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Abstract

With Earth’s changing climate, the winters in cold climate regions are expected to
be affected by rising temperatures and more frequent weather extremes. In maritime
climate, such as in Reykjavík, winters are mild but characterized by frequent snow
and freeze-thaw cycles. In this thesis the winter climate in Reykjavík is analyzed
using meteorological data spanning almost 60 years, with the objective of gaining
a better understanding of the snow characteristics and snowmelt in an urban envi-
ronment. Changes in extreme winter weather were detected for variables related to
frost, as winter days with freezing temperatures are becoming less frequent and less
severe. Neither extreme snow depth nor extreme snowmelt are common in Reyk-
javík. Therefore, the risk of flooding due to snowmelt alone is not significant. The
majority of extreme snowmelt events occur in the months from November through
February when the effects of solar radiation are negligible. The main cause of urban
winter flooding is found to be extreme rain on snow, especially when the ground is
frozen. This emphasizes the need for reliable data on surface and soil conditions,
which is currently not routinely monitored. We tested a simple model for predicting
soil temperature. The model uses air temperature and snow depth as input vari-
ables, whereas soil moisture is taken to be constant. The model does not capture the
soil temperature adequately during winter, especially when the soil freezes. Data
comparison indicates that soil moisture greatly impacts the soil temperature and
thus measurements of soil moisture would be of great value.
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1 Introduction

1.1 Background and Motivation

Earth’s climate is changing. Global temperatures are rising, causing faster melting
of snow and ice, and more extremes in weather. Those include more frequent heat
waves, heavier precipitation events and more intense droughts than previously seen
(IPCC, 2013). These weather extremes pose a risk to urban environments, and
can result in both negative economic and social impacts. Today, more than half of
the world’s population lives in urban areas. That proportion is expected to have
increased up to 68% by 2050, as a result of urbanization and population growth
(United Nations, Department of Economic and Social Affairs, Population Division,
2019). Since the industrial revolution in the late 18th century the urban population
has been rapidly growing, transforming the natural environment within cities, and
thereby disrupting various environmental processes. At the same time, the use of
fossil fuels and land have significantly increased, with the consequent anthropogenic
greenhouse gas emissions responsible for Earth’s warming climate (Knight, 2013).

The impacts of climate change vary between different climate regions. While an
increase in the frequency and/or the intensity of heat waves, droughts and stronger
tropical cyclone activity is of most concern in warmer climate regions, increasing
temperatures and heavier rainfall events in cold climate regions can have signif-
icant impacts on the length and timing of the snow season and the wintertime
runoff (Semadeni-Davies, 2004). Warming in the Arctic is occurring faster than
in other regions of the world (Blunden and Arndt, 2012), causing changes in at-
mospheric circulation. These changes have been linked to increased frequency in
extreme weather related events across the Northern Hemisphere and mid-latitudes
(Cohen et al., 2018) and enhanced influence of maritime climate over parts of Eu-
rope (Jacob et al., 2005). Maritime climate is characterized by cool summers and
mild winters, frequent changes in meteorological conditions and relatively high pre-
cipitation. It is typical for west coasts in higher mid-latitudes, located in the belt
of prevailing westerly winds, such as Reykjavík, Iceland.

The exact effects of climate change on maritime climate is still somewhat uncertain.
In general, further knowledge is required on its hydroclimatologic effects in cold
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1 Introduction

climate regions (Järvi et al., 2017). How the urban environment of those regions
and its infrastructure will respond to these changes is of concern, especially with
regards to drainage and surface water systems (Björnsson et al., 2018). In Iceland,
few studies have been conducted on the effects of climate change on these systems,
but according to predictions warming temperatures and more extremes in weather
will increases the risk of urban flooding (Björnsson et al., 2018). Furthermore,
during winter, the interplay of snowmelt, frost and heavier rainfall can be expected
to exacerbate this risk, as rain on frozen ground results in a larger part of the rainfall
as surface runoff, with the snowmelt further adding to the runoff (Elíasson, 2013).

1.2 Urban Winter Flooding

In urban areas, permeable green spaces are replaced by buildings, streets, parking
lots and walkways, made from impermeable materials. These materials prevent
surface water from infiltrating into the ground and thus disrupt the natural water
cycle. With more extremes in weather due to climate change, the risk of urban
flooding is increased. Urban flooding can cause both property damages, with great
monetary losses, and adverse human health effects, due to water contamination.
Flood events increase the risk of surface water and/or sewage water mixing with the
drinking water, which can transmit waterborne diseases, such as E. coli infection
and Campylobacteriosis (ten Veldhuis et al., 2010). Thus, stormwater control is
important in order to avoid flooding and safeguard human health. Traditional urban
drainage systems reduce the risk of flooding by moving surface water from a source
to a receptor, as quickly as possible.

In general, high intensity rainfall has been assumed to be the major flood-generating
event in urban areas (Buttle and Xu, 1988) and the design of drainage systems has
been based on such events. However, in cold climate regions, prolonged rain-on-
snow, snowmelt and frozen ground can just as well cause urban flooding (Bennett
et al., 2018; Kron et al., 2019).

Icelandic drainage systems are designed based on synthetic rain events derived from
rainfall intensity–duration–frequency curves (IDFs), shown in Figure 1.1. Elíasson
(2013) has defined three design floods for water infrastructure in Iceland. For these
cases the size of flooding in response to rainfall is estimated, considering also the
soil temperature and snow cover. The three cases are:

• Rain on bare, unfrozen ground.

• Rain on frozen ground.

2



1.2 Urban Winter Flooding

Figure 1.1: Rainfall IDFs (1951–2008) for Reykjavík. The figure shows the expected
rainfall intensity (mm/hr) for increasing duration (min) and different return pe-
riods (years). Figure obtained from Hlodversdottir et al. (2015)

• Rain accompanied by snowmelt.

The Icelandic insurance companies offer insurance for weather related flood damages.
They are known to alert their customers when there is a possibility of flooding
caused by the weather. In extreme cases they send out announcements to the media
in cooperation with a meteorologist. The influencing factors considered are (Einar
Sveinbjörnsson, meteorologist, personal communication, November 12, 2019);

• Intense rainfall in a short period of time where the drainage system is unable
to mitigate.

• High amount of light snow, which can melt fast.

• A combination of ice on the ground, rain and wind.

• Dense snow or ice which can prevent water flow to drains.

• A high risk of floods in rivers and streams.

Freezing of the soil can decrease or even prevent the infiltration of rain and melt-
water. This causes the soil to behave like an impermeable surface, which in turn
puts a lot of pressure on the drainage systems in urban areas. If the capacity of
the drainage system is exceeded, flooding can occur, with the possibility of prop-
erty damages and negative effects on human health. An example of this, was the
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1 Introduction

detection of soil bacteria in the drinking water in Reykjavík, in January 2018, after
prolonged freezing of the soil (Petersen, 2018).

Despite the risk of urban flooding due to rain-on-snow and snowmelt, relatively few
studies have been conducted on the matter. Urban runoff generation in the win-
tertime is complex, as it involves rain, snow and sub-zero temperatures. Hence,
water exists in different phases, with different densities and properties. The disci-
pline explaining these phase transitions is called snow dynamics. Snow dynamics
are influenced by many processes, such as the transfer of heat and energy, transport
by wind, as well as by daily and seasonal changes. These factors all contribute to
the spatial variations in snowmelt runoff.

Urban environments are heterogeneous with conditions varying drastically from one
place to the other, thus making urban snow dynamics far more complex than in
the open field. Buildings affect both the spatial distribution of snow as it falls and
the spatial variations in energy fluxes over the snowpack. Energy fluxes are further
influenced by the artificial redistribution of snow. Snow handling is a significant part
of municipal activities in urban areas in cold regions. The snow is usually removed
from impermeable surfaces, such as streets and sidewalks, and transported to a snow
deposit. In Luleå, a coastal city in the northern part of Sweden, radiation has been
found to be the major source of snow deposit melt (Sundin et al., 1999). Radiative
snowmelt depends on the snow albedo, which is affected by dust and pollution.
With increased dust and pollution a larger part of the solar energy is absorbed by
the snowpack. Because of this, snowmelt has been shown to be greater in urban
environments than in rural ones (Bengtsson and Westerström, 1992). Therefore,
modelling of urban snowmelt has to take into account both the changes in urban
snow albedo and the redistribution of snow cover. The fate of the resulting meltwater
depends on weather factors and soil conditions.

1.3 Thesis Objectives

The main objective of this thesis is to gain a better understanding of the snow
characteristics and snowmelt in an urban environment in Iceland, and to identify
the conditions promoting surface flooding in winter. Extreme events are defined,
identified and examined. An attempt is made to model soil temperature, and the
results are analysed. We also check for possible long-term changes in variables
related to extreme winter weather.
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2 Theoretical Background

In this chapter we present the theory behind snowmelt and soil temperature, with
a special focus on soil freezing. The governing processes and relevant energy fluxes
are explained, and we derive equations for estimating snowmelt and modelling soil
temperature.

2.1 Snowmelt Theory

Melting of snow involves converting the ice content within a snowpack into water.
The process is endothermic, meaning that a net influx of energy is required for
the melting of snow to occur. To find the energy available for snowmelt, the most
significant heat exchange processes between the snowpack and the environment are
considered, and the corresponding energy fluxes are added together. The sum is
given by (Gray and Prowse, 1992)

Qm = Qs +Ql +Qh +Qe +Qa +Qg −
∂U

∂t
, (2.1)

where Qm is the total energy available for snowmelt; Qs is net shortwave radiation;
Ql is net longwave radiation; Qh is sensible heat flux; Qe is latent heat flux; Qa

is advection heat from precipitation; Qg is ground heat flux; and U is the internal
energy of the snowpack. The internal energy of the snowpack is defined as the
amount of energy required to raise the temperature of the snowpack to 0◦C, as
melting of the snow can only occur after its temperature has reached 0◦C. Figure
2.1 depicts a graphical summary of the most important energy exchange processes
between the snowpack and the environment.

In order to understand and describe the extent and timing of a snowmelt event, it
is necessary to know which energy fluxes are dominant. A number of factors affect
which heat exchange processes dominate and the amount of snowmelt. Those include
the temperature, precipitation, humidity, wind, and cloudiness during a melt event,
along with local factors, such as latitude, time of year, and varying geographical
features. The low thermal conductivity of snow makes it a good insulator. The
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2 Theoretical Background

Figure 2.1: Energy balance of the snowpack, obtained from Anderson (2006). The
figure shows the most significant heat exchange processes between the snowpack
and the environment, and the corresponding energy fluxes.

snowpack is usually coldest at the top, whereas it is often near zero ◦C at the
bottom. In what follows, the different heat exchange processes are further explained
and simplified equations are presented, as provided by Assaf (2007).

Shortwave radiation
Shortwave radiation is radiation coming directly from the sun, i.e. solar radiation.
On its way to the surface it is attenuated by factors such as clouds, water vapor and
chemical compounds in the atmosphere, as well as forest covers. The proportion
of the shortwave radiation that reaches the earths surface is either absorbed by the
snowpack or reflected by its snow surface. The amount of reflected radiation can
be significant and depends on the snow albedo. Albedo is a dimensionless measure
of the diffuse reflectivity of a surface and changes according to land surface. It is
high in snow covered areas but naturally decreases as the snowpack ages, and with
the accumulation of dirt, dust and pollution on the snow surface. A lower albedo
means that less radiation is reflected back and therefore more energy is available for
heating up the snowpack. The net shortwave radiation absorbed by the snowpack
can be estimated as follows,

Qs = Is(1 − C)(1 − A), (2.2)

where Qs is the net shortwave radiation absorbed; Is is the incident solar radiation
in J/m2s; C is the fraction of cloud cover; and A is the snow albedo. The unit of
Qs follows that of Is, and is usually given in J/m2s.
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2.1 Snowmelt Theory

Longwave radiation
Longwave radiation is radiation emitted by clouds, the atmosphere, forest cover, as
well buildings. As was the case for shortwave radiation, the longwave radiation is
either absorbed by the snowpack or reflected back by the snow surface. The amount
of longwave radiation received by or reflected from surfaces can be estimated by
the Stefan-Boltzmann law, which describes the power radiated from a black body
in terms of its temperature,

Ql = εσ(T + 273.15)4, (2.3)

where ε is the emissivity of the surface, which is typically between 0.97 and 0.99
for snow; σ is the Stefan-Boltzmann constant, 5.67 × 10−8 J/m2sK4; and T is the
temperature of the emitting body in ◦C.

Sensible and latent heat exchange
Sensible and latent heat fluxes are convective heat exchange processes that are gen-
erated by a temperature and a vapour pressure gradient respectively between the
air and the snowpack. Both processes are induced by turbulence in the air and can
be significant in windy conditions and during winter rain on snow. The two heat
fluxes can be estimated from the following equations (Quick, 1995),

Qh = 0.438RM

( p

101

)
Tavw, (2.4)

Qe = 1.706RMTavw, (2.5)
RM = 1 − 7.7RI , (2.6)

RI = 0.095
Ta
v2w
, (2.7)

where Qh is the sensible heat flux in J/m2s; Qe is the latent heat flux in J/m2s; RM

is a dimensionless reduction factor; RI is the bulk Richardson number, a measure
of the stability of the air mass; p is the atmospheric pressure in kPa; Ta is the air
temperature in ◦C; and vw is wind speed in m/s.

Heat flux from rain
Rain on snow releases advective heat which can be estimated from the following
equation,

Qa = CpPr(Tr − Ts)/1000, (2.8)
where Qa is the advective heat from rain in J/m2s; Cp is the specific heat of rain,
equal to 4.29 J/g◦C; Pr is the rainfall rate in mm/s; Tr is the temperature of the
rain in ◦C; and Ts is the snow temperature in ◦C.

Conductive heat exchange with ground
Due to the low thermal conductivity of snow, conductive heat exchange between the
snowpack and the ground is reduced, and becomes relatively small compared to the
other heat exchange processes. Therefore, it is generally left out of the snowpack
heat exchange equation (Gray and Prowse, 1992).
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2 Theoretical Background

2.2 Soil Temperature

Soil temperature is an important indicator for estimating the ground conditions
during winter, in particular the capacity of soil to receive runoff, and hence mitigate
urban flooding. The temperature of the soil varies both spatially and temporally.
Seasonal and daily sinusoidal fluctuations in soil temperature are mainly determined
by air temperature and solar radiation. Other variables, including weather, soil
texture, soil moisture and surface cover, such as vegetation and snow, also affect
soil temperature (Al-Kaisi et al., 2017). Radiant, thermal, and latent heat exchange
processes take place at the surface of the soil, but the propagation of the heat
received by the surface depends on the thermal properties of the soil (Hillel, 1982).

The process of radiant heat exchange involves the transfer of heat by electromagnetic
waves. It includes all incoming and outgoing radiation at the soil surface, both short
wave and long wave. The incoming radiation follows both diurnal and seasonal pat-
terns as well as being strongly impacted by cloud cover. The majority of the energy
that goes into heating the soil comes from the sun. However, most of the incoming
solar energy either goes into evapotranspiration or is reflected and retransmitted
back from the soil, leaving only about 10% of the energy for heating the soil (Bray
and Weil, 2004). In Iceland the solar radiation is of little effect during winter due
to a low solar angle. The suns angle of incidence, defined as 0◦ for vertical incoming
radiation, must be 75◦ or smaller in order to have an effect on the soil temperature
(Petersen and Berber, 2018). From the 21st of October through the 20th of Febru-
ary the sun does not reach that height in Iceland. Thus, instead of solar radiation,
other processes, such as thermal and latent heat exchange, are responsible for the
change in soil temperature during winter. Thermal energy exchange occurs due to a
temperature gradient between the surface and the overlying air, where heat is prop-
agated by internal molecular motion, also referred to as conduction. Latent energy
exchange involves a movement of heat by convection during the phase transition of
a fluid. The phase transition processes condensation/evaporation and freeze/melt
can significantly increase heat flow in the soil. While heat transfer through the soil
surface can occur by all the aforementioned processes, the majority of heat transfer
within the soil occurs via conduction (Hillel, 1982).

The rate of heat transfer in the soil is governed by thermal conductivity, KT , and
specific heat capacity, CT . The thermal conductivity of the soil is a measure of
how well the soil conducts heat, while the specific heat capacity tells us how much
the heat content of a unit mass changes per unit change in temperature. The
ratio of these two properties is referred to as the soil thermal diffusivity, measured
as the rate at which heat is transferred within the soil. These properties mainly
depend on soil moisture, but also on the soil type and its porosity, thus making an
estimation of these parameters difficult. In Table 2.1, the specific heat capacity and
thermal conductivity, of various materials are presented. Water has the highest heat
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Table 2.1: Properties of different soil materials, including density, specific heat ca-
pacity and thermal conductivity.

Material Density
ρ, [kg/m3]

Specific Heat Capacity (10◦C)
CT , [J/kg K]

Thermal Conductivity
KT , [W/mK]

Soil Minerals 2650 733 2.9
Soil Organics 1300 1930 0.25
Water 1000 4190 0.6
Air 0.0012 1005 0.026
Ice 916.7 2040 2.2-2.3
Snow (new) 150 2090 0.078
Snow (old) 300 2090 0.29

Table data is based on Dehner et al. (2014) and Farouki (1981).

capacity, meaning that compared to the other materials in the table, water requires
the highest amount of heat in order to produce a unit change in its temperature,
meanwhile minerals have the lowest heat capacity of the materials presented. Of the
listed materials, ice and soil minerals have the highest thermal conductivity, whereas
new snow and air have the lowest.

As previously mentioned, soil moisture greatly impacts soil temperature. Wet soil
has a much higher specific heat capacity than dry soil, meaning that compared to
dry soil it will respond more slowly to changes in air temperature. Therefore, wet
soil takes longer to cool down than dry soil (Petersen and Berber, 2018). The soil
thermal conductivity also increases with increased soil moisture, leading to a faster
conduction of heat. Additionally, the rate of increase of thermal conductivity de-
pends on soil density and texture (Abu-Hamdeh and Reederb, 2000). Abu-Hamdeh
(2003) studied the effects of soil density and water content on the thermal properties
of the soil. Figure 2.2 is obtained from Abu-Hamdeh (2003) and shows the change
in thermal diffusivity per moisture content for both clay and sandy soils.

In the soil, water and heat spread out along the gradients of water potential and
temperature. Derived from the law of conservation of energy and mass, the following
two differential equations describe the heat and water flow respectively in seasonally
frozen soils (Karvonen, 1988),

CS
∂T

∂t
− ρILF

∂I

∂t
=

∂

∂z

[
KT (θ)

∂T

∂z

]
− CW qW

∂T

∂z
, (2.9)

C(h)
∂h

∂t
+

ρI
ρW

∂I

∂t
=

∂

∂z

[
K(h)

(∂h
∂z

+ 1
)]

− S(h), (2.10)

where z is a space coordinate (m), t is time (days), T is soil temperature (◦C), KT

is soil thermal conductivity (W ·m−3 ·◦C−1), LF is the latent heat of fusion of water
(3.34 × 105 J ·kg−1), CS is the volumetric specific heat of soil (J ·m−3 ·◦C−1), ρI and
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Figure 2.2: Thermal diffusivity as a function of moisture content for clay (— — —)
and sandy (———) soils, obtained from Abu-Hamdeh (2003).

ρW are the densities of ice and water, 917 and 1000 kg ·m−3 respectively, CW is the
specific heat of water, 4.18 × 106 J ·m−3 ·◦C−1), qW is the flow of water (m · s−1), q
is the volumetric water content (m3 ·m−3), I is the volumetric ice content (m3 ·m−3),
h is the soil water potential (m), C(h) is the differential moisture capacity (m−1),
K(h) is the unsaturated hydraulic conductivity of the soil matrix (m · s−1) and S(h)
is a sink term (m3 ·m−3), representing the volume of water taken up by the roots
of plants.

The freezing of soil affects both its thermal behavior and thermal properties. As
the soil surface freezes, water and heat are drawn up from the unfrozen soil below
due to the existing temperature gradient (Farouki, 1981), and the pressure gradient
between the frozen layer and unfrozen soil beneath it. The soil temperature can only
go below zero when all water in the soil has frozen. Freezing of water is an exothermic
process, meaning that heat is released as it occurs. Although the freezing process
is mainly dependent on weather conditions, local factors can also have considerable
effect. Such factors include the soil thermal properties and topography, as well as
surface cover.

Between the soil and the surrounding air snow cover acts as an insulation barrier.
With the presence of a thick snow cover, the temperature in the upper layers of the
soil can remain fairly stable. This is mainly due to the low thermal conductivity
of snow, meaning that it does not conducted heat well. Therefore, local weather
has little or no affect on the temperature in the upper layers of the soil when it is
covered with snow. The relevant properties of snow are presented in Table 2.1. Snow
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also reduces the heating effect of solar radiation on the soil. Although shortwave
radiation can penetrate the snow cover and reach a maximum of 100 cm down into
the snow, most of the radiation is reflected back due to the high albedo of snow.
This also means that radiation has little or no effects on the melting of the snow
surface (Petersen and Berber, 2018).

2.2.1 A Simple Model for Predicting Soil Temperature in
Snow-Covered and Seasonally Frozen Soil

Rankinen et al. (2004) developed a model for calculating daily soil temperature
values for various depths, z, specifically for snow-covered and seasonally frozen soil.
The model uses air temperature and snow depth as input variables. Additionally,
the model takes in average soil thermal conductivity, specific heat capacity of soil,
specific heat capacity due to freezing and thawing and an empirical snow parameter.
The model is based on a simplification of eq. 2.9 and 2.10, where the dependence of
soil temperature on changes in soil water content is ignored. By assuming constant
soil water content, a solution to eq. 2.10 becomes unnecessary and all water related
variables, except for the ice therm, can be left out of eq. 2.9. The equation to be
solved therefore becomes,

CS
∂T

∂t
− ρILF

∂I

∂t
=

∂

∂z

[
KT

∂T

∂z

]
. (2.11)

Solving eq. 2.11 requires eliminating the time derivative of the ice content, ∂I/∂t.
That is done by defining the total water content as the sum of unfrozen water content
and ice content,

θTOT = θ + I. (2.12)

By taking the partial time derivative of eq. 2.12 while assuming the total water
content to be constant, we obtain,

∂I

∂t
= −∂θ

∂t
= − ∂θ

∂T

∂T

∂t
. (2.13)

Substituting eq. 2.13 into eq. 2.11 yields(
CS + ρILF

∂θ

∂t

)
∂T

∂t
=

∂

∂z

[
KT

∂T

∂z

]
. (2.14)

We define apparent heat capacity, CA, as,

CA =

(
CS + ρILF

∂θ

∂t

)
. (2.15)
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Now the second term on the right hand side of eq. 2.15 is taken as a constant,
CICE, that describes the specific heat capacity due to freezing and thawing. More
specifically, CICE takes into account the energy released when water freezes and the
energy consumed when it melts. Thus, we rewrite eq. 2.15 as

CA =

(
CS + ρILF

∂θ

∂t

)
≈ CS + CICE. (2.16)

To proceed, we introduce the following equation to approximate the soil temperature
on a given day in the absence of snow cover, T t+1

∗ ,

T t+1
∗ = T t

Z +
∆tKT

CA(2ZS)2
[T t

AIR − T t
Z ], (2.17)

where T t
Z is the calculated soil temperature from the previous day, T t

air is the ob-
served air temperature from the previous day, KT is soil thermal conductivity, ZS is
the depth of the soil (m) and CA is apparent heat capacity simplified into the sum
of the specific heat capacity of the soil and the specific heat capacity due to freezing
and thawing, as given by eq. 2.16.
The influence of snow cover is than taken into account by multiplying an empirical
term, e−fSDS , to the second term in eq. 2.17, thus obtaining

T t+1
Z = T t

Z +
∆tKT

CA(2ZS)2
[T t

AIR − T t
Z ]e−fSDS , (2.18)

where fS is an empirical damping parameter, with a unit of inverse length (m−1)
and DS is snow depth measured in meters.
The damping effects of the exponential factor as a function of snow depth are shown
in Figure 2.3, for varying values of fS. No damping occurs in the absence of snow,
whereas damping is exponentially increased in the presence of snow. Higher damping
means the soil temperature is less affected by changes in air temperature than in
the case of lower damping.

Three simplifications are made in the derivation of the model. Soil water content is
assumed to be constant, heat flow at the bottom of the soil profile is assumed to be
zero, and the effect of snow density on thermal conductivity is neglected.
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2.2 Soil Temperature

Figure 2.3: Damping effects of the exponential factor, e−fSDS , as a function of snow
depth, DS, for different values of the empirical damping parameter, fS. Damping
is increased for larger values of fS and DS.
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In this chapter the methodology of this thesis is presented. First, the site under
study is briefly described. Secondly, the origin of data received from the Icelandic
Meteorological Office is reviewed, followed by a description of the methods used in
analyzing the data, including methods for detecting trends. Then the origin and
analysis of urban water flood data are presented, and finally a description of soil
temperature modelling is given. The programming language MATLAB was used for
all analysis and modelling.

3.1 Site Description

The site under study is the great capital area of Reykjavík, including the munici-
palities of Seltjarnanes, Kópavogur, Garðabær and Hafnarfjörður. The capital area
is located on a peninsula by Faxaflói bay in the southwest corner of Iceland, sur-
rounded by the Atlantic ocean. It covers 574 km2, with elevation ranging from see
level to over 100 m above see level. The population of the area consists of roughly
218.000 people, representing about two-thirds of the Icelandic population (Statistics
Iceland, 2019). The average population density is low with 500 people per km2, but
in the most densely populated areas the concentration goes as high as 7000 people
per km2. The density of the great capital area is shown in Figure 3.1, which is
obtained from Andradottir and Thorsteinsson (2019).

The Weather in Iceland
Iceland is located in the belt of prevailing westerly winds in the higher middle
latitudes of the Atlantic Ocean. Reykjavík enjoys a maritime climate which is char-
acterized by cool summers and mild winters, frequent changes in meteorological
conditions and relatively high precipitation. The climate in Iceland is also affected
by the Gulf Stream, which flows along the southeast coast of Iceland, bringing warm
currents from the Gulf of Mexico. The weather in Reykjavík can vary greatly from
day to day, changing from snow, sleet and rain to bright sunshine. Cyclones are fre-
quent in the vicinity of Iceland, especially during winter. They commonly approach
Iceland from southwest, bringing precipitation and strong wind. Cyclones are often
accompanied by rapid changes in weather, occurring a timescale of only a few hours.
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Therefore, the snow cover in southern part of Iceland is therefore quite variable, and
winter thaws with rain are frequent (Einarsson, 1984).

Figure 3.1: Population density [#/km2] in the great capital area of Reykjavík, figure
obtained from Andradottir and Thorsteinsson (2019)

3.2 Origins of Data

3.2.1 Meteorological and Soil Data

Snow data, weather data, soil temperature data and radiation data were received
from the Icelandic Meteorological Office (IMO). All data is measured at the IMO
headquarters in Bústaðavegur 7, Reykjavík (64◦07.648’, 21◦54.166’), an open grass-
land hill, 52 meters above sea level. Snow data covers 57 years, from the beginning
of 1961, throughout January 2019. It includes daily values on snow cover (partial
vs. full) and snow depth (if full), measured at 9 am. Weather data is divided into
two categories; 3 hour data from manned stations, covering the years from 1961
throughout 1998, including air temperature, wind speed and direction, relative hu-
midity, cloudiness and precipitation; and hourly data from automatic stations, from
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July 1996 throughout February 2018, including air temperature, wind speed and
direction, relative humidity and vapour pressure, as well as hourly data on precipi-
tation from April 1997 till March 2019. Radiation measurements are only available
for a 12 year period from 2007 to the beginning of 2019, and soil temperature data
is available for a 13 year period, from 2006 to the beginning of 2019.

Overview of all data, its time coverage and variables, is shown in Table 3.1.

Table 3.1: Overview of data variables including corresponding file names, the year
data was received, station number from where data was obtained, time range for
which data cover, and timestep, meaning the frequency of measured data points.

File name Year
re-
ceived

Station Start
time

Time-
step

End
time

Variable Description

snjor_rvk 2019 1 01/01/61 Daily 31/01/19 SND Snow depth [cm]
SNC Snow cover (0=no, 2=partial, 4=full)
SNCM Snow cover in mountains

gogn_1475 2018 1475 17/07/96 Hourly 28/02/18 T Mean air temperature [◦C]
TX Mean max. temperature [◦C]
TN Mean min. temperature [◦C]
VP Mean vapour pressure [hPa]
RH Mean relative humidity [%]
P Mean air pressure [hPa]
D Mean wind direction [◦]
F Mean wind speed [m/s]
FX Max. 10 min. mean windspeed [m/s]
FG Max. wind gust every hour [m/s]

gogn_1475_urkoma 2019 1475 01/04/97 Hourly 01/04/19 R Precipitation [mm/hour]
ath_001 2019 1 01/01/61 3 hours 01/01/98 T Air temperature [◦C]

RH Relative humidity [%]
D Wind direction [◦]
F Wind speed [m/s]
FX Max. 10 min. mean windspeed [m/s]
FG Max. wind gust [m/s]
N cloud cover in eighth parts
R Precipitation [mm/3 hours]
RTEG Precipitation type (0=sleet, 6= rain,

7=snow)
Geislun_rvk 2019 7476 02/08/07 Hourly 01/02/19 RADGL Total solar radiation [W/m2]

RADSWS Solar radiation reflected from earth
[W/m2]

RADLWI Longwave radiation from sky [W/m2]
RADLWS Longwave radiation from earth

[W/m2]
Jardvegshiti_rvk 2019 7475 01/01/06 Hourly 01/02/19 TUG Soil temperature at 10 cm depth [◦C]

TUG2 Soil temperature at 20 cm depth [◦C]
TUG3 Soil temperature at 50 cm depth [◦C]
TUG4 Soil temperature at 100 cm depth [◦C]
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3.2.2 Urban Flood Insurance Data

For analyzing extreme events, i.e. events that have generated flooding, assistance
was sought from insurance companies. Insurance companies in Iceland insure for
sudden thaw and torrential rain, where the amount of water suddenly becomes so
high that the drainage system is not able to mitigate it, resulting in housing damages.
Three of the largest insurance companies, by market share, were contacted and data
on claims due to sudden thaw and torrential rain was requested. The information
sought was triplicate;

• Date of water damage claim(s).

• Seriousness, i.e. number of water damage claims on that particular date.

• Spread of water damage claims, preferably the postal code of each claim.

All three companies contacted were willing to provide their assistance by sharing
their data. In Table 3.2, the three companies are named along with their market
share (estimate for the year 2019) and the time period for which data are available.
The combined market share of the three companies is 88%, a very satisfactory sample
on urban water floods in Reykjavík. The data covers a 20 year period, from 1998
to 2018. However, only from 2015 data is available from all companies. Data was
filtered for the greater Reykjavík area (postal codes; 101, 103, 104, 105, 107, 108,
109, 110, 111, 112, 113, 121, 128, 170, 200, 201, 203, 210, 220, 221), and divided into
summer and winter periods, with summer defined as the months from May through
September and winter the months from October through April.

Table 3.2: The insurance companies that data was obtained from, along with their
estimated marked share in June 2019, which combined equals 88% of the Icelandic
market. The numbers are based on the self claimed market share of each insurance
company.
Insurance company Self claimed market share Time period of data
Vátryggingafélag Íslands (VÍS) 35% 2015-2018
Sjóvá 28% 1998-2018
Tryggingamiðstöðin (TM) 25% 2000-2018
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3.3 Data Analyses

3.3.1 Maritime Winter Climate Analysis

We analysed snow depth data and snow cover data for Reykjavík and generated 24
hour time series of weather parameters. Analyses of the general characteristics of
the snow season in Reykjavík, snow cycles and extreme snowmelt, including trend
analyses, were conducted and some descriptive statistics obtained, including mean
values, standard deviations and extremal values. A snow season was defined as the
time period from the first day of snow in autumn until the last day of snow in
spring. The duration, number of snow days and snow depth of each snow season
was obtained.

A snow cycle was defined as a period of time (in days) with full, continuous snow
cover, i.e. measurable snow depth, starting on the day of snowfall and lasting until
all snow had melted. Statistics on the number of snow cycles per year, the duration
and snow depth of each cycle were obtained. A freeze-thaw cycle was also defined
as a period of time (in days) where the air temperature continuously stayed below
0◦C. Finally a soil freeze-thaw cycle was defined as a period of time (in days) where
the soil temperature continuously stayed below 0◦C. Similar statistics as for snow
cycles were obtained.

A snowmelt event was defined as a 24 hour negative change in snow depth. Statistics
on the number of snowmelt events per year and snow depth decrease were obtained.
Extreme snowmelt events were defined as the 5% of snowmelt events with the highest
decrease in snow depth over a 24 hour period.

3.3.2 Urban Flood Analysis

The urban flood data obtained from the insurance companies was analyzed with
regards to both temporal and spatial distribution. Next we looked whether any
flooding was registered for those dates where extreme snowmelt occurred. More-
over, extreme urban flood events were defined as dates where more than 5 claims
were made. In order to reduce the risk of potential biases, the claims filed for each
event had to be from more than one insurance company. Each event was further
analyzed in relation to other data, in order to identify the conditions promoting
flooding. In order to estimate the total accumulated water amount, the snow water
equivalent (SWE) for each event was calculated and added it to the rainfall amount.
We assumed a snow density of 125 kg/m3 for a new, one day old snow, a 175 kg/m3

for a week old, undisturbed snow and 250 kg/m3 for a 2 weeks old, undisturbed
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snow (Andradottir, H. O., unpublished manuscript). Preceding weather and soil
related factors, such as the air and soil temperature, precipitation, wind, and snow
depth, were also considered. Finally, the contribution of the various heat exchange
processes to snowmelt was estimated using the simplified equations, by Assaf (2007),
presented in Chapter 2.2. However, as data is available for incoming and outgoing
longwave and shortwave radiation, they were used instead of the equations. unfor-
tunately, there seems to be a fault in the longwave radiation data after 2015. Thus
the contribution of longwave radiation is not included in the radiation balance for
extreme urban flood events occurring after that time.

The flood events we defined were compared and contrasted to the design flood cases
defined by Elíasson (2013) and the influencing factors considered by insurance com-
panies, according to Einar Sveinbjörnsson, which were presented in the Introduction.
The most critical flooding indicators for winter climate in the cases defined by Elías-
son (2013) and Einar Sveinbjörnsson are intense rainfall, snowmelt, frozen soil or
dense snow/ice on the ground.

3.3.3 Trend Analysis of Extreme Winter Weather

Trend analysis was carried out in order to check for indications of a changing cli-
mate, e.g. warming winters or more extremes in weather. The testing of a trend
in meteorological data can be of great importance, both for detecting possible links
between hydrological processes and environmental changes and for the purpose of
modelling. For each winter, indicators for snow, frost and flooding are analyzed.
The snow indicators are: maximum snow depth; number of days with extreme snow
height; maximum snow depth decrease; and the length of snow season. Frost indica-
tors are: number of frost days; minimum air temperature; and maximum soil frost.
Flood indicators are: maximum daily precipitation; maximum daily precipitation
on snow; and maximum 7 day precipitation. Analysis is carried out for the whole
period, 1961-2018, as well as for the sub-periods: 1960-1980; 1981-1995; 1996-2018.
The sub-periods were chosen because temperature time-series for Iceland have shown
strong trends for two of these periods, 1960-1980 and 1996-2018 (Jóhannesson et al.,
2007; Bjornsson et al., 2005).

For detecting trends in hydro-meteorological time series we apply the Mann-Kendall
Test (Mann, 1945; Kendall, 1975) and the Theil-Sen’s slope. Those are the most
general and utilized methods for trend detection in such time series. The meth-
ods are non-parametric, meaning the data does not need to follow any particular
distribution, but the data points need to be statistically independent. Addition-
ally, non-parametric trend detection methods are not sensitive to outliers, and can
test for a trend in a time series without specifying whether the trend is linear or
nonlinear.
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Mann-Kendall Test

The Mann-Kendall test is a rank-based test which checks for a trend in a time
series data. The null hypothesis of the test, the absence of a trend, is rejected at α
significant level if p < α, where p is the probability value.

Based on Gilbert (1987, pages 208-212) the Mann-Kendall test statistic Z is com-
puted as follows,

Z =
S− 1[

VAR(S)
]1/2 if S > 0,

= 0 if S = 0,

=
S + 1[

VAR(S)
]1/2 if S < 0,

(3.1)

where S describes the number of positive differences minus the number of negative
differences

S =
n−1∑
k=1

n∑
j=k+1

sgn(xj − xk). (3.2)

Here n is the number of data points and sgn(xj − xk) is the signum function, which
indicates the sign of all possible differences xj − xk, where j > k,

sgn(xj − xk) = 1 if xj − xk > 0,

= 0 if xj − xk = 0,

= −1 if xj − xk < 0.

(3.3)

The variance of S, VAR(S), is then found with the following equation

VAR(S) =
1
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[
n(n− 1)(2n+ 5) −

q∑
p=1

tp(tp − 1)(2tp + 5)

]
, (3.4)

which takes into account the possible occurrence of ties, with g being the number
of tied groups and tp the number of data points in the pth group.

The Mann-Kendell test only determines whether a trend exists or whether there is
a change in distribution, but not give the magnitude of the trend.

Theil-Sen slope

The Theil-Sen slope is a method for quantifying the trend by robustly fitting a line
to a set of data points. The Theil-Sen slope is significant when the null hypothesis
of the absence of a trend is rejected by the Mann-Kendell test.
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The Theil-Sen slope method, first laid out by Theil (1950), and later expanded by
Sen (1968), is computed by taking the median of the slopes of all lines through the
data points,

β = median
(
yj − yk
j − k

)
for j > k. (3.5)

The slope can then be plotted with the line y = βx + q, with the intercept, q,
estimated by

q = median(yi − βxi). (3.6)

3.4 Modelling Soil Temperature

Modelling of soil temperature is a topic of interest, as soil temperature data for
Reykjavík is only available from the year 2006 onwards. With longer data series,
soil temperatures can be used for both flood event analysis and more comprehensive
trend analysis.

The simple model presented by Rankinen et. al. (2004) and described in Section
2.2.1 was tested. The model predicts soil temperature using air temperature, and
taking into account snow-cover and seasonal soil frost. The model uses four param-
eters, soil thermal conductivity, KT , specific heat capacity of soil, CS, specific heat
capacity due to freezing and thawing, CICE, and an empirical snow parameter, fS.
The parameters were calibrated to observed soil temperatures at four depths, 10 cm,
20 cm, 50 cm and 100 cm. The calibration period was chosen as a five year period
from the beginning of 2006 until the end of 2010. To calibrate the model, we first
ran it for a range of values of thermal diffusivities, (KT/CS), for the case when the
ground was not frozen, i.e. by setting CICE = 0. We compared the resulting soil
temperatures to measured data, and identified the value of the thermal diffusivity
with the lowest root mean square error (R2). Next, KT was obtained by assuming
typical values for CS, as suggested by Rankinen et al. (2004). During soil freezing,
CICE is added, thereby increasing the amount of energy required for heating the
soil. The calibration for CICE was performed in a similar way to that of the thermal
diffusivity, but using the newly calibrated values of KT and CS. Finally, in the case
of measurable snow depth, e−fSDS was introduced as a damping factor, with the
damping effects depending on snow depth as well as the empirical parameter fS,
as previously mentioned. Calibration for fS was done using the already calibrated
values of KT , CS and setting CICE to zero. We compared the calibrated parameter
values to typical values set out by Rankinen et al. (2004). Finally, we validated the
model for the years 2011 through 2017.
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In the following chapter we present the results of our analyses and discuss their
importance. First the maritime winter climate and soil frost characteristics are
analysed, followed by snowmelt and urban water flood analysis, than trend analysis
of extreme winter weather, and finally soil temperature modelling.

4.1 Maritime Winter Climate and Soil Frost
Characteristics

The following variables are all presented in Table 4.1 at the end of this section.

Duration of The Snow Season
The snow season is defined as the time period from the first day of snow in autumn
until the last day of snow in spring. On average the duration of the snow season
in Reykjavík is 159 ± 26 days, starting in the middle of November (November 14th

± 18 days) and lasting till the end of April (April 22nd ± 18 days). The shortest
snow season on record was in the winter 1963-1964, and it lasted only 63 days. The
longest snow season was in the winter 2013-2014, and lasted 214 days.

Snow Cover
Data for snow cover in Reykjavík is classified into partial and full snow cover, where
full snow cover means that the snow depth can be measured. On average, days with
full snow cover were 55 ± 24 per winter, with maximum of 106 days in the winter
1982-1983 and a minimum of 10 days in the winter 1975-1976. Days with partial
snow cover were on average 37 ± 19 per winter.

Snow Depth
For days with full snow cover the measured snow depth was on average 8.5 ± 7 cm.
The maximum snow depth in the time period from 1961-2018 is 51 cm, measured
on the 26th of February 2017. Extreme snow depth, defined as the 5% of days with
the highest snow depth, was estimated to lie above 22-23 cm. However, for 33 out
of the 57 snow seasons, this snow depth was not reached. In total, there were 212
days where snow depth has been above 20 cm, meaning 3-4 days per winter. From
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this we conclude that extreme snow depth is not common in Reykjavík. High snow
load was defined as the 20% of days with the highest snow depth, estimated to lie
above 12-13 cm.

These results are shown graphically in Figure 4.1.

Figure 4.1: The blue bars show the length of the snow season in days, the yellow
bars show the number of snow days per snow season, and the black marks show
the maximum snow depth for each snow season. The mean values are given with
lines in the corresponding color.
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4.1 Maritime Winter Climate and Soil Frost Characteristics

Soil Freezing
We first look at the number of days per year with soil frost at a 10 cm depth keeping
in mind that the soil frost data spans a shorter period than the snow data. For the
whole period, from 2006-2018, there are in total 461 days where the soil is frozen at
a 10 cm depth. The winter of 17/18 was the one with the highest number of days
were the ground was frozen, in total 118 days. In the winters of 08/09, 12/13 and
13/14 the soil in Reykjavík did not freeze at all. The maximum daily average soil
frost at a 10 cm depth was -3.8◦C in 2017. Figure 4.2 shows the number of days per
winter where the ground was frozen at a 10 cm depth, as well as the maximum soil
frost at that depth each year.

Figure 4.2: The bars show the number of days per winter for the period 2006-2018
where the soil was frozen at a depth of 10 cm. The marks denote the maximum
soil frost each year.

Snow Cycles
A distinctive characteristic of the snow season in Reykjavík is the frequency of snow
cycles and freeze-thaw cycles. A snow cycle is defined as a time period (in days)
with full, continuous snow cover, i.e. measurable snow depth, with the cycle starting
on the day of snowfall and lasting until all snow has melted away. For the 57 snow
seasons on record, 839 snow cycles were identified. That gives on average 14-15
snow cycles per winter and 2-3 snow cycles per month, assuming the duration of
the snow season to be around 5-6 months. The average duration of a snow cycle is
4 days, with the average snow depth during each snow cycle ranging from 1 cm to
31 cm, being on average 5-6 cm. The maximum snow depth during a snow cycle is
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on average 7 cm. The maximum snow depth exceeded 20 cm for 49 out of the 851
snow cycles. These statistics are graphically presented in Figure 4.3, subfigures a)
and b).

Freeze-Thaw Cycles
A freeze-thaw cycle is defined as a period of time (in days) where the air temperature
continuously stays below 0◦C. For the 57 years on record, 1106 freeze-thaw cycles
were identified. That gives on average 20 freeze-thaw cycles per winter and 3-4 per
month, again assuming the snow season to last around 5-6 months. The average
duration of a freeze-thaw cycle is 3-4 days. The average temperature during each
freeze-thaw cycle ranges from -9.3◦C to almost 0◦C, with an average of -2.2◦C. The
lowest air temperature recorded during a freeze-thaw cycle is on average -3.5◦C.
These statistics are graphically presented in Figure 4.3, subfigures c) and d).

Soil Freeze-Thaw Cycles
We identify 29 soil freeze-thaw cycles for the 13 years on record. The duration of
each cycle ranges from a one day to 81 days, with the average cycle lasting about
14 days. Compared to freeze-thaw cycles of air temperature, which last on average
3-4 days, the duration of the soil freeze-thaw cycle is much longer. The average soil
temperature during a cycle is -0.3◦C.
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Table 4.1: Summary of the mean, standard deviation (std.), maximum (max.) and min-
imum (min.) values of the Reykjavík Snow Seasons and the Snow Cycles from the fall
of 1961 to the fall of 2018 (57 snow seasons), the Freeze-Thaw Cycles from the fall of
1961 to the fall of 2017 (56 snow seasons) and the Soil Freeze-Thaw Cycles from the
fall of 2006 to the fall of 2018 (12 snow seasons).

Mean Std. Max. Min.
Snow Season Statistics
Start day 15. Nov 18 days 27. Dec 3. Oct
End day 23. Apr 18 days 24. May 23. Jan
Duration of the snow season [days] 159 26 214 63
Partial snow cover days* 37 20 89 14
Full snow cover days 56 24 106 10
Snow depth [cm] 8.5 7 51 1
Snow Cycle Statistics
Nr. of snow cycles per snow season 14.5 4.6 26 5
Duration of a cycle [days] 3.8 4.8 49 1
Avg. snow depth during a cycle [cm] 5.5 4.8 31.4 1
Highest snow depth during a cycle [cm] 7.3 7.2 51 1
Freeze-Thaw Cycle Statistics
Nr. of freeze-thaw cycles per snow season 19.2 4.1 27 11
Duration of a cycle [days] 3.6 3.3 21 1
Avg. air temperature during a cycle [◦C] -2.2 1.6 -9.3 -0.1
Lowest air temperature during a cycle [◦C] -3.5 2.9 -14.9 -0.1
Soil Freeze-Thaw Cycle Statistics
Nr. of soil freeze-thaw cycles per snow season 2.4 2.3 6 0
Duration of a cycle [days] 13.9 21.4 81 1
Avg. soil temperature during a cycle [◦C] -0.3 0.4 -1.8 -0.002
Lowest soil temperature during a cycle [◦C] -0.7 0.9 -3.8 -0.002

*Partial snow cover days refers to days with snow on the ground but not enough for snow depth to
be measurable. These days are defined with values between 1-3 in the data, depending on coverage.
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Figure 4.3: a) The distribution of the average snow depth (cm) during a snow cycle.
b) The distribution of the maximum snow depth (cm) during a snow cycle. c) The
distribution of the average temperature (◦C) during a freeze-thaw cycle. d) The
distribution of the maximum frost (◦C) during a freeze-thaw cycle.
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4.2 Snowmelt

4.2 Snowmelt

A snowmelt event is defined as a negative 24 hour change in snow depth, meaning a
decrease in snow depth. It should be kept in mind that since snow depth is measured
at 9 am, changes in snow depth occurs between 9 am to 9 am the following day. For
the period 1961-2019, 1691 snowmelt events were identified. As 851 snow cycles were
found for the same period this suggests that for each snow cycle the melt happens
over multiple days (on average 2 days). We can therefore assume that once the snow
starts to melt it usually does not melt away all at once but instead becomes more
compact. The maximum snow depth decrease per 24 hours, indicating an absolute
extreme, was found to be 28 cm, occurring in the winter 2015-2016.

Extreme snowmelt events are defined as the 5% of snowmelt events with the highest
decrease in snow depth over a 24 hour period. Out of the 1691 snowmelt events
identified, 5% represent about 84 events. As snowdepth is recorded in an integer
number of centimeters, extreme snowmelt was defined as a 24 hour decrease in
snowdepth equal to or exceeding 14 cm. This criteria leaves us with 79 events. The
majority of the extreme events identified occurred in the months from December
through March, or 90%, but the number of events per month is shown in Figure 4.4.
In 15 out of the 57 snow seasons on record, extreme snowmelt of 14 cm or more did
not occur, meaning no extreme snowmelt events were identified.

Figure 4.4: The bars show the number of extreme snowmelt events (dh/dt ≤ −14
cm) per month, for all years on record (1961-2018) and the line shows the average
incoming solar radiation in W/m2 for the same months, estimated from available
data (2007-2019).
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Interestingly, we see that about 70% of the extreme snowmelt events occurred in
the months from November through February, but in these months the suns angle
of incidence is larger than 75◦, meaning that the effects of solar radiation are almost
negligible. This can be seen in Figure 4.4 where the average monthly incoming
solar radiation is denoted with a line. Thus, snowmelt cannot be explained by solar
radiation meaning that other factors must be causing melt.

However, rain on snow occurred for 61 out of the 79 extreme snowmelt events iden-
tified (about 70%), meaning that accumulated daily precipitation was nonzero and
the average daily temperature was above 0◦C. On average, these events had a precip-
itation of 5.7 mm/day, a temperature of 3.6◦C and a wind speed of 9.5 m/s. Figure
4.5 shows the relationship between the precipitation, temperature and wind speed
for the 61 snowmelt events where rain on snow occurred. We notice an absence of
data points in the lower right half of the graph. This is explained by the fact that
warmer air can hold more moisture than colder air, and thus more extreme precip-
itation can occur for warmer air temperatures (Ambaum, 2010). The three events
with more than 15 mm of precipitation per day all have an average daily wind speed
over 10 m/s.

Figure 4.5: Precipitation [mm/day], average temperature [◦C] and average wind
speed [m/s] for the 61 rain on snow events with snow depth decrease equal to or
exceeding 14 cm. The color of the dots indicates the average wind speed, the darker
the color, the higher the average wind speed.
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4.2 Snowmelt

Taking a closer look at the extreme snowmelt events where rain on snow did not
occur, they either take place in early/late winter, where the melt may be explained
by solar radiation, or they are characterized by extremely high winds. Interestingly,
the events with extreme winds also have freezing temperatures. Thus, keeping in
mind that the snow depth is recorded on the top of an exposed hill, the measured
decrease in snow depth might be a result of the wind blowing the snow away.

The aforementioned results suggest that extreme snowmelt is in most cases caused
by rain. However, the approach we used for defining extreme event does not indi-
cate whether the event caused flooding. To better define extreme events as flood
generating events, the help of insurance companies was sought and data for water
damage claims due to sudden thaw and torrential rain was obtained. We take a
closer look at this data in the following section.
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4.3 Urban Water Floods

Insurance claims due to sudden thaw and torrential rain were obtained from the
three biggest insurance companies in Iceland. Overall, 381 such claims are made
over the whole period, from 1998-2018, though we should note that not all three
companies provide data for the whole period. Figure 4.6 a) shows the number of
claims per year, with the claims from each company shown in different color. The
number of claims filed in 2018 far exceeds the number of claims made in other years.
In some years hardly any claims are filed. No significant trend is observed in the
number of claims over this period. Figure 4.6 b) shows the total number of claims
per month. The majority of claims is made in the period from December through
March, with the highest number of claims made in February, for all three insurance
companies. For the winter months only, from October through April, 316 claims are
made over the whole period, 1998-2018. that corresponds to 80% of the total claims
made.

Figure 4.6: a) Number of claims per year from 1998 through 2018 in the Reykjavík
capital area. b) Total number of claims per month for the whole period (1998-
2018).
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Taking a look at the spatial extent of claims, Figure 4.7 shows the number of flood
claims, plotted against the number of different postal codes where flooding occurred.
This includes both winter and summer flood events. Unsurprisingly, the spatial ex-
tent of claims made is proportional to the total number of claims. Comparing winter
and summer events, we see that the spatial extent is slightly lower for summer events
than for winter events. This might be because intense, short duration events are
more common during summer than during winter, and those events tend to be lo-
calized. Data shows that these summer events are characterized by temperatures of
10-15◦C, strong winds and intense rainfall. Interestingly, for one of these summer
events, hardly any rainfall was recorded at the measurement place of the Icelandic
meteorological office. However, the claims for this events were all filed in the postal
codes 109 and 110 which are located in the eastern part of Reykjavík. The rainfall
was highly localized on this day, which explains the absence of measured precipita-
tion at the measurement place of the Icelandic meteorological office.

Figure 4.7: The number of urban water claims and the spatial extent of claims for
summer and winter flood events in the years 1998-2018
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4.3.1 Extreme Urban Water Flood Events

Of the 79 extreme snowmelt events defined in Chapter 4.2, 26 take place in the
period from 1998-2018, during which data on urban water floods are available. For
9 of those events, claims were filed, either on the same day as snowmelt occurred or
the day after. In most cases only one or two claims were filed. However, for three
events more than two claims were filed. Those were, the 8th of February 2008, with
17 filed claims, the 13th of March 2015, with 14 filed claims (12 of which were filed
the day after), and the 18th of February 2018, with 4 filed claims (two of which were
filed the day after). This distribution of claims is shown in Figure 4.8. Since only a
few of the 26 extreme snowmelt events resulted in major flooding, we conclude that
extreme snowmelt alone is not the major cause of urban flooding. Therefore, other
factors must be involved as well.

Figure 4.8: The number of claims filed for the 26 extreme snowmelt events taking
place in the period 1998-2018. Majority of the events had no filed claims, five
events had 1 filed claim and two events had 2 filed claims. Three event had more
than 2 filed claims and they are depicted in red, along with their dates and number
of claims filed.
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4.3 Urban Water Floods

Table 4.2: Meteorological flood indicators during days when an elevated number of
water claims were filed to insurance companies.

Date Nr. of
claims

Insurance
company

Decrease in
snow depth

[cm]

P
[mm/day]

Imax
[mm/hr]

Hourly
Wmax
[m/s]

Tsoil
(10 cm)
[◦C]

Snow age
[days]

Accum. water
amount
[mm]

Net daily
energy
[MJ/m2]

30. Dec 2007 33 Sjóvá, TM 11 55.4 10.7 18.6 0.47 7 74.7 11.23

8. Feb 2008 17 Sjóvá, TM 17 20.6 6.7 23.4 -0.28 1 41.9 7.78

11. Feb 2011 6 Sjóvá, TM 6 25.5 6.1 14.4 0.03 8 36.0 8.68

8. Jan 2012 6 Sjóvá, TM 11 14.7 3.6 14.7 0.64 14 42.2 3.74

14. Mar 2015 12 All 14 13.5 2.5 23.3 -0.26 6 38.0 17.78

5. Nov 2017 9 TM, VÍS 0 28.8 8.2 17.9 3.30 - 28.8 3.67

2. Feb 2018 6 Sjóvá, VÍS 5 12.3 2.6 15.7 -1.44 5 21.0 6.91

21. Feb 2018 41 All 3 20.9 6.3 16.0 -0.90 1 24.7 5.11

23. Feb 2018* 59 All 0 28.2 4.7 17.1 -1.00 - 28.2 9.97

The table shows: the number of claims for each event; the insurance companies with filed
claims; the 48 hour decrease in snow depth from 9 am the day before till 9 am the morning
after; the daily precipitation (P); the maximum hourly precipitation (Imax); the maximum
hourly wind speed (Wmax); the soil temperature at a 10 cm depth, recorded at 9 am on the
day of event; the age of snow in days; the accumulated water amount, estimated by adding
together the daily precipitation and the snow water equivalent (SWE), assuming a snow density
of 125 kg/m3 for new snow and 250 kg/m3 for old, undisturbed snow, and the net daily flux
of energy available for melt, which is based on the equations provided by Assaf (2007) and
presented in Chapter 2.1.
*Claims filed for the 24th of February have been combined with the 23rd, as the claims can be
attributed to extreme weather occurring mainly on the 23rd of February.

In order to determine which other factors affect the generation of urban water floods
during winter, we defined extreme urban water flood events as days with more than
5 claims were filed. For reducing the risk of potential biases, the filed claims for each
event had to be from more than one insurance company. In total, 9 extreme urban
water flood events were identified. The dates of the 9 events are listed in Table 4.2,
along with the number of filed claims for each event, the names of the insurance
companies with filed claims, the 48 hour decrease in snow depth from 9 am the day
before till 9 am the morning after, the daily and the maximum hourly precipitation,
the soil temperature at a 10 cm depth, recorded at 9 am, the age of the snow in
days, the accumulated water amount, and the net daily flux of energy available for
melt, which is based on the equations provided by Assaf (2007) and presented in
Chapter 2.1. The accumulated water amount is estimated by adding together the
daily precipitation occurring on the day of the event and the snow water equivalent
(SWE) contained in the snowpack. We assume a snow density of 125 kg/m3 for new,
one day old snow, 175 kg/m3 for a week old, undisturbed snow and 250 kg/m3 for
a 2 weeks old, undisturbed snow (Andradottir, O. H., unpublished manuscript).

Interestingly, none of the extreme urban water flood events occurs before the year
2007. As a comparison, 9 out of the 26 extreme snowmelt events occurred before
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2007. This might be due to changing weather patterns, lack of flood data, or other
reasons unbeknownst to us. As can be seen in Table 4.2, late of February 2018 had
particularly many claims, which explains both the far-exceeding number of claims
in the year 2018 compared to other years, shown in Figure 4.6 a), and the relatively
high number of claims in February compared to other months, as seen in Figure 4.6
b). The 30th of December 2007 also had a high number of claims, but on that day
the highest daily precipitation since 1961 was recorded in Reykjavík, a total of 55,4
mm. These extreme flood events are characterized by a high amount of precipitation,
usually combined with either a decrease in snow depth, frozen soil, or both. Only
one event stands out, the 5th of November 2017, where only high amount of rain
and wind is involved, and no snowmelt or frost in the ground. Figure 4.9 provides
a framework for categorizing the 9 extreme urban flood events based on: surface
conditions, i.e. bare ground where snow cover is zero, or snow covered ground; soil
condition. i.e. frozen soil; snow density; and rainfall intensity.

Urban flood cause

Bare ground

High intensity
rainfall

Rain on
frozen ground

Snow on ground

Little, or no
rainRain on snow

5. Nov 2017

8. Feb 2008

High intensity
rainfall

Rain on light
snow

Rain on
dense

snow/ice

30. Dec 2007
8. Jan 2012

21. Feb 2018
23. Feb 2018

11. Feb 2011
14. Mar 2015
2. Feb 2018

Figure 4.9: Framework for categorizing extreme urban water flood events based on:
surface conditions, i.e. bare ground where snow cover is zero, or snow covered
ground; soil condition. i.e. frozen soil; snow density; and rainfall intensity

In what follows, the 9 extreme urban flood events are analyzed in more detail. For
each event the snow depth, precipitation, wind speed, air and soil temperature,
as well as the main energy exchange processes affecting snowmelt, are plotted for
a number of consecutive days leading to the event. The exact date of an event
is highlighted in yellow. We start by analyzing the events that proved easiest to
categorize, and gradually proceed towards the more difficult ones.
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4.3 Urban Water Floods

Flooding Scenario: High Intensity Rainfall

Figure 4.10: The extreme flood event of November 5th 2017, marked in yellow

Figure 4.11: The extreme flood event of December 30th 2007, marked in yellow
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Figures 4.10 and 4.11 show the two events with the highest daily and hourly rainfall
intensities. Figure 4.10 represents the only extreme flood event occurring in early
winter. No snow was involved, only high intensity rainfall, with a maximum intensity
of 8.2 mm/hr, accompanied by strong winds. This event is the only one which can
solely be classified as an intense, short duration rainfall on non-frozen ground. Figure
4.11 represent the event with the highest daily precipitation measured, a total of
55.4 mm. The maximum hourly rainfall intensity was 10.7 mm, which according
to Figure 1.1 corresponds to an event with a 10 year return period. The intense
rainfall was accompanied by high wind, warm temperature and net positive influx
of energy. On the day of the event, 11 cm of slightly compacted snow melted, further
augmenting runoff.

Flooding Scenario: Rain on Light Snow

In Figure 4.12, 17 cm of new and light snow melted on the day of event as a result
of high rainfall, warm temperature and high wind. This was accompanied by a net
positive influx of energy, owing mostly to latent heat fluxes. In addition, the first
10 cm of the soil were frozen, which likely prevented the infiltration of meltwater.

Figure 4.12: The extreme flood event of February 8th 2008, marked in yellow.
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Flooding Scenario: Rain on Bare Frozen Ground

Figures 4.13 - 4.15 depict the three extreme urban flood events involving rain on
frozen ground. In all cases, snow melted the day before. During the event shown
in Figure 4.13, the soil temperature at 10 cm depth was around 0◦C, but the data
shows that the soil was frozen at 20 cm depth. The day before, 6 cm of compacted
snow melted, and on the day of the event a rainfall of 25.5 mm occurred. On the
day of the event shown in Figure 4.14, only a moderate amount of rainfall, 13.5 mm,
occurred. However, 14 cm of a week old snow melted the day before as a result
of rain and rising temperature. Interestingly, the soil froze at the same time. For
the event shown in Figure 4.15 about 5 cm of snow melted the previous day due to
rising temperatures and moderate rainfall. On the day of event, a rainfall of 12.3
mm occurred, with the soil frozen to a depth of 50 cm. For these three events, the
frozen ground likely prevented infiltration of rain and meltwater, thus leading to
flooding.

Figure 4.13: The extreme flood event of February 11th 2011, marked in yellow.
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Figure 4.14: The extreme flood event of March 14th 2015, marked in yellow.

Figure 4.15: The extreme flood event of February 2nd 2018, marked in yellow.
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Flooding Scenario: Rain on Dense Snow or Ice

Three events were identified as rain on dense snow or ice. These are the events
shown in Figures 4.16 and 4.17. For the event in Figure 4.16 a moderate rain of
14.7 mm fell on a 2 weeks old snow. The snow had been slightly compacted over the
preceding week. Two days prior to the flood event it started raining on the snow,
making it denser and likely saturated with water. Hardly any snow melted on the
day of the event, as the net available energy was low. The rainfall occurring on the
day of the event was likely not able to penetrate the dense and saturated snow, with
consequent flooding. Figure 4.17 shows the two events occurring in late February
2018. In total, 100 claims were filed for these events. A few days before the events,
15 cm of snow melted. This snowmelt formed ice, which then clogged the drainage
inlets of the streets. On the days of the events, high amount of rainfall occurred
with the soil frozen to a depth of 50 cm during the whole period. This soil frost,
as well as the ice, prevented water drainage and the infiltration of storm water into
the ground, resulting in extreme flooding.

Figure 4.16: The extreme flood event of January 8th 2012, marked in yellow.
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Figure 4.17: The extreme flood events of the 21st, 23rd, and 24th of February 2018,
marked in yellow
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4.4 Trends in Extreme Winter Weather

Trend analysis was carried out in order to check for indications of extreme winter
weather becoming more common. Analysis was done for the whole period, 1961-
2018, as well as for the sub-periods; 1961-1980, 1981-1995, 1996-2018. The sub-
periods were specially tested because temperature time-series for Iceland have shown
strong trends for two of these periods, 1961-1980 and 1996-2018 (Jóhannesson et al.,
2007; Bjornsson et al., 2005). For each winter, indicators for snow, frost and flooding
were analyzed. All the variables tested are presented in Table 4.3. A Mann-Keldall
test was used to check directly for a trend, and a Theil-Sen estimator was used for
quantifying the trend by estimating the slope of the trend line. The Mann-Keldall
test is significant on a 95% level (α = 0.05), i.e. when its 1-p value is below 0.05.
The resulting 1-p values from the Mann-Keldall test and the Theil-Sen slopes are
shown in Table 4.3.

Table 4.3: The table gives the 1-p values from the Mann-Kendell tests for al-
pha=0.05, meaning that on a 5% level the hypothesis of no trend is rejected, and
the corresponding Theil-Sen slope. Bold text indicates the presence of a significant
trend.

Variable 1961-2018 1961-1980 1981-1994 1995-2017/18
M-K (1p) T-S slope M-K (1p) T-S slope M-K (1p) T-S slope M-K (1p) T-S slope

Max. snow depth
per snow season 0.198 0.102 0.086 0.667 0.661 -0.125 0.333 0.257

Nr. of extreme snow
height per snow season 0.097 0.087 0.086 0.500 0.477 0.440 0.321 0.160

Max. snow depth
decrease per snow season 0.065 -0.091 0.064 0.429 0.913 0 0.472 0.122

Length of snow season
per winter 0.520 -0.130 0.753 0.750 0.250 -1.714 0.096 1.110

Nr. of snow cycles
per snow season 0.663 0 0.345 0.167 0.125 0.500 0.199 -0.212

Nr. of frost days
per snow season 0.001 -0.500 0.649 0.500 0.043 -1.667 0.006 -1.632

Min. air temperature
per winter 3.43×10-6 0.078 0.576 0.043 0.381 0.106 0.013 0.110

Nr. of freeze-thaw
cycles per winter 0.080 -0.062 0.220 0.167 0.171 -0.400 0.044 -0.286

Max. daily precipitation
per winter 0.228 0.069 0.624 0.188 0.1 0.700 0.637 0.102

Max. daily precipitation
on snow per snow season 0.184 0.070 0.401 0.206 0.743 0.267 0.921 0.025

Max. 7 day precipitation
per winter 0.166 0.152 0.726 -0.050 0.352 0.750 0.126 0.650

Max. soil frost per
snow season * NA NA NA NA NA NA 0.064 -0.205

*for the time period from 2006-2018.

For three of the indicators tested, a significant trend is observed on a 95% level when
considering either the whole period or any of the three sub-periods. These indicators
are: number of frost days per winter; minimum air temperature per winter; and
number of freeze-thaw cycles per winter. When the whole period from 1961-2018 is
considered, the slope indicates a decrease of 0.5 frost days per winter. If the period
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is divided into sub-periods; 1961-1980, 1981-1995 and 1996-2018, only a significant
trend is observed for the latter two periods, with a steeper decrease of 1.6 frost
days per winter for both. When considering the whole period, from 1961-2018, the
1p-value for minimum air temperature is 3.43×10−6, suggesting a very strong trend.
The corresponding slope indicates an increase in minimum air temperature of about
0.08◦C per winter, meaning that it does not get as cold as before and that winters
are getting warmer. For the number of freeze-thaw cycles per winter, a significant
trend can only be observed for the period from 1995-2017/18. For this period, the
number of freeze-thaw cycles per winter decreased.

Figure 4.18 shows the number of frost days for each winter in the top panel, the
lowest air temperature in the middle panel, and the number of freeze-thaw cycles
in the bottom panel. The Theil-Sen slope is plotted for the three aforementioned
sub-periods. Additionally, a dotted line, plotted for the top two panels, indicates
a significant trend, found for the whole period. For the period 1961-1980, we find
an increase in the number of frost days, but a definite decrease for the latter two
periods. As a result, there is a significant declining trend for the whole period.
For the lowest air temperature per winter, the Theil-Sen slope clearly shows the
increase in minimum air temperature, for all periods. For the number of freeze thaw
cycles, we observe an increase in the number of cycles for the period 1961-1980, but
a decrease for the latter two periods, with only a significant trend for the period
1995-2017/18.
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Figure 4.18: Number of frost days per winter (top panel), minimum air temperature
per winter (middle panel), and number of freeze-thaw cycles per winter (bottom
panel), with the Theil-Sen slope for three time periods; 1960-1980, 1981-1995,
1995-2017. Red indicates a period with a significant trend, blue indicates a period
where a significant trend could not be observed, and a dotted line indicates a
significant trend for the whole period from 61/62 to 16/17.
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4.5 Soil Temperature

Based on the analysis of the extreme flood events, it is clear that soil temperature,
or more specifically soil frost, is a factor of concern. For 6 out of the 9 extreme
water flood events identified, one or more of the soil layers were frozen. The highest
number of claims was filed on the days were the frost reached a depth of 50 cm. For
the data available, only one other time did the frost reached that depth, in March
2016.

As previously stated, soil freezing is dependent on a number of different factors.
Although the weather has a dominant effect, local factors such as soil moisture and
snow cover are also important. To better understand the weather patterns observed
prior to soil freezing, we plot the aggregate median air temperature, precipitation
and snow depth, for the two week period preceding soil freezing. The results are
shown in Figure 4.19. Looking first at the air temperature, the aggregated median
air temperature two weeks prior to soil frost is between -1◦C to 2◦C. The median
air temperature is above zero until about 4 days before soil freezing, indicating
that prolonged below zero temperatures are not a precondition for soil freezing.
Looking next at the precipitation prior to soil freezing, we seen that the median
precipitation observed is between 0-2 mm/hr, decreasing slightly as it approaches
soil freezing. Finally, the median snow depth prior to soil freezing, is zero the whole
time. However, the upper limit of the 80% interval, which represents the range at
which 80% of the values fall, gradually decreases in the weeks before soil freezing.
We see that for 20% of the soil frost events, a 10 cm snow depth or more is present
at the day of event. This comes as a surprise as snow works as an insulator between
the air and the soil.

Data for soil temperatures in Reykjavík is only available for the period 2006-2019,
while other weather data extends way further back. Due to this lack of soil temper-
ature data, modelling of soil temperature was of great interest to us. With a longer
data series, more information on the interaction between freezing of the soil, snow,
and flooding, along with other weather conditions is provided. Also, a longer data
series is of great use for trend analysis.
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Figure 4.19: Daily median values for air temperature [◦C], precipitation [mm/day]
and snow depth [cm] for a two week period prior to soil freezing (marked in yellow).
Colored areas represent the intervals within which 80% of the values fall.

4.5.1 A Simple Model for predicting Soil Temperature in
Snow-Covered and Seasonally Frozen Soil

In Section 2.2.1 we introduced a simple model presented by Rankinen et al. (2004).
We tested and calibrated the model using observed soil temperatures for the four year
period from the beginning of 2006 until the end of 2010. The calibration was done
manually by choosing the value giving the lowest root mean square error (RMSE)
when compared with measured data. Calibration was done for KT/CS where KT ,
the soil thermal conductivity, was optimized by assuming that CS, the specific heat
capacity of soil, was constant for all depths. For CS we used a value suggested
by Rankinen et al. (2004), 1.3×106. Calibrated parameters are shown in Table 4.4
along with the corresponding RMSE and expected parameter ranges, as suggested
by Rankinen et al. (2004). The sensitivity of the model to KT on non-frozen ground,
with CS=1.3×106, CICE=0 and fS=0, at various depths, is shown in Figure 4.20. In
Table 4.4, we see that the calibrated values do not fall within the expected ranges
for all soil depths. This may be due to weather and/or soil conditions being different

47



4 Results

in Iceland compared to the conditions where these value ranges were obtained. Also,
the soil thermal conductivity, KT , is increased with depth, indicating that the soil
water content increases with depth as well. It should be noted that the value for
CICE at a 100 cm depth could not be obtained as soil freezing never occurred at
that depth during the calibration period.

Table 4.4: Calibrated parameters; KT , CS, CICE and fS, with the corresponding
RMSE values for four soil depths, 10 cm, 20 cm, 50 cm and 100 cm. Expected
parameter ranges as given by Rankinen et al. (2004), are shown for comparison.

10 cm 20 cm 50 cm 100 cm
KT [W/m◦C] 6.5×10−2 0.23 0.69 1.40
RMSE 1.17 0.95 0.55 0.55
Expected range 0.4 - 0.8
CS [J/m3◦C] 1.3×106 1.3×106 1.3×106 1.3×106
RMSE - - - -
Expected range 1.0×106 - 1.3×106

CICE [J/m3◦C] 19.5×106 12×106 23×106 -
RMSE 0.51 0.72 1.34 -
Expected range 4×106 - 15×106 *
fS [m−1] 5.6 6.5 11.1 10.3
RMSE 0.86 0.82 0.46 0.35
Expected range 1 - 10

*Frozen water content is assumed to be around 0.1-0.3 m3/m3.

Figure 4.20: Sensitivity analyses of the model to thermal conductivity KT for non-
frozen ground at four soil depths, 10 cm, 20 cm, 50 cm and 100 cm. In the
analyses CICE and fs = 0, as we assume no snow to be present
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Figure 4.21: The modelled (blue line) and measured (red line) soil temperatures
plotted for the calibration period, 2006-2010 (yellow), and the validation period,
2011-2018 (green).

In Figure 4.21 we present the modelled and measured soil temperatures for the cali-
bration and the validation period. The RMSE for the calibration period is 0.99, but
1.28 for the validation period. While the model underestimates the soil temperature
during the summer, it manages to capture the general fluctuations. During early
spring and autumn the model preforms well. The model is unable to adequately
predict soil temperature during winter, especially in cases where it goes below 0◦C.
In those instances when the observed soil temperature goes below 0◦C, it tends
to stay around 0◦C until the spring. A possible explanation for the inability of
the model to adequately predict soil temperature during winter is the imbalance of
sunlight in Iceland between the summer and winter months. Due to the country’s
northern location, the winters are dark with a daily sunlight of only a few hours,
while during summer the sun hardly goes down. As the observed soil temperature
during summer is higher than the modelled ones, and during winter it is often stable
around 0◦C, we can assume the soil temperature to be highly dependent on solar
radiation. Another indicator of this is the good performance of the model in spring
and autumn, but during these months the balance between day and night is more
even. Another possible explanation for the model’s underestimation of maximum
soil temperatures during summer might be the assumption of a constant soil water
content. As the soil tends to be dryer during summer than during other parts of the
year, its specific heat capacity in summer would be smaller.
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In order to better understand the model’s failure to accurately predict soil temper-
ature during winter, three winters are chosen for further observation. These are the
winters 2010-2011, 2013-2014 and 2016-2017.

Figure 4.22: A closer look at the winter 2010-2011, with modelled (blue line) and
measured (red line) soil temperatures plotted in the lower panel, along with air
temperature (yellow line) and wind speed (grey bars). Snow depth (grey bars) and
precipitation (black bars) are shown in the upper panel.

Let us first take a closer look at the winter 2010-2011. The lower panel of Figure
4.22 shows both the measured and the modelled soil temperatures, along with the
measured air temperature and wind speed. The snow depth and precipitation for
the corresponding time period are presented in the upper panel. From December
through the middle of January, the measured soil temperature fluctuates between
0◦C and -2◦C, while the modelled soil temperature barely changes. From the middle
of January until late March the measured soil temperature is stable around 0◦C,
after which it starts to warm. This is in stark contrast to the modelled soil temper-
ature that jumps up to around 3◦C during the middle of February. The sub-zero
fluctuations in measured soil temperature during December-January correspond to
the periods where the air temperature freezes, with a lag of a few days. The same
response is not seen when the air temperature goes well below zero for several days
in a row in March. This can be explained by the insulation provided by the snow
present during this time, as shown in the upper panel in Figure 4.22. However, no
snow is present during the preceding two week period, where the soil temperature is
stable at 0◦C, whereas the model predicts a substantial warming in soil temperature
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in response to warming air temperature. This might be explained by the increased
occurrence of soil water content due to the rain and snowmelt in the preceding days.
As previously stated, wet soil has a much higher specific heat capacity than dry soil.
This means that changes in air temperature have less effect on the temperature of
wet soil compared to dry soil. This can also explain the sub-zero fluctuations in the
measured soil temperature in December and January, where there had been little
rain in the preceding weeks, leaving the soil dry and thus more responsive to changes
in air temperature.

Figure 4.23: A closer look at the winter 2013-2014, with modelled (blue line) and
measured (red line) soil temperatures plotted in the lower panel, along with air
temperature (yellow line) and wind speed (grey bars). Snow depth (grey bars) and
precipitation (black bars) are shown in the upper panel.

Next, we take a look at the winter 2013-2014, shown in Figure 4.23. During the
early winter months, from October through December, the modelled and measured
soil temperatures match well. The presence of snow in December keeps the soil
temperature fairly stable. After melting of this snow in late December, the mea-
sured soil temperature remains fairly stable at a temperature just above 0◦C, with
the exception of a two week period of soil freezing in late February, where the soil
reaches a minimum temperature of -1◦C. For the same time period the modelled
soil temperature fluctuates from 0◦C to 5◦C, in response to air temperature. This
inconsistency could be due to the absence of substantial heating through solar radi-
ation, but as mentioned previously the model does not account for that. As for the
winter 2010-2011, the stability of the soil temperature is likely explained by high
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soil water content, as a result of snowmelt and rain. As further evidence of this we
note that the only time in the period between middle of December until late April,
that the measured soil temperature responds to a change in air temperature is in
late February, when little or no precipitation has occurred in the previous days.

Figure 4.24: A closer look at the winter 2016-2017, with modelled (blue line) and
measured (red line) soil temperatures plotted in the lower panel, along with air
temperature (yellow line) and wind speed (grey bars). Snow depth (grey bars) and
precipitation (black bars) are shown in the upper panel.

Finally, we take a look at the winter 2016-2017, an overview of which is shown in
Figure 4.24. As for the two aforementioned winters, the modelled soil temperatures
agrees well with measurements during early winter, from October through Novem-
ber. However, from December through February the modelled soil temperature is
3-4◦C higher than the measured one, which remains mostly below 0◦C from Jan-
uary through March. A major difference for this winter compared to the other two
are the large fluctuations in the measured soil temperature, even when the soil is
frozen. For the other two winters the measured soil temperature remained stable
around zero during most of the winter, which we hypothesized to be due to high
soil water content. However, this winter seems to have been much wetter compared
to the other two, with precipitation and snowmelt equally distributed throughout
its duration. Yet more fluctuations are observed in the measured soil temperature.
Moreover, although the soil temperature somewhat follows the fluctuations in air
temperature, with a lag of a few days, the air temperature fluctuations for the winter
2010-2011, shown in Figure 4.22, were more extreme, but did not have much effect
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on the soil temperature.

From the results presented in this section, we see that the exact behaviour of the
soil temperature is affected by many factors. This makes accurate modelling of it
difficult, a fact that we will further discuss in the following chapter.
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Our analysis on snowmelt shows that once the snow starts melting, it usually takes
around two days to fully melt. The maximum 24 hour snowmelt was found to
be 28 cm, and resulted from warm temperature, high wind, and moderate rainfall.
Extreme snowmelt was defined as a 24 hour decrease in snow depth of 14 cm or more.
Majority of extreme snowmelt events occur in the months from December through
March, where solar radiation contributes little to melt. Rain on snow seems to be
a major driver of these snowmelt events, often accompanied by warm temperature
and high wind. However, a few events stood out, as they showed a high decrease in
snow depth at freezing temperatures. Invariably, very high wind was also involved
for these events. This indicates that there was actually no melt taking place, only a
displacement of snow by the wind. Therefore, "snowmelt events" as defined above
do not always involve actual snowmelt. To some extent this affects our results.
However, as these cases are few and far between, we assume their effects on our
results insignificant.

The insurance data shows that the number of claims for urban winter floods varies
between both years and the month of year. The extreme urban flood event in late
February 2018 significantly impacts the distribution of claims, with the number
of claims in 2018 far exceeding those in other years, and the number of claims in
February similarly exceeding those in other months. In April, May and October,
hardly any claims have been filed. This is probably because cyclones, snow and
freezing soils are not as common during these months as in the winter months.
Additionally, during these months the air is relatively cold, so its moisture holding
capacity is low. Thus, these months do not experience as intense rainfall as the high
summer months. There are also a few years with hardly any claims filed. What
these years seem to have in common is little snow and the absence of soil frost.

After comparing the 9 extreme urban flood events identified with the available data
on weather, snow and soil temperature, we defined the representative flooding sce-
narios and flooding indicators. The main indicators are intense rainfall, rainfall
accompanied by snowmelt, frozen ground or dense snow/ice on the ground. How-
ever, the distinction between rain on frozen ground and rain on dense snow/ice is
somewhat vague. Interestingly, no event can be attributed to radiative snowmelt.
This agrees well with the flooding scenarios previously defined by Elíasson (2013)
and Einar Sveinbjörnsson. In Table 5.1 we summarize the flooding scenarios, along
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with their general likelihood, the season they are most likely to occur in, and the
appropriate flooding indicators for each scenario, both primary and secondary ones.

Table 5.1: Influencing factors for different urban water flood scenarios in maritime
climate as in Reykjavík.
Flooding scenarios Flooding indicators
Catchment scalea Urban scaleb Seasonb Likelihoodb Primary Secondary

1 Rain on non-frozen
ground

Intense, short duration rainfall
on non-frozen ground
(design storm).

Summer
and fall Yes Rainfall intensity (mm/hr) - - -

2 Rain together with
snowmelt

High amount of light
snow that can melt fast
due to rain and high winds.

Winter No Snowmelt (cm/day)
Rainfall (mm/day)

Wind speed (m/s)
Tair (◦C)

3 Rain on bare
frozen ground NA Winter Yes Rainfall (mm/day)

Tsoil (◦C)
Wind speed (m/s)
Tair (◦C)

4 Rain on dense snow
or ice

Dense snow (or ice) that
can clog street inlets. Winter Yes Rainfall (mm/day)

Compacted snow on streets
due to insufficient
snow plowing

5 NA
Consecutive high rainfall
(producing a high risk of
floods in rivers and streams).

Summer
and fall Not in Reykjavík. Rainfall (mm/day)

Soil water content,

Antecedent rainfall (mm/day)
Snowmelt (cm/day)
Tair (◦C)

a (Elíasson, 2013)
b (Einar Sveinbjörnsson, meteorologist, personal communication, November 12, 2019)

During 6 of the 9 extreme flood events, one or more of the soil layers were frozen.
Despite it likely being the case for these events, it should be noted that a frozen soil
does not necessarily mean that all infiltration of water is blocked. Thus, information
on the surface condition would in many cases be a more reliable flooding indicator.

The trend analyses showed that freezing air temperatures are becoming less common.
No significant trends were observed for variables related to snow, precipitation and
soil frost. However, Eyþórsson et al. (2019) observed a 0.91 days/year decrease in
snow cover frequency in the Arctic, but studies have shown regional exceptions.
Gunnarsson et al. (2019) examined the period 2000-2018 in Iceland and observed a
trend of increasing snow cover duration for all months except October and November,
but with only a significant trend observed in June. This may be explained by
the Clausius-Clapeyron equation, which describes the water-holding capacity of the
atmosphere as a function of temperature. In regions where the air temperature is
cold enough and the partitioning of rain and snow thus not greatly impacted by
climate warming, the increased moisture content of the warmer air may lead to
increased snowfall.

It should also be noted that weather phenomena, such as the North Atlantic Oscilla-
tion (NAO), cause fluctuations in the atmospheric pressure, as they vary in strength
and position between years. Studies have shown that the NAO variability is signifi-
cantly correlated with the surface air temperature and the sea surface temperature
across much of the Northern Hemisphere. This has been related to changes in
storminess, precipitation, ocean heat content, ocean currents and their related heat
transport (Hurrell et al., 2003). Consequently, this can also cause changes in weather
patterns.
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Soil temperature has been recorded in Iceland since the early 20th century. The
measurements have mainly been of importance for agricultural and forestry pur-
poses, as well as for various construction projects (Hjartarson, 1973). However, soil
temperature data has in resent years become important for the development of both
meteorological models and land surface models (Petersen and Berber, 2018). Our
analysis of the soil temperature shows that it depends on many factors and their
interplay. This makes accurate modelling of soil temperature very difficult. Our
results indicate that soil water content is a vital factor in determining the respon-
siveness of the soil temperature to changes in air temperature. Thus, we emphasize
the need for systematic measurements of the soil water content, preferably by the
Icelandic Meteorological Office, for improved modelling of the soil temperature.
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The objective of this thesis was to gain a better understanding of the snow charac-
teristics and snowmelt in an urban environment in Iceland, and to identify the main
conditions promoting surface flooding. Trend analysis was carried out in order to
check for indications that winter related variables are changing. Additionally, an
attempt was made to accurately model soil temperature. In what follows, our main
conclusions are presented;

(i) Iceland enjoys a maritime climate and the winters in Reykjavík are mild, yet
characterized by frequent snow and freeze-thaw cycles. The snow season lasts
on average 5-6 months, from the middle of November through April, during
which full snow cover is present for on average 50-60 days. The snow depth
is on average 8-9 cm, and rarely exceeds 15 cm. Each winter, between 10
and 20 snow cycles occur, each one usually lasting around 3-4 days. Similarly,
around 20 freeze-thaw cycles occur each winter, also lasting on average 3-4
days each time. Freezing soil temperatures are not as common, and during
some winters the soil never freezes. However, when soil frost occurs it lasts on
average around two weeks, with an average soil temperature of -0.3◦C.

(ii) Changes in extreme winter weather were detected for variables related to frost.
A strong trend was found for the lowest air temperature per winter, which has
been increasing for the last 60 years. The total number of frost days per winter
and the number of freeze-thaw cycles have been decreasing for the last 40 years.
Interestingly, for all of these variables a significant trend was observed for the
last 25 years. For other variables tested, such as snow and winter precipitation,
no significant trend was detected.

(iii) The top 5% of snowmelt events corresponds to a snow depth decrease of 14
cm or more. This was defined as extreme snowmelt. About 70% of extreme
snowmelt events occur during the period from November through February,
when the effects of solar radiation are negligible. This indicates that solar
radiation is not a major cause of snowmelt. However, extreme rain on snow is a
frequent culprit when it comes to winter flooding, especially when the ground is
frozen. Data from Icelandic insurance companies show that the main indicators
for urban winter flooding are: intense rain, rain accompanied by snowmelt,
frozen ground or dense snow/ice on the ground. This is consistent with the
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flooding scenarios set out in Table 5.1. Latent heat is the dominant energy
exchange mechanism for snowmelt during flooding events. The formation of a
concrete frost in the soil can change a permeable surface into an impermeable
one, preventing any water from getting into the ground. This emphasizes
the need for reliable data on soil temperature. In addition, the soil surface
conditions may also be a key factor influencing the infiltration of surface water.

(iv) A model for predicting soil temperature would be of great advantage in cases
where no such data is available. In this thesis we test a simple model that
predicts soil temperature for snow-covered and seasonally frozen soil, using
air temperature and snow depth as input variables. Our results show that
the model captures the general seasonal fluctuations in soil temperature and
synoptic fluctuations from spring to autumn. However, the model fails to
reliably predict soil temperature during winter. A closer examination of the
discrepancy found between the model predictions and the observed data in-
dicates that soil moisture has great impact on the soil temperature. In the
model, soil moisture is taken to be constant, despite both the soil specific
heat capacity and thermal conductivity being significantly impacted by soil
moisture. Currently, soil moisture is not measured in urban areas in Iceland.
Such measurements would be of great benefit for accurate predictions of soil
temperature in the future.
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