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Abstract

Cyclones strongly influence weather and climate and can be associated with extreme
weather phenomena. A useful framework to study the formation and development
of cyclones is potential vorticity (PV), according to which upper-level PV anomalies,
often in the form of a PV streamer, induce cyclogenesis. A good forecasting system
is expected to credibly represent these anomalies. For testing a forecasting model’s
capability to adequately reproduce PV streamers, object based measures present a
valuable verification method. An example for such an object based approach is the
SAL method. This method identifies objects within the forecasted and a reference field
and evaluates them based on three components for structure (S), amplitude (A) and
location (L). By using an object based measure like SAL the structure of the forecasted
field is taken into account and specific shortcomings of a model can be identified. The
SAL method was designed for the evaluation of precipitation forecasts. In this study, we
test if the SAL method can also be applied to PV fields and investigate relationships
between forecasted PV streamers. This is done for the ensemble forecast from the
European Centre for Medium-Range Weather Forecasts for Medicane Zorbas, a tropical-
like Mediterranean cyclone that occurred in September 2018, where ensemble members
showed considerable differences in their forecasted PV streamers and cyclones. The tests
revealed that the SAL method in its original definition is not suitable for the application
on PV fields. Only the amplitude component works as expected. For the evaluation
of the PV streamer’s location two new components were defined. One component is
based on the overlap between the objects of the forecasted and reference field and is
able to capture the location displacement of forecasted PV objects. Investigations on
the relationship between the location of PV streamer and cyclone lead to insights about
what characteristics of the PV streamer influence the cyclone location. The important
characteristic is directionality. It was found that the location of the most eastern part of
the PV streamer has an influence on cyclone location and it makes a difference whether
a PV streamer was displaced to the east or to the west in the forecast. In order to
quantify this a second component was defined that evaluates the location based on its
potential to produce a well forecasted cyclone in terms of location. With this additional
component the relationship between the location of PV streamer and cyclone can be
shown. This study presents a new set of three components for the application on PV
forecasts that evaluate the amplitude, the location and additionally the potential for
the forecasted cyclone location. In a future study, the proposed framework should be
applied systematically to ensemble forecasts of different Mediterranean cyclones.



Abbreviations

ECMWF European Centre for Medium-Range Weather Forecasts

IFS Integrated Forecasting System

MSE Mean Squared Error

PV Potential Vorticity

PVU Potential Vorticity Unit

QPF Quantitative Precipitation Forecast

RMSE Root Mean Squared Error

SLP Sea Level Pressure

UTC Coordinated Universal Time
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1 Introduction

Cyclones are systems of rotating wind around a center of low atmospheric pressure and
they strongly influence weather and climate. Our region of interest, the Mediterranean,
is a region of frequent cyclogenesis (Pettersen 1956). Intense Mediterranean cyclones
are often associated with extreme weather phenomena, such as heavy rain, strong winds
and storm surges (Lionello et al. 2006). Accurate forecasting of cyclones is essential for
preventative measures to be taken and it is important to understand the processes that
govern the formation and development of cyclones.

1.1 PV framework

A useful framework to study cyclogenesis is the one of potential vorticity (PV). It was
first introduced by Rossby (1939) and its general form and tendency equation derived
by Ertel (1942):

q =
1

ρ
ηa · ∇θ (1)

dq

dt
=

1

ρ
(ηa · ∇θ̇ +∇× F · ∇θ) (2)

Where q is PV, ρ the density, ηa the three-dimensional absolute vorticity vector, θ
the potential temperature, θ̇ the heating expressed as the material change in θ and F
the three dimensional frictional acceleration. The two fundamental aspects of PV are
its conservation and invertibility properties. The former states that PV is conserved
along adiabatic, inviscid flow, which can be seen from equation 2 while the latter states
that the wind and mass fields can be recovered from the PV field through inversion if
balance and boundary conditions are given (Hoskins et al. 1985). Using this framework
Hoskins et al. (1985) proposed the baroclinic scenario of cyclogenesis, according to which
cyclones form due to a preceding upper-level PV anomaly over a pre-existing low-level
baroclinic region. This process is illustrated by figure 1. The upper-level anomaly,
usually in the form of a PV streamer, induces a cyclonic wind field, which reaches
down to the surface. At surface level this leads to thermal advection, creating a warm
temperature anomaly downstream of the upper level PV anomaly. The temperature
anomaly then induces its own cyclonic wind field at the ground, leading to the formation
of a cyclone located to the east of the upper-level PV anomaly.
Cyclone intensification happens when the two anomalies interact and phase-lock. This
mechanism is typical for cyclones in the storm track region of the mid-latitudes, but
the most intense Mediterranean cyclones show these characteristics as well (Flaounas
et al. 2015).

4



Figure 1: Schematic example of PV induced cyclogenesis after Hoskins et al. 1985.

1.2 Forecast evaluation

The atmosphere is a chaotic system: small changes in the initial conditions can lead
to vastly different outcomes. Even small uncertainties in measurements could therefore
lead to significantly erroneous forecasts (Lorenz 1963). For Numerical Weather Predic-
tion (NWP) ensemble forecasts are widely used in order to account for the atmospheric
system’s sensitivity to uncertainties. For the generation of these ensemble members,
the forecast is run several times with slightly perturbed initial conditions. Often the
aim is to maximise the ensemble spread to give an indication of the predictability of
the atmosphere. Ensemble forecasts can also be used to generate probabilistic forecasts
and averaged over a reasonable period, the ensemble mean is more accurate than a
single deterministic forecast produced from the same model (Inness and Dorling 2012).
Nevertheless, ensemble forecasts can still be subject to inherent model uncertainties or
produce erroneous forecasts. Therefore it is important to verify the model’s capability
to produce accurate forecasts. There are different ways a forecast can be deemed a
”good” forecast. In this study we are concerned with forecast quality, which refers to
the correspondence of a forecast with observations (Murphy 1993).
This forecast quality can be assessed through a variety of verification measures. Tra-
ditional measures to evaluate forecasts of continuous variables include the widely used
Mean Squared Error (MSE), or its square root the Root Mean Squared Error (RMSE)
(Jolliffe and Stephenson 2012). However, for using such measures for forecasts on a spa-
tial field the forecasts are compared to the observations grid point by grid point and do
not account for the inherent structure of the objects. This leads to the double-penalty
problem that arises when a model e.g. of a Quantitative Precipitation Forecasts (QPF)
predicts the precipitation field correctly but slightly misplaced. The forecast will get
penalized twice, once for predicting a precipitation object where there was none and
once for the object that was not predicted in the location where there was one. There-
fore, a model that forecasts no precipitation at all will get better scores even though it
performs worse (Rossa et al. 2008). Analogous to precipitation fields this also applies
to PV fields.
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In order to avoid this problem several alternative methods have been developed, for
example object based measures that identify features in the forecasted field and evaluate
them based on different attributes (Casati et al. 2008). One of these is the SAL Method,
proposed by Wernli et al. (2008). This is an object-based quality measure that was
developed for the evaluation of QPFs. This method identifies objects within the chosen
domain but does not match them between forecast and observation. The forecasted
fields are then evaluated based on three components: Structure (S), amplitude (A) and
location (L). This measure tries to replicate a visual judgement of the spatial structures.
With the application of three components the specific shortcomings of the forecasting
model can be identified.

1.3 Objectives

In this Master Thesis, the capacity of forecasting models to predict PV anomalies is in-
vestigated, most importantly the model’s representation of the upper level PV-streamer,
as it plays a major role for cyclogenesis. Through this we expect to increase our un-
derstanding of where the model’s weaknesses lie in terms of forecasting cyclones. For
this purpose, the application of the SAL method is tested for the use on PV fields. The
method was originally designed for the evaluation of QPFs and within the framework
of this project we will apply and if needed adapt the method in order to be applied for
forecasted PV fields as well.
In this Master Thesis we aim to answer the following question:

• Can the SAL method be used to evaluate forecasts of PV streamers?

For this purpose, the ensemble forecasts of a PV streamer for a test case will be assessed
with the SAL method.
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2 Data Sets and Methods

2.1 Test Case

The methods in this study will be performed on a test case: the Medicane (Mediter-
ranean tropical-like cyclone) Zorbas, which occurred in September 2018. The cyclone
formed on the 27.09.2018 at 12 UTC preceded by the presence of an upper-level PV
streamer, that reached into the central Mediterranean. The forecast of Medicane Zor-
bas makes an ideal case for testing evaluation methods, since the ensemble forecasts
from the European Centre for Medium-Range Weather Forecasts (ECMWF) showed
considerable differences between the forecast members, which lead to uncertainties in
the position and structure of the forecasted cyclone (Portmann et al. 2020).

2.2 Data

The forecasts to be evaluated in this study are the operational Integrated Forecasting
System (IFS) ensemble forecasts from ECMWF of Medicane Zorbas. In particular the
forecasts of the 27.09.2018 at 12 UTC are investigated, at the time where in most
ensemble members the PV cut off was forming. These forecasts were initialised at the
24.09.2018 at 00 UTC and therefore have a lead time of 84 hours. For the evaluation
of the PV streamer the PV field at 320 K is used with a resolution of 0.5° x 0.5°.
Information about the cyclone is taken from the sea level pressure (SLP) field at the
same resolution. As a reference the ERA5 reanalysis data set is used for the 27.09.2018
at 12 UTC as well. Again the PV field at 320 K and the SLP fields are used with a
resolution of 0.5° x 0.5°. For both the reference and forecasts a Mediterranean domain
is defined, ranging from 5°W to 40°E in longitude ans from 25°N to 50°N in latitude.

2.3 Methods

2.3.1 Cyclone location and intensity

Information about the cyclone location and intensity is extracted manually for all 50
members from the SLP data set for the 27.09.2018 at 12 UTC. The cyclone location
used corresponds to the grid point with the lowest SLP value inside the visually detected
low pressure system in the Mediterranean domain. In one member (4) no cyclone could
be detected. The SLP value at the grid point used for the cyclone location serves as a
measure for the cyclone intensity.

2.3.2 SAL Method

For the evaluation of the forecasted PV streamers, we compare the forecasted PV fields
of the 50 members from the ECMWF forecast to the era5 reanalysis which serves as
a reference field. The evaluation will be done with the SAL Method as described by
Wernli et al. (2008). The method works as follows: The first step in the procedure is to
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define the domain of interest, in our case the Mediterranean region. For the calculation
of the S and L parameters, coherent PV objects will be identified. For this we need
to define a threshold value until which neighboring grid points are included in the PV
object.
As the final step the three components are calculated. The amplitude component A is
the normalized difference of the domain-averaged precipitation values:

A =
D(Rmod)−D(Robs)

0.5[D(Rmod) +D(Robs)]
(3)

Where R represents the PV field and D(R) the domain average of R. A is therefore
not dependent on the structure of the fields but measures the accuracy of the total
PV fields. The possible values for A range between [-2 2], where 0 means a perfect
forecast. Positive values mean that the PV values in the forecast were overestimated
while negative values indicate underestimation.
The location component L consists of two parts that add together for the total location
component (L = L1 +L2). The first term measures the accuracy of the PV distribution
by calculating the normalized distance between the centres of mass of the observed and
the forecasted fields:

L1 =
|x(Rmod)− x(Robs)|

d
(4)

Here x(R) stands for the center of mass and d is the largest distance between two
boundary points of the considered domain. The values range between [0 1], where 0
means that there is no difference in centre of mass between the forecasted and the ref-
erence field, but it is not necessarily a perfect forecast. A situation where the reference
shows one object and the forecast two objects, but both displaced in a way that the
centre of mass aligns with the centre of mass of the reference still yields a 0. This is
why there is a second part of the L-component that takes the location of individual
objects into account. For the calculation of L2 the different PV objects are identified
and considered separately. For every object the integrated amount Rn of all PV values
within the object is calculated. Then for every object the weighted averaged distance
between the centres of mass of the individual object xn and the total PV field x is
calculated:

r =

M∑
n=1

Rn|x− xn|

M∑
n=1

Rn

(5)

Where M denotes the number of objects identified. From this L2 is calculated from the
difference of r in the reference and the forecasted field:

L2 = 2

[
|r(Rmod)− r(Robs)|

d

]
(6)
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This component also ranges from [0 1], where 0 means either that the averaged distance
between the objects and the centre of mass is the same for both reference and forecast,
or that both fields contain only one object. The combined component L therefore ranges
between [0 2].
Lastly the structure component S is calculated by comparing the volume of the PV ob-
jects. The scaled volume Vn is computed for every object as the sum of all values within
the object scaled with the maximum value found within the object (Vn = Rn/R

max
n ).

In a next step for both fields the weighted mean volume V(R) is calculated as follows:

V (R) =

M∑
n=1

RnVn

M∑
n=1

Rn

(7)

This volume is weighted by the integrated amount of PV within the objects and it
contains information about size and shape of the PV objects. Finally the S-component
is calculated, analogous to A as the normalized difference of the scaled Volume of all
objects V:

S =
V (Rmod)− V (Robs)

0.5[V (Rmod) + V (Robs)]
(8)

The S-component also ranges between [-2 2], with 0 standing for a perfect forecast,
positive values indicate that forecasted objects were too large or too peaked in structure,
negative values the opposite.
A schematic with idealized examples in figure 2 shows how SAL values correspond to
different combinations of objects in forecast and observations.
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Figure 2: Schematic example of SAL measures for different combinations of forecast and
observation fields (Wernli et al. 2008).
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3 Results and Discussion

3.1 Applying SAL to PV field

When applying the SAL method to the PV field, the first step is to choose a threshold
above which values in the PV field are assigned to an object. Since a value of 2 PVU is
often used as a dynamical definition of the tropopause it makes sense to set the threshold
to 2 PVU in order to outline objects of strotospheric high-PV air from tropospheric
low-PV air. A visual representation of the SAL values for the 50 ensemble members
applied to PV with a threshold of 2 PVU can be seen in figure 3. Each dot corresponds
to one of the 50 members from the operational IFS ensemble forecasts for Medicane
Zorbas from ECMWF, compared to the reference field from ERA5. Their position in
the x-direction corresponding to the S-component and their position in the y-direction
to the A-component. The L-component is represented with colour. The box ranges
between [-2 2] for the S- and A-component, showing the whole possible range for both
components. The colour range for the L-component however, is adapted to the range
of values within the 50 members.

Figure 3: SAL plot for all 50 members

From the distribution of the dots we can deduce that the A-component for all members
is fairly good, as the values are close to zero. However, since most of them are located
on the positive side, more cases seem to over-, rather than underestimate the PV values.
The range for the S-component is larger and contains more positive values as well, which
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means the objects are overall larger or flatter. The S- and A-component seem correlated
(correlation coefficient: 0.7984). As mentioned by Wernli et al. (2008) this is probably
due the the fact that it is hard to get higher average values with objects that are too
small or too peaked. Therefore it is rare to get high (low) values for the A-component
while simultaneously getting low (high) values for the S-component. The L-component
seems to be correlated with the S-component. Its range is also relatively small, as all
values are below 0.12. This is because the values for the L-component depend on the
domain size. As our domain encompasses the whole Mediterranean, small L scores can
already mean large errors.
In order to better understand the behaviour of the SAL method when applied to the PV
field, some examples will be discussed. The reference PV field (above a threshold of 2
PVU) is shown in figure 4a. In figure 4bc the PV fields of members 1 and 43 are shown
respectively. These were the two of the 50 members which got the best SAL scores, in
the sense that for these members all three components were below a certain threshold
(−0.1 < S < 0.1 and −0.1 < A < 0.1 and L < 0.1). The red contours indicate the
position of the reference PV streamer for direct comparison.

(a)
Reference

(b)
S/A/L:

-0.0576/0.0063/0.0909

(c)
S/A/L:

0.0371/0.005/0.04

Figure 4: PV streamers for the reference field and members 1 and 43. PV field shown above
threshold of 2 PVU, for the forecasted PV fields, the outline of the reference PV objects is
shown in red.

Structure component S
As mentioned before, the S-component is a measure of how peaked or flat an object is,
as well as a measure for its size. Figure 5ab shows the members with the most positive
(1.0683) and the most negative (-0.7767) S score. Member 2 received the highest S score
due to the fact that the object is much larger than the reference objects. Member 4, the
forecast with the most negative score for the S-component, shows smaller objects than
the reference. As the S-component is calculated by weighting the mean of the volume
of all objects, it is the average size of the identified objects that is important. Therefore
member 2 is not only the most positive one because of its size, but additionally because
it is only one large object that is compared to a reference that consists of mostly
two smaller objects. In contrast to that we have member 4 where the PV streamer
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(a)
S/A/L:

1.0683/0.1851/0.2837

(b)
S/A/L:

-0.7767/-0.0663/0.0612

(c)
S/A/L:

0.8232/0.2475/0.2054

(d)
S/A/L:

-0.1615/-0.0959/0.0575

(e)
S/A/L:

0.3161/0.02156/0.0278

(f)
S/A/L:

0.785/0.1298/0.3632

Figure 5: PV fields for some example members above threshold of 2 PVU, reference PV
objects in red
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disintegrated into several small objects, resulting in a negative S-component. The best
S score was achieved by member 43 (figure 4c) which consists of a comparable number
of objects of similar size to the reference. How peaked or flat an object is seems to play
a minor role for the PV field.
The large dependence on the number of objects identified makes the component suscep-
tible to the camel effect, where a small change in the threshold can change the number
of objects identified. With a change in threshold from 1.5 to 2 PVU there is a system-
atic change of the S-component to higher values in most of the forecast members. The
reason for that was the change in the number of objects in the reference PV field, as
shown in figure 6.

(a)
Reference

(b)
S for 1.5 PVU: -0.3866
S for 2 PVU: 0.1107

(c)
S for 1.5 PVU: -0.0494
S for 2 PVU: -0.4514

Figure 6: PV fields for the reference and two forecast members in color above a threshold of
2 PVU, PV outline for threshold of 1.5 PVU in black

The PV field at a threshold of 2 PVU is shown in color, while the black outline shows
the PV objects at a threshold of 1.5 PVU. Between these two thresholds the reference
PV field splits up into several objects while most members like member 49 still contain
the same number of objects. This leads to a more positive S-component in all these
members because the average weighted volume of the reference field decreased but not
in the forecasts. One of the exceptions was member 24 (figure 6c). This member also
splits up into more objects between these threshold levels and therefore does not receive
a higher score for the S-component. On the contrary, as it splits up into more objects
than the reference, the score gets even lower.

Amplitude component A
Figure 5cd shows the members with the most positive (0.2475) and negative (-0.0959)
A-component. The most positive one, member 7, shows very high PV values. Due to
the smooth transition from low to high PV values, high values in an object also mean
high average values and therefore higher overestimation of amplitude. The member
with the most negative score, member 19 displays a very thin PV structure. Members
where we could expect a good A score consist of objects of similar size and with a
similar maximum value to the reference objects.
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Location component L
Figure 5ef shows member 8 with the best L score (0.0179) and member 13 with the
worst score for L (0.3631). From a visual perspective this makes sense, as member 13 is
displaced quite far to the east while member 8 overlaps well with the reference object.
What we would expect for the L-component, is that it would correlate well with the
location error of the forecasted cyclone. However, the plot in Figure 7 shows no clear
relationship (correlation coefficient: 0.3993). The lines are dividing the plot visually into
four boxes, based on the distribution of the members within the plot. The categories
correspond to cases of ”good” and ”bad” L scores, as well as ”good” and ”bad” Location
errors for the cyclone. Figure 8 shows the average PV field for each of these boxes, where
the plot in the top left corresponds to the box at the top left of the plot etc. From these
fields we can deduce what type of PV field leads to which score. The box on the lower
left (figure 8c) corresponds to cases with a low L score and a low Location error. The
average PV field for this category overlaps quite well with the reference PV streamer
(red contour), but there are also some displaced members. The box on the upper right
(8b) on the other hand shows the opposite case: members with a high L score as well
as a high location error. For these forecast members we expect the location of the PV
streamer to be quite bad, which seems to be the case, as the PV streamer is displaced
to the east of the reference streamer and barely overlaps with it at all. The average
cyclone location is displaced to the east as well. These two boxes represent the expected
outcome. The problem lies in the other two categories.
The box in the lower right (8d) shows cases that have a low cyclone location error but
still receive a high score for the L-component. The average PV field indicates that this
is not due to the fact that the PV streamer was badly located, as it shows a similar
distribution as the box to the left. This means that cases with a good PV location
are still able to get high L values. The box in the upper left (8a) presents a similar
but opposite situation. The cases in this category show a high cyclone location error
but receive a low L score, even though the location of the PV streamer is displaced as
well, as the average PV field shows. These plots show that the L-component is not able
to differentiate between situations of high or low displacement, even though they are
visually different.
To better understand this behaviour we take a closer look at the calculation of the L-
component. As described in the methods section, the component consists of two parts
L1 and L2, of which both use centre of mass as an indicator for location. L1 measures the
total displacement of the identified objects by evaluating the distance between centres
of mass of the PV field, while L2 measures the weighted averaged distance of individual
objects. Figure 9 shows a few example members displayed with their centres of mass, as
well as their values for L, L1 and L2. Members 28 and 29 (figure 9ab) receive a similar
value for the L-component (with a score of 0.2673 and 0.2605 respectively). But from
a visual perspective we would expect member 29 to receive a much better score, since
the PV objects overlap with the reference objects very well, while in member 28 the
PV structures are displaced to the east, not overlapping with the reference objects at
all. Although the L-component returns the same values for both members, their values

15



Figure 7: Relationship between Location error of the cyclone and the L-component

(a) (b)

(c) (d)

Figure 8: Average PV fields, reference PV objects (red), average SLP contours (black), lowest
SLP contours of reference (magenta), average cyclone location (green star) and reference
cyclone location (red star).
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(a)
L: 0.2673

L1: 0.1148
L2: 0.1526

(b)
L: 0.2606

L1: 0.0120
L2: 0.2485

(c)
L: 0.1944

L1: 0.0317
L2: 0.1627

(d)
L: 0.1968

L1: 0.0661
L2: 0.1307

Figure 9: PV fields above 2 PVU with SLP contours (black), cyclone centre (black x),
reference PV objects above 2 PVU (red), lowest reference SLP contours (magenta), reference
cyclone centre (magenta x), centre of mass (blue star) and reference centre of mass (red star).
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for L1 and L2 are different. The centre of mass for member 29 is located in the vicinity
of the centre of mass of the reference PV field, resulting in a low score for L1, while
the centre of mass in member 28 is displaced to the east, which leads to a higher score.
Only considering L1 would lead to the expected result. The reason why both members
end up having the same score is the opposite tendency in the L2 score. Member 28
receives a low score for L2 because the distribution of objects relative to the centre of
mass of the total field is rather similar to the reference field. Member 29 on the other
hand, receives a high score due to the fact that it mostly consists of one large PV object,
rather than two similar sized objects like in the reference field. Having one large object
leads to a small average distance as the centre of mass of the large object is near to the
total centre of mass while in the case of two similar sized objects, there are two objects
with centres of mass more distant to the total centre of mass, which results in a larger
difference in the average weighted distance between centres of mass and therefore in a
higher value for L2. This example shows that the L-component depends on the number
of identified objects and can lead to cases where it is not able to differentiate between
visually different cases.
Another example of two members that receive similar values for L despite showing
visually different PV fields, as well as a large difference in cyclone location are members
46 and 49 (figure 9cd) with scores of 0.1944 and 0.1968 respectively. Despite the main
object in member 46 being displaced completely to the east while the object in member
49 is overlapping with the reference, the value for L1 is lower for member 46. This
is due to the fact that the centre of mass of the reference field is influenced by two
similar sized objects and therefore lies outside of the PV streamer. Both members in
this example consist of mainly one large PV object and therefore display a centre of
mass that is closer to this object. This leads to a smaller differences of centres of mass
in the member with an object that is displaced, rather than the one that overlaps. L2

is higher in member 46 because of a similar reason. As both of the members consist
mostly of one large object, the weighted average distance to the total centre of mass is
smaller than in the reference for both cases, but as the total centre of mass for member
46 lies within the object, the distance is even shorter and therefore receives a higher
value for L2. From these examples follows, that the L-component does not adequately
reflect the location of the PV objects as intended.
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3.2 Modifications

Due to the inadequate application of the SAL method to forecasts of PV fields, some
attempts at modifying the original method were made. However, the modifications did
not improve the SAL method, therefore only a short overview of the modifications is
shown.

S- & A-components
When applied to the PV field, the S-component mainly evaluates the size difference
between the forecasted and the reference objects. However, the A-component is also
directly tied to size and two components showing the same characteristics are not
needed. Together with the S-component’s susceptibility to the camel effect, we decided
to discard the use of the S-component. The A-component is kept but with a minor
alteration: Instead of using the mean PV value over the whole domain only values
above the set threshold are taken into account. This does not alter the results greatly
but makes more sense conceptually, since the distribution of low PV values is not of
great interest.

Standardisation and Normalisation
Other attempts in modifying the SAL values consisted of standardising and normalis-
ing the PV fields before the application of the components. Standardising shifts the
distribution of all values within the domain, such that the mean is zero and the stan-
dard deviation 1, while normalisation scales the distribution between the values of [0
1]. These processes only affect the A-component, which is the only component that
does not need improvement. These methods were therefore discarded.

Modifications of L-component
Several modifications to the L-components were tried. They are explained shortly,
some more details about them can be found in the appendix. The first approach to
modify the L-component was to weight the PV exponentially in order to give more
weight to high PV values. As mentioned in the last section, the centre of mass is not
representative for the location of the actual PV cut off. However, the weighting method
does not work, because it is sensitive to high PV values that were found outside of the
cut off. Another approach was the varying of the threshold. An objective approach to
find a threshold that would yield a better correlation between the L-component and
the cyclone location error lead to the result that better correlations were found at very
low thresholds, because low PV objects were dragging the centre of mass towards the
centre for all members. Higher thresholds had a similar effect as the weighting. These
methods were therefore discarded as well. Since none of the modifications for the L-
component yielded a successful result, we came to the conclusion that the definition of
an entirely new component for location might be necessary.
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3.3 Definition of new components

This section deals with the definition and application of new components that are able
to adequately assess the forecasted PV fields in terms of location. The aim for this
components is to address the problems of the original L-components when applied to
PV fields. First, the behaviour of the components should resemble that of a visual
judgement. Second, they should be able to differentiate between the cases where we
would expect the cyclone error to be high or low, since these cases also were visibly
different.

3.3.1 Overlap component

The first new component to be introduced is the Lo-component. Instead of taking the
centre of mass as a measure for location this component uses overlap. The original
method compares a location that often lies outside of the PV streamer itself and is
highly influenced by grid points outside the cut off and are less interesting in terms
of cyclone development. By using overlap as a measure, only locations with high PV
values are compared.

Figure 10: Idealized cases for forecast and reference pairs, with the red and black contour
showing the objects identified by a threshold in either field.

The method for using overlap in a component was first conceptualised with ideal cases.
For cases such as shown in the top row of figure 10, where we have objects of the same
size, the application of a component using overlap is straightforward: An object in the
reference field completely overlapping with the object in the forecasted field means a
perfect score. When the objects are not touching at all they receive the worst possible
score. Every case in between with some parts of the objects overlapping will correspond
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to a score proportional to the amount of overlapping grid points compared to the objects
total size. With scores ranging between [0 1], where 0 means a perfect score, the worst
case would translate to a score of 1 and two objects that would overlap by half would
receive 0.5 as a score. However, it is not as straightforward if the objects are of different
sizes, such as shown in the bottom row of figure 10. In the case shown at the bottom
left, the black object is entirely enclosed inside the red object. From the perspective
of the black circle it is a perfect overlap, but the red circle is only partly covered. The
Lo-component deals with this by using the average size of the objects in the reference
and forecasted fields.
It is calculated as follows:

Lo =

∣∣∣∣ noverlap

0.5[nref + nfor]
− 1

∣∣∣∣ (9)

Where noverlap is the number of overlapping grid points, nref is the number of grid
points within objects of the reference field and nfor the number of grid points within
objects in the forecasted field. With this method, individual objects are not identified.
The numbers of grid points used in the calculation, are all grid points above the set
threshold, whether they belong to the same object or not.
The formula is constructed to range between [0 1] with a perfect forecast resulting in
a score of 0, same as in the original SAL components. By using the average of nref

and nfor in the denominator the score does not depend on whether the reference or the
forecasted objects are larger. A case like the one at the bottom left of figure 10, where
a smaller object is fully enclosed within a larger one, would therefore receive a score
accounting for the size of both objects. If the smaller object would be half the size of
the larger one, from the perspective of the larger object it is overlapped only by half
which would translate to a score of 0.5, while from the perspective of the small object
the overlap is complete, translating to a perfect score of 0. Using the average size of
both objects the resulting score is a 0.3. If the size difference becomes too large, as
in the case in figure 10 (bottom right), the score will become 1 even though they fully
overlap.
For a better understanding of what a given score of Lo would mean, more examples
of idealized cases are shown in table 1. For each score there is a range of possibilities
in terms of overlap and size differences. The column to the left shows the cases for
objects of the same size. A score of 0.5 would mean that half of their grid points
are overlapping. Since 0 means a perfect forecast, a score of 0.25 would mean that the
objects overlap by 75 %, if there is no size difference. The column on the right shows the
case for each score with the maximum possible size difference, which is the case when
the objects overlap completely. The middle column shows a case in between, where
there is a size difference and only partial overlapping. The size difference between the
objects is indicated with a factor underneath each example. A factor of 0.6 means that
the area of the black circle is 0.6 times the area of the red circle. A score of zero can
only be achieved for a perfect overlap, so the size difference naturally has to be the
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same in both fields as well.

Table 1: Range of possibilities for different scores of Lo

Lo no size difference in between
maximum size

difference

1

Factor: 0.4 Factor: 0.0001

0.75

Factor: 0.5 Factor: 0.142857

0.5

Factor: 0.6 Factor: 0.333333

0.25

Factor: 0.8 Factor: 0.6

0
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When applied to the PV field of our forecasts of Medicane Zorbas, the resulting re-
lationship of the Lo-component with the cyclone location can be seen in figure 11a).
Here instead of choosing a threshold of 2 PVU, the results were averaged for a range
of thresholds from 1.5 to 5 PVU. By taking an average of several thresholds, changing
behaviour at different thresholds is accounted for. Including higher thresholds until 5
PVU also has a weighting effect, as it shows how well areas of high PVU overlap.
Also depicted are the average PV fields of the members within the boxes of the scatter
plot. As figure 11c shows, the Lo-component succeeds in attributing low scores to cases
with low cyclone error. Also the visual judgement for the PV streamer location matches
the lower scores. Unfortunately, for high values of Lo, the component is not able to
differentiate between high and low cyclone location errors either.

(a) (b)

(c) (d)

Figure 11: a) Relationship between Lo-component and cyclone location error b-d) averaged
PV fields for the members in corresponding box of the scatter plot, average SLP contours
(black), 2 PVU outline of reference field (red), lowest SLP contours of reference (magenta),
average cyclone location of forecast members (green star) and cyclone location of reference
(red star).
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3.3.2 Size difference

In order to address the problem of the Lo-component, the application of a new compo-
nent was tested that evaluates size difference. The method succeeded in differentiating
the cases where a low or high cyclone location error could be expected, that Lo could
not. However, this was only due to a peculiarity within our test case and since the
A-component already is a measure for size the method was discarded in the end. Nev-
ertheless it gave us interesting insights, that lead to the localisation of the problem and
finally to a new component that manages to address this issue.
The before mentioned peculiarity concerns the high correlation between the location
and the size of a forecasted PV streamer. In the ECMWF ensemble forecast of Medicane
Zorbas, forecasted PV streamers that were displaced farther from the reference also were
larger in size. This correlation can be seen in figure 12a) that shows the relationship
between the cyclone location error and a component Ls, that evaluates size difference
(details on the component can be found in the appendix). In figure 12bc the averaged
PV fields for low (12b) and high scores of Ls (12c) are shown. A high score relates to
a high size difference between the objects in the forecast and reference. These figures
illustrate the correlation between size and location well. Interestingly there is a third
element in this relationship: The direction. Not only are all the large forecasted PV
streamers displace the farthest, they are also all displaced to the east. This will be
discussed more in the following section.

(a) (b) (c)

Figure 12: a) Relationship between size component and cyclone location error and average
PV and SLP fields for members with b) low size difference and c) high size difference.

24



3.3.3 Eastern component

In order to address the problem of the overlap component, we need to understand
why it occurs. Conceptually the component makes a lot of sense and there is valuable
information gained from an Lo score. Especially for low scores, the component matches
the visual evaluation of the PV streamer locations and forecasted cyclones also show a
low location error. It is only cases with a higher score in Lo where the relationship is not
clear anymore. But as figure 11 already showed, even though the Lo-component is not
able to differentiate between cases of high and low cyclone location error, there is a clear
distinction between theses members. Visually they do describe a different situation,
where we also would expect a different cyclone location. So we need a component that
is able to capture this difference. The most obvious difference is the size, but since this
might be case dependent this is not a reliable characteristic. In figure 13 we have an
example of two members, 14 and 37, that got almost the same score for Lo (0.8950 and
0.9031), but a great difference in cyclone location error.

(a) (b)

Figure 13: 2 PVU contours for members 14 and 37 (black), 2 PVU contour of reference PV
field (red) and corresponding cyclone locations (star in same colour).

They both overlap very little with the reference PV streamer, but the potential for a
good cyclone location is much greater in member 14. This is because it is also important
what part of the PV streamers overlap or are in a close location, as well as in what
direction the streamer is displaced. Figure 14 shows a sketch that shows the importance
of the displacement direction. The outline of the reference PV streamer is shown in
black, while the forecasted object is outlined in red. The two situations are exactly the
same in terms of size difference, the distance of the displacement and the amount of
overlap. The only difference is that in one case the object is displaced to the west, and
in the other to the east. Their corresponding cyclones are denoted with a star of the
same colour. Because the cyclone generally forms to the east of the PV streamer, in
the case of a displacement to the west the location error is much smaller than in the
case with an eastward displacement.
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Figure 14: An illustration showing two cases of a reference (black) and forecasted (red) PV
streamer pair with the location of their cyclones (depicted with stars of same colour).

In order to differentiate between these cases we need a component that takes east- or
westward orientation into account, which will be done with the eastern component Le.
This component selects the eastern part of the PV streamer from the forecasted and
the reference fields and evaluates their distance. A large streamer, such as shown in
the sketch in figure 14 would therefore receive a worse score for the case on the right,
as the eastern parts of the two streamers are farther apart.
The way the component works is as follows: For the selection of the eastern part of the
cut off, first the cut off must be selected separately from the streamer, so that the more
eastern parts inside the streamer are not selected as well. This is done by selecting grid
points only up to a maximum latitude, based on the distribution of grid points above
the threshold within the domain. In our method we use the median of all latitudinal
coordinates of the grid points above a threshold of 2 PVU. From the remaining grid
points individual objects are identified and only the one with the largest amount of grid
points will be selected. From this object only grid points above a minimum longitude
are selected, which is the median of the longitudinal coordinates from the remaining
grid points. Here a higher quantile could be used instead of the median, but with the
median the selection is more robust to peculiar eastern borders especially of thin PV
objects. Figure 15 shows which parts of the PV streamers would be selected for the
example cases of members 14 and 37 and the reference.
In order to evaluate the distance in these eastern parts the original L-component is
used, which uses the difference in centre of mass. Since we are left with only one object
in every case, in fact only L1 is used. Even though we rejected the L-component as a
measure for location of the PV field, it can still be used in the context of the eastern
component, since we are only left with a small part of the PV field, and therefore got
rid of most that was causing the problems in the first place, like high values inside the

26



(a) (b) (c)

Figure 15: 2 PVU contours for reference and members 14 and 37 (black) and contour of
remaining grid points after selection for Le-component (red).

streamer and other grid points not belonging to the PV cut off.
Figure 16 shows the same plot as figure 11, which is the relationship between the Lo-
component and the cyclone location error, but with the addition of the Le component
shown in colour. This plot shows that the Le-component is able to differentiate between
the two cases of high and low location error for members with a high Lo score.

Figure 16: Relationship between the Lo-component and the cyclone location error with the
Le-component shown in colour.

In figure 17 the relationship between the Le-component and the cyclone location error
is shown. There is a correlation between them (correlation coefficient: 0.7111), however
the relationship is not a perfect one. The worst cases in terms of cyclone location error
are not the cases that receive the highest Le score. Also shown are the averaged PV
fields for the five members with the highest location error (figure 17b) and the five
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(a) (b) (c)

Figure 17: Relationship between Le-component and cyclone location error (a) and averaged
PV fields of members indicated in red (b) and green (c).

members with the highest score for the eastern component (figure 17c). In these plots
we can see that the members with the worst cyclone locations show PV streamers that
are located nearer to the reference streamer than in the members with the highest
Le score. Therefore the relationship between the location of the PV streamer and the
location of the cyclone is not a perfect one to begin with and cases with a visually better
location for the PV streamer can still produce cyclones that are displaced farther away.
In figure 18 there are some examples of how the Le-component works when applied to
individual cases. Members 37 and 14 (figure 18ab) received a similar Lo score (difference
of 0.0081) but member 14 predicted a cyclone with only a small error to the reference,
while the cyclone in member 37 is displaced far to the east. This is due to the fact
that in member 14 the eastern part of the PV streamer is located in the vicinity of the
eastern part of the reference, even though the two structures overlap very little. The
scores for the Le-component reflect that by giving a low score for member 14 (0.0608)
and a higher score for member 37 (0.1024).
A very similar situation is presented in figure 18cd. Members 12 and 36 also got
very similar scores for Lo (difference: 0.003), but receive different scores for the Le

component (0.128 and 0.0521 respectively), since member 12 is larger and displaced to
the east which means the eastern part of the streamer is also displaced farther away from
the reference than in member 36. in member 36 on the other hand the displacement
happened to the west and the eastern part of the streamer is still located in the vicinity
of the reference, which also lead to the cyclone being forecasted near the reference
cyclone. This shows that the Le-component is a useful tool in differentiating between
the cases that would lead to a lower or higher location error for the forecasted cyclone.
Figure 19a shows the relationship between the Le- and the Lo-component. This plot
makes it clear that for low Lo values - which means a high amount of overlap between
the forecasted and the reference PV field - the values for Le are also low, which is
to be expected. For Lo values higher than 0.85 the Le-component starts differentiating
between the cases that have a low amount of overlap but the eastern part of the streamer
is still located close to the eastern part of the reference and the cases where there is a
low amount of overlap as well as a large distance between the eastern parts of the PV
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streamers, where we can expect the cyclone to be displaced farther away.

(a)
Lo: 0.8950
Le: 0.1024

(b)
Lo: 0.9031
Le: 0.0608

(c)
Lo: 0.9433
Le: 0.1280

(d)
Lo: 0.9403
Le: 0.0521

Figure 18: Examples of members where the Le-component makes a distinction. PV fields
above 2 PVU (colour), outline of reference PV field at 2 PVU (red), SLP contours (black),
lowest SLP contours of the reference (magenta), cyclone location (green star) and reference
cyclone location (red circle).

The plot in figure 19b shows the relationship between the Le- and the Lc-component.
The plot consists of two main clusters: A cluster of members with both high values
for Le and Lc, and a cluster for members with low values for both. In figure 19cd
the averaged PV fields for both of these clusters are shown. They illustrate again the
correlation between the eastern displacement and the size difference of the PV objects.
There are two members belonging to the cluster with low values that receive a score
for Le, that is higher than for the rest of the members belonging to the cluster. They
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(a) (b)

(c) (d)

Figure 19: Relationship of Le with Lo (a) and Ls (b) and the averaged PV fields for the
indicated regions in the plot (cd).

receive a higher Le score because these are two members with a displacement to the west
farther than most other members, which makes their Le values higher as well (members
19 and 31, also seen in figure 21).
Figure 20 shows a plot depicting the distribution of the three remaining components:
The A-, Lo- and Le-component. Figure 20b shows the whole possible range for A and
Lo, while 20a shows only the part of the range where there are values. Members that
receive low scores in all three components are located near the zero line for A and to
the left of the plot and are dark green in colour. In this plot we see again, that A was
mostly positive and close to zero. The Lo-component on the other hand shows hardly
any members with very low scores, because it is hard for a real PV field to get an
overlap that is close enough to get scores this low. For low Lo values, A and Le are also
relatively low. The Le-component shown in colour illustrates that only members with
a high Lo score also get high Le score, which was already shown before. In relation
to the A-component this plot shows that high Le scores are distributed over a range
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(a) (b)

Figure 20: Plot for the three remaining components: A, Lo and Le for the 50 members of
the ECMWF forecast for medicane Zorbas. On the right (b) the whole possible range for A
and Lo are depicted.

of different A values. Figure 21 shows three members that received high scores for Le

but low scores for A. Member 32 is an example where the A-component was low even
though it was larger in size. Members 19 and 31 are the two members mentioned before
that show higher Le scores even though they are displaced to the west, because their
displacement is larger than for other members with westward displaced PV streamers.

Figure 21: PV fields above 2 PVU (colour), outline of reference PV field at 2 PVU (red), SLP
contours (black), lowest SLP contours of the reference (magenta), cyclone location (green
star) and reference cyclone location (red circle).
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4 Conclusions and Outlook

In this thesis the application of the SAL method, originally designed for QPFs, was
tested on ensemble forecasts of PV fields of Medicane Zorbas from September 2018.
These tests revealed that only one of the three components did work as expected and
without problems: the A-component, which evaluates the amplitude of forecasted ob-
jects. The S-component was designed specifically to evaluate the structure of precipi-
tation forecasts. Especially the steepness of the inner structure is a characteristic that
is not as important in PV streamers. Applied to the PV field the component mostly
evaluates the size of the objects. Since there is a similar transition from low to high
PV values with a PV streamer, the A-component is also an indirect measure for size.
The S-component is therefore not needed, especially because it also suffers from the
camel effect when applied to PV. Lastly, the L-component did not seem to work as
expected at all. Visual comparison of the PV fields with their respective results did not
match. Also the component had no relationship with the predicted cyclone location,
even though from visual judgement the relationship seemed evident. Therefore the SAL
method, as it is originally defined, can not be applied to evaluate PV fields, with the
exception of the A-component.
Therefore two other components were defined, that showed promising results to evaluate
the location of forecasted PV streamers. The first one, Lo, measures the overlap between
the reference and forecasted objects. This method worked in terms of matching a visual
judgement of the PV filed and therefore provides valuable information. But it has to
be kept in mind, that it is hard for a model to produce a forecast that gets a very low
score for this component, especially for higher resolutions. In order to get scores close
to zero most of the grid points belonging to an object need to be forecasted perfectly.
The Lo-component did not succeed in reflecting the relationship between the PV streamer
location and the cyclone location, which is why a second component is needed. The
problem with the cyclone location is, that an important aspect of whether the location
of a PV streamer might produce a cyclone with a low location error is the direction in
which the streamer is misplaced in the forecast. The same forecasted PV streamer has a
different potential of producing a reasonably well forecasted cyclone if it was displaced
to the east or west. Cyclogenesis usually happens to the east of the PV streamer. Since
temperature decreases to the north (on the Northern Hemisphere) the cyclonic wind
field induced by the upper-level PV streamer causes a positive temperature anomaly
on the eastern side of the streamer. This anomaly in turn induces a cyclonic wind field
at the surface. A PV streamer that was forecasted too large and is displace to the
east, will likely produce a cyclone that is displaced farther away than if the same PV
streamer were displaced to the same amount to the west. The second new component,
the eastern component Le, reflects this directionality by evaluating the distance between
the most eastern part of the PV streamer. With this method only the displacement of
the eastern part of the PV streamer is evaluated, which seems to have the most impact
on the cyclone location. It was shown that the Le-component is able to capture the
relationship between the location of the PV streamer and the cyclone location.
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The relationship between the location of the forecasted PV streamer and the fore-
casted cyclone was expected and also evident from a visual perspective. The original
L-component however, was neither capable of adequately assessing the location error of
the PV streamer, nor could the relationship with the cyclone location error be shown.
With the introduction of the two new components Lo and Le both of these shortcom-
ings were addressed and the relationship between the PV streamer and cyclone location
could be quantified. It was also shown that the relationship is not strictly linear, since
there are several cases with a better PV streamer location but worse cyclone location,
which indicates that other factors than the PV streamer location can influence the
cyclone location.
This study only evaluated the forecast of one point in time. The particular point in time
that was compared, was the moment of cyclogenesis in the reference. Therefore this
study concentrated on evaluating the model’s capacity of producing the PV streamer
and the cyclone only for this particular time. This is sufficient for testing the appli-
cability of the SAL method, since for the evaluation of the PV field only one point in
time is investigated, as opposed to QPFs where accumulated precipitation values over
time are evaluated, which would not make sense for PV forecasts. However, for investi-
gating a relationship between the PV streamer and the cyclone, it might be necessary
to consider a longer period of time. This study only concentrated on one case. In a
future study further testing of the components on different cases could be done. The
Lo-component is defined using the number of grid points as a variable and could be
sensitive to resolution. For the Le-component more tests are also recommended, since
it depends on an arbitrary definition. Grid points are selected based on a latitude and
longitude determined by median values of the PV streamer’s location. This selection
method was defined to fit our case, but it could behave differently on another case. With
other PV streamers the quantile for selecting grid points might have to be adapted or
the selection method refined to represent more closely the form of the PV streamer.
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Portmann, R., González-Alemán, J. J., Sprenger, M., and Wernli, H. (2020). Medicane
Zorbas: Origin of an uncertain potential vorticity streamer and impact on cyclone
formation. Weather and Climate Dynamics Discussions, Under review.

Rossa, A., Nurmi, P., and Ebert, E. (2008). Overview of methods for the verification
of quantitative precipitation forecasts. In Precipitation: Advances in Measurement,
Estimation and Prediction, pages 419–452. Springer.

35



Rossby, C. (1939). Planetary flow patterns in the atmosphere. Quarterly Journal of
the Royal Meteorological Society, 66:68–87.

Wernli, H., Paulat, M., Hagen, M., and Frei, C. (2008). SAL—a novel quality measure
for the verification of quantitative precipitation forecasts. Monthly Weather Review,
136(11):4470–4487.

36



A

Modifications of the L-component

This section gives more detail about the modifications that were applied to the L-
component. The aim was to modify the score in a way that matches the visual in-
terpretation of the PV fields, as well as the ability to differentiate between cases with
different errors in cyclone location.
The first approach is weighting the PV field differently. The L-component is calculated
by taking the centre of mass of the PV field. For this, all grid points within the objects
are weighted with their PV values. The centre of mass however, is affected by parts of
the PV field that are not of great interest in the context of cyclone development. For
this reason an approach was tried where PV values are weighed exponentially, in order
to give more weight to high PV values. Figure A.1a shows the resulting relationship
between an exponentially weighted L-component and the cyclone location error. There
is no correlation (correlation coefficient: 0.0366), which is due to the cases shown in
red. These are members that got a high L score despite having a low cyclone location
error. In figure A.1bc one of these members, as well as the reference field are shown.
While the centre of mass for the reference field is located nearer to the PV cut off due
to exponential weighting, for these members in red the centre of mass is rather dragged
farther away due to very high values within the PV streamer to the east. If all these
cases were left out the correlation would be 0.5575 and could be promising but the
method is too susceptible to cases with high PV values outside the PV cut off.

(a) (b) (c)

Figure A.1: Relationship between cyclone location error and exponentially weighted L-
component (a) and PV fields above threshold of 2 PVU, centre of mass (red) and centre
of mass for exponentially weighted PV field above 2 PVU (magenta).

The second approach is a varying of the threshold. This was done by defining the
threshold based on quantiles. In the reference PV field the threshold of 2 PVU corre-
sponds to a quantile of 0.9685, since 96.85 percent of all values within the domain are
above 2 PVU. Figure A.2 shows how the correlation between the L-component and the
cyclone location error behaves depending on the choice of threshold. The plot shows
that the highest correlations can be achieved by low thresholds at a quantile of 0.8 or
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Figure A.2: Correlation coefficients for thresholds depending on quantiles.

(a) quantile: 0.8 (b) quantile: 0.995

Figure A.3: PV fields above a threshold defined by a quantile, outline of the 2 PVU line
(black), centre of mass (magenta) and centre of mass for the PV field above threshold of 2
PVU (red).

near zero. A quantile of 0.8 corresponds to a threshold of 0.6261 PVU for the reference
field.
In figure A.3 as an example the reference field is shown for the threshold at the 0.8
quantile. Because the threshold is so low there are many low PV objects distributed
over the domain. The centre of mass for these thresholds is always located more towards
the centre of the domain compared to fields with a threshold at 2 PVU, because of the
more balanced distribution of objects. The better correlation is therefore not due to
a justified reason and this method not recommended. Thresholds higher than 2 PVU
lead to an effect similar to the exponential weighting. Instead of weighting high values
more, only high PV values are taken into account. Figure A.3b shows the reference
field with a high threshold and centre of mass displayed.
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Size difference component

In section 3.3.2 a component was mentioned that measures size difference, but was
discarded. In this section this component will be explained with more detail. The size
difference component Ls was developed with the purpose of having a component that
could differentiate between the cases that resulted in a high cyclone location error from
those with a low error. It was designed as an additional component to the overlap
component Lo and as a combined component Ln it would additionally penalize cases
where the objects overlap but there is a large size difference between them. The Ls-
component is calculated analogous to the Lo-component, with the difference that instead
of the overlapping grid points, the number of grid points of the forecasted object is in
the nominator:

Ls =

∣∣∣∣ nfor

0.5[nref + nfor]
− 1

∣∣∣∣ (10)

Where nref and nfor again stand for the number of grid points within objects in the
reference and the forecasted field respectively. This component also ranges from [0 1],
where 0 means a perfect forecast, which in this case means that the objects contain
exactly the same number of grid points over the threshold.
The combined component Ln is calculated from the overlapping and the size difference
component: Ln = Lo +Ls. This component would range between [0 2], with 0 meaning
a perfect forecast in terms of size and overlap. For the ideal cases in figure 10 all
the cases in the bottom row would get even higher scores than the ones from the top
row, because of the additional focus on size difference. Figure A.4a shows the resulting
relationship with the cyclone location error. Again the results are shown for the average
over thresholds 1.5 to 5 PVU. This new component seems to be able to do the desired
differentiation better, since cases with a high cyclone location error also get a high
value for the Ln component and likewise cases with a low cyclone location error get
low values. It is only the cases somewhere in the middle where there is still some
ambiguity. However, the differentiation is only due to the size difference. In figure 12a
the relationship of only the Ls-component with the location error with a clear correlation
(correlation coefficient: 0.7995) was shown. From the averaged PV fields in figure 12bc
we see that this clear relationship comes from the fact that all of the cases where there
is a too large forecasted PV streamer, are also cases where the streamer is displaced far
to the east. This is not a relationship we can rely on, since there might exist other cases
where we do have a larger forecasted streamer that is not displaced or the other way
around. Another problem is that the scores for the combined Ln-component become too
ambiguous with higher scores. Especially scores over 1 could mean a total overlap but
with some difference in size or no overlap at all, which could be considered the worst
case, no matter what size difference. Also with the combination of the two components
information gets lost.
For these reasons the Ln-component was discarded. It is also questionable if we need
a component for the size difference, since the Ls-component correlates so well with
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(a) (b)

Figure A.4: Relationship between Ln-component and cyclone location error (a) and the
Ls-component and the A-component (b).

the A-component (figure A.4b, correlation coefficient: 0.916). As already discussed
in an earlier section, the A-component correlates well with size. The larger a PV
streamer is, the larger can the maximum values get and therefore the larger is the
averaged value, which leads to higher scores for the A-component. So naturally the
A-component also correlates well with a component that evaluates size difference. An
additional component for size is not needed and since the A-component also contains the
information whether the reference or the forecasted field was larger, the Ls-component
was also discarded.
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B

Relationship between the PV streamer and cyclone intensity

We expected to find a correlation between the intensity of the PV streamer and the
intensity of the forecasted cyclone. A forecast with too high PV values within the
streamer would lead to a deeper cyclone than observed. The A-component however,
did not show a correlation with the intensity error of the forecasted cyclone. On the
contrary, most members showed a positive A value, meaning an overestimation of PV
values, while simultaneously predicting a weaker cyclone, which can be seen in figure
B.1a. Figure B.1b shows the average PV field for cases corresponding to the box in the
top right of panel a. These were cases where the PV streamer was large and displaced
far to the east, the cyclone intensity was generally less deep, which was against our
expectations. This is not due to the fact that in this thesis only one point in time
was considered, even though cyclogenesis did not occur in all members at the same
time. According to Portmann et al. (2020) the members with far east displacement of
the PV streamer on average showed the weakest cyclone, also when the whole cyclone
development was considered.

(a) (b)

Figure B.1: Relationship between A-component and cyclone intensity error (a) and the
average PV and SLP field corresponding to the top right box (b).
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