p-value of

ANOVA testing meant to show the statistical difference in means between decades.

Basin 8 SF [mm w.e./day] RF [mm w.e./day]
1990s 1.484 0.167
2000s 1.420 0.272
2010s 1.325 0.301
2020s 1.519 0.929
ANOVA p-value 0911 6.83E-09*
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Figure 3.5: Average surface mass balance (mm w.e. day™) (bars) and snowfall (mm w.e. day™') (line) of

Basin 8 during JJA extreme blocking episodes from 1990-2023.
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Snowfall during JJA extreme blocking episodes overall tended to follow a negative
relationship over time (Figure 3.5). Throughout the 1990s, there was a spike in snowfall
production that would see years with high snowfall values. Through the 2000s and 2010s, this
range of difference between yearly snowfall output, while still occurring, was not as drastic as it
had been during the 1990s before ultimately shrinking yet again in the late 2010s and into the
2020s (Table 3.3). Snowfall during extreme blocking events in northwestern Greenland also
seemed to follow a cyclical trend where every few years there would be a drastic increase in
snowfall totals that would be reflected in positive SMB, or in the case of 2022, less surface mass

loss than surrounding years.

Due to the cyclical variation in snowfall, I chose to further explore possible reasonings
for this variation. As the relationship between the North Atlantic Oscillation (NAO) and blocking
episodes over Greenland has already been established (Hanna et al., 2015), I began by comparing
the years with high average snowfall to the average monthly NAO during the corresponding
periods. While no significant relationship was found between NAO and high snowfall years,
high snowfall totals did tend to occur when the NAO was in a weak negative to positive NAO
phase (greater than -1). I followed this by also examining several years with much lower average
snowfall and found that there were a few events that occurred during strong negative phases of
the NAO (less than -2). While these results could be coincidental and not all-encompassing, it is
worth pointing out due to the predetermined correlation between extreme blocking and the

negative phase of the NAO.
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Figure 3.6: Average surface mass balance (mm w.e. day™) (bars) and rainfall (mm w.e. day™) (line) of

Basin 8 during JJA extreme blocking episodes from 1990-2023.

As snowfall generally decreased over the 33-year period, rainfall had an opposite trend of
gradually increasing totals for the better part of three decades before tripling on average in the
2020s. This represented an overall warming climate and an increased fraction of precipitation in
summer falling as rain (Figure 3.6). Rainfall did also tend to be cyclical but with much smaller
variation from year to year, with the exception of 2010 and 2019-2022. Unlike snowfall,
however, rainfall did not seem to be obviously associated with surface mass losses (or gains),
likely due to the overall small fraction of precipitation falling as rain in this region. Years with
the most drastic ice mass losses, such as 2015, received similar rainfall during extreme blocking
events as years that had large positive mass balance like 1997. It should also be noted that due to

the spatial averaging of these results, it did not account for the spatial disparity in precipitation
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type due to topography changes especially at higher elevations further inland where snowfall

would be more prominent.

Table 3.4: This table shows the average runoff (mm w.e. day™') and sublimation (mm w.e. day™")
of Basin 8 during JJA extreme blocking events by decade, followed by the corresponding p-value of

ANOVA testing meant to show the statistical difference in means between decades.

Basin 8 RU [mm w.e./day] SU [mm w.e./day]

1990s 2.258 0.166
2000s 3.137 0.150
2010s 3.764 0.141
2020s 4.206 0.101
ANOVA p-value 2.32E-23* 0.015*
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Figure 3.7: Average surface mass balance (mm w.e. day™) (bars) and runoff (mm w.e. day™) (line) of

Basin 8 during JJA extreme blocking episodes from 1990-2023.

Unsurprisingly, runoff increased over the last several decades of extreme blocking
episodes and followed a clear linear trend with cyclical variation (Table 3.4, Figure 3.7). As
runoff is a crucial component of ablation in SMB, there was an obvious relationship between
SMB magnitude and runoff in the time series. For example, in 1997 there was a sharp drop in
runoff totals that coincided with large surface mass gain, and similarly in 2015 there was a large
jump in runoff that coincided with large surface mass loss. However, this relationship did have
exceptions. During 2017-2020, runoff decreased and yet SMB remained negative, with the

magnitude of loss increasing during 2017-2019.
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Figure 3.8: Average surface mass balance (mm w.e. day™) (bars) and sublimation (mm w.e. day™) (line)

of Basin 8 during JJA extreme blocking episodes from 1990-2023.

Sublimation steadily decreased over time, perhaps in relation to the simultaneously
decreasing snowfall totals (Figure 3.8). While this decrease was significant, sublimation was
always at least an order of magnitude less than runoff and did not have as great of an impact on

SMB.
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Table 3.5: This table shows the average shortwave and longwave upwelling and downwelling
radiation in (W m?) of Basin § during JJA extreme blocking events by decade, followed by the

corresponding p-value of ANOVA testing meant to show the statistical difference in means between

decades.
B2 8 ) )
1990s 314.850 227.277 247.969 284.907
2000s 289.180 232.464 226.529 287.010
2010s 285.422 233.291 220.969 288.435
2020s 263.703 240.660 206.230 290.920
ANOVA p-value 2.76E-05* 0.017* 1.87E-06* 0.004*
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Figure 3.9: Average surface mass balance (mm w.e. day™) (bars) and upwelling shortwave radiation (W

m™) (line) of Basin 8 during JJA extreme blocking episodes from 1990-2023.
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Figure 3.10: Average surface mass balance (mm w.e. day™') (bars) and downwelling shortwave Radiation

(W m?) (line) of Basin 8 during JJA extreme blocking episodes from 1990-2023.

Shortwave downward and upward radiation both showed a significant consistent
downward trend during extreme blocking events (Table 3.5, Figure 3.9, 3.10). Additionally, they
both noticeably decreased during summers where SMB showed net positive gains. This pattern
was not as consistent for summers of net negative SMB, as there were several years where

shortwave radiation dropped and did not result in positive SMB.
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Figure 3.11: Average surface mass balance (mm w.e. day™') (bars) and upwelling longwave radiation (W

m™) (line) of Basin 8 during JJA extreme blocking episodes from 1990-2023.
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Figure 3.12: Average surface mass balance (mm w.e. day™') (bars) and downwelling longwave radiation

(W m™) (line) of Basin 8 during JJA extreme blocking episodes from 1990-2023.
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Compared to their shortwave counterparts, longwave upwards and downwards radiation
tended to have much less variation. However, there was a noticeable pattern in the downward
component where in years that resulted in positive SMB (or less negative SMB in 2022),
longwave downward radiation would increase. In addition, longwave radiation significantly
increased over time (Table 3.5, Figure 3.11, 3.12). Net radiation also tended to favor greater
downwelling radiation than upwelling radiation, though over the decades the difference between
the two seemed to be decreasing. The decreasing difference in downwelling and upwelling
radiation could possibly indicate differences in cloud cover or cloud types, as thicker clouds

would prevent more downwelling radiation from making it to the surface.

In summary, section 3.2 sought to visualize the long-term changes in various atmospheric
and surface variables during summer extreme blocking events. While all examined variables with
the exception of snowfall showed significant changes over the study period, a few key findings
further stood out. Rainfall has become more prominent during extreme blocking events,
especially since the beginning of the 2020s. While sensible heat flux has always been positive on
average, the increased magnitude of positive sensible heat flux transferring greater melt energy
to the surface is cause for concern. Lastly, years with positive SMB were often accompanied by
less shortwave radiation and slightly higher longwave radiation, possibly supporting cloud cover

as a factor in SMB.

While decadal trends were important for understanding the larger implications of extreme
blocking, there were still yearly discrepancies in SMB that were not explained by long-term
trends. To address this, two events from June 1997 and August 2014 were chosen as they resulted
in positive SMB and two additional events from July 1994 and July/August 2019 were picked

because they resulted in negative SMB. June 1997 and July/August 2019 were especially of
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interest as they had the single highest daily gains/losses during the entire study period. By
utilizing case studies, we were able to understand the situational variation that dictated whether

extreme blocking resulted in surface mass gain or loss.
3.2.1 June 1997

From 1-6 June 1997, an extreme blocking event resulted in basin-wide surface mass gain
in northwestern Greenland (Figure 3.13). During this blocking event, surface mass gain was very
high, especially on 2 and 4 June, which had approximately 12.5 and 10 mm w.e. day™! of surface
mass gain (Table 3.6), making them the second and fourth highest days of individual gain across

the entire study period.
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Figure 3.13: Average surface mass balance (mm w.e. day™) for the extreme blocking event during 1-6

June 1997.
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Max Integrated Water Vapor Flux over Basin 8 during June 1997 Max Integrated Water Vapor Flux over Basin 8 during June 1997
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Figure 3.14: Average integrated water vapor transport (kg m's™"), 700 hPa wind vectors (m s), and 500

hPa geopotential heights for the extreme blocking event during 1-6 June 1997.
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Total Cloud Coverage over Basin 8 during June 1997
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Figure 3.15: Total cloud coverage for the extreme blocking event during 1-6 June 1997.
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Cloud Optical Depth over Basin 8 during June 1997 Cloud Optical Depth over Basin 8 during June 1997
Jun 1 Jun 2

10

)
Cloud Optical Depth

2
1
0
Cloud Optical Depth over Basin 8 during June 1997 Cloud Optical Depth over Basin 8 during June 1997
Jun 3 Jun 4
10
9
8
7
£
6 8
°
‘3
o
3
2
1
0
Cloud Optical Depth over Basin 8 during June 1997 Cloud Optical Depth over Basin 8 during June 1997
Jun5 Jun6
10
9

&
Cloud Optical Depth

Figure 3.16: Cloud optical depth for the extreme blocking event during 1-6 June 1997.
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Cloud Base Height over Basin 8 during June 1997
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Figure 3.17: Cloud base height (m) for the extreme blocking event during 1-6 June 1997.
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Table 3.6: Surface mass balance (SMB; mm w.e. day™), average integrated water vapor transport (Avg
IVT; kg m''s ™), surface atmospheric temperature (Atm Temp; °C), surface skin temperature (Surface

Temp; °C), latent heat flux (LHF; W m) and sensible heat flux (SHF; W m) averaged for spatially and

) O
d

temporally over Basin 8 for a blocking event during 1-6 June 1997.

A )

A

6/1/1997 4.274 25.615 -12.037 -11.610 -9.041 -12.922
6/2/1997 12.497 155.486 -10.634 -10.100 -9.309 -12.293
6/3/1997 3.355 171.766 -13.263 -12.646 -5.855 -11.250
6/4/1997 9.920 155.679 -9.877 -9.677 -13.448 -6.631
6/5/1997 2.287 98.100 -9.113 -8.681 -7.191 -5.319
6/6/1997 -0.125 35.836 -11.075 -12.067 -3.659 8.099

Table 3.7: Cloud optical depth (COD), upper-middle- and lower-cloud coverage (CU; CM; CD)

percentages averaged for spatially and temporally over Basin 8 for a blocking event during 1-6 June

1997.

Date 0)) )
6/1/1997 0.034 0.793 0.941 0.940
6/2/1997 0.051 0.799 0.985 0.998
6/3/1997 0.075 0.496 0.772 0911
6/4/1997 0.292 0.766 0.898 0.796
6/5/1997 0.128 0.543 0.604 0.772
6/6/1997 0.004 0.291 0.228 0.242
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Table 3.8: Downwelling shortwave radiation (SWD), downwelling longwave radiation (LWD), upwelling
shortwave radiation (SWU), upwelling longwave radiation (LWU, all W m) and albedo (ALB) averaged

for spatially and temporally over Basin § for a blocking event during 1-6 June 1997.

Date ) ) ALB
6/1/1997 263.874 241.174 213.574 | 265.444 0.811
6/2/1997 204.174 259.870 165.351 | 271.691 0.811
6/3/1997 280.975 225.420 227.814 | 261.193 0.812
6/4/1997 217.168 258.311 175.742 | 273.452 0.811
6/5/1997 322.939 232.222 259.978 | 277.443 0.806
6/6/1997 379.740 186.789 305.303 | 263.740 0.806

Table 3.9: Snowfall (SF), rainfall (RF), runoff (RU), sublimation (SU), melt (ME) and firn refreezing
(RZ; all mm w.e. day™') averaged for spatially and temporally over Basin 8 for a blocking event during 1—

6 June 1997.

6/1/1997 4.538 0.000 0.003 0.278 0.008 0.003
6/2/1997 | 12.816 0.000 0.010 0.285 0.030 0.018
6/3/1997 3.523 0.000 0.001 0.177 0.010 0.012
6/4/1997 | 10.354 0.000 0.029 0.408 0.084 0.025
6/5/1997 2.565 0.000 0.056 0.217 0.415 0.153
6/6/1997 0.056 0.000 0.074 0.110 0.434 0.305

When examining the environmental context of this surface mass gain, several interesting
patterns appeared. Non-radiative heat fluxes coincided well with SMB patterns. Latent heat flux
values were consistently negative and had two peaks on 2 and 4 June at -9.3 Wm? and -13.4 W
m™ (Table 3.6). Sensible heat flux was also negative except for the final day where it became
positive, coinciding with the only day of net negative SMB. Surface and atmosphere temperature

were both consistently well below freezing between -8 and -12° C and were within 1° C of each

44



other every day (Table 3.6). While for most days the temperature of the atmosphere was higher

than that of the surface, this once again switched on the final day of extreme blocking.

Another trend to note was that precipitation through snowfall was generally high during
this period and that rainfall was very low (Table 3.9). High snowfall accumulation was also not
greatly offset by meltwater production and subsequent runoff or by sublimation, and some
portion of meltwater would refreeze and contribute to positive SMB. Albedo was steady over this
period, staying in the lower 80% range (Table 3.8). This higher albedo could possibly have been
attributed to the large amount of fresh snowfall that was able to stay on the ground due to low

surface temperatures.

In general, cloud coverage within the first few days was widespread throughout all layers
of the lower atmosphere before dropping in the latter half of the blocking period (Table 3.7). It
began consistently high with nearly the entire troposphere at 50 — 100% cloud coverage. On the
final day, cloud coverage was still consistent across different elevations, but it was much more
scattered with totals hovering around 20 — 30% across all parts of the troposphere. Clouds tended
to be thin and low, though clouds that were optically thicker did appear offshore and over the

coastal ablation zones (Figure 3.15, 3.16, 3.17).

With the added context regarding cloud coverage, radiation terms were also noticeably
affected. Shortwave radiation dipped on 2 and 4 June compared to surrounding days, while the
opposite was true for longwave radiation though not to the same magnitude (Table 3.8). The
dampened shortwave and heightened longwave responses coincide well with days of greater
cloud coverage extent across multiple layers of the troposphere, even if cloud optical depth itself
was not particularly thick (Figure 3.15, 3.16). From June 2—4 through June, [IVT was greater than

150 kg m™! 57!, signifying enhanced water vapor transport into Basin 8 (Table 3.6, Figure 3.14).
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3.2.2 August 2014

August of 2014 was another example of an extreme blocking event that resulted in
positive SMB, peaking at a daily surface mass gain of 12.66 mm w.e. day™!' on 18 August, which
was also the single highest day of surface mass gain across the entire study period (Table 3.10,
Figure 3.18). Beginning with heat fluxes, latent and sensible heat flux were much different from
the June 1997 event. Latent heat flux, while still negative, was much weaker in magnitude.
Sensible heat flux was positive for most days, unlike sensible heat flux from 1997 that was
strongly negative. Sensible heat flux also had two peaks, once on 16 August at 11.6 W m™,
which proceeded to drop to -0.35 W m™ before rebounding to 18 W m™ by 20 August. The days
where sensible heat flux was nearest to 0, 17—-18 August, were also the days with the greatest

surface mass gain (Table 3.10).
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Figure 3.18: Average surface mass balance (mm w.e. day™') for the extreme blocking event during 15-20

August 2014.
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Figure 3.19: Average integrated water vapor transport (kg m™'s™), 700 hPa wind vectors (m s™), and 500

hPa geopotential heights for the extreme blocking event during 15-20 August 2014.
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Figure 3.20: Total cloud coverage percentage for the extreme blocking event during 15-20 August 2014.
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Figure 3.21: Cloud optical depth for the extreme blocking event during 15-20 August 2014.
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Figure 3.22: Cloud base height (m) for the extreme blocking event during 15-20 August 2014.
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Table 3.10: Surface mass balance (SMB; mm w.e. day™), average integrated water vapor
transport (Avg IVT; kg m''s™), surface atmospheric temperature (Atm Temp; °C), surface skin
temperature (Surface Temp; °C), latent heat flux (LHF; W m-2) and sensible heat flux (SHF; W m)

averaged for spatially and temporally over Basin 8 for a blocking event during 15-20 August 2014.

Date B AVO A cemop

8/15/2014 1.757 43.436 -8.244 -8.576 -2.861 2.115

8/16/2014 5.475 88.075 -7.290 -8.123 -2.761 11.595
8/17/2014 7.635 113.687 -5.160 -5.172 -3411 -0.348
8/18/2014 12.660 67.108 -4.681 -4.962 -2.790 1.477
8/19/2014 2.769 38.418 -3.603 -4.480 -3.360 15.011
8/20/2014 2.142 42.943 -5.296 -6.404 -1.237 18.005

Table 3.11: Cloud optical depth (COD), upper-middle- and lower-cloud coverage (CU; CM; CD)
percentages averaged for spatially and temporally over Basin 8§ for a blocking event during 15-20 August

2014.

Date COD CU CM (01))
8/15/2014| 0.161 0.797 0.856 0.844
8/16/2014 | 0.600 0.629 0.810 0.825
8/17/2014| 0.589 0.648 0.862 0.975
8/18/2014| 0.581 0.775 0.748 0.905
8/19/2014| 0.859 0.890 0.776 0.676
8/20/2014 | 1.800 0.675 0.493 0.588

Table 3.12: Downwelling shortwave radiation (SWD), downwelling longwave radiation (LWD),
upwelling shortwave radiation (SWU), upwelling longwave radiation (LWU, all W m?) and albedo
(ALB) averaged for spatially and temporally over Basin § for a blocking event during 15-20 August

2014.

Date ) ) ALB
8/15/2014 | 183.006 | 244.754 | 147.699 | 278.427 0.808
8/16/2014 | 120.929 | 257.556 | 97.223 280.862 0.800
8/17/2014 | 142.472 | 274497 | 114.667 | 292.660 0.806
8/18/2014 | 137.658 | 273.793 | 111.413 | 293.717 0.813
8/19/2014 | 140.975 | 270.154 | 112.084 | 295.999 0.797
8/20/2014 | 140.015 | 255.564 | 113.432 | 288.041 0.794
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Table 3.13: Snowfall (SF), rainfall (RF), runoff (RU), sublimation (SU), melt (ME) and firn refreezing
(RZ; all mm w.e. day™) averaged for spatially and temporally over Basin 8 for a blocking event during

15-20 August 2014.

Date R » »,

8/15/2014 | 2.656 0.236 1.073 0.067 0.845 0.272
8/16/2014 | 6.646 1.013 2.115 0.060 1.973 0.275
8/17/2014 | 8.592 0.870 1.740 0.089 1.094 0.358
8/18/2014 | 13.538 | 2.218 3.000 0.068 1.251 0.408
8/19/2014 | 5.025 1.378 3.556 0.072 3.805 0.444
8/20/2014 | 4.556 3.071 5.476 0.011 3.631 0.724

There was a consistent influx of enhanced water vapor traveling through the middle of
the basin, especially after 15 August (Figure 3.19). Surface and atmospheric temperatures were
well below zero and of similar values (Table 3.10). The consistently freezing atmosphere allowed
precipitation to again be dominated by snowfall totals, though there was also steadily increasing
rainfall. Meltwater production was greater during this event and subsequently so was runoff and
meltwater refreezing, though the former was at least four times greater than the latter (Table

3.13). Unsurprisingly, albedo was high during this period, between 79 — 81% (Table 3.12).

Cloud coverage was once again widespread throughout the upper, middle, and lower
troposphere, similar to as it was in June 1997 (Figure 3.20), and cloud base heights were mostly
low (Figure 3.22). However, optical depth was greater, especially over the coastal ablation zone
where it steadily increased in scope with each passing day (Table 3.11, Figure 3.21).
Interestingly, the greatest areas of surface mass gain on 19—20 August coincide very well with
areas of highest cloud optical thickness, which was not the case for the first several days.
Shortwave radiation was much lower than it had been in June 1997, and longwave radiation was

slightly higher (Table 3.12).
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3.2.3 July 1994

July 1994 was an extreme blocking event that began on 5 July with approximately 0.5
mm w.e. day™! of surface mass gain before quickly resulting in daily consecutive surface mass
loss (Figure 3.23, Table 3.14). Unlike previous case studies, there was not a clear stream of
enhanced moisture that passed through basin boundaries, though there were a few spots that had
slightly higher IVT values (Figure 3.24). Latent heat flux was consistently negative but slightly
decreasing. Sensible heat flux was positive and continued to increase day-over-day (Table 3.14).
Again, surface and atmospheric temperatures were well below freezing, though surface

temperatures tended to be up to 1.5 °C lower than the atmosphere (Table 3.14).

Precipitation was lower during this event compared to previously discussed events but
had much higher meltwater production (Table 3.17). Though freezing surface temperatures did
help some meltwater refreeze, the losses from runoff were still 1.5 — 2.5 times as high as
refreezing gains. Albedo was also slightly lower during this time, gradually decreasing with each

subsequent day as more meltwater was introduced into the snowpack (Table 3.16).

Cloud coverage also varied from previous case studies in that there was a lack of
consistency in cloud coverage through the layers (Table 3.15). The upper troposphere tended to
have the greatest cloud coverage, peaking on 7 July at over 80% before dropping the following
days but still being much higher than the lower cloud layers. The middle and lower layers had
cloud coverage peak on 6 July with around 50% coverage before dropping and staying very low
for the rest of the period (Figure 3.25, 3.27, Table 3.15). Across all days, cloud optical depth was
very low (Figure 3.26), and cloud base heights were mostly low with the exception of line of

clouds in the eastern portion of the basin where heights tended to be higher (Figure 3.27).
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The first few days of more widespread, multi-layer cloud coverage were also reflected by
lower shortwave radiation and slightly higher longwave radiation. Beginning on 8 July however,
as cloud coverage became scarcer there was a noticeable increase in shortwave radiation and

decrease in longwave radiation.
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Figure 3.23: Average surface mass balance (mm w.e. day™) for the extreme blocking event during 5-10

July 1994.
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Figure 3.24: Average integrated water vapor transport (kg m's™"), 700 hPa wind vectors (m s™), and 500

hPa geopotential heights for the extreme blocking event during 5-10 July1994.
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Figure 3.25: Total cloud coverage percentage for the extreme blocking event during 5—10 July1994.
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Figure 3.26: Cloud optical depth for the extreme blocking event during 5-10 July 1994.
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Figure 3.27: Cloud base height (m) for the extreme blocking event during 5-10 July1994.
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Table 3.14: Surface mass balance (SMB; mm w.e. day™), average integrated water vapor transport (Avg
IVT; kg m''s ™), surface atmospheric temperature (Atm Temp; °C), surface skin temperature (Surface
Temp; °C), latent heat flux (LHF; W m) and sensible heat flux (SHF; W m) averaged for spatially and

temporally over Basin 8 for a blocking event during 5-10 July 1994.

Date 3 AVO A emop

7/5/1994 0.543 64.374 -8.385 -9.164 -7.245 4.205

7/6/1994 -0.497 72.818 -4.046 -4.889 -6.049 5.795
7/7/1994 -2.951 43.022 -3.264 -4.594 -6.733 12.713
7/8/1994 -2.883 21.978 -4.168 -5.668 -4.453 10.492
7/9/1994 -3.133 25.506 -5.409 -7.000 -5.902 14.846
7/10/1994 -3.254 23.072 -5.369 -6.952 -5.258 15.209

Table 3.15: Cloud optical depth (COD), upper-middle- and lower-cloud coverage (CU; CM; CD)
percentages averaged for spatially and temporally over Basin 8 for a blocking event during 5-10 July

1994.

Date 9)) )
7/5/1994 | 0.039 0.478 0.499 0.498
7/6/1994 | 0.096 0.642 0.533 0.493
7/7/1994 | 0.023 0.823 0.344 0.185
7/8/1994 | 0.015 0.311 0.127 0.063
7/9/1994 | 0.006 0.131 0.032 0.116

7/10/1994 | 0.004 0.360 0.050 0.048

Table 3.16: Downwelling shortwave radiation (SWD), downwelling longwave radiation (LWD),
upwelling shortwave radiation (SWU), upwelling longwave radiation (LWU, all W m™) and albedo

(ALB) averaged for spatially and temporally over Basin 8 for a blocking event during 5—10 July 1994.

Date ) ) ALB
7/5/1994 | 328.200 | 222.887 | 262.473 | 276.433 0.803
7/6/1994 | 320.793 | 245.129 | 254.263 | 294.318 0.795
7/7/1994 | 332.029 | 241.064 | 258.975 | 295.782 0.783
7/8/1994 | 369.971 | 219.205 | 285.945 | 290.963 0.775
7/9/1994 | 377.598 | 209.122 | 292.090 | 285.472 0.775
7/10/1994 | 371.514 | 208.021 | 287.796 | 285.519 0.776
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Table 3.17: Snowfall (SF), rainfall (RF), runoff (RU), sublimation (SU), melt (ME) and firn
refreezing (RZ; all mm w.e. day™') averaged for spatially and temporally over Basin 8 for a blocking event

during 5-10 July 1994.

7/5/1994 | 1.547 | 0.003 | 0.796 | 0.221 | 1.327 | 0.322
7/6/1994 | 1.197 | 0.025 | 1.531 | 0.183 | 3.289 | 0.694
7/7/1994 | 0.191 | 0.000 | 2.934 | 0.205 | 5.837 | 1.362
7/8/1994 | 0.010 | 0.000 | 2.762 | 0.135 | 5.295 | 1.936
7/9/1994 | 0.016 | 0.000 | 2.971 | 0.179 | 5.379 | 1.959
7/10/1994 | 0.003 | 0.000 | 3.100 | 0.159 | 4.884 | 1.660

3.2.4 July/August 2019

Another extreme blocking event occurred at the end of July through the middle of August
over approximately 20 days. For the purposes of this case study, we examined six core days that
had the greatest surface mass loss, peaking on 31 July with nearly 10 mm w.e. day™ (Figure 3.28,
Table 3.18). This portion of the event did have consistent, widespread enhanced water vapor,
especially in the first half of the event, which differs greatly from previous case studies (Figure

3.29).

Sensible heat flux was high especially in the first three days before dropping by 1 August
and continuing to drop throughout the last three days. It did remain high compared to the
sensible heat flux values from previous case studies. Latent heat flux did not follow as
straightforward of a trend, instead fluctuating between negative and positive values for the first

few days before dropping to just under -5 W m™ on 2 August (Table 3.18).

Rainfall and snowfall totals were small, especially when compared to the meltwater

production and runoff that occurred during the same time period (Table 3.21). Meltwater
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production, particularly on 30 July — 1 August was very high, averaging between 14 — 15.5 mm
w.e. day! (Table 3.21). Most of this meltwater production transferred into high runoff values that
were consistently over twice as large in magnitude as gains made from refreezing. Albedo was at
its lowest during this event, remaining between low to mid 70% (Table 3.20). This possibly was
due to the lack of fresh snowfall from this event compared to the previous case studies (Table
3.21). Surface temperatures were lower than atmospheric temperatures, which for a three-day
period climbed to above freezing. Overall, temperatures remained near or just below freezing,

which was quite abnormal compared to previous case studies (Table 3.18).

Cloud optical depth was once again thin across all six days (Figure 3.31), and cloud
coverage itself varied throughout the layers of the troposphere (Figure 3.30, Table 3.19). Cloud
coverage at the top layer was fairly consistent around 50% while the middle and bottom layers
had much lower cloud coverage except on 1 August. Given the optical thickness of the clouds,
especially the first few days, it was not surprising that short wave radiation values were also high
initially (Table 3.20). However, on 1 August when cloud optical depth increased and all layers of
the troposphere had 40 — 50% cloud coverage, shortwave radiation dropped for that single day.
Following 1 August, cloud optical depth and cloud coverage decreased again, and shortwave
radiation rose as a result. The reverse pattern was also found for longwave radiation, which
tended to increase with increasing cloud optical depth and coverage (Table 3.19, 3.20). Finally,
the base heights of clouds were higher overall than during previous case studies, with several
days having large areas of medium to high cloud bases over large portions of the basin (Figure

3.32).
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Figure 3.28: Average surface mass balance (mm w.e. day™) for the extreme blocking event during 29 July

— 3 August 2019.
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Figure 3.29. Average integrated water vapor transport (kg m™'s™"), 700 hPa wind vectors (m s™'), and 500

hPa geopotential heights for the extreme blocking event during 29 July — 3 August 2019.
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Figure 3.30: Total cloud coverage percentage for the extreme blocking event during 29 July — 3 August

2019.
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Figure 3.31: Cloud optical depth for the extreme blocking event during 29 July — 3 August 2019.
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Figure 3.32: Cloud base height (m) for the extreme blocking event during 29 July — 3 August 2019.
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Table 3.18: Surface mass balance (SMB; mm w.e. day™), average integrated water vapor transport (Avg
IVT; kg m''s ™), surface atmospheric temperature (Atm Temp; °C), surface skin temperature (Surface
Temp; °C), latent heat flux (LHF; W m) and sensible heat flux (SHF; W m) averaged for spatially and

temporally over Basin 8 for a blocking event during 29 July — 3 August 2019.

Date B AVO A cemop

7/29/2019 | -5.56277 43-.502 -1.899 -3.994 -2.065 34.075

7/30/2019 | -8.397814 | 46.986 1.362 -1.045 1.393 44.179
7/31/2019 | -9.71502 | 35.843 0.736 -1.562 -0.570 41.687
8/1/2019 | -8.272496 | 31.912 0.040 -1.512 0.561 25.072
8/2/2019 | -6.752306 | 68.123 -1.807 -3.438 -4.804 20.979
8/3/2019 | -4.675633 | 64.939 -3.516 -5.092 -2.929 15.536

Table 3.19: Cloud optical depth (COD), upper-middle- and lower-cloud coverage (CU; CM; CD)
percentages averaged for spatially and temporally over Basin 8 for a blocking event during 29 July — 3

August 2019.

Date 0)) )
7/29/2019 | 0.003 0.491 0.142 0.055
7/30/2019 | 0.169 0.548 0.148 0.120
7/31/2019 | 0.057 0.466 0.172 0.059
8/1/2019 | 0.571 0.474 0.454 0.406
8/2/2019 | 0.231 0.525 0.196 0.139
8/3/2019 | 0.071 0.496 0.036 0.089

Table 3.20: Downwelling shortwave radiation (SWD), downwelling longwave radiation (LWD),
upwelling shortwave radiation (SWU), upwelling longwave radiation (LWU, all W m?) and albedo
(ALB) averaged for spatially and temporally over Basin § for a blocking event during 29 July — 3 August

2019.

Date ) ) Albedo
7/29/2019 | 294.390 | 229.345 | 225.241 | 298.128 0.768
7/30/2019 | 281.381 | 247.409 | 203.180 | 311.750 0.725
7/31/2019 | 276.801 | 244983 | 201.606 | 309.383 0.727
8/1/2019 | 236.478 | 266.662 | 170.393 | 309.795 0.720
8/2/2019 | 266.877 | 240.215 | 196.033 | 300.850 0.733
8/3/2019 | 284.518 | 223.533 | 210.355 | 293.562 0.740
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Table 3.21: Snowfall (SF), rainfall (RF), runoff (RU), sublimation (SU), melt (ME) and firn refreezing
(RZ; all mm w.e. day™') averaged for spatially and temporally over Basin 8 for a blocking event during 29

July — 3 August 2019.

Date SF RF RU SU ME RZ
7/29/2019 | 0.060 | 0.000 | 5.564 | 0.061 7.729 0.852
7/30/2019| 0.038 | 0.008 | 8.487 | -0.049 | 15.476 3.074
7/31/2019| 0.009 | 0.001 | 9.720 | 0.009 | 15322 4.422

8/1/2019 | 0.452 | 0.172 | 8.901 | -0.029 | 14.077 4.082
8/2/2019 | 0.055 | 0.025 | 6.684 | 0.141 9.064 3.299
8/3/2019 | 0.056 | 0.004 | 4.644 | 0.087 | 6.409 2,717
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CHAPTER 4

DISCUSSION

Atmospheric blocking events — defined as a quasi-stationary area of anticyclonic
circulation which inhibits longwave atmospheric patterns and smaller weather systems — have
noticeable effects on SMB of the Greenland ice sheet. Greenland atmospheric blocking can be
measured using the Greenland Blocking Index (Hanna et al., 2016). To select days of anomalous
blocking conditions, GBI was calculated for each day during meteorological summer (JJA)
during 1990-2023. The top 10% of GBI days were selected to represent anomalous blocking

conditions, further known as “extreme blocking” conditions.

Past research has concluded that extreme atmospheric blocking affects SMB of the
Greenland ice sheet (Barrett et al., 2020; Henderson et al., 2021; McLeod & Mote, 2015, 2016;
Preece et al., 2022), but effects are not spatially homogeneous (Preece et al., 2022). In particular,
northwestern Greenland is one of the largest contributors to total GrIS mass loss, as well as the
second largest acceleration in mass loss in the last few decades (Mouginot et al., 2019; Velicogna
et al., 2014). This study aimed to further examine how northwestern GrlS reacts to extreme
blocking conditions, as well as give greater insight as to how the relationship between

atmospheric blocking and SMB has changed over a 33-year period.

Results showed that over a 33-year period from 1990-2023, most major ice drainage
basins had a weak negative trend in SMB during summer extreme blocking episodes, meaning

that there tended to be greater surface mass loss on average in the most recent decade of the
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record. For the ice sheet as a whole, one concern is that the Arctic is expected to more regularly
see these intense blocking episodes, and if this trend continues — or potentially accelerates —the

risk of greater surface mass losses would also increase, contributing to global sea level rise.

While most extreme blocking events were associated with negative SMB, this was not
exclusively the case. In the past, most basins had at least a single extreme blocking event that
resulted in surface mass gain, meaning that there was greater accumulation of mass than ablation.

Since 2015 however, positive SMB during extreme blocking has become a rarity.

Of particular interest to this study, northwestern Greenland had consistently exhibited
negative SMB during the last several summers. This could suggest a stronger relationship
between extreme blocking and negative SMB in northwestern Greenland (Basin 8), although it
does not necessarily support the hypothesis that the magnitude of negative SMB had accelerated

disproportionately to other basins

4.1 Surface Energy Balance

As SMB of northwestern Greenland has varied over the past several decades in response
to extreme blocking events, it is important to understand the responses of the energy budget
components to blocking, including sensible and latent heat fluxes, radiation budget components,
and precipitation amount and types. Using output from a regional climate model for Greenland
that includes a sophisticated treatment of SMB (MAR), I extracted surface energy budget
variables for northwestern Greenland (Basin 8) on extreme blocking days during JJA from 1990
—2023. This was done to understand differences in the surface energy budget of extreme
blocking events during the 33-year period, and, in turn, to better understand possible causes for

the acceleration of GrIS surface mass loss in this region.
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4.1.1 Latent and Sensible Heat Flux

Latent heat is the energy exchanged between water and the atmosphere as water cycles
between its different phases. Notably, as water vapor condenses into liquid such as in the
formation of clouds, it releases latent heat into its surrounding environment and warms it. When
latent energy moves between the atmosphere and the surface, this is known as latent heat flux
(LHF). Sensible heat flux (SHF) is the exchange of heat between the surface and the atmosphere
that is not associated with the phase change of water and can be “sensed” as a change in

temperature.

The magnitude of LHF has steadily decreased with each subsequent decade during
extreme blocking events, but the direction of latent heat flux continued to be mostly negative,
indicating a movement of energy from the surface to the atmosphere through sublimation and
evaporation during extreme blocking. While it is not possible to pinpoint the sources of the LHF
term from the available MAR data, the increase in LHF during extreme blocking events may be
related to greater evaporation of meltwater or sublimation from snow. During years where the
magnitude of negative LHF was weaker, sublimation was also much lower. The inverse was also
true, where stronger negative LHF would coincide with years of higher sublimation values. SHF,
on the other hand, remained positive and increased over the 33-year period. A positive SHF
means a transfer of energy from the atmosphere to the surface that warms the surface and
enhances the potential for melt and runoff. While this thesis only examined periods associated
with extreme blocking, these periods often constituted major melt events that accounted for a
significant portion of the annual melt and runoff. Additionally, the mean SHF component was

roughly four times as large as the LHF component during extreme blocking events. Therefore,
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increased SHF during extreme blocking was expected to be associated with increased extreme

ablation and runoff events.

Previous studies have established a positive relationship between turbulent heat fluxes
and melt energy (Fausto et al., 2016; Mattingly et al., 2020; Neff et al., 2014). In this thesis, the
findings regarding SHF supported prior findings as SMB increased during years with low
average sensible heat flux. If SHF continues to increase in the future, the enhanced melt energy
will increase runoff and further increase surface mass loss, if not offset by simultaneous

increases in snowfall or meltwater refreezing.

4.1.2 Surface Accumulation and Ablation

SMB is the net of mass gains through accumulation and deposition and mass losses
through runoff and sublimation. Snowfall is the primary accumulation that increases SMB, while
some modest increase may be due to deposition; sublimation and runoff decrease SMB and are

therefore known as net ablation terms.

To examine the impact of changes in mass inputs during extreme blocking events,
accumulation and ablation variables were extracted for JJA extreme blocking days and then
spatially averaged over Basin 8. Time was split over 4 decades: 1990s, 2000s, 2010s, and the
beginning of the 2020s, graphed using timeseries superimposed with yearly SMB values, and
then analyzed. Snowfall during extreme blocking events decreased since the 1990s. The apparent
cyclical nature of snowfall contributions led to an examination of possible low-frequency
atmospheric circulation features that could be coincident or driving blocking, such as changes in
the North Atlantic Oscillation (NAO). The negative phase of the NAO is correlated with

blocking episodes over Greenland (Hanna et al., 2015). While there was not a relationship
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between NAO and snowfall during extreme blocking that captured all events, some years did
share similarities. For example, high snowfall totals tended to occur during weaker negative
NAO phases (-1 — 0) as well as positive NAO phases. This is a significant finding as blocking
events are strongly related to negative NAO (e.g., Woollings et al. 2018). Negative NAO, with
extreme blocking episodes, should produce strong sensible heat advection and limit snowfall
production, which is counterintuitive to large surface mass gains. (Some blocking events with the
greatest surface mass loss and lowest snowfall totals occurred in months with a strongly negative
NAO (< -2)). In sum, extreme blocking with a weakly negative NAO was conducive to snowfall,
but when it occurred with strongly negative NAO, the result was a reduction in snowfall and

more mass loss.

During events with greater snowfall, the periods of extreme blocking appeared shorter
than the low/no snowfall events. Greater snowfall tended to occur during blocking periods of
between 5 — 10 days, while periods of long extreme blocking — often exceeding greater than 2
weeks of concurrent extreme blocking conditions — occurred in years that resulted in average

snowfall totals of < 1 mm.

This region showed similar or increasing rainfall later in the record. This supported
results that identified increasing positive trends across the entire ice sheet, but particularly in
northwestern Greenland (Box et al., 2023; Collins et al., 2013; Huai et al., 2022; Niwano et al.,
2021). An increase in liquid precipitation in a warm environment plays a role in ablation due to
raising the liquid water content of the snow and lowering the surface albedo, as well as cloud
condensation releasing latent heat. Lower surface albedo and latent heat release further result in
above-average temperatures from heat release and increased radiation absorption because of

lower albedo. Above-average temperatures make it harder for liquid precipitation to refreeze as
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well as facilitating the melting of ground snow, both of which lead to increased runoff amounts,

as is reflected in the increased runoff.

The significance of the changing trends in precipitation brought on by extreme blocking
events lies in its implications for future surface melt. Prior to the mid-2010s, extreme blocking
events had the capabilities to bring large amounts of snowfall that would positively impact SMB.
Instead of bringing large amounts of snowfall, some of this precipitation is falling as rain instead,

and less of this rain is refreezing and contributing mass to the firn.

Sublimation resulting from extreme blocking decreased and played a smaller part in
surface ablation as it was an order of magnitude smaller than runoff. Less sublimation implicitly
means that less surface energy is being used to transition snow to vapor, which even if not as
significant to SMB, still increases the temperature of the firn (Zolles & Born, 2024). The changes

in sublimation did not appear to contribute meaningfully to the changes observed in SMB.

Runoff increased during extreme blocking events during the study period. While a
portion of this increase is probably attributed to greater rainfall, throughout this thesis we have
discussed the possibility of meltwater refreezing as a means of offsetting surface mass losses
from runoff. During normal circumstances, meltwater refreezing currently prevents
approximately 50% of meltwater being produced from turning into runoff (Amory et al., 2024);
however, in the context of a warming snowpack due to extreme blocking, this process is not as
straightforward as it seems. Studies have already documented decreasing firn thickness in
Greenland (Brils et al., 2022; Kuipers Munneke et al., 2015; Medley et al., 2022). When surface
ice initially begins to melt, the small pockets of space between the molecules of snow (firn) will
become even smaller as higher liquid water content will lead to a denser snowpack. As meltwater

refreezing depends on the retention of water in the firn, the denser the snowpack becomes the
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less capable it is retaining and refreezing meltwater and potentially also forming an impermeable
layer near the surface of the firn, therefore allowing for greater runoff potential (Amory et al.,
2024; Braithwaite et al., 1994; Harper et al., 2012; Pfeffer et al., 1991). In sum, it is possible that
a portion of the increase in runoff over the course of our study period is attributed to the

densification of firn limiting the capacity of meltwater refreezing and allowing for greater runoff.

4.1.3 Radiation Balance

The surface energy budget, which is the balance between incoming and outgoing
shortwave and longwave radiation, is affected by abnormally clear or cloudy conditions
associated with blocking. Incoming shortwave radiation from the sun passes through the
atmosphere on its way to the surface, but a component is backscattered away from the surface by
hydrometeors in clouds and the clear atmosphere. Differences in cloud properties, including
water droplet size, shape, and overall liquid water content all play a role in the absorption,

reflection, and transmission potential of radiation in clouds (W. Wang et al., 2018).

Shortwave radiation is also reflected at the surface as a function of the surface albedo.
Although no surface absorbs or reflects 100% of radiation, lighter objects have higher rates of
radiation reflection than darker objects. Snow is highly reflective, and fresh snow can reflect
more than 80% of incident shortwave radiation. Older snow is darker due to an accumulation of
impurities and growth in the size of snow grains and therefor absorbs more heat than freshly
fallen snow. Snow that has gone throw melt-freeze metamorphosis also is less reflective, but the
addition of fresh snowfall will increase the albedo. Reduced cloudiness during blocking may be
associated with anomalously low snowfall amounts, additionally lowering the overall albedo of

the ice sheet (Rajewicz & Marshall, 2014; Tedesco & Fettweis, 2020; W. Wang et al., 2021).
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Extreme blocking events drive changes in cloud cover distribution, which directly affects
the radiation balance through cloud radiative forcing (i.e., clouds reduce downwelling shortwave
radiation and increasing downwelling longwave radiation,) and indirectly affects the radiation
balance by altering the surface albedo through melt and new snow accumulation. As previously
discussed, blocking events have been connected to reductions in cloud cover that can enhance
surface melt and heatwaves. The results in Chapter 3 demonstrated several key variables

associated with reduced cloud cover, including greater downwelling shortwave radiation.

The time series of extreme blocking events demonstrated several changes in the surface
energy budget components during the period of record. The changes in the radiation budget
suggested increased cloud cover in northwestern Greenland (Basin 8), allowing enhanced surface
melt. Previous research by Bennartz et al. (2013) has suggested that low-level liquid clouds have
played a large role during ice-sheet wide summer melt events in the past (Bennartz et al., 2013;
Noél et al., 2019; Shupe & Intrieri, 2004; Van Tricht et al., 2016). These clouds are unique in
that they have a low optical thickness, thin enough that it allowed shortwave radiation to pass
through yet thick enough to prevent a greater fraction of longwave radiation from radiating into
space. Bennartz et al. (2013) found that this cloud type did also tend to occur most often during

the summer.

More recent patterns of extreme blocking may have enhanced negative SMB through
increased clouds and resulting changes in cloud radiative forcing. While the evidence presented
through the regional averages is not conclusive, downwelling shortwave radiation decreased and
longwave radiation increased on average during extreme blocking events, which suggested
increased cloud cover. SHF increased and was critical in bringing greater melt energy into the

firn, which had a reduced albedo in later extreme blocking events due to less fresh snowfall and
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greater rainfall amounts. This wetter, warmer snowpack was also shown to have a lower surface
albedo than it did in the past; despite less shortwave radiation reaching the surface, a higher

fraction of this radiation could be absorbed and further warm the firn.

This current trend is important to highlight due to a likely positive feedback loop. As the
snowpack continues to warm and become wetter through longwave and shortwave radiation
absorption, as well as less snowfall and more rainfall, it will continue to lower the surface
albedo. Consequently, lower surface albedo will also allow even greater radiation absorption,
more surface melt from warmer conditions, and therefore an even lower surface albedo,
continuing the loop. Further, as the firn densifies, the water holding capacity decreases, allowing
runoff to begin earlier in the season and less meltwater refrozen in the pack. As blocking events
are expected to become more frequent and perhaps longer or more amplified, there may be more
opportunities to trigger the feedback loop and continue the acceleration of mass loss. This
feedback loop is not exclusive to extreme blocking events, as a warmer surface and lower albedo

would continue to act after an extreme blocking phase has concluded.

4.2 Case Studies

Several case studies, chosen during different periods within the record, were examined to
provide a different perspective on research questions that cannot be conclusively addressed in the
previous analysis. While the case studies themselves are also not conclusive, together with the
previous analysis they provide greater insight. Four extreme blocking events were chosen for
further study based on loss/gain of SMB and whether they occurred earlier and later in the study

period.
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While these case studies came from separate blocking events, they had similar patterns.
First, the blocking events that resulted in positive SMB required considerable snowfall. The
accumulation of snowfall is instrumental in offsetting possible losses through meltwater
production and runoff. However, snowfall itself was not the only important factor, the snow also
needed to stay on the ground and not melt. This is where surface and atmospheric temperatures
as well as sensible heat flux became critical. Temperatures that were well below freezing,
especially on the ground would be important to keep fresh snowfall intact and help meltwater
refreeze, thereby positively impacting SMB. It would also help prevent substantial meltwater

production.

A negative SHF, which means heat transfer from the surface to the atmosphere thereby
cooling the surface, also reduced mass losses. The inverse of this is also true, as reflected by the
July/August 2019 event, which had several days with an anomalously high SHF. Not only did the
additional melt energy prime ice for meltwater production, but it therefore also reduced the

surface albedo by raising the liquid water content of the ice pack.

The case studies, while informative, are insufficient to conclusively establish a pattern
between cloud radiative forcing effects on mass balance and extreme blocking events. However,
variability in cloud cover appeared to play a role in SMB. First, optically thin clouds, such as
most of the clouds that occurred during our case studies, tended to let more shortwave radiation
reach the surface. However, when we had multiple layers of clouds across the upper, middle, and
lower troposphere, it tended to function similarly to optically thick clouds. For example, June
1997 had large mass gains while having thin clouds that were widespread amongst all layers of
the troposphere. Shortwave and longwave radiation were affected by this cloud coverage, i.e.,

days of greater cloud extent had reduced downwelling shortwave radiation and reduced

80



upwelling longwave radiation. The finding of multiple thin cloud layers acting like an optically
thick cloud layer and thereby affecting GrIS mass balance has not been discussed in previous

research and is a unique contribution of this thesis.

Another interesting distinction between the negative and positive SMB case studies was
in the magnitude of landfalling water vapor transport. June 1997 and August 2014 had higher
average [VT than the negative SMB events, especially June 1997 where IVT averaged over the
period was over 2.5 times as large as during the negative SMB events. The higher average IVT
could possibly be connected to several key factors in positive SMB, including cloud coverage
and enhanced snowfall which both rely on water vapor to form. Previously we discussed that
cloud coverage and snowfall also seemed to be two of the most influential contributors to
positive SMB, so it stands to reason that greater water vapor transport could have been a

supporting factor for this gain.

Cloud coverage was not the only factor in mitigating or enhancing the effects of surface
radiation budget; albedo also played a critical role. Events that had positive SMB produced
snowfall that raised the albedo of the surface. Higher albedos reflected more shortwave radiation
and thereby prevented absorption of shortwave radiation. As a result, events with high shortwave

radiation would not necessarily have proportionately greater surface absorption.

In summary, positive SMB from extreme blocking events often depended on large
snowfall amounts and surface temperatures that were well below 0°C to ensure snowfall remains
without melt-freeze metamorphism and meltwater production minimized. Negative SMB events
were characterized by high surface melt energy through positive SHF and surface temperatures
near freezing. Additionally, a lack of fresh snowfall not only fails to offset surface mass losses

but also contributed to lower surface albedo and increased the absorption of downwelling
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radiation. This contributed to a positive feedback loop which coupled with a continually
warming atmosphere that also further enhances surface melt conditions, and these events were
more common at the end of the study period. The trends in extreme blocking-related events
suggest they will more likely contribute to large mass loss events, which is discussed in the final

chapter.
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CHAPTER 5

CONCLUSION

Recent research has indicated that the northwestern Greenland ice sheet is experiencing
surface mass loss at increasingly accelerated rates. This is due in part to synoptic-scale, quasi-
stationary high-pressure systems known as atmospheric blocks, where some of the most intense
“extreme” blocks are increasingly resulting in significant ice-sheet wide surface melt and runoff,
and recent events appear less likely to produce heavy snowfall that can mitigate mass losses. As
some research has suggested that blocking events will become more frequent and higher
amplitude — albeit contrary to current climate model projections — the current definition of
“extreme” blocking will also change, shifting the normal distribution curve further and
redefining the spectrum of blocking. Additionally, the nature of surface and atmospheric
conditions resulting from atmospheric blocking, such changes in sensible and latent heat and
cloud radiative forcing, is likely to change with this redefinition of blocking. For these reasons,
extreme blocking and its effect on the SMB of the Greenland ice sheet needs greater attention

and research.

5.1 Summary of Key Findings

While previous research has found discrepancies in blocking effects over various parts of
the ice sheet (Preece et al., 2022; H. Wang et al., 2024), a more detailed explanation for how
blocking conditions affect northwestern Greenland has not been conducted prior to this thesis.
Further exploring the relationship between extreme blocking episodes and surface melt in

northwestern Greenland is critical due to the rapid warming occurring at high latitudes. While a
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warming atmosphere, by itself, will contribute to enhanced ice sheet melt, changes in
atmospheric circulation that include more high amplitude blocking may further increase the
magnitude of surface melt and mass loss. Extreme blocking episodes may also contribute to a
feedback, or a “memory” effect, that lasts beyond the blocking event. For instance, a blocking
event that contributes to a warming of the firn (i.e., a reduction of the “cold content” of the ice)
or alters the surface albedo through melt-freeze metamorphism, may lead to increased melt and
runoff later through positive feedbacks. Conversely, a blocking event that produces high snowfall

rates and increases surface albedo may produce a negative feedback.

To explore the relationship between extreme blocking and SMB in northwestern
Greenland, this study used downscaled regional climate data from Modéle Atmosphérique
Régionale (MAR) and ERAS5-Reanalysis to look at long-term trends and individual extreme
blocking events through time series of the surface energy budget components associated with
these events and through case studies of positive and negative SMB events that occurred earlier

and later in the study period.

Our first research question sought to answer how SMB during summertime extreme
blocking has changed over a 33-year period from 1990-2023 in northwestern Greenland, and
how SMB compares to other portions of the ice sheet. Our findings revealed that recent extreme
blocking more often resulted in negative SMB than earlier in the study period, particularly since
the mid-2010s as Basin 8 had not shown a positive SMB summer since 2014. In relation to the
other 7 major ice drainage basins, Basin 8 surface mass loss was the fourth highest in the 2020s,
showing an acceleration that surpassed that of one other basin since the 1990s. Overall, our
results do support the notion of surface mass loss acceleration as a result of extreme blocking

conditions in northwestern Greenland.
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Our second research question sought to address how surface energy balance components
during extreme blocking events have changed since the beginning of the study period, and
perhaps even more importantly, how the components interact with SMB and what dictates mass
loss versus mass gain. Recent extreme blocking was commonly associated with lower albedo,
greater rainfall, less snowfall, and more positive SHF, leading to increased surface melt energy
and greater meltwater production, similar to results from previous work (Blau et al., 2024; W.
Wang et al., 2021). Meltwater increasingly resulted in runoff, instead of refreezing in the firn.
Lower surface albedo spawned by a larger proportion of liquid water content, contributed to the
lower albedo and greater absorption of downwelling shortwave radiation, even as shortwave

radiation itself was decreasing due to changes in cloud cover.

Extreme blocking episodes that resulted in positive SMB were mostly dominated by high
snowfall and low temperatures but still resulted in meltwater production and runoff. The
magnitude of snowfall at higher elevations of the region could overwhelm the losses through
runoff at lower elevations. Our case studies suggested that greater snowfall totals and cloud
extent could have been spawned by greater water vapor flux into the region. Additionally, several
years with high snowfall that resulted in positive SMB occurred in tandem with a weak negative
or positive NAO. Our results also suggested that multiple layers of widespread thin clouds could

function similarly to more optically thick clouds.

While the surface-albedo feedback loop is a well-documented phenomenon (Guo et al.,
2025; Janoski et al., 2023; Ryan, 2024), the positive feedback loop as it relates to and is
enhanced by Greenland blocking is less studied. Recent research has correlated Greenland
blocking to lower surface albedo (Lewis et al., 2021). More recent extreme blocking events

brought greater SHF from the atmosphere to the surface, increasing melt energy. As ice melts and
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the liquid water content of the snowpack increases, reduced albedo allows for greater absorption
of downwelling radiation and further warming of the snowpack, contributing to the positive
feedback. Furthermore, recent extreme blocking was less likely to produce heavy snowfall that
would counter surface mass losses. Rainfall has increased in more recent extreme blocking
events, at the expense of snowfall; rain introduces additional heat into the ice and contributes to
lower surface albedo. Finally, despite extreme blocking episodes showing a trend of decreasing
shortwave radiation and increasing longwave radiation, the simultaneous lowering of surface

albedo during more recent extreme blocking allowed more shortwave absorption.

5.2 Future Research

In the future, research could further focus on utilizing this methodology in a variety of
ways. First, this body of work only encompassed summer extreme blocking events and could be
expanded to include spring, fall, and wintertime extreme blocks to parse out trends. Prior studies
have included blocking seasonality components (Barrett et al., 2020; Barriopedro et al., 2006;
Lupo, 2021), but to our knowledge none have looked at seasonality of extreme blocking
specifically to Greenland on a basin scale. Continuing to study extreme blocking conditions by
categorizing by blocking type similar to work done by Preece et al (2022) could also yield
further reasons behind blocking and surface melt in individual basins. Alternatively, continuing
to focus on other components of extreme blocking such as duration or the link between extreme
blocking episodes and other natural phenomena such as teleconnections or enhanced moisture

transport could also produce interesting results.

Additionally, while these results document a negative trend in SMB under extreme
blocking conditions, this work was entirely focused on the recent historical record. Using similar

methods with the Climate Model Intercomparison Project 6 (CMIP6) output could allow greater
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insight into melt events based off of different climate scenarios as laid out in the Representative
Concentration Pathways (RCP), particularly as some research suggests that there have been
improvements in CMIP6 resolving blocking episodes compared to prior iterations (D’Andrea &
Davini, 2020). This could also prove extremely useful for physical and social scientists, as well
as local communities as they navigate serious consequences such as environmental loss and

flooding due to Greenland’s diminishing ice sheet.
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