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ABSTRACT

Previous studies showed the importance to have information about the vertical distribution of
precipitation to simulate snow and related cyclone development correctly in regional, mesoscale
models. During Christmas 2016, an extreme storm affected the local infrastructure of Eastern,
Southern, and Western Norway. In this thesis, the Christmas storm 2016 is investigated for snow
observations and the operational forecast model at Haukeliseter (991 m above sea level), Norway.

The WMO measurement site Haukeliseter is equipped with conventional meteorological instru-
ments and a double fence snow gauge instrument to reduce wind effects and increase catch-ratios
for frozen precipitation. In winter 2016/2017, three additional instruments were installed for a
US National Science Foundation funded field campaign, to estimate snow water content in the
column with the help of the optimal estimation retrieval. In November 2016, the AROME-MetCoOp
ensemble prediction system (MEPS) became operational at the Norwegian Meteorological Institute.
In this thesis, the extreme weather event is studied using European Centre for Medium-Range
Weather Forecasts weather analysis, meteorological measurements, including double fence gauge
and radar observations, optimal estimation retrieval, and MEPS.

During 21 and 26 December 2016, two cyclones as well as frontal passages affected Norway. Ob-
served frozen and liquid precipitation is associated with the cyclones and the fronts. The met-
eorological analysis of surface properties from observations and MEPS forecasts agree on the
passages of occlusions and warm sector. Wind speeds and surface precipitation amount are pre-
dicted too high by MEPS (mean absolute error: up to 10ms™! and 15 mm) during the entire event
with westerlies revealing a better agreement with observations than south-easterlies. A sensitivity
study of the optimal estimation retrieval shows the advantage of using the Multi-Angular Snow-
fall Camera to choose the correct particle habit. During the Christmas 2016 storm, the average
difference between the double fence gauge observations and the retrieved surface amount for
assumed rimed aggregates is less than —5 % for 12 h and 24 h surface snow accumulation. With
longer lead time the average difference decreases between double fence gauge observations and
forecasted precipitation amount for 12 h and 24 h accumulation (+135 % and +33 %). However, for
24 and 26 December 2016, the surface precipitation amount is predicted too high compared to
double fence gauge observations (+60 %). Liquid precipitation was observed at Haukeliseter in
the afternoon on 25 December 2016. MEPS initialisations 24 h and 48 h prior successfully simulate
the thickness and duration of the liquid layer in the lower most atmosphere, but it predicts less
snow water content (< 1.2 gm™3) than the profiles of retrieved snow profiles (< 1.5gm™3). Local
topography effects by the surrounding mountains lead to continuous snow patterns during strong
westerlies and weak south-easterlies, show high amount of snow water content with a pulsing
pattern. Finally, orography impacts on snow observations and model forecast are discussed.
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CHAPTER 1: INTRODUCTION

Global warming is predicted to cause an increased frequency of extreme weather events such as
heat waves, droughts, heavy rains or extremely high winds [Hansen et al., 2014]. Weather and
climate extremes can have serious effects on human society and infrastructure, as well as on
ecosystems and wildlife. Precipitation observations are important for hydrological, climate and
weather research, as more than one-sixth of the world’s population receives water from glaciers
and seasonal snow packs [Barnett et al., 2005]. Severe weather events are mostly in the focus of
media reports with respect to global warming [Meehl et al., 2000]. Understanding and predicting
the impact of extreme weather events is one of the grand challenges of current climate research
[Field et al., 2014, Stocker et al., 2013].

This work focuses on the extreme weather event during Christmas 2016, comparing snow measure-
ments and ensemble model forecasts at the measurement site Haukeliseter (991 m above sea level)
in Southern Norway. The Christmas storm 2016, named 'Urd’ by the Norwegian Meteorological
Institute (Met-Norway), had a large impact on Eastern, Southern, and Western Norway. The finan-
cial costs associated with this storm are estimated to about 180 million Norwegian kroner. 'Urd’
led to major traffic problems for cars, trains, ferries and air planes. Most mountain crossings were
kept closed during Christmas 2016 [Olsen and Granered, 2017]. An increase in temperature and
therefore a change of frozen to liquid precipitation followed an increase in avalanche danger. In
addition, 40 emergency power stations failed, affecting around 70.000 households (Figure 1.0.1).
Since human beings are affected by extreme weather it is important to accurately measure and
forecast severe storms. The use of accurate observations will lead to better performing weather

forecast models, which rely heavily on observations [Joos and Wernli, 2012].

It has long been known that measuring precipitation, especially in the form of snow, is challenging.
Winter precipitation measurement shows biases of more than 100 % between different gauge
observation networks and different regions leading to different habit and size of frozen aggregates
[Kochendorfer et al., 2017]. An adjustment transfer function for single fence gauges represents a
capture efficiency as a function of air temperature and wind speed to delimit the error of measured
snowfall. Uncertainties in precipitation measurements under windy conditions can affect water

balances calculation and the calibration of remote sensing algorithms [Wolff et al., 2015].

Estimates of snowfall from radar reflectivities are non-unique. This means that a given reflectivity
can yield different estimates of snowfall depending upon the precise microphysical assumptions
used in the retrieval scheme. Kulie and Bennartz [2009], for example, used the CloudSat Cloud

Profiling Radar (CPR) to estimate global snowfall from one year of available reflectivity data. They
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Figure 1.0.1: Weather situation during the extreme Christmas storm and impact on the infrastructure. a:
Weather situation Sunday 25 December 2016 at 12 UTC from [Olsen and Granered, 2017]. b: Tweet from
Meteorologene [2016] on 26 December 2016 at 9:34 am. c and d: Consequences related to the high wind
speeds during Christmas 2016 [Farestveit, 2016, Ruud et al., 2016].

found that snowfall estimates critically depend on assumed snowfall particle size distribution,
shape and fall speed. They concluded that the use of traditional Z-S relationships, in which snow (S)
is derived only from knowledge of radar reflectivity (Z), can lead to large retrieval uncertainties for
a given snowstorm. Subsequent studies have tried to incorporate scene dependent microphysical
information into the retrieval scheme. Wood [2011] incorporated a particle size distribution-
temperature relationship into the CloudSat operational snowfall retrieval to help reduce retrieval
non-uniqueness. In turn, Cooper et al. [2017] used in-situ estimates of snowflake particle size
distribution and habit from ground-based instrumentation to explore surface snowfall retrieval
performance at Barrow, Alaska. They found reasonable agreement within 20 % of nearby snow
gauge measurements. Given the limited snowfall observations at Barrow, Alaska, the authors could

not give any definitive conclusion about retrieval performance.

With the increasing expansion of computational power, developments of high-resolution numer-
ical weather forecasting models with <4 km scales can be able to represent small-scale phenomena,
such as convective dynamics [Gowan et al., 2018]. Information on magnitudes and location of
maximum precipitation amount and wind speed is of significant importance when warnings are
published by meteorological services for severe weather events and for further use, e.g. the Nor-
wegian Water Resources and Energy Directorate’s hydrological model for flooding and avalanche

risk. The ability to use high-resolution models is also followed by various challenges, such as
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physical parametrisation schemes, accurate representation of topography such as in Norway, and
data assimilation of high-resolution data [Sun, 2005]. Uncertainties on a convective scale can
lead to a rapid error growth [Lorenz, 1969]. Hence high-resolution ensemble prediction makes it
possible to limit the forecast uncertainty by performing several model runs, each with different
initial conditions.

The Meteorological Cooperation on Operational Numerical Weather Prediction (MetCoOp) En-
semble Prediction forecast (MEPS) has been operational at Met-Norway since November 2016. The
ensemble prediction system uses the previous deterministic AROME-MetCoOp, a version of the
Meteo-France Applications of Research to Operations at MEsoscale (AROME). In addition to the

deterministic forecast, nine perturbed ensemble members are initialised in MEPS.

The Christmas storm in 2016 was an excellent test case for analysing unique available precipit-
ation observations at Haukeliseter, Norway, together with the newly available ensemble system
MEPS. Haukeliseter has been a World Meteorological Organization (WMO) measuring station
with single and double fence precipitation instruments since 2010. During winter 2016/17, the
Haukeliseter site also housed a Micro Rain Radar (MRR), Multi-Angle Snow Camera [MASC; Garrett
et al., 2012], and Precipitation Imaging Package (PIP) as part of US National Science Foundation
(NSF) funded field campaign. The combination of radar and in-situ microphysical observations
provides a unique opportunity mean to estimate precipitation profiles, snowfall and snow water
content [Cooper et al., 2017]. Such profiles, in turn, could be used to evaluate snow water in the
weather prediction forecasts for storms such as Urd. Joos and Wernli [2012] stressed the need for
improved observational constraints of precipitation profiles for forecast models. They showed that
the storm development in a regional forecast model depends upon whether or not the location of
the precipitation is correctly simulated. The precise profile of precipitation determines the latent
heat profile, which can lead to either potential vorticity generation or destruction.

This thesis is investigating if the Norwegian ensemble prediction system is able to forecast the
variation of an extreme winter event such as 'Urd’ and if MEPS is able to predict large scale weather
systems as well as frozen precipitation. Furthermore, the use of an ensemble prediction system
will give the opportunity to compare the variation of snowfall precipitation at the surface and in
the vertical at Haukeliseter.

Observations will help to validate MEPS. The following research questions will be addressed: Does
the regional mesoscale model cover local effects associated with the topography surrounding the
measurement site? How well does the model predict surface snowfall at the Haukeliseter measure-
ment site during the Christmas storm 2016? Are large scale synoptic weather systems resolved by
MEPS? Is there a difference between estimated surface snow accumulation for different optimal

estimation assumptions and locations?

The thesis is structured as following: Chapter 2 gives an overview of the data and method. Results
will be presented and discussed in Chapter 3, by analysing the Christmas storm 2016, and Chapter 4
will compare snow observations with MEPS forecasts. Chapter 5 summarises the thesis results and

gives an outlook into future work.






CHAPTER 2: DATA AND METHODS

This chapter describes the data and method used in this study. The purpose of this study is to
compare the meteorological observations from the Haukeliseter site and the output from the
Norwegian operational forecast model for the extreme weather event during Christmas 2016.
A strong focus lies on snow profiles following the measurement site, instruments, the optimal
estimation retrieval and the regional forecast model used to determine the vertical profile of snow
water content for observed snow events. The last section will give an insight on how the data was

analysed to compare the different systems.

2.1 HAUKELISETER SITE

Haukeliseter, shown in Figure 2.1.1 is a mountain plateau 991 m above sea level, located in the
Norwegian county 'Telemark’ (59.81°N, 7.21°E, Figure 2.1.1). The meteorological station measures
precipitation, temperature, snow depth and wind and is operated by the Norwegian Meteorological
Institute. It has served as a measurement site for snow accumulation since the winter of 2010/2011
[Wolff et al., 2010] and serves as a WMO station.

The study site is surrounded by mountain tops being 100 m to 500 m higher than the flat area. As

seen in Figure 2.1.1b Haukeliseter is more open to the south and the south-west and the closest
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Figure 2.1.1: a: Elevation map of Northern Europe, data taken from NOAA [2017]. b: Topographic map of the
measurement site Haukeliseter [Kartverket, 2018].
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Figure 2.1.2: Instrument setting at the Haukeliseter measurement site during winter 2016/2017. X0, Double
fence gauge (double octagon), M1, weather mast with pressure, temperature and 10 m wind sensor. Con-
tainer, with Micro Rain Radar, Particle Imaging Package, and Multi-Angular Snowfall Camera. The windrose
indicates the mean wind direction from either from west-north-west or east-south-east averaged from three
winters [adapdet from Wolff et al., 2015].

mountain top (situated to the NE) has an altitude of 1162 m above sea level. The mountains to the

west and north exceed elevations of 1600 m above sea level.

A detailed setting of the measurement site is shown in Figure 2.1.2. The precipitation sensors
are perpendicular to the predominant wind. Additional measurements of other meteorological
parameters such as temperature, wind, and pressure are used to connect the large-scale weather
situation with the local measurements. The data is provided by weather- and climate data-server
from Met-Norway [eklima, 2016], where the temperature is measured at double fence height.
The hourly value of temperature is represented by the last minute value of the previous hour
measurement. The 10 m wind is measured by an ultrasonic wind sensor from Gill, mounted at the
tower close to the double fence. Wind data is obtained from eklima [2016] and represents 10 min

averages from the last 10 min of an hour.
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2.2 CLIMATE AT HAUKELISETER

The general climate at Haukeliseter can be defined with the updated Képpen-Geiger climate
types presented in Peel et al. [2007]. Figure 8 in Peel et al. [2007] show, that Haukeliseter may
lay in a transition zone and can be categorized as ET, a polar tundra climate type (hottest month
temperature Tj,; = 0°C) or as Dfc, a cold climate without dry season and cold summers.
Haukeliseter presents a typical Norwegian climate condition. At the measurement site, frequent
snow events combined with high wind speeds are observed during a six to seven month winter
period. In addition, a snow amount of about two to three meter can be expected, where 50 % of the
yearly precipitation is frozen [Wolff et al., 2015].

The mean wind direction (Figure 2.1.2) for solid precipitation is from the west/east with maximum
wind speed above 15 ms~}, observed during a 10-year winter period at a nearby station [Wolff et al.,
2015].

Figure 2.2.1 shows the observations at the Haukeliseter site during December 2016. In Figure 2.2.1,
the green dashed line (—6 °C) represents the 30-year climate temperature in December [1961 to
1990, eklima, 2016]. December 2016 was warmer with an anomaly of +4.9 K above the climate mean.
In December 2016, the precipitation was 200 % higher than the climate mean. This difference could
be associated with the new installation of the double fence - Geonor gauge at Haukeliseter. Wolff
et al. [2015, Figure 5] shows that single fence precipitation gauges underestimate the amount of
precipitation with approximately 80 % during high wind speed events. The double fence gauge was
not installed before 2010/2011, this might have led to an observation of too little precipitation at
Haukeliseter during winter and leading to incorrect climate statistic. The precipitation observed in
the period of 21 to 26 December 2016 were 30 % of the total accumulated precipitation in December

1

2016. Furthermore, a maximum 10 m wind speed of 19 ms™" was observed in this period, which is

considered as a gale.
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Figure 2.2.1: Observations at Haukeliseter weather mast during December 2016. The daily accumulation is
presented in light blue [mm]; the six hour mean temperature in red, [°C], and daily maximum 10 m wind as
barbs [ms~!]. The freezing temperature is indicated by the grey dashed line and the monthly normal value
(—6.0°C) by the green [eklima, 2016]. Note, no data was available from 2 to 6 December 2016.
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2.3 INSTRUMENTS

The WMO site Haukeliseter, operated by Met-Norway serve numerous meteorological measure-
ments of temperature, wind speed and direction. 10 m wind and 4.5 m air temperature are meas-
ured at the tower M1 close to the double fence (Figure 2.1.2). The wind measurements are per-
formed with an ultrasonic wind sensor from Gill (Wind observer II with extended heating). Air
temperature is obtained with a pt100 element at gauge height and protected by standard Norwegian
radiation screen [Wolff et al., 2015]. Further information about the WMO site and the instrument
setting, can be found in Wolff et al. [2013, 2015].

A collaboration between the University of Utah, the University of Wisconsin, and Met-Norway
made it possible to install three additional instruments at the measurement site during winter
2016/2017. A Micro Rain Radar (MRR) is used to obtain particle reflectivity and Doppler velocity
aloft, thus providing the vertical structure of the storm. Additionally, a Multi-Angle Snowflake
Camera (MASC) and a Precipitation Imaging Package (PIP) will be used to determine the snow
habit, the snowfall particle size distribution, and the near-surface fall speed. Since many factors
such as humidity and temperature contribute to snowflake geometry, the use of theses instruments
will provide knowledge of snowflake habits, particle size distributions, and fall speed crucial to
reduce error in snowfall retrievals.

A sketch of the instrumentation setting is presented in Figure 2.1.2. The octagonal (X0) indicates
the double fence gauge. The container is north-east from the double fence having the MRR, MASC
and PIP mounted at the top. M1 in Figure 2.1.2 is the 10 m weather mast, providing the hourly
eklima [2016] temperature, pressure, and wind measurements. The mean wind direction is from

west-north west and east-south east as shown in the wind rose in Figure 2.1.2.

2.3.1 DOUBLE FENCE SNOW GAUGE

Since the winter 2010/2011, Haukeliseter is equipped with several precipitation gauges (X0, X2, X3,
X4, X5, Nord in Figure 2.1.2). The wind shielded gauges are placed perpendicular to the main wind
direction (easterly/westerly wind, Figure 2.1.2).

The double fence gauge (X0 in Figure 2.1.2) is presented in Figure 2.3.1a to the left of the image.
Inside the double fence is a precipitation-weighing gauge Geonor T-200B3 [3-wire transducers,
1000 mm, Geonor Inc., 2015] (Figure 2.3.1b) with an Alter wind screen to reduce wind turbulence
around the gauge. At Haukeliseter the orifice height of the Geonor T-200B3 is 4.5 m above the
ground because of expected snow height of two to three meter during a winter season and the
likelihood of measuring drifting snow [Wolff et al., 2013, 2015].

A vertical cross section of the T-200B gauge is shown in Figure 2.3.1b. The precipitation particles fall
through the 200 cm? orifice (pink) protected with a heated collar into a cylinderic bucket filled with
frost protection (cyan). The bucket is placed on top of a bucket support dish (yellow) [Figure 2.3.1b,
Geonor Inc., 2015]. This dish is connected with three wire sensors (green) having an eigenfrequency

changing with the weight inside the bucket.
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The three sensors provide a reduction of an er-
ror in connection with an unlevel installation.
Met-Norway averages the values of all three
sensors and provide hourly accumulated data at
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tion can be measured if too much is blown into the
gauge. Since wind has an influence on frozen precip-

itation, a WMO precipitation analysis between 1987 Figure 2.3.1: (a) From left to right: Double
. fence gauge (X0) and unprotected precipitation
and 1993 recommended that the double-fence inter- gauges (Nord, X4) at Haukeliseter, from Wolff

comparison reference should be used for snow meas- et al. [2015]. The prevailing easterly (westerly)
wind from the lower, left corner in a (the oppos-
ite site). In front of the double fence gauge is
unshielded and single-shielded precipitation gauges the 10 m weather mast (M1). (b) Vertical cross

followed in 2010 [Nitu and Wong, 2010]. section of Geonor T-200B3 precipitation gauge.
' pink: orifice; cyan: cylindric bucket with frost

Wolff et al. [2015] showed the catch ratio between the  protection; yellow: bucket support dish; green:

standard Geonor precipitation gauge and the Double Wire sensor [adapted from Geonor Inc., 2015].

Fence - Geonor T-200B3 (Figure 2.3.1). Only 80 % of

solid precipitation is observed at wind speeds of 2ms~! whereas only 40 % at 5ms~! [Wolff et al.,

2015, Figure 5].

The precipitation gauge protected by an octagonal double fence (X0, Figure 2.1.2) is more accurate

urements [Goodison et al., 1998]. An adjustment for

than the single fence (X2, Figure 2.1.2) and are used as the reference to all surface accumulation
measurements in this thesis. The double fence creates an artificial calm wind and therefore max-
imize the catch of precipitation, [Wolff et al., 2015]. The wind inside the double fence is measured

~1 even if the winds outside exceed 20ms™!. Alternatively, a bush gauge is a

to be below 5ms
precipitation gauge surrounded by a large bush to create artificial calm winds to increase the
catch ratio of frozen precipitation and is considered as the best available measurement for solid
precipitation [Wolff, unpublished]. Unfortunately, there are only two bush gauges in the world
available, and because of local limitations a double fence construction was developed [Goodison
et al., 1998]. Wolff [unpublished] comparison between bush gauge and double fence precipitation

measurements have shown that the double fence has a negative bias of 10 % for wind speeds up to
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9ms~!. As for now, no detailed comparison between bush gauge and double fence exists at thigh
wind speeds. Therefore, comparisons from bush and double fence gauge were extrapolated for
higher wind speed. These results revealed that the double fence has a negative bias up to 20 %

during high wind speed and frozen precipitation.

2.3.2 MICRO RAIN RADAR

Radars are very useful to observe the vertical profile . Transceiver
of hydro meteors in the atmosphere. The instrument - ie-DISF
detects mesoscale features and makes it possible to
visualise the vertical structure of storms [Markowski
and Richardson, 2011].

The Micro Rain Radar (MRR, Figure 2.3.2) measures
profiles of Doppler frequencies [METEK, 2010]. The

MRR in Figure 2.3.2 transmits electromagnetic ra-

diation (transmitter) at a frequency of 24 GHz. The

Figure 2.3.2: Micro Rain Radar at the meas-
urement site in Kiruna. Transceiver transmits
tromagnetic wave, which is emitted from the radar Radar signal using the antenna (parabolic dish)
transceiver over the parabolic dish into the atmo- and receives backscatter signal over the an-
tenna. During winter 2016/2017 installed at
Haukeliseter (container).

principle of radar measurement is based on an elec-

sphere. The electromagnetic wave interacts with the
falling hydrometeors along the beam, were a small
fraction is scattered back to the antenna (parabolic dish) and radar receiver (Figure 2.3.2). The
quantity of scattering depends on the shape and structure of the reflected particle. Due to the
falling particles exists a frequency difference between the transmitted and the received signal
(Doppler frequency). The Doppler frequency describes the movement of the particle. Particles
have different size diameters and therefore different fall velocity, hence the backscatter signal
consists of a distribution of different Doppler frequencies. From the Doppler frequencies a power
spectrum can be calculated and from this a reflectivity spectrum is computed with the use of
calibration parameters [METEK, 2010].

The transmitting signal is send out continuously as a linearly decreasing saw tooth signal which
makes it possible to achieve profiles of reflectivity. Vertical profiles of reflectivity give information
about the diameter of the target object. The MRR has a frequency of 24 GHz and a temporal and
spatial resolution of 60 s and 100 m, respectively. The radar height range from 100 m (because of
ground clutter) to 3.000 m [METEK, 2010].

MRR radar reflectivity (Z) is transformed from 1 mm®/m3 to radar equivalent reflectivity (Ze) dBZ,

by the following relationship;

Ze=10log,, ( [dBZ] (2.3.1)

lmmﬁ/mg)
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Table 2.3.1: Typical reflectivity values for different precipitation types, obtained from measurements, models,
and observations. The rainfall rate R is calculated with Equation (2.3.2) [Doviak and Zrnic, 1993].

Ze R
[dBZ] [mmh™]

Drizzle <25 1.3
Rain 25t060 | 1.3t0205.0
Snow

dry, low density <35 5.6

Crystal; dry, high density <25 1.3

wet, melting <45 23.7
Graupel

dry 40to 50 | 11.5t048.6

wet 40to 55 | 11.5t099.9
Hail

small; <2 cm, wet 50to 60 | 48.6to 205.0

large; >2 cm, wet 55t0 70 | 99.9 to 864.7
Rain & Hail 50to 70 | 48.6to 864.7

A transformation to rainfall rates can be performed by the Z-R relationship (R, rain rate [mmh~1]).
The rainfall rate in each layer can be estimated by the use of typical fall speeds and the Marshall-

Palmer particle size distribution for liquid particles [Rinehart, 2010],

Z=200R5  [mm®m3]
10% )’
10
R= [mmh™']. (2.3.2)
200

The Z-R relationship (Equation (2.3.2)) and transformation to radar equivalent reflectivity can be
used to estimate rain rate for polarimetric measurands obtained from modelling, measurements,
and literature [Doviak and Zrnic, 1993] is represented in Table 2.3.1. Z-snowfall relationships were
developed but showed to be difficult to apply due to the variation of size and density of the particles.
It was found that using traditional Z-snowfall relationships did not provide accurate results for all
snow events [L'Ecuyer, 2017]. This shows the need to combine ground-based observations together

with an optimal estimation retrieval to estimate accurate results for snowfall events.

In this thesis the data was provided in dBZ (Ze) and then transformed to Z [mm®m~3] with the
inverse of Equation (2.3.1). After the transformation the reflectivity is averaged for every 200 m
thickness layer, where only values above 300 m altitude were taken into account. Reflectivity at
400 m represents the mean value of reflectivity between 300 m and 500 m.

Afterwards the averaged reflectivity is uses as a-priori guess in the optimal estimation retrieval
(Section 2.4.1).

In Section 4.2.4 the measured Ze are used to give a first estimate about the type of precipitation
with the help of Table 2.3.1.



2.3. INSTRUMENTS

12

2.3.3 PRECIPITATION IMAGING PACKAGE

The Precipitation Imaging Package (PIP) is a video
disdrometer that is a modification of the Snowflake
Video Imager presented by Newman et al. [2009]. It
consist of a halogen lamp and a video system that
samples at 60 Hz (Figure 2.3.3). Both lamp and lens
have a distance of approximately 3 m that follows a
field of view: 24 mm by 32 mm.

In front of the halogen lamp is a frosted window, so
that the background light is uniform over all time. A
falling particle appears as a 2-D shadow in the video
image. Particle size distribution (PSD) and fall speed
of precipitation can be determined from the black
and white images provided by the system. The instru-
ment also can give first order estimates of snowflake
particle habit when on focus in the images. Newman
et al. [2009] describes the details of the algorithm
applied to the system to get information about the
snow-particle habit.

The winds have almost no effect on the result of the
video distrometer [Newman et al., 2009]. To reduce
eventual wind effects, the distrometer was oriented

perpendicular to the mean wind.

Figure 2.3.3: Precipitation Imaging Package at
Haukeliseter mounted at the container point-
ing towards the double fence gauge.

2.3.4 MULTI-ANGULAR SNOWFALL CAMERA

The Multi-Angular Snowfall Camera (MASC) takes
high-resolution images of hydrometeors in free fall
and measures the fall-speed simultaneously.

The MASC consists of three cameras, three flashes,
and two near-infrared sensors, pointing at a ring
centre (Figure 2.3.4). A hydrometeor has to pass
through the ring in a certain way to trigger the near-
infrared sensors. At the same time three cameras take
a picture of the falling particle. Since the cameras
take pictures from three different angles, the particles
size, shape, and orientation can be specified from an
algorithm applied to the image, described in Garrett
et al. [2012]. Furthermore, the form and heritage
of the hydrometeor, such as collision-coalescence,

riming, capture nucleation, or aggregation, can be

Figure 2.3.4: Multi-Angular Snowfall Camera
and images taken by the instrument during the
Christmas storm 2016. Located on container.
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estimated. The near-infrared sensors are used to trigger the cameras and the lights. Furthermore
the fall-speed of the hydrometeors is measured. The time difference between the upper trigger and

the lower trigger is calculated while a particle passes.

Particle images from PIP and MASC were analysed for 21 to 26 December 2016 by the University of
Utah. In this thesis this the result of the University of Utah was used to determine habit and rimed
particles to apply to the optimal estimation retrieval (Section 2.4) and perform a sensitivity study
(4.2.1).

2.4 OPTIMAL ESTIMATION RETRIEVAL ALGORITHM

The purpose of this study is to apply an optimal-estimation snowfall retrieval on ground based
measurements to estimate the surface accumulation and vertical snow water content for an
extreme event during Christmas 2016. These will later be used to compare to 48 h MEPS model
forecasts to see if the model was able to predict synoptical features and precipitation related to
the extreme event 'Urd’ in 2016. The quantitative estimation of snowfall at the global scale from
spaceborne measurements has been available only recently. Initial retrieval approaches were based
on passive microwave measurements [Noh et al., 2006, Skofronick-Jackson et al., 2004]. But since
these passive measurements can only assess total integrated snow water path for a given column,
such efforts were unable to provide much information on the profiles of snow water content. The
launch of the CloudSat 94 GHz Cloud Profiling Radar (CPR) in 2006, however, provided the first
opportunity to examine such vertical structure at a global scale. Several studies have shown, that
estimated snow rate depends upon retrieval assumptions such as snowflake habit and particle size
distribution (PSD) and can give large differences for a given radar reflectivity.

For the operational CloudSat snowfall retrieval scheme (2C-SNOW-PROFILE), Wood et al. [2015]
developed snowflake particle models based upon video snow disdrometer observations from the
Canadian CloudSat-CALIPSO Validation Project [C3VP, Hudak et al., 2006]. Scattering properties for
these snow particle models were based upon the Discrete Dipole Approximation (DDA) method. In
addition, they derived an a priori relationship between particle size distribution and temperature
that they could use as an additional constraint for the snowfall scheme. Use of the flexible optimal-
estimation retrieval framework allowed to develop a best estimate of snow properties that are
consistent with both the CPR reflectivities and the a priori constraint.

They have also been used to estimate snowfall in remote locations such as the Antarctic and Arctic
[Kulie et al., 2016, Palerme et al., 2014] that in turn have been used to evaluate the representation
of snowfall in climate models [Christensen et al., 2016, Palerme et al., 2017]. These estimates have
been used to assess the performance of ground-based radar schemes such as those based upon the
operational weather radar system in Sweden [Norin et al., 2015]. Despite such progress, however,
the CloudSat scheme can still lead to uncertainties in the retrievals of up to 140 % to 200 % [Wood,
2011] for individual storms.

Again, these uncertainties arise from the large variance in snowflake microphysical properties as
observed in nature. In response, Cooper et al. [2017] explored the use of in-situ, event specific

observations of snowflake microphysical properties to improve radar-based retrievals of snowfall.
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This work was based upon observations from the Ka-band ARM (The Atmospheric Radiation
Measurement) Zenith Radar (KAZR) and Multi-Angle Snow Camera (MASC) deployed at the ARM
Climate Facility Site at Barrow, Alaska in Spring 2014. This ground-based 35 GHz retrieval scheme
was modified from the space-borne 94 GHz CloudSat retrieval scheme developed by Wood [2011].
But instead of using a temperature dependent a priori characterisation of PSD, Cooper et al.
introduced the in-situ observations of particle size distribution through the a priori terms of the
optimal-estimation framework.

Preliminary analyses suggested good performance for this retrieval scheme at Barrow, Alaska.
Estimates of snowfall from the Cooper et al. [2017] approach differed by 18 % relative to nearby
National Weather Service snow gauge measurements for total accumulation over multiple snow
events. However, given limited snowfall observed at Barrow during the deployment of the MASC, it
was difficult to come to any definitive conclusions about retrieval performance. The NSF (National
Science Foundation) funded field campaign with MRR, MASC, and PIP (Precipitation Imaging
Package) deployment at Haukeliseter provides an ideal opportunity to further explore the Cooper
et al. [2017] retrieval approach. This thesis will continue to examine the sensitivity of retrieval
surface snowfall rate to assumptions of habit, fall speed, and particle size distribution as in Cooper
etal. [2017]. In addition, this study here will will examine the vertical profiles of snowfall profiles in

the atmospheric column.

2.4.1 SNOWFALL RETRIEVAL SCHEME

The optimal-estimation snowfall retrieval scheme

was modified for the Barrow instrumentation de-

scribed in Cooper et al. [2017] to the 24 GHz MRR, ?
MASC, and PIP located at Haukeliseter. This scheme

was then used to derive surface snowfall rates and ‘

vertical profiles of snow water content using differ- Reindeer Tracks
ent combinations of retrieval assumptions based (a)Forward problem.

upon in-situ observations. Here a discussion of the S >

optimal-estimation framework is presented so that S ~ |:> ?

the reader can understand exactly how the different Tracks ‘ Reindeer

measurements in the retrieval scheme were incorpor- (b)Inverse problem.

ated. The differences in the forward and inverse prob- .
Figure 2.4.1: a: Forward problem, relation-

ship between parameter of interest (reindeer)
inverse problem underlie the basic methodologies of and the unknown parameter of measurements
(tracks). b: An inverse problem when the para-
meter of measurements is known, but the para-
meter of interest is not [Stephens, 1994].

lem are reviewed in the beginning. Both, forward and

remote sensing.

The general concepts of forward and inverse prob-
lems are illustrated in Figure 2.4.1. The forward prob-
lem describes the relationship between the physical parameters of interest and the measurements
(Figure 2.4.1a). In Figure 2.4.1b, the physical parameter is the reindeer and the measurements are
its tracks. In the here presented thesis snowfall scheme, the physical parameters are the vertical

profiles of snow water content (SWC) and the measurements are the MRR reflectivities. The inverse
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problem represents the opposite goal. The physical entity (reindeer and SWC) must be inferred
from the measurements (reindeer tracks or MRR reflectivities).

The optimal-estimation framework is used to solve the inverse problem for the thesis work. But
it is more complex than the direct inversion as represented in Figure 2.4.1b. Instead of inverting
directly for the parameter of interest (SWC) from the measurements [dBze], the scheme includes
additional information based upon an ’a priori’ understanding of the physics of the retrieval prob-
lem. Thus, it represents a weighted balance between what the data can tell about the state and
what is already known about it. For the CloudSat retrieval scheme, this a priori information came
from a parametrisation relating particle size distribution (PSD) to temperature. For the Barrow and
Haukeliseter schemes, the a priori information could also come from the in-situ observations of
snowflake microphysics. These constraints also add numerical stability to the inversion process
when there are either calibration errors in the measurements or uncertainties in the forward model
that relates the physical parameter to measurement space. Details of the radar forward model are
discussed at the end of this section.

The optimal estimation method is based on Gaussian statistics. It solves for snowfall properties of

interest or retrieval vector, X, by minimizing the scalar cost function, @, as in Equation (2.4.1).

O, y,a) =(y-Fx)'S,' (y - Fx)) 041
+x-a)’slx-a)
Specifically, or this thesis retrieval scheme, x represents the PSD parameters of slope and number
intercept of an assumed exponential size distribution for each radar range bin as in Equation (2.4.2).
y is the vector of MRR reflectivites. The vector a is the a priori guess for slope parameter and
number in each range bin. F(x) represents the forward model that translates snow properties into
reflectivity space. Minimizing the cost function therefore seeks to reduce the difference between
the observations, y, and simulated observations, F(x) and between the a priori guess (a) and the

retrieval vector (x).
n(r) = Noexp (—Ar) m~3mm™] (2.4.2)

The Sy and S, terms, in Equation (2.4.1), represent the forward model and measurement error
covariance matrix and the a priori error covariance matrix, respectively. The relative differences
between S, and S, weight the importance of the observations and the a priori considerations in
determining our best estimate of PSD properties.

Newtonian iteration is used until the value of the cost function converges and our best estimate
of snowfall properties are found. The optimal-estimation scheme also provides error diagnostics

through the retrieval error covariance matrix, Sy, as in Equation (2.4.3).
-1, wTe-1g)
S.= (82" +K's;'K) (2.4.3)

The Jacobian matrix, K, represents the sensitivity matrix of the perturbed result of the forward

model. The true state x is perturbed by 0.2 % and thus K represents the relation between simulated
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values to the true state and how sensitive the simulated values are to small changes when starting a
new retrieval cycle. The closer K is diagonal, the more is x determined by the real observed and a
priori values. If the limit of the partial derivative is close to unity, the retrieved value x is its true
state [Wood, 2011].

In practical application for this multiple layer retrieval scheme, log-transformed particle size
distribution parameters of slope and number intercept were used due to the large expected range

of these variables. The state vector, x, is defined in Equation (2.4.4).

log(A)

log(A
. 08 (M)nlayer nlayer = 14 (2.4.4)

log(No)o

log(NO)nlayer

The usage of a priori terms were explored both from in-situ microphysical observations and from
the PSD-temperature relationship developed for the CloudSat scheme as in Equations (2.4.5)
and (2.4.6). Temperatures in °C at Haukeliseter were taken from site measurements with an
assumption of a moist adiabatic lapse rate for the observed snow events. The log transformed

slope and number intercept values were taken from Wood [2011].

log(1) = —0.03053 - T, —0.08258  [log(mm )] (2.4.5)
log(Np) = —0.07193 - Top +2.665  [log(m > mm )] (2.4.6)

The log-transformed equations are useful, since the results from C3VP were similar to other
observations. The study showed, that Ny ranges over several order of magnitude as well as 1
was non-Gaussian for the snow events Wood [2011]. The diagonal matrix elements in S, (Equa-
tions (2.4.1) and (2.4.3)) are equal to 0.133 and 0.95 for the particle slope parameter and the number
intercept, respectively, as from Eq. 7.35 and 7.36 in Wood [2011]. The diagonal matrix elements for
S, are 2.5%in Equations (2.4.1) and (2.4.3).

After the best estimate of PSD parameters are found, the snow water content in each layer is

calculated using the snow particle mass-dimension relationships as in Appendix A.1.

swC= [ m@nmdr  [gm 2.4.7)

T'min

r is the particle maximum dimension and m(r) the related mass.

This thesis work considered the database of particle models developed for the CloudSat mission, e.g.
different types of aggregates, sector plates, and columns. Scattering properties for these snowflakes
were calculated for the 24 GHz frequency using discrete dipole approximation (DDA). Observations
from the MASC of snowflake habit were used to guide particle selection. Snow water content, in

turn, was translated into a snowfall rate using fall speed observations (MASC, PIP, or MRR Doppler



17 CHAPTER 2. DATA AND METHODS

velocity) or climatological analyses (V = 0.85ms™!). Surface snowfall rate is estimated using the
SWC from the lowest non-noise reflectivity and radar bin.

The forward model that calculates simulated 24 GHz MRR reflectivities from PSD parameters
was modified from that used in the CloudSat 94 GHz operational snowfall product (2C-SNOW-
PROFILE). Backscatter from frozen hydrometeors in each radar bin is summed up as in Equa-
tion (2.4.8) form which reflectivity factor, Z, can be found (Equation (2.4.9)).

rmax
Nbk =f nropdr  [m™Y (2.4.8)
T'min
A4
S = ———np [mm°m ) (2.4.9)
| Kuw||” 7

Where, A is the wavelength of the radar; ||Kw ||2 is the complex refractive index of water. Radar
backscatter values were estimated using discrete dipole approximation for the CloudSat particle
models at 24 GHz. Unlike the 94 GHz spaceborne CloudSat mission, multiple scattering and
attenuation can be neglected for 24 GHz MRR and the short path length retrievals as viewed from

the ground perspective.

2.4.2 ENVIRONMENTAL MASKS FOR THE OPTIMAL ESTIMATION RETRIEVAL

Different steps and assumptions are done in the here presented snowfall retrieval, to achieve
vertical profiles of snowfall from MRR. The snowfall rate at the surface can be estimated from one
of the lower levels. The optimal estimation retrieval is only performed for profiles, which are likely
to have observed snow.

This value was chosen as sensitivity studies [e.g. Wood et al., 2013] that a days worth of such re-
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Figure 2.4.2: A priori temperature dependence within the optimal estimation retrieval for an all day precipit-
ation event on 25 December 2016. The upper panel shows the surface a priori guess, T4y, measured at the
Haukeliseter site. The lower panel presents the reflectivity measure by the MRR. Additionally, the purple
frame indicates the time, where the MRR reflectivity was larger than —10 dBZ and surface temperatures less
than 2°C.
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flectivities would produce only a trace of snow. Such a value therefore guarantees that a significant
snow event is not missed and that any storms with lower dBZ values would not produce meaningful
precipitation. The Haukeliseter measurement site is equipped with a weather mast, measuring the
air temperature every minute at two-meter height (compare Figure 2.4.2, upper panel). Since the
MRR measures above 300 m and temperature measurements exists only at the surface, a priori tem-
perature (T,)) at the surface is assumed to be similar to the observed near-surface air temperature.
The use of a moist adiabatic lapse rate of d T/dz = 5Kkm™! gives T4p in each layer. Snow existence
at temperature measurements up to a threshold of +2 °C are assumed. Liu G. [2008] validated this
threshold, by analysing present weather reports to find the distinction between liquid and solid
precipitation.

The purple line in the lower panel of Figure 2.4.2 represents the time frame during 25 December 2016,
where the MRR reflectivity is less than —15 dBZ, and a priori temperature passes the 2 °C limit at

the surface.

2.5 OPERATIONAL WEATHER FORECAST MODEL

MetCoOp Ensemble Prediction System (MEPS) became operational at Met-Norway in November
2016 when the extreme Christmas storm occurred over Norway. Comparing model data with actual
observations helps to validate model predictions.

MEPS is used as weather forecast at the Norwegian Meteorological Institute, the Swedish Meteoro-
logical and Hydrological Institute (SMHI) and the Finnish Meteorological Institute (FMI), [Koltzow,
2017, Miiller et al., 2017]. It replaced Meteo-France Applications of Research to Operations at
MEsoscale (AROME)-MetCoOp, which was operational from March 2014 until November 2016.
Both models are a branch of the Hirlam Aladin Regional Meso-scale Operational NWP In Europe
(HARMONIE) AROME model, version 40h1.1. MEPS and AROME-MetCoOp therefore built on the
bases of AROME-France a convective-scale model. The physical parametrisations are from the
French mesoscale non-hydrostatic atmosphere model (Meso-NH). The model got operational in

2008 and has a horizontal resolution of 2.5 km [Seity et al., 2010].

2.5.1 ENSEMBLE PREDICTION SYSTEM

The main difference between AROME-MetCoOP and MEPS is that AROME-MetCoOp only contains
a deterministic prediction whereby MEPS has additionally nine individual perturbed ensemble
member [MetCoOp Wiki, 2017].

Figure 2.5.1 shows the schematic of an ensemble prediction system (EPS). An ensemble forecasting
system requires the definition of the initial amplitude and the horizontal and vertical structure of
the perturbation. In general, the initial perturbation is chosen to be close to the observations. The
initial condition for the disturbance is within a circle (Figure 2.5.1) of the observation uncertainty.
In an ensemble prediction system one of the members is the deterministic forecast (single control
forecast) where the other forecast members start from a slight perturbed state of the deterministic
forecast. For a short time, should the forecast members be close together, this is a few hours in

mesoscale prediction (deterministic in Figure 2.5.1). After a certain period of time, the forecast
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Figure 2.5.1: Schematic of ensemble prediction. Circle, representing the uncertainty of the initial conditions.
Individual lines, perturbed ensemble member from the initial conditions ending in solution space, grey area
[Kalnay, 2003].

of the different perturbed members are so large that they have to be considered as stochastic
(Figure 2.5.1).
Important is, that the observations, which are going to be used for the initialisation are within the

spread of the individual ensemble member forecasts [Kalnay, 2003].

2.5.2 METCOOP ENSEMBLE PREDICTION SYSTEM

In principle, MEPS is a short-term weather forecast consisting of ten ensemble members with 66 h
prediction time and a horizontal resolution of 2.5 km and 65 vertical levels. Hourly 66 h forecast
data is available at Met-Norway for the deterministic and the first perturbed ensemble member.
54 h forecasts are stored for the three hourly values.

The lower layer, near the ground is approximately 12 km height. With increasing height decreases
the vertical resolution of 25 m to 200 m in the lower 3 km. The model top is at located at approxim-
ately 23 km. The initialisation of each member is performed at 0 UTC, 6 UTC, 12 UTC and 18 UTC
[MetCoOp Wiki, 2017]. Forecast data saved for the deterministic and first ensemble member have a
time resolution of one hour for the 66 h forecast period. The other eight members have data stored
every three hours for up to 48 h forecast time.

Figure 2.5.2a shows the MEPS model domain and its elevation as it was operational for December
2016. It covers Scandinavian countries including open water such as the Atlantic Ocean, the North
and the Baltic Seas. A representation of the horizontal resolution zoomed for the Haukeliseter
site is shown in Figure 2.5.2b. The topographical resolution of MEPS and its influence on local
wind and precipitation will be discussed in Section 4.2.5. To compare the measurements from the
surface with the MEPS data, the closest model grid point to Haukeliseter, is used (Figure 2.5.2). The
closest grid point to Haukeliseter is 59.80° N, 7.22° E at 1041 m above sea level.

The centre of the model is approximately at 63.5° N, 15° E. The horizontal grid points are Lambert
projected to receive the same area size of each grid cell. The regional model MEPS receives
initial and boundary conditions from the global ECMWF-IFS (European Centre for Medium-Range
Weather Forecasts Integrated Forecasting System) before it can produce its own regional forecasts.
In addition, to produce the forecast analysis the background model is initiated for upper-air and

surface data assimilation [Miiller et al., 2017]. The horizontal resolution of the parent ECMWF
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Figure 2.5.2: a: Elevation map of MEPS model domain. b: Representation of the topography around the
measurement site Haukeliseter in MEPS. Contours and shading present the elevation of the grid cells.

grid is 9 km, has 137 model levels, and the model level top is at 80 km. The ECMWF-IFS forecasts
are available 5h later than the model runs at Met-Norway. MEPS is updated each third hour
using obsrvations received in real-time from the global observing system [Homleid and Tveter,
2016]. Since initial conditions such as observations have uncertainties as well as the model has
internal variability, it has to reach a background climatology state (spin-up) before the output can
be analysed. Warner et al. [1997] states, spin-up time varies depending on the amount and quality
of the initial and boundary conditions. If only a few mesoscale initial condition are available then
the model should be initialised well before the forecast time. This will allow the model to spin-up
mesoscale structures that are responsive to large-scale and local forcing. In MEPS, the spin-up
time can be assumed to be 6 h for precipitation [personal communication, Keltzow, 2018].

To model the snow in AROME-MetCoOp an one-layer atmosphere model scheme is implemented.
The representation is covered by an adjustment of the three-class ice parametrization (ICE3)
scheme (Section 2.5.4). This includes three variables such as: snow water equivalent (SWE), snow
density, and snow albedo [Miiller et al., 2017]. How liquid-phase processes are separated from slow

ice-phase processes are described in Section 2.5.3.

2.5.3 MESO-NH AND THE ICE3 SCHEME

The physical parametrisation within AROME is based on the French research communities’ Meso-
NH. The microphysical scheme in the Meso-NH atmospheric simulation system is based on the
Kessler scheme for liquid processes whereas the ICE3 parametrisation scheme is for cold processes
[Meteo France, 2009]. The purpose of the scheme is to model as correctly as possible the ice phase
in the atmosphere. The three-class parametrisation scheme is coupled to a Kessler scheme for
the warm processes [Pinty and Jabouille, 1998]. McCumber et al. [1991] concluded from their

case study of simulating two different types of tropical convection, that at least three different ice
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categories are necessary to cover most precipitation but that applications might be case specific.

According to the Meteo France [2009] documentation, the ice phase microphysical scheme in-

cludes:
i: pristine ice phase
s: snowflake type from lightly rimed large ice crystals or dry clusters, and
g heavily rimed crystals, such as graupel, frozen drops or hail.

Within the ICE3 scheme no distinction between hail and graupel exists and therefore the physical
discrimination is in the growth mode of graupel and hail is neglected.

To achieve snow water content within MEPS the number intercept parameter (Np, [m~3/mm)]),
slope parameter of exponential size distribution (A, [m~!]), mass diameter (D, [mm)]) and the
particle size distribution [m~3/mm)] of pristine ice (n;), snowflakes (ns), and rimed crystals (ng)
has to be determined. According to Caniaux et al. [1994], the particle size distribution in the ICE3
scheme follows the Marshall-Palmer distribution (Equation (2.4.2)). The goal in ICE3 is to use a
varying intercept parameter dependent on the ice category. The study of Caniaux et al. [1994] has

shown that Ny can be parametrised with:

Ny =CA* (2.5.1)
log,, C =-3.55x+3.89

where C and x are constants depending on the ice category (Equation (2.5.1)).

The ice water content for primary ice, snowflakes, and rimed crystals is then assumed to be similar
to Equation (2.4.7), but the integration limits range from zero to infinity and mass ((m, [kg])), and
particle size distribution (n(D)) are dependent on the diameter of the hydrometeor particle. The
mass of a single particle and PSD (Equations (2.5.2) and (2.5.3)) are represented depending on the
ice category (Table 2.5.1)

m(D) = aD" (2.5.2)
n(D) = Nog(D) (2.5.3)

a, b are the characterisations of the parameters according to their type (Table 2.5.1) and g(D) the
generalised Gamma function:

a

av nyav-1 _ a
F(v);t D™ exp(-(AD)?) (2.5.4)

g(D) =

with a, v the shape and tail dispersion parameters and I'(v) the gamma function.
After following the above equations including Equation (2.4.7) the exponential slope parameter of

pristine ice, snow, and rimed crystals, A can be generated with G(b), the gamma function:

SWC 75
- ( ) (2.5.5)

“lacGm)
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Table 2.5.1: Characterization parameters for primary ice (i), snowflakes (s) and rimed crystals (g). Values are
based on Meteo France [2009] and Pinty and Jabouille [1998]. The mixing ratio r for primary ice, snowflakes,
and rimed crystals [kgkg~']; dispersion parameter « - shape, v - tail; characterisation parameter according
to particle type a, b; parameters of the fall speed-diameter relationship c, d; ice category constants C, x.

a,v| 3.3 1.1 1.1
a 0.82 | 0.02 196
b 2.5 1.9 2.8
c 800 | 5.1 124
d 1.0 | 0.27 0.66
C
X

5 | 5x10°

For all hydrometeors the terminal fall velocity based on the diameter, D is assumed.

0

V(D) = cD? (ﬂ) 4. (2.5.6)
Pdref

In Equation (2.5.6) the last factor is the Foote and Du Toit [1969] correction of the air density and

poo being the air density at the reference pressure level Pgg.

Figure 2.5.3 shows the summary of the microphysical processes for mixed phase clouds. The study

focuses mostly on solid precipitation particles and therefore only the initiation and growth of

pristine ice crystals i, snowflakes s, and rimed crystals g is presented.

Following Pinty and Jabouille [1998] and Figure 2.5.3 it can be seen how AROME calculates ice

growth.

The ICE3 scheme starts with cold - 'slow’ processes for ice processes (right side in Figure 2.5.3)

- homogeneous (HON) and heteorogeneous (HEN) nucleation
- vapour deposition of snow and graupel particles (DEP)

- aggregation (AGG) and auto conversion (AUT)

The second step is to initiate the warm processes (left side in Figure 2.5.3)

Then including the

— aggregation and conversion-melting (CVM) for snowflakes and

- contact freezing of raindrops (CFR)

Followed by AGG and melting for graupel (MLT)

And the melting from pristine ice and the Wegener-Bergeron-Findeisen (BER) effect

finally integrate the sedimentation terms
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Figure 2.5.3: Microphysical processes for mixed phase clouds in the ICE3 scheme in AROME [adapted from
Meteo France, 2009]. Orange lines show the initiation processes of pristine ice crystals and snowflakes
(s). Purple lines and boxes present the growth mechanisms of i (BER, DEP). Green lines demonstrate the
expansion of the snowflakes (RIM, AGG, ACC). Graupel (g) forms as an effect of heavy riming (RIM) by
collision of larger raindrops with snowflakes (ACC), WET/DRY growth or contact freezing of raindrops (CFR).
All graupel growth processes are indicated by blue lines were hail formation is included.

2.5.4 AROME-METCOOP ADJUSTMENT

Since the ICE3 scheme showed some weaknesses in AROME-MetCoOp for the boreal winter
month, Miiller et al. [2017] introduced some modifications. During cold conditions (2 m temper-
ature between —5 °C and —10 °C) the ICE3-scheme followed too low 2 m temperature in AROME-
MetCoOp. Furthermore, too much ice fog or low clouds were simulated for 2 m temperature <
—15°C, all year long. After implementing the modifications such as separating fast liquid-phase
processes from the slower ice-processes, as well as reducing sublimation speed of ice particles.
Also, taking into account the difference of optical thickness between ice-phase clouds and water,
mixed-clouds reduced the negative 2 m temperature bias [Miiller et al., 2017]. A negative aspect of

these adjustments was that the occurrence of fog increased.
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2.6 COMPUTING SNOW QUANTITIES

The following section describes how the different model variables where processed to achieve a

comparison between the retrieved observed values and the forecast model output.

2.6.1 MEPS

Vertical hybrid coordinates are terrain-following and are mass-based, [Miiller et al., 2017]. MEPS
underlies non-hydrostatic dynamics, MetCoOp Wiki [2017].

MEPS has a vertical resolution in hybrid sigma pressure coordinates, which starts at the surface and
decreases with height. To calculate the actual vertical pressure in [hPa], AROME uses the vertical

discretisation based on Simmons and Burridge [1981].
P(n; k;]vl) :ap(k)+bp(k)ps(n»]vl) [Pa]' (2~6~1)

ps is the surface air pressure in Pa, a,, b, are the vertical coordinate parameters. Prognostic
variables are at model level k. n is the forecast time, j and i are the latitudal and longitudal grid
points, respectively.
The next step was to convert pressure-levels into actual heights with the help of the hypsometric
equation. Here, the air temperature in model levels is used to calculate the mean temperature of
each thickness layer.
pl
J Tdlnp
— p2
T=—o-«-— K] (2.6.2)
pl
Jalnp
p2
Martin [2006] presents steps of differentiating the hypsometric equation by using the virtual air
temperature. But when the atmospheric mixing ratio is large, the virtual temperature will only be
1 % larger than the actual air temperature. Since the error is small, calculations are done with the
provided air temperature in model levels.
The thickness, Az, of each layer is then calculated by using the hypsometric equation from Martin
[2006] and the previously calculated mean temperature (Equation (2.6.2)):
R,T
Ae=zp-z=-2in|[2]  m] (2.6.3)
g p2
where Ry is gas constant for dry air with a value of 287 Jkg ' K~!, standard gravity g =9.81 ms~2.

p1 and p» are the pressure levels at lower and higher levels (p2 < p1).
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2.6.2 SNOW WATER CONTENT

To get a valid comparison between the SWC from the optimal estimation retrieval and the results
from MEPS, the SWC is averaged hourly respectively three hourly. Taking the model initialisation of
MEPS at 0 UTC the instantaneous model forecast values are saved every hour for the deterministic
and first ensemble member. Three hourly data is available for the second to tenth perturbed
member. To approach hourly mean values from the retrieved SWC an average over 30 min prior
and 30 min after each full hour is performed. Hence, in Section 4.2.4 and 4.2.5 hourly (three-hourly)
retrieved averages are compared with instantaneous forecast values.

Since MEPS has a higher vertical resolution than the optimal estimation snowfall retrieval, each
vertical profile of SWC is averaged in 200 m intervals. To accomplish the same vertical resolution
only values above 100 m altitude are used to start at the same range height as given from the MRR
(Section 2.3.2).

Within the output from MEPS snow water content does not exist for each model layer. Hence the
calculation of the SWC is performed by using the three solid precipitation categories given in MEPS.
Namely the instantaneous mixing ratio of snow (rs), graupel (rg) and the cloud ice (rj). The mixing
ratios are represented in kgkg™! and a transformation to gm™3 is performed. Densities of each
model level (p) are calculated with Equation (2.6.1) and the model level air temperature. These are

then multiplied with the sum of the solid precipitation mixing ratio.

__r
RyT

SWC=p-(rs+rg+r)-10° [gm™3]. (2.6.5)

o [kgm ] (2.6.4)

The same is done for liquid water content in the atmosphere, just cloud condensed water and rain
amount are summed.
2.6.3 SNOW WATER PATH

The snow water path (SWP) is the vertically integrated and averaged SWC (Equations (2.4.7)
and (2.6.5)):

hy=3000m hl _ hO
SWP = f SWC(h)dh =~ 5 SWC(hg) + SWC(hy)
h

0

(2.6.6)

ho+ hl
2

+4SWC ( ) [gm™2]

The snow water path is a measure of the weight of frozen particles per unit area. It indicates the

total amount of ice in the atmosphere.
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2.7 STATISTICS

For this thesis I calculated ensemble mean, coefficient of variation, mean error, mean absolute
error, and percent difference. The model ensemble mean (f) is the average of all ten ensemble
members (f;) of MEPS.

Yifi

f= 2.7.1
f " ( )
The coefficient of variation (CV) is represented by the standard deviation, o with respect to the

ensemble mean. The standard deviation is defined as:

n . £\2
g:\/M' (2.7.2)
n-1

The CV gives the variability between the individual ensemble member forecast for SWC (Table 4.2.5).
Furthermore, the variation around the deterministic forecast shows. Since the CV is normed over
the ensemble mean, daily variations can be compared to each other for the Christmas 2016 storm

period (Section 4.2.4).

CV = (2.7.3)

o
f
In Section 4.1 mean error (M E) and mean absolute error (M AE) is used. The ME for each model

ensemble member and from the observations (o;) is calculated with:

Y™ fi—o;
ME = Lizfizoi (2.7.4)
n
For the mean absolute error (M AE) follows then:
n
Y A fi—o;
MAE = M (2.7.5)
n

The percentage difference of double fence gauge and retrieved surface accumulation (Table 4.2.1
and 4.2.2) and MEPS forecasts (Table 4.2.3 and 4.2.4) are calculated by:

fi—oi

0;

%Difference = x 100 (2.7.6)

fi presents the snowfall from the retrieval or the MEPS ensemble forecast. The mean is then taken

from all % Difference values to see the average deviation during the Christmas storm 2016.
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2.8 EXTREME WEATHER

"Extreme weather’ is a meteorological term, associated with the extent of a weather type. The
Norwegian Meteorological Institute declares an extreme event, if strong winds, large amounts of
precipitation and large temperature changes are expected before the event occurs. As well as a
large avalanche risk is present and coastal areas are influenced by extremely high-water levels.
Generally, an event is divided into four phases by Met-Norway to be called extreme event [Pedersen

and Rommetveit, 2013].

Phase A: Increased monitoring before the possible extreme weather. The meteorologists give special
attention to the weather situation. At this point it is not certain, that there will be an extreme

weather event.
Phase B: Short-term forecasts. It is decided, that there will be an extreme event. The forecasts are more

detailed, and updates will be published at least every six hours. The event will get a name.
Phase C: The extreme weather is in progress. The meteorologists send out weather announcements at

least every six hours.
Phase D: The extreme weather event is over. Clean-up and repairs are in progress. When the extreme

weather is over the public is notified and information about the upcoming weather and

clearing work is given.

The Christmas storm was considered an extreme event by the Met-Norway, named 'Urd’ [Olsen and
Granerad, 2017]. The average wind along the coast of Western Norway reached hurricane strength
(observed: 40 ms~! to 55 ms™1). In South and Eastern Norway, west to north-west winds between
25ms~! to 40 ms~! were measured. At Haukeliseter, 136.4 mm of precipitation were measured
from 21 to 27 December 2016. The 2016 Christmas storm was just above the limit of been called

an extreme weather event.

To understand which damage a storm can have, Feeraas et al. [2016] released a table to associate

wind strength with damage (see Table 2.8.1).

Table 2.8.1: Damage related to wind speed, from Feeraas et al. [2016].

slight storm | 20.8ms~!-24.4ms™! | Large trees sway and hiver.
Roofs can blow down.

full storm 245ms 1 —28.4ms~! | Trees are pulled up with clutter.
Big damages to houses.

strong storm | 28.5ms™ ! -32.6ms™! | Extensive damage.

hurricane >32.6ms~! Unusually large destruction.
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2.9 INTEGRATED VAPOUR TRANSPORT

An atmospheric river (AR) is a filament structure of intense moisture transport from the tropics
to higher latitudes. Heavy precipitation can be associated with it, because the air is warm and
moist. This can often be observed at mountain ranges at west coasts such as in Norway [Azad and
Sorteberg, 2017]. Due to orographic lifting the moisture will be released and follow high amounts
of precipitation.

An atmospheric river is characterised if the integrated vapour transport shows values higher than
250kgm~!s~! and a continuous region larger than 2000 km [Rutz et al., 2014].

The integrated vapour transport (IVT, Section 3.3) was calculated from the ECMWF data as followed:

1 100hPa
IVT:E f gVdp  kgmls7!] (2.9.1)
Psfc

where g is the standard gravity, g the specific humidity, and V the total wind vector at each pressure
level p. The numerical, trapezoidal integration is performed by using data from the surface pressure
Psfc to 850 hPa in 50 hPa intervals and from 700 hPa to 100 hPa in 100 hPa intervals.

2.10 NORTH ATLANTIC OSCILLATION

It has long been known that precipitation and temperature fluctuations occur during European
winter in connection with NAO (North Atlantic Oscillation). The NAO is a redistribution of atmo-
spheric mass between the North Atlantic high (Azores high), and the polar low (Iceland low). The
NAO index is defined as the gradient between the sea level pressure of the Azores high and the
Icelandic low during the winter months (December - March) [Hurrell, 1995]. Positive index shows
the deepening of the Icelandic low and a strengthening of the Azores high and negative indexes
respectively [Uvo, 2003].

Positive NAO is associated with stronger westerlies than usual across the middle latitudes of the
Atlantic [Uvo, 2003]. In addition, more moisture is transported to Scandinavia [Hurrell, 1995]. A
positive NAO during winter is often associated with higher temperatures than normal and with
an increase in precipitation in northern Europe and low temperatures in southern Europe [Uvo,
2003].
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Extreme storm Urd was chosen for an in depth examination for a number of intriguing reasons:

I) the Haukerlister site is a WMO sanctioned weather station with single and double fence rain

gauge measurements,

I) additional instruments were placed at the site for the winter 2016/2017 season allowing for

the vertical profiling of snow properties and snowfall accumulation

III) the MEPS forecasting system had recently become the operational model platform for Met-

Norway, and
IV) the unique temporal evolution of the precipitation properties during the event

A preliminary analysis identified periods of both good agreement of snow accumulation measure-
ments by MEPS in comparison to the ground observations, as well as periods of overestimation
by MEPS. The above factors make for an interesting study to assess and better understand the
usefulness of the measurements in question.

The next sections will provide a definition of an extreme weather event, a description of the weather
maps that were utilized, and a presentation of the synoptic scale evolution of the storm.

Prior to the analysis, each weather maps’ purpose will be presented to understand the connections
between them. All the weather maps are generated using data from ECMWF operational model
Cycle 43r1. The analysis consists of 137 model levels. To reduce computational costs it is reduced
to the octahedral reduced Gaussian grid and then interpolated to a N640 Gaussian grid [Dando,
2016].

3.1 DYNAMIC TROPOPAUSE

The dynamic tropopause maps (DT), presented herein (e.g. Figure 3.2.0a) are comprised of
the potential temperature (shading) and wind barbs [ms~!] on the two PVU surface (one PV
unit = 10"°m?s ' Kkg™1), and the 925-850 hPa averaged relative vorticity (black contours - every
0.5 x 10~ s~! only positive values are plotted). An example is presented in Figure 3.2.0a. High
(low) values of potential temperature represent an elevated (suppressed) tropopause. Regions with
a large horizontal gradient of potential temperature indicate a steeply-sloping tropopause that

is associated with an enhanced pressure gradient force and winds. From this, the mid-latitude
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jet stream can be pointed out. The low-level averaged relative vorticity is plotted to provide a
three-dimensional (in the vertical) picture of the atmosphere. It is useful for identifying cyclone

centres and attendant frontal boundaries.

The 925 —850 hPa layer-averaged surface relative vorticity is shown in black contours, every 0.5 x 10~ s

It represents the rotation of a fluid.

Along the Rossby-Wave-Guide, troughs and ridges are seen which can be combined with the sur-
face relative vorticity to understand the vertical dynamic interaction in the atmosphere. Wave
disturbance travel along the wave guide or regions of strong gradients. At the dynamic tropopause
level the Rossby-Wave-Guide is the region of strong potential temperature gradient, shading in
Figure 3.2.0a [Nielsen-Gammon, 2001]. In case of a westward tilt between the surface cyclone and

an upper level through an intensification of the surface cyclone is more likely to occur.

3.2 SURFACE, THICKNESS, WIND

A complementary view of the three-dimensional structure of the atmosphere is also presented:
250 hPa wind speed (colour shading, ms~!), mean sea level pressure (black contours, hPa), 1000-
500 hPa thickness (dashed contours) and the total precipitable water (black-white shading, mm).
See Figure 3.2.0b for an example.

The dashed, coloured contours in Figure 3.2.0b show the vertical thickness between the 1000 hPa
and 500 hPa surface, every 6 dam. The thickness between two pressure levels can be interpreted via
the hypsometric equation (Equation (2.6.3)), which equates the thickness to the mean temperature
of the layer in question. In a relative sense, a larger thickness indicates a warmer air mass. In addi-
tion, strong horizontal gradients in the thickness field can be related to frontal boundaries. Specific
to the discussion in this thesis, the thickness field also provides useful information regarding the
form of precipitation (liquid, frozen).

Analysis of the mean sea level pressure can be used to identify cyclones (L) and anticyclones
(H) at the surface as well as provide supplementary information regarding frontal boundaries
(Figure 3.2.0b). The total precipitable water is a measure of the column integrated moisture. It
represents an instantaneous measure of moisture in time and space, which can be useful when
assessing the amount of moisture that may fall as precipitation in future time steps. The 250 hPa
wind speeds are used to identify strong upper-level flow (i.e. the jet stream) and can be directly

compared to the dynamic tropopause map (Figure 3.2.0a).

1
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Figure 3.2.1: ECMWEF analysis on 24 December 2016 at 12 UTC. L and H indicating the surface low and high
pressure, respectively.



3.3. INTEGRATED VAPOUR TRANSPORT 32

3.3 INTEGRATED VAPOUR TRANSPORT

Figure 3.2.0c shows coloured contours of the integrated vapour transport (IVT) in kgm~!s~!, where
warmer colours indicate higher IVT. Stream vectors in Figure 3.2.0c indicate the direction and
intensity of the IVT flow.

Analysing integrated vapour transport maps is important, since extreme precipitation events in
Norway are often influenced by moist, warm air advection from the tropics [Azad and Sorteberg,
2017]. Figure 3.3.1 and 3.3.2 shows integrated vapour transport from the tropics to the midlatitudes,
but it also presents that the occurrence of the atmospheric river was not the main factor which led

to intense precipitation during the 2016 Christmas storm. Since it showed not to be intense it will
not be further discussed.

-
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Figure 3.3.1: Atmospheric river analysis map, data from ECMWE During 19 to 22 December 2016 at 12 UTC,

chronologically (a to d). IVT, shaded according to the colour bar [kgm~'s~!]. Vectors, indicating the
direction and magnitude of the IVT.
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Figure 3.3.2: (As Figure 3.3.1.) During 23 to 26 December 2016 at 12 UTC, chronologically (a to d)

3.4 (OBSERVATIONS

It is a primary goal of this work to relate the local weather observations from the WMO site at

Haukeliseter to the synoptic scale structure and the additional measurements taken at Haukeliseter

during the winter of 2016/2017.

Examples of the 60 min precipitation accumulation from the double fence rain gauge, 2 m air

temperature, and wind observations are presented in Figure 3.4.1 to document the continuous

precipitation at Haukeliseter during the extreme event. The temperature evolution will be used to

investigate possible changes in the type of precipitation.

Snowfall is likely for temperatures up to 2 °C. The intensity of the storm can be classified by the

hourly averaged wind speed and direction as wind barbs in ms™!. To understand which damage a

storm can have, Feeraas et al. [2016] released a table to associate wind strength with damage (see

Table 2.8.1).
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Figure 3.4.1: Surface precipitation, 2 m temperature and 10 m wind observation from the weather mast at
Haukeliseter on 24 December 2016. 60 min total accumulation [mm)] in light blue as bar, 2 m temperature
(red, [°C]), and 10 min mean wind observations at 10 m, as barbs [ms~!]. Grey dashed line indicates the
freezing temperature and the green dashed line the 30-year climate mean temperature of —6 °C. Hourly
processed data taken from eklima [2016].

3.5 LARGE SCALE CIRCULATION

In the following the large scale circulation between 19 and 26 December 2016 is analysed.
In December 2016, the NAO was positive, with +0.4, and negative sea level pressure for the Iceland
low [Shi et al., 2016] was monitored. Since extreme weather events are often related to positive

NAO might this explain the incident of the extreme Christmas storm in 2016.

19 TO 20 December 2016

A precursor to extreme storm Urd was a high-pressure system over Scandinavia and an occluded
low to the proximate east of Iceland (Figure 3.5.1a, b). Over the coming 36 h a confluence of events
resulted in a suppressed tropopause and cold air over Haukeliseter: a filament of a cut off low to

the south and cold air advection from the north-east (Figure 3.5.1a, b).

21 December 2016

Associated with the previously mentioned occluded cyclone, cold air impinges on Scandinavia
on 21 December 2016 (Figure 3.5.2b, d). Moisture is transported from the low latitudes to high
latitudes, influencing Norways west coast. The westerly flow in Figure 3.5.2d is additionally con-
ducive to orographic lifting. This is coincident with the onset of precipitation at Haukeliseter
at 10 UTC on 21 December 2016 (Figure 3.5.2e). Furthermore, given the low temperatures, solid
phase precipitation is observed.

Additionally, cyclogenesis is observed off the east coast of the United States (as evidenced by a

trough to the northwest of low-level averaged relative vorticity.)
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Figure 3.5.1: ECMWEF analysis for dynamic tropopause (a) as described in Section 3.1, thickness map (b)
as evaluated in Section 3.2, and local observations (c) at Haukeliseter explained in Section 3.4). Analysis is
shown for 19 December 2016 at 00 UTC. Surface lows are indicated as L and surface highs as H.
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22 December 2016

Twenty-four hours later the analysis from 22 December 2016 shows cold air remaining over Scand-
inavia (Figure 3.5.3a, b). Continues frozen precipitation is observed at Haukeliseter (Figure 3.5.3c).
The previously mentioned cyclone is observed to intensify during this time period along the baro-
clinic zone. The upper-level trough to the north-east of the low-level cyclone centre represents an
optimal configuration for cyclone development, since the surface low is located below the temper-
ature gradient at the 2 PVU surface (Figure 3.5.3a, b). This is apparent in the intensification of the
surface system (low-level averaged vorticity and mean sea level pressure minima) at 50° N. Also, in
evidence is the diabatic ridging associated with the ascending warm conveyor belt air-stream (see

warm colours in Figure 3.5.3a).
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Figure 3.5.3: (As Figure 3.5.1.) For 22 December 2016 at 12 UTC.
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23 December 2016

The west Atlantic cyclone translates along the jet stream (Figure 3.5.4c, d). The occluded front of the
storm arrives roughly between 6 UTC and 12 UTC. By 12 UTC an elevated tropopause is observed
in Figure 3.5.4a. The surface temperature rises (Figure 3.5.4e), and mixed phase precipitation is
related to the increased temperature and moisture transport from the low latitudes Figure 3.5.4c.
A cyclogenesis event occurs in the west Atlantic with a similar disposition of an upper-level trough
and a low-level baroclinic zone at 40° N (Figures 3.5.4a to 3.5.4d).
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Figure 3.5.4: (As Figure 3.5.1.) For 23 December 2016 at 12 UTC (a, c) and at 18 UTC (b, d).
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24 December 2016

After the passage of the occluded front over Norway, passes cold air into Scandinavia (Figure 3.5.5a,
b). The temperature drops in Figure 3.5.5¢), and solid phase precipitation resumes. The importance
of moisture transport is emphasized by the integrated water vapour plot (Figure 3.3.2b). This
represents a crucial component to the high precipitation amounts that were measured at the
observational site. This represents a quantitative confirmation of previous climatological studies

of extreme, cold-season precipitation [Azad and Sorteberg, 2017, Moore, unpublished].
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Figure 3.5.5: (As Figure 3.5.1.) For 24 December 2016 at 12 UTC.
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25 December 2016

Twenty-four hours later the upper level ridge is more pronounced and covers large parts of Norway
(Figure 3.5.6a. The cyclone south-east of Iceland has built its frontal boundaries (Figure 3.5.6¢).
Between 12 UTC and 18 UTC the warm sector passes through Haukeliseter (Figure 3.5.6c, d, e).
Connected to the warm sector the temperature rises in Figure 3.5.6e and the precipitation becomes
liquid.
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Figure 3.5.6: (As Figure 3.5.1.) For 25 December 2016 at 12 UTC (a, c) and at 18 UTC (b, d).
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26 December 2016

Within the next twenty-four hours the cold sector comes through Haukeliseter and Norway is
covered in cold air (Figure 3.5.7a, d). The surface pressure indicates the occlusion of the cyclone
and therefore a weakening and dissipation by 18 UTC. A drop in temperature and a change in

precipitation phase is observed at Haukeliseter (Figure 3.5.7¢).
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Figure 3.5.7: (As Figure 3.5.1.) For 26 December 2016 at 12 UTC (a, c) and at 18 UTC (b, d).






CHAPTER 4: SNOW OBSERVATIONS AND MEPS
COMPARISON

In this chapter the results of the snow surface observations, and the regional mesoscale forecast
model at Haukeliseter are presented. On the basis of the methodology described in Chapter 2 it
should be evaluated if the regional mesoscale forecast model MEPS predicts the same synoptic
patterns as observed at the measurement site. Furthermore, snow water content forecasted by
MEPS is being compared with the retrieved vertical SWC at Haukeliseter.

This study will show a comparison between observed and forecasted snow, for one particular

extreme event, the 2016 Christmas storm.

4.1 THE CHRISTMAS STORM 2016 - METEOROLOGY

A comparison between the surface observations at Haukeliseter and the ECMWEF analysis of the
dynamic tropopause and geopotential thickness maps show that frontal transitions occurred on
three days during the 2016 Christmas storm, 23, 25, and 26 December 2016 (Section 3.5). The
frontal passages show up in the measurements and MEPS ensemble forecasts (Figures 4.1.1
to 4.1.6).

Figures 4.1.1 to 4.1.6 displays the observations and model forecast quantities for sea level pressure,
2 m air temperature, 10 m wind, and precipitation on 21 to 26 December 2016 for the Haukeliseter
measurement site.

During all days the MEPS forecasts seem to predict similar sea level pressure, 2 m air temperature,
and 10m wind direction as were observed. Overestimations are simulated for wind speed

(Figures 4.1.1 to 4.1.6d) and surface precipitation amount (Figures 4.1.1 to 4.1.6€).

Figures 4.1.7 to 4.1.9 presents the correlation of sea level pressure, 2m air temperature,
10m wind, and surface precipitation amount between the observations and the 48h MEPS
ensemble forecast. The relation for Haukeliseter observations and the MEPS forecast members is
indicated with the regression calculated for each day. The scatter plots in Figures 4.1.7 to 4.1.9
show a good correlation for sea level pressure and 2 m air temperature. Sea level pressure has
the best correlation of all variables. The MEPS forecast shows a disagreement with southerly
observed winds in Figure 4.1.8a, between 21 and 23 December 2016. A good agreement is seen
for wind direction in Figure 4.1.8b for 24 to 26 December 2016. Wind speed is overestimated

throughout the event and will be further investigated in Section 4.2.5 (Figure 4.1.8c, d). Surface
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precipitation amount agrees better between 21 to 23 December 2016 (Figure 4.1.9a) than during 24
and 26 December 2016 (Figure 4.1.9b). Figure 4.1.9a suggests a better correlation below 20 mm for
21 to 23 December 2016 than above. A detailed discussion about the precipitation overestimation
at the surface is given in Section 4.2.3.

Sea level pressure and 2 m air temperature usually have a good correlation by nature. Pressure and
temperature take positive and negative values and a histogram would show a normal distribution.
On the other hand, wind speed and precipitation, can only have positive values. In addition, the
distribution for wind and precipitation is usually skewed, since more small values are observed,
predicted than high values. Furthermore, precipitation is spatially dependent. It does not rain all
over Norway the same amount at the same time.

On 23 and 26 December 2016, pressure decreases and increases, as well as temperature increases,
and wind changes are present. Since these changes show up in the surface observations it is
assumed that frontal boundaries passed through Haukelieseter. As described in Section 3.5
the ECMWF dynamic tropopause analysis (Figure 3.5.4a) shows an elevated tropopause on
23 December 2016, than on the previous days. Warm air is advected closer to Southern Norway
(Figure 3.5.4a). The low-pressure system approaches in the course of the day south-east of Iceland
and hence stronger west to south-west winds are associated with the cyclone (Figure 3.5.4c).
The MEPS forecast, initialised on 23 December 2016 at 0 UTC in Figure 4.1.3a simulates the sea
level pressure observations and shows the decrease in pressure to 990 hPa after 12 UTC due
to the passage of the occluded front. After the transition of the occlusion the pressure stays
constant. Since warmer air is more advected to the north and the DT in Figure 3.5.4a shows a
warm low-pressure core, an increase in temperature, from —3 °C to 0 °C, is observed and predicted
at the measurement site (Figure 4.1.3b). The 10 m wind observations show a change from west
to south and 10 min wind of 8 ms™~!. The 25 December 2016 (Figure 4.1.5) shows an increase of
temperature to +5 °C, between 15 UTC and 17 UTC leading to the assumption of a warm sector
passage in Figure 4.1.5b. The overall weather situation, described in Section 3.5, showed that a
warm front as well as cold front influenced Norway on 25 December 2016. Since pressure and
wind do not indicate a change related to frontal development (Figure 4.1.53, c, d), it is assumed that
the warm air section between the warm and cold front is only shown in the surface measurements
at Haukeliseter (Figure 4.1.5b).

As the cyclone moves to the north-east, further into the Norwegian Sea, a wind change is apparent
in the ECMWEF analysis (Figure 3.5.4c). First westerly winds and later south-westerly winds are
associated with the low-pressure system. The MEPS ensemble forecasts and observations in
Figure 4.1.3c and d indicate a wind change from west to south with a slight decrease in wind speed.
On 23 December 2016, the evolution of the occlusion is also observed by an increase in precipita-
tion. Before 18 UTC the surface accumulation shows light precipitation (Figure 4.1.3e). During
the passage of the occlusion the observed surface accumulation increases which is associated to

continuous, heavy precipitation shown in Figure 4.1.3e.
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Similar patterns as on 23 December 2016 is seen for the evolution of the occluded front on
26 December 2016 in the ECMWF analysis Figure 3.5.7a and 3.5.7c. In this case the low-pressure
system was located north of Mgre and Romsdal in the Norwegian Sea. In the morning the cyclone
is located east of Iceland and in the course of the day it moves closer to the coast of Norway
(Figure 3.5.7b and 3.5.7d). Before landfall at 16 UTC, a pressure decrease occurs at Haukeliseter
(Figure 4.1.6a). During the development of the occluded front, the pressure reaches its lowest point
of 985 hPa (Figure 4.1.6a) and increases afterwards during the dissipation of the 2016 Christmas
storm.

Since the cyclone was surrounded by colder air (south of the low-pressure system in Fig-
ure 3.5.7a), first a drop and then an increase of temperature were observed and forecasted by
MEPS (Figure 4.1.6b). An indication of the occlusion evolution is also visible in the 10 m wind
observations and MEPS predictions in Figure 4.1.6c and d. On 26 December 2016 at 0 UTC, the low
pressure system is east of Iceland (not shown), moving closer into the Norwegian Sea by 12 UTC
(Figure 3.5.7a and 3.5.7c). Surface westerly winds are associated to the cyclone in the Norwegian
Sea, and impinging on the West coast of Norway Figure 3.5.7c. The 10 m wind measurement and
MEPS forecast in Figure 4.1.6¢ and 4.1.6d, show a westerly gale of up to 18 ms™~! at Haukeliseter
before 12 UTC. The centre of the occluded front is located over Norway at 18 UTC, and the
pronounced surface pressure gradient, in Figure 3.5.7d, indicate an increase in surface wind with a
north-west wind direction. During this transition of the occlusion, the wind direction changes to
north-west with higher observed wind speeds up to 20ms~! (Figure 4.1.6¢c and 4.1.6d).
Throughout the day light to moderate precipitation is continuing until the occlusion passage is
seen in Figure 4.1.6e. Heavy precipitation related to the occlusion, around 16 UTC, is followed by

moderate to light precipitation on 26 December 2016.

On 23 December 2016 a cyclone is south of Iceland (Figure 3.5.4) and precipitation was as-
sociated to the transition of the occlusion. While 26 December 2016 precipitation was associated
with the landfall of an occlusion. 25 December 2016 was marked by the transition of a warm
sector. The ECMWEF analysis shows a pronounced upper level ridge at the dynamic tropopause
(Figure 3.5.6a). The cyclone core is south east of Iceland in Figure 3.5.6a with two associated frontal
boundaries. While the warm front is approaching the west coast, the cold front is north-west of
Great Britain. In Figure 3.5.6c¢, the tail of the cold front moved into lower latitudes, following the
slowdown of the front, leading to a stationary frontal boundary. Furthermore, the mid-latitude jet
is aligned with the surface frontal boundaries (Figure 3.5.6a), while the Haukeliseter site is located
below the the midlatitudal jet (Figure 3.5.6c).

Neither pressure nor wind observations and forecasts in Figure 4.1.5a, ¢, and d, indicate the
evolution of any frontal boundary. The only indication of a transition could be seen in the increase
and decrease of temperature afterwards at 11 UTC until 21 UTC (Figure 4.1.5b). In Figure 4.1.5c, a
small wind direction change from west to north-west is observed by the wind mast at 10 UTC. This

is not forecasted by MEPS, as it rather estimated strong westerly winds.
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Figure 4.1.9: (As Figure 4.1.7.) (a, b) surface precipitation amount comparing double fence observations to
48 h MEPS forecasts.

Particle images taken by the MASC are available on 25 December 2016, during the transition of
the warm sector in Figure 4.1.10. Without theses images taken around 17 UTC it would only
be possible to verify that liquid precipitation occurred with the optical precipiation detectors
at the Haukeliseter site. Together with the increase in surface temperature (Figure 4.1.5b) it

can be concluded that the warm sector of the Christmas 2016 event passed by the measurement site.

The comparison between the ECMWF analysis (Section 3.5) and the observations at the
measurement site (Figures 4.1.1 to 4.1.6), allow to conclude that the ensemble member forecast
system MEPS covers the prediction of large scale weather systems like occlusions and fronts, as
well as liquid precipitation at the surface.

The scatter plots for observations and MEPS forecasts show good correlation for most variables
(Figures 4.1.7 to 4.1.9). The best agreement for pressure is reached on 26 December 2016
(Figure 4.1.6a), when the Christmas storm hit land and dissipated after the evolution of the
occlusion at 16 UTC. Dahlgren [2013] showed an improvement of sea level pressure forecast
for AROME, by including large scale boundary conditions for ECMWF into the regional model.
The observation-model comparison by Dahlgren [2013] showed a decrease of pressure bias with
lead time after 24 h with the use of pressure mixing. Since surface pressure is in good agreement
with the observations, it is assumed that the warm front did not pass through Haukeliseter on

25 December 2016 and only the warm sector associated with the 2016 Christmas storm is observed.
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Figure 4.1.10: Multi-Angular Snowflake Camera images of falling water drops observed on 25 December 2016
approximately at 17 UTC from three different angles. Not all parts of the droplet are equally illuminated.

This shows a quite detailed forecast ability of MEPS, as from the ECMWEF analysis, in Figure 3.5.6a,
it is not quite clear if the warm front could have passed through. To be sure that the warm front
did not pass through Haukeliseter, or whether it is a predictive error of MEPS, surface pressure,
temperature and wind should be compared to the nearest grid point of the global forecast model
ECMWEF to verify this result.

Figure 4.1.7d displays a moderate correlation between observation and the 48 h MEPS ensemble
member forecast system. In general, MEPS underestimates the observed 2m air temperat-
ure, but MEPS estimated the temperature changes at the correct occurrence for 23, 25, and
26 December 2016.

This thesis uses only one extreme event during Christmas 2016 at Haukeliseter. Figure 4.1.11b
shows warm and cold biases for 23 and 26 December 2016, respectively for Haukeliseter during the
Christmas 2016 storm. On 25 December 2016, within the warm sector, a cold bias was observed,
underestimating the temperature when compared to the observation. The forecasts for 23, 25,
and 26 December 2016 show calculated mean absolute error values (Equation (2.7.5)) below
1K in Figure 4.1.12b. In the verification report of Met-Norway MEPS deterministic forecast is
verified against observations for December 2016 to February 2017 [Homleid and Tveter, 2016]. For
December 2016 the 2 m air temperature had no bias within the Norwegian model domain. The
Norwegian mean absolute error for 2 m air temperature was 1.6 K [Homleid and Tveter, 2016]. The
mean absolute error for the Christmas 2016 storm is within the Norwegian December mean for the
deterministic forecast. This does not necessarily show how well the forecast predicted the extreme
event, since only one storm is studied at one site in Norway. The previous operational deterministic
forecast model AROME-MetCoOp showed a cold bias of 2 m temperature for the Norwegian mean,
during winter 2013 with the introduction of AROME-Norway and later AROME-MetCoOp [Miiller
etal., 2017]. The mean error for the Norwegian model domain of AROME-MetCoOP estimated by

Miiller et al. [2017] is smaller than 1.8 K for the surface 2 m air temperature in December 2014.

During the Christmas storm 2016 high wind speeds were observed at the Haukeliseter site
(Figure 4.1.3d, 4.1.5d and 4.1.6d). According to Miiller et al. [2017] high wind speeds are
significantly better simulated for AROME-MetCoOp compared to ECMWF’s forecast for the model
domain. MEPS predictions of wind speed in Figure 4.1.3d, 4.1.5d, and 4.1.6d still display an

overestimation of wind speeds throughout the event. Furthermore, the correlation of observations
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Figure 4.1.11: Mean error of surface variables for all ten ensemble members at Haukeliseter, initialisations at
0 UTC with lead times from 6 h to 24 h. From top to bottom, sea level pressure (a), 2 m air temperature (b),
10 m wind direction (c), 10 m wind speed (d), precipitation accumulation for 12 h surface accumulation (e).
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and wind speed in Figure 4.1.8c and d show an overestimation for stronger wind speeds on 24
to 26 December 2016 than for 21 to 23 December 2016. The mean error for wind speed during
the Christmas storm is ranging from 0 ms™! to 7ms™! for 48 h lead time (Figure 4.1.11d). During

1 occurs for initialisations on

the extreme storm, the highest mean absolute error of 10ms™
24 December 2016 (Figure 4.1.12d).

The inaccuracy for wind speeds is an already known difficulty in the deterministic version of MEPS
[Miiller et al., 2017]. Miiller et al. [2017] presented, that AROME-MetCoOp wind speed prediction
generally agreed better with observations for wind speeds between 3ms~! to 13ms~! than
ECMWEF forecasts did, showing the advantage of a high-resolution weather model. Furthermore,
with increasing wind speed the forecast accuracy for the Norwegian mean decreased with a mean
absolute error below 2ms™! for 6h to 24 h lead times, in December 2014 in AROME-MetCoOp.
Miiller et al. [2017] case study showed a slight underestimation of ECMWEF 10 m wind compared to
the Norwegian AROME-MetCoOp forecast for February 2015. On 24 December 2016, the mean
absolute error is more than fives times as high as the monthly averaged value for the Norwegian
forecast domain (2ms™! for 6h to 24 h forecast time) from Miiller et al. [2017]. In December
2016, the mean absolute error for the Norwegian mean of the deterministic forecast was 2 ms~!
[Homleid and Tveter, 2016]. The difference between the mean absolute error during the event
and the monthly averages of Met-Norway; is firstly related to the comparison of a long term study
of Miiller et al. [2017]. Secondly to a month average mean absolute for the Norwegian model
domain [Homleid and Tveter, 2016, Miiller et al., 2017], and third to the location of Haukeliester
(orographic effect, Section 4.2.5).

Haukeliseter is a measurement site exposed to high wind speeds [Wolff et al., 2013, 2015]. The
ensemble prediction system MEPS seems to still have issues forecasting the wind speed correctly
in mountainous terrain. A detailed insight to the orographical wind influence will be discussed in
Section 4.2.5.

Pressure, temperature, and wind changes for the occlusion transition on 26 December 2016
were already forecasted for initialisations on 25 December 2016 (Figure 4.1.5), only wind speed
and precipitation seem not to agree with the observations at Haukeliseter. The same is true for
25 December 2016, when the warm sector passes through Haukeliseter.

Figures 4.1.1 to 4.1.6e illustrate the surface precipitation amount observed and predicted by MEPS
for Haukeliseter. MEPS overestimation is shown for precipitation when the cyclone intensifies
and gets closer to Norway on 24, 25 and 26 December 2016. The surface observations and MEPS
predictions in Figure 4.1.9a and b show an overestimate for 24, 25 and 26 December 2016, whereas
on 21, 22, and 23 December 2016 the surface accumulation is balanced for predictions up to
30 mm. Any reasons for the overestimation of precipitation accumulation on the ground will be

further analysed and discussed in Section 4.2.3.
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Figure 4.1.12: Mean absolute error (a, b, ¢, d, e) of surface variables for all ten ensemble members at
Haukeliseter, initialisations at 0 UTC, valid for 48 h. From top to bottom, sea level pressure (a), 2m air
temperature (b), 10 m wind direction (c), 10 m wind speed (d), precipitation accumulation for 12 h surface
accumulation (e).
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Overall, for initialisations on 21 to 23 December 2016 (Figures 4.1.7 to 4.1.9) the forecast is best for
all variables. The large-scale weather pattern seems to be more predictable as long as the weather
situation is not extreme. The correlations for the forecasts between 24 and 26 December 2016
(Figures 4.1.7 to 4.1.9) suggest as MEPS may have difficulties predicting the intensification and
associated pressure decrease of the Christmas 2016 storm at Haukeliseter. The prediction of
pressure fits well on all days (Figure 4.1.7a, b) compared to temperature (Figure 4.1.7c, d), wind
direction (Figure 4.1.8a, b), wind speed (Figure 4.1.8c, d), and precipitation (Figure 4.1.9a, b).
The greatest difficulty MEPS has, is with the prediction of wind speed during the entire extreme
event. The rainfall, however, fit well for 23 December 2016 (Figure 4.1.3e and 4.1.9a), but MEPS has
problems predicting the accumulation of surface precipitation amount correctly for the extreme
days of the 2016 Christmas storm, 24 to 26 December 2016 (Figure 4.1.5¢, 4.1.6e, and 4.1.9b).

Figure 4.1.11a, b have shown good agreement of ensemble member forecasts with a small
bias. It is not expected that ensemble members agree they should just give a variability around
the observations, that is why ensemble member prediction exists. Based on the uncertainty in
observations the solution space that is possible has to be understood (Section 2.5). The model
is not adjusted to present the extreme event particularly well as it is adjusted to span the full
climatological range. For large weather situations which are considered as normal the observations
have to be within the spread of the ensemble members [Owens and Hewson, 2018]. Because of the
nature representing the climatology, ensemble members will either over- or under-estimate the
risk of anomalous or extreme weather events.

The extraction of an extreme weather event from an ensemble system is not always straightforward.
For example, 30 mm precipitation during one day in December would not be extreme at the

Norwegian West Coast, but would be at Haukeliseter during December.

4.2 SNOW

After the analysis of meteorological quantities, the snow at Haukeliseter during the Christmas
storm will be investigated.

First the results from the optimal estimation retrieval scheme will be examined and compared
to the observations of the double fence. After the overestimation of surface accumulation will
be analysed, followed by a vertical comparison of observed estimates of snow water content and
predictions. The sections finishes with the relation between wind and precipitation related to the

surrounding topography at Haukeliseter.
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Figure 4.2.1: Particle images of small ground-up blowing snow (red frame) and rimed aggregates (five images
to the right). Images taken at different occasions during the Christmas storm 2016 with the Multi-Angular
Snowflake Camera.

4.2.1 SENSITIVITY OF THE OPTIMAL ESTIMATION RETRIEVAL

The optimal estimation retrieval scheme for snow was applied to the six-day Christmas 2016 storm
event. MASC images of snow particles during the event were used to guide the selection of the
appropriate particle model and PSD input for the retrieval scheme. In this section, the sensitivity
of retrieval results to these inputs is explored for the 22 December 2016 as an example. This day is
used as an example day because it showed the smallest difference between double fence gauge
and retrieved surface amount (Section 4.2.2) during the 2016 Christmas event. Such an exercise
should also allow an identification of those properties that yield the best match with Met-Norway
snow gauge measurements at Haukeliseter.

The majority of the MASC images from Haukeliseter contained snow particles that looked like the
left image Figure 4.2.1 (red frame). Such images suggest small ground-up blowing snow particles
that are consistent with the high winds observed during the event. However, a careful examination
of the MASC images finds the presence of rimed aggregates such as those in the right five images
(Figure 4.2.1). Pristine crystals such as plates and columns were not observed during the Christmas
2016 event. As such, the use of two different aggregate particle models developed for the CloudSat
mission are further investigate (Figure 4.2.1).

Figure 4.2.2 presents hourly measured surface precipitation amounts on 22 December 2016 plot-
ted against retrieved values for the two different aggregate assumptions. The ‘B8’ aggregate is a
low reflectivity per unit mass aggregate that worked well for the cold, dry conditions observed at
Barrow as described in Cooper et al. [2017]. The 'B6’ aggregate, presented in Appendix A.1, is a
high reflectivity per unit mass particle (Section 2.4.1). As such, the 'B6’ aggregate would seem more
physically consistent with the observed rimed particles (Figure 4.2.1, 5 aggregates to the right) and
humid environment found in the coastal mountains at Haukeliseter. The presence of a water or
rimed coating on the aggregates aloft would greatly enhance their effective reflectivity.

Indeed, Figure 4.2.2 suggests that the reflective 'B6’ aggregate agree much better than the less
reflective ‘B8’ aggregate with the snow gauge. During the Christmas storm 2016 the assumption of
the 'B8’ aggregate shows overestimation of precipitation amount at the ground compared to the

double fence gauge for all six-days.

Table 4.2.1 presents the percentage differences between snow gauge and retrieved estimates found
when using these particle model assumptions for 22 December 2016. Use of the 'B6’ aggregate
agreed within 5% of the double fence observations (Table 4.2.1) for both 12h and 24 h surface
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Figure 4.2.2: Hourly double fence surface precipitation accumulations [mm] plotted against retrieved
values for 22 December 2016 for different retrieval assumptions permutations. Double fence precipitation
accumulation, as red hexagons, retrieved precipitation amount for the here used study ('B6’), green, dash-
dotted, and for small aggregates ('B8’), blue dashed.

accumulations. Admittedly, use of the ‘B6’ aggregate produced slightly too little snow amount
relative to the gauges for the remaining days of the event as discussed in Section 4.2.2. The use
of the ‘B8’ aggregate, however, overestimates accumulated snow by at least 65 % for both the 12h
and 24 h surface accumulations (Table 4.2.1). Since this aggregate had low reflectivity per unit
mass, it required significantly more SWC in the forward model calculations (Section 2.4.1) to match
MRR reflectivities. The retrieval therefore overestimates snowfall rate for these meteorological
conditions at Haukeliseter during the Christmas 2016 storm.
The sensitivity study here has focused on MASC estimates of habit instead of particle size distribu-
tion or fall speed. The reason is that MASC and PIP primarily detected blowing snow particles at
the surface that likely were much smaller than the particles that the MRR remotely sensed aloft.
The use of the PSD measured by the MASC or PIP in the retrieval therefore produced much larger
surface precipitation amount than those measured by the double fence snow gauges, e.g. on
22 December 2016 (Figure 4.2.2). Essentially, it takes a much greater mass of small particles than
large particles to match a given reflectivity. The results during the Christmas 2016 event contrast
with those found for low wind speed events at Haukeliseter where the use of MASC habit, PSD,
and fall speed observations resulted in retrieved snow accumulations very close to Met-Norway
double fence gauge observations. Regardless, for this high wind event, the a priori temperature
PSD relationship by Wood [2011] and a climatological average fall speed of 0.85ms™! [personal
communication, Schirle, 2018] were employed.

'B6’ rimed aggregate assumption resulted in a better agreement than the 'B8’ pristine assumption
for surface accumulation during the Christmas 2016 storm. Therefore, the difference between the
retrieved precipitation amount at the ground and the double fence gauge observations will be

further studied in the following section.
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Table 4.2.1: Observations by the double fence gauge (obs.) and retrieved snow amounts (ret.) for
22 December 2016 for different particle model assumptions. B6 is the rimed aggregate assumption used
in this thesis (Section 2.4.1) and B8 the assumption for small particles as used in the CloudSat optimal
estimation snowfall retrieval.

12 h accumulation 24 h accumulation
Particle Amount Difference Amount Difference
model obs. \ ret. obs. \ ret.
[mm] [%] [mm] [%]
B6 13.6 | 13.2 -3.0 23.1 | 25.1 -2.1
B8 13.6 | 22.5 +65.5 23.1 | 42.7 +66.9

4.2.2 SURFACE OBSERVATIONS

To be able to compare the vertical predicted snow water content with the retrieved snow water
content a verification of the surface accumulation is made. If the retrieved surface accumulation is
reliable in comparison to the double fence measurement, then the vertical measurements can be
trusted.

The correlation in Figure 4.2.3a demonstrates a good agreement between the 48 h accumulation
measured by the double fence and the retrieved surface accumulation. The black line in
Figure 4.2.3a presents a linear correlation with a regression coefficient of R = 0.97. In general, the
retrieved surface precipitation accumulation is underestimated when compared to the double
fence measurements, but not to a large degree.

Figure 4.2.3b shows the difference between retrieved accumulation and observed accumulation
by the double fence. For the time period 21 to 24 December 2016, Figure 4.2.3b indicates an
underestimation of retrieved snow accumulation of less than —5 mm for the first 24h. Snow
accumulation calculated on 23 December 2016 at 0 UTC show after 24 h an underestimation by
the retrieval of up to —6.5 mm. On 24 December 2016, larger underestimation after 43 h is related
to the observation of liquid precipitation on 25 December 2016 between 12 UTC to 21 UTC. On
25 December 2016 no fair comparison to the double fence measurement can be performed after
12 UTC because of the neglection of liquid precipitation when temperatures exceed 2 °C.

For the Christmas storm (21 to 26 December 2016) an average difference of 85.5 % is calculated for
12 h surface accumulation (Table 4.2.2). For longer, 24 h accumulation the average difference de-
creases to —4.7 % (excluding values on 25 December 2016 after 12 UTC and on 26 December 2016
after 17 UTC because of attenuation at the MRR). The daily surface precipitation amount
difference between retrieval and observation in Table 4.2.2 show almost always a well agreement to
the double fence. The only well pronounced mismatch is seen on 21 December 2016, where it

measures much more than the double fence gauge (+435.8 %).

Similar to this study, Cooper et al. [2017] used a CloudSat snow particle model, PSD and
fall speed from MASC observations for five snow events at Barrow, Alaska. The comparison to the
weather station revealed a difference between National Weather Service observations and retrieved

accumulations of —18 % for five snow events.
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Figure 4.2.3: a: Surface precipitation amount comparison between the double fence observations and
the retrieved surface accumulation of precipitation for 48 h. In black: the linear correlation between the
double fence observations and retrieved surface snow. b: Difference between the retrieved and the observed
accumulation by the double fence. The colours represent the different starting days at 0 UTC for the 48 h
accumulation.

Table 4.2.2 shows the difference for each individual day and the average difference for six and four
days, depending on the accumulation of 12h or 24 h. The choice of the correct PSD model, slope
parameters and fall speed in the optimal estimation snowfall retrieval, shows a good agreement
with the observations at Haukeliseter for the 2016 Christmas storm in contrast to the 200 %
difference when only using the CloudSat snowfall algorithm (Section 2.4). It also indicates a
reduction of the non-uniqueness of snow accumulation is reduced, when using a combination of
ground-based observations instead of only Ze-S relationships.

It turns out that there is no relation between high and low precipitation events since the differences
vary daily. Cooper et al. [2017] also showed different combinations of PSD assumptions and snow
fall speed. For Barrow, best agreements between observations and retrieved snow accumulation
were found by using the CloudSat particle model, slope parameters and snowfall speeds from the
MASC. In the here presented study, the best assumption for surface snow accumulation was found

by using a particle model for rimed aggregates (Section 2.4 and 4.2.1) such as in Figure 4.2.1.

On 21 December 2016, the deviation is large (435.8%). This is probably related to an observa-
tion of precipitation at the double fence, while the MRR did not observe precipitation. On
21 December 2016, observation at the double fence might be related to some particles stirred
up by wind into the orifice of the gauge. Since no manual observations are done at the Haukeliseter
site, is it difficult to say if blowing snow occurred or if it was snowing. This introduces additional
errors on the double fence measurements. From the vertical MRR reflectivity, in Section 4.2.4, Fig-
ure 4.2.7, it can be seen, that precipitation was not observed on 21 December 2016 before 9 UTC.
Even though it is assumed that the double fence is the correct measurement, there are still some
uncertainties, such as under-catch during high wind speeds [Wolff, unpublished]. A better way to
examine the accuracy of the retrieved surface precipitation accumulation could be to compare the
results to measurements inside a bush gauge.

Wolff, [unpublished] estimates the under-catchment of double fence gauge compared to bush
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Table 4.2.2: Comparison of observed (obs.) and retrieved (ret.) snow amounts for the Christmas storm 2016.
Difference refers to the difference of the retrieved and observed snow accumulation after 12h and 24 h. The
average difference is the value over all six/four days. Excluding values after 12 UTC on 25 December 2016

and after 17 UTC on 26 December 2016.

12 h accumulation 24 h accumulation
Day Amount | Difference | Average Amount Difference | Average
in 2016 || obs. \ ret. difference obs. \ ret. difference
[mm)] [%] [%] [mm)] [%] [%]
21 Dec 0.7 3.8 +435.8 17.1 | 16.6 =2.7
22 Dec 13.6 | 13.2 -3.0 25.6 | 25.1 -2.1 47
23 Dec 6.3 5.2 -16.8 23.3 | 19.8 -14.9 ’
24 Dec 14.7 | 13.4 -8.6 -2.1 24.8 | 25.0 +0.8
25 Dec 4.3 - - +15.4 - -
26 Dec 8.8 | 10.6 +20.1 25.1 - -

gauge measurements to 10 %, for outside winds of 9ms™! (Section 2.3.1). If the double fence gauge
underestimate frozen precipitation under high wind condition, would follow that the optimal
estimation retrieval results are more than 20 % too low to the true state.

During the Christmas 2016 event the average difference is low for 24 h surface accumulation
(—4.7 %) in Table 4.2.2. At Barrow, Alaska, the best average difference between retrieved and ob-
served surface accumulation was 36 % [Cooper et al., 2017]. This leads to a very good agreement
between observed and retrieved snow accumulation during 21 to 24 December 2016. In Sec-
tion 4.2.4, the vertical SWC will be compared to the forecasted MEPS values for the 2016 Christmas
storm. Despite the under-catchment of snow in high wind speeds, the double fence measurement
give trust for the retrieved profiles of snow water content. While snow water content is compared to
the MEPS forecast, it should be kept in mind that retrieved snow accumulation is underestimated

and therefore the vertical SWC may be too low.

4.2.3 SURFACE OBSERVATION AND MEPS

Hereafter, MEPS surface precipitation prediction forecast is compared to the double fence gauge
observations at Haukeliseter to see if observed surface accumulation was correctly predicted by
MEPS.

Figure 4.2.4 and 4.2.5 shows surface accumulation observations at the double fence, retrieved
snow accumulation, and MEPS forecast for 48 h. The blue dashed line shows the ensemble mean
of all ten members. The ensemble mean of precipitation amount is calculated every three hours,
due to the three hourly time resolution of most of the perturbed member (Section 2.7). When not
all perturbed member forecast data was available from the Norwegian Meteorological Institute
[2016], like on 23 December 2016 (Figure 4.2.4c), no ensemble mean is calculated. At the bottom
of Figure 4.2.4 and 4.2.5 the associated 10 min average wind of the last hour from the 10 m weather
mast at Haukeliseter is presented. This will help to see if surface precipitation observations by the

double fence may be influenced by wind.
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Figure 4.2.4: 48 h surface precipitation accumulation for 21 to 23 December 2016. Representing the values
from the double fence in red, hexagons; optimal estimation retrieval output at the first noise free level in
dash-dotted green; MEPS ensemble member deterministic forecast, initialised at 0 UTC in black and its
nine perturbed ensemble members in grey. The ensemble mean of all ten members is shown in dashed blue.
Underneath is the associated last hour 10 min average wind from the weather mast at 10 m height.
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Figure 4.2.5: (As Figure 4.2.4.) Initialisations on 24, 25, and 26 December 2016 at 0 UTC.
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MEPS surface accumulation does not account for under-catchment by too high wind speeds, and
therefore are not presented in Figure 4.2.4 and 4.2.5. In general, Figures 4.2.4a to 4.2.4c show a better
agreement between double fence precipitation amount observations and forecast for 48 h forecasts
initialised on 21 to 23 December 2016 at 0 UTC than for initialisations on 24 to 26 December 2016.
The double fence observation lie for 21, 22, and 23 December 2016 within the spread of the en-
semble members (Figures 4.2.4a to 4.2.4c), covering the uncertainty within the measurements
(Section 2.5). On the other hand, observations between 24 and 26 December 2016 are too low
compared to the ensemble spread (Figures 4.2.5a to 4.2.5c). During 24 and 26 December 2016,
the low-pressure system intensifies and gets closer to the Norwegian coast, influencing the local
weather in Norway (Section 3.5). Figure 4.2.5a to c indicate a larger estimated surface precipitation
amount for all ten ensemble members compared to observed values at the measurement site
between 24 to 26 December 2016. Furthermore, all ensemble members seem to overestimate the
surface accumulation after 18 h on 24 December 2016 and after 12 h on 25 and 26 December 2016.
The correlation for precipitation between 48h double fence observation and ensemble pre-
cipitation forecast is presented in Figure 4.1.9a and b. Showing a better agreement for 21 to
23 December 2016 than initialisation on 24 to 26 December 2016. On 21 to 23 December 2016 the
slope of the regression line is relatively close to unity.

Initialisations on 24 December 2016 (Figure 4.2.5a) indicate an overestimation of the deterministic
surface snow amount prediction already after 13 h forecast time. The deterministic forecast in
solid black in Figure 4.2.5a is much higher and increases faster than the observations and the nine
perturbed members. In Figure 4.2.5a at 16 UTC, a difference of approximately 15 mm can be seen
when compared to the surface measurements. This difference remains almost constant over the
forecast time.

While the cyclone propagates closer to Norway, the forecast error of the surface precipitation
increases. Overestimation occurs around 12 UTC on 25 December 2016. This overestimation of
the precipitation amount could be associated with the warm sector evolution at Haukeliseter
(Section 4.1). Afterwards, with increasing lead time MEPS forecasts show the same simulated
precipitation development as the double fence, but too high. The precipitation is light between
12 UTC and 18 UTC which shows as an almost constant surface precipitation amount. At 18 UTC
the surface precipitation amount at the double fence increases and so does the MEPS forecast.
An overestimation of the surface precipitation is also simulated on 26 December 2016. While the
surface analysis indicates the passage of an occlusion after 15 UTC (Figure 3.5.7a, 3.5.7c, and
Section 4.1). The overestimation seems to occur after a 12 h lead time in Figure 4.2.5c. The MEPS
ensemble seems to predict the timing of precipitation correctly compared to the double fence, but
estimates a too high surface accumulation. Table 4.2.3 shows the difference between the observa-
tions and ensemble mean MEPS forecast for 12 h and 24 h accumulation. Generally the forecast
accuracy decreases with lead time which can be seen on the larger deviation between the ensemble
member after 18 h lead time (Figure 4.2.4, 4.2.5). As seen in Table 4.2.3, the average difference
decreases with longer forecast time. For 21 to 26 December 2016 the deviation is +134.7 %. For
longer lead times, 24 h, the average difference is reduced to +32.6 %. Due to the good forecast

between 21 to 23 December 2016 (< 11 %) the averaged difference is smaller.
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Table 4.2.3: Observations (obs.) and forecasted (MEPS) surface precipitation amounts for the Christmas
storm 2016. Difference refers to the percentage difference between MEPS ensemble members and the
double fence observation, averaged over all ensemble member for 12h and 24 h. The average difference is
the value over all days.

12 h accumulation 24 h accumulation
Day Amount Difference Average Amount Difference Average
in 2016 || obs. | MEPS difference obs. | MEPS difference
(mm] (%] (%] [mm] (%] [%]
21Dec | 0.7 51| +626.1 171 ] 185 +8.3
22Dec || 136 | 134 -16 256 | 313 +22.2 +10.8
23 Dec 6.3 6.6 +4.2 +1.3 23.3 23.7 +1.8
24Dec || 147 | 17.7 | +20.4 AT a8 [ 359 | +a4s +32.6
25 Dec 4.3 6.7 +55.1 +59.8 15.4 23.3 +50.8 +54.4
26 Dec 8.8 17.9 +104.0 25.1 42.1 +67.5

On 21 December 2016 very large deviation (626.1 %) is shown. AROME-MetCoOp had problems
with too low precipitation. The deviation between observed and forecasted values was larger if the
precipitation amount is less than 10 mm [Miiller et al., 2017]. At Haukeliseter, low precipitation
amount is observed (0.7 mm) on 21 December 2016. The daily percent difference show to be high
for the last three days of the 2016 Christmas extreme event.

The largest overestimation of MEPS forecast for precipitation amount is seen in Table 4.2.3 on
26 December 2016 with +104 % for 12 h. This shows the highest overestimation for the three days
(24 to 26 December 2016).

In Figure 4.1.11 show the ensemble member a balanced bias from 21 to 23 December 2016. The
bias for 24 to 26 December 2016 is wet, also showing the overestimation of surface accumulation.
In Figure 4.1.12e, the mean absolute error is less than 7 mm for 21 to 23 December 2016 and in-
creases with intensification of the storm up to 14 mm on 26 December 2016. The mean absolute
error in Figure 4.1.12e for 12 h precipitation is less than 7 mm on 25 December 2016, similar to 21
to 23 December 2016.

Since MEPS performance was better on 21 to 23 December 2016 one might assume that the double
fence measurement is influenced by surface winds. A relation between high wind and double fence
observation could be possible. Table 4.2.4 presents the percentage difference between the double
fence and MEPS forecasts under the condition that the double fence is affected by wind with a
catch-ratio less than 10 %. Here, it also shows an increase in forecast accuracy for precipitation
accumulation over 24 h. The average difference is reduced by 23.5 % for 12 h accumulation. As-
suming an accumulation underestimation of 10 % would lead to a reduction of overestimation
to 43.8 % for 12 h during 24 to 26 December 2016 (Table 4.2.4). This shows that even with a 10 %
under-catchment from the double fence gauge, MEPS would still overestimate the surface accumu-
lation (12 h: +43.8 %; 24 h: +39%).

On 24, 25, and 26 December 2016 winds between 5 ms~! and 20 ms~! were observed (Figure 4.1.3d,
4.1.5d, 4.1.6d). The accumulation after 12h lead time in Table 4.2.4 indicate if wind may have

influenced the catchment of the double fence and effect the result of overestimation. It shows,
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Table 4.2.4: AS Table 4.2.3, adjusted just for an under-catchment of 10 % difference by the double fence
gauge.

12h accumulation 24 h accumulation
Day Amount Difference Average Amount Difference Average
in 2016 | obs. | MEPS difference obs. | MEPS difference
(mm] [%] [%] (mm] [%] [%]
21 Dec 0.8 5.1 +553.5 19.0 18.5 -2.5
22 Dec 15.1 13.4 -11.4 _88 28.4 31.3 +9.9 -0.3
23 Dec 7.0 6.6 -6.2 ' 25.9 23.7 -8.4
+111.2 +19.3
24 Dec 16.3 17.7 +8.4 27.6 35.9 +30.3
25 Dec 4.8 6.7 +39.6 +43.8 17.1 233 +35.8 +39.0
26 Dec 9.8 17.9 +83.6 27.9 42.1 +50.8

overestimation would still be present on 25 and 26 December 2016. On the other hand, overestim-
ation would not be present for 24 December 2016 until 12 h accumulation.

Still, an simulation of too much surface accumulation is apparent for 24 h lead time. It seems even
though the double fence gauge is influenced by wind, the overestimation of surface accumulation
by MEPS is still present.

In order to quantify the statistical uncertainty of the ensemble members, a box-whisker plot is
provided in Figure 4.2.6. The box-whisker-plots in Figure 4.2.6 show the time evolution of the
distribution of the precipitation amount made of ten ensemble members up to 48 h on 24, 25,
and 26 December 2016 (Figures 4.2.6a to 4.2.6¢). Figure 4.2.6 provides information every 3 h, since
some ensemble member do not have forecast values every hour.

All three days with overestimation seem to have different variability between the ensemble member.
As expected the forecast uncertainty increases with longer forecast time for precipitation amount.
Figure 4.2.6b and c show a smaller ensemble member variability on 25 and 26 December 2016 than

on 24 December 2016.

Large variability is already present after 3 h prediction time in Figure 4.2.6a on 24 December 2016.
The spread between the ensemble members (shown by the minimum and maximum whiskers)
seems to be wide indicating a large uncertainty of the amount of surface accumulation. The
ensemble mean (red line) is always higher than the median, suggesting a positively skewed dis-
tribution. This means more low surface precipitation amount is predicted than large surface
precipitation amount at the surface.

After 12 h forecast time, the median is closer to the lower 25th percentile, indicating a negative
skewness. Also, all upper whiskers in Figure 4.2.6a are longer than the lower ones. This shows, that
more ensemble members predict high precipitation amount instead of little.

The variability in Figure 4.2.6b show no large variation between the ensemble members (narrow
box-whiskers) on 25 December 2016. This day is also the forecast with the smallest wet bias of
5mm on the three days with overestimation (Figure 4.1.11e). This may be related to the small
variability between the ensemble members in Figure 4.2.6b. The variability in the forecast increases

after 15 h prediction time. Median and mean agree well for the entire period of a 48 h lead time.



4.2. SNOW 70

—

E 80- initalised: Saturday, 24 Dec 2016 00 UTC

‘E‘?O-
860'
£ 50
© 40-
530
S 20
=
210-
L S S S S s
1 vl A 27 L A 17

AL A
L0M° 20%°

preci

(a)
initalised: Sunday, 25 Dec 2016 00 UTC

(b)

© 1 4® L - A 2%
v A 6‘\}1 A 3 37
20>

time
(©)

N

Figure 4.2.6: Box-whisker-plot in order to quantify the statistical uncertainty of the ten ensemble members
of MEPS. The red line shows the ensemble mean of all ten members and if the distribution is skewed. The
short light green, horizontal line is showing the median, the wide vertical box represent the 25th and 75th
percentiles, and minimum and maximum values are indicated by the vertical lines, whiskers.

After 39 h the mean is much higher than the median in Figure 4.2.6b, indicating that more surface
precipitation amount is predicted by most ensemble members. It seems, that all ten ensemble
members agree well on the prediction and nevertheless MEPS overestimates the surface accumula-
tion.

On 26 December 2016 the highest deviation to the double fence observations is estimated
(Table 4.2.4). The precipitation amount forecast is overestimating at 12 UTC in Figure 4.2.5c.
Figure 4.2.6¢ indicates increasing variability after 6 h, but the variability between the ensemble
members is not as large as on 24 December 2016 after 12h lead time. Nevertheless, agree the

ensemble member the least about the precipitation amount at 12 UTC. The spread between the
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ensemble members is wide showing the variability of the forecast members. As Figure 4.2.5c also
shows is the double fence observation not within the spread of the ensemble member after 9 h lead
time. According to Miiller et al. [2017] strong precipitation events are better predicted with AROME-
MetCoOp than with ECMWE In Section 2.2 it was described, that during 21 to 27 December 2016
56.9 % of the total December 2016 accumulation of precipitation were observed. The extreme 2016
Christmas event follows to be a strong precipitation event. The overestimation at the surface could
be related to the 10 % under-catchment by the double fence gauge under high wind condition. As
Table 4.2.4 indicates the difference between the forecast system and the double fence observations
is decreased, but still too much surface accumulation is estimated by MEPS. The difference for 12h
lead time on 25 and 26 December 2016 is however more than 40 %. Only a 10 % under-catchment
by the double fence is assumed in this thesis. Wolff, [unpublished] states that estimates for higher
wind speeds such observed at Haukeliseter do not exist but is hypothesized to be within 20 %.
During the event the 10 m observed wind was less than 20 ms™! for 10 min averaged wind speeds
prior the full hour. The forecast error could be reduced because of the wind related effect of the

double fence.

The uncertainty of the surface accumulation might also have been related to the fact that the
large-scale situation intensified more than low pressure systems in Norway usually do.

The overestimation on 24 December 2016 can be related to the high precipitation amount in the
evening of 23 December 2016. The precipitation amount associated with the transition of the
occluded front on 23 December 2016, after 18 UTC, is higher than on previous days (Figure 4.2.4c
and Figure 3.5.4e). During 20 to 21 December 2016, the hourly precipitation around 0 UTC is less
intense than on 23 December 2016 (Figure 3.5.4e). High accumulation amount over shorter time
followed and could have resulted in a larger variability of the MEPS members (Figure 4.2.6). In
the analysis cycle 3 h prior the initialisation of MEPS observations are included inside the model
domain [Homleid and Tveter, 2016]. Since the precipitation amount associated with the occlusion
passage on 23 December 2016 was quite high, might this have led to the overestimation of surface
precipitation amount. [Homleid and Tveter, 2016]

Another possibility is that MEPS might have accounted for more precipitation around 12 UTC on
24 December 2016 than was observed. This could show the large predicted precipitation amount
in Figure 4.2.5a at 13 UTC.

On 25 December 2016 MEPS surface forecasts suggest that MEPS did not expect the occurrence
of a warm front (Figures 4.1.5a to 4.1.5d). However, from the surface accumulation prediction it
could be concluded that MEPS expected more precipitation around 12 UTC on 25 December 2016.
Maybe MEPS has expected a less intense warm-front passage and therefore more precipitation.
The fact that the temperature is rising and therefore the phase is changing from snow to liquid
precipitation (Figure 4.1.10) may have led to MEPS expecting more liquid precipitationhence
MEPS predicted more surface accumulation.

On 26 December 2016 between 15 UTC and 18 UTC, the core of the Christmas 2016 low-pressure
system passes over Haukeliseter (Figures 4.1.6a to 4.1.6d). Overestimation of surface accumulation
are seen after 12 UTC in Figure 4.2.5c. It is very likely that overestimation on 26 December 2016 is

related to passage of the low pressure system, since ensemble prediction systems are not adjusted
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to predict perfectly for extreme events.

Observations are used as initial condition in weather forecast systems, such as MEPS. As
described in Section 2.5, should the observations be within the spread of the ensemble member
prediction. Furthermore, the forecast members should be close together for a short time, so they
may be considered deterministic. This is not the case for 24 to 26 December 2016 after 12 h lead
time.

Uncertainties appearing already after 3h and 6 h on 24 and 26 December 2016 could be associated
with a long spin-up time of MEPS. As described in Section 2.5, MEPS precipitation has a spin-up
time of 6 h and values before that should not be used as very certain [Koltzow, 2018, personal
communication]. Even though this is taken into account, Figure 4.2.6 show larger variability for
the ensemble members on 24 and 26 December 2016 after 6 h prediction.

As a result of poorer initial conditions the spin-up time could have been longer on 24, 25, and
26 December 2016. The spin-up time can vary due to less or also uncertain observations going
into the initialisation [Warner et al., 1997]. Observations are fed into MEPS directly by using the
operational global forecast model ECMWE Less observations can be due to instrumentation
failure or the data has not been transmitted in time to the forecasting system. Observations and
data assimilation have errors and this can increase the initial uncertainty in a weather forecast.
Boundary conditions have also uncertainties, such as insufficient details of the sub-grid scale
and parametrised surface fluxes [Owens and Hewson, 2018]. The atmosphere is a chaotic system
and it depends sensitive on initial conditions. Small uncertainties can to large errors [Lorenz,
1969]. Furthermore, model uncertainties such as parametrisations of physical processes and the
limited model resolution exist. Because of these errors the model needs to stabilise. When the
stabilised state is reached the results can be more trusted [Hollingsworth, 1979]. Longer spin-up
time than the usually 6 h for precipitation can lead to larger variation from early on in Figure 4.2.6a
and c than e.g. on 25 December 2016. More variability between the ensemble members does not
necessarily mean that a forecast is bad, it only shows the predictability.

Since the box-whisker-plot in Figure 4.2.6b (25 December 2016) show less variability in the
beginning it is assumed that spin-up time issues are less likely, but not totally excluded. It could be
related to an error in the initialisation, even though it does not show within the variability at the

beginning.

The overestimation of accumulated precipitation during 24 and 26 December 2016 might
be related to local horizontal resolution of MEPS at Haukeliseter as well as to the complex
development of the low-pressure system north-west of Norway on 24 December 2016.

Ensemble prediction systems have the advantage that they present the variability of possible
observation. The studies from Buizza et al. [1999], Petroliagis et al. [1997] show that the ECMWF
ensemble prediction can be extremely beneficial for evaluating the forecast skill during extreme
precipitation events. The spread between the ensemble members should include the uncertainty
of surface observation. This might not always be the case, especially during extreme events, if high

amounts of precipitation are expected over a short time.
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Another likelihood for the simulation of high precipitation amount during the intensification of
the extreme event may be related to the local topography and the strong winds. Furthermore, the
orographic representation in the regional model MEPS can influence the simulation. Effects of the
topographical resolution on MEPS at Haukeliseter, will be further discussed in Section 4.2.5.

Even though with the launch of MEPS the variation of observations is covered, the forecast system
seems not to be able to represent surface precipitation amount for this particular extreme weather

event.

4.2.4 SNOW WATER CONTENT

Frontal passages were observed at the surface several times throughout the extreme storm in
December 2016. MEPS is able to predict the large scale synoptics and related precipitation,
temperature, and wind changes for initialisation more than 24 h in advance (Section 4.1). Three
additional instruments were installed to measure frozen precipitation up to 3 km at Haukeliseter.
This gives the opportunity to compare the forecasts with retrieved vertical snow water content
(Sections 4.2.1 and 4.2.2). This study is unique because it uses state of the art vertical measurement
to compare to an ensemble prediction forecast system. As far as the author is aware of there is no
study about verification of MEPS for the vertical with observations.

The motivation to compare regional model forecasts with vertical snow measurements resulted
from a study by Joos and Wernli [2012]. They did sensitivity studies on the microphysical scheme of
COSMO (COnsortium for Small-scale MOdelling) and found that the storm development depends
on the correct vertical placement of the precipitation inside a modeled storm. Vertical precipitation
placement determines the vertical profile of latent heating, and hence the generation of potential
vorticity which in return shows if a storm strengthens or weakens. Correct vertical precipitation
observations can then help to correctly evaluate model vertical precipitation patterns.

Passages of occluded fronts and a warm sector were observed on 23, 26, and 25 December 2016.
Additionally, an overestimation at the ground is shown on 24, 25, and 26 December 2016 for

surface precipitation amount (Section 4.2.3, Figure 4.2.4 and 4.2.5).

Figure 4.2.7 shows the reflectivity from the MRR at Haukeliseter for these days. Likely periods of
frozen precipitation are inidcate with orange and red in Figure 4.2.7.0n 26 December 2016 only
values until 17 UTC are displayed, because of the temperature change and hence a precipitation
shift led to liquid drops freezing on the MRR dish so that the signal got attenuated.

During the Christmas 2016 extreme event two precipitation patterns are seen in the vertical. First,
a continuous precipitation pattern with constant precipitation over several hours. In the following
it is referred to as continuous. The second pattern shows interchangeable high and low amounts of

snow over 1 h. This will be referred to as pulsing.

More continuous precipitation pattern with high reflectivity values in Figure 4.2.7 indicate
the transition of the occlusion on 23, 26, and the warm sector passage on 25 December 2016.
The high reflectivity on 23 and 26 December 2016 shows the passage of the occlusion and the

associated frozen precipitation.



4.2. SNOW

74

3.0
‘F'd y, 23 Dec 2016|“

[ | 0 | ‘L“J‘ :
I il “\w m M w m { \

height [km]
N

1W

Ml

'i»'wi"l i
! .“ Nmu

24

3.0 : T W
‘\s dy24D 2016‘ ] |

| H |

height [km]
N

W

‘h w “l'l

|i|4

Ml
\ " ¥

' i
W \ll Mh M

height [km]
N

e
[ty n

HH“

*LM I
di J

o1
uuuuuuuu

height [km]
= N

ik

HH |

tttttttt

12
MRR reflectivity [dBz]

Figure 4.2.7: MRR reflectivity for the days with frontal passage and overe

iseter. dBZ reflectivity acco

prec
Section 2.4.2. a—d 23 to 26 December 2016.

16

stimation at the ground at Haukel-

rding to the colour bar, with weaker precipitation in blue and more intense
ipitation in red. Presenting the reflectivity without applying the environmental masks described in



75 CHAPTER 4. SNOW OBSERVATIONS AND MEPS COMPARISON

On 23 December 2016, the surface observations of sea level pressure (Figure 4.1.3a), 2m air
temperature (b), and 10 m wind (c), allow to assume that the occluded front passed through
Haukeliseter between 12 UTC and 21 UTC. Figure 4.2.7a shows high observed reflectivity in the
lower up to 3 km at Haukeliseter after 16 UTC. After 16 UTC, the wind is from the south, upslope
(Figure 4.1.3c, Figure 2.1.1b) which led to a continuous precipitation pattern in Figure 4.2.7a. In
the morning of 23 December 2016 high amount of frozen precipitation was observed at 2 UTC and
4 UTC, but with a more pulsing pattern than in the evening.

Another occlusion passed through on 26 December 2016 between 15 UTC and 21 UTC (compare
surface observations Figure 4.1.6a to e). A pulsing precipitation pattern and high reflectivity
in Figure 4.2.7d indicate the passage after 15 UTC. While on 23, 24, and 26 December 2016
the reflectivity did not pass values larger than 28 dBZ, Figure 4.2.7c shows high reflectivity
values larger than 30 dBZ on 25 December 2016 (compare for approximation Table 2.3.1). These
high reflectivity values up to 1.2 km in Figure 4.2.7c indicate the observation of possible liquid
precipitation on 25 December 2016. Images from the MASC were able to verify observed liquid
drops during 12 UTC to 21 UTC (Figure 4.1.10). In the observations on 25 December 2016, high
temperatures (Figure 4.1.5b) are shown, between 12 UTC to 21 UTC. On 24 December 2016 short,
interchangeable high and low reflectivity patterns are present in Figure 4.2.7b. Figure 4.1.4c and d
indicate strong wind from the west which led to a pulsing precipitation structure in Figure 4.2.7b on
24 December 2016. The same pulsing is seen on 26 December 2016 before 12 UTC in Figure 4.2.7d.
A comparison with the observed surface wind in Figure 4.1.6c and d shows also westerlies. The
orographic influences on the surface wind and therefore a possible relation to the precipitation

patterns will be further investigated in Section 4.2.5.

Figures 4.2.9 to 4.2.13 present the reflectivity of the MRR and the snow water content re-
trieved from the reflectivity as well as the 48 h forecast values. Minutely MRR reflectivity and
retrieved snow water content can be seen in Figure 4.2.9a to 4.2.13a. Figure 4.2.9b to 4.2.13b show
in the upper panel the hourly averaged values from the retrieved SWC and in the lower panel the
ensemble mean of the instantaneous forecast values every hour over all ensemble member. Three
hourly averaged retrieved values are then presented in the upper panel of Figure 4.2.9c to 4.2.13c,
the lower panel are the ensemble mean forecast values every three hours.

On 23 December 2016 an occlusion passes over Haukeliseter between 16 UTC and 23 UTC.
The passage of the occlusion on 23 December 2016 is already predicted for initialisations on
22 December 2016 in Figure 4.2.9b, c. With shorter lead time the snow water content for hourly and
three hourly ensemble means increases in Figure 4.2.10b and c after 16 UTC on 23 December 2016.
MEPS is able to estimate the snow water content for ensemble means of time resolutions 3h in
Figure 4.2.9¢, 4.2.10c.
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Figure 4.2.8: Initialisation on 21 December 2016 at 0 UTC. From top to bottom: (a) Microwave Rain Radar
reflectivity [dBZ] for 48 h, minutely retrieved snow water content. (b) Hourly averaged retrieved snow
water content, lower panel instantaneous hourly ensemble mean, neglecting missing values. (c) Three
hourly averaged retrieved snow water content, lower panel instantaneous three hourly ensemble mean.
Representation according to the colour-bar, with reflectivity ranging between —10 dBZ and =30 dBZ, snow

water content between 0gm ™3 and 21.5gm ™3
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Figure 4.2.9: (As Figure 4.2.8.) Initialisation 22 December 2016 at 0 UTC.
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Figure 4.2.10: (As Figure 4.2.8.) Initialisation 23 December 2016 at 0 UTC.



79 CHAPTER 4. SNOW OBSERVATIONS AND MEPS COMPARISON

3.0 T T
.g 2'6l| saturday, 24 Dec 2016 | 1” W "‘ H l 3(5)
2.8 ‘ . ‘ 20 N
£l | H n’ i“ ﬁf | H ;, ¢
ol. ‘ ‘ J
£19 W ' \ IS
206 i \ H ‘ ” :?0
3.0
_30 1.5
£29) | 1.27
=18 0.9
214 ih o
o1.0 l m ’ l 009
2006 L | 033
0.2 0.0
25 \® 20
AL A ~
20%° 20° O

3.0
— 2.6 Retrieval: 1h mean .
£22
=18

1.4
W -
v 0.6 :
£0.2 =

o

3.0 =
— 2.6 MEPS: ensemble mean s
£22 =
e
51.0
v 0.6
<0.2 .

B 6 ® 6
N © ¥ W ,\,’L’?’(3 e > At
NS S A0¥°
(b)

3.0
— 2.6 Retrieval: 3h mean
£22
1
51.0 -

|
235 L‘ .
2

3.0 =
=38 o
£22 =
A1
250
0.
<0.2

o © B 6
e v W P v ! Y
NS A08° A08°
time

Figure 4.2.11: (As Figure 4.2.8.) Initialisation 24 December 2016 at 0 UTC.
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Figure 4.2.12: (As Figure 4.2.8.) Initialisation 25 December 2016 at 0 UTC.
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Figure 4.2.13: (As Figure 4.2.8.) Initialisation 26 December 2016 at 0 UTC.
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On 26 December 2016, retrieved snow water content until the passage of the occlusion is observed
(Figures 4.1.6a to 4.1.6e). The average of all ensemble members (Figure 4.2.13b) as well as the
three-hourly instantaneous SWC (Figure 4.2.13c) predict the frontal transition between 15 UTC and
21 UTC. Initialisations already 39 h prior (25 December 2016) simulate that intense precipitation
will occur over a short time (Figure 4.2.12b, c).

In general, the 25 December 2016 storm had little snow but much liquid precipitation observed
between 11 UTC and 19 UTC in Figure 4.2.7c. The retrieved snow water content in Figure 4.2.11 and
4.2.12 show a gap of missing values during liquid precipitation (Section 2.4.2). The initialisations on
24 (Figure 4.2.11) and 25 December 2016 (Figure 4.2.12) show forecasted snow water content less
than 0.4 gm™3 for 25 December 2016 while the retrieved maximum value is 0.7 gm™ at 15 UTC.
To see if liquid precipitation is predicted, the atmospheric cloud condensed water content and
rainfall amount in model levels is summed (Figure 4.2.14). Figure 4.2.14a and b show liquid water
content for initialisations on 24 December 2016 and 25 December 2016, respectively. Positive 2m
air temperatures are forecasted between 12 UTC and 21 UTC (Figure 4.1.5b). Initialisations more
than 24 h prior (24 December 2016) already show the occurrence of the liquid precipitation layer
(Figure 4.2.14a). Figure 4.2.14a and b also show a narrow liquid layer thickness up to 800 m for
initialisations on 24 and 25 December 2016.

In Norwegian mountainous terrain this is an important forecast ability, since precipitation change
can lead to a increased risk for people. The avalanche danger increases with the precipitation
change especially during high wind speeds [Hansen et al., 2014]. A change from snow to liquid
precipitation increases the risk of transport accidence because of freezing rain. Since MEPS
forecasts the liquid layer correctly in thickness and duration it seems to be a good interaction
between the 2 m air temperature and the temperature in model levels. To produce the forecast
analysis in MEPS, upper-air and surface assimilation is decoupled when starting from the model
background (Section 2.5.2). MEPS 2 m air temperature forecasts show the increase in temperature
between 12 UTC and 18 UTC on 25 December 2016 (Figure 4.1.5b). This follows, that 2m air
temperature is correctly translated to the upper model levels by applying a realistic temperature
gradient, so that liquid precipitation is forecasted. The model level temperature must also reach
a certain temperature threshold to forecast precipitation as liquid. This follows a high accuracy
of MEPS for liquid forecast and the positive impact of using a high resolution convective scheme
model. Precipitation is placement dependent. Lower horizontal resolution models, such as ECMWE,
simulate for large grid cell area. This may lead that low temperature at a mountain top is predicted
even though the meteorological observation in a valley observes rain, because an altitude difference

of some hundred meter.

The hourly ensemble mean using all ensemble members and neglecting the missing values is not a
fair comparison. Therefore, an ensemble mean is created only with the deterministic and first per-
turbed ensemble member. Averaging only the deterministic and first perturbed ensemble member
forecast leads to little snow water content (Figure B.1.1). Figure B.1.1b, c and e, f show no occur-
rence of occlusion passages on 23 and 26 December 2016, respectively. Furthermore, the pulsing
on 24 December 2016 is seen weaker for initialisations on 24 December 2016 (Figure B.1.1d), but

not 48 h prior.
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Figure 4.2.14: Ensemble mean 48 h MEPS forecast for liquid water content. The Liquid water content is
averaged over a layer thickness of 200 m. Missing values are neglected. Liquid water content according to
the colour bar. Initialised on 24 December 2016 and 25 December 2016 at 0 UTC.

A comparison with all other days show the same result, when only the deterministic forecast and
first perturbed member is used Figure B.1.1.

In Figure B.2.1, a comparison with each individual ensemble member shows high instantaneous
values (=2.0 gm_?’), especially for the deterministic and first ensemble member. This is seen for
initialisations on almost all days during the Christmas event.

Surface overestimations is seen on 24, 25, and 26 December 2016 (Section 4.2.3). Higher predicted
SWC for the deterministic and first perturbed member (Figures B.2.1d to B.2.1f) might have led to
an overestimation of surface accumulation seen in Figures 4.2.5a to 4.2.5c¢ (for ensemble member

zero and one).

The variation of each initialised ensemble member for snow water content is given in Figure B.2.1
for the respective day. One possibility to quantify the variability of all ensemble member during
the Christmas 2016 storm, is by calculating the coefficient of variation (CV) for SWC, described
in Section 2.7. Figure 4.2.15 and 4.2.16 show the coefficient of variation for SWC and gives the
possibility to compare the SWC for different days with each other. The interpretation of the
coefficient of variation for SWC is presented in Table 4.2.5.

The grey line in Figure 4.2.15 and 4.2.16 presents the ensemble mean of the hourly predicted SWC
values. The darker the shading, the smaller the variation of the SWC relative to the mean.

MEPS data does not exist for all ten ensemble members on 23 December 2016. No coefficient of
variation is calculated for this day, since only six perturbed members were available. Therefore,
the initialisation on 22 December 2016 is used to validate the forecast. On 23 December 2016, two
intense SWC pulses are observed in the lower troposphere at 2 UTC and 4 UTC (Figure 4.2.10a).
The deterministic forecast, initialised on 22 December 2016 predicted a pulse at 1 UTC and 3 UTC,
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Table 4.2.5: Interpretation of the coefficient of variation for SWC.

Size of CV | Interpretation
[%] variability
0to <25 negligible
25 to <50 low
50 to <75 moderate
75 to <100 high
100 to oo very high

where the first perturbed ensemble member (EM1) has a strong SWC at 3 UTC. Initialisations 24 h
later show only one pulse in the deterministic forecast at 2 UTC.

The occlusion passage on 23 December 2016 is seen after 16 UTC in Figure 4.2.10. Initialisations
on 22 December 2016 (Figure B.2.1b) show for each ensemble member a weak predicted snow
water content for the transition of the occlusion. No MEPS forecast data was available for four
perturbed ensemble for initialisations on 23 December 2016. The comparison of only six ensemble
members in Figure B.2.1c, display low variability between all ensemble members during the
up-slope storm. Nevertheless, for initialisations on 22 or 23 December 2016 all ten ensemble
members forecast the pulsing precipitation pattern to occur after 16 UTC (Figure B.2.1b and c). For
prediction initialised on 22 December 2016 the verification in Figure 4.2.15b shows little variability,
below 50 %, and show a good agreement on the occurrence of frozen precipitation after 16 UTC.
Before 16 UTC a pulsing precipitation pattern is observed in the lower 3km at Haukeliseter
on 26 December 2016. All ten ensemble member in Figure B.2.1e and B.2.1f predict pulsing
patterns. Initialisations on either 25 or 26 December 2016 show interchangeable precipitation
for the deterministic and first ensemble member similar as the retrieved snow water content
(Figure 4.2.13).

The surface observations for 26 December 2016 indicate the passage of the occlusion at Haukel-
iseter between 15 UTC and 19 UTC (Figure 4.1.6). A larger variability between the ensemble
members than for the occlusion passage on 23 December 2016 (Figure 4.2.15b) is shown for the
evolution of the occlusion on 26 December 2016 in Figure 4.2.16a, b.

Initialisations on 25 December 2016 present a lower variability for the transition of the occlusion
after 15 UTC on 26 December 2016 (Figure 4.2.16a) than initialisations less than 24 h prior
(Figure 4.2.16b). Therefore, an increase of variability for shorter lead time is given in Figure 4.2.16b.
The variation of all members for initialisations on 25 December 2016 (Figure B.2.1e) and on
26 December 2016 (B.2.1f) indicate that almost all perturbed member would have predicted the
precipitation after 16 UTC on 26 December 2016, but the ensemble mean (Figure 4.2.12, 4.2.13)

smears the simulated SWC out.
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Figure 4.2.15: Snow water content variation of the ten ensemble members of MEPS. The lighter the colour

according to the colour bar the higher the variation between the perturbed ensemble members. In grey the
ensemble mean of all ten members. For initialisations on 21 December 2016.
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Figure 4.2.16: (As Figure 4.2.15.) Initialisation 21, 24, 25 and 26 December 2016.

Initialisations on 25 December 2016 (Figure 4.2.12b, c) show a pulsing precipitation pattern after
the occlusion passage. The two pulses around 18 UTC (Figure 4.2.12b) are predicted with a negli-
gible and moderate variability in Figure 4.2.16. The retrieved snow water content in Figure 4.2.13b
shows a pulse at 1 UTC. Initialisation on 26 December 2016 forecast a high snow water content
around 1 UTC as well. The forecasted SWC pulse at 1 UTC is related to a moderate variability of
the ensemble members (Figure 4.2.16b).

Initialisations on 25 and 26 December 2016 show high forecast variability for the predicted SWC
between 9 UTC and 12 UTC. The peak between 15 UTC and 18 UTC has a low to moderate variab-
ility between the members. When looking at Figure B.2.1f might this disagreement be related to
the variation of the vertical predicted SWC. There seems to be no agreement between the different
members about the incidence of the different SWC pulses on 26 December 2016. The high conflict
for the CV before noon is most likely related to the high SWC of the deterministic SWC.

On 25 December 2016 forecasts for the warm sector passage show liquid precipitation (Fig-
ure 4.2.14). Initialisations on 24 December 2016, indicate very low forecast variability up to 0.8 km
until noon, this is when liquid precipitation was forecasted by MEPS and observed (Figure 4.1.10).
The depth of the liquid layer is up to 0.8 km in Figure 4.2.14a and 4.2.14b. Figure 4.2.15c and
4.2.16a show the variation for SWC on 25 December 2016. Between 12 UTC and 18 UTC the vari-
ation is large below 0.8 km. This is related to the ten ensemble members in Figure B.2.1. Each

ensemble member shows between 12 UTC and 18 UTC little SWC. This little snow water content
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leads to a higher coefficient of variation and displays as a high variability although all ensemble
members agree on the timing of liquid precipitation. Above 0.8 km the variability for snow water
content between the members is low. Initialisation on 24 December 2016 show low snow water
content pulses in Figure 4.2.11b and c at 18 UTC, which had a moderate variability (Table 4.2.5,
Figure 4.2.15c). Afterwards it is very high. For the initialisation on 25 December 2016 show low
forecast variability until noon (Figure 4.2.16a). While liquid precipitation is predicted the variability
in the lower layer of the troposphere is first very high and shortly before 18 UTC not existing. A
high agreement for the SWC pulse at 20 UTC up to 0.8 km exists in Figure 4.2.16a and decreases
to be moderate above. Pulsing snow water content patterns are seen for the individual ensemble
member forecasts for initialisations on 24 December 2016 (Figure B.2.1d). On 24 December 2016
the observed snow water content in the lower troposphere changed between intense and less
intense (Figure 4.2.11).

Comparing hourly instantaneous SWC is not a fair comparison, since there might be a time delay
of half an hour about the timing of a pulse which would follow it is not seen in the hourly model
forecast. Furthermore, the best agreement is reached for ensemble means of all ten ensemble

member at every hour, which smear out the snow amount in the lower 3 km.

The forecasted instantaneous ensemble mean snow water content is lower (< 1.2 gm_3) than the
retrieved values (< 1.5 gm™3) for the 2016 Christmas storm.For the first glance MEPS simulates
realistic snow water content when compared to observed snow water content up to 3km and
shows similar precipitation patterns. The average of all ten ensemble members leads to a smeared
out ensemble mean for hourly or three hourly instantaneous values in Figures 4.2.8 to 4.2.13. To
compare if lower snow water content was predicted than retrieved from the optimal estimation
retrieval the snow water path is calculated (Section 2.6.3).

Figure 4.2.17 shows the correlation between retrieved and individual ensemble member 48 h fore-

SWP [gm 2] ‘ ‘ - SWP [gm ?]
5000. Y = 239.68 + 0.31x, R = 0.23 5000. Y = 258.53 + 0.27x, R = 0.33
y=298.98 + 0.45x, R = 0.29 . .y =354.98 + 0.32x, R = 0.26
+ )
()] [%)]
© ©
§ 3000 § 3000
o 8
£ &
8- 2000- - 8-2000-
s s
1000 1000
0- : 0-
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
retrieved retrieved

(a) (b)

Figure 4.2.17: Snow water path correlation between retrieved and forecasted values for 48 h lead time and all
ensemble member. Separated for 21 to 23 December 2016 (a) and 24 to 26 December 2016 (b).



4.2. SNOW 88

casts of snow water path. The slope parameter is for the days of the Christmas storm less than
0.6 gm ™2 indicating a weak uphill correlation between retrieved and predicted values. This shows,
retrieved values are larger than the instantaneous ensemble member forecasts for snow water
content.

On 24, 25, and 26 December 2016 the surface snow accumulation is overestimated by MEPS (Fig-
ures 4.2.5a to 4.2.5¢). This overestimation is not seen in the vertical. It might be related to the
use of hourly instantaneous values in the vertical whereas the surface precipitation amount is the
accumulated total precipitation at each hour.

Furthermore, it could be related to the interaction between the vertical model forecast and the sur-
face forecast. Also, the optimal estimation retrieval fall speed is assumed to be constant (0.85ms™!,
Section 2.4.1) whereas in MEPS the terminal speed velocity is assumed to be related to the particle

diameter (Equation (2.5.6)).

One question to answer in this work is if the operational model MEPS simulates large scale weather
systems correctly. As discussed here and in Section 4.1 it seems that the model is able to resolve
the development of occlusions and warm fronts and its associated precipitation. Even with the
intensification of the Christmas 2016 storm MEPS seems to be able to predict extreme events for
precipitation such as occlusions and liquid precipitation related to warm sectors.

MEPS also distinguishes realistically between liquid and frozen precipitation in strength and timing
for the lower most atmosphere in mountainous terrain in Norway like Haukeliseter. This can be a
major challenge since a change in temperature and associated precipitation transformation can
lead to high risk in the Norwegian mountains, especially during winter.

The here presented results are a first look, trying to compare a mesoscale ensemble member
forecast system (MEPS) with vertical in-situ measurement for snow water content.

The next section will go into detail, how the local orography at Haukeliseter may influence frozen
precipitation, and how MEPS’s representation of the topography may affect patterns of frozen

precipitation.

4.2.5 DISCUSSION

The previous chapters have indicated that the regional model MEPS is able to predict larger scale
phenomena. This might be related to the outer boundary condition ECMWEF or the Christmas 2016
extreme event was more predictable for large scale weather systems. In general, surface parameters
such as sea level pressure and temperature were predicted well in MEPS. Only wind speed and
precipitation accumulation showed overestimation in MEPS predictions. Wind speed forecasts
were higher than observed wind speed. Related to the representation of the orography in MEPS
the general overestimation of wind speed could already be apparent in the deterministic version
AROME-MetCoOp.

The Haukeliseter site is exposed to high wind speeds during the winter. The previous results in
Section 4.1, 4.2.3, 4.2.4 have shown, that wind plays an important role for the precipitation catch-
ment. Figure 4.2.18a presents the local topography around Haukeliseter. The mountain plateau
is surrounded by higher mountains to the west and more open to the south east (Figure 4.2.18a).

Figure 4.2.18b shows the 2.5 km grid resolution of the topography by MEPS.
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Figure 4.2.18: Topography around Haukeliseter. In a the DTM 10 m Terrain Model (UTM33) from Geonorge
[2018]. Contours and shading according to the colour bar. b: Representation of the topography and the
closest grid point to the measurement site Haukeliseter in MEPS. Contours and shading present the elevation
of the grid cells. Wind barbs indicate the wind direction and speed for initialisations on 23 December 2016

at 0 UTC after 18 h lead time
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MEPS resolves some of the complex structure around the site, with the higher mountain to the
west and the valley to the south-east (Figure 4.2.18a). Haukeliseter is at an altitude of 991 m above
sea level (Section 2.1). In this thesis the closest grid point to the Haukeliseter measurement site is
used, which is 59.80°N, 7.22° E (Model in Figure 4.2.18b). The altitude of this grid point is 1041 m
above sea level.

The elevation map in Figure 4.2.18 shows, that the Haukeliseter measurement site is closer to the

mountain to the west, than in reality. The valley to the south-east is shifted to north-east.

Figure 4.2.19 shows the observed 10 m wind during the 2016 Christmas storm. It shows stronger
westerly winds up to 20 ms~! at Haukeliseter. Measured south-easterlies reach wind speeds less

than 8 ms~!. Wolff et al. [2010] states that during precipitation events the westerly wind dominates.

Figure 4.1.8b shows a good correlation for west winds, but on the other side, southerly winds seem
to be troublesome to predict for MEPS. Figure 4.1.8a indicates an imbalance for south-westerly
winds. While south-easterly winds (along the valley) are observed at Haukeliseter MEPS predicts
the 10 m wind to be south-westerly (Figure 4.2.18).

Observed south-easterly winds are channelled along the valley (Figure 4.2.18a). For large scale
south-westerly flow the MEPS simulates south direction rather than south-easterly flow along the
valley. As seen in Figure 4.2.18 for 23 December 2016 after 18 h lead time, the wind blows along the
7.2° E, since a higher (1500 m to 1650 m) elevation is to the west and a 1350 m high mountain to
the east.

On 21 and 23 December 2016 wind directions from the south-east (Figure 4.1.1¢) and south (c)
were observed, respectively.

As earlier discussed in Section 4.1 and 4.2.4, the wind change is associated with the occlusion
passage on 23 December 2016 (Figure 3.5.4).

The wind direction change on 21 December 2016 in Figure 4.1.1c is related to the large scale
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Figure 4.2.19: 10 min mean wind observations at 10 m at Haukeliseter during 21 and 26 December 2016.
Wind speed according to the colour bar and occurrence indicated by the numbers in the wind-rose.
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synoptic flow but is not associated to a frontal boundary (Figure 3.5.2). A comparison with the
available large scale weather analysis map from ECMWEF (Section 3.5), shows that the large scale
surface wind is from the south-west at 6 UTC on 21 December 2016 (Figure 3.5.2c) and has changed
to west at 12 UTC (Figure 3.5.2d). The observations at the Haukeliseter site show between 6 UTC
and 12 UTC wind from south-east, while the predicted MEPS wind direction is from south in
Figure 4.1.1c.

The forecast model seems to forecast the wind direction overall well, only on 21 December 2016
before 10 UTC a south-west instead of a south-east wind is predicted by MEPS (Figure 4.1.1c). It
displays even if the large scale wind is from the south-west (Figure 3.5.2d) the local wind is rather
from the south or south-east (Figure 4.1.1c). This small scale effect is most likely associated to the

topography around Haukeliseter (Figure 4.2.18).

The orography influences the vertical precipitation pattern. A continuous structure is seen when
the wind is south-easterly (up-slope) e.g. on 21 between 9 UTC and 12 UTC (Figure 4.2.8) or
23 December 2016 after 15 UTC (Figure 4.2.10). Westerlies produce disturbed, pulsing patterns
with change between intense and less intense snow water content e.g. 24 December 2016 (Fig-
ure 4.2.11). As the precipitation profiles in Figures 4.2.8 to 4.2.13a show, are westerlies associated
with high snow water content. In comparison continuous precipitation patterns related to south-
easterlies have less intense snow water content.

The ensemble variability in Figure 4.2.15 and Figure 4.2.16 shows that the ensemble members
are divided between the existence of the exact precipitation pulsing. The variability between
the ensemble members for snow water content is smaller (< 25 %) for precipitation related to
south-easterly winds (Figure 4.2.15 and 4.2.16).

The local wind direction influenced the precipitation pattern in the vertical on 21 and
23 December 2016. On both days, weak, south-easterly wind is observed and predicted and
led to a continuous precipitation pattern between 9 UTC and 12 UTC on 21 (Figure 4.2.8) and
after15 UTC on 23 December 2016 (Figure 4.2.10). The precipitation is not as intense than for
more turbulent precipitation structure e.g. after 15 UTC on 21 December 2016 (Figure 4.2.8a). As
Figures 4.2.8 to 4.2.10 indicates the model is able to cover almost the exact timing of the up-slope
storm pattern on 21 and 23 December 2016. The variability of each ensemble member initialised
on 21 December 2016 is presented in Figure B.2.1a. It shows that almost all ensemble members
agree on the occurrence of the storm pattern during 9 UTC to 12 UTC. The same is valid for the
initialisations on 22 and 23 December 2016 for the occlusion passage after 15 UTC.

Both days (21 and 23 December 2016) show a moderate precipitation with not as intense snow wa-
ter content than for precipitation patterns associated with westerlies such as on 24 December 2016
(Figure 4.2.11). High wind speeds from the west and therefore over high mountains (1500 m) fol-
lowed a pulsing storm pattern with alternating high and low SWC (e.g. 22 and 24 December 2016,
Figure 4.2.9 and 4.2.11). MEPS is able to forecast the pulsing pattern for initialisations longer than
24 h prior. This effect might be related to mountain lee wave breaking and result into a turbulent
precipitation pattern with pulses of 30 min intense precipitation. More precipitation events need
to be studied to understand this effect around the Haukeliseter site. MEPS does not cover all pulses

related to west wind during the course of a day. This is related to the short occurrence of the pulses
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as well as to the time resolution of MEPS. Since the prediction values exist only every hour the
model might miss some of the intense, 30 min precipitation.

As Figure 4.1.8c, d present the correlation between observation and forecasts is low for high wind
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Figure 4.2.20: Correlation between surface precipitation amount accumulated over 48 h and a, 10 m wind
direction, and b, 10 m wind speed. Red indicating the observations by the double fence and weather mast.
Black, the deterministic MEPS forecast and grey, the perturbed ensemble member. The regression line for
each correlation and its associated regression coefficient.

speeds. Figure 4.2.20 shows the relation of precipitation amount to wind direction (4.2.20a) and
wind speed (4.2.20b). While the wind direction of MEPS has a good agreement, at least for west
wind, the wind speed shows larger values over all days (Figure 4.2.20). Miiller et al. [2017] already
mentioned the bias of too strong wind speed prediction in AROME-MetCoOp.

The surface precipitation amount show 48 h accumulation only up to 50 mm, whereas the model
predicts higher surface precipitation amount. The regression between precipitation amount and
wind direction shows to be almost the same for observations and MEPS simulations. Weaker 10 m
wind speeds are observed than predicted.

High wind speeds might be related to the higher model grid point (1041 m above sea level) than the
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Haukeliseter measurement site (991 m above sea level). A difference of 50 m in altitude may lead to
the simulation of too high wind speeds. As earlier discussed is the double fence affected by wind
(Section 4.2.3). Section 4.2.3 describes the overestimation of surface snow accumulation during the
intensification of the extreme storm. MEPS forecast in Figures 4.2.5a to 4.2.5c show more ground
accumulation than observed for 24 to 26 December 2016. Aim of this thesis is to analyse if the
wind might have had an influence on the surface measurement of the double fence, which could
not be shown, even if 10 % under-catch by the double fence gauge is assumed (Table 4.2.4).
During 24 to 26 December 2016 the wind is constantly from the west with higher wind speeds ob-
served (Figure 4.1.4, 4.1.6) than during 21 to 23 December 2016 (Figure 4.1.1, 4.1.3). Figure 4.1.8a
and b indicate a better correlation for the observed and forecasted wind directions when pre-
cipitation overestimation occurred (24 to 26 December 2016). During 24 and 26 December 2016,
observed wind speeds were higher, up to 20ms~!, than on the previous days.

A comparison of the hourly values of MEPS (Figure B.2.1), show neither on 24, 25, and
26 December 2016 high snow amounts up to 3 km compared to the estimated SWC (Figures 4.2.11
to 4.2.13). Figure B.2.1 shows values of very high instantaneous snow water content for individual
ensemble members, but no prominent sign of overestimation when the surface simulated too
much surface precipitation amount.

The complex terrain and its representation in MEPS might have led to the overestimation of surface
precipitation amount between 24 and 26 December 2016. Since the measurement site is closer to

the mountain to the west, more precipitation is simulated for the leeward side.

One outcome of the presented study is that MEPS is able to resolve the local topography and
predicts the wind direction almost correctly. It did not cover the south-east wind direction on
21 December 2016 (Figure 4.1.1c), which must be related to the local topography.

True prediction of 10 m wind direction (Figures 4.1.1 to 4.1.6c) leads to the correct estimation
of frozen precipitation patterns, such as up-slope (south-easterlies) on 21 (Figure 4.2.8) and
23 December 2016 (4.2.10) and pulsing on 22, 24, 25, and 26 December 2016 (westerlies, Fig-
ure 4.2.8,4.2.9,and 4.2.11 to 4.2.13).

This study presents only a first look for a comparison between observations up to 3 km of precipita-
tion to MEPS forecast for an extreme event.

The local effect of pulsing patterns related to westerlies should be examined. To understand if e.g.
mountain lee wave breaking occurs at the mountain to the west or if it is an effect of local surface
fronts.

The deterministic forecast could be perturbed in another way. Different perturbations might
lead to a better correlation between 10 m wind and precipitation amount observation and MEPS
forecast at the surface. The choice of using the closest grid point to Haukeliseter might not have
been the best approach and must be investigated further.

As Miiller et al. [2017] pointed out, higher wind speeds are in general better forecasted in AROME-
MetCoOp than in ECMWE The improved representation of surface parameters, 24 h prior, in the
fine-scale model MEPS is important when warnings are send out by the meteorological services for
extreme weather events. This is an advantage for fine-scale forecast models, especially in Norway,

where the topography changes from sea to mountainous terrain on small spatial scale.






CHAPTER 5: SUMMARY AND OUTLOOK

In this thesis, a case study of an extreme event occurring on 21 to 26 December 2016 was studied.
The Christmas storm in 2016, affected large parts of Eastern, Southern, and Western Norway.
The Meteorological Cooperation on Operational Numerical Weather Prediction (MetCoOp) En-
semble Prediction system (MEPS) became operational from November 2016 when it substituted
the Meteo-France Applications of Research to Operations at MEsoscale (AROME)-MetCoOp system
at the Norwegian Meteorological Institute. The meteorological measurement site Haukeliseter
(991 m above sea level) was equipped additionally with instruments such as a Micro Rain Radar
(MRR), Particle Imaging Package (PIP), and Multi-Angular Snowfall Camera (MASC), during winter
2016/2017. Since MEPS has just become operational, a unique opportunity was given comparing
observations from the World Meteorological Organization station Haukeliseter, and the Norwegian
weather forecast model.

The 2016 Christmas storm was analysed with the help of ECMWF analysis from the surface to
the dynamic tropopause level. Meteorological parameters were evaluated to prove if consistent
large-scale phenomena were observed and predicted by MEPS. A sensitivity study of retrieved
surface snow accumulation for different a-priori assumptions was implemented. Snow comparison
between double fence gauge observations, retrieved profiles of snow water content, and MEPS fore-
casts were carried out for the World Meteorological Organization measurement site Haukeliseter.

Furthermore, a comparison between and MEPS forecast was carried out.

During 21 to 26 December 2016 a low-pressure system developed east of Iceland propagating
poleward, followed by a second low-pressure system, which evolved in the western Atlantic, moving
eastward. Temperature changes related to a low and high tropopause, occlusions, and warm sector
passages led to precipitation changes at Haukeliseter. Within the warm sector passage liquid
precipitation was observed at Haukeliseter, followed by a landfall of the Christmas storm on

26 December 2016 and dissipation afterwards.

The regional forecast model MEPS is capable of predicting sea level pressure, 2 m air temperature,
and 10 m wind changes associated to frontal passages and occlusions during the Christmas 2016
storm at Haukeliseter. Transitions of the occlusions and the warm sector were predicted 24 h and
48 h in advance for this particular case. However, MEPS simulated too high wind speed (mean

absolute error up to 10 ms™') and surface precipitation amount (mean absolute error up to 15 mm).

According to literature the double fence gauge instrument is one of the best surface measurements
for snow and taken as reference norm for precipitation observations. A state of the art optimal

estimation snowfall retrieval using a-priori guess from MRR, PIP, and MASC, allowed to compare
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surface observations to vertically retrieved snow amounts.

In the sensitivity study assumptions of a particle model for rimed aggregates ('B6’), climatological
particle size distributions (PSD) and fall speeds followed the best estimate for surface snowfall ac-
cumulation compared to the use of a less reflective CloudSat aggregate model ('B8’) at Haukeliseter.
The results revealed a 70 % bias for CloudSat aggregate particle model and particle size distribution

compared to double fence gauge measurements on 22 December 2016.

Using particle model assumptions for rimed aggregates led to small differences between observed
and estimated snow (< —5 %) and show the importance to choose a priori assumptions correctly to
achieve reasonable surface estimates of precipitation amount at the ground. The small deviation

gives confidence to trust the vertical estimated snow water content.

The average difference between observations and forecasted precipitation amount at the sur-
face decreased with increasing lead time (12 h: +135 %, 24 h: +33 %) for 21 to 26 December 2016.
However, inspecting the temporal evolution in detail revealed that the average difference for
12h and 24 h accumulation was less than +11 % for 21 to 23 December 2016 and +60 % for 24 to
26 December 2016. Additionally, taking the 10 % negative bias of the double fence measurements

due to wind effects into account, reduces the forecasted surface snow error to +40 %.

On 25 December 2016, MASC images allowed to verify the presence of liquid precipitation during
the passage of a warm sector at Haukeliseter. MEPS was able to simulate the timing of liquid pre-
cipitation 24 h and 48 h in advance. Comparison between MRR reflectivity profiles and modelled
liquid water content showed the accurate simulation of liquid precipitation, both in time and
thickness layer, in the lower most atmosphere.

More variability (= 50 %) between the ensemble members for the short, pulsed than for continuous
precipitation patterns. Less variability (< 25 %) of snow water content between the ensemble
members was simulated for the continues precipitation associated with south-easterlies for initial-
isations 24 h and 48 h prior, in contrast MEPS ensemble members agreed about the appearance
of pulsing snowfall patterns related to westerlies, but not the timing. The coefficient of variation
showed more variability (= 50 %) between the ensemble members for the short, pulsed than for
continuous precipitation pattern. The larger variability of the ensemble members for the pulsing
storm patterns is likely related to the temporal resolution of MEPS ensemble forecast data and the
short appearance of the pulses of around 30 min.

The hourly averaged estimated snow water content from MRR profiles is larger (< 1.5gm™3) than
the ensemble mean of instantaneous MEPS forecasts (< 1.2gm™2). In contrast the deterministic
and first ensemble member with 1 h resolution predicted higher snow water content (=2.0 gm™3)
compared to the retrieved values (<1.5 gm_3) during the 2016 Christmas storm, showing the

importance of high temporal resolution.

Finally, topographic influence on wind and precipitation next to the impact of horizontal
resolution of MEPS were discussed. Although MEPS has a high horizontal resolution of 2.5 km,
the representation of the topography in Norway might still be an issue. MEPS resolves some
of the major orographic patterns at the Haukeliseter station, such as high mountains to the

west and the south-east. The one and three hourly ensemble mean forecast of snow water
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content displayed the ability to predict more continuous, up-slope snow storm patterns related to
occlusion passages as well as pulsing precipitation associated to strong westerlies. Additionally
the forecasts of westerlies during 24 and 26 December 2016 showed a good correlation with
observations. In contrast, observed south-easterly winds were predicted as south-westerly wind
on 21 and 23 December 2016.

The here presented results are a first case study for one winter storm at a Norwegian sta-

tion in the mountain. Further studies have to be carried out to verify the results.

5.1 OUTLOOK

Only a few studies have addressed similar approaches like this study here by comparing snow

observations with weather forecast models.

First and foremost, it is important to investigate more extreme storm events during winter at
Haukeliseter, whether the deviations between observed and retrieved surface snow accumulation
stay small. Furthermore, these results should be verified different stations in Norway with similar
polar tundra climate, to investigate if the a-priori assumptions can be generalised for as similar

local climate.

It is important to have correct measurements such as the double fence gauge or the radar-particle
size distribution retrieval approach. The double fence gauge observations should be investigated
further to understand the wind related under-catchment of surface precipitation. Correct measure-
ments will help to improve initial conditions for weather forecast models. Furthermore, accurate

observations will help to get a better understanding of snowfall.

Even though MEPS performed well in the vertical by simulating the wind to the storm structure
correctly, it will be interesting to investigate the presented results with a higher time resolution to
resolve the short pulses. This will help to investigate the simulation of high snow amount at the

surface and the relationship between the surface and vertical forecast column.

Sensitivity studies for the outer boundary model could help to understand the influence of
European Centre for Medium-Range Weather Forecasts (ECMWF) analysis input data on the MEPS
predictions. An initialisation with and without all available observations inside ECMWF will help
to investigate the boundary and initial state influence on the wind and precipitation predictions in
MEPS.

Finally, more case studies will also help to get a better estimate about the performance of
MEDPS for snow prediction during winter storm events. The mean absolute error for the 12h
accumulation of precipitation revealed large variability depending on the initialisation time of

MEPS and the state of the cyclone.
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LIST OF ABBREVIATIONS

ACC Accretion

AGG Aggregation

AR Atmospheric River

AROME Applications of Research to Operations at Mesoscale
AUT Autoconversion

BER Bergeron-Findeisen process

C3vp Canadian CloudSat-CALIPSO Validation Project
CFR Contact Freezing of Raindrops

CPR Cloud Profiling Radar

Cv Coefficient of Variation

CVM Conversion-melting

DDA Discrete Dipole Approximation

DEP Deposition

DRY Dry processes

DT Dynamic Tropopause

ECMWF European Centre for Medium-Range Weather Forecasts
EPS Ensemble Prediction System

FMI Finnish Meteorological Institute

HEN Heterogeneous Nucleation

HON Homogeneous Nucleation

IVT Integrated Vapour Transport

LWC Liquid Water Content



MASC
MEPS
Meso-NH
Met-Norway
MetCoOp
MLT
MRR
MSLP
NSF
NWP

PIP

PSD

RIM
SMHI
SWC
SwWpP
WCB
WET

WMO

Multi-Angular Snowfall Camera

MetCoOp Ensemble Prediction System

Mesoscale Non-Hydrostatic model

Norwegian Meteorological Institute
Meteorological Co-operation on Operational NWP
Melting

Micro Rain Radar

Mean Sea Level Pressure

National Science Foundation

Numerical Weather Prediction

Precipitation Imaging Package

Particle Size distribution

Riming

Swedish Meteorological and Hydrological Institute
Snow Water Content

Snow Water Path

Warm Conveyor Belt

Wet processes

World Meteorological Organization
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APPENDIX A: FORWARD MODEL

Table A.1.1: Branched 6-arm spatial particle with porosities, 2D, mass oriented scattering scheme at 24.0GHz.
1, particle size of the snow particle; m(r), particle mass; opk(r) and gex(r), backscattering and extinction

cross-section, respectively.

A.1 SCATTERING MODEL

r

[um]

m(r)
(kg]

Opk (1)

[m™2]

O ext (1)

[m~2]

35.27

1.68529 x 10710

8.85111 x 10717

4.85381 x 10717

41.73

2.79128 x 10710

2.00612x 10716

1.28776 x 10~16

47.87

4.21355x 10710

4.792 x 10716

2.9959 x 10716

53.76

5.96809 x 10710

1.02733 x 10715

6.08871 x 10716

59.45

8.07074 x 10710

1.68272x1071°

1.09633 x 10715

70.34

1.3368 x 107?

5.7444 x 10715

3.61096 x 10715

80.69

2.01798 x 1079

1.0899 x 10~ 14

6.93961 x 10715

90.63

2.85939 x 107

2244 x 10714

1.42249 x 10”14

100.20

3.86421 x107°

3.7814 x 10714

2.73019x 10714

109.50

5.04313 x 1079

7.05869 x 10714

5.36211x 10714

118.60

6.40785 x 107

1.16874x 10713

9.74644 x 10714

127.40

7.94266 x 1077

1.67227x 10713

1.56602 x 10~13

144.50

1.15894 x 1078

3.41952 x 10713

419048 x 10713

160.90

1.60002 x 1078

7.30397 x 10713

1.05187 x 10712

176.80

2.12278x 1078

1.13638 x 10~12

2.00359 x 10712

192.30

2.73147x 1078

2.05333 x 10712

3.63531 x 10712

236.50

5.08103 x 1078

5.94138 x 10712

1.5256 x 10711

278.10

8.26154 x 1078

1.57715x 1071

431927 x 1071

317.70

1.23171x1077

3.68719x 10711

9.71916 x 1011

355.80

1.73012x 1077

6.46005 x 10~ 11

1.89057 x 10710

392.60

2.32439x 1077

1.29191 x 10710

3.5246 x 10710

428.20

3.01577x 1077

1.7526 x 10710

5.67393 x 10710

463.00

3.81242x 1077

3.58177 x 10710

8.76374 x 10710

496.90

4.71265%x 1077

5.86279 x 10710

1.30417 x 1072

Continued on next page
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Table A.1.1 Continued from previous page

r m(r) Opk(T) Oext(T)

[um] kgl [m~2] [m~2]
530.10 | 5.72178x1077 | 8.50141 x 10710 1.8862 x107?
562.60 | 6.84002x 1077 | 1.04566x 1079 | 2.60854 x 1072
594.50 | 8.07074x1077 | 1.54514x1072 | 3.68176x 1072
625.80 | 9.41379x 1077 | 1.61704x107° | 4.48578x 1079
656.60 | 1.08733x107% | 2.10709%x107° | 5.71184 x 1079
687.00 | 1.24546x107% | 3.31567x107% | 7.85938x 1079
717.00 | 1.41584x107% | 3.73598x 1079 | 9.50817 x 1072
746.50 | 1.59789x107% | 4.40591x107° | 1.14824x1078
775.60 | 1.79214x 107 5.1432x 1079 | 1.37371x1078
804.40 | 1.99928x107% | 4.21261x1072 | 1.59603 x 1078
832.90 2.2194x 1076 7.0875x 1079 | 1.90438x 1078
861.10 | 2.45255x 107 7.606x1079 | 2.17023x 1078
888.90 | 2.69784x107% | 9.61605x107° | 2.52476x 1078
916.50 | 2.95703x107% | 1.20108x1078 | 2.91329x 1078
943.80 | 3.22922x107°% | 1.29326x1078 | 3.30911x 1078
970.80 | 3.51437x107% | 1.53246x1078 | 3.82595x 1078

997.60

3.81353x 1076

1.32687x 1078

4344 x 1078




APPENDIX B: MEPS SNOW WATER CONTENT

B.1 ENSEMBLE MEAN: DETERMINISTIC AND FIRST PERTURBED MEMBER

Retrieval: 1h mean
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Figure B.1.1: From upper to lower: Hourly averaged retrieved and hourly instantaneous ensemble mean
forecast of deterministic and first ensemble member. Initialised 21 December 2016 and 22 December 2016
at 0 UTC. Shading according to the colour-bar.
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Figure B.1.1: (Continued from previous page.) Initialised 23 December 2016 and 24 December 2016 at0 UTC.
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Retrieval: 1h mean
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Figure B.1.1: (Continued from previous page.) Initialised 25 December 2016 and 26 December 2016 at0 UTC.



B.2. ALL ENSEMBLE MEMBER 114

B.2 ALL ENSEMBLE MEMBER



APPENDIX B: MEPS SNOW WATER CONTENT

115

Wednesday, 21 Dec 2016
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Figure B.2.1: Snow water content of each individual ensemble member forecast for 48h. EMO is the

deterministic forecast and EM1 to EM9 are the associated perturbed ensemble member. Shading according

to the colour-bar. Initialised 21 December 2016 at 0 UTC.
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Thursday, 22 Dec 2016
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Figure B.2.1: (Continued from previous page.) Initialised 22 December 2016 at 0 UTC.
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Friday, 23 Dec 2016
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Figure B.2.1: (Continued from previous page.) Initialised 23 December 2016 at 0 UTC.
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Saturday, 24 Dec 2016
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B.2. ALL ENSEMBLE MEMBER
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Figure B.2.1: (Continued from previous page.) Initialised 24 December 2016 at 0 UTC.
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Figure B.2.1: (Continued from previous page.) Initialised 25 December 2016 at 0 UTC.
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Figure B.2.1: (Continued from previous page.) Initialised 26 December 2016 at 0 UTC.
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