
Examensarbete vid Institutionen för geovetenskaper 
Degree Project at the Department of Earth Sciences 

ISSN 1650-6553 Nr 553 
 
 
 

 
 
 
 
 
 

 

Extreme Value Analysis of Flooding 

Related Parameters for Halmstad 

Extremvärdesanalys av översvämningsrelaterade 
 parametrar för Halmstad 

 
 
 
 

 
 
 
 
 
 
 

 
 

Ruixiao Jin 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 

INSTITUTIONEN FÖR 

GEOVETENSKAPER 
 

D E P A R T M E N T  O F  E A R T H  S C I E N C E S  





Examensarbete vid Institutionen för geovetenskaper 
Degree Project at the Department of Earth Sciences 

ISSN 1650-6553 Nr 553 
 
 
 

 
 
 
 
 
 

 

Extreme Value Analysis of Flooding 

 Related Parameters for Halmstad 

Extremvärdesanalys av översvämningsrelaterade 
 parametrar för Halmstad 

 
 
 
 

 
 
 
 
 
 
 

 
 

Ruixiao Jin 



ISSN 1650-6553

Copyright © Ruixiao Jin
Published at Department of Earth Sciences, Uppsala University (www.geo.uu.se), Uppsala, 2022



Abstract

Extreme Value Analysis of Flooding Related Parameters for Halmstad
Ruixiao Jin

Floods is a serious concern across Europe due to the enormous material damage and death toll. Of all
types of floods, flash floods and large-scale river floods have become major natural hydrological hazards
in most countries. The city of Halmstad was chosen due to its placement on the southern west coast of
Sweden, a region for which climate projections have indicated more precipitation and potential for
flooding. In recent years a number of floods have also been observed with associated damages. Using
extreme value analysis on observed data these events can be interpreted in terms of return level values
and their frequency of occurrence. The seasonal variation of the precipitation and discharge of the
catchment were analyzed based on 43-year precipitation and 25-year discharge observation data and the
relationship to NAO index was investigated to give a preliminary overview of the hydrological
conditions in Halmstad and its causes. The results showed that Halmstad was seasonally characterized
by high discharge in winter and lower discharge in summer with the highest rainfall. The effect of storm
tracks represented by the NAO index on the precipitation and discharge in winter months was evident.
This study focused on the analysis of extreme data of precipitation and discharge. The return levels for
up to 50-year return period were estimated by GEV fitting. The estimated return level of discharge for
a 50-year return period is 250 m³/s, and the return levels of precipitation for a 50-year flood was found
to be 68 mm/day. Two cases were selected from a compiled annual maxima discharge data set for
analyzing and comparing their weather conditions based on ERA5 data. The results showed that different
weather conditions do have an impact on the total rainfall, and there were similar patterns but large
differences between ERA5 reanalysis data and observed SMHI data was also shown emphasizing the
need for long-term observational data sets and further evaluation of reanalysis data.
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Populärvetenskaplig sammanfattning

Extremvärdesanalys av översvämningsrelaterade parametrar för Halmstad
Ruixiao Jin

Flood disaster is one of the most serious natural disasters in the world. The floods can be divided into
river floods, storm surge floods and flash floods. Flash floods and large-scale river floods have become
major natural hydrological disasters in most countries. River floods occur when the river peak flow
exceeds, while flash floods are localized floods caused by high intensity rainstorms in a short time period.
The increasing trend of extreme precipitation and discharge in some watersheds indicates a higher flood
risk at the regional scale. Extreme events can be considered as the climate events which happen in
specific region and time when the climate state like precipitation, water level or temperature
significantly differs from the normal average state. It can be statistically considered as a small
probability event, such as a 50-year event or a 100-year event. Halmstad, a coastal city in southern
Sweden, was chosen as the research site in this study. There have been the relatively high frequency and
destructiveness of floods in Halmstad recent years, due to its coastal geographical location with
influence from several streams and the potential impact of climate change. The watershed area in this
study is about 2437 km². Nissan River is one of the main rivers located in Halmstad. The periodicity of
flooding is closely related to climate change, weather conditions and geographic location, and has
seasonality. In this study, the seasonality of the precipitation and discharge of Halmstad was analyzed,
and the return levels for precipitation and discharge for up to 50-year return period were estimated. The
results may give a reference for the decision makers of Halmstad for estimating flooding risks and
preventing floods.

Nyckelord: extreme value, GEV fitting, Halmstad, return level, seasonal variation
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1 Introduction

Flooding is the overflow which occurs when the amount of water from rivers, oceans or other water

bodies exceeds normal limits (Field et al., 2012), or the accumulation of water that soaks a land which

is not normally flooded (Baby et al., 2021). Flood disaster is one of the most serious natural disasters in

the world. Among the natural disasters closely watched by the World Meteorological Organization

(2021), flood disasters are the ones with the widest impact, the most occurrences, and the most serious

losses. Its occurrence has brought great harm to the normal production and life safety of human beings

(Glago, 2021). According to the indicator assessment from European Environment Agency (2021),

losses caused by the hydrological events such as floods account for one-third of European Union natural

disaster losses. There are a number of forms of floods, caused by different extreme events. Floods are

generally caused by natural or man-made factors such as torrential rain, sharp melting of ice and snow,

storm surge, and reservoir dam break. Floods due to natural causes mainly can be divided into river

floods, storm surge floods, and flash floods (Zurich Insurance, 2020). Under the influence of climate

change, flash floods and large-scale river floods have become major natural hydrological disasters in

most countries (Kvočka et al., 2016).

River flooding occurs when the water level in a river, lake or stream rises and spills onto surrounding

river banks, coasts and adjacent land (Zurich Insurance, 2020). Rivers with a large watershed area are

regulated and stored by river networks, lakes and reservoirs (Schmadel et al. 2018). The flood peaks

form by different rain events in different tributaries (Hegnauer et al. 2014). When the tributary flow

converges to the main stream, the flood processes of each tributary are often superimposed on each other,

resulting in a flood peak that lasts longer and fluctuates more gently (Guse et al. 2020). Flooding occurs

when the peak flow exceeds. Excessive rainfall or snowmelt are the main factors of the increasing river

flow (Hundecha et al., 2016). Factors that affect the characteristics of river floods caused by rainfall

include the intensity, duration and distribution of rainstorms, soil conditions, topography, and land use

in the basin, as well as the impact of human activities (Ombogo, 2016). Moreover, the periodicity of

river flooding is closely related to climate change, weather conditions and geographic location, and has

seasonality (Blöschl et al., 2017). The possibility of river flooding can often be determined by knowing

the past precipitation, current river flow, and soil and topographic conditions (Zurich Insurance, 2020).

Unlike river floods, flash floods are often associated with short, high-intensity rainstorms (Moges &
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Taye, 2019). Flash floods are localized floods caused by high intensity rainstorms in a short time period.

Flash floods are defined by the National Weather Service (2019) as the floods accompanied by severe

events like thunderstorms and torrential rains within 6 hours. Flash floods occur when the ground cannot

absorb moisture as quickly as it falls, due to heavy and sudden rainfall. This type of floods usually

recedes quickly, but the duration can be fast-moving and dangerous.

Floods have always been a serious concern across Europe due to the enormous material damage and

death toll. In recent decades, Europe has witnessed many devastating floods. For example, the United

Kingdom experienced extensive and prolonged flooding in February 2020, with record-breaking rainfall

and discharge (Sefton et al., 2021). And Italy, due to its proximity to the Mediterranean Sea, has been

hit by floods for hundreds of years, which were recorded by Salvati et al. (2019). Dartmouth Flood

Observatory (2022) lists the floods occurred in the world, among which extreme precipitation and high

discharge account for the main factors. And they have become the research direction of experts and

scholars in many European countries. Compared to other countries, Sweden's natural disaster risk is

relatively small, while flooding is one of the natural disasters that Sweden is paying attention to. In

recent years, there have been many floods in Sweden, such as the flood caused by storms and heavy rain

up to 97 mm in 24 hours in Hallsberg in 2015, and the flash floods in Dalarna and Gävleborg after heavy

rainfall of more than 100 mm of rain fallen in 2 hours in 2019. Halmstad, a coastal city in southern

Sweden, also suffers from frequent flooding. For example, storm Gorm hit Halmstad in 2015, and one

of the serious damages was shown in Figure 1, in which flooding occurred in the center of Halmstad

after the storm. In 2020, the Halmstad region was once again hit by floods caused by heavy precipitation,

and SMHI issued a class-three flood warning which is defined as extreme weather that could be greatly

dangerous to the public (The Local, 2020). Such a class-three warning flood occurs on average every 50

years in Sweden. To prevent this kind of floods, the city is adapting and will consider climate change,

especially for areas that may be at high risk of ocean and/or river flooding (Halmstad Municipality,

2021).
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Figure 1. High water level in central Halmstad in 2015 (Sveriges Radio, 2015). 

Such extreme events as heavy precipitation and flooding have received great attention due to the 

harm to human life, social economy and natural ecological system. River flooding and flash floods 

triggered by extreme precipitation events are expected to become more frequent across Europe 

(European Environment Agency, 2021). Extreme events can be considered as the climate events which 

happen in specific region and time when the climate state like precipitation, water level and temperature 

significantly differs from the normal average state. Field et al. (2012) defined the extreme events in 

IPCC Fifth Assessment Report as events that are generally as rare or rarer as the 10th or 90th percentile 

of the probability density function estimated from observations. It can be statistically considered as a 

small probability event, such as a 50-year event or a 100-year event. Heavy or persistent precipitation 

often leads to regional floods. It is important to estimate the precipitation frequency and magnitude in 

extreme event analysis. The increasing trend of extreme precipitation and discharge in some watersheds 

indicates a higher flood risk at the regional scale (Dougherty et al., 2021). Sometimes there are some 

limitations on the results when only analyzing single extreme events. Some extreme events occur 

simultaneously, and this compound extreme event could be more severe. 

To reduce the loss from flooding and prevent the occurrence of flood, some measures have been 

taken to deal with flood disasters, which are divided into structural and non-structural. People building 

dams and embankments to resist flooding are counted as structural measures, while non-structural 

measures include flood risk analysis, flood forecasting and flood warnings. Risk prediction and 

forecasting are the basis and guarantee for dealing with risks, and it is also the current hot spot of global 

research (Apel et al., 2004). Flood frequency analysis is a common technique for studying floods. 
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Probability distribution functions can be used to analyze flood frequency based on observational survey

data such as precipitation and flood peak flow by relating the magnitude of extreme weather events to

their frequency (Moges & Taye, 2019). Floods are non-repetitive and random. Flood intensity is

generally divided into major floods, ordinary floods and minor floods. In addition, the probability of

occurrence of extraordinary floods is relatively small, and the probability of occurrence of ordinary

floods is high. This feature is often expressed in return periods, such as once in 5 years, once in 10 years,

once in 100 years floods, etc. Generalized extreme value (GEV) is one of the probability fitting methods

to analyze the extreme events, which can be used to study the probability characteristics of extreme

precipitation and discharge by calculating the return levels in different return periods.

Halmstad was chosen as the research site in this study due to the relatively high frequency and

destructiveness of floods in recent years. The municipality of Halmstad is a coastal city in southern

Sweden, and it is the 17th largest city in Sweden with a population of slightly more than 100,000 people

(Halmstad Municipality, 2021). It is located on the east coast of the Kattegat, with the Nissan, Suseån,

Fylleån and Genevadån passing through the municipality of Halmstad (Halmstad

Samhällsbyggnadskontoret, 2015). Due to its coastal geographical location with influence from several

streams and the potential impact of climate change, Halmstad has experienced several extreme floods

in recent years. The watershed area in this study is about 2437 km² which is shown in the purple area in

Figure 2, and the Nissan River being the largest out of the mentioned rivers and streams within the

watershed was marked with a blue line. Halmstad is located in the lower left corner of the figure.
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Figure 2. Halmstad map (SMHI, 2022). The blue point is Station 62400 for precipitation data, and the green 
point is Station 2471 for discharge data. The purple area is the watershed area for this study. 

This study analyzed the seasonal variation of the precipitation and discharge of the catchment. The 

relationship between the North Atlantic Oscillation (NAO) index and monthly average discharge and 

monthly average precipitation has been studied using correlation analysis to investigate the seasonality 

as well. The extreme precipitation and discharge have also been focused. These two parameters were 

statistically analyzed based on observation data. Essentially it was assumed that historical data provides 

good information about the statistical characteristics for the extreme events in the region without needing 

to account of potential trends related to climate change as a first approximation as trends were found to 

be small in the observed data sets. Based on the extreme data, the return levels for precipitation and 

discharge for the return period of up-to 50 years were estimated by GEV method. 

The project deals with the following objectives:

Ø Study the seasonal characteristics of precipitation and discharge of Halmstad, in order to 

understand the seasonality of flooding in the region. 

Ø Calculate return levels of precipitation and discharge over a return period of up to 50 years, 

based on the extreme weather data, which can give the decision makers an initial judgment to 

predict and warn of floods. 

Ø Analyze the seasonal weather conditions of two representative cases selected from the extreme 
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discharge data set for further investigation of seasonal influencing factors.
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2 Background

2.1 Designing floods according to precipitation and discharge data

Flood return period refers to how many years a flood occurs in a certain area, which means how many

years on average a flood of this size (magnitude) occurs in a long period of time. Generally speaking, a

certain flood peak flow is once in a few years, and the number of years is the return period of the flood

flow of this magnitude. For example, a 100-year flood refers to a flood of this size that occurs only once

every 100 years in a very long period of time, but it cannot be considered that it occurs exactly once

every 100 years. From the concept of frequency, floods of this size may occur more than once in a

hundred years, or may not occur once in a hundred years.

For projects with precipitation, water level and other measured data of long time period, the

hydrological frequency analysis method can be used to calculate the design flood. The most

straightforward way to predict flood data is to calculate return levels for precipitation and discharge.

Discharge is usually directly linked to flood volume, and when the discharge is large, the corresponding

rising water level is likely to indicate the arrival of the flood. However, it is hard for the residents to

obtain the discharge condition in time. The discharge data is not directly available since the data is

usually calculated by a model based on the measured water level data. Compared with the discharge

calculation, the estimation of return levels for precipitation is more useful and direct at this time. The

magnitude of rainfall is something that people can feel intuitively, although it is not in a scientific way

with values. Moreover, the precipitation data collected by SMHI is accurate and timely due to the simple

equipment and regular data reporting. By understanding the intensity of rainfall, it is possible to

effectively pay attention and prevent floods when the rainfall exceeds a certain intensity. For example,

when short-term rainfall reaches the intensity for a 50-year return period, it is necessary to develop

defensive measures against flooding caused by the rising water level due to high-intensity precipitation.

2.2 Flood prediction in Halmstad

Halmstad has experienced frequent flooding in recent years. To effectively prevent flooding, the first

most important thing is to find out why the area is flooded. The reason may be due to the large number
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of rivers and lakes in the region and the long coastline. From the interview by Andersson & Frid Eriksson

(2020), we can understand that the floods from the sea and heavy rainfall may be the risk that Halmstad

authorities are taking priority into consideration now. The surface cover is mostly impermeable aquifer

in Halmstad city, and the increase of water accumulation leads to floods. Municipalities already have

measures in place in a process, and physical measures can be dealt with in a number of ways, such as

protection or evacuation (Andersson & Frid Eriksson, 2020). Evacuation measures can be to move

vulnerable people away from risky areas, and protection is flood protection of the region. Considering

the risk of rising sea levels, some protections, such as plans to ban new buildings below 3.5 meters above

the ground near water, and to establish dikes. For flooding occurred in the city, green structures were

considered to improve water management capabilities, trenches or new infrastructure such as water

management (Halmstad Municipality, 2021).
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3 Methods and Data

3.1 Data sources 

The historical observed data of the precipitation and discharge influencing Halmstad were obtained from 

Swedish Meteorological and Hydrological Institute (SMHI). The observed precipitation data used in this 

study is from Station 62400 at Halmstad, and the discharge data is from Station NISSASTRÖM (2471) 

nearby Nissan River (Figure 2). Precipitation was measured by manual and automatic measuring 

methods (SMHI, 2021), and the discharge data was obtained by measuring the water level with the help 

of the high-resolution model S-HYPE (SMHI, 2017). The time series of precipitation used in this study 

is 1979 to 2021, and that of discharge is 1997 to 2021 (Figure 3). The precipitation data of the two time 

periods, July in 1983 and from February 1st to December 31st in 2005 and the discharge data from March 

25th to April 14th in 2010 were missing, as can be seen from the blank gap in Figure 3. 

Figure 3. Time series record of daily observed precipitation of Station 62400 (a) from 1979 to 2021 and daily 
observed discharge of Station 2471 (b) from 1997 to 2021 from SMHI. 

In addition, reanalysis data from ERA5 (Hersbach et al., 2018) was used for analysis of the weather 

situation along with the local observations from SMHI. ERA5 is the fifth-generation reanalysis product 

launched by the European Centre for Medium-Range Weather Forecasts (ECWMF) after ERA-Interim, 

providing a large number of marine climate and hourly climate variables. Covering the Earth in a 0.25° 

× 0.25° grid, the data sets contain more than 200 parameters, providing a wealth of hourly atmospheric, 

terrestrial, and oceanic climate variables (Hersbach et al., 2020). The ERA5 reanalysis data provides a 

large number of elements, but some conventional meteorological elements are still the most commonly 
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used in weather diagnostic analysis, including total precipitation, 2 m temperature, wind components,

mean vertically integrated moisture divergence, total column cloud liquid water and total column cloud

ice water. The total cloud ice water (TCIW) is the amount of ice contained within clouds in a column

extending from the surface of the Earth to the top of the atmosphere (ECMWF, 2022). Snow (aggregated

ice crystals) is not included in this parameter. And the total cloud liquid water (TCLW) is the amount of

liquid water contained within cloud droplets in a column extending from the surface of the Earth to the

top of the atmosphere (ECMWF, 2022). The vertically integrated moisture divergence (VIMD) is the

horizontal rate of flow of moisture (water vapor, cloud liquid and cloud ice), per meter across the flow,

for a column of air extending from the surface of the Earth to the top of the atmosphere (ECMWF, 2022).

This paper used the data of the above elements to analyze the extreme weather cases in Halmstad.

The North Atlantic Oscillation (NAO) index is used to study seasonal variation by comparing with

the observation data, and the monthly mean NAO index can be directly obtained from Climate Prediction

Center (2005). The direction and strength of westerly winds entering Europe is controlled by a

permanent system of low pressure over Iceland (Icelandic Low) and a permanent system of high pressure

over the Azores (Azores High) (Saha, 2012). The North Atlantic Oscillation describes fluctuations in the

surface pressure difference between the northern and tropical parts of the North Atlantic Ocean (Boström,

2014). Although the main body of NAO is mainly located in the North Atlantic, it has a crucial

modulating effect on its downstream European and even global climate (Li et al., 2020). When there is

a large difference in pressure between the two stations, the westerly winds increase, so Central Europe

and its Atlantic facade have cool summers and mild, wet winters. In contrast, if the index is lower, it

means the westerly winds are suppressed, and the Nordic region will suffer from cold and dry winters

(Uvo, 2003). As one of the most important modes of atmospheric circulation outside the tropics, NAO

is more significant in winter (Wallace & Gutzler, 1981). To quantitatively describe the change of NAO,

the NAO index was defined. NAO index is obtained by comparing the instantaneous value of surface

pressure with the long-term average pressure difference (Boström, 2014). The large pressure differential

indicates the NAO in positive phase, which means increasing westerly winds in the northwestern Europe.

In other words, when the winter NAO index is well above zero, the temperature of Northern Europe is

warmer and there is more precipitation. When the summer NAO index is well above zero, the

temperature of Nordic region is warmer but with less precipitation. In Europe, NAO is considered to be

the strongest driver of inter-annual climate variability (Boström, 2014). Wrzesiński (2009) conducted a
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linear correlation analysis of the North Atlantic Oscillation and Polish river runoff in the second half of

the 20th century, and concluded that the North Atlantic Oscillation had the greatest impact on river flow

in winter and spring. In the report of Fritier et al. (2012), NAO showed that the control of precipitation

in the Seine Basin was greater than expected.

3.2 Analysis methods

The statistical simulation and analysis were performed by Python 3.8 under assumptions of

stationarity/semi-stationarity using the historical time period. Generalized extreme value (GEV) is used

to analyze and fit data, and based on the GEV fitting the return levels were calculated in MATLAB (The

MathWorks, Version R2019a).

3.2.1 GEV distribution fitting and Kolmogorov-Smirnov test

The extreme precipitation and discharge series was fitted using the GEV distribution function. The GEV

distribution function is as follows:

( ) =
[ ], ≠ 0

             , = 0

where  - location,  - scale, k - shape.

When k=0, the corresponding extreme value type I distribution (Gumbel distribution). k> 0

corresponds to extreme value II distribution (Frechet distribution), and k < 0 corresponds to extreme

value III type distribution (Weibull distribution) (The MathWorks, 2022). The parameter estimation

adopts the maximum likelihood method, and this paper directly used the GEV distribution fitting

function that comes with MATLAB to calculate the involved parameters and related determination of

return levels/return periods. The GEV distribution function is a unified form of three extreme value

functions, which makes up for the limitations of a single function distribution (Kotz & Nadarajah, 2000).

The significance test of the fitting results adopted the Kolmogorov-Smirnov test (KS test) which showed

the applicability of the GEV distribution to the Halmstad daily extreme precipitation and discharge. The

KS test is a non-parametric test that determines its significance level by examining the error between
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the empirical and theoretical frequencies of the sample (Wilcox, 2005).

The expression for the empirical cumulative distribution function Fn(x) is

( ) = ( ≤ ) =
1

( ≤ )

The theoretical distribution function F(x) is expressed as

( ) = ( ≤ ) = ( )

The maximum difference between the two is represented by its absolute value based on Dn

= (| ( ) − ( )|)

The data fitted by a GEV distribution and the original observation data were used for the KS test,

and the rejection domain was taken as 0.05. If the test result h = 0, the null hypothesis is rejected,

indicating that the GEV distribution was significantly fitting our experimental data; if the result h = 1, 

it is considered that the GEV distribution does not fit observation data (The MathWorks, 2022).

3.2.2 Pearson and Spearman correlation

Pearson and Spearman correlation analyses were used to compare the correlation between maximum

daily runoff and rainfall over different cumulative days.

The Pearson sample correlation coefficient r is:

=
∑ ( − )̅( − )

∑ ( − )̅ ∑ ( − )

where x and y represent the mean value of sample X and Y respectively.

The Pearson correlation coefficient is usually used to measure the correlation between two

continuous variables. Its value is between [-1, 1], and its absolute value r represents the strength of the

correlation between the two variables. If it is close to 1 or -1, the relationship between the two variables

is closer.

The Spearman correlation analysis was used to compare the correlation between maximum daily

runoff and rainfall over different cumulative days. The values of the two variables are ranked. The

Spearman rank correlation coefficient can be expressed as:
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=
∑ ( − )̅( − )

∑ ( − )̅ ∑ ( − )̅

where  and  represent the ranks of  and  respectively.

The value range of  is [-1, 1]. The Spearman correlation between two variables (x and y) is high

when the observations between the two variables have similar (or the same when the correlation is 1)

ranks, and the correlation between the two variables is low when the variables have a dissimilar rank

(Schober et al., 2018). Briefly, when a variable increases monotonically with another variable, =1; on 

the contrary, when a variable decreases monotonically with another variable, = -1.
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4 Results

4.1 Analysis of monthly and seasonal characteristics

4.1.1 Monthly and seasonal variation of the precipitation and discharge in Halmstad

From the monthly distribution characteristics of precipitation and discharge, there are large differences 

between different months, as shown in Figure 4. Daily precipitation and daily discharge data were used 

for the comparison. The green line represents the 50th percentile of the data, the median. It can be seen 

that the 5th percentile, 25th percentile, and even the median of most months in the box plot of 

precipitation are close to 0. At the same time, there are many outliers above the upper whisker, especially 

in June, July and August, with some daily precipitation exceeding other months. The largest daily rainfall 

during 1979-2021 occurred in June, at about 76 mm/day. Based on the 50th percentile of monthly data, 

the months with the highest average discharge were January, December, February, and November, 

concentrating on the winter months. During 1997-2021, the largest daily discharge occurred in February, 

about 249 m³/s. January has the largest difference in discharge among different percentiles and the 

smallest number of the outliers. On the contrary, the discharge in June was smaller than that in other 

months, which can be seen from the comparison of the discharge values corresponding to different 

percentiles of each month. 

Figure 4. Monthly data of precipitation (a) and discharge (b). The upper and lower quartile is the 75th percentile 
and 25th percentile of the probability distribution respectively. Outliers are values that are more than 1.5 times 
the inter-quartile range from the bottom or top of the whiskers. The median green line of each box is the 50th 

percentile of the probability distribution. 
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Different from the previous figure, Figure 5 shows the seasonal distribution of precipitation and 

discharge, based on the monthly average data. Comparing the medians, we can see that the precipitation 

in summer was higher than other seasons, which is consistent with the high rainfall in June, July and 

August in Figure 4. The least rainfall during 1979-2021 was in spring, with a maximum monthly average 

rainfall of less than 5 mm/day. The precipitation corresponding to different percentage points of the data 

in autumn was larger than those in winter, and generally speaking, there was more rainfall in autumn 

than in winter. The maximum monthly average discharge was about 152 m³/s, which occurred in winter. 

It can be seen that the discharge in winter was generally higher than that in other seasons. However, the 

discharge was the lowest in summer, which corresponds exactly to the monthly data in Figure 4. The 

discharge data for different years in spring and summer were not evenly distributed because there are 

some outliers. 

Figure 5. Seasonal data for precipitation (a) and discharge (b) is shown using boxplots with similar notation as 
in Figure 4.

4.1.2 Investigation of the relationship between monthly data and NAO index

Figure 6 (a) shows the comparison of monthly average precipitation of SMHI observation data and NAO 

index for different months from 1979 to 2021, and (b) shows the comparison of monthly average 

discharge of SMHI observation data and NAO index for different months from 1997 to 2021. The 

correlation of NAO index and precipitation was positive and significant in December and also high in 

January and February, and in June to September, there were strong negative correlation. This means that 

the effect of NAO on the precipitation of these months was evident. The inter-annual monthly average 

precipitation for these months appeared to be correlated to the position of storm tracks indicated by the 

NAO index, with a positive index typically associated to more wet winters in northern Europe. The 
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NAO index had little correlation with the monthly average discharge in May, June and July. For the 

discharge, the correlation in January, February, March and December were significant. It can be said 

that the monthly average discharge in these months was consistent with the positive phase of the NAO 

index, which follows the expectation of more northerly storm tracks over Europe. The relatively high 

negative correlation coefficient in August means that the discharge was negatively correlated with the 

NAO index, although not found to be significant (below 0.5). Since there was less precipitation of 

Halmstad as shown in Figure 5 (a), and most of the NAO index in winter months were negative, which 

means the colder and drier weather, the precipitation and NAO index were positively correlated. On the 

contrary, most summer NAO index were above zero which indicated the warmer and drier weather in 

Nordic area, while the precipitation was the highest in summer months, which makes the correlation 

coefficient negative. As for discharge, the high positive correlation coefficient represented that in the 

winter months, if the discharge increased, the NAO index also increased. 

Figure 6. Comparison of monthly average precipitation (a) and monthly average discharge (b) with NAO index. 
The red dotted lines correspond to the level required for a significant relationship (ρ = ±0.5).

4.2 Extreme value analysis

4.2.1 Correlation between extreme value time series

The extreme data for both precipitation and discharge were the annual maxima of data from SMHI daily 

observations. Generally, the discharge peaks are usually the accumulation of precipitation before a 

certain period of time, and sometimes the rainfall corresponding to the day when the peak occurs may 

be zero. The extreme daily precipitation still corresponds to the daily observed discharge when 

performing some initial correlation analysis of compoundness between the two variables. The extreme 
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daily discharge is related to the cumulative precipitation and is investigated using a 21-day accumulated

precipitation for some of the analysis below. As investigated by Pearson and Spearman correlation, it

can be seen in Table 1 that the 21-day cumulative precipitation has the largest correlation coefficient

with extreme daily discharge. The 21-day cumulative number of days chosen is based only on its largest

correlation coefficients. Some other studies also chose 21-day cumulative precipitation for analysis, for

example, Santos et al. (2016) used 21-day cumulative precipitation to predict the hydrological

environment of the estuary system. The correlation between extreme daily discharge with corresponding

21-day cumulative precipitation and extreme precipitation with corresponding discharge were shown in

Figure 7. Table 2 shows the correlation coefficients of extreme daily precipitation with corresponding

daily discharge. The correlation coefficients indicated a significant positive correlation between the

extreme daily discharge and the corresponding cumulative precipitation, while oppositely, a relatively

weak negative relationship (not significant) can be seen between extreme precipitation and

corresponding discharge.

Table 1. Correlation coefficients of annual maxima for daily discharge and cumulative precipitation
of different time period lengths proceeding the extreme events.

Cumulative
precipitation of

Pearson
correlation
coefficient

Spearman
correlation
coefficient

2 days 0.301 0.317
5 days 0.284 0.399
7 days 0.203 0.376
10 days 0.346 0.474
14 days 0.305 0.418
21 days 0.502 0.530
28 days 0.461 0.463
35 days 0.415 0.461

Table 2. Correlation coefficient of annual maxima daily precipitation
and corresponding daily discharge.

Pearson correlation
coefficient

Spearman correlation
coefficient

-0.212 -0.134
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Figure 7. Correlation between extreme data series (Left: annual maxima for daily discharge with corresponding
21-day cumulative precipitation; right: annual maxima daily precipitation with corresponding daily discharge).

4.2.2 GEV fitting and estimation of return levels for Halmstad

GEV fitting for cumulative density function (CDF) of extreme daily precipitation and extreme daily

discharge data is shown in Figure 8. This can be used for evaluating how GEV distribution fits the data,

and it can be seen that most of the lines are superposed to each other although not all of them, which

indicated GEV fitting can be applied for analyzing the extreme data. KS test was used for examining the

GEV fitting as well. H0-P and H0-Q are both 0. The test results mean that we could not reject the null

hypothesis that GEV distribution we used is significantly fitting our experimental data.
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Figure 8. Comparison of GEV Distribution Fitting for precipitation (a) and for discharge (b) with Cumulative
Distribution Function (CDF). The blue line represents the cumulative data, and the red line is the GEV fitting.

Return levels and return periods are used to describe and quantify risk. Figure 9 shows the estimated

return levels in 50-year return period for discharge and precipitation. The stars represent the observation

data, and most points are within the 95% confidence interval. The estimated values corresponding to

different return periods are shown in Table 3. The return levels were calculated after GEV fitting, and

for a 50-year flood, the estimated discharge and precipitation was found to be 68 mm/day and 250 m³/s

respectively, within the 95% confidence interval of 47 - 108 mm/day and 181 - 395 m³/s. As the return

period increases, the confidence interval also increases.
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Figure 9. Return levels for precipitation (a) and for discharge (b) with 95% confidence interval of 50-year return
period.

Table 3. Return level estimation.
Return
Period
[years]

Precipitation
[mm/d]

Precipitation of
95% Confidence
Interval [mm/d]

Discharge
[m³/s]

Discharge of 95%
Confidence

Interval [m³/s]
5 45 37 - 55 202 164 - 255

10 52 40 - 69 221 172 - 298
20 59 43 - 85 235 177 - 340
30 63 45 - 94 242 179 - 365
50 68 47 - 108 250 181 - 395

In order to find the relationship between the uncertainty on the return level and the return period, the

relative error for estimated return levels for precipitation and discharge were calculated and can be seen

in Figure 10. The relative error was calculated as the ratio of the difference between the upper and lower

bounds (red and blue lines in Figure 9) of the 95 % confidence interval to the estimated values (black

line in Figure 9). It can be seen that the relative statistical errors for estimating precipitation and runoff

are not much different. The longer the estimated return period, the greater the uncertainty in the results.

When the return level for the precipitation of a 50-year return period is estimated, the relative error is

close to 90%. In the estimation for a return period of less than 18 years, the uncertainty of the return

level for precipitation is slightly lower than that for discharge.
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Figure 10. Uncertainty on return level estimation.

4.2.3 Estimation of seasonal return levels

Analysis of seasonality of precipitation and discharge can be helpful for flood analysis and prediction.

Figure 11 and Figure 12 shows the estimated discharge and precipitation return levels respectively for

up to 50-year return periods for discharge and precipitation of four seasons. In terms of discharge, the

50-year flow is the largest in summer, reaching 294 m³/s, followed by winter of 241 m³/s. Summer is

also estimated to be the period of maximum daily precipitation with a value of 71 mm for a 50-year

event, followed by autumn.

Figure 11. Seasonal return levels of precipitation for up to 50-year return period.
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Figure 12. Seasonal return levels of discharge for up to 50-year return period.

Figure 13 shows the seasonal estimation of return levels for precipitation and discharge compared

with annual estimation. The black dotted lines are the 95% confidence interval of the annual estimated

return level. The return level for precipitation of summer is well within the annual estimation range, and

they are very close. The return level for precipitation of the autumn is close to the lower confidence

interval for the annual estimation. However, the return levels of winter and spring are much smaller than

the annual return level for precipitation. As for the return level for discharge, the estimation of winter is

close to the annual return level, and the return levels of spring and autumn are close to the lower

confidence interval for the annual one. It is clear that the range of return level in summer is wide, and

the estimation of a return period of approximately over 15 years will be within the range of the annual

estimation intervals.
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Figure 13. Seasonal estimation of precipitation (a) and discharge (b) were compared with their annual estimation
separately.

4.3 Case studies

In order to investigate factors causing extreme weather events, the annual extreme daily discharge was

further investigated. All the annual extreme discharge data are shown in Figure 14 and were categorized

by seasons with different colors. Two cases were selected due to their significant impacts on the

correlation between discharge and the corresponding cumulative precipitation. Case I is a summer event

that occurred on 5th July 2003, and the discharge is 98.2 m³/s with the high cumulative precipitation of

128.1 mm/21d. Case II is a winter event that occurred on 23rd February 2020, and the discharge is 237

m³/s with the lower cumulative precipitation of 76.2 mm/21d. We can see from both Figure 14 and Table

4 that most annual maximal discharge events occurred in winter, while none of the discharge maximal

events occurred in spring during the 25 years.
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Figure 14. Annual extreme discharge values plotted against the cumulative precipitation of previous 21 days. 
Two cases were selected and highlighted by a yellow and a blue star. 

Table 4. Number of annual extreme discharge events.

Season
Number of extreme

discharge events
Spring 0

Summer 3
Autumn 3
Winter 19

Figure 15 shows the comparison of the two cases with different weather conditions that were 

analyzed with ERA5 data. Positive values of vertically integrated moisture divergence (VIMD) refer to 

the divergence of moisture, and negative values represent the converging moisture. The parameters, total 

cloud ice water (TCIW) and total cloud liquid water (TCLW), are related to the amount of cloud water. 

The average value for total precipitation (TP), 90th percentile values for total cloud ice water (TCIW) 

and total cloud liquid water (TCLW) of the time period from 1979 to 2021 were calculated and shown 

in black dotted lines. Obviously, the temperature of Case I was always higher than that of Case II, which 

corresponds to the seasons in which the cases occurred. The wind speed has the opposite trend, that is, 

the wind speed of Case I was generally lower than that of Case II, which is also typical for seasonality 

as winter often have higher wind speed than summer. From plots (e) and (f), it can be seen that there 

were less total cloud ice water than total cloud liquid water for both cases, except for one peak around 

12-day prior to the summer event. Interestingly both cases show quite a large amount of time with cloud 

ice and cloud liquid water content above 90th percentile values indicating much moisture in the water 

column above Halmstad even if the observed precipitation was quite different for the two cases. There 
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were 2 precipitation peaks for the two cases separately. The peaks in Case I occurred around 3 and 12 

days before the event, and the peaks occurred around 7 and 14 days before Case II. First, comparing 

different weather conditions, high wind speed, negative and high vertically integrated moisture 

divergence, high total cloud liquid and ice water can be seen around the precipitation peak dates, which 

means that they had a certain impact on the total rainfall. The 21-day cumulative data of Case II had 

higher average wind speed, stronger moisture convergence, and more total cloud ice and liquid water. 

Figure 15. Weather conditions in the 21 days prior to the events base on ERA5 data of total precipitation (a), 
temperature (b), wind speed (c), vertically integrated moisture divergence (d), total cloud ice water (e), total 

cloud liquid water (f).
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Comparing the precipitation data from reanalysis data set ERA5 with the observation data from 

SMHI (Figure 16), we can see that there were similar changing patterns but large differences in the daily 

amounts of precipitation. The cumulative total precipitation calculated based on ERA5 reanalysis data 

was 109.4 mm/21 days and 101.8 mm/21 days of Case I and Case II respectively. Comparing the ERA5 

precipitation data with the 21-day cumulative precipitation which of Case I was 128.1 mm/21 days, and 

of Case II was 76.2 mm/21 days from SMHI observation data, the observed rainfall for Case I was much 

larger than the value of the ERA5, but oppositely for Case II. It was interesting that this higher 

precipitation did not lead to a higher observed discharge of Case I. 

Figure 16. Precipitation in the 21 days prior to the events based on SMHI observational data. 
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5 Discussion

5.1 Seasonal analysis of precipitation and discharge

Many days have little or no precipitation (Figure 4) and our interest when considering flooding event is

mainly in the higher precipitation events and discharge events. The discharge of Halmstad was higher

in winter, which can be seen in Figure 5. Because of global warming, winters can become warmer and

snow accumulation less. Snow is hardly to form and accumulate, and it quickly melts on the ground to

form runoff. The discharge may also be related to the evapotranspiration and moisture content of the

soil. In summer, the transpiration rate is higher due to the higher temperature, and at the same time, soil

moisture content decreases, which leads to less discharge. From Figure 14, none of the annual maxima

discharge events occurred in spring, which is a bit different from the guess before analysis of the results.

The discharge in spring was expected to be higher due to snowmelt but here in southern Sweden most

events was found during winter. Shorter and warmer winters with less snow cover may account for the

lower flow of snowmelt in the spring (Dankers & Feyen, 2008). If snow falls in Halmstad it often melts

away mid-season and could have contributed to some of the high discharge events in wintertime. As an

example, Case II had a very high discharge (despite less precipitation than Case I) and we notice a fairly

warm period with above +10 degrees for some time period also for this winter case (Figure 15 (b)). It is

possible that snow on the ground for this case melted and contributed to the high flow event in the river.

From Figure 6, the changes of monthly average precipitation and monthly average discharge in

winter months, January, February and December, were both related to the NAO index. Cattiaux et al.

(2010) found that the winter NAO index changed from 1978 to 2011 to a predominantly positive index.

This is consistent with the positive winter index values in the figure, and indicates that the NAO change

mode is the most significant in the northern hemisphere winter (Wallace & Gutzler, 1981).

As for the two case studies, the total precipitation reanalyzed from ERA5 data of Case I was higher,

which is consistent with the results of the SMHI observations although there were relatively large

differences in values. For Case II as an example of wintertime weather, the synoptic weather situation

with precipitation events was frequent, and it was easy to produce heavy precipitation, potentially in

combination with mid-season snowmelt. The characteristics of the seasons of the two cases are also

moderate with the characteristics of precipitation and discharge of different seasons in Figure 5. There
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was more precipitation in summer and larger discharge in winter. Case II occurred in winter, and

according to Figure 4, there was less rainfall in February. Higher discharge may also be due to snowfall

and snowmelt. As for the large difference between the observed precipitation data and the ERA5 data

values, it is mainly due to the fact that ERA5 did not capture a single event that may have convective

precipitation in summer. Events of this type are notoriously difficult to capture by coarse-resolution

atmospheric models.

5.2 Extreme value analysis

Figure 7 shows the linear relationship between extreme discharge or precipitation and their

corresponding parameters. There was a significant positive correlation between extreme daily discharge

and the corresponding cumulative precipitation, which means that when the 21-day cumulative

precipitation increases, the corresponding discharge increases. Conversely, there was a relatively weak

negative correlation between extreme daily precipitation and corresponding daily discharge. This is

inconsistent with the positive correlation between rainfall and discharge in general. This may be due to

the fact that after rainfall, the discharge needs some response time. Therefore, when the precipitation

reaches the maximum, the rainwater has not completely converged in the basin, and the corresponding

discharge value at the same time cannot fully indicate the impact of the precipitation event. There are

also other factors such as wind speed, temperature, and evapotranspiration that affect the runoff after

rainfall.

In Figure 9, the confidence interval increased with the return period indicating that rare event

estimation is highly uncertain. Some observation points were higher than the return level, but still within

the 95% confidence interval. From the comparison of seasonal and annual return levels in Figure 13, it

can be seen that the return level for precipitation in summer and the return level for discharge in winter

are the highest. And for precipitation using only the summer data to estimate the return levels was found

to lead to a result very close to using the annual maxima. For discharge instead using only the wintertime

data would lead to a result fairly close to using the annual maxima but with slight underestimation. The

summertime discharge results could potentially indicate distinctly different fitted GEV parameters than

other seasons. This is related to the observed values of these seasons, that is, it is consistent with the

overall seasonality in Figure 5. It is obvious that the estimates of summer discharge vary widely among
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different return periods. This may be due to the large range of the extreme discharge data in summer. If

this is influenced by a few extreme daily discharge values occurring in August (see Figure 4 (b)) is worth

investigating further in future studies as it is often important to consider conservative estimates in

planning and decision making. Potentially neighboring rivers and streams could be investigated to see

if the finding is localized to this studied river and the time period analyzed or if it is more general.

5.3 The limitations and uncertainties in the study

One major limitation of this study can be the data with relatively short time period of 25 years. Data

with a sufficiently longer time series allows for more accurate estimates of statistical results and return

periods. For example, with a 25-year data set of discharge, it is highly uncertain to estimate the return

level of a 100-year return period. Therefore, in this study, it is more appropriate to choose the return

periods of up to 50 years. In addition, if data on both land use, evapotranspiration, snow melt and

accumulation would be available, extreme events could be analyzed in more ways to obtain more

accurate and constructive results, or at least further insights about the physical processes involved. To

assess damage costs related to flooding it is often the water level rather than the discharge of a river that

is interesting to study. Unfortunately, water level indicators in the city of Halmstad does not appear to

exist limiting this study to investigating flooding related parameters (precipitation and discharge).

Reliable data sources affect the accuracy of historical data analysis and forecasting. The precipitation

data from SMHI is recorded by manual or automatic precipitation gauges which measure and report at

regular time intervals. There are more than 650 stations measuring precipitation data from SMHI, of

which about 120 are automatic and the rest are manual (SMHI, 2021). On the one hand, the measurement

device has systematic errors, such as the defects and placement of measuring equipment and the

observation and recording errors of observer in manual measurement. In most places, the amount of

precipitation measured automatically is usually less than the amount measured manually (SMHI, 2021).

On the other hand, wind and evaporation can also have an impact on the measurement of precipitation.

High wind speed or high evaporation rate may cause rainfall measurements to be less than actual. For

discharge data, there is no way to measure the instantaneous water flow in natural waterways

continuously. Therefore, the discharge data can be obtained by measuring the water level with the help

of the high-resolution model S-HYPE (SMHI, 2017). The uncertainty of the discharge data mainly
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comes from the error of water level measurement and the error of model calculation. Although there was

missing data in the data sets when analyzing, this did not affect the general result of the seasonal analysis

since the missing data was fragmented and short-time. Comparing the SMHI observation data with

ERA5 reanalysis data, it can be seen from Figure 16 that there is a certain numerical difference between

the two data sets. ERA5 uses weather forecasting models to generate spatially and temporally continuous

data, and errors in weather forecasting models introduce uncertainty into the data (Hersbach, 2017). The

higher precipitation value of SMHI for Case I shown in Figure 16 was mainly due to a single event of

likely convective precipitation in the summer not captured in ERA5. The higher ERA5 precipitation

data for Case II can be attributed to the effects of winter snow or rain freezing on the SMHI measured

data in the winter. In general, it can be said that the data used is basically complete, accurate, real-time

and of good quality.
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6 Conclusions

In summary, the discharge in winter was higher than in other seasons, and extreme discharge events

occurred very frequently in winter, while the precipitation in summer was the highest. Precipitation and

discharge were significantly affected by frequent passing cyclones as indicated by the positive

correlation to NAO index in winter. However, the estimated return level of discharge for a 50-year return

period is highest in summer, which reached to 250 m³/s, and the 95% confidence interval is 181 - 395

m³/s. The return level of precipitation for a 50-year flood was found to be 68 mm/day within the 95%

confidence interval of 47 - 108 mm/day. Briefly, the seasonality of flooding in Halmstad has been

investigated that more rain in summer and more discharge in winter, from which local residents can

learn to pay more attention to preventing flash floods in summer and beware of river floods in winter.

Moreover, the calculated return levels of precipitation and discharge can be used for an estimation of

the discharge or precipitation of different return periods, which can give the decision makers an initial

judgment to predict and warn of floods. Studying the flood characteristics with the hydrological

parameters of this region is the key to improve the flood forecasting level. There is a need for further

studies for the city of Halmstad related to flooding. As an example, this study did not consider the

compoundness of different types of events when determining return levels. Several factors can

potentially contribute to flooding in a coastal city in southern Sweden including also coastal flooding

related to sea level rise. Therefore, future studies should consider improved methods to assess flooding

in both present and future climate.
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