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1. Introduction
Anthropogenic climate change is shaping the environment faster than ever before.
Human activities change the atmospheric concentration of greenhouse gases, which
are important for the Earth’s energy balance. The role of human drivers in climate
change is undeniable (e.g. Cubashi et al., 2013). Still, our knowledge on the details and
implications of climate change is limited, and the monitoring of the environmental
changes incomplete, especially in the polar regions.
The cryosphere, consisting of water in solid state e.g. snow and ice, is sensitive to
changing weather and climate conditions. When the temperature is just below 0°C, an
increase of only a few degrees will cause snow or ice to melt. Snow and ice exist in
high latitudes and high altitudes, where the air temperature is below freezing-point all
or part of the year. These areas are often scarcely populated and hard to access. Due
to the harsh conditions and lack of infrastructure, the environmental observations are
limited. Nevertheless, the remote polar areas are experiencing the most rapid climatic
changes on Earth. Creative methods are needed in order to monitor and interpret the
ongoing changes, and to understand their implications for the Earth System as a whole.
The Arctic has recently faced rapid regional climate warming, over two times faster
than the global average (Screen and Simmonds, 2010; Cohen et al., 2014). Warmer
conditions have significantly reduced the sea ice extent and volume in the Polar Ocean
(e.g. Cavalieri and Parkinson, 2012). Arctic glaciers and ice caps, and the Greenland
Ice Sheet have also been affected. This is seen as a succession of years with extreme
melt events in Greenland in the 2000’s and 2010’s (Tedesco et al., 2008a; Tedesco et
al., 2008b; Tedesco et al., 2011; Box et al., 2012), and as negative trends in length and
mass balance in Svalbard glaciers (Vaughan et al., 2013). In the Southern Hemisphere
climate warming has in general not been as strong as in the Northern Hemisphere.
The Antarctic Peninsula is an exception: it has experienced significant warming in
1950–2000 (Turner et al., 2005), making it one of the hot spots of climate warming.
However, the warming was more vigorous in 1961–1990 than in 1971–2000 (Turner
et al., 2005), which is reflected also in the modest temperature trends closer to the
current date (see also Fig. 2 in Sec. 2.). Melting glaciers in warmer climate conditions
imply increased fresh water discharge and runoff to the oceans (e.g. Hanna et al., 2008).
This contributes to sea level rise and affects the thermohaline circulation in the oceans.
Increased melt water production at the surface of the glaciers can also speed up glacier
flow through the changes in basal hydrology and reduction of basal friction (Zwally
et al., 2002a). Ice shelves buttress the flow of the glaciers, and the removal of an ice
shelf can make the input glaciers flow faster. Thus, while the loss of floating ice shelves
does not directly contribute to sea level rise, the loss of ice shelves might increase the
ice discharge from the host glaciers.
The polar regions have sparse in situ observations networks. In the Northern

11

Hemisphere, the observations concentrate on the continents that surround the Polar
Ocean. In addition, observations are carried out on islands e.g. Svalbard, and on board
ships. Ships, however, move in open water rather than sea ice, leaving a large part
of central Arctic unmonitored. In the Southern polar regions, in situ observations
are carried out at research stations in Antarctica. Most of the stations are located in
the coastal areas of Antarctica, concentrated on East Antarctica and the west coast
of the Antarctic Peninsula, such that vast areas of central Antarctica are left without
observations. To obtain a reliable picture of the environmental conditions in the
polar regions, it is crucial that the in situ observations are supplemented with other
sources of information. Satellite remote sensing provides valuable data in regions
that would otherwise not be monitored. The start of satellite measurements in the
1970’s marked a new era in earth system sciences by providing an additional source
of information for weather models. Satellite observations are also a significant data
source for reanalyses. In atmospheric reanalyses the past atmospheric conditions
are analyzed using state-of-the-art atmospheric models and all available observations.
Reanalyses provide global gridded datasets of the atmospheric variables at high
temporal resolution making them an important source of information in polar research
(e.g. Bromwich et al., 2013). Satellite observations did not improve only atmospheric
monitoring, but were revolutionary also in sea ice monitoring. Owing to satellite
observations, the changes in sea ice coverage are reasonably well documented. It
has been suggested that new modelling methods can provide a way to produce more
information based on the limited available observations (Vaughan et al., 2013).
This thesis focuses on glaciers (valley glaciers, ice sheets, and ice shelves) in a
changing climate. We address the atmospheric conditions and the consequent melt
conditions in the northern and southern polar regions. The study locations are the
Greenland Ice Sheet, Midtre Lovénbreen glacier in Svalbard, and Larsen C and Wilkins
Ice Shelves in the Antarctic Peninsula. These areas have recently experienced rapid
changes in climate, and are also subject to large interannual variations in atmospheric
conditions. Our main interest is to link the interannual variations of atmospheric
conditions to the interannual variability of the surface melt of these ice masses. While
the connection between local atmopheric temperature and melt of snow and ice is
obvious, the interannual varibility in large-scale atmospheric circulations modifies
greatly the surface energy balance and the melt conditions. The aim is to understand
local surface melt as part of the large scale climate system. This research focuses on
the boundary between the cryosphere and the atmosphere. The studies bring together
knowledge of atmospheric large-scale circulation, atmospheric boundary layer, snow
and ice physics, and glacier processes. The studies in this thesis have also required
combining in situ observations, atmospheric reanalyses and modelling efforts. Experts
in atmospheric science and glaciology, including specialists in modelling and in field

12

measurements have been involved in the studies of this thesis. Four peer reviewed
articles are included in this thesis and are listed on page 8. Papers I (Välisuo et al., 2014)
and III (Välisuo et al., 2018) address the interannual variability of surface melt, Paper II
(Välisuo et al., 2017) presents a modelling approach for solving past accumulation and
ablation patterns on a glacier, and Paper IV (Buizza et al., 2018) provides an overview
of the current state of atmospheric reanalyses, which are an important data source in
this thesis. Later in the text, the articles will be referred to with their roman number
(e.g. Paper I).
Two of the studies in this thesis focus on the interannual variability on atmospheric
conditions and their role for the interannual variability of surface melt. One addresses
melt on the Larsen C and Wilkins Ice Shelves on the Antarctic Peninsula (Paper I)
and the other on the Greenland Ice Sheet (Paper III). Both studies are largely based
on reanalyses. However, the data sources, variables of interest, and methods are
not identical in these two studies. The ice shelf-study (Paper I) is based on data
from reanalyses. The quality of the data is evaluated by comparing it against in
situ observations. The primary aims of the study are to investigate how much the
net surface energy flux varies interannually, and how the flux variations are related
to large-scale weather conditions. Secondly, the surface melt is calculated using
the surface temperature and the surface net energy flux. Further, the interannual
variations of surface melt are compared to the disintegrations of the ice shelves.
The study addressing melt on the Greenland Ice Sheet (Paper III) is based on
a larger selection of input data. In this study we use less surface and near-surface
variables from reanalyses and have a stronger emphasis on the mid-troposphere, since
in the reanalyses, the tropospheric variables have smaller biases than the surface values
(e.g. Jakobson et al., 2012). Melt is addressed through the melt extent and melt
amount averaged over Greenland, and through the spatial distribution of the number
of melt days (NMD). The NMD was calculated from a Moderate Resolution Imaging
Spectroradiometer (MODIS) based Ice Surface Temperature (ISW) record (Hall et al.,
2012; Hall et al., 2013), which was complemented with ERA-Interim skin temperature
when missing data occurred. The different melt variables were compared against each
other, and the association between melt and atmospheric conditions was discussed.
The focus of the glacier modelling study (Paper II) is in testing and developing a
new method for extracting more information from existing digital elevations models
of a glacier. Our aim is to develop a method for estimating the surface mass balance of
a glacier based on surface digital elevation models and the ice flow model Elmer/ICE.
The method was tested on Midtre Lovénbreen, a thoroughly monitored valley glacier in
Svalbard. Our objective was to estimate the accumulation and ablation pattern over the
whole glacier beyond the spatially limited field measurements. The aim was to derive
average distribution of accumulation and ablation over an extended time period.
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The final part of the thesis is based on a conference summary from the Fifth
International Conference on Reanalyses (Paper IV). The article summarises the main
conference topics, current state, development, and usage of reanalyses. It proceeds
in giving recommendations on how to best advance the reanalyses field from the
developer’s and user’s perspective.
The studies in this thesis contribute to understanding of the ongoing cryospheric
and atmospheric changes in the polar region via combining various sources of data
(Papers I, II, and III). The thesis includes new information on the performance of the
reanalysis (Papers I and IV). The glacier modeling study (Paper II) also succesfully
presented a new method for solving the past accumulation and ablation patterns on a
glacier.
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2. Background
2.1. Components of the cryosphere
“Cryosphere” is a general term for water in solid state on Earth. The cryosphere
composes of snow, ice in natural waters (sea, lake, and river ice), permafrost and
frozen ground, glaciers, ice sheets, and ice shelves, as well as ice in the atmosphere.
These components of the cryosphere are present at high latitudes and altitudes, where
air temperatures are occasionally or permanently below the freezing point. The
cryosphere has an important role in the Earth’s climate system. It affects the surface
energy balance, the hydrological cycle, gas exchange between the surface and the
atmosphere, radiative transfer in the atmosphere, and ecological processes. Globally,
the seasonal snow and ice cover, ice sheets, and glaciers are of great importance to the
Earth system, because of the large surface area that they cover, and the great volume
of water stored in them. The seasonal snow and ice cover affect primarily the surface
energy balance and hydrological cycle.
Table 1: The largest components of the cryosphere following the information presented in
the IPCC Fifth Assessment Report, Chapter 4 (Vaughan et al., 2013), and references within.
Component
Antarctic ice sheet
Antarctic ice shelves
Greenland ice sheet
Glaciers
Permafrostf
Seasonal snow cover
Sea ice, boreal spring (autumn)
Lake and river iceg

Surface area (106 km2 )
12.29c
1.62d
1.77
0.73
13.2–18.0
1.92–45.17
17.04 (25.01)
1.62

Volumea (103 km3 )
2367
380
298.8
16.65
8.12–40.6
0.4–4.06
19.9 (24.1)
0.4h

Sea level equivalentb (m)
58.3
7.36e
0.41
0.02-0.10
0.001–0.01
not applicable
not applicable

Assuming ice density of 917 kg m−3
Assuming global ocean area of 362.5 ⋅106 km2 and seawater density of 1028 kg m−3
c
Fretwell et al. (2013)
d
Griggs and J. Bamber (2011)
e
J. L. Bamber et al. (2013)
f
Excluding permafrost under the ice sheets
g
Northern hemisphere only
h
Estimate based on the surface area assuming a mean ice thickness of 25 cm
a

b

The seasonal snow and sea ice cover are the largest components of the cryosphere
by surface area (Table 1). They have a great impact on surface-atmosphere interactions
by altering the surface energy balance. Snow and ice have a high albedo, 0.8–0.9 for
dry snow (Wiscombe and Warren, 1980) and > 0.6 for non melting sea ice (Maykut
and Untersteiner, 1971), which causes a large fraction of solar radiation to be reflected
away from the surface. The seasonal snow covers up to 45 million km2 of Earth’s
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surface corresponding to 30% of the global land surface area. The global sea ice
extent comprises Arctic and Antarctic sea ice. Their combined area is from 17 (boreal
winter-spring) to 25 million km2 (boreal summer-autumn) (Zwally et al., 2002b;
Cavalieri and Parkinson, 2012).
Ice sheets, ice shelves, and glaciers hold the largest volume of ice (Table 1). This
land ice is an important storage of fresh water with physical and societal impacts. The
surface area covered by ice sheets is also significant: the Antarctic ice sheet and its ice
shelves cover almost 14 million km2 and Greenland ice sheet covers close to 2 million
km2 . The ice sheets together cover 10% of the global land surface, meaning that they
have a major impact on the mean albedo of the Earth, and therefore on the global
surface energy balance.
All of the components in the cryosphere respond to the changes in climate
conditions, especially in temperature and precipitation (Vaughan et al., 2013). Thus,
the cryosphere is sometimes referred to as a natural “climate-meter”, analogous
to a slow-response thermometer. The cryospheric components are sensitive to
atmospheric changes on a wide range of timescales from synoptic to millennial.
Seasonal snow and ice react to atmospheric changes in a matter of hours or days, while
continental ice sheets take centuries to adapt to new climatic conditions. However,
even the slowly reacting masses of land ice have surface layers of snow or ice, which
adapt to the atmospheric conditions in shorter timescales.
The cryosphere is not only a passive indicator of climatic changes, but has several
feedback mechanisms that affect the atmosphere. A key feature is the albedo feedback.
Snow and ice have high albedo, which causes the majority of incoming solar radiation
to be reflected back to the atmosphere and space. When snow or ice melts, the
underlying land or water is unveiled. The bare land or water absorb solar radiation
more efficiently than snow or ice, allowing further warming of the surface and further
decrease of the snow and ice cover (Schneider and Dickinson, 1974; Curry et al., 1995;
Kashiwase et al., 2017).
Glaciers, ice sheets, and ice shelves are important reservoirs of fresh water. At a
regional level, glaciers regulate the hydrological cycle. Glaciers provide fresh water
for numerous communities in areas where precipitation is not sufficient to fulfill the
need of the population. The role of mountain glaciers as water reservoirs is of major
importance in Asia, particularly in the Hindu Kush Himalaya region. The area holds
the largest reserve of fresh water outside the polar regions and is known as the Third
Pole. The glaciers in the Hindu Kush Himalayan region are the source of ten major
river systems in Asia, and provide water to 1.3 billion people, almost 20 % of the global
population, through river flow (Sharma and Pratap, 1994).
At a global level, changes of glaciers and ice sheets are major contributors to the sea
level. Land ice has a potential to increase the sea level by over 60 m (Table 1), if all of it
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is melted. This estimate is a simple sea level equivalent that does not take into account
thermal expansion, gravitational effects that redistribute the water masses, or the local
land uplift. The volume of water in the glaciers and ice sheets does not affect only the sea
level, but also the circulation in the oceans (Aagaard and Carmack, 1989). During the
last glacial cycle, abrupt temperature changes and consequent surges of icebergs and
fresh water to the oceans have affected the ocean circulation (Rahmstorf, 2002). Model
experiments have shown that in future climate, extreme runoff from Greenland could
interfere with and weaken the Atlantic Meridional Overturing Circulaiton (AMOC)
(Driesschaert et al., 2007; Weijer et al., 2012; Rahmstorf et al., 2015). In addition,
thermodynamic processes within glaciers and ice sheets depend on climate conditions.
The viscosity of ice is temperature dependent, warmer ice being less viscous, allowing
faster ice flow and inherent increase of ice loss. Melt water can also speed up the glacier
flow by reducing the friction between the ice and the bedrock (Zwally et al., 2002a).

2.2. Glaciers
2.2.1. Glacier morphologies
Glacier morphologies are classified to three main categories (Benn and Evans, 1998).
The categories include ice sheets and ice caps in the first category, glaciers in the second,
and marine glaciers in the third. Ice sheets and ice caps are the largest ice masses on
land. The main difference between ice sheets and ice caps is the size: areas smaller that
55 000 km2 are ice caps and larger ones are ice sheets. According to this definition,
the main ice bodies in Greenland and Antarctica are ice sheets. In their central parts
ice sheets and ice caps cover the underlying bedrock completely. Ice sheets and ice
caps are unconstrained by the topography, i.e. the general ice flow is independent
of the undulations of the underlying bedrock. At the margins, the ice sheets and ice
caps have faster flowing ice streams and outlet glaciers that are affected by the bedrock
topography. (Benn and Evans, 1998)
Glaciers are masses of ice on land that are constrained or controlled by the
topography. Glaciers comprise of a variety of different forms and sizes ranging from
the largest ice fields (e.g. Southern Patagonia icefield, 13 000 km2 (Aniya et al., 1993))
to the tiniest niche glaciers (length from base to backwall at least 30–70 m (Benn and
Evans, 1998)). Common to all glaciers is topography constrained ice movement due
to internal deformation or basal sliding.
Marine glaciers are glaciers that terminate to sea or a lake and can have a part of
their ice mass floating in the water. Marine glaciers can form icebergs when ice breaks
up into the water in a process called calving. The floating extensions of the glaciers,
that are still connected to the tributary ice mass, are called ice shelves. They are fed
by the ice flow of the glacier, accumulation from precipitation, and occasionally they
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grow further due to freezing of sea water. Sometimes ice shelves grow thick enough to
ground with islands or subsurface rocks forming ice rises.
In this study, we address glaciers from each of the main morphological categories:
glacier, ice sheet, and ice shelf. The studies include assessing the surface melt on
Antarctic Peninsula Ice Shelves (Paper I), modelling of glacier dynamics and surface
mass balance (Paper II), and analyses of surface melt on Greenland Ice Sheet (Paper
III). These studies focus on the variability of atmospheric forcing and the consequent
variation in surface melt or mass balance of the glaciers.

2.2.2. Glacier mass balance
Glaciers, ice sheets, and ice caps form in locations where climate conditions allow
snow to accumulate over several years, form firn (snow that has survived at least one
summer), and finally ice. Glacier formation and growth require snowfall in winter
and low temperatures in summer so that snow does not melt entirely during the
summer. In practice, climate conditions allow glacier formation in the polar regions
and mountainous areas.
Glaciers exchange mass and energy with the surrounding environment. The
primary mass input for a glacier comes from solid precipitation (i.e. snow fall), wind
blown snow, or avalanching. The mass input is called accumulation. When the
accumulated snow remains on the surface without melting for one year or more it forms
firn. In the course of time, the density of firn increases as the volume of air in the firn
decreases. Finally firn forms new glacier ice. The transition from firn to ice takes place
when the air channels in firn become disconnected from the atmosphere, leaving only
isolated air bubbles in the ice (Hooke, 2005). Firn transforming into ice is not the only
way to create new ice. Melting of snow and refreezing of the melt water contributes to
the mass balance by creating superimposed ice. Superimposed ice can account for up
to 25 % of the annual accumulation on polythermal glacier (i.e. glaciers where part of
the ice is at 0 °C and part colder than that.) (Singh et al., 2011).
Glacier ice is a strongly non-linear viscous material that deforms under gravity
and the pressure of the overlying ice and snow. In sloping surfaces, glacier ice
moves downwards due to gravity by internal deformation and sliding at its bedrock.
Ice masses are transferred to lower elevations, where they are subject to warmer
temperatures. At lower elevations ice melts, sublimates, or breaks away in blocks of
ice on land or icebergs in the sea. These ice-loss mechanisms are called ablation and
calving.
Glaciers can be divided into accumulation and ablations zones by the average mass
gain or loss. In the accumulation area, usually at the higher elevations of the glacier, the
annual mean accumulation exceeds the annual mean ablation. Thus, the glacier has a
net gain of mass in the accumulation area. In contrast, in the ablation area the annual
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mean ablation exceeds accumulation and the glacier has a net mass loss. The transition
area from accumulation to ablation zone is called the equilibrium line altitude (ELA).
At the ELA accumulation and ablation processes are in balance i.e. no net gain or
loss of mass occurs. Ice motion constantly redistributes ice from the accumulation to
the ablation zone, balancing the processes that would otherwise lead to thinning or
thickening of the glacier.
Ice sheets and ice caps have the same accumulation and ablation processes as
smaller glaciers, with the exception that the bottom topography does not limit the ice
flow. While glaciers usually have one main flow direction dictated by the topography,
in ice sheets the flow is directed from the central parts outward to all directions.
As described above, glacier movement redistributes ice from the accumulation to
the ablation area. If the glacier front does not advance or retreat, nor the glacier gets
thicker or thinner, the glacier is said to be in equilibrium state. In equilibrium state the
accumulation and ablation processes balance each other exactly. The flow velocity of a
glacier in equilibrium state is called the balance velocity. Changes in climate conditions
cause glaciers to retreat, advance, become thinner or thicker, but over a long time the
glacier will adapt to the new conditions and find a new balance velocity, or disappear.
The concept of equilibrium state and balance velocity are important in Paper II, which
addresses the surface mass balance with the use of modeled balance velocity.

2.3. Aspects of polar climate
2.3.1. Surface energy balance on snow and ice
Melt of snow or ice is controlled by the energy balance at the surface of snow or
ice. The energy balance can be represented in several ways. Often, the energy
exchange between the atmosphere and Earth’s surface is assumed to take place in
an infinitesimal surface layer which has no thermal properties or thermal inertia.
For snow or ice cover, a commonly applied approach is to consider the entire snow
pack as a system that exchanges energy and mass with the surrounding environment
(Fig. 1). Here, we focus on the energy fluxes. The exchange of energy between the
snowpack or ice and the environment takes place at the bottom and top boundaries
of the snow layer. The horizontal energy fluxes are ignored, because they are in
most cases small compared to the vertical fluxes. Radiative and turbulent energy
fluxes, and the energy from snow deposition or rain contribute to the energy balance
at the snow–atmosphere–interphase (Fig. 1). Usually, the energy balance between
snow and the atmosphere determines the amount of melt, as the energy fluxes at the
snow–ground–interphase are often small. The penetration of solar radiation can have a
small but important role in the snowpack energy balance, and lead to melt also inside
the snowpack (Van den Broeke et al., 2008; Kuipers Munneke et al., 2009). Energy
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Figure 1: The main vertical energy fluxes between the snow pack or ice, and the
environment.

transport inside the snow or ice can greatly affect the temperature inside the snow
pack. The internal energy flux depends on the thermal conductivity of snow, which
is controlled above all by the density of snow. The thermal conductivity is higher for
denser snow. Inside the snow pack, the phase changes between solid, liquid, and gas
form of water also store and release energy, affecting the temperature gradient inside
the snowpack.
Radiative fluxes are major components of the snow energy balance, especially
during the melt season. The radiative fluxes comprise of incoming and outgoing
solar/shortwave radiation (SW↓ and SW↑ , respectively) and incoming and outgoing
thermal/longwave radiation (LW↓ and LW↑ , respectively). The radiative components
depend on insolation, atmospheric composition, and surface properties. The radiation
balance, i.e. the combined effect of net shortwave (SW↓ +SW↑ ) and net longwave
(LW↓ +LW↑ ) radiation on the surface energy budget, is a complex interplay between the
atmospheric and surface properties. In the polar regions the atmosphere is relatively
dry in terms of absolute humidity content, and the surface is highly reflective (Shupe
and Intrieri, 2004). This implies on one hand a relatively simple radiative transfer
through the atmosphere and on the other hand a complex situation where the role
of the reflected radiation is important.
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The shortwave radiation originates from the Sun. It comprises of ultraviolet,
visible, and near-infrared wavelengths of the electromagnetic spectrum. When the
shortwave radiation propagates towards Earth’s surface part of it is reflected back
to space from the clouds, part scattered by the atmosphere, and part is absorbed
by atmospheric molecules. The part that reaches the surface (downward shortwave
radiation, SW↓ ) comprises of direct and diffuse radiation. The first part is coming
directly from the direction of the Sun and the latter is reflected and scattered in the
atmosphere and arrives to the surface from various directions. At the surface, the solar
radiation is either absorbed or reflected and scattered back to the atmosphere (upward
shortwave radiation, SW↑ ). In the case of snow, over half of the radiation is reflected
even when the snow is melting and the albedo is at its lowest value. In cloudy conditions
multiple reflections between the surface and the cloud base can occur. A large part of
the SW↑ can be reflected back to the surface from the lower surface of the clouds. These
conditions are very distinctive to the Arctic and Antarctic, and complicate the radiative
balance over snow covered surfaces. Also, during the melt season the small proportion
of SW↓ absorbed by the surface can bring enough energy to the snowpack to rise the
temperature above freezing point and cause internal melt, even thought the surface
temperature would remain <0°C (Kuipers Munneke et al., 2009; Van den Broeke et al.,
2008).
Longwave radiation comprises of radiation emitted by the Earth’s surface and the
atmosphere. Due to the temperature range on Earth radiation is emitted at much
longer wavelengths than those of the solar radiation. Consequently, this radiation
component is called the longwave radiation as opposed to the shortwave radiation.
Incoming longwave radiation (LW↓ ) is emitted by the molecules in the atmosphere.
The properties of LW↓ depend on the temperature and emissivity of the atmosphere
and the molecules within, such as water in the clouds. In the polar regions, where
temperature inversions are common, clouds are often warmer than the underlying
surface. Hence, LW↓ emitted by clouds can have an important warming effect for
the surface. The role of clouds and atmospheric moisture is so important that it can
control the net LW radiation. The LW↑ , in turn, is radiation emitted, and for a small
fraction reflected, by the surface. The magnitude of LW↑ depends on the temperature
and emissivity of the surface.
Cloud radiative effect is defined as the difference of the surface net radiation
(SW↓ +SW↑ +LW↓ +LW↑ ) between overcast and clear-sky conditions. Clouds contribute
to the surface radiation balance in contradicting ways. First, clouds decrease the SW↓
by shading the solar radiation. Second, clouds increase emittance of LW↓ . Third, over
surfaces of high albedo such as snow, clouds can reflect back part of the SW↑ , resulting
to an increase in SW↓ . The net effect of clouds on the surface radiation balance is called
the cloud radiative effect or forcing.
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In addition to the radiative fluxes, turbulent eddies carry energy to and from
the surface. These turbulent energy fluxes are divided into fluxes of sensible (SH)
and latent heat (LH). SH is directly related to the potential temperature difference
between the surface and the air above. LH is the energy being stored or released
in evaporation, sublimation, condensation, or riming. The energy fluxes depend on
the difference in temperature (for SH) and in specific humidity (for LH) between
surface and the air above, as well as the factors that affect the efficiency of turbulent
mixing. Turbulent mixing depends above all on the wind speed, surface roughness,
and thermal stratification. In the polar regions, surface warms poorly due to the polar
night in winter and the low solar angles in other seasons. The high albedo of snow and
ice cover further prevents the surface from warming. The cold surface from its part
enables the frequent occurrence of stable stratification. In stably stratified conditions
the vertical motion in the air is very weak and occasionally ceases completely. Thus in
stable stratification turbulent energy fluxes are weak. However, the polar environment
enables also situation with massive turbulent energy fluxes. In winter and in freezing
temperatures, open leads and polinyas create turbulent energy fluxes of > 500W/m2
from the open water to the atmosphere (Andreas and Murphy, 1986; Maykut, 1978).
In theses cases the sensible heat flux is larger, reaching over 360 W/m2 over thin (5 cm)
new sea ice in the coldest season (Maykut, 1978).
The snowpack can gain energy also from depositing snow or liquid precipitation.
In addition to being a mass flux, depositing snow represent an energy flux to the snow
pack, if the depositing particles are warmer than the underlying snow. Inside the
snowpack, the temperature gradient between its top and bottom create internal energy
fluxes. These energy fluxes contribute, among others, to the metamorphosis of the
snow grains inside the snowpack. Internal melt and refreezing introduce also heat
sinks and sources inside the snow pack. In some occasion, the energy flux from below
the snowpack can be important. This is the case above all on sea, lake, and river ice,
where a continuous heat flux from the water to ice, and further to the snow, is present
until the start of melt season.

2.3.2. Climate change in the polar regions
The polar regions are the heat sinks of the Earth’s climate system. The Earth is heated
at the Equator, which receives more solar radiation than the polar regions, and the
heat from the tropics is carried towards the poles. The temperature difference between
the high latitudes and the Equator is one driving factor of the global atmospheric
and oceanic circulation. In the resent decades, the polar climate has experienced
considerable changes that have implications for the whole climate system.
The Arctic is most commonly defined as the area north of the Arctic Circle
(66°34’N), where polar twilight or polar night occurs in winter and midnight sun in
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the summer. Other definition are based on temperature (e.g. +10°C July isotherm)
or vegetation and climate zones. Geographically, the Arctic region is mostly an ice
covered ocean surrounded by continents. In the Arctic, the air temperature has been
rising twice as fast as the global average (Cohen et al., 2014; Screen and Simmonds,
2010), a phenomenon that is called the Arctic Amplification. Figure 2 shows the
difference in mean near surface temperature between 2000–2015 and 1979–1999 in the
Arctic summer (Fig. 2 a ) and winter (Fig. 2 b ). In winter, near surface temperature has
increased above all in the Polar Ocean and Greenland, creating a warm ocean versus
cold continent –pattern. In summer, warming has been stronger in the continents
surrounding the Arctic Ocean. The sea ice extent and volume, estimated based on the
surface area and thickness, have decreased. The Arctic Sea Ice extent has decrease with
a trend of -14.6±2.3⋅103 km2 per year in 1979–2010 (Cavalieri and Parkinson, 2012).
The mean Arctic Sea Ice draft has decreased from 3.1 m (1958–1976) to 1.8 m (1990s)
(Rothrock et al., 1999). The changes in the seasonal snow cover in subarctic areas vary
a lot depending of the season and location of interest. Vihma et al. (2016) present a
review on the changes in precipitation in the Arctic. They state that increased winter
precipitation has been observed in the central Arctic Ocean (Radionov et al., 2015),
in western Siberia (Roshydromet, 2008), in southeastern Canada and coastal Arctic
Canada (e.g. Zhang et al., 2000), and in Scandinavia (Liston and Hiemstra, 2011).
Decreased wintertime precipitation has been observed eg. in north-eastern Russia
(Roshydromet, 2008).
In general melting of snow or ice, caused by warmer temperatures, exposes ground
or water beneath. The bare ground or ice free ocean has lower albedo than snow or ice,
and it absorbs more solar radiation. Increased absorption of solar radiation allows the
surface to warm more, which further increases melting. This phenomenon is called
the albedo feedback and it is believed to be one of the reasons for Arctic Amplification.
Pithan and Mauritsen (2014) state more specifically that albedo feedback the second
largest contributor in the Arctic Amplification (for surface temperatures), while the
surface temperature feedback is the largest. The surface temperature feedback arises
from the nonlinear increase of longwave emissions with increasing temperature. Thus,
longwave emissions increase more per unit of warming at warmer lower latitudes
than the colder high latitudes. According to the Stefan-Boltzmann law of black-body
radiation, j = σ T 4 , where j in the emitted radiation, σ is the Stefan-Boltzmann
constant, and T is the temperature, an increase of temperature from −15 to −14°C
would increase the black-body emission by 3.9 Wm−2 . However, increasing the
temperature similarily by one degree, from +15 to +16°C, will increase the black-body
emission by 5.4 Wm−2 . Hence, at high latitudes the increase of surface temperature
leads to a relatively smaller increase in LW↑ than at lower latitudes .
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Faster warming in the Arctic compared to the mid-latitudes leads to decreasing
temperature gradient between higher and lower latitudes. This has implications to the
global circulation including weather in the mid-latitudes. Result on the connection
between Arctic Amplification and mid-latitude weather are still robust, hard to detect
due to their low signal to noise ratio and to some extent controversial (e.g. Francis,
2017; Overland et al., 2016). According to current understanding the warmer Arctic
will lead to more persistent jet-stream patterns and can thus increase the frequency of
extreme weather events in the mid-latitudes.
Greenland, mostly situated north of the Arctic Circle, is a unique part of the Arctic
region. The Greenland Ice Sheet is the only ice sheet on the northern hemisphere.
It regulates the hydrological cycle and affects the atmospheric circulation. Due to the
high surface elevations in most of central Greenland, the ice sheet creates a topographic
barrier for zonal winds. The common high atmospheric pressure over Greenland,
described by the Greenland Blocking Index (GBI), prevents air masses from mixing
over the ice sheet , but also advects warm air to the western coast (Hanna et al.,
2016). Transport of warm and moist air masses over Greenland impacts the surface
mass balance (Mattingly et al., 2018). However, warm air masses penetrate central
Greenland only in specific atmospheric conditions, thus wide spread melt in Greenland
is rare. During the last decade a succession of summers with strong melt has occurred
in Greenland Ice Sheet (Tedesco et al., 2008a; Tedesco et al., 2008b; Rignot et al.,
2011; Hanna et al., 2013; Flowers, 2018). In 2012 the melt extent and melt amount in
Greenland were particularly high (e.g. Nghiem et al., 2012). During the following years
2013–2018, the melt extent has remained lower than in 2012, making 2012 the most
extreme in the observational history in terms of melt extent. Previous research shows
with a high confidence that ice loss from Greenland has contributed to the global sea
level rise over the last two decades (Vaughan et al., 2013). According to an ensemble
of 18 studies, the mass loss from Greenland corresponds to a sea level equivalent of
+0.33 mm/yr over the period of 1993–2010 and +0.63 mm/yr over a shorter more
recent period of 2005–2010 (Vaughan et al., 2013 and references within). Fresh water
discharge from Greenland impacts the thermohaline circulation in the Atlantic. This
could interfere with the AMOC (e.g. Rahmstorf et al. (2015) ) and further alter the
atmospheric conditions and heat transport to the Arctic.
The southern polar region differs a great deal from its northern counterpart. First,
Antarctica is a continent surrounded by oceans, opposite to the Arctic. Second,
there is no universal climatic trend that would be valid for the whole Antarctic
area. Statistically significant positive trends in annual average temperature have been
detected in West Antarctica and the Antarctic Peninsula over 1958-2012 (Nicolas and
Bromwich, 2014). The trends for that period in the Antarctic Peninsula are statistically
significant in all seasons (Nicolas and Bromwich, 2014). Studies indicate that the
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warming in the Antarctic Peninsula has been more vigorous in the mid than late 21st
century (1961-1990 vs. 1971-2000, respectively) (Turner et al., 2005). The more recent
period, 2000–2015 vs. 1979-1999, shown in Fig. 2c and 2d, seems to agree with this:
there is mostly no summertime (austral) warming in the Antarctic Peninsula (Fig. 2c)
between these time intervals. Wintertime temperature trends show both warming on
the west side of the Antarctic Peninsula and cooling on the east side (Fig. 2d). The
Antarctic Ice Sheet is also an important driver of the global sea level rise (Vaughan et
al., 2013). The Antarctic Ice Sheet has lost c. 2 720 Gt of ice ice in 1992–2012, which
corresponds to a sea level equivalent of c. 7.6mm (Andrew et al., 2018). Local aspects
of climate change in our study locations are discussed more in detail in Section 3.3 and
along with the results in Section 4.
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(a) The Northern Hemisphere,
summer (JJA).

(b) The Northern Hemisphere,
winter (DJF).

(c) The Southern Hemisphere ,
summer (DJF).

(d) The Southern Hemisphere,
winter (JJA).

Figure 2: Difference in mean near surface temperature between 2000-2015 and 1979-1999
in the Northern and the Southern Hemisphere, in summer and winter. Images are from the
Climate Reanalyzer (http://cci-reanalyzer.org)
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3. Study topics and locations
The key areas of interest in this thesis are the Antarctic Peninsula in the southern polar
region, and Greenland and Svalbard in the northern polar region. All of these areas
have experienced either strong warming or exceptional weather events in the recent
decades.

3.1. Surface melt on Antarctic Peninsula Ice Shelves
The Antarctic Peninsula is a narrow but high peninsula stretching north from the
West Antarctica (Fig. 3). The Peninsula is located roughly between 60°–70° W
and 63°–74°30’ S, extending over 1500 km in south–north direction. In east–west
orientation, the Peninsula is only 50 km at the narrowest, and about 400 km at
the its widest part. The Peninsula has a prominent topography with mountain tops
reaching mostly 1400–2000 meters above sea level (m a.s.l.) and several individual
mountains peaking over 2000 m a.s.l. The mountain chain of the Antarctic Peninsula
is surrounded by the ocean, which creates a contrast between the flat ocean surface
and the sharp mountains. Consequently, the Peninsula divides the local climate into
two different regimes. On the west side of the Peninsula, mild and maritime climate
prevails. On the east side of the Peninsula, where Weddell Sea is located, the mean
temperature is 5–10°C lower than in the west and climate is more continental (e.g.
Reynolds, 1981; Morris and Vaughan, 2003).
Climate monitoring in the Antarctic Peninsula is hindered by relatively short
records of observations and large interannual weather variability (Chapman and
Walsh, 2007). In spite of these difficulties, several studies have shown that the warming
trend in the Antarctic Peninsula since the 1950s has been stronger than the global
average and the average over the rest of the Antarctic continent (King, 1994; Comiso,
2000; Vaughan et al., 2003; Turner et al., 2005; Chapman and Walsh, 2007). The
positive surface temperature trends have been larger on the west than east side of
the Peninsula (Sansom, 1989; Turner et al., 2005). However, the difference in the
trends might be related to the larger number of occupied observation stations on
the west coast, which increases the realibility of observation on the west side of the
Peninsula. On the east coast of the Peninsula, occupied observation stations are very
few. Nevertheless, from the abrupt changes in the ice shelf area, it has been suggested
that the east coast is also going through major climatic changes (Turner et al., 2005).
The Antarctic Peninsula hosts a number of marine terminating glaciers and
consequently numerous ice shelves. From 1950 to 2009, the total ice shelf area has
reduced by more than 28 000 km2 (Cook and Vaughan, 2010). The focus in Paper
I is on Larsen C and Wilkins Ice Shelves. With the surface area of 44 200 km2 (July
2017), Larsen C is the largest ice shelf in Antarctic Peninsula, and the fourth largest
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Figure 3: Map of the Antarctic Peninsula (data from Matsuoka et al., 2018)

in Antarctica. In 2010 the area was reported to be 51 000 km2 (Cook and Vaughan,
2010). Since then, the area been reduced especially by a disintegration process in
2016–2017, leading to a major break-up event of 5 800 km2 in July 2017 (as reported by
the Project MIDAS, O’Leary et al., 2017, and estimated by Jansen et al., 2015). Prior to
that, progressive thinning of the ice shelf was observed (Shepherd et al., 2003), however
the rift systems on the ice shelf were stable (Glasser et al., 2009). The input glaciers of
Larsen C are fast flowing and contribute actively to the mass balance of the ice shelf.
While Larsen C Ice Shelf has experienced only few major calving events, the other ice
shelves north of Larsen C have completely disintegrated. Larsen A disintegrated in
1995, Larsen B experienced a major collapse in 1999, and a disintegration in 2002,
which left behind only small remnants of the ice shelf. Larsen D, south of Larsen C,
has not experienced important changes of the surface area.
Wilkins Ice Shelf has a surface area of c.10 000 km2 . During the last decade,
Wilkins Ice Shelf has experienced break up events ranging from 20 to 1200 km2 (Braun
et al., 2009). Major, recent in the glaciological perspective, collapses occurred in years
1990–1991, 1993, 1998, 2003–2004, 2008 and 2009 (Braun et al., 2009). In 2008 the
area was reduced from 13 000 km2 to 11 000 km2 in a sequence of calving events. In
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2009 the area was further decreased as the ice bridge connecting the ice shelf to the
Charcot Island gave in. Contrary to Larsen C, Wilkins Ice Shelf gains mass mainly by
snow accumulation on its surface and looses mass by basal melt (Braun et al., 2009).
Larsen C and Wilkins Ice Shelves are situated 300–400 km apart from eath other
on the east and west side of the Antarctic Peninsula, respectively. They are subject to
different climate conditions and have different dynamic characteristics as described
above. In Paper I the inter-annual variations of net surface heat flux on Larsen C and
Wilkins Ice Shelves are studied. We investigated how the flux variations are related to
the large-scale weather conditions. Further, we calculated how much melt the surface
net heat flux has generated on the ice shelves and how the varibility in surface melt
coincides with the observed break up events of the Larsen C and Wilkins ice shelves.

3.2. Surface melt on the Greenland Ice Sheet
Greenland Ice Sheet is the only ice sheet in the Northern Hemisphere. It holds a volume
of ice that has potential for sea level rise of 7.4 m (J. L. Bamber et al., 2013). During
the recent decade, the rate at which Greenland looses ice has increased (Velicogna,
2009; Rignot et al., 2011; Khan et al., 2015; Wilton et al., 2017; Flowers, 2018). The
acceleration of ice loss from Greenland Ice Sheet has been faster than in mountain
glaciers and ice caps, increasing the role of ice sheets in the global sea level rise.
We studied surface melt on Greenland Ice Sheet from 2000 to 2014. This period
was selected due to the availability of one of the data products, namely MODIS based
Ice Surface Temperature (IST) record (Hall et al., 2013). The study period presents also
a time when Greenland has warmed rapidly and includes the year of extreme melt 2012.
Increased melt has been observed since the end of the 1990s (Mote, 2007; Fettweis et
al., 2011) and a succession of years with record high melt rates since 2007 (Tedesco
et al., 2008a; Tedesco et al., 2008b; Tedesco et al., 2011; Rignot et al., 2011; Box et
al., 2012; Hanna et al., 2013). High melt on the Greenland Ice Sheet has been linked
to the negative phase of the NAO, positive cases of GBI, and changes in the polar jet
stream (Box et al., 2012; Fettweis et al., 2013; Hanna et al., 2013; Hanna et al., 2014;
Hanna et al., 2016). Negative NAO and positive GBI together favour southerly warm
air advection along the west coast of Greenland (Hanna et al., 2014). Furthermore, the
cloud cover and cloud properties are believed to play an important role in the melt of
Greenland’s surface layers (e.g. Bennartz et al., 2013; Neff et al., 2014; Cullather and
Nowicki, 2018). Low level liquid clouds increase downward longwave radiation and
thus surface temperatures.
Our interest lies in the interannual variation of different melt metrics over
Greenland: number of melt days, melt extent, and amount of melt. We compared
melt in 15 summers from 2000 to 2014 and related the surface melt to atmospheric
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condition such as large scale circulation indices, air mass origin, cloud water content,
and tropospheric temperature.

3.3. Midtre Lovénbreen–glacier, Svalbard
Midtre Lovénbreen is a small valley glacier in Svalbard (Fig. 4). Located almost at 80° N
(78.53° N, 12.04° E), the glacier is part of the polar tundra climate regime. The local
climate is heavily affected by the North Atlantic Current, which keeps the temperature
higher than at corresponding latitudes over the continents. Svalbard is also subject to
rapidly changing weather due to intrusions of milder maritime and mid-latitude air
masses to the prevailing cold polar air mass.

Figure 4: Topographic map of Midtre Lovénbreen and its vicinity (NPI, 1990).
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Midtre Lovénbreen is around 3.2 km in length and has a surface area of 5.2 km2 .
The surface elevation of the glacier ranges from 50 to 650 m a.s.l. in year 2003 (Kohler
et al., 2007). Due to its location near the settlement and research community of
Ny-Ålesund, Midtre Lovénbreen has been subject of numerous studies and long-term
monitoring. First front line observations from the 1930s were obtained from
aerial photographs (Nuth et al., 2007). Continuous meteorological measurements
in Ny-Ålesund have been carried out since 1974 by the Norwegian Meteorological
Institute (eKlima, 2018). Annual mass balance has been measured since 1967 (Hagen
and Liestol, 1990) and flow velocity measurement have been carried out since 2000s,
both by the Norwegian Polar Institute. In addition, digital elevations models of the
glacier surface are available for at least years 1936, 1962, 1969, 1977, 1995, and 2005
(Rippin et al., 2003; Kohler et al., 2007). Digital elevation model of the bedrock beneath
the ice is available from 1962. Midtre Lovénbreen offers a good test case for numerical
experiments owing to the availability of in situ observations that can be applied to
evaluate the model results.
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4. Material and Methods
Due to the lack of observational data in the polar regions, it is necessary to combine
different data sources and modeling to address the question of changing polar climate.
This section introduces the data applied in this thesis. It provides an introduction
to reanalyses, which themselves combine observations and modeling. It gives an
overview of in situ observations, remote sensing products, and other data sources used
in the studies that are parts of this thesis. This section introduces also the main methods
applied in this thesis, above all the glacier model Elmer/Ice, and the ways for calculating
surface melt in the Antarctic Peninsula ice shelves and Greenland.

4.1. Reanalyses
Reanalyses are scientific and computational methods for creating comprehensive
datasets of the past weather and climate. In reanalyses, the same data assimilation
system and numerical weather prediction (NWP) model are applied to process past
meteorological observations. As a result, global gridded datasets with continuous
temporal coverage are produced. Most of the current atmospheric reanalyses extend
over the satellite era, which ranges from 1979 until present day. However, reanalyses
that assimilate only surface pressure observations, and can therefore be extended over
the whole 20th century, also exist. Reanalyses are exploited in research, climate
monitoring, and in companies especially in the energy sector.
Data assimilation is a fundamental component of the reanalyses. In data
assimilation different observations, in situ and remote sensing, are combined with the
a priori information from a NWP model run (Fig. 5). In principle, the a priori, or
background, field is created by the previous short term forecast (“old forecast” in Fig.
5). The data assimilation corrects this prior information according to the observations
in order to minimize the bias between the background field and the observations. The
corrected field is called the analysis, which is used for initializing the following short
term forecast (“new forecast” in Fig. 5), which in turn provides the a priori state for
the next analysis cycle (e.g. Dee et al., 2011). The presence of the forecast model
allows producing physically coherent representation of the atmosphere and carrying
the information from observations forward in time (Dee et al., 2011).
The analysis refers to the state of the atmosphere being analyzed based on available
observations. Hence the word reanalysis refers to an analysis that is performed anew for
past observations. The challenges in data assimilation rise from the spatial coverage,
temporal compatibility, quality of the observations, and changes in the observation
system (e.g. Dee et al., 2011). When the spatial coverage of certain observations is
poor, the assimilation system has to rely more on the short term forecast of the previous
time step to fill in the gaps in data. In data sparse cases, the few available observations
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Figure 5: Simplified schematic of data-assimilation following Bouttier and Courtier (1999).
The assimilation window refers to the case of 4-dimensional variational analysis.

get a strong weight in the analysis. The available observations, however, might not
be representative for larger areas. A large fraction of polar in situ observations is
conducted in coastal and open water areas, which are the most accessible. Satellite
remote sensing complement the observations remarkably, which is seen as improved
operational forecast skill since the beginning of the satellite era. Still, the lack of in
situ observations makes it partly impossible to assess the quality of the satellite data
products. Hence, in the polar regions, the modest availability of direct measurements
is likely reflected in the quality of the reanalyses (e.g. Bromwich et al., 2007; Bromwich
et al., 2011)
The timing of the observations is also important: the assimilation system need
to combine observations that are measured at different times. Within the time
difference between the observations, the state of the atmosphere can evolve, making the
observations less compatible with each other. The most advanced assimilation systems,
namely 4-dimensional variational analysis (4D-Var), account for the time difference
between observations. 4D-Var is anticipated to provide benefits especially when the
number of available observations is limited (Thépaut et al., 1996; Whitaker et al., 2009;
Dee et al., 2011).
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Apart from observations, the forecast model is a key factor in the performance of
the reanalyses. The polar regions cause challenges also for the numerical atmospheric
models. The stable atmospheric boundary layer, frequent in the high latitudes, is a
known weak point for NWP-models (Atlaskin and Vihma, 2012). The snow models
in the reanalyses are mostly very simple. Among the reanalyses applied in this thesis,
ERA-I has a one-layer snow model as part of the surface scheme (Dee et al., 2011).
CFSR uses snow water equivalent from a separate snow analysis on land and a one layer
snow model on sea ice (Saha et al., 2010). JRA25/JCDAS, as JRA55, does not have
an active snow component, but uses prescribed snow thickness based on in situ and
satellite observations (Onogi et al., 2007; Kobayashi et al., 2015). The snow cover, its
properties and durations, affect the surface energy fluxes and hydrological conditions
on large continental areas and are therefore important.
Over the ocean ERA-I and JRA25/JCDAS use prescribed sea ice concentrations
based on satellite remote sensing. In CFSR, the atmospheric model is coupled with an
ocean model and sea ice model (Saha et al., 2010). A prescribed sea ice concentration
implies that the presence of sea ice is mostly accurate in the reanalyses. However,
the atmosphere-ocean coupling in CFSR brings advantages by allowing the ocean to
interact with the atmosphere. A specific detail about reanalyses in the polar areas is that
ice shelves, being extensions of glaciers, were classified as land–ice in ERA-I that was
used for melt calculations in Paper I. The land–sea mask is constant over the reanalysis
period. If major disintegration of the ice shelf occurs, the land–sea mask will not be
valid anymore.
Atmospheric reanalyses are developed in forecast offices around the world.
Current global atmospheric reanalyses (Table 2) are produced at the The National
Centers for Environmental Prediction (NCEP), NASA Global Modeling and
Assimilation Office (GMAO), Japan Meteorological Agency (JMA), and the European
Center for Medium-Range Weather Forecasts (ECMWF). These institutions are also
involved in developing the reanalysis from single component (atmosphere or ocean)
towards coupled Earth System Reanalyses. Development of regional atmospheric,
oceanic, and coupled reanalyses are carried out also in other institutions that are not
mentioned here. In this thesis, data products from reanalyses are used in Paper I
(ERA-I, CFSR, JRA25/JCDAS) and Paper III (ERA-I,CFSR). Paper IV presents a wider
overview of the current reanalysis field.
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Table 2: Overview of the current global atmospheric reanalyses and older reanalyses, that
have been applied in Papers I-III of this thesis. The horizontal resolution is indicated as
spectral resolution of the forecast model and in parenthesis as grid spacing at the Equator.
For MERRA reanalyses, the horizontal resolution is indicated in latitude-longitude spacing
of the grid.
Reanalysis
ERA5
ERA-Interimd
CFSRe
JRA25/JCDASf
JRA55g
MERRAh
MERRA2i
ERA-20Cj
20CRv2ck

Horisontal
resolution
T639a (31 km)
T319c (62 km)
T255 (78 km)
T382 (38 km)
T106 (110 km)

Vertical
levels
L137

Time
range
2010-2016b

Data
assimilation
4D-Var

Forecast
center
ECMWF

L60
L64
L40

4D-Var
3D-Var
3D-Var

T319 (55 km)
0.5° lat × 0.625° lon
0.5° lat × 0.625° lon
T159 (125 km)
T62 (210 km)

L60
L72
L72
L91
L28

1979-present (2018)
1979-present (2018)
1979-2004 (JRA-25)
2005-2014 (JCDAS)
1958-2012
1979-2016
1980-present (2018)
1901–2010
1851–2012

ECMWF
NCEP
JMA and CRIEPI
JMA
JMA
NASA-GMAO
NASA-GMAO
ECMWF
NOAA-CIRES

4D-Var
3D-Var
3D-Var
4D-Var
Ensemble Kalman Filter

a

high resolution
will be extended to 1950–2018 by early 2019
c
reduced resolution ensemble
d
Dee et al. (2011)
e
Saha et al. (2010)
f
Onogi et al. (2007)
g
Kobayashi et al. (2015)
h
Rienecker et al. (2011)
i
Gelaro et al. (2017)
j
Poli et al. (2016)
k
Compo et al. (2011)
b

4.2. In situ observations, remote sensing products, and
other material
In addition to reanalyses, our studies rely on in situ observations, remote sensing
products, and model results. In the Antarctic Peninsula, the reanalyses are compared
against independent in situ observations (i.e. observations that are not used in data
assimilation) from an Automatic Weather Station (AWS) on Larsen C Ice Shelf. The
AWS is located at at 67.012° S, 61.55° W and operated by the British Antarctic Survey.
The AWS has measured air temperature, pressure, wind speed and direction, and
relative humidity since 1985. From 2009 the observations of radiative fluxes are also
available. The reanalyses from the nearest grid point were compared against the AWS
observations. We compared our results against melt values presented in literature by
Van den Broeke (2005) and Barrand et al. (2013).
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The fundamental source of data in the study addressing Greenland melt (Paper
III) was the Ice Surface Temperature (IST) record based on the space borne Moderate
Resolution Imaging Spectroradimeter (MODIS) observations. The data product is
described in Hall et al. (2012) and Hall et al. (2013). We used it to calculate the number
of melt days on the Greenland Ice Sheet. To complete the outlook on surface melt,
we used the modeled melt from the HIRHAM5 regional climate model (Langen et
al., 2017) and the passive microwave based melt extent records from the MEaSUREs
Greenland Surface Melt dataset (Mote, 2014). To assess the connection between
weather conditions and surface melt, a selection of atmospheric variables from ERA-I
was applied. The values of NAO-Index were retrieved from the NOAA Climate
Prediction Centre (NOAA, 2017) and the GBI calculated based on CFSR as the mean
500 hPa geopotential height over the Greenland area (60-80°N, 20-80°W) (Fang, 2004).
In Midtre Lovénbreen, we determined the glacier geometry using the surface
DEMs from years 1962, 1969, 1977, 1995, and 2005 and the bedrock DEM from 1962
(Kohler et al., 2007). To assess the quality of modelled velocities, and for determining
the sliding, we used the surface velocity observations acquired in 2003–2005.

4.3. Ice flow model Elmer/Ice
Elmer/Ice is a parallel open source code for ice flow modeling (Gagliardini et al., 2013).
Elmer/Ice is an add-on package to the multiphysical simulation software Elmer and it
is dedicated for modeling glaciers and ice sheets. Elmer includes physical models of
e.g. fluid dynamics, heat transfer, and structural mechanics. The model applies the
Finite Element Method for solving the partial differential equations that describe the
flow of the ice.
The movement of ice in glaciers, ice caps, and ice sheets is a result of internal
deformation of ice and sliding at the bedrock. On sloping surfaces the flow is driven
by gravity. The gravity driven ice flow is governed by the specific weight, ρg, and the
divergence of Cauchy stress (σ) that describes the internal deformation of ice:
∇ ⋅ σ + ρg = 0

(1)

Here ρ denotes the density of ice and g the acceleration due to gravity. The
normal and shear components of the Cauchy stress tensor are shown in Fig. 6.
In the so-called full-Stokes solution, equation (1) is solved without simplifications
in all the three directions of the Cartesian coordinate system, i.e. x, y, z.
The full-Stokes model is crucial for glaciers where the topography governs the
flow and when the terrain is complex. Solving the stress components of the
Stokes-equations in all three dimensions without simplifications is computationally
expensive. Therefore approximation are often used, especially for large temporal and
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Figure 6: Directions of a) normal stresses and b) shear stresses on a cubic block.

spatial scales. Approximations omit the small terms and make simplifications to
the three-dimensional set of equations. The most common approximations are the
Shallow Ice and Shallow Shelf Approximation, SIA and SSA, respectively. SIA omits
the horizontal strain rates in equation (1) and is applied for modelling ice sheets. As
for SSA, it omits the vertical strain rates, and is applicable for ice shelf dynamics. For
small glaciers where topography has a high influence on the flow the full-Stokes model
is advantageous (Van Dongen et al., 2018). In our application (Paper II), the vertical
velocities of the ice are essential, and thus we use the full-Stokes solution without
simplifications.
Elmer/Ice solves the Stokes equations or approximations (SIA, SSA) of it. It allows
the implementation of different ice rheologies, such as the classical Glen’s flow law of
incompressible material or the porous compressible firn/snow law. At the boundary
between ice and bedrock, several friction laws, including the classical Weertman
sliding law and solvers depending on the effective pressure, can be applied. All these
equations can be solved diagnostically or in transient, allowing a changing geometry
for the glacier. In this thesis, we used Elmer/Ice to do diagnostic simulations of a small
high Arctic glacier, Midtre Lovénbreen in Svalbard. We used the observations of the
glacier surface elevation and the modeled flow velocity to solve the past accumulation
patterns on the glacier. This method allowed us to estimate the surface mass balance
(SMB) over the entire glacier surface, beyond the spatially limited field measurements,
and to derive past SMB over an extended time period. To achieve the goal, we used
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the Elmer/Ice model with configurations described in Paper II. For each simulation
we picked two consecutive DEMs with surface elevations h(t1 ) and h(t2 ) (t1 and t2
denoting the time). We calculated their arithmetic mean at each point of the glacier and
solved the glacier flow for this average geometry between the two timesteps. Finally,
the average net accumulation, a , was calculated using the kinematic surface evolution
equation (Greve and Blatter, 2009):
∂h
∂h
∂h
+ uh
+ vh
− wh = a
∂t
∂x
∂y

(2)

In our application, the first term of equation (2) is approximated by the consecutive
DEMs and the other three velocity-related components (uh , vh and wh ) on the left
hand side are solved by the ice flow model. Thus, using the modelled velocity field
and the observed surface evolution, the accumulation pattern a can be estimated. At
the bottom boundary, sliding was allowed at the bed below the thickest parts of the
glacier. The friction parameters were determined based on a comparison of modeled
and observed velocities.

4.4. Calculating the surface melt
In this thesis we estimated surface melt on Larsen C and Wilkins Ice Shelves using
ERA-I skin temperatures and surface energy fluxes. In Greenland, we estimated the
number of melt days with the MODIS-based ice surface temperature (IST) record and
ERA-I skin temperature when IST was not available.
Surface melt was calculated based on ERA-I surface energy fluxes, applying a
method similar to Van den Broeke (2005). Melt was calculated in 6–hour timesteps:
if the skin temperature at the end of the 6–hour period exceeded 0°C, the period was
considered as a melt period. The amount of melt was calculated assuming that mean
surface net energy flux during that period was completely used for melting the surface.
The amount of melt was compared against satellite based melt calculations presented
by Barrand et al. (2013), which indicated a similar interannual variation for the time
when overlapping result were available.
In Greenland we calculated the NMD based on the combination of IST and the
ERA-I skin temperature. The threshold for melt was -1.0° C to allow melt in cases
of subsurface solar penetration (Van den Broeke et al., 2008; Kuipers Munneke et al.,
2012). The spatial correlation between the NMD and the atmospheric variables was
calculated after interpolating both datasets to the same horizontal grid. However, as
MODIS operates at the infrared wavelenghts, it will not penetrate cloud layers, and it
cannot measure the surface temperature if clouds are present. The number of missing
surface records was significant, and therefore we complemented the IST dataset with
ERA-I skin temperatures if needed. In addition, the interannual variation of melt
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extent were assessed using the MEaSUREs Greenland Surface Melt dataset (Mote,
2014). The amount of melt was studied also using the modeled melt from HIRHAM5
regional model (Langen et al., 2017).
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5. Results
5.1. Surface melt on Antarctic Peninsula Ice Shelves
Surface conditions on Larsen C and Wilkins Ice Shelves in the Antarctic Peninsula
were assessed using reanalysis (ERA-I, JRA25/JCDAS and CFSR) products from 1989
to 2010. Firstly, the reanalyses were compared against AWS observations from Larsen
C Ice Shelf. All three reanalyses had warm temperature biases in all seasons, which is
in agreement with previous studies that show a warm bias in the reanalyses in polar
regions (Lüpkes et al., 2010; Jakobson et al., 2012; Wesslén et al., 2014). All of the
reanalyses had also a positive bias in the eastward wind component (at 10 m height)
in all seasons. There was also a negative bias in the northerly wind component (at
10 m height). These biases in the wind components are likely related to the spatial
resolution of the reanalyses: when the complex orography of the peninsula is not
properly described, the westerly winds are overestimated and the southerly winds
underestimated on the east side of the peninsula. Due to the unsufficient level of
detail on model orography, the föhn winds on the lee side of the peninsula might
not be properly represented. For the radiative components (SW↓ , SW↑ , LW↓ , LW↑ )
CFSR reached in general the smallest bias and highest correlation with observed values.
Surface conditions on Larsen C and Wilkins Ice Shelves in the Antarctic Peninsula
were assessed using reanalysis (ERA-I, JRA25/JCDAS and CFSR) products from 1989
to 2010. Firstly, the reanalyses were compared against AWS observations from Larsen
C Ice Shelf. All three reanalyses had warm temperature biases in all seasons, which is
in agreement with previous studies that show a warm bias in the reanalyses in polar
regions (Lüpkes et al., 2010; Jakobson et al., 2012; Wesslén et al., 2014). All of the
reanalyses had also a positive bias in the eastward wind component (at 10 m height)
in all seasons. There was also a negative bias in the northerly wind component (at
10 m height). These biases in the wind components are likely related to the spatial
resolution of the reanalyses: when the complex orography of the peninsula is not
properly described, the westerly winds are overestimated and the southerly winds
underestimated on the eats side of the peninsula . on in east side of the peninsula.
In addition, the and barrier effect can be underestimated, which leads on the eats side
of the peninsula to too weak southerly winds . Due to the unsufficient level of detail on
model orography, the föhn winds on the lee side of the Peninsula might not be properly
represented.
Secondly, trends in the reanalyses products over the ice shelves were investigated.
According to all the three reanalyses trends in the 2 m temperature did not occur
on Larsen C Ice Shelf on the eastern side of the Peninsula. Positive trends were
observed on the Wilkins Ice Shelf: according to ERA-I the trend was 0.23°C/year in
winter (June-August, JJA) over the period of 1989-2010. According to JRA25/JCDAS
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there was a trend of 0.13°C/year (over 1989-2010) in Autumn (March-May, MAM).
Intercomparison of the reanalyses over the ice shelves reveals that the summertime
near surface temperatures (temperature at 2 m height) were clearly higher in ERA-I
than in CFSR: ERA-I reached melting point each summer, whereas CFSR remained
typically between −2°C and −4°C. Other trends varied greatly between the different
reanalyses and between the two ice shelves. On Larsen C, annual trends were seen
only in the meridional wind component (0.05 m/s y−1 ), and in the net heat flux (0.10
W/m2 y−1 ), according to ERA-I and CFSR, respectively. Trends were more common
on the Wilkins Ice Shelf. ERA-I indicated negative trends in several surface flux
components, the strongest being negative winter (JJA) trend in the surface net energy
flux (-0.78W/m2 y−1 ).
Variations in surface net energy flux were partly explained by atmospheric
pressure, wind, and cloud fraction. The explanation level was higher on Larsen C
than Wilkins Ice Shelf. The connection were studied using a multiple linear regression
model. On Larsen C the highest explanation levels were obtained during summer and
winter. In austral summer (December-February, DJF), the combination of meridional
wind component, magnitude of wind speed, and atmospheric pressure explained 79%
of the variations of the surface net energy flux, with a root mean square error (RMSE)
of 3.2 W/m2 . In austral winter (JJA), the combined effect of the zonal wind, wind
magnitude, cloud cover fraction, and atmospheric pressure explained 80% of the
variations of the net energy flux. On Wilkins Ice Shelf, zonal wind was important
in explaining the variation of the net heat flux in autumn (MAM), and cloud cover
fraction in winter (JJA). However, the explanation levels remained at 26% and 27%,
respectively.
After the evaluation of the reanalyses against observations, ERA-I was chosen for
assessing the surface energy fluxes and for the melt calculations. The NMD ranged
from 46 to 105 on Larsen C Ice Shelf, and the annual melt amount were 11–58 cm
in water equivalent (w.e.) per year. On Wilkins ice shelf the NMD was 36–73, and
the melt amounts 10–23 cm w.e. The interannual variability of melt compares mostly
well with other studies. However, the high values of melt on Larsen C Ice Shelf in
2001–2002 presented by Van den Broeke (2005) were not supported by our results.
Our calculations indicate also strong melt in 1992-1993, which is not reported in other
studies. Despite these differences, the interannual variability of melt compared well
with e.g. Barrand et al. (2013).
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5.2. Inverse solution of glacier surface mass balance
using Elmer/Ice
The temporal evolution and spatial distribution of accumulation on Midtre
Lovénbreen was investigated via the ice flow model Elmer/Ice. The modeled flow
velocity and surface mass balance were compared against observations. To assess the
flow velocity, the model was run with two configurations: first one with a frozen
bed, meaning that no sliding between the the glacier ice and the bedrock beneath
was allowed, and the second configuration, where a thickness-dependent sliding was
introduced to the central parts of the glacier. Both simulations were compared to
surface velocity observations and exhibited negative biases (model−observations) of
−0.9 and −0.4 ma−1 , without and with sliding, respectively. While sliding reduced
the overall bias and enabled the simulation to reach the observed velocities at the
central parts of the glacier, it also affected the spatial distribution of flow velocity.
When sliding was introduced, the modeled velocities in the central part of the glacier
increased. At the vicinity of the glacier margins, the velocities were mostly unaffected.
This resulted in an increased velocity gradient between the central parts and the
margins of the glacier when sliding was introduced. The no-sliding experiment
maintained the observed velocity distribution well, however, with a overall slow bias.
We adopted the simple thickness-dependent sliding, because the coverage of surface
velocity observations was too small to allow an inverse solution of basal friction - a
method that is available in Elmer/Ice.
Average net accumulation, a , was calculated for time intervals 1962–1969,
1969–1977, 1977–1995 and 1995–2005. During the whole study period from 1962
to 2005, the accumulation area has decreased and the zero contour of accumulation,
equivalent to the equilibrium line altitude (ELA), has risen by 200 m. According to the
simulations, the ELA has steadily risen from c. 250 m a.s.l (average in 1962–1969) to
c. 450 m a.s.l (average in 1995–2005).
Modeled accumulation, a , was compared to the average surface mass balance
observations from observation stakes for the three time intervals (1969–1977,
1977–1995, and 1995–2005). The modeled values showed a continuous decrease of
accumulation and increase of ablation over time, whereas the observations reveal more
fluctuations. Nevertheless, all modeled and observed mass balances were negative. The
modeled and observed values are compatible in the low and central parts of the glacier.
At the upper reaches of the glacier the simulations indicate a significant decrease in a
in 1977–1995 and 1995–2005, which is not visible in the observations. It is possible
that this is due to the observations being extrapolated to the highest parts of the glacier,
which is not monitored by measurement stakes. This result likely reflects the thinning
of especially the upper reaches of the glacier (Kohler et al., 2007).
The model relies on the observed geometry of the glacier, in practice the DEMs.
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The errors of the DEMs have been quantified by comparing the variation of surface
elevation on the flat, non ice-covered areas to the corresponding variation in 2005,
which is considered as a reliable reference. This leads to a reported error of ±0.46 ma−1
in 1962-1969. In the more recent DEMs in 1995–2005 the reported error was on
average ±0.09 ma−1 . The simulated accumulation field was found sensitive to these
errors, and the uncertainties of the a field were largest in the simulations of the older
time periods. The absolute errors of a that were related to the DEM uncertainty were
most prominent in the areas of the highest accumulation. However, in those areas
the relative error was not that high. The errors proportional to the accumulation were
highest near the ELA where a approaches zero.
Overall, the study introduced a method that combines measured geometry with a
high resolution glacier model to deduce the corresponding accumulation and ablation
patterns, which cover the whole glacier at a high spatial resolution. This method
requires only diagnostic simulations, which keeps the computational cost modest even
for resolutions in order of meters or tens of meters for small glaciers. The resolution is
in practice limited by the resolution of the input DEM. In our simulations, we applied
a horizontal resolution of 50 m.

5.3. Interannual varibility of surface melt in Greenland
Interannual variability of the surface melt over Greenland was studied in association
with interannual weather variability from year 2000 to 2014. Melt was studied through
different metrics: melt extent, number of melt days, and amount of melt. Regarding
the melt trends, the modeled melt is the only variable that showed a trend over our
short study period from 2000 to 2014. The different melt variables showed different
interannual variability over Greenland. Consequently, different years were identified
to have strong melt, depending on which melt variable was studied. The results in
Paper III indicate that the variables that cumulate over the melt season, such as NMD,
cumulative melt extent, and sum of modeled melt, have similar interannual variability.
However, the interannual variability of the maximum melt extent, which is more of a
sporadic nature, differs from the other melt variables. In the most common case where
the melt variables differ from each other, high NMD, high modeled melt amount, and
high cumulative melt extent occurred together with a low maximum melt extent. These
melt characteristics form in conditions, where warm temperature allows long lasting
melt in the coastal areas, but the warm air masses do not reach the inner parts of the
ice sheet. A single, or short term, case of warm advection might not be sufficient to
create a wide spread surface melt. Certain preconditions, such as temperature of the
snow layers already close to the melting point, are more likely to result into a large melt
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extent.
According to our study, different surface melt extremes were connected to large
scale or local atmospheric processes. These results agreed with a number of previous
studies e.g. Fettweis et al. (2013), Box et al. (2012), and Hanna et al. (2014). As
a fundamental factor that shapes the melt conditions, the large scale atmospheric
patterns either favour or prohibit transportation of warm air to the Greenland region.
The role of large scale circulation was quantified through NAOI and GBI. Both
large scale circulation indices correlated with the average NMD, with the squared
correlations (taking into account the sign of correlation, r ⋅∣ r ∣) of 0.38 (p < 0.01) and
0.26 (p < 0.05), respectively. Modelled melt was correlated also with NAOI (r ⋅∣ r ∣ =0.42,
p < 0.01), but not with the GBI. The melt extents were not correlated with either of these
circulation indices.
Among the variables in this study, the vertically integrated total column water
content (TCW) proved to be strongly related to the surface melt. TCW was correlated
with the NMD, the cumulative melt extent and the modelled melt amount, with
squared correlations (r ⋅∣ r ∣) exceeding 0.80. The spatial patterns of TCW and
NMD often coincided such that positive/negative NMD anomalies collocated with
positive/negative TCW anomalies.
On a local scale, there were cases when near surface wind anomalies occurred with
the NMD anomalies, even though the average anomalies over whole Greenland Ice
Sheet did not show correlations. On the eastern margins of the ice sheet, positive
anomalies in meridional wind coincided with positive NMD anomalies. In those
locations, positive meridional near surface wind anomalies indicate stronger than
average downslope winds. This indicates that the subsidence heating related to the
downslope winds contributed to the surface melt. It is also an indication that there
were cases of the subsidence warming dominating over the katabatic cold-air advection
from the upper reaches of the ice sheet. Locally, increase in southerly winds was also
correlated with increase in NMD.

5.4. Advancing Global and Regional Reanalyses
The current stage, applications and future perspectives of reanalyses are addressed
in Paper IV (Buizza et al., 2018). The publication presents an overview of the Fifth
International Conference on Reanalyses (Rome, November 2017). Buizza et al. (2018)
aims in giving suggestions, based on the studies presented during the conference, for
managing agencies in order to direct funding, as well as operational and research efforts
in the most profitable way.
The conference and the resulting publication addressed five aspects of the
reanalyses: 1) Reanalyses production, including the current status and the newest
developments, 2) Observations for the reanalyses, 3) Methods for reanalyses,
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addressing for example data-assimilation and questions related to coupled Earth
System reanalyses, 4) Evaluation of reanalyses, and 5) Application of reanalyses. The
author of this thesis was involved in topic 4, thus this section gives a broader overview
on that topic.
The section on evaluation of reanalyses concerned comparison of renalyses
to observations, intercomparion of reanalyses, and other types of analyses and
diagnostics that addressed, among others, the reliability of reanalysis products. The
topic covered both individual studies and studies that were part of larger frameworks
of reanalyses intercomparison. The results of the evaluation studies highlighted
the potential of regional reanalyses in climate monitoring, and the importance of
assimilation datasets. The presented studies gave evidence of regional reanalyses
being more accurate than their global counterparts in the region of interest. In the
perspective of climate research, the reanalyses were seen to reproduce accurately the
changes in global mean values, but also climate variability and extremes. Evaluation
studies showed that assimilation of surface values seem to improve the accuracy of
reanalyses. Based on these results the paper recommended further diagnostics and
evaluation of the mean climate, variability, and extremes in coupled Earth system
reanalyses. Increased assimilation of land surface data is encouraged, as the land
surface information seems to increase the accuracy of the reanalyses. Due to the
promising results from regional reanalyses, the conference summary also encourages
more intensive collaboration between global and regional reanalyses projects.
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6. Conclusions and future perspectives
This Ph.D. thesis explores the thermodynamics and dynamics of polar land ice in
changing climate using various types of data. The thesis addresses surface processes:
surface melt on Greenland Ice Sheet and on the Antarctic Peninsula Ice Shelves,
and surface accumulation and ablation on Midtre Lovénbreen glacier in Svalbard.
Reanalyses are exploited in two of these studies (Papers I and III), and in Paper IV
addressing the current status of the reanalyses in general. Other data sources are
satellite based products, in situ observations, and modeled quantities.
The studies in this thesis acknowledge the possibilities that the reanalysis provide
to polar research. A real asset is the spatial and temporal coverage, and the variety
of variables that the reanalyses offer. On the other hand, the reanalyses rely on
available observations, data-assimilation, and modelling to create their gridded data
field. Thus, the lack of observations and limitations in the models in the polar regions
are reflected in the quality of the reanalyses. The assimilation method, forecast model,
and the resolution affect also the reliability of the reanalyses. The performance changes
according to e.g. location (depending on the vicinity of assimilated observations,
topographic features etc.), prevailing atmospheric conditions (e.g. stable stratification
is harder to represent than convective cases), and the variable of interest. The near
surface values, for example, tend to carry large uncertainties due to difficulties in
representing the polar boundary layer in atmospheric models.
In the study addressing the surface melt of ice shelves in the Antarctic Peninsula
(Paper I), the resolution of the reanalyses appeared crucial. The ice shelves are located
just at the foot of the mountains of the Antarctic Peninsula. The mountain range
is only 50 km at its narrowest parts and hence it is not fully represented in CFSR,
ERA-I and JRA25/JCDAS reanalyses, which have horizontal resolutions from c. 40 km
to 120 km. The horizontal resolution seemed to partly explain the difference in the
accuracy of reanalyses in the Antarctic Peninsula, where the reanalyses with higher
resolution showed smaller biases when compared to observations. One should also
be aware of how the land–sea mask of the reanalyses affects the representation of the
ice shelves in the reanalyses. In ERA-I (the reanalyses that was used for calculated
the surface melt on Larsen C and Wilkins Ice Shelves) the ice shelves are classified as
land ice. To our knowledge the land–sea mask is not updated during the production
of the reanalysis. This leads to wrong surface classification if an ice shelf collapses or
disintegrates, which in turn leads to erranous surface energy fluxes. The errors might
affect areas that correspond to the size of individual grid cells.
A multilinear regression analysis, based on ERA-I variables, revealed that the
variations in surface net energy flux were connected to atmospheric conditions via
pressure, wind, and cloud conditions. Especially on Larsen C Ice Shelf, the variation in
surface net energy flux could be explained in summer by the variations in atmospheric
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pressure and wind conditions (at 10 m height), and in winter by the atmospheric
pressure, wind conditions (at 10 m height) and cloud cover fraction. Apparently,
the cloud cover has a net LW warming effect to the surface in winter time. Despite
the limitations of the reanalyses, the melt values calculated based on ERA-I presented
interannual variation similar to earlier satellite based studies (Barrand et al., 2013).
The study addressing surface melt in Greenland (Paper III) was similar to the study
on the Antarctic Peninsula ice shelves. However, the tropospheric data from reanalysis
was favored at the expense of the near surface values, as the near surface values tend
to have larger bias (Jakobson et al., 2012). We addressed also a larger selection of melt
metrics to study the interannual variation of surface melt. The NMD was correlated
with the NAO-index. Furthermore, the correlation between NMD and geopotential
height field was even higher than the NMD-NAO correlation. These correlations
occurred in areas where the NMD had clear interannual variations. Correlations were
low in the locations where melt occured every day of the summer, or where melt
occured very rarely. Among atmospheric variables, the vertical integral of column
water was correlated with several melt varibles, namely NMD, cumulative melt extent,
modelled melt amount, with squared correlation (r ⋅∣ r ∣) over 0.80. The near surface
wind components (at 10 m height), were correlated with the NMD locally, indicating
that e.g. the advection of warm air masses was important. These results were similar
to the findings in Paper I where winds, the consequent temperature advection, and
cloud cover were important factors in explaining the interannual variability of the
surface net heat flux. In the Antarctic Peninsula, cloud fraction was connected to the
surface net heat flux only in winter, whereas in Greenland, the TCW correlated with the
summertime melt. However, the study on Greenland focused purely on the conditions
during the melt season, and winter conditions were not investigated.
The modeling experiment for solving the accumulation pattern on Midtre
Lovénbreen (Paper II) was a promising test of a new method. Using information
on glacier geometry, namely the bedrock and glacier surface DEMs, we were able
to compute the glacier flow and convert it to a reasonable estimate of surface
accumulation and ablation. The main advantage of the method is that it can create
a high resolution spatial distribution of the net accumulation and ablation over a time
interval in the past. Even if in situ observations of the accumulation are available,
they seldom provide a high spatial resolution. We observed that the model result
overestimated the accumulation in the higher elevations of the glacier. However, we
related this bias to the uncertainties of the observations, as the observation record
contains values that are extrapolated to the highest reaches from the observation stakes
that lie below the upper boundary of the glacier. The model results indicated also
decreasing accumulation at the highest parts of the glacier. This result reflects the
observed thinning of Midtre Lovénbreen (e.g. Kohler et al., 2007).
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There is a potential for growth in the use of reanalyses. With recent and upcoming
improvements in the models, data-assimilation systems, and resolution, the reanalysis
products are becoming more and more exploited. Increased level of coupling between
the components of the Earth system, e.g. the atmosphere and the ocean, has potential
to improve the reanalyses significantly, especially regarding the surface processes. The
regional reanalyses are likely to gain more users in the future as well. A growing
number of validation and evaluation studies have helped in quantifying the errors
and biases within the reanalyses (e.g. Bromwich et al., 2007; Bromwich et al., 2011;
Lüpkes et al., 2010; Bracegirdle and Marshall, 2012; Jakobson et al., 2012; Tastula et
al., 2013; Wesslén et al., 2014; Jones and Lister, 2015 for the Polar regions). Better
knowledge of the shortcomings enables users to select the most reliable products
and variables for different purposes. Upcoming studies could include even more
validations and intercomparisons between the reanalyses. The new studies should
take into account also the novel products e.g. ERA-5 and MERRA 2, which have
not been thoroughly evaluated before. Related to the field of this thesis, an extensive
intercomparison of reanalysis in the Antarctic Peninsula region could be carried out. It
is likely that the high resolution of ERA-5 would lead to a more realistic representation
of the complex orography and, consequently, better representation of atmospheric
processes. Furthermore, systematic calculations of the airmass origins and advection
on Greenland ice sheet and the vicinity of the Antarctic Peninsula could clarify the
physical mechanisms that connect atmospheric large scale circulation to the small scale
characteristics of seasonal melt.
To address the problem of poor data coverage and low signal to noise ratio in the
polar climate change, we can anticipate an increase in the use of advanced statistical
methods. Statistical processing of spatial data can include, among others, interpolation
of point data into grid (e.g. Kriging), or combining different datasets similar to a
simplified data-assimilation procedure. Spatio-statistical methods could be useful with
respect to short measurement campaigns, to facilitate the use of data in combination
with relevant model output, or satellite based data, for instance. For short time series,
the statistical methods provide means to address and quantify the nonlinear changes,
that are hard to interpret with linear regression analysis.
The advances in the fields of reanalyses and modelling have brought remarkable
benefits to the polar research community. Meanwhile, computational methods cannot
solve all the challenges caused by the limited amount of data in the polar regions
and the need for in situ measurements and monitoring remains. The evaluation
and validation of reanalysis and remote sensing products still rely on the in situ
observations. Discontinuation of observations would rapidly lead to the deterioration
of the performance of the reanalyses. Further, it would erode the long term montoring
of the environment. Therefore, it is crucial to develop the computational methods
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side by side with the observation networks, and to bridge the observational and
computational field of science together.
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Abstract. Ice shelves in the Antarctic Peninsula have significantly disintegrated during recent decades. To better understand the atmospheric contribution in the process, we have
analysed the inter-annual variations in radiative and turbulent surface fluxes and weather conditions over Larsen C Ice
Shelf (LCIS) and Wilkins Ice Shelf (WIS) in the Antarctic
Peninsula in 1989–2010. Three atmospheric reanalyses were
applied: ERA-Interim by ECMWF, Climate Forecast System Reanalysis (CFSR) by NCEP, and JRA-25/JCDAS by
the Japan Meteorological Agency. In addition, in situ observations from an automatic weather station (AWS) on LCIS
were applied, mainly for validation of the reanalyses. The
AWS observations on LCIS did not show any significant temperature trend, and the reanalyses showed warming trends
only over WIS: ERA-Interim in winter (0.23 ◦ C yr−1 ) and
JRA-25/JCDAS in autumn (0.13 ◦ C yr−1 ). In LCIS from December through August and in WIS from March through August, the variations of surface net flux were partly explained
by the combined effects of atmospheric pressure, wind and
cloud fraction. The explained variance was much higher in
LCIS (up to 80 %) than in WIS (26–27 %). Summer melting on LCIS varied between 11 and 58 cm water equivalent
(w.e.), which is comparable to previous results. The mean
amount of melt days per summer on LCIS was 69. The high
values of melting in summer 2001–2002 presented in previous studies on the basis of simple calculations were not supported by our study. Instead, our calculations based on ERAInterim yielded strongest melting in summer 1992–1993 on
both ice shelves. On WIS the summer melting ranged between 10 and 23 cm w.e., and the peak values coincided
with the largest disintegrations of the ice shelf. The amount

of melt on WIS may, however, be underestimated by ERAInterim, as previously published satellite observations suggest that it suffers from a significant bias over WIS.

1 Introduction
Ice shelves, floating extensions of land ice, are found together
with the glaciers and ice sheets with a marine terminus. They
have complex interactions with atmosphere, ocean and the
feeding glaciers. Ice shelves are sensitive to changes in atmospheric and oceanic circulation and temperatures. In the
Antarctic Peninsula, climate warming has been rapid during
the last 50 yr and the total ice shelf area has reduced by over
28 000 km2 (Cook and Vaughan, 2010). In spite of difficulties related to the large inter-annual variability and brevity of
the time series (Chapman and Walsh, 2007), several studies
have shown that the warming trend in the Antarctic Peninsula since the 1950s has been stronger than the global average and the average over the rest of the Antarctic continent
(King, 1994; Comiso, 2000; Vaughan et al., 2003; Turner et
al., 2005; Chapman and Walsh, 2007). The long-term surface temperature trends have been largest on the west coast of
the Antarctic Peninsula (Sansom, 1989; Turner et al., 2005).
The west coast has more manned observation stations, which
increases the reliability of the trends observed. On the east
coast of the peninsula, occupied observation stations are very
few, but from the abrupt changes in the ice shelf area, it has
been suggested that the east coast is also going through major
climate changes (Turner et al., 2005).
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The amplification of the warming in the area of the Antarctic Peninsula has been linked, among other things, to changing atmospheric or oceanic circulation, regional air–sea–ice
feedbacks (Vaughan et al., 2003; King, 1994) and cloudcover variations (King, 1994). Changes in atmospheric circulation may increase warm-air advection from lower latitudes
and enhance the föhn effect of the westerly winds. Changes
in ocean circulation could increase the basal melting of the
ice shelves. Air–sea–ice interactions and cloud radiative forcing can affect and respond to temperature variations in many
ways. These connections are complicated, and identifying
the essential driving mechanism is difficult (King, 1994).
Ice shelves influence the global atmosphere–ocean–glacier
system in many ways. Calving and basal melt of ice shelves
are the most important mass loss mechanisms in Antarctica
(Glasser and Scambos, 2008; Depoorter et al., 2013). Calving
has previously been considered the most important mass loss
mechanism of the ice shelves, but according to Depoorter et
al. (2013), basal melt from an ice shelf can account for up to
90 % of the mass balance. Ice shelves influence the dynamics of inland ice and the ocean heat budget, and climatic perturbations cause collapses of ice shelves and are connected
to sea level rise. Studies have found evidence of accelerated
glacier flow and glacier surges after ice shelf collapse (Rott
et al., 2002; Rott et al., 2011; De Angelis and Skvarca, 2003;
Rignot et al., 2004), which could contribute to the eustatic sea
level rise. The break-up mechanisms of ice shelves are not
fully understood, and many processes have been suggested
to take part in the collapse. For example, glaciological discontinuities (Braun et al., 2009), surface melting and melt
ponds (Braun et al., 2009; van den Broeke, 2005; Scambos
et al., 2003), and capsize mechanism (Braun et al., 2009) are
believed to be important in the break-up process. The collapses of the ice shelves are believed to be partly caused
by atmospheric warming (Rott et al., 1998; Scambos et al.,
2000; Shepherd et al., 2003) and increased surface melting
(van den Broeke, 2005). Van den Broeke (2005) mentions
more specifically that the increase in warm-air advection and
the strengthening of the föhn effect, caused by a perturbation
in atmospheric circulation, have their share in the decrease
in ice shelf area in the Antarctic Peninsula. The effect of
ocean temperature has also been pointed out in several studies (Rott et al., 1998; Scambos et al., 2000; Shepherd et al.,
2003; Braun et al., 2009). The sea ice concentration might
also be related to the state of the ice shelves, but the connection or feedback is believed to be rather complicated (van den
Broeke, 2005; King, 1994).
A recent study by Kuipers Munneke et al. (2012) addresses
the weather conditions on Larsen C Ice Shelf (LCIS, Fig. 1)
and their effect on the ice shelf’s surface net flux. They
analyse the weather variables measured by two automatic
weather stations (AWSs). The observations are also used as
input for a surface energy balance model. The model calculations and observations together suggest that the subsurface absorption of solar radiation is important. If the snow
The Cryosphere, 8, 1519–1538, 2014

Figure 1. Antarctic Peninsula. Modified from NASA’s Blue Marble
data set (MODIS AVHRR). The disintegrated parts of Larsen and
Wilkins ice shelves are marked as thin stripes, and the location of
the automatic weather station used in this study is shown as a green
circle.

is cold, penetration of solar radiation warms the snow pack
over a certain depth, instead of warming and melting only
the surface. In conditions of a warm snowpack, the penetration of solar radiation increases subsurface melting and
decreased surface melting, the former being dominant, thus
leading to a larger net melt. Kuipers Munneke et al. (2012)
also draw attention to the connection between westerly winds
and weather conditions on LCIS. Moderate or strong westerly flow over the peninsula leads to northerly flow on the
east side of the peninsula (Orr et al., 2004), together with
föhn winds, cloudless skies and advection of warm and dry
air on the eastern side of the peninsula (Marshall et al.,
2006; van Lipzig et al., 2008). Recently, Kuipers Munneke
et al. (2012) presented a case in November 2010 with warm
föhn wind and sunny conditions on LCIS. During that period
the increase in shortwave radiation and sensible heat flux outweighed the decrease in longwave radiation and latent heat
flux.
In the previous studies addressing the evolution of ice
shelves, different limits for the viability of the ice shelves
have been proposed. Many have agreed that the annual mean
near-surface temperature should be −9 ◦ C or lower for an ice
shelf to survive (Mercer, 1978; Vaughan and Doake, 1996;
www.the-cryosphere.net/8/1519/2014/
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Vaughan et al., 2003; Rott et al., 1996, 1998; Morris and
Vaughan, 2003). Also, the summertime isotherm of 0 ◦ C has
been suggested to be the temperature limit below which the
ice shelves would be viable (Mercer, 1978). In year 2000,
the −9 ◦ C annual isotherm crossed the south-western parts
of Wilkins Ice Shelf (WIS) on the western side of the peninsula and on Jason Peninsula on the eastern side. Larsen B Ice
Shelf on the northern side of Jason Peninsula had an annual
mean temperature higher than −9 ◦ C and LCIS and Larsen
D on the southern side were colder than −9 ◦ C (Cook and
Vaughan, 2010).
LCIS and WIS are located about 300–400 km apart, and
they experience remarkably different weather conditions.
The west side of the peninsula, where WIS is located, is
exposed to the warm and humid westerly winds from the
Southern Ocean. On the eastern side of the peninsula, Larsen
ice shelves are confronting colder and drier climate due to
the continental air masses flowing from West Antarctica and
Coats Land to Ronne Ice Shelf and further to the Weddell Sea
(King and Turner, 1997). Furthermore, LCIS and WIS have
different structures and mechanical characteristics (Braun et
al., 2009).
In January 2008 the area of the WIS was 13 000 km2 ,
which was reduced by almost 2000 km2 by the collapses in
February, May and June. In April 2009 an ice bridge connecting the ice shelf to Charcot Island gave in. WIS gains
mass mainly by direct accumulation and loses mass by basal
melt (Braun et al., 2009). Some zones on the ice shelf also
encounter intense surface melting. The mean horizontal velocities on WIS are very small, but the accumulation rate is
relatively high. WIS is characterised by a very large number of ice rises and by connections to the confining islands.
The bulk temperature of the ice is high on WIS, which indicates a weaker ice matrix (Braun et al., 2009). During the last
decades, WIS has experienced several major break-up events
ranging from 20 to 1200 km2 (Braun et al., 2009).
The surface area of LCIS is 51 000 km2 , which makes it
the largest ice shelf on the Antarctic Peninsula (Cook and
Vaughan, 2010). It has 12 major flow units or ice shelf domains (Glasser et al., 2009). Contrary to WIS, the input
glaciers are fast-flowing and contribute actively to the mass
balance of the ice shelf (Glasser et al., 2009). On the ice shelf,
two main kinds of rift systems are observed: tributary glacier
rift systems and ice shelf edge rifts. No large-scale changes,
at least, in the location of rifts and crevasses have been observed between 2002 and 2007. The overall changes in the
ice shelf have been small during the last two decades, although the ice shelf edge shows a gradual recession. On the
basis of the residence time of the ice on the ice shelf, it has
been estimated that LCIS has existed in its present configuration for at least 560 yr (Glasser et al., 2009). In the future LCIS is presumed to stay stable, with cyclical calving
and regrowth; an imminent collapse of LCIS is thought to
be unlikely (Glasser et al., 2009; Jansen et al., 2010). Future
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changes could be dominated by gradual thinning of the ice
shelf (Shepherd et al., 2003).
In this paper, the weather conditions and surface fluxes
on LCIS and WIS are studied using atmospheric reanalyses. Our primary objective is to find out (1) how the net surface heat flux (sum of radiative and turbulent surface fluxes)
varies inter-annually, (2) how the flux variations are related to
large-scale weather conditions, (3) how much summer melt
the net heat flux generates, and (4) how the summer melt
varies inter-annually and compares with the observed disintegration events of the ice shelves.

2
2.1

Material and methods
Atmospheric reanalyses

In atmospheric reanalyses, the majority of available observations are combined with state-of-the-art modelling solutions
to obtain the best estimate for the real state of climate in the
past and present. The advantages of reanalyses are good temporal and spatial coverage, as well as good consistency. In
reanalyses, errors and artificial trends caused by model and
data assimilation changes are avoided, but changes in observation systems can cause complications (Saha et al., 2010;
Bengtsson et al., 2007). Saha et al. (2010) emphasise that
one single reanalysis does not suffice for achieving a reliable
picture on the real state of the atmosphere due to changes in
observations and input data, and due to the different possibilities in models and data assimilation solutions.
In this study we apply three reanalyses: ERA-Interim
(Dee et al., 2011), NCEP-CFSR (Saha et al., 2010) and
JRA-25/JCDAS (Onogi et al., 2007), summarised in Table 1. ERA-Interim (ERAI from here), a reanalysis by
the European Centre for Medium-Range Weather Forecasts
(ECMWF), has been created as an intervening step between
the former ERA-40 reanalysis and an upcoming reanalysis.
When this study was started, ERAI covered the years from
1989 to 2010. Its horizontal resolution is T255 (∼ 79 km)
and it has 60 hybrid sigma-pressure vertical levels, of which
the lowest is at approximately 10 m. ERAI applies fourdimensional variational data assimilation (4D-VAR). Climate Forecast System Reanalysis, CFSR, is developed by
the National Centers for Environmental Prediction (NCEP),
USA. Its time range is from 1979 to present. The horizontal
resolution is T382 (∼ 38 km) and the number of vertical levels is 64 in sigma-pressure hybrid layers. The data assimilation technique is 3D-VAR. The Japanese 25-year Reanalysis
was conducted in collaboration with Japan Meteorological
Agency (JMA) and the Central Research Institute of Electric
Power Industry (CRIEPI). The reanalysis was first made for
a 25 yr period from 1979 to 2004, after which it was continued with an identical set-up from 2005 to present. The
continuation part is called JCDAS. From here on we will
refer to both parts of the reanalysis as JRA. The horizontal
The Cryosphere, 8, 1519–1538, 2014
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resolution of JRA is T106 (∼ 120 km) and the number of
vertical hybrid sigma-pressure model levels is 40. A recent
study by Cullather and Bosilowich (2012) noted that ERAI
and CFSR have better surface parameterisation and agree to
larger extents with surface flux measurements than the novel
Modern-Era Retrospective Analysis for Research and Applications (MERRA) reanalysis. MERRA is based on the Goddard Earth Observing System (GEOS) atmospheric model
and data assimilation system, and released by the National
Aeronautics and Space Administration (NASA) Global Modeling and Assimilation Office (GMAO) (Rienecker et al.,
2011). Despite the good parameterisations, ERAI and CFSR
disagree with observations of surface fluxes and atmospheric
boundary-layer variables in polar regions, at least by underestimation of the surface net flux (Cullather and Bosilowich,
2012) and overestimation of the near-surface temperature in
the Arctic (Jakobson et al., 2012).
Radiative and turbulent surface fluxes and basic weather
variables were collected from the three reanalyses. The surface fluxes (incoming and outgoing solar and thermal radiation, sensible and latent heat flux) are acquired from
short-term forecasts without data assimilation. The weather
variables (skin temperature (here only ERAI), 2 m temperature, 10 m wind components, mean sea level air pressure
and cloudiness (here only ERAI)) are analysis products. The
surface data collected in the vicinity on the ice shelves go
partly into the production of the reanalyses. All three reanalyses used the observations of the surface pressure, but
only ERAI assimilates the 2 m temperature measurements
(Uppala et al., 2005; Onogi et al., 2007; Saha et al., 2010).
We used the monthly mean products, and further calculated annual and seasonal means for summer (December–
February), autumn (March–May), winter (June–August), and
spring (September–November). The areal means over LCIS
and WIS were calculated for each variable. This was done
by selecting the relevant grid points for LCIS and WIS and
calculating the mean value from those. Since all the three
reanalyses had different resolution, the areal averaging was
done individually for each reanalysis. To have a consistent
basis for the study, only such grid points were included which
lie on the presently existing parts of the ice shelves. As the
low resolution of the reanalyses smoothes the orography of
the Antarctic Peninsula, there was up to 20 m difference between the true surface orography (elevation from sea level at
the AWS location) and reanalyses.
2.2
2.2.1

Validation sources
Larsen C Ice Shelf AWS

The validation of reanalyses was done using data from an
AWS on LCIS. The AWS is located at 67.012◦ S, 61.55◦ W
and operated by the British Antarctic Survey. The AWS measurements are compared against the nearest grid point in
the reanalyses. The station was initially deployed in OctoThe Cryosphere, 8, 1519–1538, 2014

ber 1985 and has been in operation ever since. The AWS
measures air temperature, pressure, wind speed and direction, and relative humidity. From January 2009, the AWS
also measured downwelling and upwelling short- and longwave radiative fluxes. However, no direct measurements of
the turbulent fluxes are available.
2.2.2

Surface fluxes from Van den Broeke (2005)

For calculating the melt we applied a method very similar
to the one used by Van den Broeke (2005). Van den Broeke
used observations from Larsen C AWS to calculate the surface melt and to assess the melt condition prior to the collapse of Larsen B Ice Shelf. In addition to using the same
method as Van den Broeke, we compared the results to those
in Van den Broeke (2005).
2.2.3

Melt fluxes from Barrand et al. (2013)

For the validation of the melt calculations, we compared our
results to those in a study by Barrand et al. (2013). Barrand et al. (2013) present the melt trends on Antarctic Peninsula ice shelves based on satellite observations. They used
QuikSCAT (hereafter QSCAT) (Long and Hicks, 2010) daily
enhanced-resolution, slice-based scatterometer image reconstruction (SIR) images (Early and Long, 2001; Long and
Hicks, 2010) with nominal pixel size of 2.225 km and estimated effective resolution of ∼ 5 km. Their study covered
the trends in melt onset date, melt season duration, and the
melt strength and extent.
3
3.1

Validation
Validation of reanalyses

Our primary objective in validation is to understand how well
the three reanalyses can reproduce the observed inter-annual
variations over the ice shelves. Results of ERAI, CFSR and
JRA were compared against the AWS observations on the air
temperature and horizontal wind components. The wind was
observed at the height at 3 m above the snow surface, whereas
the reanalyses output was from the height of 10 m. A height
correction was done by applying the logarithmic wind profile, assuming an aerodynamic roughness length of 0.1 mm
(no information on stability was available). No height correction was calculated for air temperature, because the height
difference between the measured values (height of 3 m) and
reanalysis outputs (2 m) was so small. The validation was
performed for the seasonal averages from austral autumn
1989 to austral autumn 2010.
The results for the seasonal means reveal that for the nearsurface temperature, the best performance, ranked on the basis of bias and root-mean-squared error (RMSE), is achieved
in summer (December–February, Table 2). The summertime
temperature correlations range from 0.43 (ERAI) to 0.61
www.the-cryosphere.net/8/1519/2014/

I. Välisuo et al.: Surface energy budget on Larsen and Wilkins ice shelves

1523

Table 1. Description of the reanalyses products used in this study.
ERAI

CFSR

JRA

Time range

1989–present

1979–present

1979–present

Assimilation
Horizontal resolution

4D-VAR
ca. 79 km

3D-VAR
ca. 38 km

3D-VAR
ca. 120 km

Number of vertical levels

60

64

40

T2m, u10m, v10m,
mslp, cloud fraction

analysis

analysis

analysis

Tskin, cloud fraction

analysis

not used

not used

Radiative and turbulent
surface fluxes: SWin,
SWout, LWin, LWout,
H, LE

– monthly means based on
6 h accumulated forecasts (fc)
(used in Sects. 3.1–3.3.3)
– 6 h accumulated fc, calculated
by the authors, based on 12 and
18 h accumulated fc with the
first 6 h not included (used in
Sect. 3.4)

– monthly means based on
accumulated 6 h fc (used in
Sects. 3.1–3.3.3)
– 6 h accumulated fc (used in
Sect. 3.4)

– monthly means based on
accumulated 6 h fc (used in
Sects. 3.1–3.3.3)
– 6 h accumulated fc (used in
Sect. 3.4)

Surface net flux

Calculated by the authors on the
basis of radiative and turbulent
surface fluxes

Calculated by the authors on the
basis of radiative and turbulent
surface fluxes

Calculated by the authors on the
basis of radiative and turbulent
surface fluxes

Surface melt and number of melt days

Calculated by the authors on the
basis of the net flux

not calculated

not calculated

(CFSR). The correlation for ERAI is even better (0.71) in
winter, June–August, but the biases of all reanalyses are
more than doubled compared to summer (Table 2). During
the melt periods the temperature bias was smaller, 1.7 ◦ C
(ERAI, 2 m), suggesting that the melt calculations are less
crucially affected by the bias. There are two evident reasons for smaller bias during the melt season. The first reason is that, during the melt season, the surface temperature
is limited to melting point, which also limits the near-surface
temperature. Secondly, in wintertime, surface inversions are
common and the limitations in modelling the stable atmospheric boundary layer might produce biased near-surface
temperatures.
The eastward (U ) and northward (V ) wind components
perform best in summer. For U , the biases are positive, i.e.
all reanalyses overestimate the strength of the westerly wind
on LCIS. For V the bias is mostly negative. JRA stands out
for the highest correlations for the U component, although
the temperature and V wind correlations are mostly weaker
than for ERAI and CFSR.
For a shorter time period from 22 January 2009 to 27 April
2010, the solar and thermal surface flux products were validated against flux measurements performed by the British
Antarctic Survey on LCIS (same location as the AWS). To
avoid artificially high correlations caused by the diurnal variations, we calculated 24 h averages from the reanalyses and
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measurements, and further removed the annual cycle before calculating the correlation. The results (Table 3) suggest that, with respect to bias and RMSE ERAI and CFSR
performed especially well for the net solar radiation, which
is the key factor in the surface energy balance. This bias
was only 0.2 Wm−2 in ERAI. The surface net solar radiation in the reanalyses is affected not only by the surface
albedo parameterisations but also largely by the radiative
transfer in the atmosphere and the cloudiness. As the surface
on the ice shelves is either snow or ice, the albedo depends
on parameterisation of snow and ice albedos. Parameterisations of those properties have been summarised by Pirazzini (2009). ERAI applies the ECMWF albedo parameterisation (ECMWF, 2007), where the snow albedo is a function of temperature. CFSR uses the CAM2 parameterisation
(Collins et al., 2002), where snow albedo is wave-band- and
temperature-dependent. JRA employs the albedo parameterisation by Sellers et al. (1986), which is a simplified function
of temperature and wave length. We calculated the surface
albedo as the ratio of the reflected and incoming solar radiation and presented it in Table 3. In order to avoid too low
sun angles, we calculated the albedo only when the incoming
solar radiation was larger than 100 Wm−2 . Considering the
bias, ERAI and NCEP agreed reasonably well with the observations, whereas JRA underestimated the albedo during the
validation period. None of the albedos from the reanalyses
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Table 2. Validation of reanalyses against AWS observations on LCIS. The correlations are calculated for inter-annual variations of seasonal
means.
ERAI

JRA

CFSR

AWS

R

Bias

RMSE

R

Bias

RMSE

R

Bias

RMSE

Mean

Temp.

DJF
MAM
JJA
SON

0.43
0.25
0.71
0.53

2.4
5.3
4.9
3.3

3.0
5.8
5.4
4.0

0.51
−0.04
0.39
0.29

1.3
4.7
3.6
2.7

2.3
2.3
5.8
5.1

0.61
0.09
0.21
0.49

−0.7
3.2
3.0
1.3

1.9
4.7
4.5
2.6

−2.7
−16.5
−22.0
−12.5

U

DJF
MAM
JJA
SON

0.46
0.03
0.37
−0.14

0.5
1.2
1.6
1.2

0.8
1.7
1.7
1.8

0.63
0.15
0.39
0.09

0.6
0.2
0.7
1.3

1.0
1.3
1.4
2.1

−0.10
0.13
0.11
−0.07

0.6
0.4
0.4
0.6

1.0
1.0
0.9
1.4

−0.03
1.5
0.8
0.7

V

DJF
MAM
JJA
SON

0.37
0.56
0.33
0.07

−0.3
−0.9
−0.6
−0.8

0.8
1.1
1.1
1.2

0.36
0.03
0.10
0.17

0.5
−0.4
0.2
−0.3

0.9
1.2
1.0
0.9

0.43
0.37
0.26
0.25

0.3
−0.9
−0.5
−0.5

0.8
1.2
1.0
1.0

−0.2
−0.05
0.1
0.4

correlated well with the observations. We assume that this is
due to the faster temporal variations of the observed albedo,
which were not captured by the reanalyses.
In terms of longwave radiation, ERAI and CFSR perform
reasonably well, albeit not as well as for the solar radiation. For them the bias for net longwave radiation is between
−16 and −18 Wm−2 . JRA instead suffers from a bias of
−36 Wm−2 for the net thermal radiation. A bias of this order
of magnitude is probably related to errors in clouds, but, in
lieu of cloud observations, we do not have means to prove
this.
The turbulent surface fluxes were validated by Tastula et
al. (2013) over the western Weddell Sea. They showed that
the ERAI sensible heat flux had a positive bias of 6 Wm−2 ,
which was partly balanced by a negative bias of −3 Wm−2
in the latent heat flux.
As a summary, the capability of reanalyses to reproduce
the observed inter-annual variations (of seasonal means) was
found satisfactory for the air temperature, but worse for the
wind, based on the lower average correlations of the wind
(Table 2). ERAI has the highest overall correlation with the
seasonal temperature mean values, which indicates that despite the temperature bias, ERAI produces the inter-annual
temperature variation most reliably. For the surface radiative
fluxes, ERAI and CFSR clearly performed better than JRA.
We note that also AWS observations are subject to errors,
which may be caused, among other things, by solar heating
of the temperature sensors as well as snow and ice accretion
in the anemometer. Hence, the results presented in Tables 2
and 3 contain uncertainties, but should give an idea of the relative performance of the three reanalyses, in particular when
we focus on the correlations. This is because observation errors most probably do not increase correlations, although in
some cases they may reduce the bias and RMSE.
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3.2

Validation of surface energy budget

The reanalysis products can also be compared against the
AWS observations of Kuipers Munneke et al. (2012) from
LCIS in February 2009–January 2011. The surface fluxes
presented by Kuipers Munneke et al. (2012) are included
in Table 4, together with the reanalyses fluxes. In all three
reanalyses in all seasons, the net shortwave radiation was
larger than in the AWS data. Also, the net longwave radiation, which was negative year-round, had a larger magnitude
in the reanalyses. Also the turbulent sensible heat flux was
larger (and positive around the year) in the reanalyses than
in the AWS data, and the latent heat flux, which was negative year-round in the reanalyses, had a larger magnitude in
the reanalyses than in the AWS data. At the latter, the latent
and sensible heat fluxes changed sign in the course of the
year. The seasonal mean net flux (sum of radiative and turbulent fluxes) is close to zero in the three reanalyses and in the
observations. At the annual level, all the reanalyses underestimate the longwave radiative flux and overestimate shortwave and sensible heat fluxes. This pattern of over- and underestimation is present also in summer (DJF). These biases
compensate for each other in ERAI especially, and possibly
explain the good values obtained from the melt calculations
later in the study.
We note, however, that the AWS observations of radiative
fluxes may include errors due to accumulation of frost, condensed water, and snow on the domes of the radiation sensors. Further, the turbulent fluxes were not directly measured
but parameterised on the basis of observations of the air and
surface temperature, air humidity and wind speed, which reduces their accuracy.
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Table 3. Validation of the radiative fluxes of the reanalyses against observations for the time period from 22 January 2009 to 31 December
2009 at a time resolution of 6 h. For the correlation coefficients, however, the diurnal and annual cycles were removed in order to avoid
artificially high values. Albedo was calculated only when SWin > 100 Wm−2 .
ERAI

SWin
SWout
SWnet
LWin
LWout
LWnet
Albedo
(SWout/SWin)

3.3

JRA

CFSR

AWS

R

Bias

RMSE

R

Bias

RMSE

R

Bias

RMSE

Mean

0.61
0.66
0.36
0.70
0.60
0.52
0.17

−13.2
−12.6
0.2
5.2
23.4
−18.1
−0.02

57.5
42.1
23.4
32.8
32.5
28.2
0.1

0.52
0.56
0.21
0.50
−0.1
0.2
0.03

−1.0
−23.8
24.3
−13.2
22.7
−35.9
−0.1

46.9
53.1
55.1
40.0
32.9
45.3
0.2

0.59
0.67
0.25
0.75
0.66
0.59
0.01

−2.8
−1.5
−1.2
−2.9
12.6
−15.5
0.002

43.6
32.3
19.5
26.9
24.4
26.4
0.06

142
113
23
236
249
−14
0.83

Validation of melt flux

Barrand et al. (2013) present the melt trends on Antarctic
Peninsula ice shelves based on QSCAT satellite observations.
According to Barrand et al. (2013), the number of melt days
retrieved from QSCAT were in agreement with positive station temperatures. The melt season duration and the amount
of surface melt can be directly compared to our study. The
melt season duration on LCIS and WIS from QSCAT (Barrand et al., 2013) is presented in Fig. 2, together with the
number of melt days calculated from ERAI. On LCIS the
number of melt days from ERAI agrees well with the melt
season duration from QSCAT. On WIS the melt products are
well correlated, but ERAI underestimates the number of melt
days by around 30 %. A possible reason for the bias on WIS
is the small size of WIS, due to which the melt patterns might
not be resolved at the resolution of ERAI. In reality WIS is at
a lower elevation than the surrounding islands, and the coarse
resolution of ERAI might affect the altitude of WIS in the reanalysis. Barrand et al. (2013) note also that the melt season
over WIS is unusually long compared to the average of the
same latitude.
According to Barrand et al. (2013) the melt season duration (MD) showed large inter-annual variability between
1999 and 2009. They state that negative MD anomalies
(shorter melt seasons) occurred on Larsen C and Wilkins ice
shelves in 2004 (i.e. summer 2003–2004). Positive anomalies occurred on WIS in 2000, in the vicinity of Larsen B and
Larsen C ice shelves during 2002, throughout the southern
Larsen C and Larsen D in 2003, and throughout Larsen C in
2006 and 2008.
In our melt calculation (during QSCAT era in 1999–2009)
based on ERAI, we observed negative anomalies in the number of melt days (analogous with melt season duration) on
LCIS in the summers of 2000–2001 and 2003–2004. On
WIS, short melt seasons were observed in 1999–2000 and
2003–2004. The negative anomalies in the summers of 2000–
2001 (WIS) and 2003–2004 (LCIS and WIS) occurred both
in our calculations and in Barrand et al. (2013).
www.the-cryosphere.net/8/1519/2014/

Positive anomalies in number of melt days occurred on
LCIS in 2001–2002, 2004–2005, 2005–2006 and 2006–2007
and on WIS in 2004–2005 and 2006–2007. Of the positive anomalies, the summers of 1999–2000 (WIS), 2002
(LCIS), and 2006 (LCIS) were also identified by Barrand et
al. (2013).
A large number of consistent results were identified between our melt studies and the satellite observations presented by Barrand et al. (2013). Exceptions were in 2006
and 2008, when Barrand et al. (2013) observed a long MD
on southern Larsen C and Larsen D and over all of Larsen C,
respectively. Our different results in 2006 might be caused
by the lower resolution of ERAI and the fact that Larsen D
was out of our study area. Also, we did not study the spatial difference in melt within the ice shelves. In the study
by Barrand et al. (2013), the RACMO2 model did not capture all of the long or short melt season either. One reason
was discussed to be the coarse resolution of RACMO. Although ERAI’s purpose of use and operational principles are
different from RACMO, the resolution plays an important
role especially in the regions where the ice shelf is covered
by only a few model grid points. Barrand et al. (2013) also
discuss how the occurrence of melt ponds affects the satellite
based melt observations. They state that WIS particularly experiences persistent multi-year seasonal surface melt ponds.
In the satellite products the activation of the melt ponds is
interpreted as the start of the melt season, which results in
observing a longer melt season. This can partly explain why
the satellites products show several longer melt seasons, particularly on WIS.

4
4.1

Results
Results on temporal evolution

Our focus is on the surface energy fluxes and weather conditions on LCIS and WIS. The investigation of surface fluxes is
limited to net solar radiation, net thermal radiation, sensible
The Cryosphere, 8, 1519–1538, 2014
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Table 4. Seasonal mean values of the surface fluxes on Larsen C and Wilkins ice shelves averaged from 1 January 1989 to 31 December
2009. Here LW is the net longwave radiation, SW the net shortwave, SH the sensible heat flux, LH the latent heat flux and NF the sum of
these components. Due to the rounding-off, NF is not always exactly equal to the sum of its seasonal components. The AWS section shows
the seasonal means from the Utrecht University AWS on Larsen C Ice Shelf (67◦ 00.80 S, 61◦ 28.80 W) from 1 February 2009 to 31 January
2011. The AWS measurements are adopted from Kuipers Munneke et al. (2012).
Larsen C

Wilkins

ERAI

DJF

MAM

JJA

SON

Ann.

ERAI

DJF

MAM

JJA

SON

Ann.

LW
SW
SH
LH
NF

−43
59
3
−9
10

−28
8
9
−2
−13

−31
1
15
−1
−15

−42
33
9
−6
−6

−36
25
9
−4
−6

LW
SW
SH
LH
NF

−42
59
2
−10
8

−32
8
7
−4
−21

−29
1
8
−2
−21

−37
27
4
−6
−12

−35
24
5
−5
−12

JRA

DJF

MAM

JJA

SON

Ann.

JRA

DJF

MAM

JJA

SON

Ann.

LW
SW
SH
LH
NF

−50
84
4
−11
26

−39
12
8
−1
−10

−40
2
24
0
−14

−51
46
14
−6
3

−45
36
15
−4
2

LW
SW
SH
LH
NF

−51
102
4
−13
41

−39
12
22
−3
−9

−41
1
25
0
−15

−51
50
15
−9
5

−46
41
16
−6
5

CFSR

DJF

MAM

JJA

SON

Ann.

CFSR

DJF

MAM

JJA

SON

Ann.

LW
SW
SH
LH
NF

−36
52
9
−19
7

−31
9
23
−4
−3

−33
1
30
−4
−5

−40
34
18
−12
−1

−35
24
20
−9
0

LW
SW
SH
LH
NF

−37
60
9
−14
19

−28
9
18
−8
−9

−28
1
18
−7
−16

−35
34
13
−13
−2

−32
26
15
−11
−2

DJF

MAM

JJA

SON

Ann.

−21.1
38.0
−5.0
−9.6
2.3

−8.6
6.2
0.3
−0.2
−2.3

−9.8
1.0
7.1
1.0
−0.7

−23.3
26.5
3.6
−4.0
2.8

−15.7
17.8
1.5
−3.2
0.4

AWS
LW
SW
SH
LH
NF

heat flux and latent heat flux, which together describe the
heat exchange between the surface and the atmosphere. The
sub-surface heat flux, i.e. the conductive heat flux between
the surface and deeper layers in the snow, was not taken into
account. The weather variables in consideration are the 2 m
air temperature, 10 m wind components, and mean sea level
pressure. The time series of monthly mean values are presented and trends of seasonal and annual mean values are calculated. Notice is taken of the weather conditions that favour
particularly large or small surface energy fluxes.
4.2

Time series

The time series of surface energy fluxes are presented in
Fig. 3. The turbulent fluxes of sensible and latent heat are
small in each reanalysis and on both ice shelves. They are
of opposite sign throughout the year, the sensible heat flux
being towards the snow surface (defined as the positive direction) and the latent heat flux from snow to air (negative).
The net solar radiation differs a lot between the three reanalyThe Cryosphere, 8, 1519–1538, 2014

ses. The lowest summertime net solar radiations are obtained
from CFSR, and the largest ones from JRA. The values from
ERAI are close to those of CFSR, but show a much larger
inter-annual variation. The net solar radiation has a tendency
to be slightly larger on WIS than on LCIS.
The net flux varies on both sides of zero in all reanalyses. There are major differences in the seasonal cycle of the
net flux between the reanalyses and regions. ERAI shows the
largest inter-annual variation in the net flux, but the mean values are comparable to the other reanalyses. The differences
in inter-annual variability can be quantified with the standard
deviations of the surface net flux from the 20 yr mean. In
ERAI, the standard deviations of the annual means of the surface net flux are 3.65 Wm−2 (LCIS) and 2.32 Wm−2 (WIS).
The 20 yr seasonal mean values of the surface fluxes reveal
that the fluxes vary more between the reanalyses than between the areas (Table 4).
All the three reanalyses show a roughly similar behaviour
in 2 m temperature (Fig. 4). The largest differences between
the reanalyses are obtained in summer and winter, whereas
www.the-cryosphere.net/8/1519/2014/
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Figure 2. Mean summertime melting and number of melt days on Larsen C and Wilkins ice shelves calculated on the basis of ERAI reanalysis
and retrieved from QSCAT observations by Barrand et al. (2013).

in spring and autumn the temperature curves from the three
reanalyses overlap. In summer, only ERAI reaches or rises
clearly above the melting point on LCIS. On WIS the maximum monthly mean temperature was 1 ◦ C on both ERAI and
JRA reanalyses. While JRA produces almost as warm summers as ERAI, CFSR is 2 to 5 ◦ C colder every summer than
ERAI. In winter, CFSR gives the highest temperatures, i.e. it
yields the smallest annual temperature cycle, both on LCIS
and WIS. All the three reanalyses give relatively similar variability of the wind components (Fig. 4). JRA shows highest
variability in wind, especially in the U component, for which
the standard deviation of annual mean is 0.9 m s−1 on LCIS
and 0.8 m s−1 on WIS. JRA also has a stronger V component
of the wind on LCIS and weaker one on WIS than ERAI and
CFSR. The mean sea level pressure is almost identical in all
reanalyses compared, and the pressure variations are similar on LCIS and WIS, the standard deviation of annual mean
pressure being around 0.40 hPa higher on WIS than LIS.
4.3

Trends

The seasonal mean AWS data exhibited trends in scalar wind
speed in all seasons except summer (DJF), but all these trends
were negative, indicating a decrease in wind speed on LCIS.
The statistically significant trends (95 % level) in autumn,
winter and spring were about −0.02 (ms−1 yr−1 ). The annual mean wind speed did not have a trend of any sign. The
www.the-cryosphere.net/8/1519/2014/

air temperature and wind components U and V separately at
the AWS on LCIS did not show trends in either annual or seasonal means. JRA wind and temperature trends are consistent
with the AWS trends, and the trends in wind components in
ERAI and CFSR were small, although statistically significant
according to the Student’s t test (Table 5). On WIS, however,
ERAI and JRA showed clear warming trends but in different
seasons: ERAI in winter (0.23 Kyr−1 ) and JRA in autumn
(0.13 Kyr−1 , Table 5). There are multiple reasons for the mismatch between observations and reanalyses products. First,
the AWS provides only point measurements that cannot be
generalised for a larger area. Second, the reanalyses assimilate only limited amount of data from the Antarctic Peninsula
region; thus the input data from farther areas might be more
dominant in the reanalyses. Third, limitations in modelling
and data assimilation might affect the results.
Considering surface fluxes, the annual means included statistically significant trends mostly on WIS, but most of these
were so small that they are practically immeasurable (Table 5). For the net heat flux, only CFSR included a minor
increasing trend on LCIS.
Several seasonal trends were found (Table 5). In LCIS,
ERAI showed seasonal trends in autumn in latent heat flux
and net heat flux. ERAI also showed a negative trend in net
thermal radiation in DJF. JRA had trends in latent heat flux
and net heat flux in LCIS, but in different seasons than ERAI.
The trends in latent heat flux were weak and seen in spring
The Cryosphere, 8, 1519–1538, 2014
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Figure 3. Time series of monthly mean surface energy fluxes on Larsen C and Wilkins ice shelves based on ERAI, CFSR and JRA reanalyses.
Table 5. Statistically significant (95 %) seasonal and annual trends on LCIS during the period from 1989 to 2010 for March, April, May
(MAM); June, July, August (JJA); September, October, November (SON); and December, January, February (DJF). Abbreviations are for
net longwave radiation (LW), sensible heat flux (SH), latent heat flux (LH), net flux (NF), temperature 2 m above the surface (T ), eastward
wind component (U ) and northward wind component (V ). The units in the table are for the fluxes Wm−2 yr−1 ; ◦ C yr−1 for the temperature
and (m s−1 ) yr−1 for the wind.
ERAI
LCIS
DJF
MAM
JJA
SON
Ann.
WIS
DJF
MAM
JJA
SON
Ann.

LW

SH

LH

JRA
NF

T

V

−0.44
−0.12

LH

NF

0.04

−0.37

CFSR
T

LW

LH

0.13
0.16
0.10
0.10

−0.55
−0.07

−0.36
−0.41
−0.22

SH

LH

NF

−0.15

−0.10
−0.16
−0.09
−0.22
−0.14

−0.55
−0.78
−0.74

−0.27
−0.27
−0.18

T

LH

NF

T

0.22
0.12

0.21

0.13

LW

LH

NF

U
0.03

0.23

and summer. The trend in the net heat flux was observed in
summer. In CFSR, on LCIS, the net heat flux had a trend in
autumn, winter and spring. All of these show rising net heat
flux.
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V

U
0.03

0.05
LW

NF

−0.21
0.09

0.17

−0.10

0.03

More seasonal trends were found over WIS. As for LCIS,
the three reanalyses did not agree regarding the season and
magnitude of the trends. One should note in particular that
ERAI presented a strong negative trend on the net heat flux in
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Figure 4. Time series of 2 m air temperature, 10 m wind speed and mean sea level pressure on Larsen C and Wilkins ice shelves on the basis
of ERAI, CFSR and JRA reanalyses.

autumn (−0.55 W yr−1 ), winter (−0.78 W yr−1 ) and spring
(−0.74 W yr−1 ), which were not present in JRA and CFSR.
Instead, JRA had a positive trend in the net heat flux (0.21
W yr−1 ) in autumn.
4.4 Weather conditions favouring large and small
surface net fluxes
As shown in Sect. 3.1, the inter-annual variation in surface net flux is largest in ERAI, whereas CFSR and JRA
show very little inter-annual variations in the surface net flux.
Large inter-annual variations in the near-surface temperature
are common in the Antarctic Peninsula (Vaughan et al., 2003;
King, 1994). As the surface temperature is a result of the
surface energy balance, the near-surface temperature is also
closely connected, through the surface temperature, to the
surface energy balance. Thus it can be assumed that the large
inter-annual variations in the surface net flux are also typical
in the vicinity of Antarctic Peninsula. Hence, the analyses in
this section are based on ERAI only. Differences between the
years are clearly larger on LCIS than on WIS. On LCIS some
austral summers, e.g. 1992/1993, show an exceptionally high
net flux and some winters, e.g. 1991 has an exceptionally
low surface net flux. Summers with strikingly low, or winters with especially high, surface net flux were not observed.
www.the-cryosphere.net/8/1519/2014/

Next we investigate a summer with high net energy flux and
a winter with low energy flux on LCIS. The mean synoptic
conditions during these periods are presented and compared
to the usual conditions. We have defined the usual condition
by calculating the average over the three month summer and
winter periods over 20 yr from 1989 to 2010. We have compared each summer and winter mean separately to the 20 yr
mean. Based on this comparison we chose summer 1999–
2000 and winter 1996 as references. We decided to compare
the extremes to real climate conditions rather than the 20 yr
average condition. The 20 yr seasonal average is an important
reference, but the averaged field does not necessarily represent a case that would ever happen in reality.
4.4.1

Weather conditions favouring a large summertime
net heat flux

Summer 1992–1993 was characterised by an exceptionally
high surface net flux on LCIS. In Figs. 5–8, the maps of
December–February mean values of sea level pressure, wind
speed, cloudiness and surface temperature are presented
for summer 1992–1993. For comparison, similar maps are
shown also for summer 1999–2000. This reference summer was selected by comparing all summer situations to the
The Cryosphere, 8, 1519–1538, 2014
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two-decade mean summer synoptic situation; summer 1999–
2000 was most similar to the mean situation.
On LCIS the atmospheric pressure was 10 hPa higher in
summer 1992–1993 than in summer 1999–2000 (Fig. 5). In
summer 1992–1993 the low-pressure minimum was situated
on the west side of the peninsula, in the Bellingshausen Sea
(the whole low-pressure structure is not visible in Fig. 5
due to the limited area of the map). The pressure increases
steadily towards north-east. In summer 1999–2000, a low
was situated on the west side of the peninsula, but also another, slightly weaker, low was seen on the east side of the
peninsula in the Weddell Sea. The lows were connected by
a saddle in the middle part of the peninsula at around 66
to 68◦ S. During this summer, the pressure increased rather
evenly towards north and south, whereas in summer 1992–
1993 the pressure gradient was in a north-east–south-west
direction.
In summer 1992–1993 the winds were predominantly
north-westerly (Fig. 6). The wind speed on LCIS was from 2
to 8 m s−1 , being slightly stronger in the eastern parts of the
ice shelf than during the reference summer, 1999–2000. The
reference summer was characterised by the lack of seasonal
mean northerly wind component on the eastern side of the
peninsula. In summer 1999–2000 the seasonal mean wind
speed on LCIS was almost uniformly from the west. The
cloud coverage on LCIS was eight percentage points higher
in 1992–1993 than in 1999–2000 (Table 6, Fig. 7). The increase in cloud fraction coincided with a decrease in downward shortwave radiation and increase in downward longwave radiation (Table 6). As the cloud forcing on net radiation was positive throughout the year (with a minimum
of 15 Wm−2 in January), the net radiation also increased.
Largest differences in the surface skin temperature occurred
on the north-eastern coast and south-eastern corner of the
peninsula (Fig. 8). On the north-eastern coast the −2 ◦ C
isotherm moved poleward in summer 1992–1993, so that the
major part of LCIS surface was warmer than −2 ◦ C. In summer 1999–2000, the mean skin temperature of LCIS was between −2 and −4 ◦ C.
4.4.2 Weather conditions favouring a small wintertime
net heat flux
During winter 1991 the surface net flux on LCIS was lower
than usual. The winter (June, July and August) mean weather
conditions in the vicinity on Antarctic Peninsula are presented in Figs. 9–12. Winter 1996 was chosen as a reference
on similar grounds to summer 1999–2000 in the summer season comparison.
In winter 1991 a low-pressure centre was situated in the
Weddell Sea, whereas in winter 1996 it was situated in the
Bellingshausen Sea (Fig. 9). In 1991 the atmospheric pressure on LCIS was about 4 hPa higher than in winter 1996.
The pressure gradients over the ice shelf were weak during both winters. In winter 1991, the wind had a predomiThe Cryosphere, 8, 1519–1538, 2014

nantly westerly direction with a small southerly component
on LCIS, and southerly winds with cold-air advection were
dominant further north than in the reference winter (Fig. 10).
During the reference winter, the mean wind was from the
west with a small northerly component on the western side
of the peninsula and southerly component on the eastern side.
The wind field on LCIS did not differ much during the two
winters.
The cold winter 1991 with a higher atmospheric pressure
was related to drier and less cloudy conditions than winter
1996 (Fig. 11). On LCIS, the mean cloud fraction was 68 %
in winter 1991 and 78 % in winter 1996 (Table 6). With the
lower cloud coverage the incoming longwave radiation was
weaker and the net surface radiation lower by −28 Wm−2 .
In winter 1991 the mean surface skin temperature was lower
than in 1996; on LCIS and the Weddell Sea the difference
was as much as about 5 ◦ C (Fig. 12).
4.4.3

Multiple regression analysis on surface net flux
and weather conditions

Multiple regression analysis was applied to quantitatively
investigate how the atmospheric pressure, horizontal wind
components, wind speed and cloud fraction affected the surface net heat flux during the whole study period of 1989–
2010. The regression analysis was performed using a stepwise multi-linear regression model. For each season and region the variable to be explained is the surface net energy
flux and the possible explanatory variables are mean sea
level pressure, 10 m wind speed, 10 m wind components and
the cloud fraction. The model calculates which combination
of explanatory variables yields the best degree of explanation (measured as R 2 and RMSE) for the surface net energy
flux. As possible explanatory variables, we use the abovementioned ones in order to understand how the net flux is
controlled by synoptic-scale weather. In some seasons, the
analysis yielded statistical relationships with a high degree
of explanation (Table 7). The results were better for LCIS
than WIS. On LCIS the wind speed, either of the wind components as well as air pressure and cloud fraction together
explained 58 to 80 % of the variance of the surface net flux
in summer, autumn and winter (in cases when one wind component and wind speed are both included in the equation, we
checked that the explaining variables were independent, i.e.
had a low mutual correlation). In spring, on neither LCIS
nor WIS was the variation in the net flux explained by the
weather variables. It is natural that the explaining variables
vary seasonally and regionally, as, for example, the cloud
cover has different effects on the net heat flux in summer and
winter, and the relationships between wind and advection of
heat and clouds are different between LCIS and WIS.
By showing statistically significant correlations during the
period 1989–2010 between the net heat flux and weather
variables, the multiple regression analysis confirms the results based on the extreme summer and winter. In the extreme
www.the-cryosphere.net/8/1519/2014/
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Figure 5. Mean sea level pressure (hPa) in austral summers 1992–1993 (a) and 1999–2000 (b) on the basis of ERAI reanalysis.

Figure 6. Mean wind speed (m s−1 ) and direction in austral summers 1992–1993 (a) and 1999–2000 (b) on the basis of ERAI reanalysis.

summer of 1992–1993, the large net heat flux over LCIS
was favoured by a high atmospheric pressure, winds with
a northerly component, and slightly stronger wind speeds
(compared to the reference summer, 1999–2000). These features were important not only in summer 1992–1993 but also
in the whole summertime data set over LCIS (Table 7). In the
extreme winter of 1991, the small net heat flux was favoured
by a small cloud fraction, which on the basis of the whole
data set was the second-most important factor for a low net
heat flux in winter (Table 7). On the basis of the whole data
set, however, the lack of strong westerly winds was the most
important factor, but westerly winds were present over LCIS
in winter 1991. Figures 9 and 10 suggest, however, that the
westerlies in winter 1991 were mostly local ones, not related
to large-scale advection of warm, moist air masses from the
Bellingshausen Sea across the Antarctic Peninsula. This may
explain why winter 1991 had such a low net heat flux even
though westerly winds dominated over LCIS.

www.the-cryosphere.net/8/1519/2014/

4.5

Summertime surface melting

Summertime melting of snow on LCIS and WIS was calculated using the surface temperature and surface fluxes of
ERAI. We only applied ERAI because (a) the inter-annual
variations in the net flux in the other two reanalyses were
very small and (b) the monthly mean surface temperature did
not reach the melting point in CFSR, but ranged mostly between −2 and −4 ◦ C in every summer. When inter-annual
variations are small, they do not catch differences between
the years but do produce a rather uniform seasonal cycle for
every year. Nevertheless previous studies have indicated that
prominent inter-annual variations are typical of the Antarctic Peninsula (King, 1994; Vaughan et al., 2003), which supports the idea that a well-performing reanalysis should produce inter-annual variability too.
Our method to determine the melting resembled that of
van den Broeke (2005). The melt calculations were done
in 6 h steps. We used the ERAI surface temperature and
The Cryosphere, 8, 1519–1538, 2014
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Figure 7. Mean cloud fraction in austral summers 1992–1993 (a) and 1999–2000 (b) on the basis of ERAI reanalysis.

Figure 8. Mean skin temperature in austral summers 1992–1993 (a) and 1999–2000 (b) on the basis of ERAI reanalysis.

calculated the 6 h mean fluxes from ERAI forecast products.
As the starting time steps for the ERAI forecasts are 00:00
and 12:00 UTC, we were able to calculate the 6 h values for
24 h periods by using the 6, 12 and 18 h forecasts. In addition
to obtaining the 6 h cumulative values, which were further
transformed to 6 h mean values, we also removed the possible
spin-up errors by subtracting the first 6 or 12 h from the 12
or 18 h forecasts. The criteria for melting were the following:
if the surface temperature at the end of the 6 h step reached
0 ◦ C, the 6 h period was considered as a melting period. During these periods, we assumed that the surface net flux was
used directly for melting the snow as the surface temperature
was already at the melting point. The energy available for
melting, M, was calculated using
M = SW + LW + SH + LH.

(1)

The melt rate is ML−1
f , where Lf is the latent heat of fusion
for ice, which can be assumed to be the same for snow (Singh
and Singh, 2001). Van den Broeke’s (2005) method differed
The Cryosphere, 8, 1519–1538, 2014

from ours in the following ways: (1) for the temperature that
determined melting, he used the air temperature observed at
the boom height of an AWS; (2) he applied shortwave radiation calculated from top-of-atmosphere shortwave radiation; (3) he calculated net longwave radiation (LW) following the equation LW = 0.765 σ T 4 − 315.6 (Wm−2 ) for clear
skies and LW = 0 for overcast condition; (4) he calculated
the sensible heat flux without accounting for stability effects
on the turbulent heat transfer coefficient; and (5) he ignored
the latent heat flux. In our calculations the latent heat flux reduced the summertime melting by over 20 % on both LCIS
and WIS.
Both in our calculation and Van Den Broeke’s, the ground
heat flux has not been taken into account. It is reasonable to
ignore the ground heat flux, as during the melt season the
snowpack is isothermal at 0 ◦ C and conductive heat fluxes
are small.
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Table 6. Mean cloud fraction (TCC), downward thermal (LWin) and solar radiation (SWin) and net radiation (R_net) on LCIS surface in
selected seasons.

TCC (%)
LWin (Wm−2 )
SWin (Wm−2 )
R_net (Wm−2 )

Winter
1991

Winter
1996

Summer
1992–1993

Summer
1999–2000

68
196
5
−42

78
213
4
−27

75
271
242
41

67
257
273
13

Figure 9. Mean sea level pressure in austral winters 1991 (a) and 1996 (b) on the basis of ERAI reanalysis.

Our calculations for LCIS yielded 46–105 melt days
per summer, and the melt during a summer ranged from
11 to 58 cm water equivalent (w.e.), the mean melt being 19 cm w.e. (Fig. 2). The value on LCIS compares well
with that of about 20 cm (8.7 Wm−2 ) measured by Kuipers
Munneke et al. (2012) in 2009–2011. For WIS we obtained
36–73 melt days per summer and the melt varied from 10 to
23 cm w.e. (mean of 15 cm w.e.) per summer. The most striking feature in the time series is the strong melt in summer
1992–1993 on LCIS (Fig. 2).
Unfortunately the Larsen C AWS was out of commission
in summer 1992–1993, and thus could not be used for confirming the peaking of melt during that summer. During summers 1989–1990 and 1994–1995, which are identifiable by
the high number of melt days on LCIS, the monthly mean
temperature was above 0 ◦ C during one summer month according to the AWS. Monthly mean temperatures did not rise
above freezing point during any other period between 1989
and 2010. According to the AWS data, summer 2002–2003,
which experienced a large melt, was not distinctly warmer
than other summers.

www.the-cryosphere.net/8/1519/2014/

5

Discussion and conclusions

A hindering aspect in the studies of the changing climate
over Antarctic ice shelves is the lack of observations and
the brevity of the existing data sets. In particular, there are
no long time series on surface fluxes over LCIS and WIS.
Hence, this study was mostly based on atmospheric reanalyses, which have weaknesses in high latitudes. Our study revealed significant differences between ERAI, CFSR and JRA
on LCIS and WIS.
According to our knowledge, near-surface variables of reanalyses have not been previously validated over Antarctic
Peninsula ice shelves, as previous validation studies of atmospheric reanalyses in the Antarctic have mostly focused on
large-scale features, such as cyclones (Hodges et al., 2011)
and precipitation (Bromwich et al., 2011). We aspired to validate the reanalyses both on the western and eastern side of
the peninsula, but due to better availability of in situ observations, the validation is more thorough on LCIS than
WIS. The validation against the AWS observations on LCIS
demonstrated that ERAI can reasonably well reproduce the
observed inter-annual variations of seasonal mean air temperature for winter, spring and summer, whereas CFSR is
good for summer and spring, and JRA for summer. For the
wind components, the correlations were lower on average.
We note, however, that AWS observations are also liable to
The Cryosphere, 8, 1519–1538, 2014
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Figure 10. Mean wind speed and direction in winters 1991 (a) and 1996 (b) on the basis of ERAI reanalysis.

Figure 11. Mean cloud fraction in austral winters 1991 (a) and 1996 (b) on the basis of ERAI reanalysis.

errors, which may have lowered the correlation coefficients.
Focusing on biases of seasonal means, our validation results
include three interesting issues: (1) all three reanalyses had
warm temperature biases in all seasons, (2) all three reanalyses yielded positive biases for the eastward wind component in all seasons, and (3) reanalyses mostly yielded negative biases for the northward wind component. The first issue
is in agreement with many previous validation studies over
snow and ice surfaces: Jakobson et al. (2012) obtained similar results for the same (and other) reanalyses over the Arctic sea ice, Vihma et al. (2002) observed a year-round warm
bias for the ECMWF operational analyses over the Antarctic sea ice, and Atlaskin and Vihma (2012) observed that
several numerical weather prediction models yielded warm
biases under conditions of stable boundary layer over snowcovered boreal forest. The second and third issue are probably at least partly due to the resolution of reanalyses, which is
not high enough to accurately represent the complex orogra-

The Cryosphere, 8, 1519–1538, 2014

phy of the Antarctic Peninsula. This results in overestimation
of westerly winds blowing over the peninsula (Stössel et al.,
2011), and these strong westerlies and reduced generation of
barrier winds result in an underestimation of the northward
wind component. This also means that the reanalyses will not
properly represent the formation of föhn winds on the eastern
side of the peninsula, which are believed to be important in
promoting melt on LCIS (Marshall et al., 2006).
Also, the comparison of the three reanalyses over LCIS
and WIS yielded interesting results. The time series of the
mean sea level pressure were almost identical in the three
reanalyses, both on LCIS and WIS. The monthly mean sea
level pressure also had consistent variation on both sides of
the peninsula. However, the summertime 2 m air temperature on LCIS differed remarkably between ERAI and CFSR.
ERAI reached the melting point every summer, whereas the
summer temperatures of CFSR were typically from −4 to
−2 ◦ C. The ERAI mean wind speeds were about 3 m s−1
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Figure 12. Mean skin temperature in winters 1991 (a) and 1996 (b) on the basis of ERAI reanalysis.
Table 7. Multiple regression equations and explanation levels for surface net flux (NF) explained by weather variables: mean sea level air
pressure (p, in hPa), 10 m wind speed (UV, in m s−1 ), eastward wind component (U ), northward wind component (V ) and the cloud fraction
(N , 0–1).
Region

Period

Multiple regression equation

Larsen C
Larsen C
Larsen C
Wilkins
Wilkins

DJF
MAM
JJA
MAM
JJA

NF = −5.5 V + 8.4 UV + 0.6 p − 626
NF = 3.4 V + 0.6 p − 3.6 UV − 104
NF = 9.2 U + 158.5 N + 1.0 p − 5.6 UV − 1126
NF = 3.0 U − 18
NF = 79.9 N − 88

higher than those of CFSR. JRA had very different wind
speed variations than ERAI and CFSR, both on LCIS and
WIS. The most striking differences in surface fluxes were related to the very large solar radiation in JRA on WIS.
In general, ERAI had larger inter-annual variations compared to the almost uniform years in CFSR. This suggests
that the patterns in ERAI are more realistic, considering the
observations on large inter-annual variability in the peninsula
region (King, 1994; Vaughan et al., 2003). Although ERAI
has a much coarser horizontal resolution (79 km) than CFSR
(38 km), it has the clear advantage of applying the 4D-VAR
data assimilation, which is not used in CFSR and JRA. Although JRA performed poorly in the temperature validation,
it was the best reanalysis for the zonal wind component. In
the Arctic, Jakobson et al. (2012) noticed the good quality of
JRA winds. In general, taking into account the inter-annual
variation and the performance, ERAI was found to be the
most appropriate reanalysis for more specific studies of the
weather patterns.
When the summertime surface net heat flux on LCIS was
exceptionally high (1992–1993), the mean sea level pressure
in the vicinity of the peninsula was higher than general, and
the pressure difference between the east and the west side
of the peninsula was greater. Due to the anomalous pressure
field, the surface winds were from north-west on the eastern
www.the-cryosphere.net/8/1519/2014/

r2

RMSE

0.79
0.58
0.80
0.26
0.27

3.2
5.0
4.5
4.5
7.0

side of the peninsula. The warm-air advection together with
large downward longwave radiation under extensive cloud
cover contributed to the high air and snow surface temperatures on LCIS. Also, previous studies have indicated that
high temperatures on Larsen Ice Shelf were found together
with north-westerly winds (Kuipers Munneke et al., 2012)
and the breakup of Larsen B Ice Shelf in 2002 was preceded
by northwesterly winds (van den Broeke, 2005). During the
winter with anomalously small surface net energy flux, the
mean sea level pressure was higher than during the winters
when the surface net flux was close to the long term average. This tends to reduce the cloud cover, which results in
weaker cloud radiative forcing, allowing the surface to cool
more. During the winter of low surface net flux (1991), the
pressure field was also significantly different from regular
winters and summers. The lowest pressures were situated in
the Weddell Sea, forcing the southerly winds in the vicinity
of the peninsula. The surface temperatures were lower, likely
due to cold-air advection and strong radiative cooling.
The climate warming in the peninsula region (e.g. King,
1994; Vaughan et al., 2003) was not as clearly present in
our results as could have been expected. The AWS observations on LCIS did not include any significant temperature trend, and the reanalyses showed warming trends only
over WIS: ERAI in winter (0.23 ◦ C yr−1 ) and JRA in autumn
The Cryosphere, 8, 1519–1538, 2014
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(0.13 ◦ C yr−1 ). Also, according to previous assumptions on
the climate evolution in the peninsula region (e.g. Kuipers
Munneke, 2012), trends on wind would have been expected.
Among reanalyses, only CFSR showed trends: in the eastward component in summer on LCIS (+0.03 ms−1 yr−1 ) and
WIS (+0.03 ms−1 yr−1 ).
Our calculations for LCIS yielded 46 to 105 melt days per
summer. Van den Broeke (2005) estimated from 50 to 100
melt days per summer for the same area. Comparing the same
period as van den Broeke (2005), from 1995 to 2003, our result for the average number of melt days was 68 per summer,
whereas that of van den Broeke was 69. For the same period,
we calculated the summer melt to range from 11 to 23 cm,
whereas van den Broeke got 10 to 42 cm. The differences are
likely related to the five differences in the calculation methods (Sect. 3.4). One of them was that we defined the melting according to the ERAI surface temperatures, whereas van
den Broeke used the air temperature measured at the boom
height (3 m) of the AWS. Also, ignoring the latent heat flux
may have yielded to overestimation of melting in van den
Broeke (2005). We note that neither we nor van den Broeke
(2005) took into account the absorption of solar radiation
into the snow. The penetration of shortwave radiation into
the snow changes the partitioning between surface and subsurface melt, and increases the total melt (Cheng et al., 2008;
Kuipers Munneke et al., 2012).
Van den Broeke stated that melting in summer 2001–2002
was exceptionally strong on LCIS. We did not observe the
same, but instead noted increased melting in 2002–2003.
Outside of van den Broeke’s study period, summer 1992–
1993 stands out with strong melting on both LCIS and WIS.
The final disintegrations of Larsen A and Prince Gustav ice
shelves happened in early 1995 (Rott et al., 1996; Cooper,
1997; Cook and Vaughan, 2010) following the record high
melt in 1992–1993. On WIS the peak values in melting in
summers, based on our calculations, seem to agree with the
major collapses in 1990–1991, 1993, 1998 and 2003–2004
(Braun et al., 2009). Nevertheless, a major collapse occurred
also in 2008, when the melting was modest, and in 2006 the
area of WIS did not change much in spite of the strong melting.
To determine the uncertainty of our melt estimate, we validated the weather variables and radiative fluxes during the
melt periods in year 2009, when both weather and radiation
observations were available on LCSI. This validation showed
a positive bias of 21 Wm−2 for the net radiation. Biases for
both incoming and outgoing longwave radiation were about
−7.5 Wm−2 , meaning correct net longwave radiation. The
bias in wind component was about −0.5 m s−1 and 5.6 K in
the temperature. Positive biases in net radiation and temperature indicate a possible overestimation in our melt. The negative bias in wind indicates too weak turbulent heat exchange,
which would also lead to overestimation of melt. We have
to note that, over a longer period, the temperature bias during melting was smaller, indicating a smaller overall error in
The Cryosphere, 8, 1519–1538, 2014

the melt estimate. To obtain an error estimate of melting on
WIS, we have to rely on satellite observations presented by
Barrand et al. (2013). The satellite data suggest that calculations based on ERAI fluxes significantly underestimate the
melting on WIS. The satellite melt observations also provide
a better match with the progressive disintegration of WIS. On
LCIS the melt values by Barrand et al. (2013) and our melt
calculations based on ERAI matched each other very closely.
We conclude that atmospheric reanalyses provide useful
information on the surface energy budget and melt of Antarctic ice shelves, on inter-annual variations in the budget terms,
and on the weather conditions associated with high and low
net heat flux to the ice shelves. Care should, however, be
taken when making conclusions on the basis of reanalysis
products; in our case the validation and comparison of three
reanalyses were essential. As a whole, our results support
the idea that the recent disintegrations of Larsen ice shelves
and WIS are partly of atmospheric origin. As the next step,
we consider it important to carry out more detailed melt calculations applying a thermodynamic snow model, forced by
atmospheric reanalyses, that accounts for the role of subsurface melting.
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ABSTRACT. We investigate the temporal evolution and spatial distribution of mass balance on the glacier
Midtre Lovénbreen, Svalbard. Running a diagnostic high-resolution full-stress ice flow model with geometries obtained from five digital elevation models (DEMs) in the period 1962–2005, we compute velocity
fields and linearly interpolated volume change of the glacier. We evaluate the kinematic free surface
equation using these model outputs to solve the surface mass balance (SMB). Monitoring data on
Midtre Lovénbreen allows model results to be compared with point measurements from the glacier
over several decades. This method allows us to estimate the mass balance over the entire glacier
surface, beyond the spatially limited field measurements, and to derive past SMB over an extended
time period.
KEYWORDS: Arctic glaciology, glacier mass balance, glacier modelling, glaciological model experiments,
surface mass budget

1. INTRODUCTION
Mass-balance studies address the spatial and temporal
changes in the ice mass of a glacier. Winter snowfall and
summer temperature alter the amount of snow collected on
the glacier and the amount of snow and ice lost by melt,
thus changes in glacier mass are linked to changes in
climate. Changes in the mass balance influence the dynamics of the glacier, which results in a change in the position
of the glacier terminus (Paterson, 1994). Because of the relation between glacier geometry and climate, are glaciers seen
as important indicators of climate change.
There are five commonly used methods for measuring the
mass changes of the glaciers (Vaughan and others, 2013).
Traditionally, the mass balance is observed using the glaciological method, i.e. the mass balance is derived from repeated
stake measurements of snow and ice surface. The surface elevation changes are summed to give the total surface mass balance
(SMB). In the glaciological method pointwise measurements are
generalized to represent larger areas of the glacier, and estimates of the net mass balance (Bn) are deduced. However,
local climate and glacial processes can create significant
spatial differences in the SMB. Drifting snow, avalanching and
shading by surrounding mountains can affect the accumulation
and ablation patterns of a glacier, and thus localized observations can lead to biases in the estimate of mass balance
(Barrand and others, 2010). The second method, often referred
to as the geodetic method (Barrand and others, 2010), converts
observed volume changes of the glacier to mass change.
Surface elevation changes are obtained from repeated elevation
profiles or DEMs. The geodetic mass balance derived from full
coverage DEMs provides a better means to assess the spatial variations of the SMB. Nevertheless, the method is unable to reveal
whether the local surface elevation changes are caused by
accumulation, melt, or glacier flow redistributing the ice. The
conversion from volume to mass is also prone to errors due to
the limited information on snow and firn density on glaciers

(Gardner and others, 2013). Since the successful launch of the
Gravity Recovery and Climate Experiment (GRACE)-mission
in 2003, mass changes of land ice can be estimated from satellite measurements of gravity field. However, due to the coarse
spatial resolution, this third method is not applicable to small
glaciers but rather is most suitable for total ice-sheet balances
(Gardner and others, 2013). The fourth method comprises different mass-balance modelling approaches that convert time
series of meteorological variables, or changes in glacier length
or equilibrium line altitude, to mass changes. Vaughan and
others (2013) assume that the improvements in this type of
models can advance the estimation of mass changes. As a fifth
alternative, it is possible to determine glacier mass balance as
a residual of the water balance for the basin tributary to the
glacier terminus.
Midtre Lovénbreen (ML), with an area of 5.4 km2 and an
elevation range from 50 to 650 m a.s.l. in year 2001, is a thoroughly studied valley glacier in Svalbard (78.53°N, 12.04°E).
Located near the settlement of Ny-Ålesund, ML has been
subject of numerous studies and long-term monitoring.
Annual mass balance has been measured since 1968 by
the Norwegian Polar Institute, and flow velocity measurements have been carried out since the 2000s. In this study
we use velocity measurements from 2005 to 2006 to evaluate
the modelled velocities. Continuous meteorological measurements by the Norwegian Meteorological Institute are
available in Ny-Ålesund since 1974. ML offers a good test
case for numerical experiments owing to the availability of
in situ observations that can be applied to evaluate the
model results.
Surface elevation and corresponding mass-balance
changes at ML-based on stake measurements or DEMs
have been addressed in several previous studies
(Dyurgerov and Meier, 2000; Rippin and others, 2003;
Kohler and others, 2007; Barrand and others, 2009, 2010;
James and others, 2012). A mass balance model for ML has
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been presented by Rye and others (2010), who found that the
method gave sufficiently good results. However, their model
is forced by coarse horizontal resolution (ca. 125 km) ERA-40
reanalysis, and requires bias correction of the forcing fields as
well as substantial model calibration, which limits the applicability and reliability of the model.
In this study we use the high-resolution full-stress ice flow
model Elmer/Ice (Gagliardini and others, 2013). In contrast to
a previous application using the same model that focused on
a prognostic simulation of ML (Zwinger and Moore, 2009),
we develop a method inspired by inverse modelling to
resolve the past SMB distribution over the glacier. We
present a modelled solution of SMB for four time periods
from 1962 to 2005, show the temporal evolution of the
SMB, and evaluate the modelled results against observations.

We compare the 2005 simulated surface velocity to data
obtained that same year at 17 stake positions. The locations
of the measurement stakes are shown in Figure 1. The stakes
are mainly located along the glacier centerline, with six
stakes off the centerline. While winter and summer data are
available, we use the annual velocities (May 2005–May
2006) to compare with the model results. Velocities are
derived from repeated differential GPS surveys of the stake
positions, and have a nominal accuracy of ca. 0.1 m a−1.
Continuous monitoring of the glacier’s mass balance
started in the year 1967 using the direct glaciological
method (Hagen and Liestøl, 1990). The in situ observations
along the centerline are interpolated over the elevation
range of the glacier weighted by the hypsometry.

2. OBSERVATIONAL DATA

3. METHODS

The main input data for our study are surface DEMs for ML,
based on maps and data from 1962, 1969, 1977, 1995 and
2005 (Kohler and others, 2007). The 1962 DEM is derived
from a 10 m contour map based on oblique terrestrial photogrammetry (Pillewizer, 1962). The 1969 and 1977 DEMs are
derived from unpublished NPI maps made from vertical
aerial photographs (Kohler and others, 2007). For these first
three DEMs, contours were digitized from paper maps, converted to a common datum and projection (WGS84, UTM
zone 33 north), and surface data interpolated onto a 5 m
grid. The 1995 DEM was directly obtained with digital photogrammetry from vertical aerial photographs, with an original
resolution of 5 m. The 2005 DEM was derived from an airborne Lidar campaign (James and others, 2006), with data
interpolated to the 5 m grid. To obtain ice thickness for each
epoch, we subtract elevations of each surface DEM from the
bedrock DEM created from ground-penetrating radar data
(Rippin and others, 2003; Zwinger and Moore, 2009).
The uncertainties of the surface DEMs are quantified by analyzing the map differences in the ice-free areas between year
2005 and the rest of the years. The bias of the DEM is based
on the standard deviation of the maps differences in the areas
where the slope is <20°. In addition the standard deviation relative to year 2005 the total bias contains map errors and the
geoid-ellipsoid error, which are included in the error estimate.
The errors for the map pairs are shown in Table 1. The uncertainties of the DEMs are largest for the oldest DEM pair and
smallest for the two most recent pairs. In 1962–69 the error
(in m a−1) was five times larger than in 1977–95 and 1995–
2005. The model results directly rely on the measured geometry
of the glacier, thus the modelled SMB is expected to be sensitive
to the uncertainties in the DEMs. To study the sensitivity of the
model to the DEM uncertainties we perform two additional
simulations for each DEM pair where we add and subtract
the mean DEM error from the mean surface of the glacier.
The sensitivity runs are described in Section 3.

In this study we combine observed surface elevation and
bedrock data with the solution of a diagnostic ice flow
model in order to inversely determine the accumulation and
melt. We use the ice-dynamic model Elmer/Ice (Gagliardini
and others, 2013), which solves the full Stokes equations.
The increased complexity and effort to solve the full Stokes
equations compared with models applying approximations
linked to thin film flow are negligible, as the present study
only applies diagnostic (i.e., time-independent) simulations,
which requires no significant computing time.

3.1. Ice flow model
The flow is governed by the balance of the divergence of the
Cauchy stress, σ and the specific weight given by density
times gravity, ρg,

Table 1. DEM uncertainties and mass-balance sensitivity to the
DEM uncertainties
Time period

DEM error per year
m a−1

SMB mean error
m ice a−1

1962–69
1969–77
1977–95
1995–2005

±0.46
±0.31
±0.09
±0.09

±0.93
±0.63
±0.18
±0.17

Fig. 1. Locations of the measurement stakes in spring 2005 (black
dots). The darker gray denotes the shape of the glacier in 1962
and the lighter gray in 2005.
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∇  σ þ ρg ¼ 0;

ð1Þ

forming a set of three equations, one for each direction {x, y, z}
of a Cartesian coordinate system. In the model output, the
x-coordinate is pointing to the east and y-coordinate to the
north. The z-coordinate is normal to the glacier surface and
directed upward from the surface. The Cauchy stress
tensor, σ = τ − pI, where I is the identity tensor, usually is
split into its isotropic part, the pressure p = −trσ/3 and the
deviatoric stress, τ, for which a closure relation,
τ ¼ 2η_e;

ð2Þ

gives the six independent coefficients (τxx, τyy, τzz, τxy, τxz, τyz)
as a function of the strain-rate tensor,
1
e_ ¼ ð∇u þ ð∇uÞT Þ:
2

ð3Þ

In other words, we replace the deviatoric stress-tensor by the
gradient of the unknown velocity u = (u, v, w)T. The effective
viscosity, η, itself is dependent on the temperature relative to
pressure melting point, T′ and the effective strain rate (the
pﬃﬃﬃﬃﬃﬃﬃﬃ
second invariant of the strain rate tensor), e_ eff ¼ tr_e2 in
the form of a general Norton–Hoff power law. In glaciology,
the exponent n is set to 3, and the resulting equation is known
as Glen’s flow law (Paterson, 1994):
ηðT 0 ; e_ eff Þ ¼

1
ð1nÞ=n
:
ðEAðT 0 ÞÞ1=n e_ eff
2

ð4Þ

The enhancement factor in our simulations is kept at constant
E = 1 and the rate factor AðT 0 Þ ¼ 2:05 × 1024 s1 Pa3 ,
resembling a constant relative temperature of T 0 ¼ 1°C.
This can be justified by earlier thermo-mechanically
coupled diagnostic simulations of ML (Zwinger and Moore,
2009) that revealed a core temperature in the range from
−2 to 0°C for large parts of the glacier. Further, runs with
lower temperatures showed velocities well below the
observed. Velocity components and pressure form a set of
four unknowns, which, besides the three components
of the momentum balance (Eqn 1), demands the inclusion
of the mass or volume balance for incompressible flow, as
firn is not accounted for in these simulations
tr_e ¼ ∇  u ¼ 0:

ð5Þ

where nb is the outward pointing normal vector of the
bedrock surface.
A reference run with no basal sliding showed that ice velocities were slower than those observed. Consequently, for
the tangential component of the velocity vector,
u∥ ¼ u  ðu  nb Þnb , we impose a linear sliding relation,
u∥ ¼ c1 T ∥ ;

ð8Þ

where T ∥ is the tangential component of the stress vector at
the bedrock. The friction coefficient is set as a function of
ice thickness, d,

c¼

0:0013 Pa s m1
0:32 Pa s m1

if d  120 m
if d < 120 m

ð9Þ

This sets a small sliding component over the deeper parts of
the glacier, whereas the high value of c over the shallower
parts resembles a no-slip condition. We adopted a thickness
dependent sliding since the impact of the velocity to the
volume change is highest where the ice is thickest. Even
the seemingly hard transition in the friction coefficient provides smooth change in the surface velocity field. The friction
coefficient for the areas subject to sliding was determined by
comparing the modelled velocities with the observed velocities at the stake locations. The friction coefficient was empirically chosen from a series of test simulations in order to
minimize the error between the simulated and observed velocities. Including basal sliding in addition to the internal
deformation can be justified by the observation that velocities in the thicker parts of the glacier show a significant
increase in summer compared with winter, and that there is
significant interannual variability, which can be linked to
the change of basal conditions and occurence of sliding.
Figure 2 shows the difference between summer and winter
velocity during mass-balance years 2002/03, 2003/04 and
2004/05. The velocity increases in summer compared with
winter at the elevations of 250–400 m a.s.l., which roughly
correspond to the deepest parts of the glacier.

3.2. Obtaining the SMB pattern
Using the set of given surface DEMs, we pick two consecutive configurations, h(t1) and h(t2), with t1 < t2, to compute

These equations are then solved for a surface geometry z = h
(x, y;t0) at a given time t0, with the bedrock geometry z = b(x, y)
assumed to be constant over the time span of interest. Eqns
(1) and (5) are completed by boundary conditions at the
bedrock and the free surface. At the free surface we impose
a vanishing stress vector
T ¼ σ  ns ¼ 0;

ð6Þ

where ns is the upward normal vector of the free surface.
As the additional kinematic boundary condition at the
free surface will be used to determine the SMB, it will
be discussed in detail later. At the bedrock we impose
the condition that there is no penetration of ice into the
subsurface:
u  nb ¼ 0;

ð7Þ

Fig. 2. The difference between summer and winter velocity at the
measurement stakes during mass-balance years 2002/03, 2003/04
and 2004/05.
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an averaged surface elevation distribution, using their arithmetic mean value for each position (x, y) on the glacier,
ht1 !t2 ðx; yÞ ¼

1
½ht ðx; yÞ þ ht2 ðx; yÞ:
2 1

ð10Þ

By approximating a linear temporal evolution of the free
surface between these times,
∂ht1 !t2 ht2  ht1
;
¼
∂t
t 2  t1

ð11Þ

we can interpret Eqn (10) as the elevation distribution at the
time t1→2 = 1/2(t1 + t2). The kinematic boundary condition
links the local as well as convective change caused by the
surface velocity (uh, vh, wh)T of surface elevation to the net
accumulation normal to the glacier surface, a⊥. Given that
the average slope on ML is small, 8°, the difference
between a height measured normal to the surface (as in our
model) or straight up from the surface (as at the measurement
stakes) is ∼1%. The kinematic boundary condition then reads
as (Greve and Blatter, 2009),
∂h
∂h
∂h
þ u h þ v h  w h ¼ a⊥ :
∂t
∂x
∂y

4.2. Modelled evolution of SMB
ð12Þ

In order to determine the average net SMB ðat1 !t2 ðx; yÞÞ for
the time period t1 → t2, the first term in Eqn (12) is approximated using expression Eqn (11) and the horizontal (x, y)
components of the surface gradient by ∇h ≈ ∇ht1 !t2 . The
velocities required in the last three terms of the left hand
side of Eqn (12) are computed by a diagnostic (i.e., steady
state) simulation of the ice flow model under the given
surface geometry ht1 !t2 .
Using the expression for the emergence velocity,
uem ðh; uÞ ¼ wh  uh

∂h
∂h
 vh ;
∂x
∂y

ð13Þ

one then can express the solution for the SMB accumulation
and ablation needed to be applied to evolve the glacier
surface from ht1 ðx; y; t ¼ t1 Þ to ht2 ðx; y; t ¼ t2 Þ:
ðt !t2 Þ

a⊥1

¼

∂ht1 !t2
 uem ðht1 !t2 ; uÞ:
∂t

observations. Both simulations have an overall slow bias of
−0.9 and −0.4 m a−1 for simulations with no-slip and thickness-dependent sliding, respectively. Even though the latter
reduces the velocity bias over the central parts of the
glacier, it also exaggerates the velocity difference between
the tongue, mid-elevation and accumulation area. Figure 3
clearly illustrates the problem: while the mean bias decreases
when basal sliding is allowed, the slope of the linear fit
between observed and modelled velocities (Fig. 3b) grows
and deviates more strongly from the target unity-value than
the one obtained without sliding. Hence we chose not to
further increase sliding speeds by introducing even lower
friction coefficients.
We assume that the velocity biases between the simulation and measurements for 2005 are similar for the configurations of the older time periods, however we acknowledge
that the quality of the DEMs and possible changes in
glacier temperature and basal conditions can affect the performance of the model.

ð14Þ

4. RESULTS
4.1. Evaluation of modelled velocities
We evaluate the quality of our modelled velocity field with
simulations performed using the DEM from the year 2005,
which can be compared with measured values at stake positions obtained in the month of May of the same as well as the
following year.
We perform two simulations, one assuming a frozen bed,
i.e. setting the ice velocity to zero at the bottom boundary. In
the second simulation slip conditions were introduced over
certain regions of the glacier bed following Eqn (9). In the
latter, sliding is applied only at the locations where the thickness of the glacier exceeds 120 m, thereby limiting it to the
central parts. Observed and modelled horizontal velocities
at the stake positions as a function of elevation are presented
in Figure 3. The horizontal surface velocities are fastest over
the central parts of the glacier, reaching ∼4.5 m a−1 in the

Average net accumulation, a⊥, (equivalent to SMB) distributions for the time intervals 1962–69, 1969–77, 1977–95, and
1995–2005 are calculated using the kinematic free surface
equation [Eqn (14)]. The patterns are shown in Figure 4.
During the study period the accumulation area has
decreased and the zero contour of accumulation, equivalent
to the equilibrium line altitude (ELA), has ascended.
According to the model results the zero contour was at
∼250 m in 1962–69. The simulation obtained from the
DEMs of 1969 and 1977 revealed an increase of the ELA
by 100–350 m, a further increase to 400 m in 1977–95,
and to 450 m in 1995–2005.
The boxplots in Figure 5 show the altitudinal distribution of
the SMB for the four time intervals. In each panel of the figures,
the model output SMB is separated into bins based on the
surface elevation. Each bin covers a 50 m elevation range
such that the lowest bin ranges from 50 to 100 m a.s.l., and
the highest from 550 to 600 m a.s.l. The number of gridpoints
in each elevation bin is indicated in Table 2. The basic statistics are calculated for the modelled value of a⊥ in each bin.
Here, the simulated mean accumulation over the elevation
bins, bn, is defined as:
bn ¼

N
1X
ðt !t Þ
a 1 2:
N i¼1 ⊥i

ð15Þ

Inside each elevation bin, values of a⊥ are not always normally distributed. This results in a deviation of the mean and
the median as well as differences in the distribution below
and above the median. The measured mass balances,
reported in m w.e. a−1, have been translated to meters of
ice by multiplying with a factor of 1.09 (the ratio of water
to the density of ice, ρw/ρi, (Hooke, 2005)). Mass-balance
observations only start in 1967/68, hence they do not show
in the first graph (1962–69).
In 1962–69 (Fig. 5a) the strongest ablation is ∼−1.5 m of
ice a−1 and the highest value of accumulation ∼0.8 m of
ice a−1. The maximum values occur in the 500–550 m bin,
rather than in the highest elevated at 550–600 m. In the ablation area, from the 250 to 300 m bin downward, ablation
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Fig. 3. Modelled and observed velocities in 2005. Panel (a) shows the observed velocities in function of elevation (black dots) and a second
degree polynomial fit (black line). Similarly, it shows the modelled surface velocities from the stake locations from the frozen bed (blue) and
bottom sliding (orange) simulations. Panel (b) presents scatter plots of observed and modelled velocities for the model experiments of frozen
bed (blue dots) and basal sliding (orange dots). Lines in panel (b) indicate the linear fits to the points.

decreases more or less linearly with elevation. At higher elevations, the spread in modelled values grows significantly.
Large variability in the accumulation area might reflect a
large spatial variability in snow accumulation, or may be
an artifact of uncertainties in the DEMs or changes in the
the densification of firn.
The modelled SMB profile in 1969–77 (Fig. 5b) shows a
generally similar distribution to that of 1962–69 in terms of
linear decrease of ablation from the glacier tongue up to
the ELA (here 350 m) and large spread in the accumulation
area. In Figure 5b) we also include the measured glaciological mass balance. Observations closely match the modelled mean in the ablation area especially at 100–250 m a.
s.l. whereas in the accumulation area modelled mean
values exceed the measurements on average by 0.5 m of
ice a−1.
In 1977–95 (Fig. 5c) we see an overall increase in modelled ablation with respect to the earlier period. Modelled
and observed SMB values match closely from 200 to 500
m. From 500 to 600 m the modelled SMB drops below the
observed SMB and in the 550–600 m bin the difference is
close to 1 m of ice a−1, with the observed value even
falling outside the upper bound of the spread indicated by
the model. The modelled a⊥ variability inside the elevation
bins is smaller than in the two previous time periods. The
variability of the modelled results might be reduced by
more accurate DEMs, but as will be explained below,
observed mass-balance values in the highest elevation bins
are extrapolated, and thus are more uncertain than the
model results.
For the time period of 1995–2005 (Fig. 5d) the model
median a⊥ is negative all over the glacier. At 100–350 m elevation the model mean is higher than the observed, whereas
at 450–600 m mean modelled SMB is lower than the observations. The spatial variability of modelled a⊥ inside the elevation bins is the smallest of all the four time periods.
As expected, results presented in Figure 5 show a rising
ELA and decreasing SMB over time. The two earlier time
periods have a larger spread in the modelled a⊥ than the
two more recent simulations. This might be related to the
better accuracy of the more recent DEMs. In 1977–95 and

1995–2005 the mean and median a⊥ are lower than
observed at the highest parts of the accumulation area. As
the model input DEMs are relatively reliable in these recent
simulations, the mismatch with observations may be due to
the interpolation of the in-situ measurements.
Glaciological mass balance, geodetic mass balance, modelled net accumulation (a⊥) and modelled and observed ELA
are given in Table 3. As the glaciological mass-balance measurements start from 1967/68, glaciological data are not presented for 1962–69. All records of measured mass balance
and modelled net accumulation are negative. Modelled a⊥
shows a continuous decrease, whereas observational data
show a weak increase in mass balance in 1977–95 compared
with 1969–77. The time series of annual mass-balance observations from 1968 to 2012, not averaged to our study
periods, do not show a statistically significant trend.
Table 3 also indicates the mean model-derived ELA for the
different time periods. The observed ELA is based on an interpolation of stake measurements. The annual ELA observations are averaged over time periods of the simulations.
Observed ELA varies from 380 to 440 m. To compare the
modelled ELA to measurements, we selected the modelled
a⊥ from stake locations and performed a linear fit in function
of elevation, from which the ‘Modelled ELA, points’ are
deduced. The values are comparable with the measurements, but as for mean a⊥, modelled ELA increases steadily
over time, whereas observed ELA also decreases relative to
the previous period in 1977–95. Finally, we use the mean
modelled values of a⊥ in 50 m elevation bins, presented
also in Figure 5. ‘Modelled ELA, bins’ is estimated based
on a linear fit to the mean a⊥ of the bins. Again, values
differ from the point methods and the measurements, but
are of the same order of magnitude.

4.3. Sensitivity of the modelled mass balance to the
uncertainties of the DEMs
The model relies on the measured geometry of the glacier
and thus the modelled SMB is sensitive to the errors in the
DEMs (Table 1). To study the sensitivity of the model to the
DEM uncertainties we perform for each DEM pair two
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Fig. 4. Charts of modelled mean accumulation or ablation in 1962–69, 1969–77, 1977–95 and 1995–2005 with the blue-red color scale.
Solid white lines show the zero contour of accumulation, which can be interpreted as the equilibrium line altitude. Black contours denote
the surface elevation in m.a.s.l. Grey background area indicates the outline of the glacier in 1962, the maximum extent of the modelling
domain. All units are m a−1 ice equivalent.

additional simulations where we add and subtract the mean
DEM error from the mean surface of the glacier. The results
give us two new SMB fields for each DEM pair. We calculate
the SMB error as the difference of the two SMB fields. We
further calculate also the mean error as the average of
the SMB difference over the glacier (Table 1). The error of
the modelled SMB decreases together with the uncertainty
of the DEM. In the simulation of 1962–69 the mean SMB
error between two sensitivity simulations was ±0.93 m, and
in 1995–2005 the error difference was reduced to ±0.17 m.
The largest absolute uncertainty in SMB has been in the
area of highest accumulation and the smallest at the tongue
of the glacier. However, the uncertainty proportional to the
SMB is equally small in areas of highest accumulation as at
the tongue. The example provided for the time interval of
1977–95 (Fig. 6) shows the distribution of the absolute uncertainty and the uncertainty proportional to the SMB. The

uncertainty of SMB proportional to the total SMB reaches
very high values around the areas where SMB is zero or
close to zero.

4.4. Contribution of ice dynamics to the surface
elevation change
The part of the kinematic boundary condition [Eqn (12)]
linked to glacier dynamics is equal to the negative emergence velocity. To study the relative importance of the emergence velocity, uem ðht1 !t2 ; uÞ, for the surface elevation
change of the glacier ð∂ht1 !t2 =∂tÞ, we calculate the absolute
values of both terms and their average ratio (Table 4). We
assess the absolute values of uem ðht1 !t2 ; uÞ and ∂ht1 !t2 =∂t to
study the relative contribution of the terms regardless of
their sign. The contribution of the emergence velocity to
the surface elevation change is typically up to 2.0 m a−1
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Fig. 5. Boxplots of the modelled and measured accumulation in function of elevation. Red lines show the median and red dots mean
modelled SMB at the given elevation range. Blue boxes show the upper and lower quartile and black whiskers show 1.5 times the
interquartile range. Black dots are the observed or the interpolation of the observed SMB. bn is given in meters of ice.

Table 2. Number of points in each elevation bin of the boxplots

1962–69
1969–77
1977–95
1995–2005

50–100

100–150

150–200

200–250

250–300

300–350

350–400

400–450

450–500

500–550

550–600

240
220
200
1190

270
240
200
1520

270
260
250
2110

240
230
230
2180

420
420
420
3820

420
420
400
3560

440
430
430
3840

450
440
440
3820

330
330
320
2730

80
80
80
670

20
20
20
190

over different parts of the glacier. The greatest range was for
the time period of 1977–95, with a maximum absolute value
of 2.37 m a−1, whereas the smallest contribution of 1.43 m
a−1 occurred in 1969–77. The total elevation change over
the glacier ð∂ht1 !t2 =∂tÞ is of the same order of magnitude as
the elevation change caused by emergence velocity alone.
The average range of j∂ht1 !t2 =∂tj during the different time
periods reaches from 0.0 to 2.5. For a single period it is the
largest in 1962–69, when the maximum absolute values
was 3.02 m a−1. The narrowest range, 0.0–2.09, is seen in
1977–95.
Despite the maximum absolute value of ∂ht1 !t2 =∂t being
larger than that of uem ðht1 !t2 ; uÞ, the ratio between

j∂ht1 !t2 =∂tj and j∂ht1 !t2 =∂tj is typically 1.3 when averaged
over the glacier. This indicates that the absolute values of
emergence velocity are typically higher than the absolute
values of ∂ht1 !t2 =∂t. For the 1962–69 period, the ratio was
1.6, in 1969–77 and 1977–95 it was 1.35, only falling
below unity value with 0.85 for 1995–2005. This is no surprise, as ice velocities show a strong non-linear dependence
on ice thickness. As both terms have negative and positive
values, these ratios do not reflect the real elevation change
of the glacier surface, but rather the relative importance of
the glacier dynamics in shaping the glacier.
Figure 7a and b present the distribution of ∂ht1 !t2 =∂t and
uem ðht1 !t2 ; uÞ for the 1977–95 period. This simulation
ðt !t Þ

Table 3. Glaciological net mass balance (Bn), geodetic net mass balance, modelled net accumulation ða⊥1 2 Þ and modelled and observed
ELA. Observed ELA is based on linear fit to measurements at stake locations. Modelled ELA is calculated as a linear fit to modelled data
selected from stake location (‘points’) and linear fit to mean SMB in elevation bins of 50 m altitude range (‘bins’)
Time

1962–69
1969–77
1977–95
1995–2005

Glaciological Bn

Geodetic Bn

m ice a−1

m ice a−1

−0.44
−0.37
−0.53

−0.20
−0.31
−0.33
−0.59

ðt !t Þ

a⊥1 1
m ice a−1
−0.09
−0.14
−0.28
−0.38

Observed ELA

Modelled ELA, points

Modelled ELA, bins

m a.s.l.

m a.s.l.

m a.s.l.

410
380
440

310
350
390
540

350
350
480
580

600
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Fig. 6. The SMB error in the simualtion of 1977–95. Panel (a) shows the distribution of the absolute SMB error in meters of ice and panel (b) the
SMB error relative to the SMB (%).

period is selected because of the better quality of more recent
DEMs and because the area with positive ∂ht1 !t2 =∂t is still
observable in 1977–95 but has completely vanished by
1995–2005. The pattern of ∂ht1 !t2 =∂t (Fig. 7a) indicates an
overall negative surface elevation change, with increasing
surface elevation only in small parts of the higher reaches
of the glacier. The lowering of the surface is strongest at the
tongue of the glacier, up to 2.5 m a−1. In terms of emergence
velocity (Fig. 7b) the glacier is rather clearly divided into
areas of positive and negative emergence velocity in the
upper and lower halves of the glacier. For obvious reasons,
the emergence velocity is most pronounced in the fast
flowing areas of the glacier and in the steepest parts of the
higher elevation areas. Solving for Eqn (14) reveals that the
strong uem ðht1 !t2 ; uÞ must be balanced by accumulation
(Fig. 4c), in order to maintain the observed shape of the
glacier.

5. DISCUSSION AND CONCLUSIONS
Based on the comparison of modelled and measured velocities, Elmer/Ice produces a good match to the observed
surface velocities on ML. A velocity bias in the simulations
is compensated for by adding basal sliding to the model
experiments. Velocity observations show a seasonal difference in surface velocities, which strongly suggests that
there actually is basal sliding at ML. In the model, basal
sliding is limited to the deepest parts of the glacier, where
ice thickness exceeds 120 m; this potentially affects the
Table 4. Maximum absolute value of emergence velocity, surface
elevation change and the average ratio of the absolute values at
the given time intervals
Time period

1962–69
1969–77
1977–95
1995–2005

Maximum of
juem ðht1 !t2 ; uÞj
m ice a−1

Maximum of
j∂ht1 !t2 =∂tj
m ice a−1

2.07
1.43
2.37
2.30

3.02
2.50
2.09
2.31

Mean of

juem j
j∂h=∂tj

m ice a−1
1.6
1.35
1.35
0.85

calculation of the mass balance by enhancing the contribution of emergence velocity. Further fine-tuning the spatial
distribution and amount of basal sliding may improve the
match to the observations, but the latter are too spatially
limited to provide sufficient support for this approach.
The errors in the input surface DEMs are reflected by the
modelled SMB. The uncertainties of the surface DEMs are
significant in the past, but the DEMs get more reliable
closer to present day. Also the uncertainty of the modelled
SMB induced by the DEMs decreases towards present day.
The error of the modelled SMB can be assessed either by
looking at the absolute uncertainty (m of ice) or by evaluating
the error proportional to the SMB (%). The absolute error is is
largest in the accumulation area. The SMB is also highest in
the accumulation area, meaning that the error proportional to
SMB is not as alarming as the absolute error would suggest.
The error proportional to SMB is 100% in the areas where
SMB is close to zero, i.e. around the equilibrium line altitude.
Thus the error proportinal to SMB is not a useful measure
allover the glacier, but helps in putting the error into perspective in the areas where SMB clearly differs from zero.
The simulated SMB and ELA show similar time evolution
as observed. The simulations show decreasing SMB and
increasing ELA, although – as the results are based on only
four time intervals – the statistical significance of the trend
cannot be assessed. Compared with the glaciological stake
observations averaged over the simulation periods, the
model results show a more monotonic decrease/ascent in
SMB/ELA. The annual mass-balance observations from
1968 to 2012 do not indicate a statistically significant
decreasing trend. Nonetheless, a constantly negative mass
balance is enough for a significant retreat of the glacier.
The pattern of ∂ht1 !t2 =∂t was much more uniform than that
of a⊥ and uem ðht1 !t2 ; uÞ. One way to evaluate the reliability of
the spatial distribution of modelled a⊥ is to compare it with
accumulation charts on Midtre Lovénbreen (Hagen and
Liestøl, 1990), for the time period of 1962–69 and 1969–
77, which most closely match the observation period indicated in (Hagen and Liestøl, 1990). From our simulations,
we could identify a local low a⊥ around the area that separates the southwestern tributary from the main glacier body.
A similar area of low accumulation was present in Hagen
and Liestøl (1990), during a year with average precipitation.
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Fig. 7. Surface elevation change (∂ht1 !t2 =∂t, panel (a) and inverted emergence velocity (uem ðht1 !t2 ; uÞ, panel (b) in 1977–95. The white line is
the zero contour of the variable in question. Surface elevation contours are shown in black. The emergence velocity is presented with a
negative sign to reflect the related SMB.

We observe a dipole of high and low a⊥ at the southern part
of the glacier, with high values above the 400 m contour, and
low values below. The accumulation chart shown in Hagen
and Liestøl (1990) also shows a local minimum in the corresponding location, but does not show locally increased accumulation. Zwinger and Moore (2009) observed a similar
pattern that quickly vanished in prognostic simulations,
thereby indicating the possibility that a data gap in the
radar sounding of the bedrock is the cause of this local deviation in diagnostic simulations.
Our results show a significant decrease in SMB in the upper
reaches of the glacier for the periods 1977–95 and 1995–2005
(Fig. 5). The decrease is not visible from the glaciological stake
measurements, however the observed values above the elevation of 450 m are extrapolated, and thus their representativity
is questionable. Especially in 1995–2005 a⊥ is negative at the
most elevated glacier boundaries (Fig. 4). These results are in
line with earlier studies that have shown accelerated thinning
in the upper parts of ML (Kohler and others, 2007; James and
others, 2012). Kohler and others (2007) show – based on
DEMs and Lidar observations – that the thinning rate of ML
in 2003–05 had doubled compared with 1962–69. Also
James and others (2012) identify two different epochs of thinning: prior and after 1990s. The thinning is strongest at the
high reaches of the glacier. The thinning can reflect changes
in ice mass or changes in the density of firn. Kohler and
others (2007) estimates that density changes in ML have
been negligible. James and others (2012) state that the accelerated thinning coincides with a decrease in winter accumulation, which reduces the mass input to the glacier. The
submergence velocities might not be in balance with the
decreased mass input, which is reflected as thinning of the
upper reaches of the glacier (James and others, 2012). The
studies by James and others (2012) and Kohler and others
(2007) hypothesize that lower snow accumulation would
have lead to lower albedo either by loss of fresh snow on
the glacier or by increased dust transport from the bedrock
areas that were previously covered by snow. Lower albedo
enchances absortion of solar radiation and warming of the
surface. Our result of decreased accumulation above 500 m

is most likely a model response to the thinning of the
glacier. We use the DEMs that indicate thinner ice at the
high reaches of ML as input for Elmer/Ice. Thinner ice
induces reduced flow, which we see in our inverse approach
as decreased SMB. In reality the cause and consequence are
the opposite: smaller accumulation and thinner ice lead to
slower ice flow. The accelerated thinning has been connected
to increased summer temperature and decreased winter accumulation and consequent albedo feedback. These changes
affect both accumulation and ablation area, but in the snowcovered accumulation area the lowering of albedo is more
important than in the ablation area, which already has a low
albedo (Kohler and others, 2007).
We introduced a method that combines measured geodetic SMB in the form of DEMs with high-resolution glacier
flow modelling to deduce the corresponding mass-balance
patterns as a spatial distribution over the whole glacier.
Surface DEMs often are easier to access than in-situ measurements – in particular for remote glaciers – this method could
provide the possibility of augmenting remotely sensed information by modelled glacier dynamics. Since it only involves
diagnostic simulations it is computationally very economical, even for glacier areas much larger than ML.
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Abstract

We addressed the variations of surface melt in Greenland in association with summertime
atmospheric conditions from 2000 to 2014. We quantiﬁed melt as the number of melt days (NMD),
cumulative and maximum melt extent (based on microwave radiometer data), and modeled melt amount.
Interannual variations of the maximum melt extent, occurring in timescales of days, differed from those in
NMD, cumulative melt extent, and modeled melt amount, which accumulate over the entire melt season.
Averaged over the Greenland ice sheet, interannual variations in total column water strongly correlated with
NMD (squared correlation coefﬁcient 0.83), cumulative melt extent (0.84), and modeled melt amount (0.82).
Signiﬁcant but less strong correlations were detected between NMD and the Greenland Blocking Index, NMD
and North Atlantic Oscillation Index, as well as the modeled melt amount and NAOI. The NMD was strongly
linked with the strength of the total column water anomaly in the coastal areas. In individual summers,
positive anomalies in southerly winds coincided with positive NMD anomalies. At the eastern coast, positive
NMD anomalies occurred under stronger downslope winds, suggesting that subsidence heating dominated
over cold-air advection from the inner ice sheet. Differences between the summers of extreme melt in
2012 and minimal melt in 2013 were partly explained by the larger (smaller) occurrence of air masses of
southwesterly (southeasterly) origin in 2012 than 2013 at northeastern Greenland. For the 15-year period, the
occurrence of northeasterly air-mass origin at Summit was the variable with strongest (negative) correlation
with the maximum melt extent.
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The Greenland ice sheet (GrIS) is the largest reservoir of snow and ice in the Northern Hemisphere with a
potential for sea level rise of 7.4 m (Bamber & Aspinall, 2013). A trend toward increased melt has been
observed since the end of the 1990s (Fettweis, Mabille, et al., 2011; Mote, 2007), and from 2007 a succession of summers with record-high surface melt rates has been reported (Box et al., 2012; Hanna et al., 2013;
Rignot et al., 2011; Tedesco, Serreze, et al., 2008; Tedesco, Fettweis, et al., 2008; Tedesco et al., 2011). High
melt on GrIS is believed to be linked to a negative phase of the North Atlantic Oscillation (NAO), which is
often associated with the Greenland Blocking and related stronger anticyclonic circulation over GrIS (Box
et al., 2012; Fettweis et al., 2013; Hanna et al., 2013, 2014, 2016). However, in some years these effects
are modulated by the East Atlantic Pattern—a north-south dipole of sea level pressure anomaly centers
across the North Atlantic from east to west and by the Scandinavian pattern (Lim, 2015). The large-scale
circulation patterns further affect the cloud coverage and properties over GrIS, which are important for
the surface energy budget and melt (Bennartz et al., 2013; Cullather & Nowicki, 2018; Neff et al., 2014;
Solomon et al., 2017).
Numerous studies have addressed the extreme melt extent in summer 2012, when nearly the entire surface
of GrIS was melting at least for a few days. According to current understanding the main forcing was
atmospheric, related to a negative summer phase of the NAO and associated changes in the Greenland
Blocking Index (GBI) and the polar jet stream. These together favored southerly warm-air advection along
the Greenland west coast (Hanna et al., 2014). Low-level clouds (LCCs) consisting of liquid water droplets
played a key role by enhancing downward longwave radiation and increasing near-surface temperatures
(Bennartz et al., 2013).
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Surface and subsurface melt can be quantiﬁed at least by melt extent, melt amount, melt season duration,
and runoff. Table 1 summarizes how 15 different studies have deﬁned and explained the melt extremes
occurred in Greenland between 1998 and 2012. The majority of these studies use melt extent as a proxy
for melt and conclude that atmospheric circulation leading to warm-air advection to Greenland and
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Table 1
Overview of Studies of Melt Extremes Using Different Methods to Quantify Melt and Suggested Explanatory Mechanisms
Year

Deﬁnition of melt

1998

Melt extent

2002

Melt extent
Melt extent

2003
2005

2007

Maximum melt extent,
melt frequency, runoff,
melt duration
Melt extent, number
of melt days
Melt extent
Melt extent
Melt extent
Melt extent
Melt extent
Maximum melt extent,
melt frequency, melt
duration
Melt extent
Melt extent

2010

2011
2012

Method
Regional climate model,
spaceborne microwave data
MODIS IST
MODIS IST associated with
NCEP/NCAR data
Spaceborne passive microwave data
(SMMR and SSM/I), SnowModel,
NCEP/NCAR
Spaceborne passive microwave data

Regional climate model, spaceborne
passive microwave data
Regional climate model, spaceborne
passive microwave data
Regional climate model, spaceborne
passive microwave data
Space-borne passive microwave data
(SMMR and SSM/I), SnowModel.
NCEP/NCAR
Air temperature, spaceborne
microwave radiometer data

Melt extent,
melt duration
Melt during
June–August

Spaceborne passive microwave data

Runoff, number of days
of bare ice exposure,
surface mass balance
Maximum melt extent,
melt frequency, runoff,
melt duration

MODIS albedo data, automatic
weather station data, regional
atmosphere model MAR
Spaceborne passive microwave
data (SMMR and SSM/I), SnowModel,
NCEP/NCAR

Melt extent
Temperature, runoff,
melt extent
Melt extent
Melt extent

Spaceborne microwave radiometer data

AWS temperature, SnowModel

Melt extent
Melt extent

MODIS IST
MODIS IST

Melt extent

Spaceborne passive microwave data,
regional climate model (MAR)
Melt from MODIS observations,
atmospheric moisture from ground
based infrared, microwave, radar,
and lidar remote sensing
Spaceborne scatterometer,
MODIS and passive microwave
data (SSMIS)
Satellite retrievals reported in
previous studies, e.g., Nghiem
et al., 2012

Melt extent

Melt extent

Melt extent
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Interpretation or cause of melt

Reference

Not given

Fettweis, Tedesco, et al. (2011)

Warm air advection from southeast, sunny skies
Atmospheric blocking over Greenland, positive
surface and upper air temperature anomalies
High SSM/I observed melt extent possibly
due to melt algorithm. Modeled melt extent
smaller than satellite derived.
Early melt onset and long melt season
leading to reduced albedo

Hall et al. (2013)
Häkkinen et al. (2014)
Mernild et al. (2011)

Steffen et al. (2004)

Not given

McGrath et al. (2013)
Fettweis, Tedesco, et al. (2011)

Warming of near surface temperatures
Not given

McGrath et al. (2013)
Fettweis, Tedesco, et al. (2011)

Not given

Fettweis, Tedesco, et al. (2011)

Not given

Mernild et al. (2011)

Warming of near surface temperatures
Positive winter NAO that decreases snowfall
and lead to lower albedo; warm coastal
temperatures in summer
Unusual warm conditions

McGrath et al. (2013)
Frauenfeld et al. (2011)

Enhanced through 2002–2006,
decrease of cold content of the snow
though increase of ﬁrn temperatures
Above normal near-surface air temperature,
albedo feedback
Warm air advection from south during spring
and summer, preconditioning by warm and
dry (low precipitation) winter, correlation
with the Atlantic multidecadal oscillation
Warming of near surface temperatures
Melt extent is less correlated with circulation
indices than runoff
Warming of near surface temperatures
Warming of near surface temperatures, earlier
years preconditioned melt, upward migration
of equilibrium line, and dry snow line
Low albedo
Atmospheric blocking over Greenland, positive
surface, and upper air temperature anomalies
NAO/GBI, polar jet streams, southerly warm
air advection along the west coast
Low-level clouds consisting of liquid
water droplets leading to increased
surface temperatures

Tedesco et al. (2011)
Mote (2007)

Tedesco et al. (2011)

Mernild et al. (2011)

McGrath et al. (2013)
Hanna et al. (2013)
McGrath et al. (2013)
McGrath et al. (2013)

Hall et al. (2013);
Häkkinen et al. (2014)
Hanna et al. (2014)
Bennartz et al. (2013)

Strong GBI preceding the melt event

Nghiem et al. (2012)

Warm and moist air transported over the
Atlantic to the west coast favored by the
formation of Atmospheric

Neff et al. (2014)

2

Journal of Geophysical Research: Atmospheres

10.1029/2018JD028445

Table 1 (continued)
Year

Deﬁnition of melt

Melt extent

Method

Firn cores, space borne
scatterometer (SSMI/S), and MODIS

Interpretation or cause of melt
Rivers and the occurrence of
North American heat waves
Common mechanisms between
2012 and 1889, role of climate
change and increase in forest ﬁres
through rising temperatures, increased
positive albedo feedback due to
black carbon sediments

Reference

Keegan et al. (2014)

albedo feedback are the main explanatory mechanisms for melt extremes, deﬁned as episodes when the
melt spreads to the elevated central parts of GrIS. In this study, we detect melt primarily by the total
number of melt days (NMD) in summer, that is, in the period June–August, or spring and summer (March–
August). In contrast to the use of melt extent, NMD allows to more thoroughly address the spatial
variability in melt. Another advantage is that NMD can be better quantiﬁed than the amount of melt or
runoff, since it can be more accurately measured using the ice surface temperature only. The amount of
melt can be calculated using a positive degree day model, which has recently been applied on the GrIS
(e.g., Wilton et al., 2017), or based on the surface energy ﬂuxes. When using surface ﬂuxes to calculate
melt, one should be aware that surface ﬂux data sets or products are known to include considerable errors
over snow- or ice-covered polar regions (Tastula et al., 2013; Tjernström et al., 2005). Moreover, focusing
on NMD instead of the duration of the melt season avoids the ambiguity in the deﬁnition and detection of
the beginning and end of the season, when freezing and melting periods typically alternate. We compare
the seasonal average (March–August) NMD to the maximum and cumulative (over the whole melt season)
melt extent from the Making Earth System Data Records for Use in Research Environments (MEaSUREs)
Greenland Surface Melt data set (Special Sensor Microwave Imager [SSM/I] and Special Sensor Microwave
Imager/Sounder [SSMIS] instruments; Mote, 2014) and to the modeled melt amount (over the entire melt
season) from the mass balance simulation of the HIRHAM5 regional climate model (Langen et al., 2017).
In this study we investigate the connections between the interannual variations of NMD, maximum melt
extent, cumulative melt extent, modeled melt amount, and atmospheric and surface conditions in
2000–2014. We compare the time series of different melt variables. This helps in interpreting the previous studies, most of them quantifying melt using a single variable, which often differs between studies. Further,
many of the previous studies have focused on individual summers of extreme melt, mostly addressing the
maximum melt extent and its forcing factors. The objective of our study is to provide a broader view on
GrIS melt by comparing 15 summers with attention to four different melt variables and their forcing factors.
We focus on studying how the large-scale and regional atmospheric circulation, air-mass origins, atmospheric
water content, and tropospheric air temperatures have affected the melt variables in spring and summer,
with particular focus on NMD in summer (June–August). We present correlation charts between the NMD
and selected atmospheric variables, revealing, for example, that the correlation between column water content and NMD is highest along a narrow band at the west coast as well as in the northeastern parts of GrIS. We
also detect a negative correlation between the maximum melt extent and occurrence of northeasterly air
masses at the Greenland Summit. The role of air mass origin is most prominent when comparing years
2012 and 2013.

2. Materials and Methods
2.1. MODIS Ice Surface Temperature Product
We base our criterion to identify melt on the Moderate Resolution Imaging Spectroradiometer (MODIS) ice
surface temperature (IST) record (Hall et al., 2012, 2013) during years 2000 to 2014. We use the product from
the locations that are classiﬁed to lie on GrIS based on the ice sheet-land mask provided within the data set.
The IST product and the ice sheet-land mask have a horizontal resolution of 1.56 × 1.56 km. Spaceborne
radiometer observations of land surface temperature, equivalent to the IST used in this study, tend to have
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Figure 1. (a) Average availability of the daily Moderate Resolution Imaging Spectroradiometer ice surface temperature product in June–August 2000–2014. (b) Average number of melt days in June–August 2000–2014.

a cold bias when compared to in situ observations (Hall et al., 2008) A recent comparison with in situ
observations (Shuman et al., 2014) conﬁrms earlier ﬁndings about the quality of this temperature data set:
For temperatures close to 0 °C the values are closely compatible with ground-based measurements. There
is, however, a progressive cold bias starting from approximately 0.5 °C for near-zero temperatures and
increasing to as much as 5 °C at 60 °C. It is, after all, not a major concern for this study, as our interest
is in temperatures near the freezing point. The IST record is available at 17:00 UTC, approximately
corresponding to 13:00 to 16:00 solar time in Greenland. The data collection times are close to the
warmest hours of the day, making the data ideal for melt detection.
2.2. Complementing MODIS IST With ERA-Interim Skin Temperature
Daily values of MODIS IST can be locally missing due to cloud cover that prevents the satellite-borne instrument from recording the surface temperature. Figure 1a presents the average availability of MODIS IST (IST
hereafter) in June–August 2000–2014. In northeastern Greenland the IST is available for more than 70% of
summer days, but in southern Greenland the IST is only available for approximately 40–50% of the days. In
cases when the IST product is not available, the classiﬁcation between melt and no melt cannot be done,
and the exact number of melt days cannot be calculated. Hall et al. (2013) made a categorical estimate on
the number of melt days. Based on the daily IST product they produced annual maps of melt days showing
the number of melt days in four categories: no melt, 1 melt day, 2 melt days, and more that 2 melt days per
year. However, in their classiﬁcation the cases of “no melt” might also contain cloudy days when melt detection was not possible (i.e., MODIS-IST product was not available in the grid point; for details see Hall et al.,
2012, 2013), and thus, melt days might have occurred after all. To overcome the issue of missing data in
cloudy occasions, we complement the IST record with the skin temperature (SKT) based on the ERAInterim reanalysis of the European Centre for Medium-Range Weather Forecasts (Dee et al., 2011). The
ERA-Interim SKT over snow and ice is based on the modeled surface energy balance. The horizontal model
resolution of ERA-Interim is 0.73° in latitude-longitude coordination, and we use the SKT values interpolated
to an output resolution of 0.125°. We use SKT values from 18 UTC to have the best temporal compatibility
with IST. We detect melt primarily using IST, and when IST is missing, we use SKT from the same time and
interpolated to the corresponding location.
Due to the different data sources, methods, and processing, IST and SKT are not identical. The IST product
aims in providing a climate-quality IST record. ERA-Interim SKT provides a full spatiotemporal coverage but
is affected by inaccuracies in the terms of the surface energy balance. To compare IST and SKT, we investigated their difference during the melt season of March–August 2000. We interpolated the ERA-Interim and
MODIS products to the same grid and compared the values in the locations where both data were
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available. The bias was calculated as SKT-IST. In March–August 2000 the bias was as large as 3.4 °C. The higher
the temperature, the smaller the bias. Limiting the study to cases when melt potentially occurred (IST warmer
than 1.0 °C), the bias changed substantially. In the beginning of the melt season (April–May) the average
bias in the areas where melt occurs (IST ≥ 1.0 °C) was about 2 °C. In June–August the bias in the melting
points (based on IST) was positive and mainly smaller than 2 °C.
As in Hall et al. (2012,2013), in each day we identiﬁed melt conditions for each MODIS data point when IST
was above 1 °C. The threshold is not 0 °C as, when snow/ice is present, subsurface melt can occur even
when the true surface temperature is below 0 °C (Hall et al., 2012; Kuipers Munneke et al., 2009; Van den
Broeke et al., 2008). Unlike for IST data, for SKT we used the threshold of 0.0 °C, because in June–August
SKT is higher that IST, and when IST exceeds the temperature threshold of probable internal melt ( 1 °C),
SKT likely exceeds 0.0 °C. However, in the beginning of the melt season SKT shows also temperatures clearly
below 0.0 °C while IST already indicates melt condition for the same location (see section 2.7). The NMD is
calculated from the daily values for each grid point by assessing whether IST and, if it is missing, SKT, are
above the melt threshold. The average NMD in June–August over the whole study period (2000–2014) is
shown in Figure 1b. The largest NMDs were observed at the southernmost front of the ice sheet, with values
close to 90, indicating that in those areas melting occurred in every summer day.
2.3. Atmospheric Variables Based on Reanalyses
Meteorological conditions over Greenland and surroundings were addressed using ERA-Interim, which has
shown relatively good performance over Arctic and Antarctic sea ice (Jakobson et al., 2012; Lüpkes et al.,
2010; Tastula et al., 2013). Among the reanalyses available, only ERA-Interim and the Japanese JRA-55 apply
four-dimensional variational data assimilation, which is considered beneﬁcial particularly in regions with few
observations available. According to Dufour et al. (2016), ERA-Interim succeeded best in closing the Arctic
moisture budget in the comparison of seven global reanalyses, which is a remarkable asset as clouds are
of great importance in shaping the melt conditions over GrIS. We used the monthly mean values of wind
components at 10-m level above the surface and at 500-hPa level, the geopotential height at 500 and
850-hPa levels (Z500 and Z850, respectively), the air temperature at the height of 2 m and at the pressure
levels of 850 and 500 hPa, the vertically integrated total column water (TCW, including water vapor, cloud
water and ice, and precipitation), and vertical velocity at 500-hPa level. As in the case of SKT, we used the
ERA-Interim products at the interpolated output resolution of 0.125°. ERA-Interim also includes a product
for the coverage of LCCs. We analyzed it, but found that it did not well explain anomalies in the melt variables.
This is probably due to the fact that LCC is a postprocessed model output variable liable to errors (Clark &
Walsh, 2010) and the radiative effect of low clouds in elevated regions of GrIS (where the cloud water content
is small) is much weaker than in the coastal regions. Hence, we do not apply LCC in this study but use TCW to
characterize the role of water vapor and clouds on the surface melt. In addition, to study the effect of air-mass
origin on the melt variables, we calculated 5-day backward trajectories for the Summit station (72.58°N,
38.46°W) at the height of 100 above the snow surface. The calculations were made for each day in summers
(JJA) 2000–2014 applying the Meteorological Data Explorer calculation service (Zeng et al., 2010), which
utilizes the NCEP-CFSR and CFSv2 reanalysis products (Saha et al., 2010, 2014, hereafter simply CFSR).
When particular attention to northeastern Greenland was needed (section 3.2), analogous trajectory calculations were made for the location 77°N, 30°W.
2.4. HIRHAM 5 Modeled Melt Amount
A model result of melt water production in Greenland was obtained from a mass balance simulation of the
HIRHAM5 regional climate model (Langen et al., 2017). HIRHAM5 has the dynamical core from the
HIRLAM7 numerical weather prediction model (Eerola, 2006) and physics schemes from the ECHAM5 general
circulation model (Roeckner et al., 2003). The recent improvements in the mass-balance scheme include
snow densiﬁcation, varying hydraulic conductivity, irreducible water saturation, and other effects on snow
liquid water percolation and retention (Langen et al., 2017). HIRHAM5 has a horizontal resolution of
0.05 × 0.05° in a rotated-pole latitude-longitude grid corresponding roughly to 5.5 km. The number of vertical
levels in the atmosphere is 31. The lateral boundaries are forced with the ERA-Interim reanalysis. The latest
experiment with improved surface mass balance scheme covers years 1980–2014. We used modeled melt
amount from the MOD-ref experiment. This experiment includes liquid water percolation in snow following
Darcy’s law, irreducible water saturation parameterization following Coleou and Lesaffre (1998), and a
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Figure 2. June–August average North Atlantic Oscillation and Greenland blocking indices (North Atlantic Oscillation Index
and Greenland Blocking Index, respectively).

MODIS-derived albedo for snow (Langen et al., 2017). Further, in the MOD-ref experiment it was assumed that
when ice is present in a snow layer, it has a horizontal extent of half the unit area, which affects the hydraulic
conductivity of snow. In this study we use the modeled melt of snow or glacier ice. The variable that we use
includes snow and glacier melt but does not include, for example, the runoff from or to the neighboring grid
cell or refreezing in the snowpack. The model experiment is described in detail in Langen et al. (2017), and the
available variables within the data set (access information can be found in the acknowledgements).
2.5. Melt Extent From MEaSUREs Greenland Surface Melt Data Set
Melt extent was obtained from the MEaSUREs Greenland Surface Melt data set, which indicates the daily surface melt in Greenland at a 25-km horizontal resolution (Mote, 2014). Melt was determined from the brightness temperature data from satellite-borne microwave radiometers: SSM/I until 31 December 2007 and SSMIS
thereafter. We used the daily and cumulative melt extent over the whole melt season and the maximum daily
melt extent of each season. The MEaSURES melt extent is made available only until 2012. Melt detected based
on SSM/I and SSMIS instruments have been compared to in situ observations or modeled melt in several studies (e.g., Bhattacharya et al., 2009; Fettweis et al., 2006; Fettweis, Tedesco, et al., 2011; Mote & Andersson,
1995; Nghiem et al., 2012), but as the melt detection algorithms vary, and the pointwise in situ data are
not always representative for the grid of the space borne measurements, the results are not directly intercomparable. Nevertheless, there is a general agreement that the passive microwave imagers are well suited for
melt detection, because the microwave emission of the snowpack changes rapidly if liquid water is present
(e.g., Mote & Andersson, 1995).
2.6. Large-Scale Circulation Indices
To study if the NMD is related to the Northern Hemisphere large-scale atmospheric circulation, we applied
the North Atlantic Oscillation Index (NAOI) and GBI (Figure 2). The monthly index values of NAOI were taken
from the NOAA Climate Prediction Centre (http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_
index/teleconnections.shtml). The NAO index was calculated on the basis of the Rotated Principal
Component Analysis (Barnston & Livezey, 1987), which was applied to monthly standardized 500-hPa height
anomalies northward of 20°N. GBI is deﬁned as the mean 500-hPa geopotential height over the Greenland
area (60–80°N, 20–80°W; Fang, 2004). According to this deﬁnition, we calculated GBI from the NCEP-CFSR
and NCEP-CFSv2 reanalysis products (Saha et al., 2010, 2014).
2.7. Error Estimates
We evaluated that the main errors in NMD originate from the inaccuracy of IST and SKT, the selection of temperature threshold, and the inaccuracy and resolution of the ice sheet-land mask. As explained in section 2.2
we used a temperature threshold of 1.0 °C for melt detection from the IST record. The sensitivity of the NMD
to the threshold value was examined by calculating the NMD with thresholds 0.5 °C and 1.5 °C for
March–August 2000. Increasing and decreasing the threshold affected NMD at the margins of the ice sheet.
In the points that were affected by the change of melt threshold, the lower/higher threshold
increased/decreased the NMD by on average 1 day in March–May and 2 days in June–August. When addressing all the points on GrIS, the corresponding increase and decrease were 0.01 day in March–May and 0.5 day
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in June–August. In these calculations the melt threshold for ERA-Interim SKT was kept at 0.0 °C. The seasonal
change of its bias (section 2.2) is hard to take into account but only generates uncertainty for the results
under cloudy skies in the beginning of the melt season, when the melt is still limited. Hence, we do not
consider it as a large error source for the seasonal (March–August) NMD, and particularly not for the summer
(JJA) NMD.
We use the ice sheet-land mask provided with the MODIS IST product at a horizontal resolution of
1.56 × 1.56 km. The accuracy and resolution of the ice sheet-land mask affects the NMD above all at the margins of the ice sheet. Overestimation of NMD occurs, if some grid points are erroneously classiﬁed as ice sheet
instead of land. Outside of the ice sheet, the snow cover melts exposing bare land in summer, which allows
higher surface temperatures than on the ice-covered surfaces. The high spatial resolution of the land-ice
sheet mask reduces the risk of this kind of errors. In order to evaluate the effect of the ice sheet-land mask
on NMD, we studied IST in summer 2000. We noticed that in a rather small number of ice-sheet points (typically 2 to 6% of the grid points on GrIS) the IST was above 0.0 °C, but not exceeding 2.9 °C. We interpret that
these points were likely in areas, where the ice sheet is covered by rocks and debris that are heated by the
solar radiation and allow the IST to rise above the melting point. For comparison we calculated the NMD in
July 2000 with the condition that melt occurs if IST is above 1.0 °C but below 0.0 °C. The results show that
NMD was affected mostly at the eastern margin of the ice sheet, in locations where melt occurs on a large
number of days. Thus, the percentual error is small and unlikely to have any major effect on the interannual
variations of melt. Hence, we anticipate that the errors arising from the inaccuracy of IST and SKT and from
the selection of the temperature threshold were the main sources of inaccuracy in NMD, with an average
effect of ±2 days in June–August in the coastal areas.

3. Results
3.1. Time Series of Different Melt Variables
The number of melt days, cumulative and maximum melt extent, and the amount of melt all show different
interannual variations during 2000–2014. The time series (Figure 3a) are normalized to 2012, which was the
year when melting was strongest according to all metrics we used. NMD was calculated for March–August, to
allow a meaningful comparison to the cumulative melt extent and modeled melt amount, which were calculated over the whole melt season. The average annual cycle of NMD (Figure 3b) highlights that spring
(March–May) has only a minor contribution to the annual NMD. The NMD (from March to August), averaged
over the GrIS, was highest in 2012. During the rest of the years NMD was 30% to 50% smaller than in 2012.
The second-highest NMD was observed in 2010, followed by almost the same values in 2002, 2005, and
2008. The smallest NMD occurred in 2000, 2009, and 2013. The melt onset varied from year to year
(Figure 4), but NMD typically remained small until May, and reached its maximum in July (Figure 3b), as
did also the melt extent (Figure 4).
The cumulative melt extent shows a temporal variation rather similar to the NMD averaged over GrIS (data
after 2012 are missing from the MEaSUREs data set). As in the case of the NMD averaged over GrIS, the cumulative melt extent is largest in 2012, 2010, and 2002 and smallest in 2000 and 2009, when it is only about 50%
of the value in 2012. The largest differences between the cumulative melt extent and NMD are observed in
2008 and 2010. The similarity between the two time series is not surprising, as both are metrics of cumulative
melt over the entire spring and summer seasons.
The largest maximum melt extents occurred in 2012, 2002, and 2005, exceeding 1 million km2 (Figure 3a), as
reported by Hall et al. (2013). These maxima correspond to the maxima of also the other melt descriptors.
However, in 2001, 2003, 2008, 2010, and 2014, the maximum melt extent was relatively small while the other
melt variables had large or intermediate values (Figure 3a). While NMD and cumulative melt extent are quantities accumulated over the spring and summer seasons, the maximum melt extent often reﬂects a sporadic
event during summer. Relatively small maximum melt extent and, at the same time, relatively large NMD or
cumulative melt extent (as seen in 2010) may occur when melt is conﬁned to the margins of the ice sheet and
areas of low elevation but is persistent through the summer.
The interannual variability of the melt modeled by HIRHAM5 resembles that of NMD and cumulative melt
extent (Figure 3a). The main difference is that, when the values are normalized with respect to those in
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Figure 3. (a) Melt in 2000–2014 according to the spatial mean number of melt days (based on Moderate Resolution
Imaging Spectroradiometer ice surface temperature and ERA-Interim skin temperature products), cumulative and maximum melt extent (Making Earth System Data Records for Use in Research Environments microwave imaging data set), and
modeled melt amount (HIRHAM5) normalized to the 2012 values. (b) Monthly mean number of melt days (averaged
over the whole Greenland ice sheet) in March–August. (b) shows the average over 2000–2014, as well as individual years
2002, 2008, 2010, 2012, and 2013..

2012, the modeled melt amount is smaller than NMD and cumulative melt extent in the beginning of the
study period (2000–2006). From 2007 onward the modeled melt amount is as high as or higher than NMD
or cumulative melt extent. The largest differences between modeled melt amount and the other variables
occurred in 2002, when melt was high (about 70% of the 2012 value) according to NMD and the
cumulative melt extent, but rather low (about 50% of the 2012 value) based on modeled melt amount.
Modeled melt amount is the only variable that has a trend over the study period. The trend is increasing
and statistically signiﬁcant at >95% level according to the Student’s t test of the correlation.
3.2. Melt Seasons and Atmospheric Conditions During Them
To better understand the reasons for the differences in melt descriptors observed (Figure 3a), we describe the
meteorological conditions during each melt season in 2000–2014 and interpret their probable effects on the
melt. We focus on summers 2002, 2008, and 2010, when the different melt variables gave very different

Figure 4. Daily melt extent from 2000 2012 on Greenland ice sheet, based on the Making Earth System Data Records for
Use in Research Environments melt product.
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Figure 5. Melt and atmospheric conditions in June–August 2002. (a) Anomalies in the number of melt days (NMD, color scale) and geopotential height at 500-hPa
level (contour lines). (b) NMD summed over June–August. (c) Anomaly in total column water. (d) Anomaly of the air temperature at the 500-hPa level. (e and f)
Average u component of the 10-m wind and its anomaly. (g and h) Average v component of the 10-m wind and its anomaly. (i) Anomaly of the vertical velocity (ω, Pa/s)
at 500-hPa level. All atmospheric variables are from ERA-Interim and all anomalies are calculated with respect to June–August 2000–2014 averages.

signals about the melt, as well as on 2012 and 2013, which represent the summers with the maximum and
minimum melt on the basis of several variables (Figures 3a and 3b). Figure 2 shows the June–August average
NAOI and GBI.
In summer 2002, the maximum melt extent was second largest (86% of its 2012 record), and the cumulative
melt extent and the mean NMD third largest during our study period (Figure 3). Modeled melt amount was
larger than in the previous years, but still only 50% of the maximum value in 2012. The extensive melt was
sporadic with a strong peak in a few days in July. However, the melt area remained larger than average during
all July (Figure 4c). The positive NMD anomaly was strongest in northeast Greenland (Figure 5a). Previous studies (Table 1) have associated the occurrence of extensive melt with an albedo reduction due to early melt
onset and long melt season (Steffen et al., 2004), with clear skies and warm-air advection from southeast
(Hall et al., 2013), and with the Greenland Blocking favoring positive surface and upper-air temperature
anomalies (Häkkinen et al., 2014). Compared to other summers during our study period, however, the melt
onset was not exceptionally early (Figure 4). Further, although a large GBI and clear skies prevailed during
the period of extensive melt in early July (Hall et al., 2013), the JJA anomalies (with respect to the mean of
2000–2014) in TCW were small in 2002, slightly negative in western Greenland and slightly positive in eastern
Greenland (Figure 5c), and GBI had a negative anomaly (Figure 2). We agree with Nghiem et al. (2012) and
Hall et al. (2013) that the very large maximum melt extent in 2002 was due to a few individual early July cases
of warm-air advection from the south, which caused melting in areas such as north-central and northeast
Greenland where melt does not usually occur (Hall et al., 2013).
The JJA mean weather conditions can be interpreted such that the negative anomaly in atmospheric pressure
over most of the ice sheet (Figure 5a) favored southerly and reduced westerly ﬂow over central and eastern
Greenland, which is seen as a positive anomaly in the meridional wind component (Figure 5h) and a negative
anomaly in the zonal wind component (Figure 5f). The anomalies of vertical velocity (ω at 500-hPa level,
Figure 5i) do not coincide clearly with NMD, indicating that adiabatic heating or cooling was not the key factor in determining melt, on a seasonal scale. The circulation pattern resulted in positive anomalies air temperatures up to the 500-hPa level in northeastern Greenland (Figure 5d; levels lower than 500 hPa not
shown) and higher than average NMD particularly in northeastern GrIS (Figure 5a). The negative temperature
anomalies in southwestern GrIS contributed to the reduced values of modeled melt amount (Figure 3a),
which is mainly controlled by summer mean conditions in the low-altitude parts of the ice sheet, where most
of the melt occurs and the melt season is longest. Hence, the modeled melt amount is not sensitive to
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Figure 6. As Figure 5 but for June–August 2008.

extreme synoptic-scale melt events. Further, the positive NMD anomalies in eastern GrIS were predominantly
collocated with positive TCW anomalies, and the negative NMD anomalies in southwestern GrIS were
collocated with negative TCW anomalies (Figure 5c).
With respect to Greenland melt, summer 2008 was almost opposite to summer 2002: Both the maximum
melt extent and cumulative melt extent were smaller than the averages of 2000–2014, but the other melt
variables reached values close to or higher than the averages (Figure 3a). As also shown by Hall et al.
(2013), the maximum and cumulative melt extents remained small, as there were no synoptic-scale events
strong enough to transport large amounts of heat to the high plateau. This can be concluded, for example,
from the spatiotemporal evolution of daily air temperature anomalies based on CFSR (available, e.g., at
http://cci-reanalyzer.org/reanalysis/daily_maps/), and from the time series of daily melt extent, which in
2008 does not include as large peaks as in 2002 (Figure 4). Tedesco, Fettweis, et al. (2008) have pointed
out that an extreme NMD occurred in a limited area in northeastern Greenland in summer 2008. Also our data
show that NMD was exceptionally high in northern and northeastern parts of GrIS, as well as along a narrow
zone in the eastern margin of the ice sheet, while smaller negative anomalies occurred in most of GrIS: everywhere in the inner parts and close to the coast in the southwest (Figure 6a). The tropospheric temperature
anomalies up to the 500-hPa level were positive over northern Greenland and negative over southern
Greenland (Figure 6d), being roughly in line with the NMD anomalies, although they cannot explain the positive NMD anomalies along the entire eastern margin of the ice sheet. The positive (negative) NMD anomalies
roughly collocated with the positive (negative) TCW anomalies (Figure 6c), but neither they can explain the
positive NMD anomalies along the entire eastern margin of the ice sheet. Despite the positive Z500 anomaly
in northern GrIS, there is no anomalous descending ﬂow (ω[500 hPa]) that would increase NMD through adiabatic heating in northern Greenland (Figure 6i). Nevertheless, there is a positive anomaly in vertical motion in
southern GrIS, which, however, is not associated with an increase in NMD. In that location the effect of adiabatic warming was dominated by the stronger-than-average northerly near-surface winds (Figures 6g and
6h) and the generally cold air mass (Figure 6d).Stronger-than-average winds from the south favored a large
NMD in northwestern GrIS, whereas in northeastern GrIS the positive NMD anomalies were favored by a high
frequency of occurrence of air masses of southwesterly origin (64%, based on backward trajectories calculated for 77°N, 30°W). Negative anomalies in the northward wind component at 10-m height (v10) occurred
in southern-central GrIS, collocated with negative NMD anomalies (Figure 6h). The eastward 10-m wind (u10)
was stronger than average in northeastern and southern GrIS (Figure 6f). According to ERA-I reanalysis, the
mean JJA 2-m air temperature difference between the high plateau and the east coast in the region of the
u10 anomaly in northeastern GrIS (Figure 6f) was approximately 11 °C. The height difference is approximately 2,500 m, yielding an adiabatic warming of approximately 25 °C during the downslope ﬂow. Hence,
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Figure 7. As Figure 5 but for June–August 2010.

the positive anomaly in u10 has contributed to melt in northeastern GrIS. Analogous analysis suggests that
the positive u10 anomaly has also contributed to the positive NMD anomaly in the narrow zone of
southeastern GrIC where the positive anomalies of u10 and NMD are collocated (Figures 6a and 6f). The
modeled melt amount was ﬁfth highest during out study period (Figure 3a). The high value is most
probably due to the longer-than-average melt season along the northeast coast associated with the
slightly positive TCW anomaly there (Figure 6c). The negative NMD anomalies in the southwest, where the
melt is usually strongest, were responsible for the fact that the maximum NMD in 2008 remained close to
its average over the period of 2000–2014 (Figure 3), despite of the generally positive NMD anomalies at
low-elevation regions.
In 2010 melt was stronger than average according to all metrics (Figure 3a), except the maximum melt extent.
This is in accordance with previous studies based on regional modeling that have shown strong melt of GrIS
in 2010 (Table 1). In summer 2010 the melt started early, lasted long, and had a clear maximum in July
(Figure 4k). According to Mernild et al. (2011), the melt duration was particularly long in southwestern GrIS
but short in northeastern GrIS. Tropospheric temperature anomalies were positive up to the 500-hPa level,
except in the northeastern corner of the ice sheet, where negative anomalies prevailed (Figure 7d). As in summer 2008, the maximum melt extent remained low in summer 2010, due to the lack of strong cases of warmair advection up to the central parts of the ice sheet (seen as lack of high peaks in daily melt extent, Figure 4k).
Except for the northeast sector of GrIS, positive TCW anomalies occurred everywhere else and were highest
over the western and southeastern coast (Figure 7c), causing the NMD to be up to 30 days larger than average in narrow bands at the coastal areas. According to Tedesco et al. (2011), the 2010 intense melt was also
favored by the positive albedo feedback generated by the early exposure of bare ice and reduced snowfall
compared to previous year. Z500 had a positive anomaly over Greenland, strongest in the south, and in
the Atlantic, resulting in a slightly higher than average GBI (Figure 2). The positive Z500 was not collocated
with clear ω anomalies. Rather, the stronger-than-average westerly ﬂow can be seen as forced lifting (negative ω, Figure 7i) on the western side of GrIS and adiabatic descend on the eastern side. The adiabatic cooling
might have reduced the NMD in central parts for GrIS. The adiabatic heating has potentially contributed to
the positive NMD anomaly along the eastern coast of GrIS. NAOI was negative ( 0.82, east-based, i.e., NAO
pattern, where the pressure anomalies in the North Atlantic are displaced eastward, and the center of the
pressure anomaly at ~60°N located east of the southern tip of Greenland). The positive anomalies in TCW
were caused by the increased occurrence of air masses of southwesterly origin, which in Summit reached
the highest frequency of occurrence (63%) of the study period 2000–2014. In the northwestern and
central-eastern margins of the ice sheet, the TCW anomalies were, however, weak, but it seems that nearsurface wind anomalies can at least partly explain the NMD anomalies. The positive NMD anomaly in the
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Figure 8. As Figure 5 but for June–August 2012.

eastern margin of GrIS was collocated with a positive v10 anomaly (Figure 7h), that is, winds from the north
were weaker than average, favoring melt. Along the western margin of GrIS, v10 anomalies were negative,
that is, winds from the south were weaker than average. Despite it, positive NMD anomalies occurred also
along the western margin of GrIS, suggesting the dominance of TCW anomalies. Due to all the factors
favoring melt along the margins of the ice sheet, the modeled melt amount became second largest during
our study period (Figure 3a).
Summer 2012 was undoubtedly the most extreme melt year. All melt variables reached their highest values in
2012 (Figure 3a). The melt did not start exceptionally early but hit records already in June (Figure 4m). After
the peak in July, NMD remained extreme also in August. Coherently with the ﬁndings of previous studies (Hall
et al., 2013; Neff et al., 2014; Nghiem et al., 2012), the NMD anomaly was positive in all GrIS, except in a few
locations of no melt in the high plateau (Figure 8a). The strongest anomalies occurred in the southwest. Z500
had a very strong positive anomaly over the entire Greenland with the center over the southwestern coast.
The pressure anomaly was reﬂected to the strong negative west-based (i.e., the North Atlantic pressure
anomalies are displaced westward, and the strongest part of the pressure anomaly ~60°N can even locate
west of the southern tip of Greenland) NAO ( 1.61) and higher than average GBI (Figure 2). The positive
Z500 anomaly was not collocated with subsidence heating, but the anticyclonic circulation seems to have
generated forced lifting in the northwestern half of GrIS and descending ﬂow in the southeast (Figure 8i).
At the Summit, the occurrence of southwesterly air-mass origin was very large (64%), but not exceptional.
Southwesterly winds were favored by a stronger-than-average anticyclonic circulation around Greenland
at the sea level and up to the 850-hPa level. Tropospheric temperatures anomalies were strongly positive
in the entire layer from the ice sheet surface up to the 500-hPa level (Figure 8d). This exceptional warming
of the whole GrIS has been associated to the presence of an Atmospheric River that transported warm continental air masses from North America to over the Atlantic Ocean and further to the west coast of Greenland
and then over the GrIS (Neff et al., 2014). The strong melt was also favored by a positive TCW anomaly over
the entire ice sheet. The TCW anomaly was weakest in the high-altitude regions of no melt and southeast of
them (Figure 8c). The main feature in 10-m wind anomalies over the ice sheet was a weak but extensive negative anomaly in v10, indicating stronger northerly winds in eastern Greenland (Figure 8h). It did not favor melt
itself but was a consequence of the stronger-than-average anticyclonic circulation, which favored melt. Due
to the high tropospheric temperatures and positive TCW anomalies, NMD had positive anomalies also in the
easterly region of the stronger northerly winds.
Melt and atmospheric conditions in summer 2013 represented an opposite to 2012. All melt variables had
values close to their minima of the period 2000–2014 (Figure 3a). NMD was smaller than average almost
everywhere on GrIS, and the pressure ﬁeld was governed by strong negative Z500 anomalies over the
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Figure 9. As Figure 5 but for June–August 2013.

central Arctic Ocean, extending over whole Greenland and having a secondary center of anomaly over the
southern tip of Greenland (Figure 9a). Despite the negative Z500 anomaly, there was no uniform negative
ω(500 hPa) anomaly. Instead, positive ω(500 hPa) anomalies occurred over the southern tip of GrIS and
southeastern coast. These anomalies were not connected to positive NMD anomalies, indicating that
northerly ﬂow and prevailing cold air masses overcame the effect of adiabatic heating. JJA means that
NAO was positive (0.72) and GBI was second lowest among our time series (Figure 2). The NAO pattern
was characterized by a low extending from the Davis Strait around the southern tip of Greenland to
Iceland. This mean sea level pressure pattern together with the secondary low in Z500 ﬁeld effectively
reduced air-mass transport from southwest. Both TCW and tropospheric temperatures (up to the 500-hPa
level) had negative anomalies all over Greenland (Figures 9c and 9d). Anomalies in 10-m wind components
were basically weak; the most prominent feature, contributing to negative NMD anomalies, was weaker
southerly winds in the southern half of central Greenland (Figures 9g and 9h). Comparing the spatial pattern
of NMD between 2012 and 2013 (Figures 8b and 9b), the largest region with major differences was the high
plateau of northeastern Greenland. The backward trajectory calculations for this region (represented by location 77°N, 30°W) revealed that the largest differences were as follows: Air masses of southwesterly origin were
more common in 2012 (63%) than in 2013 (46%), but southeasterly origin was much more common in 2013
(35%) than in 2012 (22%), and northeasterly origin was more common in 2013 (9%) than in 2012 (5%).
Further, during the northeasterly cases the mean air temperature in Summit was 7 °C lower in 2013 than in
2012. We also note that in summer 2013 the same large-scale circulation patterns that strongly limited melt
over GrIS favored south-southwesterly winds in Svalbard resulting in glacier melt stronger than ever in the
observational record (Lang et al., 2015).
Next we summarize the melt conditions and their atmospheric forcing factors in the other summers of our
study period. Summer 2000 was characterized by negative anomalies in all melt variables (Figure 3a).
These were related to negative anomalies in TCW (the lowest during our study period), GBI, southerly winds,
and tropospheric temperatures up to the 500-hPa level. Compared to 2012, modeled melt amount was particularly small, whereas the maximum melt extent was close to its average over 2000–2014 (Figure 3a). This
resulted from generally cold, dry conditions, interrupted by two synoptic-scale events causing more extensive melt (Figure 4a). This dichotomy between low cumulative melt extent and relatively large maximum melt
extent in summer 2000 appeared also when these melt variables were derived from SSM/I passive microwave
satellite data and modeled with the Modéle Atmosphèrique Regional (Fettweis et al., 2006). Also in summer
2001 all melt variables had negative anomalies. Summer 2001 represented a rare combination of very small
values of both modeled melt amount and maximum melt extent but increased NMD and cumulative melt
extent (Figure 3a). This was made possible by the generally cold weather (negative anomalies in
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tropospheric temperatures, Z500, and v10 over most of Greenland) and lack of synoptic-scale melt episodes
on the high plateau (i.e., lack of spikes in melt extent, Figure 4b).
Summer 2003 was close to average for all melt variables except the maximum melt extent, which remained
almost as small as in 2001. This created a contradiction between the maximum melt extent and modeled melt
amount: Modeled melt amount was larger than in 2002 (60% of its 2012 record), while maximum melt extent
had its third smallest value (44% of the 2012 value). The modeled melt amount was even higher than in 2002
(Figure 3a), favored by a slightly higher TCW. Summer 2004, was close to average for all melt variables except
the modeled melt amount, which remained low (Figure 3a). The NMD had a positive anomaly in the southern
half of Greenland, which was likely due to the negative Z500 anomaly over the Bafﬁn Bay, favoring westerly
and southwesterly near-surface winds over most of Greenland. Also summer 2005 was close to average,
which was due to compensating effects of a negative NMD anomalies in southern and central Greenland
and positive anomalies along a broad marginal zone of the ice sheet in the west, north, and east, favored
by positive anomalies in TCW. Also in summers 2006 and 2007 the melt variables only had weak anomalies
(Figure 3a). In 2006 there were no prominent anomalies in the atmospheric forcing factors, but in summer
2007 TCW was the second largest (after 2012) during our study period and GBI was third largest. In this
respect, one would have expected larger values for the melt variables. Häkkinen et al. (2014) explained that
despite the large number of blocking days in summer 2007, melt extent did not reach extremes because the
atmospheric temperature anomalies were too small to create important warm-air advection to Greenland.
According to Lim et al. (2016), both in 2009 and 2011 a local high pressure blocking, weaker than in 2010 and
2012, inhibited warming over GrIS, despite of a strongly negative NAO. However, the melt variables that we
analyze show large differences between summers 2009 and 2011. Melt in 2009 was limited according to all
measures: NMD, melt extents, and modeled melt amount. This was at least partly due to the mean Z500 ﬁeld,
which favored easterly rather than southwesterly ﬂow over Greenland. Melt in summer 2011 was one of the
strongest during our study period (Figure 3a). NMD had positive anomalies in the north, likely due to the positive anomaly in Z500, which favored anticyclonic circulation and transport of warmer air masses to the north.
Melt along the east coast and in the south was likely prevented by the stronger-than-average northerly
winds. Summer 2014 was close to average in terms of NMD and modeled melt amount. The maximum melt
extent was, however, the smallest during our study period (Figure 3a): The maximum melt extent was
reached already on 17 June, earlier than in any other summer, but since then only synoptic-scale melt events
with a slightly smaller extent occurred.
3.3. Statistics Between Melt Variables and Atmospheric Conditions
The correlation between all the four melt variables and the atmospherics variables (large-scale circulation
indices, air-mass origin, TCW, and near-surface wind components) was examined. We found that TCW,
NAOI, and GBI were correlated with some of the melt variables, whereas near-surface wind components were
not correlated with any of them (Table 2). TCW averaged over the GrIS had the highest correlation with the
melt variables: The squared correlation with the sign of correlation considered (r · |r|) with the summer NMD
averaged over the GrIS was 0.83, and the number was 0.84 for the cumulative melt extent and 0.82 for the
modeled melt amount. The summer NMD had much weaker correlations with GBI (r · |r| = 0.38, p < 0.01)
and NAOI (r · |r| = 0.26, p < 0.05), and the modeled melt amount was correlated with NAOI (r · |r| = 0.42,
p < 0.01) but not with GBI. The cumulative melt extent had signiﬁcant correlations with neither NAOI nor
GBI, while the maximum melt extent was not signiﬁcantly explained by any single meteorological variable,
except by the occurrence of air masses arriving to Summit from northeast (r · |r| = 0.30, p < 0.05). These ﬁndings highlight that different melt variables respond to partly different atmospheric forcing, as discussed in
section 4.
Looking at the spatial patterns of the correlations between the seasonal (JJA) averages of NMD, the atmospheric conditions, and large circulation indices (Figure 10), we observed that NAOI was negatively correlated
with NMD (Figure 10a), as the negative NAOI describes atmospheric conditions that favor warm air advection
from the south along the western part of the ice sheet (Hall et al., 2013; Hanna et al., 2013). The atmospheric
conditions occurring with negative NAOI lead to decreased the surface mass balance (Lim et al., 2016).
However, in this study, the correlation between JJA average NAOI and NMD over our study period was mainly
insigniﬁcant. The low correlation is possibly due to the fact the NMD is sensitive to temperature changes only
close to the melting point, whereas the surface mass balance, addressed by Lim et al. (2016), is affected by

VÄLISUO ET AL.

14

Journal of Geophysical Research: Atmospheres
Table 2
Statistically Signiﬁcant Squared Correlations (Taking Into Account the Sign of the
Correlation, That Is, (r · |r|)) Between the Melt Variables and Atmospheric Variables

a

TCW
GBI
NAOI
b
Air mass of northeast origin

NMD
(JJA)

Cumulative
melt extent

0.83*
0.38*
0.26**

0.84*

Maximum
melt extent

Modeled
melt
0.82*
0.42*

0.30**

Notes. The number of melt days (NMD) and the atmospheric variables, namely,
the vertically integrated column water and ice (TCW), Greenland Blocking Index
(GBI), North Atlantic Oscillation Index (NAOI), and the air masses of northeast
origin are averaged over the summer month (June–August). Cumulative melt
extent, maximum melt extent, and modeled melt extend over the whole melt
season.
a
Averaged over the Greenland ice sheet. bAt the Summit.
*p < 0.01. **p < 0.05.
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temperature changes also, for example, above melting point. As the
results of section 3.2 suggested, Z500 averaged over GrIS and NMD
were highly positively correlated (Figure 10c). The correlations were
highest in the north, but no correlations occurred at the southern
margins of the ice sheet, partly because there NMD was close to 90
even in the summer when NMD was the smallest (2013, Figure 9b),
independently of Z500.
In previous studies, the GBI has been linked to melt in Greenland
through the enhanced anticyclonic circulation (Hanna et al., 2013,
2014). The positive correlation between NMD and GBI (Figure 10b)
naturally closely resembles that between NMD and Z500 averaged
over GrIS (Figure 10c), as the difference between the variables is only
in the averaging region (section 2.6). GBI has, however, a weaker relationship with NMD: Statistically signiﬁcant correlations only occur in
narrow bands in North and West Greenland, and no correlations

Figure 10. Squared correlations (r · |r|) between the June–August number of melt days averaged over the 2000–2014 period (based on Moderate Resolution Imaging
Spectroradiometer ice surface temperature and ERA-Interim skin temperature products) and the (a) North Atlantic Oscillation, (b) Greenland Blocking Index,
(c) geopotential height at 500-hPa level (from ERA-Interim), (d) atmospheric temperature at 500-hPa level (from ERA-Interim), and (f) total column water (from ERAInterim). Values with the magnitude greater than |0.25| are signiﬁcant at a 95% level.
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occurred at the southern margins of the ice sheet, partly because there NMD was close to 90 even in the summer when NMD was the smallest (2013, Figure 9b), independently of Z500. Previous studies (Hanna et al.,
2014) suggest that GBI has an important role at least in shorter timescales, such as individual melt events.
It is known that GBI and NAOI are strongly anticorrelated (Hanna et al., 2014,2016). The anticorrelation
between the two indices is strongest in winter (Hanna et al., 2016), but it was strong also during our studied
summers (r · |r| = 0.87). This anticorrelation clearly appears from the comparison between Figures 10a and
10b, which illustrate the correlation between NMD and NAOI and GBI. However, it is not present in the relationships between the two circulation indices and the other melt variables.
Positive temperature anomalies in the troposphere up to 500-hPa level roughly collocated with positive NMD
anomalies in individual years (section 3.2, Figures 5–9), but the local correlations between NMD and T500
remained mostly insigniﬁcant (Figure 10d). The TCW content has a strong positive correlation with NMD, in
particular at the west coast (Figure 10e). The correlation is insigniﬁcant only in the high plateau and in the
southwestern margin of the GrIS, where NMD variations are small. The positive correlation originates from
the positive cloud-radiative effect throughout the summer. If the surface albedo exceeds about 0.6 and
clouds radiate as nearly ideal blackbodies (i.e., their cloud liquid water path is >30 gm 2) the cloud longwave
forcing dominates over the cloud shortwave forcing with a net warming effect on the surface (Shupe &
Intrieri, 2004; Sedlar et al., 2011). Our ﬁndings are in accordance with Van den Broeke et al. (2008) and Van
Tricht et al. (2016), who showed a positive cloud radiative effect on the ablation zone of West Greenland
(Van den Broeke et al., 2008) and on average over the GrIS (Van Tricht et al., 2016). Compared the rest of
GrIS, in the northern margins of the ice sheet NMD correlated more strongly with Z500, NAOI, GBI, and the
500-hPa air temperature. Negative NAO and positive GBI have been linked to melt previously, but their
importance in northern Greenland has been suggested only recently (Tedesco, Mote, et al., 2016). Tedesco,
Mote, et al. (2016) identiﬁed that an exceptional atmospheric ridge in July 2015 enhances melt in northern
Greenland and prohibited it in the south.

4. Discussion
In this study we investigated the relationships between different melt variables (NMD, modeled melt amount,
cumulative melt extent, and maximum melt extent) and the concurrent atmospheric conditions during 15
melt seasons. The examined melt variables respond differently to atmospheric forcing. We interpreted their
differences in view of the distinct atmospheric forcing acting upon them over a time period that has been
characterized by a signiﬁcant warming of the GrIS (Hall et al., 2013). The combined evaluation of the cumulative and areal melt variables is needed to understand the different scale and nature of the processes
contributing to the GrIS melting.
Some previous studies have addressed individual exceptional seasons and melting events utilizing a single
melt variable or comparing model experiments to observations (Table 1), while others have studied the time
series of various melt variables to identify trends (Fettweis et al., 2006; Mernild et al., 2011). Fettweis et al.
(2006) showed that there are positive trends in the June–August cumulative, mean, and maximum melt area
calculated from passive microwave and model based products during the period 1988–2003, although the
years of maxima and minima in these quantities did not always coincide. The reasons for the different interannual variations among the melt variables were not investigated. Mernild et al. (2011) analyzed the
maximum and mean melt extent, melt frequency, and melt duration obtained from passive microwave
and model based products in the 1960–2010 period, identifying the increasing trend of the melt variables
and explaining the observed 2010 extreme melting, but not the weather patterns occurring in the less
extreme melting conditions.
In the present analysis, we show how different melt variables exhibit different interannual variations in melt.
The most common case was that a high NMD, modeled melt amount and cumulative melt extent were
observed together with a low maximum melt extent. In these situations intensive melt occurred in a limited
area close to the margins of the ice sheet but did not spread to central Greenland. The differences between
the melt variables emerge from the fact that NMD, cumulative melt extent, and modeled melt amount accumulate over the whole melt season, while the maximum melt mostly depends on sporadic events. The accumulated melt variables are linked with seasonal mean atmospheric conditions, whereas the maximum melt
extent is more controlled by synoptic-scale weather events than the seasonal averages. However, a warm
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season before the synoptic-scale events resulting in the maximum melt extent provides favorable preconditions for a large maximum melt extent, as was the case in 2012 (Figure 4m). A major case of advection of
warm, moist air mass to the high plateau has better chances to result in a large maximum melt extent, if
the upper snow layers are close to the melting temperature already before the event.
The spatial and interannual variations of NMD are linked with the summer average atmospheric conditions. In
individual years, positive NMD anomalies collocated with positive anomalies in TCW, 500-hPa geopotential
height, tropospheric temperatures up to 500-hPa level, and southerly winds at 10-m level. These meltfavoring atmospheric conditions occurred mostly when NAOI was negative and GBI had a positive anomaly.
Excluding near-surface air temperatures, TCW averaged over GrIS was the variable that best correlated with
the summer NMD averaged over the GrIS (squared correlation 0.83), with the cumulative melt extent (0.84),
and with the modeled melt amount (0.82). Spatially, the correlation between TCW and NMD was highest at
the western and northern margins of the ice sheet, where TCW is occasionally high due to the incursion of
warm and humid air masses originated from the North American continent (Fettweis et al., 2013; Hall et al.,
2013; Neff et al., 2014). If we consider TCW as a proxy for warm, cloudy air mass, our results support the conclusion that warm-air advection, in association with a positive cloud radiative forcing, is responsible for the
remarkable recent warming observed in northwestern Greenland (Hall et al., 2013). This is also in agreement
with Mioduszewski et al. (2016), who found that one of the primary thermodynamic drivers of increased surface melt was an increase in downward longwave radiation, which during 2007–2014 occurred simultaneously with a decrease in cloud fraction, suggesting increasingly high liquid-water content of the
remaining clouds.
These results are supported also by Cullather and Nowicki (2018), who associate surface melt in north GrIS
with positive downward longwave radiation anomalies, negative downward shortwave radiation anomalies,
and positive cloud cover fraction anomalies, which is in accordance with other results on the positive radiative forcing of clouds. However, in the north eastern GrIS melt was correlated at the same time with positive
downward longwave radiation anomalies, positive downward shortwave anomalies, and decreased cloud
fraction. The effect of clouds on melt over GrIS is indeed complex. In a case study of the strong melt event
in summer 2012, Solomon et al. (2017) distinguished between the direct cloud radiative effect and the indirect effects, the latter originating from the interaction of clouds, radiative transfer, turbulent mixing between
the cloud top and snow surface, as well as the conductive heat ﬂux in the snow. Solomon et al. (2017) and Van
Tricht et al. (2016) stressed the importance of the integrated effect of clouds over the diurnal cycle, including
preconditioning of the snow pack during night via cloud longwave forcing. Further, we stress that the cloud
effect on surface melt differs from the cloud effect on surface mass balance. Even if negative TCW anomalies
tend to reduce melt, these conditions are typically associated with a high pressure, reduced precipitation,
and increased evaporation, favoring a negative surface mass balance (Lim et al., 2016). While the NMD averaged over the GrIS is very much linked to the strength of the TCW anomaly in the coastal areas, the melt
extent is more dependent on the extension of the TCW anomaly over the entire GrIS. The position and occurrence of TCW anomalies are, on the other hand, affected by the synoptic-scale weather situation and airmass origin.
The role of surface albedo feedback in the GrIS melting has not been directly addressed here, although it has
been recognized as an important factor contributing to the extreme melt occurred in the recent decade (Box
et al., 2012; Tedesco et al., 2011). Albedo decreases as the snow ages and metamorphoses, and in the ablation
area the snowmelt exposes the darker ice surface, which then absorbs more solar radiation and further accelerates the melting. A declining albedo trend in the 2000–2010 period has been observed (Box et al., 2012;
Tedesco, Doherty, et al., 2016), especially in the ablation area, as the result of a reduced summer snowfall,
increased sensible heat import via warm-air advection, and exposure of dirty ice rich of light-absorbing impurities. This has enhanced the absorption of solar radiation, with a positive feedback on the surface temperature. Although the albedo is sensitive to near-surface air temperature below the equilibrium line altitude (Box
et al., 2012), it is rather insensitive to the surface temperature, which is capped near and below 0 °C. For this
reason, we have not included the surface albedo in our analyses of the factors explaining the variability of
melt descriptors.
In previous studies, negative NAOI and positive GBI have been associated with strong melt in GrIS (Table 1).
Also the recent results of Mioduszewski et al. (2016) demonstrated that the largest positive melt anomalies
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occurred in concert with positive Z500 anomalies near Greenland, associated with wind, temperature, and
humidity patterns indicative of strong meridional transport of heat and moisture. Fettweis et al. (2013) linked
anticyclonic circulation and negative NAO indices in summer to warmer conditions in Greenland. They
showed that changes in atmospheric circulation, namely, increased occurrence of negative NAOI in
June–August, explain ~70% of the warming at 700 hPa over Greenland over the time period of 1993–2012.
Häkkinen et al. (2014) performed similar analysis but addressed the melt and occurrence of negative NAOI
and Greenland blocking episodes at a timescale of days. They highlighted that blocking high pressure alone
is not enough to spread melt to higher elevations on GrIS, but coinciding temperature anomalies allowing
warm-air advection are needed. Hanna et al. (2014) showed that the melt extent in 2012 and in the warm
summers since 2007 were connected to blocking high pressure over Greenland and negative NAOI during
much of the summer. They interpret that these large-scale atmospheric patterns generated warm-air advection to Greenland from its western ﬂanks, contributed to the formation of a heat dome over Greenland, and
hence enabled melt. Rajewicz and Marshall (2014) analyzed the relationship between May and September
positive degree days and annual NMD over GrIS from 1948 to 2013 obtained from NCEP reanalyses and mean
summer atmospheric conditions, as well as the relationship between passive microwave-derived melt extent
for the 1979–2013 period and NCEP-derived atmospheric conditions. They attributed around 38–49% of
Greenland summer melt extent variability to circulation anomalies, such as the occurrence of anticyclonic
ridges and related warm air advection, while the lower tropospheric background warming could explain
13–27% of the melt extent variability. Interestingly, even though atmospheric pressure anomalies are usually
coupled with the vertical velocity ﬁeld, our result did not indicate an association of anticyclonic circulation
and subsidence. In general, vertical velocity anomalies at the 500-hPa level were not collocated with NMD
anomalies. The results suggest that the vertical motion over GrIS is more strongly controlled by orography
than by synoptic-scale pressure anomalies. In addition, when adiabatic heating is present, it is often out ruled
by other processes, such as cold-air advection.
Our results agree on the importance of GBI and NAOI; however, while Hanna et al. (2014) found connections
to melt extent, our correlations emerge most strongly with the number of melt days. Also, while Rajewicz and
Marshall (2014) considered the NCEP-derived NMD just a good proxy for the satellite-based melt extent, in
our study we showed that NMD and melt extent respond to partly different atmospheric forcings. During
our study period, signiﬁcant correlations were found between NMD and GBI, NMD and NAOI, and the modeled melt amount and NAOI, but the correlations were much weaker than those between the melt variables
and TCW. Further, modeled melt amount did not correlate with GBI, and the cumulative melt extent correlated with neither NAOI nor GBI. Geopotential height (500-hPa level), however, had signiﬁcant correlation
with NMD locally in northeastern GrIS (r · |r| > 0.60, roughly), indicating that variations in large-scale atmospheric pressure ﬁeld were more important to NMD in northern Greenland than elsewhere. According to
our knowledge, this has not been reported in previous studies. It is also noteworthy that NMD was more closely related to Z500 than to GBI based on averaging over a larger region, although GBI has been much more
broadly applied index in studies of weather and melt in Greenland.
In interannual time scales, correlations between wind components and NMD were weak. Nevertheless, in
individual years positive anomalies in southerly winds or negative anomalies in northerly winds coincided
with positive NMD anomalies. In some years, such as 2008, positive NMD anomalies at the eastern margins
of the ice sheet were collocated with positive anomalies in zonal near-surface wind. Our analyses suggest
that, among others in summer 2008, in the east slope of GrIS the subsidence heating during downslopes
wind dominated over the effect of cold-air advection from the high plateau. Similar explanation was recently
suggested by Cullather and Nowicki (2018). Hence, strong zonal winds favored melt in the coastal regions of
eastern Greenland. In addition to subsidence heating, the enhanced mixing in the atmospheric boundary
layer during downslope winds has also probably contributed to higher near-surface air temperatures and
increased melt (Vihma et al., 2011).
Compared to NMD, cumulative melt extent, and modeled melt amount, interannual variations of maximum
melt extent were not equally well explained by any single meteorological variable. Anyhow, a statistically
signiﬁcant negative correlation (r · |r| = 0.30) was found between the maximum melt extent and the occurrence of northeasterly air masses at the Summit. Differences in the air-mass origin also contributed to the
differences between summer 2012 with excessive melt and summer 2013 with exceptionally weak melt
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restrained to the coasts. At the highly elevated areas in northeastern Greenland, southwesterly air masses
dominated in 2012 by an occurrence of 63%, whereas in 2013 their occurrence was only 46%. Further, the
fraction of northeasterly and southeasterly air masses was 44% in 2013 and only 27% in 2012. Hanna et al.
(2014) presented qualitatively similar results, when connecting the warm southerly winds over the west ﬂank
of Greenland to the wide spread melt in 2012.
As a summary, our study shows that to better understand the GrIS melt, its interannual variations, and the
most important forcing factors, we need to pay attention to several variables quantifying the melt. Our results
highlighted the role of TCW and air mass origin, but the time series were still short in statistical and climatological sense. Further, to better understand the surface mass balance of the ice sheet, analogous studies on
interannual variations in the amount and phase of precipitation and its forcing factors are needed.
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T

his report outlines the structure of and summarizes the recommendations made at the Fifth
International Conference on Reanalysis (ICR5),1
attended by 259 participants from 37 countries, in
Rome, Italy, on 13–17 November 2017. It first summarizes the conference structure. Then, the key
recommendations of ICR5 are given for the five main
conference topics: production, observations (data
rescue and preparation), data assimilation methods,
quality assurance of reanalysis, and applications
in science, services, and policy making. Finally,
five high-level recommendations are proposed for
assisting agencies in how best to advance the field of
reanalyses, which serves tens of thousands of users,
via enhanced research, development, and operations.
ICR5 STRUCTURE. ICR5 was the fifth in a series
of international conferences for researchers, developers, and producers of reanalyses. The previous event,
ICR4, took place in Maryland, during 2012, and
attracted 244 participants (www.wcrp-climate.org
/ICR4). The sharp increase in the number of countries
represented, from 26 in 2012 to 37 in 2017, shows
that reanalyses are now used by a wider range of
1

THE FIFTH INTERNATIONAL CONFERENCE ON
REANALYSIS (ICR5)
What:

An international community involved in the
development, production, verification, and
application of global and regional reanalyses
of the Earth system climate met to discuss
progress, challenges, and future priorities to
guide the development and use of reanalyses in
support of science, services, and policy making.
When: 13–17 November 2017
Where: Rome, Italy

stakeholders, including not only the scientific community, but also public organizations and the private
sector in need of long-range time series of climate
information. Applications are not limited to research
and include climate services and policy making.
This conference was timely as several events have
taken center stage since ICR4 in the climate domain,
such as the 2015 Paris Agreement on climate, reached
at the 21st Conference of the Parties (COP21) to the
United Nations Framework Convention on Climate

ICR5 was co-organized by the European Centre for Medium-Range Weather Forecasts (ECMWF), the European Union’s
(UN) Copernicus Climate Change Service operated by ECMWF on behalf of the European Commission (ECMWF/C3S), and
the WCRP. The ICR5 Scientific Organizing Committee (ICR5-SOC) was cochaired by Roberto Buizza (ECMWF) and Paul
Poli (Météo-France), and included 20 experts from 17 world-renowned institutions (coauthors of this article). Session chairs
and rapporteurs, including early career scientists, also contributed to this article.
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Change (UNFCCC). The ICR5 participants discussed
the merits, limits, and challenges of reanalyses for
monitoring climate variability and change, for supporting policy makers in the development of adaptation and mitigation measures, and for providing
information complementary to that from other
climate sources.
ICR5’s presentations, oral and posters, 2 were
organized around five topics:
1) status and plans for reanalysis production (production, inclusive of all Earth system thematic
areas—atmosphere, land, ocean, and cryosphere),
2) observations for reanalysis (preparation, organization in large archives, data rescue, and reanalysis
feedback),
3) methods for reanalysis (data assimilation, Earth
system coupling, uncertainty estimation, and
challenges specific to regional reanalyses),
4) evaluation of reanalyses (comparisons with observations, other types of analysis and models,
intercomparisons, and diagnostics), and
5) applications of reanalyses (generation of time
series of essential climate variables for climate
monitoring, climate services, and industry
applications).

were received from 53 countries. However, owing to
limited travel support, participants from 16 countries
were not able to attend in person. For this reason,
the conference organizers welcomed a sponsor
contribution that supported live video streaming of
the conference presentations and debates, of which
recordings are available (www.youtube.com/channel
/UCdK5sfMQcJ64q8AGR_7-ZRw/videos). The resulting conference program included a media briefing, 66 oral presentations, one panel discussion, a
plenary discussion, and three poster sessions, where
a total of 201 posters were presented.
The organizers took gender balance into consideration when selecting the invited presentations
(four keynotes, plus one invited talk per topic), with
four invited women speakers and five invited male
speakers. In total, 66 talks were given and the ratio of
female to male speakers was 18:48, or 27%:73%. Each
session was introduced by an invited talk, given by
Hisashi Nakamura, Nick Rayner, Patrick Heimbach,
Masatomo Fujiwara, and Karina Von Schuckmann,
which gave a gender ratio of 2:3 of women to men.
The chairs and rapporteurs of the five topics reported back to the plenary discussion the findings

2

The call for abstracts reached over 30,000 users
through various channels, and 357 unique abstracts
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and recommendations of their sessions, which are
summarized hereafter.
ICR5 KEY RECOMMENDATIONS. During the
ICR5 plenary discussions, it was agreed to share with
the scientific communities a set of key recommendations, which have been organized into the five main
topics discussed during the conference.
Status and plans for reanalysis production. Since ICR4
in 2012, an increasing number of reanalyses have
been produced: global and regional, uncoupled and
coupled. There has been a continued effort to improve their quality (accuracy) and to represent more
and more Earth system components (atmosphere,
ocean, land, cryosphere, aerosols, biogeochemistry,
and hydrosphere). Resolution has been increased,
and the time spanned by various reanalyses has been
extended to cover the entire twentieth century and
beyond. Ensemble methods have been developed
to address uncertainty estimation. Discontinuities
owing to observing system variations over the past
decades remain a significant issue in the production
of climate (long time series) reanalyses. In this area
of work, the following recommendations are made:
1) Given the extensive use of reanalyses at climate
and weather time scales, and especially as centers
move toward more sophisticated coupled Earth
system reanalyses, ICR5 recommends centers
generate families (or extensions) of reanalyses to
support climate studies and monitoring using different observing system configurations spanning
the observational record (longer climate timescale reanalyses alongside reanalyses spanning
the period of the modern observing system).
2) Improved communication between producers
and users is required to guide the latter in their
application and interpretation.
3) Short-term latency products, in addition to the
full reanalysis, would increase the reanalyses’
potential applications.
Observations for reanalysis. Observations are needed
to monitor our changing climate and are a crucial
reanalysis ingredient: what is assimilated and its
quality is key to the success of the reanalysis. Work
on observations for reanalysis requires a sustained,
well-supported effort involving cooperation with
reanalysis producers. Existing initiatives and programs need to be strengthened and enhanced to
guarantee that so-called anchor series, a subset of observations required for reanalyses and key to reduce
AMERICAN METEOROLOGICAL SOCIETY

WHAT ARE REANALYSES?
•

•

•

•

Reanalyses are digital datasets that represent the
evolution of the Earth’s climate system. They cover
the diversity and complexity of the Earth’s climate
system: multicomponents (e.g., atmosphere, ocean,
land, ice), multivariables (e.g., temperature, humidity, wind, ozone), and multidimensions (e.g., subdaily
to seasonal scales, regional to global scales, ocean
subsurface depths to the surface where we live to
the upper atmosphere), with a growing role for the
human factor (anthropogenic), without which one
cannot understand or reproduce some recent climate
evolutions (such as ozone depletion and the increase
in greenhouse gases).
Reanalyses bring together the full history of observations and our growing computing power, and blend
all this using the latest science (including advances in
mathematics, physics, and information technology).
Registered user counts at several institutions exceed
tens of thousands.
Reanalyses enable the placement of present weather
events within a climate context and allow us to
revisit the past. Reanalysis is, for example, a key
contribution to the Global Framework for Climate
Services (GFCS), allowing monitoring of the Earth’s
climate even in places where direct observations are
sparse. Reanalysis data have been used for continuing
the development and improvement of weather
forecasting, climate services, and climate change
monitoring.
Reanalyses are coordinated internationally under
the auspices of the WCRP, which is cosponsored by
the World Meteorological Organization (WMO),
the International Council for Science (ICSU), and
the Intergovernmental Oceanographic Commission
(IOC) of the United Nations Educational, Scientific
and Cultural Organisation (UNESCO).

uncertainties, are more consistent. Key observations
to be considered as anchor series are sea surface temperature, sea ice concentration and thickness, Argo
profiling float data, global positioning system (GPS)
radio occultation (GPSRO) data, radiosonde, surface
pressure, scatterometer wind, and soil moisture.
Sustained production of carefully curated underlying
key datasets is essential to avoiding discontinuities
that affect downstream services. In this area of work,
the following recommendations are made:
1) More research and operational funding should
be made available to support the tools, methodologies, and essential steps of data preparation:
rescue, assembly, reprocessing, recalibration,
bias correction, quality control, homogenization,
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2)

3)

4)
5)

uncertainty quantification, use in reanalysis, and
feedback analysis.
Funding of essential datasets needs to be increased and sustained. Funding for their maintenance and improvements has been cut to below
a sustainable level.
In situ and satellite observing systems that have
been proven to serve as critical references (also
referred to as anchors) for reanalysis need to be
preserved and extended in time. These include
measurements of sea surface temperature, sea ice
concentration and thickness, atmospheric surface
pressure, and soil moisture, as well as measurements by radiosondes, ocean profiling floats and
the moored buoy array, GPS radio occultation,
and scatterometers from satellites.
Data rescue of historical observations and reprocessing of observations (e.g., satellite) to improve
their quality and utility needs to be continued.
The sea ice and meteorological observations
for the Southern Ocean, recently discovered in
various archives for the late nineteenth and early
twentieth centuries, should be digitized to improve our understanding and representation of
this key region.

Methods for reanalysis. Reanalysis methods have
been improving considerably in the past five years.
Ensembles are increasingly being used, either exclusively or in hybrid systems. Other techniques, such as
particle filters/smoothers, are being tested. Coupled
approaches (e.g., ocean, land, cryosphere, and atmosphere) have been shown to be promising and yield benefits. Historical reanalyses going back to the nineteenth
century and beyond have been created. Improvements
in the methods, to include more robust uncertainty
quantification associated with observations, models,
and data assimilation, are needed. In this area of work,
the following recommendations are made:
1) Reanalysis is not a research priority for most
national and international programs. However,
reanalyses are among the most used datasets. As
a result of this lack of priority, most of the data
assimilation development adopted for reanalysis
currently takes place where resources are available, at numerical weather prediction (NWP)
centers. They predominantly focus on their
usual (i.e., near–real time) requirements, rather
than the use of historical observations, to reconstruct a climate record. These centers and the
community at large need to incorporate clearly
articulated requirements for climate reanalysis in
ES142 |
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the development pathways for data assimilation.
Systems do not work “off the shelf” to reanalyze
observations 10, 20, or 100 years earlier.
2) There is a gap in research funding for designing
data assimilation methods specifically targeting
climate reanalysis. Those developments are
required and need to be adequately resourced and
prioritized.
3) The EU Copernicus project has brought substantial resources to improving data access, understanding end-user requirements, enhancing
observational databases, carrying out global and
European regional reanalyses, and providing
operational services based on reanalysis. However, there is no similar system or mechanism
for supporting the underlying research needed
to improve and sustain these services and some
of the downstream regional reanalysis. This also
appears to be the case across non-EU countries.
Evaluation of reanalyses. The evaluation of new, stateof-the-art reanalyses has shown improvement in the
representation of several different processes, among
them precipitation and soil moisture. Comprehensive
intercomparisons have been carried out (e.g., projects
such as an atmospheric reanalysis intercomparison
project that focuses on the stratosphere–troposphere
interaction and an ocean reanalysis intercomparison
project that focuses on the ocean). Recent evaluation
and diagnostic activities have found that reanalyses
capture changes in climate extremes in addition to
mean changes. There are substantial new developments in regional reanalyses, for example, for the
Arctic region and for Europe and other continents.
These products have been shown to be regionally of
higher accuracy than global equivalent ones. With
respect to the evaluation of reanalyses, the following
recommendations are made:
1) Diagnostic and evaluation activities that look at
the mean climate, variability, and extremes of
coupled atmosphere–ocean–land Earth system
reanalyses are strongly encouraged, since they
are of high relevance for climate applications.
2) Increased assimilation of land information
(e.g., microwave soil moisture estimates, terrestrial water storage estimates from satellite gravity
missions, skin temperature, and land precipitation) is encouraged to improve the representation
of temperature extremes on land.
3) More interaction between research groups
working on regional and global reanalyses is
encouraged. It is recommended that regional

reanalyses be integrated into international activities on the intercomparison of reanalysis products.
Applications of reanalyses. There are a growing number
of applications, in a variety of sectors (e.g., wind
energy and hydrology). There is a common request
to have easier data access, and more clear guidance
(e.g., on the estimation of reanalyses’ uncertainty).
Desire for higher resolution and accuracy for surface
variables is a driving demand for regional reanalysis
and various downscaling techniques. With respect
to applications of reanalyses, the following recommendations are made:
1) The priority given to reanalysis activity needs
to be raised to the level of its impact. Reanalyses
are crucial for climate monitoring, to initialize
weather reforecasts used to generate operational
weather products [see, e.g., the ECMWF and the
National Centers for Environmental Prediction
(NCEP) experiences] and climate predictions, and
to verify their accuracy across long time records.
They represent a fundamental reference to which
those models can be compared in order to evaluate the merits and skill of different prediction
systems across a wide range of complementary
metrics.
2) Continuous production is recommended to
achieve higher resolution, faster access, longer
time series, better quality, and couplings with
the components of the Earth system (atmosphere,
ocean, land, ice, atmospheric chemistry, and the
biosphere and hydrosphere). Due consideration
of the anthropogenic influence may need more
attention in future reanalyses (e.g., irrigation,
land-use change, and urbanization).
3) Better and more “actionable” uncertainty characterization is required: users request simple
measures of the reanalyses’ uncertainty.
4) The input needed by applications is still dependent on the uncertainty and accuracy of observations and data assimilation techniques. There are
still many observations missing in data-sparse
regions, or from historic periods, and a need for
less constrained parameters, such as SST, sea ice,
deep ocean information, and soil moisture.
5) Intercomparison and evaluation activities need
to continue for global and regional reanalyses, in
order to benchmark each dataset.
6) The user community is asking for reanalyses of
higher resolution, faster access, longer time series,
and better quality. A special interest was noted for
coastal and urban applications.
AMERICAN METEOROLOGICAL SOCIETY

7) Enhanced communication between producers
and users is required. Platforms for exchanging
information—like the website Reanalyses.org or
the National Center for Atmospheric Research’s
(NCAR) Climate Data Guide—should continue
to promote such discussion. In addition, events
like ICR5 are very successful in facilitating the
exchange of information.
MESSAGE TO MANAGING AGENCIES.
ICR5 clearly illustrated the leading role of various
agencies in this field, built throughout the years.
For example, the establishment of the Copernicus
program and its various services, as well as sustained
support from ECMWF, the National Aeronautics
and Space Administration (NASA), the National
Oceanic and Atmospheric Administration (NOAA),
Japan Meteorological Agency (JMA), the European
Space Agency (ESA), the European Organisation
for the Exploitation of Meteorological Satellites
(EUMETSAT), the U.S. Department of Energy (DoE),
the European Commission (EC), and several other
institutions, have helped to consolidate progress.
The following are five distilled recommendations for
agencies and supporting institutions to enable further
progress in this area:
1) Reanalysis production—As production centers
move toward coupled Earth system reanalyses,
they (and their users) should embrace the notion
of families of products designed to support a
variety of research and applications spanning
multiple decades to centuries. Reduced latency
of reanalysis data products (ideally in real time,
with related requirements on the latency of climate observations) should be aimed for, since it
increases reanalyses’ potential for applications.
2) Observations for reanalysis—Supporting the
rescue, reprocessing, recalibration, correction,
quality control, and use of observations for
reanalysis is key to enhancing the scope and
range of reanalyses, by allowing datasets to be
extended back in time with high-quality observations. Integrated datasets for marine and land
surface, such as the International Comprehensive Ocean–Atmosphere Data Set (ICOADS),
are essential. Looking ahead to the continuation
of climate time series, there is an urgent need
to strengthen and enhance the Global Climate
Observing System (GCOS) and the Global Ocean
Observing System (GOOS), which includes
support for implementing critical in situ and
satellite measurements.
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3) Methods for reanalysis—Although the conference reported on new ideas (smoothers), there is
a general gap in research funding to design data
assimilation and coupling methods across the
Earth system specifically designed for reanalysis.
4) Evaluation of reanalyses—Diagnostic and evaluation activities that look at the mean climate,
variability, and extremes of globally coupled
atmosphere–ocean–land Earth system reanalyses
should be promoted, taking stock of successful
examples of ocean (and atmosphere) reanalysis
intercomparison projects. Increased interaction
between research groups working on regional and
global reanalyses would be highly beneficial. The
World Climate Research Programme (WCRP)
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Task Team for the Intercomparison of Reanalyses
(TIRA; https://reanalyses.org/wcrp-task-team
-intercomparison-reanalyses-tira) is charged
with developing plans for promoting and coordinating such activities with the community and
platforms, such as Reanalyses.org and the NCAR
Climate Data Guide.
5) Applications of reanalyses—Synergies between
reanalyses’ producers and users must be increased.
There is a need for better and more applicable
uncertainty characterization. The proper quantification and communication of the quality of
reanalyses must be promoted and would broaden
their usage in operational services and policy
making.
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