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Abstract

The Greenland ice sheet is projected to continually lose mass at an accelerating pace dur-
ing the 215t century. Being the second largest single ice mass on Earth and the largest
in the Northern Hemisphere, this has implications both for future sea level rise and the
surrounding climate system. In order to realistically represent the changing Greenland ice
sheet in a global climate model system, two-way coupled climate model - ice sheet model
systems are needed. In this project, a dynamical ice sheet model for the Greenland ice
sheet was coupled to a global climate model and emerging consequences investigated.

The interface for coupling the climate model EC-Earth 3 and the ice sheet model PISM
v1.2, which was developed in this project, is described in detail. The interface offers two
different ways of forcing the PISM ice sheet model: one with surface forcing generated
by EC-Earth 3 and another with surface forcing generated by the downscaled energy bal-
ance model CISSEMBEL, which itself uses atmospheric forcing data from EC-Earth 3.

CISSEMBEL experiments are performed and resulting surface mass and energy fluxes
compared with stand-alone EC-Earth 3 model data. The experiments use atmospheric
forcing from 29 year EC-Earth 3 experiments: two pre-industrial historical and two SSP5-
8.5 scenario experiments. One of each uses a constant albedo over glaciated areas and
one uses a variable albedo scheme, allowing albedo-melt feedback. Using the variable
albedo scheme, CISSEMBEL generates 218% and 238% more melt than EC-Earth 3 in
the pre-industrial and scenario experiments, respectively.

Ice sheet initial states for the coupled system experiments are generated with PISM initial-
ization experiments under pre-industrial surface forcing. Separate initial state ice sheets
are generated for the two different forcing methods in the coupled system. The resulting
ice sheet based on surface forcing from EC-Earth 3 has 15.0% more mass and covers
a 28.0% larger area than the observed present-day Greenland ice sheet. The ice sheet
forced by CISSEMBEL data has 8.5% less mass but covers a 5.2% larger area than the
observed present-day Greenland ice sheet. Spatial differences in surface mass balance
forcing from the two models are the key factor in determining the resulting ice sheet ge-
ometries.

Finally, two 80 year abrupt-4xCO, scenario experiments for testing the fully coupled sys-
tem are performed. In one, PISM is forced with surface forcing data from EC-Earth 3 and
in the other with surface forcing data from CISSEMBEL.

The impact of the coupling on the two meter air temperature, surface mass and surface
energy fluxes in EC-Earth 3 is assessed by comparison to a 50 year EC-Earth 3 stand-
alone experiment of the same scenario.



The Greenland ice sheet has an increasingly negative mass balance throughout both cou-
pled experiments. The EC-Earth 3 forced ice sheet has an average ice discharge con-
tribution of 18.1% to the total mass balance while for the CISSEMBEL forced ice sheet
this fraction is 4.7%. The EC-Earth 3 and CISSEMBEL forced ice sheets lose 5.7% and
6.1% of their mass, respectively. This equals respective cumulative contributions to global
mean sea level rise of 473 mm and 406 mm.
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1 Introduction

The present-day Greenland ice sheet is estimated to hold freshwater with the potential
to raise the global mean sea level by 7.4 meters. [Morlighem et al., 2017] Since the late
1990s, it is losing mass at an accelerating pace due to increases in both melt water runoff
and ice discharge. [Broeke et al., 2016] In its 6™ assessment report, the Intergovern-
mental Panel on Climate Change (IPCC) rates it as very likely, that human influence has
contributed to surface melting over the Greenland ice sheet and as virtually certain, that it
will continually lose mass during the 215t century. [IPCC, 2021] The extent to which this
will be the case and thus, how large the Greenland ice sheet’s contribution will be to future
sea level rise in a warming climate is of considerable interest and subject of numerous
projection studies. [Goelzer et al., 2020], [Muntjewerf et al., 2020a]

A changing Greenland ice sheet has implications for not only the future sea level but the
surrounding climate system, affecting the atmosphere through, among other things, its
changing topography and surface albedo and the ocean through potentially increased
freshwater fluxes. In order to capture the numerous complex interactions and feedback
mechanisms between large ice sheets and the climate system (section 2), two-way cou-
pled climate - ice sheet model systems are needed, which allow a dynamical ice sheet to
be influenced by the climate state and vice versa.

Development of these model systems has been a growing area of research and recent
progress is described in the following paragraphs.

One of the first two-way coupled general circulation - ice sheet models was presented by
[Ridley et al., 2005]. The third Hadley Centre Coupled Ocean—Atmosphere general circu-
lation model (HadCM3) with a horizontal resolution of 2.5° latitude by 3.75° longitude and
19 vertical levels in the atmospheric part as well as 1.25°x1.25° and 20 vertical levels in
the ocean model is coupled to the three-dimensional Greenland ice sheet model (GISM,
20 km x 20 km resolution). HadCM3 is run for one year and provides monthly 1.5 meter
air temperature anomalies and annual precipitation values to the ice sheet model, which
then in turn runs for one year and uses a positive degree day model to calculate surface
melt and the surface mass balance. The ice sheet model returns an updated orography
and fluxes of ice surface runoff, basal ice melt, land surface runoff and iceberg calving. An
ice sheet mask is defined based on the orography to determine the area over Greenland,
where the land surface scheme is modified to represent ice sheet conditions.

This system contains many vital parts of any two-way coupled system. Over the years
multiple improvements were made such as the inclusion of a vegetation and a thermo-
dynamical ice sheet model into a coupled general circulation model - ice sheet model
system ([Mikolajewicz et al., 2007]). [Vizcaino et al., 2013]'s coupled system (Community
Earth System Model 1.0 (CESM1.0) with Glimmer Community lce Sheet Model (Glimmer-
CISM)) features a significant increase in horizontal resolution (0.9°x1.25° in atmosphere
model, 1°x1° in ocean model, 5 km x 5 km in ice sheet model) as well as calculation
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of the surface mass balance in a dedicated land surface model by solving the surface
energy balance, rather than relying on a positive degree day scheme. This system also
includes downscaling of the surface mass balance to the ice sheet resolution by the use of
fixed elevation classes in the land model, where each elevation class receives the same
temperature, specific humidity, and downward radiative fluxes from the atmosphere, but
calculates its own latent and sensible heat fluxes, upward radiative fluxes, subsurface
temperature and water content.

DMI’s first two-way coupled climate model - ice sheet model system couples the climate
model EC-Earth version 2.3 (approximate horizontal resolution in atmosphere model 125
km, 1°x1° in ocean model), which includes models for atmospheric dynamics, surface
processes, the ocean and sea ice, with the ice sheet model PISM (horizontal resolution
20 km x 20 km). It was developed by [Svendsen et al., 2015]. Surface melt is mod-
eled in the coupled system by solving the surface energy balance. The model takes the
ice sheet extent into account, allows calculation of melt over these areas and modifies
soil properties, such as setting a constant 0.8 albedo, to reflect the presence of ice. Ice
sheet surface forcing is provided as surface mass balance and below-firn temperature by
EC-Earth 2.3, where the temperature is lapse rate corrected to account for topography
differences between the climate and the ice sheet model. Surface mass balance forcing
is not downscaled to the ice sheet topography.

One of the most recent additions to the list of coupled global climate - ice sheet models is
the coupled CESM2.1-CISM2.1, developed by [Muntjewerf et al., 2021]. Its calculation of
surface mass balance in the surface component is based on the surface energy balance
and uses elevation classes to downscale the air temperature, upon which further eleva-
tion class specific climate variables are calculated, and downward long wave radiation.
SMB is calculated for each elevation class and tri-linearly remapped to the finer ice sheet
model topography while ensuring mass conservation. Albedo is calculated by a sophis-
ticated model taking, among other things, snow grain size evolution and impurities into
account. The land model distinguishes different surface types and has 15 layers for ice as
well as up to 12 layers to represent snow and firn, depending on snow depth. Compaction
of snow into firn is modeled as a result of overburden pressure, snow metamorphism and
enhanced wind-driven surface compaction.

1.1 Overview

A coupled EC-Earth - PISM system was developed by [Svendsen et al., 2015]. Itis based
on EC-Earth version 2.3 and PISM version 0.5. In their report, the authors highlight sev-
eral areas for possible improvement of the coupled system, among them an increase in
resolution, use of an improved albedo scheme and use of a multi-layer snow or surface
energy balance model. The release of EC-Earth 3, offered the opportunity for develop-
ment of an updated coupling interface. Development of this updated coupling interface,
the ISM-Mapper, was the primary goal of this project. The updated coupled system in
its current state, features updated model versions (EC-Earth 3 and PISM version 1.2),

2



1.1 Overview

improvements the report’s authors made to the land ice physics in EC-Earth 3 (including
an albedo scheme enabling albedo-melt feedback, [Madsen et al., 2021a]) and a higher
resolution in both EC-Earth 3 and PISM. The downscaled surface energy balance model
CISSEMBEL can be used in the coupled setup for calculating surface forcing for PISM,
instead of calculating it directly from EC-Earth 3 model variables. This addresses the lack
of a downscaling option for calculating the surface mass balance and of a sophisticated
multi-layer snow scheme in EC-Earth 3.

The second goal was to estimate the Greenland ice sheet’s response to high greenhouse
gas forcing in two coupled 4xCO, scenario experiments.

Section 2 gives an overview over interactions and feedback processes between the Green-
land ice sheet and the surrounding climate system, followed by short descriptions of the
concepts of ice sheet mass balance and surface energy balance.

Section 3 offers descriptions of the models which are used in this project. A high level
overview over the developed EC-Earth 3 - PISM coupled system and its two different ways
of forcing the ice sheet is given. The following subsection on the global climate model
EC-Earth 3 describes its different components, relevant configurations and details on the
calculation of the surface energy balance, runoff as well as albedo and ice discharge in
the model. The subsection on the downscaled surface energy balance model CISSEM-
BEL provides details on the surface energy balance calculation and albedo schemes in
the model. Additionally, the lapse-rate based downscaling feature is described. Theory
on ice dynamics and thermodynamics in PISM along with modeling choices regarding
surface forcing and ice discharge are addressed in the final subsection.

The coupled EC-Earth 3 - PISM system is described in detail in section 4.

Section 5 explores the differences in modeled surface mass balance and surface energy
balance components from EC-Earth 3 (uncoupled) and CISSEMBEL in order to better un-
derstand their respective impact on later performed coupled experiments. A comparison
to surface mass balance data from ERA5-Reanalysis is provided.

Section 6 addresses PISM ice sheet initialization experiments under surface forcing from
EC-Earth 3 and CISSEMBEL. The resulting ice sheet states are used as initial states in
the coupled experiments.

Section 7 describes the results of the first test runs of the coupled EC-Earth 3 - PISM
systems. Results examine the Greenland ice sheet’s response to a warming climate in
an abrupt-4xCO, simulation. Effects on the local climate in EC-Earth 3 are explored as
well.
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Section 8 concludes the thesis, summarizes the key findings and provides an outlook on
future work.



2 The Greenland Ice Sheet and its Environment

Ice sheets are important parts of the climate system. Both direct interactions with the
climate and feedback processes shape the evolution of ice sheets. The atmosphere and
ocean influence ice sheets through surface and sub-ice shelf mass and energy fluxes. Ice
sheets influence the atmosphere through their changing topography, extent and surface
type, and the ocean by being a source of freshwater influxes from runoff of surface and
basal melt water and calving of icebergs.

The change in ice sheet mass is quantified via the ice sheet mass balance. Mass is gained
through snow deposition on the surface while it is lost through runoff of melt water, calving
and sublimation processes among others.

The surface mass balance is concerned with the balance of surface accumulation and
ablation processes. Atmospheric forcing such as temperature and precipitation play an
important role.

The surface energy balance is calculated from surface energy fluxes such as solar and
thermal radiative fluxes and sensible and latent heat fluxes. The surface energy balance
determines the presence and amount of melting.

Figure 1 gives an overview of ice sheet - climate system interactions which affect both the
climate system and the ice sheet itself. Some of these interactions will be described in
detail in this section.
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Figure 1: Overview of the interactions of an ice sheet with the climate system. Credit: Figure 1 in
Box 5.2, IPCC AR5, [Pachauri et al., 2014].



2.1 Greenland Ice Sheet - Climate Interaction

2.1 Greenland Ice Sheet - Climate Interaction

Since the focus of this work is the Greenland ice sheet (GrlS), its interaction with its en-
vironment will be the primary focus of this section. Three categories of interactions are
described:

1. the climate system’s impact on the GrlS,
2. the Greenland ice sheet’s impact on the climate system and

3. feedback mechanisms arising from this two way relationship.

2.1.1 The Climate System’s Impact on the GriS

The GrlS has multiple boundary surfaces, through which it interacts with its environment.
Different components of the climate system exert forcing on it and change its mass. The
top ice sheet surface acts as an interface to the atmosphere, submarine boundaries in-
teract with the ocean while the ice sheet base interacts with the lithosphere-mantle.

Atmosphere

The atmosphere impacts the surface mass and energy balance of the ice sheet. At the
surface, the GrIS gains mass through solid precipitation and loses mass through surface
ice melt and turbulent moisture transport.

The seasonality and location of precipitation over Greenland is strongly influenced by
cyclonic systems in the North Atlantic region. [Fyke et al., 2018] These systems form
along the Eastern North American coast and follow a north-eastward path with the west-
erly winds towards the southern tip of Greenland. From there, they either travel along an
eastward path into the Norwegian Sea or along a northward path along Greenland’s coast.
[Schwierz and Davies, 2002] The low pressure cyclonic systems advect moist air from the
open North Atlantic to Greenland’s southern coastal areas, where the topography changes
rapidly. As the air gets lifted, it cools adiabatically and saturates, causing heavy precipi-
tation over the ice sheet. [Schuenemann et al., 2009] Other varying regional climate pat-
terns influencing precipitation over Greenland include the North Atlantic Oscillation (NAO),
the Atlantic Multidecadal Oscillation (AMO), the northern polar jet stream and the Green-
land Blocking Index (GBI). [Fyke et al., 2018] ERA5 data [Mufioz Sabater, 2019] shows
a fraction of roughly 91% solid precipitation of the total precipitation over Greenland with
the remaining part falling in liquid form, primarily in lower altitude areas along Greenland’s
south-western shores.

Figure 2 shows mean winter, summer and annual precipitation patterns over Greenland.
In winter, precipitation is highest along the south-eastern shore of Greenland with less
precipitation over the rest of the GrlS. During the summer months, a more even precipita-
tion distribution over the ice sheet can be observed. A factor contributing to this is that a
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2.1 Greenland Ice Sheet - Climate Interaction

high GBI, which is observed during the summer months, correlates with warmer, moister
southerly winds being advected over the ice sheet. The southern part of Greenland shows
a dry anomaly during this time which correlates with a northward migration and weakening
of the northern polar jet stream during the spring months. [Hanna et al., 2016]

Winter DJF)

Summer (JJA) Total Mean
S o= o=

K"

mm (w.e.) day~!

0.0

Figure 2: ERA5 [Mufioz Sabater, 2019] mean total precipitation over Greenland during the winter
months December to February (left), the summer months June to August (middle) as well as over
the whole time period (1981-2021, right). Data bilinearly interpolated to 15 km x 15 km grid.

Runoff off the Greenland ice sheet consists of fractions of melt and liquid precipitation.
Melt affects the ice sheet’s surface mass balance and it occurs, when the ice sheet’s
surface energy balance (SEB) is net positive. In that case, there is energy available for
melting. The main components influencing the surface energy balance are the net short-
wave and longwave radiation fluxes as well as turbulent fluxes and subsurface conductive
heat fluxes. Not all melt and liquid precipitation, however, contribute to runoff. Retention
and refreezing of melt water is an important process for the mass budget of the ice sheet.
[Fausto et al., 2009]

The GrIS’ SEB follows a seasonal cycle, which is strongly shaped by incoming shortwave
radiation. Throughout the year, the ice sheet loses energy to the atmosphere by emitting
longwave radiation. [Van den Broeke et al., 2011] During the summer months, the incom-
ing shortwave radiation flux is highest and the ice sheet surface has a positive SEB during
the day, causing melt. Many of the regional climate patters that influence precipitation,
such as the NAO, AMO and GBI index, also affect the temperature and cloud patterns
over Greenland during summertime. [Fyke et al., 2018]
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Ocean

Submarine melting and iceberg calving are the two main ways, the Greenland ice sheet
loses mass when interacting with the ocean. Submarine melting can be modeled taking
ocean temperatures and currents close to the ice shelve base into account. [Jackson et al., 2014]
Difficulties for modeling submarine melt are the required high resolution and model bi-
ases. Ice shelves, however, only account for less than 1% of the GrIS total area, which
is why iceberg calving likely is the dominating force. [Fyke et al., 2018] While calving is
mainly driven by the dynamics of the ice sheet, submarine melting and ocean conditions
at the calving sites, such as the presence of ice shelves or an ice mélange, do play a
role in the timing and frequencies of calving events. During winter time, growth of sea ice
through freezing of the ice mélange inhibits calving and lets the ice shelf advance. During
spring, as the formed sea ice retreats, calving is renewed. While the ice mélange influ-
ences the timing and frequency of calving events, it is unlikely to impact their magnitude.
[Amundson et al., 2010]

Impact on Ice Dynamics

The discussed climate forcings on the Greenland ice sheet can be summarized as follows:
mass is added over the high altitude interior, mostly through snow fall, and lost to running
off melt water, submarine melting and iceberg calving at the low altitude ice sheet margin.
The resulting positive surface gradient towards the interior of the ice sheet, causes a
gravity-driven dynamical response by the ice sheet. Ice flows from higher altitude, thick ice
regions in Greenland’s interior, towards the lower altitude, thin ice regions on the margin
of the ice sheet. [Fyke et al., 2018], [Rignot and Mouginot, 2012]

2.1.2 The Greenland Ice Sheet’s impact on the Climate

While the GrlIS’ direct influence on large-scale atmospheric circulation is considered
weak, it does affect the regional circulation. A damming of cold air over the ice sheet
interior due to the ice sheet’s high surface elevation and surface albedo influences cy-
clone development in the North Atlantic. Over Greenland, a quasi-permanent anticy-
clone can be observed. It is driven by topographic surface cooling over the ice sheet.
[Fyke et al., 2018]

Ice sheet runoff, calving, submarine and basal melting represent freshwater influxes into
the ocean. These fluxes directly affect the global sea level. With a coupled climate model -
ice sheet model system, [Muntjewerf et al., 2020a] project increased ice loss from Green-
land to cause a rise in global sea level of 10.9 cm until 2100 and under a high emission
pathway. Depending on whether at a particular location the ice sheet is marine or land
terminating, runoff enters the ocean at the surface or submarine at the grounding line,
inducing very different fjord water circulations. Melt water entering at the depth of the
grounding line, can induce turbulent mixing, driving warm and saline water upwards and

8



2.1 Greenland Ice Sheet - Climate Interaction

providing heat to the ice-ocean interface, a source for increased melt. In contrast, sur-
face runoff which enters the sea at the surface from terrestrial points usually remains at
the surface due to its comparatively low density. This means, that runoff from different
parts of Greenland enters the open ocean in very different ways.

Depending on the conditions at the calving site, calved icebergs may enter the open ocean
quickly or remain pinned in a fjord for some time. Generally they melt and decay slowly,
so that freshwater from calving cannot be said to enter the ocean at a specific location
but rather, is distributed over a larger area. Freshwater from runoff at the grounding line,
as well as calved and melted icebergs typically enter the ocean as a vertically diffused
signal, while surface runoff water stays at the surface for some time. This disparity has
implications for the behaviour of the Atlantic meridional overturning circulation (AMOC).
[Fyke et al., 2018] Considerations about other freshwater sources in the region, as well as
recent modeling studies suggest however, that it is unlikely, that present day or future (up
to 2100) enhanced Greenland freshwater supply has a significant impact on the AMOC.
[Dahl-densen et al., 2009], [Devilliers et al., 2021], [Lenaerts et al., 2015]

Modeling results suggest that increased GrlS-melting related freshwater influx into the
surrounding marine ecosystem will contribute to a decrease in net primary production
(NPP) due to surface freshening and enhanced phytoplankton nutrient limitation, caused
by a reduction in upwelling-favoring winds. [Kwiatkowski et al., 2019] A reduction in NPP
will propagate through the Arctic marine food web to local populations of fish, birds and
marine mammals. [Dahl-Jensen et al., 2009]

21.3 GrlIS - Climate System Feedbacks

The GrIS and different parts of the climate system exert forcing on each other. A conse-
quence of this two way relationship is the existence of feedbacks. Feedbacks are pro-
cesses, that either dampen or amplify a given forcing. Positive feedbacks amplifies the
initial forcing, while a negative feedbacks dampens the effect of the initial forcing on a
system. Several ice sheet - atmosphere feedbacks are relatively well-known and studied
while ice sheet - ocean feedbacks prove harder to detect and model. The latter are, as
a result, not as well understood. In this section, three ice sheet - atmosphere feedbacks
will be described.

Geometry - SMB Feedback: The interplay of geometry and surface mass balance gives
rise to not one, but several important feedback mechanisms.

Ablation zones in Greenland are found at the margin in low elevation areas. The posi-
tive elevation - SMB feedback [Oerlemans, 1981] is based on temperatures generally
rising with decreasing altitude. If there is initial melting at a given location, this will re-
move the and hence decrease the altitude at that point. It is now subject to increased
temperatures, leading to more melt and ablation, amplifying the initial signal. Of course,
this also works in reverse. Accumulation increases elevation, decreasing local tempera-

9



2.1 Greenland Ice Sheet - Climate Interaction

tures, leading to less melt (but not necessarily higher accumulation). [Fyke et al., 2018]
The rate of change in surface mass balance with elevation is different for ablation and
accumulation areas, however, which makes it difficult to capture this feedback, using only
a temperature lapse rate. SMB-gradients have also been shown to vary spatially over the
GrIS. [Helsen et al., 2012] [Vizcaino et al., 2015] estimate, that under different Represen-
tative Concentration Pathways, the elevation - SMB feedback contributes an additional
8-11% of GrIS mass loss until 2100 and an additional 24-31% until 2300, compared to
fixed-elevation simulations.

Another important feedback is the negative accumulation - ice sheet advance feed-
back. Assuming an ice sheet in equilibrium with given climate forcing, if we were to ob-
serve additional accumulation over the interior, this would cause increased ice dynamic
flow. Assuming enough persistent accumulation, an advance of the ice sheet on low
elevation land until it meets the coast line would follow. This in turn means, that the abla-
tion zone is increasing or that we observe increased iceberg calving, both of which have
a negative impact on the ice sheet mass balance. This feedback counter-acts the initial
positive mass balance contribution of increased accumulation and stabilizes the ice sheet.
[Fyke et al., 2018]

Other ice sheet topography related feedbacks exist. As mentioned in section 2.1.1, the
southern GrIS experiences orographic precipitation. Under warm conditions with increased
ablation, the ice sheet would likely evolve to have a gentler slope along the southern
perimeter, allowing warm, moist air masses to advect further inland over the interior of the
ice sheet. Increased accumulation over the interior, would increase the elevation gradient
towards the margin, leading to increased ice dynamic flow, yielding a negative feedback
to the initial decreased precipitation along the margin of the ice sheet. [Fyke et al., 2018]

Albedo - Melt Feedback: Satellite-derived surface albedo time series show a connection
between near-surface air temperature and albedo. As mentioned in section 2.1.1, the
annual cycle of the surface energy balance of the GrIS is strongly shaped by the influx
of shortwave radiation (SW). How much of the incoming SW is absorbed by the surface,
depends on the surface albedo

SWhet = SWix(1 ) (1

The surface albedo of ice sheets depends on factors such as snow grain size, impurity
content, snow pack thickness and radiation incidence angle and wavelength. The first be-
ing considered the most important physical parameter regarding albedo. [Painter et al., 2009],
[Adolph et al., 2017] Generally, albedo decreases with increasing snow grain size and in-
creasing radiation wave length. Snow grain size increases as snow ages, especially un-
der warm conditions and melt. As a result, broadband snow albedo is generally highest
for pure, fresh snow at a value of about 0.84. [Konzelmann and Ohmura, 1995] Growing
snow grain size leads to a higher absorption of solar radiation by the ice sheet, further
warming the ice sheet surface and amplifying the initial warm signal, yielding a posi-

10



2.2 lce Sheet Mass Balance

tive feedback. In the GrlS ablation areas, where during summer the accumulated winter
snow cover melts completely, this feedback is even more pronounced. Bare ice is ex-
posed, which is associated with albedo values below 0.6. [Wehrlé et al., 2021] As such,
the strongest impact of the positive albedo - melt feedback is found in the ablation area,
while the strongest impact temporally is during the high solar irradiance summer season.
[Box et al., 2012]

SMB - Discharge Feedback: As the earlier described accumulation - ice sheet advance
feedback, this mechanism negatively impacts an initial surface mass balance signal. Ab-
lation at the ice sheet margin reduces the ice thickness. As ice flow is nonlinearly related
to ice thickness, small changes in ice thickness have a strong impact on ice flow. With
decreasing ice thickness, comes a decrease in ice flow over the grounding line of ma-
rine terminating outlet glaciers, leading to reduced ice discharge. The limit of this is a
glacier retreating to terminate on land, reducing the discharge flux to zero. Increased ac-
cumulation, on the other hand, leads to higher ice thickness, increased ice flow and thus
increased ice discharge. [Fyke et al., 2018]

2.2 Ice Sheet Mass Balance

The ice sheet mass balance governs its evolution and can be formulated like this:

MB = SMB - ID + BM 2)

SMB, or surface mass balance, is the balance of atmospherically driven accumulation or
ablation of mass at the surface. ID, or ice discharge, sums up ice sheet mass loss to
the ocean and includes calving and submarine melting. BM denotes basal melting, which
occurs at the base of the ice sheet due to a reduced melting point of water under the high
pressure of the ice column and basal friction of a sliding ice sheet. As the sign implies,
ice discharge loss can only be larger or equal to zero, while SMB and BM can be larger or
smaller than zero. Common units for surface mass balance include mm water equivalent,
if one is interested in the SMB at a specific location, or Gt year L if the integrated GrIS
SMB is considered. Ice discharge and basal melt are commonly quantified in Gt year 1.
Ice discharge and SMB are not independent, as was described in section 2.1.3. [Box and Colgan, 2013]
show that runoff controls much of the variability in ID. The relative contributions of SMB
and ice discharge to the total ice sheet mass balance varies over time. [Rignot et al., 2008]
estimate ice discharge to dominate GrlS mass loss between 1958 - 2007 with 60%  20%.
[Enderlin et al., 2014] arrive at a similar estimate of 58% ice discharge contribution to total
GrlS mass loss between 2000 - 2005 but estimate a dominance of mass loss due to runoff
between 2009 - 2012 with ice discharge only contributing 32% in that time span. Basal
melting is often one to several orders of magnitudes smaller than ice sheet integrated
SMB and ID and thus has a weaker effect on the total ice sheet mass balance.
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2.3 Surface Energy Balance

2.2.1 Surface Mass Balance

The surface mass balance can be defined as follows:

SMB = Accumulation - Ablation = Snow + Rain - TMT - Runoff (3)

where Snow is snowfall, Rain is rainfall and TMT is turbulent moisture transport by evap-
oration, sublimation and deposition. Runoff in turn is composed of:

Runoff = Melt + Rain - Refreeze 4)

where Refreeze is the sum of refrozen melt water as well as rain freezing on the ice sheet
surface. The amount of occurring melt depends on the surface energy balance.

2.3 Surface Energy Balance

The surface energy balance (SEB) can be defined as:

SEB = SWg(1 ) +F LWy Tg + Hsens + Hiat + Hsup + Hrain ()

where SW; is downward surface shortwave radiation, is the surface albedo, LWy is
downward surface longwave radiation, " is the surface emissivity, is the Stefan-Boltzmann
constant, Ts is the surface temperature and the last four terms are sensible, latent, sub-
surface (towards the surface) heat flux and heat flux due to liquid rain on the surface,
respectively.

If the temperature of the surface is below the freezing point, a positive energy balance acts
to increase the surface temperature and thus the temperature of the snow pack. If the
surface temperature reaches the melting point of water, additional surface energy surplus
will go towards phase change, so melting of the surface layer. In models which cannot
rely on observations to determine presence and magnitude of surface melt, modeling the
surface energy balance realistically is the key to modeling surface melting and thus is
integral to modeling ice sheet surface mass balance.
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3 Models

This section offers an overview over the coupled system and brief descriptions of the in-
volved models: EC-Earth 3 - Veg, CISSEMBEL and PISM. A selection of relevant physical
processes is described for each model.

3.1 Overview of the Coupled Climate Model - GrIS Model System

Section 2 addressed the different ways, the Greenland ice sheet and the rest of the cli-
mate system interact with each other. The representation of these interactions can be
improved by coupling the PISM ice sheet model to the EC-Earth 3 global climate model,
rather than relying on simplified parameterizations within EC-Earth 3.

Figure 3 shows an overview of the two coupling approaches that were implemented and
tested. The standard EC-Earth 3 atmosphere-ocean-sea ice-vegetation coupled system
is depicted in the black box with blue connections between models denoting data ex-
changes between the components. EC-Earth 3 will be described in the following section.
The newly added components are connected to the standard EC-Earth 3 coupled system
with the green, newly implemented connections, in order to facilitate the coupling to PISM.
These data exchanges allow the different models to know about and be influenced by the
state of other parts of the climate system and can thus be considered the heart of the
coupling. The components with red boxes were added to the coupled system. Of these,
PISM and CISSEMBEL are existing models that were used as is. The ISM-Mapper is the
coupling interface that was developed in this project.

PISM and EC-Earth 3 are run asynchronously each year. Each model is run for one year,
generating forcing fields that are then used by the other model as it runs for one year. An
example for this is PISM running for one year, generating a new ice sheet topography and
geometry. EC-Earth 3 then runs for one year as well, incorporating the updated topogra-
phy and geometry and generating the forcing fields for the next PISM run.

PISM results influence the atmospheric dynamics model component IFS by providing up-
dated ice sheet topography and extent. The ocean model NEMO receives fresh water
influxes due to basal melt and ice discharge from PISM. These exchanges are shown by
solid green arrows in figure 3. They are done the same way, independently of whether
the PISM surface forcing is provided by CISSEMBEL or by EC-Earth 3.

PISM itself receives atmospheric forcing, consisting of the surface mass balance and
below-firn ice temperature. Two different approaches for modeling this atmospheric forc-
ing were implemented and tested in this project.

The first approach uses IFS variables of precipitation, evaporation and runoff directly to
calculate the resulting surface mass balance. The soil temperature from the land surface
model HTESSEL is used as the below-firn temperature. Data exchanges facilitating this

13



3.2 EC-Earth 3 - Global Climate Model

Added

Approach 1

Dynamic Vegetation Atmospheric Dynamics Ocean / Sea Ice
LPJ-GUESS IFS / HTESSEL Nemo 3.6 / LIM3

EC-Earth 3 - Veg —»Runoﬁ Mapper

Figure 3: lllustration of EC-Earth 3 - PISM coupling. Model components within the black box are
part of EC-Earth 3. Components that have a red box were added to the coupled system. PISM
and CISSEMBEL are existing models which were coupled to EC-Earth 3. The ISM-Mapper is
a coupling interface that was developed in this project. Green arrows show newly implemented
connections to facilitate coupling between EC-Earth 3 and PISM in approach one (finely dashed
green lines) and EC-Earth 3, PISM and CISSEMBEL in approach two (coarsely dashed lines).
Solid green connections are used by both coupling approaches.

coupling approach are denoted by the finely dashed green arrows in figure 3.

In the second approach, the CISSEMBEL energy balance model, forced by atmospheric
variables from IFS, is used to calculate the surface mass balance. The CISSEMBEL ice
temperature at 10 m depth is used as the below-firn temperature when forcing PISM. Data
exchanges facilitating this coupling approach are denoted by the more coarsely dashed
arrows in figure 3.

When coupling different models, different timesteps, resolutions and domains have to be
accounted for. This makes helper modules, such as the Runoff-Mapper and the ISM-
Mapper necessary. The Runoff-Mapper is responsible for routing water that becomes
available over land, such as runoff, to a set of pre-defined ocean points on the ocean
model grid.

The ISM-Mapper prepares fields coming from PISM or IFS so that they can be used by
the other models and thus functions as an interface between PISM and EC-Earth 3. Both
of these components are described in more detail in section 4.

3.2 EC-Earth 3 - Global Climate Model

EC-Earth 3 is a full Earth system model, developed by the EC-Earth consortium, which
counts 30 research institutes from 12 European countries. [EC-Earth-Consortium, 2021]
Development was sparked in 2006 as an effort, to merge Earth system (ESM) and climate
modeling, and numerical weather prediction (NWP) and thereby, allow each area to profit
from advances in the others.

The most recent version of EC-Earth 3 is a full Earth system model which components
for modeling atmospheric dynamics, land surface processes, the ocean, sea ice, dy-
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3.2 EC-Earth 3 - Global Climate Model

namic vegetation, interactive aerosols and atmospheric chemistry and the carbon cycle.
[Doscher et al., 2021] The configuration EC-Earth 3-Veg is used in this project with in-
cludes the components shown in figure 4 and table 3.2. Going forward, EC-Earth 3 refers
to this configuration. The different components are coupled with the OASIS 3 coupler,
which provides spatial and temporal interpolation routines. [Valcke et al., 2015] The table
below, shows an overview of the active components, their versions and references.

Model

Reference

Atmosphere

Integrated Forcasting System
(IFS, cycle 36r4)

ECMWEF

Land Surface

Hydrology Tiled ECMWF Scheme
of Surface Exchanges over Land
(HTESSEL)

[Balsamo et al., 2009]

(LIM, Version 3.6)

Ocean Nucleus for European Modelling of [Madec et al., 2017]
the Ocean (NEMO, Version 3.6)
Sealce Louvain-la-Neuve Ice Model [Vancoppenolle et al., 2009]

[Rousset et al., 2015]

Dynamic Vegetation

LPJ-GUESS (Version 4.0)

[Smith et al., 2001]

Figure 4 shows a summary of the most important configurations of EC-Earth 3 - Veg in
the present work. IFS, and with it also HTESSEL, is run with a T255 spectral resolution

horizontally and 91 vertical levels on a linear N128 reduced Gaussian grid which corre-
sponds to an approximate 80 km horizontal resolution globally. NEMO and LIM3 are run
with resolution ORCA1L75, a 1 horizontal resolution with 75 vertical levels. Finally, LPJ-
GUESS is also run with T255 spectral resolution.

Dynamic Vegetation q Atmospheric Dynamics Ocean / Sea Ice
LPJ-GUESS 1da IFS / HTESSEL 45 min Nemo 3.6 / LIM3
T255 | 86400 s T255L91 | 2700 s ORCA1°L75 | 2700 s

Oasis3-MCT

45 min

> Runoff Mapper

Figure 4: Coupling scheme and configurations of EC-Earth 3 - Veg. 3rd line of each component
shows the resolution, followed by the model timestep. Coupling timesteps and connections are
shown between the components. Red connections denote exchanges facilitated by Oasis3-MCT.

For simplicity, from here on, HTESSEL and LIM will be treated as sub-models of IFS and

NEMO respectively. The components are coupled and fields are exchanged between IFS
and LPJ-GUESS as well as between IFS and NEMO.
IFS provides soil and 2 meter air temperatures, precipitation, short-wave and long-wave
radiation to LPJ-GUESS. LPJ-GUESS returns the dominant vegetation type, leaf area in-
dex and vegetation cover fraction for both high and low vegetation to IFS.
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3.2 EC-Earth 3 - Global Climate Model

IFS exchanges momentum flux, solar and non solar heat flux, evaporation, solid and lig-
uid precipitation and the sensitivity of non solar heat flux over ice with the ocean model
NEMO, which in turn provides sea surface temperature, sea ice concentration, temper-
ature, albedo and snow thickness on sea ice to IFS. Through the use of the so called
Runoff-Mapper module, which distributes surface water fluxes to a pre-defined set of
ocean points, IFS also sends runoff and calving fields to NEMO.

3.2.1 Surface Energy Balance and Runoff in EC-Earth 3-Veg

In this section, the calculation of surface energy balance and snow melt is described. First
in words and then in more detail including equations. These calculations are handled by
the land surface model HTESSEL.

This section largely follows the IFS documentation [ECMWF, 2010]. Other references are
given where appropriate.

HTESSEL

HTESSEL is the land surface and soil hydrology model within IFS, handling the surface -
atmosphere interactions including surface energy and mass fluxes and sub-surface quan-
tities, such as the soil water budget. In HTESSEL, 8 different surface types, also called
tiles, of surface are differentiated, each of which have different properties affecting sur-
face energy and mass fluxes. The 8 surface tiles are open water, ice water, bare ground,
interception reservoir, low vegetation, high vegetation, snow on low vegetation or bare
ground and snow under high vegetation. A separate solution for the surface energy bal-
ance and skin temperature is found for each tile. These solutions are then combined in
a weighted average of the values of each tile to obtain single values for each grid cell.
Mixing of sea and land tiles is not allowed, so that a grid-cell is either 100% land or water,
depending on which is dominant.

HTESSEL has a simple snow model which simulates an extra snow layer on top of the
four soil layers for snow tiles. Snow can be added to the snow layer through snowfall and
removed through snow melt, which in turn contributes to surface runoff, soil infiltration
and evaporation. Snow melt occurs, if the calculated skin temperature of the snow tile
is above the freezing point. Then, the temperature is set to the freezing point and the
surplus heat is spent on melting snow. The snowpack is characterized by a single snow
temperature Ts, and by snow mass per unit area S. The snowpack can hold liquid water
which affects its heat capacity. How much it holds depends on snow mass, density and
snowpack temperature.

Surface Energy Balance and Mass Balance of Snow Layer

Equation 6 shows the formulation of the skin energy balance in HTESSEL. The unit of
mass fluxes and energy fluxes arekgm 2s 1and Wm 2, respectively. Constants which
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3.2 EC-Earth 3 - Global Climate Model

are not given explicitly here, can be found in table 11 in the appendix. T¢ = 273:15 is the
freezing point temperature of water.

eT
( C)snDsn@iin = Ré\ln + LsEsn + Hgn Gan + LfRFin  LfMgn ér’?IT (6)
where
( C)ice . .
( C)sn sn volumetric heat capacity of snow
ice
S
Dgn = 21[0;1] m snow layer depth
snCsn
Tsn T¢ snow layer temperature
RN =swN +LwN net radiative flux
G z .
Hsens = airCpairjULJCH;i(TL + gC "_ Tskii) sensible heat flux
p;air
LsEsn = Ls airJULICH:ilAL  Gsat(Tsk:i)] latent heat flux, sublimation
T Tsoi
GE = Snriso” snow layer basal heat flux
sn

L¢RFin latent heat flux, freezing of intercepted rain
LfMsn latent heat flux, melting

The net short-wave radiation depends on the surface albedo . Inthe EC-Earth 3 standard
setup, it has a constant value of 0.8 over perennial ice sheets. If an ice sheet extent is
provided, a variable surface albedo scheme allowing albedo-melt feedback can be used.
(see sections 3.2.2, 4.3.1) jU.j, T, z, gL are the wind speed, temperature, height and
humidity of the lowest atmospheric level. g is the gravitational acceleration, Cy:; the tile
specific turbulent exchange coefficient and Cp.air the heat capacity of moist air. rsy, is the
thermal resistance between the middle of the snow layer and the first soil layer. cgn, is the
snow tile fraction of the whole grid-cell. cshnRFin is the flux of rain that is intercepted in the
snow pack. The temperature of rain falling on the snow layer is set as T¢.

The climatological snow depth in IFS is capped at 10 m. Only in the energy balance
equation, the snow depth is limited to 1 m. Otherwise, over large ice sheets like the
GrIS, where most grid-cells have a snow depth of 10 m, the thermal inertia of the snow
layer would be very large, preventing the snow layer from reacting to climate forcing in
reasonable time.

The last term in equation 6, QINT captures the heat change due to snow layer internal
phase changes and is calculated as:

@Si(Tsn; S)
@t

where S is the snow liquid water contentin kgm 2. Liquid water can exist in the snowpack

Q' =LeMINT =L¢

(7)

if Tsn > T¢ 2K. Above this threshold, the snow liquid water content is a parameterized
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3.2 EC-Earth 3 - Global Climate Model

function of the snow temperature and the snow liquid water capacity which increases with
increasing temperature. Depending on the density of the snowpack, snow liquid water
capacity reaches from 3% (at s, <200 kgm 3)to 10% (at sn = 400 kg m 2) and more
of the sum of snow and water in the snowpack. Q!N is strictly positive (but a negative
contribution in 6) and acts as a heat capacity barrier close to T¢. In compacted snow, this
term can increase the snow heat capacity by up to five fold.

The mass balance of the snowpack is:

S
@— = SF +csnRF +CsnEsn Rsn (8)

ot
where SF; RF; Eg, and R, are the mass fluxes due to snowfall, rainfall, sublimation and
runoff.
Equation 6 can be solved numerically for an updated, preliminary snow temperature Tg,.
Two cases are considered:
1) No melt: In this case T, < Tf. The new snowpack temperature is T = T, and the
snowpack thickness is updated using equation 8:

S™l = S+ (SF +cenEsn) t (9)

2) Melt: If T, > T¢, the timestep is split into two fractions: t= t+ ,t.

In the first fraction, the snowpack temperature is reset to T¢, which will also be the new
temperature: T&! = T¢. The length of 1t is then calculated according to equation 6.

In the second fraction, the temperature is held constant and melting occurs. At constant
temperature, equation 6 can be used to obtain the melt flux:

C
CsnMsn = LL:[RQN + LsEsn + Hsn + LeRFin Gan] (10)

which can then be directly used to update the snow layer thickness:

Sl =S'+ (SF +csnEsn) t  CsnMsn ot (11)

Depending on the whether there is snow left after a melt event, the basal heat flux is
adjusted accordingly.
Finally, runoff is calculated as follows:

max
SI

t

R = ¢snMsn + max  cspRF ;0 Imax (12)

where Imax is the maximum infiltration rate of the soil beneath the snow layer. Runoff is
produced, once the melt and rainfall exceed the maximum infiltration rate. I hax depends
on the standard deviation of orography in a given grid-cell, soil texture and soil water
content of the first 50 cm of soil. In partially frozen soil, infiltration is inhibited, increasing
the amount of runoff.
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3.3 CISSEMBEL - Energy Balance Model

3.2.2 Albedo Scheme Copenhagen

In the EC-Earth 3 standard setup, the surface albedo over areas of perennial snow, and

therefore ice sheets, is set to a constant value of 0.8. This fails to account for the impor-

tant albedo - melt feedback.

Thus, a more sophisticated albedo scheme was integrated into EC-Earth 3 by [Madsen et al., 2021b],
which was proposed and described as "Albedo Scheme Copenhagen” in [Helsen et al., 2017].

It is implemented in the HTESSEL code and applied over areas which are specified as

ice sheet covered areas. In this scheme, the GrlS surface albedo can vary between 0.6

and 0.85. When snow falls, the albedo increases in proportion to the amount of snowfall,

according to the equation:

t

. F
'+ min 1; 10 ( snow t) (13)

t+1

where snow = 0:85 is the albedo of fresh snow, tis the model timestep in days and F
is the snowfall rate. For the albedo to be set to the value for fresh snow, the snowfall rate
has to exceed 10 kgm 2 day 1.

In the absence of snowfall, three different scenarios are considered: melting, refreezing
and snow ageing. In the case of melting conditions, which are defined in the albedo
scheme at a snow temperature of Tgn > 2 C, the albedo is instantly set to the minimum
value of min = 0:6. If melting occurred in the previous timestep and thus the albedo is
below the albedo of refrozen snow refrozen = 0:65, the albedo is instantly setto  refrozen-
Finally, in dry conditions, a slow exponential decay is applied to parameterize the effect
of snow grain growth on albedo:

t

firn

t+1 t.
= firn+ max( ; firn) firn €Xp

(14)

where firn = 0:75 is the firn albedo and ¢j,n = 30 days is the e-folding timescale.

3.2.3 Ice Discharge

In EC-Earth 3 the maximum climatological snow depth is set at 10 m. Excess snow is
routed to the ocean by the runoff mapper and regarded as calving. This is thus the ice
discharge mechanism in EC-Earth 3.

3.3 CISSEMBEL - Energy Balance Model

CISSEMBEL is short for Copenhagen Ice Snow Surface Energy and Mass Balance modEL.
It is mainly developed at the Danish Meteorological Institute (DMI) in the R&D department
in collaboration with the Alfred Wegener Institute, Helmholtz Centre for Polar and Ma-
rine Research. [Rodehacke, 2020] It is based on research by [Langen et al., 2015] and
[Langen et al., 2017].

Figure 5 shows a scheme of the CISSEMBEL model, taken from [Rodehacke, 2020]. The
model takes climate forcing fields as input and solves the energy balance equation using
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3.3 CISSEMBEL - Energy Balance Model

the Newton Method for the new surface temperature. CISSEMBEL can be run with dif-
ferent numbers of layers. In the standard setup, the model has 5 layers with thicknesses
of 0.33, 1.0, 3.0, 6.0 and 9.0 meters. If snow is added or removed at the top due to ac-
cumulation or melt, the layer profile gets shifted, rather than the thickness of the top layer
increased or decreased. The top layer is in contact with the atmosphere. Temperature and
density are advected between the layers. Several different albedo schemes are imple-
mented. Additionally, the model offers the possibility of downscaling atmospheric forcing
from a more coarse topography to a finer topography field through lapse rate correction.

» * He
Precipitation A
# %aw * U

L ] : * - » §
w0
* ® c
t Ve b
. un
v

Actumulation

Density Temperature
s}
a ©
0 1]
c [« 1] T
EI ' I
A = . Temperature
9 | §
- m [a]
| Melting

Figure 5: CISSEMBEL model scheme showing surface energy exchanges, as well as sub-surface
processes. Taken from [Rodehacke, 2020]

CISSEMBEL is forced with atmospheric data. Here, this forcing data are fields, gener-
ated with EC-Earth 3 and include: climate model topography (m), surface pressure (Pa),
2 meter air and dew point temperature (K), 10 meter wind (m s 1), total precipitation (con-
vective + large-scale precipitation, kg m ? s 1) and downward surface solar and thermal
radiation fluxes (W m ?).

CISSEMBEL writes out a number of fields such as accumulation and ablation fluxes,
albedo values and snow properties.

The model is initialized with a density and temperature profile in the snow layers. These
quantities are then advected between the layers, depending on surface forcing and re-
sulting new profiles in the sub-surface layers. Therefore, it is important, that the model is
brought to equilibrium with surface conditions at the beginning of a simulations, in order
to avoid unexpected behavior during the run. This is done by running the model with the
provided surface forcing once, using the final state of this initialization as the initial state
for the actual run.
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3.3 CISSEMBEL - Energy Balance Model

3.3.1 Surface Energy and Mass Balance

Equation 15 shows the formulation of the surface energy balance, or surface heat flux,
in CISSEMBEL. All heat fluxes are positive towards the surface. Before the equation is
solved numerically for the new top layer temperature, relevant quantities are calculated
according to the atmospheric forcing at a particular timestep. These quantities include
the air density, vapor pressure and surface albedo. Quantities with subscript ’sn’ belong
to the surface layer. Constants can be found in table 12.

g=1  )SWu+LWg  Td +Hia + Hsens + GE, + Hpp + Hrain (15)

where
1 )SWy net surface solar radiation flux
LWy  T&, net surface thermal radiation flux
Hiat = AjULj(eL(Tair)  esn(Tsn)) surface latent heat flux
Hsens = ¢4 airjULj(Tair  Tsn) surface sensible heat flux
Go=(Tsn 1 Tsn) Con 1 2/( Zsn+ Zsn 1) snow layer basal heat flux
-
pr<=fSF water Cp;snow(Tair ~ Tsn) precip. on snow, phase change
>T
:fRF water[ Cp;Water(Tair Tf) + Cp;snow(Tf Tsn)]
Hrain = RF waterCp;water (Tair ~ Tsn) rain falling on surface

RF and SF denote rain- and snowfall flux, Cp:snow and Cp.water the specific heat capacities
of snow and waterin Jkg 1K 1. cqy = 1:515 is the dimensionless surface drag coefficient.
A = 3:3 10 ?is a constant, e, and es, are the vapor pressure at the atmospheric dew
point temperature and the surface temperature, respectively. They are calculated follow-
ing [Buck, 1981]. The heat flux at the base of the surface layer GB, is calculated from
quantities of the surface layer and the layer below, which is denoted by sn 1. Thus,
Csn 1 is the thermal conductivity of the layer below the surface layer. It depends on the
density of that layer.  z are the respective layer thicknesses.

The new surface layer temperature T, is found iteratively using the Newton Method, as
the root of the function defined in equation 16. Tsn;prev is the temperature at the previous
timestep and ¢, is the density of the surface layer.

F (T) = T + Tsn;prev + q(T)

with F(Tg,) =0 (16)

snCp:snow  Zsn

1) No Melt: T, < T¢. The surface layer temperature is updated as Tsp = Tgp,.

2) Melt: T, >= T¢. the surface layer temperature is reset to Ts, = T¢ and the snow
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3.3 CISSEMBEL - Energy Balance Model

albedo is updated to reflect melting conditions. With these updated values and the con-
dition F (T¢) = 0, the excess temperature Texcess IS calculated.

t
Texcess = Tsn;prev + q(Tf)— Tf (17)

Cp:snow  Zsn

With the excess temperature, the surface melt flux is obtained.

0) snCpisnow  Zsn (18)

Smelt = MaX(Texcess;
I—f ice

CISSEMBEL explicitly models refreezing. Melt water originates from the surface layer
and can penetrate the layers beneath, as long as their density is below the pure close-off
density of cose = 830 kg m 3. At each layer with a density below the close-off density,
a potential refreezing flux is calculated, depending on the layer temperature. The actual
refrozen melt water is then subtracted from the surface melt flux according to a prescribed
profile. This is done as long as the refreezing flux is not larger than the surface melt flux.
Depending on how much surface melt water refroze in a specific layer, the layer’s tem-
perature and density are adjusted.

In the absence of melt, deposition or sublimation mass fluxes are calculated from the la-
tent heat and added to accumulation. Here, it is important to note, that accumulation in
CISSEMBEL is net transport, so a sublimation flux that is larger than snowfall flux can
lead to negative accumulation.

Finally, the density profile of all layers is adjusted to the net transport at the surface. Ad-
vection velocities are calculated, depending on the density of the layer above and the one
below, for each layer. Figure 6 shows schematically the process as well as the equation
for layer two. The density below the lowest layer is the density of ice . The densities
of the layers are controlled by a reference density profile, depending on depth d, given in

equation 19. C4 = 0:024 is a chosen constant.
ref(d) = ice  (ice snow)€Xp(Cqd) (19)
Density (kg m—3)
5‘00305570315320395
_ 0.00 \
AZ'sn - 033 m Tsn,t»l’psn,t-l ]sn,t'psn,t 0.25
0.50
AZ = 1 0 m Tl,!—l |:l‘>T1,! 0.75
1 ’ pl,t-l pl,l=p1,1<1+(Vsnpsn,bl-vlpl,t-l)AZl 1.00
1.25

Figure 6: lllustration of density profile shifting in an accumulation scenario.
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ODSVH UDWHV 7KLV UHTXLUHV WKDW D WRSRJUDSK\LV SURYLG
UDSK\LQ WKH FOLPDWH PRGHO WKDW ZDV XVHG WR JHQHUDWH W
FOLPDWH PRGHO WRSRJUDSK\ DQG DQ DGGLWLRQDO WRSRJUDS
UDWH FRUUHFWLRQ LQ RUGHU WR GRZQVFDOH WKH FOLPDWH IR
SRJUDSK\ 7KLV LV HVSHFLDOO\XVHIXO ZKHQ DVLGH IURP WKH F
WRSRJUDSK\ DILQHU UHVROXWLRQ WRSRJUDSK\LV DYDLODEOF
)RU SUHVVXUH D SDUDPHWHUL]JDWLRQ Rl WKH EDURPHWULF IRL
VWDQGDUG ODS¥HBSDWRIRIRZQZDUG ORQJ ZDYH UDGLDWLRQ LV
ZLWK D FRQVWDQW @ BSVE% DWH RIDSRU SUHVVXUH LV LPSOLFL
VFDOHG WKURXJK WKH GRZQVFDOLQJRIGHZ WHPSHUDWXUH DQ

7KLV IHDWXUHLY QRW XVHG LQDOO &,66(0%(/ VLPXODWLRQV )R
WKDW DUH SUHVHQWMGLMQRRHFWERQYH ,Q WKH FRXSOHG VHWXE
VKHHW WRSRJUDSK\LVDYDLODEOH LWLV XVHG UHVXOWV LQV

3,60 ,FH6KHHWORGHO

7KH3DUDOOHO ,FH6KHHWORGHO 3,60 YHUVLRQ LVDQRSHQ
LFHVKHHW G\QDPLFV ,WLVGHYHORSHG DW WKH 8QLYHUVLW\ R
VHSDUDWLRQ RILFHG\QDPLFVDQG FOLPDWHIRUFLQJDQG DOOF
ZLWK LWV VXUURXQGLQIJV WKURXJKLQWHUIDFHYV



3,60 ,FH6KHHWORGHO

$ ODUJH QXPEHU RI FRQILIXUDWLRQV DQG PRGHOLQJ FKRLFHYV DUH
RI ZKLFK ZRXOG YDVWO\ H[FHHG WKH VFRSH RI WKLV VHFWLRQ :KD
VXEVHW RI PRGHOLQJ FKRLFHVY WKDW DUH XVHG IRU SURGXFLQJ UHY\
7KLV VHFWLRQ ODUJHO\IROORZV BB 8 X6/0KRRHX PHQRNHIOMLHRI@ &
HQFHV DUHJLYHQ ZKHUH DSSOLFDEOH

$ VXPPDU\RI 3,60 SDUDPHWHU FKRLFHVY DQG FRQVWDQWYV FDQ EH IR

,FH'\QDPLFVDQG 7TKHUPRG\QDPLFYV

7KHHYROXWLRQRID 3,60 LFH VKHHW LV JRYHUQHG E\ WKH PDVV FR(
WLRQ DQG VWUHVV EDODQFH HTXDWLRQV

7KH YHORFLW\ RI IORZLQJ LFH LV GHWHUPLQHG E\ WKH VWUHVV ED
ODWHG DV D IXQFWLRQ RI JHRPHWU\ WHPSHUDWXUH DQG EDVDO VW
QRQ 1HZWRQLDQ 6WRNHV PRGHO IRULFHIORZ ZLWK D K\EULG RI WK
6,$ DQG WKH VKDOORZ VKHOI DSSUR[LPDWLRQ 66% %RWK WKH 6,
DUH FDOFXODWHG RYHU WKH HQWLUH LFH VKHHW DQG WKHQ DGGHG
QRQ VOLGLQJJURXQGHG LFH ZKLFKLVY SUHVHQW RYHU WKH LFH VKH
EUDQH VWUHVV LV FDOFXODWHG IRU LFH VKHOYHV DQG IRU JURXQ
UHVLVWDQFH VXFK DV LFH VWUHDPV DQG RXWOHW JODFLHUV ,Q W
DVDVOLGLQJODZIRUJURXQGHG LFH

J)LIXUWKRZV DQ LOOXVWUDWLRQ RI WKH K\EULG 6,$ 66$ IORZPRGHO
,Q ERWK DSSUR[LPDWLRQV K\GURVWDWLF SUHVVXUH DV ZHOO DV C
IRUWKHLFHVKHHW DQG LFH VKHOYHV DUH DVVXPHG

3,60 DOVR LQFOXGHV WKH /LQJOH &0DUNH PRGHO IRU EHG GHIRUPE
LIDWLRQ RI WKH IODW HDUWK (ODVWLF /LWKRVSKHUH 5HOD[LQJ $VW

JLIXUH OOXVWUDWLRQ RI K\EULG 6,%$ 663 IORZ VFKHPH LQ 3,60 ,Q WKH OHI
QRQ VOLGLQJJURXQGHGLFHLVLVPRGHOHG ZLWK WKH 6,$ ,Q WKHPLGGO
PRGHOHG DV D ZHLJKWHG DYHUDJH RI WKH 6,$DQG 66%$ VROXWLRQV 2Q W]
DQLFHVKHOILVPRGHOHG ZLWK WK HQNHOFSODR@HD & UHGLW >

TKHUPRG\QDERRWHUYDWLRQ RI HQHUJ\ LV VROYHG IRU LFH DQG D W



3,60 ,FH6KHHWORGHO

ZLWKDQ HQWKDOS\EDVHG VFKHPHDQG IRUD EHGURFN OD\HU
KHDW RI ZDWHU LV LQFRUSRUDWHG ERWK IRU WKH OLTXLG ZDW'F
ZDWHU XQGHU WKHLFH VKHHW 6LQFHLFHIORZLY FRQVLGHUHG
LV GLVVLSDWHG LQWR WKH LFH DV D UHVXOW RILFH GHIRUPDW|
VWUHVYVY )J)ULFWLRQDO KHDWLQJ RFFXUV DW WKH EDVH RI WKH L
KHDW HLWKHU JRHV WRZDUG FKDQJLQJ WKH WHPSHUDWXUH D
WRZDUG SURGXFLQJ PHOW ZDWHU DW WKH EDVH %DVDO PHOW
FRQVHUYDWLRQ RIHQHUJ\DFURVV WKHLFH EHGURFN LQWHUIDF
GHU WKHLFHFROXPQ 7KHUH LWFDQEXLOG XS WRDQHIIHFWLY
DWDJLYHQ UDWH %DVDO PHOW ZDWHU HIFHHGLQJ PHWHUYV L\
WKDW WKHPRGHO LQ WKLV FRQILIXUDWLRQ GRHV QRW FRQVHUY

6KDOORZ ,FH$SSURKW®PHOPWBFRQ@VLGHUVY ORFDOVKHDUVWUHVV DV
VWUHVY ZLWK |JHUR EDVDO VOLGLQJ PHDQLQJ WKDW RQO\VKHD
GULYLQJVWUHVYV 7KHIORZODZWDNHV WKH $UUKHQLXY *OHQ 1
_ 2 2_ 1
Djj = EsiaA(T) < jj ZLWK =500
ZKHOH LV WKH VWUDL &V WKAVRRZ HOQOKDQFHPHQW IDFWRU
FKRLRHA) LV WKH WHPSHUDWXUH GHSHQGHQW LBH R WHYHWKHR |
GHYLDWRULF VWUHVY WHQVRUDQG L DQG M WKH WZR KRUL]JRQ
6WRNHV IORZ PRPHQWXP EDODQFH HTXDWLRQV DQG EQ@HJUDW|

WKH LFH RI WKH YHUWLFDO GHULYDWLYHV RI KRULJRQWDO YHOF
REWDLQHG

z
(ViW)sia = 2(i9)°r hj? ) EsaA(T)(h  2)%dz 1 h

ZKHYHD QW DUH WKH KRUL]JRQW DA VRAMKHHIOFRHgGWCHH YWD Y LWDW LR C
DFFHOHUDWWREB DROWBGIDFH KHLIJKW

BKDOORZ 6KHOI $SSWRYIORMBWQRBREDVH LQWURGXFHV VWUHVVHV
WLDOO\EDODQFHG E\PHPEUDQH VWUHVVHV GHSHQGLQJRQ WK
WUDU\WR VKHDU VWUHVVHV LQGHS HXHHOPW B IQEHB @RKZBHG QR Q ¢
VWUHVV EDODQFH IRUWKH66$LVDVIROORZV

@,, ,0.@ ,@, e, e , _ @
ax’" fext ey Tey" @y aex T 'gH@x
@, @,@ ,@,, @,,0y , _ _ @
ax ' ey ex Taey’" exfey tvT ey

ZKHUg* ( b n) LV WKH EDVDO VKHD WKWUYHVUWLFDOO\DYHUDJHG |
FRVLWHNDVMKXH LFH WKLFNQHVYV

,QLFHVKHOYHV WKHEDVDO VWUHVV LV ]JHUR KHWKHU JURXQC
EDVDO FRQGLWLRQV 7KHEDVDO VKHDU VWUHVV LV PRGHO E\ D ¢



3,60 ,FH6KHHWORGHO

_ Y

o CV%aijlq
ZKHUHLV WKH \LHO/xVMWUWKHWM WKUHV KR Q@G ¥:R50RF DW\REEH® L Q J
FKRLFH 7KH\LHOG VWUHVY LQWXUQ LVREWDLQHG WKURXJK WKH

c=Co+( WD Qq

ZKHBHV FDOOHG "WLOO FRKHVLRQ  DQG VHMVWR ODW G PRIGAH® LWLIFRA
DQJOH DQG D PDWHULDO SURSHUW\ RI WKH EDVDO WLOO SDUDPHYV
QDONG\ GHQRWHV WKH HIITHFWLYH SRUH ZDWHU SUHVVXUH RI WKH Wl
ZDWHU FRQWHQW 7KH PRUH ZDWH W} KHMAOORL @ RWEW \WKHE & F /AW
7KH PD[LPXP YD@®wH £+ = igH WKH RYHUEXUGHQ SUHVVXUH ZKLOH
LPXP HITHFWLYH SRUH ZDWHU SUHVVXUH LUMDPF REMHALAQIIACRLFH D Q
RQO\RFFXU LI WKHEDVDO VKHDU VWUHVV UHDFKHV WKH YDOXH RI W

+\EULG 6,% 66% VRUOHMIFRHQY H@R ALQWBsK VREWDLQHG IURP VROYLQJ HTX
WLRQMQG UHVSHFWLYHO\ DUHVLPSO\DGGHG WR REWDLQ WKH WRW

Y= %A + ¥%sa

6XUIDFH )RUFLQJLQ 3,60

7KH 3,60 LFH G\QDPLFV FRUH LQWHUDFWYVY ZLWK WKH DWPRVSKHUH
JLIXUHOOXVWUDWHY WKHVH LQWHUIDFHYV

JLIXUHOOXVWUDWLRQ RI WKHLFH G\QDPLFV HQYLURQPHQW LQWHUIDFHYV
JUH\ VXUIDFH LFH VKHHW JUHHQ RFHDQ3LFH VKWKRUBOXH 7DNHQ IUF

'LITHUHQW RSWLRQV IRU IRUFLQJ WKH LFH VKHHW DW WKHVH LQWH
LFHVKHHW LV IRUFHG DW WKH VXUIDFH WKURXJK SURYLGLQJ WKH V.
V! DQG EHORZ ILUQ WHPSHUDWXUH ,I| WKH EHORZ ILUQ WHPSHUDV
GRZQVFDOHG VXFKDV E\WKH &,66(0%(LAWRHRUQMAWWGREQ D FRQVYV



3,60 ,FH6KHHWORGHO

ODSVH UDBWH MRP! 7KLV ODSVH UDWH ZDV IRXQG IURP WKH (& (D
WHPSHUDWXUH IRUFLQJ ZKLFK LV XVHG LQ WKH LQLWLDOL]DWLR
$W WKHRFHDQLQWHUIDFH WKH VXE VKHOILFH WHPSHUDWXUH
DVSDWLDOO\DQG WHPSRUDOO\ FRQW5MMPWW XE VHKWOI PHOW UL

,FH'LVFKDUJH

3,60 FRPHVZLWKPXOWLSOHGLITHUHQW FDOYLQJRSWLRQV 7KH
DQLVP LQ WKLV SURMHFW LV D FRQVWDQW UHWUHDW PDVN ZKL
DUHD DQG SUHVHQW GD\ IO0RH ©K BIOHMH H@DHOGW WKDW DGYDQFHYV
\RQG WKHUHWUHDW PDVN LV LPPHGLDWHO\GLVFKDUJHG

7TKLFNQHVV FDOYLQJLVDOVR XVHG ZKHUHLFHVKHOYHV ZLWK D
LFDOO\JHW FDOYHG 7KLV FDOYLQJRQO\FRQWULEXWHY OLWW(C



/KH &OLPDWH *UHHQODQG ,FHO6KHHW &RXSOHH¢
‘"HWDLO

7KLV VHFWLRQ GHVFULEHVY GHWDLOV RI WKH FRXSOLQJRI (& (DUWK
XVH RI &,66(0%(/ )LUVW WKH UHVROXWLRQV DQG GRPDLQV DUH EU
YROYHG PRGHOV )ROORZLQJDUHGHWDLOV RRQWKHLQGLYLGXDO IL
FRPSRQHQW PRGHOV

7TKHFRXSOLQJLQWHUIDFH 2DVLY 0&7 RU2DVLVLQVKRUW LV XVHG
EHWZHHQ GLIITIHUHQW FRPSRQHQW PRGHOV ,WKDQGOLQJLQWHUSR
WLRQV DQG GRPDLQV )RU WKLV LW UHTXLUHV WKHIROORZLQJILOF

fJULG GHILQLWLRQ ILOH FRQWDLQV JULG SRLQW ORQJLWXGHV D
JULG

IGRPDLQ GHILQLWLRQILOH VSHFLILHVUHOHYDQWJULG SRLQWYV
PDVNV

ftDUHD GHILQLWLRQ ILOH FRQWDLQV WKHJULG FHOO DUHDV RI W

7KH ,60 ODSSHU ZDV GHYHORSHG LQ WKLV SURMHFW DV DQ LQWHUID
3,60 (& (DUWK LV QRW FRXSOHG WR 3,60 GLUHFWO\ EXW UDWKHU
SOLQJLQWHUIDFH 'LQ EHWZHHQ  7KH ,60 ODSSHU UXQV VI\QFKURQF
PRGHO FRPSRQHQWY ,WUHFHLYHVDQGVHQGVILHOGVIURPDQG WF
SHUIRUPV WHPSRUDO LQWHUSRODWLRQV DQG NHHSV WUDFN Rl WK
IRUOHDS \HDUV 3,60 UXQV DIWHU RQH\HDU RI (& (DUWK VLPXODWI
IURP (& (DUWK RU &,66(0%(/ LQWR DFFRXQW DQG SURGXFLQJ IRUFI

6XUIDFHIRUFLQJ LY SURYLGHG WR WKH 3,60 LFHVKHHW YLD WKH UH
(& (DUWK PRGLILFDWLRQV WR WKH VRXUFHFRGHDQG UXQ VFULSW

SHVROXWLRQV DQG 'RPDLQV

3,60 LVUXQ ZLWKD NP[ NP UHVRIOKIWLW®&H)3,BOUFRPDLQ DQG WKt
ZD\ LW LV VSOLW LQWR ODQG DQG RFHDQ SRLQWV 7KLV GLVWLQFV
IRUFLQJ UHTXLUHV D WHPSKBURWMXU WKHHDVRIOWH VBRPOLQ EXW WKH ,)
WHPSHUDWXUH LV RQO\GHILQHG RYHU ODQG

,Q (& (DUWK WKHUHVROXWLRQVRI,)6 1(02DQG WKHJ5XQRII 0DSS|
)6 SK\WLFV XVHV D OLQHDU UHGXFHG *DXVVLDQ JULG DQG LV UXQ Z|
ROXWLRQ RI DSSUR[LPDWHO\ NP 6LQFH DOO UHOHYDQW ILHOGV F
QXPEHU RI YHUWLFDO OHYHOV GRHY QRW QHHG WR EH WDNHQ LQWR
1(02 LV UXQDW D UHVR@ZXWKRIQURHILQHPH QW MIRUWDERMWTXDWRU RQ
WKH VR FDOOHG 25&$% JULG D WUL SRODURFHDQJULG IRUDOO RF}



$FFRXQWLQJIRUWKH &OLPDWH 6\VWHPYV ,PSDFW RQ

7KH5XQRII ODSSHULV XVHGRQD UHJXODU JULG ZLWK D UHVROX'
6SDWLDO LQWHUSRODWLRQV EHWZHHQ GLIIHUHQW JULGV DUH |
OLEUD WHDUHVW QHLJKERU LQWHUSRODWLRQ ZHLJKWHG E\ W|
WDUJHW JULG SRLQWV DQG D *DXVVLDQ IXQFWLRQ LV XVHG IRU
N=9 7KHGLVWDQFH ZHLJKWYV DUHJLYHQ E\
d? _
HIS o ZKHUH 2=2:0 d
ZKHYOHV WKH GLVWDQFH EHWZHHQ WDUJHWEBE®VRXDEFH GUN® BF
EHWZHHQ WZR VRXUFH JULG SRLQWV O0ODVNHG WDUJHW JULG YD
,IDQ\RIWKHWDUJHW JULGYV QHDUHVW QHLJKERUV RQ WKH VRX!
YDOXH LV FDOFXODWHG IURP WKH UH P DID@FNH XQP@®YNHG QHL Jk
,Q WKH FDVH RI FRQVHUYDWLYH UHPDSSLQJ WKH UHVLGXDO RI
VRXUFH JULG LV GLVWULEXWHG SURSRUWLRQDOO\WR WKH YDO:

JLIXUHLVWLQFWLRQ EHWZHHQ PDVNHG UHG DQG XQPDVNHG EOXH ¢
XVHG LQ 2DVLVIRULQWHUSRODWLQJ WR 3,600DQG SRLQWYV

$SFFRXQWLQJIRUWKH&OLPDWHG6\VWHPTV ,PSDFW RQ Wk

3,60LVIRUFHG DW WKH DWPRVSKHUH ERXQGDU\ ZLWK PRQWKO'
EDODQFH?2N3I MQG EHORZ ILUQ WHPSHUDWXUH . 7KHVHIRUFLC
HLWKHU ZLWK ,)6 YDULDEOHY GLUHFWO\ DSSURDFK RU ZLWK &
$W WKH RFHDQ ERXQGDU\ 3,60LVIRUFHG ZLWK D FRQVWDQW IU
QRWLQWHUDFWLYH ZLWK (& (DUWK

$SSURDFK JRUFLQJIURP *OREDO &OLPDWH ORGHO (& (DUV

,QRUGHU WR FDOFXODWH WKH VXUIDFH PDVV EDODQFH IURP (&
HTXDWUR®GU GLITHUHQW ILHOGV DUHUHTXLUHG VROLGDQGOLT?



$FFRXQWLQJIRUWKH &OLPDWH 6\VWHPYV ,PSDFW RQ WKF

J)LIXUH ,0O0XVWUDWLRQ RI FRXSOLQJ VHWXS ZKHUH VXUIDFH IRUFLQJ IRU
(DUWK GDWD %R[HV ZLWK URXQG HGJHV VKRZ FRPSRQHQW PRGHOV DQC
QDPHV UHVROXWLRQV DQG WLPHVWHSY &RQQHFWLRQV EHWZHHQ FRPS
FKDQJHV WKH QRWHY QH[W WR WKHP IUHTXHQF\DQG LIGLIIHUHQW WKH \
DUURZV VKRZ GDWD H[FKDQJHV IDFLOLWDWHG E\2DVLV EODFNDUURZV VK
ILOHV 7KH,60 ODSSHUKHOSHUPRGXOHIDFLOLWDWHVY WHPSRUDO LQWHJL
DQG ZULWLQJ RI 1HW&') ILOHV WKH 5XQRII 0ODSSHU UHPDSV UXQRII I[URP C
FRDVWDO RFHDQ SRLQWYV

RUDWLRQ $GGLWLRQDOO\ WKH VRLO OD\HU IRXU WHPSHUDWXUH
FRPELQHG IRUODQG DQG RFHDQ SRLQWYV WR JHQHUDWH D EHORZ IL
7KH UXQRII DQG HYDSRUDWLRQ IOX[HV DUH FDOFXODWHG LQ ,)6 E\
VROLG SUHFLSLWDWLRQ IOX[HV VXP RI FRQYHFWLYH DQG ODUJH VF
E\ ,)61 FRQYHFWLRQ DQG FORXG VFKHPHV $W HDFK PLQXWH WLF
DYDLODEOH DV WLPHVWHS D%WWU DIHHI @M HWV W@ WXKP ,60 0ODSSHU ,Q
SURFHVV WKH\DUH FRQVHUYDWLYHO\UHPDSSHG IURP ,)67 OLQHDL
DPDVNH[FOXGLQJDOO SRLQWV RXWVLGHRI*UHHQODQG ODQG SRL
ODQG SRLQWV ,Q WKH ,60 0DSSHU WKH IOX[HV DUH DFFXPXODWHC
FXUUHQW GDWH LQ WKH PRGHO DQG DW WKH HQG RI HDFK PRQWK W
PRQWKO\DYHUDJH IOX[HV DQG ZULWHY WKHP WR D 1HW&') ILOH

7KH VDPH SURFHGXUH LV IROORZHG IRUWKH WHPSHUDWXUH IRUFLQ
6(/ VRLOOD\HU WHPSHUDWXUH ZKLFKFRYHUV DVRLO GHSWK RI

3,60 WHPSHUDWXUH IRUFLQJILHOG FDQQRW EH .DQ\ZKHUH RQ WK
WHPSHUDWXUH LV XVHG IRURFHDQ SRLQWV RQ WKH 3,60 JULG 7KH |
LQYHUVH RI WKH PDVN VKRRZGMWKONDXHHDJH WHPSHUDWXUHY DUH FI
WKH ,60 0ODSSHUDQG ZULWWHQ WR WKH VDPH ILOH DV WKH VXUIDFH

7TKHVH H[FKDQJHV DUH VIPEROLVHG E\ WKH FRQQHFWLRQ IURP ,)6 W
ILIXUH $W WKH HQG RI RQH VLPXODWLRQ \HDU D EDVK VFULSW LV 1
VXUIDFHIOX[DQG WHPSHUDWXUH ILHOGV VR WKDW WKH UHVXOWLQ
PRQWKO\ VXUIDFH PDVV EDODQFH DQG WHPSHUDWXUH IRUFLQJ GDV
XS WKH 3,60 UXQ VFULSWDQG VXEPLWV LW WR UXQ



$FFRXQWLQJIRUWKH &OLPDWH 6\VWHPYV ,PSDFW RQ

JRUFLQJIURP 'RZQVFDOHG (QHUJ\ %DODQFH ORGHO

JLIXUH ,O0XVWUDWLRQ RI FRXSOLQJ VHWXS ZKHUH VXUIDFH IRUFLQJ
6(0%(/ GDWD %R[HV ZLWK URXQG HGJHV VKRZ FRPSRQHQW PRGHOV D(
QDPHV UHVROXWLRQV DQG WLPHVWHSY &RQQHFWLRQV EHWZHHQ F
FKDQJHV WKHQRWHV QH[W WR WKHP IUHTXHQF\DQG LIGLIITHUHQW W
DUURZV VKRZ GDWD H[FKDQJHV IDFLOLWDWHG E\ 2DVLV EODFN DUUR
RU 1HW&') ILOHVY 7KH ,60 ODSSHU KHOSHU PRGXOH IDFLOLWDWHYV WH
WLRQ DQG UHDGLQJ DQG ZULWLQJ RI 1HW&') ILOHV WKH 5XQRII ODSS
SUH GHILQHG VHW RI FRDVWDO RFHDQ SRLQWYV

'KHQ &,66(0%(/ FDOFXODWHVY WKH VXUIDFHIRUFLQJ FOLPDWH IR
)6 $IWHU HDFK \HDU RI (& (DUWK VLPXODWLRQ DEDVKVFULSW
SOLQJVFULSW LVUXQ ZKLEFKUHDGV KRXUO\IRUFLQJILHOGV I
ILOHV FRQYHUWY WKHP WR 1HW&') ILOHV DQG UHPDSV WKHP EL
&'2 7KH SUHFLSLWDWLRQ DQG UDGLDWLRQ ILHOGYV DUH ZULWW
LQP ZDWHU HTXLYYD@® QW KWKE\ ,)6 DQG FRQYHUWHG WR PHDQ |
NJP VIDQG:B 7KH 3,60 VXUIDFH HOHYDWLRQ IURP WKH HQG RI
LV XVHG DV WKH UHIHUHQFH WRSRJUDSK\IRU GRZQVFDOLQJ VRF
UDWHV DV GHVFULEHG LQ VHFWLRQ

W LVLPSRUWDQW WR QRWH WKDW WKLV FRXSOLQJDSSURDFK L
6(0%(/ GRHV QRW FDOFXODWH WKH UXQRII EXW UDWKHU WKH DE
UHSODFH WKH ,)6 UXQRII GLUHFWO\ 7KHUHIRUH WKH ,)6 UXQR
RFHDQ SRLQWV LQVWHDG RI WKH &,66(0%(/ DEODWLRQ IOX[ 7KX)
VHUYH PDVV DQG D VIQFKURQRXV FRXSOLQJ RI &,66(0% (/ ZLWK ,)
IDFLOLWDWH PDVV FRQVHUYLQJ FRXSLQJLQ WKH IXWXUH

7KH &,66(0%(/ VLPXODWLRQ LV UHVWDUWHG IURP WKH SUHYLRX'
RQH\HDU WR JHQHUDWH DYHUDJH PRQWKO\ DFFXPXODWLRQ DQ
FRPELQHG WR SURGXFH WKH PRQWKO\ VXUIDFH PDVV EDODQFF
PRQWKO\ WHPSHUDWXUH EHORZ VHDVRQDO LQIOXHQFH OD\HU"’
RID &,66(0%(/ OD\HU FRYHULQJ D GHSWK RI PHWHUV LV



$FFRXQWLQJIRUWKH*UHHQODQG ,FH6KHHWYV ,PSDFW R

WHPSHUDWXUH IRUFLQJILHOG 7KHFRXSOLQJVFULSWJHQHUDWHYV
VHWY XS WKH 3,60 UXQ VFULSWDQG VXEPLWYV LW WR UXQ

$FFRXQWLQJIRUWKH*UHHQODQG ,FH6KHHWYIV ,PSDFW RQ

BURYLGLQJ ,FH6KHHW 7RSRJUDSK\DQG ((WHQW WR WKH *ORED

,Q RUGHU WR IDFLOLWDWH WKH UHDOLVWLF FDOFXODWLRQ RI VXUI
FOLPDWHPRGHO QHHGV WR NQRZ ERWK WKH FXUUHQW LFH VKHHW W
RI WKH LFH VKHHW RQ *UHHQODQG 7KH ,60 0ODSSHU FRXSOLQJ LQW!
3,60 ILHOGYV 7KHFRXSOLQJVFULSW H[WUDFWV UHOHYDQW ILHOGV |
7KH QHZ LFH VKHHW WRSRJUDSK\ LV JLYHQ E\ WKH ODVW WLPHVWHS
HOHYDWLRQ YDULDEOH ,W LV ELOLQHDUO\UHPDSSHG WR WKH Ol
$GGLWLRQDOO\ WKH *UHHQODQG ODQG PDVN RQ WKH ,)6 JULG LV D
VWDQGDUG ,)6 WRSRJUDSK\LV RQO\XSGDWHG RYHU *UHHQODQG
,Q,)6 WKHWRSRJUDSK\LV VHW RQFH DW WKH EHJLQQLQJ RI HDFK \I
WKURXJKRXW WKH UHVW Rl WKH \HDU 7KHUHIRUH WKH WRSRJUDSK
UHDGLQJ WKH XSGDWHG *UHHQODQG WRSRJUDSK\ IURP D 1HW&"') IL
FDOO\ WKH PRGXOH UHVSRQVLEOH IRULQLWLDOL]LQJ WKH JULG SR
ZDV DOWHUHG WR WDNH WKH QHZ WRSRJUDSK\RYHU *UHHQODQG LQ
WKH *UHHQODQG WRSRJUDSK\ ILOHDQG FRQYHUWYV VXUIDFH HOHYEC
P V¥ E\PXOWLSO\LQJE\WKH ,)6 VWDQGDUG JUDYLWDWLRQDO DFFH
V2 2YHU*UHHQODQG ZKHUH WKLV ILHOG KDV YDOXHV ODUJHU WKDZC
UDSK\LVUHSODFHG ,QRUGHUWRLQFRUSRUDWHWKHXSGDWHG RU
KDUPRQLFV JULG WKHJULG SRLQW RURJUDSK\ LV WUDQVIRUPHG W
DQG EDFN

:KLOH ,)6 KDV D VQRZ VFKHPH WKH DUHD ZKHUH LW LV DSSOLHG GR|
ZLWK WKHDUHD WKHLFHVKHHW FRYHUVLQ 3,60 ,QRUGHU WR SURS|
LFHVKHHWLQ ,)6 WKHLFHVKHHW H[WHQW LV QHHGHG

,Q DUHDV ZKHUH WKH LFH VKHHW H[WHQW GHPDQGV LW FKDQJHV DI
WKH VXUIDFHHQHUJ\DQG PDVVEDODQFH $OEHGR 6FKHPH &RSHQKI
FHOOV FRYHUHG E\WKHLFHVKHHW 6LQFH ,)6 RQO\SURGXFHV D VQ!
LVVQRZ WKHLFHVKHHWH[WHQW DOVR VSHFLILHVDUHDV ZKHUH VQ
IRUQRQ VQRZWLOHVLQ,)6 7KLVDGGLWLRQDO VQRZPHOW IOX[LV
WKHFDOFXODWLRQRIDUHDOLVWLFVXUIDFHPDVVEDODQFHRYHUV
UHVXOWLQJODWHQWKHDWRIIXVLRQLVVXEWUDFWHGIURP WKH VXL
VRLO SURSHUWLHY DUH FKDQJHG IRUDOO IRXU VRLO OD\HUV LQ +7(
WKHLFHVKHHW VXFKDVDFRQVWDQW VRLORRHPWFRQ@@GFWLYLW\ D
205 10° - . P33 (YDSRUDWLRQLVWUHDWHGDV VXEOLPDWLRQ E\ FKDC
DQG WKH ORQJZDYHHPLVVLYLW\LV FKDQJHG WR

7KHLFHVKHHW H[WHQW LV JHQHUDWHG IURP WKH 3,60 ODQG LFH Wk
FHOO ZKHUH WKH ODQG LFH WKLFNQHVV KDV D YDOXH JUHDWHU WK



$FFRXQWLQJIRUWKH*UHHQODQG ,FH6KHHWYV ,PSDF

RIWKHLFHVKHHW H[WHQW 7KLV UHVXOWV LQDPRQWKO\ELQDL
ILOH 7KH ,60 ODSSHU UHDGV WKLV ILOHDQG H[FKDQJHV WKH PR
2Q WKH ,)6 JULG WKH HIWHQW ILHOG KDV YDOXHV EHWZHHQ D
QHLIJKERUV RQ WKH 3,60 JULG KDYH D YDOXH RI ,Q RUGHU WR
OHQIJWK GXH WR OHDS \HDUV DQG YDULDEOH PRQWK OHQJWKYV \
EXWLVRQO\XSGDWHG RQFH SHU PRQWK

BURYLGLQJ)UHVK :DWHU )OX[HV WR WKH 1(02 2FHDQ ORGHO

7TKH GLVFKDUJH IOX[IURP 3,60 FRQVLVWY RI VROLG FRQWULEXW
\RQG WKHUHWUHDW PDVN FDOYLQJDQGIURQWDO PHOW 7KH O
DQG IORDWLQJLFHLVY FRQVLGHUHG VHSDUDWHO\ 7KHVH IOX[H'
WKH 5XQRII ODSSHU

7TKHFRXSOLQJVFULSW ZULWHYV WKHVHWRD 1HW&"')ILOHDIWHUV
WKH ,60 ODSSHUDQG FRQVHUYDWLYHO\UHPDSSHG WR WKH 5XQl
JHQHUDO LGHD RI WKH 5XQRII ODSSHU LV WR SRRO ZDWHU IOX[H
DQRQG UHPDS WKH WRWDO IOX[ RYHU D VHW RI SUH GHILQHG FRD
SRLQWYV *UHHQODQG WRJHWKHUZLWK (OOHVPHUH ,VODQG IRU
ODSSHU FRQVLGHUV WKH EDVDO PHOW IOX[ DV SDUW RI WKH UXC¢
FRPLQJIURP ,)6 7KH UXQRII'IOX[ UHSUHVHQWYV DQ LQIOX[ RI OLT
7KH GLVFKDUJH IOX[DURXQG *UHHQODQG UHSODFHV WKH FDOYL
,)6 &DOYLQJLV URXWHG WR WKH 1(02JULGDV DVROLGIUHVKZD



*U,660% ORGHOLQJ ZLWK *OREDO &0OLPDWH DQ
%DODQFH ORGHO

7KLV VHFWLRQ H[SORUHV DQG FRPSDUHV VXUIDFHPDVV EDODQFH Ul
6(0%(/DQG (5% UHDQDO\VLV GDWD

6HFWLRQHDOV ZLWK (& (DUWK DQG &,66(0%(/ VXUIDFH PDVV EDOD
GLIITIHUHQW H[SHULPHQWYV 7KH PRVW LPSRUWDQW LQIRUPDWLRQ R
ZKLFK ERWK SURYLGH UXQRII HYDSRUDWLRQ DQG SUHFLSLWDWLRC
60% LQ (& (DUWK DQG FOLPDWH IRUFLQJIRU WKH &,66(0%(/ VLPXOL
LQ WDE®®O (& (DUWK H[SHULPHQWY ZHUH SHUIRUPHG E\ ODULDQQ
FRUUHVSRQGLQJ &,66(0%(/ H[SHULPHQWYVY E\ WKH DXWKRU

([SHULPHQ®HULR[G 7\SH $6 (& (DUWEKG &,66(0%(/
+67% *LVWRULED®7$ 67%
+ &3+ +*LVWRULEDO &3+ &3+
6673 663 6FHQDUBRS$ 67%
6&3+ 663 6FHQPULR 3+ &3+
67 +*LVWRULED®B7$ &3+

7TDEOBURSHUWLHV RI (& (DUWK H[SHULPHQWY 7KHDFURQ\P $6 LV VKRU

$OEHGR VFKHPH 67% GHQRWHV WKH VWDQGDUG (& (DUWK DOE}
DOEHGR RYHUDUHDV RI SHUHQQLDO VQRZLQ ,)6 $OEHGR VFKHPF
&RSHQKDJHQ VHFWLRQ
$00 (& (DUWK H[SHULPHQWVDUHUXQLQWKH (& (DUWK 9HJFRQILJ
ZLWK /,0 DQG /3- *XHVV (BLJBUWK GDWD ERWK IRUFLQJDQG UHVX
HDUO\LQWHUSRODWHG WR WKH 3,60JULG IRUDQDO\VLYV
7KUHH KRXUO\ (5% 5HDQDO\VLV GDWD RQ VLQJOH OHYHOV LV XVHG
SUHOLPLQDU\EDFN H[WHQVLRQ DQG ERWK IRU REWDLQ
DQFH YDULDEOHV DQG FOLPDWH IRUFLQJ YDULDEOHV IRU &,66 (0% (/
VQRZHYDSRUDWLRQDV ZHOO DV SUHFLSLWDWLRQ UXQRIIDQG HYD
WLYHO\UHPDSSHG WRWKH 3,60JULG ZKLOHIRUFLQJGDWD IRU &,66 (|
WR WKH 3,60 JULG
$EODWLRQ LQ &,66(0%(/ LV PHOW ZDWHU WKDW LV JHQHUDWHG ZKF
SRVLWLYH WHPSHUDWXUH DV FDOFXODWHG E\ WKH VXUIDFH HQHUJ
GRHV QRW KRZHYHU LQFOXGH FRQWULEXWLRQV IURP UDLQ DQG V
WKH UXQRII YDULDEOH LQ (& (DUWK RU (5% ZKLFK GRHV LQFOXGH
QRW UHWDLQHG E\ WKH VRLO 7KHUHIRUH WKH VXUIDFEH PDVV EDO
ZD\V IURP &,66(0%(/ DQG (& (DUWK PRGHO YDULDEOHV )URP (& (D
GDWD WKH 60% LV FDOFXODWHG DBERRWG B QWX R I DDV MRKH 60 %
LV FDOFXODWHG DV DFFXPXODWLRQ PLQXV VXEOLPDWLRQ PLQXV I
&RPSDULVRQV RIPHOWLQ WKLV VHFWLRQ UHIHUWR WKH QHW PHOW!



60% LQ D *OREDO &OLPDWHDQG DQ (QHUJ\ %

WKLV YDULDEOH LV JLYHQ DV VQRZ PHOW ,Q &,66(0%(/ LW LV W
10 X[

$FFXPXODWLRQ UDWHV DUH UDWHV RI VROLG SUHFLSLWDWLRQ |
RUDWLRQLQ (& (DUWK DQG (5%

$00 LQWHJUDWRDBOMOHWHARYHU WKH HIWHQW RI WKH LQLWLE
&,66(0%(/ VXUIDFH IRKEEQLY GHVFULEHGRIQQVHRWEZBQG “*UHHC
ODQG LFH VKHHW  ZLOO UHIHU WR WKLV LQLWLDOL]JHG VWDWH 6
DQG HQHUJ\EDODQFH IOX[HV RYHU WKH VDPH DUHD 6WLOO WKI
VWDQGDUG WRSRJUDSK\

60% LQ D *OREDO &0OLPDWH DQG DQ (QHUJ\ %DODQFH OR
BHVXOWYV

JLIXUHSUHVHQWYV WLPH VHULHV RI 60% DQG WKH QHW PHOW UDYV
(& (DUWK DQG &,66(0%(/ XVHWKHVDPHDOEHGR VFKHPHV DFFR
H[SHULPHQWYV WDEOH

)LJXUH 6XUIDFH PDVV EDODQFH DQG QHW PHOW UDWHYV DV PRGHOHG E
&,66(0%(/ EOXH OLQHV LQWHJUDWHG RYHU WKH *U,6 ([SHULPHQWYV -
(DUWK VWDQGDUG DOEHGRRI RYHUWKHLFHVKHHW DUH GHQRWHC
H[SHULPHQWY +&3+ DQG 6&3+ ZKLFK XVH $OEHGR 6 FKHPH &RSHQKDJHC
&,66(0%(/

&,66(0%(/ GHOLYHUV ORZHU DFFXPXODWLRQ UDWHV WKDQ (& (D
WZR PHWHU DLU WHPSHUDWXUH LV WKH GHFLGLQJ IDFWRU IRU ¢
IRUP LQ ERWK PRGHOV WKLV LV FDXVHG E\ GLIIHUHQFHV LQ VXE
HIITHFW GHSHQGYV RQ WKH DOEHGR VFKHPH 7KH DYHUDJH GLIIHU
&,66(0%(/LQLQWHJUDWHG DFFXPXODWLRQ LQ(WEZHNMWDQGDUG I
RI &,66(0%(/ YDOXHV ,Q $SOEHGR 6FKHF9 &RBHQKDJIHQ LW LV



60% LQ D *OREDO &OLPDWHDQGDQ (QHUJ\ %DO|

7KH GLITIHUHQFHVLQ PRGHOHG PHOW VWURQJO\GHSHQG RQ WKH DO
ZKHUH WKH VWDQGDUG DOEHGR VFKHPH LV XVHG WKH GLIITHUHQFHY
VFKHPH &SK )J)RUWKUHHRXWRIIRXUH[SHULPHQWYV &,66(0%(/JHQH!
PHOW UDWH WKDQ (& (DUWK WKH +67$ HISHULPHQW EHLQJ WKH VF
UDWHV FRPELQHG ZLWK ORZHU DFFXPXODWLRQ UDWHV OHDG WR C
WKDQ (& (DUWK LQDOO H[SHULPHQWYV

7TDEOMKRZV WKH QHW PHOW DQG VXUIDFH PDVV EDODQFH UDWHV D
H[SHULPHQWIRUERWKPRGHOV 8QFHUWDLQWLHV DUHJLYHQDV WK
VWDQGDUG GHYLDWLRQV ZKLFKFDQEHLQWHUSUHWHG DV WKH GD\

60% *WAU OHOW AW \U
([SHULPH@WDUWEK,66(0% (] (& (DUWK,66 (0% (/
+67% || (514 70) | (502 71) || (78 16) | (61 21)
+&3+ || (507 54) | (347 67) | (100 21) | (318 61)
667% | (592 96) | (482 132) | (195 23) | (339 76)
6&3+ || (419 99) | ( 250 176) | (360 47) | (1216 159)

7TDEOHXUIDFHPDVV EDODQFH DQG QHWLRMOHN WDWHGE RPHW WKH *U,6

JLIXUWKRZV D VSDWLDO FRPSDULVRQ EHWZHHQ WKH WLPH DYHUDJ
6(0%(/ JHQHUDWHG 60% UDWH IRU WKH 6&3+ H[SHULPHQW ZKLFK G
GLIIHUHQFHV LQ PRGHOHG VXUIDFH PDVV EDODQFHDQG PHOW UDW

$QDO\VLV 'LVFXVVLRQ

6XUIDFH PDVV EDODQFHDQG PHOW UDWHV IURP (& (DUWK DQG &,66
WUHQGV DOEHLW DPSOLILHG LQ &,66(0%(/ 7KLV LV WUXH ERWK IRU
\HDU WR \HDU YDULDELOLW)\ ZRBUWFKXISNHV LQ ILIXUH
6SDWLDOO\ (& (DUWK DQG &,66(0%(/ VKRZ YHU\ VLPLODU EHKDYLR
PHOW UDWHV RFFXU LQ ORZ HOHYDWLRQ DUHDVY DORQJ *UHHQODQ(
VRXWKHDVWHUQDQG QRUWKHUQ FRDVWDO DUHDV &,66(0%(/ FDOF)>
UDWHV IXUWKHU LQODQG WKDQ (& (DUWK ZKLFK OHDGV WR D PRUF
HOHYDWLRQ WKDQ LQ (& (DUWK 7KLV LV DOVR HYLGHQW LQ WKH
EDODQFH ZKHUH (& (DUWK VKRZV SRVLWLYH YDOXHV ULJKW DERY
PDORQJWKHZHVWHUQ FRDVW ZKLOHLQ &,66(0%(/ WKH60% LQ
DURXQG ]JHURIRUVHYHUDO KXQGUHGV RI PHWHUV RIHOHYDWLRQ PI
7KLV UHVXOWYV LQ VLJQLILFDQWO\ GLIITHUHQW DYHUDJH DEODWLRQ
6(0%(/LVWBAS 72) ZLWK D PD[LPXP YDOXHRIDOPRVW GXULQJ WKH K
\HDU R ,Q (& (DUWBK 6:8WAIMWK D PD[LPXP YDOXHRIDOPRVW G Xl
WKH VDPH\HDU ,Q WKH KLVWRULFDO H[SHUPOBHQ®&Y +R8 ERWK &,66
(& (DUWMEK2 20) PRGHO VLJQLILFDQWO\VPDOOHU DEODWLRQ JRQHYV

,Q FRQWUDVW WR &,66(0%(/ WKH VWDQGDUG (& (DUWK 9HJ FRQILJ
PHOW RQO\ ZKHUH VQRZ LV SUHVHQW LQ ,)6 7KLV VQRZ FRYHUHG D



60% LQ D *OREDO &OLPDWHDQG DQ (QHUJ\ %

JLIXUH $YHUDJH 60% WRS DQG VQRZ PHOW ERWWRP UDWHV IRU 6&3-
7KH OHIW FROXPQ VKRZV (& (DUWK WKHPLGGOH &,66(0%(/ YDOX
% (/ PLQXV (& (DUWK GLIIHUHQFH

WKDQ WKHLFHVKHHW HIWHQW XVHG KHUH WR SURGXFH LFH VKH}
UDWHV ,Q RUGHU WR ILQG DUHDV WKDW KDYH WKH SRWHQWLD
PLQLPXP VXPPHU -XQH -XO\ $XJXVW VQRZ GHSWK LV FRPSDUHC
PD[LPXP VXPPHU KRXUO\VQRZ PHOKRIDWHHDVIXKIUWMKLQ WKH H
WKH LFH VKHHW WKDW KDYH SRWHQWLDO IRUXQGHUHVWLPDWI
GRQIW DUH VKRZQ LQ EOXH 2Q DYHUDJH RQO\ JULG FHOOV R(
IRUXQGHUHVWLPDWLQJPHOWLQ WKHKLVWRULFDO H[SHULPHQ)\

WKLV QXPEHU LV KLJKHU 7R DFFXUDWHO\GHWHUPLQH WKH
PHOWRQ WKH UHVXOWY SUHVHQWHG LQ WKLV VHFWLRQ DQ (& (I
WKLFN VQRZ OD\HU ZRXOG KDYH WR EH GRQH ZKLFK FRYHUV WK
WKHHQWLUH H[SHULPHQW +RZHYHU XQGHU WKH FRQGLWLRQV
HIIHFW FDQ EH FRQVLGHUHG VPDOO ,Q 6&3+ ZKHUHRXW RIDOO
DUH DIIHFWHG WKHVH DFFRXQW IRUDERXW RILFH VKHHW FRY
PHOWLQ ,)6 DWDQ\SRLQW GXULQJWKHHQWLUHH[SHULPHQW ):
GHSWK PLJKW EH UHFRUGHG LQ -XO\DQG WKH KLIJKHVW PHOW UL



60% LQ D *OREDO &OLPDWHDQGDQ (QHUJ\ %DO|

FHOOV QHFHVVDULO\H[SHULHQFH XQGHUHVWLPDWLRQ RI WKH VQR.
,Q WKH 6&3+ HISHULPHQW WKHDUHD ZKHUH WKH VQRZ OD\HU LQ ,)6
WKDQ PHWHU GHFUHDVHYV E\ GXULQJ WKH \HDU H[SHULPHQW 7
DOLNHO\LQDELOLW\RIWKHVWDQGDUG (& (DUWK 9HJFRQILIJXUDW
[OX[HVIURP WKH *UHHQODQG LFH VKHHW XQGHU VXVWDLQHG ZDUP |

JLJIXUH ,Q UHG DUHDV WKH VXPPHU --$ PLQLPXP VQRZ GHSWK LV VPDOO
PD[LPXP KRXUO\VQRZPHOW UDWHLQDQ\\HDU GXULQJ WKH H[SHULPHQ\
SRWHQWLDO IRUXQGHUHVWLPDWLQJ VQRZ PHOW GXH WR D VPDOOHU VQR
VKHHW DUHD WKDW UHVXOWY KHUH DUH LQWHJUDWHG RYHU 7KH OHIW SC
H[SHULPHQW FRPSDUDEOH ZLWK +67$ WKH PLGGOH IRU WKH 667$%$ H[SHU
6&3+ H{SHULPHQW

$OEHGR 6FKHPH &RSHQKDJHQ OHDGV WR KLJKHU PHOW UDWHV LQ E
IRUKLIJKHU PD[LPXP DOEHGR YDOXHV WKDQ WKHVWDQGDUG VFKHPH
RYHU WKH ZKROH LFH VKHHW LV ORZHU WKDQ LQDOO H[SHULPHQ
VFKHPH KDV WKH KLIKHVW LPSDFW LQ DUHDV ZLWK JUHDWHU WKDQC
DYHUDJHRIWKHDOEHGRE\PHOWUDWHVJLYHVD EHWWHU SLFWXUH
&RSHQKDJHQ VVOERMHUL]HVY DYHUDJH DOEHGR YDOXHV RYHU WKH HQ\

(& (DUWK &,66(0% (/] (& (DUWK ZHLEKOWBHGL(/ ZHLIJKWHG

+ &3+ (0:798 0:003) | (0:792 0:003) (0:768 0:.003) (0:761 0:004)

6 &3+ (0:790 0:003) | (0:776 0:004) (0:764 0:003) (0:741 0:005)

7TDEOH,FH VKHHW DYHUDJH DOEHGR IRU WKH +&3+ DQG 6&3+ H[SHULPHQW
&,66(0%(/ 7KHWZR ULJKW FROXPQV VKRZYDOXHV ZHLJKWHG E\ QRUPDOL]

,Q WKH KLVWRULFDO UXQ +&3+ WKH DYHUDJH DOEHGR YDOXHV LQ (
DUH UDWKHU VLPLODU 'HVSLWH WKLV &,66(0%(/ SURGXFHV PRUH W
DQ DYHUDJH DQQXDO PHOW IOX[ DV (& (DUWK ,Q WKH VFHQDULR
PHOWLQJHYHQWV DQG D VLJQLILFDQWO\ODUJHUDOEDWLRQ JRQH L
HUDJH DOEHGR WKDQ LQ (& (DUWK

+LJKHU PRGHOHG PHOW UDWHV LQ &,66(0%(/ XQGHU FRPSDUDEOH D
FDOO IRU D FRPSDULVRQ RI VXUIDFH HQHUJ\ EDODQFH FRPSRQHQW



60% LQ D *OREDO &OLPDWHDQG DQ (QHUJ\ %

+&3+ 6&3+
DOOL@: P (& (DUWK&,66(0% (] (& (DUWIK&,66(0% (|/
1IHW VRODU @38 0:8) (3.0 0:7) (26:8 0:8) (34:3 0:8)
I1HW WKHUPD€B%) 09) | ( 463 09) | ( 423 07) | ( 440 06)
6HQVLEOH| +}R0:9 0:6) (226 0:7) (19:2 0:4) (224 05)
IDWHQW +) ( 0:8 02) | ( 62 0:3) (19 02) | (771 04
6XP +) (0:5 0:3) (1:1 0:4) 1:7 04 (5:7 09

7TDEOH$YHUDJH VXUIDFH HQHUJ\ EDODQFH FRPSRQHQWYVY LQ (& (DUWK
+&3+ DQG 6&3+ H[SHULPHQWYV

JLIXUHKRZV WLPHVHULHV RI QHW VRODU DQG WKHUPDO VXUIDF
VHQVLEOHDQG ODWHQW KHDW IOX[HV

JLIXUH1HW VXUIDFHUDGLDWLRQ VHQVLEOH KHDWDQG ODWHQW KHDV
%(/ TKHQHW IOX[LV  FDOFXODWHG IURP WKHVH IRXUWRJLYHQ DQ LQC
DSSO\LQ WKHVXUIDFHHQHUJ\EDODQFH FDOFXODWLRQVLQ ERWK PRC
TQHWY KHDW IOX[ 8QFHUWDLQWLHY DUH FDOFXODWHG DV WKH VWD Q
WLPHVHULHV

&,66(0%(/ UHFHLYHVY WKRQQRBRMIGALIDW EDOH POXMH IRUFLQJIURP (&
7KLV PHDQV WKDW WKHGLITHUHQFHLQ QHW IOX[LV GXHWR DOE
HOV ,Q WKH KLVWRULFDO H[SHULPHQW (& (DUWK VKRZVDQDY
(238 08) : P 2 ZKLOHLQ &,66(0@@10 LowLWY 2 ,Q WKH VFHQDULR HJ
SHULPHQW WKH QHW VRODU UDGLDWLRQ IOX[ L(26&LORHU LQ ER!
P 2?2 &,66(0%(B43 08 : P 2 GXH WR ORZHU DOEHGR YDOXHV 7k
UHYHDO WKH QHFHVVDU\ VXEWOHW\ ZKHQ DQDO\]JLQJ DOEHGR Y|
LQ WDER®H ZRXOG H[SHFW D ORZHU QHW VRODU UDGLDWLRQ 10>
LQ (& (DUWK 6&3+ 7KH WZR ULJKW FROXPQV VKRZ WKDW LW PL
GLOXWHG E\DOEHGR YDOXHV GXULQJ WLPHV ZKHQ QR RU RQO\
VXUIDFH 7KHUHIRUH WKH QHW VXUIDFH VRODU UDGLDWLRQ IO
RIDQ DOEHGR VFKHPH
$QRWKHU GULYHU RI KLJKHU PHOWLQJ UDWHV LQ &,66(0%(/ WKELC
VHQVLEOH KHBW IOXERWK +&3+ DQG 6&3+ WKH DYHUDJH VHQVLE



60% LQ D *OREDO &OLPDWHDQGDQ (QHUJ\ %DO|

HUV DURXQG 2 LQP&,66(0%(/ ZKLOH (& (DUWK VKRZV VOLJKWO\ OR
DURXQG 2 P&,66(0%(/RQDYHUDJH KDV D ORZHUVXUIDFHWHPSHUD\
KLJKHU VHQVLEOH KHDW IOX[IURP WKHDWPRVSKHUH WR WKH VXUILC
7TKH QMKMHUPDO UDGLBWOYBKOYXON PRUH QHJIJDWLYHLQ &,66(0%(/ WKD(
7KH GRZQZDUG VXUIDFH WKHUPDO UDGLDWLYHIOX[LQ &,66(0% (/1
7TKHPDLQ GLIIHUHQFHLQ FDOFXODWLRQLV WKDW (& (DUWK XVH\

IRUVQRZ ZKLOH &,66(0%(/ DVVXPHYV $V D UHVXOW &,66(0%(/ FDO
RXWIJRLQJWKHUPDO UDGLDWLYHIOX[WKDQ (& (DUWK GHVSLWH KIL
IDFH $QH[SHULPHQW ZLWK D VXUIDFHHPLVVLYLW\RI LQ &,66(0%

DYHUDJH WKHUPDO | D{G3. DO Y PORRZIUHIOHFWLQJ WKH FROGHU V.
FRQGLWLRQV

7KH VX UODAMHH QW KGIIDIVWHILDXYWURQJO\EHWZHHQ WKH WZR PRGHOV M
FDOFXODWLRQ 7KLV PDNHV LW GLIILFXOW WR DVVHVV ZKDW PLJKW
PHWKRGY UHO\RQ GLIIHUHQW SDUDPHWHUL]HG YDSRU SUHVVXUH F
WKHVH FDOFXODWHG YDSRU SUHVVXUHV GLUHFWO\ ZKLOH (& (DUW
RI WKH KXPLGLW\ FDOFXODWLRQ 7KH GLIIHUHQFH SOD\V DQ LPSRU!
GLIIHUHQFHV LQ QHW VRODU UDGLDWLYH IOX]

'LIIHUHQFHV LQ WKH ZD\ Rl FDOFXODWLQJ WKH HQHUJ\ EDODQFH LC
SUHVHQFHRIRWKHU WHUPY PDNHV LW GLIILFXOW WR TXDQWLWDWL
HQFHLQ VLPXODWHG PHOW WKH GLIIHUHQFHLQ WKH KHUH VKRZQ V
IRXU FRPSRQHQWY DFFRXQWV IRU ,1 DOO FRPSRQHQWY ZHUH FRQ\
WKDW WKH GLITHUHQFH LQ VXUIDFH HQHUJ\ IOX[ EHWZHHQ WKH WZF
EHWZHHQ WKH VXPV RI WKH IRXU FRPSRQHQWY SUHVHQWHG KHUH

,Q (& (DUWKINTWKWHHUP SOD\VDQLPSRUWDQW UROHLQLQKLELWLQJP
SHUDWXUH DSSURDFKHV WKH PHOWLQJ SRLQW6E6®WVWBHVRQLEHG LQ \
WKH RWKHU KDQG KDV QR VXFK PHFKDQLVP EXW PRGHOV UHIUHH]L
DFWLYHO\ UHGXFLQJWKHDFWXDOO\UXQ RIIIUDFWLRQ RI SURGXFF

JURP WKH GHVFULSWLRQ RI WKH FDOFXODWLRQ RIVXUIDFH HQHUJ\ |
DSSDUHQW WKDW FKRLFH RI SDUDPHWHUY SOD\VDQ LPSRUWDQW 1
ODWLRQ $OEHGR VFKHPHV DQG WKH YDOXHV LQ GLIITHUHQW VFHQD
VXFK FKRLFH $QRWKHU RQH FRQFHUQV WKH OD\HULQJLQ WKH PRGH
SOH WKHVQRZOD\HUWKLFNQHVVLQ WKHVXUIDFHIHRQHWJI\EDODQFI
HTXDWLRQUHVWULFWHG WRRQHPHWHU ZKLOHLQ &,66(0%(/ WKH W
WR KDYH D WKLFNQHVYV RI PHWHUYV

,QRUGHU WR JDXJH WKH LPSRUWDQFH RI VRPH RI WKHVH SDUDPHW |
PDVVEDODQFHFDOFXODWLRQ IRXUGLIITHUHQW VLPXODWLRQV ZHUl
ZLWK &,66(0%(/ 7KUHH VLPXODWLRQV ZHUH UXQ ZLWK PRGLILHG YL
&RSHQKDJHQ D PHOWLQJDOEHGR RI 0,1 LQVWHDG RI L
R 5)5= LOQVWHDG RI DQG D PD[LPXP DOEHGR RI 0$;



60% LQ D *OREDO &OLPDWHDQG DQ (QHUJ\ %

2QH VLPXODWLRQ ZDV UXQ ZLWK PRGLILHG OD\HULQJ WKH
PHWHUV 7+. LQVWHDG RI P
7KH UHVXOWVY RI WKHVH PRGLILHG VLP XO D WIKRIQAXDUBIPHXIP@ B U 1Y
EDODQFH LQ WKH ODVW URZ Rl WKH WDEOH QRZ WDNHV DOO &,6
FRPSRQHQWY LQWR DFFRXQWSE Wi XH,p @ QRAW X BlWMERMR Y W K H U H
IRUH QRW HTXLYDOHQW WR 16XP +)1LQ WDEOH

DOO LQM™*W \w, 1 5)5= 0%; 7+. &3+

60 % (289 75) (345 68) (332 68) (388 67) (348 67)
OHOW (394 75) (321 63) (321 63) (245 56) (318 61)
SHIUHH]H (113 22) (116 20) (116 20) (76 16) (115 20)
$FF (549 52) (550 52) (537 52) (556 52) (550 52)
6(% :P? [(221 042)](1:81 0:36) | (1:80 0:35) | (1:35 0:34) | (1:79 0:35)

7TDEOHYHUDJH LQWHJUDWHG VXUIDFH PDVV EDODQFH QHW PHOW UH|
IOX[HV LQ*HWRB IRXU &,66(0%(/ H{TSSHULPHQWYV ZLWK PRGLILHG DOEHGF
SDUDPHWHUYV PLQLPXP DOEHGR UHIUHH]LQJ DOEHGR [UHVK
DWRS OD\HU WKLFNQHVV RI P 7KH &3+ DFURQ\P GHQRWHYV WKH XQ
6FKHPH &RSHQKDJHQ VHWXS

7KH ODUJHVW GLIIHUHQFH LQ WKH UHVXOWLQJ VXUIDFH PDVV E
FDXVHG E\ GURSSLQJ WKH PHOW FRQGLWLRQ DOEHGR IURP W
D UHDVRQDEOH FKRLFH IRU PHOWLQJ FIRQ\GH @ HR/QBO ZIQHRJ BD S H |
PXOWLSOH GLIIHUHQW DOEHGR VFKHPHY DUH SURSRVHG DQG FF
VFKHPHV XVH YDOXHV RI DQG IRUWKHVHFRQGLWLRQV $0\
DOEHGR GRHV QRW GURS LPPHGLDWHO\XSRQ PHOWLQJOLNHLQ
PRGLILFDWLRQ KDUGO\ DIIHFWV DFFXPXODWLRQ DQG UHIUHH]L(
LQFUHDVHRIDOPRVW LQQHWPHOW 7KLVLVGULYHQE\DQLQ
IOX[ ZKLFKLVRQ DYHURUHKHU WKDQ LQ WKH XQPRGLILHG VHWX S
'URSSLQJWKHUHIUHH]LQJ FRQGLWLRQ DOEHGR IURP WR K
FUHDVLQJ PHOW DQG UHIUHH]LQJ UDWHV 7KH GLIITHUHQFH LQ W
WR WR D VOLJKW LQFUHDVH LQ QHW VRODU UDGLDWLYH IOX[ ZKL
VOLJKW GHFUHDVHV LQ WKH QHW WKHUPDO UDGLDWLYH VHQVLI
&KDQJLQJ WKH PD[LPXP DOEHGR ZKLFK FRPHV LQWR HIIHFW ZK
UHJLVWHUHG KDV WKH VWURQJHVW HITHFWRQ WKH DFFXPXODW
WLRQ 7KH KLJKHU XSWDNH RI VRODU UDGLDWLRQ E\ WKH VXUII
WKH VXUIDFH WHPSHUDWXUH HVSHFLDOO\RYHU WKH LFH VKHH
'KLOH WKH VXUIDFH HQHUJ\IOX[LVRQDYHUDJH YHU\VLPLODU W
LQGLYLGXDO IOX[HV GLIIHU VWURQJO\ $ VKDUS LQFUHDVH LQ V

P 2LV PRVWO\EDODQFHG E\GHFUHDVHV LQ WKH ®HW WKHU|
VHQVLEOH KHDW? DQG PDWHQW KHBWOX[HYMPOO RI ZKLFK DUH C
WR KLJKHU VXUIDFH WHPSHUDWXUHV RYHU WKH LFH VKHHW LQW
7KLFNQHVVY PHWHU IRU WKH &,66(0%(/ VXUIDFH OD\HU ZDV FKR\
(& (DUWK DOWKRXJK WKHUH WKH WRS OD\HU FDQ DOVR EH WK
FKRLFH KHDYLO\ LPSDFWV WKH QHW PHOW DQG UHIUHH]LQ.



*U,6 60% IURP (QHUJ\ %DODQFH ORGHO DQG (5% 5HDQD

SDFWV VHYHUDO VXUIDFH HQHUJ\ EDODQFH FRPSRQHQWYV 7KH ODU
LQ WKH QHW VRODU UDGLBWRDI®RZX[G E\ WKH EDVDO KHDW I0X]
DQG QHW WKHUPDO UDGL W LKHH IOXWHQW: PHIFWD QG VHPQVLE OH
KHDW 2PIOX[HV RQ WKH RWKHU KDQG LQFUHDVH $GGLWLRQDO
IDFWRUV LQYHUVHO\ LQWR WKH VXUIDFH HQHUJ\ EDOK®FH DV FDQ
GHFUHDVH LQ UHIUHH]LQJ FDXVHG E\D VLJQLILFDQWO\LQFUHDVHC
SDUW Rl WKH GHFUHDVH LQ QHW PHOW UDWH 7KH UHVXOWLQJ VXUI
*WA\UKLIJKHU WKDQ LQ WKH XQPRGLILHG VHWXS

2 R[ @ RITHUV D VXUIDFH PDVV EDODQFH UHFRQVWUXFWLRQ IRU W
DQG WKXV WKH VXEVHW DOORZV FRPSDULVRQ ZLWK WKH WZR
WKLY SURMHFW :LWK D PHWKRG EDVHG RQ PHWHRURORJLFDO VWD
JLRQDO FOLPDWH PRGHOLQJ KHHVWLPDWHV DQDYHWIXQJH QHW PHO
DYHUDJH DFFXPXODWLRQ UDWB ®G DERXYWHUDW WUIXUIDFH PDVV EDO
UDWH RI DSSUR[LPDWH®LOH*WKM &,66(0%(/ VLPXODWHG PHOW UDW|
ZHOO WKH DYHUDJH VXUIDFH PDVV EDODQFH LQ &,66(0%(/ LV VLJQ
ORZHU DFFXPXOOWALRRYYUIWH RKURXJK FRPSHQWDWLRQ RI ORZ PH(
DFFXPXODWLRQ UDWHYV WKHVXUIDFHPDVVY EDODQFH HVWLPDWHYV I
&,66(0%(/ ZKHQ XVLQJ WKH VWDQGDUG DOEHGR VFKHPH PDWFK EHW!'
8VLQJD FRXSOHG *OREDO FOLPXWMW VHEZNKWHH® BEBWO@W D VLP
LODU 60% UDWH HVWLPDWH!RI7TBRHRMPE SD*SMWDOVR HIWHQGV XQWL
8QGHU 663 JUHHQKRXVHJDVIRUFLQJ IRUWKH WR SHULRG
DQDYHUDJH60% UDWH EHWZHH®QH RI"WKWVLPXODWLRQV SUHVHQ\
\LHOG FRPSDUDEOH HVWLPDWHV 7KH (& (DUWK VLPXODWLRQ XVl
KDJHQ VLPXODWHV WKH FORVHVW®B0%YtWKDQ HVWLPDWH RI

*U,660% IURP (QHUJ\%DODQFHORGHODQG (5% 5HD(
'‘DWD

6XUIDFHPDVV EDODQFH UDWHY ZHUH REWDLQHG IURP (5% UHDQDO\
WLPH SHULRG 7KHDFURQ\P (5% KHQFHIRUWK GHQRWHV VXUIDFH PC
FDOFXODWHG GLUHFWO\ IURP (5% YDULDEOHV ZKLOH &,6 (53 GHQR
VLPXODWHG E\ &,66(0%(/ UHFHLYLQJ (5% FOLPDWH IRUFLQJ )RU W
FOLPDWH IRUFLQJ GDWD JHQHUDWHG E\ (& (DUWK H[SHULPHQW 67

DOEHGR VFKHPH ZDV XVHG WR PRGHO WKH VXUIDFHPDVV EDODQF
67 &,66(0%(/GDWDLQWKLVVHFWLRQ ZDVJHQHUDWHG ZLWK $OEH
DQG LQFRPLQJFOLPDWHIRUFLQJZDV QRW GRZQVFDOHG

5HVXOWYV

7TDEOWKRZV WKHLQWHJUDWHG DYHUDJH YDOXHV RI WKH UHVXOWLQ.
PDVV EDODQFH VQRZPHOWDQG DFFXPXODWLRQ IOX[HV
7KH (5% DQG (& (DUWK IRUFHG &,66(0%(/ UXQV GHOLYHU VLPLODUU



*U,6 60% IURP (QHUJ\ %DODQFHORGHO DQG (5% 5HI

(5% &,6 (5% 67 &,6 67
60% *WAU (643 70) | (252 112)| (538 63) | (261 99)
OHOW AW\ (86 11) | (477 94) | (100 22) | (458 107)
$FF *WI\U (666 68) | (582 75) | (639 66)| (571 68)

7DEOHYHUDJH LQWHJUDWHG VXUIDFH PDVV EDODQFH QHW PHOW DQG
\U! IURP (5$ GDWD DQ (5% IRUFHG &,66(0%(/ H{SSHULPHQW (& (DUWK
DQGDQ (& (DUWK IRUFHG &,66(0%(/ H{TSHULPHQW

UDWHV DUH DJDLQ VPDOOHU WKDQ (5$ VQRZIDOO GXH WR ODUJ
UDWHV GLIIHU JUHDWO\ EHWZHHQ (5$ GDWD DQG &,66(0% (/ RXW
DYHUDJH VXUIDFH PDVV EDODQFH IOX[HV IURP &,66(0% (/
JLIXUWKRZV D VSDWLDO FRPSDULVRQRIWLPHDYHUDJHG (5% DQ
%(/ VXUIDFHPDVVEDODQFHDQG QHW PHOW UDWHYV 7KHDYHUDJ
UDWHLV SRVLWLYHRYHUWKHZKROHLFHVKHHW LQ WKH S
VXUIDFHPDVVEDODQFHUDWHV DUH QHIJDWLYHLQ WKHORZHU DI
WKHLFHVKHHW ZLWK WKH KLIKHVW QHW PHOW UDWHV RFFXUULC
LFH VKHHW

$QDO\WLV 'LVEXVVLRQ

'KHQ FRPSDULQJ GDWD IURP (5% DQG (& (DUWK H[SHULPHQW
WKH ODWWHU KDV WR EH WDNHQ LQWR DFFRXQW 7KH DQQXDO
*UHHQODQG ODQG PDV(¥2Z VIRQ PREGBUHVKDQ LQ (5% 7KLV FKDQJ
WLPH DV (& (DUWK LV FROGHULQ RXWRI \HDUVEHWZHHQ
RXW RI WKH ODVW \HDUV EHWZHHQ DQG

7KH HYROXWLRQ RI WKLV FROG ELDV LV DOVR UHIOHFWHG LQ WH
HOVDQG OHDGV WR WKH &,6 VW H[SHULPHQW VKRZLQJD VOLJK
PHOW IOX[ WKDQ &,6 (5$ 7KHELDV DOVR DIIHFWV DFFXPXODWL
HYROXWLRQ DV WKHWHPSHUDWXUH (& (DUWK VLPXODWHYV OR:
GXULQJ WKH ILUVW SDUW RI WKH WLPH SHULRG EXW KLJK
WKH HQG
&RPSDULQJ (53 VQRZ PHOW UDWHV WR DQ HVWLPDWH XVLQJ W
% URHNHHW® & XJIJHVWY WKDW WKH\ DUH OLNHO\ XQGHUHVWL!
(5¢ HVWLPDWH IRU VQRZ PH@W DIV *DVQ\'D ¥ HWZ HHH Q LV
VLIJQLILFDQWO\ ORZHU WROURWNKH HW® CPIDDMHREQS 1 IRW \U

7KH ODWWHU PDWFKHV ZHOO ZLWK WKH @84V $5HOW UDW |
*W\UGXULQJ

JHWWZHLY H@ BMHUIRUPHG DQ LQWHUFRPSDULVRQ RI PRGHOOH
WKH *UHHQODQG LFH VKHHW ZLWK D UDQJH RI GLIIHUHQW PRGH
PRGHOV HQHUJ\EDODQFHPRGHOV UHJLRQDO FOLPDWHPRGHO
2YHU WKH VDPH WLPH SHULRG &,6 (5% FDO®ES8ODI®JHW D) DYHUDJ
(QHUJ\EDODQFHPRGHOV LQ WKHVWXG\ZHUH IRUFHG E\ (5% LQW



*U,6 60% IURP (QHUJ\ %DODQFH ORGHO DQG (5% 5HDQD

JLIXUH $YHUDJH 60% WRS DQG VQRZ PHOW ERWWRP UDWHV DV F
IURP (5$¢ GDWD OHIW FROXPQ DQG E\ &,66(0%(/ IRUFHG ZLWK (5% GDWD
7TKHULJKW FROXPQ VKRZV WKH GLIITHUHQFHDV &,66(0%(/PLQXV (5% GDWD
$OEHGR 6FKHPH &RSHQKDJHQ

PDWHDYHUDJH 60% YDOX®6V /D)W A6 URMP2' (/ W(EE87 80)

*W\U %(66, 7KHHQVHPEOH PHDQ RI DOO BBSGHOV*MO\WKH VWXG\ LV
7KH 60% WUHQG LV VOLJKWO\ ZHDNHY MX®® (OWKH HQMHPEOH PHD

*W U

'KLOH WKH &,6 (53 PRGHOHG 60% IDOOV RXWVLGH RI WKH VWXG\{V t
GHYLDWLRQ WKHPHOW ZDWH U386 GR MW QLB \6 6 ORSDBDEOH ZLWKLQ
WKH VWDQGDU®BG HI2) PWWRRQW VKRZV D ZHDNHU WUHQ%® YV * W
DVZHOO KRZHYHU



,FHG6KHHW ORGHO ,QLWLDOL]DWLRQ IRU &RX

7KLV VHFWLRQ GHWDLOV WKH UHVXOWYV RI1 3,60 LQLWLDOL]DWLI
ILHOGV XVHG 7KH 3,60 LQLWLDOL]DWLRQ H[SHULPHQWV DV ZHO1
JHQHUDWLQJ VXUIDFH IRUFLQJ ZHUH SHUIRUPHG E\ ODULDQQH 6
IRUJHQHUDWLQJ WKH &,66(0%(/ VXUIDFHIRUFLQJ ZDV SHUIRUPF
7KHLFH VKHHW VWDWHY WKDW ZHUH JHQHUDWHG E\ WKHVH H[S
KHUH DUH XVHG DV 3,60 LFH VKHHW LQLWLDO VWDWHYV LQ WKH F
LPHQWY ZKLFK DUH DGGUHGSVEGBH. @ KYHH BWAOR®H VKHHW LQ WKH V
H[SHULPHQWV LVIRUFHG LQ WZR GLITHUHQW ZD\V RQFH ZLWK V
(DUWK RQFH ZLWK VXUIDFH IRUFLQJ JHQHUDWHG E\ &,66(0% (/
XQGHU ERWK ZD\V RI IRUFLQJ ZHUH SHUIRUPHG 7KH LQLWLDOL
HTXLOLEULXP ZLWK FOLPDWH VWDWHYV VLPXODWHG E\ WKH FOLP
6LQFHDIXOOLQLWLDO VWDWHIRUWKHLQLWLDOL]DWLRQH[SHU
LOWHUQDO LFH WHPSHUDWXUH ZDV QRW DYDLODEOH WKH ERR\
ILHOGV RI LQLWLDO EHGURFN DOWLWXGH DQG ODQG LFH WKLFN
IRUP RIVXUIDFH PDVVY EDODQFH DQG EHORZ ILUQ WHPSHUDWXU|
IRUWKHLFHWHPSHUDWXUHVY DQG YHORFLWLHV WR JHQHUDWH I
VWDWH WKHVLPXODWLRQ ZDV WKHQ UXQ IRU \HDUV
JRULQLWLDOEHGURFNDOWLWXGHDQGODQGLFHWKLFNQHVV %
WR WKH 3,60 JUL®RINOXVKIEP HWaD O

,FH6KHHW 6XUIDFH )RUFLQJ 'DWD

ORQWKO\GDWD ZDV XVHG WR VLPXODW H/EK R BD WKOIIPRPWRE\ )R F.
DV 60% DQG EHORZ ILUQ WHPSHUDWXUH DYHUDJHG RYHU WKH *
(DUWK DQG XVLQJ &,66(0%(KBEZYXMUMSDWLDO SORW RI WKH DQQ>
WKHPRQWKO\IRUFLQJILHOGVLQWKHWZRGLITHUHQW IRUFLQJP
VKRZV WKH GLITHUHQFH LQ WKH WHPSHUDWXUH DQG VXUIDFH P
WZR PHWKRGV
7KH(& (DUWK VXUIDFH IRUFL QU GHWDNHG E\ D SUH LQGXVWULD
\HDUV 7KH PRQWKO\ VXUIDFH PDVV EDODQFH IRUFLQJ GDWD
PRQWK RYHU WKH ZKROH SHULRG ZKLOH WKH EHORZ ILUQ WHPS
SHULRG PRGHO \HDUV WR
7KH VXUIDFH PDVV EDODQFH LV FDOFXODWHG IURP PRGHO YDUL
7KH +7(66(/ WHPSHUDWXUH RIVRLO OD\HU LV XVHG DV WKHEHOF
LV ILUVW FRQYHUWHG IURP WKH OLQHDU UHGXFHG WR D UHJXOI
PDVV EDODQFHLVY FRQVHUYDWLYHO\UHPDSSHG WR WKH 3,60 JUL
ELOLQHDU UHPDSSLQJLV XVHG
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