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Modelling storm surge conditions under future climate scenarios: A case

study of 2005 January storm Gudrun in Parnu, Estonia

Extra-tropical cyclones induced coastal disasters are the most dangerous natural hazards in
the Baltic Sea region. Understanding how these storms behave in the future is of high
importance to decision makers and risk management groups. Atmospheric and ocean models
were backtested against 2005 Gudrun observational data. From there on background forcing
conditions were modified to evaluate the possible “future Gudrun” effects at Parnu. Future
simulations were based on MIROCS5 data for 2050 and 2100, considering projections for
RCP4.5 and RCP8.5 scenarios. Hindcast results showed good agreement with observations.
Future storms did not show any intensification, which is believed to be due to the mechanism

of such storms. Further research with improved methodology is needed to reduce uncertainty.
Keywords: extra-tropical cyclones, storm surge, future projections, models, Baltic Sea

P500 Geophysics, physical oceanography, meteorology

Tulevikutormide simuleerimine, kasutades atmosfiiri- (WRF) ja

ookeanimudelit (FVCOM) 2005. aasta jaanuaritormi (Gudrun) niitel

Parasvootme tsiikloneid peetakse Ladnemere piirkonnas ohtlikemaiks looduskatastroofideks.
Sellest tulenevalt on oluline paremini mdista tulevikus esineda vOivaid torme ja nende
mdjusid Eesti kontekstis. Atmosfédri ja ookeani mudeli valideerimiseks teostati jirelanaliiiis
2005. a Gudruni kohta. Tulevikustsenaariumite saamiseks kasutati MIROCS poolt
manipuleeritud andmeid aastatele 2050 ja 2100, arvestades RCP4.5 ja RCPS8.5
stsenaariumitel pdhinevaid projektsioone. Jarelarvutuse tulemused olid heas kooskdlas
moddetud andmetega. Muudetud parameetritega ,tuleviku Gudrunid” ei muutunud
tugevamaks. Peamiseks pohjuseks voib pidada parasvodtme tsiiklonite arengu eripdra. Kuid
ithest tulevikutormi arvutustulemusest ei piisa klimatoloogiliste iildistuste tegemiseks.
Seetottu on oluline tdiendada olemasolevat metoodikat ja arvutada Ildbi erinevate

trajektooridega ja eri aastaaegadel asetleidvaid torme.
Marksonad: parasvootme tsiiklonid, iileujutused, tuleviku projektsioonid, mudelid, Lddnemeri

P500 Geofiiiisika, fiilisikaline okeanograafia, meteoroloogia
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1 Introduction

Presently the increase in storminess is considered to be one of the most dangerous offshoots
of climate change, which with the global sea level rise threatens many low-lying populated
coastal areas such as Netherlands, Southeast Asia, Gulf of Mexico region etc (Emanuel,
2005). The projected rise of global sea surface temperature might be thought to cause the
intensification of tropical- and extra-tropical cyclones. However some researchers believe it
yet to be as resolute (Schmidt & von Storch, 1993; Trenberth, 2005), due to the high natural
variability of cyclogenesis (Rutgersson et al., 2015). In addition, the increasing negative
impacts to human lives and economy might not only reflect the trend in increase of
storminess as a geophysical occurrence but also the constant growth of population and
economic enterprises in the coastal zones. Moreover, the increase in storminess is certainly

not a uniform and all-encompassing phenomenon (Feser et al., 2014).

The mechanism of cyclogenesis is different from that in the tropics and in the mid-latitudes.
Also their nature, parameters and effects differ. Strong tropical cyclones (hurricanes,
typhoons), such as Katrina (2005, Gulf of Mexico), Nargis (2008, Bay of Bengal), Sandy
(2012, East Coast USA), Hayian/Yolanda (2013, Phillipines), have had the biggest influence
in the recent decade. The effect of these storms have been studied by a number of research
groups (Hill, 2012; Nakamura et al., 2015a,b; Shibayama, 2015) by utilizing various models
and initial conditions as well incorporating ones that allow to shed some light to questions

such as how the ,,future Hayian* or ,,future Nargis* might be perceived?

Climate change related hazards, such as increase in storminess and flooding, might also have
an effect on the Baltic Sea region (Avotniece et al., 2010; Suursaar et al., 2015). The threat
level increase is partly due to the fact that the steady increase in global sea level rise has so
far been compensated by the post-glacial rebound in the northern and eastern areas of the
Baltic Sea. However, this effect is slowly weakening, mainly because of global sea level rise
and its probable acceleration. According to the latest [IPCC’s (Intergovernmental Panel on
Climate Change) Fifth Assessment Report (ARS), global mean sea level (GMSL) has risen by
0.19[0.17 to 0.21] m over the period 1901-2010; it is very likely that the mean rate increased
to 3.2 [2.8 to 3.6] mm yr ' between 1993 and 2010. For the period 2081-2100, compared to
19862005, and following the IPCC’s Representative Concentration Pathways (RCP’s), the
GMSL is likely to be 0.26 to 0.55 m for RCP2.6, 0.32 to 0.63 m for RCP4.5, 0.33 to 0.63 m
for RCP6.0, and 0.45 to 0.82 m for RCP8.5. For RCP8.5, the rise by 2100 is 0.52 to 0.98 m



with a rate during 2081-2100 of 8 to 16 mm yr '. Consequently, even if the storms would
retain their strength throughout the 21th century, mild storm surges still become severe and
severe ones turn to catastrophic. However, storm pathways may change in time (e.g. Sepp et

al., 2005; Pinto et al., 2007) and also, future storms may become more frequent and stronger.

Therefore, from the view of climatic aspects, the extra-tropical cyclones (ETC) pose the
greatest threat to the Baltic Sea region. Such atmospheric low pressure systems form near the
polar front in the Northern Atlantic Ocean, between Iceland, Greenland and Newfoundland
Peninsulas, during the colder half of the year. While moving along the westerlies towards the
Baltic Sea region, these ETC-s can pose great threat for the British Isles, Scandinavia and
other parts of Northern Europe (Post & Koduts, 2014). According to the Extreme Wind Storms
(XWS) Catalogue (Roberts et al., 2012), the most influential storms in Western Europe of the
past few decades have been 87J (October 1987), Daria (January 1990), Vivian (February
1990), Anatol (December 1999), Gudrun/Erwin (January 2005) and Kyril (January 2007).
However true, different meteorological indexes give somewhat dissimilar results. The north-
south extent of the Baltic Sea is quite considerable (approx. 1400 km) and the local storm
effect highly depends on the storm trajectory. Therefore the list of most influential historical
storms in the Estonian coastal waters slightly differs (Jaagus & Suursar, 2013; Suursaar et al.,
2015): Gudrun/Erwin (9th January 2005), storms on 2nd November 1969, 18th October 1967,
17th December 1990, 1st November 2001, 22nd February 1990 and St. Jude (29th October
2013). Of the listed storms, the most extreme storm was the 2005 January Storm Gudrun,
which invoked storm surge caused record high flooding in various coastal cities. The tide
gauge in the mouth of the river Parnu recorded +275 cm sea level rise above the mean value.
This historical storm and its invoked storm surge caused major economic loss and coastal

damage (Suursaar et al., 2006; Tonisson et al., 2008).

Considering the evident storm damage during the past decades and the likely impending
climate change, it is necessary to better understand the storms of the future in the context of
Estonia. Will the ETCs under the rising temperatures become stronger in the Baltic Sea
region? Will the flooding caused by the storm surges become more intensive due to the
global sea level rise (Eelsalu et al., 2014)? The aim of this study is to reconstruct the
historical storm Gudrun by means of Advanced Research Weather Research and Forecasting
(ARW-WRF) model and Finite Volume Community Ocean Model (FVCOM). ,Future
Gudruns® are simulated for years 2050 and 2100 in accordance with IPCC ARS proposed
RCP4.5 and RCP8.5 climate change scenarios (Collins et al., 2013).



2 Material and Methods

2.1 Material

Meteorological data

7 meteorological stations were used to assess the quality of atmospheric model results. The
following meteorological stations were used: Ruhnu, Kihnu, Sorve, Vilsandi, Virtsu, Ristna
and Parnu-Sauga. Figure 1 shows the location and nearby surrounding of these stations.
Meteorological parameters like wind speed and direction were used from a period of 18:00

UTC 06/01/2005 — 18:00 UTC 10/01/2005, provided by the Estonian Weather Service.

The measured storm track data, following the minimum sea level pressure (MSLP), of 2005

storm Gudrun was acquired from Extreme Wind Storms (XWS) Catalogue.
Water level data

Water level measurements from Parnu tide gauge were used to assess the quality of ocean
model results. The water level data was used from a period of 06:00 UTC 08/01/2005 — 12:00
UTC 10/01/2005, provided by the Estonian Weather Service.

Atmospheric model input data

NCEP FNL Operational Global Analysis (NCEP FNL, 2000) 6-hourly GRIB-formatted
meteorological data with 1-degree by 1-degree grids was used to generate the meteorological
conditions. The data consists of 27 variables and was used from a period of UTC 06/01/2005
—18:00 UTC 10/01/2005, provided by the US National Centers for Environmental Prediction.

For future simulations three selected variables, considering RCP4.5 and RCP8.5 scenarios,
from MIROCS global climate model were averaged and interpolated to exisitng NCEP FNL
produced metgrids. These variables include: atmospheric air temperature, sea surface
temperature and relative humidity. Variables data was acquired from a period of January
2006-2011, January 2045-2055 and January 2091-2100 representing control period, year
2050 and year 2100, respectively.



Figure 1. Location and surroundings of 7 selected meteorological stations.
Ocean model input data

Output data from atmospheric model was an input data for the ocean model in order to
simulate the water levels. Bathymetry with 3 different spatial resolutions was used — high
resolution data with 5 m was used for the Parnu Bay and river; 50 m for the Gulf of Riga,
Viinameri and Irbe Straight, provided by Estonian Maritime Administration; lower resolution
data of 1 arc-minute covered rest of the study area, provided by ETOPOI1. Coastline elevation
with 3 different resolutions was used — high resolution data with 5 m DEM LIDAR was used
for Parnu city, provided by the Estonian Land Board; 90 m resolution data was used for the
Pédrnu Bay, provided by SRTM90; low resolution data of 1 arc-minute was used for the rest

of the study area, provided by ETOPOI1 (Table 1).



Table 1. Initial and boundary conditions for used models

List

Options and schemes

Simulation time (domain 1)

18:00 UTC 06/01/2005 — 18:00 UTC 10/01/2005

Simulation time (domain 2)

06:00 UTC 07/01/2005 — 18:00 UTC 10/01/2005

Simulation time (domain 3)

06:00 UTC 08/01/2005 — 18:00 UTC 10/01/2005

Grid resolution (domain 1) 22.5 km
Grid resolution (domain 2) 4.5 km
Grid resolution (domain 3) 0.9 km
Pressure top 50 hPa
Vertical layers 27
Number of domains 3

Nesting scheme

2-way nesting

E Micro physics WSM6 (Hong and Lim, 2006)

a Surface layer Revised MM5 Monin-Obukhov scheme (Paulson, 1970; Dyer and
Hicks 1970; Webb, 1970; Beljaars, 1994; Zheng and Anthes, 1982)
and Hicks 1970; Webb, 1970; Beljaars, 1994; Zheng and Anthes,
1982)

Land surface option Unified Noah land-surface model (Tewari et al., 2004)
Planetary boundary condition |YSU (Hong et al., 2006)

Map projection Lambert conformal

Bathymetry data USGS

Meteorological data NCEP FNL Operational Global Analysis
Meteorological data resolution [ 1 x 1 °

Simulation time 06:00 UTC 08/01/2005 — 12:00 UTC 10/01/2005
Nodes 63 189

Cells 123 533

Mesh size 50 m—2000 m

Coastline data (Estonian Land | Parnu city - 5 m (DEM LIDAR)

E Board)

o

@) Coastline data (SRTM90) Pérnu Bay - 90 m

E Coastline data (ETOPO1) Rest of the study area - 1 arc-minute

Bathymetry data (Estonian

Maritime Administration)

Péarnu Bay and river - 5 m; Gulf of Riga, Vdinameri and Irbe Straight

-50m

Bathymetry data (ETOPO1)

Rest of the study area - 1 arc-minute




2.2 Methods

2.2.1 General framework

The modelling system and the methodology used for modelling the atmospheric and storm
surge conditions is depicted in Figure 2 (after Nakamura et al., 2015b). Top-down approach
was adapted for simulations, where the atmosphere model is ran first and the output is used as
an input for the ocean model. Similar framework has also been used in studies by Tasnim et
al. (2015), Nakamura et al. (2015a,b; 2016). Detailed information of initial and boundary

conditions, as well as chosen modelling schemes, are presented in Table 1.

MIROCS
WP S (Watanabe et al., 2010)

Data extraction

Geographical data
1) Sea surface temperature
) 2) Atmospheric air temperature
Meteorological data {3 3) Relative humidi
Data
forcing
Wmd field
Sea level F C

pressure field

Figure 2. Flowchart of models used for storm surge modelling

2.2.2 WRF

The Weather Research and Forecasting (WRF) Model is a mesoscale numerical weather
prediction model. The WRF model has a wide variety of physics packages and modules
which can be applied for many different fields of study. WRF coupled with Chemistry
(WRF-Chem) for instance can be used to investigate regional scale air quality. A wildland

fire module, WRF-Fire, can be used to model the growth of wildland fire.



The development efforts of WRF began at the late 1990s as part of collaborative partnership
between a number of institutes (NCAR, NOAA, AFWA, NRL etc.) and universities (e.g. The
University of Oklahoma). The model has a wide users community with already over 30 000
registered users in more than 150 countries. The WRF has two dynamical solvers known as
NMM (Nonhydrostatic Mesoscale Model) and ARW (Advanced Research WRF) core, thus
being able to generate atmospheric simulations with idealized conditions or using real data
(Skamarock et al., 2008). WRF version 3.5.1 was used in this study. 2-way nesting scheme
was adopted to create 3 domains (Figure 3) of which the third domain covers the western
coastline of mainland Estonia and its archipelago system, consequently forming the main

study area.

65°N —f o 00!

60°N

55°N

50°N

45°N

10°W 0° 10°E 20°E

Figure 3. Nested domains used in WRF atmospheric model.

The simulation run-time covers the entire significant lifespan of the ETC. Domain one ran for
96 hours, domain two for 84 hours and domain three for 60 hours. Simulation based cyclone
tracks were subtracted with Generic Mapping Tool following the atmospheric MSLP. The
best track (also, “observed”) MSLP for comparison, was acquired from the Extreme Wind

Storms (XWS) Catalogue.
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2.2.3 FVCOM

Storm surge simulations were conducted using The Unstructured Grid Finite Volume
Community Ocean Model (FVCOM) which is a prognostic, unstructured-grid, finite-volume,
3-D primitive equation coastal ocean circulation model. The development of FVCOM was a
joint effort of The University of Massachusetts School of Marine Science and Woods Hole
Oceanographic Institute (Chen et al., 2003). FVCOM combines the most advantageous parts

from finite-difference method and finite-element methods for computational efficiency and

for geometric flexibility, respectively.

FVCOM’s ability to accurately solve scalar conservation equations and its topological
flexibility make it a valuable tool for a variety of coastal and scientific purposes (Chen et al.,
2003). The simulated FVCOM domain falls under WRF domain 3 (Figure 4). The simulation

run-time for FVCOM was 54 hours, where the main variables affecting the storm surge were

21°00' 21°45' 22°30' 23°15' 24°00' 24°45'

......OICQOOOOOOO

59°15'

ESTONIA

*
.
4

Baltic Proper

58°30'

QRuhnu

57°45' g %

.....

*sees, Gulf of Riga
LATVIA

eeee (pen boundary of the model

* Meteorological stations ]

€ Tide gauge
57°00' , y '

0 100 km

Figure 4. FVCOM ocean model study area, which falls under the WRF domain 3 (Figure 3).
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the WRF generated wind and air pressure fields. In order to be able to use FVCOM, the
preparation of bathymetry and coastline data as unstructured grids was necessary. To achieve
this, hydraulic modelling software packages were used: BlueKenue and Surface-water
Modelling System (SMS). The Baltic Sea background water level prior to the storm was
approximately 70 cm above the mean value (Suursaar et al., 2006). Therefore this condition

was also applied for FVCOM model calculations.

2.2.4 Hindcast

In order to proceed with future scenario simulations it was necessary to conduct a hindcast
(Base case) of the historical Gudrun. For this, the observational data with 1-hourly time-step
for wind speed, wind direction from seven meteorological stations and storm surge height
from the Pérnu tide gauge was collected. The observational data was compared against WRF
and FVCOM output data, where the values of wind speed, direction and surge height where
picked from the closest nodes corresponding to the coordinates of the meteorological stations
and the tide gauge (see Figure 1&4). Data visualization and variables point extraction was
done with Vislt software version 2.9.2. WRF gives u and v wind components at a 10 m height.

Therefore wind speed was calculated as follows:

Ws=+Vu? + v2 Q)
And wind direction with respect to true north

Wd = atan2*(u, v)*(180/m) + 180 2)

To further evaluate the model output against the observed data, a statistical interpretation is
required. To achieve this, three parameters were applied — root mean square error (RMSE),
coefficient of determination (R?) and bias. RMSE is the square root of the variance of the
residuals and shows the absolute fit of the model to the observed data points thus indicating
how close the observed and predicted values are. RMSE gives same units as response
variables and is an important criterion to evaluate models prediction. Lower values indicate a
better fit. R? on the other hand shows the relative measure of fit on the scale of 0 — 1, where 1
is a perfect fit and 0 shows that the regression line does not fit the data at all. R is the
squared value of Pearson product moment correlation coefficient . The purpose of bias is to
determine the error in an estimator and through that showing whether the modelled values

have the tendency to be over- or underestimated. It is assumed that if the model is competent

12



in describing the present climatic conditions then it also capable in giving feasible projections

of the future conditions. The formulas for these statistical parameters are as follows:

RMSE = /%Z(xi — ;)2 A3)

. 1

Bias = ;Z(xi - i) 4)
2 Tx-0)-¥) >

k"= (E(x—f)zZ(y—i)z) ®)

where n is the count of data points in series; x is the dependent variable and y independent

variable; 1 indicates the associated values of x and y.

Negative bias shows that independent variables sample pool is underestimated against
dependant variables sample pool. Dependent variables for hindcasting are the observed data

points and for future analysis the base case (modelled hindcast results) data points.

2.2.5 Future simulations

For future simulations the RCP4.5 and RCP8.5 scenarios proposed by the IPCC AR5 were
considered. The RCP-s (Representative Concentration Pathways) are named according to
their radiative forcing target levels for 2100, relative to pre-industrial (1750) levels. RCP4.5
is a rising radiative forcing pathway leading to 4.5 W/m* (~650 ppm CO? eq) and stabilzing
after 2100. RCP8.5 is a rising radiative forcing pathway leading to 8.5 W/m* (~1370 ppm
CO? eq) by 2100 (van Vuuren et al., 2011; Meinshausen et al., 2011).

IPCC ARS relied on the results of Coupled Model Intercomparison Project, Phase 5 (CMIPS).
Coupled general circulation models (CGCM) give the basis for assessing climate change, its
implications and how the future climate might behave based on chosen concentration
pathways. For future simulations the initial conditions were changed by using the data from a
single climate model — Model for Interdisciplinary Research on Climate 5 (MIROCS).
MIROCS was a combined effort of Centre for Climate System Research (CCSR), University
of Tokyo, National Institute for Environmental Studies (NIES) and Japan Agency for Marine-
Earth Science and Technology (Watanabe et al., 2010). MIROCS uses T85 resolution, which
horizontal resolution is 256x128 (1.40625° x 1.40625°), which grid cells roughly correspond
to about 100 — 150 km across in the mid-latitudes. Number of vertical levels is 40 and grid

top is at about 2.9 hPa.
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Three variables were extracted from MIROCS - sea surface temperature (SST), atmospheric
air temperature (AAT) and relative humidity (RH). These future variable values were
extracted for years 2050 and 2100, where the data for said years were respectively 2045-2055
and 2091-2100 averages for the whole January. The control period (present) variable values
were the 2006-2011 average. The future and present variable value differences were
calculated with Climate Data Operator. This future-present variable differences are
interpolated into WRF metgrid (domain 1-3), which was originally created by WPS (the
WREF pre-processing software) using the NCEP FNL data. Thus the obtained differences (as a
constant) are added to NCEP FNL data (time-varying) and through that new parameters are

set for the WRF model to calculate the future simulations.

Additionally, statistics software R, version 3.2.2, was used in order to assess the standard
deviation of wind speed values for the future scenarios (2050RCP45, 2050RCPSS,
2100RCP45 and 2100RCP85). For each future scenario the wind speed values were extracted
from domain 3 of WRF. Each domain consisted of 89995 coordinate points with 1-hour mean
wind speed data. Two time-periods, high wind speed and low wind speed, were chosen to
evaluate the deviation in wind speed among different scenarios — 09/01/2005 04:00 UTC
when the storm was holding high winds and 10/01/2005 04:00 UTC when the storm had

passed and the winds receded.
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3 Results and Discussion

3.1 Description of met-ocean conditions during the historic storm Gudrun

The hurricane known as Gudrun in the Nordic Countries and Erwin in the British Isles and
Central Europe crossed the Irish, North and Baltic Sea on 7-9 January 2005. Over the course
of the storm, at least 17 people lost their lives in Nordic Countries, including one senior
citizen in Parnu, Estonia. Estimated losses due to wind damage and primarily due to flooding
of the urban areas of Pdrnu and Haapsalu reached 0.7% of the GDP in Estonia. The previous
highest surge (253 cm) took place nearly 38 years earlier and the scale and consequences of
the new flooding were quite unexpected both for the population and authorities. The impacts
of the storm were most varied (TOnisson et al., 2008). Essentially it became the most
influential natural disaster for recorded history in Estonia, which received even more media
coverage than the Asian tsunami (on December 2004) or the New Orleanian hurricane
Katrina (on August 2005) did (Suursaar & Soodidr, 2006). The event activated a broad
discussion, as some serious deficiencies in flood forecasting and mitigation abilities in

Estonia were revealed.

Gudrun formed as a gradually deepening perturbation of the polar front in the afternoon of 7
January 2005 and moved fast eastward over the British Isles, Scandinavian Peninsula and
Finland. Prior to the storm the air temperatures were between —1 and +6°C in Pirnu, while
the meteorological norm was around —5°C. It indicated a high energetic status of atmosphere
and strong west-flow above the North Atlantic Ocean. The nadir point of 960 hPa was
reached northeast of Oslo at 20.00 UTC on 8 January 2005 (Carpenter, 2005). According to
the Saffir-Simpson classification, the cyclone reached hurricane strength based upon the
maximum mean wind speed measurements both in Denmark and Sweden. According to the
Danish Meteorological Institute (DMI), the highest wind speeds reached 34 m s Portions of
Estonian territory also fell into the zone of the cyclone’s strongest wind speeds, which is
usually a few hundred kilometres right-hand (i.e. south) from the trajectory of the cyclone
centre. Maximum average speeds of SW and W winds went up to 28 m s on the West
Estonian coast and gusts reached 38 m s (Suursaar et al., 2006). Actual maximum wind
speeds could have been even stronger as the malfunctioning measurement equipment due to

power outage left gaps in several wind speed records interposed among some very high
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readings. Also there were missing or distorted data from some of the tide gauges (Ristna).
Therefore many of the storm parameters were later needed to be evaluated with models
(Suursaar et al., 2006). The average Baltic Sea level had already been high since December
2004 as a result of the strong cyclonic activity that forced the water from Kattegat through the
Danish Straits into the Baltic Sea. As a result of high (+70 cm) background values of the
Baltic Sea level, the fast travelling cyclone with a favourable trajectory yielding strong SW-
W winds over Estonia, the new highest recorded storm surge occurred in Pérnu, as well as in
many other locations along the West Estonian coast (Suursaar & Sooddr, 2006). Sea level
height reached 275 cm at 04 UTC, 9 January 2005 according to the Parnu mareograph data.
The densely populated urban areas of Parnu and Haapsalu were flooded for about 12 hours.
New record-high maximum sea levels were also registered at several locations of the
Estonian coastal waters. According to sea level hindcast made later, the sea levels in popular
resorts like Haapsalu and Kuressaare reached 220 cm (Suursaar et al., 2006). Wave hindcasts
indicated that record-high waves (significant wave heights up to 9.5 m) could have been

occured in the Baltic Sea (Soomere et al., 2008).

3.2 Hindcast results

Storm effects to local area are highly influenced by cyclone track and that even more in
complex archipelago system such as for the case of Western Estonia. WRF produced base
case storm track is shown in Figure 5. The depicted storm track covers 24 hour period from 8
January 12:00 UTC to 9 January 12:00 UTC. Due to the high background air pressure noise it
was not possible for Generic Mapping Tool to properly extend the timespan of the cyclone
track. The base case simulation results show that WRF was able to reproduce Gudrun’s track
relatively well, especially during the most crucial time which was around 9 January 00:00
UTC, from where on the storm location was favourable for water build-up at West Estonian

coastline, specifically at Parnu Bay.
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«,}/ k

L Observed track @ Modelled track

Figure 5. Comparison of observed storm track and modelled storm track of Gudrun.

As storm track was well represented by the model, it is then reasonable to assume that the
strong wind fields, accompaning the storm to its right side, were also adequatley simulated.
At the time HIRLAM forecasted and the WRF produced general wind field condition on 9
January 00:00 UTC are presented in Figure 6 — four hours before the observed storm surge
maximum. The domain size differences are not ideal for in-depth interpretation of the
situation. However, the colour schemes for wind speed follow the same pattern, giving some

degree of confidence.
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Figure 6. Wind field condition on 9 January 2005 at 00:00 UTC a) HIRLAM forecast results

at the time of the event (www.emhi.ee website); b) WRF produced results over domain 1.
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Drawing correlations based only on visual observation over vast areas does not yield in
objective results, it is therefore necessary to investigate storm parameters in more detail. The
simulation results for wind speed and direction were backtested against observation data from
seven meteorological stations. Interestingly, some of the observed results however might not
be strictly more accurate than the simulated results. This is due to aforementioned technical
failures. In addition, meteorological stations are sheltered to a various extent from different
sectors and thus having inherently certain degree of uncertainty in measured wind speed and
direction values (see Figure 1). Nonetheless, the simulation results were mostly in a good
agreement with the observations (Figure 7). Furthermore, the statistics analysis for wind

speed and direction in Table 2 gives a more comprehensive interpretation for these results.

Sorve station had the least data points due to the operational failures during the storm and
with that forethought in mind it is not covered in more detailed analysis, however is shown in
relevant figures and tables. In terms of wind speed, the best concurrence was found for the
case of Pidrnu-Sauga, showing slight negative bias. Good results were also seen for Ruhnu
and Kihnu stations, which in fact hold higher priority in terms of representing and evaluating
the cause-and-effect of storm surge build-up at Parnu. Reason being, that these stations are
well situated in the Gulf of Riga and more accurate simulations over the said water body also
yield better results for storm surge simulations. As opposed to wind speed, the wind direction
in Ruhnu was statistically the least favourable and this can be attributed to the local sheltering
objects nearby the anemometer mast. But on the other hand the dominant modelled wind
direction, prior to peak wind speeds, was from sectors 210-230 degrees, on the contrary to
observed 210-250, which in return would indicate to a more favourable conditions for storm
surge build-up at Parnu (Figure 8). Kihnu station on the other hand displayed the best results

for wind direction.

Accurate hindcasts are crucial for models verification, however some discrepancies were also
found in the simulation results. The largest overall disagreements between observations and
simulations was for the case of Vilsandi station (see Appendix 1&2), where the winds from
the 210-250 sector are underestimated due to the close proximity of the lighthouse and
buildings (Jaagus & Kull, 2011). These artificial constructions cause an explicit effect for
capturing accurate wind speed measurements. As seen for wind speed scatter plot in Figure 7,
the observed and modelled data points coincide with relatively high accuracy before and after
the wind direction shifts from the “shadow sector”. Additionally, Ristna and Virtsu station

also exhibited poor results.
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Figure 7. Wind speed and direction hindcast results for 7 weather stations (see Figures 1&4

for locations).
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Likewise to Vilsandi, their measurement accuracy is inhibited by local natural and artificial
obstacles around meteorological field, thus failing to provide adequate wind data which
would explain the true characteristics of wind parameters. Furthermore, the differences might
arise due to the relatively low horizontal topography resolution of the WRF which in return
makes it more difficult to extract the calculation values with high precision. Also, the gridded
model winds are usually quite smooth and cannot take into account small-scale local features,

especially on the land-sea interface.

Table 2. Hindcast statistics results for wind speed, direction and sea level. Negative bias

shows that the simulated variable values were underestimated against observations.

Wind speed (m/s)

Weather station RMSE Bias R:
Ristna 431 3.02 0.58
Vilsandi 3.81 1.96 0.72
Sorve 2.24 -1.45 0.80
Ruhnu 2.46 0.34 0.87
Kihnu 2.92 1.76 0.81
Pérnu-Sauga 1.61 -0.28 0.84
Virtsu 4.70 3.93 0.69

Wind direction

Ristna 17.37 6.54 0.79
Vilsandi 32.62 -9.94 0.90
Sorve 7.50 -5.08 0.36
Ruhnu 19.14 -16.68 0.89
Kihnu 8.51 -0.11 0.93
Pérnu-Sauga 13.42 4.10 0.87
Virtsu 12.29 1.53 0.90

Sea level (m)

Pérnu tide gauge 0.13 0.28 0.89
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The simulation results for the 2005 Gudrun show that during the peak moments of the storm
the sea water was pushed to the shallow enclosed 411 km? Pirnu Bay, causing the funneling
effect where the water inflow exceeds the outflow. The simulated storm surge height at the
mouth of the Parnu river shows good agreement with observations, where the first peak
maximum difference was just 2.2% or, 6 cm (Figures 9&10). This further increases the
confidence that the modelled wind field was reasonably well simulated (Figure 6). FVCOM
was able to reproduce two surge height peaks where the occurrence of the second peaks lies
not on the wind field but rather on the oceanography of the Gulf of Riga. The formation of
the second peak is likely due to the 5-hour seiche (self-oscillation) period of the Gulf of Riga

basin (Suursaar et al., 2003). However it was slightly overestimated by the model.
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Figure 8. Modelled Pdrnu sea level in dependence from wind speed and direction, blowing
uniformly over the Gulf of Riga (after Suursaar et al., 2003).

The biggest notable difference is the extended period of the storm surge event (Figure 10)
where the simulated water levels did not drop as fast as it was observed. It also explains the
positive bias (see Appendix 3). This however can be related to the similarly prolonged wind
effect during the storm and to the higher aforementioned smoothness of the model (Figure 7).
Furthermore, there is an increase in simulated surge height before the first peak, starting after
8 January 12:00 UTC. This however might be explained by observing the simulation results
for Kihnu and Ruhnu (Figure 7) where at that time WRF produced stronger winds as were
observed. Stronger simulated winds blowing from sectors 215-230 can be one of the causes

in producing greater initial surge height at Parnu (Figure 8).
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Figure 9. Spatial sea level patterns for base case simulation showing the wind speed and

direction results with 6-hourly time-step.
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Figure 10. Observed and modelled storm surge height at the Pdrnu tide gauge.

3.3 Projections of extratropical-cyclones according to Global Climate Models

How climate change under CMIP5 global warming projections affects the behaviour of ETC-
s has captured interests of many studies, with focus being shifted to multi-model ensembles.
It is apparent that a great number of research aim their attention at the response of storm
tracks (Ulbrich et al., 2008, Chang et al., 2012, Harvey et al., 2012, Zappa et al., 2013),
which seem to show a more poleward shift. Similar results were drawn by Woolings et al.
(2012) while using CMIP3 models, relating to the extension and intenssification of eddy
driven jet towards western Europe. On the other hand, Mizuta (2012) found in a number of
models an enhanced polar jet over North Pacific, but less agreement was found for over the
North Atlantic. According to a litreture review conducted by Bader et al. (2011) the most
agreed upon result is that observations and future projections of the mid-latitude storms are
exhibiting a poleward shift. However in terms of intensity, uncertainty remains. Moreover,
the IPCC ARS5 goes into great detail over research and findings for future climate change and
ETC-s response to these changes in a warmer climate. It concludes that most studies agree
upon a more poleward shift of ETC-s trajectory in Southern Hemisphere and with lesser
certainty that the same extent in shift applies in the Northern Hemisphere (Christensen et al.,

2013).

As for the Baltic Sea region and Estonia in particular, little research is found on future ETC-s.

Studies on historical climate variability in the Baltic Sea and Estonia show an increase in
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westerlies during the second half of 20" century (Jaagus, 2006; Lehnmann et al., 2011). Feser
et al. (2015) conducted a comprehensive review of storminess over North Atlantic and
Northwestern Europe. Their findings indicate that for the Baltic Sea there is a larger variance
in studies for the past storm trends, highly depending on the data and time periods used.
Studies on future projections for the Baltic Sea and central Europe show the same number of
increasing and decreasing trends. In terms of extreme wind events, Knippertz et al. (2000)
called attention to climate models resolution, which need to improve in order to better
represent orography, the land-sea distribution and etc. Recent study about CMIP5 models
capability to capture the observed behaviours of North Atlantic ETC-s by Zappa et al. (2013)
suggests that high resolution (about T106 or N96) might be necessary for a good simulation
of North Atlantic storm tracks in the boreal winter months, whereas for boreal summer

months the lower resolutions might already be sufficient.

3.4 Characteristics of storm Gudrun under future climate change scenarios

Climate change induced global warming scenarios RCP4.5 and RCP8.5 were investigated for
the case of historical storm Gudrun projected into the years 2050 and 2100. The initial
conditions were modified by extracting and forcing three parameters (SST, AAT, RH) to the
atmospheric model WRF-ARW. The obtained change in MIROCS parameter values are
relative to the reference area (domain 1) average for January 2006 — 2011. The changes in
SST under applied conditions are 0.25, 1.16. 1.22 and 2.80 K for 2050RCP4.5, 2100RCP4.5,
2050RCP8.5 and 2100RCP8.5, respectively.

The change in AAT and RH values as area averages are shown on Figures 11&12. The
vertical air pressure gradient starts from 1000 hPa and ends at 10 hPa representing the
pressure levels at sea level and at around 32 km altitude, respectively. The most notable
difference is perhaps that under simulated future conditions the AAT change in 2050RCP8.5
is the least significant while the SST it is the second highest. In fact the SST for 2100RCP8.5
is more than twice that of the second highest, 2050RCP8.5, value.
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Figure 11. Change in atmospheric air temperature under future scenarios. Height increases

form left to right (100 hPa =16 km).

As for the case of SST and AAT, the RH also shows an increase during the observed period
of up to 200 hPa, which at mid-latitudes is roughly somewhere between troposphere and
stratosphere. According to a study conducted by Booth et al. (2013), the increase in moisture
will not lead to a stronger magnitude of extreme storms at mid-latitudes. However it might

increase storm growth rates and the number of moderate storms.
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Figure 12. Change in relative humidity under future scenarios.
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As previously mentioned, the storm tracks can influence the storm effects with a specific
location in mind. Because of that it is necessary to distinguish if for the future simulations
there were any shifts in storm tracks that might alter the effects. All the future cases except
for one showed good fit with the observations and, especially for reference purposes, with

modelled track (Figure 13).

@ Observed track 2100 RCP4.5
@ Modelled track 2050 RCP8.5

e 2050 RCP4.5 2100 RCP8.5

Figure 13. Storm track comparison between observation, modelled and future scenarios.
Location of Estonia is marked as dark green.

27



The odd one out was the future scenario 2100 RCP8.5, exhibiting a southward shift. However,
closer analysis of that particular storm track showed that during 9 January 00:00 UTC the sea
level pressure of the strongest forcing scenario showed rather wide area of nearly equal, low
values. The sea level pressure difference in its current MSLP track and that of the location of
others was few decimal places. But the GMT software picks out the absolute minimum. For
that reason it is assumed that the storm track of 2100 RCP8.5 still matches that of the other

scenarios and has no remarkable change on the simulation results at locations of interest.

3.4.1 Wind speed

In order to evaluate future storm surges under changed climate conditions it is necessary to
determine whether there was change in wind speed and direction, which may or may not
cause differences in the surge height at Parnu. For future cases, four weather stations,
Vilsandi, Sorve, Kihnu, Ruhnu, were chosen to compare against the base case results (Table
3). The criterion for station selection was to get an assessment for wind parameter conditions
over the Gulf of Riga. For this case, on the contrary to hindcasting, Sorve station was also
included due to its location at the southern tip of Saaremaa, thus giving a good representation
of winds coming from the Baltic Proper. Furthermore, the hindcasting results showed good
results and the disagreements were mostly due to the local natural and artificial obstructions,
thus giving reason to assume that the base case calculation is suitable for comparison with the

future calculations at SOrve station.

Statistics show that two stations, Vilsandi and Kihnu, had the tendency to underestimate the
wind speed with the exception of 2100 RCP8.5 at Kihnu, which showed insignificant
overestimation (see Appendix 4). Also these two stations had the smallest change in terms of
RMSE, especially for both RCP8.5 cases. The largest RMSE, for both, were under 2100
RCP4.5 scenarios. Sorve and Ruhnu station, forming the central part of the selected stations
(Figure 4), on the other hand showed the tendency to be overestimated. Moreover, they
showed higher values of RMSE, indicating increase in wind speeds. Most considerable
change in wind speed among selected stations were for the 2050 RCP8.5 and 2100 RCP8.5

scenarios at Ruhnu and Sorve, respectively.
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3.4.2 Wind direction

Without any exception all the selected stations showed tendency to underestimate the wind
direction. Among all the scenarios the closest results with the base case was for the 2050
RCP8.5 and closest to perfect fit was observed for Sorve station (see Appendix 5). The
largest differences occurred at Vilsandi and Kihnu station, especially between the key sectors
of 210-230 degrees. These differences are mostly due to underestimation of wind direction,

however there is no clear pattern.

Table 3. Future scenarios wind speed and direction statistics results. Negative bias shows

that the simulated variable values were underestimated against observations.

Wind speed (m/s) Wind direction
Weather
station 2050 2050 2100 2100 2050 2050 2100 2100
RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5
Vilsandi 1.30 1.09 1.43 1.26 7.64 4.86 7.69 6.49
Sorve 1.60 1.62 1.87 2.00 4.82 2.26 4.92 4.50 E
Ruhnu 2.09 2.30 2.16 2.24 7.67 2.56 7.46 5.66 4
Kihnu 1.63 1.11 1.66 1.25 7.49 4.43 7.18 7.56
Vilsandi -0.56 -0.05 -0.57 -0.22 -1.28 -1.01 -1.14 -2.00
Sorve 1.27 1.47 1.24 1.25 -2.15 -0.64 -2.16 -1.81
o]
Ruhnu 1.66 2.18 1.74 2.07 -1.32 -0.72 -1.43 -1.63 5
Kihnu -0.64 -0.01 -0.61 0.02 -1.44 -0.43 -0.94 -1.61
Vilsandi 0.95 0.96 0.93 0.94 0.94 0.98 0.94 0.96
Sorve 0.96 0.98 0.93 0.90 0.98 0.99 0.97 0.98
7
Ruhnu 0.94 0.99 0.94 0.97 0.93 0.99 0.93 0.97
Kihnu 0.91 0.95 0.91 0.94 0.94 0.98 0.95 0.94

All things considered there does not seem to be any significant changes in wind speed or
direction that might cause any substantial change in the storm surge height at Pérnu. Rather
there are slight shifts in under- and overestimations which all in all cancel each other out or

change so little that they lack the potential to induce any significant surge growth.
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3.4.3 Surge height

FVCOM was adequately able to reproduce the Gudrun induced surge height at the Parnu tide
gauge. However under the changed climate conditions there was no increase in maximum
surge height compared with the base case results (Figure 14). Furthermore, the RMSE shows
very little change (Table 4) leading to conclusion that, considering the change in SST, AAT
and RH, there is no significant change in storm surge height under used parameters. In fact a
slight decrease was observed for all the future scenarios (see Appendix 6). The first peak
maximums are 2.65, 2.62, 2.59 and 2.58 m for 2100 RCP4.5, 2050 RCP4.5, 2100 RCP 8.5
and 2050 RCP8.5, respectively. RCP4.5 scenarios, compared to RCP8.5, showed bigger
surge heights, however not by much. They also exhibited a larger local minimum between the
two maximums. Another notable change is that RCP8.5 cases showed more stable decline in

surge height than other cases.
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Figure 14. Storm surge height comparison between observations, base case and all the future
scenarios at Pdrnu tide gauge.

However considering all the established facts, it is feasible to assume that such little
differences might have occurred due to previously assessed wind fields, which showed some
minor variations — not enough to make a considerable difference but enough to cause slight
changes. Additionally it does not necessarily mean that some other locations experienced the
same outcome. Since the surge height potential at Parnu is highly sensitive to wind direction
it could be that locations which are more open to wider range of wind effects, could have

received slightly stronger surges.
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Table 4. Storm surge height statistics results for future scenarios at Pdrnu tide gauge.

Storm surge height (m)
Scenario
RMSE Bias R?
2050 RCP4.5 0.08 0.05 0.99
2050 RCP8.5 0.05 0.00 0.99
2100 RCP4.5 0.09 0.04 0.98
2100 RCP8.5 0.09 0.03 0.98

3.4.4 Standard deviation of wind speed

Further analysis of wind speeds under future scenarios using standard deviation is shown in
Figure 15. The main aim of this analysis was to better understand how WRF generated higher
and lower wind speeds under future conditions. The standard deviation considers only future
scenarios. At a brief look it becomes evident that there are considerable variations in lower
and higher wind speeds. The standard deviation is much smaller at high wind speeds (Figure
15a). Towards further south from the storm track, the smaller the deviations become. This is
particularly clear for the majority of Gulf of Riga, Irbe Strait and Baltic Proper under the 58°
latitude. The larger deviations seems to be present at “wind gusts” moving counterclockwise
from the eye of the storm and increasing the further closer to the storm they are and also on

larger waterbeds.

Lower wind speed conditions are different from that of the high speed (Figure 15b). In these
conditions two distinct patterns evolve. Firstly, the standard deviation is smaller over land
areas where it seems that the wind speeds become more balanced due to the roughness of
surface topography. Secondly, large differences occur over waters, which is probably because
under lower wind speed the water surface induced drag can have higher effect on the wind
velocity. However it is highly unlikely that these deviations are due to model run
particularities. Future wind speed forecasts showed very little change over the simulation
period, including both high and low wind speeds. Figure 15 on the other hand focuses on the
specific hourly averaged standard deviation of highs and lows of future scenarios. Indicating
that higher wind speeds have larger likeness among the future scenarios and lower wind

speeds have less.
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Figure 15. Standard deviation (m/s) map of future scenario wind speed results where a) is
wind speed in future corresponding to Jan. 9, 2005 conditions at 04:00 UTC and b) is wind
speed in future corresponding to Jan. 10, 2005 conditions at 04:00 UTC. Grey spot indicates

that the deviation exceeded 5 m/s limit.
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High winds (from favourable direction) are the main cause for significant surge build-up and
it is evident that these highs had very little or no deviation among the future scenarios under
the 58° latitude. The lack of change in extreme winds gives further insight to why among the
future scenarios there was no increase in storm surge height at Parnu. However in some other
locations (open areas due north from 58° latitude) there might have been higher surges

compared to observations, though they were not investigated in the current study.
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3.5 Final remarks and proposals for further research

The results of present study indicate that under applied conditions and methodology, the
future ETC-s might not intensify as opposed to general belief. This however is probably due
to the mechanisms of ETC-s, which accumulate their energy from temperature gradient at the
polar front. As a result, under warmer climatic conditions that might hinder the intensification
of such storm systems. Interestingly, studies applying the same methodology for tropical
cyclones (Tasnim et al., 2015; Nakamura et al., 2015b, 2016) have shown intensification of
future storms. These tropical low pressure systems derive their energy from warm water
evaporation. This demonstrates that the models can adequately simulate different types of

storm systems.

The methodology does not include however large scale changes in geophysical fluid
dynamics, such as water cycle, snow, ice etc. For instance a study conducted by Hansen et al.
(2016) indicates that if the ice sheets over Greenland will melt, then it might cause a major
change in the North-Atlantic oceans circulation which in return might lead to stronger ETC-s
(superstorms). For that reason it is necessary to further investigate possible future scenarios

by studying projections, establishing new methods and improving existing ones.

With that forethought in mind the author of this study proposes improvements for future
research. In order to achieve more substantial results on how the future ETC-s might affect
Estonia, and its coastal settlements in particular, the following factors should be taken under

consideration:

1) ratio between post-glacial rebound and sea level rise;

2) extend high topography and bathymetry data coverage in the FVCOM model;

3) include river discharge (eg in Pdrnu) because the ETC-s in the future have the
potential to carry more moisture polewards;

4) use high resolution atmospheric reanalysis data (ERA-Interim);

5) Broaden domain 1 size and increase simulation run time;

6) apply ensemble approach including a number of CMIP5 global climate models;

7) simulating various storms (with changing tracks) over different seasons
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4 Conclusions

Extra-tropical cylones are considered to be the most dangerous natural hazards in the Baltic
Sea region, causing strong winds, floods and heavy rain. During the 21* century there has
already been a number of devastating storm events in the world. It is necessary for coastal
communities to address the dangers associated with such events and understand how they
might behave in the future climate. In Estonia, the most notable recorded storm is considered
to be the 2005 January storm Gudrun. High wind speed and favourable dominant wind
direction during peak hours caused record high flooding’s in a number of coastal
communities, including +275 c¢cm at Pérnu City. The study at hand aims to find out how

Gudrun would behave under future climate conditions.

The study applied well known atmospheric model (ARW-WRF) and ocean model (FVCOM)
to simulate the past and future Gudrun. The WRF model was run with NCEP FNL
Operational Global Analysis data and the results were compared against observed
observational data from selected meteorological stations to confirm the models capability in
simulating the past event. Two scenarios, RCP4.5 and RCPS8.5, were selected for future
simulations for years 2050 and 2100 as possible pathways. Three parameters (sea surface
temperature, atmospheric ait temperature and relative humidity) were chosen from these
scenarios, which were acquired from MIROCS global climate model projections. These

parameter differences were then interpolated to past Gudrun’s meteorological grids.

The modelled wind speed and directions, for the most part, were in good agreement with the
observations, where the noticeable differences only occurred due to artificial obstructions.
Among the meteorological stations the best concurrences were found to be for Kihnu and
Ruhnu stations, thus well representing the wind conditions over the Gulf of Riga. Storm surge
simulation near the Parnu tide gauge was also produced with high accuracy, where the first
peak difference was just 2.2 % (6 cm). The applied models were successfully validated for

this specific case study, therefore giving reason to proceed with future simulations.

Scenarios 2050RCP4.5, 2100RCP4.5, 2050RCP8.5 and 2100RCP8.5 were considered for
future simulations. The most extreme RCP8.5 scenarios show highest (up to 2.8 K) changes
in SST over the control period. The scenarios also show rise in AAT up to 50 hPa. In terms of
RH, an overall increase is found for the better part of stratosphere (up to 200 hPa), with the
exception of 2050RCP4.5. Considering all of these changes in meteorological forcings, the

models did not yield in a higher surge height at Parnu. Closest surge heights to base case
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(hindcast) among the future scenarios were for the 2100 and 2050 RCP4.5, respectively.
Among scenarios there were some slight changes to wind speed and direction, when
compared against the base case. These minor variations might have also been the probable
cause for slight changes in surge heights at Parnu. Also standard deviation analysis showed
that higher wind speeds among future scenarios have much smaller deviations under the 58°
latitude, whereas the lower wind speeds show larger deviations. This suggests that among
future scenarios there were no big changes in wind speed that might cause higher surge build-

up at Parnu.

This study focused on one particular storm case. However no strong generalizations can be
made from an individual storm study. In order to reduce uncertainty, it is necessary to further
develop the methodology at hand. Also more simulations for different seasonal storms and
tracks must be conducted to attain more concrete results on how future extra-tropical

cyclones might behave under changing climate conditions.
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Tulevikutormide simuleerimine, kasutades atmosfiiri- (WRF) ja

ookeanimudelit (FVCOM) 2005. aasta jaanuaritormi (Gudrun) niitel

Martin Mall
KOKKUVOTE

Ladnemere regioonis kujutavad klimaatilistest teguritest suurimat ohtu parasvéotme tsiiklonid,
millega kaasnevad tugevad tuuled ja sademed, mis vdivad pohjustada tormikahjustusi ja
iileujutusi. Viimastel aastakiimnetel on esinenud mitmeid katastroofiliste tagajargedega torme.
Sellest tulenevalt on oluline parendada rannikulinnade valmisolekut ja mdista kuidas tormid
muutuvad tuleviku kliimas. Suurima mdjuga parasvootme torm Eestis oli 2005. a
jaanuaritorm Gudrun, mis pohjustas rannikulinnades rekordtasemel iileujutusi. Pérnu linna
mareograaf mootis veetaseme tdusuks +275 cm {ile nulli. Kéesoleva uurimust6é eesmérk on

uurida, milline oleks Gudruni laadne darmuslik torm tuleviku kliimatingimustes.

Simuleerimaks mineviku ja tuleviku Gudrunit kasutati atmosfadrimudelit ARW-WRF ja
ookeanimudelit FVCOM. Jirelarvutuse sisendandmed WRF-i kéitamiseks saadi NCEP FNL
operatiivanaliilisist. Jirelarvutuse tulemuste vordluseks kasutati Eesti Keskkonnaagentuurilt
saadud tunnise intervalliga tuule kiiruse, suuna ja veetaseme vaatlusandmeid valitud
rannaldhedastest jaamadest. Tulevikustsenaariumide saamiseks asendati algsed NCEP
jarelarvutuse merepinna veetemperatuuri, ohutemperatuuri ja suhtelise dhuniiskuse andmed
MIROCS5 mudeli abil saadud tuleviku jaoks manipuleeritud andmetega. Selles t60s arvestati
IPCC AR5 raportis toodud RCP4.5 ja RCP8.5 stsenaariumidel pohinevaid
kliimaprojektsioone aastatele 2050 ja 2100. Nii jdrelarvutuse kui ka tuleviku arvutuste

tulemusi analuiisiti statistliselt.

Simuleeritud tuule kiirus ja suund olid vaatlusandmetega ligilihedases korrelatsioonis, kuid
teatud erinevused tulenesid vaatlusjaamade ldheduses asuvatest hoonetest. Jérelarvutuste
seas oli kdige parem kokkulangevus Kihnus ja Ruhnus, mis kinnitab, et Liivi lahel
simuleeritud tuuletingimused olid heas vastavuses moddetud vaatlusandmetega. Veetaseme
jarelarvutus Pédrnu joe suudmes oli samuti heas vastavuses vaatlusandmetega, kus tormitousu
esimese tipu korguse erinevus oli vaid 6 cm. Realistlikud jirelarvutuse tulemused olid

eelduseks tuleviku simulatsioonide arvutamiseks.
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Ekstreemseim tuleviku stsenaarium RCP8.5 nditas kontrollperioodi suhtes suurimat
merepinna temperatuuri tdusu (kuni 2.8 K). Kodik stsenaariumid néitavad ka atmosféérse
temperatuuri tdusu kuni rohuni 50 hPa. Samuti oli stsenaariumites, viljaarvatud 2050RCP4.5,
mérgata suhtelise Ohuniiskuse tdusu kuni rShuni 200 hPa. Arvestades muutusi
meteoroloogilistes véljades, ei muutunud “tuleviku Gudrun” iihegi stsenaariumi korral
intensiivsemaks ja tormitdus jdi umbkaudu samaks vOi védhenes. Koige ldhedasemad
tulemused jdrelarvutustes tormitdusu kohta, olid vastavalt 2100 ja 2050RCP4.5
stsenaariumitel. Tuleviku simulatsioonides ja jérelarvutuses esinesid teatud erinevused
tuuletingimustes. Need variatsioonid vdisid olla ka tormitdusu muutlikkuse pohjuseks. Lisaks
niitas standardhilbe analiiiis, et alla 58° laiuskraadi on suurte tuulte kiiruste hilve viike, kuid
védiksemate kiiruste juures hélve tduseb. Sellest saab jdreldada, et tuleviku stsenaariumite
vahel ei esinenud olulisi muutusi suurtes tuule kiirustes, mis oleksid vdinud pdhjustada

suuremat veetaseme tousu Parnus.

Parasvootme tsiiklonite arengu eripdra voib pidada pdhjuseks, miks tormid ei tugevnenud.
Nimetatud tsiiklonid ammutavad oma energia polaarfrondilt, kus puutuvad kokku kiilm ja soe
ohumass ning vdikesem temperatuuri gradient vOib viia ndrgemate tormide kujunemisele.
Kuna tegemist on iiksiksiindmuse arvutusega, ei saa selle pdhjal tuleviku puudutavaid
klimatoloogilisi iildistusi teha. Ebaméiirasuste vdhendamiseks on vajalik olemasolevat
metoodikat edasi arendada ja 14bi arvutada rohkem tormisiindmusi, sealhulgas erinevatel

aastaaegadel toimuvaid ning erinevaid trajektoore pidi kulgevaid torme.
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Appendix 1. Base case and observation wind speed relationships for 6 weather stations.
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Appendix 5. Base case and future scenarios wind direction relationships for 4 weather
Stations.
4 2050RCP45 H  2050RCP85 A 2100RCP45 % 2100RCP83
—— Linear (2050RCP45) - Linear (2050RCP85) ------ Linear (2100RCP45) - - - Linear (2100RCP85
3
25
£
=
=
=
2
i)
&2
Z
£
w
8
Es
=
=
@
g
£
=
1
05 -
0.5 1 15 2 2.5 3
Base case storm surge height (m)

Appendix 6. Base case and future scenarios for surge height relationships at Pdrnu tide

gauge.

49



Published/ accepted publications

Article 1. Mill, M., Nakamura, R., Shibayama, T., Suursaar, U., Kull, A. (2016a).
Tulevikutormide simuleerimine kasutades atmosfdiri- (WRF) ja ookeanimudelit (FVCOM)
2005. aasta jaanuaritormi (Gudrun) niitel. In: Teaduskonverents METOBS 150 (2-
3.dets.2015, Toravere) kogumik. Publicationes Geophysicales Universitatis Tartuensis. 10 p.

(in press).

Article 2. Mill, M., Nakamura, R., Shibayama, T., Suursaar, U., Kull, A. (2016b).
Modelling a storm surge under future climate scenarios: case study of storm Gudrun. In: 35th
International Conference on Coastal Engineering (ICCE2016), 17-22. July 2016, Istanbul,
Turkey. Abstracts (in press).

Article 3. Nakamura, R.,Iwamoto, T., Shibayama, T., Mikami, T., Matsuba, S., Maell,
M., Takekouji, A., Tanokura, Y. (2015). Field survey and mechanism of storm surge
generation invoked in Nemuro Hokkaido in December 2014.Journal of Japan Society of Civil

Engineers (71), 31-36.

50



Tulevikutormide simuleerimine, kasutades atmosfiiri- (WRF) ja
ookeanimudelit (FVCOM) 2005. aasta jaanuaritormi (Gudrun) niitel

Martin Mall
Tartu Ulikooli Okoloogia- ja Maateaduste Instituut
Ryota Nakamura, Tomoya Shibayama
Waseda Ulikooli Tsiviil- ja Keskkonnatehnika osakond (Jaapan)

Ulo Suursaar
Tartu Ulikooli Eesti Mereinstituut

Ain Kull
Tartu Ulikooli Okoloogia- ja Maateaduste Instituut

1. Sissejuhatus

Kaasaegse kliimamuutuse (nn globaalse soojenemise) iiheks ohtlikuks kaasndhuks peetakse
tormisuse kasvu, mis koos globaalse meretaseme tousuga ohustab laialdasi rannikualasid, niiteks
Madalamaades, Kagu-Aasias, Mehhiko lahe piirkonnas ja mujal (Emanuel, 2005). Rédkides
»tormisuse kasvust”, tuleb siiski vahet teha, kas tormid muutuvad sagedasemaks, intensiivsemaks voi
molemat. Kuigi on avaldatud arvamust, et ookeanipinna soojenemine peaks esile kutsuma eelkdige
troopiliste tormide (Knutson & Tuleya, 2004) ja voimalik, et ka parasvodtme tsiiklonite
intensiivistumist voi sageduse kasvu (Leckebusch &Ulbrich, 2004; Hansen jt., 2016), ei ole seda
paljude teiste uurijate arvates praegu siiski vOimalik kindlalt viita (Schmidt & von Storch,
1993;Trenberth, 2005). Uhelt poolt on tsiiklonaalsuse loomulik muutlikkus viga suur (Rutgersson jt.,
2015) ning teiselt poolt on suur ka atmosfaéri tulevikustsenaariumide hajuvus ja seda just tuulte ja
tormide osas (Christensen jt., 2015). Ka inimkonnale pdhjustatud kannatuste ja majandusliku (voi
kindlustus-) kahju vaieldamatu tous (Berz & Conrad, 1994; Webersik jt., 2010) ei pruugi peegeldada
mitte ainult tormisuse kui geofiiiisikalise ndhtuse trendi, vaid ka rannikualade iiha intensiivsemat
majanduslikku kasutuselevottu ning sealse rahvaarvu pidevat kasvu. Samuti ei ole tormisuse kasv
kindlasti kdikehdlmav ja koikjal iihetaoliselt kulgev protsess (Feser jt., 2014).

Tsiiklonite kujunemine ja areng kulgeb troopilistel ja suurematel laiuskraadidel erinevalt ning
erinevad on ka tormide iseloom, parameetrid ja mdjud. Suurimat globaalset vastukaja on saanud
voimsad troopilised tsiiklonid (orkaanid, taifuunid), nagu Katrina (2005, Mehhiko laht), Nargis (2008,
Bengali laht), Sandy (2012, USA idarannik) ja Haiyan/Yolanda (2013, Filipiinid). Neid torme on
uuritud erinevate uurimisrithmade poolt (Hill, 2012; Shibayama, 2015; Nakamura jt., 2016), kasutades
erinevaid mudeleid ning algtingimusi, sealhulgas ka selliseid, mis lubaksid heita valgust kiisimusele,
milline vOiks olla ,.,tuleviku Haiyan” vai ,,tuleviku Nargis”.

Ka Ladnemere piirkonnas voib kliilmamuutusega seotud ohuks pidada tormisuse kasvu ja
tormidega kaasnevate iileujutuste suurenemist (Avotniece jt., 2010; Suursaar jt., 2015). Uleujutuste
oht suureneb osalt seetdttu, et globaalse meretaseme tasapisi kiirenev tdus on seni veel olnud suuresti
kompenseeritud jadajajargse maakerkega Ladnemere pdhja- ja kirdeosas, mis aga omakorda pidevalt
aeglustub. Niisiis kujutavad klimaatilistest teguritest Ladnemere regioonis suurimat ohtu parasvootme
(ekstratroopilised, mittetroopilised, troopikavilised) tsiiklonid. Sellised tormid arenevad tavaliselt
stigis-talvisel ajal Atlandi ookeani pohjaosas Islandi, Grodnimaa ning Newfoundlandi poolsaare
vahelisel alal polaarfrondi ldheduses. Seega sellised tsiiklonid, erinevalt troopikas siindivatest
tsiiklonitest, omandavad oma energia kahel pool polaarfronti asuvate suurte dhumasside erinevusest,
peamiselt temperatuurierinevustest. Lédnetuulte voondis Laénemere suunas liikudes vodivad need
tormid siin, aga ka Briti saartel, Skandinaavias ja mujalgi Pohja-Euroopas suurt kahju teha (Post &
Kouts, 2014). Viimase paari aastakiimne olulisemad tormid Lididne Euroopas XWS-i tormisuse
kataloogi andmetel (Roberts jt., 2012) on olnud 87J (oktoober 1987), Daria (jaanuar 1990), Vivian
(veebruar 1990), Anatol (detsember 1999), Gudrun/Erwin (jaanuar 2005) ja Kyril (jaanuar 2007).Vdib
todeda, et erinevad meteoroloogilised indeksid annavad pisut erinevaid tulemusi. Kuna Lé&nemere
pOhja-16unasuunaline ulatus on suur (ligi 1400 km) ning tormide lokaalne m&ju rannikualadele soltub
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tugevalt trajektoorist, siis on ka Eesti rannikumerd kdige enam mdjutanud tormide nimekiri osaliselt
erinev (Jaagus & Suursaar, 2013; Suursaar jt., 2015): Gudrun/Erwin (9. jaanuar 2005), tormid 2.
novembril 1969, 18. oktoobril 1967, 17. detsembril 1990, 1. novembril 2001, 22. veebruaril 1990,
ning St. Jude (29. oktoobril 2013). Suurima mdjuga ja ekstreemseim oli 2005. aasta jaanuaritorm
Gudrun/Erwin, mis pdhjustas rannikulinnades rekordtasemel iileujutusi. Parnu linnas olev mareograaf
modtis veetaseme tousuks +275 cm iile nulli, kus nulltase vastab umbkaudu pikaajalisele keskmisele
veetasemele. Torm ja kaasnenud iileujutus tekitasid olulist majanduslikku kahju ning rannapurustusi
(Suursaar jt., 2006; Tonisson jt., 2008).

Seoses viimastel aastakiimnetel intensiivistunud rannikuerosiooni (Orviku jt., 2003) ja teiste
tormikahjustustega on oluline paremini mdista tulevikus esineda voivaid torme ja nende mdjusid Eesti
kontekstis. Kas Ladnemere tormid muutuvad tulevikus tdusva temperatuuri foonil tugevamaks? Kas
tileyjutused sagenevad, arvestades globaalset meretdusu (Eelsalu jt., 2014)? Selle uurimist60 eesmérk
on jarelprognoosina modelleerida torm Gudrun, kasutades selleks atmosfdarimudelit Weather
Research & Forecasting (ARW-WRF) ja ookeanimudelit Finite Volume Community Ocean Model
(FVCOM). Need mudelid, mida kirjeldatakse ldhemalt allpool, on leidnud kasutust mitmetes maades,
sealhulgas Jaapanis Waseda iilikooli nn Shibayama laboris (Nakamura jt., 2015; 2016; Shibayama,
2015; Tasnim jt, 2015). ,Tuleviku Gudrunid” arvutatakse, arvestades Valitsustevahelise
Kliimamuutuste Paneeli viiendas hindamisraportis (IPCC ARS) toodud kliimamuutuste stsenaariume
RCP4.5 ja RCP8.5 (RCP — Representative Concentration Pathways), keskendudes aastatele 2050 ja
2100.

2. Metoodika

Mudelite siisteem on kujutatud joonisel 1 (Nakamura jt., 2016). Simuleerimiseks kasutati nn
iilalt alla ehk jada-lihenemist, kus atmosfadrimudel to0tab esimesena ja selle viljundit kasutakse
sisendina ookeanimudelile. Atmosfadrimudel WRF on numbriline, operatiivset ilmaprognoosi
voimaldav keskmise mdotkava (mesoskaala) mudel, mida on alates 1990ndatest arendanud mitmeid
USA uurimisasutusi (NCAR, NOAA, AFWA, NRL jt.) ning iilikoole hdlmav konsortsium.
Idealiseeritud tingimustel vOi reaalsete assimileeritud vaatlusandmete alusel on WRF vdimeline
piisavalt tipselt simuleerima atmosféaaritingimusi nii teadust6o kui ka reaalajaliste prognooside jaoks
(Skamarock jt., 2008). Mudeli registreeritud kasutajaid leidub juba enam kui 150 riigis. Selles t60s
tehti  WRF-i  mudeliga arvutusi  kolmes  Lé#ine-Eesti  rannikumerele  keskenduvas
modeleerimispiirkonnas (joonis 2) 2005. a Gudruni tormi toimumise eel ja jirel. Arvutuse kestus
esimesel modelleerimisalal oli 96 h, teisel 84 h ja kolmandal 60 h. Kontrollsimulatsiooni
meteoroloogiliste viljade sisendandmed saadi USA NCEP (National Centre for Environmental
Protection) operatiivanaliiiisist (http://rda.ucar.edu/).

Tulevikustsenaariumide saamiseks asendati algsed NCEP jirelarvutuse merepinna
veetemperatuuri, Shutemperatuuri ja suhtelise ohuniiskuse andmed MIROCS mudeli abil saadud
tuleviku jaoks manipuleeritud andmetega. Nagu t60s Tasnim jt. (2015), erinesid ka meie tuleviku
sisendvéljad nimetatud kolme parameetri osas, kuid pohimotteliselt v3ib neid erinevust tekitavaid
parameetreid MIROCS baasist ekstraheerida teisigi. Tuleviku simulatsioonide jaoks kasutatud
kliimamudel MIROCS5 (Model for Interdisciplinary Research on Climate) on CMIP5 (Coupled Model
Intercomparison Project, Phase 5) raames Jaapani teadlaste (Watanabe jt., 2010) loodud globaalne
mudel, mille arvutusi on muu hulgas laialdaselt kasutatud ka IPCC tulevikustsenaariumide juures.
Selles toos arvestati IPCC ARS raportis toodud RCP4.5 ja RCP8.5 stsenaariumidel pdhinevaid
kliimaprojektsioone. Valitud stsenaariume (RCP4.5 ja RCP8.5) kisitletakse aastatel 2050 ja 2100, kus
vajalikud parameetrite vdartused saadi aastate 2045-2055 ja 2091-2100 keskmistatud véaartustest.
Saadud tuleviku ja oleviku erinevus interpoleeriti (uuritava kuu, jaanuari kohta) kdikidele WRF-i
simuleeritud meteoroloogilistele vorgupunktidele ja vertikaalsetele tasemetele. Need vorgupunktid on
algselt koostatud WRF-i eeltootlusprogrammiga WPS, kasutades NCEP FNL-i andmestikku. Naiteks
erinesid merepinna keskmised temperatuurid stsenaariumidel 2050RCP4.5, 2100RCP4.5,
2050RCPS8.5 ja 2100RCP8.5 vastavalt 0,25; 1,16; 1,22 ja 2,8 K vorra kontrollperioodi 2006—2011
suhtes.

52



MIROCS

Andmete
ekstraheerimine

WPS

Geograafilised andmed

1) Merepinna temperatuur
- 1 2) Ohutemperatuur

Andmete |
lisamine e - - - - - - - 1

Tuulevali

E——)

Ohurshu vali

Joonis 1. Kasutatud mudelite plokk-skeem tormi ja veetaseme muutuse modelleerimiseks.
Figure 1. Flowchart of models used for storm surge modelling.

Tsiiklonit sisaldavat atmosfaaritingimuste kontrollsimulatsiooni ja stsenaariumiarvutusi kasutati
ookeanimudeli arvutustes, kus pohitdhelepanu keskendus veetaseme viljade muutumisele.
Kolmemdotmeline ookeani prognoosmudel FVCOM on struktureerimata vOrguga nn avatud
kogukonnamudel, mille 16id algselt USA Woods Hole’i Okeanoloogia Instituudi ja Massachusettsi
Ulikooli ~ Dartmouthi  teadlased  (http://fvcom.smast.umassd.edu/fvcom/). Mudeli  pidevalt
edasiarendatav merefiilisikaline sisu ning topoloogiline paindlikkus teevad FVCOMe-ist ranniku
uuringutes ja interdistsiplinaarsetes rakendustes laialtlevinud tooriista (Chen jt., 2003). Siinses
uuringus oli mudeli arvutuste kestus koige vdiksemal modelleerimisalal (do3; joonis 3) 54 h.
Mudelites kasutatud andmed ja parameetrite valikud on esitatud tabelis 1. Nii atmosfédri kui ka mere
hiidrodiinaamiliste parameetrite ldhteolukorra jérelarvutuse (hindcast) tulemuste vordluseks kasutati
Eesti Keskkonnaagentuurilt saadud tunnise intervalliga tuule kiiruse, suuna ja veetaseme
vaatlusandmeid valitud rannaléhedastest jaamadest (joonis 3).

Joonis 2. WRF-i atmosfadrimudelis kasutatud kolm jirjestikust modelleerimisala.
Figure 2. Nested domains (do1, do2, do3) used in the WRF atmosphere model.

Tabel 1. Mudelite alg- ja ddretingimused.
Table 1. Initial and boundary conditions for used models.
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Nimekiri Valikud
Simulatsiooni aeg (domeen 1) 18:00 UTC 06/01/2005 — 18:00 UTC 10/01/2005
Simulatsiooni aeg (domeen 2) 06:00 UTC 07/01/2005 — 18:00 UTC 10/01/2005
Simulatsiooni aeg (domeen 3) 06:00 UTC 08/01/2005 — 18:00 UTC 10/01/2005
Vorgusamm (domeen 1) 22.5 km
Vorgusamm (domeen 2) 4.5 km
Vorgusamm (domeen 3) 0.9 km
Ohurdhu iilempiir 50 hPa
Kihte vertikaalis 27
: Domeene 3
2 |Pesitsusskeem kahesuunaline
Mikrofiiiisika WSM6
Pinnakiht Revised MM5 Monin-Obukhov scheme
Maapind Unified Noah land-surface model
Planetaarne YSU
Projektsioon Lamberti Konformne kooniline
Meresiigavuse andmed USGS
Atmosfidri andmed NCEP FNL Operational Global Analysis
Atmosfadri andmete resolutsioon |1 x 1 kraadi
Simulatsiooni acg 06:00 UTC 08/01/2005 — 12:00 UTC 10/01/2005
Noode 63 189
Elementide arv 123 533
% Vorgusiima suurus 50 m— 2000 m
@] Korgusandmed DEM - 5 m, SRTM90 - 90 m, ETOPO1 - 1 arc-minut
E Rannikumere siigavusandmed Pérnu laht ja jogi- 5 m;
(Veeteede Amet) Liivi laht, Vdinameri, Irbe Vdin - 50m
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Joonis 3. FVCOM-i uurimisala, mis jidb WRF-1 modelleerimisala do3 (joonis 2) alla.
Figure 3. Study area of the FVCOM which falls under the WRF domain 3 (Figure 2).

3. Gudruni jarelarvutuse tulemused

Mootmiste jargi ulatus ilmajaamades 10 minuti keskmine tuule kiirus 9. jaanuaril 2005 tormi
Gudrun ajal kuni 28 meetrini sekundis (SGrves) ning puhangud ulatusid 38 meetrini sekundis
(Kihnus); paljudes veemoddupostides moddeti uued meretaseme rekordid. Samas on teada, et tormi
tottu esines héireid voi katkestusi mitme ilmajaama t66s (sh Vilsandil, Ruhnus) ja mitme merejaama
veetaseme andmed olid puudu v6i moonutatud (Ristna). Seetottu tuli hiljem mitmeid tormi-
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parameetreid hinnata mudelite abil (Suursaar jt., 2006). Selles t60s vorreldi jarelarvutuste tulemusi
kuues ilmajaamas moddetud viidrtustega, kusjuures eespool mainitud tormist tingitud tehniliste
hiiringute tdttu ei pruugi mdnel juhul mdddetud andmed ,,digemad” olla kui modelleeritud. Uldiselt
olid jérelarvutuse tuule kiiruse ja suuna tulemused heas kooskolas vaatlusandmetega (joonis 4). Parim
kokkulangevus oli Kihnus ning probleemseim oli see Vilsandil, kus sektoris 210-250° on teadaolevalt
tuule kiirust oluliselt kahandatud mootemasti ldheduses paiknevate hoonete ja tuletorni tottu (Jaagus
& Kull, 2011). Samuti voisid erinevused mddtmiste ja modelleerimistulemuste vahel parineda WRF-i
topograafia ja vOrgu horisontaalse lahutuse isedrasustest, millest tulenevalt oli keeruline saada
korglahutusega andmeid. Lisaks on rasteriseeritud atmosfaérimudeli arvutatud tuul {ildjuhul (ka teiste
sarnaste mudelite puhul) pisut liiga sujuv (silutud), mis ei arvesta hésti maa-mere piirialal esinevate
viikeste lokaalsete eripdradega.

Veetaseme jarelarvutus (hindcast, ,,lahteolukord”,joonis 5) 2005.a Gudruni tormi tipphetkel
nditas meretdusu e ajuvee (storm surge) koondumist Parnu lahe pérasse. Simuleeritud veetous Parnu
joe suudmes oli heas vastavuses vaatlusandmetega, kus tormitdusu esimese tipu korguse erinevus oli
vaid 6 cm (joonis 6). Seega olid tuuleviljad ilmselt piisavalt hésti simuleeritud (joonis 4). FVCOM
reprodutseeris kaks veetaseme maksimumi, kus teise tipu esinemise pohjus ei sisaldu tuuleviljas, vaid
pigem Liivi lahe okeanograafias. Ilmselt aitas sekundaarsele tipule kaasa Liivi lahe 5-tunnine
omavonke- ehk seiSiperiood (Suursaar jt., 2003). See teine tipp oli aga mudeli poolt pisut iilehinnatud.
Suurima erinevusena torkab siiski silma jérelarvutuse (,,ldhteolukord”; joonis 6) tormisiindmuse
pikem kestus: veetase ei langenud nii kiiresti kui tegelikud modtmistulemused niitasid. See omakorda
oli arvatavasti pShjustatud modelleeritud tuulesiindmuse pikemast kestusest ja suuremast ,,silutusest”
(joonis 4).

——Méddetud mule kiirus - - - WRL tuule kiirus —— Méddetud tuule kiirus -« -- - WRI' tuule kiirus
Maddetud tuule suund X WRI ule suund Maddetud tuule suund > WRI e suund
) El
Ristna 0 Yilsandi ‘ 00
25 % 25 ‘.
250 f o~ A >< 250
T, i 4 % 7, B o p -
E X w = x Ve K XYk 20 2
r ) % £ || 3 . £
Ex s E : % - :
2 B 10 & 2 3 10 &
2 = | . AV £
; 1o 100 = g B ’.J X -.. 1o0 &
= = 1!
£ 50 5 - 50
o a o a
0S| G:00 0801 12:06 0001 00:00 BH0L 1200 10401 D000 1000 1200 1 101 G0:00 D81 000 DFAL 1200 00016000 0001 12.00 1601 0000 0L 1200 | 1Bl G000
Aeg (UTC) Aey (UITC)
——Moddetud tuule Idirug <« - WRF Luule kiirus ——Maddetud tuule kijrug e+ WRF tuule kiirus
Maddetud toule sound > WRI tuule suund Maddetud tuule suund > WRI tuule suund

8

o
Sorve 300 Ruhnu ‘ ‘ 300

¢ Xg
e
B

Vg
%

Tuule kiirus (m/s)

.
\*r-
punnl:s apng,

Tuule kiirus (mds)
-
2
punn:\ 1||mci

3

o a n a
WA G IR 1200 B G B L A ORI TR T2 L SRAL 00 IR 1500 O D0GE 0001 1200 1001 K00 TN 1200 11N 000N
Aeg (L1C) Aeg (LTCY
——Moddetud tuule Kiirus eee» WRF Luule kiirus —— Maddetud tuule kiirus eseee WRF tuule Kiirus
Moddetud wule suund % WRF tuule suund Maddetud (uule suund >0 WREF tuule suund
0 0 ‘
Kihnu 00 Pirnu-Sauga 500
it
25 5 s
250 i 250
z e z %MW S % :
=10 =g B 3%
=R »o0 = = T W 00 21
Z = z £
=4 1] . 7]
B = =
= 502 = 50 %
g 0 & k- [ T 150 £
2z - = £ ot s
El CU ] =% S w Gl =9
ER 100 Sw . v oY 100
= Y = ; f‘“\
W . 3 . =,
o q v
WAL B ORI 12000 AL G0 BRI 1200 0L O T 1200 L1 on00 OO0 IR 1T G000 0901 1200 1001 (000 L] 1200 1101 060
Acg (LTC) Acg (UTC)

Joonis 4. Simuleeritud ja moddetud tuule vordlus Gudruni ajal kuues vaatlusjaamas.
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Figure 4. Wind speed and direction comparison between observations and simulations in six
meteorological stations.

4. Tulevikutormi simulatsioonid

Tehes meremudeli arvutused uute, ,,tuleviku Gudrunit” sisaldavate atmosfaérivéljadega, selgus,
et iikski tulevikusimulatsiooni stsenaarium (joonis 6: RCP4.5, RCP8.5; aastad 2050 ja 2100) ei
muutnud vaadeldud tormi jérelarvutatud ldhteolukorrast tugevamaks. Meie tulemustest ndhtub, et
nditena arvutatud ekstreemse tulevikutormi intensiivsus ja vastav tormitdus jdi umbes samaks vdi
hoopiski pisut vdhenes. Tuleb aga silmas pidada, et tegemist on iiksiksiindmuse arvutusega ja
tulevikku puudutavaks klimatoloogiliseks tildistuseks oleks vaja 1dbi arvutada rohkem tormisiindmusi,
sealhulgas erinevatel aastaaegadel (kuudel) toimuvaid ning erinevaid trajektoore pidi kulgevaid torme.
Leitud tulemus on néilises vastuolus levinud (ja intuitiivselt eeldatava) seisukohaga, kus kliima
globaalne soojenemine toob automaatselt kaasa tormisuse tOusu. Tormisust késitlevad
tulevikustsenaariumid erinevad siiski laiades piirides soltuvalt piirkonnast, mudelitest, algandmetest
(Ulbrich jt., 2009). Arvatavasti esineb ka meie mudelites (nagu teisteski) puudusi ning arvessevotmata
seoseid; iihtegi mudelit ei saa tuleviku suhtes pidada tdsikindlaks enne, kui tulemus pole valideeritud.
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Joonis 5. Modelleeritud tuulevdli ja meretase ajuvee tipphetkel (269/275 cm
modelleeritud/moddetud Pérnus; aeg 03:20 UTC 9. jaanuar 2005).
Figure 5. Modelled wind field and sea level in the storm surge peak (269/275 cm
modelled/measured at Parnu at 02:00 UTC in 9th of January 2005).

Kui piiiida tolgendada meie saadud tihe tulevikutormi arvutustulemust, siis peamiseks tormi
mittetugevnemise pdShjuseks voib pidada parasvootme tsiiklonite arengu eripara. Nimelt, sellised
tsikklonid ammutavad oma energia polaarfrondilt, kus puutuvad kokku kiilm ja suhteliselt soojem
ohumass. Kui troopilised tsiiklonid ammutavad energia ookeani pinnasoojusest ja niiskusest,
muutudes merepinna temperatuuri tdustes tugevamaks (Tasnim jt., 2015), siis véljaspool troopikat
kujunenud tsiiklonite intensiivsuse pdhilised mdjutajad (mudelis kasutatud parameetrite juures) on
toendoliselt Ohutemperatuuri erinevused frondi piirkonnas. Vidiksem temperatuuride erinevus
polaarfrondil tulevikus viibki ndrgemate tormide kujunemiseni. Toodud tulevikustsenaarium ei pruugi
aga realiseeruda. Peale praegu koige tOendolisemaks peetavate ansamblikeskmiste eksisteerib ka
ddrmuslikumaid tulevikustsenaariume. Néiteks leiavad Hansen jt. (2016), et Groonimaa jadkilbi
sulamisega vOib kaasneda Pdhja-Atlandi ookeani tsirkulatsiooniskeemi oluline muutumine, mis
kutsub esile muu hulgas ka tugevamad mittetroopilised tormid (supertormid).
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Selleks et saada tdpsemaid tulemusi tuleviku simulatsioonide kohta lokaalsel (Parnu) tasandil,
oleks vaja uurimistods kasutatud metoodikat edasi arendada, arvestada 1) glatsio-isostaatilise
maakerke ja merepinna tousu vahekorda tulevikus; 2) laiendada ookeanimudelis korgresolutsiooniga
maapinna korgusandmete ja rannikumere sligavusandmetega kaetud ala; 3) arvestada ka Parnu joe
vooluhulka ning sademeid, sest parasvootme tsiiklonid voivad tulevikus rohkem niiskust pooluse
suunas kanda; 4) kasutada korgema resolutsiooniga atmosfairi jarelanaliiiisi (ERA-Interim) andmeid;
5) kasutada ansambli-lihenemist, kaasates mitmeid CMIP5 globaalseid kliimamudeleid; 6) arvutada
1abi erinevate trajektooridega ja eri aastaaegadel asetleidvaid torme.
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Joonis 6. Parnu mdodetud ja simuleeritud mereveetasemete vordlus.
Figure 6. Storm surge height comparison between all the cases at Parnu.

5. Kokkuvote

Atmosféddri-mere mudelisiisteemi jérelarvutuse tulemused 2005. a tormi Gudruni jaoks olid
Ladne-Eestis heas kooskolas reaalsete vaatlusandmetega. Manipuleeritud atmosfddriandmetega
arvutatud tulevikutormi (,,tuleviku Gudruni”) simulatsioon meie kasutatud metoodika juures ei
ndidanud tormi intensiivsuse kasvu, vaid tugevuse umbkaudu samasugust taset vOi isegi moningast
langust. Selle ndhtuse pdhjuseks voib hiipoteesina pakkuda, et kui troopilised tsiiklonid muutuvad
merepinna temperatuuri tdustes tugevamaks, siis vidiksem temperatuuride erinevus polaarfrondil voib
tulevikus viia norgemate tormide kujunemiseni parasvootmes. Sellise ildistuse kontrollimiseks on
tulevikus vaja l4bi arvutada suurem hulk erinevates tingimustes kulgevaid tormisiindmusi.
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Modelling storm surge conditions under future climate scenarios: A case study of 2005
January storm Gudrun in Pirnu, Estonia

Martin Mall
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Summary

A case study based on the January 2005 storm Gudrun parameters has shown good agreement between
observations and results obtained from atmospheric and ocean models. In methodology used by us for
simulating ,,future storm Gudrun“ no increase in the intensity of this particular future storm was found, but
instead a slight decrease was noticed. When tropical cyclones get stronger with higher sea surface temperatures
then for extratropical cyclones this does not apply. Instead, smaller air temperature differences in the polar front
may lead to weaker extratropical cyclone formation. However, for drawing broader conclusions, a number of
different storm cases should be simulated.
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INTRODUCTION

The most dangerous natural hazards in the Baltic Sea
region are related to extra-tropical cyclones (ETC). This
practically tideless region lies near the North-Atlantic storm
track where, during the colder half of the year, storms from
west-southwest occur, building up to temporal Baltic Sea
level rise and additional site-dependent storm surge. On
January 9th 2005, the storm called Gudrun caused a record
high surge in Parnu city at +275 cm above the mean sea
level. It became the most influential natural disaster in
Estonia. The aim of this study is (1) to reconstruct the
historical storm surge event using the Weather Research
and Forecasting (WRF-ARW) model and Finite Volume
Community Ocean Model (FVCOM), and (2) by modifying
the background forcing conditions in accordance with the
IPCC AR5 proposed climate change scenarios RCP4.5 and
RCP8.5 for 2050 and 2100, to simulate the “future Gudrun”
extreme surge (see e.g. Tasnim et al. 2015).

METHODS

Top-down approach was adapted where atmospheric
model is run first with NCEP FNL Operational Global
Analysis data and the output is used as an input for the
ocean model in order to simulate the storm surge (base
case). Three nested domains were used in WRF. Domain
one runtime was 96 hours and domain three was 54 h.
Future simulations were run under CMIP5 model MIROC5
data forcing for sea surface temperature (SST), air
temperature and relative humidity. Each RCP scenario was
run under the years 2050 and 2100 where the mean values
of parameters were obtained from the 2045-2055 and
2091-2100, respectively.

RESULTS

Hindcast results for wind speed and direction were in good
agreement with the observations. A few smaller differences
appeared due to limited resolution of the WRF model; also
gridded model winds are usually quite smooth which cannot
take into account small-scale local features especially on the
land-sea interface. The simulated storm surge height was in
good agreement with observations, where the peak
difference was 7 cm (Fig. 1,2). The FVCOM was competent
in simulating two peaks as it was observed. However, the
second peak, (generated by the Gulf of Riga seiche period)
was moderately overestimated. Due to the complexity of the
western Estonia’s coastline, even slight deviation of the
cyclone track can have a noticeable impact to simulation
results at a specific location. It appeared that storm surge
intensity did not increase under any future simulations. In
fact, a decrease was noted for both RCP4.5 cases whereas
no significant change was observed for RCP8.5 cases.

Probably the main reasoning behind the lack of increase lies
in the mechanisms of ETC-s. Such cyclones harvest thei
energy along the polar front where cold and warm air masses
interact, whereas tropical cyclones derive energy from SST
Differently from the tropical cyclones, SST rise did not cause
ETC-s intensification. As the difference in atmospheric ai
temperatures between poles and tropics decrease, the
energy absorbed by the ETC-s decreases and therefore
possibly leads to weaker storms in the mid-latitudes zone o
westerlies.
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Figure 1 - Comparison of different scenario simulations
using 2005 January storm surge conditions at Parnu.
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Figure 2 - Spatial variations of the storm surge sea level.
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Field survey and mechanism of storm surge generation invoked by the low pressure
with rapid development in Nemuro Hokkaido in December 2014

Ryota NAKAMURA, Takumu IWAMOTO, Tomoya SHIBAYAMA, Takahito MIKA-
MI, Shunya MATSUBA, Martin MAELL, Akihumi, TAKEKOQUIJI and Yusuke
TANOKURA

The low pressure with rapid development generated storm surge and inundation over a port and city
in Nenmuro. The aims of this paper are to provide the information of storm surge height measured by the
authors and to clarify the generation mechanism of the storm surge. Based on the authors’ field survey,
the maximum storm surge height at the street and the port in Nemuro was approximately 2.20 m and 2.80
m, respectively. Furthermore, the ground level in Nemuro decreased from coastal line toward the street.
According to the numerical results with WRF and FVCOM, the water level in Nemuro bay increased at
first because of the East wind. Then, the mass of water intrudes to the Nemuro Peninsula because of north
wind and caused the storm surge. In conclusion, the local topography of Nemuro, the direction changes of
wind and the topography of Nemuro Peninsula caused the damage of the storm surge to Nemuro.
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