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Abstract

Accurate forecasts of very low temperatures in stable boundary layer (SBL) con-
ditions in arctic areas remain a challenge in numerical weather prediction. These
forecasts are of great importance both for local communities in exposed areas and
in a climate perspective for accurate modeling of changes in permafrost. In this the-
sis, the Weather Research and Forecasting (WRF) mesoscale meteorological model
is evaluated in simulating near-surface temperature in SBL conditions on the Finn-
marksvidda plateau in the continental northern Norway. Five temperature inversion
episodes are studied in the winters 2015-2017 and in fall 2017 in an area covering
the town of Karasjok and the mountain Iškoras. Both locations are equipped with
weather stations from the Norwegian Meteorological Institute (MET) measuring
quantities such as two-meter temperature (T2m), ten-meter (10-m) wind, shortwave
and longwave radiation. The area also has nine stations located at different altitudes
between Karasjok and Iškoras measuring T2m.

WRF proves to be a useful tool for predicting T2m in SBL conditions, having
relatively good correlation with observations. However, for all the studied episodes,
WRF overestimates the T2m for the lowest altitude stations during the inversions,
while at the stations of highest elevation there is generally a slight underestimation.
The cause of the positive temperature biases at the lowest altitudes is found to likely
be a result of overestimated 10-m wind speeds and inaccurate longwave radiation
fluxes. At the highest altitudes, inaccurate station altitudes from WRF as well as
too low 10-m wind speeds limiting advection seem to be the main causes of WRF’s
deviations in T2m. Downwelling longwave radiation measurements from the MET
stations are used as an indication of cloud cover and compared to WRF results,
as an accurate representation of cloud cover is crucial for modeling T2m in SBLs
during winter. Although often accurately modeled, the cloud cover is found to
be simulated poorly during certain episodes, which in turn prevents very stable
conditions from developing. It is found that a high horizontal resolution improves
WRF’s performance as the topography and station altitudes become more accurate.
A high vertical resolution is found to be beneficial in most cases, as it improves the
vertical temperature gradient. No major differences were found based on the chosen
boundary layer (BL) scheme in WRF. The parameterizations of surface fluxes in all
the BL schemes and their related surface-layer schemes perform poorly in very stable
conditions with non-stationary turbulence, particularly at the lowest altitudes.
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Chapter 1

Introduction

The interior parts of northern Norway, the Finnmarksvidda plateau in Troms and
Finnmark county, is an arctic area where wintertime temperatures in the valleys
frequently fall below -40oC. This happens when the lower part of the atmospheric
boundary layer essentially decouples from the air aloft due to very stable conditions.
During the polar night period and in the months following, there is a solar deficit at
the surface in the Arctic causing radiative cooling of the ground, which in turn cools
the air near the surface. Under calm weather conditions this cooled air remains near
the surface due to little vertical transport from turbulence and because the density
of the near-surface air is higher than that of the warmer air above. Fair weather with
cloud free skies contributes to a negative energy balance at the surface because less
longwave radiation is re-emitted back to the ground. Therefore, stable boundary
layers (SBLs) are more susceptible to form and remain stable during periods of
high pressure. When the surface cools and the conditions are calm, a temperature
’inversion’ may form near the surface, meaning that the atmospheric temperature
increases with height, i.e. an inversion of the normal vertical structure.

The frequent occurrence of surface based inversions in the Arctic has made the
phenomenon known as ’the arctic inversion’. The existence of arctic inversions has
been recognized for over a century, first by Brooks (1931) as early as in 1914. He
observed their high occurrence frequency by performing kite ascents over Siberia,
while Sverdrup (1933) with kite and captive balloon ascents during the Maud expe-
dition (1918-1925) provided new information on the structure of inversions through
detailed studies over a broad region in the Arctic.

Although the arctic inversion is a well known and understood phenomenon, chal-
lenges arise when simulating temperatures in very stable boundary layers. Numerical
weather prediction (NWP) model results are in large disagreement with observations
when studying the Arctic and Antarctic climate on both a global and regional scale
(Rinke et al., 2006; Walsh et al., 2008). Deterministic forecast of two-meter (2-m)
temperature over snow-covered areas in nocturnal stable boundary layer conditions
are known to be associated with large temperature biases (e.g. Mass et al., 2008;
Tastula and Vihma, 2011), especially during wintertime when temperature is the
lowest and stratification is strongest (Atlaskin and Vihma, 2012).

Though the discrepancies between model results and observations may not only
be a result of poor parameterization of the stable atmospheric boundary layer in
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NWPs, some of the biases are likely connected to this. There are numerous reasons
for the problems in SBL parameterization; the main one being that the size of the
turbulent eddies typically found in SBLs is small compared to the grid size used
in most models (Beare et al., 2006). Additionally, parameterizing surface fluxes is
complicated, and many of the assumptions made when doing so do not hold in very
stable environments. Gravity waves, dominant shear generation of turbulence on
top of the boundary layer and cold air drainage are other physical processes whose
representation in NWPs might also be sources of error (Mahrt, 1998).

In this thesis, the Weather Research and Forecasting (WRF) model version
3.9.1.1 is used to look at five cases of observed temperature inversion episodes in the
area surrounding Iškoras, a mountain situated in Karasjok municipality east on the
Finnmarksvidda plateau. This mountain has since July 2008 been the site of mul-
tiple temperature observation stations set up by Prof. Bernd Etzelmüller, logging
surface air and ground temperatures at different altitudes across the mountain ridge.
Additionally, the Norwegian Meteorological Institute (MET) has weather stations
both on Iškoras and in the town of Karasjok measuring temperature, wind and snow
depth as well as incoming and outgoing shortwave and longwave radiation.

By analyzing the model results, its performance can be evaluated and compared
to the observed data, primarily 2-m temperature. The performance of the WRF
model depends on many factors, such as the chosen domain size, horizontal and
vertical resolution, physics schemes and land cover. All of these factors are studied
in an attempt to find what specifications are necessary in order to develop a model
setup suited for research in high latitude inland climates, e.g. for research on the
thawing of permafrost in arctic areas. In this thesis, the theory behind the physics
schemes used and why they perform differently is only briefly discussed, as this is a
very complex subject and could be the topic of a whole separate thesis.

It is important that episodes of SBLs in the Arctic are predicted accurately
because of the precautions the local communities must take under periods of very
cold weather and possibly polluted air resulting from the stable conditions. An
accurate simulation of temperature is also important in a climate perspective, seeing
as the permafrost in arctic areas is thawing (Farbrot et al., 2013) and releasing
greenhouse gases. Although the simulations in this thesis are of a much higher
resolution than that of a global climate model, the principles are the same, and
could potentially give some pointers towards what to be aware of when running
a climate model focusing on the thawing of permafrost in arctic areas. For this
thesis, only episodes in the winter and fall are examined, while a study determining
initial and boundary conditions for a surface model focusing on thawing permafrost
would also have to include the summer season, as the thawing of permafrost is most
prominent then. That however, falls beyond the scope of this thesis.

The main objective of the thesis is to answer the following questions:

• How well does WRF model 2-m temperatures in conditions of SBLs in the
area around Karasjok and Iškoras at different altitudes, and how is it affected
by WRF’s performance in simulating 10-m wind and radiative fluxes?
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• What effect does the choice of boundary layer schemes, horizontal and vertical
resolution have on the 2-m temperatures simulated by WRF?

• What combination of boundary layer schemes, horizontal and vertical resolu-
tion gives the most accurate results for the 2-m temperature, and how may
WRF’s performance in SBL conditions be improved for future research?

This thesis is structured as follows: Chapter 2 includes a description of the study
area and a background to the theory related to the boundary layer in the Arctic.
Chapter 3 describes the observations and related methods, chapter 4 describes the
WRF model and the details relevant for its use in this thesis and in chapter 5 the
results are presented. In chapter 6 comes a discussion before the thesis ends with a
conclusion summarizing the findings and an outlook for future work in chapter 7.
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Chapter 2

Background

2.1 Description of the study area

The Finnmarksvidda plateau is Norway’s largest plateau covering an area of more
than 22 000 km2, bounded by Finland in southwest, south and east. It lies in the
interior part of northern Norway, in Troms and Finnmark county. Most of the
plateau lies at an altitude between 300 and 500 m.a.s.l. with a terrain covered
by mountain birch forest and tundra vegetation (Virtanen et al., 2015). The tree
line in the area ranges between 400 and 500 m.a.s.l. (Meier et al., 2005). The
plateau has mostly gently sloped terrain with many glacially formed river valleys
and lakes. Traditionally the Finnmarksvidda plateau has been inhabited mainly
by Samis having fishing and reindeer herding as their main livelihood. Today the
area is still inhabited mainly by Samis, but the town communities are more diverse
now than before. On the eastern side of the plateau, ∼10 km west of the Finnish
border, lies the Sami capital of the world, Karasjok, with around 3000 inhabitants.
The town of Karasjok, named after the river Kárášjohka flowing through it, lies at
about 130 m.a.s.l., making it among the lowest points on the plateau. Iškoras, ∼20
km southwest of Karasjok, on the other hand is one of the tallest mountains in the
area with an altitude of 644 m.a.s.l. The top of Iškoras is sparsely vegetated, then
moors and heatland cover the lower parts of the mountain, while birch forest and
peat bogs are dominating the landscape below the foot of the mountain.

The climate in the coastal areas of northern Norway is strongly controlled by
the ocean, due to the high heat capacity of water and transport of heat from lower
latitudes by the Norwegian current, as opposed to the climate in interior parts
of northern Norway. Mountains in the range of 1000-1800 m.a.s.l. go along the
coast of all of northern Norway, separating the two climates. The coastal climate
is characterized by cool summers and winters, whereas the inland climate on the
Finnmarksvidda plateau is known for its relatively warm summers and very cold
winters, with temperatures well below -40oC being common. The lowest temperature
ever recorded on Norwegian soil was measured in Karasjok to -51.4oC on January
1st 1886. At the same location, the January and July 24-hour average temperatures
are -17.1oC and 13.1oC, respectively. The yearly average temperature in Karasjok is
-2.4oC (1961-1990 average), making it among the coldest places on mainland Norway
(not including mountaintops). The location of the study area is shown in figure 2.1.
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Figure 2.1: Map of the study area and its placement in the northernmost part of

Europe. The white dots mark the positions of the town of Karasjok and the mountain

Iškoras. Modified from maps-for-free.com.

2.2 Background theory

2.2.1 The boundary layer

The atmospheric boundary layer (BL) is defined as the lower part of the troposphere
which directly interacts with the Earth’s surface, responding to surface forcings with
a timescale of about an hour or less (Stull, 1988). These forcings include frictional
drag due to the roughness of the terrain, heat transfer, evaporation and transpiration
as well as pollutant emissions. The thickness of the atmospheric BL ranges from
less than hundred meters to a few kilometers depending on the place and time.

One of the key characteristics of the BL is the diurnal variations in tempera-
ture found there, which in the free atmosphere are not nearly as prominent. This
variation comes from the solar radiation absorbed by the ground which, depending
on the brightness (albedo) of the terrain and the time of day, warms or cools the
surface accordingly. Warming is always happening through absorption, while cool-
ing happens when LW radiation is emitted from the surface. This variation forces
changes in the boundary layer through processes transporting quantities such as
moisture, heat, momentum and pollutants (e.g. CO2), and is the cause of the rapid
changes often observed in the near-surface air. The dominant horizontal transport
process is mean wind causing advection, while turbulence is responsible for most of
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the vertical transport. Turbulence is so important for the transport in the boundary
layer that it is sometimes used to define the BL.

Turbulence in the BL is generated mainly due to two mechanisms. The first
one is mechanical turbulence caused by vertical wind shear due to friction occurring
when near-surface flows encounter obstacles on the surface. The second way turbu-
lence is generated is through solar heating of the ground during sunny days causing
convection of warm air. The free atmosphere is, as opposed to the BL, not especially
turbulent, although turbulence occurs there too. An example of this is cumulus-type
clouds becoming turbulent as they grow through convection, coming from the heat
released when water vapor in the clouds condenses. Another phenomenon where
turbulence is generated above the BL is ’clear-air turbulence’, in which turbulence
is produced in layers of strong vertical shear where two air masses meet.

Figure 2.2: An idealized depiction of the diurnal evolution of the atmospheric bound-

ary layer over land in fair weather. Modified from Holtslag and Steeneveld (2010).

Figure 2.2 shows an idealized picture of the temporal variation of the BL over
land in an area with fair weather, dividing it into a mixed layer (ML) and an
entrainment zone (EZ) during daytime and a stable boundary layer (SBL), residual
layer (RL) and a capping inversion (CI) during nighttime. In the ML, turbulence is
mainly convectively driven either due to rising warm air from a solar heated surface
or radiative cooling from clouds above. Also in regions of strong winds, a nearly well
mixed layer can form (Stull, 1988). Shortly after sunrise, the ground is gradually
heated by the sun, causing the ML to grow in depth. The ML grows due to turbulent
air rising and mixing with the non-turbulent air above, exchanging heat, moisture,
trace gases and momentum in the EZ between the BL and the free atmosphere. The
maximum depth of the unstable ML is reached in the afternoon. When the sun sets,
the convection of warm air ceases, resulting in less turbulent mixing. Thus forms
the RL, a neutrally stratified layer in which turbulence is of nearly equal intensity
in the horizontal and vertical direction. As the time since sunset increases and the
night progresses, the bottom part of the RL is transformed into a SBL due to its
contact with the cooled surface. Wind speeds near the surface often gets low, while
the wind speeds aloft, at around 200 m, may accelerate to supergeostrophic speeds
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creating a jet known as the nocturnal or low-level jet (LLJ). Here the wind may
reach speeds of around 10-30 m/s. In the SBL the air is statically stable and less
turbulent, causing temperature to fall as radiative cooling of the ground increases.

Wintertime in arctic regions like the Finnmarksvidda plateau has a high occur-
rence of SBLs during fair weather due to the polar night period and a snow covered
ground creating a boundary layer with very little turbulence near the surface. In
these cases, strong temperature inversions frequently form near the surface, often
resulting in very low 2-m temperatures.

2.2.2 The arctic inversion

The vertical temperature profile (lapse rate) of the boundary layer is usually de-
creasing with height (positive lapse rate), meaning the air near the Earth’s surface
is warmer than the air above it. Depending on the magnitude of the lapse rate,
the atmospheric conditions in the boundary layer can be classified as either stable,
neutral or unstable (conditionally or absolutely). Under stable conditions an air
parcel that is lifted will adiabatically cool to lower temperatures than its surround-
ings which in turn makes it denser than its surroundings, causing it to sink. In
such conditions, temperature inversions may arise near the surface, meaning that
the temperature is increasing with altitude rather than decreasing, up to a certain
height. Above this height the lapse rate becomes positive again.

Surface based inversions (SBIs) are a frequent feature of the BL in the Arctic
(and Antarctica), and the existence of arctic inversions has been recognized for over
a century (see introduction). For the regions polewards of 60 degrees of latitude,
SBIs are found in more than ∼40% of radiosonde observations during nighttime and
more than ∼20% in daytime (Seidel et al., 2010). They are found more frequently
in winter than in summer, and under extremely stable conditions they may persist
for several days or even weeks (Bradley et al., 1992). Two main mechanisms are
responsible for the formation of SBIs. The first one is radiative imbalance between
the outgoing longwave radiation from the surface and the incoming solar and infrared
radiation, causing the surface to cool. This mechanism is most common at night and
during wintertime, due to the surface receiving less energy than it emits. Little or
no sun during winter combined with the ground being snow covered creates a surface
that is isolated from the cold air just above it and prevented from exchanging heat
with the atmosphere. Additionally, snow has a high albedo, causing most of the
downwelling radiation to be reflected. The other mechanism causing SBIs is warm
advection of warm air over a cooler surface, which may occur at any time during
the year. Additionally, radiative properties of ice crystals, subsidence, surface melt
and topography (Vowinkel and Orvig, 1970; Maykut and Church, 1973; Busch et al.,
1982; Curry, 1983; Kahl, 1990) are known to contribute to the formation of SBIs.

The topography is especially important in the case of Karasjok, as it is located
in a valley shielding the area from much of the wind in the open, higher altitude
regions surrounding it. This can in turn make the conditions almost turbulence free
and favorable for the formation of a SBL, and thus, also SBIs.

Though this study is focused on SBLs on land, it is worth noting that SBLs and
resulting inversions are frequent also over sea ice in the Arctic. These inversions are
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formed in the same way as over land, and their occurrence is sensitive to ’leads’,
which are narrow, linear cracks in the sea ice exposing the warmer ocean water to
cold atmosphere. If leads are present, heat and moisture is released, which breaks
up the inversion. Also over land open water surfaces like lakes and rivers have an
impact on the formation of SBIs. In early winter, before the waters become ice
covered and isolated from the atmosphere, the formation of SBIs is not favored in
areas where lakes or rivers exist. The study area in this thesis is not very far from
large lakes like Iešjávri on the Norwegian side of the border and Lake Inari on the
Finnish side. There are also many rivers in the area, like Kárášjohka which runs
through Karasjok. However, all cases studied in this thesis are either in mid-winter
or in fall, so the effect of open waters will not have an impact on the formation of
SBIs.

2.2.3 The surface energy balance

The surface energy balance (SEB) is of utmost importance in the formation and
duration of SBIs in arctic regions. This balance is determined by the net surface ir-
radiaince (net radiation), Rnet, the latent heat flux (LE ), sensible heat flux (H ) and
ground heat flux (G). The net radiation consists of downwelling and upwelling long-
wave radiation (LWdown and LWup) and shortwave radiation (SWdown and SWup).
The sum of all radiative fluxes is defined as the sum of LWnet and SWnet:

Rnet = LWnet + SWnet = (LWdown − LWup) + (SWdown − SWup) (2.1)

The upwelling longwave radiation at the surface, LWup, is directly related to the
Earth’s surface temperature through the Stefan-Boltzmann law:

LWup = εσT 4 (2.2)

where ε is the emissivity of the surface (often assumed to be =1 for a black body), σ is
the Stefan-Boltzmann constant (5.6703×10−8 Wm−2K−4) and T is the temperature
of the surface (skin temperature, Tsk) in degrees Kelvin.

During winter in arctic areas, Rnet (positive downwards) is mostly negative, as
SWdown is smaller than the negative value of LWnet due to little or no incoming solar
radiation. In coastal areas with more frequent cloud formation resulting in a higher
LWdown, the negative values of Rnet are generally not as high as in the inland areas,
such as on the Finnmarksvidda plateau.

The latent heat flux, LE, is the energy absorbed or released by the surface when
it goes through a phase change, e.g. through evaporation (absorbing energy) or
freezing (releasing energy). As long as both the ground and air temperatures are
below zero, which is the case for most of the inversion episodes in this thesis, the LE
will not have a large impact on the SEB as there is little phase change happening.
The LE is defined as positive when there is a heat exchange towards the surface,
e.g. when the ground freezes.

The sensible heat flux, H, is the heat exchange between the surface and the air
aloft due to changes in temperature. When the surface is warmer than the air above,
H is directed away from the surface towards the atmosphere (negative H ), while
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the opposite is the case when the surface is colder than the air above (positive H ).
When looking at inversion episodes in arctic regions in winter, H is mainly positive.
LE and H are often referred to as turbulent fluxes, as mixing of momentum, heat
and moisture is much more efficient through turbulence than molecular diffusion
(Stull, 1988).

Finally, the ground heat flux, G, is the vertical heat flux below the surface,
expressing the molecular conduction of heat, i.e. accounting for the energy lost or
gained during changes in the below-surface temperature. It is positive when directed
from the surface towards the ground.

The surface energy balance is calculated by adding the radiative fluxes and the
heat fluxes, and is here defined as positive downwards (following the convention
from Van den Broeke et al. (2011)), i.e. when the surface gains energy. All surface
fluxes have the unit W/m2.

Energy balance = Rnet +H + LE +G (2.3)

In an infinitely thin surface layer without heat capacity, the sum of the fluxes balance
(equals zero).
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Chapter 3

Data and methods

3.1 Observational data

The following section introduces all the observations used in this thesis. The study
area has two meteorological stations set up by the Norwegian Meteorological Insti-
tute (MET), one on Iškoras and one in the town of Karasjok. Additionally, nine
stations set up by Prof. Bernd Etzelmüller provide two-meter temperature and
below-ground temperatures at different locations in the area, some on the moun-
tain slope of Iškoras and some further down towards the town of Karasjok. The
MET stations have hourly data, while the data from the nine other stations provide
measurements every two, four or six hours. The measurements are instantaneous,
not time averages. In addition to the surface observations, one dataset of remotely
sensed skin temperature from the MODIS (Moderate Resolution Imaging Spectro-
radiometers) has been used.

3.1.1 MET stations

The MET weather station on Iškoras (Iškoras II) is located at 591 m.a.s.l., on the
mountain ridge about 50 m down from the peak. The station has been in operation
since July 2014 and measures temperature, snow depth and wind. In addition to
this, a device for measuring incoming and outgoing SW and LW radiation was put up
next to the weather station in September 2014. This unique feature, with only a few
stations of its kind being in operation throughout all of Norway, measures up- and
downwelling SW and LW radiation with a CNR4 net radiometer. The measuring
instrument is heated and has a fan attached to prevent snow and ice from covering
it during winter. The downwelling longwave radiation in particular is very useful
when studying cloud cover in the model versus the observations, as the net radiation
effect is key when looking at the energy balance at the surface.

The meteorological station in the town of Karasjok (Karasjok Markannjarga),
also run by MET, sits at an altitude of 131 m.a.s.l. and is located just outside the
central area of the town of Karasjok. The station measures temperature, precipita-
tion, snow depth and wind as well as up- and downwelling SW and LW radiation.
The radiation is measured by the same instrument as on Iškoras. This weather
station has been in operation in its current position since July 2004, after being
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Figure 3.1: Map of the stations providing 2-m temperature data. Modified based on

maps from Norwegian Mapping Authority, norgeskart.no

moved from its previous position to a new location around 400 m further south and
at about the same altitude and distance to the Karasjok river as the old one. The
radiation measurements started in June 2015.

The wintertime weather in Norway is heavily impacted by the atmospheric circu-
lation over the North Atlantic, the NAO (North Atlantic Oscillation) index, which
sometimes can result in entire winter seasons being characterized by the same types
of weather systems. This has an impact on the inversion frequency in areas like
the Finnmarksvidda plateau, which can vary substantially from year to year. Based
on the available data from MET over the winter periods December-February for
2014-2020, it is found (using daily averages) that for 62% of the time (more statis-
tics are found in table 3.1), the temperature is higher on Iškoras than in Karasjok
(i.e. a temperature inversion). This highlights the importance of an accurate model
performance during wintertime SBLs. For comparison, in spring (March, April,
May), summer (June, July, August) and fall (September, October, November) the
inversion frequency is 14, 2.8 and 34%, respectively.

3.1.2 B. Etzelmüller’s stations

During the end of July 2008, six temperature measurement stations were set up on
Iškoras by B. Etzelmüller, three on each side of the mountain ridge. This was done
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Temperature difference % of the time

TISK >TKAR 62%
TISK−TKAR > 5oC 37%
TISK−TKAR > 10oC 21%
TISK−TKAR > 15oC 9.9%
TISK−TKAR > 20oC 2.0%

Table 3.1: Overview of the temperature difference between the MET stations Iškoras

II and Karasjok - Markannjarga from December through February each year from 2014 to

2020, based on daily averaged temperatures. TISK is the 2-m temperature at Iškoras and

TKAR is the 2-m temperature in Karasjok.

as part of his research on thawing permafrost in the area, which is why the stations
measure both two-meter air temperature as well as ground temperatures at different
depths, crucial for studying how the active layer of the permafrost is evolving over
time. The stations were put up at different altitudes with approximately 50 m of
altitude in between them. The stations north of the mountain ridge will be referred
to as N1, N2 and N3, with N1 being at the highest altitude and N3 at the lowest.
The same thing is the case for the three stations at the south side of the ridge, S1,
S2 and S3. A picture of station S3 is found in the appendix (figure A.1).

In September 2010 three more stations were put up: S4, S5 and S6. These
stations are placed further down the hillside, next to the road towards the town of
Karasjok, northwest of the mountain. As with the other stations, the altitude is
decreasing for each station. An overview of the altitudes of all stations is found in
table 3.2.

Station name Altitude (m.a.s.l.)

N3 450
N2 495
N1 548

Iškoras II 591
S1 540
S2 497
S3 445
S4 385
S5 254
S6 160

Karasjok - Markannjarga 131

Table 3.2: The altitudes of the stations providing 2-m temperature data.

To measure the temperatures, both T2m and below the ground, miniature data
loggers (MTDs) have been utilized. MTDs are small devices made to be placed
out and measure temperature over a long period of time for then to manually be
connected to a computer to transfer the measured data. As the price and size of
MTDs have decreased over time, the loggers at the nine stations have gradually
been replaced, from UTL-1 to Hobo loggers and in the latest years to iButtons from
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Maxim. The performance of the measurements have stayed the same however, with
the different kinds of loggers all measuring temperature with an accuracy of ∼0.1oC.
Some of the loggers have a minimum operating temperature of -30oC, deeming some
of the results useless as they all read the same temperature below a certain threshold.
This has been a problem at station S6, which is the only one of the low altitude
stations to use this type of temperature logger.
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Figure 3.2: Data coverage (in %) for the stations measuring 2-m temperature in the

years 2015, 2016 and 2017.

A few of the stations have periods of missing data, which has affected some of the
studied cases. Figure 3.2 shows the data coverage of observed 2-m temperatures for
the eleven stations in the years 2015, 2016 and 2017 as these are the years relevant
for the chosen case periods (section 3.2). The figure displays a high data coverage
for most stations, although some stations have severe amounts of missing data, like
N1, S5 and S6. Station N3 on the other hand has no data in the entire period, while
station S3 is believed to have fallen down during spring 2015 (and 2014), leaving
values that does not coincide with the other stations. The data from this period is
therefore discarded.

The instruments measuring radiation at Iškoras has a data coverage of 95%
in 2015, 80.8% in 2016 and 100% in 2017, while the Karasjok station has a data
coverage of 58.1% in 2015 and 100% in 2016 and 2017.

3.1.3 MODIS skin temperature data

Another set of measurements, used for comparing observed and simulated tempera-
tures and to show the impact of altitude on temperature, is skin temperature (Tsk,
also known as land surface temperature (LST)) data from MODIS aboard the Terra
and Aqua satellites. MODIS delivers remotely sensed Tsk of a spatial resolution of
1 km2 covering the entire globe. For this thesis, Jaroslav Obu provided Tsk data
averaged over the period 17th-25th of January 2015 from the MODIS image frame
h18v02, which covers the research area.

An issue with using MODIS LST data is that the presence of clouds majorly
contaminates the results, and so the data has been found to be strongly cold-biased
in winter and slightly warm-biased in summer in arctic regions (Østby et al., 2014).
Especially in the polar night period the cloud mask in MODIS generally underdetects
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clouds (Liu et al., 2004), making cloud top temperatures contaminate the MODIS
LST time series. In an attempt to reduce the biases and avoid cloud contamination,
the MODIS data is gap-filled with ERA-Interim reanalysis data for Tsk as in Obu
et al. (2019). Other methods for solving the cloud contamination problem include the
Bayesian Maximum Entropy method (BME) (Kou et al., 2016) and single spectrum
analysis (SSA) (Malamiri et al., 2018). Although these gap-filling methods improve
the Tsk data and reduces biases, the imperfections in the cloud detecting remains a
challenge.

The gap-filled MODIS data will be used for a comparison to the WRF simulations
of Tsk as well as to the topography of the study area because, during inversions, a
correlation between altitude and Tsk is expected.

10 kmN

Legend
Karasjok
Stourra Dilljavárri
Iškoras
Njoammelčearru
Áibmečearru
Galmmat
Gurbeš

Figure 3.3: Map of the tallest mountains in the study area, used for refer-

ence when studying skin temperature data from MODIS. Modified from Google Earth,

earth.google.com/web

As the MODIS data from J. Obu is not georeferenced and the map projection
used is different from the projection used in the WRF runs (see section 4.1), the
mountains in the area will act as landmarks used as reference when comparing the
maps. Figure 3.3 shows these mountains and their location in the terrain. They
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are marked on the plots with different colored dots, Stourra Dilljavárri (538 m.a.s.l.,
yellow dot), Iškoras (644 m.a.s.l, orange dot), Njoammelčearru (528 m.a.s.l, red dot),
Áibmečearru (537 m.a.s.l, pink dot), Galmmat (539 m.a.s.l, blue dot) and Gurbeš
(589 m.a.s.l, green dot).

3.2 Case study periods

Five time periods of observed temperature inversions have been selected to research
how WRF’s results compare to observed values. The chosen periods differ in du-
ration and strength. 4 out of 5 of the periods looked at occurred during winter,
while the last one happened during fall with a snow-free ground. The selection of
the episodes is based on comparisons of the measured 2-m temperature at the MET
stations in Karasjok and on Iškoras between July 2014 and September 2018, as this
marks the time between the MET station at Iškoras being set up and the end time
of B. Etzelmüller’s dataset. These periods, their maximum temperature difference
between Iškoras and Karasjok and their duration are listed in table 3.3.

Time period Max. temp. difference Duration (days)

18th to 25th Jan 2015 29.1 oC 4.5
4th to 8th Jan 2016 18.5 oC 2

24th to 29th Feb 2016 21.7 oC 3.5
8th to 13th Jan 2017 19.9 oC 1.5

29th Sep to 2nd Oct 2017 10.9 oC 1

Table 3.3: The selected time periods of inversions, their maximum observed tempera-

ture difference between Iškoras and Karasjok and the duration of each inversion.

3.3 Numerical weather prediction

In the last decades, one of the most important tools for researching the atmosphere
has been numerical weather prediction (NWP) models. These models consist of
a set of equations known as the primitive equations: conservation of mass (con-
tinuity equation), the equation of state and conservation of momentum, heat and
moisture. These equations are used to predict the future state of the atmosphere,
based on an observed initial state. Along with the ideal gas law, these equations are
used to calculate the evolution of physical parameters such as the density, pressure,
temperature and wind in the atmosphere.

The equations describing the atmospheric processes are continuous, but due to
their complexity they are constrained to the time step based on the the computa-
tional force (number of CPU cores) of the computer being used. With access to
more CPU cores (e.g. with a super computer), one can run faster and more detailed
runs than what with a personal computer having only a few CPU cores.

As the equations being used are nonlinear partial differential equations, they can-
not be solved exactly through analytical methods. Therefore, approximate solutions
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to the equations are obtained through numerical methods. Two commonly used so-
lution methods are finite difference methods and spectral methods. These methods
differ in that finite difference methods use only nearby grid points to approximate
the derivatives of the partial difference equations, while spectral methods make use
of all available grid points. Spectral methods are generally used when the grid is
coarser and is less computationally costly. Finite difference methods are used in all
three dimensions by most regional models and some global, while spectral methods
are used in the horizontal dimensions in a few regional and many global models.

The horizontal resolution of NWP models determine both the detail of weather
prediction and terrain for an area, with a higher resolution providing more detail.
However, high resolution results in higher computing times, meaning that adjusting
the resolution based on the task at hand is crucial to avoiding wasting time on
unnecessarily detailed simulations. According to Aguado and Burt (2013), doubling
the horizontal resolution in an NWP model results in ∼8 times the computational
time. Also, the Nyquist frequency states that given a grid point spacing of ∆x, the
smallest feature that can be resolved by the model has a size of 2∆x, referred to
as grid scale phenomena (Stull, 1988). Features smaller than this limit are sub-grid
scale and must therefore be parameterized as they cannot be explicitly resolved.

Turbulence is a phenomenon existing on a range of scales, including very small
scales, and thus it needs to be parameterized. As mentioned in section 2.2.1, turbu-
lence is one of the most important features of the atmospheric boundary layer, and
an accurate depiction of it is crucial for the performance of an NWP model. In SBL
conditions it is especially important that the turbulence parameterizations are ac-
curate, as excessive turbulence may reduce atmospheric stability affecting simulated
temperatures and wind speeds near the surface.

3.4 Tools for statistical analysis

To properly evaluate a NWP model’s performance against observations, statistical
analysis of the results is required. For comparing the simulations of temperature,
wind and radiation to observations, Pearson’s correlation coefficient, mean bias and
the root mean square error (RMSE) of the simulations are calculated.

Pearson’s correlation coefficient, r, can be used as a measure of how strong the
relationship between two time series, like observations and model results, is. It is
defined as follows:

r =

∑n
i=1(oi − ō)(pi − p̄)√∑n

i=1(oi − ō)2
√∑n

i=1(pi − p̄)2
(3.1)

where oi is an observed value and pi is a predicted value, both of index i. ō and
p̄ are the mean values of all the observations and predicted values, while n is the
number of observed values. The ideal situation when comparing two time series of
the same variable would be a value of r = 1, meaning a perfect positive correlation,
while a value of r = 0 indicates no correlation at all. However, even if there is a
strong correlation between two time series, it does not necessarily mean that the
model performance is equally good, as there could be bias that is not picked up by
the correlation coefficient.
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The mean bias tells you if the used model output is generally overestimating or
underestimating compared to the observations. It is calculated simply by taking the
mean of the difference between the predicted values and the observations:

Mean bias =
1

n

n∑
i=1

(oi − pi) (3.2)

When calculating biases, it is important to keep in mind that a negative and a
positive bias might cancel each other out, and thus a very low mean bias can be
achieved even with a model that performs poorly. To reveal situations like these,
RMSE is a useful quantity. The RMSE is telling you how close the modeled data is
concentrated around the line of best fit, in this case the observations:

RMSE =

√√√√ 1

n

n∑
i=1

(oi − pi)2 (3.3)

With the RMSE, the deviations in the predictions from the observations are squared
(and then square rooted), meaning that one gets the absolute values of the biases,
avoiding the problem with cancellation of biases. Values of RMSE close to zero
indicates a good fit to the observations.

Through analysis of the three quantities listed above, the observations and sim-
ulated output from WRF are compared in the results section.
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Chapter 4

The WRF model

The research tool used in this thesis is the Weather Research and Forecasting (WRF)
model (Skamarock et al., 2008) version 3.9.1.1. WRF is an open source mesoscale
numerical weather prediction model developed in collaboration between several re-
search institutions in the United States. These institutions include the National
Center of Atmospheric Research (NCAR), the National Oceanic and Atmospheric
Administration (NOAA) and the Air Force Weather Agency (AFWA). The WRF
model is a non-hydrostatic model designed for both atmospheric research and op-
erational forecasting applications and can be used to produce simulations based on
actual observed atmospheric conditions as well as idealized conditions.

WRF has a fully compressible atmosphere and a vertically stretched terrain-
following vertical coordinate with a model top at a constant pressure. WRF, as
mentioned about NWPs in section 3.3, uses the primitive equations to describe the
evolution of the state of the atmosphere. They are based on the Reynolds-averaged
Navier Stokes method. WRF uses the finite difference method in both the horizontal
and vertical dimensions. It is a very flexible model, with a large amount of different
options for configurations when it comes to the physics, dynamics, domain size and
spatial resolution.

As WRF is a complex model solving a large number of equations in every time
step, the University of Oslo’s super computer systems has been utilized to save time
when running the simulations for this thesis. Because of the university’s old super
computer Abel being shut down during the period of writing this thesis, some of
the runs were performed on Abel, while the rest were performed on the university’s
new super computer, Saga, after the migration.

4.1 Defining the domain

When setting up WRF, the first step is to set the spatial domain for the simulations.
Although the research area in this thesis is small, the chosen WRF domain is large in
order to include most of the mesoscale processes in the surrounding area that might
affect the weather situation in the study area. However, to reduce the computational
time, ’nesting’ is used. Nesting is a feature of most modern NWP models reducing
computing time substantially by allowing the user to produce a detailed forecast
of a smaller area without ignoring the surrounding areas. This is done by defining
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one or more fine-resolution grids inside a larger, coarser-resolution (parent) grid.
For WRF, the smaller domain (nest) must have an odd grid ratio, typically 3:1
or 5:1, compared to its parent domain as this causes the parent/nest points to be
coincident.

Nesting can be either one-way or two-way, meaning the information exchange
either being strictly down-scale (from parent to nest) or bidirectional so that the
coarse-resolution parent grid is also impacted by the fine-resolution nest grid(s).
Two-way nesting is the most beneficial technique for atmospheric science as it in-
cludes feedbacks between both domains, but for certain cases, like in this thesis,
when the impact of the small scale on the surrounding domains is not the focus
of the study, the use of one-way nesting is appropriate and widely utilized (e.g.
Kaminski et al., 2002). In addition, one-way nesting saves a substantial amount of
time compared to using two-way nesting (e.g. Hawbecker, 2013), and is therefore
used for the WRF simulations in this thesis.

A few different resolutions and grid ratios were tested before settling on the
layout for the best combination of satisfactory performance and low run time for
the simulations in this thesis. A high horizontal resolution is important for the
simulations performed in this thesis since a too low horizontal resolution limits the
amount of detail of the terrain. An accurate depiction of the topography in the
research area is of great importance when running WRF as the development of
SBLs in the valleys is highly dependent on local terrain features.

In the case of this thesis, the outer domain is a 1000 km by 1000 km grid with
a 10 km by 10 km resolution covering the northern parts of Norway and parts of
the Norwegian sea (figure 4.1). A ratio of 5:1 is used two times to create a high
resolution grid consisting of grid boxes of the size 400 m by 400 m in the smallest
domain (D03) with the 1000 km by 1000 km outer domain (D01). The first attempt
at defining the domain was performed by creating four domains using the 3:1 ratio,
but since this only gives a slightly higher resolution (370.3 m by 370.3 m) while
having one domain more, this method was discarded as the computational time
was substantially longer. When setting the outer domain to 800x800 km it gave a
grid size of 320x320m for the inner domain with a 5:1 ratio being used twice. This
resolution was also discarded as it did not perform better than the 400 m by 400 m
grid and also did not have as large of an outer domain. Kleczek et al. (2014) found
that the when using a very small inner domain, the WRF model performs poorly,
limiting the development of the system’s inertial oscillations. The inner domain in
figure 4.1 has a size of 40 km by 40 km which is large enough to avoid such problems,
while still providing a high topographic detail with a grid of 100 by 100 cells. The
chosen projection of the WRF domains is the polar stereographic projection as this
is the projection best suited for simulations in high-latitude areas.

After defining a sufficiently high resolution horizontal domain, WRF’s represen-
tation of the atmosphere is introduced. In order to accurately model the atmospheric
processes, the vertical structure of the atmosphere must be represented adequately.
As many processes in the atmosphere often occur at different levels, the vertical res-
olution does not need to be as high throughout the entire atmospheric column. The
highest resolution is typically found near the surface and decreases gradually with
altitude. This is due to the fact that the vertical gradients of temperature, wind
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Figure 4.1: The domains in WRF where the outer domain (D01) has a size of 1000

km by 1000 km, the next smallest domain (D02) has a size of 200 km by 200 km and the

smallest domain (D03) has a size of 40 km by 40 km.

speed and moisture vary the most near Earth’s surface, in addition to transport of
moisture, heat and momentum being the most prominent in this area.

For all case study periods the effect of changing the vertical resolution has been
tested with an atmosphere of 30 and 65 layers, both with a model top of 50 hPa.
The 30-layered vertical structure uses WRF’s default spacing of the layers and has
the middle of the bottom layer at about 25 m. The 65-layered vertical structure
has an increase in the number of layers near the surface, putting the middle of the
bottom layer at about 6 m. More vertical layers naturally means a more detailed
representation of the atmosphere, but as discussed by e.g Kleczek et al. (2014) and
Dimitrova et al. (2015) increasing the vertical resolution is not necessarily going to
improve the WRF’s performance substantially. However, in SBLs the temperature
is increasing rapidly with height near the surface, and therefore a high vertical
resolution is recommended. A high resolution numerically improves the model’s
ability to hold a strong temperature gradient compared to when only having a few
vertical layers near the surface.
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4.2 Physics parameterization schemes

In WRF there are numerous options for different parameterization schemes to choose
from in the namelist.input, resolving sub-grid scale processes such as turbulent
mixing, atmosphere-surface coupling and incoming and outgoing radiation. Among
the most important schemes when modeling the SBL are the physics schemes govern-
ing the boundary layer, the surface layer and the longwave radiation. The following
section gives a brief insight into the different schemes used in this thesis when sim-
ulating SBLs at the Finnmarksvidda plateau in WRF.

4.2.1 Boundary layer schemes

The boundary layer schemes in WRF parameterize the turbulent fluxes of heat,
momentum and moisture on a sub-grid scale throughout the atmospheric column
(i.e. not only in the BL), thus also turbulent mixing. For this thesis, two main
BL schemes has been used, the Yonsei University (YSU) scheme (Hong et al., 2006;
Hong, 2010) and the Mellor-Yamada-Janjic (MYJ) scheme (Mellor and Yamada,
1982; Janjic, 2001), which are the most commonly used PBL schemes when running
WRF, and has proven to be among the best when simulating SBLs (e.g. Sterk et al.,
2015). In addition, two other schemes have been tested to determine if the WRF
simulations differ substantially based on the chosen BL scheme. These two schemes
are the Asymmetric Convective Model version 2 (ACM2) scheme (Pleim, 2007) and
the Mellor-Yamada Nakanishi and Niino Level 2.5 (MYNN2) scheme (Nakanishi and
Niino, 2006).

The schemes are divided into two main categories, ’local’ or ’non-local’ schemes.
A local scheme has thermodynamic properties of a layer interact with layers directly
neighbouring it, while non-local schemes also include the effect of mixing by large
eddies, since layer properties might mix with those of layers further away. For
the local schemes MYJ and MYNN2, the turbulent fluxes are determined using
local gradient mixing, or K-theory (Holtslag and Steeneveld, 2010). When using
K-theory it is assumed that there is a relation between the turbulent fluxes and
the resolved spatial gradients of an adiabatically conserved variable C (momentum,
heat or moisture) in the vertical direction, z. Thus, one gets this relationship:

w′c′ = −Kc
∂C̄

∂z
, (4.1)

where w′ is the fluctuations in the vertical wind speed, w′c′ is the turbulent flux for
C in the vertical direction, and Kc is the eddy diffusivity coefficient for the variable
C.

For the non-local YSU scheme, the second-order turbulent fluxes are parameter-
ized as follows:

w′c′ = −Kc

(
∂C̄

∂z
− γc

)
+ (w′c′)h

(
z

h

)3

, (4.2)

where γc is the counter gradient correction term, h is the diagnosed planetary bound-
ary layer height (PBLH) and z is the model height. The last term on the right hand
side of equation 4.2 is representing the parameterization of the entrainment flux
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(Milovac et al., 2016). With the addition of the term γc to the local gradients, YSU
includes the contribution from large eddies to the total mixing, thus making the
scheme non-local. For the other non-local scheme, ACM2, total mixing is described
in Pleim (2007) as a weighted sum between local and non-local components. The
local part is the same as in equation 4.1, while the non-local part is parameterized
using a transilient matrix, which is described in Pleim (2007) to be a function of the
upward convective mixing rate.

In addition to being either local or non-local, the boundary layer schemes are
closure models of different order. The YSU and ACM2 BL schemes are first order
closure, and the MYJ and MYNN2 BL schemes are 1.5 order closure. Both the first
order closure models determine the PBLH based on the bulk Richardson number
method (e.g. Seibert et al., 2000), but differ in that ACM2 also takes into account
the local wind shear at each model level. The MYJ scheme uses the turbulent
kinetic energy (TKE) method to find the PBLH (e.g. Mellor and Yamada, 1982).
MYNN2 uses a similar approach, but also includes the θ increase method (Nakanishi
and Niino, 2009). A detailed description on how the PBLH is calculated with the
different schemes is found in Xie et al. (2013).

4.2.2 Surface-layer schemes

Closely connected to the BL schemes are the surface-layer schemes. These schemes
determine the friction velocities and the exchange coefficients used when calculating
the fluxes in the land-surface model (see section 4.2.3), in addition to the surface
stress in the BL schemes (Skamarock et al., 2008). For water covered surfaces, the
surface layer itself calculates the surface fluxes and diagnostic fields.

The YSU BL scheme runs in conjunction with the revised MM5 surface scheme
(Jiménez and Dudhia, 2012), while the MYJ BL scheme is used with the ETA
surface-layer scheme (Janjic, 1996; Janjic, 2001). The ACM2 and MYNN2 BL
schemes can be applied with several surface-layer schemes, but are here chosen to
be used with the revised MM5 scheme, the same as for the YSU scheme. This is
done to minimize the impact of chosen surface-layer parameterizations. Both the
surface-layer schemes are based on the Monin-Obukhov similarity theory (Monin
and Obukhov, 1954), which describes non-dimensionalized mean flow and turbulence
properties in the atmospheric surface layer under non-neutral conditions. This is
done as a function of a dimensionless height parameter. Monin–Obukhov similarity
theory is the basic similarity hypothesis used in a horizontally homogeneous surface
layer. As it is assuming that the fluxes in the surface layer are uniform with height,
it can be used to determine the momentum flux, sensible heat flux and fluxes of
gases.

4.2.3 Other physics parameterization schemes

In addition to the chosen boundary layer schemes and the surface-layer schemes,
the following physics parameterizations has been used with WRF in this thesis:
For the cloud microphysics, the Morrison 2 moment scheme (Morrison et al., 2005)
is chosen. It is of great importance that the cloud processes are parameterized
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correctly, hence such a complex cloud physics scheme is used. The rapid radiative
transfer model for global circulation models (RRTMG, Iacono et al., 2008) schemes
are used for calculating the SW and LW fluxes and heating rate efficiencies utilizing
the correlated-k approach (Goody et al., 1989). The land-surface model (LSM)
used is the Noah with multiparameterization options (Noah-MP) LSM (Niu et al.,
2011; Yang et al., 2011). The Noah-MP LSM is an extended version of the widely
used Noah LSM (Chen and Dudhia, 2001a; 2001b; Ek et al., 2003), determining
surface heat and moisture fluxes over both land and sea. It also determines the
conductive heat flux through the ground and snow cover in addition to updating
variables such as the surface temperature (skin temperature), soil temperature and
moisture, canopy properties and snow cover (Skamarock et al., 2008).

4.3 Snow and land cover

Sensitivity tests of WRF’s performance when changing snow and land cover are of
interest because they reveal how large the effects of sudden changes can be. For
instance, removing the snow cover in the entire WRF domain is expected to yield
quite different energy fluxes than with snow present, as the ground is no longer
isolated. This particular test is performed in the results, which is done through
simply setting the snow coverage, snow depth and snow water equivalent in WRF to
zero. Although very unrealistic, a test like this is interesting to examine the WRF
model in further detail.

Because Iškoras lies above the tree line and is among the highest mountains in
the research area, winds, and thus also turbulence and vertical mixing, are usually
much stronger there than in the surrounding, lower altitude areas. It is therefore
interesting to alter the altitude of the tree line in WRF and see if this affects the
vertical profile of temperature. Both removing all the forest in the inner domain
and also altering the tree line to reach all the way up to the peak of Iškoras are
interesting sensitivity tests.

When the forest is removed, the near-surface winds are expected to flow more
freely than before due to less surface friction, which in turn increases mixing. On the
other hand, the amount of generated mechanical turbulence is expected to decrease.
Lifting the tree line above Iškoras’ peak could result in lower winds on the mountain,
possibly increasing the depth of the inversion. The latter experiment is interesting
as it is well known that an increase in temperature is associated with a rise in
the tree line, (e.g. Bryn and Potthoff, 2018), although the magnitude strongly
depends on the site (Kullman and Öberg, 2009). Normark (2012) found that the
forest and tree line in Troms county (now a part of Troms and Finnmark county)
in northern Norway on average expanded by 26 m and 74 m, respectively, between
1913 and 2011, suggesting that the expansion is a result of a longer growth season
due to increased temperatures as well as a reduced number of reindeer in the area.
With the indications from both observations and reanalysis data that the mean
near-surface (e.g. Johannessen et al., 2004; Serreze et al., 2009) and atmospheric
(Graversen et al., 2008) temperature in the Arctic increases more rapidly than the
global mean temperature, the so-called ’Arctic amplification’, the tree line rise at
Iškoras is expected to increase in a future climate. Thus, by expanding the reach of
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the tree line, an indication might be found as to how the temperature and wind is
affected on Iškoras in the future.

To alter the tree line in WRF, the land cover in the input file for the smallest do-
main (D03) was modified using a simple Python script. The two variables LU INDEX

and IVGTYP describe the land use by classifying each grid cell in the domain as a
certain land type. Here the 20-class version of the MODIS land use data is used
(vegetation parameters and their corresponding indexes listed in table A.1 in the
appendix). The adjustments made to the land cover are performed using simple
scripts only applied to the inner WRF domain.

For the very unrealistic case of all the trees being removed, the whole domain
is set to be covered in grasslands, as this is the dominating vegetation in the areas
where there are no trees originally. This is expected to result in more drastic changes
to the land cover in the lower altitudes than in the areas around Iškoras, because of
the differences in the actual vegetation in the two areas.

Longitude Longitude

Longitude

La
tit

ud
e

La
tit

ud
e

La
tit

ud
e

69.50

69.45

69.40

69.35

69.30

69.25

69.20

69.15

69.50

69.45

69.40

69.35

69.30

69.25

69.20

69.15

69.50

69.45

69.40

69.35

69.30

69.25

69.20

69.15
25.0      25.2     25.4     25.6     25.8 

25.0      25.2     25.4     25.6     25.8 25.0      25.2     25.4     25.6     25.8 

18

16

14

12

10

8

6

4

2

18

16

14

12

10

8

6

4

2

18

16

14

12

10

8

6

4

2

LU
_I

N
D

EX

LU
_I

N
D

EX

LU
_I

N
D

EX

Figure 4.2: Land use in the default WRF setup (top panel), land use without any trees

(left panel) and with a raised tree line (right panel). The variable LU INDEX corresponds

to the indexes found in table A.1.

While removing all trees in the domain is very straight forward, the approach
for elevating the tree line is slightly more complicated. All grid cells originally set to
the categories open shrublands or grasslands are changed to the category ’wooded
tundra’ (birch forest). This means that all areas with small trees and bushes with
relatively minor effects on surface friction and turbulence generation are replaced
with taller trees (∼10 m) with a much larger ’roughness length’. The roughness
length (z0) is defined as the height (in meters) above the surface in which the wind
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speed is theoretically equal to zero (Stull, 1988). It depends on the frontal area of
the average element (e.g. a tree or shrub) divided by the ground width it covers.
In the vegetation parameter table from MODIS, the roughness length for wooded
tundra is z0 = 0.3 m, which replaces the areas of open shrublands and grasslands
that has roughness lengths in the ranges 0.01-0.06 and 0.1-0.12 m. The land use in
the default WRF setup, the land use without trees and with a raised tree line are
shown in figure 4.2.

4.4 Initial and boundary conditions from ERA5

To produce satisfactory simulations with WRF, the initial and boundary conditions
should be based on actual atmospheric conditions. This is best achieved by utilizing
reanalysis data. While reanalysis data can be extremely useful, it must be used with
caution, as it is a product of observations and model data. The observations used
might be scarce or have errors, while the models could have biases that affect the
results. The lack of understanding of the uncertainties associated with reanalysis
data is the main issue in using it, as it is unclear how accurate the results are (Parker,
2016). The combination of potential inaccuracies can result in systematic errors in
a model such as WRF when it is run with initial and boundary conditions from a
reanalysis dataset. It is therefore important to take into account the possibility of
faulty initial and boundary conditions when analysing the results from a model such
as WRF.

ERA5 is a climate reanalysis dataset from the European Centre for Medium-
Range Weather Forecasts (ECMWF) available for the period 1979 to present. It is
being developed the Copernicus Climate Change Service (C3S) and provides hourly
estimates of a wide selection of atmospheric, land and oceanic climate variables. The
data from ERA5 cover the Earth on a grid of 31 km and resolves the atmosphere in
137 layers from the surface to a top at 0.01 hPa (∼80 km).

WRF requires a number of fields as input for it to run, some 3D variables at
every pressure level, and some 2D at the surface level. The ERA5 pressure level (38
vertical levels) data is chosen over the model level (138 levels) data, as it cuts the
download speed drastically. The fields downloaded from ECMWF are shown below,
where the fields marked with (opt) are optional, but recommended for running sim-
ulations in areas like wintertime in northern Norway. All other fields are required
to run WRF. The 2D values are used as initial conditions, while the 3D fields are
used as both initial and boundary conditions.

2D data

• Surface pressure

• Mean sea level pressure

• Skin temperature/SST

• 2-m temperature

• 2-m relative (or specific) humidity

• 10-m U and V components of wind

• Soil temperature and moisture

• Land-sea mask (opt)

• Snow depth and density (opt)

• Sea ice cover (opt)
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3D data

• Temperature

• U and V components of wind

• Geopotential height

• Relative (or specific) humidity

The soil temperature and moisture used in the simulations are defined at four dif-
ferent levels below the ground: 0-7 cm, 7-28 cm, 28-100 cm and 100-255 cm.

4.5 Comparing the observations to WRF output

When comparing data from a model to those from a point observation, there is
always the challenge of trying to make the data as comparable as possible. WRF,
like any weather or climate model, is a gridded model with a set spatial resolution.
In this thesis, the used resolution of the model grid in the inner domain is 400 m
by 400 m, while, as noted in section 4.1, some simulations were run with a lower
spatial resolution (1.1 km by 1.1 km). Although both of these horizontal resolutions
are high, due to the variable topography in the area, some of the station heights
become inaccurate, especially with the lowest of the two resolutions.

Altitude (m.a.s.l.)
Station name WRF WRF

Observed (400m x 400m) (1.1km x 1.1km)

N3 450 493 457
N2 495 493 457
N1 548 530 457

Iškoras II 591 534 457
S1 540 525 495
S2 497 496 495
S3 445 438 495
S4 385 375 335
S5 254 258 259
S6 160 166 201

Karasjok - Markannjarga 131 144 173

Table 4.1: The altitudes of the stations providing temperature data as well as the

corresponding altitudes estimated WRF with both a 400 m x 400 m and 1.1 km x 1.1 km

horizontal resolution.

Table 4.1 shows how well the altitudes of the stations are modeled in WRF with
the different horizontal resolutions (also shown in figure 4.3 as a close up of Iškoras,
and in appendix figure A.2 for a larger area). Some of the stations are placed very
close to each other, which results in some of them being located in the same grid
box in the WRF simulations. This is the case for stations N3 and N2 for the high
resolution run, while for the lower resolution run the stations N1, N2, N3 and Iškoras
II are in the same grid box, as is stations S1, S2 and S3. Here the station on Iškoras
is actually lower than stations stations S1, S2 and S3. Note that the placement of
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the Iškoras station is not located on the peak of the mountain and is therefore not
included in the dark spot higher than 550 m on the high resolution plot in figure
4.3.

Figure 4.3: Iškoras as portrayed by WRF with a 400 m by 400 m (left) and 1.1 km

by 1.1 km (right) horizontal resolution.

The terrain is ’flattened’ substantially in the low resolution runs compared to
both the high resolution runs and the actual topography. For example, the actual
difference in altitude between the stations on Iškoras and in Karasjok is 460 m, while
it is 390 m and 284 m with the high and low resolution runs, respectively.

As a result of inaccuracies in the station altitudes, some form of interpolation of
2-m temperature should ideally be used to achieve more realistic model values. This
could be done by interpolating the temperature to actual station altitudes using
observed lapse rates, a method that is briefly tested in the results section.

WRF’s horizontal resolution is not the only important factor to consider when
comparing the results to observations. For both temperature and wind data, the
height of the measurements must be comparable to output from the model. WRF
outputs both 2-m temperature data and U (zonal) and V (meridional) components of
wind at 10 meters height, which is convenient for comparing to surface observations.
Comparing wind speeds from WRF results to observations is relatively straight-
forward. It does, however, require calculating absolute wind speeds in WRF from
the U (zonal) and V (meridional) components of wind using equation (4.3), making
them comparable to the measurements of wind speed at the MET stations. Here,
|V | is the absolute wind speed and u and v are the U and V components of wind:

|V | =
√
u2 + v2 (4.3)

Comparing incoming and outgoing SW and LW radiation from WRF to observed
values is straight forward (as long as observations exist). However, a comparison of
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the total energy budget, the energy balance, is not. The observed energy balance
(eq. 2.3) cannot be calculated based on the available measurements at the two
main measuring stations used in this thesis, Iškoras and Karasjok (see section 3.1),
which only measure radiation and not the fluxes of sensible, latent and ground
heat. However, by calculating Rnet (eq. 2.1) and assuming the energy budget to be
balanced, one could make estimates of how well WRF simulates the turbulent fluxes
based on the comparisons of the radiation budget. For example, too low values of
Rnet in WRF would indicate that the turbulent fluxes are underestimated as well.

30



Chapter 5

Results

Five cases of inversion episodes have been chosen for comparing observed data and
WRF results. The cases are chosen based on T2m observations from the MET and
B. Etzelmüller’s stations (see section 3.2). The first case is given the most focus,
with more analyzes being performed on the results from this case than the other
four. In all cases an evaluation of WRF will be performed based have comparisons
of 2-m temperature, 10-m wind and cloud cover (LWdown) with different BL schemes
and vertical resolution. The main focus will be on Iškoras and Karasjok, as they
have more advanced measuring stations. Out of the stations from B. Etzelmüller, the
lowest altitude stations (S4, S5 and S6) are the most interesting, as the others are all
very similar to Iškoras’ results for all cases. Case 1 and 5 will have more BL schemes
tested, while case 1 also includes experiments with the horizontal resolution and
change in land and snow cover. Based on the findings in case 1, the favored methods
in horizontal resolution and BL schemes will be used for the comparisons in the rest
of the cases. All runs are performed with a 24 hour spin-up time before the onset of
the inversions, as the model requires some time to develop mesoscale circulations.
Thus, the model is not entirely reliant on the initial conditions from ERA5 during
the first relevant hours of the simulation. Pearson’s correlation coefficients, mean
biases and root mean square errors are calculated for all 2-m temperature and 10-m
wind simulations. If not included in the results section, they are found in tables in
the appendix.

5.1 Case 1: 18th-25th Jan 2015

Late January 2015 came with a strong temperature inversion in the interior parts
of the Finnmarksvidda plateau, causing very low temperatures in the valleys sur-
rounding Iškoras for a period of about four and a half days. A high pressure system
had formed over northern Norway by January 19th 00:00 UTC after a period of low
pressure (figure 5.1), cloudy weather and temperatures of around -6oC and some
snowfall in the research area. An overview of the weather situation for the entire
period is found in figure A.3 in the appendix.
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00 UTC Jan 18th 2015 00 UTC Jan 19th 2015

Figure 5.1: Weather maps for northern Europe in the days of the onset of the observed

temperature inversion recorded in case 1. The maps are provided by the UK Met Office

and downloaded from wetterzentrale.de

With the high pressure system remaining over the area for some days, the weather
situation became calm and partly cloud free, yielding a stable boundary layer with
little turbulence and low T2m in the valleys. As the polar night period had just ended
in most of northern Norway, there was still very little incoming solar radiation in the
area. This, in combination with the fair weather conditions caused the surface to cool
rapidly due to almost no longwave radiation being re-emitted from the atmosphere
to the surface.
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Figure 5.2: Observed 2-m temperature at the functioning stations during late Jan-

uary 2015 in the area around Karasjok and Iškoras. Measurements at the MET stations

at Iškoras and in Karasjok are hourly, while the rest of the stations have two-hourly

measurements.

During the time period in which the inversion took place, stations N3 and S6
were out of function and station S3 was, as mentioned in section 3.1, not working
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properly. Figure 5.2 shows the observed temperature at the functioning stations,
which gives a clear indication of a strong and long lasting inversion beginning in
the afternoon of January 19th and lasting until early January 24th. The inversion
episode coincides well with the periods of high pressure systems and few clouds.
The figure displays how T2m increases with altitude, as Iškoras and stations N1, N2,
S1 and S2 all measure very similar values, while the temperature decreases with
altitude for stations S4, S5 and Karasjok.

Boundary layer schemes

In the first case study, four different boundary layer (BL) schemes are tested: the
MYJ, YSU, ACM2 and MYNN2 schemes. The MYJ scheme is run with the ETA
surface-layer scheme, while the other BL schemes use the revised MM5 surface-layer
scheme (see section 4.2 for details). The simulations are performed with a horizontal
resolution of 400 m by 400 m grid cells in the inner domain and a vertical resolution
of 65 layers where the spacing of the layers is increased near the surface, putting
the middle of the bottom layer at about 6 m. Figure 5.3 shows the T2m for Iškoras
and the functioning stations of lowest elevation. The stations at elevations similar
to Iškoras are not included due to showing very close resemblance to the results at
the Iškoras station.
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Figure 5.3: Observed and modeled (with the MYJ, YSU, ACM2 and MYNN2 BL

schemes) 2-m temperature at stations S4, S5, Iškoras and Karasjok during late January

2015. Measurements at the MET stations at Iškoras and in Karasjok are hourly, while S4

and S5 have two-hourly measurements.

The T2m is simulated very similarly for all the BL schemes, with only slight
differences at certain times. There is a slight negative bias at Iškoras in all the
schemes during almost the entire period, while in Karasjok, the temperature is
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generally overestimated by 5-20oC during the inversions and slightly underestimated
before and after the inversion. It appears that at an altitude somewhere around
station S4 WRF goes from underestimating to overestimating the T2m. This points
towards something happening to the performance of the model at the lowest elevated
stations, as the warm bias increases rapidly with decreasing altitude.

The resulting temperature difference between Iškoras and Karasjok is seen in
figure 5.4, which due to WRF underestimating the T2m at Iškoras and overestimating
it in Karasjok is too small for all BL schemes compared to observations. That being
said, the onset of the inversion is accurate for all schemes except the MYNN2 scheme.
Interestingly, MYNN2 is the scheme that simulates the onset of the inversion in
Karasjok the best, but due to a similar decrease in temperature also simulated at
Iškoras at the same time, the resulting difference in T2m between the stations is
poorly timed.
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Figure 5.4: Observed and modeled (with the MYJ, YSU, ACM2 and MYNN2 BL

schemes) 2-m temperature difference between Iškoras and Karasjok during late January

2015.

Late on January 22nd, WRF simulates a jump in T2m for Karasjok of 10-15oC
for all BL schemes which is not seen in the observations. In fact, at the same
time as WRF simulates a sudden rise in temperature the observed temperature in
Karasjok is actually sinking towards the lowest values recorded during the entire case
period. A clear indication of the reasoning behind the jump in temperature seen
in WRF is found in the downwelling longwave radiation (LWdown) at Iškoras (figure
5.5), which shows an increase in LWdown for both WRF and observations at the
same time as the sudden temperature rise from WRF. Increasing values of LWdown

are either related to increasing cloud cover or the atmosphere becoming warmer.
Though the figure shows the situation on Iškoras due to Karasjok unfortunately not
having observations of radiation at the time, WRF simulates LWdown very similarly
for Karasjok (not shown). Based on cloud cover observations at Karasjok (appendix
figure A.4) it seems that WRF predicts clouds over Karasjok that are not observed,
which explains the disagreement in the T2m around midnight January 23rd.
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Figure 5.5: Observed and modeled (with the MYJ, YSU, ACM2 and MYNN2 BL

schemes) downwelling longwave radiation at Iškoras during late January 2015.

As seen in figure 5.6, the 10-m wind speeds at the two stations differ substan-
tially, with Iškoras being much windier. Karasjok’s location inside a valley can
result in very calm conditions and low winds as mentioned in section 2.2.2, which
is the case for this period in January 2015. This makes the conditions in the valley
very stable which prevents mixing with the air aloft, thus keeping the area from
warming. The wind is simulated fairly well for both stations, but is systematically
underestimated at Iškoras when the observed wind speeds are higher than 5 m/s
and generally overestimated in Karasjok for all BL schemes except MYJ, which has
a slight negative bias and fits the observations the best.
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Figure 5.6: Observed and modeled (with the MYJ, YSU, ACM2 and MYNN2 BL

schemes) 10-m wind speed at Iškoras and Karasjok during late January 2015.

The wind appears to be of great importance for the break up of the inversion,
as the increase in 10-m wind observed at Karasjok around midnight January 24th
coincides well with the rise in T2m at the same time. Actually, the observed wind
curve follows the temperature curve in Karasjok quite closely for much of the period,
with a correlation of r=0.66, while the correlation is 0.47, 0.31, 0.30 and 0.38 for
the MYJ, YSU, ACM2 and MYNN2 schemes, respectively (figure 5.7). It is very

35



clear from the observations that low temperatures correspond to low winds speeds,
a characteristic best captured by the MYJ scheme, while the other schemes mostly
simulate too high and very variable wind speeds.
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Figure 5.7: Regression plot for observed and simulated 2-m temperature and 10-m

wind in Karasjok 18th to 25th of January 2015.

Based on the comparison of the BL schemes there is no particular scheme(s)
performing substantially better than the others. That being said, the lower altitude
stations are the ones with largest temperature biases and the schemes performing
best there are the MYJ and YSU schemes. These schemes have the lowest warm
biases in Karasjok, while MYJ also simulates the wind the best there. Therefore the
MYJ and YSU schemes are selected for further comparisons between WRF results
and observed data. In addition to being the two most commonly used BL schemes
with WRF, they also use different surface-layer schemes (ETA and MM5), which
could potentially be interesting to see the impact of.

Iškoras

BL scheme r Bias [K] RMSE [K]

MYJ 0.83 -3.50 4.37
YSU 0.84 -2.71 3.71

ACM2 0.82 -2.64 3.75
MYNN2 0.81 -2.04 3.43

Table 5.1: Correlation, bias and RMSE for the WRF runs with different boundary

layer schemes compared to observed 2-m temperature at Iškoras during case 1.
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Karasjok

BL scheme r Bias [K] RMSE [K]

MYJ 0.60 4.44 9.69
YSU 0.59 4.62 9.53

ACM2 0.63 5.57 10.04
MYNN2 0.66 6.24 10.32

Table 5.2: Correlation, bias and RMSE for the WRF runs with different boundary

layer schemes compared to observed 2-m temperature in Karasjok during case 1.

As WRF has troubles with predicting the near-surface temperatures, it is inter-
esting to try examining how it performs in modeling the vertical temperature profile.
Figure 5.8 shows the lapse rate of the lower part of the troposphere at 16:00 UTC
on Jan 21st (when the observed inversion is the strongest) based on the observed
2-m temperatures from the available stations, a similar station based lapse rate
from WRF and the actual vertical temperature profile in WRF in the column above
Karasjok. The latter temperature profile consists of the air temperature in each of
the lowest vertical layers of the model, and is therefore not based on temperatures
at the same heights as either of the station based lapse rates.

−35 −30 −25 −20 −15 −10 −5

Temperature [oC]

200

300

400

500

600

A
lt

it
u

d
e

[m
.a

.s
.l.

]

OBS (station based)

MYJ (station based)

YSU (station based)

MYJ (lapse rate)

YSU (lapse rate)

Figure 5.8: Lapse rates at 16:00 UTC Jan 21st 2015 (mid-inversion). The observed

lapse rate (black line) is based on 2-m temperatures measured at the available stations, the

blue and orange lines use simulated 2-m temperatures from the MYJ and YSU boundary

layer schemes at the station locations, and the green and red lines are the air temperatures

in the lowest vertical layers of the WRF model in the column located above Karasjok with

the MYJ and YSU schemes.
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The observed lapse rate has a positive temperature gradient of about 6.3oC per
100 m, where the gradient seems to be least steep near the top of Iškoras and in the
valleys towards Karasjok. This result might come from a lack of observations in the
middle altitudes. Stations N2 and S2 lie at about the same altitude (495 m.a.s.l. and
497 m.a.s.l.) but measured -7.0oC and -12.6oC, so an average was made. The same
was done for stations N1 (548 m.a.s.l.) and S1 (540 m.a.s.l.) which measured -7.1oC
and -8.3oC at that time. The reason for the discrepancies between the stations north
and south of Iškoras could be related to the direction of the wind in the area at the
time. The wind at Iškoras was coming from west/south west during this period,
which may have brought more of the cold air from the surrounding valleys towards
the stations south of the mountain ridge, while the stations north of it were more
shielded (ref figure 3.1). All of the stations lay beneath the top of the SBL, because
the inversion continues all the way up to the station of the highest altitude.

The station based lapse rate from WRF shows an average vertical tempera-
ture gradient of around 3.1oC/100m and 3.7oC/100m for MYJ and YSU, respec-
tively, while the lapse rate in the first few hundred meters in the air column above
Karasjok has a temperature increase of about 3.5oC/100m for the MYJ scheme and
3.9oC/100m for the YSU scheme. The lapse rates based on the temperature in the
air column above Karasjok has ∼4oC higher temperatures than the station based
lapse rates. This is expected, as the station based lapse rates are based on 2-m air
temperatures, which in these conditions are lower than the temperature of air in the
column above Karasjok at the same altitude. The station based lapse rates from
WRF have temperatures too low (high) in the lower (higher) altitudes, while the
non-station based have too low temperatures at all elevations.

Vertical resolution

The vertical resolution of the atmosphere in WRF depends on both the number of
vertical layers and their spacing. The two different vertical layer set ups tested here
are: a 65-layered atmosphere as described in the previous section, and a 30-layered
atmosphere with WRF’s default spacing of the layers and the middle of the bottom
layer at about 25 m.

The resulting T2m from a higher vertical resolution in Iškoras has a lower corre-
lation with observations and a larger negative bias and RMSE than the temperature
resulting from the 30-layered run (figure 5.9, left panel). This is a little surprising,
given that the near-surface processes should be better represented with a more de-
tailed vertical structure. When looking at the modeled 10-m wind at Iškoras (figure
5.10, left panels), one can see generally lower wind speeds being generated with the
30-layered atmosphere compared to the 65-layered one, although these differences
do not seem to coincide with the periods where the 65-layered simulations of T2m
are lower than the 30-layered ones. It seems, however, that the 30-layered version of
WRF simulates LWdown more accurately for the period with the temperature dips
during the 19th and 20th of January than the 65-layered version (figure 5.11), thus
reducing the cold bias.
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Figure 5.9: Observed and modeled 2-m temperature at Iškoras and Karasjok during

late January 2015 with different boundary layer schemes and vertical resolution.
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Figure 5.10: Observed and modeled 10-m wind speed at Iškoras and Karasjok during

late January 2015 with different boundary layer schemes and vertical resolution.
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Figure 5.11: Observed and modeled downwelling longwave radiation at Iškoras during

late January 2015 with different boundary layer schemes and vertical resolution.

In Karasjok the warm bias for large parts of the case period clearly increases
when using a lower vertical resolution (figure 5.9, right panel). For the MYJ scheme
the mean bias is increased by 1.39 oC, while the YSU scheme sees an increase in
mean bias of 2.61 oC. With a lower vertical resolution the temperature difference
between the stations also decreases throughout large parts of the case period (figure
5.12) due to the increase in warm bias in Karasjok. The wind also appears to be
less accurate with a low vertical resolution, especially for the MYJ scheme (figure
5.10, left panels).
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Figure 5.12: Observed and modeled 2-m temperature difference between Iškoras and

Karasjok during late January 2015 with different boundary layer schemes and vertical

resolution.

The large improvement in the simulations of T2m at Karasjok with 65 vs 30
vertical levels is seen in the vertical temperature profile for both BL schemes in
figure 5.13, showing a snapshot from the time of the strongest observed inversion.
The differences between the profiles are very apparent near the surface, where the

40



65-layered runs have many more layers than the 30-layered runs. WRF’s ability
to hold a stronger temperature gradient is improved when more layers are present.
The improvement in the observations come with an increased computational time
though, as more than double the amount of values are being calculated with 65
layers compared to with 30 layers. The 65-layered simulations takes 50-55% longer
to run than the simulations with only 30 vertical layers.
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Figure 5.13: Modeled vertical temperature profile at Karasjok at 16:00 UTC January

21st 2015 with different boundary layer schemes and vertical resolution.

Horizontal resolution

The impact of the chosen horizontal resolution has been tested with two different
resolutions: grid cells of sizes 1111 m by 1111 m and 400 m by 400 m. These specific
resolutions are a result of two different nesting approaches, one with the 3:1 ratio
for the two inner domains and one with the 5:1 ratio. As the outer domain in both
cases has the size of 1000 km by 1000 km, and all domains have 100 by 100 grid
cells, the resolution ends up at the stated values.

Figure 5.14 shows the modeled 2-m temperature at Iškoras and Karasjok and
figure 5.15 shows the temperature difference between the stations with the two
different resolutions. All runs have a vertical resolution of 65 vertical layers. The
correlation, bias and RMSE of the lower horizontal resolution runs are all aggravated
on both Iškoras and in Karasjok compared to the higher resolution runs (table A.2
and A.4 in the appendix). With a lower resolution comes a poorer representation of
the topography, as seen in figure 4.3 and table 4.1, which in turn gives less accurate
depictions of T2m and 10-m wind (figure 5.16). The high resolution runs require
45-50% more computational time than the low resolution runs.
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Figure 5.14: Observed and modeled 2-m temperature at Iškoras and Karasjok during

late January 2015 with different boundary layer schemes and horizontal resolution.
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Figure 5.15: Observed and modeled 2-m temperature difference between Iškoras and

Karasjok during late January 2015 with different boundary layer schemes and horizontal

resolution.

Due to the modeled altitude at Iškoras being lower than in reality, and in
Karasjok it is higher (table 4.1), post-processing of the results is likely to have
positive effects on the results and reduce some of the biases in T2m. By using the
actual heights of the stations and the lapse rates from the observations to interpolate
the temperature, the T2m on Iškoras becomes higher as the temperature increases
with height in the SBL. For the same reason the T2m in Karasjok becomes lower.
This kind of post-processing could be applied both to the low and high resolution
simulations, but has a larger effect on the lower resolution runs as the altitudes there
are less accurate.

For example, by applying the observed lapse rate of 6.3oC/100m from figure 5.8
to the WRF temperatures at the same time (16:00 UTC January 21st) on Iškoras,
the high and low resolution temperatures would increase by 3.6oC and 8.4oC, re-
spectively, making them fit the observations much better. For Karasjok, a similar
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process would result in a reduction in the simulated T2m of 0.8oC and 2.6oC. As
the lapse rate changes for every time step and might not even be realistic when
just using an average value for the whole lower part of the boundary layer, this
method is both time consuming and potentially inaccurate. With more time and
observations though, there is large potential to improve the T2m from WRF through
post-processing of the results, especially for Iškoras and the surrounding stations.
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Figure 5.16: Observed and modeled 10-m wind at Iškoras and Karasjok during late

January 2015 with different boundary layer schemes and horizontal resolution.

MODIS skin temperature

By comparing skin temperature from MODIS satellite data to the that of the WRF
model (both averaged over eight days), one could get an impression of how well the
model performs in simulating the temperature over a large area. The Tsk has a large
impact on the T2m, so it is interesting to see if any of the biases found in the T2m is
explained by similar biases in the Tsk.

Additionally, a comparison between the topography of the area and Tsk from
MODIS has been performed (figure 5.17), as the highest elevated areas are expected
to be warmer than the lower ones in this SBL environment. It is important to
keep in mind that the Tsk data is an average over the eight-day period 17th-25th
of January 2015, which covers the period of this case period well, but at the same
time results in the expected characteristics of the SBL’s impact on temperature to
be less prominent than if the data was from a snapshot during inversion. As the
resolution of the MODIS Tsk data is 1 km2, it is compared to the topography from
the low-resolution (1.1 km by 1.1 km) WRF run to get a similar resolution. For the
comparison to WRF Tsk data, both the high- (400 m by 400 m) and low-resolution
runs are compared to Tsk from MODIS.
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Figure 5.17: MODIS skin temperature data (middle panel) and the location of the

domain in the left panel. On the right is the topography of the inner domain of WRF

(111.11 km by 111.11 km) covering roughly the same area.

The projection used on the MODIS and WRF figures are different, and the Tsk
data from MODIS are not georeferenced, therefore the longitudes and latitudes are
not labeled on the figure. The left panel in figure 5.17 is included to show the
position of the area in northern Norway, which covers roughly the same area as
WRF. The mountains in the area are the most prominent characteristics used to
compare the two plots (section 3.1.3).

There is a strong correlation between the observed Tsk and the topography of the
area in the selected time period. All the mountains (figure 3.3) stand out as warm
relative to the surroundings, ∼10 oC warmer than the in the lower lying valleys.
The tallest mountains appear to have the highest temperatures, as to be expected
in such conditions.

In figure 5.18, Tsk from WRF (averaged over the same period) with the MYJ
and YSU BL schemes is compared to MODIS Tsk. The features are very similar for
the modeled and observed data, however, WRF seems to be slightly warm biased,
more for the YSU than the MYJ scheme. Both with a low horizontal resolution
(figure 5.18 a and b), and a high one (figure 5.18 d and e), the low Tsk in the valleys
are overestimated by a few degrees, with similar tendencies on the mountains. It
is important to note that the MODIS data, although being gap-filled with ERA-
Interim data, is prone to cloud top temperatures contaminating the measured Tsk
(section 3.1.3) and might therefore have cold biases that are not accounted for. It
appears though, that the Tsk from WRF is depending more on local differences in
topography than the MODIS Tsk. The red areas in the Tsk plots from WRF are
lakes having skin temperatures of about -4 oC, pointing towards the land surface
model, Noah-MP, not producing thick ice on the lakes and thus, the Tsk becomes
too high. However, the high Tsk of the lakes does not seem to affect the temperature
of the surroundings much.
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Figure 5.18: Skin temperature data averaged over the period January 17th to 25th

2015 from WRF with the MYJ and YSU BL schemes and from MODIS gap-filled with

ERA-Interim reanalysis data. Panels a-c show the Tsk for a 111.11 km by 111.11 km

inner domain with grid cells of size 1.1 km by 1.1 km in WRF and roughly the same area

from MODIS, while panels d-f show Tsk for a 40 km by 40 km inner domain with grid

cells of size 400 m by 400 m in WRF centered around Iškoras and roughly the same area

from MODIS. Due to the MODIS data not being geo-referenced and the projections being

different for the MODIS data and the WRF simulations, the panels do not cover exactly

the same area. The dark red areas are lakes which in WRF are warmer than the land

surface, at a temperature of ∼-4oC.

Snow and land cover

In this section, different modifications to the snow and land cover are performed.
The effects of the modifications are analysed and discussed.

Removing the snow cover

To test how the snow cover impacts the surface air temperature during an inversion
episode, simulations were run where the snow cover was completely removed from
all the WRF domains. The no-snow simulations were run with a spin-up time of
seven days to give the surface some time to cool after the snow is suddenly removed.
Ideally, the spin-up time would have been even longer, but due to limitations in
time, one week of spin-up is used. Although not very realistic, a week of spin-up
showed clear improvements in the amount of cooling of the ground compared to runs
with only one day of spin-up time (not shown).
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Figure 5.19: Observed and modeled 2-m temperature at Iškoras and Karasjok during

late January 2015 with different boundary layer schemes with and without snow.

The tests revealed that no snow cover gives a higher surface air temperature than
the runs with snow cover. Figure 5.19 shows the 2-m temperature at Iškoras and
Karasjok after changing the snow cover, where the increase in temperature is more
prominent in Karasjok than at Iškoras. With snow covering the terrain, the ground
is isolated from the air above, thus the heat exchange between the ground and the
atmosphere is limited. As the heat capacity of a bare ground is higher than that of
a snow covered one, it can emit more LW radiation (figure 5.20).

It appears that for Iškoras the LWup from WRF is more in agreement with the
observations when the snow is removed than when it is present. This could be
interpreted as a sign of WRF failing to capture the effect of snow being blown off
the mountain due to strong winds, leaving the ground less isolated. This hypothesis
appears to be confirmed by comparing observed and modeled snow cover (figure
5.21), which could potentially explain some of the cold bias seen at Iškoras that is
clearly reduced by removing the snow completely. That being said, as the Iškoras
station is located on top of the mountain ridge, the snow cover from WRF is likely
representative for much of the surrounding area inside that grid box although it is
too high on Iškoras. Also, the strong winds on Iškoras makes the impact of the
snow depth on the near-surface temperature small, because the heat released to the
atmosphere from the surface is quickly removed by wind. The sensible heat flux
increases (figure 5.22), as does the ground heat flux (positive when the ground gains
energy), which is strongly negative without snow compared to with snow (figure
5.23, left panel). This implies that large amounts of energy are released from the
ground towards the surface.

For Karasjok, the removal of the snow cover has a larger impact than on Iškoras,
mainly due to the calm conditions allowing warming from the surface to affect the
T2m more. A lot of energy is released from the ground during most of the period
(figure 5.23, right panel), which directly affects the observed T2m. The ground flux
in Karasjok appears to depend heavily on cloud cover (ref 5.5). For a more realistic
case, a longer spin-up time would likely result in a colder ground with less potential
to warm the air as much as seen here.
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Figure 5.20: Longwave upwelling radiation at Iškoras during late January 2015 with

different boundary layer schemes with and without snow.

2015-01-18

2015-01-19

2015-01-20

2015-01-21

2015-01-22

2015-01-23

2015-01-24

2015-01-25

Time

0.0

0.1

0.2

0.3

0.4

0.5

S
n

ow
d

ep
th

[m
]
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Figure 5.21: Observed and modeled snow depth in meters at Iškoras and Karasjok

during late January 2015. There are observations both from B. Etzelmüller and MET on

Iškoras as there are some missing data in the observed snow depth from MET. The MYJ

BL scheme is used for the WRF simulations (very similar values as for the YSU scheme).
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Figure 5.22: Sensible heat flux at Iškoras during late January 2015 with different

boundary layer schemes with and without snow. Positive upwards.
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Ǐskoras

2015-01-18

2015-01-19

2015-01-20

2015-01-21

2015-01-22

2015-01-23

2015-01-24

2015-01-25

Time

−100

−80

−60

−40

−20

0

20

G
ro

u
n

d
h

ea
t

fl
u

x
[W

m
−

2
]

Karasjok

MYJ

YSU

MYJ (no snow)

YSU (no snow)

Figure 5.23: Modeled ground heat flux, G, at Iškoras and Karasjok during late January

2015 with different boundary layer schemes with and without snow.

Elevating the tree line

As a warming climate and a following rise in the tree and forest line is expected (see
section 4.3), a modification has been made to the land cover in the research area,
where all areas of shrubs and grasslands are replaced with birch forest.

The results reveal that the artificially created tree line rise had minor effects
on the simulated wind speeds. The wind speed is slightly lowered under periods of
strong wind at Iškoras, while Karasjok appears to be more or less unaffected (figure
5.24). As Iškoras had no trees originally and Karasjok is located in a forested area,
these results are as expected. The increase in roughness at the surface on Iškoras
lowers the wind speed slightly. The 2-m temperatures at both stations were barely
affected (figure 5.25).
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Figure 5.24: Observed and modeled 10-m temperature at Iškoras and Karasjok during

late January 2015 with different boundary layer schemes and land coverage.
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Figure 5.25: Observed and modeled 2-m temperature at Iškoras and Karasjok during

late January 2015 with different boundary layer schemes and land coverage.

It is worth noting that, due to the short spin-up time of this simulation, the
radiative effects of the change in land cover remain almost unchanged (not shown).
During winter in real life, an area of tall birch trees will accumulate less snow than
an area covered by grass or shrubs, in addition to making the surface darker and
lowering the albedo because the trees are tall enough to reach above the snow. On
the other hand, the snow drift due to wind will be lowered, causing more snow in the
area. These factors points towards that a spin-up time of several months, starting
before snow fall would be necessary to see the full effects of the land cover change.
Due to limitations in time such a run has not been performed. Additionally, the
fact that the tree line modification is only performed in the inner WRF domain
contributes to less realistic results.

Removing all trees

While the tree line rising in the future is a likely scenario, a scenario where all the
trees in the study area disappear is less probable. Nevertheless, removing all the
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trees in the inner domain is an interesting sensitivity test of WRF’s performance.
The process behind removing the trees from the study area is described in section
4.3. Removing all the trees in the area has little to no effect on the simulated
temperature at Iškoras, while Karasjok generally becomes a few degrees warmer,
more for the YSU than the MYJ BL scheme (figure 5.26).

The cause of the warming in Karasjok is related to the increasing wind speeds as
the trees are removed (figure 5.27), since the surface roughness is reduced substan-
tially. This causes more turbulent mixing to occur, which in turn reduces stability
of the SBL because warmer air higher in the BL is mixed in with the surface air.
On Iškoras there are no trees normally, so there is naturally very little change in
wind speeds there.

Like for the previous land cover modification, the spin-up time should ideally
have been longer, as the snow accumulation would have been different if the trees
were removed for a longer period of time. The removal of the trees being limited to
only the inner WRF domain also affects the results.
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Figure 5.26: Observed and modeled 2-m temperature at Iškoras and Karasjok during

late January 2015 with different boundary layer schemes with and without trees.
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Figure 5.27: Observed and modeled 10-m wind speed at Iškoras and Karasjok during

late January 2015 with different boundary layer schemes with and without trees.
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5.2 Case 2: 4th-8th Jan 2016

Early January 2016 had an about two-day long inversion the 6th and 7th of January
during calm conditions with clear skies, similar to those in case 1 (see figure A.5 in
appendix for the weather situation during the onset of the inversion). A drop in 2-m
temperature is seen at all the observational stations, although the most apparent
change is seen at stations S5 and Karasjok (figure 5.28). As S5 lies ∼100 m higher
than Karasjok and closer to Iškoras, it is apparent that the very low temperatures
are not solely a result of local conditions around Karasjok, but occur generally in
the lower lying areas.
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Figure 5.28: Observed 2-m temperature at the functioning stations during late Jan-

uary 2016 in the area around Karasjok and Iškoras. Measurements at the MET stations

at Iškoras and in Karasjok are hourly, while all the other stations have two-hourly mea-

surements.

As mentioned in section 3.1 some of the MTDs have minimum operating temper-
atures that are higher than the actual temperature observed at some of the stations.
This is the case for station S6 during winter 2016, where the minimum operating
temperature is set to ∼-30oC, as seen in figure 5.29 with red dots indicating the start
and end of the period where the station is not able to measure the temperature be-
low a threshold of -29.43oC. At the MET station instrument in Karasjok there is no
such threshold. The Karasjok station is normally expected to yield temperatures
similar to those at station S6 due to their altitudes being only 31 meters apart.
Figure 5.29 confirms that the correct temperature is not captured by station S6, as
the station at Karasjok measures temperatures as low as -42.4oC when the inversion
is the most prominent, while S6 lies flat at -29.43oC.
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Figure 5.29: Two-meter temperature at station S6 (six-hourly, blue line) and in

Karasjok (hourly, green line) early January 2016. The red dots indicate the start and

end of the period of temperatures below -30oC at station S6 which leads to the station

malfunctioning (07:00 UTC Jan 6th to 01:00 UTC Jan 8th).

Boundary layer schemes

As S6 was having troubles with the low temperatures, the study of the lowest sta-
tions will be performed without it. Figure 5.30 shows time series of observed and
modeled (with the MYJ and YSU schemes) 2-m temperature for Iškoras and the
lowest stations in operation. A high horizontal and vertical resolution is used in the
simulations (400 m by 400 m grid cells and 65 vertical layers). As for case 1, the
plots for the higher lying stations bear close resemblance to that of Iškoras and is
therefore not included. WRF shows a good correlation to the observations for all the
stations, although, during the inversion modeled temperatures at Iškoras and S4 are
slightly underestimated, while they are overestimated at S5 and in Karasjok. The
YSU boundary layer scheme produces lower temperatures than the MYJ scheme
during the inversion at the lowest stations. The onset of the inversion is modeled
accurately, especially for Karasjok with the YSU scheme, while the break up of the
inversion at the same station comes too early for both BL schemes and is not as
instant as observed.

The early break up of the inversion in Karasjok is likely related to mechanical
turbulence being generated by an increasing wind which in the model that starts
a few hours too early compared to the observations for both schemes (figure 5.31,
right panel). At Iškoras the wind is modeled more accurately regarding the break
up of the inversion, although the peaks in the wind speed are underestimated (figure
5.31, left panel).
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Figure 5.30: Observed and modeled (with the MYJ and YSU BL schemes) 2-m

temperature at stations S4, S5, Iškoras and Karasjok during early January 2016. Mea-

surements at the MET stations at Iškoras and in Karasjok are hourly, while S4 and S5

have two-hourly measurements.
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Figure 5.31: Observed and modeled (with the MYJ and YSU BL schemes) 10-m wind

at Iškoras and Karasjok during early January 2016. The observations at Karasjok are

missing some data.
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Figure 5.32: Observed and modeled (with the MYJ and YSU BL schemes) up- and

downwelling longwave radiation at Iškoras (left panels) and Karasjok (right panels).

The importance of SW radiation for Rnet is negligible during early January on
the Finnmarksvidda plateau, and so Rnet is in principle determined only by the LW
fluxes. In Karasjok and to a lesser degree on Iškoras, both the up- and downwelling
LW radiation is seemingly greatly underestimated (figure 5.32) by WRF, which
would result in more radiative cooling of the ground than observed. However, it is
obvious that the observed values of LWup are much larger than what to expect based
on the observed T2m. This also makes observed LWdown too large. By performing a
quick calculation to get an estimate of the skin temperature (Tsk) corresponding to
the LWup (the Stefan-Boltzmann law, eq. 2.2), it is confirmed that the measurements
are not correct. As the ground is snow covered, ε is set to 0.97, based on the findings
of Kondo and Yamazawa (1986), which also coincide well with the ε values from
WRF for this period, although this may be inaccurate as it is a grid averaged value.

For Iškoras at 00:00 UTC January 7th a value of LWup of around 215 Wm−2 is
observed, yielding a value of Tsk =-23oC, while in WRF the simulated LWup is about
185 Wm−2, giving Tsk =-32oC. This seems quite reasonable when compared to the
T2m values in figure 5.30. For Karasjok however, the observed LWup at 00:00 UTC
January 7th is around 300 Wm−2 while WRF simulates a value of about 160 Wm−2

(a little higher for the MYJ scheme than the YSU scheme). This results in Tsk
values of -1.4oC and -41oC, respectively, which makes it apparent that the observed
value of LWup is way too high, as the observed T2m at the same time is around
-40oC. It appears that the calibration in the LW measuring instrument at Karasjok
is not correct, yielding values that do not coincide with the observed near-surface
temperatures.

The modeled cold bias at Iškoras seems to be a result of too low LWdown values
possibly related to not enough cloud cover and too low wind speeds which allows the
surface to cool more due to less mixing, in turn making LWup lower. It is difficult
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to explain the warm biases in Karasjok as the radiation measurements are faulty. It
is interesting to note though, that the surface is cooling more in Karasjok with the
YSU scheme than the MYJ scheme during the inversion, which results in T2m being
∼5oC lower with the YSU scheme in this period.

As the energy budget (eq. 2.3) in WRF is found to be (close to) in balance at
both stations (not shown), an assumption can be made as to whether or not the
modeled turbulent fluxes (H and LE ) and the ground flux (G) are correct based
on the observed Rnet. Though the LW radiation measurements at Karasjok seem
to be calibrated poorly, LWnet can still be calculated by assuming the calibration is
the same for the measurements of both LWdown and LWup. It is found that for both
stations Rnet(≈ LWnet) is too small, hence it can be assumed that the sum of H, LE
and G is too small compared to what is observed. If an eddy covariance system was
set up at any of the stations to measure the turbulent fluxes, this hypothesis could
have been tested and potentially confirmed.

Vertical resolution

When comparing the vertical resolution, 65 vs 30 vertical layers, the differences
for the January 2016 case are quite small, although the higher resolution clearly
improves the results at Karasjok during the inversion (figure 5.33) by reducing the
warm bias. It is apparent that for this particular case the choice of BL scheme has
a bigger impact on the resulting temperature than the number of vertical layers, as
the 30 layer version of the YSU scheme performs better than the 65 layer version
of the MYJ scheme. The changes in the temperature difference come almost solely
from the changes in 2-m temperature at Karasjok, and are therefore more accurate
for the YSU scheme runs (figure 5.34). The wind speeds (not shown) are modeled
better at Iškoras with 65 than 30 vertical layers, while no clear improvement is found
for Karasjok.
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Figure 5.33: Observed and modeled 2-m temperature at Iškoras and Karasjok during

early January 2016 with different boundary layer schemes and vertical resolution.
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Figure 5.34: Observed and modeled 2-m temperature difference between Iškoras and

Karasjok during early January 2016 with different boundary layer schemes and vertical

resolution.

Iškoras

WRF run r Bias [K] RMSE [K]

MYJ (65) 0.96 -1.83 2.43
YSU (65) 0.96 -1.50 2.20
MYJ (30) 0.97 -1.76 2.35
YSU (30) 0.96 -1.71 2.45

Table 5.3: Correlation, bias and RMSE for the WRF runs with different vertical and

horizontal resolution and MYJ/YSU BL schemes compared to observed 2-m temperature

in Iškoras during case 2.

Karasjok

WRF run r Bias [K] RMSE [K]

MYJ (65) 0.93 2.99 5.75
YSU (65) 0.92 2.03 5.31
MYJ (30) 0.92 3.72 6.60
YSU (30) 0.91 2.94 6.00

Table 5.4: Correlation, bias and RMSE for the WRF runs with different vertical and

horizontal resolution and MYJ/YSU BL schemes compared to observed 2-m temperature

in Karasjok during case 2.
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5.3 Case 3: 24th-29th Feb 2016

In late February 2016 the study area had an almost four-day long period of large
temperature differences between the high and low altitude regions. The weather
situation in case 3 was different from the previous cases, as there was no stable
high pressure system remaining over the area for several days. Instead, the weather
situation was characterized by a dying low pressure system moving around over
northern parts of Scandinavia (figure 5.35).

00 UTC Feb 24th 2016 00 UTC Feb 25th 2016 00 UTC Feb 26th 2016

00 UTC Feb 27th 2016 00 UTC Feb 28th 2016 00 UTC Feb 29th 2016

Figure 5.35: Weather maps for northern Europe in the days of the observed tem-

perature inversion recorded in case 3. The maps are provided by the UK Met Office and

downloaded from wetterzentrale.de

This inversion in this case is also different from the previous cases in that the
sun has a larger impact on the energy balance (∼150 Wm−2 SWdown maximum
in the middle of the day) and 2-m temperatures, due to the time of year. The
observations in figure 5.36 display how the temperatures clearly vary with the time
of day, especially at the lowest altitude stations.

Once again, station S6 fails to measure the temperature below -30oC. Early on
the 28th and 29th of February, the surface air temperature is too cold for S6 to
measure, resulting in the same T2m of -29.43oC being recorded for multiple time
steps, although the observations at Karasjok measure temperatures ∼5oC lower
than this at the same time, which is not consistent with the difference between the
station measurements in the hours prior.
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Figure 5.36: Observed 2-m temperature at the functioning stations during late Febru-

ary 2016 in the area around Karasjok and Iškoras. Measurements at the MET stations at

Iškoras and in Karasjok are hourly, the measurements at S6 are six-hourly and the rest of

the stations have two-hourly measurements.

Boundary layer schemes

As for the previous cases, the tests of the BL schemes are performed with a high
horizontal and vertical resolution (400 m by 400 m grid cells and 65 vertical layers).
The WRF runs reveal a poor correlation between its results and observed 2-m tem-
peratures for the stations of lowest altitude S5 and Karasjok, with a large positive
bias in most of the period of the February 2016 case (figure 5.37). For Iškoras, the
temperature is instead slightly underestimated, while at S4 there was a slight over-
estimation through parts of the inversion. Both BL schemes perform almost equally
poor at the lowest stations. The periodic dips in temperature associated with the in-
versions are somewhat reproduced by WRF, but the temperature stabilizes and rises
too rapidly after the onsets of the inversions, creating large discrepancies between
the observed and modeled values.
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Figure 5.37: Observed and modeled (with the MYJ and YSU schemes) 2-m tempera-

ture at stations S4, S5, Iškoras and Karasjok during late February 2016. Measurements at

the MET stations at Iškoras and in Karasjok are hourly, while S4 and S5 has two-hourly

measurements.

2016-02-24

2016-02-25

2016-02-26

2016-02-27

2016-02-28

2016-02-29

2016-03-01

Time

180

200

220

240

260

280

300

320

D
ow

n
w

el
li
n

g
L
W

ra
d

ia
ti

on
[W

m
−

2
]
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Figure 5.38: Observed and modeled (with the MYJ and YSU boundary layer schemes)

downwelling longwave radiation at Iškoras and in Karasjok.

The correlation between observed and modeled LWdown for Iškoras (figure 5.38,
left panel) is very poor in much of the period, as large cloud covers are predicted when
they are not observed and vice versa. Looking at the LWdown in Karasjok (figure
5.38, right panel) it appears that the calibration of the LW measuring instruments is
not correct, resulting in a positively biased values compared to those of WRF. This
is confirmed by a similar test to that performed in case 2 using the Stefan-Boltzmann
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law. However, the correlation seems to be better for Karasjok than Iškoras. The
reason for this could be that there are clouds or fog in the lower lying areas while
the sky is clear in the mountain areas and that WRF is not able to simulate this.

An analysis of the radiation budget is unfortunately not possible for Iškoras,
due to the station seemingly malfunctioning in this time period, delivering results
where the reflected shortwave radiation surpasses the incoming shortwave with more
than 100 W/m2 (appendix figure A.6, left panel). These kind of faults in the mea-
surements can occur during winter because the instrument measuring radiation at
Iškoras is prone to being rime or ice covered at times, despite it being heated and
having a fan attached to it (Ketil Isaksen, personal communication).

The radiation budget at Karasjok can, however, be analyzed, since the calibration
errors found for the LWdown measurements also appear in the measurements of LWup.
For the SW radiation flux it seems there are too low values for SWup in WRF for
both BL schemes compared to the observations, while SWdown is modeled quite well
(SW flux in appendix figure A.6, right panel). This means that the albedo is likely
too low in WRF compared to observations. The albedo in WRF is found to lay
around 0.35 in Karasjok and around 0.6 on Iškoras. These values are albedos for
an entire grid cell (400 m by 400 m), which depend on the vegetated fraction of
the grid cell. There are no albedo measurements available at either of the stations,
although an estimate based on the ratio between the incoming and outgoing SW
measurements at Karasjok gives an albedo of ∼0.8. The surface is snow covered,
so this value will be referred to as αsnow. In the Noah-MP LSM the albedo of the
snow-covered portion a grid cell is found by this equation, following Livneh et al.
(2010):

αsnow = αmaxA
tB (5.1)

where t is the age of the snow (in days), A and B are constant parametric coefficients
for the accumulation season (A=0.94, B=0.58) and αmax is the maximum albedo of
fresh snow. In the MODIS land use data αmax is set to 0.82. For this period, the
simulated αsnow lies around 0.7-0.82 in Karasjok, which agrees well with the estimate
based on the observations. As the grid cell covering Karasjok is not completely snow
covered, the albedo that WRF uses is lower than αsnow, resulting in SWup being too
low.

The longwave flux is not represented well either, especially on the 26th, 27th and
28th of February (figure 5.39). While the observed flux points towards a gradual
decrease in cloud cover in the morning and similar increase in the evening, WRF
seems to simulate a short period around noon with instantly cloud free conditions
which ends abruptly after a few hours. In the valleys there could be fog built up
during night slowly condensing after the sun rises the next day, which might not be
resolved properly by WRF.

The sum of the SW and LW fluxes (Rnet) is a radiation budget with higher values
than observed, both during night- and daytime (figure 5.40). This seems to be the
main reason for the excessive warming seen in Karasjok with WRF.
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Figure 5.39: Observed and modeled (with the MYJ and YSU boundary layer schemes)

longwave radiation flux (LWdown-LWup) in Karasjok.
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Figure 5.40: Observed and modeled (with the MYJ and YSU boundary layer schemes)

net radiation flux in Karasjok.

As mentioned above, the 2-m temperature is less variable at the high altitude
stations like Iškoras than in Karasjok. This is due to the wind being much stronger
in the open mountain terrain than down in the valleys (figure 5.41), causing near-
surface, cooled air to blow away and become turbulently mixed with the air aloft.
The periods of cold bias on Iškoras coincide quite well with periods of underestimated
wind speeds, highlighting the importance of accurately simulated wind speeds for
accurate values of the T2m.
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Figure 5.41: Observed and modeled (with the MYJ and YSU BL schemes) 10-m wind

at Iškoras and Karasjok during late February 2016.

Vertical resolution

For case 3, a higher vertical resolution has slightly positive effects on the T2m at
Iškoras, reducing some of the cold bias and RMSE, more for the YSU scheme. For
Karasjok on the other hand, the runs with 30 vertical layers has lower bias and
RMSE than the higher resolution runs, with the largest difference being with the
MYJ scheme (figure 5.42). In particular, in the afternoon of January 27th the
LWdown in the 30-layered runs appears to be lower than with the 65-layered runs
(figure 5.43), likely due to less cloud cover, which in turn increases the radiative
cooling. The discrepancies in the T2m for the different BL schemes in both the 65-
and 30-layered runs seem to result mainly from differences in LWdown which in turn
affects the turbulent fluxes as well.
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Figure 5.42: Observed and modeled 2-m temperature at Iškoras and Karasjok during

late February 2016 with different boundary layer schemes and vertical resolution.
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Figure 5.43: Observed and modeled downwelling longwave radiation in Karasjok

during late February 2016 with different boundary layer schemes and vertical resolution.

Iškoras

WRF run r Bias [K] RMSE [K]

MYJ (65) 0.77 -1.80 2.46
YSU (65) 0.85 -1.42 2.29
MYJ (30) 0.78 -2.18 2.82
YSU (30) 0.82 -2.19 2.81

Table 5.5: Correlation, bias and RMSE for the WRF runs with different vertical and

horizontal resolution and MYJ/YSU BL schemes compared to observed 2-m temperature

in Iškoras during case 3.

Karasjok

WRF run r Bias [K] RMSE [K]

MYJ (65) 0.72 6.80 9.04
YSU (65) 0.55 7.10 9.63
MYJ (30) 0.70 5.81 8.19
YSU (30) 0.64 6.70 9.03

Table 5.6: Correlation, bias and RMSE for the WRF runs with different vertical and

horizontal resolution and MYJ/YSU BL schemes compared to observed 2-m temperature

in Karasjok during case 3.
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5.4 Case 4: 8th-13th Jan 2017

The inversion starting late January 9th and ending early January 11th (figure 5.44)
was a result of short period of cloud-free and calm weather situation due to a high
pressure system (figure A.7 in the appendix) contributing to increased radiative
cooling between early January 9th and around mid-day January 10th. Station S5
was not functioning during this period.
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Figure 5.44: Observed 2-m temperature at the functioning stations during mid Jan-

uary 2017 in the area around Karasjok and Iškoras. Measurements at the MET stations

at Iškoras and in Karasjok are hourly, S6 has four-hourly measurements, while the rest of

stations have two-hourly measurements.

Boundary layer schemes

A high horizontal and vertical resolution (400 m by 400 m grid cells and 65 vertical
layers) is used in the following simulations with both BL schemes. The temperature
inversion lasting for about the entire 10th of January is not well reproduced by either
the MYJ nor the YSU boundary layer scheme for the lowest two stations, S6 and
Karasjok (figure 5.45), although YSU performed well in the time leading up to the
inversion. While there is a negative temperature bias at Iškoras and S4, the stations
S6 and Karasjok experience a positive bias of almost 15oC at the most. It seems as
WRF recognizes a slight temperature decrease at the lowest stations in the period
of the inversion, but not close to the magnitude of the observations. As a result,
the temperature difference between Iškoras and Karasjok is barely visible for either
of the BL schemes (not shown).
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Figure 5.45: Observed and modeled (with the MYJ and YSU BL schemes) 2-m tem-

perature at stations S4, S6, Iškoras and Karasjok during mid January 2017. Measurements

at the MET stations at Iškoras and in Karasjok are hourly, while S4 has two-hourly and

S6 has four-hourly measurements.

The large disagreement between observations and modeled T2m at Karasjok
seems to be partly due to a poor representation of cloud cover (LWdown) in WRF
during the onset of the inversion as seen in figure 5.46, right panel. Although the
drop in LWdown seen around 00:00 UTC January 9th is simulated accurately, the
modeled values fluctuate significantly in the following hours compared to the obser-
vations. This likely prevents the development of stable conditions near the surface
because the turbulent fluxes are not ’shut off’, but rather rapidly changing. In turn,
the surface is not sufficiently cooled and WRF is not able to predict the inversion.

Although the LWdown situation is similar to that of Karasjok at Iškoras (figure
5.46, left panel), the T2m is underestimated. This is likely mostly due to a poor
(too low) station height from WRF, resulting in too low temperatures. As the wind
speed is modeled quite well for Iškoras (figure 5.47, left panel) during the modeled
underestimation of T2m, it is unlikely that the reason for the negative T2m bias lies
there.
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Figure 5.46: Observed and modeled (with the MYJ and YSU BL schemes) down-

welling longwave radiation at Iškoras and Karasjok during mid January 2017.

For Karasjok it is likely that too high wind speeds simulated by both BL schemes
during the onset of the inversion (figure 5.47, right panel) contributed to the stability
of the near-surface air not developing properly. If the too high wind speeds or the
fluctuating LWdown is the cause of WRF’s poor performance during this inversion is
hard to say. The answer may be a combination of the two.
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Figure 5.47: Observed and modeled (with the MYJ and YSU BL schemes) 10-m wind

at Iškoras and Karasjok during mid January 2017.

Vertical resolution

The differences between the results from the runs of different vertical resolution
are minor (figure 5.48). A slight improvement is seen with the highest resolution,
improving the correlation, bias and RMSE of most runs at both stations, though
not by much. The 30-layered runs have the same flaws as the 65-layered runs, with
both LW radiation and wind speeds contributing to an SBL not properly developing
near the surface (not shown).
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Figure 5.48: Observed and modeled 2-m temperature at Iškoras and Karasjok during

mid January 2017 with different boundary layer schemes and vertical resolution.

Iškoras

WRF run r Bias [K] RMSE [K]

MYJ (65) 0.91 -2.06 2.48
YSU (65) 0.92 -1.08 1.89
MYJ (30) 0.90 -2.05 2.55
YSU (30) 0.89 -1.45 2.25

Table 5.7: Correlation, bias and RMSE for the WRF runs with different vertical and

horizontal resolution and MYJ/YSU BL schemes compared to observed 2-m temperature

in Iškoras during case 4.

Karasjok

WRF run r Bias [K] RMSE [K]

MYJ (65) 0.78 0.41 5.23
YSU (65) 0.81 1.53 5.11
MYJ (30) 0.77 0.55 5.3
YSU (30) 0.82 2.03 5.21

Table 5.8: Correlation, bias and RMSE for the WRF runs with different vertical and

horizontal resolution and MYJ/YSU BL schemes compared to observed 2-m temperature

in Karasjok during case 4.
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5.5 Case 5: 29th Sep-2nd Oct 2017

In this final case, which is the only case without a snow covered ground and not in
winter, a one-day inversion starting around noon on September 30th is examined.
The weather situation was calm, with a high pressure system remaining over the
study area through most of the period (figure A.8 in the appendix). The sun plays
a much bigger part during this inversion episode than in any of the previous cases
(200-300 Wm−2 incoming at noon).
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Iškoras

S1

S2

S3

S5

S6

Karasjok

Figure 5.49: Observed 2-m temperature at the functioning stations during late

September/early October 2017 in the area around Karasjok and Iškoras. Measurements at

the MET stations at Iškoras and in Karasjok are hourly, while S1, S2 and S3 are two-hourly

and N2, S5 and S6 are four-hourly.

Figure 5.49 displays the 2-m temperatures measured at the functioning stations
during the inversion. Stations N1 and S4 were taken out of operation on the 3rd and
9th of September 2017, respectively, and are therefore not included. It is interesting
to note that station S6 (160 m.a.s.l.) is measuring lower temperatures than Karasjok
(131 m.a.s.l.) during most of the inversion, although just by a few degrees. The
difference in frequency of measurements between the stations (four-hourly at S6 and
hourly in Karasjok) must be taken into consideration when making assumption as
to why S6 is colder. As the stations lie almost 20 km apart, the explanation is
likely related to local differences in topography or in their proximity to the ice-free
Kárášjohka river.

Boundary layer schemes

Figure 5.50 displays the modeled T2m for Iškoras, S5, S6 and Karasjok only, as the
results for the higher altitude stations all resemble Iškoras closely. A high horizontal
and vertical resolution (400 m by 400 m grid cells and 65 vertical layers) is used in
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the simulations. All the boundary layer schemes manage to recreate the observed
temperature quite well, with the shapes of the graphs all resembling the shapes of
the observed temperatures, although the magnitudes are not in full agreement. The
general picture is a cold bias during the inversion at Iškoras, and a warm bias at the
lower stations, especially at S6, which is a few degrees colder than S5 and Karasjok
according to the observations.
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Figure 5.50: Observed and modeled (with the MYJ, YSU, ACM2 and MYNN2 BL

schemes) 2-m temperature at stations S5, S6, Iškoras and Karasjok during late September

and early October 2017. Measurements at the MET stations at Iškoras and in Karasjok

are hourly, while S5 and S6 have four-hourly measurements.

There seems to be a correlation between the observed T2m biases and the model’s
prediction of LWdown at both stations (figure 5.51). From the morning of September
30th until the evening of October 1st, LWdown is underestimated at Iškoras, resulting
in the surface receiving less radiation. This could explain part of the cold bias.
However, as the temperature is stable during the night of October 1st, the reason
may rather be that in reality there is warm advection at Iškoras not simulated
properly by WRF. As the wind is underestimated in the same period (figure 5.52,
left panel), this seems more likely to be the reason for the cold bias.
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Figure 5.51: Observed and modeled (with the MYJ, YSU, ACM2 and MYNN2 BL

schemes) downwelling longwave radiation at Iškoras and Karasjok during late Septem-

ber/early October 2017.
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Figure 5.52: Observed and modeled (with the MYJ, YSU, ACM2 and MYNN2 BL

schemes) 10-m wind at Iškoras and Karasjok during late September/early October 2017.

For Karasjok the wind speed is generally modeled well. The LWdown, though, is
generally overestimated in this period with all BL schemes (figure 5.52, right panel).
It could be that there is a calibration error in the measuring instrument at Karasjok
as the values consistently are around 30 Wm−2 too high, while the measurements
seem to agree at Iškoras. Regardless, the modeled LWdown is showing a similar
evolution as the observations.

While in all of the previously studied case periods the T2m is largely dependent
on the LWdown, which in turn is affected by the cloud cover, it appears that in this
case, the opposite is the case. It seems that due to the low temperatures occurring
after sunset, fog starts to form, thus increasing cloud cover and LWdown in Karasjok
and the other low altitude stations in the valley. This feature is captured quite well
by WRF, resulting in accurate temperature modeling as well.
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Vertical resolution

The vertical resolution has a large impact on the performance of WRF’s results of 2-
m temperature in Karasjok in this last case. For Iškoras and the other high altitude
stations, however, the impact is relatively minor. The MYJ scheme especially, has
a slightly better fit with the observations with 30 than 65 vertical layers (figure
5.53), while the timing of the rise in T2m in the morning of September 30th is more
accurate with 65 vertical layers for both schemes.

The lower stations, exemplified by Karasjok, shows a major improvement for
both BL schemes when the vertical resolution is increased. The large dip in tem-
perature during the night at the change of months between September and October
is simulated much more accurately with 65 vertical layers compared to 30, though
there is still a slight overestimation of about 2oC for both schemes.
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Figure 5.53: Observed and modeled 2-m temperature at Iškoras and Karasjok during

late September/early October 2017 with different boundary layer schemes and vertical

resolution.

It is clear that a better representation of the cloud cover (LWdown) in the 65-
layered runs (figure 5.54) is the main reason for the improvements in simulated T2m
for Karasjok. As mentioned in the previous section, it seems that the LWdown is
heavily dependent on T2m in this case. As the 30-layered runs have low LWdown

values throughout the night between September 30th and October 1st, this is a sign
that the modeled T2m is not low enough for fog to start forming in the valley due to
only 30 vertical layers in WRF.

As a result of the improved results at Karasjok, the temperature difference be-
tween the two stations is captured quite well with the highest vertical resolution
(figure 5.55), but due to the dip in temperature simulated by the model at Iškoras,
which is not seen in the observations, the modeled temperature difference is too
small for both the MYJ and YSU scheme. The 30-layered runs have a too early rise
in temperature at Iškoras on September 30th while at the same time simulating too
low temperatures in Karasjok, contributing to a temperature difference exceeding
the observed difference by about 7oC at this particular time.
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Figure 5.54: Observed and modeled downwelling longwave radiation on Iškoras and

in Karasjok during late September/early October 2017 with the MYJ and YSU boundary

layer schemes and different vertical resolution.
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Figure 5.55: Observed and modeled 2-m temperature difference between Iškoras and

Karasjok during late September/early October 2017 with different boundary layer schemes

and vertical resolution.

Iškoras

WRF run r Bias [K] RMSE [K]

MYJ (65) 0.86 -0.10 2.39
YSU (65) 0.91 -0.03 1.90

ACM2 (65) 0.91 -0.01 2.02
MYNN2 (65) 0.81 0.27 2.56

MYJ (30) 0.89 0.12 1.86
YSU (30) 0.89 0.14 1.78

Table 5.9: Correlation, bias and RMSE for the WRF runs with different vertical and

horizontal resolution and MYJ/YSU BL schemes compared to observed 2-m temperature

in Iškoras during case 5.
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Karasjok

WRF run r Bias [K] RMSE [K]

MYJ (65) 0.82 0.54 1.72
YSU (65) 0.85 0.63 1.60

ACM2 (65) 0.86 0.98 1.71
MYNN2 (65) 0.81 1.41 2.15

MYJ (30) 0.56 0.46 2.34
YSU (30) 0.60 0.96 2.51

Table 5.10: Correlation, bias and RMSE for the WRF runs with different vertical and

horizontal resolution and MYJ/YSU BL schemes compared to observed 2-m temperature

in Karasjok during case 5.
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Chapter 6

Discussion

The findings from the five case studies in this thesis contributes to an improved
understanding on how WRF performs in SBL conditions in arctic inland areas. For
future research it is important to know how well WRF can be expected to perform
and also why it may or may not be useful as a tool for predicting near-surface
temperatures in these kind of environments.

6.1 Model performance and setup

The cold biases found in T2m at the high altitude stations, Iškoras in particular, are
found to depend on underestimations of the station heights due to the horizontal
resolution of WRF not being high enough. This in turn yields too low temperatures
in a stable atmosphere where the temperature increases with altitude. Through
post-processing of the results, e.g. by interpolation using the observed lapse rate
up to the correct altitude, much of the negative biases found at the high altitude
stations are likely to be removed. A test of this technique performed on Iškoras in
case 1 gave substantial improvements to WRF’s T2m. This technique is, however,
tedious and not necessarily very accurate. It would be desirable trying to develop
an algorithm or a script for automating a similar kind of post-processing, perhaps
by using WRF’s own lapse rate, as it is more continuous and easily accessible.

With more computational resources at hand it would be interesting to see if in-
creasing the horizontal resolution further would have positive effects on simulated
2-m temperatures in the higher altitude areas. This could either be done by in-
creasing the number of grid cells in the domains or by adding one more domain
to WRF. When adding a new domain the computational time increases drastically,
as discussed by Dimitrova et al. (2015). The addition of a fourth domain in their
study increased the computational time from 3 to 18 hours when running on 12 CPU
cores. Another thing to be aware of when adding a new, smaller domain is that the
systems’ inner oscillations might be limited if the domain is too small (Kleczek et al.,
2014). Also for the wind speeds, a higher horizontal resolution may be beneficial
for Iškoras and the surrounding areas, as the 10-m wind speeds are systematically
underestimated in the winter cases when the observed winds are higher than 5 m/s.
Carvalho et al. (2012) found that below a certain threshold, a very high domain res-
olution does not compensate for a minor improvement in wind prediction in WRF,
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so finding balance between a high resolution and reasonable computational costs is
important.

Also in Karasjok and at the other stations in the lower altitude areas, an even
higher horizontal resolution would likely be beneficial, as it is found that increasing
the resolution in the inner WRF domain from grid cells of size 1.1 km by 1.1 km
to 400 m by 400 m leads to a significant decrease in the warm biases in case 1
(section 5.1). This, however, comes with an increase in computational time of 45-
50%. The topography of the valley where Karasjok is located makes it difficult for
WRF to accurately predict the temperature during SBL conditions, so the warm
biases are only lowered, not completely removed. For the low altitude stations a
similar post-processing technique as mentioned for the higher altitude stations only
slightly diminishes the large warm biases.

Therefore, if WRF was to be used for weather forecasts in the Karasjok area
as set up in this thesis, it would be useful to implement empirical temperature
data under certain SBL conditions to adjust the results. Similar adjustments are
performed e.g. by MET in locations where local terrain features affect observed T2m,
but are not simulated in their models. Years of comparisons of previously observed
and modeled T2m in the area are needed to make reasonable adjustments to a biased
model.

Warm biases were also found when comparing skin temperature from MODIS
to WRF. Due to the inaccuracies previously found in MODIS Tsk (section 3.1.3),
although the data used here is gap-filled with ERA-Interim reanalysis data, one
should be careful when drawing conclusions as to what may be the cause of the
observed warm biases. That being said, it is not very surprising that the skin
temperatures at the low altitudes are overestimated, seeing as the T2m in these area
are also overestimated with WRF.

By increasing the vertical resolution from 30 to 65 atmospheric layers, improve-
ments in T2m were found in most cases, except for some cases where the representa-
tion of cloud cover was aggravated. With a higher vertical resolution, the model’s
numerical representation of the vertical temperature gradient is improved, which for
most of the studied cases gives a more accurate T2m, especially when the conditions
are very stable. As the computational time increased with 50-55% when increasing
the vertical resolution, it is apparent that further increase in the resolution could
result in computationally costly simulations. However, as the results seem to greatly
improve for certain cases when the resolution is increased, it could potentially be
worth the cost. As mentioned in section 4.1 though, there are several examples of
an increased vertical resolution not improving T2m results.

Though the instrument measuring LW radiation at Karasjok seems to be poorly
calibrated through many of the case episodes, it is clear that WRF is not always
succeeding in representing LWdown, which is used as an indication of cloud cover.
This is mostly a problem for Karasjok, although modeled values at Iškoras also
deviate from the observations at times. It seems that during the calmest periods,
the cloud cover in WRF is often too variable compared to what is observed (e.g.
figure 5.46), which limits the development of the stable conditions needed to cool
the surface as much as observed.

Interestingly, in Karasjok in case 5 (section 5.5) LWdown is determined by T2m and
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the other way around, like for the previous cases. Here, the air cools sufficiently for
clouds or fog to form during night, which in turn increases the amount of downwelling
LW radiation. As this case was in September/October, the rapid cooling of warm
air as the surface cooled caused the fog to form. The low vertical resolution runs
did not cool enough for the fog to occur, showing the importance a high vertical
resolution can have.

The finding that the albedo WRF uses is too low in Karasjok for case 3 (section
5.3) makes it apparent that some modifications may be needed in the WRF code.
When using point observations of albedo to compare with model values in a study
of a snow covered area in periods with incoming solar radiation, it is a problem that
WRF uses grid averaged values for the albedo. Instead of using the grid averaged
values, the αsnow value should be used, as this would more accurately represent
the observed albedo and thus more SW radiation would be reflected by WRF. By
applying this modification to WRF in case 3, the warm bias at Karasjok would likely
be reduced.

Too large snow depths were found on Iškoras in case 1 (section 5.1). This is
likely not affecting the temperature very much, as the wind speeds are high, which
makes the impact of a less isolated ground less prominent. However, a more realistic
snow cover is certainly desired. This could potentially be achieved by using a tiling
approach to represent the snow cover, as applied with WRF by Aas et al. (2017).
Their study found this technique to give a substantially better agreement with the
observed snow cover fraction than with the standard WRF setup at a site in Finse,
southern Norway.

The sensitivity tests where the snow and land cover is changed show that WRF
delivers reasonable results based on the modifications that are performed. However,
a longer spin-up time is required for the effects to be representative of real life
scenarios with no snow cover or change in vegetation for the entire winter season.
Though a longer spin-up time would help solving the no-snow simulation issue of the
ground being too warm, snow will start to accumulate eventually if no changes are
made to prevent it. One could potentially determine that all precipitation should
come in the form of rain, although such drastic measures seem excessive in an already
unrealistic scenario.

For the simulations where the land cover is changed, making the simulations
more realistic is less complicated, though it would require spin-up times of many
months and ideally that the changes were applied to all of WRF’s domains. Applying
changes to the land cover over all of northern Norway could potentially lead to large
changes in the 2-m temperatures in the study area. It is difficult to say exactly how,
but the changes in wind effects is likely to be the main contributor.

For all the case studies it is found that the choice of boundary layer scheme did
not affect the simulated two-meter temperature much. They all produce very similar
results: slight cold biases at the stations at the highest elevations and strong warm
biases at the lower altitude stations. The latter finding is similar to what found by
Dimitrova et al. (2015), where the 2-m temperatures in cold pools within a valley in
Utah, USA were systematically overestimated with all tested BL schemes (including
YSU, MYJ, ACM2 and MYNN2, as used in this thesis). A possible reason for the
wintertime warm biases in SBL environments, as discussed in Garćıa-Dı́ez et al.
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(2012), could be changes made to the surface-layer schemes that run in conjunction
with the BL schemes. The standard similarity functions used in the surface-layer
schemes have previously tended to cool the near-surface areas too much during
very stable conditions, but the adjustments made to solve this appear to have been
excessive.

Another problem with the surface-layer schemes’ similarity functions is the as-
sumption that the turbulence is stationary, i.e. that it is statistically constant. This
assumption does not always hold in SBLs, as the wind speeds near the surface in
shielded areas can become very low and non-stationary motions start dominating
the turbulence. In these instances the Monin-Obukhov similarity theory may not
be valid (Liang et al., 2014). Therefore, a different approach including stochastic
processes might be needed to improve WRF’s performance in SBL environments like
the ones studied in this thesis.

The two BL schemes given the most focus in this thesis are the MYJ and YSU
schemes, the former being a local, 1.5-order closure scheme and the latter being
a non-local, first-order closure scheme. Despite the MYJ and YSU schemes being
relatively different and used with different surface-layer schemes (the ETA and the
revised MM5 schemes), their results are very similar in the SBL conditions studied
here. Tastula and Vihma (2011) in their study compare different BL schemes in
Antarctic winter, finding that the YSU scheme performs better than the MYJ (and
MYNN2) scheme in simulating T2m. Their study also found that the YSU scheme
consistently simulates higher temperatures than the other schemes, similar to what
found by Garćıa-Dı́ez et al. (2012) for the whole year and by Kleczek et al. (2014) in
summer, especially at night. Garćıa-Dı́ez et al. (2012) also found that the MYJ (and
ACM2) scheme performs better than the YSU scheme in winter (while the opposite
is the case during summer). Neither of these results are reproduced in this thesis,
where no clear indication of systematically warm or cold schemes BL are found.

From a permafrost research stand point, the findings of this thesis indicate that
for continental valley areas in the Arctic like in Karasjok the ground becomes too
warm during winter when using WRF, as a result of overestimated 2-m temperatures
during inversion episodes. Thus more thawing of the permafrost in spring/summer is
allowed to happen, as the ground is not frozen as deep down. This indicates that, if
using WRF to get initial and boundary conditions for a ground model for permafrost
research, the thawing of permafrost in summertime may be excessive in Karasjok
while the opposite might be the case on Iškoras, as the T2m is underestimated there.
However, all studied cases in this thesis are either performed in winter or fall. Thus,
more simulations would be needed over many years, also including the spring and
summer months, to see if the permafrost is actually affected by the temperature
biases found in this thesis.

6.2 Impact of wind and radiation on temperature

The 2-m temperatures at the different stations are determined mostly by a combi-
nation of wind speeds and radiative effects. The correlation (r) between the change
in T2m and net radiation, Rnet, is a measure of the impact of the radiation budget
on the near-surface temperature. A high correlation points towards Rnet playing a
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significant role in determining the temperature, while a weak correlation indicates
that advection is more important. For most of the studied cases the correlation is
not very strong, as seen in figure 6.1. This points towards wind speeds also having
a large impact on 2-m temperatures both stations.

However, it is apparent that the correlation between the observations and simu-
lations in figure 6.1 is worse at Iškoras than in Karasjok for all the winter cases. This
is not surprising, since Iškoras is much more prone to winds than Karasjok. Hence,
the warming or cooling of the surface and the near-surface air on Iškoras has a lesser
impact on the resulting T2m than in the lower altitude areas like Karasjok. In the
lower areas the winds are much weaker, making the turbulent mixing less prominent
and the changes in T2m more affected by the net radiation. On Iškoras most of the
positive temperature change, both for the observations and the simulations, is asso-
ciated with a negative net radiation. This points towards warm advection occurring,
which seems likely for a mountain in an open area. For the winter cases on Iškoras,
the observed net radiation (almost solely LW radiation) and T2m seems to be almost
completely uncorrelated. In WRF, the net radiation has a much stronger impact
on T2m on Iškoras than observed, although it is generally smaller than for Karasjok,
which is in agreement with the observations.

The impact of radiation on temperature in Karasjok is quite large, especially
during the winter cases where the observed correlation is around 0.5 for cases 2,
3 and 4. In Karasjok, the spread in the observations in case 2, 3 and 4 is quite
similar (note the different y-axis), while WRF in case 3 has a greater spread. Here
WRF yields too large Rnet values as seen in section 5.3, due to case 3 being in late
February in addition to having a too low albedo in the model. It does, however, not
seem like the large Rnet values affects the T2m more than for the other winter cases.

For the fall case it seems that the correlation is too high in WRF for both
stations. It seems that the wind affects the observed temperature more than for
WRF, because the observations have multiple instances of high Rnet values that
does not increase the T2m as well as some values close to zero that lead to large
temperature changes.
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Figure 6.1: Correlation between the change of 2-m temperature at each time step vs

the net radiation for the observations and WRF with different boundary layer schemes.

The first row is case 1, the second is case 2 etc. Two panels are missing observations due

to missing or faulty data.
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Chapter 7

Conclusion and outlook

7.1 Conclusion

In this thesis, the Weather Research and Forecasting (WRF) model has been evalu-
ated in its performance for simulating two-meter temperatures during five episodes
of observed temperature inversions in SBL environments during winter and fall on
the Finnmarksvidda plateau. This was done through a series of tests, including the
use of different boundary layer schemes, horizontal and vertical resolutions as well
as applying changes to land and snow cover. WRF’s results of 2-m temperature,
10-m wind speed as well as shortwave and longwave radiation have been compared
to observations from two meteorological stations from the Norwegian Meteorologi-
cal Institute (MET), one in the town of Karasjok and one at the mountain Iškoras.
Additionally, nine other stations measuring 2-m temperature at different altitudes
in the study area has been used to validate the results.

WRF proves to be a useful tool for predicting 2-m temperatures and 10-m wind
in SBL conditions in the study area. It is able to simulate many of the observed
local features fairly well. However, WRF is found to generally overestimate 2-m
temperatures during the observed inversions in Karasjok and at the other stations
of low elevation inside the same valley. At the same locations, 10-m wind speeds are
generally slightly overestimated. The reason for the overestimation in T2m is found
to mostly be related to inaccurate downwelling LW radiation (i.e. cloud cover)
simulations and too high wind speeds. Both these factors contribute to preventing
the formation of very stable conditions.

For the high altitude stations in the open areas on and around Iškoras, 2-m
temperatures are slightly underestimated. As is the 10-m wind speeds when observed
values are higher than 5 m/s, although the correlation to the observations is generally
good for both temperature and wind speeds. The underestimation in T2m is mostly a
result of too low station altitudes due to the horizontal resolution being too low. In
SBL conditions this result in an underestimation of the temperature, since the lapse
rate is negative. It is found, however, that by interpolating the temperature up to
actual altitudes using the observed lapse rate, much of the cold bias is removed. Too
low 10-m wind speeds are also likely part of the cause of the negative temperature
bias, as it affects the amount of warmer air reaching the mountain through advection.
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All the tested boundary layer schemes (MYJ, YSU, ACM2 and MYNN2) deliver
very similar results for T2m, 10-m wind and radiation. No specific trends or biases
are found based on the choice of BL scheme alone.

MODIS skin temperature data averaged over an eight day period during the case
study in January 2015 is found to correlate relatively well with WRF’s simulations
of skin temperature in the same period. A slight warm bias is found over the study
area with WRF compared to the observed values.

A general reduction in the overestimation of T2m at the lowest altitude stations
is achieved in most of the studied cases by increasing the horizontal and vertical
resolution. A horizontal resolution of grid boxes with a 400 m by 400m size and an
atmosphere with 65 layers and the first model level being located at around 6 m was
found to yield the closest resemblance to observed 2-m temperatures and 10-m wind
speeds for most cases. The cases where an increased vertical resolution aggravated
the T2m had a slightly more accurate cloud cover with a 30-layered atmosphere. For
the fall case, however, the 30-layered simulations prevented clouds from forming.

Although increasing the horizontal and vertical resolutions further is likely to
improve WRF’s performance, it seems that the biases in modeled T2m mostly comes
from inadequate parameterizations of the fluxes in the surface-layer schemes run-
ning in conjunction with the BL schemes. This is due to them not working well in
very stable conditions where the turbulence becomes non-stationary and the Monin-
Obukhov similarity stops being valid. There seems to be a lot to gain from improv-
ing these parameterizations for very stable conditions, opposed to using a very high
model resolution. By improving the parameterizations, it would leave the simula-
tions much less computationally demanding while providing more accurate results.

Inaccuracies are found in WRF for the albedo and snow depth at the MET
stations. The inaccurate albedos have, however, not affected the T2m from the
WRF simulations much, as most of the case studies take place during the polar
night period where the albedo is insignificant. Only the case study in February 2016
was affected. For the January 2015 case study, an overestimated snow depth found
at Iškoras is likely a result of WRF not including the effect of snow being blown of
the mountain due to high wind speeds. The effects of a too isolated ground did not
to have any major consequences for the simulated T2m though, as the high winds
speeds reduce the impact of the surface energy fluxes on near-surface temperature.

Sensitivity tests of the snow and land cover reveal that WRF reacts to the
changes as expected. When removing all the snow in the all WRF domains, an
increase in T2m is found at both high and low elevations. The main contribution to
the temperature increase is an increased ground flux and sensible heat flux due the
surface no longer being isolated by snow. When elevating the tree line and inserting
taller trees in the inner WRF domain, only a slight decrease in 10-m winds is found
at high elevations, but no effects are seen in T2m. By removing all the trees in the
inner WRF domain it is found that the T2m increases slightly in Karasjok as 10-m
winds increase and contribute to less stable conditions.

For potentially using the findings of this thesis as initial and boundary conditions
for a permafrost ground model in the area, more simulations are needed over several
years and also for the spring and summer months. As these are the months where
the actual thawing of permafrost takes place, it is important to also analyze any
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biases found in during those times. That being said, based on the T2m biases found
with WRF in this thesis it can be assumed that there is a potential for a less
deep permafrost in the Karasjok area and slightly deeper permafrost on and around
Iškoras.

7.2 Outlook

To further evaluate the performance of WRF in SBL conditions in places like the
Finnmarksvidda plateau during winter, it is highly desirable with 3D high-resolution
observations in order to more realistically examine the differences in the vertical
temperature and wind profiles between observations and the model. This could
for example be achieved by conducting drone measurements during a period of a
temperature inversion.

More surface measurements are also desirable. Having T2m measurements at
altitudes between S4 and S5, in the area where WRF seemingly transitions from
being cold to warm biased, would be interesting. A comparison of those observations
to WRF simulations could give answers to if the transition is gradual or relatively
sudden. More wind measuring stations at altitudes between Karasjok and Iškoras
would also be of interest. This could improve the understanding of the effects of
10-m wind speeds on the near-surface temperature, and further evaluate WRF’s
wind simulations.

Setting up more radiation measuring stations would also be of interest for im-
proving the understanding of the differences in cloud features at different altitudes
and their effects on the net radiation. In situ measurements of cloud properties
such as water content, cloud height, temperature and thickness from drones would
improve the understanding of if and why WRF is not delivering satisfactory results.
The lack of agreement between simulations and observations of LW radiation at
both the MET stations (Karasjok in particular), implies that the turbulent fluxes
and the ground heat flux from WRF are not accurate either. Therefore, setting up
an eddy covariance system at these stations would be very useful for further research
on improving the performance of the WRF model in the area.

It would of course be desirable to test more of the different physics parameteri-
zation schemes, perhaps focusing more on cloud microphysics schemes and LW and
SW flux schemes as the differences between them are not discovered in this thesis.
Exploring the impact of very high horizontal and vertical resolutions would also be
interesting. Future research on SBLs would also likely benefit from applying the
approach for parameterizing non-stationary turbulence as mentioned in section 6.1,
which is a work in progress.

Lastly, it is also worth mentioning that the approach for finding the case episodes
in this thesis is based on examining the observed T2m. The starting points for the
episodes simulated by WRF are based on observed inversion episodes. It would also
be interesting to try the opposite approach by perform long WRF runs, e.g. over
a whole winter or two, and then look for inversion episodes that are simulated by
WRF, but are not observed. This is another important aspect of the performance
of WRF in SBL environments in winter that is not explored here.
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Appendix A

Appendix

Figure A.1: Station S3, on the border of the tree line. Photographed by the author

in September 2019.
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Index Description Index Description

1 Evergreen Needleleaf Forest 11 Permanent wetlands
2 Evergreen Broadleaf Forest 12 Croplands
3 Deciduous Needleleaf Forest 13 Urban and Built-Up
4 Deciduous Broadleaf Forest 14 Cropland/natural veg. mosaic
5 Mixed Forests 15 Snow and Ice
6 Closed Shrublands 16 Barren or Sparsely Vegetated
7 Open Shrublands 17 Water
8 Woody Savannas 18 Wooded Tundra
9 Savannas 19 Mixed Tundra
10 Grasslands 20 Barren Tundra

Table A.1: Overview of the vegetation parameters and their corresponding index in

the 20-class version of MODIS land use data (MODIFIED IGBP MODIS NOAH).
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Figure A.2: The research area as portrayed by WRF with a 400 m x 400 m (left) and

1.1 km x 1.1 km (right) horizontal resolution.
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Case 1

00 UTC Jan 18th 2015 00 UTC Jan 19th 2015 00 UTC Jan 20th 2015 00 UTC Jan 21st 2015

00 UTC Jan 22nd 2015 00 UTC Jan 23rd 2015 00 UTC Jan 24th 2015 00 UTC Jan 25th 2015

Figure A.3: Weather maps for northern Europe in the entire period of the observed

temperature inversion recorded in case 1. The maps are provided by the UK Met Office

and downloaded from wetterzentrale.de

Iškoras - 2-m temperature

WRF run r Bias [K] RMSE [K]

MYJ 0.83 -3.50 4.37
YSU 0.84 -2.71 3.71

ACM2 0.82 -2.64 3.75
MYNN2 0.81 -2.04 3.43

MYJ (30 layers) 0.88 -2.97 3.70
YSU (30 layers) 0.87 -2.57 3.45
MYJ (low res) 0.62 -4.41 5.75
YSU (low res) 0.72 -3.02 4.46

MYJ (no snow) 0.91 -2.09 2.97
YSU (no snow) 0.91 -1.38 2.46
MYJ (no trees) 0.88 -2.77 3.57
YSU (no trees) 0.87 -2.27 3.25

MYJ (more trees) 0.83 -3.50 4.37
YSU (more trees) 0.84 -2.74 3.72

Table A.2: Correlation, bias and RMSE for the WRF run results compared to observed

2-m temperature on Iškoras during case 1. If not otherwise stated, the simulation is run

with a 400 m by 400 m (high resolution) horizontal grid, 65 vertical layers and a 24 h

spin-up time (except for the no snow run, which had 7 days of spin-up). Low res: 1111 m

by 1111 m horizontal grid.
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Iškoras - 10-m wind speed

WRF run r Bias [m/s] RMSE [m/s]

MYJ 0.82 -2.10 3.18
YSU 0.84 -2.59 3.54

ACM2 0.85 -2.56 3.44
MYNN2 0.79 -2.51 3.63

MYJ (30 layers) 0.85 -2.96 3.85
YSU (30 layers) 0.87 -3.57 4.26
MYJ (low res) 0.52 -1.66 3.83
YSU (low res) 0.56 -2.01 3.84

MYJ (no snow) 0.82 -2.15 3.20
YSU (no snow) 0.86 -2.60 3.52
MYJ (no trees) 0.81 -2.12 3.19
YSU (no trees) 0.85 -2.45 3.32

MYJ (more trees) 0.83 -2.37 3.42
YSU (more trees) 0.84 -2.89 3.92

Table A.3: Correlation, bias and RMSE for the WRF run results compared to observed

10-m wind speed on Iškoras during case 1. If not otherwise stated, the simulation is run

with a 400 m by 400 m (high resolution) horizontal grid, 65 vertical layers and a 24 h

spin-up time (except for the no snow run, which had 7 days of spin-up). Low res: 1111 m

by 1111 m horizontal grid.

Karasjok - 2-m temperature

WRF run r Bias [K] RMSE [K]

MYJ 0.60 4.44 9.69
YSU 0.59 4.62 9.53

ACM2 0.63 5.57 10.04
MYNN2 0.66 6.24 10.32

MYJ (30 layers) 0.60 5.83 10.54
YSU (30 layers) 0.60 7.23 11.36
MYJ (low res) 0.50 5.28 10.68
YSU (low res) 0.58 5.79 10.67

MYJ (no snow) 0.54 8.24 12.45
YSU (no snow) 0.59 8.82 12.65
MYJ (no trees) 0.58 5.48 10.38
YSU (no trees) 0.64 6.58 10.71

MYJ (more trees) 0.59 4.27 9.69
YSU (more trees) 0.66 4.12 9.13

Table A.4: Correlation, bias and RMSE for the WRF run results compared to observed

2-m temperature in Karasjok during case 1. If not otherwise stated, the simulation is run

with a 400 m by 400 m (high resolution) horizontal grid, 65 vertical layers and a 24 h

spin-up time (except for the no snow run, which had 7 days of spin-up). Low res: 1111 m

by 1111 m horizontal grid.
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Karasjok - 10-m wind speed

WRF run r Bias [m/s] RMSE [m/s]

MYJ 0.38 -0.14 0.96
YSU 0.28 0.73 1.40

ACM2 0.40 0.81 1.34
MYNN2 0.20 0.53 1.30

MYJ (30 layers) 0.50 0.29 1.09
YSU (30 layers) 0.52 0.81 1.31
MYJ (low res) 0.07 0.97 1.62
YSU (low res) -0.02 1.49 2.23

MYJ (no snow) 0.45 0.18 1.01
YSU (no snow) 0.21 0.36 1.17
MYJ (no trees) 0.47 1.36 2.18
YSU (no trees) 0.34 1.96 2.69

MYJ (more trees) 0.38 -0.35 0.98
YSU (more trees) 0.42 0.52 1.16

Table A.5: Correlation, bias and RMSE for the WRF run results compared to observed

10-m wind speed in Karasjok during case 1. If not otherwise stated, the simulation is run

with a 400 m by 400 m (high resolution) horizontal grid, 65 vertical layers and a 24 h

spin-up time (except for the no snow run, which had 7 days of spin-up). Low res: 1111 m

by 1111 m horizontal grid.
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Figure A.4: Cloud cover at Karasjok in octans during late January 2015. Note that

measurements are taken only at 06:00 UTC, 12:00 UTC and 18:00 UTC each day.
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Case 2

00 UTC Jan 6th 2016 00 UTC Jan 7th 2016

Figure A.5: Weather maps for northern Europe in the days of the onset of the observed

temperature inversion recorded in case 2. The maps are provided by the UK Met Office

and downloaded from wetterzentrale.de

Iškoras - 10-m wind speed

WRF run r Bias [m/s] RMSE [m/s]

MYJ 0.83 -1.57 2.80
YSU 0.87 -1.95 3.01

MYJ (30 layers) 0.87 -2.13 3.18
YSU (30 layers) 0.86 -2.89 3.69

Table A.6: Correlation, bias and RMSE for the WRF run results compared to observed

10-m wind speed on Iškoras during case 2. If not otherwise stated, the simulation is run

with a 400 m by 400 m (high resolution) horizontal grid, 65 vertical layers and a 24 h

spin-up time.

Karasjok - 10-m wind speed

WRF run r Bias [m/s] RMSE [m/s]

MYJ 0.25 0.16 1.73
YSU 0.17 0.42 1.62

MYJ (30 layers) 0.08 0.76 2.32
YSU (30 layers) 0.11 0.48 1.86

Table A.7: Correlation, bias and RMSE for the WRF run results compared to observed

10-m wind speed in Karasjok during case 2. If not otherwise stated, the simulation is run

with a 400 m by 400 m (high resolution) horizontal grid, 65 vertical layers and a 24 h

spin-up time. Due to missing data in the wind measurements at Karasjok for a some

hours during this period, the calculations are based on the periods with available data.

88



Case 3

Iškoras - 10-m wind speed

WRF run r Bias [m/s] RMSE [m/s]

MYJ 0.57 -1.57 2.55
YSU 0.64 -1.82 2.61

MYJ (30 layers) 0.52 -1.80 2.80
YSU (30 layers) 0.47 -2.55 3.37
MYJ (low res) 0.76 -1.93 2.50
YSU (low res) 0.83 -2.37 2.75

Table A.8: Correlation, bias and RMSE for the WRF run results compared to observed

10-m wind speed on Iškoras during case 3. If not otherwise stated, the simulation is run

with a 400 m by 400 m (high resolution) horizontal grid, 65 vertical layers and a 24 h

spin-up time. Low res: 1111 m by 1111 m horizontal grid.

Karasjok - 10-m wind speed

WRF run r Bias [m/s] RMSE [m/s]

MYJ 0.34 0.34 1.44
YSU 0.25 0.37 1.38

MYJ (30 layers) 0.42 0.61 1.52
YSU (30 layers) 0.43 0.38 1.10
MYJ (low res) 0.48 0.60 1.27
YSU (low res) 0.34 0.71 1.42

Table A.9: Correlation, bias and RMSE for the WRF run results compared to observed

10-m wind speed in Karasjok during case 3. If not otherwise stated, the simulation is run

with a 400 m by 400 m (high resolution) horizontal grid, 65 vertical layers and a 24 h

spin-up time. Low res: 1111 m by 1111 m horizontal grid.
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Figure A.6: Observed and modeled shortwave radiative net flux at Iškoras and

Karasjok during late February 2016. The measurements from Iškoras are faulty, as the

flux is negative during parts of this case period, meaning that more SW radiation leaves

the surface than what comes in.

Case 4

00 UTC Jan 8th 2017

00 UTC Jan 11th 2017

00 UTC Jan 9th 2017

00 UTC Jan 12th 201700 UTC Jan 10th 2017

Figure A.7: Weather maps for northern Europe in the days of the onset of the observed

temperature inversion recorded in case 4. The maps are provided by the UK Met Office

and downloaded from wetterzentrale.de
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Iškoras - 10-m wind speed

WRF run r Bias [m/s] RMSE [m/s]

MYJ 0.67 -2.63 3.86
YSU 0.75 -2.86 3.83

MYJ (30 layers) 0.72 -2.55 3.68
YSU (30 layers) 0.74 -3.44 4.33

Table A.10: Correlation, bias and RMSE for the WRF run results compared to

observed 10-m wind speed on Iškoras during case 4. If not otherwise stated, the simulation

is run with a 400 m by 400 m (high resolution) horizontal grid, 65 vertical layers and a 24

h spin-up time.

Karasjok - 10-m wind speed

WRF run r Bias [m/s] RMSE [m/s]

MYJ 0.52 0.33 1.53
YSU 0.50 0.26 1.37

MYJ (30 layers) 0.49 0.47 1.61
YSU (30 layers) 0.40 0.12 1.43

Table A.11: Correlation, bias and RMSE for the WRF run results compared to ob-

served 10-m wind speed in Karasjok during case 4. If not otherwise stated, the simulation

is run with a 400 m by 400 m (high resolution) horizontal grid, 65 vertical layers and a 24

h spin-up time.
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Case 5

00 UTC Sep 29th 2017

00 UTC Oct 1st 2017

00 UTC Sep 30th 2017

00 UTC Oct 2nd 2017

Figure A.8: Weather maps for northern Europe in the days of the onset of the observed

temperature inversion recorded in case 5. The maps are provided by the UK Met Office

and downloaded from wetterzentrale.de

Iškoras - 10-m wind speed

WRF run r Bias [m/s] RMSE [m/s]

MYJ 0.90 -1.58 2.05
YSU 0.90 -2.26 2.60

ACM2 0.91 -2.01 2.37
MYNN2 0.88 -1.89 2.31

MYJ (30 layers) 0.88 -2.38 2.74
YSU (30 layers) 0.90 -3.05 3.29

Table A.12: Correlation, bias and RMSE for the WRF run results compared to

observed 10-m wind speed on Iškoras during case 5. If not otherwise stated, the simulation

is run with a 400 m by 400 m (high resolution) horizontal grid, 65 vertical layers and a 24

h spin-up time.
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Karasjok - 10-m wind speed

WRF run r Bias [m/s] RMSE [m/s]

MYJ 0.67 0.02 1.20
YSU 0.36 -0.28 1.23

ACM2 0.68 -0.04 0.91
MYNN2 0.54 -0.19 1.10

MYJ (30 layers) 0.73 -0.09 0.97
YSU (30 layers) 0.54 -0.27 1.12

Table A.13: Correlation, bias and RMSE for the WRF run results compared to ob-

served 10-m wind speed in Karasjok during case 5. If not otherwise stated, the simulation

is run with a 400 m by 400 m (high resolution) horizontal grid, 65 vertical layers and a 24

h spin-up time.
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